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Abstract		
	
Synapses	constitute	the	fundamental	elements	of	the	nervous	system:	they	form	an	

extremely	dense	and	complicated	map	of	connections	that	make	neuronal	cells	capable	

of	 exchanging	 an	 impressive	 amount	 of	 information.	 Synapses	 and	 their	 highly	

specialized	 structures	 named	 dendritic	 spines,	 are	 very	 plastic	 elements	 that	

continually	reshape	in	response	to	environmental	cues,	a	crucial	process	that	occurs	

throughout	the	entire	lifespan.	Thus,	neuronal	communication	requires	functional	and	

plastic	neuronal	circuits	and	any	impairment	in	this	system	results	in	information	loss.	

A	growing	body	of	evidence	indicates	that	synaptic	vulnerability	is	a	common	feature	

in	multiple	neurodegenerative	disorders,	including	in	Parkinson’s	disease	(PD).	PD	is	

the	second	most	common	neurodegenerative	disorder	affecting	over	230.000	Italians	

and	more	than	1	million	people	in	Europe	and,	although	its	etiology	is	still	uncertain,	

in	approximately	10%	of	patients	it	manifests	as	a	monogenic	disease.	One	of	the	main	

hallmarks	of	PD	is	the	degeneration	of	dopaminergic	neurons	(DANs)	in	the	substantia	

nigra	pars	compacta	 (SNpc)	projecting	 to	 the	striatum.	However,	 the	 loss	of	 striatal	

dopaminergic	 (DA)	 fibers	 precedes	 the	 degeneration	 of	 DANs	 cell	 bodies	 in	 SNpc	

(axonal	dying	back	hypothesis)	and	synaptic	failure	may	be	an	early	igniter	of	axonal	

degeneration.	

Among	 all	 genetic	 contributors	 of	 PD,	mutations	 in	 Leucine-rich	 repeat	 kinase	 2	

(LRRK2),	represent	the	most	common	cause	of	autosomal	dominant	late	onset	familial	

PD	 and	 variations	 around	 LRRK2	 locus	 increase	 lifetime	 risk	 for	 PD.	 LRRK2-PD	 is	

almost	 indistinguishable	 from	 sporadic	 PD	 in	 terms	 of	 clinical	 and	 pathological	

phenotype,	suggesting	that	understanding	LRRK2	pathobiology	will	inform	on	general	

mechanisms	 of	 PD.	 Pathogenic	 mutations	 are	 clustered	 into	 the	 enzymatic	 core	 of	

LRRK2	protein,	 composed	by	 a	Roc/GTPase	 and	kinase	domains,	 bridged	by	 a	COR	

scaffold.	The	most	frequent	mutation	(G2019S)	located	in	the	kinase	domain	results	in	

a	protein	with	a	gain	of	kinase	activity,	associated	with	increased	cellular	toxicity.		

To	date,	the	current	understanding	of	the	role	covered	by	LRRK2	in	the	physiology	

of	 the	neuron	 is	 still	 limited.	 LRRK2	has	been	 linked	 to	membrane	 remodeling	 and	

trafficking	 events,	 all	 key	 processes	 at	 the	 synaptic	 compartments.	 Consistently,	

several	 laboratories	 including	 our	 group	 provided	 evidence	 that	 LRRK2	 regulates	

synaptic	vesicle	cycling	through	interaction	and	phosphorylation	of	a	panel	of	synaptic	
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proteins.	In	contrast,	the	involvement	of	LRRK2	at	the	postsynaptic	element	has	been	

only	marginally	explored.	Of	note,	LRRK2	 is	highly	expressed	 in	MSNs	of	 the	dorsal	

striatum,	 rich	 in	 dendritic	 spines	 and	 representing	 the	 postsynaptic	 element	 of	 the	

nigrostriatal	 pathway.	 Dendritic	 spines	 are	 the	 sites	 in	 which	 excitatory	 synaptic	

contacts	 occur	 and	 their	 architecture	 is	 shaped	 by	 the	 actin	 cytoskeleton,	 whose	

remodeling	is	at	the	base	of	synaptic	plasticity.	Interestingly,	in	the	past	few	years	our	

group	as	well	as	other	laboratories	provided	exciting	evidence	that	LRRK2	is	physically	

and	functionally	associated	with	cytoskeletal-related	components.		

In	 this	 scenario,	 this	 PhD	 project	 aimed	 to	 investigate	 the	 physiological	 role	 of	

LRRK2	 in	 orchestrating	 dendritic	 spines	 structural	 plasticity	 and	 the	 pathological	

implications	 that	 increased	 kinase	 activity	 associated	 with	 the	 common	 G2019S	

mutation	may	have	in	this	compartment.		

Specifically,	we	confirmed	that	LRRK2	 is	highly	expressed	 in	 the	striatum,	whose	

predominant	 neuronal	 type	 is	 represented	 by	 medium	 spiny	 neurons	 (MSNs).	

Moreover,	 by	 performing	 affinity	 purification	 coupled	 with	 mass	 spectrometry	

analysis,	 we	 found	 that	 LRRK2	 mainly	 interacts	 with	 actin-	 and	 myosin-	 related	

proteins.	 Based	 on	 these	 findings	 and	 on	 previous	 literature	 suggesting	 a	 role	 for	

LRRK2	at	the	postsynapse,	we	hypothesized	that	LRRK2	may	orchestrate	postsynaptic	

dynamics	 by	 regulating	 the	 actin	 cytoskeleton.	 To	 this	 end,	 we	 analyzed	 striatal	

synapses	carrying	out	a	longitudinal	study	on	developing,	mature	and	aged	brains	from	

Lrrk2	wildtype	(WT)	and	knockout	(KO)	mice.	We	obtained	compelling	evidence	that	

LRRK2	influences	striatal	synaptic	contacts	number	and	dendritic	spines	maturation	

during	 the	 first	post-natal	 stages.	We	 then	went	a	 step	 further	and	 investigated	 the	

involvement	 of	 LRRK2	 in	 development	 of	 new	 spines,	 exploiting	 brain	 derived	

neurotrophic	 factor	(BDNF)	as	a	model	 to	study	this	process	 in	vitro,	given	 its	well-

established	 role	 in	 dendritic	 spines	 plasticity	 and	 long	 term	 potentiation.	 After	

observing	that	LRRK2	promotes	dendritic	spines	formation	upon	BDNF	treatment,	we	

investigated	 how	 its	 interactome	 is	 reshaped	 in	 response	 to	 stimulation.	 Affinity	

purification	coupled	with	mass	spectrometry	 in	SH-SY5Y	 cell	 lines	stably	expressing	

GPF-LRRK2	uncovered	 that	BDNF	 increases	 the	 interaction	of	LRRK2	with	proteins	

involved	in	cytoskeletal	dynamics	and	remodeling.	We	further	pursued	the	functional	

validation	of	LRRK2	interaction	with	drebrin,	an	actin	binding	protein	highly	enriched	
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in	dendritic	spines.	In	parallel,	we	observed	that	LRRK2	phosphorylation	at	Ser935	is	

increased	 upon	 BDNF	 treatment,	 which	 also	 stimulated	 its	 relocalization	 with	 the	

BDNF	receptor	TrKB	within	punctate	structures.	Moreover,	in	LRRK2	KO	SH-SY5Y	cells	

the	 receptor	 accumulates	 in	 vesicular-like	 compartments.	 These	 lines	 of	 evidence	

suggest	 that	 LRRK2	 responds	 to	 BDNF	 stimulation	 to	 regulate	 actin-cytoskeleton	

dynamics	and	TrKB	trafficking.		

In	the	second	part	of	this	PhD	project	we	evaluated	whether	the	common	LRRK2	

pathological	 mutation	 G2019S	 affects	 the	 structural	 plasticity	 of	 the	 postsynaptic	

compartment.	We	observed	an	increased	number	of	branched	spines	in	the	striata	of	

18	 month-old	 Lrrk2	 G2019S	 mice	 (knockin	 and	 BAC	 overexpressors),	 while	 the	

number	of	synapses	is	reduced.	These	results	further	corroborate	the	hypothesis	that	

LRRK2	activity	 is	 relevant	at	 the	postsynaptic	compartment,	 impacting	on	dendritic	

spines	dynamics.		

Taken	together,	our	data	reveal	that	LRRK2	is	an	important	regulator	of	dendritic	

spines	structural	plasticity.	We	propose	that	LRRK2	acts	as	a	hub	for	actin	cytoskeleton	

remodeling	 via	 interaction	 with	 actin-related	 proteins	 and	 receptor	 trafficking	

modulation,	in	agreement	with	its	established	role	at	the	interface	between	vesicular	

and	 cytoskeletal	 pathways.	 Unraveling	 how	 LRRK2	 functions	 at	 the	 synaptic	

compartment	could	be	very	helpful	in	light	of	the	design	of	effective	therapeutic	and	

preventive	PD	strategies,	as	they	allow	to	focus	on	dysfunctional	mechanisms	that	are	

prodromal	to	the	irreversible	neuronal	loss.		
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1. The	Synapse	

The	human	brain	has	an	extraordinary	but	largely	unresolved	complexity,	which	

makes	it	one	of	the	most	mysterious	structures	in	the	universe.	The	nervous	system	

works	to	ensure	that	the	diverse	body	functions	are	fully	operational	and	coordinated,	

as	 well	 as	 to	 execute	 higher	 associative	 functions	 such	 as	 cognition	 and	 memory,	

behavior	and	personality.	All	information	are	processed	and	stored	inside	the	neuron,	

an	electrically	excitable	cell	representing	the	key	element	of	the	nervous	system.	It	is	

estimated	that	the	human	brain	hosts	~	83	x	109	neurons	(Herculano-Houzel,	2009),	

which	 form	an	extremely	dense	and	complicated	map	of	 connections,	 the	 synapses.	

Synapses	represent	the	principal	structure	involved	in	the	transfer	of	messages	from	

one	neuron	 to	another.	Synapses	are	very	plastic	elements	 that	continually	 reshape	

through	 a	 process	 named	 synaptic	 plasticity.	 This	 term	 refers	 to	 any	 change	 in	 the	

efficacy	of	synaptic	transmission	at	preexisting	synapses	in	response	to	environmental	

cues.	 These	 modifications,	 that	 could	 be	 of	 different	 nature	 (morphological,	

biochemical	molecular	and	genetic),	 impact	on	synapses	number,	 size	and	strength.	

Synaptic	plasticity	is	crucial	during	the	development	and	maturation	of	the	organism,	

but	also	in	the	process	of	learning	and	memory	and	in	the	recovery	after	brain	damage.		

Considering	 these	 two	 important	 aspects,	 synapses	 are	 essential	 for	 the	 proper	

functioning	 of	 brain	 circuits.	 Their	 damage	 and/or	 loss	 can	 harm	 the	 correct	

information	 transfer	 and	 the	 capacity	 of	 the	 nervous	 system	 to	 modify	 its	 own	

organization,	leading	to	pathology.	

1.1. Synaptic	physiology		

In	 1890	 Santiago	 Ramón	 y	 Cajal,	 exploiting	 an	 improved	 Golgi	 impregnation	

method	 to	 visualize	neuronal	 cells,	 provided	 for	 the	 first	 time	 clear	proofs	 that	 the	

nervous	elements	are	in	contiguity	and	not	in	continuity.	From	this	observation	it	arose	

the	 “Neuron	 Doctrine”,	 according	 to	 which	 the	 nerve	 structures	 are	 constituted	 by	

independent	cells	communicating	with	each	other	via	“intracellular	articulations”,	that	

we	now	know	as	synapses	(Fig.1)	(Sotelo,	2020).	

The	word	“synapse”	was	coined	by	the	neurophysiologist	Charles	Sherrington	in	

1897	 from	 the	 Greek	 term	 synaptein,	 composed	 of	 syn-,	 meaning	 “together”,	 and	

haptein,	meaning	“to	clasp”.	This	word	implies	the	physical	discontinuity	of	 the	two	
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synaptic	 elements	 and	 encompasses	 the	 idea,	 sustained	 by	 Sherrington,	 that	 the	

nervous	impulse	has	to	change	its	nature	as	it	passes	from	one	cell	to	other.	Thus,	the	

beauty	 of	 this	 term	 lies	 in	 the	 fact	 that	 it	 combines	 both	 the	 anatomical	 and	

physiological	concepts	of	the	neuron	theory	(Todman,	2009).	 

Fig.1:	 Cajal	 drawing.	 (A)	 Calyces	 of	Held.	 They	 constitute	 the	 largest	 type	 of	 synapse	 in	 the	
mammalian	brain,	with	important	role	in	the	auditory	system.	This	synapse	type	consist	in	a	giant	
axon	terminal	with	the	cell	body	in	the	cochlear	nucleus	contacting	the	principal	neurons	in	the	
medial	nucleus	of	the	trapezoid	body	(MNTB).	In	the	drawing	the	giant	axons	appear	as	black	
lines	enfolded	around	MNTB	principal	neurons	(yellow	cells),	resembling	the	calyces	of	flowers	
that	cover	the	base	of	petals.	This	synapse	structure	was	exploited	by	Ramón	y	Cajal	to	sustain	his	
Neuron	Doctrine	of	separate	neurons.	(B)	Schematic	Cerebellar	Cortical	Circuit.	Adapted	from	
(Sotelo,	2020).		

The	nature	 of	 synaptic	 communication	has	been	 a	 subject	 of	 debate	 for	many	

years,	 known	 as	 “The	 War	 of	 the	 Soup”.	 What	 is	 clear	 now	 is	 that	 the	 functional	

interaction	among	nerve	cells	can	take	place	through	electrical	or	chemical	synaptic	

transmission	 (Pereda,	 2014).	While	 at	 the	 electrical	 synapses	 the	 information	 pass	

from	 one	 cell	 to	 another	 directly	 across	 the	 cytoplasm	 via	 clusters	 of	 intercellular	

channels	 called	 gap	 junctions	 or	 connexons,	 chemical	 synapses	 utilize	

neurotransmitters	(NTs)	to	propagate	and	elaborate	signals	between	neighbor	cells.	

The	two	types	of	synapses	coexist	 in	most	organisms	and	brain	region	but	chemical	

synapses	represent	the	most	prominent	type.		

Chemical	 synapses,	 hereafter	 referred	 as	 synapses,	 consist	 of	 a	 presynaptic	

element	 (for	 example	 an	 axon	 terminal)	 separated	 from	a	postsynaptic	 element	 (for	
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example	a	dendritic	spine)	by	a	tiny	space	named	synaptic	cleft.	Together,	these	three	

elements	 constitute	 a	 synaptic	 complex,	 the	 non-reducible	 basic	 unit	 of	 a	 chemical	

synapse	(Hammond	&	Esclapez,	2015):	the	electrical	signal	in	the	form	of	depolarizing	

currents	reaches	the	presynaptic	area	and	is	turned	into	a	chemical	message	in	form	of	

discrete	packets	of	NTs	termed	“quanta”	released	in	the	synaptic	cleft;	the	binding	of	

NTs	 to	 specific	 receptors	 localized	 on	 the	 postsynaptic	 membrane	 reconverts	 the	

chemical	message	into	an	electric	signal	whose	properties	depend	on	the	nature	and	

number	of	postsynaptic	receptors.	

A	 synaptic	 connection	 can	 be	 established	 between	 two	neurons	 or	 between	 a	

neuron	and	a	non-neuronal	cell.	In	the	inter-neuronal	synapses	the	presynaptic	element	

is	 seldom	 represented	 by	 a	 dendrite	 (dendro-dendritic	 synapse)	 or	 soma	 (soma-

somatic	or	soma-dendritic	synapses),	instead	it	is	more	frequently	formed	by	the	axon,	

either	as	 terminal	axonal	branches	(terminal	boutons)	or	as	swelling	along	the	axon	

(boutons	 en	 passant).	 Axonal	 terminals	 originate	 different	 types	 of	 synapses	 (Fig.2)	

making	 connections	 with	 a	 postsynaptic	 element	 of	 various	 nature:	 dendrite	 (axo-

dendritic	 synapse),	 soma	 (axo-somatic	 synapse)	 or	 axon	 (axo-axonic	 synapse)	

(Hammond	&	Esclapez,	2015).		

Fig.2:	Inter-neuronal	synapses	:	(A)	Axo-somatic	synapses:	synapses	between	axon	terminals	
and	soma.	(B)	Axo-dendritic	synapses:	synapses	between	axon	terminals	and	dendrite.	(C)	Axo-
axonic	synapses:	synapses	between	two	axons.	Adapted	from	(Hammond	&	Esclapez,	2015).	

A	variety	of	ultrastructural	specializations	occur	at	the	synapse	enabling	unambiguous	

identification	of	pre-	and	post-synaptic	partners	(Fig.3).	

xA B C
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1.1.1. Presynaptic	element	

The	 presynaptic	 element	 contains	 many	 organelles	 that	 cooperate	 to	 allow	 the	

efficient	 release	 of	 the	 chemical	 message.	 In	 this	 section	 I	 will	 provide	 a	 rapid	

description	of	the	main	components	of	the	presynaptic	site	(Fig.4).		

Fig.4:	 Principal	 components	 of	 the	 presynaptic	 element:	 Image	 illustrates	 the	 principal	
components	of	the	presynaptic	site.	Adapted	from	(De	Camilli	et	al.,	2001).		

Intermediate Filaments

Endoplasmic Reticulum

Microtubules

Endosome
LDCV

SV

Postsynaptic element

Endosome

GliaAxon

Fig.3:	 Ultrastructure	 of	 the	
synapse	:	Electron	microscopy	
image	of	a	synapse	between	an	
axon	 terminal	 and	 a	 dendritic	
spine.	 In	 the	 presynaptic	
element	 a	 group	 of	 synaptic	
vesicles	 is	 visible;	 in	 the	
postsynaptic	element	 it	 can	be	
appreciated	 an	 electron-dense	
membrane	 thickening	 right	 in	
front	of	 the	presynaptic	active	
zone	 called	 postsynaptic	
density	 (PSD).	 Of	 note,	 a	 glial	
cell	(G)	surrounds	the	dendritic	
spine.	Adapted	from	(De	Camilli	
et	al.,	2001)	
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Due	to	the	distinctive	morphology	of	neuronal	cells,	the	distance	between	the	cell	

body	and	the	nerve	terminals	is	particularly	pronounced,	placing	a	neuronal	cell	to	face	

the	problem	of	delivering	new	synthesized	components	to	the	periphery	in	a	relatively	

short	amount	of	time.	The	simple	diffusion	process	is	not	sufficiently	fast	and	specific	

to	handle	this	task,	whilst	the	anterograde	and	retrograde	transport	takes	advantage	

of	motors	proteins	that	exploit	cytoskeletal	filaments	as	tracks	to	move	different	types	

of	cargos	with	high	specificity.	Nevertheless,	also	the	fastest	axonal	transport	may	take	

hours	to	supply	cargos,	such	as	membranous	organelles	important	for	the	release	of	

NTs,	 to	 the	 synaptic	 terminal.	 Considering	 that	 the	 translation	 from	 electrical	 to	

chemical	messages	must	be	very	fast,	nerve	terminals	compensate	the	slow	restock	of	

membranous	organelles	using	a	very	specialized	secretory	apparatus:	synaptic	vesicles	

(SVs).	 These	 organelles	 can	 be	 recycled	 and	 refilled	 with	 NTs	 locally,	 without	 the	

involvement	of	the	cell	body	protein-synthesizing	machinery.	Representing	by	far	the	

most	remarkable	hallmark	of	chemical	synapses	(Takamori,	2009),	SVs	consist	of	small	

vesicles	clustered	at	the	nerve	endings	that	possess	a	clear	and	electron-lucent	center	

with	a	size	range	of	35-50	nm	that	store	quanta	of	nonpeptidic	NTs	such	as	glutamate,	

GABA,	 glycine	 and	 acetylcholine	 (De	 Camilli	 et	 al.,	 2001).	 They	 are	 reported	 to	 be	

homogeneous	in	size	but	their	diameter	and	shape	appear	to	differ	according	to	the	

NTs	content	(GRAY,	1959):	most	excitatory	synapses	contain	spherical	vesicles,	while	

inhibitory	synapses	display	ovoid	or	flat	structures	owing	to	an	artifact	linked	to	the	

osmolarity	 of	 the	 fixative.	 A	 subclass	 of	 SVs	 is	 represented	 by	 dense-core	 vesicles	

containing	 amine	 NTs	 (e.g.	 catecholamines),	 responsible	 for	 the	 electron-dense	

centers.		

The	process	of	NTs	release	takes	place	in	multiple	steps	(Fig.5),	collectively	known	as	

SVs	 cycle.	The	 first	 stage	 (step1)	 relies	 in	 the	NTs	uptake	within	SVs:	 after	 vesicles	

reformation,	newly	formed	SVs	are	restocked	with	NTs	actively	transferred	into	SVs	by	

the	action	of	two	transport	proteins.	The	vacuolar	proton	ATPase	pumps	protons	into	

the	lumen	of	SVs	thanks	to	an	integral	Vo	domain,	which	builds	up	a	ring	structure	in	

the	membrane	and	mediates	proton	translocation,	and	a	peripheral	V1	domain	which	

catalyzes	ATP	hydrolysis.	The	subsequent	electrochemical	gradient	generated	across	

the	membrane	is	utilized	by	vesicular	transporters	to	mediate	specific	NTs	uptake	into	

the	vesicle.	In	the	central	nervous	system	(CNS)	there	are	four	uptake	systems:	VGLUT	

for	glutamate,	VIAAT	for	GABA	and	glycine,	VMAT1/2	for	monoamines	and	VAChT	for	
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acetylcholine	(Chanaday	et	al.,	2019;	Takamori,	2009).	In	their	resting	state,	SVs	(either	

those	clustered	in	the	functional	vesicles	pools	or	those	newly	formed	via	the	recycling	

process)	 are	 restricted	 in	 their	 movement	 by	 synapsins,	 which	 tether	 them	 to	

filamentous	 actin	 (F-actin)	 cytoskeleton.	 In	 the	 presence	 of	 an	 action	 potential-

mediated	 membrane	 depolarization,	 the	 influx	 of	 calcium	 through	 voltage-gated	

calcium	channels	(VGCC)	triggers	the	phosphorylation	of	synapsin,	which	loses	affinity	

for	SVs,	freeing	them	from	the	cytoskeleton.	SVs	are	thus	allowed	to	reach	a	restricted	

area	of	the	presynaptic	plasma	membrane	called	“active	zone”	and	to	come	in	physical	

contact	with	it.	This	docking	phase	(step2)	is	initiated	by	a	group	of	cytomatrix	proteins	

such	 as	 piccolo,	 bassoon,	munc13,	which	 bring	 the	 SVs	 closer	 to	 the	 RIM	 proteins,	

orchestrating	SVs	positioning	at	the	active	zone.	Docked	vesicles	are	then	converted	in	

fusion-competent	SVs	by	priming	process	(step3).	As	the	membrane	fusion	process	has	

a	 huge	 energy	 barrier,	 spontaneous	 membrane	 fusion	 is	 too	 slow	 to	 occur	 in	 a	

biological	relevant	timeframe,	thus	necessitating	the	action	of	the	so-called	Soluble	NSF	

Attachment	Protein	Receptor	 (SNARE)	proteins	as	catalysts.	More	 in	detail,	 the	 two	

plasma	membrane	SNARE	proteins	Syntaxin	and	SNAP-25	interact	with	the	vesicular	

SNARE	 protein	 Synaptobrevin	 (also	 called	 VAMP2)	 to	 form	 partially	 coiled	 trans-

SNARE	complexes	 (Rizzoli,	 2014),	 bringing	 the	vesicle	 and	plasma	membranes	 into	

close	 proximity	 and	 providing	 the	 energy	 required	 for	 fusion	 (Rizo	 &	 Rosenmund,	

2008).	 SNAREs	 are	 stalled	 in	 this	 conformation	 by	 a	 clamping	 complex	 formed	 by	

proteins	such	as	synaptotagmins	and	complexins	(Yoon	&	Munson,	2018;	Zhou	et	al.,	

2017),	until	the	neuronal	activity	triggers	calcium	entry	via	VGCC	located	in	the	active	

zone.	 Synaptotagmin,	 a	 vesicle	 membrane	 protein,	 represents	 the	 primary	 calcium	

sensor	exploited	by	neurons	to	unlock	the	clamping	complex	allowing	the	full	zippering	

of	the	SNARE	complex	(Meriney	&	Fanselow,	2019):	once	calcium	is	bound,	it	promotes	

conformational	changes	in	the	clamping	complex	engaging	simultaneous	interactions	

with	 SNAREs	 and	 the	 plasma	 membrane	 (Rizzoli,	 2014).	 This	 event	 brings	 to	 the	

complete	fusion	(step4)	of	the	two	membranes	with	the	formation	of	a	pore	and	the	

exit	of	NTs.	After	exocytosis,	SVs	components	 integrated	into	the	plasma	membrane	

are	recovered	to	form	a	new	SVs	by	endocytosis	(step5).	The	most	studied	modes	of	

synaptic	vesicle	retrieval	differ	in	molecular	mechanisms	and	speed.	Slow	endocytosis	

(10-30	 s)	 is	 orchestrated	 by	 a	 protein	 called	 clathrin	 that	 forms	 a	 coat	 on	 the	

presynaptic	surface	and	a	subsequent	invagination	that	detaches	through	the	action	of	
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dynamin.	Fast	endocytosis	(<1-2	s)	is	called	“kiss	and	run”	since	the	fusion	pore	closes	

rapidly	without	collapse	of	the	vesicle.	In	both	of	this	two	mechanisms	a	GTP	hydrolysis	

by	 the	 GTPase	 protein	 dynamin	 is	 fundamental	 for	 the	 fission	 of	 the	 invaginated	

membranes	of	newly	formed	SVs.	A	third	form	of	endocytosis	is	the	activity-dependent	

bulk	endocytosis	that	happens	in	response	to	a	very	strong	exocytic	burst	and	consists	

in	 the	 generation	of	 endocytic	 vacuoles	 from	 the	 excess	 plasma	membrane	derived	

from	 the	 fusion	 of	 a	 large	 number	 of	 synaptic	 vesicles	with	 the	 plasma	membrane	

within	a	short	time.	To	date,	the	mechanism	underlies	the	conversion	of	vacuoles	in	

SVs	remains	elusive.	Reformed	SVs	through	one	of	these	processes	are	subsequently	

moved	 through	 the	 early	 endosomal	 intermediates	 or	 immediately	 recycled	 back	

(step6)	 and	 refilled	with	NTs	 (step1)	 (Takamori,	 2009).	 Interestingly,	 based	on	 the	

phase	of	release	in	which	they	intervene,	SVs	are	organized	in	three	functional	pools.	

The	docked	and	primed	vesicles	are	 located	near	 the	active	zone	and	represent	 the	

readily	 releasable	 pool	 (RRP),	 immediately	 available	 for	 fusion	 upon	 the	 arrival	 of	

action	potentials.	In	conditions	of	moderate	physiological	stimulation,	the	fraction	of	

SVs	 that	 undergoes	 exocytosis	 is	 replenished	 by	 vesicles	 constituting	 the	 so-called	

recycling	pool,	that	represent	the	10-20%	of	all	vesicles.	Finally,	the	reserve	pool	(RP)	

is	composed	by	vesicles	that	are	recruited	only	upon	high-frequency	stimulation	and	

after	 depletion	 of	 the	 recycling	 pool,	 as	 they	 are	 reluctant	 to	 be	 mobilized.	 They	

represent	the	majority	of	vesicles	in	most	presynaptic	terminals		(Rizzoli	&	Betz,	2005).	

Overall,	 the	 amount	 and	 the	 mobility	 of	 these	 vesicle	 pools	 affect	 post-synaptic	

stimulation	and,	consequently,	neuronal	plasticity	(Takamori,	2009).		

Nerve	terminals	also	secrete	peptide	neurotransmitters	(or	neuropeptides)	through	

large	dense-core	vesicles,	synthesized	in	the	cell	body	and	transported	at	the	periphery	

once	they	are	mature.	These	secretory	granules	do	not	accumulate	in	the	proximity	of	

the	 plasma	 membrane	 and	 their	 exocytosis	 is	 mostly	 para-synaptic,	 occurring	 in	

structurally	non	specialized	sites,	at	a	distance	from	the	active	zones.	The	release	of	the	

content	of	these	organelles	is	caused	by	a	trains	of	action	potentials	and	it	is	thought	to	

modulate	 the	 synaptic	 transmission:	 neuropeptides	 bind	 slow-acting	 receptors	 that	

are	located	far	away	from	the	release	site.		

An	 important	 role	 in	 the	 functionality	 of	 the	 nerve	 terminals	 is	 played	 by	 the	

endoplasmic	 reticulum	 (ER),	 a	 network	 of	 tubular	 membranes	 that	 extends	 from	
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dendrites	to	the	periphery.	It	is	involved	in	calcium	homeostasis,	acting	as	a	store	for	

intracellular	Ca2+	that	is	released	in	an	highly	regulated	fashion.		

Fig.5:	The	synaptic	vesicle	cycle:	Image	illustrates	the	major	steps	of	the	SVs	trafficking:	(1)	SVs	
are	filled	with	NTs;	(2)	SVs	are	translocated	to	the	presynaptic	plasma	membrane	active	zone	
where	they	attach	in	a	process	named	docking;	(3)	SVs	are	subjected	to	a	prefusion	reaction	that	
primes	them	for	calcium-triggered	NTs	release	(priming);	(4)	Upon	calcium	influx	the	fusion	pore	
expand	and	NTs	are	released	in	the	synaptic	cleft	(Fusion/Exocytosis);	(5)	Empty	SVs	undergo	
endocytosis	budding	from	the	plasma	membrane	(a,	clathrin-mediated	endocytosis)	or	rapidly	
closing	the	fusion	pore	(b,	“kiss	and	run”)	endocytosis;	(6)	SVs	are	acidified	via	proton	pump	and,	
after	 fusion	with	 early	 endosomes,	 are	 regenerated	 and	 refilled	with	NTs.	 Alternatively,	 after	
acidification,	some	SVs	can	directly	go	to	the	step	1.	

Also	mitochondria	are	frequently	observed	in	presynaptic	terminals	where	they	are	

involved	in	the	regulation	of	energy	metabolism.	Indeed,	they	ensure	the	supply	of	ATP	

required	 for	 SVs	 cycle.	 Indeed,	 ATP	 is	 needed	 across	 different	 steps	 of	 SV	 cycle,	

including	vesicles	priming,	disassembly	of	the	SNARE	complex,	endocytosis	and	uptake	

of	NTs.	

It	 is	 well	 established	 that	 the	 presynaptic	 site	 is	 enriched	 in	 actin	 cytoskeleton	

(Fifkovà	&	Delay,	1982):	ultrastructural	studies	revealed	the	presence	of	a	meshwork	

of	actin	filaments	associated	with	SVs	(Gotow	et	al.,	1991;	Hirokawa	et	al.,	1989;	Landis	

et	al.,	1988).	Thus,	it	has	been	thought	that	actin	may	modulate	NTs	release	operating	

in	 the	maintenance	 and	 regulation	 of	 vesicle	 pools.	 It	 can	 act	 both	 as	 a	 scaffold	 to	

restrict	the	mobility	of	SVs	or	as	a	track	to	transport	them	toward	the	different	pools.	
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At	the	active	zone,	actin	has	been	suggested	to	play	either	a	positive	role	in	facilitating	

the	docking	of	 SVs	or	 a	negative	 role	 by	 forming	a	barrier	 for	 the	priming	process,	

preventing	SVs	fusion.	The	state	of	synaptic	activity	seems	to	impact	on	the	role	that	

actin	 assumes	 (Dillon	 &	 Goda,	 2005).	 Moreover	 it	 has	 been	 reported	 that	 actin	

filaments	 intervene	 in	 the	 endocytosis	 of	 SVs	 providing	 mechanical	 force	 to	 form	

endocytic	pits	(X.	S.	Wu	et	al.,	2016).	By	contrast,	the	presence	and	functional	role	of	

microtubules	 (MTs)	 at	 the	 presynaptic	 site	 are	 still	 controversial.	 Some	 electron	

microscopy	studies	reported	the	presence	of	MTs	at	presynaptic	terminals,	suggesting	

a	 model	 whereby	 a	 sub-group	 of	 MTs	 interact	 with	 SVs	 to	 reach	 the	 active	 zone,	

whereas	another	set	forms	marginal	filaments	in	the	terminal	that	are	associated	with	

mitochondria.	Thus	MTs	may	work	as	tracks	to	allow	SVs	and	mitochondria	trafficking	

at	the	pre-synapse	(Bodaleo	&	Gonzalez-Billault,	2016;	Parato	&	Bartolini,	2021).		

Of	 note,	 the	 area	 of	 presynaptic	 plasma	 membrane	 destined	 to	 synaptic	

transmission	is	in	close	apposition	to	the	postsynaptic	plasma	membrane.	It	can	also	

been	identified	by	the	presence	of	an	hexagonal	grid	of	dense	projections,	cone-shaped	

structures	 of	 a	 size	 around	 50nm,	 localized	 in	 between	 vesicles.	 Different	 studies	

support	the	hypothesis	that	these	presynaptic	densities	are	important	in	linking	SVs,	

Ca2+	channels	and	the	fusion	machinery	at	the	plasma	membrane	(Südhof,	2012). 	

1.1.2. Synaptic	cleft	

The	synaptic	cleft	is	defined	as	the	space	separating	the	plasma	membranes	of	two	

communicating	neurons.	Although	 the	 intracellular	 space	 among	 central	 neurons	 is	

usually	very	small,	about	10nm,	it	becomes	larger	in	the	proximity	of	synapses,	where	

its	average	thickness	is	around	20nm.	This	widening	is	not	strictly	a	real	space:	indeed,	

in	central	synapses,	 it	 is	 filled	by	undefine	dense	material	 (GRAY,	1959;	Lučić	et	al.,	

2005)	probably	composed	by	standard	extracellular	matrix	proteins	and	specialized	

synaptic	 proteins	 that	 connect	 the	 two	 synaptic	 sides	 in	mechanical	 and	 functional	

terms.	Indeed,	not	only	does	the	synaptic	cleft	stabilize	pre-	and	postsynaptic	plasma	

membranes	in	a	parallel	orientation,	but	it	also	mediates	the	trans-synaptic	signaling	

between	the	pre-	and	the	post-synaptic	element,	providing	the	space	for	NTs	diffusion.	

Possible	candidates	for	the	execution	of	this	role	are	cell	adhesion	molecules	such	as	

the	well-known	 cadherins	 and	 integrins,	 as	well	 as	 neuron-specific	 neuroligins	 and	

neurexins.	Of	note,	within	the	synaptic	cleft	glial	cells	help	to	remove	NTs	from	inter-
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neuronal	space	and,	occasionally,	could	participate	to	synaptic	communication	(Burns	

&	Augustine,	1995).	

1.1.2. Postsynaptic	element	

While	the	presynaptic	element	is	involved	in	the	synthesis,	storage	and	release	of	

NTs,	 the	postsynaptic	plasma	membrane	 is	 specialized	 to	 receive	and	elaborate	 the	

chemical	signal	-	in	the	form	of	NT	-	and	in	the	transmission	of	this	information	to	the	

rest	 of	 the	 neuron.	 The	 postsynaptic	 cell	 possesses	 a	 characteristic	 equipment	 of	

structural	specializations	to	achieve	this	function.	The	cardinal	functional	component	

is	represented	by	neurotransmitter	receptor	(NTRs)	proteins,	localized	in	front	of	the	

presynaptic	plasma	membrane.	Their	amount	and	classification	depend	on	the	type	of	

synapse.	NTRs	can	be	conventionally	categorized	in	two	classes.	The	first	is	composed	

of	ligand-gated	ion	channels	(or	ionotropic	receptors)	that	form	a	pore	for	the	passage	

of	specific	ions	and	also	bind	NTs,	which	modulate	receptor	opening.	The	second	class	

is	represented	by	G	protein-coupled	receptors	(or	metabotropic	receptors)	consisting	of	

a	single	protein	passing	through	the	cell	membrane	seven	times	and	activating,	upon	

NTs	binding,	a	signaling	cascade	culminating	in	opening	or	closure	of	ion	channels.	The	

change	in	membrane	potential	triggered	by	ionotropic	receptors	occurs	rapidly	and	is	

proportional	to	the	amount	of	NT	bound,	whereases	metabotropic	receptors	mediate	

slow	neurotransmission	with	a	change	in	membrane	potential	being	more	finely	tuned	

due	to	their	dependence	on	signal	transduction	cascade. NTRs	are	embedded	in	a	dense	

and	 rich	 protein	 system	 composed	 by	 signal	 transduction	 proteins	 coupling	 NTRs	

activation	to	second	messenger	pathway,	signaling	enzymes	modulating	NTRs	activity,	

and	also	 cytoskeletal	proteins	and	scaffolding	proteins	 that	are	 important	 for	NTRs	

clustering.	 

Of	 note,	 the	 molecular	 organization	 and	 the	 morphology	 of	 the	 postsynaptic	

specializations	 differ	 between	 inhibitory	 and	 excitatory	 synapses	 (De	 Camilli	 et	 al.,	

2001;	M.	Sheng	&	Kim,	2011).	Excitatory	synapses	are	made	on	small	protrusions	of	

distal	 dendritic	 branches	 called	 dendritic	 spines,	 whereas	 inhibitory	 synapses	 are	

typically	formed	on	the	dendritic	shaft	or	on	cell	bodies	and	axon	initial	segments.	An	

interesting	 aspect	 is	 the	 thickness	 that	 characterized	 these	 synaptic	 contacts.	

Excitatory	synapses	present	a	remarkable	accumulation	of	electron	dense	material	on	

the	post-synaptic	side,	placed	just	opposite	to	the	active	zone	and	named	postsynaptic	
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density	(PSD).	This	structure	provides	to	the	synapse	a	“asymmetrical”	appearance	(or	

type	I)	(Fig.	6	A,	B,	E),	according	to	Gray	classification	(GRAY,	1959).	Instead,	inhibitory	

synapses	show	no	marked	differences	among	per-	and	postsynaptic	membranes,	with	

only	 a	 slight	 electron-dense	 thickening	 associated	 with	 the	 latter.	 For	 this	 reason	

inhibitory	synapses	were	described	as	symmetric	(or	type	II)	synapses	(Fig.	6	C,	D,	E)	

(GRAY,	1959).		

Over	 the	years	many	efforts	have	been	made	 to	better	understand	 the	molecular	

organization	 of	 excitatory	 synapses,	 whilst	 much	 remains	 to	 be	 solved	 about	 the	

inhibitory	synapses.		

Fig.6:	Images	of	asymmetric		and	symmetric	synapses:	(A)	Electron	Microscopy	image	of	an	
asymmetric	 or	 Type	 I	 synapse	 on	 a	 dendrite.	 Non-thickened	 regions	 of	 the	 membranes	 are	
indicated	 by	 [a],	 while	 the	 thickened	 region	 is	 denoted	 by	 arrow.	 (B)	 Magnification	 of	 the	
asymmetric	synaptic	contact	among	the	pre-	[a]	and	the	post-	[c]	synaptic	membranes	separated	
by	 synaptic	 cleft	 [c]	 and	 characterized	 by	 thick	 PSD.	 (C)	 Electron	 Microscopy	 image	 of	 an	
symmetric	or	Type	II	synapse	on	a	dendrite.	(D)	Details	of	the	symmetric	synaptic	contact	among	
the	 pre-	 and	 the	 post-	 synaptic	membranes,	 characterized	 by	 the	 relatively	 thin	 postsynaptic	
specialization.	 (E)	 Schematic	 representation	 of	 the	 two	 synaptic	 type.	 Images	 adapted	 from	
(GRAY,	1959)	and	from	(Hammond	&	Esclapez,	2015).		
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1.1.2.1. Excitatory	post-synaptic	compartment:	dendritic	spines		

In	the	great	majority	of	neurons	the	total	area	of	the	dendritic	tree	is	increased	by	

the	 presence	 of	 small,	 thin,	 and	 specialized	 postsynaptic	 protrusions	 known	 as	

dendritic	 spines.	 As	 mentioned	 above,	 dendritic	 spines	 represent	 the	 principal	

postsynaptic	 element	of	most	 excitatory	 synapses	 and	 a	mature	 spine	 contains	one	

single	synaptic	contact	on	its	head	(Kristen	M.	Harris,	1999;	Kristen	M.	Harris	&	Kater,	

1994;	 Hering	 &	 Sheng,	 2001).	 In	 mammalian	 brains,	 for	 instance,	 the	 majority	 of	

excitatory	neurons	bear	dendritic	spines:	these	elements	are	abundant	in	pyramidal	

neurons	of	 the	neocortex,	 in	medium	spiny	neurons	of	 the	striatum	and	 in	Purkinje	

cells	of	 the	cerebellum	(Hering	&	Sheng,	2001).	The	distribution	of	 these	structures	

varies	 among	 different	 brain	 regions	 and	 cell	 types,	 making	 it	 difficult	 to	 have	 an	

accurate	quantification.	As	a	general	indication,	mature	neurons	show	a	density	of	1-

10	spines	per	µm	of	dendritic	length	(Sorra	&	Harris,	2000).	However,	there	are	some	

aspiny	 neurons,	 represented	 mostly	 by	 the	 local	 interneurons,	 that	 lack	 dendritic	

spines	 along	 dendrites	 and	 have	 large	 swelling	 in	 the	 neurites:	 in	 this	 case,	 both	

inhibitory	and	excitatory	synapses	occur	within	the	dendritic	shaft	(Kristen	M.	Harris	

&	Kater,	1994).	Notable,	it	is	quite	rare	to	find	spiny	neurons	in	lower	organisms	such	

as	Drosophila	and	Caenorhabditis	elegans	suggesting	that	dendritic	spines	evolved	to	

cope	 with	 the	 complex	 information	 transfer	 and	 processing	 distinctive	 of	 more	

advanced	nervous	systems	(Hering	&	Sheng,	2001). 	

1.1.2.1.1. Dendritic	spines	structure		

The	 existence	 of	 dendritic	 spines	 has	 been	 documented	 for	 over	 a	 century	 by	

Santiago	Ramon	 y	 Cajal	 (Ramón	 y	 Cajal,	 1888;	 Yuste,	 2015)	 (Fig.7A),	when	 he	was	

exploring	 the	 architecture	 of	 the	 avian	 cerebellar	 cortex.	 At	 that	 time	 he	made	 the	

following	observation:			

	

“	the	surface	of	the	Purkinje	cells’	dendrites	appear	ruffled	with	thorns	or	short	spines,	

which	on	the	terminal	dendrites	look	like	light	protrusions	”	

	
Later,	he	noted	that	dendritic	spines	are	also	present	in	numerous	classes	of	neuronal	

cells	and	brain	areas,	as	well	as	in	various	animal	species	(Ramón	y	Cajal,	1899).	So,	he	
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put	forward	the	hypothesis	that	dendritic	spines	serve	to	increase	the	surface	area	of	

dendrites	to	accommodate	the	vast	complexity	and	number	of	neural	connections	in	

the	brain	(Ramón	y	Cajal,	1899).	With	the	progress	made	in	the	microscopy	field,	the	

structure	and	the	ultrastructure	of	these	protrusions	started	to	be	explored	more	in	

detail.	

Fig.7:	Dendritic	spines:	(A)	Illustration	from	Ramón	y	Cajal	of	cerebellar	Purkinje	cell	dendritic	
spines,	 visualized	 via	 Golgi	 impregnation.	 Adapted	 from	 (Yuste,	 2015)	 (B)	 Schematic	
representation	 of	 the	 criteria	 for	 dendritic	 spines	morphological	 classification.	 Thin:	 the	 neck	
length	 is	 greater	 than	 its	 diameter	 and	 the	 diameters	 of	 the	 head	 and	 the	 neck	 are	 similar;	
Mushroom:	the	diameter	of	the	head	is	much	bigger	than	the	neck	diameter;	Stubby:	the	neck	
diameter	is	comparable	to	the	total	length	of	the	spine;	Branched:	the	spine	possess	more	than	
one	head.	L=	length,	dn=	diameter	of	spine	neck;	dh=	diameter	of	spine	head.	Adapted	from	(K.	M.	
Harris	et	al.,	1992).		

Dendritic	spines	typically	possess	bulbous	heads	attached	to	the	dendritic	shaft	by	

narrow	necks	(Nimchinsky	et	al.,	2002).	They	are	found	in	a	large	variety	of	shapes	(K.	

M.	Harris	et	al.,	1992;	Jones	&	Powell,	1969;	Peters	&	Kaiserman-Abramof,	1970)	and	

sizes,	ranging	in	neck	length	from	0,5	µm	to	2	µm	and	in	head	diameter	from	0,2	µm	to	

1,5	µm.	Moreover,	the	total	volume	oscillates	from	less	0,01	µm3	to	0,8	µm3	(Kristen	M.	

Harris,	 1999;	 Kristen	 M.	 Harris	 &	 Kater,	 1994).	 According	 to	 detailed	 anatomical	

studies,	dendritic	spines	have	been	classified	in	four	main	morphological	classes	(K.	M.	

Harris	et	al.,	1992;	Peters	&	Kaiserman-Abramof,	1970)	(Fig.7B):	“thin”	spines	possess	

a	small	head	and	a	narrow	neck	and	are	also	the	less	stable	spines	type;	“stubby”	or	

sessile	spines	are	characterized	by	the	lack	of	a	clear	constriction	between	the	head	
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and	the	attachment	to	the	shaft	and	probably	represent	an	intermediate	stage	between	

excitatory	 shaft	 synapses	 and	 spine	 with	 a	 neck;	 “mushroom”	 spines	 consist	 of	 a	

narrow	 neck	 with	 a	 large	 head	 and	 constitute	 the	 more	 stable	 class	 of	 spines;	

“branched”	or	cup-shaped	spines	present	two	heads	attached	to	a	single	narrow	neck.		

Another	 kind	 of	 dendritic	 protrusion	 is	 represented	 by	 the	 so	 called	 “filopodia”:	

long,	very	motile	protuberances	devoid	of	any	expansion	of	the	head.	They	were	mainly	

observed	during	the	early	phases	of	synaptic	development,	when	they	constitute	about	

the	20%	of	all	protrusions,	and	then	their	amount	reduces	in	mature	brain	tissue	in	

favor	of	more	mature	spines.	Due	to	this	observation	and	also	to	the	fact	that	they	can	

protrude	and	retract	from	dendrites	within	minutes,	filopodia	are	extensively	believed	

to	be	 the	precursor	of	dendritic	 spines	 (Ziv	&	Smith,	1996):	 they	are	 considered	as	

indicators	of	synaptic	contacts	along	dendrites	 that	give	way	 to	 the	development	of	

shaft	 synapses	 from	which	mature	 spines	 subsequently	 emerge	 (Kristen	M.	 Harris,	

1999).		

The	dendritic	spines	shape	classification	underestimates	the	huge	variety	of	existing	

dendritic	spines	morphology	and	conveys	a	fallacious	static	concept	of	dendritic	spines	

structure.	Actually	dendritic	spines	are	highly	dynamic	and,	in	an	extremely	regulated	

way,	they	can	change	their	shape	and	size	across	the	different	categories,	allowing	the	

remodeling	of	spine	volume,	size	and	thus	structure.	It	is	now	well	recognized	as	the	

different	dendritic	spines	classes	correspond	to	different	phases	of	spine	life	and	how	

this	 wide	 heterogeneity	 in	 spine	 configuration	 reflects	 the	 great	 variability	 that	

physiologically	 characterizes	 synaptic	 efficacy	 of	 excitatory	 synapses	 (Kristen	 M.	

Harris	&	Kater,	1994).	Precisely,	there	is	a	general	consensus	among	the	experts	that	

spines	with	 larger	spine	head	originate	stronger	synaptic	contacts	and,	accordingly,	

they	are	defined	“mature”.	Indeed,	the	head	size	is	proportional	to	the	area	of	PSD,	to	

the	number	of	postsynaptic	NTRs	and	also	the	amount	of	presynaptic	docked	vesicles	

(Hering	&	Sheng,	2001).		

Thanks	 to	 the	 development	 of	 high	 resolution	 microscopy	 techniques	 such	 as	

confocal	 microscopy,	 two-dimensional	 transmission	 electron	 microscopy,	 super-

resolution	 microscopy	 and	 three-dimensional	 reconstruction,	 dendritic	 spines	

ultrastructure	has	been	extensively	investigated,	revealing	a	complex	structure	with	

several	 different	 elements	 (Fig.8).	 The	 most	 evident	 component	 is	 the	 PSD,	 that	

correlates	 perfectly	 with	 spine	 head	 volume	 and	marks	 the	 synaptic	 contacts.	 The	
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external	 side	of	PSD	 is	 full	 of	 adhesion	molecules	 that	 extend	 transapically	 and	are	

inserted	 in	 postsynaptic	 plasma	 membrane.	 Moreover,	 it	 is	 rich	 in	 receptors	 that	

recognize	 glutamate,	 the	major	 neurotransmitter	 of	 fast	 excitatory	 synapses	 in	 the	

brain.	In	particular,	while metabotropic	glutamate	receptors	are	situated	just	outside	

the	edges	of	PSD,	the	ionotropic	glutamate	receptors	are	distributed	within	this	area:	

α-amino-3-hydroxy-5methyl-4-isoxazolepropionic	acid	(AMPA)	receptors	stand	more	

centrally	compare	to	N-methyl-D-aspartate	(NMDA)	receptors,	 that	are	 found	at	 the	

ends	of	PSD	(Kharazia	&	Weinberg,	1997).	It	is	also	possible	to	find	other	membrane-

bound	receptors	inside	PSD,	such	as	Tropomyosin	receptor	kinase	B	(TrKB),	that	binds	

BDNF.	 Interestingly,	 the	 surface	 of	 dendritic	 spines,	 that	 looks	 regular	 in	 small	

synapses,	becomes	more	complex	and	discontinues,	with	the	presence	of	interruptions	

devoid	of	PSD	material,	while	the	size	of	the	spine	increases.	It	is	believed	that	these	

perforated	 PSDs	 represent	 the	 increased	 AMPA	 receptors	 insertion	 in	 the	 plasma	

membrane	occurring	during	synaptic	potentiation	(Lüscher	et	al.,	2000).	

PSD	also	contains	numerous	classes	of	scaffold	proteins	differently	involved	in	synaptic	

function	 and	 constituting	 the	 structural	 core	 of	 PSD.	 The	 best	 known	 group	 is	 a	

subfamily	of	the	membrane-associated	guanylate	kinases	(MAGUK	proteins)	including	

PSD-95,	PSD-93,	SAP102,	SAP97,	uniformly	distributed	along	the	synaptic	membrane.	

In	particular,	PSD-95	was	thought	 to	play	a	key	role	 in	anchoring	NMDA	and	AMPA	

receptors	to	the	synaptic	surface.	Moreover,	some	of	these	PSD	scaffold	proteins	are	

implicated	 in	 AMPA	 receptors	 trafficking,	 such	 as	 glutamate-receptor-interacting	

protein	 (GRIP),	 ABP	 and	 PICK1	 that	 occupy	 a	 intermediate	 position	 in	 the	

cytoplasmatic	 area	 of	 the	 PSD.	 MAGUK	 proteins	 can	 be	 bound	 by	 another	 class	 of	

scaffold	proteins	called	guanylate	kinase-associated	protein	(GKAP)	that,	in	turn,	are	

coupled	with	the	Shank	family	proteins,	located	in	PSD	cytoplasmic	margin.	This	last	

protein	type	could	interact	with	Homer	proteins	family,	also	positioned	in	cytoplasmic	

side	of	PSD	(X.	Chen	et	al.,	2008). 	

Several	others	proteins	in	the	PSD	are	involved	in	downstream	signaling.	Among	them	

it	is	worth	citing	the	small	GTPases	of	the	Rho	family	(such	as	RhoA,	Rnd1,	Rac1,	Cdc42)	

and	 the	 Ras	 family,	 both	 implicated	 in	 the	 regulation	 of	 spine	 morphogenesis	 and	

synaptic	plasticity.		
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Besides	PSD,	many	other	intracellular	organelles	are	found	within	dendritic	spines.	

Of	particular	 importance	 is	 the	presence	of	 smooth	endoplasmic	 reticulum	(SER),	 a	

network	of	interconnected	membranes	that	are	spread	throughout	the	entire	neuron	

(Spacek	&	Harris,	1997).	The	extent	of	 spines	 carrying	SER	differs	according	 to	 the	

brain	region:	in	the	cerebellum	almost	all	spines	possess	this	organelle,	while	SER	is	

present	in	less	than	15%	of	hippocampal	dendritic	spines.	Within	spines,	SER	operates	

as	 an	 intracellular	 calcium	 store	 that	 can	 release	 calcium	 via	 activation	 of	 inositol	

trisphosphate	 receptors	 (IP3R)	and	 the	 ryanodine	 receptors	 (RyR)	 in	 response	 to	a	

long	term	potentiation	(LTP)	inducing	stimulus.	More	interesting	is	the	fact	that,	within	

larger	spines,	SER	acquires	the	appearance	of	laminae	separated	by	dense	bars	full	of	

the	actin	binging	protein	synaptopodyn.	This	structure	is	known	as	“spine	apparatus”.	

While	its	precise	role	is	unknown,	some	hypotheses	have	been	formulated,	including	a	

role	in	calcium	homeostasis	(i.e.	it	acts	as	an	efficient	calcium	buffer	upon	the	ion	influx	

triggered	 by	 pre-synaptic	 stimulus),	 in	 membrane	 protein	 trafficking,	 in	 protein	

synthesis	and	in	posttranslational	modification	(Kristen	M.	Harris	&	Weinberg,	2012).		

Fig.8:	Dendritic	spine	structure:	Illustration	of	the	principal	components	of	dendritic	spines:	(A)	
Organelles	 located	within	mature	 dendritic	 spines:	 SER	 and	 spine	 apparatus,	 	 polyribosomes,	
clathrin-coated	 vescicles	 and	 actin	 cytoskeleton;	 (B)	 Representation	 of	 proteins	 and	 protein-
protein	 interactions	within	PSD	(see	the	text	 for	more	details).	NB:	GRIP	(glutamate-receptor-
interacting	 protein),	 and	 CASK	 (calcium/calmodulin-dependent	 serine	 protein	 kinase)	 and	
synbindin,	scaffold	proteins	that	bind	to	AMPA		receptors	and	syndecan	2,	respectively.	Legend:	
AMPAR,	AMPA	receptor;	F-actin,	filamentous	actin;	GKAP,	guanylate-kinase-associated	protein;	
Kali-7,	 Kalirin-7;	 mGluR,	 metabotropic	 glutamate	 receptor;	 NMDAR,	 N-methyl-D-aspartate	
receptor;	SPAR,	spine-associated	RapGAP.	Adapted	from	(Hering	&	Sheng,	2001).	
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It	 has	been	 reported	 that	 local	 protein	 translation	occur	within	dendritic	 spines.	

Accordingly,	ribosomes	can	be	found	in	dendritic	spines,	identified	as	clusters	of	three	

or	more	organelles	 called	polyribosomes.	Ribosomes	are	often	 found	at	 the	base	of	

dendritic	 spines.	 They	 can	 appear	 as	 free	 polyribosomes	 synthesizing	 cytoplasmic	

proteins	or	they	can	be	associated	to	ER	synthesizing	integral	membrane	proteins	such	

as	receptors.	The	distribution	of	ribosomes	is	not	uniform	in	dendritic	spines,	reflecting	

different	degrees	of	local	protein	synthesis	and,	thus,	diverse	levels	of	synaptic	growth	

and	plasticity	(Kristen	M.	Harris	&	Weinberg,	2012).		

Dendritic	spines	may	also	contain	a	set	of	endosomal	structures	such	as	clathrin-

coated	 vesicles	 and	 pits,	 large	 uncoated	 vesicles,	 tubular	 compartments	 and	

multivesicular	bodies.	The	presence	of	these	structures	suggests	the	existence	of	a	local	

membrane	trafficking	process	occurring	in	dendritic	spines.		

An	important	component	of	dendritic	spines	is	the	cytoskeleton,	mainly	constituted	

of	 F-actin	 that	 plays	 a	 crucial	 role	 in	 spine	 formation,	 plasticity	 and	 dynamics	

(Hotulainen	 &	 Hoogenraad,	 2010)	 (Fig.9A).	 On	 the	 contrary,	 dendritic	 spines	 are	

commonly	devoid	of	MTs,	which	instead	represent	the	major	component	of	dendritic	

cytoskeleton.	However,	it	has	been	documented	how	a	small	portion	of	dendritic	spines	

can	be	transiently	entered	by	the	growing	EB3	positive	MT	plus	ends	(Jaworski	et	al.,	

2009),	that	via	the	interaction	with	F-actin	binging	protein	cortactin,	modulate	actin	

dynamics	in	dendritic	spines.	This	MTs	invasion	is	dependent	on	neuronal	activity	as	

increasing	neuronal	activity	enhances	both	the	number	of	spines	invaded	by	MTs	and	

the	duration	of	this	invasions	(Hu	et	al.,	2008).		

1.1.2.1.2. Dendritic	spine	dynamics	and	actin	cytoskeleton		

Dendritic	spines	exhibit	the	ability	to	change	their	morphology,	number,	density	and	

motility	over	periods	ranging	from	minutes	to	days	and	months,	representing	highly	

dynamic	 and	 plastic	 elements.	 Different	 forms	 of	 dendritic	 spine	 dynamics	 were	

observed,	 according	 to	 the	 age-related	 stage	 of	 the	 nervous	 system.	 During	

development,	 the	 dendritic	 shaft	 is	 very	 dynamic,	 with	 a	 rate	 of	 extension	 and	

retraction	of	dendritic	protrusions	that	 is	quite	high	(Lendvai	et	al.,	2000),	allowing	

proper	and	accurate	synapse	formation	and	neural	circuits	assembly.	Critical	periods	

such	 as	 adolescence	 and	 early	 adulthood	 are	 characterized	 by	 refinement	 and	

maturation	 of	 neuronal	 circuits	 and	 a	 consequent	 decrease	 in	 dendrites	 structural	
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plasticity,	 whereas	 both	 the	 degree	 of	 dendritic	 spines	 motility	 among	 the	

morphological	 classes	 and	 the	 level	 of	 dendritic	 spines	 turnover	 appear	 to	 be	 still	

pronounced	 and	 profoundly	 sensitive	 to	 sensory	 and	 motor	 experience.	 By	 the	

adulthood,	dendritic	spines	motility	and	rate	of	dendritic	spines	formation	and	pruning	

decrease,	reaching	a	relatively	stable	number	of	protrusions	(Koleske,	2013).	However,	

it	 is	 important	 to	highlight	 that,	 even	 if	 at	 low	 level,	 also	 in	 the	 adult	mature	brain	

dendritic	spines	dynamics	remain	active,	especially	in	response	to	experience,	such	as	

learning	processes	(Grutzendler	et	al.,	2002;	Trachtenberg	et	al.,	2002).		

Fig.9:	Actin	in	dendritic	spine:	(A)	Hippocampal	neuron	with	actin	highly	localized	in	dendritic	
spines,	as	 it	 can	be	appreciated	by	 the	yellow	staining.	(B)	Actin	cytoskeleton	organization	 in	
mature	 dendritic	 spine	 of	 a	 hippocampal	 neuron	 visualized	 by	 platinum	 replica	 electron	
microscopy.	The	axonal	cytoskeleton	is	visualized	in	purple,	the	dendritic	shaft	in	yellow	and	the	
dendritic	spine	in	cyan.	(c)	Representation	of	cytoskeleton	in	a	mature	mushroom-shaped	spine:	
actin	constitutes	a	continuous	network	of	both	straight	and	branched	filaments	(black	lines),	with	
barbed	ends	indicated	as	red	lines;	MTs	(yellow	lines)	are	the	main	component	of	the	dendritic	
shaft	cytoskeleton	and	some	of	them	are	dynamic	and	able	to	exit	from	the	dendritic	shaft	and	
transiently	 enter	 dendritic	 spines.	 A-B-C	 adapted	 from	 (Korobova	 &	 Svitkina,	 2010)	 (D)	
Representation	of	stable	and	dynamic	actin	pools	distribution	within	dendritic	spines.	In	spine	
head	a	set	of	filaments	forms	a	stable	core	of	F-actin	in	the	central	region	of	the	spine	(yellow),	
whereas	 a	 pool	 of	 dynamic	 filaments	 exist	 towards	 the	 periphery	 (black).	 Other	 cytoskeletal	
elements	 of	 dendritic	 spines	 include	α-actinin	 (green),	 drebrin	 (purple),	 myosin	 and	 gelsolin;	
spectrins	and	the	PSD	(gray).	Adapted	from	(Halpain,	2000).		
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The	 fate	of	a	dendritic	spine	depends	on	the	nature	of	 the	stimulus	(e.g.	weak	or	

strong)	 (Chidambaram	 et	 al.,	 2019).	 Formation,	 development,	 maturation	 and	

stabilization	are	all	processes	 induced	by	high-frequency	stimulation	 that	promotes	

LTP,	meaning	synaptic	potentiation.	In	this	case,	around	30	minutes	of	LTP	leads	to	the	

so	called	short-term	plasticity	concerning	the	establishment	and	the	expansion	of	new	

spines.	While	a	sustained	LTP	brings	to	long-term	plasticity	lasting	from	several	hours	

to	days	and	consisting	in	the	maturation	and	stabilization	of	newly	formed	spines,	a	

low	 frequency	 stimulation	generates	 long	 term	depression	 (LTD)	and	a	 consequent	

synaptic	de-potentiation.	Indeed,	LTD	comes	with	reduction	in	dendritic	spines	size,	

shrinkage	of	spine	head	and	pruning	of	few	spines	and/or	filopodia.	The	events	at	the	

base	 of	 LTP	 and	 LTD	 start	 with	 the	 change	 in	 intracellular	 calcium	 levels	 through	

NMDA	 receptors	 and	 the	 subsequent	 activation	 of	 different	 kinases	 and	 GTPases,	

followed	by	a	rearrangement	of	actin	cytoskeleton	and	a	repositioning	of	NTRs	(AMPA	

and	 NMDA).	 In	 addition,	 transcription	 factors	 are	 activated,	 promoting	 gene	

expression,	which	leads	to	structural	reorganization	(Gipson	&	Olive,	2017).		

Ultimately,	the	formation	and	loss	of	dendritic	spines	as	well	as	their	morphological	

plasticity	is	driven	by	actin	cytoskeleton	rearrangements	(Matus,	2000).	Actin	is	able	

to	rapidly	polymerize	and	depolymerize,	constituting	a	very	efficient	tool	for	coupling	

synaptic	activity	to	dendritic	spines	structural	adaptation.	Actin	cytoskeleton	is	mainly	

composed	of	small	globular	(G)	actin	that	assembles	in	paired	and	twisted	filaments	

originating	filamentous	(F)	actin.	F-actin	filaments	differently	combined	together	give	

rise	to	a	mix	of	linear	and	branched	actin	networks,	which	extend	across	all	the	entire	

spine	 up	 to	 the	 postsynaptic	 density	 (Fig.9B-C).	 In	 the	 spine	 neck	 the	mixed	 actin	

filaments	are	loosely	arranged	in	a	longitudinal	orientation,	and	in	the	spine	base	the	

branched	 filaments	 frequently	 reside	 directly	 on	 the	 microtubule	 network	 in	 the	

dendritic	shaft.	To	note,	actin	grid	undergoes	extensive	branching	at	 the	neck–head	

junction	and	stays	highly	branched	in	the	spine	head	(Korobova	&	Svitkina,	2010).	Also,	

it	was	discovered	the	exitance	of	a	periodic	F-actin	mesh	that	extends	from	dendrites	

in	the	spine	neck	and	gradually	vanishes	in	spine	head	(Bär	et	al.,	2016).	Periodic	F-

actin	is	composed	by	membrane-associated	structures	characterized	by	a	remarkable	

stability	and	resistance	to	depolymerization.		

In	this	picture	actin	appears	to	be	at	the	base	of	two	apparently	contradictory	effects	

on	 dendritic	 spines:	 on	 one	 hand	 it	 is	 associated	 with	 cell	 motility	 allowing	 the	
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dendritic	spines	remodeling,	on	the	other	hand	it	 is	crucial	for	the	maintenance	and	

stabilization	of	these	structures	when	they	mature.	The	explanation	lies	in	the	fact	that	

spines	hold	a	heterogenous	population	of	stable	and	dynamic	actin	filaments	(Halpain,	

2000)	(Fig.9D).	Stable	actin	filaments	possess	capped	ends	that	make	the	removal	and	

the	addition	of	actin	monomer	a	very	slow	process.	They	form	a	core	of	filaments	that	

provides	 the	 structural	 bases	 of	 the	 spine	 and	 allows	 the	 persistence	 of	 individual	

spines	 over	 hours	 to	 days.	 A	 second	 population	 of	 actin	 filaments	 constitutes	 the	

dynamic	pool,	located	at	the	tip	of	the	spines	and	holding	free	barbed	ends	that	display	

a	 very	 high	 turnover	 of	 actin	 monomer.	 Under	 the	 proper	 stimulus,	 fast	 actin	

polymerization	brings	to	the	rapid	length	excursions	of	individual	filaments	towards	

the	plasma	membrane,	generating	the	propulsive	force	for	spine	head	expansion.	Thus,	

dynamic	actin	pool	possesses	huge	extensive	force	that	appears	to	be	determinant	for	

spine	head	volume	oscillations.		

The	stable	and	the	dynamic	nature	of	the	two	pool	of	actin	filaments	is	influenced	

by	a	set	of	actin-binding	and	actin-regulatory	molecules	(Sekino	et	al.,	2007).	The	main	

regulators	 of	 actin	 are	 the	 Rho	 small	 GTPases	 (particularly	 RhoA,	 Rnd1,	 Rac1	 and	

Cdc42)	 that	 receives	 both	 extracellular	 and	 intracellular	 signals	 related	 to	 actin	

dynamics.	The	switch	between	the	active	GTP-bound	and	inactive	GDP-bound	states	is	

able	 to	 change	 the	 activity	 of	 specific	 actin-binding	 proteins	 (ABPs)	which,	 in	 turn,	

promote	 or	 suppress	 the	 polymerization	 of	 actin	 filament.	 There	 are	 ABPs	 that	

influence	the	structure	and	organization	of	actin	cytoskeleton:	capping	proteins	(e.g.	

Actin-CP	 and	Eps8)	 bind	 to	 filaments	 ends	 affecting	 filaments	 turnover	 and	 length;	

crosslinking	proteins	(e.g.	α-actinin,	calponin,	CaMKIIb,	NeurabinI,	Drebrin)	are	able	to	

arrange	and	stabilize	F-actin	into	different	networks	as	actin	bundles	or	actin	mesh.	

Others	 ABPs	 promote	 F-actin	 nucleation,	 severing	 and	 depolymerization.	 The	main	

player	belonging	 to	 the	 first	 category	 is	 the	actin-related	protein	 (Arp2/3)	complex	

that	enhances	actin	polymerization	and	branching	and	is	activated	by	the	interaction	

with	 other	 proteins	 such	 as	 cortactin,	 WAVE1	 and	 N-WASP.	 Also	 profilin,	 a	

multifunctional	G-actin-binding	protein,	induces	F-actin	polymerization	increasing	the	

exchange	of	ADP	 for	ATP	bound	 to	 actin.	Gelsolin	 instead	possesses	 a	 strong	 actin-

severing	activity:	 in	a	Ca2+	dependent	manner	 it	promotes	 the	shortening	of	F-actin	

filaments.	 The	 primary	 responsible	 for	 actin	 depolymerization	 is	 the	 ADF	 (actin-

depolymerizing	factor)/cofilin	family	protein.	ADF/cofilin	cuts	F-actin	increasing	the	
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dissociation	rate	of	its	pointed	ends	and	sequesters	G-actin	in	pH	dependent	manner.	

As	mention	above,	ABPs	are	the	target	of	a	wide	range	of	signal	transduction	cascades	

that	comprise	the	action	of	Rho	GTPases	and	also	serine/threonine	kinases	to	finally	

respond	to	the	cellular	needs.			

1.1.2.1.3. Dendritic	spine	function	

The	function	of	dendritic	spines	has	always	aroused	great	interest	from	the	scientific	

community	and	different	hypotheses	have	been	formulated	about	that.	The	oldest	one	

dates	back	to	the	time	of	dendritic	spines	discovery	and	was	made	by	Ramon	y	Cajal	

(Kristen	M.	Harris	&	Kater,	1994;	Ramón	y	Cajal,	1899).	He	postulated	that	dendritic	

spines	serve	to	increase	the	surface	area	of	dendrites	available	for	the	formation	of	new	

synapses.	 Spiny	dendrites	 tightly	 condensate	numerous	 synaptic	 connections	 into	a	

limited	brain	volume,	increasing	this	way	their	capacity	to	receive	synaptic	inputs.	This	

hypothesis	 remains	 current	 and	 valid	 nowadays,	 even	 if	 over	 the	 years	 it	 has	 been	

enriched	with	new	aspects.	Specifically,	it	became	clear	soon	that	each	dendritic	spine	

builds	a	 single	 synaptic	 contact	 suggesting	 that	 the	meaning	of	 spines	might	be	 the	

formation	of	a	local	synapse-specific	compartment,	rather	than	the	mere	expansion	of	

postsynaptic	surface	area	 (Kristen	M.	Harris	&	Kater,	1994;	Shepherd,	1996).	 It	has	

been	proposed	that	this	integrative	unit	can	electrically	separate	the	synapse	from	the	

dendritic	shaft,	but	this	is	true	only	to	some	degree	(Koch	&	Zador,	1993;	Shepherd,	

1996).	Today,	 the	dominant	view	 is	 that	 the	main	 function	of	 spine	 is	 to	 isolate	 the	

synapse	chemically	(Koch	&	Zador,	1993).	The	spine	head	acts	as	a	microcompartment	

that	localizes	postsynaptic	biochemical	response,	whereas	the	spine	neck	operates	as	

a	diffusional	barrier	for	organelles	and	signaling	ion	and	molecules,	maintaining	them	

at	high	concentration	in	dendritic	spines	and	preventing	their	diffusion	to	neighboring	

synapses	 along	 the	 parent	 dendrite.	 For	 example	 dendritic	 spines	 are	 able	 to	

compartmentalize	 calcium	 (Majewska	 et	 al.,	 2000;	 Sabatini	 et	 al.,	 2001)	 bringing	

interesting	 advantages.	 First	 of	 all,	 being	 the	volume	of	dendritic	 spines	head	quite	

small	the	opening	of	few	channels	causes	large	changes	in	intra-spine	calcium	levels.	

Moreover,	the	presence	of	the	spine	neck	allows	the	shortening	of	calcium	response	

latency	 and	 the	 slowdown	 of	 the	 calcium	 response	 kinetics	 decay.	 This	 effect	 is	

influenced	 by	 dendritic	 spines	 morphology	 (Noguchi	 et	 al.,	 2005;	 Volfovsky	 et	 al.,	
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1999),	indeed	it	is	stronger	in	long	neck	dendritic	spines	than	in	dendritic	spines	with	

short	neck.	It	should	be	stressed	that,	despite	the	broadly	acceptance	that	spines	can	

segregate	and	 integrate	 synaptic	 signals,	 the	physiological	 significance	of	 spines	 for	

brain	 function	 is	 still	 not	 clear.	 An	 hypothesis	 can	 be	 made	 based	 on	 the	 well-

recognized	 role	 of	 dendritic	 spines	 as	 major	 sites	 of	 synaptic	 structural	 plasticity	

(Bosch	&	Hayashi,	2012).	Francis	Crick	in	1982	speculated	that	dendritic	spines	‘twitch’	

and	proposed	that	this	rapid	twitching	may	perhaps	subtend	short-term	information	

storage	(Halpain,	2000).	This	was	the	first	of	many	theories	about	a	role	of	dendritic	

spines	in	learning	and	memory	process.	Dendritic	spines	actually	“dance”	or	twitch	and	

a	great	open	question	remains	to	understand	when	and	why	they	shows	this	particular	

behavior	and	if	it	is	linked	with	the	higher	functions	of	the	brain.		

1.2. Synaptic	pathology	

Aging	makes	neuronal	degeneration	an	 inevitable	event,	although	 this	process	

can	be	anticipated	by	a	number	of	causes,	of	environmental	nature,	genetic	origin	or	

both.	 A	 growing	 body	 of	 evidence	 arising	 from	 human	 studies	 and	 animal	 models	

suggests	 that	 synaptic	 vulnerability	 is	 a	 common	 feature	 in	 multiple	

neurodegenerative	disorders,	such	as	Alzheimer	(AD)	and	Huntington	(HD)	diseases.	

Precisely,	 synaptic	 impairment	 is	 thought	 to	 be	 an	 early	 pathological	 event	 that	

precede	disease	clinical	manifestation.	In	AD,	synaptic	connections	are	lost	in	disease	

mouse	 models	 before	 any	 signs	 of	 cognitive	 decline	 start	 	 (Hong	 et	 al.,	 2016)	 and	

synapse	loss	is	also	observed	in	pre-symptomatic	AD	patients	(Scheff	et	al.,	2006).	Early	

synaptic	 pathophysiology	 is	 also	 a	 hallmark	 of	HD,	with	mouse	 and	 human	 studies	

indicating	that	reduced	synaptic	connectivity	starts	long	before	the	onset	of	classical	

disease	signs	(Milnerwood	&	Raymond,	2010).	Finally,	it	is	important	to	note	that	early	

synaptic	decay	was	highlighted	also	in	Parkinson’s	disease	(PD).	It	was	found	that	at	

the	onset	of	the	pathology	the	synaptic	terminals	of	DA	neurons	are	more	degenerated	

than	the	DA	cell	bodies.	Moreover,	synaptic	dysfunction	has	been	documented	in	PD	

animal	 model,	 with	 both	 pre	 and	 postsynaptic	 alterations	 reported.	 Therefore,	 an	

interesting	hypothesis	is	that	in	PD	there	is	a	connection	between	disruption	of	synapse	

homeostasis	and	pathogenic	mechanisms	underlying	the	disorder	(Picconi	et	al.,	2012).		
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Table1:	List	of	neurological	disorders	presenting	dendritic	spines	pathology.	Adapted	from	
(Chidambaram	et	al.,	2019).	

To	note,	studies	conducted	on	transgenic	animal	models	and	post-mortem	brains	

revealed	a	strong	association	between	pathology	affecting	dendritic	spines	and	both	

psychiatric	 disorders	 and	 neurodegenerative	 diseases	 (Fiala	 et	 al.,	 2002).	Dendritic	

spines	 pathology	 can	 be	 due	 to	 an	 alteration	 in	 the	 spines	 distribution	 along	 the	

dendrites	 affecting	 number,	 shape,	 and	 loci	 of	 spine	 origin	 on	 the	 neuron,	 or	 to	 an	

impairment	 of	 spine	 ultrastructure,	 involving	 aberrant	 distribution	 of	 subcellular	

organelles	inside	spine.	Dendritic	spines	pathology	has	been	documented	in	diseases	

characterized	by	altered	mental	status	and	impaired	cognitive	skills	such	as	intellectual	

disability	or	mental	retardation,	autism	spectrum	disorder,	Fragile	X	syndrome,	Rett	

syndrome,	Down’s	syndrome,	schizophrenia,	major	depression,	epilepsy,	stroke,	prion	

disease,	sleep	disorders	(Table1).	As	already	mentioned,	dendritic	spines	alterations	

are	documented	also	in	the	most	common	neurodegenerative	disorders.	AD	shows	a	

massive	 loss	 of	 dendritic	 spines	 in	 different	 brain	 regions	 (e.g.	 neocortex	 and	

hippocampus)	and	near	amyloid	plaques	regions	(Knobloch	&	Mansuy,	2008;	Serrano-

Pozo	 et	 al.,	 2011;	 Spires-Jones	 et	 al.,	 2007),	 plus	 aberrant	 signaling	 pathways	 and	

postsynaptic	proteins	organization.	In	mild	cases	of	HD	it	has	been	reported	a	marked	

increase	 in	dendritic	branching,	spine	density	and	size	 in	 the	striatum,	but	with	 the	

progression	of	the	disorder	a	parallel	 loss	of	dendritic	spines	and	the	appearance	of	

dendritic	anomalies	was	documented	(Ferrante	et	al.,	1991;	Graveland	et	al.,	1985).	
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Finally,	 also	 PD	 associates	 with	 an	 evident	 striatal	 spine	 loss,	 that	 appears	 to	 be	

correlated	with	 the	degree	 of	 dopamine	denervation	 and	 that	 is	 prevalently	 due	 to	

glutamate	excitotoxicity	in	striatal	neurons	(Chidambaram	et	al.,	2019).		

Accumulating	evidence	indicate	that	more	than	half	of	causative	genes	and	risk	

factors	for	Parkinson’s	disease	work	at	the	synapse.	Among	these	genetic	players,	the	

PD	kinase	LRRK2	plays	an	important	role	at	this	compartment,	in	both	pre	and	post-

synaptic	 sites.	 In	 the	 following	 sections	 I	will	 provide	 an	overview	of	 the	 literature	

about	PD	and	LRRK2,	with	a	focus	on	the	studies	supporting	a	link	with	the	synapse.		
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2. Parkinson’s	Disease	

In	“An	Essay	on	the	Shaking	Palsy”	(Fig.10A),	published	in	1817	by	James	Parkinson,	

symptoms	and	clinical	features	of	a	painful	disorder	were	described	in	detail	for	the	

first	time	(Parkinson,	2002).	With	regard	to	the	observations	made	on	six	individuals,	

Parkinson	wrote:	

“[they	exhibit]	involuntary	tremulous	motion,	with	lessened	muscular	power,	in	parts	

not	in	action	and	even	when	supported;	with	a	propensity	to	bend	the	trunk	forward,	

and	to	pass	from	a	walking	to	a	running	pace:	the	senses	and	intellect	being	uninjured”	

In	 the	 same	 dissertation	 the	 British	 physician	 termed	 this	 illness	 paralysis	 agitans	

(shaking	palsy),	sustaining	the	pressing	need	to	bring	it	to	the	attention	of	scientific	

and	medical	community.		

Fig.10:	(A) Title	page	of	An	Essay	on	the	Shaking	Palsy.	The	essay	was	published	by	James	
Parkinson	in	1817	(B) A	woman	with	paralysie	agitante.	Drawings	by	Paul	Richer	of	“Anne-
Marie	 Gavr…”	 in	 1874	 (part	 a)	 and	 1879	 (part	 b),	 highlighting	 the	 progression	 of	 the	motor	
symptoms	(Goedert	&	Compston,	2018).	

Over	 50	 years	 later,	 French	 neurologist	 Jean-Martin	 Charcot	 emphasized	 the	

importance	 of	 slowness	 of	movement	 (bradykinesia)	 rather	 than	 paralysis	 and	 the	

presence	 of	 muscle	 rigidity,	 highlighting	 the	 existence	 of	 the	 tremorous	 and	 the	

rigid/akinetic	 form	 of	 the	 disease	 (Fig.10B).	 In	 the	 English	 transcription	 (Charcot,	

1877)	of	one	of	Charcot’s	lectures	about	diseases	of	the	nervous	system	(Leçons	sur	les	

maladies	du	système	nerveux),	the	following	sentence	can	be	read:	

A B
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“This	man,	aged	50	years,	was	attacked	by	‘Parkinson’s	disease’	in	consequence	of	a	

strong	emotion	occasioned	by	the	attempts	of	the	Federalists,	during	the	time	of	the	

Commune,	to	incorporate	him	into	their	battalions”	

Thus,	thanks	to	Charcot’s	words,	from	that	moment	on,	the	disease	was	denoted	with	

the	name	of	who	has	discovered	it.		

Nowadays,	 PD	 is	 recognized	 as	 the	 second	 most	 common	 progressive	

neurodegenerative	 disorder	 after	 AD,	with	 an	 incidence	 ranges	 from	5	 to	 >35	 new	

cases	 per	 100000	 individual	 per	 year,	 probably	 reflecting	 the	 differences	 in	 the	

population	demographics	 (Fig.11A)	 (Poewe	et	 al.,	 2017).	The	disorder	 affects	up	 to	

0,3%	of	the	entire	population,	a	prevalence	that	increases	from	1%	to	2%	for	people	

over	the	age	of	60	and	from	4%	to	5%	for	people	over	the	age	of	85	(de	Lau	&	Breteler,	

2006;	H.	Deng	et	al.,	2018)	(Fig.11B).	Of	note,	in	most	populations	PD	is	more	common	

in	men	than	women,	with	a	possible	explanation	linked	to	the	neuroprotective	effects	

of	 estrogens.	 Besides	 some	 cross-cultural	 variations	 in	 the	 incidence	 and	 in	 the	

prevalence	 of	 PD,	 potentially	 due	 to	 differences	 in	 environmental	 exposures	 or	

distribution	 of	 genetic	 risk	 factors,	 it	 is	 extremely	 clear	 that	 PD	 is	 an	 age-related	

disease.	 To	 this	 regard,	 it	 is	 important	 to	 mention	 the	 existence	 of	 early-onset	

parkinsonism,	that	includes	all	the	cases	with	an	onset	occurring	before	the	age	of	40	

(Ascherio	 &	 Schwarzschild,	 2016).	 Within	 this	 category,	 cases	 with	 disease	 onset	

before	 age	 of	 21	 can	 be	 distinguished	 and	 are	 classified	 as	 juvenile	 forms	 of	

parkinsonism.		

Fig.11:	Epidemiology	of	Parkinson	disease	(A)	Prevalence	of	Parkinson	disease	 in	men	and	
women	 per	 100,000	 individuals.	 (B)	 Incidence	 rate	 of	 Parkinson	 disease	 per	 100,000	 person-
years.	Adapted	from	(Poewe	et	al.,	2017).		
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The	 progressive	 and	 pronounced	 global	 population	 aging	 is	 associated	 with	

increasing	 prevalence	 of	 PD	 over	 the	 years,	 and	 the	 amount	 of	 affected	 people	 is	

predicted	 to	 double	 between	 2005	 and	 2030.	 This	 points	 out	 the	 extreme	 need	 of	

treatments	to	prevent	the	onset	of	the	disease,	avoiding	also	the	progressive	increase	

in	the	social	and	economic	burden	associated	with	this	disorder	(Poewe	et	al.,	2017).		

2.1. Clinical	manifestation,	diagnosis	and	treatment	

PD	is	characterized	by	a	heterogeneous	symptomatology	(Fig.12),	with	both	motor	

and	 non-motor	 features,	 a	 slow	 progression	 through	 aging	 after	 the	 onset,	 and	 the	

involvement	of	multiple	neuroanatomical	areas	(Kalia	&	Lang,	2015).	Cardinal	motor	

symptoms	of	PD	are	grouped	under	 the	acronym	of	TRAP:	Tremor	at	 rest,	Rigidity,	

Akinesia	(or	bradykinesia)	and	Postural	instability.	In	addition,	some	others	secondary	

motor	symptoms	have	been	described,	comprising	hypomimia,	dysphagia,	festination,	

freezing,	dystonia,	flexed	posture	(Jankovic,	2008).	The	existence	of	such	a	great	range	

of	symptoms	has	led	to	the	identification	of	three	major	PD	subtypes:	tremor-dominant	

PD,	which	does	not	present	other	motor	symptoms;	non-tremor	dominant	PD,	defined	

by	postural	and	gait	instability	and	akinetic-rigid	movements;	and	a	further	subgroup	

of	patients	with	intermediate	phenotypes	(Kalia	&	Lang,	2015).	Non-motor	symptoms,	

including	sensory	defects	(e.g.	olfactory	dysfunction, pain),	cognitive	impairment	and	

neurobehavioral	 abnormalities	 (e.g.	 depression,	 anxiety,	 apathy,	 dementia,	

hallucinations),	sleep	disorders	(e.g.	sleep-wake	cycle	regulation,	excessive	sleepiness	

or	insomnia,	rapid	eye	movement	sleep	behavior	disorder),	intestinal	dysfunction	(e.g.	

constipation),	 autonomic	 dysfunction	 and	 fatigue,	 are	 distinctive	 of	 the	 prodromal	

phase	of	PD,	that	precedes	the	onset	of	the	typical	motor	symptoms	(Postuma	et	al.,	

2012).		

The	complexity	of	the	symptomatologic	picture	generates	clinical	challenges	such	as	

the	 difficulty	 to	 make	 a	 definitive	 diagnosis	 of	 PD	 in	 the	 early	 stages.	 Despite	 the	

standard	 criterion	 for	 diagnosis	 consists	 in	 the	 pathological	 assessment	 of	 the	

occurrence	of	neuronal	 loss	and	Lewy	bodies	 in	 the	substantia	nigra	pars	compacta	

(SNpc),	 in	 clinical	 practice	 the	 diagnosis	 is	 based	 on	 a	 mixture	 of	 cardinal	 motor	

features,	secondary	motor	symptoms,	and	response	to	levodopa	(Jankovic,	2008).	This	

guidelines	have	been	defined	by	the	UK	Parkinson’s	Disease	Society	Brain	Bank	and	the	

National	Institute	of	Neurological	Disorders	and	Stroke	(Gelb	et	al.,	1999)	even	if	there	
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is	 still	 a	 bit	 of	 uncertainty	 regarding	 the	 reliability	 and	 validity	 of	 these	 criteria.	

Recently,	 the	 development	 of	 strategies	 to	 define	 biomarkers	 for	 PD	 has	 started	 to	

emerge	as	a	very	promising	diagnostic	alternative,	with	the	aim	of	intervening	early	in	

the	disease	course,	ideally	before	the	onset	of	motor	symptoms.		

Fig.12:	 Symptomatology	 progression	 in	 Parkinson	 disease:	 Scheme	 of	 the	 progressive	
appearance	of	clinical	features	during	the	disease	develop	(Poewe	et	al.,	2017).	
	

It	is	believe	that,	during	the	premotor	phase,	the	pathologic	mechanisms	implied	in	

the	 disease’s	 onset	 are	 taking	 place,	 offering	 a	 temporal	window	 to	 intervene	with	

disease-modifying	 therapies.	Unfortunately,	 to	date	 the	 available	 therapies	 are	only	

symptomatic	and	do	not	slow	down	or	halt	disease	progression	(Kalia	&	Lang,	2015).	

They	are	focused	on	restoring	the	dopaminergic	signaling	with	the	administration	of	

the	dopamine	precursor	levodopa	(L-DOPA)	or	dopamine	receptors	agonists.	The	big	

problem	 is	 the	 appearance	 of	 adverse	 reactions	 also	 associated	 with	 the	 patient	

medical	history,	so	the	choice	of	the	right	treatment	needs	to	be	carefully	considered.	

Currently,	 the	 L-DOPA	 treatment	 is	 the	 most	 efficient	 in	 alleviating	 the	 motor	

symptoms,	 even	 if	 the	 long-term	 use	 is	 associated	 with	 motor	 fluctuations	 and	

dyskinesia.	An	alternative	approach,	typically	reserved	for	patients	that	suffer	L-DOPA	

side	effects,	is	the	deep	brain	stimulation	(DBS)	of	either	the	subthalamic	nucleus	or	

globus	 pallidus	 internus,	 that	 has	 been	 proved	 to	 be	 effective	 in	 improving	motor-

symptoms	 and	 some	 non-motor	 features	 in	moderate	 and	 severe	 PD	 (D.	 Lee	 et	 al.,	

2018).	However,	the	mechanism	of	DBS	is	not	completely	understood	and	comes	with	
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some	side	effects,	probably	resulting	from	the	fact	that	DBS	interferes	not	only	with	

pathological	 neuronal	 circuitry	 but	 also	 it	 partially	 impacts	 on	 physiological	

connectivity.	In	the	last	years,	new	strategies	are	being	considered	as	immunotherapy,	

gene	 therapy	and	 transplantation,	but	 they	 resulted	 to	be	effective	only	 in	 terms	of	

safety	and	not	from	a	clinical	point	of	view.	Thus,	it	appears	clear	that	further	studies	

are	urgently	needed	 to	elucidate	 the	mechanisms	underly	PD	pathology	 in	order	 to	

identify	 more	 efficient	 treatments	 through	 the	 development	 of	 molecular	 or	 gene	

target	therapies.		

2.2. Pathology		

From	a	pathological	point	of	view,	the	motor	symptoms	manifestation	is	due	to	the	

loss	of	dopamine	in	the	striatum	resulting	from	the	degeneration	of	DA	neurons	of	the	

SNpc	 (Dickson	 et	 al.,	 2009)	 (Fig.13A).	 The	most	 affected	 region	 in	 the	 SNpc	 is	 the	

ventrolateral	area	which	contains	DA	neurons	with	unmyelinated	axons	projecting	via	

medial	forebrain	bundle	to	the	dorsal	putamen	of	the	striatum	(nigrostriatal	neurons),	

where	 they	make	 contacts	with	GABAergic	MSNs.	 In	 early-stage	disease,	 loss	 of	DA	

neurons	 is	 limited	 to	 this	 area,	 while	 as	 disease	 progresses	 towards	 the	 advanced	

stages	it	becomes	more	spread.	

In	addition	to	neuronal	degeneration,	surviving	neurons	are	characterized	by	Lewy	

pathology,	consisting	in	the	formation	of	proteinaceous	cytoplasmic	inclusions	that	can	

be	 found	 within	 the	 neurons	 cell	 body	 (Lewy	 bodies,	 LBs)	 and	 processes	 (Lewy	

neurites,	LNs)	(Goedert	et	al.,	2013),	according	to	the	description	made	by	the	German	

neurologist	 Dr.	 Friedrich	 Lewy	 in	 1912	 (Lewy,	 1912).	 In	 1997,	 Spillantini	 and	

colleagues	identified	alpha-synuclein	(α-Syn)	as	the	main	component	of	LBs	(Fig.13B-

C)	 (Spillantini	 et	 al.,	 1997):	 when	 in	 misfolded	 state,	 it	 becomes	 insoluble	 and	

aggregates	generating	intracellular	inclusions.	Immunohistochemical	studies	showed	

that,	besides	α-Syn,	more	than	90	molecules	can	be	found	inside	these	intraneuronal	

structures,	 including	 structural	 elements	 of	 the	 LBs,	 α-Syn	 -binding	 proteins	 and	

ubiquitin	 (Wakabayashi	 et	 al.,	 2013).	 These	 aggregates	 are	 present	 not	 only	 in	 the	

brain,	but	also	in	the	spinal	cord	and	in	the	peripheral	nervous	system,	suggesting	a	

systemic	nature	of	the	disease	(Dickson	et	al.,	2009).	Back	in	2003,	LBs	were	proposed	

by	Braak	and	colleagues	to	spread	in	the	nervous	system	with	a	temporal	and	spatial	

progression	that	support	the	PD	clinical	course.	According	to	Braak’s	model,	aggregates	
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reach	the	CNS	via	nasal	or	gastric	route,	transmitting	from	neuron	to	neuron	across	

synapses	(Braak	et	al.,	2003).	These	observations	laid	the	bases	for	considering	PD	as	

a	prion-like	pathology	(Visanji	et	al.,	2014).	Even	if	the	presence	of	LBs	and	LNs	is	by	

now	well	documented	in	PD	patients,	 the	nature	of	their	actual	 function	remains	an	

open	question:	indeed,	it	has	been	postulated	that	oligomers	and	protofibrils	of	α-Syn	

could	 be	 toxic	 for	 neurons,	 while	 fibrillar	 aggregates	 of	 α-Syn	 appear	 to	 play	 a	

neuroprotective	role	(Wakabayashi	et	al.,	2013). 

Fig.13:	 Neuropathological	 hallmarks	 of	 PD	 (A)	 Degeneration	 of	 nigrostriatal	 neurons:	
compare	to	the	control	(left	panel),	the	affected	midbrain	(right	panel)	presents	the	PD	typical	
depigmentation	resulting	from	the	loss	of	DA	neurons	in	the	SNpc.	3N,	3rdnerve	fibres;	CP,	cerebral	
peduncle;	RN,	red	nucleus.	Adapted	from	(Poewe	et	al.,	2017).	(B)	Lewy	neurites	pathology:	a-
Synuclein-positive	Lewy	neurites	in	the	substantia	nigra	(C)	Lewy	bodies	pathology:	a-Synuclein-
positive	Lewy	body	(arrow)	in	pigmented	nerve	cell	of	the	substantia	nigra.	B	and	C	adapted	from	
(Spillantini	et	al.,	1997).		
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2.3. Pathways	deregulation	

The	term	basal	ganglia	(BG)	refers	to	a	group	of	subcortical	nuclei	at	the	base	of	the	

forebrain	 that	 exerts,	 as	 a	 primary	 function,	 the	 control	 of	 voluntary	 actions.	 The	

damage	of	this	system	contributes	to	the	development	of	movement	disorders	such	as	

PD	and	HD	(Lanciego	et	al.,	2012).		

From	 an	 anatomical	 point	 of	 view,	 BG	 comprises	 the	 striatum,	 the	 external	 and	

internal	segments	of	the	globus	pallidus	(GPe	and	GPi),	the	subthalamic	nucleus	(STN),	

the	SNpc	and	the	substantia	nigra	pars	reticulata	(SNpr)	(Fig.14).		

Fig.14:	Basal	ganglia	nuclei.	Sagittal	section	of	the	monkey	brain	in	which	the	components	of	
the	 basal	 ganglia	 are	 shown.	 CN=	 Caudate	 Nucleus;	 Put=	 Putamen;	 Acb=	 Accumbes	 Nucleus,	
(Lanciego	et	al.,	2012).		

The	striatum	is	the	biggest	structure	in	the	subcortical	region	and	is	composed	by	

the	 caudate	 nucleus	 (CN),	 the	 putamen	 (Put)	 and	 the	 accumbes	nucleus	 (Acb).	 The	

striatal	 complex	 receives	 glutamatergic	 excitatory	 projections	 from	 several	 cortical	

and	subcortical	areas	and	dopaminergic	projection	from	the	SNpc.	Also	the	STN	collects	

the	external	signals,	especially	from	the	cortical	afferents.	Altogether	striatum	and	STN	

represent	the	input	elements	of	the	BS.	The	information	are	then	processed	and	sent	

to	the	thalamus	via	the	output	nuclei,	involving	the	GPi	and	the	SNpr.	Eventually,	the	

thalamus	 projects	 back	 to	 the	 cerebral	 cortex	 controlling	 this	 way	 the	 movement	

execution.	The	correct	functioning	of	this	system	relies	in	the	appropriate	DA	release:	

an	affected	DA	 tone	 in	 the	 striatum	results	 in	alteration	of	 the	 information	 transfer	

activity.		

To	note,	the	striatum	 is	mainly	composed	by	MSNs,	that	represent	approximately	

the	90%	of	striatal	neurons.	The	remining	10%	of	neuronal	cells	are	interneurons,	that	
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can	be	cholinergic	or	GABAergic.	MSNs	can	give	rise	to	two	distinct	and	complementary	

pathways.	 According	 to	 the	 classical	 model	 of	 BG	 functionality,	 two	 neuronal	

subcategories	 can	 be	 identified	 based	 on	 their	 target	 and	 the	 receptors	 that	 they	

possess	 (Wichmann	 &	 DeLong,	 2008)	 (Fig.15A).	 MSNs	 originating	 the	 “direct”	

monosynaptic	pathway	express	the	dopamine	receptor	subtype	1	(DRD1)	and	project	

directly	to	the	GPi	and	the	SNpr	inhibiting	their	activity	and	thereby	disinhibiting	the	

thalamocortical	projection.	The	“indirect”	polysynaptic	pathway	is	composed	by	MSNs	

that	express	the	DA	receptor	subtype	2	(DRD2)	and	contact	the	basal	ganglia	output	

(GPi/SNr)	indirectly	through	GPe	and	STN.	As	a	result,	GPi	is	stimulated	and	inhibits	

the	thalamocortical	projection.	Thus,	ultimately,	the	direct	pathway	is	associated	with	

an	 excitatory	 function	 that	 promotes	 movement,	 whereas	 the	 indirect	 pathway	 is	

postulated	 to	 have	 an	 inhibitory	 activity	 that	 hinders	 movement.	 Even	 if	 the	 two	

distinct	pathways	compete	functionally,	under	normal	circumstances	they	are	finely	

balanced,	allowing	to	process	signals	through	the	BG	(McGregor	&	Nelson,	2019).		

Fig.15:	Schematic	representation	of	the	direct	and	indirect	pathway	in	the	physiological	
condition	and	in	Parkinson’s	disease:	(A)	in	physiological	condition,	SNpc	DA	neurons	project	
to	the	striatum	balancing	the	activity	of	the	two	different	pathways.	(B)	in	Parkinson	disease,	DA	
tone	decreases	do	to	the	 loss	of	DA	neurons	triggering	an	unbalance	in	the	activity	of	the	two	
pathways.	CN=	Caudate	Nucleus;	Put=	Putamen;	Acb=	Accumbes	Nucleus,	(Lanciego	et	al.,	2012).	

The	 activity	 of	 these	 two	 pathways	 is	 modulated	 by	 DA	 released	 from	 the	 DA	

nigrostriatal	projections	arising	from	the	SNpc,	that	directly	make	contacts	on	the	neck	

of	 striatal	 MSNs	 dendritic	 spines.	 Any	 fluctuation,	 also	 physiological,	 in	 DA	 tone	

BA
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modifies	the	existing	balance	between	the	activity	of	the	two	pathways.	Importantly,	

the	decrease	in	DA	transmission	characterizing	PD	affects	the	BG	circuits,	acting	in	an	

opposite	 fashion	 on	 the	 two	 pathways	 (Fig.15B).	 Reduced	 facilitation	 of	 the	 direct	

pathway	and	increased	promotion	of	the	indirect	pathway	finally	result	in	GABAergic	

inhibition	 of	 thalamocortical	 projection	 with	 consequent	 impairment	 in	movement	

initiation	and	execution	(Wichmann	&	DeLong,	2008).		

2.4. Etiology		

Despite	the	precise	cause	of	PD	remains	unknown,	over	the	recent	years	it	became	

clear	that	the	disease	results	from	a	complicated	interplay	between	environmental	and	

genetic	factors	in	which	aging	represents	the	main	risk	factor	for	the	development	of	

the	pathology	(Kalia	&	Lang,	2015).		

Whilst	the	majority	of	PD	cases	are	sporadic	with	unknown	etiology,	about	15%	of	

patients	 show	a	 family	history	and	 some	polymorphisms	within	 certain	genes	have	

been	found	to	influence	the	risk	of	developing	PD	(H.	Deng	et	al.,	2018).	

The	discovery	of	monogenetic	forms	of	PD,	representing	about	5%-10%	of	all	cases,	

has	been	key	to	dissect	the	molecular	pathways	that	lead	to	this	pathology	(H.	Deng	et	

al.,	 2018).	 This	 finding	 is	 an	 unprecedented	 opportunity	 to	 model	 the	 pathogenic	

mechanisms	 of	 the	 disease	 using	 appropriate	 cellular	 and	 animal	 models.	 Genetic	

investigations	 are	 key	 to	 develop	 new	 therapies,	 since	 the	 treatments	 currently	

available	are	only	symptomatic	and	do	not	halt	or	slow	the	neurodegeneration	process.	

2.4.1. Sporadic	Parkinson’s	Disease	

As	mention	 before,	 the	majority	 of	 PD	 cases	 have	 an	 unclear	 etiology,	 although	

multiple	lines	of	evidence	indicate	that	a	number	of	factors	can	predispose	to	disease	

(Ascherio	&	Schwarzschild,	2016).	The	most	established	risk	factor	is	aging.	Another	

one	is	the	biological	sex:	the	chance	to	develop	PD	is	two-fold	higher	in	men	than	in	

women	(Baldereschi	et	al.,	2000),	possibly	depending	a	protective	effect	exerted	by	

female	hormones	(estrogens)	(Thadathil	et	al.,	2021).	Also	ethnicity	is	counted	among	

risks	 factors.	 Indeed	 different	 PD	 incidence	 exists	 among	 different	 populations:	

idiopathic	PD	is	less	common	among	Asian	and	African	people	than	Europeans,	North	

Americans	and	South	Americans	(Sauerbier	et	al.,	2018;	Van	Den	Eeden	et	al.,	2003). 	
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Other	 risk	 factors	 are	 linked	 with	 environmental	 exposure	 and	 life	 style.	 In	

particular,	epidemiological	 studies	have	 found	 that	pesticides,	herbicides	and	heavy	

metals	can	increase	the	risk	of	PD	(Nandipati	&	Litvan,	2016).	This	correlation	emerged	

for	 the	 first	 time	 when	 the	 neurotoxic	 metabolite	 of	 1-methyl-4phenyl1,2,3,6-

tetrahydropyridine	 (MPTP)	 was	 identified	 in	 synthetic	 heroin	 assumed	 by	 drug	

abusers	that	manifested	rapid-onset	PD.	MPTP	is	classified	as	a	mitochondrial	poison	

inhibiting	 the	 complex	 I	 of	 the	 electron	 transport	 chain	 causing	 the	 specific	

degeneration	of	DA	neurons	because	MPTP	is	up-taken	by	dopamine	transporter	(DAT)	

(William	Langston	et	al.,	1983).	Other	compounds	with	a	similar	mechanism	of	MPTP	

are	 the	 herbicide	 paraquat	 and	 the	 pesticide	 rotenone	 (Nandipati	 &	 Litvan,	 2016).	

These	compounds	are	exploited	in	laboratory	as	useful	tools	to	generate	animal	models	

that	mimic	PD	symptomatology	and	pathology.	Numerous	studies	have	also	revealed	

an	 important	association	of	 long-term	exposure	 to	heavy	metals	 (coming	 from	diet,	

environmental	 pollution	 and	 occupational	 exposure)	 on	 the	 risk	 to	 developing	 PD	

(Bjorklund	et	al.,	2018).	In	particular,	iron	and	manganese	increase	the	risk	of	PD	by	

two	folds	(Bjorklund	et	al.,	2018;	Nandipati	&	Litvan,	2016).	Furthermore,	certain	life	

style	 habits	 were	 found	 to	 reduce	 the	 odds	 of	 developing	 PD,	 with	 a	 quite	 strong	

correlation	for	tobacco	smoking	and	coffee	intake	(Wirdefeldt	et	al.,	2011).			

Environmental	and	epigenetic	factors	are	thought	to	act	in	combination	with	genetic	

predisposition	 in	 modulating	 PD	 risk.	 To	 date,	 genome-wide	 association	 studies	

(GWAS)	have	identified	more	than	90	risk	variants	explaining	16-36%	of	all	PD	cases	

depending	on	the	population	(Gasser,	2015;	Nalls	et	al.,	2019).	Among	all	identified	risk	

factors,	SNCA,	LRRK2,	MAPT,	GBA	show	the	most	robust	and	reproducible	associations	

(Gasser,	2015;	Kalinderi	et	al.,	2016).		SNCA	and	LRRK2	genes	are	pleomorphic	risk	loci,	

being	 both	 mutated	 in	 monogenetic	 forms	 of	 PD	 and	 containing	 risk	 variants	

influencing	 the	 risk	 of	 sporadic	 disease	 (Cookson,	 2015).	MAPT	 gene	 encodes	 the	

microtubule-associated	 protein	 tau	 which	 promotes	 the	 assembly	 and	 the	

maintenance	of	microtubular	network	allowing	the	correct	neuronal	axonal	transport.	

Pathological	 accumulations	 of	 tau	 protein	 are	 found	 in	 several	 neurodegenerative	

disorders	 such	 as	 AD.	Moreover,	 variants	 in	 this	 gene	 lead	 to	 increased	 risk	 of	 PD	

(Pascale	et	al.,	2016).	However,	the	greatest	genetic	risk	factor	for	PD	is	represented	

by	mutations	in	GBA1	gene,	encoding	the	beta-glucocerebrosidase	lysosomal	enzyme.	

GBA1	 mutations	 cause	 an	 autosomal	 recessive	 lysosomal	 storage	 disorder	 named	
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Gaucher’s	disease	while	heterozygous	GBA	variants	increase	the	risk	of	PD	by	~	5	times 

(Riboldi	&	Di	Fonzo,	2019;	Sidransky	&	Lopez,	2012;	Thaler	et	al.,	2017).	

2.4.2. Familiar	Parkinson’s	Disease	

During	the	past	25	years,	large	efforts	have	been	made	at	defining	the	genetic	bases	

of	PD.	Different	genes	have	been	linked	to	monogenetic	forms	of	the	disorder, caused	

by	 single	 mutations	 inherited	 in	 a	 dominant	 or	 recessive	 fashion.	 At	 present,	 23	

chromosomal	loci,	called	PARK	and	numbered	chronologically,	have	been	linked	to	PD	

and	in	19	of	them	the	causative	gene	has	been	identified	(Table	2)	(H.	Deng	et	al.,	2018). 

However,	only	six	of	 these	genes	 (SNCA,	LRRK2,	VPS35,	Parkin,	PINK	and	DJ1)	carry	

mutations	that	have	been	definitively	shown	to	segregate	with	PD	following	Mendelian	

inheritance.		

The	very	first	gene	that	has	been	associated	with	PD	was	SNCA,	located	in	the	PARK1	

locus	 on	 chromosome	4	 and	 originally	 found	 to	 carry	 the	missense	mutation	A53T	

(Polymeropoulos	 et	 al.,	 1996,	 1997).	 Later	 on,	 additional	missense	mutations	were	

identified	within	the	same	gene	together	with	gene	multiplications,	all	associated	with	

early-onset	autosomal	dominant	familial	PD	(Chartier-Harlin	et	al.,	2004;	Singleton	&	

Gwinn-Hardy,	2004).	The	consequent	aminoacidic	 substitution	or	 increased	protein	

expression	make	α-Syn	prone	to	aggregate	and	accumulate	in	LBs	(Burré	et	al.,	2015).	

In	2004,	gain	of	function	mutations	in	the	LRRK2	gene	were	discovered	to	cause	PARK8-

linked	PD	(Paisán-Ruíz	et	al.,	2004;	Zimprich	et	al.,	2004).	It	is	now	clear	that	mutations	

in	LRRK2	represent	the	most	common	cause	of	late-onset	autosomal	dominant	PD	and	

also	 account	 for	 a	 percentage	 of	 sporadic	 PD	 cases.	 Even	 if	 80	 variants	 have	 been	

identified,	 only	 seven	 have	 been	 proven	 pathogenic	 (Corti	 et	 al.,	 2011;	 Iannotta	 &	

Greggio,	 2021).	Among	 these,	 the	G2019S	 variant	 is	 the	most	 common	and	 studied	

mutation,	 while	 the	 others	 are	 less	 frequent	 worldwide.	 More	 detailed	 discussion	

about	LRRK2	and	its	relevance	in	PD	will	be	provided	in	the	next	section.		

The	 VPS35	 gene	 has	 been	 associated	 with	 late-onset	 dominantly	 inherited	 PD	

(Vilariño-Güell	et	al.,	2011;	Zimprich	et	al.,	2011). It	maps	within	the	PARK17	locus	on	

chromosome	 17	 and	 encodes	 vacuolar	 protein	 sorting	 35	 (VPS35),	 the	 main	

component	of	the	retromer	complex	that	plays	a	central	role	in	endosomal-lysosomal	

trafficking	 and	 in	 retrograde	 transport	 of	 membrane-associated	 proteins	 from	

endosomes	 to	 trans-Golgi	network	or	plasma	membrane	 (Williams	et	 al.,	 2017).	To	
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date,	the	D620N	substitution	constitutes	the	only	certain	pathogenic	VPS35	mutation,	

although	additional	variants	have	been	described	(Williams	et	al.,	2017).	Clinically,	the	

symptoms	 shown	 by	 patients	 carrying	mutated	 VPS35	 are	 comparable	 to	 those	 of	

idiopathic	cases	while	the	neuropathological	bases	are	still	unknown	due	to	the	lack	of	

post-mortem	studies.	Some	cellular	activities	are	found	to	be	affected	by	the	expression	

of	 D620N	 mutation,	 including	 neurotransmission,	 autophagy,	 lysosome	 and	

mitochondrial	 function.	 Intriguingly,	 a	 connection	 among	 VPS35	 and	 others	 PD-

associated	 genes	 (e.g.	 Parkin,	 LRRK2,	 SNCA)	 has	 been	 proposed,	 suggesting	 an	

important	role	for	VPS35		in	the	pathogenesis	of	PD	(Sassone	et	al.,	2021).		

Table2:	Table	showing	the	PD-related	genes.	For	any	genes	the	name,	the	protein	product,	the	
mode	of	inheritance	and	the	clinical	manifestation	are	reported.		

Autosomal	recessive	PD	is	linked	to	mutations	in	Parkin,	PINK	and	DJ-1	and	is	manly	

characterized	 by	 early	 onset.	 Parkin,	 the	 second	 identified	 causative	 gene	 of	

monogenetic	PD,	sits	in	the	PARK2	locus	on	chromosome	6	(Matsumine	et	al.,	1997).	It	

represents	 the	 most	 common	 affected	 gene	 associated	 to	 autosomal	 recessively	

inherited	 PD,	 with	 more	 than	 100	 different	 mutations	 identified,	 including	 point	

mutations,	deletions,	 insertions	and	multiplications.	They	account	 for	about	50%	of	

familial	cases	and	for	15%	of	sporadic	cases	in	patient	with	early-onset	PD	(Lücking	et	

PARK1/4	 SNCA	 α-syn Early	Onset	PD
PARK8	 LRRK2	 LRRK2 Late	Onset	PD
PARK17 VPS35 VPS35 Late	Onset	PD

PARK2	 PRKN	 Parkin Early	Onset	PD
PARK6	 PINK1	 PINK1 Early	Onset	PD
PARK7 DJ-1 DJ1 Early	Onset	PD

PARK3	 PARK3	 Unknown	 Late	Onset	PD
PARK5	 UCHL1	 Ubiquitin	C-terminal	hydrolase	L1 Late	Onset	PD
PARK11	 GIGYF2	 GRB10	interacting	GYF	protein	2 Late	Onset	PD
PARK13	 HTRA2	 HtrA	serine	peptidase	2 Late	Onset	PD
PARK18	 EIF4G1	 Eukaryotic	translation	initiation	factor	4 gamma	1 Late	Onset	PD
PARK21	 TMEM230	 Transmembrane	protein	230 Late	Onset	PD
PARK22 CHCHD2	 Coiled-coil-helix-coiled-coil-helix	domain	containing	2 Late	Onset	PD

PARK9	 ATP13A2 ATPase	13A2 Parkinsonism
PARK14	 	PLA2G6	 Phospholipase	A2	group	VI Parkinsonism
PARK15	 FBXO7	 F-box	protein	7 Parkinsonism
PARK19	 DNAJC6	 DnaJ	heat	shock	protein	family	(Hsp40)	member	C6 Parkinsonism
PARK20	 SYNJ1	 Synaptojanin	1 Parkinsonism
PARK23 VPS13C Vacuolar	protein	sorting-associated	13	homolog	C Parkinsonism

LOCUS GENE	NAME	 PROTEIN	PRODUCT	 DISEASE	MANIFESTATION

Autosomal	domaniant	PD

Autosomal	recessive	PD

Unconfirmed	autosomal	dominant	PD

Complex	syndromes	with	parkinsonism



	

	48	

al.,	2000).	In	2004,	PINK1	was	discovered	to	be	located	in	the	PARK6	locus	mapped	to	

chromosome	1	(Eriza	Maria	Valente	et	al.,	2004)	with	two	homozygous	mutations	in	

the	kinase	domain	identified	(Enza	Maria	Valente	et	al.,	2004).	Afterward,	other	studies	

found	 PINK1	 mutations	 in	 European,	 American	 and	 Asian	 populations,	 with	 a	

frequency	around	4-7%	in	sporadic	cases	(C.	Y.	Kim	&	Alcalay,	2017).	Proteins	encoded	

by	Parkin	and	PINK1	are	both	involved	in	mitochondrial	quality	control	and	have	been	

proposed	to	act	 in	concert	 to	eliminate	damaged	mitochondria	via	a	process	named	

mitophagy	 (van	 der	 Merwe	 et	 al.,	 2015).	 Recently,	 it	 has	 been	 proposed	 that	 in	

depolarized	damage	mitochondria	PINK1,	a	serine-threonine	kinase	active	even	in	its	

unphosphorylation	 state,	 dimerizes	 and,	 consequently,	 undergoes	 trans-

autophosphorylation	 at	 the	 level	 of	 Ser228.	 Phosphorylation	 causes	 conformational	

changes	 in	 the	 N-lobe	 of	 the	 protein	 that	 destabilize	 the	 dimers	 allowing	

phosphorylated	PINK1	to	act	as	a	monomer	and	to	become	an	active	ubiquitin	kinase	

(Gan	et	al.,	2021).	In	this	state	PINK1	is	able	to	phosphorylate	parkin,	an	E3	ubiquitin	

ligase	 protein,	 recruiting	 it	 into	 mitochondria	 and	 triggering	 its	 ability	 to	 transfer	

ubiquitin	 to	 specific	 target	 proteins,	 ultimately	 promoting	 the	 removal	 of	 injured	

organelles.		

Finally,	DJ-1	was	identified	in	the	PARK7	locus	within	chromosome	1	(Bonifati	et	al.,	

2003).	PD	mutations	in	this	gene	are	very	rare,	representing	the	1-2%	of	early	onset	

PD	cases.	DJ-1	is	thought	to	function	as	a	sensor	of	oxidative	stress	and	could	protect	

neurons	and	mitochondria	itself,	possibly	interacting	with	PINK1	and	parkin	(Kalinderi	

et	al.,	2016).		

In	addition	 to	 the	above	mentioned	genes,	 there	 is	another	 set	of	PARK	 loci	 (e.g.	

PARK3,	PARK5-UCHL1,	PARK11,	PARK13-HTRA2,	PARK18,	PARK21,	PARK22),	that	have	

been	 linked	 with	 familial	 PD,	 even	 though	 this	 association	 remains	 to	 be	 further	

confirmed.	Mutations	in	some	of	the	genes	located	in	PARK	loci	cause	atypical	form	of	

PD	 (PARK9-ATP13A2,	 PARK14-PLA2G6,	 PARK15-FBX07,	 PARK19-DNAJC6,	 PARK20-

SYNJ1,	 PARK23-VPS13C)	 (H.	 Deng	 et	 al.,	 2018;	 Kalinderi	 et	 al.,	 2016;	 Klein	 &	

Westenberger,	2012).	

2.5. Molecular	mechanisms	

Some	of	the	genes	responsible	for	inheritable	forms	of	PD	were	found	mutated	also	

in	sporadic	forms	of	the	disorder	with	the	associated	neuropathology	being	similar	or	
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even	 indistinguishable	 between	 the	 two	 conditions	 (Poewe	 et	 al.,	 2017).	 This	

observation	suggested	the	possibility	that	the	cellular	mechanisms	altered	in	genetic	

PD	may	be	similar	to	those	occurring	during	sporadic	PD.	Thus,	the	inheritable	forms	

of	PD,	even	if	they	represent	a	small	percentage	of	total	cases,	constitute	a	strategic	and	

wildly	accepted	platform	to	investigate	and	shed	light	into	the	molecular	mechanisms	

underlying	 the	 development	 of	 PD	 pathology.	 α-Syn	 proteostasis,	 mitochondrial	

function,	 oxidative	 stress,	 calcium	 homeostasis,	 axonal	 transport	 and	

neuroinflammation	are	some	of	the	pathways	perturbed	in	PD	(Poewe	et	al.,	2017).		

α-Syn	proteostasis	–	α-Syn,	encoded	by	the	SNCA	gene,	is	a	small	acidic	protein	made	

of	140	residues,	with	expression	in	the	brain,	where	it	can	be	found	ubiquitously	(Jakes	

et	al.,	1994).	Within	neurons,	it	is	highly	enriched	at	the	pre-synaptic	terminals,	while	

its	localization	in	the	cell	body	and	dendrites	is	relatively	low	(Maroteaux	et	al.,	1988).	

Within	the	cell,	α-Syn	is	in	equilibrium	between	a	soluble	state	and	a	membrane-bound	

state	that	is	thought	to	be	essential	for	its	physiological	function.	The	precise	role	of	

this	protein	is,	however,	still	controversial,	although	many	lines	of	evidence	propose	

its	 involvement	 in	 regulating	 synaptic	 activity	 (e.g.	 synaptic	 plasticity,	

neurotransmitter	 release	 and	 vesicle	 trafficking,),	 lipid	 metabolism,	 membrane	

biogenesis	and	dopamine	metabolism	(Burré,	2015).	Moreover,	α-Syn	has	been	found	

associated	 with	 mitochondria,	 Golgi	 apparatus	 and	 endoplasmic	 reticulum.	 In	 PD	

brains,	 a	 large	 amount	 of	 α-Syn	 aggregates,	 especially	 fibrils,	 is	 observed	 within	

neurons.	This	accumulation	is	triggered	by	mutations	causing	an	overproduction	of	the	

protein	or	by	an	increased	protein	misfolding	probability.	Although	it	is	still	debated	

whether	 large	 fibrillar	 α-Syn	 aggregates	 are	 the	 actual	 toxic	 products	 or	 whether	

smaller	oligomers	are	the	detrimental	component,	α-Syn	misfolding	and	aggregation	is	

thought	 to	 affect	 several	 neuronal	 functions,	 including	 proteostasis,	 which	 in	 turn	

results	 in	 neurodegeneration.	 On	 the	 other	 side,	 impairment	 in	 the	 mechanisms	

responsible	for	cellular	proteostasis	(e.g.	ubiquitin-proteasome	system	and	lysosomal	

autophagy	 system)	 may	 contribute	 to	 α-Syn	 accumulation	 (Burré,	 2015).	 α-Syn	

aggregates	 have	 been	 proposed	 to	 propagate	 in	 prion-like	 manner,	 spreading	 the	

pathology	in	multiple	brain	regions	and	contributing	to	the	onset	of	motor	dysfunction	

once	they	reach	the	SNpc	(George	et	al.,	2013).	
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Mitochondrial	 dysfunction	 and	 oxidative	 stress	 –	 Mitochondria	 are	 ubiquitous	

organelles	 that	 satisfy	 the	 cellular	 energetic	 demand	 providing	 ATP	 via	 oxidative	

phosphorylation,	a	process	mediated	by	ATP	synthase	and	other	four	respiratory	chain	

complexes	constituting	the	OXPHOS	system.	Besides	being	the	main	cellular	energetic	

source,	the	OXPHOS	system	also	produces	superoxide	radicals.	Any	perturbation	in	this	

machinery	 could	 therefor	 lead	 to	 an	 impaired	 energy	 metabolism	 and	 increased	

oxidative	 stress.	 Accumulating	 of	 evidence	 indicates	 that	 complex	 I	 is	 inhibited	 by	

different	PD	causing-factors,	such	as	neurotoxins	(e.g.	MPTP	and	rotenone),	mutations	

in	 LRRK2,	 PINK1	 and	 DJ-1,	 and	 SNCA	 triplication	 or	 aminoacidic	 substitutions.	

Subsequently,	 the	 electrons	 leakage	 from	 the	 respiratory	 chain	 increases	 oxygen	

radical	 species	 (ROS)	 production	 and	 oxidative	 stress,	 eventually	 activating	 the	

apoptotic	process.	PD-related	mutations	in	PINK1	and	Parkin	are	also	associated	with	

defective	removal	of	damaged	mitochondria	and	imbalanced	mitochondria	dynamics.	

Defects	in	mitochondrial	morphology,	function	and	quality	control	as	well	as	oxidative	

stress	damage	could	trigger	or	sustain	the	loss	of	neuronal	cells	(Bose	&	Beal,	2016;	

Schapira,	2007).	Of	note,	DA	neurons	display	higher	levels	of	mitochondria	oxidative	

stress,	either	as	a	consequence	of	 their	autonomous	peacemaking	activity	and/or	of	

their	 sustained	metabolism.	 The	 vulnerability	 of	 DA	 neurons	 to	 oxidative	 stress	 is	

particularly	 pronounced	 when	 this	 damage	 comes	 concomitantly	 with	 others	

alteration	such	as	neuroinflammation	and	α-Syn	aggregation,	as	I	will	discuss	more	in	

detail	below.		

Neuroinflammation	 –	 The	 term	 neuroinflammation	 delineates	 the	 inflammatory	

processes	occurring	 in	 the	CNS	and	 includes	 the	participation	of	 the	 innate	and	 the	

adaptive	 immunity.	 Accordingly,	 both	 activated	microglial	 cells	 and	 T	 lymphocytes	

have	been	detected	in	the	brain	of	PD	patients	with	an	increased	expression	of	pro-

inflammatory	 mediators.	 (Badanjak	 et	 al.,	 2021).	 Neuroinflammation	 is	 a	 “double-

edged	 sword”	 because,	 even	 if	 it	 promotes	 the	 removal	 of	 detrimental	 factors	 (e.g.	

toxins,	impaired	and	dysfunctional	synapses)	with	beneficial	effects,	when	it	becomes	

sustained	 and	 prolonged	 it	 can	 lead	 to	 cytotoxicity	 and	 neurodegeneration	 causing	

significant	tissue	and	cellular	damage	(Badanjak	et	al.,	2021).	Several	lines	of	evidence	

pointed	neuroinflammation	as	 a	 characteristic	 feature	of	PD	 that	 contributes	 to	 the	

progression	 of	 DA	 neurons	 degeneration.	 Microglia	 cells	 represent	 the	 resident	
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macrophages	 of	 the	 brain	 are	 the	 key	 players	 in	 this	 process.	 In	 resting	 state,	 they	

possess	a	ramified	morphology	that	serve	to	survey	the	surrounding	environment	and,	

in	 response	 to	 abnormal	 changes,	 they	 become	 active	 and	 respond	 (e.g.	 secreting	

inflammatory	mediators)	to	eliminate	the	perturbations	cause.	The	levels	of	some	pro-

inflammatory	 cytokines	 (e.g.	 tumor	 necrosis	 factor	 (TNF)-α,	 interferon	 (IFN)-	 γ	 ,	

interleukin	(IL)-1	β	,	and	IL-6)	was	found	to	be	high	in	striatum,	SNpc	and	cerebrospinal	

fluid	of	experimental	animal	models	and	PD	patients	(Russo	et	al.,	2014)	and	they	are	

proportional	 to	 the	 severity	 of	 PD	 in	 peripheral	 tissues	 (Badanjak	 et	 al.,	 2021).	 An	

excessive	 microglia	 reactivity	 in	 the	 midbrain	 favors	 the	 progression	 of	 PD	 as	 it	

positively	correlates	with	dopaminergic	neuronal	death	and	motor	symptom	severity	

(Russo	et	al.,	2014).	It	has	been	also	detected	a	trace	of	adaptative	immune	system	in	

PD	post-mortem	brain	 samples	 consisting	 in	 the	presence	 of	 lymphocyte	 infiltrates	

made	of	 both	CD8+	 and	CD4+	 T	 cells,	whereas	B	 and	natural	 killer	 cells	 are	 absent.	

Interestingly,	interplay	between	resident	macrophages	and	the	infiltrated	lymphocytes	

has	 been	 proposed:	 in	 a	 rat	 model	 of	 α-Syn	 PD,	 infiltrated	 T-cells	 induce	 a	 pro-

inflammatory	 response	 of	 microglia	 that	 increases	 the	 expression	 of	 MHC-II,	

accelerating	 neuronal	 death	 (Badanjak	 et	 al.,	 2021).	 Finally,	 increased	 risk	 of	 PD	

development	 is	 associated	 with	 polymorphisms	 in	 genes	 encoding	 inflammatory	

cytokines	like	TNF-α	and	IL-1	β	,	and	cell-surface	human	leukocyte	antigen	(HLA),	IFN-

γ	(Russo	et	al.,	2014)	(Gelders	et	al.,	2018).		

Possible	factors	that	trigger	this	response	are	environmental	neurotoxins	such	as	

MPTP	or	mutations	in	α-Syn	and	LRRK2,	which	are	found	to	affect	microglia	and	T-cell	

function	(Gelders	et	al.,	2018).		

2.6. Axonal	decay	in	Parkinson	Disease		

Neurons	are	specialized	cells	equipped	with	a	wide	cytoplasm	extending	far	from	

the	cell	body.	Their	post-mitotic	nature	makes	neurons	highly	dependent	on	a	plethora	

of	mechanisms	that	ensure	the	maintenance	of	cellular	homeostasis.	An	efficient	and	

perduring	machinery	 able	 to	 preserve	 neuronal	 homeostasis	 is	 key	 as	 neurons	 are	

constantly	 subjected	 to	 different	 sources	 of	 perturbation,	 including	 developmental	

processes,	 synaptic	 plasticity,	 changes	 in	 extracellular	 signals,	 and	 tissue	 damage	

(Harnack	et	al.,	2015).		
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As	 extensively	 discussed,	 one	 of	 the	 main	 hallmark	 of	 PD	 pathology	 is	 the	

preferential	 degeneration	 of	 DA	 neurons	 of	 the	 SNpc,	which,	 at	 the	 onset	 of	motor	

symptoms,	 accounts	 for	 about	 70%	 of	 neuronal	 loss.	 Neurodegeneration	 has	 been	

observed	also	in	others	brain	areas,	even	if	to	a	lesser	extent	(10-40%)	(Wong	et	al.,	

2019).		

Over	 the	 years,	 many	 efforts	 have	 been	 made	 to	 understand	 what	 renders	 this	

specific	subpopulation	of	neurons	so	vulnerable	in	PD.	To	date,	at	least	three	different	

models	have	been	proposed.	A	first	model	suggests	that	DA	neurons	of	the	SNpc	are	

more	 prone	 to	 degeneration	 because	 of	 their	 unique	 axonal	 morphology:	 they	 are	

projecting	neurons	presenting	 long,	 thin,	 unmyelinated	or	 poorly	myelinated	 axons	

that	 give	 rise	 to	 an	 extensive	 axonal	 arborization	 including	 a	 large	 amount	 of	 axon	

terminals	and	a	massive	number	of	synapses	in	the	striatum,	two	orders	of	magnitude	

greater	than	other	neurons	in	the	basal	ganglia	(Bolam	&	Pissadaki,	2012).	Such	large	

and	highly	branched	neuronal	architecture	puts	the	cell	under	an	impressive	energy	

demand	 to	 ensure	 vital	 physiological	 functions	 such	 as	 transmission	 of	 action	

potentials,	a	process	very	expensive	 in	 terms	of	energy,	also	considering	the	 lack	of	

myelinization	of	DA	neurons.	In	healthy	conditions,	DA	neurons	are	in	perfect	balance	

between	 energy	 production	 and	 expenditure.	 However,	 this	 equilibrium	 may	 be	

perturbed	by	the	different	factors	and	deregulated	processes	linked	to	PD	(Bolam	&	

Pissadaki,	2012).		

Another	major	hypothesis	about	SNpc	DA	neurons	selective	vulnerability	in	PD	is	

based	 on	 one	 of	 their	 peculiar	 physiology:	 they	 act	 like	 autonomous	 pacemakers	

capable,	without	 stimuli,	 to	generate	action	potentials	 (spikes)	 that	promote	a	 slow	

rhythmic	activity	(Grace	&	Bunney,	1983,	1984).	This	pacemaking	activity	is	needed	to	

maintain	 tonic	 DA	 release	 in	 target	 regions	 (e.g.	 the	 striatum)	 and	 relies	 on	 the	

expression	 of	 different	 types	 of	 voltage-gated	 ion	 channels.	 However,	 unlike	 other	

pecemaking	neurons,	 in	SNpc	DA	neurons	 this	activity	 is	 strongly	 supported	by	 the	

engagement	of	calcium	channels	and	the	subsequent	presence	of	calcium	currents	that	

contribute	to	oscillations	in	the	intracellular	calcium	concentration.	In	particular,	SNpc	

DA	neurons	exploit	a	L-type	Ca2+	channels	owning	pore-forming	subunit	(Cav1.3)	that	

opens	at	relatively	hyperpolarized	membrane	potentials	bringing	to	sustained	calcium	

entry.	The	resulting	calcium	oscillations	guide	a	persistent	mitochondria	stimulation	

to	 produce	 ATP	 via	 OXPHOS.	 This	 feed-forward	 mechanism	 is	 advantageous	 in	 a	
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situation	of	high	energy	demand,	but	when	the	ATP	production	exceeds	the	need,	 it	

runs	 the	 risk	 of	 generating	 ROS	 and,	 thus,	 oxidative	 stress	 (Surmeier	 et	 al.,	 2017).	

Moreover,	calcium	intake	promotes	DA	synthesis	ensuring	a	rapid	replacement	of	NTs.	

A	third	model	that	may	explain	SNpc	DA	neurons	susceptibility	regards	dopamine	

itself	 at	 the	 level	 of	 presynaptic	 terminals	 (Mosharov	 et	 al.,	 2009).	 Dopamine	 is	

synthetized	 starting	 from	 tyrosine	 through	 two	 consequential	 enzymatic	 reactions.	

The	rate	limiting	enzyme	is	tyrosine	hydroxylase	(TH),	which	catalyzes	the	conversion	

of	 tyrosine	 to	 L-DOPA.	 DA	 is	 characterized	 by	 a	 chemically	 unstable	 nature	 and	

neurotoxic	metabolites.	Thus,	 its	 levels	 in	 the	 cytoplasm	are	 firmly	 regulated	by	 an	

homeostatic	equilibrium	among	biosynthesis,	synaptic	vesicle	loading,	uptake	from	the	

extracellular	space	by	DAT,	and	catabolic	degradation	via	monoamine	oxidase	(MAO).	

MAO	promotes	oxidative	deamination	of	DA	with	the	production	H2O2	and	ammonia	

together	 with	 DOPAL,	 further	 converted	 in	 non-toxic	 metabolites	 (3,4-

dihydroxyphenylacetic	 acid	 (DOPAC)	 or	 3,4-dihydroxyphenylethanol	 (DOPET)).	

Several	 events,	 such	 as	 dysfunction	 of	 DA	 storage	 in	 synaptic	 vesicles,	 can	 lead	 to	

increased	DA	 and	 L-DOPA	 levels	 resulting	 in	 endotoxicity	 considered	 as	 one	 of	 the	

major	 causes	of	oxidative	 stress	 in	PD.	These	 two	molecules	are	not	 stable	and	can	

undergo	auto-oxidation	with	the	consequent	production	of	ROS	and	quinones,	harmful	

for	neurons.	ROS	are	known	to	be	responsible	for	DNA	damage,	protein	cross-linking	

and	lipid	peroxidation,	while	quinones,	both	DA	and	L-DOPA-derived,	have	been	shown	

to	induce	oxidative	stress	by	affecting	mitochondrial	function	(e.g.	covalently	modify	

mitochondrial	 proteins)	 and	 to	 promote	 the	 activation	 of	 necrotic	 and	 apoptotic	

pathways	(e.g.	modulating	mPTP	opening).	Moreover,	given	its	tendency	to	covalently	

modify	 lysines	 and	 cysteines	 residues,	 L-DOPA	 can	 induces	 enzyme	 inhibition	 and	

neuronal	 proteostasis	 alterations	 in	 terms	 of	 protein	 aggregation	 (e.g.	 α-Syn),	

competition	with	functional	post-translational	modifications	(PTMs,	i.e.	ubiquitination,	

alteration	of	neuronal,	SUMOylation,	acetylation)	and	accumulation	of	ubiquitinated	

proteins	 (Masato	 et	 al.,	 2019).	 The	 ongoing	mitochondria	 activity	 due	 to	 enhanced	

oxidative	 stress	 could	 lead,	 over	 time,	 to	 mitochondria	 dysfunction	 increasing	

mitophagy	 at	 the	 expense	 of	 other	 proteostatic	 tasks,	 such	 as	 the	 elimination	 of	

misfolded	proteins	like	α-Syn.		

Overall,	these	lines	of	evidence	strongly	support	the	extreme	sensitivity	of	this	class	

of	neurons	to	metabolic	and	oxidative	stress,	that	can	worsen	over	the	years	(aging)	
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and/or	in	presence	of	stressful	and	pathological	conditions	such	as	environmental	risk	

factors	or	PD	mutations.		

The	lack	of	substantial	progress	in	the	development	of	successful	neuroprotective	

therapies	may	be	ascribed	to	a	research	largely	focused	on	DA	neuronal	loss	(Burke	&	

O’Malley,	2013;	Tagliaferro	&	Burke,	2016),	with	the	aim	of	halting		the	degeneration	

of	 the	neuronal	 soma,	 implying	 that	 this	 cell	 compartment	 is	affected	 first	or	at	 the	

same	 time	 as	 the	 axon.	 However,	 recent	 evidence	 supports	 the	 idea	 that	 the	

degeneration	of	DA	neurons	in	PD	starts	in	axon	and	synaptic	terminals	and	only	later	

involves	neuronal	 cell	 bodies	 (Burke	&	O’Malley,	 2013;	Tagliaferro	&	Burke,	2016),	

through	 retrograde	degeneration	described	as	 “dying	back”	hypothesis.	Evidence	 in	

support	of	this	model	came	from	the	assessment	of	human	post-mortem	and	functional	

imaging	studies,	but	also	from	genetic	studies	in	animal	models,	which	contributed	to	

dissect	 the	 role	 of	 PD-mutated	 proteins	 have	 in	 different	 neuronal	 compartments.	

Human	 studies	 highlighted	 that	 about	 30%	of	 DA	 neurons	 (Fearnley	&	 Lees,	 1991;	

Greffard	et	al.,	2006;	S.	Y.	Ma	et	al.,	1997)	and	60-80%	of	striatal	DA	terminals	are	lost	

(Beach	et	al.,	2008;	Kish	et	al.,	1988;	Kordower	et	al.,	2013)	at	the	onset	of	the	motor	

symptoms.	This	implicates	that	the	loss	of	DA	axonal	terminals	in	the	striatum	is	much	

more	 pronounced	 than	 that	 of	 DA	 neurons	 in	 the	 SNpc.	 The	 critical	 role	 of	 axon	

degeneration	in	PD	is	further	supported	by	the	abundant a-Syn	pathology	in	axons	and	

presynaptic	 terminals.	 Of	 interest,	 brains	 affected	 by	 dementia	 with	 Lewy	 bodies	

(DBL),	a	pathology	 that	 like	PD	 is	characterized	by	a-Syn	deposition,	displays	more	

than	 90%	 of	 α-Syn	 aggregates	 at	 the	 presynaptic	 terminals	 rather	 than	 in	 the	 cell	

bodies	 (Kramer	 &	 Schulz-Schaeffer,	 2007).	 To	 further	 supporting	 the	 dying	 back	

hypothesis,	a	recent	work	by	Surmeier	and	collaborators	showed	that	mitochondrial	

complex	I	disfunction	brings	to	a	metabolic	switch	in	DA	neurons	underling	early	loss	

of	axonal	function	and	the	consequent	peripheral	degeneration	(González-Rodríguez	

et	al.,	2021).	
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3. Leucine-reach	repeat	kinase	2		
	
Back	in	2002,	Funayama	and	collaborators	described	an	autosomal-dominant	form	

of	PD	in	a	large	Japanese	kindred,	named	“Sagamihara	family”	from	the	region	of	origin.	

The	genetic	locus	associated	with	this	form	of	PD	was	termed	PARK8	and	mapped	on	

chromosome	 12	 (Funayama	 et	 al.,	 2002).	 Later,	 in	 2004	 two	 independent	 studies	

identified	LRRK2	 as	 the	 causative	 gene	 of	PARK8	 associated	 PD	 (Paisán-Ruíz	 et	 al.,	

2004;	Zimprich	et	al.,	2004).	Due	to	the	Basque	origin	of	the	studied	families	and	based	

on	 the	 tremor	characterizing	PD,	 the	homonymous	protein	encoded	by	LRRK2	 gene	

was	also	named	“dardarin”,	from	the	Basque	word	“dardara”,	meaning	tremor	(Paisán-

Ruíz	et	al.,	2004).	

LRRK2	is	a	large	multi-domain	protein	(280	kDa)	comprising	a	central	catalytic	core	

surrounded	 by	 several	 protein-protein	 interaction	 regions	 (Fig.16).	 LRRK2	 core	

possesses	a	dual	enzymatic	activity,	including	a	Ras	of	complex	domain	(ROC)	owing	

GTPase	 activity,	 a	 serine-threonine	 kinase	 domain	 (KIN)	 and	 a	 spacer	 domain	 in	

between	 the	 two	 catalytic	 activities	 termed	 C-terminal	 of	 Roc	 (COR),	 which	 is	

important	 form	 protein	 dimerization	 (Cookson,	 2010;	Myasnikov	 et	 al.,	 2021).	 The	

LRRK2	N-terminus	harbors	armadillo	(ARM),	ankyrin	(ANK)	and	leucine-rich	repeat	

(LRR)	 domains,	mediating	 the	 interaction	with	 others	 proteins.	 Instead,	 the	WD40	

domain	 is	 located	 at	 LRRK2	 C-terminus	 and	 may	 influence	 protein	 folding	 and	

consequently	LRRK2	function	(Wallings	et	al.,	2015).		

Among	all	genetic	contributors	of	PD,	mutations	in	LRRK2	gene	represent	the	single	

most	 common	 cause	 of	 the	 disease	 (Paisán-Ruiz	 et	 al.,	 2013),	 that	 manifests	 with	

clinical	 and	 pathological	 phenotype	 almost	 indistinguishable	 from	 sporadic	 PD.	

Therefore,	since	its	discovery,	LRRK2	has	occupied	a	relevant	place	in	PD	research,	and	

several	studies	were	conducted	to	shed	light	into	its	genetic,	biochemistry	and	cellular	

functions.		

3.1. LRRK2	genetics		

Soon	after	its	identification,	several	pathogenic	mutations	were	identified	in	LRRK2.	

The	most	common	mutation,	the	G2019S	located	in	the	kinase	domain,	is	a	relatively	

common	cause	of	PD,	with	a	frequency	from	1	to	40%	of	all	LRRK2	cases,	depending	on	

the	 population	 (Greggio	 &	 Cookson,	 2009).	 For	 all	 the	 mutations	 described,	 the	
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phenotype	 and	 the	 age	 of	 onset	 are	 similar	 between	 the	 homozygous	 and	 the	

heterozygous	 carriers,	 supporting	 the	 autosomal	 dominant	 inheritance	 of	 these	

mutations	 (Cookson,	 2010).	Despite	 the	many	 aminoacidic	 substitutions	 described,	

only	seven	of	them	segregate	clearly	with	the	disorder.	These	mutations	are	all	located	

within	the	core	of	the	protein,	affecting	its	enzymatic	function.	Precisely,	N1437H/D,	

R1441C/G/H,	mutations	sit	in	the	ROC	domain,	Y1699C	mutation	is	found	in	the	COR	

domain	and	the	kinase	domain	carry	the	G2019S	and	the	I2020T	mutations	(Greggio	&	

Cookson,	 2009;	 Marchand	 et	 al.,	 2020;	 Wallings	 et	 al.,	 2015).	 Penetrance	 varies	

depending	on	the	mutation	type,	but	in	general	it	increases	with	age,	according	to	the	

age-dependent	 nature	 of	 PD,	 and	 is	 incomplete,	 meaning	 that	 not	 all	 carriers	 will	

develop	pathology	during	their	lifetime.	

The	most	well-studied	mutation	is	the	G2019S	as	it	represents	the	most	common	

across	many	populations	(Greggio	&	Cookson,	2009).	It	is	responsible	for	up	to	10%	of	

sporadic	 PD	 and	 up	 to	 42%	 of	 familial	 PD	 (Paisán-Ruiz	 et	 al.,	 2013).	 Indeed,	 its	

prevalence	varies	according	to	the	ethnic	background:	it	is	rare	in	Asian	people	(<1%),	

low	in	Caucasian	populations	(5%	of	familial	cases	and	around	2%	of	sporadic	cases)	

and	high	in	North	African	Arab	and	Ashkenazi	Jewish	populations,	where	it	rises	up	to	

30-40%	 for	 familial	 cases	 (Hernandez	 et	 al.,	 2016).	 The	 penetrance	 of	 the	 G2019S	

mutation	is	elevated	but	incomplete	(Healy	et	al.,	2008),	and	is	reported	to	change	from	

25%	to	45,5%	at	80	years	of	age	(A.	J.	Lee	et	al.,	2017).	The	second	mutation	located	in	

the	kinase	domain	is	the	I2020T,	which	is	the	mutation	identified	in	the	Sagamihara	

family	(Funayama	et	al.,	2005).	

But	how	do	these	mutations	affect	LRRK2	function?	It	is	recognized	that	mutations	

clustered	 in	 the	ROC	domain	 lower	GTP	hydrolysis	 causing	 a	 consequent	 sustained	

signaling.	 Also	 the	 COR	mutations	 are	 thought	 to	 have	 the	 same	 effect	 (Greggio	 &	

Cookson,	2009).	It	is	supposed	that	the	substitution	of	key	residues	in	the	phosphate	

binding	 P-loop	 region	 of	 ROC	 affects	 the	 dimeric-monomeric	 equilibrium	 that	

underlies	the	activation	of	LRRK2,	locking	the	GTPase	activity	in	the	monomeric	state	

and	impacting	on	the	binding	kinetics	of	guanine	nucleotide	(Wauters	et	al.,	2019;	C.	X.	

Wu	 et	 al.,	 2019).	 Regarding	 the	 kinase	 domain,	 it	 is	 well	 established	 that	 G2019S	

mutation	 causes	 a	 gain	 of	 phosphorylation	 activity,	 that	 appears	 to	 be	 enhanced	

approximately	3-4	fold	in	vitro	and	associated	with	neuronal	degeneration	(Greggio	et	

al.,	2006;	Smith	et	al.,	2006;	West	et	al.,	2005).	The	increase	of	in	vitro	kinase	activity	
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associated	with	the	G2019S	mutation	is	predicted	to	have	a	structural	explanation.	The	

G2019S	mutation	is	thought	to	impact	on	the	conformational	flexibility	of	the	kinase	

activation	loop.	Indeed,	Glycine2019	is	part	of	the	DYG	motif	located	in	the	ATP	binding	

site	of	the	activation	loop	and	playing	a	central	role	in	switching	the	protein	orientation	

allowing	or	restricting	substrate	access.	Glycine2019S	is	replaced	with	a	bulkier	serine	

that	probably	lock	the	kinase	in	the	active	form	(Greggio	&	Cookson,	2009;	Wallings	et	

al.,	2015).	Thus,	the	G2019S	mutation	causes	a	structural	activation	of	LRRK2	whist	

ROC-COR	mutations	prolong	LRRK2	binding	to	GTP,	prolonging	its	active	state	in	the	

cell	(e.g.	more	time	available	to	phosphorylate	substrates).	

The	 kinase	 and	 GTPase	 activities	 of	 LRRK2	 are	 tightly	 linked.	 LRRK2	monomer,	

whose	conformation	has	been	recently	solved	together	with	the	dimeric	one,	assumes	

a	 J-like	 shape	with	 the	 C-terminus	WD40	 that	 folds	 over	 the	 LRR	 bringing	 the	 two	

catalytic	domains	close	together	(Myasnikov	et	al.,	2021).	However,	for	many	years	the	

ROC-COR	 pathogenic	mutations	 were	 found	 to	 have	 an	 inconsistent	 impact	 on	 the	

kinase	activity,	as	different	laboratory	reported	contrasting	results	performing	in	vitro	

assays	 with	 recombinant	 proteins	 and	 autophosphorylation	 or	 peptide/substrate	

phosphorylation	as	readouts.	With	the	development	of	the	first	antibody	against	the	

autophosphorylation	site	Ser1292	and	the	identification	of	a	subset	of	RAB	GTPases	as	

a	physiological	LRRK2	kinase	activity	substrates,	it	was	finally	clear	that,	in	cellular	and	

tissues	contests,	the	majority	of	the	pathogenic	mutations	augment	the	kinase	activity	

of	the	protein	(Iannotta	et	al.,	2020;	Kluss	et	al.,	2018;	Z.	Sheng	et	al.,	2012;	Steger	et	

al.,	2016).	This	highlighted	the	intrinsic	limitations	of	in	vitro	kinase	assays	that	cannot	

mimic	 the	 complex	 cellular	 machinery	 (made	 of	 cofactors,	 interactors,	

compartmentalization)	 required	 by	 the	 mechanisms	 underlying	 the	 effects	 of	 the	

different	mutations.		

Interestingly,	 besides	 the	known	photogenic	mutations	mentioned	 so	 far,	 LRRK2	

carries	 also	 a	 number	 of	 rare	 coding	 variants,	 including	 the	 G2385R	 in	 the	WD40	

domain	and	the	R1628P	in	the	COR	domain.	They	represent	the	most	common	LRRK2	

susceptibility	variants	for	PD	(Funayama	et	al.,	2007;	Ross	et	al.,	2008).	In	particular,	

the	risk	of	PD	doubled	in	presence	of	G2385R	variant	(Ross	et	al.,	2011).		
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Fig.16:	Schematic	representation	of	LRRK2:	The	image	shows	the	domains	topology	and	their	
main	function.	The	upper	part	illustrates	the	mutations	segregating	with	PD:	in	red	are	reported	
the	 pathogenic	 mutations,	 while	 in	 blue	 the	 risk	 variants.	 The	 lower	 part	 displays	 the	
phosphorylation	 sites:	 the	 sites	 of	 autophosphorylation	 are	 in	 red	 and	 the	 heterologous	
phosphorylation	 sites	 are	 indicated	 in	 blue.	 The	most	 described	 and	 studied	 sites	 are	 in	 bold.	
Adapted	from	(Marchand	et	al.,	2020).		

	
3.2. LRRK2	expression	

LRRK2	is	physiologically	present	in	multiple	tissues	and	organs	during	development	

and	adulthood.	The	highest	LRRK2	protein	levels	are	found	in	kidney,	lungs	and	liver	

(Biskup	et	al.,	2007;	Giasson	et	al.,	2006),	but	it	has	a	remarkable	expression	also	in	

circulating	 immune	 cells	 and	 brain.	 Here,	 Lrrk2	 mRNA	 and	 protein	 show	 a	 broad	

localization,	with	particularly	great	amount	in	anatomical	regions	of	direct	relevance	

to	PD	pathogenesis.	More	in	detail,	different	studies	have	underlined	that	the	mRNA	

levels	are	pronounced	in	cerebral	cortex,	olfactory	tubercule	and	striatum,	whereases	

they	 became	 moderate	 in	 the	 cerebellum	 and	 hippocampus	 and	 low	 in	 the	

hypothalamus	and	substantia	nigra	(Fig.17).	Importantly,	what	emerges	is	that	Lrrk2	

mRNA	 is	 actually	 localized	 throughout	 the	 nigrostriatal	 dopaminergic	 pathway,	

displaying	elevated	expression	in	neuronal	populations	within	the	striatum,	the	target	

of	DA	neurons	of	the	SNpc,	that	instead	exhibit	very	low	levels	of	LRRK2	mRNA	(Gaiter	

et	al.,	2006;	Higashi	et	al.,	2007;	H.	Melrose	et	al.,	2006;	H.	L.	Melrose	et	al.,	2007).	In	

parallel,	 other	 lines	 of	 evidence	 confirmed	 the	 same	 expression	 pattern	 for	 LRRK2	

protein	 levels	 (Higashi	 et	 al.,	 2007).	More	 precisely,	 LRRK2	was	 detected	 in	mouse	

SNpc	and	in	human	DA	SNpc	cells,	even	if	its	expression	is	reported	to	be	relatively	low	
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compare	 to	 the	 BG	 (Greggio	 et	 al.,	 2006;	 Iannotta	 et	 al.,	 2020;	 West	 et	 al.,	 2014;	

Westerlund	 et	 al.,	 2008).	 Furthermore	 LRRK2	 appears	 to	 be	 enriched	 in	 certain	

striatum	subcompartments,	named	striosomes	(Mandemakers	et	al.,	2012;	West	et	al.,	

2014).	 The	 function	of	 striasomal	 compartments	 is	 still	 debated,	 but	 a	 quite	 recent	

work	 has	 suggested	 that	 neurons	 of	 these	 striatal	 regions	 have	 specific	 functional	

features	and	that	they	represent	the	predominant	striatal	output	to	SNpc	DA	neurons	

(McGregor	et	al.,	2019),	suggesting	that	Lrrk2	could	affect	striosomes	function	and	that	

this	expression	profile	could	be	related	to	PD.	In	the	mouse	striatum	Lrrk2	RNA	and	

protein	have	been	clearly	detected	in	the	majority	of	both	direct	and	indirect	GABAeric	

MSNs,	constituting	the	90%	of	striatal	neurons,	and	Lrrk2	protein	also	in	about	10%	of	

cholinergic	interneurons,	that	modulate	the	release	of	striatal	dopamine	(Higashi	et	al.,	

2007;	Mandemakers	et	al.,	2012;	West	et	al.,	2014).	LRRK2	is	also	present	in	several	

non-PD	related	areas	such	as	hippocampus	(in	particular	 in	supremammilary	nuclei	

and	GABAergic	interneurons),	thalamus	(where	it	is	expressed	widely),	brainstem	(in	

various	nuclei	and	in	cholinergic	motor	neurons)	and	also	cerebellar	cortex	and	the	

deep	cerebellar	nuclei.		

Fig.17:	 Lrrk2	mRNA	 expression	 levels	 in	 the	 brain:	 On	 the	 left,	 a	 graphic	 illustrating	 the	
normalized	mRNA	expression	levels	of	Lrrk2	in	the	different	brain	anatomical	areas.	On	the	right,	
a	brain	image	illustrating	the	different	brain	anatomical	areas	colored	as	in	the	graph	to	allow	
their	 visualization.	 Adapted	 from:	 https://www.proteinatlas.org/ENSG00000188906-
LRRK2/brain.		

Interestingly,	the	developmental	gene	expression	pattern	of	LRRK2	appears	to	be	

complementary	to	the	one	of	its	paralogue	LRRK1	(Biskup	et	al.,	2007;	Westerlund	et	

al.,	2008).	In	the	brain,	while	Lrrk1	displays	relatively	high	expression	levels	during	

embryogenesis,	with	a	pick	around	E15.5	and	a	subsequent	decline	below	Lrrk2	levels	
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after	birth,	Lrrk2	amount	increases	progressively	from	embryonic	day	15	to	day	17	and	

then	stabilizes	remining	almost	unchanged	throughout	the	adulthood.	Contrary	to	the	

brain,	in	peripheral	tissues	such	as	lungs,	heart	and	skeletal	muscles	similar	levels	of	

Lrrk1	and	Lrrk2	were	detected	once	reached	the	maturation.	This	highlights	a	putative	

compensative	 function	 by	 Lrrk1	 when	 Lrrk2	 is	 not	 working	 properly:	 this	 Lrrk1	

compensatory	role	may	lack	in	the	brain	where	its	levels	are	low,	implying	a	possible	

consequence	on		the	develop	of	PD	brain	pathology	.	

At	 a	 subcellular	 level,	 in	many	 brain	 area,	 such	 as	 cortex	 and	 striatum,	 Lrrk2	 is	

mainly	localized	in	the	cytoplasm	confined	in	the	soma	and	proximal	dendrites	(Biskup	

et	al.,	2006;	West	et	al.,	2014).	In	this	environment,	it	is	often	visualized	with	a	punctate	

organization:	indeed,	it	has	been	extensively	demonstrated	a	LRRK2	association	with	

a	 variety	 of	 membranous	 and	 vesicular	 structures,	 MTs	 and	 membrane	 bound	

organelles.	These	elements	 include	 lysosomes,	 transport	 vesicles,	mitochondria	 and	

also	endosomes.	Thus,	a	possible	involvement	of	LRRK2	in	the	biogenesis,	trafficking	

and	 recycling	 of	 vesicular	 and	 membranous	 intracellular	 structures	 has	 been	

suggested.		

3.3. LRRK2	biochemistry		

LRRK2	is	a	complex	multi-domain	protein	owing	both	a	ROC	and	a	COR	domain.	The	

presence	of	this	bidomain	defines	Lrrk2	as	a	member	of	the	so	called	ROCO	proteins	

family,	part	of	 the	Ras/GTPase	superfamily	 (Bosgraaf	&	Van	Haastert,	2003).	 In	 the	

ROCO	proteins	RAS-COR	 superdomain	 exists	within	 a	 large	 set	 of	 others	 functional	

domains.	In	human,	there	are	four	genes	encoding	for	ROCO	proteins	(e.g.	Malignant	

fibrous	histiocytoma	amplified	sequences	with	leucine-rich	tandem	repeats	1	(MASL1),	

Leucine-rich	repeat	kinase	1	(LRRK1),	LRRK2	and	death-associated	kinase	1	(DAPK1))	

differing	principally	in	the	domains	that	surround	the	ROC-COR	region:	among	them,	

one	does	not	possess	the	kinase	domain	(MASL1),	whereas	the	other	three,	including	

LRRK2,	display	kinase	activity.	The	kinase	domain	 is	a	serine/threonine	kinase	 that	

belongs	to	the	family	of	mitogen-activated	protein	kinase	kinase	kinases	(MAPKKK).	Of	

note,	 LRRK1	 is	 the	 closest	 LRRK2	paralog	 in	mammals	 and	 encodes	 a	 protein	with	

similar	domain	organization,	differing	mainly	in	the	terminals	regions:	indeed,	LRRK1	

lacks	 the	ARM	domain	and	 the	binding	 sites	 for	14-3-3	proteins	 at	 the	N-terminus;	

moreover	it	possesses	a	C-terminus	with	a	 low	degree	of	homology	with	the	LRRK2	
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WD40	domain	(Civiero	et	al.,	2012).	Interestingly,	no	mutations	in	LRRK1	have	been	so	

far	 associated	 with	 the	 development	 of	 PD	 (Taylor	 et	 al.,	 2007)	 and	 when	 LRRK2	

mutations	are	reproduced	in	LRRK1,	a	lower	toxicity	is	detected	in	vitro	(Greggio	et	al.,	

2007),	overall	suggesting	a	divergent	functions	of	these	two	proteins.		

The	two	enzymatic	domain	have	been	extensively	investigated	to	shed	light	on	how	

they	relate	to	each	other	in	modulating	LRRK2	activity.	As	a	phospho-protein,	LRRK2	

is	 predicted	 to	 phosphorylate	 several	 targets:	 among	 these,	 LRRK2	 itself	 has	 been	

widely	confirmed	as	 the	main	one.	 Indeed,	LRRK2	 is	able	 to	auto-phosphorylates in	

vitro	 more	 that	 20	 serine	 and	 threonine	 residues,	 that	 are	 grouped	 in	 two	 main	

autophosphorylation	 clusters	 (Fig.16).	 One	 resides	 in	 the	 kinase	 domain,	while	 the	

bigger	one	sits	in	and	around	the	ROC-COR	bidomain	(Gloeckner	et	al.,	2010;	Greggio	

et	al.,	2009;	Kamikawaji	et	al.,	2009;	Marchand	et	al.,	2020).	However,	their	existence	

in	vivo	is	still	under	investigation,	with	the	exception	of	Ser1292	that	has	been	detected	

in	brain,	lung	and	kidney	lysates	from	transgenic	G2019S	knock	in	(KI)	mice.	Among	

the	auto-phosphorylated	residues	identified	in	the	kinase	domain,	only	T1967,	S2032	

and	T2035	have	been	demonstrated	to	modulate	the	enzymatic	activity	of	this	domain	

(Xiaojie	Li	et	al.,	2010).	Notably,	many	of	the	auto-phosphorylation	sites	found	in	ROC-

COR	 bidomain	 are	 located	 specifically	 within	 the	 GTP	 binding	 pocket,	 strongly	

suggesting	that	kinase	activity	modulates	GTP	binding	and	hydrolysis	(Gloeckner	et	al.,	

2010).	Nevertheless,	none	of	the	mutations	in	the	kinase	domain	were	demonstrated	

to	 impact	on	GTPase	activity	(Wallings	et	al.,	2015).	Reciprocally,	 it	was	extensively	

proposed	 that	 the	 GTPase	 domain	 influences	 Lrrk2	 kinase	 activity.	 Many	 evidence	

indicate	 a	 gain	 of	 kinase	 activity	 induced	 by	 Roc	 domain	 (Marín	 et	 al.,	 2008):	 for	

example,	 it	 has	 been	 shown	 that	 the	 binding	 of	 non-hydrolysable	 GTP	 analogues	

stimulates	the	kinase	activity	(Korr	et	al.,	2006).	LRRK2	ROC	domain	is	a	G-protein	and	

works	as	molecular	switcher	cycling	between	an	GTP-bound	active	state	and	a	GDP-

bound	inactive	state	(Liao	&	Hoang,	2018).	Until	fairly	recently,	the	accepted	view	was	

that	LRRK2	presents	higher	kinase	activity	when	in	its	GTP-bound	active	conformation,	

while	the	enzymatic	activity	decreases	once	GDP	is	bound	(Greggio	&	Cookson,	2009).	

This	 theory	 has	 been	 overcome	when	 LRRK2	 kinase	 activity	 was	 demonstrated	 to	

depend	 on	 the	 presence	 of	 a	 functional	 GTPase	 domain,	 capable	 to	 bind	 guanosine	

nucleotides,	regardless	the	guanosine	nucleotides	type	(Taymans	et	al.,	2011).	Back	in	

2008,	the	dimeric	nature	of	LRRK2	under	native	conditions	has	been	reveled	(Greggio	
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et	al.,	2008)	and,	later,	it	has	been	further	confirmed	by	electron	microscopy	(Civiero	

et	al.,	2012). According	to	the	model	developed	by	Guaitoli	and	collaborators	(Guaitoli	

et	 al.,	 2016),	 the	 dimerization	 of	 LRRK2	monomers	 is	mediated	 by	 the	 interaction	

among	two	ROC-COR	domains.	Importantly,	it	has	been	also	found	that	LRRK2	dimeric	

conformation	makes	the	protein	an	active	serine-threonine	kinase.	Reciprocally,	both	

the	kinase	and	the	GTPase	activity	are	important	to	stabilize	dimeric	LRRK2:	reduced	

kinase	activity	 leads	 to	higher	molecular	weight	oligomers	unable	 to	phosphorylate	

substrates	and	 the	R1441C/G	and	Y1699C	ROC-COR	mutations	reduce	dimerization	

with	a	subsequent	lower	LRRK2	GTPase	activity.	The	latest	insights	into	the	cycle	of	

ROCO	proteins	comes	from	a	novel	study	in	which	the	dimeric	nature	of	LRRK2	is	taken	

into	account:	basically	the	ROCO	proteins	are	proposed	to	switch	between	dimeric	and	

monomeric	form	during	GTP	hydrolysis	(Deyaert	et	al.,	2017).		

Besides	 autophosphorylation	 sites,	 there	 is	 also	 a	 cluster	 of	 serine	 residues	

(S860/908/910/935/955/973/976)	at	 the	N-terminus	and	one	(S1444)	 in	 the	ROC	

domain	which	are	constitutively	subjected	to	heterologous	phosphorylation,	that	finely	

impacts	on	LRRK2	function.	Casein	kinase	1	(CK1α)	and	the	IkB	family	of	kinases	have	

been	found	to	mediate	the	phosphorylation	at	the	mentioned	sites	(Chia	et	al.,	2014;	

Dzamko	 et	 al.,	 2012).	 In	 addition,	 phosphorylation	 is	 counter-regulated	 by	 cellular	

phosphatases,	the	most	validated	ones	being	protein	phosphatase	1	(PP1)	and	protein	

phosphatase	2	(PP2A)	(Athanasopoulos	et	al.,	2016;	Lobbestael	et	al.,	2013).	Given	that	

S910/935	 phosphorylation	 is	 decreased	 in	 pathogenic	 mutants	 or	 kinase-inhibited	

LRRK2,	they	are	considered	an	indirect	readout	of	LRRK2	activity	(X.	Deng	et	al.,	2011;	

Vancraenenbroeck	et	 al.,	 2014).	Additionally,	when	phosphorylated,	 S910/935	bind	

14-3-3	proteins,	important	effector	in	the	regulation	of	LRRK2	subcellular	localization,	

kinase	activity	and	substrates/interactors	availability	(Nichols	et	al.,	2010).	

	

3.3.1. LRRK2	interactors	and	substrates		

Over	 the	 past	 decade	 a	 notable	 amount	 of	 interactors	 and	 substrates	 have	 been	

described	for	Lrrk2	and	the	search	of	unique	Lrrk2	function	has	been	very	challenging.	

An	attractive	explanation	is	that	Lrrk2	behaves	as	a	“date-hub”	(Manzoni,	2017),	i.e.	as	

a	very	flexible	protein	able	to	form	macromolecular	complexes	with	different	proteins	

in	 different	 locations,	 developmental	 stages	 and	 under	 specific	 stimuli.	 This	 idea	
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reflects	the	high	complexity	of	Lrrk2	and	also	its	expression	in	various	tissues	and	cell	

types.		

A	recent	study	on	human	and	mouse	LRRK2	protein	interactions	has	reported	into	

the	IntAct	database	the	presence	of	approximately	2400	unique	interactors	(Gloeckner	

&	Porras,	2020).	Interestingly,	In	2015	Manzoni	and	colleagues	performed	a	in	silico	

investigation	 of	 LRRK2	 interactome	 based	 on	 the	 previous	 published	 literature	

(Manzoni	 et	 al.,	 2015).	 Among	 all	 the	 putative	 interactors	 reported,	 they	 obtained	

filtered	list	of	hits	that	appear	mostly	associated	with	cellular	transport	and	trafficking	

and	implicated	in	the	regulation	of	enzymatic	events	orchestrating	cytoskeleton	and	

vesicles	dynamics.		

Indeed	many	studies	reported	an	 interaction	of	LRRK2	with	proteins	 involved	 in	

cytoskeletal	dynamics,	synaptic	transmission	and	vesicular	trafficking.	Among	these	it	

is	worth	mentioning	those	related	to	cytoskeletal	function	that	include	microtubules	

and	 filamentous	 actin,	 together	with	 some	 actin-regulatory	 proteins	 such	 as	 PAK6,	

ERM	 and	 WAVE2	 proteins.	 Moreover,	 several	 of	 pre-	 and	 post-	 synaptic	 proteins	

controlling	SVs	trafficking	have	been	observed	to	interact	with	LRRK2,	e.g.	Endophilin	

A	(EndoA),	SynapsinI,	N-ethylmaleimide	sensitive	factor	(NSF).	LRRK2	also	interacts	

with	proteins	involved	in	protein	translation	(e.g.	4E-BP1	and	s15)	and	in	autophagic	

flux	(e.g.	TPC2	and	p62)	(Cogo	&	Greggio,	2020).	Of	note,	a	subset	of	14-3-3s	proteins	

have	been	identified	back	in	2010	as	capable	of	binding	phosphorylated	S910	and	S935	

in	LRRK2,	 influencing	LRRK2	 localization,	 stability	and	activity	 (Iannotta	&	Greggio,	

2021).	Additionally,	certain	Rab	GTPases	protein,	controlling	vesicular	trafficking,	have	

been	shown	to	interact	with	LRRK2	or	with	other	PD-related	proteins	(e.g.	α-synuclein,	

PINK1	and	Parkin,	VPS35	and	TMEM230)	(Cogo	&	Greggio,	2020).		

Noteworthy,	some	of	LRRK2	interactors	serve	also	as	substrates	of	its	kinase	activity	

that,	 consequently,	 impacts	 on	 their	 physiological	 functions.	 The	 identification	 of	

LRRK2	substrates	represent	a	remarkable	milestone	in	the	PD	research,	given	they	can	

serve	as	readout	of	pathogenic	LRRK2	activity	in	PD	patients.	Several	in	vitro	substrates	

have	been	reported	over	the	years	(Cogo	&	Greggio,	2020),	such	as	synaptic	proteins	

(endophilin	A1,	NSF,	WAVE2),	 factors	 involved	 in	 protein	 translation	 (4E-BP1)	 and	

microtubule-associated	 proteins	 (MAPs)	 (moesin,	 β	 tubulin,	 tau)	 (Gillardon,	 2009;	

Jaleel	et	al.,	2007;	Kawakami	et	al.,	2012).	Nevertheless,	an	important	contribution	in	

the	delineation	of	LRRK2	function	came	when	a	subset	of	Rab	GTPases	were	validated	
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as	LRRK2	kinase	bona	 fide	substrates	 (Steger	et	al.,	2016),	12	years	after	 the	 initial	

cloning	of	LRRK2.	RAB	proteins	belong	to	the	RAS	superfamily	of	small	GTPases	and	

represent	 the	 master	 regulators	 of	 membrane	 trafficking,	 impacting	 on	 vesicle	

budding,	tethering,	transport	and	membrane	fusion	(Homma	et	al.,	2021).	Precisely,	

exploiting	 a	 combination	of	 genetic	 and	pharmacological	 approaches	Rab3a,	Rab8a,	

Rab10	 and	 Rab12	 were	 shown	 to	 be	 targets	 of	 LRRK2	 phosphorylation	 activity.	

Moreover,	the	phosphorylation	level	of	RABs,	as	well	as	that	of	Ser1292,	is	enhanced	in	

vivo	by	 the	majority	of	photogenic	mutations,	confirming	 that	LRRK2	mutations	are	

gain	 of	 function.	 Later,	 the	 same	 authors	 systematically	 investigated	 whether	

additional	RAB	proteins	are	LRRK2	targets,	coming	up	with	a	total	of	14	proteins,	ten	

of	 which	 (RAB3A/B/C/D,	 RAB8A/B,	 RAB10,	 RAB12,	 RAB35	 and	 RAB43)	 are	

phosphorylated	without	overexpression	(Steger	et	al.,	2017). 	

3.4. LRRK2	functions	

The	understanding	of	LRRK2	biological	function	has	been	and	remains	to	date	an	

important	goal	in	the	field	of	LRRK2	research.	Based	on	the	intriguing	idea	that	it	may	

behave	as	a	date-hub	protein,	LRRK2	was	supposed	to	modulate	a	plethora	of	cellular	

signaling	 pathways	 (Wallings	 et	 al.,	 2015).	 This	 hypothesis	 is	 also	 supported	 by	 its	

structure	that	suggests	putative	regulatory	and	scaffolding	roles	via	the	two	enzymatic	

activities	and	protein-protein	interaction	domains,	respectively.	Indeed,	to	date	LRRK2	

has	been	linked	to	a	variety	of	signaling	pathways.	Among	them,	the	mitogen-activated	

protein	 kinase	 pathways	 (MAPK)	 has	 been	 one	 of	 the	 first	 candidates	 to	 be	

investigated.	It	has	been	reported	that	LRRK2	binds	and	phosphorylates	MAP2K	3-6	

leading	to	the	activation	of	p38	and	MAP2K	4-7	associated	with	JKN,	that	affect	both	

cell	proliferation	and	differentiation,	apoptosis,	inflammation,	immune	response	and	

the	 production	 of	 cytokines.	 Moreover,	 the	 G2019S	 LRRK2	 has	 been	 also	 found	 to	

activate	MAP2K1	 and	MAP2K2	with	 the	 consequent	 hyperphosphorylation	 of	 their	

effectors,	thus	impacting	on	autophagy	(Wallings	et	al.,	2015).	The	Wingless	signaling	

pathway	(Wnt)	is	important	to	induce	the	transcription	of	several	genes	implicated	in	

apoptosis,	 cell	 growth,	 immune	 functions	 and	 inflammation,	 synaptogenesis	 during	

embryonic	development	and	synaptic	maintenance	in	adulthood.	A	strong	interaction	

between	 LRRK2	 and	 key	 components	 of	 this	 pathway	 has	 been	 demonstrated.	
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Moreover,	this	interaction	is	affected	by	the	presence	of	LRRK2	pathogenic	mutation	

(Wallings	et	al.,	2015).		

To	date,	a	clear	picture	about	the	molecular	mechanisms	in	which	LRRK2	is	involved	

is	 still	missing,	 however	 the	 protein	 has	 been	 associated	 to	 several	 and	 sometimes	

unexpected	processes	and	functions	in	the	cell.	I	will	now	underlie	LRRK2-mediated	

pathways	that	might	be	of	particular	relevance	for	PD	with	a	brief	overview	about	the	

role	that	LRRK2	plays	in	inflammation,	protein	translation,	vesicular	trafficking,	endo-

lysosomal,	 autophagic	pathways	and	axonal	 transport.	 In	 the	 subsequent	 sections,	 I	

will	 extensively	 discuss	 the	 contribution	 of	 LRRK2	 in	 cytoskeleton	 dynamic	 and	

analyze	the	implications	of	this	interplay	on	the	synaptic	compartment.		

3.4.1. LRRK2	in	inflammation	

The	first	evidence	of	LRRK2	linked	with	inflammation	dates	back	in	2010,	when	in	

human	immune	cells	it	has	been	observed	an	enriched	LRRK2	expression,	that	can	be	

induced	 by	 INF-γ	 stimulation	 in	 intestinal	 tissues	 upon	 Crohn’s	 disease	 (CD)	

inflammation	 (Gardet	 et	 al.,	 2010).	 Additionally,	 GWAS	 highlighted	 that	 common	

LRRK2	variants	are	associated	with	CD	(Barrett	et	al.,	2008).		

As	microglia	represent	the	first	line	of	defense	of	innate	immune	system	within	the	

brain,	many	studies	have	been	conducted	to	understand	a	possible	role	of	LRRK2	in	

this	cell	type.	Interestingly,	our	group	found	that	a	protein	kinase	A	(PKA)-mediated	

pathway	is	involved	in	promoting	the	attenuation	of	inflammatory	processes	in	LRRK2	

deficiency	conditions	(Cogo	et	al.,	2020).	In	parallel,	 it	has	been	shown	that	R1441G	

mutated	 LRRK2	 might	 prompt	 the	 pro-inflammatory	 microglia	 phenotype	 with	 an	

exacerbated	 inflammatory	 state	 (Russo	 et	 al.,	 2014).	 Cytoskeleton	 reorganization	 is	

important	 for	 the	 function	 of	microglia	 as	macrophages,	 being	 fundamental	 for	 the	

phagocytic	 and	migration	processes.	 Indeed,	 several	 lines	of	 evidence	 revealed	 that	

LRRK2	impacts	on	both	these	aspects	affecting	microglia	activity,	thus	supporting	the	

notion	of	LRRK2	 interaction	with	 cytoskeletal	 elements.	For	 instance,	 inflammatory	

stimuli	 have	 been	 reported	 to	 fail	 to	 induce	 evident	 morphological	 changes	 and	

phagocytosis	in	inhibited	LRRK2	microglia	(Russo	et	al.,	2014).	Moreover,	in	myeloid	

cells,	LRRK2	mediates	phagocytosis	regulation	by	modulating	the	actin	cytoskeleton	

via	 interaction/phosphorylation	of	 the	cytoskeletal	regulatory	protein	WAVE2	(K.	S.	

Kim	et	al.,	2018). LRRK2	also	acts	through	class	III	PI3K/Rubicon	complex	to	inhibit	



	

	 67	

Mycobacterium	tuberculosis	autophagosome	maturation	in	macrophages	(Härtlova	et	

al.,	2018).		

3.4.2. LRRK2	in	the	regulation	of	protein	translation	

Several	studies	have	focused	in	the	investigation	of	LRRK2	as	a	potential	player	in	

protein	 synthesis.	 Early	 studies	 exploited	Drosophila	melanogaster	 as	 a	preferential	

animal	 model.	 One	 of	 the	 first	 evidence	 that	 links	 LRRK2	 with	 protein	 translation	

comes	from	the	observation	that	the	translation	repressor	eukaryotic	initiation	factor	

4E	 binding	 protein	 (4E-BP)	 represents	 a	 substrate	 of	 Drosophila	 Melanogaster	

homologue	dlrrk,	as	dlrrk	deficiency	leads	to	reduced	phosphorylation	and	increased	

activation	of	4E-BP	(Imai	et	al.,	2008).	Instead,	an	opposite	effect	has	been	documented	

in	presence	of	pathological	mutations	(Imai	et	al.,	2008).	Later,	LRRK2/Lrrk	has	been	

found	 to	 phosphorylate	 the	 ribosomal	 protein	 S15	 both	 in	 human	 neurons	 and	 in	

Drosophila,	 promoting	 an	 increase	 in	 protein	 synthesis	 that	 is	 further	 pushed	 in	

presence	 of	 PD-mutations	 (Martin	 et	 al.,	 2014).	 Another	 interesting	 finding	 is	 the	

existence	of	 an	 interference	promoted	by	LRRK2	on	microRNAs,	 that	 are	known	 to	

prevent	protein	translation.	More	precisely	pathogenic	LRRK2	has	a	negative	impact	

on	microRNA	activity	 leading	 to	protein	 expression	 that	 could	be	 toxic	 for	neurons	

(Gehrke	 et	 al.,	 2010).	 Furthermore,	 a	 genome	wide	 study	 revealed	 that	 the	 Lrrk2-

G2019S	overexpression	in	mouse	models	positively	regulates	the	transcription	process	

(Nikonova	et	al.,	2012).	

Interestingly,	several	studies	reported	that	by	regulating	protein	translation	LRRK2	

could	also	exert	a	further	impact	on	inflammatory	response.	Of	note,	LRRK2	has	been	

described	 as	 a	 negative	 regulator	 of	 nuclear	 factor	 of	 activated	 T	 cells	 (NFAT)	

transcription	factor,	decreasing	its	nuclear	translocation.	Moreover,	LRRK2	deficiency	

correlates	 with	 a	 reduction	 in	 NF-kB	 transcriptional	 activity	 and	 a	 subsequent	

diminished	 cytokines	 release	 (Russo	 et	 al.,	 2014). Intriguingly,	 LRRK2	 is	 able	 to	

modulate	the	expression	of	CX3CR1,	a	receptor	that	promotes	the	migration	of	glial	

cells	at	the	expense	of	their	inflammatory	activity	(B.	Ma	et	al.,	2016).		
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3.4.3. LRRK2	and	vesicular	traffic	

Vesicular	traffic	is	the	biological	process	by	which	different	cellular	components	are	

transported	 across	 different	 cellular	 compartments	 or	 between	 a	 cell	 and	 the	

surrounding	environment	thanks	to	the	movement	of	vesicles.	The	tight	regulation	of	

vesicle	 formation,	 function	 and	 location	 appear	 to	 be	 fundamental	 especially	 in	

neuronal	 cells	due	 to	 their	post-mitotic	nature	and	extended	morphology.	Vesicular	

traffic	underlies	numerous	 important	biological	processes	essential	 for	 cell	 survival	

and	 functionality	 such	 as	 nuclear	 transport,	 autophagy,	 endo-lysosomal	 trafficking,	

axonal	 transport,	 mitochondria	 dynamic/damage	 response	 and	 NTs	 release	 at	 the	

synapse	 (Lewis,	 2021).	 Vesicular	 biology	 has	 been	 linked	 to	 the	 activity	 of	 many	

proteins	whose	coding	genes	have	been	found	mutated	in	familial	neurodegenerative	

disease	or	identified	as	risk	loci	for	these	disorder	(Lewis,	2021).		

Along	this	line,	mutated	LRRK2	is	emerged	in	last	years	as	a	perturbating	factor	of	

intracellular	trafficking	of	vesicles,	suggesting	a	physiological	role	of	the	protein	in	the	

regulation	 of	 this	 process.	 Consistently,	 LRRK2	 localizes	 at	 the	 level	 of	 multiple	

membranous	compartments	where	Rab	GTPases	proteins	exert	their	physiological	role	

(Cookson,	2016)	(Fig.18).	As	mentioned	above,	Rab	GTPases	regulate	all	the	aspect	of	

membrane	 traffic,	 impacting	on	 the	 formation,	maturation,	 transport,	 tethering	 and	

fusion	of	vesicles.	Basically,	when	in	GDP-bound	state,	the	RAB	protein	inserted	into	a	

specific	target	membrane	is	activated	by	guanine	nucleotide	exchange	factor	(GEF)	that	

promotes	 the	 binding	 of	 GTP.	 Appropriate	 effector	 proteins	 are	 recruited	 by	 GTP-

bound	Rab	protein	that,	consequently,	 is	hydrolyzed	back	to	its	 inactive	state	and	is	

extracted	from	the	membrane	by	the	action	of	GDP	dissociation	inhibitor	(GDI)	to	start	

a	new	cycle	(Hur	et	al.,	2019).	As	a	subset	of	RABs	are	LRRK2	substrates,	it	has	been	

suggested	that	these	proteins	may	control	the	recruitment	of	LRRK2	to	the	membranes.		

Among	the	Rab	GTPases	proteins	suggested	to	have	an	interaction	(physical,	genetic	

or	functional)	with	LRRK2	we	can	find	Rab5,	Rab32	and	Rab38.	Rab5	proteins	target	

clathrin-coated	endocytic	vesicles	 to	endosomes,	 thus	 representing	orchestrators	of	

the	SVs	recycling	at	the	presynaptic	and	synaptodentritic	compartments.	Moreover	it	

has	been	proposed	also	a	role	for	these	protein	in	autophagy.	Rab	32	and	Rab38	have	

been	reported	to	present	an	elevated	expression	in	melanocytes	(Cookson,	2016).		
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Rab7L1,	also	named	Rab29,	is	particularly	relevant	for	at	least	two	reasons.	First,	it	

has	 been	 shown	 to	 interact	 genetically	 and	 biochemically	with	 LRRK2	 by	 different	

laboratories.	Second,	 it	 is	considered	a	sporadic	PD	risk	 factor	due	to	 its	 location	 in	

PARK16	 locus.	 Rab29	 is	 involved	 in	 the	 retromer-associated	 sorting	 between	

lysosomes	and	the	trans-Golgi	network	(TGN).	It	has	been	suggested	that	Rab29	can	

recruit	 LRRK2	 to	 this	membranous	 compartment	 increasing	 its	 kinase	 activity	 and	

inducing	 the	 subsequent	 LRRK2	 mediated-phosphorylation	 of	 Rab8	 and	 Rab10.	 In	

addition,	LRRK2	can	be	recruited	to	stressed	lysosomes	by	Rab7L1	and	inducing	the	

accumulation	of	other	LRRK2	substrate	(such	as	Rab3,	Rab8,	Rab10,	and	Rab35)	at	the	

level	 of	 these	organelles	 (Bonet-Ponce	&	Cookson,	2021;	Cookson,	2016;	Hur	 et	 al.,	

2019).		

Of	note,	Rab8	is	implicated	in	tubular	endosome	formation	in	the	recycling	of	several	

proteins	 such	 as	 receptors	 (M.	 Sharma	 et	 al.,	 2009).	 Rab10	 and	 Rab12	 are	 found	

associated	 to	 numerous	 membranous	 compartments	 and	 regulates	 the	 endo-

lysosomal	pathway	(Bae	&	Lee,	2020).	In	addition	they	have	been	shown	to	intervene	

in	the	autophagic	process.	Importantly	Rab10	is	essential	for	the	endocytic	recycling	

compartment	 formation	 and	 impacts	 on	 ER	 dynamics	 and	 morphology	 (English	 &	

Voeltz,	2013).	The	Rab	GTPases	affinity	for	their	regulatory	partners	GD1/2	and	GEF	

Rabin8	decreases	when	LRRK2	 is	phosphorylated,	resulting	 in	an	 increased	binding	

between	Rab8a/Rab10	and	RILPL1/2	that	impacts	on	centrosome	positioning	and	cilia	

formation	(Iannotta	&	Greggio,	2021).	Moreover,	there	are	evidence	linking	Rab3	and	

Rab35	in	the	regulation	of	vesicle	exocytosis	(Bae	&	Lee,	2020)	.	Of	interest	it	has	been	

shown	that	Rab35	mediates	the	propagation	of	α-Syn	upon	LRRK2	phosphorylation:	

the	overexpression	of	WT	LRRK2	or	G2019S	mutant	enhanced	the	propagation	of	α-

Syn	that	is	indeed	reduced	when	LRRK2	kinase	activity	is	inhibited	(Iannotta	&	Greggio,	

2021).	

Steger	 and	 collaborators	 proposed	 that	 photogenic	 hyperactive	 mutant	 LRRK2	

affects	the	cellular	and	membranous	distribution	of	its	substrates	like	Rab8,	Rab10	and	

Rab12,	hyperphosphorylating	them	and	promoting	in	this	way	their	localization	to	the	

membranes.	The	result	of	such	alteration	is	an	abnormal	Rab	GTPases	distribution	and	

a	consequent	possible	acquirement	of	pathogenic	function	(Steger	et	al.,	2016).		
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All	 together	 these	 evidence	 imply	 that	 LRRK2,	 via	 Rab	 GTPase	 interaction	 and	

phosphorylation,	 can	 intervene	 in	 in	 multiple	 critical	 processes	 of	 the	 vesicular	

trafficking.	 In	 the	 next	 two	 paragraphs	 I	 will	 provide	 a	 better	 insight	 in	 LRRK2	

involvement	in	endo-lysosomal	and	autophagic	pathways.		

Fig.18:	 Cellular	 functions	 of	 LRRK2-interacting	 RAB	 proteins	 in	 vesicular	 trafficking:	
Image	 showing	 the	 principal	 Rab	 proteins	 involved	 in	 vescicluar	 trafficking	 regulation.	 The	
proteins	representing	substrates	of	Lrrk2	kinase	activity	are	reported	in	blue.	Adapted	from	(Hur	
et	al.,	2019)	

3.4.3.1. The	role	of	LRRK2	in	the	endo-lysosomal	pathway	

The	 endo-lysosomal	 system	 is	 made	 by	 a	 number	 of	 intracellular	 membranous	

compartments	that	mediate	the	internalization,	recycling	and	degradation	of	several	

players	 involved	 the	 physiological	 cell	 function.	 These	membranous	 organelles	 are	

highly	dynamic	as	capable	to	interconvert	early	endosomes,	recycling	endosomes,	late	

endosomes	and	lysosomes.	Early	endosomes	represent	a	sorting	station	from	where	

cargo	can	take	different	routes:	 they	can	return	to	the	plasma	membrane,	reach	the	

TGN	or	be	targeted	for	degradation.	In	the	latter	case,	early	membranous	organelles	
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mature	in	late	endosomes	that,	in	turn,	fuse	with	lysosome	and,	consequently,	cargo	

are	subjected	to	proteolytic	degradation.		

Of	note,	LRRK2	has	been	extensively	described	to	influence	the	activity	of	several	

proteins	involved	in	this	pathways,	such	as	Rab	GTPases.		

Alterations	 in	 LRRK2	 expression	 or	 in	 kinase	 activity	 can	 impact	 on	 endosomal	

trafficking	and	protein	degradation.	Moreover,	sporadic	PD	human	brain	tissue	show	

colocalization	 of	 LRRK2	 with	 late	 endosome	 protein	 Rab7b	 and	 LAMP2,	 all	

accumulated	 in	 enlarged	 granules	 (Erb	&	Moore,	 2020).	 LRRK2-Rab7	 interaction	 is	

supported	by	the	observation	that	in	Drosophila	dLRRK	localizes	in	the	late	endosome	

inhibiting	 Rab7-induced	 lysosome	 clustering.	 Additionally,	 the	 presence	 of	 an	

equivalent	G2019S	mutation	in	dLRRK	gene	prompts	the	clusters	formation	(Dodson	

et	al.,	2012).	Another	interesting	finding	is	that	pathogenic	LRRK2	mutant	decreases	

endosomal	budding	diminishing	Rab7	activity,	with	a	consequent	retardation	 in	 the	

trafficking	of	epidermal	growth	factor	(Gómez-Suaga	et	al.,	2014).	In	addition	the	same	

group	 reported	 that	 impaired	 endo-lysosomal	 trafficking	 correlated	 to	 pathogenic	

LRRK2	is	due	to	an	inactivation	of		Rab8A	(Rivero-Ríos	et	al.,	2019).	Also	the	endosomal	

trafficking	of	 lysosomal	membrane	proteins	(LMPs)	such	as	LAMP1	and	LAMP2	has	

been	 shown	 to	 be	 regulated	 by	 LRRK2	 activity	 via	 regulation	 of	 adaptor	 protein	

complex	3	(AP-3). In	condition	of	lysosomal	stress,	LRRK2	recruits	to	lysosomes	JNK-

interacting	protein	4	via	Rab35	and	Rab10	phosphorylation	and	promotes	lysosomal	

tubulation	and	sorting.	Finally,	in	stress	conditions	LRRK2	accumulates	to	lysosomes	

or	 TGN	 thanks	 to	 Rab7L1	 activity	 and	 stimulates	 the	 elimination	 of	 dysfunctional	

organelles	through	autophagic	process	or	lysosomal	exocytosis.	(Iannotta	&	Greggio,	

2021)	

3.4.3.2. The	role	of	LRRK2	in	autophagy	and	synaptic	autophagy		

Autophagy	 is	 one	 of	 the	 process	 considered	 to	 be	 impaired	 in	 PD.	 Notably,	

macroautophagy	 was	 proposed	 as	 one	 of	 the	 mediators	 of	 retrograde	 axonal	

degeneration	(Cheng	et	al.,	2011),	although	the	precise	molecular	mechanisms	are	still	

unknown.	A	great	body	of	evidence	suggests	an	involvement	of	LRRK2	in	the	regulation	

of	lysosomal-based	degradative	pathways	(Cogo	et	al.,	2020),	including	the	autophagic	

process.	 For	 instance,	 it	 has	been	 reported	 that	 the	macroautophagy	 flux	 in	 vitro	 is	

modulated	by	the	overexpression	of	WT	LRRK2	and	the	expression	of	mutated	LRRK2	
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in	 cell	 models,	 as	 well	 as	 the	 LRRK2	 kinase	 activity	 inhibition	 and	 knock	 down.	

However,	 it	 is	 still	unclear	 if	 the	macroautophagy	process	 is	 regulated	positively	or	

negatively	 by	 LRRK2	 (Wallings	 et	 al.,	 2015).	 Noteworthy,	 from	 the	 evaluation	 of	

macroautophay	markers	in	brain	tissue,	it	emerged	that	the	BG	of	individuals	carrying	

G2019S	 mutation	 exhibits	 decreased	 levels	 of	 LAMP1,	 supporting	 a	 model	 of	

impairment	of	 lysosomal	 targeting	 in	PD	(Mamais	et	al.,	2018).	 Importantly,	several	

studies	show	that	in	LRRK2	pathological	models	autophagic	defects	are	found	at	the	

periphery,	in	the	axon	and	neurites.	The	description	of	BAC	transgenic	mouse	model	

expressing	 the	 human	 disease-causing	 LRRK2	 (R1441G)	 mutant	 suggests	 an	 early	

pathology	that	affects	the	terminals	of	the	DA	system.	Young	mice	display	accumulation	

of	 autophagic	 vacuoles	 in	 “giant”,	 polymorphic	 axonal	 spheroids	 in	 the	 medial	

forebrain	bundle.	They	also	present	other	axonal	abnormalities,	including	intra-axonal	

autophagic	vacuoles	alone	and	intra-axonal	myelin	invagination.	However,	there	are	

not	modifications	in	the	number	and	in	the	morphology	of	neuronal	soma	and	neurites	

(Tagliaferro	et	al.,	2015).	The	neuronal	architecture	become	affected	as	animal	age,	

with	the	appearance	of	clear	signs	of	axonopathy:	dystrophic	neurite,	fragmented	axon	

and	phosphorylated	tau-positive	axonal	spheroids.	These	defects	are	accompanied	by	

the	development	of	progressive	motor	deficits	(Y.	Li	et	al.,	2009).	Both	in	the	cortex	and	

in	the	striatum	of	another	transgenic	mice	expressing	G2019S	mutant	LRRK2	it	was	

observed	 the	 presence	 of	 enlarged	 vacuolar	 structures	 with	 multiples	 membranes	

resembling	 autophagic	 vacuoles,	 including	 early	 and	 late	 autophagosomes,	 within	

regions	enriched	in	axon	and	synapses.	R1441C	LRRK2	mice	display	similar	but	less	

marked	 cytopathology	 in	 the	 cortex	 (Ramonet	 et	 al.,	 2011).	 A	 study	 carried	 out	 on	

autophagy	deficient	mouse	model	showed	an	early	dendritic	and	axonal	dystrophy	in	

DA	neurons	of	the	midbrain	lacking	in	autophagy	gene	Atg7.	They	also	demonstrated	

for	 the	 first	 time	 that	 this	 impairment	 in	 the	 autophagy	 brings	 to	 presynaptic	

accumulation	of	LRRK2	within	cerebellum	and	autophagy-deficient	MEF	cells.	Further	

evidence	supports	a	 role	 for	LRRK2	 in	 the	neurites	growth	and	maintenance.	 It	has	

been	 demonstrated	 that	 in	 primary	 cortical	 neurons	 following	 the	 expression	 of	

mutant	 forms	 of	 LRRK2	 there	 is	 a	 degeneration	 of	 neurites	 length	 and	 branching	

(MacLeod	et	al.,	2006).	In	particular,	the	overexpression	of	mutated	G2019S	LRRK2	in	

these	 cultured	 neurons	 induces	 the	 accumulation	 of	 swollen	 lysosomes	 and	

multivesicular	 bodies,	 distended	 vacuolated	mitochondria	 and	 phosphorylated	 tau-
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positive	 spheroid	 axonal	 inclusions.	 Moreover,	 in	 neuronally	 differentiated	

neuroblastoma	 cells	 the	 G2019S	 mutant	 induces	 shortening	 of	 neurites	 with	 a	

concomitant	 activation	 of	 autophagy	 process	 (Plowey	 et	 al.,	 2008).	 Furthermore,	 a	

recent	study	demonstrated	that	LRRK2	regulates	autophagy	at	the	level	of	the	synapse	

thought	EndoA	phosphorylation	(S.	F.	Soukup	et	al.,	2016).	Taken	together,	these	data	

highlight	a	significant	function	for	LRRK2	in	the	autophagic	process	both	in	vitro	and	

in	vivo.		

3.4.4. The	role	of	LRRK2	in	axonal	transport		

Altered	axonal	transport	is	widely	considered	to	be	one	of	the	factor	contributing	to	

axonal	 degeneration	 in	 PD.	 Aggregated	 α-Syn	 was	 demonstrated	 to	 be	 tightly	

associated	with	 reductions	 in	 axonal	motor	proteins	 levels	 in	 the	neurites	 of	 nigral	

neurons	of	sporadic	PD	cases	(Chu	et	al.,	2012).	Interestingly,	an	interaction	between	

endogenous	LRRK2	and	α-Syn	has	been	observed	in	mouse	and	human	brain	tissue	and	

further	confirmed	in	cells	in	overexpressing	conditions,	suggesting	that	dysfunctional	

LRRK2	 could	 affect	 the	 accumulation	 of	 α-Syn	 contributing	 to	 axonal	 degeneration	

(Guerreiro	 et	 al.,	 2013).	 Moreover,	 LRRK2	 was	 found	 to	 be	 in	 connection	 with	

microtubule	cytoskeleton.	MTs	form	tracks	made	of	α	and	β	tubulin	polymers	along	

with	motor	proteins	 to	move	 cargos	 (proteins	and	organelles),	 along	dendrites	 and	

axons.	LRRK2	interacts	with	tubulins	through	its	ROC	domain	(Gandhi	et	al.,	2008)	and	

human	recombinant	LRRK2	is	able	to	phosphorylate	β	tubulin,	enhancing	microtubule	

stability	(Gillardon,	2009).	Additionally,	in	LRRK2	KO	MEF	cells	the	level	of	β	tubulin	

acetylation	 is	 increased	 meaning	 that,	 once	 bound	 to	 MTs,	 LRRK2	 interferes	 with	

microtubule	acetylation	(Law	et	al.,	2014).	Notably,	it	was	demonstrated	that	the	rate	

of	transport	along	MTs	is	influenced	by	the	status	of	their	acetylation,	with	increased	

acetylation	promoting	axonal	transport	(Reed	et	al.,	2006).	Another	work	reported	that	

LRRK2	 carrying	 R1441C	 and	 Y1699C	 mutations	 in	 the	 ROC-COR	 domain	 localizes	

selectively	 on	 deacetylated	 MTs	 in	 vitro	 and	 harms	 axonal	 transport	 in	 primary	

neurons	and	in	Drosophila	Melanogaster,	leading	to	locomotor	deficits	in	vivo.	Thus,	it	

seems	that	the	inhibition	of	axonal	transport	is	connected	to	decreased	LRRK2	GTPase	

activity.	By	increasing	MT	acetylation	the	physiological	phenotype	is	restored	(Godena	

et	al.,	2014).	Another	interesting	study	reported	that	fibroblasts	derived	from	patients	

carrying	the	G2019S	LRRK2	mutation	display	huge	increase	in	acetylated	tubulin	and	
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a	 destabilization	 of	 MT,	 together	 with	 a	 marked	 alteration	 of	 cellular	 morphology	

compared	to	healthy	controls	(Cartelli	et	al.,	2012).	Very	recently,	exploiting	a	wide	

variety	of	model	system,	the	axonal	transport	of	autophagic	vesicles	(AVs)	has	been	

found	 to	 be	 damaged	 in	 presence	 of	 G2019S	 mutation.	 In	 particular	 the	 LRRK2	

increased	 kinase	 activity	 causes	 a	 tug	 of	war	 between	 anterograde	 and	 retrograde	

transport	 of	 AVs	 via	 re-localization	 of	 JIP4	 at	 the	 level	 of	 AVs	 membrane	 and	 the	

activation	of	kinesin.	Moreover	the	same	effect	was	observed	by	overexpressing	Rab29,	

corroborating	a	possible	involvement	of	the	two	protein	in	the	same	pathway	(Boecker	

et	al.,	2021).	Possibly,	both	LRRK2	enzymatic	domains	influence	microtubule	stability	

and	post-transactional	modification,	affecting	the	axonal	transport.	

3.4.5. Lrrk2	and	cytoskeleton	

The	maintenance	of	structural	polarity	is	essential	for	the	physiological	function	of	

neurons	and	it	is	provided	by	the	combination	between	MTs	and	actin,	the	two	main	

components	of	the	cytoskeleton.	Actin	plays	important	role	in	synaptic	maintenance	

and	 function	and	also	 in	 supporting	neurite	outgrowth	and	growth	cone	navigation	

(Cingolani	&	Goda,	2008).	MTs	cytoskeleton	ensures	mechanical	support,	 influences	

local	signaling	events	and	provides	tracks	for	long-distance	cargos	transport	(Kapitein	

&	Hoogenraad,	 2015).	 Growing	 body	 of	 evidence	 suggest	 a	 physical	 and	 functional	

association	of	Lrrk2	to	cytoskeletal-related	components	in	neurons	(Parisiadou	&	Cai,	

2010).		

From	a	structural	point	of	view,	MTs	are	polymers	made	by	α	and	β	tubulin	subunits.	

As	mentioned	before,	LRRK2	was	showed	to	interact	with	tubulin	via	its	ROC	domain	

in	 a	 guanine-nucleotide	 independent	 fashion	 (Gandhi	 et	 al.,	 2008).	 Consistently,	 a	

colocalization	between	the	two	proteins	was	found	both	in	primary	neurons	(Gandhi	

et	 al.,	 2008)	 and	mouse	 brain	 (Lin	 et	 al.,	 2009).	 In	 addition,	 LRRK2	 stabilizes	MTs	

during	neurite	outgrowth	phosphorylating	β-tubulin,	preferentially	in	Thr107,	and	this	

effect	is	enhanced	in	presence	of	G2019S	mutation,	possibly	resulting	in	a	deregulation	

of	microtubule	dynamics	(Gillardon,	2009).	LRRK2	was	also	reported	to	interfere	with	

tubulin	 acetylation,	 as	 demonstrated	 by	 the	 increase	 in	 β-tubulin	 acetylation	

documented	in	LRRK2	KO	models	(Law	et	al.,	2014).	Of	interest,	it	has	been	found	that	

transgenic	mice	overexpressing	Lrrk2	present	an	increased	fragmentation	of	the	Golgi	

apparatus	as	consequence	of	enhancement	of	tubulin	stabilization:	this	results	in	an	
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ER-Golgi	 vesicular	 trafficking	 impairment	 that	 could	 be	 the	 cause	 of	 α-Syn	

accumulation	 in	 the	brain	of	mice	 co-expressing	A53T	α-syn	and	LRRK2	 (Lin	 et	 al.,	

2009).	Along	this	 line,	an	accumulation	and	hyperphosphorylation	of	MT-associated	

protein	Tau	has	been	described	in	several	transgenic	mice	expressing	mutant	G2019S	

LRRK2.	These	studies	point	out	an	implication	of	Lrrk2	in	promoting	α-Syn	and	Tau	

mediated	PD	neuropathology	via	deregulation	of	MTs	dynamics.		

Back	 in	 2006,	 MacLeod	 and	 colleagues	 realized	 for	 the	 first	 time	 that	 LRRK2	 is	

involved	in	the	maintenance	of	neuronal	process	length	and	complexity	(MacLeod	et	

al.,	2006):	in	contrast	to	LRRK2	WT	neurons,	mutant	LRRK2	G2019S	neurons	display	

reduced	neurite	outgrowth	together	with	the	accumulation	of	inclusions	positive	for	

tau.	In	the	same	period	LRRK2	was	demonstrated	to	phosphorylate	the	protein	moesin	

at	Thr558,	regulating	its	activation	state	(Jaleel	et	al.,	2007).	Moesin,	acting	jointly	with	

the	 others	 two	 ERM	 proteins	 ezrin	 and	 radixin,	 links	 the	 actin	 cytoskeleton	 to	 the	

plasma	membrane.	This	 finding	 is	 the	 first	 clear	evidence	of	LRRK2	 involvement	 in	

actin	dynamics.	It	was	also	found	that	increased	amount	of	pERM	and	F-actin	enriched	

filopodia	is	associated	with	the	impairment	of	neurite	outgrowth	reported	in	mutant	

LRRK2	G2019S	(Parisiadou	et	al.,	2009).	Soon	after,	the	analysis	of	LRRK2	interactome	

revealed	that	LRRK2	binds	actin	and	is	able	to	promote	its	polymerization	(Meixner	et	

al.,	2011).	Among	the	LRRK2	interactors	identified	over	the	years,	the	p21-activated	

kinase	6	(PAK6)	appears	particularly	interesting.	Its	expression	is	almost	restricted	to	

the	brain,	where	it	is	found	at	elevated	levels,	and	it	belongs	to	PAKs	proteins.	PAKs	are	

a	 group	 of	 serine-threonine	 kinases	 regulating	 actin	 dynamics	 through	 LIM	kinase-

cofilin	pathway	(Civiero	&	Greggio,	2018):	activated	PAKs	phosphorylate	and	trigger	

the	 activity	 of	 LIM-kinase	which	 downregulates	 cofilin	 activity	 by	 phosphorylation,	

resulting	in	the	inhibition	of	actin	severing	and	in	filamentous	actin	stabilization.	The	

kinase	activity	of	PAK6	promotes	neurite	complexity	in	vivo	in	the	mouse	striatum	by	

binding	 to	 the	 GTPase/ROC	 domain	 of	 LRRK2,	 which	 stimulates	 PAK6	

autophosphorylation	 and	 LIM	 kinase	 pathway	 activation	 (Civiero	 et	 al.,	 2015).	

Moreover,	 PAK6	 negatively	 influences	 LRRK2	 phosphorylation:	 it	 binds	 and	

phosphorylates	14-3-3γ	inducing	the	loss	of	its	affinity	for	Lrrk2	phospho-Ser935	and	

rendering	this	way	LRRK2	an	easy	target	of	phosphatases	(Civiero,	Cogo,	et	al.,	2017).	

Importantly,	the	neurite	shortening	phenotype	showed	by	mutant	G2019S	neurons,	is	

rescued	by	the	expression	of	an	hyperactive	form	of	PAK6,	via	a	mechanism	dependent	
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on	14-3-3γ	phosphorylation	at	Ser59.	Altogether,	these	findings	indicate	that	LRRK2	

regulates	actin-cytoskeleton	dynamics	by	interplaying	with	multiple	targets.		

As	widely	emphasized	 in	the	first	chapter	of	 this	dissertation,	neurons	are	highly	

specialized	non-mitotic	cells,	characterized	by	processes	(both	dendrites	and	axons)	

often	extending	at	long	distance	from	the	soma.	In	this	scenario,	vesicle	traffic	along	

the	 cytoskeletal	 elements,	 that	 is	 implicated	 in	 multiple	 physiological	 processes,	

becomes	 of	 primary	 importance	 for	 the	maintenance	 of	 neuronal	 homeostasis.	 The	

discovery	 of	 a	 functional	 link	 between	 LRRK2	 and	 a	 subset	 of	 Rab	 GTPases	 has	

strengthened	 the	 already	 known	 role	 of	 LRRK2	 in	 orchestrating	 vesicles	 dynamics.	

Based	on	all	these	considerations,	an	interesting	hypothesis	is	that	Lrrk2	behaves	like	

a	 bridge	 between	 vesicles	 and	 cytoskeleton.	 In	 support	 of	 this,	 the	 main	 cellular	

processes	 attributed	 to	 LRRK2	 are	 connected	 to	 MTs	 and	 actin	 dynamics:	 neurite	

outgrowth,	 synaptic	 vesicles	 trafficking,	 axonal	 transport,	 Trans-Golgi	 transport,	

macroautophagy,	endocytosis	and	phagocytosis.	 In	particular,	at	the	synapse	LRRK2	

orchestrates	the	movement	of	molecules	involved	in	the	neurotransmission.		

3.4.6. Lrrk2	at	the	presynaptic	compartment	

At	 the	 presynaptic	 site	 LRRK2	 has	 been	 demonstrated	 to	 bind	 SVs	 through	

interaction	with	actin	and	a	number	of	presynaptic	proteins,	potentially	covering	a	key	

role	in	governing	different	steps	of	the	bouton-specific	SVs	dynamics	(Fig.19A).		

Lrrk2	was	shown	for	the	first	time	to	have	a	role	in	regulating	SVs	endocytosis	when,	

in	 2008,	 Shin	 and	 colleagues	 found	 that	 it	 interacts	 with	 Rab5b	 and	 that	 both	

endogenous	 LRRK2	 overexpression	 or	 knockdown	 strongly	 harm	 the	 endocytic	

process	 (Shin	 et	 al.,	 2008).	 Later,	 LRRK2	 has	 been	 also	 described	 to	 obstruct	 the	

clathrin-dependent	 endocytosis	 phosphorylating	 some	 of	 its	 effectors	 (Pischedda	&	

Piccoli,	2021).	Among	them,	EndoA	acts	in	the	initial	phases	of	endocytosis	promoting	

the	curvature	of	plasma	membrane.	It	has	been	identified	as	a	substrate	of	LRRK2	in	

Drosophila	melanogaster	(Arranz	et	al.,	2015)	and	later	also	in	mammalian	cells	(Matta	

et	 al.,	 2012)	 by	 the	 same	 research	 group.	 They	 also	 showed	 that	 G2019S	 mutant	

increases	 EndoA	 phosphorylation	 altering	 its	 recruitment	 to	 clathrin-coated	 pit,	

fundamental	 for	 the	 uncoating	 of	 vesicles.	 Additionally,	 they	 found	 that	 the	 KO	 of	

LRRK2	causes	a	significant	delay	in	clathrin-mediated	endocytosis	in	striatal	neurons	

along	 with	 ultrastructural	 abnormalities	 consisting	 in	 aberrant	 endocytic	
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intermediates	 (Matta	 et	 al.,	 2012).	 Interacting	with	 dynamin,	 EndoA	 stimulates	 the	

separation	 of	 SVs	 from	 the	 plasma	 membrane	 and	 the	 following	 recruitment	 of	

synaptojanin1	 (synj1).	 Synj1	 enables	 the	 removal	 of	 clathrin	 coat	 facilitating	 the	

attachment	 of	 auxilin.	 The	 exacerbated	 kinase	 activity	 that	 mutant	 LRRK2	 exerts	

towards	dynamin	(Stafa	et	al.,	2014),	synj1	(Islam	et	al.,	2016)	and	auxilin	(Nguyen	&	

Krainc,	2018)	negatively	influences	the	endophilin-dependent	endocytosis.	Alongside,	

LRRK2	has	been	also	clearly	showed	to	promote	the	exocytosis	process.	Among	the	

proteins	 involved	 in	 SVs	 cycle,	 NSF	 and	 synapsin	 I	 have	 been	 identified	 as	 LRRK2	

kinase	activity	substrates.	NSF	is	phosphorylated	by	LRRK2	at	T645	with	a	subsequent	

increase	 of	 its	 ATPase	 activity	 that	 promotes	 its	 ability	 to	 dissociate	 the	 SNARE	

complex	 (Belluzzi	 et	 al.,	 2016).	 Moreover,	 LRRK2	 kinase	 activity	 affects	 the	

phosphorylation	of	synapsin	I,	implicated	in	the	tethering	of	the	SVs,	at	T337	and	T339	

residues.	The	G2019S	mutation	has	been	 reported	 to	 increase	 this	phosphorylation	

hampering	the	interaction	among	SVs	and	actin	(Marte	et	al.,	2019).	It	was	also	shown	

that	this	pathological	mutation	decreases	the	synapsin	I	phosphorylation	at	residues	

that	are	not	LRRK2	substrates,	exerting	the	opposite	effect	on	its	association	to	actin	

and	 SVs	 (Beccano-Kelly	 et	 al.,	 2014).	 Moreover,	 the	 Ca2+	 inward	 current	 via	 pre-

synaptic	CaV2.1	channel	is	enhanced	in	presence	of	G2019S	LRRK2	mutant	(Bedford	et	

al.,	 2016).	 Eventually,	 LRRK2	 is	 also	 able	 to	 phosphorylates	 sinapin,	 inhibiting	 its	

interaction	 with	 SNAP25	 and	 prolonging	 this	 way	 the	 exocytic	 release	 with	 a	

concomitant	depletion	of	the	RRP	(Yun	et	al.,	2013).	Thus,	it	appears	clear	that	LRRK2	

is	involved	in	promoting	the	exocytosis	process.		

It	is	noteworthy	that	the	C-terminal	WD40	LRRK2	domain	has	been	found	to	bind	

some	of	 the	mentioned	SVs-associated	proteins	such	as	synapsin-I,	NSF,	dynamin-1,	

and	synaptojanin	but	also	with	others	like	MUNC18-1,	VAMP2,	synuclein	and	syntaxin	

1A	(Piccoli	et	al.,	2011,	2014).		

Any	 damage	 in	 the	 correct	 function	 of	 both	 the	 endo-	 and	 exocytic	 process	may	

cause	 defects	 in	 synaptic	 transmission	 in	 the	 long	 run.	 Many	 literature	 have	 been	

produced	about	this	topic.	As	a	 first	clear	evidence,	 it	was	found	that	LRRK2	loss	of	

function	does	not	dramatically	affect	the	NTs	release,	even	if	an	altered	SVs	endocytosis	

was	reported	in	some	studies.	Essentially,	basal	and	evoked	dopamine	and	glutamate	

release	appear	to	be	unchanged	without	functional	LRRK2	(Pischedda	&	Piccoli,	2021).	

Interestingly,	 the	 overexpression	 of	 human	WT	 LRRK2	 causes	 a	 decrease	 in	 basal	
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striatal	DA	release	in	mice	(Beccano-Kelly	et	al.,	2015;	H.	L.	Melrose	et	al.,	2010)	and	in	

evoked	 DA	 release	 in	 rats	 (Sloan	 et	 al.,	 2016).	 On	 the	 contrary,	 overexpression	 of	

murine	WT	LRRK2	produces	an	increase	in	evoked	DA	release	(Xianting	Li	et	al.,	2010),	

suggesting	that	the	effect	of	the	genetic	manipulation	depends	on	multiple	factor.	

Fig.19:	 Lrrk2	 potential	 involvement	 in	 pre-	 and	 post-	 synaptic	 pathways.	Adapted	 from	
(Kuhlmann	&	Milnerwood,	2020).	(A)	Presynaptic	element:	Lrrk2	is	involved	in	SVs	trafficking	via	
interaction	with	 several	different	proteins	 like	NSF,	 synapsin,	auxilin,	 synj1,	EndoA,	 syntaxin1,	
VPS35	eventually	affecting	the	endo-	and	exo-cytosis	processes	(B)	Postsynaptic	element:	Lrrk2	
has	been	associated	to	cytoskeletal	dynamics	and	NTRs	trafficking.		

Regarding	the	pathological	mutations,	evidence	from	the	literature	reported	that	the	

BAC	 model	 overexpressing	 LRRK2	 G2019S	 mutation	 brings	 an	 increase	 in	

glutamatergic	 activity,	while	 causes	 a	 reduction	 in	DA	 release	 (Pischedda	&	Piccoli,	

A PRESYNAPSE

B POSTSYNAPSE
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2021).	 Also	 the	 expression	 of	 the	 G2019S	 mutation	 at	 endogenous	 levels	 has	 a	

stimulation	effect	on	glutamatergic	neurons,	indeed	it	has	been	reported	an	increased	

glutamate	miniature	event	frequency	in	mutated	cortical	neurons	(Beccano-Kelly	et	al.,	

2014)	 and	 also	 increased	 glutamatergic	 transmission	 in	 mutated	 striatal	 slices	

(Matikainen-Ankney	 et	 al.,	 2016;	 Volta	 et	 al.,	 2017).	Moreover,	 some	 alterations	 in	

dopaminergic	transmission	were	highlighted	in	this	KI	model:	for	example	3	months	

old	mice	present	an	increased	DA	release	together	with	an	elevated	extracellular	DA	

lifetime	 (Volta	 et	 al.,	 2017),	 whereases	 in	 12	 months	 old	 mice	 striatum	 there	 is	 a	

reduction	 in	DA	 levels	around	 the	50%	(Yue	et	al.,	2015).	Thus,	 the	majority	of	 the	

literature	suggest	that	G2019S	models	possesses	an	enhanced	glutamatergic	activity	

with	 a	 parallel	 decrease	 in	DA	 release:	 it	 has	 been	hypothesized	 that	 the	mutation,	

operating	from	the	postsynaptic	glutamatergic	element,	could	weaken	dopaminergic	

transmission	(Pischedda	&	Piccoli,	2021).		

3.4.7. Lrrk2	at	the	postsynaptic	compartment	

The	function	of	LRRK2	in	the	post-synapse	has	not	been	so	investigated	as	its	role	

in	the	presynaptic	element.	Nevertheless,	some	studies	have	suggested	that	the	protein	

is	actually	able	to	impact	also	in	this	compartment	(Fig.19B).		

Interestingly,	growing	body	of	evidence	bared	an	 involvement	of	LRRK2	 in	NTRs	

trafficking.	For	instance,	DRD1	have	been	shown	to	possess	an	altered	distribution	in	

the	striatum	of	G2019S	mice	in	respect	to	WT:	precisely	a	significant	increase	in	the	

membrane-associated	receptors	has	been	documented	(Migheli	et	al.,	2013).	Later,	the	

same	group	corroborated	this	finding,	observing	a	compromised	DRD1	internalization	

in	 presence	 of	 mutant	 G2019S	 LRRK2.	 In	 addition	 they	 found	 that	 this	 mutation	

reduces	the	rate	of	DRD2	trafficking	from	the	Golgi	to	the	cell	membrane	(Rassu	et	al.,	

2017).	Recently,	Tozzi	and	colleagues	have	provided	evidence	that	a	strong	reduction	

of	 the	 glutamatergic	 activity	 of	 striatal	 neurons	 carrying	 the	 G2019S	 mutation	 is	

triggered	by	 the	activation	of	DRD2	receptors,	with	an	endocannabinoid-dependent	

mechanism	 of	 action	 (Tozzi	 et	 al.,	 2018).	 Similarly	 to	 DA	 receptors,	 also	 the	

glutamatergic	 receptors	 traffic	 is	 affected	 by	 mutant	 LRRK2.	 For	 instance,	 mice	

carrying	 the	 G2019S	mutation	 are	 deficient	 in	 calcium-permeable	 AMPA	 receptors	

content	(Matikainen-Ankney	et	al.,	2018);	moreover	in	hippocampal	slices	from	mice	

overexpressing	the	G2019S	mutation	it	was	found	an	altered	AMPA/NMDA	receptor	
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ratio	suggesting	an	aberrant	recycling	of	these	receptors	(Sweet	et	al.,	2015).	Different	

hypothesis	 were	 made	 regarding	 the	 molecular	 mechanisms	 by	 which	 LRRK2	

influences	 the	 receptor	 trafficking.	 For	 example,	 it	 has	 been	 found	 to	 interact	with	

Sec16A,	 important	 for	 the	 ER-Golgi	 export:	 in	 the	 absence	 of	 LRRK2	 activity	 the	

activity-dependent	transport	of	glutamate	receptors	onto	cell	surface	is	harmed	(Cho	

et	 al.,	 2014).	 It	 is	 also	 likely	 that	 LRRK2	 affects	 AMPA	 receptors	 trafficking	 via	 its	

phospho-targets	 Rab8a	 or	 NSF,	 both	 reported	 to	 mediate	 the	 insertion	 of	 AMPA	

receptor	subunits	in	the	postsynaptic	membrane.	An	elegant	work	of	Parisiadou	and	

colleagues	(Parisiadou	et	al.,	2014)	identified	LRRK2	as	capable	to	negatively	modulate	

the	activity	of	the	regulatory	subunit	IIb	of	the	cAMP-dependent	protein	kinase	A	(PKA)	

controlling	its	predominantly	dendritic	shaft	localization.	The	loss	of	Lrrk2	triggers	the	

PKA	recruitment	within	the	spines,	where	the	enzyme	phosphorylates	both	the	actin	

related	 protein	 cofilin	 and	 the	 glutamate	 receptor	 GluR1,	 involved	 in	 synaptic	

formation	 and	 transmission.	 Cofilin	 phosphorylation	 affects	 cytoskeleton	 dynamics	

and	 is	mediated	 by	 LIMK1,	 recently	 found	 to	 be	 linked	with	 LRRK2	 (Civiero	 et	 al.,	

2015).	Moreover,	GluR1	phosphorylated	by	PKA	is	well	known	to	have	a	crucial	role	in	

spine	maturation	and	plasticity		(Esteban	et	al.,	2003).	MSNs	of	Lrrk2	KO	pups	present	

indeed	abnormal	spine	morphology	and	transmission:	spines	appear	less	mature	and	

less	 functional	 (decrease	 of	 mEPSCs	 frequency),	 suggesting	 a	 delay	 in	 their	

development	(Parisiadou	et	al.,	2014).	Additionally,	PKA-dependent	phosphorylation	

of	 GluR1	was	 abnormally	 enhanced	 in	 both	 young	 and	 aged	 LRRK2	 KO	mice	 after	

treatment	with	a	D1	agonist,	suggesting	that	LRRK2	maintains	its	negative	regulator	

activity	of	PKA	function	also	after	the	developmental	phase.	Also	the	LRRK2	R1441C/G	

mutation	induce	increased	PKA	activity	in	MSNs.	To	note,	another	work	discovered	the	

presence	 of	 larger	 spines	 and	 greater	 postsynaptic	 activity	 in	 developing	 LRRK2	

G2019S	MSNs	(Matikainen-Ankney	et	al.,	2016).		

Importantly,	all	 the	studies	mentioned	until	now	do	not	considered	 the	presence	

within	the	striatum	of	 two	pathways	with	a	complementary	role:	 the	direct	and	the	

indirect	 pathway.	 This	 could	 implicate	 important	 limitations	 in	 understanding	 the	

pathological	 impact	 of	 LRRK2	 mutations.	 Recently,	 it	 was	 observed	 that	 both	 the	

R1441C	and	G2019S	KI	mice	present	 an	 altered	AMPA	 receptors	 organization	with	

decrease	frequency	of	mEPSC.	Interestingly,	these	effects	are	greater	for	the	R1441C	

mutation	and	in	MSNs	of	the	direct	pathway	(C.	Chen	et	al.,	2020).	These	evidence	imply	
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that	cellular	specificity	should	be	take	into	account	when	studying	LRRK2	function	in	

health	and	disease.			
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4. Neurotrophins	and	the	brain	derived	neurotrophic	factor		
Neurotrophins	 represent	 a	 group	of	 growth	 factors	 located	within	 the	brain	 and	

peripheral	tissues	that	are	historically	known	to	modulate	several	aspects	of	neuronal	

function,	 comprising	 neuronal	 growth,	 survival	 and	 maintenance	 (E.	 J.	 Huang	 &	

Reichardt,	 2001).	 Notably,	 during	 development	 they	 regulate	 the	 apoptotic	

programmed	 cell	 death	 of	 neurons	 in	 order	 to	 eliminate	 the	 improper	 formed	

connections	and	to	ensure	the	appropriate	amount	of	surviving	innervating	neurons	

required	 by	 the	 different	 target	 organs.	 In	 the	 adulthood	 neurotrophins	 stop	 to	 be	

directly	involved	in	the	acute	survival	of	neurons,	but	rather	their	main	function	relies	

in	the	preservation	of	neuronal	phenotype	and	function.	It	has	been	also	discovered	

that,	 during	 adulthood,	 neuronal	 electrical	 activity	 regulates	 the	 neurotrophins	

synthesis,	secretion	and	action	in	the	brain	and	that,	in	turn,	neurotrophins	are	able	to	

modify	both	synaptic	function	(transmission)	and	structure	(connectivity)	in	response	

to	stimulus-dependent	activity,	suggesting	that	they	play	a	remarkable	role	in	synaptic	

plasticity	(E.	J.	Huang	&	Reichardt,	2001).		

So	far,	four	are	the	members	that	compose	the	mammalian	neurotrophins	family,	

being	Nerve	Grow	Factor	 (NGF)	 the	 first	 to	be	 identified	 in	 the	1950s	by	Rita	Levi-

Montalcini,	 Stanley	 Cohen	 and	 Viktor	 Hamburger	 as	 a	 molecule	 functioning	 in	 the	

peripheral	nervous	system	(PNS),	even	if	years	of	research	clarify	that	it	acts	also	in	the	

CNS.	 Back	 in	 1982,	 Yves-Alain	 Brade	 and	 collogues	 described	 a	 factor	 exerting	

analogous	neurotrophic	 and	neurotropic	 activity	 in	CNS	neurons	become	known	as	

BDNF.	Subsequently,	two	more	factors	were	isolated	based	on	their	homology	to	NGF	

and	BDNF:	neurotrophin-3	(NT-3)	and	neurotrophin-4	(NT-4).	

All	 the	 four	 neurotrophins	 are	 initially	 synthesized	 as	 precursors	 or	 pro-

neurotrophins	containing	at	their	N-terminal	signal	peptides	followed	by	a	pro-region.	

Pro-neurotrophins	 can	 be	 secreted	 or	 undergo	 proteolytic	 cleavage	 by	 furin	 or	

convertases	 to	 produce	 the	mature	 forms,	 that,	 after	 the	 translation	 process,	 form	

stable,	non-covalent	dimers.	Whilst	for	a	long	time	a	real	biological	function	has	been	

attributed	 only	 to	mature	 neurotrophins,	 several	 roles	 have	 been	 discovered	 to	 be	

exerted	also	by	pro-neurotrophins.	Neurotrophins	exert	 their	action	by	binding	and	

activating	two	different	types	of	cell	surface	receptor:	the	tropomyosin-related	kinase	

(TrK)	receptor	tyrosine	kinases	and	the	p75	neurotrophin	receptor.	More	precisely,	it	
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has	been	observed	that	mature	neurotrophins	preferentially	stimulate	Trk	receptors	

promoting	survival.	NGF	mainly	activates	TrKA	receptors,	BDNF	and	NT-4	specifically	

signals	through	TrKB	receptors	and	NT-3	principally	binds	TrKC	receptors.	In	addition	

they	 can	 exert	 their	 function	 binding	 with	 low	 affinity	 the	 p75	 receptor.	 On	 the	

contrary,	this	type	of	receptor	is	activated	in	a	more	selectively	fashion	by	pro-forms	

that,	this	way,	induce	apoptosis	(Chao,	2003).	

Different	studies	have	highlighted	the	exitance	of	different	neurotrophins	sources.	

An	 important	 font	 of	 trophic	 factors	 is	 represented	 by	 target	 organs	 (especially	 in	

peripheral	 nervous	 system)	 that,	 this	 way,	 finally	 controls	 the	 terminal	 size	 of	 the	

innervating	neuronal	population.	Second,	neurotrophins	can	be	secreted	by	glial	cells	

stimulated	by	cytokines	in	response	to	some	kind	of	nerve	injuries	and	also	by	neurons	

themselves	(E.	J.	Huang	&	Reichardt,	2001). Neuronal	cells	can	release	neurotrophins	

both	pre-	or	post-	synaptically,	according	to	the	brain	area.	Indeed,	neurotrophins	may	

be	secreted	from	neuronal	dendrites	as	a	consequence	of	synaptic	activity	and	function	

as	 retrograde	 factors	 on	 the	 presynaptic	 neuron.	 Otherwise,	 they	 can	 undergo	

anterograde	 transport	 from	 the	 soma	 to	 presynaptic	 compartment	 and,	 after	 being	

released	in	response	to	neuronal	activity,	they	can	act	on	the	postsynaptic	neuron.		

Among	 all	 neurotrophins,	 BDNF	 has	 received	 great	 interest	 due	 to	 its	 strong	

involvement	 in	neurodegenerative	disorders	 such	 as	HD,	AD	and	PD.	Human	BDNF	

gene	 is	 composed	 by	 11	 exons	 controlled	 by	 9	 different	 promoters	 that	 allow	

alternative	 splicing	 with	 the	 consequent	 production	 of	 transcripts	 that	 are	 tissue-

specific.	 Within	 the	 adult	 brain,	 BDNF	 protein	 is	 found	 in	 different	 areas	 such	 as	

cerebral	cortex,	hypothalamus,	striatum	and	cerebellum.	Interestingly,	in	contrast	to	

high	 proteins	 levels,	 bdnf	mRNA	 is	 almost	 absent	 in	 the	 striatum,	 suggesting	 that	

striatal	BDNF	comes	from	others	brain	regions:	it	is	likely	that	neurons	of	the	cerebral	

cortex	 and	 SNpc	 synthesize	 and	 anterogradely	 transport	 the	 neurotrophin	 in	 the	

striatum,	 where	 it	 is	 fundamental	 for	 the	 its	 maintenance	 and	 proper	 function	

(Baydyuk	 &	 Xu,	 2014).	 Notably,	 also	 TrKB	 mRNA	 and	 protein	 possess	 a	 broad	

distribution	in	the	nervous	system,	even	if	with	a	certain	region	and	cellular	specificity.	

For	 instance,	 in	 the	 striatum	 it	 is	 preferentially	 expressed	 by	MSNs	 of	 the	 indirect	

pathway,	those	that	are	prevalently	affected	in	HD	(Baydyuk	&	Xu,	2014).		

The	 process	 of	 BDNF	 production	 involves	 multiple	 steps	 and	 starts	 with	 the	

synthesis	of	the	pre-pro	BDNF	in	the	ER.	One	transported	in	Golgi	apparatus,	the	pre-	
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sequence	 is	 cleaved	and	 the	pro-neurotrophin	 isoform	 is	 translated	 (proBDNF)	and	

accumulated	in	the	TGN.	At	this	point	 it	 is	directly	secreted	as	 immature	isoform	or	

further	 cleaved	 to	 produce	 the	 mature	 BDNF	 (mBDNF)	 that	 is	 then	 released	 via	

secretory	vesicles.	They	can	be	the	small	secretory	granules	of	the	constitutive	pathway	

when	pro-BDNF	is	cleaved	immediately	in	the	TGN,	or	larger	vesicles	of	the	regulated	

pathway	when	it	is	cleaved	within	the	vesicles	themselves.	In	neuronal	cells,	the	second	

way	is	by	far	the	most	frequent	and	it	is	strictly	activity-calcium-dependent.	Once	in	

the	 extracellular	 space	 mBDNF	 and	 proBDNF	 are	 able	 to	 exert	 their	 physiological	

function	(Kowiański	et	al.,	2018;	Mercado	et	al.,	2017).	The	ratio	of	this	two	isoforms	

changes	based	on	brain	developmental	stages	and	regions.	More	in	detailed,	pro-BDNF	

with	an	high	affinity	for	p75	neurotrophin	receptor,	is	present	in	greater	concentration	

in	 early	 postnatal	 period	 during	 which	 it	 plays	 a	 negative	 influence	 on	 neuronal	

remodeling	 via	 reducing	 dendritic	 complexity	 and	 promotion	 of	 cell	 death,	

guaranteeing	this	way	the	proper	neuro	and	synaptogenesis	and	the	elimination	of	the	

mature	neurons	surplus	and	of	the	anomalous	connections.	During	the	adulthood,	the	

more	prevalent	isoform	is	mBDNF	that	enhances	the	developmental	process	and	also	

synaptic	 transmission	 and	 plasticity.	 Thus,	 given	 both	 the	 two	 isoforms	 have	 been	

shown	to	be	biologically	active	and	given	their	partially	opposite	function,	a	dynamic	

balance	 between	 the	 two	 appears	 to	 be	 crucial	 to	 ensure	 the	 maintenance	 of	

physiological	homeostasis	(Kowiański	et	al.,	2018;	Mercado	et	al.,	2017).		

4.1. BDNF-mediated	signaling	pathways	

BDNF	is	able	to	perform	its	biological	functions	thanks	to	the	binding	of	its	different	

isoforms	 to	 specific	 receptors	 and	 the	 subsequent	 activation	 of	 ad	 hoc	 pathways.	

Synaptically	secreted	mBDNF	once	dimerized	recognizes	TrKB	receptor	triggering	its	

dimerization	and	autophosphorylation	of	intracellular	tyrosine	residues.	These	class	

of	 receptors	 are	 indeed	 compose	 of	 intracellular	 tyrosine	 kinase	 domains	 and	

extracellular	 immunoglobulin	 domains	 that	 bind	 ligand.	 Phosphorylated	 TrKB	

stimulates	the	initiation	of	three	major	intracellular	signaling	cascades	culminating	in	

gene	 expression	 and	 protein	 translation	 (Fig.20).	 More	 in	 detail,	 the	 MAPK/Ras	

signaling	pathway	activates	ERK1/2	and	CREB,	being	important	for	the	early	response	

gene	expression	and	for	protein	synthesis,	as	those	involved	in	cytoskeletal	dynamics	

and	dendritic	growth	and	branching.	The	cytoskeleton	development	and	the	fostering	
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of	 dendritic	 development	 and	 ramification	 are	 promoted	 also	 by	 the	

phosphatidylinositol	3-kinase	(PI3K)/Akt-related	pathway	that	in	addition	enhances	

antiapoptotic	and	pro-survival	effects	and	modulates	the	NMDAR-dependent	synaptic	

plasticity.	 Also	 the	 PLC-γ-dependent	 pathway	 is	 stimulated	 with	 the	 production	 of	

diacylglycerol	(DAG)	and	inositol	trisphosphate	(IP3),	which	activate	protein	kinase	C	

(PKC)	 and	 increase	 the	 intracellular	 Ca2+	 concentration	 respectively,	 triggering	 the	

Ca2+-calmodulin	 dependent	 protein	 kinase	 (CaM	 kinase)	 activity	 and	 resulting	 in	

enhancement	 of	 synaptic	 plasticity.	 Finally,	 via	 binding	 TrKB	 BDNF	 can	 activate	 a	

fourth	 signaling	 cascade,	 that	 is	 the	Rho-GTPases-mediated	pathway.	 It	 arouses	 the	

synthesis	of	actin	and	microtubule	resulting	in	growth	of	neuronal	fibers	(Kowiański	

et	al.,	2018)	(Fig.20).		

Alongside,	 pro-BDNF	 is	 capable	 of	 signaling	 through	 the	 preferential	 interaction	

with	 the	 p75	 neurotrophin	 receptor	 through	 its	 mature	 domain	 and	 with	 the	 co-

receptor	sortilin	via	its	pro-domain,	forming	the	pro-BDNF/p75/sortilin	complex.	As	

result,	 three	principal	pathways	are	activated	 (Fig.20)	 :	 the	c-Jun	N-terminal	kinase	

(JNK),	 Ras	 homolog	 gene	 family	 member	 A	 (RhoA)	 or	 NF-κB	 –	 related	 signaling	

cascades.	They	lead	to	expression	of	genes	involved	respectively	in	programmed	cell	

death,	neuronal	development	and	survival.		

Fig.20:	 BDNF	 signaling:	Representative	 image	 of	 the	main	 signaling	 pathways	 activated	 by	
BDNF.	The	left	side	of	the	image	reports	the	proBDNF	signaling	upon	the	binding	of	p75	receptor;	
the	right	side	of	the	image	reports	the	mBDNF	signaling	upon	the	binding	with	TrKB	receptor.	
Adapted	from	(Hernandez-Baltazar	et	al.,	2019).	
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Overall,	what	 is	extremely	evident	 is	 that	 the	 transcription,	 translation,	secretion	

and	signaling	of	BNDF	isoforms	originate	a	variety	of	different	outcomes	on	neuronal	

function,	making	this	neurotrophin	a	pleiotropic	factor.	On	one	hand,	pro-BDNF	acts	

preferentially	 during	 the	 development	 promoting	 a	 delicate	 equilibrium	 between	 a	

negative	 influence	 on	 neuronal	 remodeling,	 development	 and	 LTP	 with	 apoptosis	

stimulation	and	the	supporting	of	survived	neurons.	On	the	other	side,	the	function	of	

mBDNF	 consists	 in	 enhancing	 processes	 linked	 to	 development	 likewise	 those	

associated	with	the	improving	of	memory	and	cognition	in	the	adulthood	and	related	

to	increased	brain	activity	and	synaptic	transmission	(Kowiański	et	al.,	2018;	Mercado	

et	al.,	2017).	

4.2. BDNF	synaptic	plasticity	and	Parkinson’s	disease		

Synaptic	 plasticity	 can	 be	 defined	 as	 experience-dependent	modifications	 in	 the	

efficacy	 and	 strength	 of	 preexisting	 synapses.	 Lasting	 changes	 are	 at	 the	 base	 of	

information	 storage	 for	 the	 formation	 of	 memory	 and	 are	 the	 consequence	 of	 the	

promotion	 of	 late	 LTP,	 involving	 protein	 synthesis	 (Bramham	&	Messaoudi,	 2005).	

Among	all	neurotrophins,	BDNF	emerges	due	to	 its	elevate	brain	expression	and	 its	

powerful	effect	on	synapses.	Indeed,	nowadays	there	is	a	quite	consensus	in	identifying	

synapse	 regulation	 as	 the	 main	 function	 of	 BDNF	 in	 the	 mature	 brain,	 with	 both	

functional	and	structural	endings	on	excitatory	or	inhibitory	synapses.	In	particular,	

BDNF/TrKB	 axis	 has	 been	 widely	 demonstrated	 to	 mediate	 synaptic	 consolidation	

participating	 in	 the	 induction	 of	 both	 early	 LTP	 and	 late	 LTP,	 principally	 in	

hippocampus	 but	 also	 in	 other	 brain	 regions	 (Leal	 et	 al.,	 2014).	 The	 short-lasting	

processes	 controlled	 by	 BDNF	 relate	 on	 the	 modification	 of	 components	 already	

available	at	the	synapse:	pre-	and	post-	synaptic	preexisting	proteins	are	subjected	to	

post-translational	regulation,	 like	phosphorylation	enhancing	overall	 the	strength	of	

the	synaptic	transmission	(Kowiański	et	al.,	2018;	Leal	et	al.,	2014).	For	instance,	at	the	

presynapse	BDNF	has	been	reported	 to	 increase	 the	number	of	docked	vesicles	per	

active	 zone	potentiating	 the	NTs	 (e.g.	 glutamate)	 release;	while	 in	 the	 postsynaptic	

compartment	it	has	been	showed	to	intensify	glutamate	receptors	opening	probability	

phosphorylating	 their	 subunits	 and	 also	 to	 promote	 the	 synaptic	 accumulation	 of	

AMPA	 receptors	 potentiating	 the	 postsynaptic	 response	 to	 NTs	 release.	 These	

transient	outcomes	could	be	followed	by	more	prolonged	synaptic	changes,	at	the	base	
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of	 long-term	 effects	 and	 dependent	 on	 gene	 expression	 and	 protein	 synthesis	

modification	with	a	final	modification	in	synaptic	protein	content	(Leal	et	al.,	2014).	

The	 set	of	 gene	 induced	during	 the	 establishment	of	 LTP	 includes	 also	BDNF	 itself:	

basically,	the	expression	of	BDNF	rises	in	a	dependent-stimulation	fashion	and,	on	the	

other	hand,	the	increased	amount	of	BDNF	reinforces	synaptic	function.	Interestingly,	

de	novo	gene	transcription	and	protein	synthesis	associate	LTP	with	the	enlargement	

and	 the	 formation	 of	 dendritic	 spines	 suggesting	 that	 sustained	 stimulation	 of	

excitatory	 synapses	 inducing	 LTP	 is	 also	 connected	 to	 post-synaptic	 structural	

changes.	In	this	regard,	even	if	the	underlying	mechanism	remains	partially	unknown,	

it	has	been	extensively	demonstrated	that	BDNF-TrKB	signaling	is	an	important	factor	

involved	in	the	regulation	of	dendritic	spines	density	and	shape	(Mercado	et	al.,	2017;	

von	Bohlen	und	Halbach	&	von	Bohlen	und	Halbach,	2018).	Indeed,	mice	lacking	TrKB	

receptor	display	a	significant	reduction	in	the	dendritic	spines	density.	Recent	work	

showed	 that,	 besides	 LTP	 strength	 promotion	 acting	 on	 the	 presynaptic	 site,	 BDNF	

operating	 postsynaptically	 is	mostly	 involved	 in	 LTP	maintenance.	 In	 hippocampal	

neurons,	even	a	spine	autonomous	autocrine	signaling	has	been	described:	the	NMDAR	

and	 CaMKII-dependent	 pathway	 activation	 induces	 the	 release	 of	 BDNF	 that	

subsequently	activates	TrKB	on	the	same	stimulated	spines	(von	Bohlen	und	Halbach	

&	von	Bohlen	und	Halbach,	2018).	Among	 the	possible	actions	exerted	by	BDNF	on	

dendritic	 spines	 there	 is	 the	 possibility	 that	 the	 neurotrophin	 increases	 the	

polymerization	 of	 spines	 actin	mesh	 by	 regulating	 p21-activated	 kinase	 (PAK)	 and	

ADF/cofilin	(Leal	et	al.,	2015).	The	same	effects	on	actin	cytoskeleton	is	achieved	after	

the	activation	of	m-calpain	via	ERK-dependent	phosphorylation.	The	actin	 filaments	

remodeling	and	elongation	is	fundamental	for	the	maintenance	of	LTP	in	vivo.	

4.3. BDNF	and	its	involvement	in	PD		

Several	studies	have	reported	an	outstanding	role	of	BDNF	in	promoting	the	survival	

and	function	of	neurons	belonging	to	two	brain	areas	related	to	PD:	SN	and	striatum	

(Mercado	et	al.,	2017).	The	neurotrophin	signal	is	indeed	involved	in	the	support	of	DA	

neurons	 located	 in	 the	 SN,	 as	 proved	 by	 the	 fact	 that	 the	 lack	 of	 TrKB	 receptor	 is	

associated	with	 neuronal	 degeneration	with	 accumulation	 of	 α-Syn	 in	 the	 survived	

neuronal	cells	(Bohlen	und	Halbach	et	al.,	2005).	Also	the	electrical	activity	of	these	

neurons,	 DA	 turnover	 and	 motor	 behaviors	 are	 stimulated	 by	 BDNF.	 Another	
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fundamental	role	is	played	by	BDNF	in	striatal	compartment,	both	during	development	

and	adulthood.	The	production	of	BDNF	in	the	striatum,	as	mentioned	before,	is	almost	

absent	 and	 the	 protein	 is	 supplied	 by	 cortical	 and	 SNpc	 dopaminergic	 projections.	

During	 the	 embryogenesis	 the	main	 source	 of	 BDNF	 has	 been	 found	 to	 be	 the	 DA	

neurons	of	the	SN,	given	the	expression	of	BDNF	is	low	also	in	the	cortex.	Thus,	it	has	

been	proposed	that	the	small	SNpc	area	is	able	to	regulate	the	size	of	its	larger	target,	

the	striatum,	controlling	via	BDNF,	together	with	other	neurotrophins,	the	survival	of	

immature	MSNs	starting	from	their	origin.	In	developing	brain	BDNF	helps	the	MSNs	

maturation	 and	 the	 proper	 establishment	 of	 striatal	 connection	 that	 depend	 on	

expression	of	appropriate	neuronal	markers,	the	complexity	of	dendritic	arbor	and	the	

morphology	of	dendritic	spines.	Finally,	 in	 the	adult	brain,	BDNF,	derived	also	 from	

cortical	projections,	represent	a	critical	factor	influencing	dendritic	spine	and	synapse	

dynamic	and	plasticity	(Baydyuk	&	Xu,	2014;	Mercado	et	al.,	2017).	

The	 critical	 role	 of	 BDNF-TrKB	 axis	 in	 the	 nigrostriatal	 system,	 especially	 its	

involvement	 in	 the	 maintenance	 of	 dendritic	 spine	 density	 and	 synapse	 function,	

suggests	 that	 any	 kind	 of	 abnormalities	 in	 BDNF	 signaling,	 such	 as	 alterations	 in	

anterograde	transport	and	gene	expression	from	brain	regions	providing	BDNF	to	the	

striatum,	might	cause	neuronal	dysfunction	significantly	and	negatively	impacting	on	

BG	physiology.	Interestingly,	many	lines	of	evidence	linked	BDNF	to	PD	pathology.	In	

particular,	post	mortem	analysis	of	PD	brains	has	highlighted	a	significant	decrease	in	

BDNF	mRNA	and	proteins	levels	 in	DA	neurons	of	the	SNpc	that	correlates	with	the	

severity	of	motor	symptoms	(Mercado	et	al.,	2017).	It	has	been	found	that	the	loss	of	

BDNF	is	present	in	some	early	onset	form	of	PD	associated	to	mutated	Syn	(Zuccato	&	

Cattaneo,	2009).	The	reduction	in	BDNF	production	in	PD	midbrain	could	be	involved	

in	the	death	of	nigral	dopaminergic	neurons,	but	also	could	contribute	to	disfunctions	

in	striatal	neurons	that	have	been	found	to	show	a	consistent	reduction	in	the	length	

of	dendrites,	with	the	remaining	dendrites	often	showing	few	to	no	spines	(Mercado	et	

al.,	2017).	Consistently,	when	delivered	in	experimental	animal	models	of	PD,	BDNF	is	

able	to	rescue	the	SNpc	DA	neurons	that	are	degenerating	(Zuccato	&	Cattaneo,	2009).		
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Aim	of	the	project		

This	PhD	project	 investigated	 the	physiological	 role	of	 the	PD-associated	protein	

LRRK2	in	orchestrating	post-synaptic	functionality	via	actin	cytoskeleton	remodeling,	

together	with	the	potential	pathological	implications	of	the	PD	G2019S	mutation	in	this	

compartment.		

Functional	synapses	are	essential	for	the	proper	activity	of	brain	circuits.	Among	all	

existing	 categories,	 dendritic	 spines,	 small	 protrusions	 originating	 from	 neuronal	

dendrites,	 constitute	 the	 postsynaptic	 element	 of	most	 excitatory	 synapses	 and	 are	

particularly	abundant	in	some	classes	of	neuronal	cells	such	as	striatal	MSNs	(Hering	

&	 Sheng,	 2001).	 They	 increase	 synaptic	 efficacy	 by	 compartmentalizing	 the	

postsynaptic	signaling	machinery	and	can	assume	various	shapes,	which	correlate	with	

different	levels	of	maturation	and	functionality	(Chidambaram	et	al.,	2019).	Being	very	

dynamic	elements	capable	of	changing	their	morphology	in	response	to	appropriate	

stimuli	along	the	entire	life	span,	dendritic	spines	are	at	the	base	of	synaptic	plasticity	

(Chidambaram	et	al.,	2019).		

Synapses	damage	or	loss	can	harm	the	information	transfer	and	the	capacity	of	the	

nervous	system	to	modify	its	own	organization,	leading	to	pathology.	To	this	regard,	

accumulating	 evidence	 indicates	 that	 synaptic	 loss	 and	 vulnerability,	 including	

alterations	 in	 dendritic	 spines,	 constitute	 early	 pathological	 events	 in	 several	

neurodegenerative	diseases	(Fiala	et	al.,	2002).	These	processes	have	been	extensively	

characterized	in	Alzheimer	disease	(AD)	and	Huntington	disease	(HD),	where	loss	of	

synaptic	 connections	has	been	 shown	 to	precede	disease	 clinical	 signs	 (Hong	et	 al.,	

2016;	Milnerwood	&	Raymond,	2010).	PD,	a	progressive	neurodegenerative	disorder	

affecting	1-2%	of	the	population	over	the	age	of	65,	is	pathologically	characterized	by	

the	loss	of	SNpc	DA	neurons	projecting	to	the	dorsal	striatum.	At	the	time	of	the	onset	

of	motor	 symptoms,	 the	 loss	of	 striatal	DA	synaptic	 terminals	has	been	reported	 to	

exceed	the	loss	of	DA	cell	bodies	in	the	SNpc	(Tagliaferro	&	Burke,	2016).	All	these	lines	

of	 evidence	 point	 to	 early	 synaptic	 dysfunction	 as	 an	 initial	 mechanism	 of	 PD	

neurodegeneration,	prodromal	 to	neuronal	death	and	disease	 clinical	manifestation	

(Picconi	et	al.,	2012;	S.	Soukup	et	al.,	2018).	Nevertheless,	the	onset	of	such	a	process	

and	its	molecular	mechanisms	and	triggers	are	still	unknown.		
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Previous	data	from	our	team	and	other	laboratories	clearly	suggest	a	key	role	for	

LRRK2	at	the	synapse.	In	this	compartment	LRRK2	physically	interacts	with	vesicles	

and	actin	cytoskeleton,	providing	the	scaffold	for	the	assembly	of	local	signaling	and	

the	achievement	of	the	main	synaptic	functions	(Civiero	et	al.,	2018).	The	role	of	LRRK2	

at	the	presynaptic	site	has	been	extensively	studied:	it	has	been	shown	to	regulate	SVs	

cycling	 through	 interaction	and	phosphorylation	of	a	panel	of	pre-synaptic	proteins	

(Pischedda	&	Piccoli,	 2021).	 For	 example,	 LRRK2	binds	 and	 phosphorylates	NSF	 at	

T645,	enhancing	its	ATPase	activity	with	consequent	increased	rate	of	SNARE	complex	

disassembly	 (Belluzzi	 et	 al.,	 2016).	 LRRK2	 was	 also	 found	 to	 phosphorylate	 other	

presynaptic	substrates,	including	auxillin,	Endophilin	A	and	synapsin	I,	impacting	on	

neurotransmitter	release	and	local	autophagy	(Pischedda	&	Piccoli,	2021).	

In	contrast,	a	putative	LRRK2	activity	at	the	postsynaptic	element	has	not	yet	been		

investigated	as	extensively.	Of	note,	LRRK2	is	highly	expressed	in	MSNs	of	the	dorsal	

striatum	(Mandemakers	et	al.,	2012;	West	et	al.,	2014),	 rich	 in	dendritic	spines	and	

constituting	the	postsynaptic	element	of	the	nigrostriatal	pathway.	The	postsynaptic	

compartment	is	mainly	represented	by	dendritic	spines,	which	possess	a	cytoskeleton	

made	essentially	by	actin	filaments.	In	neurons,	besides	playing	a	critical	role	in	the	

growth	of	dendrites	and	axons	in	coordination	with	microtubules,	actin	dynamics	 is	

the	driving	 force	 that	underlies	synapse	 formation	and	plasticity	(Cingolani	&	Goda,	

2008),	shaping	dendritic	spines	morphology	and	influencing	their	maturation.		

	

The	central	hypothesis	of	this	project	is	that	LRRK2	regulates	the	dynamics	of	the	

actin	cytoskeleton	in	dendritic	spines,	influencing	their	genesis	and	maturation.	

	

The	 first	 aim	 was	 to	 understand	 whether	 and	 how	 LRRK2	 influences	 the	

structural	 dynamics	 of	 postsynaptic	 spines,	 taking	 advantage	 of	 several	

complementary	 approaches,	 including	Golgi-Cox	 imaging	of	mouse	 striatal	 neurons,	

immunofluorescence	 of	 mouse	 brain,	 imaging	 analysis	 of	 dendritic	 spines,	 affinity	

purification	 coupled	with	mass	 spectrometry,	 cell	 biology	 and	biochemistry.	 In	 this	

part	of	 the	work	we	assessed	 the	physiological	 impact	of	mouse	Lrrk2	on	dendritic	

spines	maturation	and	dissected	the	molecular	mechanisms	and	players	behind	Lrrk2-

dependent	 spine	 remodelling.	 In	 particular,	 we	 will	 take	 advantage	 of	 BDNF-TrKB	

signalling	 cascade	 as	 a	 model	 to	 explore	 Lrrk2-mediated	 spinogenesis.	 BDNF	 is	
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fundamental	for	the	formation,	maintenance	and	adaptation	of	striatal	synapses	and	

its	deficiency	has	been	linked	to	PD	development	(Mercado	et	al.,	2017).	We	collected	

and	 discussed	 compelling	 data	 pointing	 to	 a	 Lrrk2-dependent	 actin	 cytoskeleton	

remodeling	 with	 impact	 on	 BDNF-receptor	 TrKB	 traffic	 and	 actin-related	 protein	

function.	A	special	 focus	was	given	 to	drebrin,	a	postsynaptic	actin-binding	protein,	

whose	interaction	with	LRRK2	was	influenced	by	neurotrophic	signaling.	

The	second	aim	of	the	project	was	to	evaluate	the	pathological	consequences	of	

increased	LRRK2	kinase	activity	caused	by	the	common	LRRK2	G2019S	mutation	

on	 dendritic	 spine	 structure.	 Impaired	 actin	 dynamics	 and	 the	 consequent	

alterations	of	the	delicate	cytoskeletal	network	in	the	presence	of	mutant	LRRK2	may	

severely	affect	neuronal	homeostasis,	including	the	proper	postsynaptic	functionality.	

We	 provided	 interesting	 data	 describing	 the	 impact	 of	 Lrrk2	 G2019S	 pathological	

mutation	on	striatal	dendritic	spines.		

LRRK2	is	a	very	complex	protein	affecting	multiple	cellular	processes.	While	fifteen	

years	of	research	on	LRRK2	have	contributed	to	make	important	steps	forward	in	the	

definition	of	the	mechanisms	underlying	LRRK2	physiology	and	pathology,	there	are	

still	many	biochemical	and	cellular	aspects	that	remain	to	be	explored.	By	exploring	

the	 role	 of	 LRRK2	 in	 synaptic	 function,	 this	 PhD	work	 contributed	 to	make	 a	 step	

forward		in	the	research	field	of	LRRK2	pathobiology.		
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6. Materials	and	Methods		

6.1. Animals	
C57Bl/6J	 Lrrk2	 wild-type	 and	 knock-out	 mice	 were	 respectively	 provided	 by	 Dr.	

Heather	Melrose	and	Jackson	Laboratory	(B6.129X1	(FVB)-Lrrk2	tm1.1Cai/J).	G2019S-

Lrrk2	knock-in	mice	were	obtained	from	Prof.	Michele	Morari	and	Novartis	Institutes	

for	BioMedical	Research,	Novartis	Pharma	AG	(Basel,	Switzerland).	G2019S-Lrrk2	BAC	

mice	 were	 obtained	 from	 Jackson	 Laboratory	 [B6.Cg-Tg(Lrrk2*G2019S)2Yue/J].	

Housing	and	handling	of	mice	were	done	in	compliance	with	national	guidelines.	All	

animal	 procedures	 were	 approved	 by	 the	 Ethical	 Committee	 of	 the	 University	 of	

Padova	and	the	Italian	Ministry	of	Health	(license	1041/2016-PR	and	105/2019).	

6.2. Constructs		

GFP-LRRK2	 WT	 cloned	 in	 pDEST53	 (Life	 Technologies)	 was	 previously	 described	

(Greggio	 et	 al.,	 2006);	 The	 different	 LRRK2	 truncation	 constructs	 containing	 an	 N-

terminal	GFP	tag	were	previously	described	(Greggio	et	al.,	2008).		

6.3. Mammalian	cells	cultures	

6.3.1. SH-SY5Y	cell	culture	and	differentiation	

Human	neuroblastoma	SH-SY5Y	cells	were	grown	in	a	complete	medium	composed	

of	 a	 1:1	 mixture	 of	 Dulbecco's	 Modified	 Eagle's	 Medium	 (DMEM,	 ThermoFisher	

Scientific)	 and	 Ham’s	 F-12	 Nutrient	 Mixture	 (F12,	 ThermoFisher	 Scientific),	

supplemented	with	10%	Fetal	Bovine	Serum	(FBS,	ThermoFisher	Scientific)	and	1%	

Penicillin-Streptomycin	solution	(PS,	ThermoFisher	Scientific).	Cells	were	maintained	

at	37°C	in	a	humified	atmosphere	with	5%	CO2.	

When	 80-100%	 confluence	 was	 reached,	 SH-SY5Y	 cells	 were	 washed	 with	

Dulbecco’s	Phosphate	Buffered	Saline	(DPBS,	ThermoFisher	Scientific)	to	remove	the	

cell	culture	medium	and,	after	removal	of	DPBS,	cells	were	incubated	with	trypsin	0.1X	

(ThermoFisher	 Scientific)	 in	 order	 to	 detach.	 Fresh	 medium	 was,	 then,	 added	 to	

inactivate	 the	 proteolytic	 enzyme	 and,	 once	 centrifuged	 for	 5	minutes	 at	 400g,	 the	

supernatant	was	discarded	and	the	cells	were	resuspended	and	counted.	
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About	 350.000	 cells	 were	 plated	 in	 6	 well-plates	 (Sarstedt	 Limited)	 in	 2mL	 of	

DMEM/F12	containing	1%	PS	and	1%	FBS.	10µM	all-trans-retinoic	acid	(RA,	Sigma-

Aldrich®)	 was	 added	 to	 promote	 N-type	 (neuronal-like	 cells)	 cell	 differentiation.	

Furthermore,	about	50.000	cells	were	plated	 in	24-well	cell	culture	plates	(Sarstedt	

Limited)	containing	12mm	glass	coverslips	in	500μl	of	DMEM/F12	added	with	1%	FBS,	

1%	PS	and	10µM	RA	to	induce	N-type	cell	differentiation.	Coverslips	were	pre-treated	

with	poly-L-Lysine	1X	(Sigma-Aldrich®)	in	order	to	improve	cell	adhesion.	Cells	were,	

subsequently,	incubated	at	37°C	in	5%	CO2.	At	regular	intervals	of	48	hours,	RA	was	

newly	 provided	 to	 the	 differentiating	 cells:	 on	 differentiation	 day	 2,	 RA	was	 added	

directly	 to	 the	 medium,	 while,	 on	 differentiation	 day	 4,	 the	 differentiation	 media	

(supplemented	with	RA)	was	refreshed.	Cells	were	incubated	again	at	37°C	in	5%	CO2	

and	the	differentiation	process	was	carried	on	until	differentiation	day	6,	when	cells	

were	subjected	to	various	treatments	(Paragraph	6.3.4.2.).	

6.3.2. HEK293T	cells		

HEK293T	cells	(Life	Technologies)	were	cultured	in	DMEM	supplemented	with	10%	

FBS	and	maintained	at	37°C	 in	 a	humified	atmosphere	with	5%	CO2.	When	at	80%	

confluency,	 cells	 were	 washed	 with	 DPBS	 to	 remove	 the	 cell	 culture	 medium	 and	

incubated	with	trypsin	0.1X.	The	enzyme	was	inactivated	with	fresh	medium	and,	after	

centrifugation	(5	minutes	at	400g),	the	supernatant	was	discarded	and	the	cells	were	

resuspended	 and	 counted.	About	 8000000	 cells	were	 plated	 in	 150mm	cell	 culture	

dishes	 (Sarstedt	 Limited)	 in	 12mL	 of	 supplemented	 DMEM.	 24	 hours	 after	 plating,	

when	at	80%	confluency,	cells	were	subjected	to	transfection.		

6.3.3. Primary	cultures	of	cortical	neurons	

Primary	 cortical	 neurons	were	 obtained	 from	postnatal	 Lrrk2	WT	and	Lrrk2	KO	

C57BL/6J	pups	between	day	0	and	1	(P0-P1)	exploiting	the	Papain	Dissociation	System	

(Worthington	Biochemical	Corporation).	The	brain	was	removed	and,	once	 isolated,	

cortices	were	snipped	 into	smaller	pieces	and	 transferred	 in	Papain	solution	where	

they	were	further	triturated	10	times.	Then,	the	solution	was	incubated	for	40	minutes	

at	 37°C	 and	 was	 mixed	 by	 inversion	 every	 10	 minutes.	 Subsequently,	 cells	 were	

triturated	10	times	and	spun	down	in	a	swinging-bucket	rotor	for	5	minutes	at	200g.	
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The	supernatant	was	discarded	and	3mL	of	STOP	solution	was	added	to	the	pellet:	after	

triturating	3	times,	the	tubes	were	incubated	for	10	minutes	at	room	temperature	(RT)	

to	allow	the	bigger	pieces	of	 tissue	 to	precipitate.	Then,	 the	supernatant	was	gently	

pipetted	drop-by-drop	upon	5mL	of	10/10	solution	and	spun	down	for	10	minutes	at	

100g.	After	discarding	the	supernatant,	 the	pellet	was	resuspended	in	about	5mL	of	

Neurobasal	plating	medium	and	cells	were	diluted	to	1:10	in	0.4%	Trypan	blue	to	be	

counted.	 High-density	 (1000-1500	 cell/mm2)	 and	 medium	 density	 (150-200	

cells/mm2)	 neuronal	 cultures	 were	 plated	 onto	 6-well	 plates	 or	 on	 12mm	 glass	

coverslips	in	24-well	plates	respectively	and	grown	in	Neurobasal	(Life	Technologies)	

supplemented	with	5%	FBS,	2%	B27	supplement	(Invitrogen),	0.5mM	Glutamine	(Life	

Technologies),	 penicillin	 (100Units/ml)	 and	 streptomycin	 (100μg/ml)	 (Life	

Technologies),	in	a	5%	CO2	atmosphere	at	37°C.	After	7	days,	50%	of	the	Neurobasal	

medium	was	removed	and	replaced	with	fresh	one.	Neurons	were	cultured	until	DIV14,	

then	they	were	exposed	to	BDNF	treatment	(Section	6.3.4.2.).	

6.3.4. Mammalian	cells	transfection	and	treatments	

6.3.4.1. Transfection	

For	the	purification	assay	and	the	following	WB	analysis	HEK293T	were	transiently	

transfected	with	plasmid	DNA	using	polyethylenimine	(PEI,	Polysciences),	utilizing	a	

DNA:PEI	ratio	of	1:2.	A	 total	amount	of	25μg	DNA	was	dissolved	 in	750μl	of	DMEM	

deprived	of	FBS	 for	LRR	and	KIN	 tagged	GFP	constructs,	whereas	 for	all	 the	others	

constructs	40μg	of	plasmid	were	employed.	The	respective	amount	of	PEI	was	added	

to	 750μl	 of	 DMEM	deprived	 of	 FBS.	 After	 5	minutes	 the	 two	 solutions	were	mixed	

together	and	incubated	for	20	minutes	to	allow	the	formation	of	DNA/PEI	complexes.	

The	mix	was	then	added	to	the	cells	that	had	previously	been	plated	in	150mm	dishes	

and	the	cells	were	lysates	after	48	hours.		

For	 the	 immunohistochemistry	 experiments,	 Lrrk2	WT	and	KO	primary	neurons	

were	plated	 in	24-well	plates	and	 transfected	with	DNA	3-4	days	after	 the	 seeding.	

Lipofectamine®	2000	(LIPO)	(Invitrogen)	was	exploited	as	transfection	reagent,	with	

a	DNA:LIPO	ratio	of	1:2.	A	total	amount	of	1μg	DNA	was	dissolved	in	250μl	of	OPTI-

MEM	(Life	Technologies)	and	 the	respective	amount	of	LIPO	was	added	 to	250μl	of	

OPTI-MEM.	The	solutions	were	mixed	together	after	five	minutes	and	incubated	for	20	
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minutes	to	allow	the	formation	of	DNA/LIPO	complexes.	The	mix	was	then	added	drop	

by	drop	to	neurons,	whose	medium	was	previously	changed	with	OPTI-MEM.	After	45	

minutes	of	incubation	the	transfection	medium	were	replaced	with	the	supplemented	

Neurobasal	and	neurons	were	maintained	in	culture	for	additional	9-10	days.		

6.3.4.2. Treatments	

On	differentiation	day	6,	the	differentiation	media	were	completely	removed	from	

each	dish	and	replaced	with	DMEM/F12	added	with	only	1%	PS:	SH-SY5Y	cells	were	

serum-starved	for	5h	at	37°C	in	5%	CO2	in	order	to	prevent	any	possible	interference	

of	 the	 serum	with	 the	 subsequent	 treatment.	 Then,	 the	 inhibition	 of	 LRRK2	 kinase	

activity	was	 achieved	 by	 pre-treating	 cells	with	 0.5µM	MLi-2	 (abcam)	 for	 1.5	 hour.	

Hence,	in	the	same	serum-free	medium,	cells	were	stimulated	for	different	time	periods	

(5,	15	and	60	minutes)	with	BDNF	(100ng/mL,	50240-MNAS,	Sino	Biological)	in	the	

presence	or	absence	of	 the	LRRK2	 inhibitor.	Since	BDNF	and	MLi-2	were	dissolved,	

respectively,	in	H2O	and	dimethyl	sulfoxide	(DMSO,	SigmaAldrich®),	a	negative	control	

sample	was	 included	treating	cells	with	Cell	Culture	Water	Pyrogen	free	(Biowest®)	

and	DMSO	in	equal	final	concentrations.	

One	reach	the	fourteenth	day	in	vitro,	Lrrk2	WT	and	KO	mature	neurons	cultured	in	

the	6-well	plates	for	WB	analysis	were	subjected	to	BDNF	and	Mli2	treatments	for	5,	

30,	60	and	180	minutes	in	Neurobasal	completed	medium.	The	appropriate	controls	

were	also	included.	The	cells	were	then	fixed	in	4%	PFA.	Lrrk2	WT	and	KO	primary	

neurons	 plated	 in	 24-well	 plates	 and	 subjected	 to	 the	 transfection	 protocol,	 were	

treated	for	24	hours	with	BDNF	(100ng/mL)	to	study	the	spinogenesis	process,	or	for	

different	time	periods	(5	minutes,	15	minutes,	1	hours	and	24	hours)	to	investigate	the	

drebrin	exodus.	The	appropriate	controls	were	also	included.	The	cells	were	then	fixed	

in	4%	PFA.		

6.4. Cells	and	tissues	lysis	and	western	blot	analysis	

For	Western	Blot	 (WB)	 analysis	mammalian	 cells	 and	mouse	 brain	 tissues	were	

harvested	in	appropriate	volume	of	RIPA	Lysis	Buffer	(20mM	pH	7.5	Tris-HCl,	150mM	

NaCl,	 1mM	EDTA,	 1mM	EGTA,	 1%,	NP40,	 1%	 sodium	deoxycholate,	 2.5mM	sodium	

pyrophosphate,	 1mM	 β-glycerophosphate,	 1mM	 sodium	 orthovanadate)	
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supplemented	with	1%	protease	 inhibitor	 cocktail	 (SigmaAldrich®).	More	precisely,	

mammalian	cells	were	lysed	at	the	end	of	each	treatment,	after	the	removal	of	culture	

medium	and	two	washes	with	DPBS.		

The	 appropriate	 volume	 of	 each	 sample,	 containing	 50µg	 for	 SH-SY5Y	 cells	 and	

primary	 neurons	 and	 70µg,	 for	 brain	 tissues	was	 denatured	 by	 diluting	 4X	 Sample	

Buffer	(SB,	200mM	Tris-HCl	pH	6.8,	8%	SDS,	400mM	DTT,	40%	glycerol,	Bromophenol	

Blue,	Sigma-Aldrich®	,	in	the	amount	needed	to	reach	the	desired	color	intensity)	to	a	

final	1X	concentration.		

Proteins	 were,	 then,	 resolved	 on	 ExpressPlusTM	 PAGE	 precast	 4-20%	 gels	

(GenScript	Biotech	Corporation,	Piscataway,	NJ,	US)	in	MOPS	running	buffer	at	150V	or	

8%	Tris-glycine	polyacrylamide	gels	in	SDS/Tris-glycine	running	buffer,	according	to	

the	size-resolution	required.	Also,	Precision	Plus	Protein	TM	Standard	Dual	Color	(Bio-

Rad,	Hercules,	CA,	US)	molecular	weight	marker	was	loaded	in	a	separate	lane	of	each	

gel.		

Resolved	proteins	were	transferred	to	polyvinylidenedifluoride	(PVDF)	membranes	

using	 semidry	Biorad	 transfer	machine	 (Trans-Blot	 Turbo	Transfer	 System,	Biorad,	

Hercules,	 CA,	 USA).	 The	 nonspecific	 binding	 sites	 were	 subsequently	 blocked	

incubating	 membranes	 with	 5%	 non-fat	 dry	 milk	 diluted	 in	 0.1%	 Tween-20	 Tris-

buffered	 saline	 (TBS-T)	 for	 1	 hour	 at	 RT	 under	 agitation.	 PVDF	 membranes	 were	

subsequently	incubated	over-night	(ON)	at	4°C	with	primary	antibodies	in	TBS-T	plus	

5%	non-fat	milk	or	5%	BSA.	Membranes	were	then	washed	in	TBS-T	(3x10	minutes)	

at	RT	to	remove	the	excess	of	primary	antibody	and	subsequently	incubated	for	1	hour	

at	RT	with	horseradish	peroxidase	(HRP)-conjugated	α-mouse	or	α-rabbit	IgG.	After	

three	more	washes	 of	 PVDF	 sheets	 in	 TBS-T	 (3x10	min),	 immunoreactive	 proteins	

were	 visualized	 using	 chemiluminescence	 (Immobilon	 ECL	western	 HRP	 substrate,	

Millipore,	 Burlington,	 MA,	 USA).	 Densitometric	 analysis	 was	 carried	 out	 using	 the	

Image	J	software.	The	antibodies	used	for	WB	are	as	follows:	rabbit	α-LRRK2	(MJFF2	

c41-2,	ab133474,	abcam,	1:300);	rabbit	α-phospho-Ser935	LRRK2	(ab133450,	abcam,	

1:300);	mouse	α-phospho-Ser473-AKT	(sc-293125,	Santa	Cruz	Biotechnology,	1:500);	

rabbit	α-AKT	 (9272S,	Cell	 Signaling	Technology,	 1:1000);	 rabbit	α-phospho(Thr202	

/Tyr204	 ,	 Thr185	 /Tyr187	 )-ERK1/2	 (12-302,	 EMD	 Millipore,	 1:1500);	 rabbit	 α-

ERK1/2	(4695,	Cell	Signaling	Technology,	1:1000);	mouse	α-GAPDH	(CSB-MA000195,	

1:5000);	mouse	α-βIII	 tubulin	 (T8578,	 Sigma-Aldrich,	 1:40000);	mouse	α-DREBRIN	
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(MA1-20377,	 Thermo-Fisher,	 1:500);	 α-Flag®	 M2-HRP	 (A8592,	 Sigma-Aldrich,	

1:5000);	 α-mouse	 IgG-HRP	 (A9044,	 Sigma-Aldrich,	 1:80000);	 α-rabbit	 IgG-HRP	

(A9169,	Sigma-Aldrich,	1:16000).		

6.5. Staining	on	brain	tissues	and	mammalian	cells	
6.5.1. Immunocytochemistry	

For	 the	 immunocytochemistry	 (ICC)	 analysis,	 SH-SY5Y	 cells	 were	 cultured	 onto	

12mm	glass	coverslips	in	24well	plastic	tissue	culture	plates	that	had	previously	been	

coated	with	poly-L-lysine	(Sigma-Aldrich).	After	the	described	treatment	(paragraph	

6.3.4.2.),	cells	were	washed	with	DPBS	and	fixed	with	4%	paraformaldehyde	(PFA,	pH	

7.4)	 for	 20	minutes	 at	 RT.	 Subsequently,	 cells	 were	 washed	 thrice	 with	 DPBS	 and	

subjected	to	staining	protocols.	After	the	last	washing	step,	the	basal	fluorescence	of	

the	cells	was	quenched	incubating	the	coverslips	in	50mM	NH4Cl	(in	1X	PBS)	for	10	

minutes	 at	 RT	 in	 agitation.	 Cells	 were	 washed	 another	 time	 with	 DPBS	 and	
subsequently	permeabilized	in	ice-cold	methanol	for	10	minutes		at	-20°C.	This	passage	

in	methanol	allowed	us	to	optimize	the	staining	for	LRRK2.	Then,	cells	were	washed	

once	with	DPBS	and	incubated	with	blocking	solution	(5%	FBS	in	1X	PBS)	for,	at	least,	

2	hours	at	RT	in	agitation.	After	the	saturation,	cells	were	incubated	ON	at	4°C	with	

primary	 antibodies	 diluted	 in	 the	 blocking	 solution.	 The	 day	 after,	 coverslips	were	

washed	with	 DPBS	 (5	minutes	 x	 3)	 and	 then	 incubated	with	 secondary	 antibodies	

diluted	 in	blocking	solution	 for	1	hour	at	RT	 in	 the	dark.	After	rinsed	with	DPBS	(5	

minutes	x	3),	cells	were	stained	with	Hoechst	33258	(DAPI,	ThermoFisher	ScientificTM	

)	 diluted	 1:10000	 in	DPBS	 for	 5	minutes	 at	RT	 in	 agitation.	 Lastly,	 coverslips	were	

washed	 again	 with	 DBPS,	 cleaned	 in	 ddH2O	 and	 mounted	 on	 microscope	 slides	

(ThermoFisher	ScientificTM	).	As	mounting	medium	Mowiol	(Calbiochem)	was	used.	

Images	were	collected	with	Zeiss	LSM700	confocal	microscope.		

For	 the	 ICC	 analysis,	 primary	 cortical	 neurons	 derived	 from	 WT	 C57BL/6	 and	

LRRK2	KO	mouse	pups	(P0)	were	cultured	in	12	mm	glass	coverslips	in	24well	plastic	

tissue	culture	plates	that	had	previously	been	coated	with	poly-L-lysine.	14	days	after	

the	seeding,	when	synapses	reach	the	maturation,	neurons	were	treated	as	previously	

described	(paragraph	6.3.4.2.).	After	the	treatment,	neurons	were	fixed	with	4%	PFA	

for	 20	 minutes	 at	 RT	 and	 subsequently	 they	 were	 washed	 thrice	 with	 DPBS	 and	
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subjected	to	staining	protocols.	Neurons	were	permeabilized	with	0,3%	Triton®	X-100	

in	DPBS	for	5	minutes	at	RT	and	then	incubated	with	blocking	solution	(1%	BSA,	50mM	

glycine,	 2%	 goat	 normal	 serum,	 0,1%	 Triton®	 X-100	 in	 PBS)	 for	 1	 hour	 at	 RT	 in	

agitation.	After	the	saturation	neurons	were	incubated	with	primary	antibodies	diluted	

in	working	solution	(20%	blocking	solution	in	PBS)	for	1	hour	at	RT.	After	Once	rinsed	

in	working	solution	(5	minutes	x	3)	in	agitation,	coverslips	were	incubated	with	1	hour	

at	RT	in	the	dark	with	the	appropriate	secondary	antibody	diluted	in	working	solution.	

After	additional	washes	in	working	solution	(5	minutes	x	3),	neurons	were	stained	with	

Hoechst	 33258	 diluted	 1:10000	 in	DPBS	 for	 5	minutes	 at	 RT	 in	 agitation	 and	 then	

rinsed	in	DPBS	and	cleaned	in	ddH2O.	Finally,	coverslips	were	mounted	on	microscope	

slides	 with	 Mowiol	 mounting	 medium.	 Images	 were	 collected	 with	 Zeiss	 LSM700	

confocal	microscope.		

The	 antibodies	 used	 for	 ICC	 are	 the	 following:	mouse	 α-PSD95	 (ab2723,	 abcam,	

1:200),	rabbit	α-MAP2	(sc-20172,	Santa	Cruz,	1:200);	mouse	α-DREBRIN	(MA1-20377,	

Thermo-Fisher,	1:400),	mouse	α-TrkB	(sc-377218,	Santa	Cruz	Biotechnology,	1:75);	

Anti-Mouse	AlexaFluor®	568-conjugated,	647-conjugated	(Invitrogen,	Thermo	Fisher	

Scientific);	 Anti-Rabbit	 AlexaFluor®	 488-conjugated,	 647-conjugated	 and	 405-

conjugated	(Invitrogen,	Thermo	Fisher	Scientific).	

6.5.2. Immunofluorescence		

Animals	 were	 terminally	 anesthetized	 with	 xylazine	 (Rompun®)	 and	 ketamine	

(Zoletil®)	and	transcardially	perfused	with	0.9%	saline	followed	by	ice	cold	4%	PFA.	

Brain	were	dissected	and	post-fixed	in	4%	PFA	at	4°ON,	then	transferred	to	a	sucrose	

gradient	 in	 DPBS	 (20%	 and	 30%)	 at	 4°C	 for	 cryopreservation.	 Once	 saturated	 in	

sucrose,	 40	 μm	 thick	 coronal	 slices	 were	 obtained	 sectioning	 the	 brains	 with	 a	

vibratome.	 Sections	 were	 rinsed	 three	 times	 with	 DPBS	 and	 then	 the	 sample	

autofluorescence	is	quenched	in	50mM	NH4Cl	in	DPBS.	After	three	more	washings,	the	

slices	were	permeabilized	and	saturated	for	2h	in	blocking	solution	(15%	vol/vol	goat	

serum,	 2%	 2%	 wt/vol	 BSA,	 0.25%	 wt/vol	 gelatin,	 0.2%	 wt/vol	 glycine	 in	 DPBS)	

containing	0.5%	Triton	X-100.	Incubation	with	the	primary	antibodies	was	carried	out	

ON	at	 4°C	 in	blocking	 solution	 	 Samples	were	 extensively	washed	 three	 times	with	

DPBS	and	then	sections	were	incubated	with	appropriate	secondary	antibodies	diluted	
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1:200	in	blocking	solution.	Nuclei	were	stained	with	Hoechst	33258,	diluted	1:10000	

in	DPBS	for	5	minutes	at	RT	in	agitation.	Sections	were	rinsed	with	DPBS	(5	minutes	X	

3)	and	mounted	on	microscope	slides	with	Mowiol	mounting	medium.	 Images	were	

acquired	 with	 Zeiss	 LSM700	 confocal	 microscope,	 using	 63X/1,40	 Oil	 DIC	 M27	

objective.	

The	 antibodies	 used	 for	 IF	 are	 the	 following:	mouse	 α-βIII	 tubulin	 (T8578,	 Sigma-

Aldrich,	 1:1000);	 rabbit	 α-total	 LRRK2	 [MJFF2	 (c41-2)]	 (ab133474,	 abcam,	 1:200);	

rabbit	α-phospho-S935	LRRK2	[UDD2	10(12)]	(ab172382,	abcam,	1:200),	guinea	pig	

α-GLT1	(AB1783,	EMD	Millipore,	1:400),	rabbit	α-GFAP	(Z0334,	Dako-Agilent,	1:400);	

α-Rat	 CD11b	 [M1/70]	 (14-0112-82,	 eBioscience™	 from	 Thermo	 Fisher	 Scientific,	

1:200);	mouse	α-PSD95	(ab2723,	abcam,	1:200);	rabbit	α-VAMP2	(homemade	gently	

provided	 by	 Ornella	 Rossetto,	 1:200);	 α-mouse	 AlexaFluor®	 568-conjugated	

(Invitrogen,	 Thermo	 Fisher	 Scientific);	 α-rabbit	 AlexaFluor®	 488-conjugated	

(Invitrogen,	Thermo	Fisher	Scientific);	α-rat	AlexaFluor®	647-conjugated	(Invitrogen,	

Thermo	 Fisher	 Scientific);	 α-guineapig	 AlexaFluor®	 488-conjugated	 (Invitrogen,	

Thermo	Fisher	Scientific).		

6.5.3. Golgi-cox	staining		

Animals	 were	 terminally	 anesthetized	 with	 xylazine	 (Rompun®)	 and	 ketamine	

(Zoletil®)	 cocktail	 and	 transcardially	 perfused	 with	 0.9%	 saline.	 Brains	 were	

dissected,	washed	with	dd-H2O	and	cut	into	two	halves	to	allow	better	impregnation.	

One	half	was	put	 into	Golgi-Cox	solution	 (made	by	Potassium	dichromate,	Mercuric	

chloride	 Potassium	 chromate	 prepared	 according	 to	 (Zaqout	 &	 Kaindl,	 2016)	 and	

stored	in	the	dark	at	RT.	After	three	days,	the	Golgi-Cox	solution	was	refreshed.	The	

tissues	were	 kept	 at	RT	 in	 the	dark	 for	 14	days.	 Following	 this	 period	brains	were	

transferred	into	a	30%	sucrose	solution	in	DPBS	to	give	malleability	to	the	sample.	This	

is	fundamental	to	avoid	the	cracking	of	the	slices	during	the	cutting.	The	brains	were	

embedded	in	1,5%	agarose	(Low	Melting	Point,	Promega)	and	then	mounted	onto	a	

vibratome	 stage	 with	 glue.	 The	 vibratome	 reservoir	 was	 filled	 with	 30%	 sucrose	

solution	 in	 DPBS.	 The	 section	 thickness	 is	 optimally	 100	 μm	 for	 dendritic	 spines	

studies.	While	cutting,	sections	were	collected	with	a	thick	brush	and	transferred	onto	

SuperFrost	Ultra	 Plus®	 Adhesion	 Slides	 (Thermo	 Scientific).	 As	 soon	 as	 all	 sections	
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have	been	 loaded	on	 slides,	 the	 sucrose	 solution	 in	 excess	 around	 the	 sections	was	

cleaned	 off	 with	 absorbent	 paper.	 The	 sections	 were	 then	 blotted	 by	 pressing	 an	

absorbent	 paper	 moistened	 with	 sucrose	 solution	 onto	 the	 slides.	 The	 slides	 with	

sections	were	kept	for	drying	for	7-10	minutes.		

The	 samples	 were	 then	 subjected	 to	 colour	 development	 procedure.	 The	mounted	

sections	were	washed	(5	minutes	x	2)	with	ddH2O	to	remove	trace	of	 impregnation	

solution	and	then	were	placed	in	50%	ethanol	for	5	min.	After	that,	slides	were	kept	for	

in	20%	ammonium	hydroxide	for	10	minutes.	Sections	were	washed	in	ddH2O	for	5	

minutes	and	immersed	in	5%	sodium	thiosulfate	for	8	minutes	at	RT	in	the	dark.	After	

additional	 washings	 (1	 minutes	 x	 2)	 in	 ddH2O,	 the	 slides	 were	 passed	 through	

ascending	grades	of	ethanol	(70%,	95%	and	100%)	in	order	to	dehydrate	the	tissue.	

Finally,	 they	 were	 placed	 in	 xylene	 (6	 minutes	 x	 2)	 and	 then	 covered	 applying	

coverslips	and	Eukitt®	mounting	medium.	Images	were	acquired	with	Zeiss	LSM700	

confocal	 microscope,	 using	 100X/1,40	 Oil	 DIC	 M27	 objective	 with	 phase	 contrast	

acquisition	mode.		

6.6. Protein	purification	from	mammalian	cells	

For	 the	 purification	 protocol,	 SH-SY5Y	 OE-GFP	 and	 SH-SY5Y	 hLRRK2-GFP	 were	

plated	 onto	 100mm	dishes	 (Sarstedt	 Limited)	 and	 differentiated	 into	 neuronal-like	

cells	for	6	days	(paragraph	6.3.1.).	On	differentiation	day	6,	SH-SY5Y	OE-hLRRK2-GFP	

cells	were	treated	with	recombinant	BDNF	(100ng/mL)	or	with	an	equal	volume	of	Cell	

Culture	Water	 Pyrogen	 free	 for	 15	 minutes,	 while	 SH-SY5Y	 OE-GFP	 cells	 were	 left	

untreated.	Once	the	treatment	medium	was	removed,	cells	were	washed	with	DPBS	

and,	then,	solubilized	in	500µL	of	Lysis	Buffer	(20mM	Tris-HCl	pH	7.5,	150mM	NaCl,	

1mM	EDTA,	1%	Tween®	20,	2.5mM	sodium	pyrophosphate,	1mM	β-glycerophosphate,	

1mM	 sodium	 orthovanadate)	 containing	 1%	 	 protease	 inhibitor	 cocktail.	 For	 the	

purification	of	LRRK2	deletion	 constructs,	HEK293T	cells	were	plated	onto	150mm	

dishes,	transfected	with	the	appropriate	amount	of	DNA	and	solubilized	after	48	hours	

in	 1ml	 of	 the	 same	 Lysis	 Buffer.	 In	 both	 of	 the	 cases,	 after	 clearing	 of	 the	 lysates	

containing	GPFtagged	protein	by	centrifugation	at	20000×g	for	30	minutes	at	4°C,	the	

supernatants	were	incubated	ON	with	an	appropriate	volume	of	GFP-Trap	®	Agarose	

resin	(ChromoTek,	Planegg-Martinsried,	Germany)	overnight	at	4°C	in	rotation.	Resins	
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were	subsequently	washed	twice	with	each	of	the	following	Washing	Buffers	(WBu)	

supplemented	with	Tween®	20:		

•	WB1:	20mM	Tris-HCl	pH	7.5,	500mM	NaCl,	1%	Tween®	20	

•	WB2:	20mM	Tris-HCl	pH	7.5,	300mM	NaCl,	0.5%	Tween®	20	

•	WB3:	20mM	Tris-HCl	pH	7.5,	150mM	NaCl,	0.5%	Tween®	20	

•	WB4:	20mM	Tris-HCl	pH	7.5,	150mM	NaCl,	0.1%	Tween®	20	

•	WB5:	20mM	Tris-HCl	pH	7.5,	150mM	NaCl,	0.02%	Tween®	20	

Centrifugation	steps	(7500g	x	1	minute)	were	performed	between	washes	to	pellet	the	

resin.	Proteins	were	eluted	in	2X	SB	and	then	resolved	in	SDS-PAGE.	Acrylamide	gels	

containing	 samples	 from	 	 SH-SY5Y	 OE-GFP	 and	 SH-SY5Y	 hLRRK2-GFP	 cells	 were	

stained	with	Colloidal	Coomassie	Brilliant	Blue	 (0.25%	Brilliant	Blue	R-250,	 Sigma-

Aldrich®	,	40%	ethanol,	10%	acetic	acid	in	milli-Q	water)	for	at	least	1	hour	and	then	

destained	  with	 a	 destaining	 solution	 (10%	 isopropanol,	 10%	acetic	 acid	 in	milli-Q	

water	).	Eventually,	the	gel	was	preserved	in	10%	acetic	acid	in	agitation	to	remove	the	

background	color	and	visualize	proteins.	Finally,	gel	band	was	excised	and	assessed	by	

mass	 spec.	 The	 samples	 from	 HEK293T	 cells	 transfected	 with	 LRRK2	 truncated	

constructs	were	processed	for	WB	analysis.		

6.7. Mass	spectrometry	analysis	

Gel	slices	were	cut	into	small	pieces	and	subjected	to	reduction	with	dithiothreitol	

(DTT	10	mM	in	50	mM	NH4HCO3,	for	1	h	at	56	°C),	alkylation	with	iodoacetamide	(55	

mM	in	50	mM	NH4HCO3,	for	45	min	at	RT	and	in	the	dark),	and	finally	in-gel	digestion	

with	sequencing	grade	modified	trypsin	(12.5	ng/μL	in	50	mM	NH4HCO3,	Promega).	

Samples	were	analyzed	using	a	LTQ	Orbitrap	XL	mass	spectrometer	(Thermo	Fisher	

Scientific)	 coupled	 to	 a	 HPLC	 UltiMate	 3000	 (Dionex	 –	 Thermo	 Fisher	 Scientific)	

through	a	nanospray	(NSI).	Peptides	were	separated	at	a	flow	rate	of	250	nL/min	using	

an	11-cm-long	capillary	column	(PicoFrit,	75-μm	ID,	15-μm	tip,	New	Objective)	packed	

in	 house	 with	 C18	material	 (Aeris	 Peptide	 3.6	 μm	 XB	 C18;	 Phenomenex).	 A	 linear	

gradient	 of	 acetonitrile/0.1%	 formic	 acid	 from	 3	 to	 40%	 was	 used	 for	 peptide	

separation	and	the	instrument	operated	in	a	data	dependent	acquisition	mode	with	a	

Top10	method	(one	full	MS	scan	at	60,000	resolution	in	the	Orbitrap,	followed	by	the	



	

	106	

acquisition	in	the	linear	ion	trap	of	the	MS/MS	spectra	of	the	four	most	intense	ions).	

Raw	 data	 files	 were	 analyzed	 using	 MaxQuant	 v.1.5.1.2.	 (Cox	 and	 Mann,	 2008)	

connected	 to	Andromeda	 server	 (Cox	et	 al.,	 2011)	and	 searched	against	 the	human	

section	of	 the	UniProt	database	 (version	September	2020,	75093	entries)	using	 the	

following	parameters:	trypsin	was	selected	as	digesting	enzyme	with	up	to	two	missed	

cleavage	 allowed,	 precursor	 and	 fragment	 tolerance	was	 set	 to	 10	 ppm	and	0.6	Da	

respectively,	 carbamidomethylation	 of	 cysteine	 residues	 was	 set	 as	 a	 fixed	

modification	and	methionine	oxidation	as	a	variable	modification.	The	precursor	area	

ion	detector	node	of	Proteome	Discoverer	was	used	to	integrate	the	area	of	precursor	

ions.	A	search	against	a	randomized	database	and	the	algorithm	Percolator	were	used	

to	assess	the	false	discovery	rate	(FDR),	and	data	were	filtered	to	keep	into	account	

only	proteins	identified	with	at	least	two	peptides	and	a	FDR	=	0.01	both	at	peptide	and	

protein	levels.	Proteins	were	grouped	into	protein	families	according	to	the	principle	

of	maximum	parsimony.		

6.8. Generation	 of	 LRRK2	 KO	 SH-SY5Y	 CRISPR/Cas9	 edited	
monoclonal	cell	line		

The	 KO	 of	 LRRK2	 was	 performed	 using	 CRISPR/Cas9-mediated	 genome	 editing	

technology	following	the	protocol	by	Sharma	et	al.,	2018.	Two	sgRNAs	were	selected	

among	 those	 designed	 by	 the	 laboratory	 of	 Zhang	 F.	 and	 double-checked	 using	 the	

online	 platform	 Benchling	 (www.benchling.com).	 Benchling	 was	 also	 exploited	 to	

design	an	additional	sgRNA	and	to	score	all	the	three	sgRNAs.	The	oligos	encoding	the	

20-nt	guide	sequence	were	cloned	into	the	pSpCas9(BB)-2A-Puro	(PX459)	V2.0	vector	

(Addgene,	Watertown,	MA,	US)	 and	 amplified	 in	 chemically	 competent	E.	 coli	 StbI3	

cells	 (ThermoFisher	 ScientificTM).	SH-SY5Y	 cells	were	 transfected	 and	 subjected	 to	

puromycin	 selection,	 as	 the	 plasmid	 contains	 the	 antibiotic	 resistance.	 Then	 the	

selected	 cells	 were	 diluted	 to	 the	 limit	 in	 order	 to	 obtain	 monoclonal	 cell	 lines.	

Approximately	 one	 week	 after	 plating,	 the	 colonies	 were	 inspected	 for	 a	 clonal	

appearance	 and,	when	 sufficiently	 grown,	 they	were	moved	 to	 progressively	 larger	

wells	and	flasks	in	order	to	increase	the	population	size.	Finally,	the	deletion	of	LRRK2	

was	verified	in	multiple	lines	by	WB	with	LRRK2	specific	antibody.	We	were	able	to	get	

two	fully	KO	lines	and	some	lines	in	which	the	expression	of	LRRK2	is	downregulated.			
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6.9. Data	analysis	and	software		
 
The	relative	protein	amount	detected	in	WB	was	measured	calculating	relative	band	

intensities	with	the	 freeware	ImageJ	software.	Total	protein	 levels	were	normalized	

over	 the	 loading	 control	 whereas	 the	 phospho/total	 ratios	 were	 estimated	 as	 the	

relative	 abundance	 of	 phospho-	 over	 total	 protein,	 after	 being	 normalized	 to	 their	

respective	 loading	 controls.	 GraphPad	 Prism	 9	was	 exploited	 to	 perform	 statistical	

analysis	and	generate	Graphs.	The	Golgi-Cox	images	were	analyzed	with	the	software	

Reconstruct	(http://synapses.clm.utexas.edu).	
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Chapter	7	
Results	

LRRK2	promotes	dendritic	spines	
remodelling	through	the	regulation	of	
actin	cytoskeleton	
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7. Introduction	

As	 discussed	 in	 the	 introduction	 of	 this	 dissertation,	 dendritic	 spines	 are	 small	

protrusions	originating	from	neuronal	dendrites	and	characterized	by	highly	dynamic	

nature,	meaning	that	they	can	change	their	shape	within	relatively	short	timeframes	in	

response	 to	 appropriate	 stimuli,	 e.g.	 LTP	 or	 LTD.	 The	 shape	 of	 dendritic	 spines	

determines	 their	 classification	 into	 different	 morphological	 classes,	 representing	

different	levels	of	maturation	(Kristen	M.	Harris,	1999).	Mature	spines	present	larger	

heads,	that	correlate	with	an	higher	density	of	receptors	and	other	specialized	post-

synaptic	proteins	that	encode	and	elaborate	a	post-synaptic	response	(Hering	&	Sheng,	

2001).	 The	 activity-controlled	 dendritic	 spines	 strengthening	 and	 weakening	 is	

strongly	influenced	by	the	remodeling	of	their	cytoskeleton,	mainly	composed	by	actin	

filaments	 (Matus,	 2000).	 Thus,	 the	 reorganization	 of	 the	 actin	 cytoskeleton	 plays	 a	

major	role	in	dendritic	spine	morphology	and	function.		

LRRK2	is	a	multidomain	enzyme	with	a	double	enzymatic	activity,	playing	multiple	

functions	 in	 different	 cell	 types	 and	 tissues	 (Wallings	 et	 al.,	 2015).	 Accumulating	

evidence	indicates	that	LRRK2	sits	at	the	crossroad	between	cytoskeletal	dynamics	and	

vesicular	trafficking	through	interaction	with	a	host	of	partners	and	phosphorylation	

of	 a	 subsets	 of	 targets	 such	 as	 Rab	 GTPases.	 LRRK2	 binds	 actin	 cytoskeleton	 and	

orchestrates	 its	 dynamics	 by	 interacting	with	 a	 subset	 of	 actin-regulatory	 partners	

such	as	PAK6,	ERM	and	WAVE2	proteins	(Civiero	et	al.,	2018).		

Based	on	vast	 literature	evidence	as	well	as	on	our	findings	that	LRRK2	interacts	

with	a	number	of	cytoskeletal-related	proteins	highly	represented	in	dendritic	spines	

(Kneussel	&	Wagner,	2013;	Lei	et	al.,	2016),	in	this	chapter	I	present	results	supporting	

a	role	for	LRRK2	in	orchestrating	dendritic	spines	structural	plasticity.	In	detail,	I	(i)	

explored	 the	 consequences	 of	 loss	 of	 LRRK2	 function	 on	 postsynaptic	morphology,	

maturation	 and	 synaptic	 contacts	 formation	 and	 (ii)	 investigated	 the	 mechanisms	

whereby	LRRK2	may	regulate	dendritic	spines	formation	and	maturation	by	exploiting	

BDNF	as	a	model	to	study	spinogenesis	in	vitro.		
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7.1. 	Lrrk2	is	highly	expressed	in	the	striatum		

As	discussed	in	the	introduction,	murine	Lrrk2	is	expressed	in	different	brain	areas,	

with	reported	high	levels	in	the	cortex	and	striatum	(West	et	al.,	2014).	Consistently,	

we	 confirmed	 Lrrk2	 localization	 in	 mouse	 in	 three	 brain	 regions	 relevant	 for	 PD:	

cortex,	midbrain	and	striatum.	Our	analysis	revealed	that	the	steady	state	levels	of	the	

protein	are	higher	in	the	cortex	and	striatum	compared	to	midbrain	(Fig.21).		

Fig.21:	 Lrrk2	 steady	 state	 levels	 in	 PD	 relevant	 disease	 areas.	On	 the	 right,	 a	 schematic	
representation	of	cortex	(blue),	midbrain	(red)	and	striatum	(green)	localization	in	mouse	brain	
is	reported.	On	the	left,	a	representative	western	blot	analysis	shows	Lrrk2	steady	state	levels	and	
phosphorylated	 Ser935	 levels	 in	 these	 PD-relevant	 areas	 of	 24	month-old	WT	mice.	 Also	 the	
different	levels	of	others	markers	can	be	appreciated	(GLT1	for	astrocytes,	TH	for	dopaminergic	
neurons	and	DARPP32	for	striatal	neurons).	β-actin	was	used	as	loading	control.	Adapted	from	
(Iannotta	et	al.,	2020).		

In	addition,	we	investigated	Lrrk2	cellular	localization	by	immunofluorescence	on	

coronal	brain	slices	obtained	from	1	month	and	12	month-old	BAC-G2019S	(BAC-GS)	

mice.	In	these	animals,	the	murine	Lrrk2	locus	is	overexpressed	by	~	6-8	folds	under	

the	 control	 of	 the	 endogenous	 promoter	 (Xianting	 Li	 et	 al.,	 2010),	 simplifying	 the	

visualization	 of	 Lrrk2	 by	 immunofluorescence,	 which	 is	 very	 challenging	when	 the	

protein	is	expressed	at	physiological	levels.	Of	note,	we	detected	high	levels	of	total	and	
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phospho-Ser935	signals	in	the	dorsal	striatum,	whilst	Lrrk2	signals	are	barely	present	

in	 the	 cortex,	 suggesting	 that	 the	 protein	 is	 more	 expressed	 in	 the	 basal	 ganglia	

compared	 to	 the	 nearby	 cortical	 regions	 (Fig.22,	 A,C).	 Importantly,	we	 checked	 the	

specificity	of	anti-total	and	anti-phospho-Ser935	antibodies	Lrrk2	in	Lrrk2-KO	mice,	

which,	as	expected,	do	not	display	any	fluorescent	signal	(Fig.22,	B,D).		

Fig.22:	 Immunofluorescence	 staining	 of	 brain	 slices	 from	 hemizygous	 transgenic	mice	
overexpressing	murine	BAC-Lrrk2-G2019S	and	 from	Lrrk2-KO	mice.	Coronal	 brain	 slices	
from	BAC-Lrrk2-G2019S	show	higher	Lrrk2	and	pSer935	signals	in	the	striatum	compared	to	the	
cortex.	The	lack	of	fluorescence	in	Lrrk2-KO	mice	for	both	total	and	phospho-Lrrk2	confirms	the	
specificity	of	the	staining.	Cyan:	total	Lrrk2	and	pSer935	Lrrk2;	Magenta:	β-III-tubulin.	Scale	bar:	
200	µm.	Adapted	from	(Iannotta	et	al.,	2020).		

Interestingly,	 in	 the	 dorsal	 striatum	 of	 1	 and	 12	 month-old	 BAC-GS	 mice	 we	

observed	that	Lrrk2	partially	colocalizes	with	β-III-tubulin,	a	neuronal	marker	(Fig.23,	

A-B)	 and,	 to	 a	 lesser	 extent,	 with	 GLT-1,	 the	 major	 glutamate	 transporter	 mainly	

expressed	by	astrocytes	(Fig.23,	C-D).	 Instead,	no	co-localization	with	the	microglial	

marker	 CD11b	 has	 been	 detected	 (Fig.23,	 E-F).	 Moreover,	 phospho-Ser935	 Lrrk2	

colocalizes	with	β-III-tubulin	(Fig.24,	A-B)	but	no	(or	very	little)	co-localization	with	

GLT1	 could	 be	 observed	 (Fig.24,	 C-D),	 suggesting	 that	 Ser935	 phosphorylation	 is	

higher	in	neurons	than	in	astrocytes.	Also	CD11b	signal	does	not	overlap	with	that	of	

phospho-Ser935	 Lrrk2	 (Fig.24,	 E-F).	 Taken	 together,	 these	 results	 indicate	 that	 the	
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expression	and	phosphorylation	of	Lrrk2	in	the	mouse	brain	is	high	in	neurons	of	the	

striatum.	

Fig.23:	 Immunofluorescence	 staining	 of	 brain	 slices	 from	 hemizygous	 transgenic	mice	
overexpressing	 murine	 BAC-Lrrk2-G2019S	 showing	 Lrrk2	 cellular	 localization.	 Dorsal	
striatal	coronal	brain	slices	from	1	(A,	C,	E)	and	12	(B,	D,	F)	months	old	BAC-Lrrk2-G2019S	mice	
show	an	 intense	Lrrk2	signal	 localizing	 in	β-III-tubulin	positive	cells	(A,	B).	The	 localization	 is	
barely	visible	in	astrocytes	positive	for	GLT1	(C,	D)	and	almost	absent	in	microglia	marked	with	
CD11b	(E,	F).	Cyan:	total	Lrrk2;	Magenta:	β-III-tubulin	(A,	B),	GLT1	(C,	D),	CD11b	(E,	F).	Scale	bar:	
200	µm.	Adapted	from	(Iannotta	et	al.,	2020).		

The	 striatum	 is	 a	 nucleus	 of	 the	 basal	 ganglia	 where	 the	 large	 majority	 of	 the	

neuronal	population	(approximately	90-95%)	is	represented	by	GABAergic	inhibitory	

spiny	projecting	neurons	or	medium	spiny	neurons	(MSNs)	(Lanciego	et	al.,	2012).	As	

suggested	by	their	name,	 these	neurons	are	characterized	by	an	extensive	dendritic	

arborization	enriched	in	dendritic	spines.	The	dorsal	area	of	the	striatum	(composed	

by	the	caudate	and	the	putamen)	receives	dopaminergic	inputs	from	the	DA	neurons	

of	 the	 SNpc,	 forming	 the	 nigrostriatal	 pathway.	 The	 DA	 afferent	 terminals	 make	

1	month
Lrrk2;	βIIITub merge Lrrk2 βIIITub

Lrrk2;	CD11b Lrrk2;	CD11b

Lrrk2;	βIIITub merge Lrrk2 βIIITub

12	months

Lrrk2;	GLT1 merge Lrrk2 GLT1 Lrrk2;	GLT1 merge Lrrk2 GLT1

STR

CTX

STR

CTX

STR

CTX

STR

CTX

STR

CTX

STR

CTX

A B

C D

E F



	

	114	

synaptic	contacts	onto	the	necks	of	MSNs	spines,	modulating	the	glutamatergic	inputs	

that	 arrive	 at	 the	 same	 spines	 from	 the	 cortico-striatal	 projections.	 Thus,	 MSNs	

represent	the	post-synaptic	cells	of	the	nigro-	and	the	cortical-	striatal	pathways	and	

possess	 high	 levels	 of	 Lrrk2	 expression.	 It	 can	 be	 hypothesized	 that	 an	 impaired	

response	of	 the	postsynaptic	element	associated	with	mutant	Lrrk2	may	result	 in	a	

synapse	that	 is	weakened.	As	a	consequence,	 the	DA	presynaptic	neurons	can	sense	

this	change	in	synaptic	strength,	a	process	that	could	contribute	to	their	degeneration	

through	 a	 dying	 back	 mechanism.	 Based	 on	 these	 considerations,	 we	 decided	 to	

explored	the	physiological	role	of	LRRK2	at	dendritic	spines.	

Fig.24:	 Immunofluorescence	 staining	 of	 brain	 slices	 from	 hemizygous	 transgenic	mice	
overexpressing	 murine	 BAC-Lrrk2-G2019S	 showing	 phospho-Ser935	 Lrrk2	 cellular	
localization.	Dorsal	striatal	coronal	brain	slices	from	1	(A,	C,	E)	and	12	(B,	D,	F)	months	old	BAC-
Lrrk2-G2019S	mice	 show	a	strong	phospho-Ser935	Lrrk2	signal	 in	neurons	 labeled	with	β-III-
tubulin	(A,	B).	On	the	contrary,	it	is	not	detectable	in	astrocyte	and	microglia	(C,	D,	E,	F).	Cyan:	
phospho-Ser935	Lrrk2;	Magenta:	β-III-tubulin	(A,	B),	GLT1	(C,	D),	CD11b	(E,	F).	Scale	bar:	200	
µm.	Magnifications	scale	bar:	50	µm.	Adapted	from	(Iannotta	et	al.,	2020).		
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7.2. 	Lrrk2	 interacts	 mostly	 with	 proteins	 involved	 in	 cytoskeletal	
dynamics	

We	initially	set	out	to	expand	the	current	knowledge	on	LRRK2	interactome,	with	

the	aim	of	identifying	candidate	interactors	that	could	support	a	role	for	the	kinase	at	

the	postsynaptic	compartment.	Protein-protein	interactions	(PPI)	can	be	analyzed	via	

several	 strategies	 (Cookson,	 2019).	 Here	 we	 chose	 to	 exploit	 affinity	 purification	

combined	 with	 tandem	 mass	 spectrometry	 analysis	 (AP-MS/MS)	 due	 to	 its	 high	

throughput	and	sensitivity.	Basically,	the	target	protein	is	isolated	in	conditions	that	

maintain	 the	 binding	with	 its	 interacting	 partners	 and,	 when	 purified,	 this	 protein	

complex	 is	digested	and	submitted	 to	MS/MS	 to	 identified	 its	 components.	Notably,	

given	 a	 number	 of	 purified	 non-specific	 interactors	 is	 quite	 expected,	 the	

discrimination	between	contaminants	and	bona	fide	binders	is	essential.	Thus,	negative	

controls,	consisting	commonly	in	mock	purifications	conducting	on	naïve	cells	that	do	

not	express	the	protein	of	interest,	are	important	to	compare	the	abundance	of	purified	

proteins	with	that	of	the	experimental	condition.	

To	 this	 purpose,	 we	 purified	 GFP-tagged	 LRRK2	 from	 a	 stable	 SH-SY5Y	

neuroblastoma	cell	line	that	was	previously	generated	in	the	lab	(SH-SY5Y	hLrrk2-GFP	

OE).	To	mimic	the	physiological	environment	as	close	as	possible,	cells	were	previously	

differentiated	 with	 retinoic	 acid	 (RA)	 for	 6	 days	 to	 obtain	 neuronal-like	 cells.	

Importantly,	human-derived	neuroblastoma	SH-SY5Y	cells	have	been	found	to	give	rise	

to	both	substrate	adherent	(S-type)	and	neuroblastic	(N-type)	cells.	Undifferentiated	

SH-SY5Y	cells,	characterized	by	a	continuous	proliferation	and	by	the	lack	of	mature	

neuronal	markers,	resemble	catecholaminergic	immature	neurons	expressing	tyrosine	

hydroxylase	(TH)	and	possessing	moderate	levels	of	dopamine-	β	-hydroxylase	(DßH)	

activity,	 specific	 of	 noradrenergic	 neurons	 (Filograna	 et	 al.,	 2015).	 Over	 the	 years,	

several	 protocols	 have	 been	 optimized	 to	 promote	 the	 differentiation	 of	 human-

derived	neuroblastoma	SH-SY5Y	cells	in	neuronal	like	cells	(N-type),	the	most	widely	

accepted	and	implemented	of	which	is	based	on	the		treatment	with	RA	(Kovalevich	&	

Langford,	 2013).	 RA	 is	 a	 vitamin	 A	 that	 inhibits	 cell	 growth	 and	 induces	 their	

transformation	 into	 a	 more	 neuronal-like	 population	 (N-type	 cells)	 that	 is	

biochemically,	ultrastructurally,	and	electrophysiologically	similar	to	primary	neurons	

and,	morphologically,	 presents	 long	 and	 branched	 processes	 (Encinas	 et	 al.,	 1999).	

Moreover,	 differentiated	 human-derived	 neuroblastoma	 SH-SY5Y	 cells	 have	 a	
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decreased	 proliferation	 rate	 and	 an	 increase	 in	 the	 expression	 of	 specific	 neuronal	

markers	such	as	βIII-tubulin	and	neurofilament	(Filograna	et	al.,	2015).	Differentiated	

SH-SY5Y	hLrrk2-GFP	OE	cells	were	then	solubilized	and	lysates	overexpressing	GFP-

tagged	LRRK2	were	incubated	with	appropriate	amount	of	GFP-trap®,	a	GFP	Nanobody	

(VHH)	coupled	to	agarose	beads	that	allows	to	immunoprecipitate	GFP-fusion	proteins.	

Purified	 GFP-tagged	 LRRK2	 together	 with	 its	 shell	 of	 co-purified	 interactors	 were	

subsequently	 analyzed	 via	 mass	 spectrometry,	 in	 collaboration	 with	 Prof	 Giorgio	

Arrigoni	 (Department	 of	 Biomedical	 Sciences).	 Differentiated	 naïve	 and	 GFP-

expressing	 SH-SY5Y	 cells	 incubated	 with	 GFP-trap®	 served	 as	 negative	 controls,	 in	

order	to	exclude	non-specific	interactions	(Fig.	25).	While	very	few	interactors	were	

identified	with	GFP-expressing	cells,	more	binders	were	detected	by	MS	when	using	a	

mock	lysate	(naïve	cells),	suggesting	that	the	GFP-trap	resin	is	sticky.	Thus,	we	used	

naïve	cells	as	control	to	calculate	the	fold	change	(FC)	of	LRRK2	interactors	over	the	

background.	Strikingly,	besides	a	plethora	of	known	LRRK2	interactors	and	PD	related	

proteins,	 our	 analysis	 revealed	 that	 LRRK2	 interactome	 is	 significantly	 enriched	 in	

actin-related	or	myosin-related	proteins	(Fig.	26),	including	cytospin-A	(CYTSA),	LIM	

domain-containing	 protein	 C	 (LIMCI),	 protein	 flightless-1	 homolog	 (FLII),	 drebrin	

(DREB),	 myosin	 phosphatase	 target	 subunit	 1	 (MYPT1),	 actinin-1	 (ACTN1),	

tropomyosin-1	(TMOD1)	and	many	others	(Table1).		

Fig.25.	Schematic	representation	of	experimental	setup	to	evaluate	LRRK2	interactome:	
Differentiated	SH-SY5Y	cells	were	solubilized	and	subjected	to	affinity	purification	assay	with	GF-
Trap®;	samples	were	then	analyzed	with	LC-MS/MS.	
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Fig.26:	 LRRK2	mainly	 interacts	with	 actin-related	 and	myosin-related	 proteins.	 Scatter	
plot	 of	 mass	 spectrometry	 analysis	 showing	 in	 pink	 the	 LRRK2	 interactors	 related	 to	 actin	
dynamics,	mainly	 consisting	of	myosin-	and	actin-	 related	proteins.	Each	axis	 reports	 the	 fold	
change	(FC)	in	protein-protein	interactions	(LRRK2	IP	/	mock	IP)	expressed	as	Log2FC,	of	each	
technical	replicate.	

	
Table1:	 LRRK2	mainly	 interacts	with	 actin-related	 and	myosin-related	 proteins.	List	 of	
some	of	the	main	actin-	and	myosin-	related	LRRK2	interactors.		

SPTB2

INTERACTOR

CYTSA

FLII

LIMC1

TMOD1

ACTN1

DREB

FUNCTION

TMOD3

B1AK87

FSCN1

F-actin-capping	protein	
subunit	beta

Fascin

Spectrin	beta	chain,	
brain	1

PROTEIN

Cytospin-A

Protein	flightless-1	
homolog

LIMC1	protein

Alpha-actinin-1

Tropomodulin-1

MYH9,	MYH10 Myosin-9;	Myosin-10

actin	cytoskeleton	organization	and	microtubule	stabilization	

cellular	myosin	playing	an	important	role	in	cytoskeleton	reorganization

regulation	of	cytoskeletal	rearrangements	involved	in	cytokinesis	and	cell	
migration

actin	crosslinking	and	molecular	scaffold	protein	linking	the	plasma	membrane	
to	the	actin	cytoskeleton

actin	stress	fibers-associated	protein	activating	non-muscle	myosin	Iia

actin-related	protein	that	blocking	the	elongation	and	depolymerization	of	the	
actin	filaments	at	the	pointed	end

F-actin	cross-linking	protein	anchoring	actin	to	a	variety	of	intracellular	
structures

acting-binding	protein	playing	a	role	in	dendritic	spine	morphogenesis	and	
organization

actin-related	protein	blocking	the	elongation	and	depolymerization	of	the	actin	
filaments	at	the	pointed	end

F-actin-capping	protein	binding	to	the	fast	growing	ends	of	actin	filaments	
blocking	the	exchange	of	subunits	at	these	ends

actin-binding	protein	organizing	filamentous	actin	into	parallel	bundles

Dehydration	responsive	
element-binding	protein

Tropomodulin-3
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The	dynamics	and	remodeling	of	actin	mesh	at	dendritic	spines	relies	on	the	activity	

of	 a	 set	 of	 actin-related	 proteins	 exerting	 different	 functions	 from	 polymerization/	

depolymerization	and	severing	of	filamentous	actin	(Matus,	2000).	Alongside,	myosin-

related	proteins	also	influence	the	organization	of	actin	filaments	into	dendritic	spines	

by	 regulating	 the	 activity	 of	 non-muscle-myosin	 motors,	 mechanoenzymes	 that	

hydrolyze	 ATP	 to	 move	 along	 the	 actin	 filaments	 different	 cellular	 components	

(Kneussel	&	Wagner,	2013).	

To	 	 gain	 insight	 into	 common	 pathways	 shared	 by	 the	most	 significant	 LRRK2	

interactors,	we	 carried	out	 a	 gene	ontology	 (GO)	 enrichment	 analysis	 for	 biological	

processes	 using	 the	 list	 of	 interactors	 with	 FC	 >	 2	 (gProfiler;	

https://biit.cs.ut.ee/gprofiler/gost).	 The	 analysis	 revealed	 enrichment	 for	 actin	

organization	pathways	(Fig.	27;	pathways	with	p	<	10-11	are	shown).		

Fig.27:	 Lrrk2	 mainly	 interacts	 with	 proteins	 involved	 in	 actin	 cytoskeleton	 dynamics.	
Graphical	representation	of	GO	enrichment	analysis	for	the	biological	processes	conducted	on	the	
mass	spectrometry	hits	presenting	a	FC	>	2.	We	reported	the	categories	showing	an	adjusted	p-
value	>	10-10.	The	analysis	confirms	that	the	major	interactors	of	Lrrk2	that	we	found	with	mass	
spectrometry	are	involved	in	functions	related	to	the	actin	cytoskeleton	dynamics	(n=2	technical	
replicates).		
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7.3. 	Lrrk2	impacts	dendritic	spines	maturation	during	the	development	

Previous	studies	from	our	laboratory	highlighted	a	link	between	LRRK2	and	actin	in	

the	 process	 of	 neurite	 outgrowth.	 In	 particular,	 Civiero	 et	 al.	 found	 that	 LRRK2	

cooperates	 with	 the	 kinase	 PAK6	 (p21-activated	 kinase	 6)	 to	 control	 neurite	

complexity	via	the	LIM	kinase-cofilin-actin	pathway	(Civiero	et	al.,	2015;	Civiero,	Cogo,	

et	 al.,	 2017).	 Furthermore,	 Parisiadou	 and	 colleagues	 observed	 that	 Lrrk2	KO	mice	

display	defects	in	dendritic	spines	maturation	at	post-natal	stages,	pointing	to	altered	

PKA	pathway	dependent	cofilin	phosphorylation	 (Parisiadou	et	al.,	2014).	Based	on	

this	previous	evidence	together	with	our	PPI	studies	on	SH-SY5Y	cells,	we	set	out	to	

understand	whether	LRRK2	physiological	activity	is	important	to	shape	postsynaptic	

spines,	whose	structure	is	heavily	affected	by	actin-remodeling	processes.	To	this	aim	

we	 explored	 the	 consequences	 of	 Lrrk2	 loss	 of	 function	 on	 striatal	 dendritic	 spine	

morphology,	 number	 and	 ultrastructure,	 providing	 an	 extensive	 characterization	 of	

synapses	 architecture.	 For	 the	 first	 time	 to	 our	 knowledge,	 we	 carried	 out	 a	

comprehensive	longitudinal	study	in	developing	(1	month-old),	mature	(4	month-old),	

and	aged	(18	month-old)	brains	of	Lrrk2	knock	out	(KO)	mice	in	parallel	with	the	wild-

type	(WT)	littermates.		

7.3.1. Lrrk2	and	dendritic	spines	morphology	

We	initially	analyzed	the	morphology	and	the	size	of	dendritic	spines	performing	

Golgi	Cox	staining	on	coronal	brain	slices. The	Golgi	method,	initially	described	in	1873,	

provides	fine	neuro-anatomical	information	and	the	advantage	of	staining	fewer	than	

5%	of	the	neuronal	population,	which	allows	the	visualization	of	individual	neuronal	

processes.		

Here,	we	 used	 a	modified	Golgi	 impregnation	method	 named	Golgi-Cox	 staining,	 in	

which	mercury	chloride	is	employed	to	foster	the	impregnation	of	neurons.	Since	this	

technique	was	not	present	in	the	laboratory,	we	set	out	to	optimize	the	staining	in	our	

samples.	 As	 shown	 in	 figure	 8,	 we	 were	 able	 to	 visualize	 different	 brain	 areas	

containing	neurons	with	distinctive	orientation	and	morphology.	The	cortical	area	of	

the	 coronal	 slices	 (Fig.	 28,	 A)	 contains	 both	 non-pyramidal	 and	 pyramidal	 neurons	

organized	in	the	typical	layers	that	distinguish	the	cortex.	The	pyramidal	neurons,	as	

expected,	are	 the	most	numerous	and	present	 the	characteristic	morphology	with	a	
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conic	shaped	soma,	a	large	typical	dendrite	orientated	toward	the	upper	layers	of	the	

cortex	and	basal	dendrites	faced	in	the	opposite	direction.	In	the	hippocampus	both	

pyramidal	and	granule	cells	 can	be	appreciated	 (Fig.	28,	B).	Moreover,	 the	striatum	

appears	enriched	in	MSNs	with	an	extensive	neurite	network.	These	neurons	exhibit	

ramifications	of	the	primary	dendrites	that	divide	one	or	twice	to	form	secondary	and	

tertiary	processes	and	of	the	axonal	branches	originating	from	the	main	axon	(Fig.	28,	

C).	To	further	confirm	the	suitability	of	our	impregnation	protocol,	we	used	WT	mouse	

brains	to	compare	the	number	of	spines	per	unit	of	length	in	the	dorsal	striatum	versus	

the	cortex:	as	expected,	MSNs	possess	more	spines	with	respect	 to	cortical	neurons	

(Fig.	29).		

We	have	then	compared	the	morphology,	average	length,	average	width	and	number	

of	protrusions	in	MSNs	of	the	dorsal	striatum	of	Lrrk2	WT	versus	Lrrk2	KO	mice.	Lrrk2	

KO	mice	were	generated	by	deletion	of	exon	41	and	were	a	kind	gift	of	Dr.	Heather	

Melrose	(Hinkle	et	al.,	2012).	The	dataset	collected	and	analyzed	includes:	1)	1	month	

old	(n=3	WT	and	n=3	KO),	2)	4	month-old	(n=3	WT	and	n=3	KO)	and	3)	18	month-old	

(n=3	WT	and	n=3	KO)	brains.	Mice	have	been	randomly	paired	per	genotype	and	each	

pair	(1	WT	and	1	KO)	were	processed,	stained	and	imaged	in	parallel.	About	20	neurites	

of	 ~20-30	 µm	 in	 length	 were	 imaged	 and	 analyzed	 per	 each	 mouse.	 The	 average	

number	of	each	parameter	(width,	length,	number	and	spine	category)	was	calculated	

and	the	mean	value	from	the	3	individuals	was	used	to	calculate	the	overall	mean	value	

±	SEM.	Images	have	been	acquired	at	the	confocal	microscopy	using	the	phase	contrast	

acquisition	mode	and	the	analysis	has	been	performed	with	the	software	Reconstruct	

(http://synapses.clm.utexas.edu).		
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Fig.28:	Representative	images	of	Golgi-Cox	impregnated	slices	of	3	month	old	WT	mouse	
brains	at	different	magnifications	and	showing	neuronal	cell	types	typical	of	specific	brain	
areas.	 (A)	 Cortex:	This	 region	presents	pyramidal	 (orange	arrow)	and	non-pyramidal	 (green	
arrow)	 neurons	 organized	 in	 the	 distinctive	 cortical	 layers;	 (B)	Hippocampus:	 Both	 granular	
(orange	 arrow)	 and	 pyramidal	 cells	 (green	 arrow)	 are	 visible	 in	 this	 part	 of	 the	 brain;	 (C)	
Striatum:	In	this	brain	compartment	the	main	cell	type	is	represented	by	medium	spiny	neurons	
(orange	arrow)	that,	notably,	are	particularly	enriched	in	dendritic	spines	(green	arrow).	Scale	
bar:	1st	line	200µm,	2nd	line	100µm,	3rd	and	4th	line	50µm.		

(A)	CORTEX (B)	HIPPOCAMPUS (C)	STRIATUM
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Fig.29:	Analysis	of	dendritic	spine	density	in	cortical	neurons	versus	MSNs:	the	analysis	has	
been	performed	on	8	images	per	brain	area	measuring	the	number	of	dendritic	spines	per	unit	
(µm)	of	 dendritic	 length.	Differences	 between	 the	 two	brain	areas	have	been	 evaluated	using	
Student’s	t-test	(significance	***p<0.001).	Scale	bar:	50	µm;	Magnifications	scale	bar:	5	µm.		

We	initially	measured	the	length	of	the	spine	neck	and	the	width	of	the	dendritic	

spine	head,	 two	parameters	 that	 allow	 to	 classify	 the	protrusions	 into	 the	different	

morphological	 classes.	 In	 particular,	 filopodia	 represent	 the	 precursor	 of	 dendritic	

spines	and	they	are	considered	the	less	mature	structures.	Among	dendritic	spines,	the	

so-	called	thin	spines	constitute	the	immature	protrusion	and	are	characterized	by	long	

necks	 and	 small	 heads.	 The	mushroom	 and	 the	 branched	 spines	 consist	 instead	 in	

mature	postsynaptic	elements	with	large	or	ramified	heads,	respectively.	Finally,	stab	

spines	 sit	 in	between	 immature	and	mature	protrusions.	As	shown	in	 figure	30,	one	

month-old	 Lrrk2	 KO	 animals	 present	 a	 different	 distribution	 pattern	 of	 protrusion	

classes	as	compared	to	Lrrk2	WT	mice,	whereas	these	differences	disappear	when	the	

animals	age	 (4	months	and	18	months)	 (Fig.	30).	Specifically,	1	month-old	KO	mice	
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exhibit	a	reduced	number	of	filopodia	and	an	increased	quantity	of	thin	protrusions,	

suggesting	that	loss	of	Lrrk2	promotes	the	transition	from	filopodia	to	thin	spines,	an	

intermediate	 stage	 between	 non-functional	 and	 fully	 functional	 post-synaptic	

structures.	Instead,	the	proportion	of	fully	mature	spines	(mushroom	and	branched)	

remained	unaltered.	Of	note,	a	non-significant	trend	of	increased	thin	spines	persist	at	

older	ages.	To	test	if	this	substle	effect	is	real,	a	much	larger	number	of	mice	should	be	

employed.	Using	gPower	3.1,	I	estimated	a	sample	size	of	11	animals	per	group	(with	

alpha	0.05	and	beta	0.8)	considering	an	effect	size	of	0,82	based	on	our	current	data	

(Fig.	30).		

We	next	evaluated	the	width,	the	length	and	the	number	of	dendritic	protrusions	

(all	classes)	in	the	two	genotypes	across	the	three	time	points.	As	shown	in	figure	31,	

one	month-old	KO	mice	display	a	reduction	in	the	average	neck	height	of	about	15%	

(Fig.31	 A-C)	 and	 a	 decrease	 in	 the	 average	 head	width	 of	 about	 27%	 (Fig.31	 A-B),	

meaning	that	spines	are	smaller	in	Lrrk2	KO	brains	compared	with	Lrrk2	WT	mice.	Of	

note,	the	total	amount	of	protrusion	does	not	change	between	the	two	genotype	and	

across	the	different	ages	(Fig.31	A).	Interestingly,	the	number	of	protrusions	increased	

significantly	around	4	months	in	both	of	genotypes	and	then	decreased	at	18	months,	

a	possible	consequence	of	physiological	synapse	loss	(Fig.31	A).		

Taken	together,	these	results	indicate	that	murine	Lrrk2	plays	an	important	function	

in	the	process	of	spine	maturation	during	the	post-natal	stage,	as	further	supported	by	

other	 results	 (see	 below).	 Of	 interest,	 Parisiadou	 and	 collaborators	 observed	 a	

substantial	decrease	of	mature	spines	and	increase	of	dendritic	filopodia	in	developing	

MSNs	in	Lrrk2	KO	brains	compared	with	WT,	as	well	as	a	higher	proportion	of	thin	and	

‘less	mushroom’	spines	and	increased	phospho-cofilin	in	KO	neurons	within	the	first	

postnatal	days	(Parisiadou	et	al.,	2014).	Although	we	did	not	find	a	reduced	number	of	

spines	in	1	month-old	Lrrk2	KO	brains,	our	study	similarly	suggests	that	there	are	spine	

maturation	defects	in	the	absence	of	Lrrk2	and	it	adds	the	important	notion	that	these	

defects	occur	during	development	and	normalize	upon	aging.		

	



	

	124	

Fig.30:	 Lrrk2	 influences	 striatal	 dendritic	 spines	 maturation	 in	 one	 month	 old	 mice:	
Representative	 images	 of	 the	neurite	 segments	 analyzed	 (about	20	 segments	 per	 animal)	 are	
reported	in	the	left	side	for	each	age.	Scale	bar:	3	µm.	As	showed	in	the	right	side,	protrusion	were	
classified	 in	 four	morphological	classes	 (filopodia,	 thin,	mushroom,	branched)	and	graphically	
represented	as	%	of	 the	 total	 number.	Maturation	defects	 are	 observed	only	 in	Lrrk2	KO	one	
month	old	mice	(upper	figure).	Significance	between	genotypes	was	tested	using	2	way	ANOVA	
with	 Tukey’s	 multiple	 comparison	 test	 (significance	 ***p<0.001;	 **p<0.01),	 n=3	 animals	 for	
genotype	for	each	age.		
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Fig.31:	Lrrk2	influences	the	average	width	of	dendritic	spines	head	and	the	average	length	
of	dendritic	spines	neck	in	one	month	old	mice,	whereas	it	does	not	impact	on	the	number	
of	total	protrusions.	(A)	Graphical	representation	of	average	spine	width	(left),	length	(middle)	
and	 number	 (right)	 across	 n=3	 KO	 brains	 and	 n=3	 WT	 brains	 at	 different	 ages.	 Each	 dot	
represents	 the	average	value	 from	each	animal	 (n=3	animals).	Differences	between	genotypes	
were	evaluated	using	Student	 t-test	 (significance	****p<0.0001;	***p<0.001;	**p<0.01;	*p<0.5).	
(B-C)	 Representative	 analyses	 of	 individual	 mice	 (WT/KO	 pairs)	 at	 1	 month	 ages.	 Each	 dot	
represents	 the	 average	 width	 (B)	 or	 length	 (C)	 of	 the	 spines	 in	 each	 segment.	 Statistical	
significance	was	assessed	with	Student’s	t-test	(****p<0.0001;	***p<0.001;	**p<0.01;	*p<0.5).		
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7.3.2. Lrrk2	and	synapses	number	

We	next	wondered	whether	the	increased	amount	of	“less	mature”	dendritic	spines	

(thin	protrusions)	could	affect	the	formation	of	synaptic	contacts.	To	assess	this	aspect	

we	have	performed	immunofluorescence	on	dorsal	striatal	brain	slices	utilizing	as	a	

specific	 presynaptic	 marker	 VAMP2	 and	 as	 a	 specific	 postsynaptic	 marker	 PSD95.	

Then,	exploiting	the	Fiji	plugin	ComDet	v.0.4.1,	we	counted	the	number	of	yellow	spots	

that	represent	the	colocalization	of	the	two	compartments	and,	thus,	the	presence	of	

synaptic	 contacts.	 The	 analysis	 showed	 a	 significant	 reduction	 in	 the	 number	 of	

synapses	in	1	month-old	Lrrk2	KO	mice	compared	to	WT	littermates,	whereas	in	4	and	

18	month-old	KO	mice	the	decrease	is	still	present	but	not	statistically	significant	(Fig.	

32).		

The	smaller	spine	size	in	one-month	old	mice	(Fig.	31)	may	underlie	the	reduced	

synapse	 number	 in	 1	month-old	KO	mice	 (Fig.	 32),	 suggesting	 that	 fewer	 dendritic	

spines	are	sufficiently	mature	to	make	synaptic	connections.		

7.3.3. Lrrk2	and	the	postsynaptic	ultrastructure	

To	further	explore	potential	differences	in	postsynaptic	structure	morphology,	we	

used	 transmission	 electron	 microscopy	 (TEM)	 on	 striatal	 brain	 slices	 of	 1	 and	 18	

month-old	WT	vs	KO	mice.	Specifically,	we	measured	the	postsynaptic	density	(PSD)	

length	as	it	directly	correlates	with	the	amount	of	those	proteins	orchestrating	post-

synaptic	signalling,	such	as	the	postsynaptic	receptors,	thus	providing	an	indication	on	

the	maturation	levels	and	the	functionality	of	the	synapse.	The	analysis	revealed	that	

PSD	is	significantly	shorter	in	1	month-old	Lrrk2	KO	animals	compared	to	WT	mice,	

while	this	difference	is	not	observed	in	18	month-old	mice	(Fig.	33).		

Taken	 together,	 these	 results	 support	 the	 presence	 of	 subtle	 postsynaptic	

maturation	defects	in	the	striatum	of	post-natal	Lrrk2	KO	mice.	
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Fig.	 32.	 Lrrk2	 influences	 the	 number	 of	 striatal	 synapses:	 On	 the	 left,	 representative	
immunofluorescence	images	of	striatal	brain	slices	stained	with	presynaptic	VAMP2	(in	green)	
and	postsynaptic	PSD95	(in	red)	markers	to	compare	synapse	number	in	Lrrk2	WT	versus	Lrrk2	
KO	mice	at	1	month,	4	months	and	18	months	of	age.	Scale	bar	5	µm.	On	the	right,	quantification	
for	each	age	is	reported.	Significant	reduction	in	synapses	number	is	observed	only	in	Lrrk2	KO	
one	month	 old	mice	 (upper	 figure).	 Statistical	 significance	was	 assessed	with	 Student’s	 t-test	
(*p<0.5),	n=3	animals	per	condition	were	analyzed.		
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Fig.33.	Lrrk2	loss	of	function	is	associated	with	a	reduced	PSD	length	during	development:	
the	length	of	the	PSD	has	been	evaluated	performing	transmission	electron	microscopy	on	striatal	
brain	slices	from	1	and	18	months	old	mice	(representative	images	on	the	left).	1	month	old	Lrrk2	
KO	mice,	but	not	the	18	months	old	mice	present	shorter	PSD	compare	to	the	control.	Differences	
between	genotypes	have	been	evaluated	using	Student’s	t-test	(significance	****p<0.0001),	n=4	
(80	 synapses	per	genotype)	and	n=3	animals	 (120	 synapses	per	genotype)	per	genotype	were	
analyzed	at	1	month	and	at	18	months	of	ages	respectively.	Scale	bar:	200	nm.		

7.4. 	Lrrk2	is	involved	in	spinogenesis	induced	by	BDNF	

The	 results	we	obtained	 from	 the	analysis	of	 Lrrk2	KO	brains	 support	 a	 role	 for	

Lrrk2	in	orchestrating	dendritic	spine	formation	and	maturation	during	the	first	post-

natal	 stages.	 To	 gain	 mechanistic	 insights	 into	 the	 involvement	 of	 LRRK2	 in	 these	

processes,	we	set	out	to	establish	an	in	vitro	model	of	dendritic	spine	formation	taking	

advantage	of	the	neurotrophic	activity	of	brain	derived	neurotrophic	factor	(BDNF).	In	

particular,	BDNF	is	well	known	to	positively	influence	dendritic	spine	maturation	and	
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synapse	formation	in	striatal	MSNs	(Mercado	et	al.,	2017).	In	particular,	BDNF	is	able	

to	promote	spinogenesis	in	primary	mouse	neurons	(Lai	et	al.,	2012),	thus	constituting	

a	great	model	to	study	the	possible	link	between	LRRK2	and	spine	maturation.	Based	

on	a	previously	established	method	(Lai	et	al.,	2012),	we	evaluated	the	formation	of	

new	 spines	 upon	 BDNF	 treatment	 in	 Lrrk2	WT	 and	KO	 primary	 neurons	 (Fig.	 34).	

Specifically,	at	DIV4	(days	 in	vitro),	primary	cortical	neurons	were	 transfected	with	

GFP	 to	 fill	 the	 entire	 dendritic	 arbor,	 including	 dendritic	 spines.	 At	 DIV14	 when	

synapses	 are	 fully	mature,	 cultures	were	 exposed	 to	 BDNF	 for	 24	 hours.	 After	 the	

treatment,	neurons	were	fixed	and	stained	with	the	primary	antibody	against	PSD95,	

a	 post-synaptic	 marker	 of	 dendritic	 spines	 that	 labels	 the	 PSD,	 a	 structure	 that	 is	

present	within	dendritic	 spines	head.	The	specific	neuronal	marker	MAP2	has	been	

also	used	to	rule	out	astrocytes	or	microglia.	We	then	assessed	the	number	of	spines	

by	counting	the	number	of	PDS95-positive	puncta	along	dendrites.	While	WT	neuronal	

cultures	 responded	 to	 BDNF	 as	 expected,	 Lrrk2	 KO	 neurons	 showed	 an	 impaired	

response	to	BDNF	treatment,	which	 failed	to	promote	the	 formation	of	new	PSD95-

positive	 puncta	 (Fig.	 35).	 This	 finding	 supports	 a	 mechanism	 whereby	 Lrrk2	 is	

important	to	stimulate	spinogenesis	in	response	to	BDNF	exposure.	

Fig.34.	 Schematic	 representation	 of	 experimental	 setup	 to	 evaluate	 spinogenesis	 upon	
BDNF	treatment.	Created	with	BioRender.com.	
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Fig.35.	 Primary	 cortical	 neurons	 with	 Lrrk2	 KO	 present	 reduced	 dendritic	 spines	
formation	upon	BDNF	stimulation:	Representative	images	of	Lrrk2	WT	and	KO	neurons	treated	
for	24	hours	with	BDNF.	GFP	is	colored	in	magenta,	PSD95	in	yellow	and	MAP2	in	cyan.	Scale	bar:	
50	µm.	The	density	of	PSD95	positive	puncta	along	each	neuronal	dendrite	has	been	assessed	via	
Image-J	 plugin	 SynapCount.	 Differences	 between	 the	 two	 treatment	 conditions	 have	 been	
evaluated	using	Student’s	t-test	(significance	**p<0.01),	n=3	biological	replicates.		
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Given	that	Lrrk2	KO	neurons	do	not	respond	to	24-hour	BDNF	stimulation,	we	next	

wondered	whether	LRRK2	activity	is	modulated	directly	by	BDNF	signaling.	LRRK2	is	

a	 protein	 with	 GTPase	 and	 a	 serine-threonine	 kinase	 activities	 and	 it	 possesses	

different	 clusters	 of	 serine	 residues	 that	 can	 be	 phosphorylated	 via	

autophosphorylation	 or	 via	 the	 action	 of	 heterologous	 kinases.	 While	

autophosphorylation	at	Ser1292	is	considered	a	direct	indicator	of	LRRK2	activity	but	

it	is	of	difficult	detection	under	physiological	LRRK2	expression	(Iannotta	et	al.,	2020),	

phosphorylation	of	Ser935	in	the	N-terminal	region	can	be	robustly	detected	in	brain	

and	 in	 cells	 (Reynolds	 et	 al.,	 2014).	 While	 the	 exact	 consequence	 of	 this	

phosphorylation	 is	 still	 unclear,	 it	 is	 well-established	 to	 serve	 as	 a	 docking	 site	

(together	 with	 other	 neighboring	 serine	 residues)	 for	 14-3-3s	 proteins,	 which	

influence	 LRRK2	 dimerization	 (Civiero,	 Russo,	 et	 al.,	 2017),	 subcellular	 localization	

(Civiero,	 Russo,	 et	 al.,	 2017;	 X.	 Deng	 et	 al.,	 2011;	 Nichols	 et	 al.,	 2010)	 and,	 as	 a	

consequence,	 access	 to	 its	 cellular	 substrates	 (Lavalley	 et	 al.,	 2016).	 The	

phosphorylation	 and	 dephosphorylation	 of	 Ser935	 is	 mediated	 by	 the	 activity	 of	

several	upstream	kinases	and	phosphatases	(Iannotta	&	Greggio,	2021).		

To	 evaluate	 the	 involvement	 of	 Lrrk2	 in	 the	 BDNF	 pathway,	 we	 monitored	 the	

phosphorylation	of	Ser935	in	primary	neurons	and	then	exposed	to	BDNF	at	different	

time	 points.	 As	 shown	 in	 figure	 36,	 we	 observed	 a	 significant	 increase	 in	 Lrrk2	

phosphorylation	 at	 Ser935	 upon	 BDNF	 exposure.	 Specifically,	 the	 phosphorylation	

reached	a	peak	after	5	minutes	of	treatment	and	rapidly	decreased	at	later	timepoints,	

suggesting	 that	Lrrk2	may	be	quickly	 recruited/activated	upon	BDNF	binding	 to	 its	

receptor	TrkB,	similar	to	Akt	and	Erk1/2,	two	of	the	three	major	intracellular	signaling	

pathways	 activated	 by	BDNF	 (Fig.37).	 As	 a	 control,	we	 pharmacologically	 inhibited	

Lrrk2	activity	by	a	90	minute	pretreatment	of	neurons	with	0.5µM	of	the	potent	and	

selective	 inhibitor	MLi-2,	which	 is	well-known	 to	 induce	Ser935	dephosphorylation	

(Fell	et	al.,	2015).	As	expected,	MLi-2	leads	to	a	dephosphorylation	of	Ser935	residue	

in	 control	 condition	 and,	 interestingly,	 BDNF	 is	 not	 able	 to	 increases	 Ser935	

phosphorylation	 in	 presence	 of	 the	 inhibitor	 (Fig.	 36).	 	 The	 recent	 structural	

information	on	LRRK2	(Deniston	et	al.,	2020;	Watanabe	et	al.,	2020)	highlighted	that	

type	I	inhibitors,	which	includes	MLi-2,	promotes	the	transition	of	the	kinase	domain	

to	the	closed	conformation,	similarly	to	the	effect	produced	by	the	majority	of	LRRK2	
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pathogenic	mutations.	As	both	LRRK2	inhibited	with	type	I	compounds	(not	type	II)	

and	mutant	LRRK2	are	dephosphorylated	at	Ser935,	it	is	reasonable	to	conceive	that	

the	closed	kinase	conformation	promotes	the	activity	of	phosphatases	or	 inhibit	 the	

action	of	kinases	(Iannotta	&	Greggio,	2021).	Based	on	our	results,	we	can	infer	that	the	

activity	 of	 the	 upstream	 kinase	 phosphorylating	 LRRK2	 at	 Ser935	 upon	 BDNF	

stimulation	cannot	override	the	conformational	effect	of	the	inhibitor,	suggesting	that	

the	site	is	inaccessible	to	phosphorylation.	
	

Fig.36.	Lrrk2	WT	primary	neurons	respond	to	BDNF	treatment	increasing	phospho-Ser935	
Lrrk2	levels:	Western	blot	analysis	of	primary	neurons	from	Lrrk2	WT	mice	treated	with	BDNF	
shows	that	Lrrk2	rapidly	responds	to	the	stimulation	by	increasing	its	phosphorylation	state.	The	
intensity	of	the	bands	were	normalized	to	βIII-tubulin,	used	as	loading	control.	Changes	in	the	
levels	of	phospho-Ser935	Lrrk2	at	the	different	time	points	of	the	treatment	with	respect	to	the	
basal	condition	have	been	evaluated	by	one-way	ANOVA	with	Dunnett’s	multiple	comparisons	test	
(significance	 *p<0.5),	 n=6	 biological	 replicates.	 The	 increase	 in	 Lrrk2	 phosphorylation	 is	
significant	only	after	5	minutes	of	treatment.		
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Fig.37.	 Primary	 cortical	 neurons	 respond	 to	 BDNF	 treatment:	Western	 blot	 analysis	 of	
primary	cortical	neurons	treated	with	BDNF	showing	that	Akt	and	Erk1/2		rapidly	respond	to	the	
stimulation	by	increasing	their	phosphorylation	state.	The	intensity	of	the	bands	of	interest	were	
normalized	on	βIII-tubulin	,	used	as	loading	control.	Changes	in	the	levels	of	pAkt	and	pErk1/2	in	
respect	to	the	basal	condition	have	been	evaluated	performing	one-way	ANOVA	with	Dunnett’s	
multiple	 comparisons	 test	 (significance	 ****p<0.0001;	 ***p<0.001;	 **p<0.01;	 *p<0.5),	 n=4	
biological	replicates.		

After	 having	 found	 that	 Lrrk2	 phosphorylation	 state	 is	 influenced	 by	 BDNF	

stimulation	 in	primary	neurons,	we	decided	 to	 investigate	 the	 same	LRRK2	activity	

readout	 in	 human-derived	 neuroblastoma	 SH-SY5Y	 cells,	 a	more	 accessible	 cellular	

model	 to	 conduct	 mechanistic	 studies.	 Indeed,	 this	 cell	 line	 is	 advantageous	 for	 a	

number	 of	 reasons.	 First	 of	 all	 it	 possesses	 a	 neuronal	 origin,	 as	 it	 derives	 from	 a	

subclone	of	a	parental	SK-N-SH	neuroblastoma	cell	line,	established	from	a	metastatic	

tumor	of	bone	marrow	(Kovalevich	&	Langford,	2013).	Moreover,	the	manipulation	of	

this	cell	model	allows	to	overcame	the	post-mitotic	nature	of	primary	neurons,	thus	

reaching	large-scale	expansion.	Moreover,	SH-SY5Y	cells	can	be	genetically	engineered	

to	 overexpress	 or	 downregulated	 a	 gene	 of	 interest.	 Importantly,	 human-derived	

neuroblastoma	 SH-SY5Y	 cells	 can	 be	 differentiated	 into	 neuronal-like	 cells	 through	
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several	protocols,	among	which	the	most	widespread	is	based	on	the	use	of	retinoic	

acid	(Kovalevich	&	Langford,	2013).	 It	has	been	also	reported	that	RA	promotes	the	

expression	of	high	 levels	of	BDNF	receptor,	TrkB	 ,	 that	 lacks	 in	undifferentiated	SH-

SY5Y	 cells	 (Kaplan	 et	 al.,	 1993),	making	 them	 able	 to	 respond	 to	 the	 neurotrophin	

stimulation.		

After	differentiation	of	SH-SY5Y	cells	with	RA	for	6	days,	we	first	evaluated	whether	

our	model	responded	appropriately	to	BDNF	treatment.	To	this	end,	we	assessed	the	

activation	of	 two	of	 the	 three	major	BDNF	effectors:	Akt,	 a	 serine/threonine	kinase	

possessing	a	key	role	in	the	PI3K/AKT	pathway,	and	ERK1/2,	serine/threonine	kinases	

MAPKKK	in	the	MAPK	signaling	cascade.	Upon	treatment	with	BDNF,	both	AKT	(Fig.	

38,	 A)	 and	 ERK1/2	 (Fig.	 38,	 B)	 are	 rapidly	 phosphorylated.	 The	 phosphorylation	

reaches	a	peak	after	5	minutes	and	then	starts	to	return	at	the	basal	levels.	This	result	

indicates	that	differentiated		SH-SY5Y	cells	are	competent	to	sense	BDNF	stimulation	

and	 reply	with	 the	 activation	 of	 signaling	 pathways	 that	 are	 important	 for	 synapse	

plasticity.		

To	then	establish	whether	LRRK2	responds	to	BDNF	stimulation,	we	evaluated	the	

expression	 of	 endogenous	 LRRK2	 in	 differentiated	 versus	 undifferentiated	SH-SY5Y	

cells.	 Interestingly,	 the	expression	of	LRRK2	 is	 greatly	 increased	after	 cell	 neuronal	

differentiation,	suggesting	that	its	activity	is	important	for	the	maintenance	of	neuronal	

specific	 functions	and	 structures	 (Fig.	39).	At	 this	point,	we	wanted	 to	 see	whether	

BDNF	 stimulates	 LRRK2	 phosphorylation	 also	 in	 differentiated	 SH-SY5Y	 cells.	 As	

shown	 in	 figure	 40,	 upon	 BDNF	 stimulation	 LRRK2	 phosphorylation	 increases	

following	the	same	trend	observed	in	primary	neurons,	with	a	maximal	response	at	5	

minutes.	 Similarly,	 the	 presence	 of	 MLi-2	 prevents	 BDNF-induced	 LRRK2	

phosphorylation.	Of	note,	LRRK2	phosphorylation	returns	to	the	basal	level	(or	even	

lower)	 after	 60	 minutes	 of	 stimulation,	 whilst	 the	 phosphorylations	 of	 AKT	 and	

ERK1/2	are	still	above	the	unstimulated	condition	at	this	time	point	(Fig.	38).	

Taken	together,	these	results	further	strengthen	the	notion	that	LRRK2	is	directly	

involved	in	BDNF	signaling,	and	that	differentiated	SH-SY5Y	cells	represent	a	suitable	

model	to	study	the	mechanisms	behind	BDNF-LRRK2	signaling	pathway	and	its	role	in	

modulating	spine	architecture.		

	



	

	 135	

	
	

	
Fig.38.	 Differentiated	 human-derived	 neuroblastoma	 SH-SY5Y	 cells	 respond	 to	 BDNF	
treatment:	Western	blot	analysis	of	SH-SY5Y	cells	treated	with	BDNF	showing	that	AKT	(A)	and	
ERK1/2	(B)	 rapidly	respond	to	the	stimulation	by	 increasing	their	phosphorylation	state,	 that	
reaches	 a	 peak	 after	 5minutes	 of	 BDNF	 exposure.	 The	 intensity	 of	 the	 bands	 of	 interest	were	
normalized	on	GAPDH,	used	as	loading	control.	Changes	in	the	levels	of	pAKT	and	pErRK1/2	in	
respect	to	the	basal	condition	have	been	evaluated	performing	one-way	ANOVA	with	Dunnett’s	
multiple	 comparisons	 test	 (significance	 ****p<0.0001;	 ***p<0.001;	 **p<0.01;	 *p<0.5),	 n=7	 and	
n=13	biological	replicates	for	AKT	and	ERK1/2	respectively.		
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Fig.39.	 LRRK2	 protein	 levels	 increase	 during	 the	 differentiation	 process:	Western	 blot	
analysis	 comparing	 the	 expression	 of	 LRRK2	 in	 undifferentiated	 versus	 differentiated	 human-
derived	 neuroblastoma	 SH-SY5Y	 cells.	 The	 amount	 of	 the	 protein	 becomes	 higher	 after	 the	
treatment	with	RA.		

Fig.40.	 Differentiated	 human-derived	 neuroblastoma	 SH-SY5Y	 cells	 respond	 to	 BDNF	
treatment	increasing	phospho-Ser935	LRRK2	level:	Western	blot	analysis	of	human-derived	
differentiated	 SH-SY5Y	 treated	 with	 BDNF	 showing	 that	 LRRK2	 rapidly	 responds	 to	 the	
stimulation	by	increasing	its	phosphorylation	state.	The	intensity	of	the	bands	of	interest	were	
normalized	to	GAPDH,	used	as	loading	control.	Changes	in	the	levels	of	phospho-Ser935	LRRK2	at	
the	different	time	points	of	the	treatment	with	respect	to	the	basal	condition	have	been	evaluated	
by	one-way	ANOVA	with	Dunnett’s	multiple	comparisons	test	(significance	*p<0.5),	n=4	biological	
replicates.	The	increase	in	LRRK2	phosphorylation	is	significant	after	5	minutes	of	treatment.	
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7.4.1. Lrrk2	may	regulate	TrkB	internalization	and	trafficking		

The	receptor	tyrosine	kinase	TrKB	possesses	high	affinity	 for	BDNF,	which,	upon	

binding,	triggers	its	dimerization	and	autophosphorylation	(von	Bohlen	und	Halbach	

&	von	Bohlen	und	Halbach,	2018).	As	 a	 consequence	 the	mitogen-activated	protein	

kinase	(MAPK),	phosphatidylinositol	3-kinase	(PI3K),	and	phospholipase	C	(PLC-γ1)	

pathways	are	activated.	These	three	major	intracellular	signaling	cascades	eventually	

modulate	 gene	 expression	 influencing	 a	 number	 of	 physiological	 processes.	 During	

brain	development,	BDNF	modulates	neuro-,	glio-	and	synapto-genesis,	cell	death	and	

elimination	of	improperly	formed	connections	(Kowiański	et	al.,	2018).	In	adulthood,	

it	acts	as	a	promoter	of	neuronal	maturation,	survival	and	maintenance	and	enhances	

synaptic	 transmission.	 Notably,	 in	 striatal	 MSNs	 it	 has	 been	 shown	 to	 influence	

dendritic	 spines	 and	 synapse	 dynamic	 (Kowiański	 et	 al.,	 2018).	 After	 the	 binding	

between	BDNF	and	TrkB,	occurring	at	the	level	of	axon	terminals	and	dendritic	spines,	

the	 receptor	 is	 internalized	 via	 clathrin-mediated	 endocytosis	 	 (Eric	 J.	 Huang	 &	

Reichardt,	2003).		

Several	years	of	research	on	LRRK2	function	highlighted	that	the	kinase	localizes	in	

cytoskeletal	and	vesicular	cell	compartments	where	 it	 is	distributed	across	multiple	

cellular	membranes	(Cookson,	2016).	Indeed,	LRRK2	plays	a	well-recognized	role	in	

orchestrating	 intracellular	 vesicle	 trafficking	 both	 via	 phosphorylation	 of	 different	

substrates	and	interaction	with	membrane-associated	proteins	(Hur	et	al.,	2019).	This	

is	true	also	in	the	pre-	and	postsynaptic	compartment,	where	LRRK2	has	been	reported	

to	influence	neurotransmitter	release	and	receptor	trafficking,	respectively	(Cirnaru	et	

al.,	2014;	Pischedda	&	Piccoli,	2021;	Rassu	et	al.,	2017).	Given	the	lack	of	BDNF-induced	

spinogenesis	in	Lrrk2	KO	primary	neurons	and	the	fast	activation	timeframe	of	Lrrk2	

upon	 BDNF	 treatment	 we	 have	 postulated	 that	 Lrrk2	 could	 control	 TrKB	

internalization.		

To	assess	 this	possibility	we	stained	with	primary	antibodies	against	LRRK2	and	

TrKB	 differentiated	 human-derived	 neuroblastoma	 SH-SY5Y	 cells	 unstimulated	 or	

exposed	to	BDNF	for	5	and	30	minutes.	Interestingly,	these	experiments	revealed	that,	

while	in	the	control	both	LRRK2	and	TrkB	present	a	diffused	distribution,	5	minutes	of	

BDNF	 stimulation	 induces	 the	 clusterization	 of	 both	 fluorescence	 signals	 (Fig.	 41).	

More	precisely,	LRRK2,	that	we	found	rapidly	phosphorylated	upon	BDNF	stimulation,	
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redistributes	 into	 punctate	 structures	 that	 colocalize	 with	 TrKB,	 suggesting	 its	

involvement	in	TrKB	trafficking.		

Fig.41:	Upon	BDNF	stimulation	LRRK2	redistributes	in	clustered	structures	together	with	
TrkB.	 Representative	 images	 of	 differentiated	 human-derived	 neuroblastoma	 SH-SY5Y	 cells	
showing	a	colocalization	between	LRRK2	and	TrkB	after	BDNF	treatment	in	punctate	structures	
(white	arrows).	TrkB	is	coloured	in	magenta,	Lrrk2	is	coloured	in	yellow.	Scale	bar:	50µm.		
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To	collect	more	evidence	of	a	possible	involvement	of	LRRK2	in	TrKB	trafficking,	we	

generated	SH-SY5Y	cell	line	KO	for	LRRK2	exploiting	the	CRISPR/Cas9	technology.	To	

increase	the	chance	of	success	we	utilized	three	different	guide	RNAs	(gRNAs)	that	we	

cloned	in	the	PX459	vector	and	amplified	by	replication	in	bacterial	cells.	After	having	

checked	 the	 absence	 of	 recombination	 in	 our	 plasmid	 by	 enzymatic	 digestion,	 we	

independently	transfected	SH-SY5Y	cells	with	the	three	gRNAs.	The	transfected	cells	

have	been	selected	based	on	their	resistance	to	puromycin	and	the	successful	of	these	

two	steps	was	controlled	by	assessing	the	presence	of	Cas9	via	western	blot	analysis	of	

the	 three	polyclonal	populations	 (Fig	42,	A).	Notably,	 the	presence	of	LRRK2	 in	 the	

polyclonal	population	 relies	 on	 the	 fact	 that	 the	nuclease	was	not	 able	 to	 knockout	

LRRK2	 gene	 in	 all	 the	 transfected	 cells.	 To	 get	 monoclonal	 LRRK2	 KO	 colonies,	

transfected	cells	were	diluted	to	the	limit	and	then	further	expanded.	Ultimately,	we	

were	able	to	obtain	two	monoclonal	SH-SY5Y	cell	populations	completely	KO	for	LRRK2	

(Fig.42,	B)	and	a	number	of	other	lines	knockdown	for	the	protein.	Indeed,	SH-SY5Y	

have	a	tetraploid	karyotype	and,	for	this	reason,	it	is	likely	that	not	all	the	alleles	have	

been	 effectively	 knocked	 out	 leading	 to	 downregulation	 of	 Lrrk2	 expression.	

Importantly,	 the	 Cas9	 protein	 (containing	 a	 flag	 tag)	 was	 no	 longer	 detectable,	

suggesting	that	it	was	lost	during	the	subsequent	cell	divisions	and	did	not	integrate	

into	the	cellular	genome.	

Fig.42:	Western	blots	showing	the	generation	of	Lrrk2	KO	SH-SY5Y	cells.	(A)	Western	blot	
of	polyclonal	populations	of	SH-SY5Y	cells	transfected	with	the	different	gRNAs,	attested	by	the	
presence	of	Cas9.	LRRK2	protein	expression	was	compared	to	that	of	a	control	population	of	naïve	
untransfected	cells.	(B)	Western	blot	of	different	monoclonal	populations	of	transfected	SH-SY5Y	
cells	showing	that	LRRK2	was	successfully	knocked	out	in	two	monoclonal	lines	(g2b	and	g2d).	
GAPDH	was	used	as	a	loading	control.		
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We	then	perfomred	IF	experiments	 in	differentiated	SH-SY5Y	WT	versus	KO	cells	

(g2b	 line)	 to	 detect	 possible	 alteration	 in	 TrkB	 localization.	 As	 shown	 in	 figure	 43,	

under	unstimulated	conditions	the	receptor	appears	diffused	in	WT	cells,	as	expected	

from	the	previous	experiments,	whereas	in	the	KO	line	it	accumulates	in	structures	that	

resemble	tubules.	Further	experiments	will	be	carried	out	to	determine	the	nature	of	

these	vesicle	structures	by	using	different	markers	of	the	endolysosomal	pathway	(Fig.	

43).		

Fig.43:	 In	 differentiated	 LRRK2	 KO	 SH-SY5Y	 cells	 TrkB	 accumulates	 in	 structures	 that	
resemble	endo-lysosomal	vesicles.	Immunofluorescence	of	differentiated	Lrrk2	WT	and	KO	SH-
SY5Y	cells	 stained	 for	TrkB	(magenta).	The	diffuse	TrkB	signal	characterizing	Lrrk2	WT	cells,	
becomes	 strongly	 localized	 in	 vesicle-tubular	 structures	when	Lrrk2	 is	 not	 present.	 Scale	 bar:	
50µm.		
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Altogether	 these	 preliminary	 data	 suggest	 that	 LRRK2	 may	 play	 a	 role	 in	

orchestrating	 TrkB	 trafficking	 at	 basal	 condition	 and	 also	 upon	 BDNF	 treatment,	

opening	interesting	possibilities	on	which	steps	of	the	process	LRRK2	may	intervene.		

7.4.2. BDNF	 stimulation	 increases	 LRRK2	 interaction	 with	 actin-
cytoskeletal	proteins	

In	order	to	gain	more	insights	into	the	mechanism	through	which	LRRK2	may	affect	

the	process	of	dendritic	spines	formation,	maturation	and	dynamics,	we	investigated	

the	change	 in	 its	 interactome	upon	BDNF	treatment.	We	used	a	similar	approach	as	

described	above	(paragraph	7.2.)	but	this	time	we	purified	GFP-LRRK2	under	BDNF-

stimulated	 versus	 unstimulated	 conditions.	We	 took	 advantage	 of	 two	SH-SY5Y	 cell	

lines	already	present	in	our	laboratory	and	stably	overexpressing	(OE)	hLRRK2	protein	

tagged	with	 GFP	 at	 the	N-terminus	 or	 only	 GFP,	 representing	 the	 negative	 control.	

These	two	lines	have	been	differentiated	for	6	days	with	RA	to	obtain	neuronal-like	

cells	that	express	a	protein	profile	similar	to	that	of	neurons	and	then	starved	for	5	

hours	 in	 cell	 culture	medium	 deprived	 of	 serum.	 100	 ng/mL	 of	 BDNF	 or	 an	 equal	

volume	of	vehicle	(H2O)	(unstimulated)	has	been	applied	to	SH-SY5Y	hLrrk2-GFP	OE	

cells	 for	15	minutes,	whereas	SH-SY5Y-GFP	OE	cells	have	not	been	 subjected	 to	 the	

treatment.	After	lysis,	samples	were	incubated	with	the	appropriate	amount	of	GFP-

Trap®	 resin	 overnight	 and	 eluates	 were	 loaded	 onto	 SDS-PAGE	 and	 subsequently	

analyzed	 via	 MS/MS	 (in	 collaboration	 with	 Prof	 Giorgio	 Arrigoni,	 Department	 of	

Biomedical	 Sciences).	 We	 performed	 two	 independent	 rounds	 of	 experiments	 to	

analyze	 by	 MS/MS.	We	 first	 cleaned	 the	 list	 of	 interactors	 removing	 contaminants	

represented	by	common	environmental	keratins	or	undesirable	sticky	peptides	that	

we	 found	 in	 the	 negative	 control	 sample.	 This	 round	 of	MS	 confirmed	many	 of	 the	

cytoskeletal	interactors	that	we	previously	found	(Fig.	26)	but	also	reveal	additional	

putative	 binders.	 In	 particular,	 LRRK2	 co-precipitated	 proteins	 involved	 in	

endosome/lysosome/synaptic-vesicle	 trafficking	 (i.e.	 VPS13A,	 CTSD,	 SEC23A/B,	

DNAJA1,	and	known	LRRK2	interactors	such	as	Rab12)	and	proteins	encoded	by	other	

PD-linked	genes	(i.e.	VPS13C,	VPS35,	GCH1,	CTSB)	(Fig.	44).	When	calculating	the	fold	

change	 (FC)	 of	 LRRK2	 interactors	 between	 BDNF-treated	 over	 untreated	 cells,	 we	
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found	a	striking	result.	Many	LRRK2	interactions	are	re-shaped	upon	BDNF	stimulation	

and	hits	whose	binding	with	LRRK2	increases	are	mainly	actin-related	proteins	.		

Fig.44:	Upon	BDNF	treatment	most	of	LRRK2	interactions	are	found	to	be	reshaped.	Scatter	
plot	 of	 mass	 spectrometry	 analysis	 showing	 the	 alterations	 in	 LRRK2	 interactome	 after	 15	
minutes	of	BDNF	stimulation.	Each	axis	reports	the	magnitude	of	the	change	in	protein-protein	
interactions	 for	 one	 biological	 replicate,	 expressed	 as	 Log2	 FC	 of	 BDNF	 over	 the	 Ctrl	
(unstimulated).	Proteins	that	exhibit	a	decreased	interaction	with	LRRK2	in	both	the	biological	
replicates	are	reported	in	the	lower	left	quadrant.	VPS13C	and	GCH1	are	highlighted	in	blue,	as	
they	 represent	 two	PD-related	 genes.	 The	 proteins	 that	 display	 an	 increased	 interaction	with	
LRRK2	 in	 both	 the	 biological	 replicates	 are	 reported	 in	 upper	 right	 quadrant.	We	 emphasize	
proteins	 involved	 in	 actin	 filaments	 capping	 (CAPZB)	 in	 purple,	 in	 actin	
polymerization/depolymerization	 (ACTR2,	 ACTR3,	 ARPC4,	 TMOD1)	 in	 magenta,	 and	 in	 actin	
stabilization	 (SVIL,	 FLNA,	 SPTBN1,	 ACTN1,	 DREB)	 in	 pink.	 Moreover	 some	 myosin-related	
proteins	(MYH9,	and	MYH10)	are	represented	in	red.	N=2	biological	replicates.		

Next,	we	separated	the	interactors	in	two	groups,	one	with	Log2FC	>	1	and	one	with	

Log2FC	 <	 1	 and	 performed	 GO	 enrichment	 analysis	 for	 biological	 processes	 with	

gProfiler.			
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Fig.45:	Most	of	LRRK2	partners	 increased	upon	BDNF	stimulation	are	 involved	 in	actin	
cytoskeletal	dynamics.	Graphical	representation	of	GO	enrichment	analysis	for	the	biological	
functions	conducted	on	the	mass	spectrometry	hits	with	increased	interaction	with	Lrrk2	after	
BDNF	treatment	>	2	FC.	We	reported	the	categories	showing	an	adjusted	p-value	<	10-10.		

As	shown	 in	 figure	45,	LRRK2	 interactions	enriched	under	BDNF	stimulation	are	

mostly	proteins	 involved	 in	actin	cytoskeleton	dynamics	(selected	categories	with	p	

value	<	10-10),	suggesting	that	BDNF	treatment	increases	the	binding	of	LRRK2	with	

actin-regulatory	proteins	(Fig.	45).	Post-synaptic	structural	changes	are	often	driven	

by	activity-dependent	and	neurotrophic	factor-dependent	reorganization	of	the	actin	

cytoskeleton	 (Lu	 et	 al.,	 2005).	 Among	 the	 increased	 LRRK2	 interactors	 there	 are	

important	 players	 in	 actin	 filaments	 capping	 (CAPZB),	 in	 actin	

polymerization/depolymerization	(Arp2/3	complex,	TMOD1)	and	stabilization	such	as	

supervillin	 (SVIL),	 FLNA	 (filamin	 A),	 spectrin	 beta	 chain	 brain	 1	 (SPTBN1),	 alpha	

actinins	 (ACTN1)	 and	drebrin	 (DREB).	 It	 is	worth	mentioning	 the	Arp2/3	 complex,	

which	mediates	the	nucleation	of		branched	F-actin	networks	providing	the	force	for	

cell	structural	motility,	such	as	dendritic	spine	head	expansion	(Lei	et	al.,	2016).	We	

further	identified	a	subset	of	BDNF-increased	LRRK2	interacting	proteins	forming	the	

Arp2/3	complex:	actin-related	protein	3	(ACTR3),	actin-related	protein	2/3	complex	

subunit	4	(ACTR4),	actin-related	protein	2/3	Complex	Subunit	2	(ACTR2).	Moreover,	

this	landscape	of	BDNF-increased	interactions	is	enriched	by	at	least	two	vertebrate	

non-muscle	 myosin,	 heavy	 chains	 myosin	 IIA	 (MYH9)	 and	 myosin	 IIb	 (MYH10).	
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Interestingly,	non-muscular	myosins	II	(NMMII)	are	present	in	neuronal	spines	neck	

and	proximal	spines	head	but	also	overlapping	with	the	PSD95.	NMMII	were	shown	to	

impact	on	the	morphology	and	dynamics	of	spines,	especially	myosin	IIb	(Kneussel	&	

Wagner,	2013).		

We	further	selected	those	hits	whose	interaction	with	LRRK2	increased	by	>1	fold	

change	 and	 subjected	 them	 to	 a	 more	 specific	 gene	 ontology	 analysis	 for	 synaptic	

proteins.	To	 this	aim	we	used	SynGO	(https://www.syngoportal.org/),	 an	evidence-

based,	 expert-curated	 resource	 for	 synapse	 function	 and	 gene	 enrichment	 studies	

(PMID:	 31171447).	 Strikingly,	 we	 found	 that	 18	 out	 of	 59	 BDNF-enriched	 LRRK2	

interactors	with	FC>	1	(~30%)	were	unique	SynGO	annotated	genes	and	fall	into	post-

synaptic	(not	presynaptic)	categories	(figure	appendix	1).	In	particular,	post-synaptic	

cellular	 components	 (CC)	 and	 biological	 processes	 (BP)	 mainly	 refer	 to	 actin	

cytoskeletal	 categories,	 strongly	 supporting	 a	 mechanism	 whereby	 BDNF	 induces	

LRRK2	interaction	with	postsynaptic	actin	cytoskeleton.	

In	parallel,	we	performed	GO	analysis	of	those	hits	whose	interaction	with	LRRK2	

decreased	upon	BDNF-treatment.	As	shown	in	figure	10,	enriched	categories	include	

ER	targeting	and	translation/transcription	processes	(Fig.	46).	Among	the	decreased	

interactions,	we	identified	at	least	two	that	are	related	to	PD.	GTP	cyclohydrolase	I,	an	

enzyme	essential	for	DA	synthesis	in	nigrostriatal	cells,	is	encoded	by	disease-causing	

gene	(GCH1)	for	dopa-responsive	dystonia	(DRD),	frequently	found	in	concomitance	

with	PD	in	families	carrying	the	mutated	gene	(Yoshino	et	al.,	2018).	However,	the	most	

outstanding	 decreased	 interaction	 is	 that	 with	 vacuolar	 protein	 sorting-associated	

protein	13C	(VPS13C),	belonging	to	the	VPS13	protein	family.	The	biology	of	VPS13	

proteins	remains	still	unclear,	even	though	they	were	suggested	to	be	 implicated	 in	

several	different	processes	 including	membrane	traffic	among	Golgi	and	endosomes	

and	mitochondrial	health.	Interestingly,	a	work	from	De	Camilli’s	group	has	proposed	

that	VPS13C	 (similar	 to	 other	VPS13	proteins)	 operates	 as	 a	 direct	 lipid	 exchanger	

between	ER	and	endo-lysosomes	(Kumar	et	al.,	2018).	Despite	the	details	of	its	function	

are	still	unclear,	VPS13C	is	associated	with	early-onset	forms	of	PD,	characterized	by	

rapid	 and	 severe	 disease	 progression	 and	 early	 cognitive	 decline,	 with	 a	 parallel	

mitochondrial	dysfunction	(Lesage	et	al.,	2016).	Thus,	LRRK2	may	function	together	

with	VPS13C	in	regulating	lipid	transfer	from	the	ER	to	the	endolysosomes,	when,	for	

example,	LRRK2	is	recruited	to	the	lysosome	under	lysosomal	stress	where	it	promotes	
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lysosomal	 repair	 (Bonet-Ponce	 &	 Cookson,	 2021;	 Eguchi	 et	 al.,	 2018;	 Herbst	 et	 al.,	

2020).	 Another	 protein	 whose	 interaction	 with	 LRRK2	 is	 reduced	 upon	 BDNF	 is	

VPS13A,	encoded	by	a	gene	associated	with	the	neurodegenerative	disorder	Chorea	

Acanthocytosis	 (Yeshaw	 et	 al.,	 2019).	 VPS13A	 sites	 between	 ER	 and	mitochondria,	

where	 it	 tethers	 the	 two	 organelles,	 and	 also	 lipid	 droplets	 affecting	 their	motility	

(Kumar	 et	 al.,	 2018).	 One	 biological	 replicate	 has	 shown	 a	 decreased	 in	 LRRK2	

interaction	with	 VPS35,	 a	 key	 component	 of	 the	 retromer	 complex	 involved	 in	 the	

retrograde	transport	of	cargo	proteins	from	endosomes	to	the	trans-Golgi	network	and	

reported	 to	 modulate	 DA	 neurons	 survival	 (Williams	 et	 al.,	 2017).	 Several	 studies	

described	that	mutations	in	VPS35	coding	gene	are	associated	to	late-onset	forms	of	

PD,	 even	 if	 limited	 data	 are	 currently	 available	 regarding	 their	 neuropathology	

(Sassone	 et	 al.,	 2021).	 A	 functional	 interaction	 between	 VPS35	 and	 others	 genes	

associated	 with	 familial	 PD	 including	 SNCA,	 PARKIN	 and	 also	 LRRK2	 have	 been	

previously	observed	(Williams	et	al.,	2017).	

Taken	together,	these	data	suggest	that	under	a	specific	stimuli	LRRK2	is	recruited	

to	 a	 specific	 compartment,	 in	 this	 case	 BDNF	 drives	 LRRK2	 toward	 the	 actin-

cytoskeleton. 

Fig.46:	Most	of	the	LRRK2	partners	whose	interaction	decreased	upon	BDNF	stimulation	
are	involved	in	the	ER	targeting	and	in	the	translation/transcription	processes.	Graphical	
representation	 of	 GO	 enrichment	 analysis	 for	 the	 biological	 functions	 conducted	 on	 the	mass	
spectrometry	 hits	 presenting	 a	 decreased	 interaction	 with	 Lrrk2	 after	 BDNF	 treatment.	 We	
reported	the	categories	showing	an	adjusted	p-value	>	10-10.		
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7.4.2.1. Drebrin	 and	 LRRK2	 cooperate	 to	 promote	 dendritic	 spines	
structural	remodeling		

A	 compelling	 result	 from	 the	 AP-MS/MS	 analysis	 is	 that	 the	 most	 significant	

interaction	upregulated	in	the	presence	of	BDNF	is	that	with	drebrin,	with	a	4.5	fold	

change	 increase	 over	 the	 untreated	 condition	 (Fig.	 44).	 Drebrin	 (developmentally	

regulated	brain	protein)	constitutes	a	major	postsynaptic	actin-binding	protein	highly	

accumulated	in	dendritic	spines,	whose	function	is	to	organize	and	stabilize	F-actin	to	

regulate	 spine	 plasticity	 and	 function	 (Ivanov	 et	 al.,	 2009).	 Mechanistically,	 when	

bound	 to	 F-actin	 drebrin	 forms	 a	 helix	 with	 a	 length	 pitch	 of	 40nm,	 causing	

morphological	variations	that	spread	also	in	undecorated	actin	regions	(S.	Sharma	et	

al.,	2011).	Frequently,	drebrin-decorated	F-actin	acquires	properties	that	change	their	

responsiveness	to	several	stimuli	reaching	dendritic	spines	(e.g.	in	presence	of	G-actin	

sequestering	 agent	 latrunculin	 A,	 drebrin-decorated	 F-actin	 depolymerization	 is	

inhibited)	 allowing	 a	 great	 range	 of	 outcomes	 within	 dendritic	 spines.	 More	

importantly	drebrin	slows	down	the	F-actin	treadmilling	and	decreases	the	rate	of	its	

depolymerization,	bringing	to	a	stabilization	of	actin	cytoskeleton	(Shirao	et	al.,	2017).	

Based	 on	 this	 function,	 drebrin	 appears	 to	 be	 crucially	 involved	 in	 dendritic	 spine	

morphogenesis	 and	 remodelling	 in	 the	 embryonic	 and	 adult	 brain	 respectively	

(Koganezawa	et	al.,	2017).	During	the	earliest	developmental	stages	the	predominantly	

expressed	 isoform	 is	 termed	 Drebrin	 E,	 whereases	 Drebrin	 A	 represents	 the	 adult	

isoform,	specifically	expressed	 in	neurons	during	 the	adult	 life	 (Shirao	et	al.,	2017).	

Based	 on	 the	 substantial	 (4.5	 FC)	 and	 reproducible	 (across	 2	 independent	

experiments)	 enrichment	of	 LRRK2-drebrin	 interaction	upon	BDNF	 stimulation,	we	

decided	 to	 investigate	 the	 functional	 role	 of	 this	 interaction	 in	 dendritic	 spines	

dynamics.	

First,	 we	 validated	 the	 interaction	 by	 co-immunoprecipitation	 across	 three	

independent	experiments.	Specifically,	we	immunoprecipitated	with	GFP-trap®	resin	

either	 GFP	 alone	 (control)	 or	 LRRK2-GFP	 form	 unstimulated	 or	 BDNF	 treated	

differentiated	SH-SY5Y	OE	cells.		Under	equal	amounts	of	purified	LRRK2,	we	confirmed	

that	 the	 quantity	 of	 drebrin	 interacting	 with	 Lrrk2	 is	 ~2.2	 fold	 higher	 in	 treated	

conditions	(Fig.	47,	A).	We	also	wanted	to	rule	out	that	drebrin	does	not	bind	the	resin	

but	exclusively	GFP-LRRK2	bound	to	anti-GFP	nanobodies	coupled	to	the	resin.	To	this	

aim,	GFP-LRRK2	has	been	purified	from	cell	lysates	containing	a	mix	of		hLrrk2-GFP	OE	
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SH-SY5Y	 cells	 and	 naïve	 SH-SY5Y	 cells	 at	 different	 ratios:	 4:0,	 3:1,	 2:2,	 1:3,	 0:4	

(OE:naïve).	As	shown	in	Fig.	47,	the	levels	of	drebrin	bound	to	GFP-LRRK2	diminish	

proportionally	with	the	reduction	of	LRRK2	purified	from	the	lysate,	with	a	complete	

lack	 of	 signal	 in	 the	 eluate	 from	 the	 resin	 incubated	 with	 naïve	 cells	 only	 (0:4	

condition),	confirming	the	specificity	of	drebrin	binding	to	GFP-LRRK2	(Fig.	47,	B).		

We	 then	 have	 checked	 the	 post-synaptic	 localization	 of	 drebrin	 performing	

immunofluorescence	on	primary	cortical	Lrrk2	WT	neurons	(Fig.	48).	To	this	end,	we	

transfected	neurons	at	DIV	4	with	PSD95	 to	visualized	dendritic	spines	and	stained	

them	for	endogenous	drebrin	and	the	neuronal	marker	MAP2.	We	confirmed	that	in	

neurons	drebrin	is	highly	enriched	within	dendritic	spines.	Interestingly,	we	noticed	

that	 some	 spines	 are	 positive	 only	 for	 drebrin,	 suggesting	 that	 it	 is	 present	 also	 in	

protrusions	that	have	not	yet	reached	the	maturation.		

Fig.47:	Western	 blot	 analysis	 validating	 the	 increased	 Lrrk2-Drebrin	 interaction	 upon	
BDNF	treatment.	(A)	Western	blot	analysis	of	purified	Lrrk2-GFP	and	the	relative	quantification	
showing	how	the	amount	of	drebrin	interacting	with	Lrrk2	is	significantly	augmented	upon	BDNF	
treatment	compare	to	control	state.	Differences	between	the	two	conditions	have	been	evaluated	
using	Student’s	t-test	(significance	**p<0.01),	n=3	biological	replicates.	(B)	Western	blot	analysis	
proving	that	drebrin	binds	in	a	specific	fashion	purified	Lrkk2	and	not	the	resin.		
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Having	 validated	 LRRK2-drebrin	 interaction,	 we	 next	 hypotesized	 that	 loss	 of	

LRRK2	could	affect	the	expression	of	drebrin	within	the	brain.	To	test	this	possibility,	

we	performed	western	blot	analysis	on	Lrrk2	WT	and	Lrrk2	KO	brain	samples	derived	

from	the	same	mice	where	we	carried	out	Golgi-Cox	staining	analysis.	In	line	with	the	

greater	 amount	 of	 immature	 spines	 observed	 in	 one	 month	 old	 Lrrk2	 KO	 brains	

compare	 to	 the	 matched	 WT,	 we	 found	 that	 these	 mice	 also	 exhibit	 a	 significant	

decrease	in	drebrin	quantity	(Fig.	49,	upper	image).	Both	4	month-old	and	18	month-

old	old	mice	show	a	trend	of	decrease	in	drebrin	levels,	although	the	difference	does	

not	reach	statistical	significance	(Fig.	49,	central	and	lower	image),	in	agreement	with	

the	possible	compensatory	effect	on	spine	maturation	that	was	also	observed	in	adult	

and	old	KO	mice.	This	result	is	also	consistent	with	the	well-established	evidence	that	

the	spine	head	size	is	proportional	to	the	amount	of	the	stable	F-actin	pool.	In	other	

words,	spines	with	larger	head	size	contain	a	larger	proportion	of	stable	F-actin	and	

this	proportion	is	positively	correlated	with	drebrin	content	(Kobayashi	et	al.,	2007).	

In	contrast,	less	mature	spines	with	smaller	heads	contain	lower	stable	F-actin	together	

with	decreased	drebrin	fraction.		

Dendritic	spines	formation,	maturation	and	remodeling	relies	on	actin	cytoskeleton	

reorganization:	spine	shape	is	regulated	by	the	stable	and	dynamic	configurations	of	F-

actins,	with	the	first	forming	the	spine	head	structural	foundation	and	the	second	being	

responsible	for	changes	in	spine	head	shape	(Halpain,	2000).	It	has	been	proved	that	

after	stimuli	inducing	calcium	entry	and	LTP,	drebrin	undergoes	exodus	from	dendritic	

spines	and	consequently	accumulates	in	dendritic	shafts	and	cell	body	(Koganezawa	et	

al.,	2017).	The	exit	of	drebrin	from	dendritic	spines	head	allows	the	reestablishment	of	

normal	helical	pitch	and	the	subsequent	association	of	F-actin	with	other	actin-binding	

proteins,	together	with	new	monomeric	actin	accumulation	inside	the	dendritic	spine	

head	(Shirao	et	al.,	2017).	These	events	bring	to	an	increase	in	the	dynamic	actin	pool	

content	resulting	in	a	facilitation	of	F-actin	polymerization	and	spine	head	remodeling	

Importantly,	after	the	exodus	drebrin	reaccumulates	inside	the	spine	where	it	restores	

the	stable	F-actin	pool.	In	light	of	these	considerations,		drebrin	plays	a	pivotal	role	in	

the	maintenance	of	spine	size	after	stimuli	inducing	its	reshaping.		
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Fig.48:	 Immunofluorescence	 on	 WT	 Lrrk2	 primary	 neurons	 showing	 the	 preferential	
localization	 of	 drebrin	within	 dendritic	 spines.	Primary	 neurons	 has	 been	 stained	 for	 the	
specific	neuronal	marker	MAP2	(cyan)	and	for	endogenous	drebrin	(magenta).	Moreover,	they	
has	been	transfected	with	RFP-PSD95	(yellow),	to	visualize	dendritic	spines.	Scale	bar:	100	µm	;	
Magnifications	scale	bar:	15	µm.		

Considering	this	well-recognized	role	of	drebrin	and	our	discovery	of	its	interaction	

with	LRRK2,	we	next	 tested	 the	hypothesis	 that	 loss	of	LRRK2	 function	could	affect	

drebrin	relocalization	upon	a	stimulus	prompting	the	maturation	of	dendritic	spines.	

To	this	end,	we	treated	DIV14	primary	cortical	neurons	from	Lrrk2	WT	vs.	KO	mice	

with	BDNF	for	5	mins,	15	mins	and	24	hours,	and	subsequently	performed	confocal	

imaging	 of	 drebrin	 post-synaptic	 localization	 (Fig.	 50).	 At	 DIV4	 neurons	 have	 been	

transfected	with	GFP,	for	the	visualization	of	the	entire	dendritic	shaft,	and	with	PSD95,	

to	recognized	dendritic	spines,	whereases	endogenous	drebrin	has	been	stained	with	

a	mouse	anti-drebrin	primary	antibody.	We	then	calculated	the	integrated	density	of	

the	signal	from	endogenous	drebrin	overlapping	the	area	defined	by	PSD95	positive	

puncta	for	each	time	points	of	BDNF	treatment	in	Lrrk2	WT	and	KO	neurons.	In	this	
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way,	we	were	able	track	the	movement	of	drebrin	after	BDNF	stimulation	in	presence	

or	 absence	 of	 Lrrk2	 activity.	 As	 shown	 in	 figure	 50,	 Lrrk2	 WT	 neurons	 show,	 as	

expected,	a	relocation	of	drebrin	following	BDNF	stimulation.	The	drebrin	exodus	from	

dendritic	 spines	 starts	 after	 5	 minutes	 of	 treatment	 and	 further	 increases	 at	 15	

minutes.	At	24	hours,	drebrin	co-localization	with	PSD95	appeared	higher	as	compared	

to	the	unstimulated	(Fig.	50),	suggesting	that	spines	underwent	a	remodelling	process.	

In	contrast,	Lrrk2	KO	neurons	did	not	display	a	clear	change	in	drebrin	localization	at	

none	of	the	treatment	times	(Fig.	50).	Although	these	data	are	still	preliminary	(n=2	

independent	 experiments),	 they	 overall	 suggest	 that	 Lrrk2-drebrin	 interaction	 is	

important	 for	 maintaining	 dendritic	 spine	 architecture	 and	 promoting	 their	

remodelling	via	the	BDNF	pathway.		
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Fig.49:	Drebrin	levels	are	significantly	reduced	in	one	month	old	Lrrk2	KO	mice	compare	
to	the	matched	Lrrk2	WT	animals.	Western	blot	analysis	of	brain	samples	derived	from	Lrrk2	
WT	and	KO	mice	where	Golgi-Cox	staining	has	been	performed.	The	reduction	in	drebrin	content	
is	significant	in	Lrrk2	KO	mice	at	1	month	of	age.	Differences	between	the	two	genotypes	have	
been	evaluated	using	Student’s	t-test	(significance	**p<0.01),	n=3	animals	for	each	genotype	for	
each	ages.	
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Fig.50:	Lrrk2	affects	drebrin	exodus	from	dendritic	spines.	After	the	exposure	to	BDNF	for	
different	times	(5	minutes,	15	minutes	and	24	hours),	primary	neurons	from	Lrrk2	WT	and	KO	
mice	have	been	transfected	with	GFP	and	PSD95	and	stained	for	endogenous	drebrin.	The	amount	
of	drebrin	localizing	in	dentritic	spines	outlined	by	PSD95	has	been	assessed.	The	graph	shows	a	
pronounced	decrease	in	drebrin	content	in	WT	neurons	during	the	treatment	and	a	consequent	
increase	after	24	hours.	KO	neurons	present	only	a	blunt	effect	on	drebrin	localization	upon	the	
stimulation.	Scale	bar:	4	µm.	
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LRRK2	is	an	multidomain	protein	that	interacts	with	a	plethora	of	partners	via	its	

PPI	 domains	 and	 that	 acts	 on	 several	 substrates	 through	 its	 GTPase	 and	 kinase	

activities	 (Iannotta	 &	 Greggio,	 2021).	 To	 gain	 insights	 into	 the	 LRRK2	 domains	

responsible	 for	 drebrin	 interaction,	we	 performed	 co-immunoprecipitation.	 To	 this	

propose,	different	LRRK2	truncation	constructs	containing	an	N-terminal	GFP	tag	were	

expressed	and	immunoprecipitated	from	HEK293FT	cells.	Specifically,	we	transfected	

a	LRRK2	full	length	construct,	a	ΔN	construct	lacking	the	N	terminus	region,	deletion	

constructs	 expressing	 single	 domains	 (LRR,	 ROC,	 COR,	 KIN)	 and	 a	 RCK	 construct	

including	the	entire	enzymatic	core	composed	by	the	ROC-COR	GTPase	domain	and	the	

kinase	 domain.	 We	 performed	 the	 transfections	 three	 independent	 times	 and	

evaluated	the	LRRK2	domain	immunoprecipitation	with	anti	GFP	antibodies	and	co-

precipitated	 endogenous	 drebrin.	 Indeed,	 we	 had	 previously	 noticed	 during	 a	 MS	

experiment	 in	 HEK293T	 cells	 where	 we	 immunoprecipitaed	 overexpressed	 LRRK2	

that	drebrin	was	consistently	coimmunoprecipitated	in	this	experimental	conditions.	

Thus,	we	took	advantage	of	endogenous	drebrin	to	evaluate	its	interaction	with	LRRK2	

without	overexpressing	it.	As	shown	in	figure	31,	we	were	able	to	precipitate	all	the	

domains	using	GFP	trap	resin	even	though,	due	to	a	great	level	of	variability,	we	were	

not	 able	 to	 obtain	 the	 same	 quantity	 of	 purified	 proteins	 (Fig.	 51).	 Nevertheless,	

coimmunoprecipitation	of	drebrin	is	consistently	detected	in	the	presence	of	ROC,	COR,	

and	 KIN	 domains.	 Unexpectedly,	 the	 tridomain	 RCK	 always	 failed	 to	 co-precipitate	

drebrin,	possibly	suggesting	that	this	domain	folds	in	a	non-physiological	conformation	

that	hinders	the	interaction	interfaces	with	drebrin.	Importantly,	the	lack	of	drebrin	

signal	 in	 the	 resin	 incubated	 with	 naïve	 lysates,	 confirmed	 that	 drebrin	 binds	 the	

purified	 proteins	 and	 not	 the	 resin	 matrix.	 Overall,	 these	 results	 indicate	 that	 the	

interaction	may	require	 the	 full	 catalytic	 core	of	LRRK2	(ROC-COR-kinase),	opening	

interesting	possibilities	about	the	putative	interaction	mechanisms	that	could	involve	

the	GTPase	 and/or	 the	kinase	 activity.	Due	 to	 the	high	variability	 across	 replicates,	

more	experiments	are	required	to	obtain	a	statistically	relevant	result.	
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Fig.51:	 Drebrin	 interacts	 with	 the	 enzymatic	 core	 of	 Lrrk2.	 The	 upper	 image	 reports	 a	
representative	western	blot	analysis	of	purified	Lrrk2	truncation	constructs	containing	a	GFP	tag	
and	 drebrin	 coimmunoprecipitation.	 The	 lower	 image	 shows	 the	 quantification	 of	 drebrin	
fraction	 that	 binds	 the	 different	 Lrrk2	 domains,	 expressed	 as	 the	 ratio	 between	
coimmunoprecipitated	drebrin	and	purified	GFP	tagged	constructs.		
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Chapter	8	
Results	

Altered	Lrrk2	activity	impacts	on	
dendritic	spines	structural	plasticity	
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8. Introduction	
LRRK2	 contains	 several	 scaffolding	 regions	 implicated	 in	 protein-protein	

interaction,	as	well	as	serine-threonine	kinase	and	ROC	GTPase	catalytic	domains,	all	

together	making	a	large	and	complex	signaling	protein.	Mutations	in	the	LRRK2	gene	

cause	autosomal	dominant	PD,	while	common	variants	in	the	LRRK2	locus	increase	the	

lifetime	 risk	 of	 disease	 (Cookson,	 2015).	Most	 pathogenic	mutations	 sit	 within	 the	

enzymatic	core	of	the	protein,	resulting	in	a	decrease	of	GTP	hydrolysis	(R1441C/G/H	

and	Y1699C)	or	in	an	increase	of	kinase	activity	(G2019S),	consequently	affecting	the	

activity	of	downstream	LRRK2	effectors.	The	G2019S	substitution	is	the	most	recurrent	

LRRK2	mutation	accounting	for	approximately	1%	of	sporadic	PD	and	comprising	an	

high	proportion	(approximately	4–5%)	of	familial	PD	cases,	making	this	mutation	the	

most	 common	 known	 cause	 of	 PD.	 Furthermore,	 the	 prevalence	 of	 G2019S	 is		

significantly	enriched	in	some	ethnic	groups	(e.g.	40%	in	North	Africans	and	30%	in	

Ashkenazi	 Jews)	 and	 the	 penetrance	 is	 incomplete	 and	 increases	with	 age	 (25%	 to	

42.5%	at	age	80)	(A.	J.	Lee	et	al.,	2017).	This	mutation	is	located	in	the	kinase	domain	

and	results	from	a	G	>	A	substitution	at	position	6055	of	exon	41	of	LRRK2	gene	that	

causes	the	replacement	of	a	glycine	with	a	bulkier	serine	at	the	codon	2019	of	LRRK2.	

It	 is	 thought	 that	 the	 conformational	 flexibility	 of	 the	 serine	 residue	 is	 so	 reduced,	

freezing	the	kinase	in	a	more	active	conformation	(Greggio	&	Cookson,	2009).		

Increased	kinase	activity	associated	with	G2019S	has	been	link	to	several	different	

outcomes,	 including	 abnormal	Erk,	 c-Jun	 and	Akt	 signaling	pathways,	 dysfunctional	

autophagy,	mitochondrial	dysfunction,	accumulation	of	αSyn	and	tau	proteins,	but	also	

synaptic	vesicle	traffic	alteration	and	reduce	neurite	growth	(Ren	et	al.,	2019).	To	this	

regard,	 our	 group	 obtained	 interesting	 evidence	 highlighting	 as	 LRRK2	 G2019S	 i)	

impairs	synaptic	vesicle	dynamics	via	aberrant	phosphorylation	of	two	important	SV	

related	protein,	namely	NSF	and	synapsin	I	(Belluzzi	et	al.,	2016;	Marte	et	al.,	2019),	

and	 ii)	 affects	 the	 extension	 of	 neurites,	 which	 become	 shorter	 and	 decreased	 in	

number	 after	 14	 day	 in	 vitro	 in	 BAC-G2019S	 neurons	 (Civiero,	 Cogo,	 et	 al.,	 2017).	

Furthermore,	the	G2019S	mutation	is	linked	with	an	altered	post-synaptic	activity	in	

terms	of	responses	to	glutamatergic	and	dopaminergic	stimulations	(Beccano-Kelly	et	

al.,	 2015;	Matikainen-Ankney	 et	 al.,	 2016;	 Pischedda	&	 Piccoli,	 2021;	 Plowey	 et	 al.,	

2014;	Volta	et	al.,	2017).	
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Based	on	these	consideration	and	on	our	results	indicating	that	LRRK2	participates	

in	postsynaptic	remodelling	through	interaction	with	actin-cytoskeletal	components,	

in	this	chapter	I	report	a	number	of	experiments	assessing	the	consequences	of	Lrrk2	

gain	 of	 kinase	 function	 on	 dendritic	 spines	 morphology	 and	 maturation.	 As	 Lrrk2	

G2019S	 mice	 do	 not	 display	 overt	 signs	 of	 neurodegeneration	 (Liu	 et	 al.,	 2015;	

Seegobin	et	al.,	2020;	Yue	et	al.,	2015),	they	may	represent	pre-symptomatic	models	of	

disease.	Thus,	we	reasoned	that,	if	mutant	Lrrk2	impairs	dendritic	spine	dynamics,	this	

might	manifest	as	an	early	pathological	sign	preceding	neuronal	death.	 

8.1. 	Mutant	 LRRK2	 G2019S	 impacts	 dendritic	 spines	 morphology	 in	
aged	mice	

With	the	aim	of	investigating	whether	the	common,	hyperactive	G2019S	mutation	

affects	 synaptic	architecture,	we	analyzed	 the	consequences	of	Lrrk2	gain	of	kinase	

function	 on	 striatal	 dendritic	 spine	 morphology,	 number	 and	 ultrastructure.	 To	

perform	this	analysis,	we	took	advantage	of	two	different	mouse	models:	the	knockin	

Lrrk2-G2019S	mouse	(KI-GS)	(Herzig	et	al.,	2011)	and	the	BAC	Lrrk2-G2019S	mouse	

(BAC-GS)	(Xianting	Li	et	al.,	2010).	KI-GS	is	recognized	as	a	“physiological	model”	to	

study	the	effect	of	this	mutation	being	the	mutation	inserted	in	the	endogenous	murine	

gene	 (Herzig	 et	 al.,	 2011).	Although	 some	different	 observations	were	made	 across	

different	 laboratories,	 there	 is	 a	 general	 consensus	 of	 subtle	 dysfunctions	 in	

dopaminergic	neurotransmission	and	hyperkinetic	movements	(Beccano-Kelly	et	al.,	

2015;	Longo	et	al.,	2014,	2017).	Moreover,	our	group	and	collaborators	reported	an	

accumulation	 of	 phosphoS129	 α-Syn	 in	 12-months	 old	 GS-KI	 brains,	 which	 may	

represent	a	prodromal	sign	before	clinical	manifestation	(Longo	et	al.,	2017).	The	BAC	

mouse	 overexpresses	 murine	 G2019S-Lrrk2	 under	 the	 control	 of	 the	 endogenous	

promoter	(Xianting	Li	et	al.,	2010)	and	is	characterized	by	shorter	neurites	in	cultured	

neurons,	increased	post-synaptic	efficiency	and	reduced	striatal	dopamine	content	and	

uptake	(Xianting	Li	et	al.,	2010;	Sepulveda	et	al.,	2013;	Sweet	et	al.,	2015).	However,	

these	phenotypes		are	mild	and	far	from	fully	recapitulating	PD-related	phenotypes	like	

nigral	 loss,	α-syn	deposition	 in	Lewy	bodies-like	 inclusions,	 and	motor	 impairment.	

The	 lack	of	 clinical	PD	symptoms	 in	mutant	Lrrk2	mice	may	be	reconciled	with	 the	

incomplete	penetrance	of	Lrrk2	mutation	in	humans,	where	aging	acts	in	combination	

with	genetics,	a	situation	that	cannot	be	fully	reproduced	in	the	shorter	lifespan	of	the	
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mouse.	Thus,	GS	Lrrk2	mice	may	constitute	a	valuable	pre-symptomatic	model	of	the	

pathology,	 where	 early	 sign	 of	 synapse	 degeneration/loss	 can	 be	 evaluated	 and	

studied,	with	BAC-GS	mice	representing	an	exacerbated	model	of	G2019S	pathological	

effects.	Given	these	mice	are	presymptomatic	models	and	PD	is	an	age-related	disorder	

we	firstly	have	analysed	the	spines	and	synapses	of	18	month-old	mutant	Lrrk2	mice	

to	search	for	defects	that	may	emerge	from	the	combination	between	genetic	and	age.	

8.1.1. 	Mutant	Lrrk2	affects	dendritic	spines	morphology		

We	used	the	Golgi-Cox	staining	to	visualize	dendritic	spines	morphology	to	perform	

a	similar	analysis	as	described	for	Lrrk2	KO	mice	(7.3.1.)	in	coronal	dorsal	striatal	brain	

slices	derived	from	KI-GS	and	BAC-GS	mice.	As	controls,	we	used	WT	mice	(C57BL/6J)	

that	 were	 used	 to	 breed	 both	 genotypes.	 Three	 mouse	 brains	 per	 genotype	 were	

collected	and	about	20	neurites	of	~20-30	µm	in	length	were	imaged	and	analyzed	per	

each	brain.	The	mean	value	±	SEM	of	every	parameters	 (width,	 length,	number	and	

spine	category)	was	calculated	starting	from	its	average	value	in	each	of	the	three	mice.	

Phase	 contrast	 acquisition	 mode	 was	 exploited	 to	 acquire	 images	 at	 the	 confocal	

microscope	 and	 the	 analysis	 was	 performed	 with	 the	 software	 Reconstruct	

(http://synapses.clm.utexas.edu).	Unexpectedly,	the	Golgi-Cox	staining	revealed	that	

the	KI-GS	and,	at	even	higher	extent,	the	BAC-GS,	possess	more	branched	spines	and	

less	thin	protrusions	compared	to	WT	mice.	Moreover,	the	BAC-GS	animals	display	also	

a	significant	reduction	in	filopodia	protrusions	with	respect	to	both	the	KI-GS	and	the	

WT	mice.	These	findings	suggest	that	the	G2019S	mutation	promotes	the	formation	of	

more	mature	spines	and	a	reduction	in	the	amount	of	non-mature	protrusions,	with	a	

exacerbated	effect	in	presence	of	overexpressed	mutant	Lrrk2	(Fig.	52).	We	have	also	

assessed	the	total	amount	of	protrusions	together	with	the	average	width	of	dendritic	

spine	head	and	the	average	length	of	dendritic	spine	neck.	As	shown	in	figure	53,	only	

the	length	of	dendritic	spines	neck	appears	to	be	reduced	in	BAC-GS	mice	compared	to	

the	control	WT	mice,	while	we	were	not	able	to	detect	any	additional	alterations	in	the	

others	parameters,	implying	that	BAC	mice	possess	spines	that	are	shorter	on	average	

compared	 to	 those	 of	 the	 other	 genotypes	 (Fig.53,	 A).	 To	 rule	 out	 whether	 this	

phenotype	occurs	with	age	or	is	already	present	at	earlier	stages,	we	also	examined	4	

month-old	 GS-mouse	 striata.	We	 did	 not	 detect	 any	 significant	 difference,	 although	

there	is	a	trend	of	increased	branched	spines	in	both	KI-GS	and	BAC-GS	mice	(Fig.	52).	



	

	160	

Only	the	KI-GS	animals	exhibit	a	statistically	significant	decrease	in	the	number	of	thin	

spines	(Fig.	52).	A	 larger	sample	size	 is	needed	 to	prove	or	disprove	whether	 these		

subtle	 differences	 are	 real.	 Non	 changes	 were	 observed	 in	 the	 average	 number	 of	

protrusions	and	width	of	the	spine	head,	while	the	average	length	of	the	spine	neck	

showed	a	significant	decrease	in	GS-KI	mice	at	4	months	of	age	(53,	B).	Instead,	in	18-

month	 old	 striata	 spine	 density	 decreased	 compared	 to	 4	month-old	mice	with	 no	

differences	across	genotypes(Fig.	53,	C).	A	similar	trend	was	observed	in	the	WT	vs.	KO	

analysis	 (Fig.	 31),	 likely	 due	 to	 physiological	 decay	 during	 the	 aging	 process,	 as	

previously	 reported	 (Dickstein	 et	 al.,	 2013).	 Of	 interest,	 an	 increased	 frequency	 of	

occurrence	of	spines	with	enlarged	heads	was	reported	in	aged	cats	compared	with	

young	 individuals	 (Levine	 et	 al.,	 1986).	 In	 our	 case,	 we	 did	 not	 find	 significant	

differences	in	spine	width	between	adult	and	aged	mice	but	we	did	see	an	increased	in	

branched	spines,	which,	similarly,	represent	a	class	of	spines	with	increased	density	

for	postsynaptic	transmission.	

Overall	these	results	suggest	that	G2019S	mutation	stimulates	drives	a	shift	toward	

the	formation	of	branched	spines	and	a	parallel	reduction	of	 thin	spines,	suggesting	

that	synapses	maybe	more	efficient.	This	 is	 in	 line	with	a	previous	study	where	 the	

authors	 reported	 that	 developing	 Lrrk2	 G2019S	 MSNs	 possess	 larger	 spines	 and	

parallel	 larger	postsynaptic	 activity	 in	1	month	old	mice	 (Matikainen-Ankney	et	 al.,	

2016).	We	plan	to	extend	these	data	with	the	analysis	of	1	month-old	mice	as	well.	

8.1.2. Mutated	 Lrrk2	 affects	 synapses	 number	 and	 postsynaptic	
ultrastructure	

We	next	analyzed	the	number	of	synaptic	contacts	comparing	WT	with	KI-GS	and	

BAC-GS.	Striatal	brain	slices	obtained	 from	18	month-old	mice	were	stained	 for	 the	

presynaptic	marker	VAMP2	and	the	postsynaptic	marker	PSD95.	Synaptic	contacts	are	

represented	by	overlapping	fluorescence	signals,	 i.e.	yellow	puncta.	We	analyzed	12	

random	fields	per	animal	(n=2	animals	per	WT	and	n=3	animals	per	KI	and	BAC).	As	

shown	in	figure	54,	the	number	of	synapses	has	a	trend	of	reduction	in	both	the	GS	

animal	models,	although	on	the	overexpressing	BAC-GS	mice	show	a	stronger	effect	

(Fig.	54).	We	have	to	increase	the	WT	sample	size	in	order	to	perform	statistical	test.		

	 	



	

	 161	

Fig.	52:	G2019S	Lrrk2	mutation	 influences	striatal	dendritic	spines	maturation	 in	aged	
mice:	Representative	images	of	the	neurite	segments	analyzed	(about	20	segments	per	animal	
were	analyzed)	are	reported	in	the	left	side	for	each	age.	Scale	bar:	5	µm.	As	showed	in	the	right	
side,	 protrusion	 were	 classified	 in	 four	 morphological	 classes	 (filopodia,	 thin,	 mushroom,	
branched)	and	graphically	represented	as	%	of	the	total	number.	Maturation	defects	are	observed	
in	Lrrk2	GS	eighteen	months	old	mice	(upper	figure).	A	significant	decrease	in	the	amount	of	thin	
protrusions	has	been	detected	also	in	4	months	old	GS-KI	mice.	Significance	between	genotypes	
was	tested	using	2	way	ANOVA	with	Tukey’s	multiple	comparison	test	(significance	***p<0.001;	
**p<0.01;	*p<0.5),	n=3	animals	for	genotype	for	each	age.	
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Fig.	53:	G2019S	Lrrk2	mutation	influences	the	length	of	dendritic	spines	neck,	whereas	it	
does	not	impact	on	the	number	of	total	protrusions.	Analyses	of	protrusions	number,	spines	
width	and	length	in	18	months	(A)	and	4	months	(B)	old	GS-mice.	The	lower	figure	(C)	reports	
the	different	parameters	comparison	between	the	two	analyzed	ages.	Statistical	significance	was	
assessed	with	 one-way	ANOVA	with	Tukey’s	multiple	 comparisons	 test	 (significance	 **p<0.01;	
*p<0.5),	n=3	animals	for	genotype	for	each	age.	
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Fig.	54:	G2019S	Lrrk2	mutation	influences	the	number	of	striatal	synapses:	 In	the	upper	
panels,	 representative	 immunofluorescence	 images	 of	 striatal	 brain	 slices	 stained	 with	
presynaptic	VAMP2	(in	green)	and	postsynaptic	PSD95	(in	red)	markers	to	assess	synapse	number	
in	Lrrk2	WT	versus	Lrrk2	GS	mice	at	18	months	of	age.	The	quantification	is	reported	in	the	lower	
part	of	the	figure.	Even	if	not	significant,	there	a	trend	of	reduction	in	synapses	number	is	observed	
in	Lrrk2	GS	mice.	Statistical	significance	was	assessed	with	one-way	ANOVA	with	Tukey’s	multiple	
comparisons	test,	n=3	animals	per	condition	were	analyzed.		

Finally,	we	checked	 for	 the	presence	of	possible	ultrastructural	differences	 in	18	

months-old	mice	performing	electron	microscopy	analysis	of	synaptic	structure	in	the	

striatum.	Specifically,	we	measured	the	length	of	the	PSD	to	infer	further	information	

about	the	predicted	postsynaptic	efficiency,	which	is	proportional	to	the	length	of	PSD.	

As	shown	in	figure	55,	PSD	is	significantly	longer	in	GS	models	compared	to	WT	animals	

(Fig.	55).		
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Fig.	55:	G2019S	Lrrk2	mutation	is	associated	with	an	increased	PSD	length	in	aged	mice:	
the	length	of	the	PSD	has	been	evaluated	by	transmission	electron	microscopy	on	striatal	brain	
slices	from	Lrrk2-GS	18	months	old	mice	(representative	images	in	the	upper	part	of	the	figure).	
Lrrk2-GS	mice	present	longer	PSD	compared	to	controls.	Differences	between	GS	and	WT	mice	
have	 been	 evaluated	 using	 one-way	 ANOVA	 with	 Dunnett’s	 multiple	 comparisons	 test	
(significance	**p<0.01;	*p<0.5),	n=3	animals	per	genotype	were	analyzed.	Scale	bar:	200	nm.	
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Overall,	 these	 findings	 indicate	 that	 aged	mice	 carrying	 the	 pathological	 G2019S	

mutation	spines	are	enlarged	with	an	increased	PSD,	suggesting	that	they	may	be	more	

functional.	Coherently,	in	the	GS	brain	in	which	we	performed	Golgi-Cox	staining	(Fig.	

52)	we	observed	a	trend	of	increase	in	drebrin	expression	compare	to	the	WT	(Fig.	56).	

However,	the	overall	synaptic	contacts	is	reduced	in	mutant	mice.	The	reason	behind	

this	apparently	contrasting	findings	is	unclear,	however	one	possibility	could	be	that	a	

sustained	 synaptic	 activity	 due	 to	 the	 presence	 of	 larger	 spines	 could	 results	 in	 an	

overstimulation	 of	 the	 cortical-striatal	 circuits	 with	 a	 consequent	 glutamate	

excitotoxicity.	This	scenario	would	also	fit	with	the	increased	cortico-striatal	activity	

that	has	been	previously	documented	in	G2019S	models	(Huntley	&	Benson,	2020).	In	

particular,	 in	 the	 dorsal	 striatal	 MSNs	 of	 KI-GS	 acute	 brain	 slices	 the	 frequency	 of	

spontaneous	excitatory	postsynaptic	currents	(sEPSCs)	was	found	to	increase	of	about	

4	 folds	 compared	 to	 the	WT	(Volta	 et	 al.,	 2017).	 It	 can	be	 speculated	 that	 this	non-

physiological	 condition	 may	 result	 in	 increased	 extracellular	 glutamate,	 already	

observed	in	GS	mice	(Beccano-Kelly	et	al.,	2014;	Volta	et	al.,	2017),	which	in	turn	leads	

to	synapse	removal.		

Interestingly,	 we	 have	 also	 collected	 evidence	 in	 support	 of	 an	 altered	 brain	

environment	 in	aged	mice	carrying	 the	G2019S	mutation.	We	stained	coronal	 slices	

from	1	and	12	months	old	BAC-GS	mice	for	GFAP,	a	specific	astrocytic	marker	whose	

expression	 increases	 during	 astrogliosis.	 As	 shown	 in	 Figure	 57,	 striatal	 astrocytes	

from	 12	 months-old	 mice	 display	 a	 more	 ramified	 morphology	 as	 compared	 to	 1	

month-old	animals,	overall	suggesting	the	presence	of	enhanced	gliosis	in	aging	BAC-

GS	brains.	Moreover,	we	noticed	that	CD11b	signal,	that	marks	microglial	cells,	is	more	

intense	in	striatal	slices	obtained	from	12	month-old	BAC-GS	mice	with	respect	to	those	

from	1	month-old	animals	 (Fig.	57,	C-D).	 In	 these	aged	mice	microglia	also	appears	

more	ramified.		

Taking	 together	 these	 data	 point	 are	 indicative	 of	 an	 increased	 inflammatory	

environment	in	aged	BAC-G2019S	brains,	coherently	with	some	previous	studies	in	GS	

models	 (Schildt	 et	 al.,	 2019;	 Xiong	 et	 al.,	 2018).	 Noteworthy,	 glia	 reactivity	 and	

neuroinflammation	represent	conditions	frequently	associated	with	glutamate	extra-

synaptic	diffusion	and	associated	toxicity	(L.	Iovino	et	al.,	2020).		
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Fig.	56:	Drebrin	levels	have	a	trend	of	increase	in	18	month-old	Lrrk2	GS		mice	compare	to	
the	matched	Lrrk2	WT	animals.	Western	blot	analysis	of	brain	samples	derived	from	Lrrk2	WT	
and	GS	mice	where	Golgi-Cox	staining	has	been	performed.	The	increase	in	drebrin	content	is	not	
significant.	

Fig.57:	 Immunofluorescent	 staining	 for	 glial	 cells	 of	 brain	 slices	 from	 hemizygous	
transgenic	 mice	 overexpressing	 murine	 BAC-Lrrk2-G2019S.	 Representative	
immunofluorescent	 staining	 of	 GFAP	 (A,B)	 and	 CD11b	 (C,D)	 -positive	 cells	 highlighting	 the	
different	shape	and	activation	level	of	striatal	astrocytes	and	microglia	respectively,	at	1	and	12	
months	of	age.	Scale	bars	200	µm.	Adapted	from	(Iannotta	et	al.,	2020).		
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Chapter	9	
Discussion	and	conclusions		
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9. Discussion	and	conclusions		

Several	 lines	 of	 evidence	 indicate	 that	 LRRK2	 sits	 at	 the	 crossroads	 between	

vesicular	 traffic	 and	 cytoskeletal	 dynamics,	 through	 interaction	 with	 a	 host	 of	

cytoskeletal	and	vesicle-associated	proteins	and	phosphorylation	of	a	subset	of	RAB	

GTPases	(Civiero	et	al.,	2018;	Iannotta	&	Greggio,	2021).	This	activity	 is	particularly	

important	in	a	specialized	compartment	such	as	the	synapse,	where	LRRK2	has	been	

shown	to	influence	SVs	cycle	and	consequent	NTs	release	(Pischedda	&	Piccoli,	2021).	

The	 presence	 of	 a	 functional	 cytoskeleton,	 in	 particular	 actin	 filaments,	 is	 of	

fundamental	 importance	 at	 the	 synapse,	 as	 it	 provides	 the	 microarchitecture	 for	

synaptic	structure	maintenance	and	plasticity-driven	reshaping.	Thus,	the	dynamics	of	

actin	 cytoskeleton	 are	 central	 for	 dendritic	 spines	 plasticity	 and,	 consequently,	 for	

brain	 circuits	 functionality	 (Matus,	 2000).	 Via	 remodeling	 of	 actin	 filaments,	 these	

specialized	 structures	 respond	 to	 environmental	 cues	 and	 contribute	 to	 the	

experience-dependent	 refinement	 of	 neuronal	 circuits,	 learning	 and	 memory	

(Chidambaram	et	al.,	2019).	Robust	literature	points	to	synaptic	damage	and	dendritic	

spines	 dysfunction	 as	 early	 pathological	 events	 proceeding	 neurodegeneration	 and	

clinical	 symptoms	 in	multiple	neurodegenerative	disorders,	 such	as	PD	 (Fiala	et	 al.,	

2002;	Hong	et	al.,	2016;	Milnerwood	&	Raymond,	2010;	Picconi	et	al.,	2012;	S.	Soukup	

et	al.,	2018).		

As	 mutations	 in	 LRRK2	 represent	 the	 most	 common	 known	 cause	 of	 PD,	

understanding	the	role	covered	by	this	kinase	in	the	physiology	of	the	neuron	is	critical	

to	 gain	 better	 insight	 into	 the	 possible	 mechanisms	 contributing	 to	 PD	

neurodegeneration.	The	data	of	this	doctoral	thesis	highlighted	that	LRRK2	regulates	

cytoskeletal	dynamic	impacting	on	the	structural	plasticity	of	dendritic	spines	and	that	

the	hyperactive	G2019S	mutation	affects	the	processes	that	underlies	this	structural	

regulation.		

We	first	assessed	the	expression	of	Lrrk2	in	the	mouse	brain,	focusing	on	midbrain,	

striatum	and	cortex,	the	three	major	compartments	of	relevance	in	PD.	We	observed	

that	 Lrrk2	 is	 highly	 expressed	 in	 the	 mouse	 striatum,	 while	 the	 protein	 shows	

significantly	lower	levels	in	the	midbrain.	Performing	immunofluorescence	analysis	on	

coronal	brain	slices	from	1	month	and	12	month-old	BAC-GS	mice,	overexpressing	by	
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~	6-8	folds	the	murine	Lrrk2	 locus,	we	further	noticed	that	both	total	and	phospho-

Ser935	Lrrk2	 signals	 are	 elevated	 in	dorsal	 striatum	but	 low	 in	 the	nearby	 cortical	

region.	 High	 levels	 of	 LRRK2	 in	 the	 striatum	were	 previously	 reported	 in	 different	

studies,	 confirming	our	 findings	 (Mandemakers	 et	 al.,	 2012;	West	 et	 al.,	 2014).	The	

dorsal	 striatum	 is	 the	 main	 gateway	 of	 the	 basal	 ganglia	 (BG),	 receiving	 afferent	

projections	 either	 from	DA	neurons	 of	 the	 SNpc,	 located	 in	 the	midbrain,	 and	 from	

glutamatergic	neurons	of	the	cortex.	Interestingly,	we	observed	that	total	and	pospho-

Ser935	Lrrk2	signals	is	mainly	present	in	cells	positive	for	the	neuronal	marker	β-III-

tubulin,	whilst	it	is	poorly	detectable	in	astrocytes	and	almost	absent	in	microglia	cells.	

Our	data	suggest	that	the	expression	and	phosphorylation	of	this	protein	in	the	mouse	

brain	 is	 elevated	 in	 neurons	 of	 the	 striatum,	 according	 to	 other	 studies	 showing	 a	

specific	functions	of	Lrrk2	in	these	cells	(Matikainen-Ankney	et	al.,	2016;	Parisiadou	et	

al.,	2014).	We	performed	this	analysis	in	BAC-G2019S	mice	as	they	overexpress	Lrrk2,	

allowing	 its	 visualization	 by	 immunofluorescence,	 otherwise	 undetectable	 under	

endogenous	 expression	by	 the	 commercially	 available	 antibodies.	While	we	predict	

that	 WT	 and	 G2019S	 have	 identical	 cell-type	 expression,	 these	 results	 warrant	

confirmation	in	the	BAC	mouse	overexpressing	WT	Lrrk2.	Nevertheless,	it	is	clear	that	

LRRK2	is	enriched	in	the	striatum,	whose	neuronal	cells	are	mainly	composed	by	MSNs,	

representing	the	post-synaptic	cells	of	the	nigro-	and	the	cortical-striatal	pathways.	PD	

is	characterized	by	the	loss	of	DA	neurons	in	the	SNpc	and	and	one	hypothesis	is	that	

this	degeneration	starts	at	the	periphery	and	only	later	reaches	the	cell	body,	through	

a	dying	back	mechanism	(Tagliaferro	&	Burke,	2016).	Thus,	we	can	speculate	that	a	

functional	 damage	 in	 post-synaptic	 MSNs	 causes	 an	 alteration	 in	 the	 synaptic	

functionality,	 contributing	 to	 DA	 neurons	 dysfunction	 and	 degeneration.	 Why	 DA	

neurons	and	not	glutamatergic	neurons	are	more	susceptible	to	this	dying	back	process	

may	 be	 found	 in	 the	 intrinsic	 vulnerability	 of	 these	 neurons.	 	 Indeed,	 DA	 neurons	

possess	 highly	 branched,	 unmyelinated	 axons,	 each	 providing	 as	 many	 as	 245,000	

synaptic	 contacts,	 putting	 them	 under	 an	 extraordinary	 energy	 demand,	 which	

requires	a	highly	efficient	delocalization	of	protein	quality	control	systems	(Bolam	&	

Pissadaki,	2012;	Mosharov	et	al.,	2009;	Surmeier	et	al.,	2017).	Interestingly,	it	has	been	

shown	that	LRRK2	impacts	the	regulation	of	DA	release:	in	presence	of	Lrrk2	BAC-GS	

(the	same	mice	used	in	our	study),	DA	release	and	uptake	are	reduced	in	the	striatum	

(Xianting	Li	et	al.,	2010).	While	this	points	to	a	presynaptic	impairment,	we	cannot	rule	
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out	that	such	an	effect	could	be	also	an	indirect	consequence	of	an	altered	postsynaptic	

function.	Moreover,	 the	 activity	 of	 cortical	 glutamatergic	 terminals	 is	modulated	by	

other	neurotransmitters	released	in	the	local	area,	including	DA.	This	reduction	in	the	

DA	tone	associated	with	mutant	Lrrk2	alters	DA-mediated	plasticity	at	cortico-striatal	

synapses	(Volta	&	Melrose,	2017).	In	addition,	a	recent	study	connects	the	changes	in	

motor	cortex	excitability	in	PD	with	basal	ganglia	pathology,	as	a	consequence	of	DA	

reduction,	rather	than	to	a	loss	of	direct	dopaminergic	innervation	of	the	motor	cortex	

(Swanson	et	al.,	2021).	Moreover,	glutamate	release	is	regulated	in	a	negative	fashion	

by	endocannabinoids	that	act	via	retrograde	signaling	from	MSNs	(Kreitzer	&	Regehr,	

2002).	Thus,	mutant	LRRK2	in	MSNs	may	trigger	several	dysfunctional	processes	 in	

this	 compartment	 contributing	 to	 the	 initiation	 of	 basal	 ganglia	 pathology	 in	 PD.	

Supporting	this	possibility,	Chen	and	co-workers	recently	observed	that	Lrrk2	causes	

alteration	in	the	functionality	of	MSNs	spines	in	the	presence	of	G2019S	and	R1441C	

mutations	(C.	Chen	et	al.,	2020).		

In	parallel,	by	exploring	LRRK2	interactome	in	neuronal-differentiated	SH-SY5Y	to	

find	molecular	clues	about	LRRK2	function	at	the	synapse,	we	observed	that	the	most	

significantly	enriched	hits	are	actin-related	or	myosin-related	proteins.	Actin-related	

proteins	 constitute	 a	 repertoire	 of	 players	mostly	 specialized	 in	 regulation	 of	 actin	

cytoskeleton	rearrangement	(Pollard,	2016).	Non-muscular	myosins	are	actin-based	

cytoskeletal	motors	with	 a	 recognized	 role	 at	 neuronal	 synapses,	where	 they	 drive	

cargo	 transport	but	also	 regulate	actin	 cytoskeleton	dynamics	 (Kneussel	&	Wagner,	

2013).	 Consistently,	 GO	 enrichment	 analysis	 for	 biological	 processes	 revealed	

enrichment	 for	 actin	 organization	 pathways.	 Remarkably,	 the	 remodeling	 of	 actin	

network	 in	 postsynaptic	 dendritic	 spines	 heavily	 relies	 on	 the	 combined	 activity	 of	

actins	and	myosins	(Kneussel	&	Wagner,	2013;	Matus,	2000).		

Several	 lines	 of	 evidence	 support	 a	 nexus	 between	 LRRK2	 and	 cytoskeletal	

pathways	(Civiero	et	al.,	2018).	Our	group	previously	showed	that	LRRK2	Roc	domain	

in	its	GTP-bound	state	interacts	with	PAK6	and	that	this	interaction	promotes	neurite	

complexity	in	the	striatum	by	modulating	actin	dynamics	via	the	LIMK/cofilin	pathway	

(Civiero	 et	 al.,	 2015).	 Moreover,	 it	 has	 been	 demonstrated	 that	 Lrrk2	 controls	 the	

activity	 of	 cofilin	 also	 via	 PKA	 signaling	 pathway,	 impacting	 on	 dendritic	 spines	

remodeling	 at	 post-natal	 stages	 (Parisiadou	 et	 al.,	 2014).	 LRRK2	 is	 able	 to	
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phosphorylate	moesin	(Jaleel	et	al.,	2007),	a	member	of	 the	ERMs,	proteins	that	are	

localized	at	the	actin-rich	sites	in	filopodia	where	they	control	neurite	outgrowth	by	

regulating	filopodia	architecture.	Of	interest,	the	phosphorylation	state	of	ERM	and	F-

actin	 content	 are	 increased	 in	 G2019S	 LRRK2	 resulting	 in	 retardation	 of	 neurite	

outgrowth	 (Parisiadou	 et	 al.,	 2009).	 All	 these	 evidences	 and	 our	 protein-protein-

interaction	data	point	to	a	role	of	LRRK2	in	neuronal	actin	dynamics.	Based	on	these	

considerations	together	with	the	elevated	LRRK2	expression	in	postsynaptic	striatal	

MSNs,	we	set	out	to	investigate	whether	LRRK2	influences	the	structural	properties	of	

dendritic	spines.	TEM	and	confocal	imaging	of	Golgi-Cox	stained	striatal	sections	from	

1,	4	and	18	month-old	Lrrk2	WT	and	KO	mice,	showed	that	LRRK2	deficiency	leads	to	

changes	in	the	maturation	of	striatal	dendritic	spines	and	in	striatal	synaptic	contacts	

number	during	the	developmental	stages.	Striatal	dendritic	spines	of	1	month-old	KO	

mice	show	a	shift	 from	 filopodia	 to	thin	spines	 -	while	the	amount	of	mushroom	and	

branched	spines	 remains	unaltered	-	with	a	parallel	 reduction	of	PSD	 length,	overall	

suggesting	that	loss	of	Lrrk2	results	in	subtle	defects	in	spine	maturation	at	young	ages.	

Of	note,	Parisiadou	and	collaborators	previously	observed	an	higher	proportion	of	thin	

and	 ‘less	 mushroom’	 spines	 in	 LRRK2	 KO	 pups,	 further	 supporting	 our	 findings	

(Parisiadou	et	al.,	2014).	Spines	with	small	heads	are	not	able	to	form	strong	synaptic	

contacts,	suggesting	that	the	reduction	in	the	number	of	synapses	observed	in	KO	mice	

may	be	explained	by	the	fact	that	fewer	dendritic	spines	are	sufficiently	mature	to	make	

synaptic	connections.	PSD	area	correlates	perfectly	with	spine	head	volume	and	also	it	

is	 proportional	 to	 the	 number	 of	 postsynaptic	 NTRs	 and	 also	 to	 the	 amount	 of	

presynaptic	 docked	 vesicles,	 giving	 an	 indication	 about	 the	 level	 of	 synaptic	

functionality	 (Hering	&	Sheng,	2001).	 In	1	month-old	Lrrk2	KO	mice	we	detected	a	

reduction	 in	the	PSD	length,	 further	 indicating	that	dendritic	spines	are	 less	mature	

and,	 probably	 less	 functional.	 However,	 1month-old	 WT	 mice	 exhibit	 a	 higher	

proportion	 of	 filopodia	 (which	 are	 devoid	 of	 synaptic	 contacts),	 making	 the	

interpretation	 of	 these	 results	 complicated.	One	possibility	 is	 that	 the	 reduced	PSD	

length	observed	in	KO	mice	may	also	involve	mushroom	and	branched	spines.	Indeed,	

accumulating	evidence	indicates	the	existence	of	dendritic	spine	shapes	as	a	continuum	

rather	than	separated	classes.	To	this	end,	it	will	be	interesting	to	perform	additional	

analyses	using	algorithms	that	rely	on	clusterization	rather	than	classification	of	spines	

(Pchitskaya	&	Bezprozvanny,	2020).	Importantly,	even	if	a	slight	decrease	in	dendritic	
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spines	maturation	and	synaptic	contacts	number	is	still	still	detectable	in	mature	and	

aged	mice,	none	of	these	alteration	are	statistically	relevant,	suggesting	that	Lrrk2	has	

an	 impact	 on	 neuronal	 development	 and	 leads	 to	 very	 early	 alterations,	 while	

differences	 are	 ironed	 out	 by	 some	 sort	 of	 compensatory	 mechanisms	 during	 the	

adulthood	(Volta	&	Melrose,	2017),	in	agreement	with	previous	studies	showing	that	

aged	mice	present	normal	electrical	 activity	 compared	 to	young	mice	 (Hinkle	et	 al.,	

2012;	Volta	&	Melrose,	2017).	One	possible	explanation	is	that	the	paralog	LRRK1	is	

able	to	compensate	for	LRRK2	deficiency.	Even	if	no	changes	in	the	gene	expression	

levels	of	Lrrk1	have	been	detected	in	BAC,	KO	or	KI	models	(Volta	&	Melrose,	2017),	it	

has	been	shown	that	Lrrk1	and	Lrrk2	double	KO	mice	show	highly	debilitating	age-

dependent	 defects,	 with	 α-Syn	 pathology,	 disruption	 of	 the	 autophagy-lysosomal	

pathway,	 and	 DA	 neurodegeneration	 in	 the	 CNS	 (Giaime	 et	 al.,	 2017).	 Of	 note,	

Parisiadou	and	collaborators	found	a	significant	decrease	in	the	total	amount	of	spines	

and	in	the	quantity	of	fully-mature	spines	in	15	day-old	pups	Lrrk2	KO		as	compared	to	

WT,	 accompanied	 to	 an	 increase	 in	 filopodia	 protrusion	 (Parisiadou	 et	 al.,	 2014).	

Instead,	in	our	hands,	the	proportion	of	mature	spines	does	not	change	between	the	

two	 genotypes	 1	 month-old	 mice,	 possibly	 suggesting	 that	 this	 compensatory	

mechanism	has	already	started	to	operate.	Thus,	our	study	adds	the	important	notion	

that	spine	morphological	defects	in	Lrrk2	KO	normalize	over	time.	 

	

BDNF	is	a	neurotrophin	playing	fundamental	roles	in	the	formation,	maturation	and	

plasticity	of	dendritic	spines	(Baydyuk	&	Xu,	2014;	Kowiański	et	al.,	2018;	Leal	et	al.,	

2014).	 In	addition,	 it	promotes	the	process	spinogenesis	 in	vitro,	possibly	through	a	

mechanism	involving	the	regulation	of	actin	mesh	polymerization	(Leal	et	al.,	2015).	

Thus,	BDNF	represents	an	interesting	model	to	study	the	possible	link	between	LRRK2	

and	 spine	 maturation	 in	 primary	 cultures.	 In	 agreement	 with	 the	 morphological	

analysis,	we	found	that	Lrrk2	promotes	dendritic	spines	formation	in	vitro,	as	BDNF	

treatment	 is	not	 able	 to	 induce	 spinogenesis	 in	Lrrk2	KO	 cortical	 primary	neurons.	

Furthermore,	we	 found	that	Lrrk2	phosphorylation	at	Ser935	 is	enhanced	by	BDNF	

stimulation	in	primary	neurons.	Even	if	the	precise	role	of	this	phosphorylation	is	still	

unclear	and	is	likely	to	be	cell-type	specific,	it	has	been	shown	to	be	required	for	the	

binding	of	14-3-3	chaperons.	LRRK2-14-3-3	interaction	regulates	LRRK2	dimerization	

(Civiero,	Russo,	 et	 al.,	 2017),	 subcellular	 localization	 (Civiero,	Russo,	 et	 al.,	 2017;	X.	
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Deng	 et	 al.,	 2011;	Nichols	 et	 al.,	 2010)	 and,	 as	 a	 consequence,	 access	 to	 its	 cellular	

substrates.	 Thus	 we	 can	 predict	 that	 BDNF	 exposure,	 by	 increasing	 the	

phosphorylation	of	LRRK2,	stimulates	its	relocalization	and	activity.	Accordingly,	we	

observed	 that	 BDNF	 induces	 LRRK2	 relocalization	 in	 TrKB-positive	 clusters	 in	

differentiated	 SH-SY5Y	 cells,	 possibly	 indicating	 LRRK2	 recruitment	 to	 TrKB-

endosomes	 during	 receptor	 internalization.	 Indeed,	 differentiation	 of	 SH-SY5Y	 into	

neuronal-like	 cells,	 made	 them	 competent	 to	 respond	 to	 BDNF	 stimulation	 and	

promoted	an	increase	in	LRRK2	expression.		

	

After	the	binding	between	BDNF	and	TrKB,	occurring	at	the	level	of	axon	terminals	

and	dendritic	 spines,	 the	 receptor	 is	 internalized	via	 clathrin-mediated	endocytosis.	

Even	if	the	precise	mechanism	of	TrKB	endocytosis	is	still	incompletely	resolved,	it	was	

shown	to	undertake	different	fates,	including	recycling	back	to	the	plasma	membrane,	

trafficking	to	lysosomes	for	degradation	or	to	the	cell	body	via	retrograde	traffic	within	

“signalling	endosomes”	(Cosker	&	Segal,	2014;	S.	H.	Huang	et	al.,	2013;	Zahavi	et	al.,	

2021).	 Of	 note,	 in	 LRRK2	 KO	 SH-SY5Y	 neuroblastoma	 cells	 generated	 with	 the	

Crispr/Cas9	 technology,	TrKB	appears	 clustered	 into	 tubular	 structures	under	non-

stimulated	conditions,	further	supporting	a	role	for	LRRK2	in	TrKB	trafficking.	This	is	

not	surprising	if	we	think	that	LRRK2	has	been	propose	to	control	different		steps	of	

vesicle	 traffic	 through	phosphorylation	 of	 a	 subset	 of	RAB	GTPases	 and	 interaction	

with	key	components	of	the	endocytic	pathway.	As	a	future	step,	it	will	be	interesting	

to	monitor	TrKB-LRRK2	trafficking,	using	fast	recycling	(e.g.	Rab4),	slow	recycling	(e.g.	

Rab11)	 and	 degradation	 (e.g.	 LAMP1)	markers	 to	 investigate	 in	which	 steps	 of	 the	

process	 LRRK2	 may	 intervene.	 	 Interestingly,	 we	 and	 others	 found	 that	 LRRK2	

mutations	 increase	autophosphorylation	and	Rab10	phosphorylation,	although	with	

different	mechanisms	and	tissue	specificity	(Iannotta	et	al.,	2020;	Iannotta	&	Greggio,	

2021).	 Recently,	 the	 Schiavo’s	 laboratory	 proposed	 that	 the	 sorting	 and	 axonal	

retrograde	 transport	of	activated	TrKB	receptors	 is	strongly	 influenced	by	Rab10,	a	

mechanism	 that	 could	 be	 important	 to	 control	 BDNF	 availability	 at	 the	 synapse	

(preprint		in	bioRxiv,	doi:10.1101/2021.04.07.438771).		As	LRRK2	phosphorylation	of	

Rab10	 is	 crucial	 for	 endo-lysosome	 dynamics	 (Kuwahara	 &	 Iwatsubo,	 2020),	 it	 is	

tempting	to	speculate	that	TrKB	sorting	to	Rab10-positive	endosomes	may	depend	on	

LRRK2	activity.		
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Based	on	our	MS	data	 indicating	that	LRRK2	 interacts	with	a	number	of	proteins	

involved	 in	 actin-related	 processes	 and	 that	 it	 intervenes	 in	 BDNF-induced	

spinogenesis,	we	reasoned	that	repeating	the	AP-MS	experiments	GFP-LRRK2	SH-SY5Y	

cells	upon	BDNF	stimulation	could	have	provided	additional	clues	behind	the	role	of	

LRRK2	in	BDNF-dependent	spinogenesis.		First,	this	unbiased	approach	confirmed	that	

LRRK2	interacts	with	proteins	related	to	vesicular	trafficking,	cytoskeletal	processes	

and	also	with	proteins	encoded	by	other	PD-linked	genes.	Second,	we	observed	that	

the	 LRRK2	 interactome	 is	 profoundly	 remodeled	 in	 response	 to	 BDNF	 treatment.	

Specifically,	the	group	of	LRRK2	partners	that	showed	reduced	interaction	with	LRRK2	

upon	 BDNF	 exposure	 are	 mostly	 involved	 in	 ER	 targeting	 and	 in	

translation/transcription	 processes,	 as	 indicated	 by	 GO	 enrichment	 analysis	 for	

biological	processes.	As	extensively	discussed,	LRRK2	is	well	known	to	modulate	both	

endosomal	traffic	and	transcription/translation	processes.	For	instance,	LRRK2/Lrrk	

has	been	found	to	phosphorylate	the	ribosomal	protein	S15	both	in	human	neurons	

and	in	Drosophila,	promoting	an	increase	in	protein	synthesis	(Martin	et	al.,	2014)	and	

BDNF	signaling	is	known	to	promote	LTP	inducing	the	expression	of	synaptic	proteins	

involved	 in	 the	 enhancement	 of	 the	 synaptic	 strength	 (Leal	 et	 al.,	 2014).	 It	 can	 be	

speculated	 that,	 by	 reducing	 a	 putative	 inhibitory	 interaction	 between	 LRRK2	with	

translation-associated	proteins,	BDNF	may	stimulate	the	expression	of	genes	involved	

in	 synaptic	 plasticity	 and	 function.	 Another	 interesting	 finding	 is	 that	 the	 LRRK2	

interaction	with	 VPS13C,	 a	 PD-linked	 protein,	 is	 significantly	 inhibited	 upon	 BDNF	

treatment.	 VPS13C	 is	 a	 pleomorphic	 risk	 locus,	meaning	 that	 loss-of-function	 (LoF)	

variants	impact	both	inherited	and	idiopathic	PD	((Lesage	et	al.,	2016)).	Although	the	

biology	 of	 VPS13C	 is	 almost	 unexplored,	 one	 study	 proposed	 that	 loss	 of	 function	

mutations	 in	 VPS13C	 cause	 mitochondrial	 dysfunction	 (Lesage	 et	 al.,	 2016).	 More	

recently,	 De	 Camilli’s	 team	 described	 VPS13	 proteins	 as	 a	 family	 of	 novel	 tethers	

working	 as	 channels	 for	 the	 direct	 exchange	 of	 lipids	 between	 the	 ER	 and	 other	

organelles	(endo-lysosome	for	VPS13C	and	mitochondria	for	VPS13A)	(Kumar	et	al.,	

2018).	Our	data	indicate	that	LRRK2	and	VPS13C	interact	 in	neuronal	cells	and	that	

this	interaction	is	released	upon	BDNF	stimulation.	This	can	add	an	interesting	piece	

in	the	mechanisms	proposed	above.	Given	that	i)	TrKB	is	trafficked	via	Rab10	positive	

endosomes,	 ii)	 LRRK2	 phosphorylates	 RAB10,	 iii)	 BDNF	 induces	 the	 activation	 of	
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LRRK2	and	iv)	decreases	the	affinity	between	LRRK2	and	VPS13C,	we	can	postulate	

that	 TrKB	 traffic	 is	 orchestrated	 by	 the	 coordinated	 actions	 of	 LRRK2,	 VPS13C	 and	

RAB10.	While	it	would	be	extremely	interesting	to	dissect	the	physiological	meaning	of	

this	 interaction	 and	 understanding	 why	 it	 decreases	 upon	 BDNF	 stimulation,	 we	

focused	 our	 attention	 on	 the	 hits	 whose	 interaction	 with	 LRRK2	 was	 positively	

regulated.	Strikingly,	using	SynGO	we	 found	 that	 increased	 interactions	upon	BDNF	

stimulation	were	highly	enriched	in	proteins	involved	in	actin	organization	pathways	

at	 the	postsynapse.	Considering	 that	post-synaptic	 structural	 changes	are	driven	by	

activity-dependent	 and	 neurotrophic	 factor-dependent	 reorganization	 of	 the	 actin	

cytoskeleton	 (Lu	 et	 al.,	 2005),	 these	 data	 strengthen	 the	 hypothesis	 that	 LRRK2	

regulates	spine	architecture	influencing	the	cytoskeleton	of	actin.	

Among	 all	 interactors,	 developmentally	 regulated	 brain	 protein,	 known	 as	 drebrin,	

showed	 a	 remarkable	 increased	 binding	 to	 LRRK2	 over	 the	 untreated	 condition.	

Drebrin	is	well	established	to	be	highly	enriched	in	neurons	where	it	localizes	within	

dendritic	spines	and	to	play	a	major	role	in	regulating	actin	dynamics	in	this	structure	

(Koganezawa	et	al.,	2017).	Drebrin	is	found	as	two	main	isoforms,	named	drebrin	E	and	

drebrin	A,	whose	levels	change	based	on	the	developmental	stage.	Indeed	drebrin	E	is	

predominantly	expressed	during	the	development	and	localizes	in	migrating	neurons	

where	it	accumulates	in	the	growth	cones	of	axons	and	dendrites.	Here,	it	influences	

the	formation	of	axonal	filopodia	and	collateral	branches	promoting	neurite	outgrowth	

and	axonal	elongation	(Ketschek	et	al.,	2016).	Upon	neuronal	maturation,	there	is	an	

increase	in	the	expression	of	drebrin	A,	which	accumulates	at	nascent	synapses	until,	

at	 the	end	of	 the	processes,	drebrin	A-decorated	F-actin	mainly	 concentrates	 in	 the	

central	region	of	dendritic	spines	of	fully	mature	neurons	(Koganezawa	et	al.,	2017).	

Back	in	2011,	Shamara	et	al.	(S.	Sharma	et	al.,	2011)	observed	that	drebrin	remodels	

filamentous	actin	and,	accordingly,	drebrin-decorated	actin	filaments	exhibit	atypical	

longer	helical	crossover	 that	results	 in	 two	main	 features:	 (i)	 the	exclusion	of	other	

existing	actin-binding	protein	(e.g.	tropomyosin)	with	the	consequent	acquirement	of	

novel	proprieties	that	change	the	type	of	responses	to	the	different	stimuli	that	reach	

dendritic	spines	(Koganezawa	et	al.,	2017);	(ii)	the	stabilization	of	actin	filaments	that	

present	a	slower	depolymerizing	rate	(Mikati	et	al.,	2013).	Importantly,	drebrin	was	

reported	to	be	crucially	involved	in	dendritic	spine	morphogenesis	and	plasticity	both	
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in	developing	and	adult	brain	(Koganezawa	et	al.,	2017).	Based	on	the	pivotal	role	of	

drebrin	in	regulating	spine	architecture	via	actin-remodelling,	we	decided	to	validate	

and	 explore	 the	 functional	 significance	 of	 	 drebrin-LRRK2	 interaction.	 Besides	

confirming	 the	 interaction	and	 its	enhancement	upon	BDNF	stimulation,	we	 further	

found	that	the	expression	of	drebrin	in	reduced	in	Lrrk2	KO	brains	at	1	month	of	age	

but	not	at	later	timepoints	(using	brain	tissue	from	the	same	animals	employed	for	the	

Golgi-Cox	 morphological	 analysis).	 Of	 interest,	 the	 proportion	 of	 drebrin	 within	

dendritic	spine	head	positively	correlates	with	the	amount	of	stable	F-actin	and	with	

the	 volume	 of	 the	 dendritic	 spine	 head	 (Kobayashi	 et	 al.,	 2007).	 Thus,	 the	 reduced	

drebrin	content	in	KO	brains	is	consistent	with	a	reduction	in	the	amount	of	mature	

spines.	 During	 development,	 drebrin	 A	 accumulates	 at	 postsynaptic	 sites	 via	 a	

regulatory	 mechanisms	 likely	 involving	 a	 neuron-specific	 sequence	 (Ins2)	 in	 the	

middle	 of	 the	 protein,	 and	 there	 it	 regulates	 the	 formation	 of	 synaptic	 protrusions.	

Drebrin	A-decorated	F-actin	is	thought	to	form	a	scaffold	to	coordinate	the	assembly	of	

post-synaptic	 proteins	 by	 direct	 and	 indirect	 binding	with	 drebrin.	 In	 addition,	 the	

protein	has	been	found	to	accumulate	in	structures	called	“megapodia”,	where	F-actin	

and	PSD-95	content	correlates	with	the	amount	of	drebrin	(Koganezawa	et	al.,	2017).	

This	 suggests	 that	 drebrin	 promotes	 the	 transition	 to	 mature	 synapses.	 Dendritic	

spines	 plasticity	 depends	 on	 actin	 cytoskeleton	 remodeling	 and,	 in	 particular,	 on	

dynamic	actin	filaments	reorganization.		In	response	to	appropriate	stimuli	inducing	

LTP	 and	 consequent	 synapse	 strengthening,	 drebrin	was	 shown	 to	 transiently	 exit	

from	 dendritic	 spines	 to	 allow	 the	 remodeling	 of	 the	 actin	 dynamic	 pool	 and	 the	

enlargement	 of	 spines	 head	 (Koganezawa	 et	 al.,	 2017).	 Once	 the	 reshaping	 is	

completed,	drebrin	returns	inside	the	spine	head	where	it	locks	actin	filaments	located	

in	the	center	of	the	spine,	restoring	the	stable	actin	pool	and	ensuring	the	maintenance	

of	 the	 enlarged	 spine	 head	 (Koganezawa	 et	 al.,	 2017).	 Of	 note,	 our	 data	 show	 that	

drebrin	 exodus	 after	 BDNF	 treatment	 is	 barely	 detectable	 in	 Lrrk2-KO	 primary	

neurons,	whilst	Lrrk2-WT	neurons	show,	as	expected,	a	relocation	of	drebrin	following	

BDNF	stimulation.	Interestingly,	the	exodus	of	drebrin	is	significant	at	15	minutes	of	

treatment,	while	the	protein	returns	inside	the	spine	head	after	24	hours	and	its	levels	

appear	 higher	 compared	 to	 the	 pre-stimulation	 condition,	 suggesting	 that	 the	

remodeling	 process	 has	 occurred.	 Considering	 that	 loss	 of	 Lrrk2	 function	 affects	

drebrin	 stimulus-dependent	 relocalization,	 the	 LRRK2-drebrin	 interaction	 appears	
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relevant	in	promoting	dendritic	spines	structural	remodeling.	This	applies	for	BDNF	

stimulation,	but	potentially	also	for	other	stimuli	inducing	synaptic	potentiation	and	

strengthening,	e.g.	NMDA-dependent	LTP.	Based	on	literature	and	on	our	own	data,	we	

propose	 a	 possible	 mechanism	 whereby	 LRRK2	 controls	 drebrin	 exodus.	 A	 first	

consideration	relates	to	the	fact	that	among	all	the	increased	interaction	upon	BDNF	

treatment	we	also	found	two	NMMII,	heavy	chains	myosin	IIA	(MYH9)	and	myosin	IIb	

(MYH10).	NMMII	have	been	reported	to	impact	on	spines	morphology	and	dynamics,	

as	they	can	reversibly	bind	and	contract	actin	(Kneussel	&	Wagner,	2013).	Interestingly	

it	has	been	proposed	that	Ca2+	influx	following	a	stimulus	inducing	the	activation	of	

NMDA	receptors,	disinhibits	myosin	II	ATPase	activity	within	dendritic	spine	(Rex	et	

al.,	 2010).	When	 active,	 the	 enzymatic	 activity	 of	myosin	 II	 ATPase	 severs	 drebrin-

decorated	 F-actin,	 resulting	 in	 fragmentation	 of	 stable	 F-actin	 in	 shorter	 filaments	

which	 can	move	out	 from	 the	dendritic	 spines	 into	 the	dendritic	 shaft	 (Mizui	 et	 al.,	

2014).	 Thus	 we	 hypothesize	 that	 LRRK2	 cooperates	 with	 myosins	 II	 in	 inducing	

drebrin	 exodus.	 Moreover	 our	 preliminary	 data	 suggest	 that	 LRRK2	 interacts	 with	

drebrin	via	its	entire	catalytic	core,	with	a	prevalent	binding	at	the	level	of	the	kinase	

domain,	suggesting	that	drebrin	could	be	a	LRRK2	kinase	substrate.	It	has	been	shown	

that	drebrin	phosphorylation	at	S142	by	Cdk5	makes	accessible	a	second	actin	binding	

site,	which	is	masked	by	a	C-terminal	domain	in	the	dephosphorylated	form.	Drebrin	

can	 then	 bundle	 F-actin	 or	 relocate	 inside	 the	 cells	 (Worth	 et	 al.,	 2013).	 Therefore	

LRRK2	may	phosphorylate	drebrin	directly	or	via	other	kinase	partners	 influencing	

drebrin	actin-binding	properties	and	 thus	 its	exodus.	We	could	not	collect	evidence	

that	 LRRK2	 is	 physically	 present	 in	 the	 spine	 head	 (due	 to	 the	 lack	 of	 sensitive	

antibodies	to	detect	endogenous	LRRK2)	and	overexpressed	LRRK2	does	not	localizes	

within	spines.	If	this	holds	true	also	for	the	endogenous	protein,	we	can	predict	that	

during	synaptic	plasticity	LRRK2	may	be	present	 in	 the	shaft	at	 the	entrance	of	 the	

spine	neck	and	recruit	drebrin	outside	the	dendritic	protrusion	via	the	interaction	with	

/phosphorylation	 of	 intermediate	 players,	 allowing	 in	 this	 way	 actin	 cytoskeleton	

remodelling.		

	
The	 second	 part	 of	 this	 project	 focused	 on	 understanding	 the	 pathological	

consequences	 of	mutant	 LRRK2	 kinase	 activity	 on	 dendritic	 spines	maturation	 and	

remodeling.	 	We	 observed	 that	 LRRK2	 gain	 of	 kinase	 function	 associated	 with	 the	
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G2019S	mutation	 results	 in	 altered	 striatal	dendritic	 spines	maturation	and	 striatal	

synaptic	 contacts	 number	 in	 aged	mice.	Our	 data	 indicate	 that	 18	month-old	 Lrrk2	

G2019S	mice	display	an	increased	amount	of	mature	spines	and	a	parallel	decrease	in	

non-mature	 spines	 compared	 to	 controls.	 In	 particular,	 the	 proportion	 of	branched	

spines	 is	enhanced	with	a	concomitant	reduction	 in	the	 fraction	of	thin	protrusions,	

suggesting	that	the	presence	of	mutant	LRRK2	promotes	the	maturation	of	dendritic	

spines.	Consistently,	we	also	observed	that	the	length	of	the	PSD	is	significantly	longer	

in	 Lrrk2	 pathological	models.	 Importantly,	 these	 effects	 are	 exacerbated	 in	 BAC	GS	

mice,	 suggesting	 that	 the	more	 Lrrk2	 activity	 the	more	 the	 effect	 is	 pronounced.	 A	

previous	study	highlighted	that	1	month-old	G2019S	KI	Lrrk2	mice	possess	MSNs	with	

larger	spines	and	parallel	larger	postsynaptic	activity	(Matikainen-Ankney	et	al.,	2016).	

As	 alterations	 in	 striatal	 neurotransmission	 have	 been	 detected	 in	 GS-Lrrk2	 at	 3-4	

months	of	age	(L.	 Iovino	et	al.,	2020),	we	subsequently	analyzed	younger	mice.	 In	4	

month-old	Lrrk2	GS	mice	we	only	observed	a	slight	reduction	in	the	amount	of	thin	

protrusions	in	KI-GS	animals	even	if	there	is	a	trend	of	increase	in	branched	spines	in	

both	pathological	models.	A	larger	sample	size	will	be	required	to	confirm	or	disprove	

this	subtle	difference.	We	also	plan	to	conduct	the	analysis	in	1	month-old	mice,	as	this	

represents	 the	 time	 window	 were	 Lrrk2	 exerts	 it	 physiological	 function	 in	 spine	

maturation.	 Mature	 spines	 are	 characterized	 by	 larger	 head,	 whose	 formation	 is	

influenced	by	actin	cytoskeleton	remodeling.	Thus,	 the	hyperactive	kinase	mutation	

may	affect	Lrrk2-drebrin	interaction	causing	an	excessive	enlargement	of	spine	heads.	

On	the	other	hand,	we	can	speculate	that	increased	Lrrk2	kinase	activity	alters	TrKB	

trafficking.	The	downstream	consequences	are	unknown	at	the	moment.	However,	a	

previous	study	from	our	group	showed	that	LRRK2	G2019S	alters	the	trafficking	of	the	

glutamate	transporter	Glt-1	in	astrocytes,	resulting	in	reduced	receptor	availability	at	

the	membrane	(preprint	(Iovino	et	al.,	2021)).	Whether	a	similar	situation	occurs	for	

TrKB	 and	 how	 this	 influences	 LRRK2-drebrin	 binding	 will	 require	 additional	

investigations.	Surprisingly,	we	detected	a	reduced	number	of	synaptic	contact	in	18	

month-old	KI-GS	and	BAC-GS	mice,	with	a	more	pronounced	effect	in	BAC-GS	animals.	

One	 possible	 interpretation	 of	 this	 apparent	 inconsistency	 is	 that	 the	 presence	 of	

stronger	synapses	could	be	detrimental	in	the	long	run	as	sustained	activity	may	affect	

synaptic	function.	There	are	a	number	of	evidence	documenting	overstimulation	of	the	

cortico-striatal	 projections	 in	 Lrrk2	 GS	 mice.	 For	 instance,	 Volta	 and	 collaborators	
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observed	 that	MSNs	 in	 acute	 striatal	 slices	 display	 an	 augmented	 sEPSC	 frequency	

compared	to	control	(Volta	et	al.,	2017).	Moreover,	glutamate	release	is	increased	in	

Lrrk2	 GS	 KI	 neurons	 neurons	 	 (Beccano-Kelly	 et	 al.,	 2014).	 Increased	 extracellular	

glutamate	could	result	in	a	well-documented	phenomenon	named	excitotoxicity.	We	

can	speculate	that	non-physiological	levels	of	glutamate	may	trigger	the	mechanism	of	

synaptic	 pruning,	 whereby	 non-functional	 synaptic	 contacts	 are	 eliminated.	

Supporting	the	presence	of	a	synaptic	pruning	mechanism	we	observed	an	increase	in	

the	 activation	 of	 glial	 cells	 in	 BAC-GS	 old	 mice.	 Neuroinflammation	 is	 a	 dominant	

feature	of	PD	and	relies	on	the	activity	of	astrocytes	and	microglia.	Glia	reaction	and	

neuroinflammation	states	represent	conditions	frequently	associated	with	glutamate	

extra-synaptic	 diffusion	 and	 associated	 toxicity	 (L.	 Iovino	 et	 al.,	 2020).	However,	 it	

should	 be	 pointed	 that	 all	 these	 analyses	 were	 conducted	 without	 discriminating	

among	 the	 different	 cell	 types	 constituting	 the	 striatum.	 Indeed,	 Parisiadou	 and	

collaborators	(C.	Chen	et	al.,	2020)	observed	that	LRRK2	gain-of-function	pathogenic	

mutations	 cause	 alterations	 in	 MSNs	 excitatory	 synapses	 function	 that	 are	 more	

pronounced	 in	 the	 neurons	 of	 the	 direct	 pathway.	 Thus,	 in	 the	 future,	 it	 would	 be	

interesting	to	explore	what	type	of	synapses	are	affected	in	their	maturation	process	

in	the	absence	of	LRRK2.	

	

In	conclusion,	the	results	obtained	during	my	PhD	shed	light	on	a	novel	function	for	

LRRK2	 in	 the	 processes	 underling	 postsynaptic	 physiology.	 Taking	 advantage	 of	

multiples	 approaches,	 we	 demonstrated	 that	 LRRK2	 is	 involved	 in	 dendritic	 spine	

structural	plasticity	by	orchestrating	actin	cytoskeletal	remodeling.	In	particular,	we	

propose	 a	 mechanism	 whereby	 LRRK2	 recruits	 the	 actin-related	 protein	 drebrin	

allowing	the	reorganization	of	F-actin	filaments	and	the	reshaping	of	dendritic	spine	

heads	 in	 the	 presence	 of	 a	 stimulus	 inducing	 synaptic	 strengthening,	 like	 BDNF.	

Furthermore,	we	collected	evidence	that	LRRK2	influences	actin	dynamics	modulating	

TrKB	receptor	trafficking	and	the	consequent	postsynaptic	response.	This	may	involve	

additional	targets	such	as	VPS13C	and	RAB10.	Importantly,	LRRK2	influences	dendritic	

spine	genesis	and	maturation	mostly	during	the	post-natal	stage.	Under	pathological	

hyperactivation	of	 LRRK2,	we	observed	 an	 increased	 amount	 of	mature	 spines	 and	

diminished	number	of	synaptic	contacts	accompanied	by	a	parallel	gliosis	in	aged	mice.	

Whether	 these	 impairments	 depend	 on	 altered	 BDNF/TrKB	 and/or	 actin/drebrin	
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mechanisms	will	require	further	investigations.	However,	it	is	difficult	to	conclude	that	

this	phenotype	is	directly	linked	to	LRRK2:actin-related	proteins	complex	deregulation	

rather	 than	 being	 the	 consequence	 of	 other	 dysfunctional	 processes,	 e.g.	 excessive	

neuroinflammation	 resulting	 in	 synaptic	 dysfunction,	 calcium	 dyshomeostasis	 or	

mitochondrial	impairment.	Future	studies	investigating	spine	maturation	and	LRRK2-

drebrin	interaction	in	young	G2019S	mice	should	be	performed	to		explore	this	aspect.		

Indeed,	addressing	the	involvement	of	pathogenic	LRRK2	in	the	postsynaptic	elements	

may	support	the	development	of	therapeutic	interventions	that	target	the	early	steps	

of	 the	 degeneration	 process,	 prior	 to	 neuronal	 terminal	 loss	 characterizing	 PD.	 For	

example,	 non-manifesting	 LRRK2	 mutation	 carriers	 may	 benefit	 from	 the	

administration	of	LRRK2	inhibitors	as	a	preventing	therapy	able	to	delay	or	block	early	

synaptic	dysfunction.		

Overall	this	project	contributed	to	increase	our	understanding	of	LRRK2	role	at	the	

post-synaptic	site,	adding	another	piece	to	the	complex	puzzle	of	LRRK2	pathobiology.		
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Appendix	1	
	

Supplementary	 figure	 1.	 SynGO	 gene	 onlotogy	 analysis	 reveals	 enrichment	 of	 post-synaptic	
actin	cytoskeleton	categories	among	BDNF-enrichd	LRRK2	interactors.	A)	SynGO	CC	terms	and	
BP	terms	are	visualized	in	a	sunburst	plot	for	terms	with	at	least	5	unique	annotated	genes.	B)	
Bubble	plots	highlighting	p	values	of	the	GO	categories.	
	 	

Postsynaptic 
cytoskeleton

Postsynaptic
actin cytoskeleton

Cellular Components (CC) Biological Processes (BP)

synapse synapse

Structural constituents 
of postsynapse

Synapse 
organization

Postsynaptic 
actin 
cytoskeleton 
organization

Synaptic vesicle cycle

Post-synapse Post-synapse18 / 59 (30%) of BDNF-enriched LRRK2 interactors with FC> 1 were to 18 unique SynGO
annotated genes

Cellular Components (CC) Biological Processes (BP)

0 2 4 6 8
0

1

2

3

4

5

6

7

-Log10 p-value

postsynaptic cytoskeleton
process in the synapse
postsynaptic actin cytoskeleton
synaptic vesicle cycle
structural constituent of postsynapse
synaptic vesicle clustering

12

10

4

4

4

3

Structural constituent of postsynapse

Synaptic vesicle cycle

Postsynaptic organization

Process in the synapse

Postsynaptic actin cytoskeleton organization

Synaptic vesicle clustering

0 2 4 6 8 10
0

1

2

3

4

5

6

-Log10 p-value

postsynaptic cytoskeleton
synapse
postsynaptic actin cytoskeleton
synaptic vesicle cycle
presynapse

4

11

5

4

16synapse

postsynaptic actin cytoskeleton

postsynapse

postsynaptic cytoskeleton

presynapse

a

b



	

	184	

	 	



	

	 185	

Bibliography		
	
Arranz,	A.	M.,	Delbroek,	L.,	van	Kolen,	K.,	Guimarães,	M.	R.,	Mandemakers,	W.,	Daneels,	

G.,	Matta,	S.,	Calafate,	S.,	Shaban,	H.,	Baatsen,	P.,	de	Bock,	P.	J.,	Gevaert,	K.,	Berghe,	
P.	Vanden,	Verstreken,	P.,	de	Strooper,	B.,	&	Moechars,	D.	(2015).	LRRK2	functions	
in	synaptic	vesicle	endocytosis	through	a	kinasedependent	mechanism.	Journal	of	
Cell	Science,	128(3),	541–552.	https://doi.org/10.1242/jcs.158196	

Ascherio,	A.,	&	Schwarzschild,	M.	A.	(2016).	The	epidemiology	of	Parkinson’s	disease:	
risk	factors	and	prevention.	In	The	Lancet	Neurology	(Vol.	15,	Issue	12,	pp.	1257–
1272).	Lancet	Neurol.	https://doi.org/10.1016/S1474-4422(16)30230-7	

Athanasopoulos,	P.	S.,	Jacob,	W.,	Neumann,	S.,	Kutsch,	M.,	Wolters,	D.,	Tan,	E.	K.,	Bichler,	
Z.,	Herrmann,	C.,	&	Heumann,	R.	(2016).	Identification	of	protein	phosphatase	2A	
as	 an	 interacting	 protein	 of	 leucine-rich	 repeat	 kinase	 2.	 Biological	 Chemistry,	
397(6),	541–554.	https://doi.org/10.1515/hsz-2015-0189	

Badanjak,	 K.,	 Fixemer,	 S.,	 Smajić,	 S.,	 Skupin,	 A.,	 &	 Grünewald,	 A.	 (2021).	 The	
contribution	 of	 microglia	 to	 neuroinflammation	 in	 parkinson’s	 disease.	 In	
International	 Journal	 of	 Molecular	 Sciences	 (Vol.	 22,	 Issue	 9).	 Int	 J	 Mol	 Sci.	
https://doi.org/10.3390/ijms22094676	

Bae,	E.	J.,	&	Lee,	S.	J.	(2020).	The	LRRK2-RAB	axis	in	regulation	of	vesicle	trafficking	and	
α-synuclein	 propagation.	 In	 Biochimica	 et	 Biophysica	 Acta	 -	 Molecular	 Basis	 of	
Disease	 (Vol.	 1866,	 Issue	 3).	 Biochim	 Biophys	 Acta	 Mol	 Basis	 Dis.	
https://doi.org/10.1016/j.bbadis.2019.165632	

Baldereschi,	M.,	Di	Carlo,	A.,	Rocca,	W.	A.,	Vanni,	P.,	Maggi,	S.,	Perissinotto,	E.,	Grigoletto,	
F.,	Amaducci,	L.,	&	Inzitari,	D.	(2000).	Parkinson’s	disease	and	parkinsonism	in	a	
longitudinal	 study:	 Two-fold	 higher	 incidence	 in	men.	Neurology,	55(9),	 1358–
1363.	https://doi.org/10.1212/WNL.55.9.1358	

Bär,	J.,	Kobler,	O.,	Van	Bommel,	B.,	&	Mikhaylova,	M.	(2016).	Periodic	F-actin	structures	
shape	 the	 neck	 of	 dendritic	 spines.	 Scientific	 Reports,	 6(1),	 1–9.	
https://doi.org/10.1038/srep37136	

Barrett,	J.	C.,	Hansoul,	S.,	Nicolae,	D.	L.,	Cho,	J.	H.,	Duerr,	R.	H.,	Rioux,	J.	D.,	Brant,	S.	R.,	
Silverberg,	M.	S.,	Taylor,	K.	D.,	Barmada,	M.	M.,	Bitton,	A.,	Dassopoulos,	T.,	Datta,	L.	
W.,	Green,	T.,	Griffiths,	A.	M.,	Kistner,	E.	O.,	Murtha,	M.	T.,	Regueiro,	M.	D.,	Rotter,	J.	
I.,	…	Daly,	M.	 J.	 (2008).	Genome-wide	association	defines	more	 than	30	distinct	
susceptibility	 loci	 for	 Crohn’s	 disease.	 Nature	 Genetics,	 40(8),	 955–962.	
https://doi.org/10.1038/ng.175	

Baydyuk,	 M.,	 &	 Xu,	 B.	 (2014).	 BDNF	 signaling	 and	 survival	 of	 striatal	 neurons.	 In	
Frontiers	 in	 Cellular	 Neuroscience	 (Vol.	 8,	 Issue	 AUG).	 Front	 Cell	 Neurosci.	
https://doi.org/10.3389/fncel.2014.00254	

Beach,	T.	G.,	Adler,	C.	H.,	Sue,	L.	I.,	Peirce,	J.	B.,	Bachalakuri,	J.,	Dalsing-Hernandez,	J.	E.,	
Lue,	 L.	 F.,	 Caviness,	 J.	 N.,	 Connor,	 D.	 J.,	 Sabbagh,	M.	N.,	 &	Walker,	 D.	 G.	 (2008).	
Reduced	 striatal	 tyrosine	 hydroxylase	 in	 incidental	 Lewy	 body	 disease.	 Acta	



	

	186	

Neuropathologica,	115(4),	445–451.	https://doi.org/10.1007/s00401-007-0313-
7	

Beccano-Kelly,	D.	A.,	Kuhlmann,	N.,	Tatarnikov,	I.,	Volta,	M.,	Munsie,	L.	N.,	Chou,	P.,	Cao,	
L.	P.,	Han,	H.,	Tapia,	L.,	Farrer,	M.	J.,	&	Milnerwood,	A.	J.	(2014).	Synaptic	function	
is	modulated	by	LRRK2	and	glutamate	release	is	increased	in	cortical	neurons	of	
G2019S	LRRK2	knock-in	mice.	Frontiers	 in	 Cellular	Neuroscience,	8(SEP),	 1–11.	
https://doi.org/10.3389/fncel.2014.00301	

Beccano-Kelly,	D.	A.,	Volta,	M.,	Lise,	L.	N.,	Paschall,	S.	A.,	Tatarnikov,	I.,	Co,	K.,	Chou,	P.,	
Cao,	L.	P.,	Bergeron,	S.,	Mitchell,	E.,	Han,	H.,	Melrose,	H.	L.,	Tapia,	L.,	Raymond,	L.	A.,	
Matthew,	 M.	 J.,	 &	 Milnerwood,	 A.	 J.	 (2015).	 LRRK2	 overexpression	 alters	
glutamatergic	presynaptic	plasticity,	striatal	dopamine	tone,	postsynaptic	signal	
transduction,	motor	activity	and	memory.	Human	Molecular	Genetics,	24(5),	1336–
1349.	https://doi.org/10.1093/hmg/ddu543	

Bedford,	 C.,	 Sears,	 C.,	 Perez-Carrion,	M.,	 Piccoli,	 G.,	&	 Condliffe,	 S.	 B.	 (2016).	 LRRK2	
regulates	 voltage-gated	 calcium	 channel	 function.	 Frontiers	 in	 Molecular	
Neuroscience,	9(MAY).	https://doi.org/10.3389/fnmol.2016.00035	

Belluzzi,	E.,	Gonnelli,	A.,	Cirnaru,	M.	D.,	Marte,	A.,	Plotegher,	N.,	Russo,	 I.,	 Civiero,	L.,	
Cogo,	S.,	Carrion,	M.	P.,	Franchin,	C.,	Arrigoni,	G.,	Beltramini,	M.,	Bubacco,	L.,	Onofri,	
F.,	 Piccoli,	 G.,	 &	 Greggio,	 E.	 (2016).	 LRRK2	 phosphorylates	 pre-synaptic	 N-
ethylmaleimide	sensitive	fusion	(NSF)	protein	enhancing	its	ATPase	activity	and	
SNARE	 complex	 disassembling	 rate.	 Molecular	 Neurodegeneration,	 11(1).	
https://doi.org/10.1186/s13024-015-0066-z	

Biskup,	S.,	Moore,	D.	J.,	Celsi,	F.,	Higashi,	S.,	West,	A.	B.,	Andrabi,	S.	A.,	Kurkinen,	K.,	Yu,	
S.	W.,	Savitt,	J.	M.,	Waldvogel,	H.	J.,	Faull,	R.	L.	M.,	Emson,	P.	C.,	Torp,	R.,	Ottersen,	O.	
P.,	Dawson,	T.	M.,	&	Dawson,	V.	L.	(2006).	Localization	of	LRRK2	to	membranous	
and	vesicular	 structures	 in	mammalian	brain.	Annals	 of	Neurology,	60(5),	 557–
569.	https://doi.org/10.1002/ana.21019	

Biskup,	 S.,	Moore,	D.	 J.,	 Rea,	A.,	 Lorenz-Deperieux,	B.,	 Coombes,	 C.	 E.,	Dawson,	V.	 L.,	
Dawson,	T.	M.,	&	West,	A.	B.	(2007).	Dynamic	and	redundant	regulation	of	LRRK2	
and	 LRRK1	 expression.	 BMC	 Neuroscience,	 8.	 https://doi.org/10.1186/1471-
2202-8-102	

Bjorklund,	G.,	Stejskal,	V.,	Urbina,	M.	A.,	Dadar,	M.,	Chirumbolo,	S.,	&	Mutter,	J.	(2018).	
Metals	and	Parkinson’s	Disease:	Mechanisms	and	Biochemical	Processes.	Current	
Medicinal	 Chemistry,	 25(19),	 2198–2214.	
https://doi.org/10.2174/0929867325666171129124616	

Bodaleo,	F.	J.,	&	Gonzalez-Billault,	C.	(2016).	The	presynaptic	microtubule	cytoskeleton	
in	physiological	 and	pathological	 conditions:	 Lessons	 from	drosophila	 fragile	X	
syndrome	and	hereditary	spastic	paraplegias.	Frontiers	in	Molecular	Neuroscience,	
9(JUL).	https://doi.org/10.3389/fnmol.2016.00060	

Boecker,	C.	A.,	Goldsmith,	J.,	Dou,	D.,	Cajka,	G.	G.,	&	Holzbaur,	E.	L.	F.	(2021).	Increased	
LRRK2	 kinase	 activity	 alters	 neuronal	 autophagy	 by	 disrupting	 the	 axonal	



	

	 187	

transport	 of	 autophagosomes.	 Current	 Biology,	 31(10),	 2140-2154.e6.	
https://doi.org/10.1016/j.cub.2021.02.061	

Bohlen	und	Halbach,	O.,	Minichiello,	L.,	&	Unsicker,	K.	(2005).	Haploinsufficiency	for	
trkB	and	trkC	receptors	induces	cell	loss	and	accumulation	of	α-synuclein	in	the	
substantia	 nigra.	 The	 FASEB	 Journal,	 19(12),	 1740–1742.	
https://doi.org/10.1096/fj.05-3845fje	

Bolam,	J.	P.,	&	Pissadaki,	E.	K.	(2012).	Living	on	the	edge	with	too	many	mouths	to	feed:	
Why	 dopamine	 neurons	 die.	 Movement	 Disorders,	 27(12),	 1478–1483.	
https://doi.org/10.1002/mds.25135	

Bonet-Ponce,	L.,	&	Cookson,	M.	R.	(2021).	LRRK2	recruitment,	activity,	and	function	in	
organelles.	In	FEBS	Journal.	FEBS	J.	https://doi.org/10.1111/febs.16099	

Bonifati,	V.,	Rizzu,	P.,	Van	Baren,	M.	J.,	Schaap,	O.,	Breedveld,	G.	J.,	Krieger,	E.,	Dekker,	M.	
C.	J.,	Squitieri,	F.,	Ibanez,	P.,	Joosse,	M.,	Van	Dongen,	J.	W.,	Vanacore,	N.,	Van	Swieten,	
J.	 C.,	 Brice,	 A.,	 Meco,	 G.,	 Van	 Duijn,	 C.	 M.,	 Oostra,	 B.	 A.,	 &	 Heutink,	 P.	 (2003).	
Mutations	 in	 the	 DJ-1	 gene	 associated	 with	 autosomal	 recessive	 early-onset	
parkinsonism.	 Science,	 299(5604),	 256–259.	
https://doi.org/10.1126/science.1077209	

Bosch,	M.,	&	Hayashi,	 Y.	 (2012).	 Structural	 plasticity	 of	 dendritic	 spines.	 In	Current	
Opinion	 in	 Neurobiology	 (Vol.	 22,	 Issue	 3,	 pp.	 383–388).	 Curr	 Opin	 Neurobiol.	
https://doi.org/10.1016/j.conb.2011.09.002	

Bose,	 A.,	 &	 Beal,	M.	 F.	 (2016).	Mitochondrial	 dysfunction	 in	 Parkinson’s	 disease.	 In	
Journal	 of	 Neurochemistry:	 Vol.	 139	 Suppl	 (pp.	 216–231).	 J	 Neurochem.	
https://doi.org/10.1111/jnc.13731	

Bosgraaf,	 L.,	&	Van	Haastert,	 P.	 J.	M.	 (2003).	Roc,	 a	Ras/GTPase	domain	 in	 complex	
proteins.	 Biochimica	 et	 Biophysica	 Acta,	 1643(1–3),	 5–10.	
https://doi.org/10.1016/J.BBAMCR.2003.08.008	

Braak,	H.,	Del	Tredici,	K.,	Rüb,	U.,	De	Vos,	R.	A.	I.,	Jansen	Steur,	E.	N.	H.,	&	Braak,	E.	(2003).	
Staging	of	brain	pathology	related	to	sporadic	Parkinson’s	disease.	Neurobiology	
of	Aging,	24(2),	197–211.	https://doi.org/10.1016/S0197-4580(02)00065-9	

Bramham,	C.	R.,	&	Messaoudi,	E.	(2005).	BDNF	function	in	adult	synaptic	plasticity:	The	
synaptic	consolidation	hypothesis.	 In	Progress	 in	Neurobiology	 (Vol.	76,	 Issue	2,	
pp.	99–125).	Prog	Neurobiol.	https://doi.org/10.1016/j.pneurobio.2005.06.003	

Burke,	 R.	 E.,	 &	 O’Malley,	 K.	 (2013).	 Axon	 degeneration	 in	 Parkinson’s	 disease.	 In	
Experimental	 Neurology	 (Vol.	 246,	 pp.	 72–83).	 Exp	 Neurol.	
https://doi.org/10.1016/j.expneurol.2012.01.011	

Burns,	 M.	 E.,	 &	 Augustine,	 G.	 J.	 (1995).	 Synaptic	 structure	 and	 function:	 Dynamic	
organization	yields	architectural	precision.	In	Cell	(Vol.	83,	Issue	2,	pp.	187–194).	
Cell.	https://doi.org/10.1016/0092-8674(95)90160-4	

Burré,	J.	(2015).	The	synaptic	function	of	α-synuclein.	In	Journal	of	Parkinson’s	Disease	



	

	188	

(Vol.	 5,	 Issue	 4,	 pp.	 699–713).	 J	 Parkinsons	 Dis.	 https://doi.org/10.3233/JPD-
150642	

Burré,	 J.,	 Sharma,	 M.,	 &	 Südhof,	 T.	 C.	 (2015).	 Definition	 of	 a	 molecular	 pathway	
mediating	α-synuclein	neurotoxicity.	Journal	of	Neuroscience,	35(13),	5221–5232.	
https://doi.org/10.1523/JNEUROSCI.4650-14.2015	

Cartelli,	 D.,	 Goldwurm,	 S.,	 Casagrande,	 F.,	 Pezzoli,	 G.,	 &	 Cappelletti,	 G.	 (2012).	
Microtubule	 destabilization	 is	 shared	 by	 genetic	 and	 idiopathic	 Parkinson’s	
disease	 patient	 fibroblasts.	 PLoS	 ONE,	 7(5).	
https://doi.org/10.1371/journal.pone.0037467	

Chanaday,	N.	L.,	Cousin,	M.	A.,	Milosevic,	I.,	Watanabe,	S.,	&	Morgan,	J.	R.	(2019).	The	
synaptic	 vesicle	 cycle	 revisited:	New	 insights	 into	 the	modes	 and	mechanisms.	
Journal	 of	 Neuroscience,	 39(42),	 8209–8216.	
https://doi.org/10.1523/JNEUROSCI.1158-19.2019	

Chao,	M.	V.	(2003).	Neurotrophins	and	their	receptors:	A	convergence	point	for	many	
signalling	 pathways.	 Nature	 Reviews	 Neuroscience,	 4(4),	 299–309.	
https://doi.org/10.1038/nrn1078	

Charcot,	J.-M.	(1877).	Lectures	on	the	Diseases	of	the	Nervous	System	delivered	at	la	
Salpêtrière	 by	 J.-M.	 Charcot.	 Translated	 by	 George	 Sigerson.	 New	 Sydenham	
Society.	https://doi.org/10.1016/S0140-6736(02)92001-5	

Chartier-Harlin,	M.	 C.,	 Kachergus,	 J.,	 Roumier,	 C.,	Mouroux,	V.,	Douay,	 X.,	 Lincoln,	 S.,	
Levecque,	 C.,	 Larvor,	 L.,	 Andrieux,	 J.,	 Hulihan,	 M.,	 Waucquier,	 N.,	 Defebvre,	 L.,	
Amouyel,	 P.,	 Farrer,	M.,	&	Destée,	A.	 (2004).	 α-synuclein	 locus	duplication	 as	 a	
cause	 of	 familial	 Parkinson’s	 disease.	 Lancet,	 364(9440),	 1167–1169.	
https://doi.org/10.1016/S0140-6736(04)17103-1	

Chen,	 C.,	 Soto,	G.,	Dumrongprechachan,	V.,	 Bannon,	N.,	Kang,	 S.,	 Kozorovitskiy,	 Y.,	&	
Parisiadou,	 L.	 (2020).	 Pathway-specific	 dysregulation	 of	 striatal	 excitatory	
synapses	 by	 LRRK2	 mutations.	 ELife,	 9,	 1–26.	
https://doi.org/10.7554/eLife.58997	

Chen,	X.,	Winters,	 C.,	Azzam,	R.,	 Li,	 X.,	Galbraith,	 J.	A.,	 Leapman,	R.	D.,	&	Reese,	T.	 S.	
(2008).	Organization	of	the	core	structure	of	the	postsynaptic	density.	Proceedings	
of	the	National	Academy	of	Sciences	of	the	United	States	of	America,	105(11),	4453–
4458.	https://doi.org/10.1073/pnas.0800897105	

Cheng,	H.	 C.,	 Kim,	 S.	 R.,	 Oo,	 T.	 F.,	 Kareva,	 T.,	 Yarygina,	 O.,	 Rzhetskaya,	M.,	Wang,	 C.,	
During,	 M.,	 Talloczy,	 Z.,	 Tanaka,	 K.,	 Komatsu,	 M.,	 Kobayashi,	 K.,	 Okano,	 H.,	
Kholodilov,	N.,	&	Burke,	R.	E.	(2011).	Akt	suppresses	retrograde	degeneration	of	
dopaminergic	 axons	 by	 inhibition	 of	macroautophagy.	 Journal	 of	 Neuroscience,	
31(6),	2125–2135.	https://doi.org/10.1523/JNEUROSCI.5519-10.2011	

Chia,	 R.,	 Haddock,	 S.,	 Beilina,	 A.,	 Rudenko,	 I.	 N.,	 Mamais,	 A.,	 Kaganovich,	 A.,	 Li,	 Y.,	
Kumaran,	R.,	Nalls,	M.	A.,	&	Cookson,	M.	R.	(2014).	Phosphorylation	of	LRRK2	by	
casein	kinase	1α	regulates	trans-Golgi	clustering	via	differential	interaction	with	
ARHGEF7.	Nature	Communications,	5.	https://doi.org/10.1038/ncomms6827	



	

	 189	

Chidambaram,	S.	B.,	Rathipriya,	A.	G.,	Bolla,	S.	R.,	Bhat,	A.,	Ray,	B.,	Mahalakshmi,	A.	M.,	
Manivasagam,	 T.,	 Thenmozhi,	 A.	 J.,	 Essa,	 M.	 M.,	 Guillemin,	 G.	 J.,	 Chandra,	 R.,	 &	
Sakharkar,	 M.	 K.	 (2019).	 Dendritic	 spines:	 Revisiting	 the	 physiological	 role.	 In	
Progress	in	Neuro-Psychopharmacology	and	Biological	Psychiatry	(Vol.	92,	pp.	161–
193).	 Prog	 Neuropsychopharmacol	 Biol	 Psychiatry.	
https://doi.org/10.1016/j.pnpbp.2019.01.005	

Cho,	H.	J.,	Yu,	J.,	Xie,	C.,	Rudrabhatla,	P.,	Chen,	X.,	Wu,	J.,	Parisiadou,	L.,	Liu,	G.,	Sun,	L.,	Ma,	
B.,	Ding,	J.,	Liu,	Z.,	&	Cai,	H.	(2014).	Leucine-rich	repeat	kinase	2	regulates	Sec16A	
at	ER	exit	sites	to	allow	ER	–Golgi	export.	The	EMBO	Journal,	33(20),	2314–2331.	
https://doi.org/10.15252/embj.201487807	

Chu,	Y.,	Morfini,	G.	A.,	Langhamer,	L.	B.,	He,	Y.,	Brady,	S.	T.,	&	Kordower,	J.	H.	(2012).	
Alterations	 in	 axonal	 transport	 motor	 proteins	 in	 sporadic	 and	 experimental	
Parkinson’s	 disease.	 Brain,	 135(7),	 2058–2073.	
https://doi.org/10.1093/brain/aws133	

Cingolani,	 L.	A.,	&	Goda,	 Y.	 (2008).	Actin	 in	 action:	The	 interplay	between	 the	 actin	
cytoskeleton	and	synaptic	efficacy.	In	Nature	Reviews	Neuroscience	(Vol.	9,	Issue	5,	
pp.	344–356).	Nat	Rev	Neurosci.	https://doi.org/10.1038/nrn2373	

Cirnaru,	M.	D.,	Marte,	A.,	Belluzzi,	E.,	Russo,	I.,	Gabrielli,	M.,	Longo,	F.,	Arcuri,	L.,	Murru,	
L.,	Bubacco,	L.,	Matteoli,	M.,	Fedele,	E.,	Sala,	C.,	Passafaro,	M.,	Morari,	M.,	Greggio,	
E.,	Onofri,	F.,	&	Piccoli,	G.	(2014).	LRRK2	kinase	activity	regulates	synaptic	vesicle	
trafficking	 and	neurotransmitter	 release	 through	modulation	 of	 LRRK2	macro-
molecular	 complex.	 Frontiers	 in	 Molecular	 Neuroscience,	 7(MAY).	
https://doi.org/10.3389/fnmol.2014.00049	

Civiero,	L.,	Cirnaru,	M.	D.,	Beilina,	A.,	Rodella,	U.,	Russo,	I.,	Belluzzi,	E.,	Lobbestael,	E.,	
Reyniers,	 L.,	 Hondhamuni,	 G.,	 Lewis,	 P.	 A.,	 Van	 Den	 Haute,	 C.,	 Baekelandt,	 V.,	
Bandopadhyay,	R.,	Bubacco,	L.,	Piccoli,	G.,	Cookson,	M.	R.,	Taymans,	J.	M.,	&	Greggio,	
E.	(2015).	Leucine-rich	repeat	kinase	2	interacts	with	p21-activated	kinase	6	to	
control	 neurite	 complexity	 in	 mammalian	 brain.	 Journal	 of	 Neurochemistry,	
135(6),	1242–1256.	https://doi.org/10.1111/jnc.13369	

Civiero,	L.,	Cogo,	S.,	Biosa,	A.,	&	Greggio,	E.	(2018).	The	role	of	LRRK2	in	cytoskeletal	
dynamics.	In	Biochemical	Society	Transactions	(Vol.	46,	Issue	6,	pp.	1653–1663).	
Portland	Press	Ltd.	https://doi.org/10.1042/BST20180469	

Civiero,	L.,	Cogo,	S.,	Kiekens,	A.,	Morganti,	C.,	Tessari,	I.,	Lobbestael,	E.,	Baekelandt,	V.,	
Taymans,	J.	M.,	Chartier-Harlin,	M.	C.,	Franchin,	C.,	Arrigoni,	G.,	Lewis,	P.	A.,	Piccoli,	
G.,	 Bubacco,	 L.,	 Cookson,	 M.	 R.,	 Pinton,	 P.,	 &	 Greggio,	 E.	 (2017).	 PAK6	
phosphorylates	 14-3-3γ	 to	 regulate	 steady	 state	 phosphorylation	 of	 LRRK2.	
Frontiers	 in	 Molecular	 Neuroscience,	 10.	
https://doi.org/10.3389/fnmol.2017.00417	

Civiero,	 L.,	 &	 Greggio,	 E.	 (2018).	 PAKs	 in	 the	 brain:	 Function	 and	 dysfunction.	 In	
Biochimica	et	Biophysica	Acta	-	Molecular	Basis	of	Disease	(Vol.	1864,	Issue	2,	pp.	
444–453).	 Biochim	 Biophys	 Acta	 Mol	 Basis	 Dis.	
https://doi.org/10.1016/j.bbadis.2017.11.005	



	

	190	

Civiero,	L.,	Russo,	I.,	Bubacco,	L.,	&	Greggio,	E.	(2017).	Molecular	insights	and	functional	
implication	of	LRRK2	dimerization.	In	Advances	in	Neurobiology	(Vol.	14,	pp.	107–
121).	Adv	Neurobiol.	https://doi.org/10.1007/978-3-319-49969-7_6	

Civiero,	L.,	Vancraenenbroeck,	R.,	Belluzzi,	E.,	Beilina,	A.,	Lobbestael,	E.,	Reyniers,	L.,	
Gao,	 F.,	 Micetic,	 I.,	 de	 Maeyer,	 M.,	 Bubacco,	 L.,	 Baekelandt,	 V.,	 Cookson,	 M.	 R.,	
Greggio,	 E.,	 &	 Taymans,	 J.	 M.	 (2012).	 Biochemical	 Characterization	 of	 Highly	
Purified	 Leucine-Rich	 Repeat	 Kinases	 1	 and	 2	 Demonstrates	 Formation	 of	
Homodimers.	PLoS	ONE,	7(8).	https://doi.org/10.1371/journal.pone.0043472	

Cogo,	S.,	&	Greggio,	E.	(2020).	Leucine-rich	repeat	kinase	2	(LRRK2)	and	Parkinson’s	
disease:	from	genetics	to	pathobiology.	In	Genetics,	Neurology,	Behavior,	and	Diet	
in	Parkinson’s	Disease	(pp.	3–18).	Academic	Press.	https://doi.org/10.1016/b978-
0-12-815950-7.00001-1	

Cogo,	S.,	Manzoni,	C.,	Lewis,	P.	A.,	&	Greggio,	E.	(2020).	Leucine-rich	repeat	kinase	2	and	
lysosomal	dyshomeostasis	in	Parkinson	disease.	In	Journal	of	Neurochemistry	(Vol.	
152,	 Issue	 3,	 pp.	 273–283).	 Blackwell	 Publishing	 Ltd.	
https://doi.org/10.1111/jnc.14908	

Cookson,	M.	R.	(2010).	The	role	of	leucine-rich	repeat	kinase	2	(LRRK2)	in	Parkinson’s	
disease.	In	Nature	Reviews	Neuroscience	(Vol.	11,	Issue	12,	pp.	791–797).	Nat	Rev	
Neurosci.	https://doi.org/10.1038/nrn2935	

Cookson,	M.	 R.	 (2015).	 LRRK2	 Pathways	 Leading	 to	Neurodegeneration.	 In	Current	
Neurology	and	Neuroscience	Reports	 (Vol.	15,	 Issue	7).	Current	Medicine	Group	
LLC	1.	https://doi.org/10.1007/s11910-015-0564-y	

Cookson,	 M.	 R.	 (2016).	 Cellular	 functions	 of	 LRRK2	 implicate	 vesicular	 trafficking	
pathways	in	Parkinson’s	disease.	Biochemical	Society	Transactions,	44(6),	1603–
1610.	https://doi.org/10.1042/BST20160228	

Cookson,	M.	R.	 (2019).	 Proteomics:	 techniques	 and	 applications	 in	neuroscience.	 In	
Journal	 of	 Neurochemistry	 (Vol.	 151,	 Issue	 4,	 pp.	 394–396).	 J	 Neurochem.	
https://doi.org/10.1111/jnc.14867	

Corti,	O.,	 Lesage,	 S.,	&	Brice,	A.	 (2011).	What	 genetics	 tells	us	 about	 the	 causes	 and	
mechanisms	 of	 Parkinson’s	 disease.	 Physiological	 Reviews,	 91(4),	 1161–1218.	
https://doi.org/10.1152/physrev.00022.2010	

Cosker,	K.	E.,	&	Segal,	R.	A.	(2014).	Neuronal	signaling	through	endocytosis.	Cold	Spring	
Harbor	 Perspectives	 in	 Biology,	 6(2).	
https://doi.org/10.1101/cshperspect.a020669	

De	Camilli,	P.,	Volker,	H.,	Kohji,	T.,	&	Enrico,	M.	(2001).	The	Structure	of	Synapses.	In	
Synapses	(pp.	89–134).	Johns	Hopkins	University	Press.	

de	Lau,	L.	M.,	&	Breteler,	M.	M.	(2006).	Epidemiology	of	Parkinson’s	disease.	In	Lancet	
Neurology	 (Vol.	 5,	 Issue	 6,	 pp.	 525–535).	 Lancet	 Neurol.	
https://doi.org/10.1016/S1474-4422(06)70471-9	



	

	 191	

Deng,	H.,	Wang,	P.,	&	Jankovic,	J.	(2018).	The	genetics	of	Parkinson	disease.	In	Ageing	
Research	 Reviews	 (Vol.	 42,	 pp.	 72–85).	 Ageing	 Res	 Rev.	
https://doi.org/10.1016/j.arr.2017.12.007	

Deng,	X.,	Dzamko,	N.,	Prescott,	A.,	Davies,	P.,	Liu,	Q.,	Yang,	Q.,	Lee,	J.	D.,	Patricelli,	M.	P.,	
Nomanbhoy,	T.	K.,	Alessi,	D.	R.,	&	Gray,	N.	S.	(2011).	Characterization	of	a	selective	
inhibitor	of	the	Parkinson’s	disease	kinase	LRRK2.	Nature	Chemical	Biology,	7(4),	
203–205.	https://doi.org/10.1038/nchembio.538	

Deniston,	 C.	 K.,	 Salogiannis,	 J.,	 Mathea,	 S.,	 Snead,	 D.	 M.,	 Lahiri,	 I.,	 Matyszewski,	 M.,	
Donosa,	O.,	Watanabe,	R.,	Böhning,	J.,	Shiau,	A.	K.,	Knapp,	S.,	Villa,	E.,	Reck-Peterson,	
S.	L.,	&	Leschziner,	A.	E.	 (2020).	Structure	of	LRRK2	 in	Parkinson’s	disease	and	
model	 for	 microtubule	 interaction.	 Nature,	 588(7837),	 344–349.	
https://doi.org/10.1038/s41586-020-2673-2	

Deyaert,	 E.,	 Wauters,	 L.,	 Guaitoli,	 G.,	 Konijnenberg,	 A.,	 Leemans,	 M.,	 Terheyden,	 S.,	
Petrovic,	A.,	Gallardo,	R.,	Nederveen-Schippers,	L.	M.,	Athanasopoulos,	P.	S.,	Pots,	
H.,	Van	Haastert,	P.	 J.	M.,	 Sobott,	 F.,	Gloeckner,	C.	 J.,	 Efremov,	R.,	Kortholt,	A.,	&	
Versées,	W.	 (2017).	A	homologue	of	 the	Parkinson’s	disease-associated	protein	
LRRK2	 undergoes	 a	 monomer-dimer	 transition	 during	 GTP	 turnover.	 Nature	
Communications,	8(1).	https://doi.org/10.1038/s41467-017-01103-4	

Dickson,	D.	W.,	Braak,	H.,	Duda,	J.	E.,	Duyckaerts,	C.,	Gasser,	T.,	Halliday,	G.	M.,	Hardy,	J.,	
Leverenz,	J.	B.,	Del	Tredici,	K.,	Wszolek,	Z.	K.,	&	Litvan,	I.	(2009).	Neuropathological	
assessment	of	Parkinson’s	disease:	refining	the	diagnostic	criteria.	In	The	Lancet	
Neurology	 (Vol.	 8,	 Issue	 12,	 pp.	 1150–1157).	 Lancet	 Neurol.	
https://doi.org/10.1016/S1474-4422(09)70238-8	

Dickstein,	D.	L.,	Weaver,	C.	M.,	Luebke,	J.	I.,	&	Hof,	P.	R.	(2013).	Dendritic	spine	changes	
associated	with	normal	aging.	In	Neuroscience	(Vol.	251,	pp.	21–32).	Neuroscience.	
https://doi.org/10.1016/j.neuroscience.2012.09.077	

Dillon,	C.,	&	Goda,	Y.	(2005).	The	actin	cytoskeleton:	Integrating	form	and	function	at	
the	 synapse.	 In	 Annual	 Review	 of	 Neuroscience	 (Vol.	 28,	 pp.	 25–55).	 Annual	
Reviews.	https://doi.org/10.1146/annurev.neuro.28.061604.135757	

Dodson,	M.	W.,	Zhang,	T.,	Jiang,	C.,	Chen,	S.,	&	Guo,	M.	(2012).	Roles	of	the	Drosophila	
LRRK2	 homolog	 in	 Rab7-dependent	 lysosomal	 positioning.	 Human	 Molecular	
Genetics,	21(6),	1350–1363.	https://doi.org/10.1093/hmg/ddr573	

Dzamko,	N.,	Inesta-Vaquera,	F.,	Zhang,	J.,	Xie,	C.,	Cai,	H.,	Arthur,	S.,	Tan,	L.,	Choi,	H.,	Gray,	
N.,	Cohen,	P.,	Pedrioli,	P.,	Clark,	K.,	&	Alessi,	D.	R.	(2012).	The	IkappaB	kinase	family	
phosphorylates	 the	 Parkinson’s	 disease	 kinase	 LRRK2	 at	 Ser935	 and	 Ser910	
during	 Toll-Like	 Receptor	 signaling.	 PLoS	 ONE,	 7(6).	
https://doi.org/10.1371/journal.pone.0039132	

Eguchi,	T.,	Kuwahara,	T.,	Sakurai,	M.,	Komori,	T.,	Fujimoto,	T.,	Ito,	G.,	Yoshimura,	S.	I.,	
Harada,	A.,	Fukuda,	M.,	Koike,	M.,	&	Iwatsubo,	T.	(2018).	LRRK2	and	its	substrate	
Rab	GTPases	are	sequentially	targeted	onto	stressed	lysosomes	and	maintain	their	
homeostasis.	Proceedings	of	the	National	Academy	of	Sciences	of	the	United	States	



	

	192	

of	America,	115(39),	E9115–E9124.	https://doi.org/10.1073/pnas.1812196115	

Encinas,	 M.,	 Iglesias,	 M.,	 Llecha,	 N.,	 &	 Comella,	 J.	 X.	 (1999).	 Extracellular-regulated	
kinases	 and	 phosphatidylinositol	 3-kinase	 are	 involved	 in	 brain-derived	
neurotrophic	factor-mediated	survival	and	neuritogenesis	of	the	neuroblastoma	
cell	 line	 SH-SY5Y.	 Journal	 of	 Neurochemistry,	 73(4),	 1409–1421.	
https://doi.org/10.1046/j.1471-4159.1999.0731409.x	

English,	 A.	 R.,	 &	 Voeltz,	 G.	 K.	 (2013).	 Rab10	 GTPase	 regulates	 ER	 dynamics	 and	
morphology.	 Nature	 Cell	 Biology,	 15(2),	 169–178.	
https://doi.org/10.1038/ncb2647	

Erb,	M.	L.,	&	Moore,	D.	J.	(2020).	LRRK2	and	the	Endolysosomal	System	in	Parkinson’s	
Disease.	 In	 Journal	 of	 Parkinson’s	 Disease	 (Vol.	 10,	 Issue	 4,	 pp.	 1271–1291).	 J	
Parkinsons	Dis.	https://doi.org/10.3233/JPD-202138	

Esteban,	J.	A.,	Shi,	S.	H.,	Wilson,	C.,	Nuriya,	M.,	Huganir,	R.	L.,	&	Malinow,	R.	(2003).	PKA	
phosphorylation	 of	 AMPA	 receptor	 subunits	 controls	 synaptic	 trafficking	
underlying	 plasticity.	 Nature	 Neuroscience,	 6(2),	 136–143.	
https://doi.org/10.1038/nn997	

Fearnley,	J.	M.,	&	Lees,	A.	J.	(1991).	Ageing	and	parkinson’s	disease:	Substantia	nigra	
regional	 selectivity.	 Brain,	 114(5),	 2283–2301.	
https://doi.org/10.1093/brain/114.5.2283	

Fell,	M.	J.,	Mirescu,	C.,	Basu,	K.,	Cheewatrakoolpong,	B.,	DeMong,	D.	E.,	Ellis,	J.	M.,	Hyde,	
L.	A.,	Lin,	Y.,	Markgraf,	C.	G.,	Mei,	H.,	Miller,	M.,	Poulet,	F.	M.,	Scott,	J.	D.,	Smith,	M.	D.,	
Yin,	 Z.,	 Zhou,	X.,	 Parker,	E.	M.,	Kennedy,	M.	E.,	&	Morrow,	 J.	A.	 (2015).	MLi-2,	 a	
potent,	 selective,	 and	 centrally	 active	 compound	 for	 exploring	 the	 therapeutic	
potential	 and	 safety	 of	 LRRK2	 kinase	 inhibition.	 Journal	 of	 Pharmacology	 and	
Experimental	 Therapeutics,	 355(3),	 397–409.	
https://doi.org/10.1124/jpet.115.227587	

Ferrante,	R.	J.,	Kowall,	N.	W.,	&	Richardson,	E.	P.	(1991).	Proliferative	and	degenerative	
changes	in	striatal	spiny	neurons	in	Huntington’s	disease:	A	combined	study	using	
the	 section-Golgi	method	and	calbindin	D28k	 immunocytochemistry.	 Journal	 of	
Neuroscience,	 11(12),	 3877–3887.	 https://doi.org/10.1523/jneurosci.11-12-
03877.1991	

Fiala,	 J.	 C.,	 Spacek,	 J.,	 &	 Harris,	 K.	 M.	 (2002).	 Dendritic	 spine	 pathology:	 Cause	 or	
consequence	of	neurological	disorders?	In	Brain	Research	Reviews	(Vol.	39,	Issue	
1,	 pp.	 29–54).	 Brain	 Res	 Brain	 Res	 Rev.	 https://doi.org/10.1016/S0165-
0173(02)00158-3	

Fifkovà,	E.,	&	Delay,	R.	J.	(1982).	Cytoplasmic	actin	in	neuronal	processes	as	a	possible	
mediator	 of	 synaptic	 plasticity.	 Journal	 of	 Cell	 Biology,	 95(1),	 345–350.	
https://doi.org/10.1083/JCB.95.1.345	

Filograna,	R.,	Civiero,	L.,	Ferrari,	V.,	Codolo,	G.,	Greggio,	E.,	Bubacco,	L.,	Beltramini,	M.,	
&	Bisaglia,	M.	(2015).	Analysis	of	the	catecholaminergic	phenotype	in	human	SH-
SY5Y	 and	 BE(2)-M17	 neuroblastoma	 cell	 lines	 upon	 differentiation.	PLoS	 ONE,	



	

	 193	

10(8).	https://doi.org/10.1371/journal.pone.0136769	

Funayama,	M.,	Hasegawa,	K.,	Kowa,	H.,	Saito,	M.,	Tsuji,	S.,	&	Obata,	F.	 (2002).	A	new	
locus	 for	 Parkinson’s	 Disease	 (PARK8)	 maps	 to	 chromosome	 12p11.2-q13.1.	
Annals	of	Neurology,	51(3),	296–301.	https://doi.org/10.1002/ana.10113	

Funayama,	M.,	Hasegawa,	K.,	Ohta,	E.,	Kawashima,	N.,	Komiyama,	M.,	Kowa,	H.,	Tsuji,	S.,	
&	Obata,	F.	 (2005).	An	LRRK2	mutation	as	a	 cause	 for	 the	Parkinsonism	 in	 the	
original	 PARK8	 family.	 Annals	 of	 Neurology,	 57(6),	 918–921.	
https://doi.org/10.1002/ana.20484	

Funayama,	M.,	Li,	Y.,	Tomiyama,	H.,	Yoshino,	H.,	Imamichi,	Y.,	Yamamoto,	M.,	Murata,	M.,	
Toda,	T.,	Mizuno,	Y.,	&	Hattori,	N.	(2007).	Leucine-Rich	Repeat	kinase	2	G2385R	
variant	 is	 a	 risk	 factor	 for	Parkinson	disease	 in	Asian	population.	NeuroReport,	
18(3),	273–275.	https://doi.org/10.1097/WNR.0b013e32801254b6	

Gaiter,	 D.,	Westerlund,	M.,	 Carmine,	 A.,	 Lindqvist,	 E.,	 Sydow,	 O.,	 &	 Olson,	 L.	 (2006).	
LRRK2	 expression	 linked	 to	 dopamine-innervated	 areas.	 Annals	 of	 Neurology,	
59(4),	714–719.	https://doi.org/10.1002/ana.20808	

Gan,	Z.	Y.,	Callegari,	S.,	Cobbold,	S.	A.,	Cotton,	T.	R.,	Mlodzianoski,	M.	J.,	Schubert,	A.	F.,	
Geoghegan,	N.	D.,	Rogers,	K.	L.,	Leis,	A.,	Dewson,	G.,	Glukhova,	A.,	&	Komander,	D.	
(2021).	 Activation	 mechanism	 of	 PINK1.	 Nature.	
https://doi.org/10.1038/s41586-021-04340-2	

Gandhi,	P.	N.,	Wang,	X.,	Zhu,	X.,	Chen,	S.	G.,	&	Wilson-Delfosse,	A.	L.	 (2008).	The	Roc	
domain	 of	 leucine-rich	 repeat	 kinase	 2	 is	 sufficient	 for	 interaction	 with	
microtubules.	 Journal	 of	 Neuroscience	 Research,	 86(8),	 1711–1720.	
https://doi.org/10.1002/jnr.21622	

Gardet,	A.,	Benita,	Y.,	Li,	C.,	Sands,	B.	E.,	Ballester,	I.,	Stevens,	C.,	Korzenik,	J.	R.,	Rioux,	J.	
D.,	Daly,	M.	J.,	Xavier,	R.	J.,	&	Podolsky,	D.	K.	(2010).	LRRK2	Is	Involved	in	the	IFN-
γ	Response	and	Host	Response	to	Pathogens.	The	Journal	of	Immunology,	185(9),	
5577–5585.	https://doi.org/10.4049/jimmunol.1000548	

Gasser,	T.	(2015).	Usefulness	of	genetic	testing	in	PD	and	PD	trials:	A	balanced	review.	
In	Journal	of	Parkinson’s	Disease	(Vol.	5,	Issue	2,	pp.	209–215).	J	Parkinsons	Dis.	
https://doi.org/10.3233/JPD-140507	

Gehrke,	S.,	Imai,	Y.,	Sokol,	N.,	&	Lu,	B.	(2010).	Pathogenic	LRRK2	negatively	regulates	
microRNA-mediated	 translational	 repression.	 Nature,	 466(7306),	 637–641.	
https://doi.org/10.1038/nature09191	

Gelb,	 D.	 J.,	 Oliver,	 E.,	 &	Gilman,	 S.	 (1999).	 Diagnostic	 criteria	 for	 Parkinson	 disease.	
Archives	of	Neurology,	56(1),	33–39.	https://doi.org/10.1001/archneur.56.1.33	

Gelders,	G.,	Baekelandt,	V.,	&	Van	der	Perren,	A.	 (2018).	Linking	Neuroinflammation	
and	Neurodegeneration	in	Parkinson’s	Disease.	Journal	of	Immunology	Research,	
2018.	https://doi.org/10.1155/2018/4784268	

George,	S.,	Rey,	N.	L.,	Reichenbach,	N.,	Steiner,	J.	A.,	&	Brundin,	P.	(2013).	α-Synuclein:	



	

	194	

The	 long	 distance	 runner.	 Brain	 Pathology,	 23(3),	 350–357.	
https://doi.org/10.1111/bpa.12046	

Giaime,	E.,	Tong,	Y.,	Wagner,	L.	K.,	Yuan,	Y.,	Huang,	G.,	&	Shen,	J.	(2017).	Age-Dependent	
Dopaminergic	Neurodegeneration	and	Impairment	of	the	Autophagy-Lysosomal	
Pathway	 in	 LRRK-Deficient	 Mice.	 Neuron,	 96(4),	 796-807.e6.	
https://doi.org/10.1016/j.neuron.2017.09.036	

Giasson,	B.	I.,	Covy,	J.	P.,	Bonini,	N.	M.,	Hurtig,	H.	I.,	Farrer,	M.	J.,	Trojanowski,	J.	Q.,	&	Van	
Deerlin,	 V.	 M.	 (2006).	 Biochemical	 and	 pathological	 characterization	 of	 Lrrk2.	
Annals	of	Neurology,	59(2),	315–322.	https://doi.org/10.1002/ana.20791	

Gillardon,	F.	(2009).	Leucine-rich	repeat	kinase	2	phosphorylates	brain	tubulin-beta	
isoforms	 and	 modulates	 microtubule	 stability	 -	 A	 point	 of	 convergence	 in	
Parkinsonian	neurodegeneration?	Journal	of	Neurochemistry,	110(5),	1514–1522.	
https://doi.org/10.1111/j.1471-4159.2009.06235.x	

Gipson,	 C.	 D.,	 &	Olive,	M.	 F.	 (2017).	 Structural	 and	 functional	 plasticity	 of	 dendritic	
spines	–	root	or	result	of	behavior?	In	Genes,	Brain	and	Behavior	(Vol.	16,	Issue	1,	
pp.	101–117).	Genes	Brain	Behav.	https://doi.org/10.1111/gbb.12324	

Gloeckner,	C.	J.,	Boldt,	K.,	Von	Zweydorf,	F.,	Helm,	S.,	Wiesent,	L.,	Sarioglu,	H.,	&	Ueffing,	
M.	 (2010).	 Phosphopeptide	 analysis	 reveals	 two	 discrete	 clusters	 of	
phosphorylation	in	the	N-terminus	and	the	Roc	domain	of	the	Parkinson-disease	
associated	protein	kinase	LRRK2.	Journal	of	Proteome	Research,	9(4),	1738–1745.	
https://doi.org/10.1021/pr9008578	

Gloeckner,	C.	J.,	&	Porras,	P.	(2020).	Guilt-by-Association	–	Functional	Insights	Gained	
From	 Studying	 the	 LRRK2	 Interactome.	 In	 Frontiers	 in	 Neuroscience	 (Vol.	 14).	
Front	Neurosci.	https://doi.org/10.3389/fnins.2020.00485	

Godena,	V.	K.,	Brookes-Hocking,	N.,	Moller,	A.,	Shaw,	G.,	Oswald,	M.,	Sancho,	R.	M.,	Miller,	
C.	C.	J.,	Whitworth,	A.	J.,	&	De	Vos,	K.	J.	(2014).	Increasing	microtubule	acetylation	
rescues	 axonal	 transport	 and	 locomotor	 deficits	 caused	 by	 LRRK2	 Roc-COR	
domain	 mutations.	 Nature	 Communications,	 5.	
https://doi.org/10.1038/ncomms6245	

Goedert,	M.,	&	Compston,	A.	(2018).	Parkinson’s	disease	-	The	story	of	an	eponym.	In	
Nature	 Reviews	 Neurology	 (Vol.	 14,	 Issue	 1,	 pp.	 57–63).	 Nat	 Rev	 Neurol.	
https://doi.org/10.1038/nrneurol.2017.165	

Goedert,	M.,	Spillantini,	M.	G.,	Del	Tredici,	K.,	&	Braak,	H.	 (2013).	100	years	of	Lewy	
pathology.	 In	 Nature	 Reviews	 Neurology	 (Vol.	 9,	 Issue	 1,	 pp.	 13–24).	 Nat	 Rev	
Neurol.	https://doi.org/10.1038/nrneurol.2012.242	

Gómez-Suaga,	 P.,	 Rivero-Ríos,	 P.,	 Fdez,	 E.,	 Ramírez,	 M.	 B.,	 Ferrer,	 I.,	 Aiastui,	 A.,	 De	
Munain,	A.	L.,	&	Hilfiker,	S.	(2014).	LRRK2	delays	degradative	receptor	trafficking	
by	 impeding	 late	endosomal	budding	 through	decreasing	Rab7	activity.	Human	
Molecular	Genetics,	23(25),	6779–6796.	https://doi.org/10.1093/hmg/ddu395	

González-Rodríguez,	P.,	Zampese,	E.,	Stout,	K.	A.,	Guzman,	J.	N.,	Ilijic,	E.,	Yang,	B.,	Tkatch,	



	

	 195	

T.,	 Stavarache,	 M.	 A.,	 Wokosin,	 D.	 L.,	 Gao,	 L.,	 Kaplitt,	 M.	 G.,	 López-Barneo,	 J.,	
Schumacker,	P.	T.,	&	Surmeier,	D.	J.	(2021).	Disruption	of	mitochondrial	complex	I	
induces	 progressive	 parkinsonism.	 Nature,	 599(7886),	 650–656.	
https://doi.org/10.1038/s41586-021-04059-0	

Gotow,	T.,	Miyaguchi,	K.,	&	Hashimoto,	P.	H.	 (1991).	Cytoplasmic	architecture	of	 the	
axon	terminal:	Filamentous	strands	specifically	associated	with	synaptic	vesicles.	
Neuroscience,	40(2),	587–598.	https://doi.org/10.1016/0306-4522(91)90143-C	

Grace,	A.	A.,	&	Bunney,	B.	S.	(1983).	Intracellular	and	extracellular	electrophysiology	of	
nigral	 dopaminergic	 neurons-2.	 Action	 potential	 generating	 mechanisms	 and	
morphological	 correlates.	 Neuroscience,	 10(2).	 https://doi.org/10.1016/0306-
4522(83)90136-7	

Grace,	A.	A.,	&	Bunney,	B.	S.	(1984).	The	control	of	firing	pattern	in	nigral	dopamine	
neurons:	 Single	 spike	 firing.	 Journal	 of	 Neuroscience,	 4(11),	 2866–2876.	
https://doi.org/10.1523/jneurosci.04-11-02866.1984	

Graveland,	G.	A.,	Williams,	R.	S.,	&	Difiglia,	M.	(1985).	Evidence	for	degenerative	and	
regenerative	 changes	 in	 neostriatal	 spiny	 neurons	 in	 Huntington’s	 disease.	
Science,	227(4688),	770–773.	https://doi.org/10.1126/science.3155875	

GRAY,	E.	G.	(1959).	Axo-somatic	and	axo-dendritic	synapses	of	the	cerebral	cortex:	an	
electron	microscope	study.	Journal	of	Anatomy,	93(Pt	4),	420–433.	

Greffard,	S.,	Verny,	M.,	Bonnet,	A.	M.,	Beinis,	 J.	Y.,	Gallinari,	C.,	Meaume,	S.,	Piette,	F.,	
Hauw,	J.	J.,	&	Duyckaerts,	C.	(2006).	Motor	score	of	the	unified	Parkinson	disease	
rating	 scale	 as	 a	 good	 predictor	 of	 lewy	 body-associated	 neuronal	 loss	 in	 the	
substantia	 nigra.	 Archives	 of	 Neurology,	 63(4),	 584–588.	
https://doi.org/10.1001/archneur.63.4.584	

Greggio,	 E.,	 &	 Cookson,	 M.	 R.	 (2009).	 Leucine-rich	 repeat	 kinase	 2	 mutations	 and	
Parkinson’s	disease:	Three	questions.	 In	ASN	Neuro	 (Vol.	1,	 Issue	1,	pp.	13–24).	
ASN	Neuro.	https://doi.org/10.1042/AN20090007	

Greggio,	E.,	Jain,	S.,	Kingsbury,	A.,	Bandopadhyay,	R.,	Lewis,	P.,	Kaganovich,	A.,	van	der	
Brug,	 M.	 P.,	 Beilina,	 A.,	 Blackinton,	 J.,	 Thomas,	 K.	 J.,	 Ahmad,	 R.,	 Miller,	 D.	 W.,	
Kesavapany,	S.,	Singleton,	A.,	Lees,	A.,	Harvey,	R.	 J.,	Harvey,	K.,	&	Cookson,	M.	R.	
(2006).	Kinase	activity	is	required	for	the	toxic	effects	of	mutant	LRRK2/dardarin.	
Neurobiology	 of	 Disease,	 23(2),	 329–341.	
https://doi.org/10.1016/j.nbd.2006.04.001	

Greggio,	E.,	Lewis,	P.	A.,	Van	Der	Brug,	M.	P.,	Ahmad,	R.,	Kaganovich,	A.,	Ding,	J.,	Beilina,	
A.,	Baker,	A.	K.,	&	Cookson,	M.	R.	(2007).	Mutations	in	LRRK2/dardarin	associated	
with	 Parkinson	 disease	 are	 more	 toxic	 than	 equivalent	 mutations	 in	 the	
homologous	 kinase	 LRRK1.	 Journal	 of	 Neurochemistry,	 102(1),	 93–102.	
https://doi.org/10.1111/j.1471-4159.2007.04523.x	

Greggio,	E.,	Taymans,	J.	M.,	Zhen,	E.	Y.,	Ryder,	J.,	Vancraenenbroeck,	R.,	Beilina,	A.,	Sun,	
P.,	Deng,	 J.,	 Jaffe,	H.,	Baekelandt,	V.,	Merchant,	K.,	&	Cookson,	M.	R.	 (2009).	The	
Parkinson’s	 disease	 kinase	 LRRK2	 autophosphorylates	 its	 GTPase	 domain	 at	



	

	196	

multiple	 sites.	 Biochemical	 and	 Biophysical	 Research	 Communications,	 389(3),	
449–454.	https://doi.org/10.1016/j.bbrc.2009.08.163	

Greggio,	E.,	Zambrano,	I.,	Kaganovich,	A.,	Beilina,	A.,	Taymans,	J.	M.,	Daniëls,	V.,	Lewis,	
P.,	Jain,	S.,	Ding,	J.,	Syed,	A.,	Thomas,	K.	J.,	Baekelandt,	V.,	&	Cookson,	M.	R.	(2008).	
The	Parkinson	disease-associated	leucine-rich	repeat	kinase	2	(LRRK2)	is	a	dimer	
that	 undergoes	 intramolecular	 autophosphorylation.	 Journal	 of	 Biological	
Chemistry,	283(24),	16906–16914.	https://doi.org/10.1074/jbc.M708718200	

Grutzendler,	J.,	Kasthuri,	N.,	&	Gan,	W.	B.	(2002).	Long-term	dendritic	spine	stability	in	
the	 adult	 cortex.	 Nature,	 420(6917),	 812–816.	
https://doi.org/10.1038/nature01276	

Guaitoli,	G.,	Raimondi,	F.,	Gilsbach,	B.	K.,	Gómez-Llorente,	Y.,	Deyaert,	E.,	Renzi,	F.,	Li,	X.,	
Schaffner,	A.,	Jagtap,	P.	K.	A.,	Boldt,	K.,	Von	Zweydorf,	F.,	Gotthardt,	K.,	Lorimer,	D.	
D.,	Yue,	Z.,	Burgin,	A.,	Janjic,	N.,	Sattler,	M.,	Versées,	W.,	Ueffing,	M.,	…	Gloeckner,	C.	
J.	 (2016).	 Structural	model	of	 the	dimeric	Parkinson’s	protein	LRRK2	reveals	 a	
compact	architecture	 involving	distant	 interdomain	contacts.	Proceedings	of	 the	
National	 Academy	 of	 Sciences	 of	 the	 United	 States	 of	 America,	113(30),	 E4357–
E4366.	https://doi.org/10.1073/pnas.1523708113	

Guerreiro,	P.	S.,	Huang,	Y.,	Gysbers,	A.,	Cheng,	D.,	Gai,	W.	P.,	Outeiro,	T.	F.,	&	Halliday,	G.	
M.	(2013).	LRRK2	interactions	with	α-synuclein	in	Parkinson’s	disease	brains	and	
in	 cell	 models.	 Journal	 of	 Molecular	 Medicine,	 91(4),	 513–522.	
https://doi.org/10.1007/s00109-012-0984-y	

Halpain,	S.	(2000).	Actin	and	the	agile	spine:	How	and	why	do	dendritic	spines	dance?	
In	 Trends	 in	 Neurosciences	 (Vol.	 23,	 Issue	 4,	 pp.	 141–146).	 Trends	 Neurosci.	
https://doi.org/10.1016/S0166-2236(00)01576-9	

Hammond,	C.,	&	Esclapez,	M.	(2015).	The	chemical	synapses.	In	Cellular	and	Molecular	
Neurophysiology:	 Fourth	 Edition	 (pp.	 121–144).	 Academic	 Press.	
https://doi.org/10.1016/B978-0-12-397032-9.00006-6	

Harnack,	D.,	Pelko,	M.,	Chaillet,	A.,	Chitour,	Y.,	&	van	Rossum,	M.	C.	W.	(2015).	Stability	
of	Neuronal	Networks	with	Homeostatic	Regulation.	PLoS	Computational	Biology,	
11(7).	https://doi.org/10.1371/journal.pcbi.1004357	

Harris,	K.	M.,	Jensen,	F.	E.,	&	Tsao,	B.	(1992).	Three-dimensional	structure	of	dendritic	
spines	and	synapses	in	rat	hippocampus	(CA	1)	at	postnatal	day	15	and	adult	ages:	
Implications	 for	 the	 maturation	 of	 synaptic	 physiology	 and	 long-term	
potentiation.	 Journal	 of	 Neuroscience,	 12(7),	 2685–2705.	
https://doi.org/10.1523/jneurosci.12-07-02685.1992	

Harris,	Kristen	M.	(1999).	Structure,	development,	and	plasticity	of	dendritic	spines.	
Current	Opinion	in	Neurobiology,	9(3),	343–348.	https://doi.org/10.1016/S0959-
4388(99)80050-6	

Harris,	 Kristen	 M.,	 &	 Kater,	 S.	 B.	 (1994).	 Dendritic	 spines:	 Cellular	 specializations	
imparting	both	stability	and	flexibility	to	synaptic	 function.	 In	Annual	Review	of	
Neuroscience	(Vol.	17,	pp.	341–371).	Annual	Reviews	4139	El	Camino	Way,	P.O.	



	

	 197	

Box	 10139,	 Palo	 Alto,	 CA	 94303-0139,	 USA.	
https://doi.org/10.1146/annurev.ne.17.030194.002013	

Harris,	 Kristen	 M.,	 &	 Weinberg,	 R.	 J.	 (2012).	 Ultrastructure	 of	 synapses	 in	 the	
mammalian	brain.	In	Cold	Spring	Harbor	Perspectives	in	Biology	(Vol.	4,	Issue	5,	p.	
7).	 Cold	 Spring	 Harbor	 Laboratory	 Press.	
https://doi.org/10.1101/cshperspect.a005587	

Härtlova,	A.,	Herbst,	S.,	Peltier,	J.,	Rodgers,	A.,	Bilkei-Gorzo,	O.,	Fearns,	A.,	Dill,	B.	D.,	Lee,	
H.,	Flynn,	R.,	Cowley,	S.	A.,	Davies,	P.,	Lewis,	P.	A.,	Ganley,	I.	G.,	Martinez,	J.,	Alessi,	
D.	R.,	Reith,	A.	D.,	Trost,	M.,	&	Gutierrez,	M.	G.	(2018).	LRRK2	is	a	negative	regulator	
of	 Mycobacterium	 tuberculosis	 phagosome	 maturation	 in	 macrophages.	 The	
EMBO	Journal,	37(12).	https://doi.org/10.15252/embj.201798694	

Healy,	D.	G.,	Falchi,	M.,	O’Sullivan,	S.	S.,	Bonifati,	V.,	Durr,	A.,	Bressman,	S.,	Brice,	A.,	Aasly,	
J.,	 Zabetian,	 C.	 P.,	 Goldwurm,	 S.,	 Ferreira,	 J.	 J.,	 Tolosa,	 E.,	 Kay,	 D.	 M.,	 Klein,	 C.,	
Williams,	D.	R.,	Marras,	C.,	Lang,	A.	E.,	Wszolek,	Z.	K.,	Berciano,	J.,	…	Wood,	N.	W.	
(2008).	 Phenotype,	 genotype,	 and	 worldwide	 genetic	 penetrance	 of	 LRRK2-
associated	Parkinson’s	disease:	a	case-control	study.	The	Lancet	Neurology,	7(7),	
583–590.	https://doi.org/10.1016/S1474-4422(08)70117-0	

Herbst,	S.,	Campbell,	P.,	Harvey,	J.,	Bernard,	E.	M.,	Papayannopoulos,	V.,	Wood,	N.	W.,	
Morris,	H.	R.,	&	Gutierrez,	M.	G.	(2020).	LRRK	2	activation	controls	the	repair	of	
damaged	 endomembranes	 in	 macrophages.	 The	 EMBO	 Journal,	 39(18).	
https://doi.org/10.15252/embj.2020104494	

Herculano-Houzel,	 S.	 (2009).	 The	 human	 brain	 in	 numbers:	 A	 linearly	 scaled-up	
primate	brain.	In	Frontiers	in	Human	Neuroscience	(Vol.	3,	Issue	NOV).	Front	Hum	
Neurosci.	https://doi.org/10.3389/neuro.09.031.2009	

Hering,	H.,	&	Sheng,	M.	(2001).	Dentritic	spines:	structure,	dynamics	and	regulation.	
Nature	 Reviews	 Neuroscience,	 2(12),	 880–888.	
https://doi.org/10.1038/35104061	

Hernandez-Baltazar,	 D.,	 Nadella,	 R.,	 Cibrian-Llanderal,	 T.,	 Puga-Olguín,	 A.,	 Alondra	
Barrientos-Bonilla,	 A.,	 Mireya	 Zavala-Flores,	 L.,	 Villanueva-Olivo,	 A.,	 Sanchez-
Garcia,	 A.,	 de	 Jesús	 Rovirosa-Hernández,	 M.,	 &	 Daniel	 Rembao-Bojorquez,	 J.	
(2019).	The	Causative	and	Curative	Roles	of	Brain-Derived	Neurotrophic	Factor	in	
Parkinson’s	 Disease.	 In	 Parkinson’s	 Disease	 and	 Beyond	 -	 A	 Neurocognitive	
Approach.	IntechOpen.	https://doi.org/10.5772/intechopen.81215	

Hernandez,	D.	G.,	Reed,	X.,	&	 Singleton,	A.	B.	 (2016).	Genetics	 in	Parkinson	disease:	
Mendelian	versus	non-Mendelian	inheritance.	 In	 Journal	of	Neurochemistry:	Vol.	
139	 Suppl	 (Issue	 Suppl	 1,	 pp.	 59–74).	 J	 Neurochem.	
https://doi.org/10.1111/jnc.13593	

Herzig,	M.	C.,	Kolly,	C.,	Persohn,	E.,	Theil,	D.,	Schweizer,	T.,	Hafner,	T.,	Stemmelen,	C.,	
Troxler,	T.	J.,	Schmid,	P.,	Danner,	S.,	Schnell,	C.	R.,	Mueller,	M.,	Kinzel,	B.,	Grevot,	A.,	
Bolognani,	 F.,	 Stirn,	 M.,	 Kuhn,	 R.	 R.,	 Kaupmann,	 K.,	 Van	 der	 putten,	 P.	 H.,	 …	
Shimshek,	D.	R.	(2011).	LRRK2	protein	levels	are	determined	by	kinase	function	



	

	198	

and	 are	 crucial	 for	 kidney	 and	 lung	 homeostasis	 in	 mice.	 Human	 Molecular	
Genetics,	20(21),	4209–4223.	https://doi.org/10.1093/HMG/DDR348	

Higashi,	S.,	Moore,	D.	J.,	Colebrooke,	R.	E.,	Biskup,	S.,	Dawson,	V.	L.,	Arai,	H.,	Dawson,	T.	
M.,	 &	 Emson,	 P.	 C.	 (2007).	 Expression	 and	 localization	 of	 Parkinson’s	 disease-
associated	 leucine-rich	 repeat	 kinase	 2	 in	 the	 mouse	 brain.	 Journal	 of	
Neurochemistry,	 100(2),	 368–381.	 https://doi.org/10.1111/j.1471-
4159.2006.04246.x	

Hinkle,	K.	M.,	Yue,	M.,	Behrouz,	B.,	Dächsel,	J.	C.,	Lincoln,	S.	J.,	Bowles,	E.	E.,	Beevers,	J.	E.,	
Dugger,	B.,	Winner,	B.,	Prots,	I.,	Kent,	C.	B.,	Nishioka,	K.,	Lin,	W.	L.,	Dickson,	D.	W.,	
Janus,	C.	 J.,	Farrer,	M.	 J.,	&	Melrose,	H.	L.	(2012).	LRRK2	knockout	mice	have	an	
intact	dopaminergic	system	but	display	alterations	in	exploratory	and	motor	co-
ordination	 behaviors.	 Molecular	 Neurodegeneration,	 7(1).	
https://doi.org/10.1186/1750-1326-7-25	

Hirokawa,	N.,	Sobue,	K.,	Kanda,	K.,	Harada,	A.,	&	Yorifuji,	H.	(1989).	The	cytoskeletal	
architecture	of	 the	presynaptic	 terminal	and	molecular	structure	of	synapsin	1.	
Journal	of	Cell	Biology,	108(1),	111–126.	https://doi.org/10.1083/jcb.108.1.111	

Homma,	Y.,	Hiragi,	S.,	&	Fukuda,	M.	(2021).	Rab	family	of	small	GTPases:	an	updated	
view	on	their	regulation	and	functions.	In	FEBS	Journal	(Vol.	288,	Issue	1,	pp.	36–
55).	FEBS	J.	https://doi.org/10.1111/febs.15453	

Hong,	S.,	Beja-Glasser,	V.	F.,	Nfonoyim,	B.	M.,	Frouin,	A.,	Li,	S.,	Ramakrishnan,	S.,	Merry,	
K.	M.,	Shi,	Q.,	Rosenthal,	A.,	Barres,	B.	A.,	Lemere,	C.	A.,	Selkoe,	D.	J.,	&	Stevens,	B.	
(2016).	 Complement	 and	 microglia	 mediate	 early	 synapse	 loss	 in	 Alzheimer	
mouse	 models.	 Science,	 352(6286),	 712–716.	
https://doi.org/10.1126/science.aad8373	

Hotulainen,	 P.,	 &	 Hoogenraad,	 C.	 C.	 (2010).	 Actin	 in	 dendritic	 spines:	 Connecting	
dynamics	to	function.	In	Journal	of	Cell	Biology	(Vol.	189,	Issue	4,	pp.	619–629).	J	
Cell	Biol.	https://doi.org/10.1083/jcb.201003008	

Hu,	X.,	Viesselmann,	C.,	Nam,	S.,	Merriam,	E.,	&	Dent,	E.	W.	(2008).	Activity-dependent	
dynamic	microtubule	invasion	of	dendritic	spines.	Journal	of	Neuroscience,	28(49),	
13094–13105.	https://doi.org/10.1523/JNEUROSCI.3074-08.2008	

Huang,	E.	J.,	&	Reichardt,	L.	F.	(2001).	Neurotrophins:	Roles	in	neuronal	development	
and	function.	In	Annual	Review	of	Neuroscience	(Vol.	24,	pp.	677–736).	Annu	Rev	
Neurosci.	https://doi.org/10.1146/annurev.neuro.24.1.677	

Huang,	 Eric	 J.,	 &	 Reichardt,	 L.	 F.	 (2003).	 Trk	 receptors:	 Roles	 in	 neuronal	 signal	
transduction.	In	Annual	Review	of	Biochemistry	(Vol.	72,	pp.	609–642).	Annu	Rev	
Biochem.	https://doi.org/10.1146/annurev.biochem.72.121801.161629	

Huang,	S.	H.,	Wang,	 J.,	Sui,	W.	H.,	Chen,	B.,	Zhang,	X.	Y.,	Yan,	 J.,	Geng,	Z.,	&	Chen,	Z.	Y.	
(2013).	BDNF-dependent	recycling	facilitates	TrkB	translocation	to	postsynaptic	
density	 during	 LTP	 via	 a	 Rab11-dependent	 pathway.	 Journal	 of	 Neuroscience,	
33(21),	9214–9230.	https://doi.org/10.1523/JNEUROSCI.3256-12.2013	



	

	 199	

Huntley,	 G.	 W.,	 &	 Benson,	 D.	 L.	 (2020).	 Origins	 of	 Parkinson’s	 Disease	 in	 Brain	
Development:	 Insights	 From	Early	 and	 Persistent	 Effects	 of	 LRRK2-G2019S	 on	
Striatal	 Circuits.	 In	 Frontiers	 in	 Neuroscience	 (Vol.	 14).	 Front	 Neurosci.	
https://doi.org/10.3389/fnins.2020.00265	

Hur,	E.	M.,	Jang,	E.	H.,	Jeong,	G.	R.,	&	Lee,	B.	D.	(2019).	LRRK2	and	membrane	trafficking:	
Nexus	of	Parkinson’s	disease.	In	BMB	Reports	(Vol.	52,	Issue	9,	pp.	533–539).	BMB	
Rep.	https://doi.org/10.5483/BMBRep.2019.52.9.186	

Iannotta,	L.,	Biosa,	A.,	Kluss,	 J.	H.,	Tombesi,	G.,	Kaganovich,	A.,	Cogo,	S.,	Plotegher,	N.,	
Civiero,	 L.,	 Lobbestael,	 E.,	 Baekelandt,	 V.,	 Cookson,	M.	 R.,	 &	 Greggio,	 E.	 (2020).	
Divergent	Effects	of	G2019S	and	R1441C	LRRK2	Mutations	on	LRRK2	and	Rab10	
Phosphorylations	 in	 Mouse	 Tissues.	 Cells,	 9(11).	
https://doi.org/10.3390/cells9112344	

Iannotta,	L.,	&	Greggio,	E.	(2021).	LRRK2	signaling	in	neurodegeneration:	two	decades	
of	 progress.	 Essays	 in	 Biochemistry,	 65(7),	 859–872.	
https://doi.org/10.1042/ebc20210013	

Imai,	Y.,	Gehrke,	S.,	Wang,	H.	Q.,	Takahashi,	R.,	Hasegawa,	K.,	Oota,	E.,	&	Lu,	B.	(2008).	
Phosphorylation	 of	 4E-BP	 by	 LRRK2	 affects	 the	 maintenance	 of	 dopaminergic	
neurons	 in	 Drosophila.	 EMBO	 Journal,	 27(18),	 2432–2443.	
https://doi.org/10.1038/emboj.2008.163	

Iovino,	L.,	Tremblay,	M.	E.,	&	Civiero,	L.	 (2020).	Glutamate-induced	excitotoxicity	 in	
Parkinson’s	disease:	The	role	of	glial	cells.	In	Journal	of	Pharmacological	Sciences	
(Vol.	 144,	 Issue	 3,	 pp.	 151–164).	 J	 Pharmacol	 Sci.	
https://doi.org/10.1016/j.jphs.2020.07.011	

Iovino,	Ludovica,	Giusti,	V.,	Pischedda,	F.,	Giusto,	E.,	Plotegher,	N.,	Marte,	A.,	Battisti,	I.,	
Di	 Iacovo,	A.,	Marku,	A.,	Piccoli,	G.,	Bandopadhyay,	R.,	Perego,	C.,	Bonifacino,	T.,	
Bonanno,	G.,	Roseti,	C.,	Bossi,	E.,	Arrigoni,	G.,	Bubacco,	L.,	Greggio,	E.,	…	Civiero,	L.	
(2021).	 Trafficking	 of	 the	 glutamate	 transporter	 is	 impaired	 in	 LRRK2-related	
Parkinson’s	 disease.	 BioRxiv,	 2021.08.04.455053.	
https://doi.org/10.1101/2021.08.04.455053	

Islam,	M.	S.,	Nolte,	H.,	Jacob,	W.,	Ziegler,	A.	B.,	Pütz,	S.,	Grosjean,	Y.,	Szczepanowska,	K.,	
Trifunovic,	A.,	Braun,	T.,	Heumann,	H.,	Heumann,	R.,	Hovemann,	B.,	Moore,	D.	J.,	&	
Krüger,	M.	(2016).	Human	R1441C	LRRK2	regulates	the	synaptic	vesicle	proteome	
and	 phosphoproteome	 in	 a	 Drosophila	 model	 of	 Parkinson’s	 disease.	 Human	
Molecular	Genetics,	25(24),	5365–5382.	https://doi.org/10.1093/hmg/ddw352	

Ivanov,	 A.,	 Esclapez,	 M.,	 Pellegrino,	 C.,	 Shirao,	 T.,	 &	 Ferhat,	 L.	 (2009).	 Drebrin	 A	
regulates	 dendritic	 spine	 plasticity	 and	 synaptic	 function	 in	 mature	 cultured	
hippocampal	 neurons.	 Journal	 of	 Cell	 Science,	 122(4),	 524–534.	
https://doi.org/10.1242/jcs.033464	

Jakes,	 R.,	 Spillantini,	 M.	 G.,	 &	 Goedert,	 M.	 (1994).	 Identification	 of	 two	 distinct	
synucleins	 from	 human	 brain.	 FEBS	 Letters,	 345(1),	 27–32.	
https://doi.org/10.1016/0014-5793(94)00395-5	



	

	200	

Jaleel,	M.,	Nichols,	R.	J.,	Deak,	M.,	Campbell,	D.	G.,	Gillardon,	F.,	Knebel,	A.,	&	Alessi,	D.	R.	
(2007).	LRRK2	phosphorylates	moesin	at	threonine-558:	Characterization	of	how	
Parkinson’s	 disease	mutants	 affect	 kinase	 activity.	Biochemical	 Journal,	405(2),	
307–317.	https://doi.org/10.1042/BJ20070209	

Jankovic,	 J.	(2008).	Parkinson’s	disease:	Clinical	 features	and	diagnosis.	 In	Journal	of	
Neurology,	Neurosurgery	and	Psychiatry	(Vol.	79,	Issue	4,	pp.	368–376).	J	Neurol	
Neurosurg	Psychiatry.	https://doi.org/10.1136/jnnp.2007.131045	

Jaworski,	 J.,	 Kapitein,	 L.	 C.,	 Gouveia,	 S.	 M.,	 Dortland,	 B.	 R.,	 Wulf,	 P.	 S.,	 Grigoriev,	 I.,	
Camera,	P.,	 Spangler,	 S.	A.,	Di	 Stefano,	P.,	Demmers,	 J.,	Krugers,	H.,	Defilippi,	 P.,	
Akhmanova,	 A.,	 &	 Hoogenraad,	 C.	 C.	 (2009).	 Dynamic	 Microtubules	 Regulate	
Dendritic	 Spine	 Morphology	 and	 Synaptic	 Plasticity.	 Neuron,	 61(1),	 85–100.	
https://doi.org/10.1016/j.neuron.2008.11.013	

Jones,	E.	G.,	&	Powell,	T.	P.	(1969).	Morphological	variations	in	the	dendritic	spines	of	
the	 neocortex.	 Journal	 of	 Cell	 Science,	 5(2),	 509–529.	
https://doi.org/10.1242/jcs.5.2.509	

Kalia,	L.	V.,	&	Lang,	A.	E.	 (2015).	Parkinson’s	disease.	 In	The	Lancet	 (Vol.	386,	 Issue	
9996,	pp.	896–912).	Lancet.	https://doi.org/10.1016/S0140-6736(14)61393-3	

Kalinderi,	 K.,	 Bostantjopoulou,	 S.,	 &	 Fidani,	 L.	 (2016).	 The	 genetic	 background	 of	
Parkinson’s	disease:	current	progress	and	future	prospects.	In	Acta	Neurologica	
Scandinavica	 (Vol.	 134,	 Issue	 5,	 pp.	 314–326).	 Acta	 Neurol	 Scand.	
https://doi.org/10.1111/ane.12563	

Kamikawaji,	S.,	Ito,	G.,	&	Iwatsubo,	T.	(2009).	Identification	of	the	autophosphorylation	
sites	 of	 LRRK2.	 Biochemistry,	 48(46),	 10963–10975.	
https://doi.org/10.1021/bi9011379	

Kapitein,	 L.	 C.,	 &	 Hoogenraad,	 C.	 C.	 (2015).	 Building	 the	 Neuronal	 Microtubule	
Cytoskeleton.	 In	 Neuron	 (Vol.	 87,	 Issue	 3,	 pp.	 492–506).	 Neuron.	
https://doi.org/10.1016/j.neuron.2015.05.046	

Kaplan,	D.	R.,	Matsumoto,	K.,	Lucarelli,	E.,	&	Thielet,	C.	J.	(1993).	Induction	of	TrkB	by	
retinoic	 acid	 mediates	 biologic	 responsiveness	 to	 BDNF	 and	 differentiation	 of	
human	 neuroblastoma	 cells.	 Neuron,	 11(2),	 321–331.	
https://doi.org/10.1016/0896-6273(93)90187-V	

Kawakami,	F.,	Yabata,	T.,	Ohta,	E.,	Maekawa,	T.,	Shimada,	N.,	Suzuki,	M.,	Maruyama,	H.,	
Ichikawa,	T.,	&	Obata,	F.	(2012).	LRRK2	phosphorylates	tubulin-associated	tau	but	
not	the	free	molecule:	LRRK2-mediated	regulation	of	the	tau-tubulin	association	
and	 neurite	 outgrowth.	 PLoS	 ONE,	 7(1).	
https://doi.org/10.1371/journal.pone.0030834	

Ketschek,	A.,	Spillane,	M.,	Dun,	X.	P.,	Hardy,	H.,	Chilton,	J.,	&	Gallo,	G.	(2016).	Drebrin	
coordinates	the	actin	and	microtubule	cytoskeleton	during	the	initiation	of	axon	
collateral	 branches.	 Developmental	 Neurobiology,	 76(10),	 1092–1110.	
https://doi.org/10.1002/dneu.22377	



	

	 201	

Kharazia,	V.	N.,	&	Weinberg,	R.	J.	(1997).	Tangential	synaptic	distribution	of	NMDA	and	
AMPA	 receptors	 in	 rat	 neocortex.	 Neuroscience	 Letters,	 238(1–2),	 41–44.	
https://doi.org/10.1016/S0304-3940(97)00846-X	

Kim,	C.	Y.,	&	Alcalay,	R.	N.	(2017).	Genetic	Forms	of	Parkinson’s	Disease.	In	Seminars	in	
Neurology	 (Vol.	 37,	 Issue	 2,	 pp.	 135–146).	 Semin	 Neurol.	
https://doi.org/10.1055/s-0037-1601567	

Kim,	K.	S.,	Marcogliese,	P.	C.,	Yang,	 J.,	Callaghan,	S.	M.,	Resende,	V.,	Abdel-Messih,	E.,	
Marras,	C.,	Visanji,	N.	P.,	Huang,	J.,	Schlossmacher,	M.	G.,	Trinkle-Mulcahy,	L.,	Slack,	
R.	S.,	Lang,	A.	E.,	&	Park,	D.	S.	(2018).	Regulation	of	myeloid	cell	phagocytosis	by	
LRRK2	 via	 WAVE2	 complex	 stabilization	 is	 altered	 in	 Parkinson’s	 disease.	
Proceedings	of	 the	National	Academy	of	Sciences	of	 the	United	States	of	America,	
115(22),	E5164–E5173.	https://doi.org/10.1073/pnas.1718946115	

Kish,	S.	J.,	Shannak,	K.,	&	Hornykiewicz,	O.	(1988).	Uneven	Pattern	of	Dopamine	Loss	in	
the	Striatum	of	Patients	with	Idiopathic	Parkinson’s	Disease.	New	England	Journal	
of	Medicine,	318(14),	876–880.	https://doi.org/10.1056/nejm198804073181402	

Klein,	 C.,	 &	 Westenberger,	 A.	 (2012).	 Genetics	 of	 Parkinson’s	 disease.	 Cold	 Spring	
Harbor	 Perspectives	 in	 Medicine,	 2(1).	
https://doi.org/10.1101/cshperspect.a008888	

Kluss,	 J.	H.,	Conti,	M.	M.,	Kaganovich,	A.,	Beilina,	A.,	Melrose,	H.	L.,	Cookson,	M.	R.,	&	
Mamais,	A.	(2018).	Detection	of	endogenous	S1292	LRRK2	autophosphorylation	
in	mouse	 tissue	 as	 a	 readout	 for	 kinase	 activity.	Npj	 Parkinson’s	 Disease,	 4(1).	
https://doi.org/10.1038/s41531-018-0049-1	

Kneussel,	M.,	&	Wagner,	W.	(2013).	Myosin	motors	at	neuronal	synapses:	Drivers	of	
membrane	transport	and	actin	dynamics.	In	Nature	Reviews	Neuroscience	(Vol.	14,	
Issue	4,	pp.	233–247).	Nat	Rev	Neurosci.	https://doi.org/10.1038/nrn3445	

Knobloch,	M.,	&	Mansuy,	I.	M.	(2008).	Dendritic	spine	loss	and	synaptic	alterations	in	
Alzheimer’s	disease.	In	Molecular	Neurobiology	(Vol.	37,	Issue	1,	pp.	73–82).	Mol	
Neurobiol.	https://doi.org/10.1007/s12035-008-8018-z	

Kobayashi,	C.,	Aoki,	C.,	Kojima,	N.,	Yamazaki,	H.,	&	Shirao,	T.	(2007).	Drebrin	A	content	
correlates	 with	 spine	 head	 size	 in	 the	 adult	 mouse	 cerebral	 cortex.	 Journal	 of	
Comparative	Neurology,	503(5),	618–626.	https://doi.org/10.1002/cne.21408	

Koch,	 C.,	 &	 Zador,	 A.	 (1993).	 The	 function	 of	 dendritic	 spines:	 Devices	 subserving	
biochemical	 rather	 than	 electrical	 compartmentalization.	 In	 Journal	 of	
Neuroscience	 (Vol.	 13,	 Issue	 2,	 pp.	 413–422).	 J	 Neurosci.	
https://doi.org/10.1523/jneurosci.13-02-00413.1993	

Koganezawa,	N.,	Hanamura,	K.,	Sekino,	Y.,	&	Shirao,	T.	(2017).	The	role	of	drebrin	in	
dendritic	 spines.	 In	Molecular	 and	 Cellular	 Neuroscience	 (Vol.	 84,	 pp.	 85–92).	
Academic	Press	Inc.	https://doi.org/10.1016/j.mcn.2017.01.004	

Koleske,	A.	 J.	 (2013).	Molecular	mechanisms	of	dendrite	stability.	 In	Nature	Reviews	
Neuroscience	 (Vol.	 14,	 Issue	 8,	 pp.	 536–550).	 Nature	 Publishing	 Group.	



	

	202	

https://doi.org/10.1038/nrn3486	

Kordower,	J.	H.,	Olanow,	C.	W.,	Dodiya,	H.	B.,	Chu,	Y.,	Beach,	T.	G.,	Adler,	C.	H.,	Halliday,	
G.	M.,	&	Bartus,	R.	T.	(2013).	Disease	duration	and	the	integrity	of	the	nigrostriatal	
system	 in	 Parkinson’s	 disease.	 Brain,	 136(8),	 2419–2431.	
https://doi.org/10.1093/brain/awt192	

Korobova,	 F.,	 &	 Svitkina,	 T.	 M.	 (2010).	 Molecular	 architecture	 of	 synaptic	 actin	
cytoskeleton	 in	 hippocampal	 neurons	 reveals	 a	 mechanism	 of	 dendritic	 spine	
morphogenesis.	 Molecular	 Biology	 of	 the	 Cell,	 21(1),	 165–176.	
https://doi.org/10.1091/MBC.E09-07-0596	

Korr,	 D.,	 Toschi,	 L.,	 Donner,	 P.,	 Pohlenz,	 H.	 D.,	 Kreft,	 B.,	 &	Weiss,	 B.	 (2006).	 LRRK1	
protein	 kinase	 activity	 is	 stimulated	 upon	 binding	 of	 GTP	 to	 its	 Roc	 domain.	
Cellular	 Signalling,	 18(6),	 910–920.	
https://doi.org/10.1016/j.cellsig.2005.08.015	

Kovalevich,	 J.,	 &	 Langford,	 D.	 (2013).	 Considerations	 for	 the	 use	 of	 SH-SY5Y	
neuroblastoma	cells	 in	neurobiology.	Methods	 in	Molecular	Biology,	1078,	9–21.	
https://doi.org/10.1007/978-1-62703-640-5_2	

Kowiański,	P.,	Lietzau,	G.,	Czuba,	E.,	Waśkow,	M.,	Steliga,	A.,	&	Moryś,	J.	(2018).	BDNF:	
A	Key	Factor	with	Multipotent	Impact	on	Brain	Signaling	and	Synaptic	Plasticity.	
In	Cellular	and	Molecular	Neurobiology	 (Vol.	38,	 Issue	3,	pp.	579–593).	Cell	Mol	
Neurobiol.	https://doi.org/10.1007/s10571-017-0510-4	

Kramer,	M.	L.,	&	Schulz-Schaeffer,	W.	J.	(2007).	Presynaptic	α-synuclein	aggregates,	not	
Lewy	bodies,	cause	neurodegeneration	in	dementia	with	lewy	bodies.	Journal	of	
Neuroscience,	 27(6),	 1405–1410.	 https://doi.org/10.1523/JNEUROSCI.4564-
06.2007	

Kreitzer,	A.	C.,	&	Regehr,	W.	G.	(2002).	Retrograde	signaling	by	endocannabinoids.	In	
Current	 Opinion	 in	 Neurobiology	 (Vol.	 12,	 Issue	 3,	 pp.	 324–330).	 Curr	 Opin	
Neurobiol.	https://doi.org/10.1016/S0959-4388(02)00328-8	

Kuhlmann,	 N.,	 &	 Milnerwood,	 A.	 J.	 (2020).	 A	 Critical	 LRRK	 at	 the	 Synapse?	 The	
Neurobiological	 Function	 and	 Pathophysiological	 Dysfunction	 of	 LRRK2.	 In	
Frontiers	 in	 Molecular	 Neuroscience	 (Vol.	 13).	 Front	 Mol	 Neurosci.	
https://doi.org/10.3389/fnmol.2020.00153	

Kumar,	N.,	 Leonzino,	M.,	Hancock-Cerutti,	W.,	Horenkamp,	 F.	A.,	 Li,	 P.	Q.,	 Lees,	 J.	 A.,	
Wheeler,	H.,	Reinisch,	K.	M.,	&	De	Camilli,	P.	(2018).	VPS13A	and	VPS13C	are	lipid	
transport	 proteins	 differentially	 localized	 at	 ER	 contact	 sites.	 Journal	 of	 Cell	
Biology,	217(10),	3625–3639.	https://doi.org/10.1083/JCB.201807019	

Kuwahara,	 T.,	 &	 Iwatsubo,	 T.	 (2020).	 The	 Emerging	 Functions	 of	 LRRK2	 and	 Rab	
GTPases	in	the	Endolysosomal	System.	In	Frontiers	in	Neuroscience	(Vol.	14).	Front	
Neurosci.	https://doi.org/10.3389/fnins.2020.00227	

Lai,	K.	O.,	Wong,	A.	S.	L.,	Cheung,	M.	C.,	Xu,	P.,	Liang,	Z.,	Lok,	K.	C.,	Xie,	H.,	Palko,	M.	E.,	
Yung,	W.	H.,	Tessarollo,	L.,	Cheung,	Z.	H.,	&	Ip,	N.	Y.	(2012).	TrkB	phosphorylation	



	

	 203	

by	 Cdk5	 is	 required	 for	 activity-dependent	 structural	 plasticity	 and	 spatial	
memory.	 Nature	 Neuroscience,	 15(11),	 1506–1515.	
https://doi.org/10.1038/nn.3237	

Lanciego,	J.	L.,	Luquin,	N.,	&	Obeso,	J.	A.	(2012).	Functional	neuroanatomy	of	the	basal	
ganglia.	 Cold	 Spring	 Harbor	 Perspectives	 in	 Medicine,	 2(12).	
https://doi.org/10.1101/cshperspect.a009621	

Landis,	D.	M.	D.,	Hall,	A.	K.,	Weinstein,	L.	A.,	&	Reese,	T.	S.	(1988).	The	organization	of	
cytoplasm	at	 the	 presynaptic	 active	 zone	 of	 a	 central	 nervous	 system	 synapse.	
Neuron,	1(3),	201–209.	https://doi.org/10.1016/0896-6273(88)90140-7	

Lavalley,	 N.	 J.,	 Slone,	 S.	 R.,	 Ding,	 H.,	 West,	 A.	 B.,	 &	 Yacoubian,	 T.	 A.	 (2016).	 14-3-3	
Proteins	regulate	mutant	LRRK2	kinase	activity	and	neurite	shortening.	Human	
Molecular	Genetics,	25(1),	109–122.	https://doi.org/10.1093/hmg/ddv453	

Law,	B.	M.	H.,	Spain,	V.	A.,	Leinster,	V.	H.	L.,	Chia,	R.,	Beilina,	A.,	Cho,	H.	J.,	Taymans,	J.	M.,	
Urban,	 M.	 K.,	 Sancho,	 R.	 M.,	 Ramírez,	 M.	 B.,	 Biskup,	 S.,	 Baekelandt,	 V.,	 Cai,	 H.,	
Cookson,	M.	R.,	Berwick,	D.	C.,	&	Harvey,	K.	(2014).	A	direct	interaction	between	
leucine-rich	 repeat	 kinase	 2	 and	 specific	 β-Tubulin	 isoforms	 regulates	 tubulin	
acetylation.	 Journal	 of	 Biological	 Chemistry,	 289(2),	 895–908.	
https://doi.org/10.1074/jbc.M113.507913	

Leal,	G.,	Afonso,	P.	M.,	Salazar,	I.	L.,	&	Duarte,	C.	B.	(2015).	Regulation	of	hippocampal	
synaptic	plasticity	by	BDNF.	In	Brain	Research	(Vol.	1621,	pp.	82–101).	Brain	Res.	
https://doi.org/10.1016/j.brainres.2014.10.019	

Leal,	G.,	Comprido,	D.,	&	Duarte,	C.	B.	(2014).	BDNF-induced	local	protein	synthesis	and	
synaptic	plasticity.	In	Neuropharmacology	(Vol.	76,	Issue	PART	C,	pp.	639–656).	
Neuropharmacology.	https://doi.org/10.1016/j.neuropharm.2013.04.005	

Lee,	A.	J.,	Wang,	Y.,	Alcalay,	R.	N.,	Mejia-Santana,	H.,	Saunders-Pullman,	R.,	Bressman,	S.,	
Corvol,	J.	C.,	Brice,	A.,	Lesage,	S.,	Mangone,	G.,	Tolosa,	E.,	Pont-Sunyer,	C.,	Vilas,	D.,	
Schüle,	B.,	Kausar,	F.,	Foroud,	T.,	Berg,	D.,	Brockmann,	K.,	Goldwurm,	S.,	…	Marder,	
K.	(2017).	Penetrance	estimate	of	LRRK2	p.G2019S	mutation	in	individuals	of	non-
Ashkenazi	 Jewish	 ancestry.	 Movement	 Disorders,	 32(10),	 1432–1438.	
https://doi.org/10.1002/mds.27059	

Lee,	D.,	Dallapiazza,	R.,	De	Vloo,	P.,	&	Lozano,	A.	(2018).	Current	surgical	treatments	for	
Parkinson’s	 disease	 and	 potential	 therapeutic	 targets.	 In	 Neural	 Regeneration	
Research	 (Vol.	 13,	 Issue	 8,	 pp.	 1342–1345).	 Neural	 Regen	 Res.	
https://doi.org/10.4103/1673-5374.235220	

Lei,	W.,	Omotade,	O.	F.,	Myers,	K.	R.,	&	Zheng,	J.	Q.	(2016).	Actin	cytoskeleton	in	dendritic	
spine	development	and	plasticity.	In	Current	Opinion	in	Neurobiology	(Vol.	39,	pp.	
86–92).	Elsevier	Current	Trends.	https://doi.org/10.1016/j.conb.2016.04.010	

Lendvai,	B.,	Stern,	E.	A.,	Chen,	B.,	&	Svoboda,	K.	(2000).	Experience-dependent	plasticity	
of	 dendritic	 spines	 in	 the	 developing	 rat	 barrel	 cortex	 in	 vivo.	 Nature	 2000	
404:6780,	404(6780),	876–881.	https://doi.org/10.1038/35009107	



	

	204	

Lesage,	S.,	Drouet,	V.,	Majounie,	E.,	Deramecourt,	V.,	Jacoupy,	M.,	Nicolas,	A.,	Cormier-
Dequaire,	 F.,	 Hassoun,	 S.	 M.,	 Pujol,	 C.,	 Ciura,	 S.,	 Erpapazoglou,	 Z.,	 Usenko,	 T.,	
Maurage,	 C.	 A.,	 Sahbatou,	 M.,	 Liebau,	 S.,	 Ding,	 J.,	 Bilgic,	 B.,	 Emre,	 M.,	 Erginel-
Unaltuna,	N.,	…	Brice,	A.	(2016).	Loss	of	VPS13C	Function	in	Autosomal-Recessive	
Parkinsonism	 Causes	 Mitochondrial	 Dysfunction	 and	 Increases	 PINK1/Parkin-
Dependent	 Mitophagy.	 American	 Journal	 of	 Human	 Genetics,	 98(3),	 500–513.	
https://doi.org/10.1016/j.ajhg.2016.01.014	

Levine,	M.	S.,	Adinolfi,	A.	M.,	Fisher,	R.	S.,	Hull,	C.	D.,	Buchwald,	N.	A.,	&	McAllister,	J.	P.	
(1986).	Quantitative	morphology	of	medium-sized	caudate	spiny	neurons	in	aged	
cats.	 Neurobiology	 of	 Aging,	 7(4),	 277–286.	 https://doi.org/10.1016/0197-
4580(86)90008-4	

Lewis,	P.	A.	(2021).	Vesicular	dysfunction	and	pathways	to	neurodegeneration.	Essays	
in	Biochemistry,	65(7),	941–948.	https://doi.org/10.1042/ebc20210034	

Lewy,	F.	H.	(1912).	Paralysis	agitans.	Part	I:	Pathologische	anatomie.	In	Springer	(Ed.),	
Lewandowsky	M	(ed)	Handbuch	der	Neurologie,	Vol.	III,	spez.	Neurol.	II.	(pp.	920–
033).	

Li,	Xianting,	Patel,	J.	C.,	Wang,	J.,	Avshalumov,	M.	V.,	Nicholson,	C.,	Buxbaum,	J.	D.,	Elder,	
G.	A.,	Rice,	M.	E.,	&	Yue,	Z.	(2010).	Enhanced	striatal	dopamine	transmission	and	
motor	performance	with	LRRK2	overexpression	in	mice	is	eliminated	by	familial	
Parkinson’s	disease	mutation	G2019S.	The	 Journal	of	Neuroscience :	The	Official	
Journal	 of	 the	 Society	 for	 Neuroscience,	 30(5),	 1788–1797.	
https://doi.org/10.1523/JNEUROSCI.5604-09.2010	

Li,	Xiaojie,	Moore,	D.	J.,	Xiong,	Y.,	Dawson,	T.	M.,	&	Dawson,	V.	L.	(2010).	Reevaluation	
of	phosphorylation	sites	in	the	parkinson	disease-associated	leucine-rich	repeat	
kinase	 2.	 Journal	 of	 Biological	 Chemistry,	 285(38),	 29569–29576.	
https://doi.org/10.1074/jbc.M110.127639	

Li,	 Y.,	 Liu,	W.,	Oo,	 T.	 F.,	Wang,	 L.,	 Tang,	 Y.,	 Jackson-Lewis,	 V.,	 Zhou,	 C.,	 Geghman,	K.,	
Bogdanov,	M.,	 Przedborski,	 S.,	 Beal,	M.	 F.,	 Burke,	 R.	 E.,	 &	 Li,	 C.	 (2009).	Mutant	
LRRK2R1441G	BAC	transgenic	mice	recapitulate	cardinal	features	of	Parkinson’s	
disease.	Nature	Neuroscience,	12(7),	826–828.	https://doi.org/10.1038/nn.2349	

Liao,	J.,	&	Hoang,	Q.	Q.	(2018).	Roco	proteins	and	the	Parkinson’s	disease-associated	
LRRK2.	In	International	Journal	of	Molecular	Sciences	(Vol.	19,	Issue	12).	Int	J	Mol	
Sci.	https://doi.org/10.3390/ijms19124074	

Lin,	X.,	Parisiadou,	L.,	Gu,	X.	L.,	Wang,	L.,	Shim,	H.,	Sun,	L.,	Xie,	C.,	Long,	C.	X.,	Yang,	W.	J.,	
Ding,	J.,	Chen,	Z.	Z.,	Gallant,	P.	E.,	Tao-Cheng,	J.	H.,	Rudow,	G.,	Troncoso,	J.	C.,	Liu,	Z.,	
Li,	Z.,	&	Cai,	H.	(2009).	Leucine-Rich	Repeat	Kinase	2	Regulates	the	Progression	of	
Neuropathology	 Induced	 by	 Parkinson’s-Disease-Related	 Mutant	 α-synuclein.	
Neuron,	64(6),	807–827.	https://doi.org/10.1016/j.neuron.2009.11.006	

Liu,	G.,	Sgobio,	C.,	Gu,	X.,	Sun,	L.,	Lin,	X.,	Yu,	J.,	Parisiadou,	L.,	Xie,	C.,	Sastry,	N.,	Ding,	J.,	
Lohr,	 K.	M.,	Miller,	 G.	W.,	Mateo,	 Y.,	 Lovinger,	D.	M.,	&	 Cai,	H.	 (2015).	 Selective	
expression	of	 Parkinson’s	 disease-related	Leucine-rich	 repeat	 kinase	2	G2019S	



	

	 205	

missense	mutation	in	midbrain	dopaminergic	neurons	impairs	dopamine	release	
and	 dopaminergic	 gene	 expression.	 Human	 Molecular	 Genetics,	 24(18),	 5299–
5312.	https://doi.org/10.1093/hmg/ddv249	

Lobbestael,	E.,	Zhao,	J.,	Rudenko,	I.	N.,	Beylina,	A.,	Gao,	F.,	Wetter,	J.,	Beullens,	M.,	Bollen,	
M.,	 Cookson,	 M.	 R.,	 Baekelandt,	 V.,	 Nichols,	 R.	 J.,	 &	 Taymans,	 J.	 M.	 (2013).	
Identification	 of	 protein	 phosphatase	 1	 as	 a	 regulator	 of	 the	 LRRK2	
phosphorylation	 cycle.	 Biochemical	 Journal,	 456(1),	 119–128.	
https://doi.org/10.1042/BJ20121772	

Longo,	F.,	Mercatelli,	D.,	Novello,	S.,	Arcuri,	L.,	Brugnoli,	A.,	Vincenzi,	F.,	Russo,	I.,	Berti,	
G.,	Mabrouk,	O.	S.,	Kennedy,	R.	T.,	Shimshek,	D.	R.,	Varani,	K.,	Bubacco,	L.,	Greggio,	
E.,	&	Morari,	M.	 (2017).	Age-dependent	dopamine	 transporter	 dysfunction	 and	
Serine129	 phospho-α-synuclein	 overload	 in	 G2019S	 LRRK2	 mice.	 Acta	
Neuropathologica	 Communications,	 5(1),	 22.	 https://doi.org/10.1186/s40478-
017-0426-8	

Longo,	 F.,	 Russo,	 I.,	 Shimshek,	 D.	 R.,	 Greggio,	 E.,	 &	 Morari,	 M.	 (2014).	 Genetic	 and	
pharmacological	evidence	that	G2019S	LRRK2	confers	a	hyperkinetic	phenotype,	
resistant	to	motor	decline	associated	with	aging.	Neurobiology	of	Disease,	71,	62–
73.	https://doi.org/10.1016/j.nbd.2014.07.013	

Lu,	B.,	Pang,	P.	T.,	&	Woo,	N.	H.	(2005).	The	yin	and	yang	of	neurotrophin	action.	 In	
Nature	 Reviews	 Neuroscience	 (Vol.	 6,	 Issue	 8,	 pp.	 603–614).	 Nat	 Rev	 Neurosci.	
https://doi.org/10.1038/nrn1726	

Lučić,	V.,	Yang,	T.,	Schweikert,	G.,	Förster,	F.,	&	Baumeister,	W.	(2005).	Morphological	
characterization	of	molecular	complexes	present	in	the	synaptic	cleft.	Structure,	
13(3),	423–434.	https://doi.org/10.1016/j.str.2005.02.005	

Lücking,	C.	B.,	Dürr,	A.,	Bonifati,	V.,	Vaughan,	J.,	De	Michele,	G.,	Gasser,	T.,	Harhangi,	B.	
S.,	Meco,	G.,	Denèfle,	P.,	Wood,	N.	W.,	Agid,	Y.,	Nicholl,	D.,	Breteler,	M.	M.	B.,	Oostra,	
B.	A.,	De	Mari,	M.,	Marconi,	R.,	Filla,	A.,	Bonnet,	A.-M.,	Broussolle,	E.,	…	Brice,	A.	
(2000).	Association	between	Early-Onset	Parkinson’s	Disease	and	Mutations	 in	
the	 Parkin	 Gene.	 New	 England	 Journal	 of	 Medicine,	 342(21),	 1560–1567.	
https://doi.org/10.1056/nejm200005253422103	

Lüscher,	 C.,	Nicoll,	 R.	A.,	Malenka,	R.	 C.,	&	Muller,	D.	 (2000).	 Synaptic	 plasticity	 and	
dynamic	modulation	of	the	postsynaptic	membrane.	In	Nature	Neuroscience	(Vol.	
3,	Issue	6,	pp.	545–550).	Nat	Neurosci.	https://doi.org/10.1038/75714	

Ma,	B.,	Xu,	L.,	Pan,	X.,	Sun,	L.,	Ding,	J.,	Xie,	C.,	Koliatsos,	V.	E.,	&	Cai,	H.	(2016).	LRRK2	
modulates	microglial	activity	through	regulation	of	chemokine	(C-X3-C)	receptor	
1	-mediated	signalling	pathways.	Human	Molecular	Genetics,	25(16),	3515–3523.	
https://doi.org/10.1093/hmg/ddw194	

Ma,	S.	Y.,	Röyttä,	M.,	Rinne,	J.	O.,	Collan,	Y.,	&	Rinne,	U.	K.	(1997).	Correlation	between	
neuromorphometry	 in	 the	 substantia	 nigra	 and	 clinical	 features	 in	 Parkinson’s	
disease	using	disector	counts.	Journal	of	the	Neurological	Sciences,	151(1),	83–87.	
https://doi.org/10.1016/S0022-510X(97)00100-7	



	

	206	

MacLeod,	D.,	Dowman,	J.,	Hammond,	R.,	Leete,	T.,	Inoue,	K.,	&	Abeliovich,	A.	(2006).	The	
Familial	 Parkinsonism	 Gene	 LRRK2	 Regulates	 Neurite	 Process	 Morphology.	
Neuron,	52(4),	587–593.	https://doi.org/10.1016/j.neuron.2006.10.008	

Majewska,	 A.,	 Brown,	 E.,	 Ross,	 J.,	 &	 Yuste,	 R.	 (2000).	Mechanisms	 of	 calcium	 decay	
kinetics	in	hippocampal	spines:	Role	of	spine	calcium	pumps	and	calcium	diffusion	
through	 the	 spine	 neck	 in	 biochemical	 compartmentalization.	 Journal	 of	
Neuroscience,	 20(5),	 1722–1734.	 https://doi.org/10.1523/jneurosci.20-05-
01722.2000	

Mamais,	 A.,	 Manzoni,	 C.,	 Nazish,	 I.,	 Arber,	 C.,	 Sonustun,	 B.,	 Wray,	 S.,	 Warner,	 T.	 T.,	
Cookson,	 M.	 R.,	 Lewis,	 P.	 A.,	 &	 Bandopadhyay,	 R.	 (2018).	 Analysis	 of	
macroautophagy	 related	proteins	 in	G2019S	LRRK2	Parkinson’s	disease	brains	
with	 Lewy	 body	 pathology.	 Brain	 Research,	 1701,	 75–84.	
https://doi.org/10.1016/j.brainres.2018.07.023	

Mandemakers,	W.,	Snellinx,	A.,	O’Neill,	M.	J.,	&	de	Strooper,	B.	(2012).	LRRK2	expression	
is	 enriched	 in	 the	 striosomal	 compartment	 of	mouse	 striatum.	Neurobiology	 of	
Disease,	48(3),	582–593.	https://doi.org/10.1016/j.nbd.2012.07.017	

Manzoni,	C.	(2017).	The	LRRK2-macroautophagy	axis	and	its	relevance	to	Parkinson’s	
disease.	 In	 Biochemical	 Society	 Transactions	 (Vol.	 45,	 Issue	 1,	 pp.	 155–162).	
Biochem	Soc	Trans.	https://doi.org/10.1042/BST20160265	

Manzoni,	C.,	Denny,	P.,	Lovering,	R.	C.,	&	Lewis,	P.	A.	(2015).	Computational	analysis	of	
the	LRRK2	interactome.	PeerJ,	2015(2).	https://doi.org/10.7717/peerj.778	

Marchand,	A.,	Drouyer,	M.,	Sarchione,	A.,	Chartier-Harlin,	M.	C.,	&	Taymans,	J.	M.	(2020).	
LRRK2	 Phosphorylation,	 More	 Than	 an	 Epiphenomenon.	 In	 Frontiers	 in	
Neuroscience	 (Vol.	 14).	 Front	 Neurosci.	
https://doi.org/10.3389/fnins.2020.00527	

Marín,	 I.,	 Egmond,	 W.	 N.,	 &	 Haastert,	 P.	 J.	 M.	 (2008).	 The	 Roco	 protein	 family:	 a	
functional	 perspective.	 The	 FASEB	 Journal,	 22(9),	 3103–3110.	
https://doi.org/10.1096/fj.08-111310	

Maroteaux,	L.,	Campanelli,	J.	T.,	&	Scheller,	R.	H.	(1988).	Synuclein:	A	neuron-specific	
protein	 localized	 to	 the	 nucleus	 and	 presynaptic	 nerve	 terminal.	 Journal	 of	
Neuroscience,	 8(8),	 2804–2815.	 https://doi.org/10.1523/jneurosci.08-08-
02804.1988	

Marte,	 A.,	 Russo,	 I.,	 Rebosio,	 C.,	 Valente,	 P.,	 Belluzzi,	 E.,	 Pischedda,	 F.,	 Montani,	 C.,	
Lavarello,	C.,	Petretto,	A.,	Fedele,	E.,	Baldelli,	P.,	Benfenati,	F.,	Piccoli,	G.,	Greggio,	E.,	
&	Onofri,	F.	(2019).	Leucine-rich	repeat	kinase	2	phosphorylation	on	synapsin	I	
regulates	 glutamate	 release	 at	 pre-synaptic	 sites.	 Journal	 of	 Neurochemistry,	
150(3),	264–281.	https://doi.org/10.1111/jnc.14778	

Martin,	 I.,	Kim,	J.	W.,	Lee,	B.	D.,	Kang,	H.	C.,	Xu,	 J.	C.,	 Jia,	H.,	Stankowski,	 J.,	Kim,	M.	S.,	
Zhong,	J.,	Kumar,	M.,	Andrabi,	S.	A.,	Xiong,	Y.,	Dickson,	D.	W.,	Wszolek,	Z.	K.,	Pandey,	
A.,	Dawson,	T.	M.,	&	Dawson,	V.	L.	(2014).	Ribosomal	protein	s15	phosphorylation	
mediates	LRRK2	neurodegeneration	in	parkinson’s	disease.	Cell,	157(2),	472–485.	



	

	 207	

https://doi.org/10.1016/j.cell.2014.01.064	

Masato,	 A.,	 Plotegher,	 N.,	 Boassa,	 D.,	 &	 Bubacco,	 L.	 (2019).	 Impaired	 dopamine	
metabolism	in	Parkinson’s	disease	pathogenesis.	In	Molecular	Neurodegeneration	
(Vol.	 14,	 Issue	 1).	 Mol	 Neurodegener.	 https://doi.org/10.1186/s13024-019-
0332-6	

Matikainen-Ankney,	B.	A.,	Kezunovic,	N.,	Menard,	C.,	Flanigan,	M.	E.,	Zhong,	Y.,	Russo,	S.	
J.,	Benson,	D.	L.,	&	Huntley,	G.	W.	(2018).	Parkinson’s	disease-linked	lrrk2-g2019s	
mutation	alters	synaptic	plasticity	and	promotes	resilience	to	chronic	social	stress	
in	 young	 adulthood.	 Journal	 of	 Neuroscience,	 38(45),	 9700–9711.	
https://doi.org/10.1523/JNEUROSCI.1457-18.2018	

Matikainen-Ankney,	B.	A.,	Kezunovic,	N.,	Mesias,	R.	E.,	Tian,	Y.,	Williams,	F.	M.,	Huntley,	
G.	 W.,	 &	 Benson,	 D.	 L.	 (2016).	 Altered	 development	 of	 synapse	 structure	 and	
function	 in	 striatum	 caused	 by	 Parkinson’s	 disease-linked	 LRRK2-G2019S	
mutation.	 Journal	 of	 Neuroscience,	 36(27),	 7128–7141.	
https://doi.org/10.1523/JNEUROSCI.3314-15.2016	

Matsumine,	 H.,	 Saito,	 M.,	 Shimoda-Matsubayashi,	 S.,	 Tanaka,	 H.,	 Ishikawa,	 A.,	
Nakagawa-Hattori,	Y.,	Yokochi,	M.,	Kobayashi,	T.,	Igarashi,	S.,	Takano,	H.,	Sanpei,	
K.,	 Koike,	 R.,	 Mori,	 H.,	 Kondo,	 T.,	 Mizutani,	 Y.,	 Schäffer,	 A.	 A.,	 Yamamura,	 Y.,	
Nakamura,	 S.,	 Kuzuhara,	 S.,	 …	Mizuno,	 Y.	 (1997).	 Localization	 of	 a	 gene	 for	 an	
autosomal	 recessive	 form	 of	 juvenile	 parkinsonism	 to	 chromosome	 6q25.2-27.	
American	Journal	of	Human	Genetics,	60(3),	588–596.	

Matta,	S.,	Van	Kolen,	K.,	da	Cunha,	R.,	van	den	Bogaart,	G.,	Mandemakers,	W.,	Miskiewicz,	
K.,	De	Bock,	P.	J.,	Morais,	V.	A.,	Vilain,	S.,	Haddad,	D.,	Delbroek,	L.,	Swerts,	J.,	Chávez-
Gutiérrez,	L.,	Esposito,	G.,	Daneels,	G.,	Karran,	E.,	Holt,	M.,	Gevaert,	K.,	Moechars,	D.	
W.,	…	Verstreken,	P.	(2012).	LRRK2	Controls	an	EndoA	Phosphorylation	Cycle	in	
Synaptic	 Endocytosis.	 Neuron,	 75(6),	 1008–1021.	
https://doi.org/10.1016/j.neuron.2012.08.022	

Matus,	A.	(2000).	Actin-based	plasticity	in	dendritic	spines.	Science,	290(5492),	754–
758.	https://doi.org/10.1126/science.290.5492.754	

McGregor,	M.	M.,	McKinsey,	G.	L.,	Girasole,	A.	E.,	Bair-Marshall,	C.	J.,	Rubenstein,	J.	L.	R.,	
&	 Nelson,	 A.	 B.	 (2019).	 Functionally	 Distinct	 Connectivity	 of	 Developmentally	
Targeted	 Striosome	 Neurons.	 Cell	 Reports,	 29(6),	 1419-1428.e5.	
https://doi.org/10.1016/j.celrep.2019.09.076	

McGregor,	M.	M.,	&	Nelson,	A.	B.	(2019).	Circuit	Mechanisms	of	Parkinson’s	Disease.	In	
Neuron	 (Vol.	 101,	 Issue	 6,	 pp.	 1042–1056).	 Neuron.	
https://doi.org/10.1016/j.neuron.2019.03.004	

Meixner,	A.,	Boldt,	K.,	Van	Troys,	M.,	Askenazi,	M.,	Gloeckner,	C.	J.,	Bauer,	M.,	Marto,	J.	A.,	
Ampe,	 C.,	Kinkl,	N.,	&	Ueffing,	M.	 (2011).	A	QUICK	 screen	 for	 Lrrk2	 interaction	
partners	-	Leucine-rich	repeat	kinase	2	is	involved	in	actin	cytoskeleton	dynamics.	
Molecular	 and	 Cellular	 Proteomics,	 10(1).	
https://doi.org/10.1074/mcp.M110.001172	



	

	208	

Melrose,	H.	L.,	Dächsel,	J.	C.,	Behrouz,	B.,	Lincoln,	S.	J.,	Yue,	M.,	Hinkle,	K.	M.,	Kent,	C.	B.,	
Korvatska,	E.,	Taylor,	J.	P.,	Witten,	L.,	Liang,	Y.	Q.,	Beevers,	J.	E.,	Boules,	M.,	Dugger,	
B.	N.,	Serna,	V.	A.,	Gaukhman,	A.,	Yu,	X.,	Castanedes-Casey,	M.,	Braithwaite,	A.	T.,	…	
Farrer,	M.	J.	(2010).	Impaired	dopaminergic	neurotransmission	and	microtubule-
associated	protein	tau	alterations	in	human	LRRK2	transgenic	mice.	Neurobiology	
of	Disease,	40(3),	503–517.	https://doi.org/10.1016/j.nbd.2010.07.010	

Melrose,	H.	L.,	Kent,	C.	B.,	Taylor,	J.	P.,	Dachsel,	J.	C.,	Hinkle,	K.	M.,	Lincoln,	S.	J.,	Mok,	S.	S.,	
Culvenor,	J.	G.,	Masters,	C.	L.,	Tyndall,	G.	M.,	Bass,	D.	I.,	Ahmed,	Z.,	Andorfer,	C.	A.,	
Ross,	O.	A.,	Wszolek,	Z.	K.,	Delldonne,	A.,	Dickson,	D.	W.,	&	Farrer,	M.	J.	(2007).	A	
comparative	analysis	of	leucine-rich	repeat	kinase	2	(Lrrk2)	expression	in	mouse	
brain	 and	 Lewy	 body	 disease.	 Neuroscience,	 147(4),	 1047–1058.	
https://doi.org/10.1016/j.neuroscience.2007.05.027	

Melrose,	 H.,	 Lincoln,	 S.,	 Tyndall,	 G.,	 Dickson,	 D.,	 &	 Farrer,	 M.	 (2006).	 Anatomical	
localization	of	leucine-rich	repeat	kinase	2	in	mouse	brain.	Neuroscience,	139(3),	
791–794.	https://doi.org/10.1016/j.neuroscience.2006.01.017	

Mercado,	N.	M.,	Collier,	T.	J.,	Sortwell,	C.	E.,	&	Steece-Collier,	K.	(2017).	BDNF	in	the	Aged	
Brain:	 Translational	 Implications	 for	 Parkinson’s	 Disease.	 Austin	 Neurology	 &	
Neurosciences,	2(2).	

Meriney,	 S.	 D.,	 &	 Fanselow,	 E.	 E.	 (2019).	 Cellular	 and	 molecular	 mechanisms	 of	
exocytosis.	 In	 Synaptic	 Transmission	 (pp.	 155–187).	 Academic	 Press.	
https://doi.org/10.1016/B978-0-12-815320-8.00008-9	

Migheli,	R.,	Del	Giudice,	M.	G.,	Spissu,	Y.,	Sanna,	G.,	Xiong,	Y.,	Dawson,	T.	M.,	Dawson,	V.	
L.,	Galioto,	M.,	Rocchitta,	G.,	Biosa,	A.,	Serra,	P.	A.,	Carri,	M.	T.,	Crosio,	C.,	&	Iaccarino,	
C.	(2013).	LRRK2	Affects	Vesicle	Trafficking,	Neurotransmitter	Extracellular	Level	
and	 Membrane	 Receptor	 Localization.	 PLoS	 ONE,	 8(10).	
https://doi.org/10.1371/journal.pone.0077198	

Mikati,	M.	A.,	Grintsevich,	E.	E.,	&	Reisler,	E.	(2013).	Drebrin-induced	stabilization	of	
actin	 filaments.	 Journal	 of	 Biological	 Chemistry,	 288(27),	 19926–19938.	
https://doi.org/10.1074/jbc.M113.472647	

Milnerwood,	 A.	 J.,	 &	 Raymond,	 L.	 A.	 (2010).	 Early	 synaptic	 pathophysiology	 in	
neurodegeneration:	 Insights	 from	 Huntington’s	 disease.	 In	 Trends	 in	
Neurosciences	 (Vol.	 33,	 Issue	 11,	 pp.	 513–523).	 Trends	 Neurosci.	
https://doi.org/10.1016/j.tins.2010.08.002	

Mizui,	T.,	Sekino,	Y.,	Yamazaki,	H.,	Ishizuka,	Y.,	Takahashi,	H.,	Kojima,	N.,	Kojima,	M.,	&	
Shirao,	T.	(2014).	Myosin	II	ATPase	activity	mediates	the	long-term	potentiation-
induced	exodus	of	stable	F-actin	bound	by	drebrin	a	from	dendritic	spines.	PLoS	
ONE,	9(1).	https://doi.org/10.1371/journal.pone.0085367	

Mosharov,	E.	V.,	Larsen,	K.	E.,	Kanter,	E.,	Phillips,	K.	A.,	Wilson,	K.,	Schmitz,	Y.,	Krantz,	D.	
E.,	Kobayashi,	K.,	Edwards,	R.	H.,	&	Sulzer,	D.	(2009).	Interplay	between	Cytosolic	
Dopamine,	Calcium,	and	α-Synuclein	Causes	Selective	Death	of	Substantia	Nigra	
Neurons.	Neuron,	62(2),	218–229.	https://doi.org/10.1016/j.neuron.2009.01.033	



	

	 209	

Myasnikov,	 A.,	 Zhu,	H.,	 Hixson,	 P.,	 Xie,	 B.,	 Yu,	 K.,	 Pitre,	 A.,	 Peng,	 J.,	 &	 Sun,	 J.	 (2021).	
Structural	analysis	of	the	full-length	human	LRRK2.	Cell,	184(13),	3519-3527.e10.	
https://doi.org/10.1016/j.cell.2021.05.004	

Nalls,	M.	A.,	Blauwendraat,	C.,	Vallerga,	C.	L.,	Heilbron,	K.,	Bandres-Ciga,	S.,	Chang,	D.,	
Tan,	M.,	Kia,	D.	A.,	Noyce,	A.	 J.,	Xue,	A.,	Bras,	 J.,	Young,	E.,	von	Coelln,	R.,	Simón-
Sánchez,	J.,	Schulte,	C.,	Sharma,	M.,	Krohn,	L.,	Pihlstrøm,	L.,	Siitonen,	A.,	…	Zhang,	F.	
(2019).	 Identification	 of	 novel	 risk	 loci,	 causal	 insights,	 and	 heritable	 risk	 for	
Parkinson’s	 disease:	 a	 meta-analysis	 of	 genome-wide	 association	 studies.	 The	
Lancet	 Neurology,	 18(12),	 1091–1102.	 https://doi.org/10.1016/S1474-
4422(19)30320-5	

Nandipati,	S.,	&	Litvan,	I.	(2016).	Environmental	exposures	and	Parkinson’s	disease.	In	
International	Journal	of	Environmental	Research	and	Public	Health	(Vol.	13,	Issue	
9).	Int	J	Environ	Res	Public	Health.	https://doi.org/10.3390/ijerph13090881	

Nguyen,	M.,	&	Krainc,	D.	(2018).	LRRK2	phosphorylation	of	auxilin	mediates	synaptic	
defects	 in	 dopaminergic	 neurons	 from	 patients	 with	 Parkinson’s	 disease.	
Proceedings	of	 the	National	Academy	of	Sciences	of	 the	United	States	of	America,	
115(21),	5576–5581.	https://doi.org/10.1073/pnas.1717590115	

Nichols,	 R.	 J.,	 Dzamko,	 N.,	 Morrice,	 N.	 A.,	 Campbell,	 D.	 G.,	 Deak,	 M.,	 Ordureau,	 A.,	
Macartney,	 T.,	 Tong,	 Y.,	 Shen,	 J.,	 Prescott,	 A.	 R.,	 &	 Alessi,	 D.	 R.	 (2010).	 14-3-3	
Binding	 to	 LRRK2	 is	 disrupted	 by	 multiple	 Parkinson’s	 disease-associated	
mutations	 and	 regulates	 cytoplasmic	 localization.	 Biochemical	 Journal,	 430(3),	
393–404.	https://doi.org/10.1042/BJ20100483	

Nikonova,	E.	V.,	Xiong,	Y.,	Tanis,	K.	Q.,	Dawson,	V.	L.,	Vogel,	R.	L.,	Finney,	E.	M.,	Stone,	D.	
J.,	Reynolds,	I.	J.,	Kern,	J.	T.,	&	Dawson,	T.	M.	(2012).	Transcriptional	responses	to	
loss	or	gain	of	function	of	the	leucine-rich	repeat	kinase	2	(LRRK2)	gene	uncover	
biological	 processes	 modulated	 by	 LRRK2	 activity.	Human	 Molecular	 Genetics,	
21(1),	163–174.	https://doi.org/10.1093/hmg/ddr451	

Nimchinsky,	 E.	 A.,	 Sabatini,	 B.	 L.,	 &	 Svoboda,	 K.	 (2002).	 Structure	 and	 function	 of	
dendritic	spines.	 In	Annual	Review	of	Physiology	 (Vol.	64,	pp.	313–353).	Annual	
Reviews	4139	El	Camino	Way,	P.O.	Box	10139,	Palo	Alto,	CA	94303-0139,	USA.	
https://doi.org/10.1146/annurev.physiol.64.081501.160008	

Noguchi,	J.,	Matsuzaki,	M.,	Ellis-Davies,	G.	C.	R.,	&	Kasai,	H.	(2005).	Spine-neck	geometry	
determines	NMDA	receptor-dependent	Ca2+	signaling	in	dendrites.	Neuron,	46(4),	
609–622.	https://doi.org/10.1016/j.neuron.2005.03.015	

Paisán-Ruíz,	C.,	Jain,	S.,	Evans,	E.	W.,	Gilks,	W.	P.,	Simón,	J.,	Van	Der	Brug,	M.,	De	Munain,	
A.	L.,	Aparicio,	S.,	Gil,	A.	M.,	Khan,	N.,	Johnson,	J.,	Martinez,	J.	R.,	Nicholl,	D.,	Carrera,	
I.	M.,	Peňa,	A.	S.,	De	Silva,	R.,	Lees,	A.,	Martí-Massó,	J.	F.,	Pérez-Tur,	J.,	…	Singleton,	
A.	B.	(2004).	Cloning	of	the	gene	containing	mutations	that	cause	PARK8-linked	
Parkinson’s	 disease.	 Neuron,	 44(4),	 595–600.	
https://doi.org/10.1016/J.NEURON.2004.10.023	

Paisán-Ruiz,	 C.,	 Lewis,	 P.	 A.,	 &	 Singleton,	 A.	 B.	 (2013).	 LRRK2:	 Cause,	 risk,	 and	



	

	210	

mechanism.	 In	 Journal	 of	 Parkinson’s	 Disease	 (Vol.	 3,	 Issue	 2,	 pp.	 85–103).	 J	
Parkinsons	Dis.	https://doi.org/10.3233/JPD-130192	

Parato,	 J.,	 &	 Bartolini,	 F.	 (2021).	 The	 microtubule	 cytoskeleton	 at	 the	 synapse.	
Neuroscience	 Letters,	 753,	 135850–135850.	
https://doi.org/10.1016/j.neulet.2021.135850	

Parisiadou,	L.,	&	Cai,	H.	(2010).	LRRK2	function	on	actin	and	microtubule	dynamics	in	
Parkinson	 disease.	 Communicative	 and	 Integrative	 Biology,	 3(5),	 396–400.	
https://doi.org/10.4161/cib.3.5.12286	

Parisiadou,	L.,	Xie,	C.,	Hyun,	J.	C.,	Lin,	X.,	Gu,	X.	L.,	Long,	C.	X.,	Lobbestael,	E.,	Baekelandt,	
V.,	 Taymans,	 J.	 M.,	 Sun,	 L.,	 &	 Cai,	 H.	 (2009).	 Phosphorylation	 of	
ezrin/radixin/moesin	proteins	by	LRRK2	promotes	 the	 rearrangement	of	 actin	
cytoskeleton	in	neuronal	morphogenesis.	Journal	of	Neuroscience,	29(44),	13971–
13980.	https://doi.org/10.1523/JNEUROSCI.3799-09.2009	

Parisiadou,	L.,	Yu,	J.,	Sgobio,	C.,	Xie,	C.,	Liu,	G.,	Sun,	L.,	Gu,	X.	L.,	Lin,	X.,	Crowley,	N.	A.,	
Lovinger,	D.	M.,	&	Cai,	H.	(2014).	LRRK2	regulates	synaptogenesis	and	dopamine	
receptor	 activation	 through	 modulation	 of	 PKA	 activity.	 Nature	 Neuroscience,	
17(3),	367–376.	https://doi.org/10.1038/NN.3636	

Parkinson,	 J.	 (2002).	 An	 essay	 on	 the	 shaking	 palsy.	 1817.	 The	 Journal	 of	
Neuropsychiatry	 and	 Clinical	 Neurosciences,	 14(2).	
https://doi.org/10.1176/jnp.14.2.223	

Pascale,	 E.,	 di	 Battista,	 M.	 E.,	 Rubino,	 A.,	 Purcaro,	 C.,	 Valente,	 M.,	 Fattapposta,	 F.,	
Ferraguti,	 G.,	 &	 Meco,	 G.	 (2016).	 Genetic	 architecture	 of	 MAPT	 gene	 region	 in	
parkinson	 disease	 subtypes.	 Frontiers	 in	 Cellular	 Neuroscience,	 10(APR).	
https://doi.org/10.3389/fncel.2016.00096	

Pchitskaya,	 E.,	 &	 Bezprozvanny,	 I.	 (2020).	 Dendritic	 Spines	 Shape	 Analysis—
Classification	or	Clusterization?	Perspective.	In	Frontiers	in	Synaptic	Neuroscience	
(Vol.	12).	Front	Synaptic	Neurosci.	https://doi.org/10.3389/fnsyn.2020.00031	

Pereda,	A.	E.	(2014).	Electrical	synapses	and	their	functional	interactions	with	chemical	
synapses.	In	Nature	Reviews	Neuroscience	(Vol.	15,	Issue	4,	pp.	250–263).	Nat	Rev	
Neurosci.	https://doi.org/10.1038/nrn3708	

Peters,	A.,	&	Kaiserman-Abramof,	I.	R.	(1970).	The	small	pyramidal	neuron	of	the	rat	
cerebral	 cortex.	 The	 perikaryon,	 dendrites	 and	 spines.	 American	 Journal	 of	
Anatomy,	127(4),	321–355.	https://doi.org/10.1002/aja.1001270402	

Piccoli,	 G.,	 Condliffe,	 S.	 B.,	 Bauer,	 M.,	 Giesert,	 F.,	 Boldt,	 K.,	 De	 Astis,	 S.,	 Meixner,	 A.,	
Sarioglu,	H.,	Vogt-Weisenhorn,	D.	M.,	Wurst,	W.,	Gloeckner,	C.	J.,	Matteoli,	M.,	Sala,	
C.,	&	Ueffing,	M.	(2011).	LRRK2	controls	synaptic	vesicle	storage	and	mobilization	
within	 the	 recycling	 pool.	 Journal	 of	 Neuroscience,	 31(6),	 2225–2237.	
https://doi.org/10.1523/JNEUROSCI.3730-10.2011	

Piccoli,	 G.,	 Onofri,	 F.,	 Cirnaru,	 M.	 D.,	 Kaiser,	 C.	 J.	 O.,	 Jagtap,	 P.,	 Kastenmüller,	 A.,	
Pischedda,	F.,	Marte,	A.,	von	Zweydorf,	F.,	Vogt,	A.,	Giesert,	F.,	Pan,	L.,	Antonucci,	F.,	



	

	 211	

Kiel,	C.,	Zhang,	M.,	Weinkauf,	S.,	Sattler,	M.,	Sala,	C.,	Matteoli,	M.,	…	Gloeckner,	C.	J.	
(2014).	Leucine-Rich	Repeat	Kinase	2	Binds	to	Neuronal	Vesicles	through	Protein	
Interactions	Mediated	by	 Its	 C-Terminal	WD40	Domain.	Molecular	 and	Cellular	
Biology,	34(12),	2147–2161.	https://doi.org/10.1128/mcb.00914-13	

Picconi,	 B.,	 Piccoli,	 G.,	 &	 Calabresi,	 P.	 (2012).	 Synaptic	 dysfunction	 in	 Parkinson’s	
disease.	 Advances	 in	 Experimental	 Medicine	 and	 Biology,	 970,	 553–572.	
https://doi.org/10.1007/978-3-7091-0932-8_24	

Pischedda,	 F.,	 &	 Piccoli,	 G.	 (2021).	 LRRK2	 at	 the	 pre-synaptic	 site:	 A	 16-years	
perspective.	 In	 Journal	 of	 Neurochemistry	 (Vol.	 157,	 Issue	 2,	 pp.	 297–311).	 J	
Neurochem.	https://doi.org/10.1111/jnc.15240	

Plowey,	E.	D.,	Cherra,	S.	J.,	Liu,	Y.	J.,	&	Chu,	C.	T.	(2008).	Role	of	autophagy	in	G2019S-
LRRK2-associated	neurite	 shortening	 in	differentiated	SH-SY5Y	cells.	 Journal	of	
Neurochemistry,	 105(3),	 1048–1056.	 https://doi.org/10.1111/j.1471-
4159.2008.05217.x	

Plowey,	E.	D.,	Johnson,	J.	W.,	Steer,	E.,	Zhu,	W.,	Eisenberg,	D.	A.,	Valentino,	N.	M.,	Liu,	Y.	
J.,	&	Chu,	C.	T.	(2014).	Mutant	LRRK2	enhances	glutamatergic	synapse	activity	and	
evokes	 excitotoxic	 dendrite	 degeneration.	 Biochimica	 et	 Biophysica	 Acta	 -	
Molecular	 Basis	 of	 Disease,	 1842(9),	 1596–1603.	
https://doi.org/10.1016/j.bbadis.2014.05.016	

Poewe,	W.,	Seppi,	K.,	Tanner,	C.	M.,	Halliday,	G.	M.,	Brundin,	P.,	Volkmann,	J.,	Schrag,	A.	
E.,	&	Lang,	A.	E.	(2017).	Parkinson	disease.	Nature	Reviews	Disease	Primers,	3,	1–
21.	https://doi.org/10.1038/nrdp.2017.13	

Pollard,	T.	D.	(2016).	Actin	and	actin-binding	proteins.	Cold	Spring	Harbor	Perspectives	
in	Biology,	8(8).	https://doi.org/10.1101/cshperspect.a018226	

Polymeropoulos,	M.	H.,	Higgins,	J.	 J.,	Golbe,	L.	I.,	 Johnson,	W.	G.,	Ide,	S.	E.,	Di	Iorio,	G.,	
Sanges,	G.,	Stenroos,	E.	S.,	Pho,	L.	T.,	Schaffer,	A.	A.,	Lazzarini,	A.	M.,	Nussbaum,	R.	
L.,	 &	 Duvoisin,	 R.	 C.	 (1996).	 Mapping	 of	 a	 gene	 for	 Parkinson’s	 disease	 to	
chromosome	 4q21-q23.	 Science,	 274(5290),	 1197–1199.	
https://doi.org/10.1126/science.274.5290.1197	

Polymeropoulos,	M.	H.,	Lavedan,	C.,	Leroy,	E.,	Ide,	S.	E.,	Dehejia,	A.,	Dutra,	A.,	Pike,	B.,	
Root,	 H.,	 Rubenstein,	 J.,	 Boyer,	 R.,	 Stenroos,	 E.	 S.,	 Chandrasekharappa,	 S.,	
Athanassiadou,	A.,	Papapetropoulos,	T.,	Johnson,	W.	G.,	Lazzarini,	A.	M.,	Duvoisin,	
R.	C.,	Di	Iorio,	G.,	Golbe,	L.	I.,	&	Nussbaum,	R.	L.	(1997).	Mutation	in	the	α-synuclein	
gene	 identified	 in	 families	with	Parkinson’s	 disease.	Science,	276(5321),	 2045–
2047.	https://doi.org/10.1126/science.276.5321.2045	

Postuma,	R.	B.,	Aarsland,	D.,	Barone,	P.,	Burn,	D.	J.,	Hawkes,	C.	H.,	Oertel,	W.,	&	Ziemssen,	
T.	 (2012).	 Identifying	 prodromal	 Parkinson’s	 disease:	 Pre-Motor	 disorders	 in	
Parkinson’s	 disease.	 Movement	 Disorders,	 27(5),	 617–626.	
https://doi.org/10.1002/mds.24996	

Ramón	y	Cajal,	S.	 (1888).	Estructura	de	 los	centros	nerviosos	de	 las	aves.	Rev.	Trim.	
Histol.	Norm.	Pat.,	1(1),	1–10.	



	

	212	

Ramón	 y	 Cajal,	 S.	 (1899).	 Textura	 del	 Sistema	 Nervioso	 del	 Hombre	 y	 de	 los	
Vertebrados.	 In	Textura	 del	 Sistema	 Nervioso	 del	 Hombre	 y	 de	 los	 Vertebrados.	
Princeton	University	Press.	https://doi.org/10.1515/9780691183978-016	

Ramonet,	D.,	Daher,	 J.	P.	L.,	Lin,	B.	M.,	Stafa,	K.,	Kim,	 J.,	Banerjee,	R.,	Westerlund,	M.,	
Pletnikova,	O.,	Glauser,	L.,	Yang,	L.,	Liu,	Y.,	Swing,	D.	A.,	Beal,	M.	F.,	Troncoso,	J.	C.,	
McCaffery,	J.	M.,	Jenkins,	N.	A.,	Copeland,	N.	G.,	Galter,	D.,	Thomas,	B.,	…	Moore,	D.	J.	
(2011).	Dopaminergic	Neuronal	loss,	Reduced	Neurite	Complexity	and	Autophagic	
Abnormalities	in	Transgenic	Mice	Expressing	G2019S	Mutant	LRRK2.	PLoS	ONE,	
6(4).	https://doi.org/10.1371/journal.pone.0018568	

Rassu,	M.,	Del	Giudice,	M.	G.,	Sanna,	S.,	Taymans,	J.	M.,	Morari,	M.,	Brugnoli,	A.,	Frassineti,	
M.,	Masala,	A.,	Esposito,	S.,	Galioto,	M.,	Valle,	C.,	Carri,	M.	T.,	Biosa,	A.,	Greggio,	E.,	
Crosio,	C.,	&	 Iaccarino,	C.	 (2017).	Role	of	LRRK2	 in	 the	 regulation	of	dopamine	
receptor	 trafficking.	 PLoS	 ONE,	 12(6).	
https://doi.org/10.1371/journal.pone.0179082	

Reed,	N.	A.,	Cai,	D.,	Blasius,	T.	L.,	Jih,	G.	T.,	Meyhofer,	E.,	Gaertig,	J.,	&	Verhey,	K.	J.	(2006).	
Microtubule	 Acetylation	 Promotes	 Kinesin-1	 Binding	 and	 Transport.	 Current	
Biology,	16(21),	2166–2172.	https://doi.org/10.1016/j.cub.2006.09.014	

Ren,	C.,	Ding,	Y.,	Wei,	 S.,	Guan,	L.,	 Zhang,	C.,	 Ji,	 Y.,	Wang,	F.,	Yin,	 S.,	&	Yin,	P.	 (2019).	
G2019S	Variation	in	LRRK2:	An	Ideal	Model	for	the	Study	of	Parkinson’s	Disease?	
In	 Frontiers	 in	 Human	 Neuroscience	 (Vol.	 13).	 Front	 Hum	 Neurosci.	
https://doi.org/10.3389/fnhum.2019.00306	

Rex,	 C.	 S.,	 Gavin,	 C.	 F.,	 Rubio,	M.	D.,	 Kramar,	 E.	 A.,	 Chen,	 L.	 Y.,	 Jia,	 Y.,	 Huganir,	 R.	 L.,	
Muzyczka,	N.,	Gall,	C.	M.,	Miller,	C.	A.,	Lynch,	G.,	&	Rumbaugh,	G.	(2010).	Myosin	IIb	
Regulates	 actin	 dynamics	 during	 synaptic	 plasticity	 and	 memory	 formation.	
Neuron,	67(4),	603–617.	https://doi.org/10.1016/j.neuron.2010.07.016	

Reynolds,	A.,	Doggett,	E.	A.,	Riddle,	S.	M.,	Lebakken,	C.	S.,	&	Jeremy	Nichols,	R.	(2014).	
LRRK2	 kinase	 activity	 and	 biology	 are	 not	 uniformly	 predicted	 by	 its	
autophosphorylation	 and	 cellular	 phosphorylation	 site	 status.	 Frontiers	 in	
Molecular	Neuroscience,	7(JUNE).	https://doi.org/10.3389/fnmol.2014.00054	

Riboldi,	G.	M.,	&	Di	Fonzo,	A.	B.	(2019).	GBA,	Gaucher	Disease,	and	Parkinson’s	Disease:	
From	 Genetic	 to	 Clinic	 to	 New	 Therapeutic	 Approaches.	 Cells,	 8(4),	 364.	
https://doi.org/10.3390/cells8040364	

Rivero-Ríos,	P.,	Romo-Lozano,	M.,	Madero-Pérez,	J.,	Thomas,	A.	P.,	Biosa,	A.,	Greggio,	E.,	
&	Hilfiker,	S.	(2019).	The	G2019S	variant	of	leucine-rich	repeat	kinase	2	(LRRK2)	
alters	endolysosomal	trafficking	by	impairing	the	function	of	the	GTPase	RAB8A.	
Journal	 of	 Biological	 Chemistry,	 294(13),	 4738–4758.	
https://doi.org/10.1074/jbc.RA118.005008	

Rizo,	 J.,	 &	 Rosenmund,	 C.	 (2008).	 Synaptic	 vesicle	 fusion.	 In	Nature	 Structural	 and	
Molecular	 Biology	 (Vol.	 15,	 Issue	 7,	 pp.	 665–674).	 Nature	 Publishing	 Group.	
https://doi.org/10.1038/nsmb.1450	

Rizzoli,	S.	O.	(2014).	Synaptic	vesicle	recycling:	Steps	and	principles.	In	EMBO	Journal	



	

	 213	

(Vol.	 33,	 Issue	 8,	 pp.	 788–822).	 John	 Wiley	 &	 Sons,	 Ltd.	
https://doi.org/10.1002/embj.201386357	

Rizzoli,	S.	O.,	&	Betz,	W.	J.	(2005).	Synaptic	vesicle	pools.	In	Nature	Reviews	Neuroscience	
(Vol.	 6,	 Issue	 1,	 pp.	 57–69).	 Nature	 Publishing	 Group.	
https://doi.org/10.1038/nrn1583	

Ross,	 O.	 A.,	 Soto-Ortolaza,	 A.	 I.,	 Heckman,	M.	 G.,	 Aasly,	 J.	 O.,	 Abahuni,	 N.,	 Annesi,	 G.,	
Bacon,	J.	A.,	Bardien,	S.,	Bozi,	M.,	Brice,	A.,	Brighina,	L.,	Van	Broeckhoven,	C.,	Carr,	
J.,	 Chartier-Harlin,	 M.	 C.,	 Dardiotis,	 E.,	 Dickson,	 D.	 W.,	 Diehl,	 N.	 N.,	 Elbaz,	 A.,	
Ferrarese,	C.,	…	Farrer,	M.	 J.	 (2011).	Association	of	LRRK2	exonic	variants	with	
susceptibility	to	Parkinson’s	disease:	A	case-control	study.	The	Lancet	Neurology,	
10(10),	898–908.	https://doi.org/10.1016/S1474-4422(11)70175-2	

Ross,	O.	A.,	Wu,	Y.	R.,	Lee,	M.	C.,	Funayama,	M.,	Chen,	M.	L.,	Soto,	A.	I.,	Mata,	I.	F.,	Lee-
Chen,	G.	J.,	Chiung,	M.	C.,	Tang,	M.,	Zhao,	Y.,	Hattori,	N.,	Farrer,	M.	J.,	Tan,	E.	K.,	&	Wu,	
R.	M.	(2008).	Analysis	of	Lrrk2	R1628P	as	a	risk	 factor	 for	Parkinson’s	disease.	
Annals	of	Neurology,	64(1),	88–92.	https://doi.org/10.1002/ana.21405	

Russo,	I.,	Bubacco,	L.,	&	Greggio,	E.	(2014).	LRRK2	and	neuroinflammation:	Partners	in	
crime	 in	 Parkinson’s	 disease?	 In	 Journal	 of	 Neuroinflammation	 (Vol.	 11).	 J	
Neuroinflammation.	https://doi.org/10.1186/1742-2094-11-52	

Sabatini,	B.	L.,	Maravall,	M.,	&	Svoboda,	K.	(2001).	Ca2+	signaling	in	dendritic	spines.	In	
Current	 Opinion	 in	 Neurobiology	 (Vol.	 11,	 Issue	 3,	 pp.	 349–356).	 Curr	 Opin	
Neurobiol.	https://doi.org/10.1016/S0959-4388(00)00218-X	

Sassone,	J.,	Reale,	C.,	Dati,	G.,	Regoni,	M.,	Pellecchia,	M.	T.,	&	Garavaglia,	B.	(2021).	The	
Role	of	VPS35	in	the	Pathobiology	of	Parkinson’s	Disease.	In	Cellular	and	Molecular	
Neurobiology	 (Vol.	 41,	 Issue	 2,	 pp.	 199–227).	 Cell	 Mol	 Neurobiol.	
https://doi.org/10.1007/s10571-020-00849-8	

Sauerbier,	A.,	Aris,	A.,	Lim,	E.	W.,	Bhattacharya,	K.,	&	Chaudhuri,	K.	R.	(2018).	Impact	of	
ethnicity	on	the	natural	history	of	parkinson	disease.	Medical	Journal	of	Australia,	
208(9),	410–414.	https://doi.org/10.5694/mja17.01074	

Schapira,	 A.	 H.	 V.	 (2007).	 Mitochondrial	 dysfunction	 in	 Parkinson’s	 disease.	 In	 Cell	
Death	 and	 Differentiation	 (Vol.	 14,	 Issue	 7,	 pp.	 1261–1266).	 Cell	 Death	 Differ.	
https://doi.org/10.1038/sj.cdd.4402160	

Scheff,	S.	W.,	Price,	D.	A.,	Schmitt,	F.	A.,	&	Mufson,	E.	J.	(2006).	Hippocampal	synaptic	
loss	in	early	Alzheimer’s	disease	and	mild	cognitive	impairment.	Neurobiology	of	
Aging,	 27(10),	 1372–1384.	
https://doi.org/10.1016/j.neurobiolaging.2005.09.012	

Schildt,	A.,	Walker,	M.	D.,	Dinelle,	K.,	Miao,	Q.,	 Schulzer,	M.,	O’Kusky,	 J.,	 Farrer,	M.	 J.,	
Doudet,	 D.	 J.,	 &	 Sossi,	 V.	 (2019).	 Single	 inflammatory	 trigger	 leads	 to	
neuroinflammation	 in	 LRRK2	 rodent	 model	 without	 degeneration	 of	
dopaminergic	 neurons.	 Journal	 of	 Parkinson’s	 Disease,	 9(1),	 121–139.	
https://doi.org/10.3233/JPD-181446	



	

	214	

Seegobin,	S.	P.,	Heaton,	G.	R.,	Liang,	D.,	Choi,	I.,	Blanca	Ramirez,	M.,	Tang,	B.,	&	Yue,	Z.	
(2020).	 Progress	 in	 LRRK2-Associated	 Parkinson’s	 Disease	 Animal	 Models.	 In	
Frontiers	 in	 Neuroscience	 (Vol.	 14).	 Front	 Neurosci.	
https://doi.org/10.3389/fnins.2020.00674	

Sekino,	Y.,	Kojima,	N.,	&	Shirao,	T.	(2007).	Role	of	actin	cytoskeleton	in	dendritic	spine	
morphogenesis.	In	Neurochemistry	International	(Vol.	51,	Issues	2-4	SPEC.	ISS.,	pp.	
92–104).	Neurochem	Int.	https://doi.org/10.1016/j.neuint.2007.04.029	

Sepulveda,	B.,	Mesias,	R.,	Li,	X.,	Yue,	Z.,	&	Benson,	D.	L.	(2013).	Short-	and	Long-Term	
Effects	 of	 LRRK2	 on	 Axon	 and	 Dendrite	 Growth.	 PLoS	 ONE,	 8(4).	
https://doi.org/10.1371/journal.pone.0061986	

Serrano-Pozo,	A.,	Frosch,	M.	P.,	Masliah,	E.,	&	Hyman,	B.	T.	(2011).	Neuropathological	
alterations	in	Alzheimer	disease.	Cold	Spring	Harbor	Perspectives	in	Medicine,	1(1).	
https://doi.org/10.1101/CSHPERSPECT.A006189	

Sharma,	M.,	Giridharan,	S.	S.	P.,	Rahajeng,	J.,	Naslavsky,	N.,	&	Caplan,	S.	(2009).	MICAL-
L1	links	EHD1	to	tubular	recycling	endosomes	and	regulates	receptor	recycling.	
Molecular	 Biology	 of	 the	 Cell,	 20(24),	 5181–5194.	
https://doi.org/10.1091/mbc.E09-06-0535	

Sharma,	S.,	Grintsevich,	E.	E.,	Phillips,	M.	L.,	Reisler,	E.,	&	Gimzewski,	J.	K.	(2011).	Atomic	
force	 microscopy	 reveals	 drebrin	 induced	 remodeling	 of	 F-actin	 with	
subnanometer	 resolution.	 Nano	 Letters,	 11(2),	 825–827.	
https://doi.org/10.1021/nl104159v	

Sheng,	M.,	&	Kim,	E.	 (2011).	The	postsynaptic	organization	of	 synapses.	Cold	Spring	
Harbor	 Perspectives	 in	 Biology,	 3(12).	
https://doi.org/10.1101/cshperspect.a005678	

Sheng,	Z.,	Zhang,	S.,	Bustos,	D.,	Kleinheinz,	T.,	Le	Pichon,	C.	E.,	Dominguez,	S.	L.,	Solanoy,	
H.	O.,	Drummond,	J.,	Zhang,	X.,	Ding,	X.,	Cai,	F.,	Song,	Q.,	Li,	X.,	Yue,	Z.,	van	der	Brug,	
M.	P.,	Burdick,	D.	J.,	Gunzner-Toste,	J.,	Chen,	H.,	Liu,	X.,	…	Zhu,	H.	(2012).	Ser1292	
autophosphorylation	is	an	indicator	of	LRRK2	kinase	activity	and	contributes	to	
the	 cellular	 effects	 of	 PD	 mutations.	 Science	 Translational	 Medicine,	 4(164).	
https://doi.org/10.1126/scitranslmed.3004485	

Shepherd,	 G.	 M.	 (1996).	 The	 dendritic	 spine:	 A	 multifunctional	 integrative	 unit.	 In	
Journal	 of	 Neurophysiology	 (Vol.	 75,	 Issue	 6,	 pp.	 2197–2210).	 American	
Physiological	Society.	https://doi.org/10.1152/jn.1996.75.6.2197	

Shin,	N.,	Jeong,	H.,	Kwon,	J.,	Heo,	H.	Y.,	Kwon,	J.	J.,	Yun,	H.	J.,	Kim,	C.	H.,	Han,	B.	S.,	Tong,	
Y.,	Shen,	J.,	Hatano,	T.,	Hattori,	N.,	Kim,	K.	S.,	Chang,	S.,	&	Seol,	W.	(2008).	LRRK2	
regulates	synaptic	vesicle	endocytosis.	Experimental	Cell	Research,	314(10),	2055–
2065.	https://doi.org/10.1016/j.yexcr.2008.02.015	

Shirao,	T.,	Hanamura,	K.,	Koganezawa,	N.,	Ishizuka,	Y.,	Yamazaki,	H.,	&	Sekino,	Y.	(2017).	
The	role	of	drebrin	in	neurons.	In	Journal	of	Neurochemistry	(Vol.	141,	Issue	6,	pp.	
819–834).	J	Neurochem.	https://doi.org/10.1111/jnc.13988	



	

	 215	

Sidransky,	E.,	&	Lopez,	G.	(2012).	The	link	between	the	GBA	gene	and	parkinsonism.	
The	 Lancet	 Neurology,	 11(11),	 986–998.	 https://doi.org/10.1016/S1474-
4422(12)70190-4	

Singleton,	A.,	&	Gwinn-Hardy,	K.	(2004).	Parkinson’s	disease	and	dementia	with	Lewy	
bodies:	 A	 difference	 in	 dose?	 In	Lancet	 (Vol.	 364,	 Issue	 9440,	 pp.	 1105–1107).	
Lancet.	https://doi.org/10.1016/S0140-6736(04)17117-1	

Sloan,	M.,	Alegre-Abarrategui,	 J.,	Potgieter,	D.,	Kaufmann,	A.	K.,	Exley,	R.,	Deltheil,	T.,	
Threlfell,	 S.,	 Connor-Robson,	 N.,	 Brimblecombe,	 K.,	 Wallings,	 R.,	 Cioroch,	 M.,	
Bannerman,	D.	M.,	 Bolam,	 J.	 P.,	Magill,	 P.	 J.,	 Cragg,	 S.	 J.,	 Dodson,	 P.	D.,	&	Wade-
Martins,	 R.	 (2016).	 LRRK2	 BAC	 transgenic	 rats	 develop	 progressive,	 L-DOPA-
responsive	motor	impairment,	and	deficits	in	dopamine	circuit	function.	Human	
Molecular	Genetics,	25(5),	951–963.	https://doi.org/10.1093/HMG/DDV628	

Smith,	W.	W.,	Pei,	Z.,	Jiang,	H.,	Dawson,	V.	L.,	Dawson,	T.	M.,	&	Ross,	C.	A.	(2006).	Kinase	
activity	of	mutant	LRRK2	mediates	neuronal	toxicity.	Nature	Neuroscience,	9(10),	
1231–1233.	https://doi.org/10.1038/nn1776	

Sorra,	K.	E.,	&	Harris,	K.	M.	(2000).	Overview	on	the	structure,	composition,	function,	
development,	and	plasticity	of	hippocampal	dendritic	spines.	Hippocampus,	10(5),	
501–511.	 https://doi.org/10.1002/1098-1063(2000)10:5<501::AID-
HIPO1>3.0.CO;2-T	

Sotelo,	C.	(2020).	The	History	of	the	Synapse.	Anatomical	Record,	303(5),	1252–1279.	
https://doi.org/10.1002/ar.24392	

Soukup,	S.	F.,	Kuenen,	S.,	Vanhauwaert,	R.,	Manetsberger,	J.,	Hernández-Díaz,	S.,	Swerts,	
J.,	Schoovaerts,	N.,	Vilain,	S.,	Gounko,	N.	V.,	Vints,	K.,	Geens,	A.,	De	Strooper,	B.,	&	
Verstreken,	P.	(2016).	A	LRRK2-Dependent	EndophilinA	Phosphoswitch	Is	Critical	
for	 Macroautophagy	 at	 Presynaptic	 Terminals.	 Neuron,	 92(4),	 829–844.	
https://doi.org/10.1016/j.neuron.2016.09.037	

Soukup,	S.,	Vanhauwaert,	R.,	&	Verstreken,	P.	(2018).	Parkinson’s	disease:	convergence	
on	 synaptic	 homeostasis.	 The	 EMBO	 Journal,	 37(18).	
https://doi.org/10.15252/embj.201898960	

Spacek,	 J.,	 &	 Harris,	 K.	 M.	 (1997).	 Three-dimensional	 organization	 of	 smooth	
endoplasmic	reticulum	in	hippocampal	CA1	dendrites	and	dendritic	spines	of	the	
immature	 and	 mature	 rat.	 Journal	 of	 Neuroscience,	 17(1),	 190–203.	
https://doi.org/10.1523/jneurosci.17-01-00190.1997	

Spillantini,	M.	G.,	Schmidt,	M.	L.,	Lee,	V.	M.	Y.,	Trojanowski,	J.	Q.,	Jakes,	R.,	&	Goedert,	M.	
(1997).	α-synuclein	in	Lewy	bodies	[8].	In	Nature	(Vol.	388,	Issue	6645,	pp.	839–
840).	Nature.	https://doi.org/10.1038/42166	

Spires-Jones,	T.	L.,	Meyer-Luehmann,	M.,	Osetek,	J.	D.,	Jones,	P.	B.,	Stern,	E.	A.,	Bacskai,	
B.	J.,	&	Hyman,	B.	T.	(2007).	Impaired	spine	stability	underlies	plaque-related	spine	
loss	 in	 an	 Alzheimer’s	 disease	 mouse	 model.	 American	 Journal	 of	 Pathology,	
171(4),	1304–1311.	https://doi.org/10.2353/ajpath.2007.070055	



	

	216	

Stafa,	 K.,	 Tsika,	 E.,	 Moser,	 R.,	 Musso,	 A.,	 Glauser,	 L.,	 Jones,	 A.,	 Biskup,	 S.,	 Xiong,	 Y.,	
Bandopadhyay,	R.,	Dawson,	V.	L.,	Dawson,	T.	M.,	&	Moore,	D.	J.	(2014).	Functional	
interaction	 of	 Parkinson’s	 disease-associated	 LRRK2	 with	 members	 of	 the	
dynamin	 GTPase	 superfamily.	 Human	 Molecular	 Genetics,	 23(8),	 2055–2077.	
https://doi.org/10.1093/hmg/ddt600	

Steger,	M.,	Diez,	F.,	Dhekne,	H.	S.,	Lis,	P.,	Nirujogi,	R.	S.,	Karayel,	O.,	Tonelli,	F.,	Martinez,	
T.	 N.,	 Lorentzen,	 E.,	 Pfeffer,	 S.	 R.,	 Alessi,	 D.	 R.,	 &	 Mann,	 M.	 (2017).	 Systematic	
proteomic	analysis	of	LRRK2-mediated	rab	GTPase	phosphorylation	establishes	a	
connection	to	ciliogenesis.	ELife,	6.	https://doi.org/10.7554/eLife.31012	

Steger,	M.,	Tonelli,	F.,	Ito,	G.,	Davies,	P.,	Trost,	M.,	Vetter,	M.,	Wachter,	S.,	Lorentzen,	E.,	
Duddy,	G.,	Wilson,	S.,	Baptista,	M.	A.,	Fiske,	B.	K.,	Fell,	M.	J.,	Morrow,	J.	A.,	Reith,	A.	
D.,	Alessi,	D.	R.,	&	Mann,	M.	(2016).	Phosphoproteomics	reveals	that	Parkinson’s	
disease	 kinase	 LRRK2	 regulates	 a	 subset	 of	 Rab	 GTPases.	 ELife,	 5.	
https://doi.org/10.7554/elife.12813	

Südhof,	T.	C.	(2012).	The	presynaptic	active	zone.	In	Neuron	(Vol.	75,	Issue	1,	pp.	11–
25).	Elsevier.	https://doi.org/10.1016/j.neuron.2012.06.012	

Surmeier,	D.	J.,	Schumacker,	P.	T.,	Guzman,	J.	D.,	Ilijic,	E.,	Yang,	B.,	&	Zampese,	E.	(2017).	
Calcium	 and	 Parkinson’s	 disease.	 In	 Biochemical	 and	 Biophysical	 Research	
Communications	 (Vol.	 483,	 Issue	 4,	 pp.	 1013–1019).	 Biochem	 Biophys	 Res	
Commun.	https://doi.org/10.1016/j.bbrc.2016.08.168	

Swanson,	O.	K.,	Semaan,	R.,	&	Maffei,	A.	(2021).	Reduced	dopamine	signaling	impacts	
pyramidal	 neuron	 excitability	 in	 mouse	 motor	 cortex.	 ENeuro,	 8(5).	
https://doi.org/10.1523/ENEURO.0548-19.2021	

Sweet,	E.	S.,	Saunier-Rebori,	B.,	Yue,	Z.,	&	Blitzer,	R.	D.	(2015).	The	Parkinson’s	disease-
associated	 mutation	 LRRK2-G2019S	 impairs	 synaptic	 plasticity	 in	 mouse	
hippocampus.	 Journal	 of	 Neuroscience,	 35(32),	 11190–11195.	
https://doi.org/10.1523/JNEUROSCI.0040-15.2015	

Tagliaferro,	P.,	&	Burke,	R.	E.	 (2016).	Retrograde	Axonal	Degeneration	 in	Parkinson	
Disease.	 In	 Journal	 of	 Parkinson’s	Disease	 (Vol.	 6,	 Issue	 1,	 pp.	 1–15).	 IOS	Press.	
https://doi.org/10.3233/JPD-150769	

Tagliaferro,	P.,	Kareva,	T.,	Oo,	T.	F.,	Yarygina,	O.,	Kholodilov,	N.,	&	Burke,	R.	E.	(2015).	
An	 early	 axonopathy	 in	 a	 hLRRK2(R1441G)	 transgenic	 model	 of	 Parkinson	
disease.	 Neurobiology	 of	 Disease,	 82,	 359–371.	
https://doi.org/10.1016/j.nbd.2015.07.009	

Takamori,	S.	(2009).	Synaptic	Vesicles.	In	Encyclopedia	of	Neuroscience	(pp.	801–808).	
Academic	Press.	https://doi.org/10.1016/B978-008045046-9.01392-9	

Taylor,	J.	P.,	Hulihan,	M.	M.,	Kachergus,	J.	M.,	Melrose,	H.	L.,	Lincoln,	S.	J.,	Hinkle,	K.	M.,	
Stone,	J.	T.,	Ross,	O.	A.,	Hauser,	R.,	Aasly,	J.,	Gasser,	T.,	Payami,	H.,	Wszolek,	Z.	K.,	&	
Farrer,	 M.	 J.	 (2007).	 Leucine-rich	 repeat	 kinase	 1:	 A	 paralog	 of	 LRRK2	 and	 a	
candidate	 gene	 for	 Parkinson’s	 disease.	 Neurogenetics,	 8(2),	 95–102.	
https://doi.org/10.1007/s10048-006-0075-8	



	

	 217	

Taymans,	 J.	 M.,	 Vancraenenbroeck,	 R.,	 Ollikainen,	 P.,	 Beilina,	 A.,	 Lobbestael,	 E.,	 de	
Maeyer,	 M.,	 Baekelandt,	 V.,	 &	 Cookson,	 M.	 R.	 (2011).	 LRRK2	 kinase	 activity	 is	
dependent	on	LRRK2	gtp	binding	capacity	but	independent	of	LRRK2	GTP	binding.	
PLoS	ONE,	6(8).	https://doi.org/10.1371/journal.pone.0023207	

Thadathil,	 N.,	 Xiao,	 J.,	 Hori,	 R.,	 Alway,	 S.	 E.,	 &	 Khan,	 M.	 M.	 (2021).	 Brain	 Selective	
Estrogen	 Treatment	 Protects	 Dopaminergic	Neurons	 and	 Preserves	 Behavioral	
Function	 in	 MPTP-induced	 Mouse	 Model	 of	 Parkinson’s	 Disease.	 Journal	 of	
Neuroimmune	Pharmacology,	16(3),	667–678.	https://doi.org/10.1007/s11481-
020-09972-1	

Thaler,	A.,	Gurevich,	T.,	Bar	Shira,	A.,	Gana	Weisz,	M.,	Ash,	E.,	Shiner,	T.,	Orr-Urtreger,	
A.,	Giladi,	N.,	&	Mirelman,	A.	(2017).	A	“dose”	effect	of	mutations	in	the	GBA	gene	
on	Parkinson’s	disease	phenotype.	Parkinsonism	and	Related	Disorders,	36,	47–51.	
https://doi.org/10.1016/j.parkreldis.2016.12.014	

Todman,	D.	(2009).	Synapse.	 In	European	Neurology	 (Vol.	61,	 Issue	3,	pp.	190–191).	
Eur	Neurol.	https://doi.org/10.1159/000189273	

Tozzi,	A.,	Durante,	V.,	Bastioli,	G.,	Mazzocchetti,	P.,	Novello,	S.,	Mechelli,	A.,	Morari,	M.,	
Costa,	C.,	Mancini,	A.,	Di	Filippo,	M.,	&	Calabresi,	P.	(2018).	Dopamine	D2	receptor	
activation	 potently	 inhibits	 striatal	 glutamatergic	 transmission	 in	 a	 G2019S	
LRRK2	genetic	model	of	Parkinson’s	disease.	Neurobiology	of	Disease,	118,	1–8.	
https://doi.org/10.1016/j.nbd.2018.06.008	

Trachtenberg,	J.	T.,	Chen,	B.	E.,	Knott,	G.	W.,	Feng,	G.,	Sanes,	J.	R.,	Welker,	E.,	&	Svoboda,	
K.	(2002).	Long-term	in	vivo	imaging	of	experience-dependent	synaptic	plasticity	
in	 adult	 cortex.	 Nature,	 420(6917),	 788–794.	
https://doi.org/10.1038/nature01273	

Valente,	Enza	Maria,	Salvi,	S.,	Ialongo,	T.,	Marongiu,	R.,	Elia,	A.	E.,	Caputo,	V.,	Romito,	L.,	
Albanese,	 A.,	 Dallapiccola,	 B.,	 &	Bentivoglio,	 A.	 R.	 (2004).	 PINK1	mutations	 are	
associated	with	 sporadic	 early-onset	 Parkinsonism.	Annals	 of	Neurology,	56(3),	
336–341.	https://doi.org/10.1002/ana.20256	

Valente,	Eriza	Maria,	Abou-Sleiman,	P.	M.,	Caputo,	V.,	Muqit,	M.	M.	K.,	Harvey,	K.,	Gispert,	
S.,	Ali,	Z.,	Del	Turco,	D.,	Bentivoglio,	A.	R.,	Healy,	D.	G.,	Albanese,	A.,	Nussbaum,	R.,	
González-Maldonado,	R.,	Deller,	T.,	Salvi,	S.,	Cortelli,	P.,	Gilks,	W.	P.,	Latchman,	D.	S.,	
Harvey,	R.	 J.,	…	Wood,	N.	W.	(2004).	Hereditary	early-onset	Parkinson’s	disease	
caused	 by	 mutations	 in	 PINK1.	 Science,	 304(5674),	 1158–1160.	
https://doi.org/10.1126/science.1096284	

Van	Den	Eeden,	S.	K.,	Tanner,	C.	M.,	Bernstein,	A.	L.,	Fross,	R.	D.,	Leimpeter,	A.,	Bloch,	D.	
A.,	 &	 Nelson,	 L.	 M.	 (2003).	 Incidence	 of	 Parkinson’s	 disease:	 Variation	 by	 age,	
gender,	 and	 race/ethnicity.	 American	 Journal	 of	 Epidemiology,	 157(11),	 1015–
1022.	https://doi.org/10.1093/aje/kwg068	

van	der	Merwe,	C.,	Jalali	Sefid	Dashti,	Z.,	Christoffels,	A.,	Loos,	B.,	&	Bardien,	S.	(2015).	
Evidence	 for	 a	 common	 biological	 pathway	 linking	 three	 Parkinson’s	 disease-
causing	genes:	Parkin,	PINK1	and	DJ-1.	In	European	Journal	of	Neuroscience	(Vol.	



	

	218	

41,	Issue	9,	pp.	1113–1125).	Eur	J	Neurosci.	https://doi.org/10.1111/ejn.12872	

Vancraenenbroeck,	R.,	De	Raeymaecker,	J.,	Lobbestael,	E.,	Gao,	F.,	De	Maeyer,	M.,	Voet,	
A.,	Baekelandt,	V.,	&	Taymans,	J.	M.	(2014).	In	silico,	in	vitro	and	cellular	analysis	
with	a	kinome-wide	inhibitor	panel	correlates	cellular	LRRK2	dephosphorylation	
to	 inhibitor	 activity	 on	 LRRK2.	 Frontiers	 in	 Molecular	 Neuroscience,	 7(JUNE).	
https://doi.org/10.3389/fnmol.2014.00051	

Vilariño-Güell,	C.,	Wider,	C.,	Ross,	O.	A.,	Dachsel,	J.	C.,	Kachergus,	J.	M.,	Lincoln,	S.	J.,	Soto-
Ortolaza,	A.	I.,	Cobb,	S.	A.,	Wilhoite,	G.	J.,	Bacon,	J.	A.,	Bahareh	Behrouz,	Melrose,	H.	
L.,	Hentati,	E.,	Puschmann,	A.,	Evans,	D.	M.,	Conibear,	E.,	Wasserman,	W.	W.,	Aasly,	
J.	O.,	Burkhard,	P.	R.,	…	Farrer,	M.	J.	(2011).	VPS35	mutations	in	parkinson	disease.	
American	 Journal	 of	 Human	 Genetics,	 89(1),	 162–167.	
https://doi.org/10.1016/j.ajhg.2011.06.001	

Visanji,	N.	P.,	Brooks,	P.	L.,	Hazrati,	L.	N.,	&	Lang,	A.	E.	(2014).	The	prion	hypothesis	in	
Parkinson’s	 disease:	 Braak	 to	 the	 future.	 In	 Acta	 Neuropathologica	
Communications	 (Vol.	 2,	 Issue	 1).	 Acta	 Neuropathol	 Commun.	
https://doi.org/10.1186/2051-5960-1-2	

Volfovsky,	N.,	Parnas,	H.,	Segal,	M.,	&	Korkotian,	E.	(1999).	Geometry	of	dendritic	spines	
affects	 calcium	 dynamics	 in	 hippocampal	 neurons:	 Theory	 and	 experiments.	
Journal	 of	 Neurophysiology,	 82(1),	 450–462.	
https://doi.org/10.1152/jn.1999.82.1.450	

Volta,	M.,	Beccano-Kelly,	D.	A.,	Paschall,	S.	A.,	Cataldi,	S.,	Macisaac,	S.	E.,	Kuhlmann,	N.,	
Kadgien,	C.	A.,	Tatarnikov,	I.,	Fox,	J.,	Khinda,	J.,	Mitchell,	E.,	Bergeron,	S.,	Melrose,	
H.,	 Farrer,	M.	 J.,	&	Milnerwood,	A.	 J.	 (2017).	 Initial	 elevations	 in	 glutamate	 and	
dopamine	neurotransmission	decline	with	age,	as	does	exploratory	behavior,	 in	
LRRK2	G2019S	knock-in	mice.	ELife,	6.	https://doi.org/10.7554/eLife.28377	

Volta,	M.,	&	Melrose,	H.	(2017).	LRRK2	mouse	models:	Dissecting	the	behavior,	striatal	
neurochemistry	and	neurophysiology	of	PD	pathogenesis.	In	Biochemical	Society	
Transactions	 (Vol.	 45,	 Issue	 1,	 pp.	 113–122).	 Biochem	 Soc	 Trans.	
https://doi.org/10.1042/BST20160238	

von	Bohlen	und	Halbach,	O.,	&	von	Bohlen	und	Halbach,	V.	 (2018).	BDNF	effects	on	
dendritic	spine	morphology	and	hippocampal	function.	In	Cell	and	Tissue	Research	
(Vol.	 373,	 Issue	 3,	 pp.	 729–741).	 Cell	 Tissue	 Res.	
https://doi.org/10.1007/s00441-017-2782-x	

Wakabayashi,	K.,	Tanji,	K.,	Odagiri,	 S.,	Miki,	Y.,	Mori,	F.,	&	Takahashi,	H.	 (2013).	The	
Lewy	body	 in	 Parkinson’s	 disease	 and	 related	 neurodegenerative	 disorders.	 In	
Molecular	 neurobiology	 (Vol.	 47,	 Issue	 2,	 pp.	 495–508).	 Mol	 Neurobiol.	
https://doi.org/10.1007/s12035-012-8280-y	

Wallings,	R.,	Manzoni,	 C.,	&	Bandopadhyay,	R.	 (2015).	 Cellular	 processes	 associated	
with	 LRRK2	 function	 and	 dysfunction.	 In	FEBS	 Journal	 (Vol.	 282,	 Issue	 15,	 pp.	
2806–2826).	FEBS	J.	https://doi.org/10.1111/febs.13305	

Watanabe,	R.,	Buschauer,	R.,	Böhning,	J.,	Audagnotto,	M.,	Lasker,	K.,	Lu,	T.	W.,	Boassa,	



	

	 219	

D.,	Taylor,	S.,	&	Villa,	E.	(2020).	The	In	Situ	Structure	of	Parkinson’s	Disease-Linked	
LRRK2.	Cell,	182(6),	1508-1518.e16.	https://doi.org/10.1016/j.cell.2020.08.004	

Wauters,	L.,	Versées,	W.,	&	Kortholt,	A.	(2019).	Roco	proteins:	GTPases	with	a	baroque	
structure	and	mechanism.	In	International	Journal	of	Molecular	Sciences	(Vol.	20,	
Issue	1).	Int	J	Mol	Sci.	https://doi.org/10.3390/ijms20010147	

West,	A.	 B.,	 Cowell,	 R.	M.,	Daher,	 J.	 P.	 L.,	Moehle,	M.	 S.,	Hinkle,	K.	M.,	Melrose,	H.	 L.,	
Standaert,	D.	G.,	&	Volpicelli-Daley,	L.	A.	(2014).	Differential	LRRK2	expression	in	
the	 cortex,	 striatum,	 and	 substantia	 nigra	 in	 transgenic	 and	 nontransgenic	
rodents.	 Journal	 of	 Comparative	 Neurology,	 522(11),	 2465–2480.	
https://doi.org/10.1002/cne.23583	

West,	A.	B.,	Moore,	D.	J.,	Biskup,	S.,	Bugayenko,	A.,	Smith,	W.	W.,	Ross,	C.	A.,	Dawson,	V.	
L.,	&	Dawson,	T.	M.	(2005).	Parkinson’s	disease-associated	mutations	in	leucine-
rich	repeat	kinase	2	augment	kinase	activity.	Proceedings	of	the	National	Academy	
of	 Sciences	 of	 the	 United	 States	 of	 America,	 102(46),	 16842–16847.	
https://doi.org/10.1073/pnas.0507360102	

Westerlund,	 M.,	 Belin,	 A.	 C.,	 Anvret,	 A.,	 Bickford,	 P.,	 Olson,	 L.,	 &	 Galter,	 D.	 (2008).	
Developmental	regulation	of	leucine-rich	repeat	kinase	1	and	2	expression	in	the	
brain	and	other	rodent	and	human	organs:	Implications	for	Parkinson’s	disease.	
Neuroscience,	 152(2),	 429–436.	
https://doi.org/10.1016/j.neuroscience.2007.10.062	

Wichmann,	T.,	&	DeLong,	M.	R.	(2008).	Systems	Level	Physiology	of	the	Basal	Ganglia,	
and	Pathophysiology	of	Parkinson’s	Disease.	In	Parkinson’s	Disease	(pp.	55–63).	
Academic	Press.	https://doi.org/10.1016/B978-0-12-374028-1.00005-1	

William	Langston,	J.,	Ballard,	P.,	Tetrud,	J.	W.,	&	Irwin,	I.	(1983).	Chronic	parkinsonism	
in	humans	due	to	a	product	of	meperidine-analog	synthesis.	Science,	219(4587),	
979–980.	https://doi.org/10.1126/science.6823561	

Williams,	 E.	 T.,	 Chen,	 X.,	 &	 Moore,	 D.	 J.	 (2017).	 VPS35,	 the	 retromer	 complex	 and	
Parkinson’s	disease.	In	Journal	of	Parkinson’s	Disease	(Vol.	7,	Issue	2,	pp.	219–233).	
J	Parkinsons	Dis.	https://doi.org/10.3233/JPD-161020	

Wirdefeldt,	K.,	Adami,	H.	O.,	Cole,	P.,	Trichopoulos,	D.,	&	Mandel,	J.	(2011).	Epidemiology	
and	etiology	of	Parkinson’s	disease:	A	review	of	the	evidence.	In	European	Journal	
of	 Epidemiology	 (Vol.	 26,	 Issue	 SUPPL.	 1).	 Eur	 J	 Epidemiol.	
https://doi.org/10.1007/s10654-011-9581-6	

Wong,	Y.	C.,	 Luk,	K.,	 Purtell,	K.,	Burke	Nanni,	 S.,	 Stoessl,	A.	 J.,	Trudeau,	L.	E.,	 Yue,	Z.,	
Krainc,	 D.,	 Oertel,	 W.,	 Obeso,	 J.	 A.,	 &	 Volpicelli-Daley,	 L.	 A.	 (2019).	 Neuronal	
vulnerability	 in	 Parkinson	 disease:	 Should	 the	 focus	 be	 on	 axons	 and	 synaptic	
terminals?	In	Movement	Disorders	(Vol.	34,	Issue	10,	pp.	1406–1422).	Mov	Disord.	
https://doi.org/10.1002/mds.27823	

Worth,	D.	C.,	Daly,	C.	N.,	Geraldo,	S.,	Oozeer,	F.,	&	Gordon-Weeks,	P.	R.	(2013).	Drebrin	
contains	a	cryptic	F-actin-bundling	activity	regulated	by	Cdk5	phosphorylation.	
Journal	of	Cell	Biology,	202(5),	793–806.	https://doi.org/10.1083/jcb.201303005	



	

	220	

Wu,	C.	X.,	Liao,	J.,	Park,	Y.,	Reed,	X.,	Engel,	V.	A.,	Hoang,	N.	C.,	Takagi,	Y.,	Johnson,	S.	M.,	
Wang,	M.,	Federici,	M.,	Jeremy	Nichols,	R.,	Sanishvili,	R.,	Cookson,	M.	R.,	&	Hoang,	
Q.	Q.	(2019).	Parkinson’s	disease-associated	mutations	in	the	GTPase	domain	of	
LRRK2	 impair	 its	 nucleotide-dependent	 conformational	 dynamics.	 Journal	 of	
Biological	 Chemistry,	 294(15),	 5907–5913.	
https://doi.org/10.1074/jbc.RA119.007631	

Wu,	X.	S.,	Lee,	S.	H.,	Sheng,	J.,	Zhang,	Z.,	Zhao,	W.	D.,	Wang,	D.,	Jin,	Y.,	Charnay,	P.,	Ervasti,	
J.	M.,	&	Wu,	L.	G.	(2016).	Actin	Is	Crucial	for	All	Kinetically	Distinguishable	Forms	
of	 Endocytosis	 at	 Synapses.	 Neuron,	 92(5),	 1020–1035.	
https://doi.org/10.1016/j.neuron.2016.10.014	

Xiong,	Y.,	Neifert,	S.,	Karuppagounder,	S.	S.,	Liu,	Q.,	Stankowski,	J.	N.,	Lee,	B.	D.,	Ko,	H.	S.,	
Lee,	Y.,	Grima,	J.	C.,	Mao,	X.,	Jiang,	H.,	Kang,	S.	U.,	Swing,	D.	A.,	Iacovitti,	L.,	Tessarollo,	
L.,	 Dawson,	 T.	 M.,	 &	 Dawson,	 V.	 L.	 (2018).	 Robust	 kinase-	 and	 age-dependent	
dopaminergic	 and	 norepinephrine	 neurodegeneration	 in	 LRRK2	 G2019S	
transgenic	mice.	Proceedings	 of	 the	 National	 Academy	 of	 Sciences	 of	 the	 United	
States	 of	 America,	 115(7),	 1635–1640.	
https://doi.org/10.1073/pnas.1712648115	

Yeshaw,	W.	M.,	van	der	Zwaag,	M.,	Pinto,	F.,	Lahaye,	L.	L.,	Faber,	A.	I.	E.,	Gómez-Sánchez,	
R.,	Dolga,	A.	M.,	Poland,	C.,	Monaco,	A.	P.,	van	IJzendoorn,	S.	C.	D.,	Grzeschik,	N.	A.,	
Velayos-Baeza,	 A.,	 &	 Sibon,	 O.	 C.	M.	 (2019).	 Human	VPS13A	 is	 associated	with	
multiple	organelles	and	 influences	mitochondrial	morphology	and	 lipid	droplet	
motility.	ELife,	8.	https://doi.org/10.7554/eLife.43561	

Yoon,	 T.	 Y.,	 &	 Munson,	 M.	 (2018).	 SNARE	 complex	 assembly	 and	 disassembly.	 In	
Current	 Biology	 (Vol.	 28,	 Issue	 8,	 pp.	 R397–R401).	 Elsevier.	
https://doi.org/10.1016/j.cub.2018.01.005	

Yoshino,	H.,	Nishioka,	K.,	 Li,	 Y.,	 Oji,	 Y.,	 Oyama,	G.,	Hatano,	 T.,	Machida,	 Y.,	 Shimo,	 Y.,	
Hayashida,	A.,	Ikeda,	A.,	Mogushi,	K.,	Shibagaki,	Y.,	Hosaka,	A.,	Iwanaga,	H.,	Fujitake,	
J.,	Ohi,	T.,	Miyazaki,	D.,	Sekijima,	Y.,	Oki,	M.,	…	Hattori,	N.	(2018).	GCH1	mutations	
in	 dopa-responsive	 dystonia	 and	 Parkinson’s	 disease.	 Journal	 of	 Neurology,	
265(8),	1860–1870.	https://doi.org/10.1007/s00415-018-8930-8	

Yue,	M.,	Hinkle,	K.	M.,	Davies,	P.,	Trushina,	E.,	Fiesel,	F.	C.,	Christenson,	T.	A.,	Schroeder,	
A.	S.,	Zhang,	L.,	Bowles,	E.,	Behrouz,	B.,	Lincoln,	S.	J.,	Beevers,	J.	E.,	Milnerwood,	A.	
J.,	Kurti,	A.,	McLean,	P.	J.,	Fryer,	J.	D.,	Springer,	W.,	Dickson,	D.	W.,	Farrer,	M.	J.,	&	
Melrose,	H.	 L.	 (2015).	 Progressive	 dopaminergic	 alterations	 and	mitochondrial	
abnormalities	in	LRRK2	G2019S	knock-in	mice.	Neurobiology	of	Disease,	78,	172–
195.	https://doi.org/10.1016/J.NBD.2015.02.031	

Yun,	H.	J.,	Park,	J.,	Ho,	D.	H.,	Kim,	H.,	Kim,	C.	H.,	Oh,	H.,	Ga,	I.,	Seo,	H.,	Chang,	S.,	Son,	I.,	&	
Seol,	W.	(2013).	LRRK2	phosphorylates	Snapin	and	inhibits	interaction	of	Snapin	
with	 SNAP-25.	 Experimental	 and	 Molecular	 Medicine,	 45(8).	
https://doi.org/10.1038/emm.2013.68	

Yuste,	R.	(2015).	The	discovery	of	dendritic	spines	by	Cajal.	Frontiers	in	Neuroanatomy,	
9(APR).	https://doi.org/10.3389/fnana.2015.00018	



	

	 221	

Zahavi,	E.	E.,	Hummel,	J.	J.	A.,	Han,	Y.,	Bar,	C.,	Stucchi,	R.,	Altelaar,	M.,	&	Hoogenraad,	C.	
C.	(2021).	Combined	kinesin-1	and	kinesin-3	activity	drives	axonal	trafficking	of	
TrkB	 receptors	 in	 Rab6	 carriers.	 Developmental	 Cell,	 56(4),	 494-508.e7.	
https://doi.org/10.1016/j.devcel.2021.01.010	

Zaqout,	 S.,	 &	 Kaindl,	 A.	 M.	 (2016).	 Golgi-cox	 staining	 step	 by	 step.	 Frontiers	 in	
Neuroanatomy,	10.	https://doi.org/10.3389/fnana.2016.00038	

Zhou,	Q.,	Zhou,	P.,	Wang,	A.	L.,	Wu,	D.,	Zhao,	M.,	Südhof,	T.	C.,	&	Brunger,	A.	T.	(2017).	
The	primed	SNARE-complexin-synaptotagmin	complex	 for	neuronal	exocytosis.	
Nature,	548(7668),	420–425.	https://doi.org/10.1038/nature23484	

Zimprich,	 A.,	 Benet-Pagès,	 A.,	 Struhal,	 W.,	 Graf,	 E.,	 Eck,	 S.	 H.,	 Offman,	 M.	 N.,	
Haubenberger,	D.,	Spielberger,	S.,	Schulte,	E.	C.,	Lichtner,	P.,	Rossle,	S.	C.,	Klopp,	N.,	
Wolf,	E.,	Seppi,	K.,	Pirker,	W.,	Presslauer,	S.,	Mollenhauer,	B.,	Katzenschlager,	R.,	
Foki,	T.,	…	Strom,	T.	M.	(2011).	A	mutation	 in	VPS35,	encoding	a	subunit	of	 the	
retromer	 complex,	 causes	 late-onset	 parkinson	 disease.	 American	 Journal	 of	
Human	Genetics,	89(1),	168–175.	https://doi.org/10.1016/j.ajhg.2011.06.008	

Zimprich,	A.,	Biskup,	 S.,	 Leitner,	P.,	 Lichtner,	P.,	 Farrer,	M.,	 Lincoln,	 S.,	Kachergus,	 J.,	
Hulihan,	M.,	Uitti,	R.	J.,	Calne,	D.	B.,	Stoessl,	A.	J.,	Pfeiffer,	R.	F.,	Patenge,	N.,	Carbajal,	
I.	 C.,	Vieregge,	P.,	Asmus,	 F.,	Müller-Myhsok,	B.,	Dickson,	D.	W.,	Meitinger,	T.,	…	
Gasser,	T.	(2004).	Mutations	in	LRRK2	cause	autosomal-dominant	parkinsonism	
with	 pleomorphic	 pathology.	 Neuron,	 44(4),	 601–607.	
https://doi.org/10.1016/j.neuron.2004.11.005	

Ziv,	 N.	 E.,	 &	 Smith,	 S.	 J.	 (1996).	 Evidence	 for	 a	 role	 of	 dendritic	 filopodia	 in	
synaptogenesis	 and	 spine	 formation.	 Neuron,	 17(1),	 91–102.	
https://doi.org/10.1016/S0896-6273(00)80283-4	

Zuccato,	 C.,	 &	 Cattaneo,	 E.	 (2009).	 Brain-derived	 neurotrophic	 factor	 in	
neurodegenerative	diseases.	In	Nature	Reviews	Neurology	(Vol.	5,	Issue	6,	pp.	311–
322).	Nat	Rev	Neurol.	https://doi.org/10.1038/nrneurol.2009.54	

	


