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Abstract	
 

Under	 certain	 conditions,	 astrocytes	 demonstrate	 phagocytic	 capability	 and	 cooperate	

with	microglia	as	an	ancillary	clearance	system	to	clear	up	the	brain.	Astrocyte	processes	are	

in	 close	 association	 with	 synapses	 and	 contribute	 to	 synaptic	 health	 at	 several	 levels.	

Noteworthy,	astrocytes	are	efficient	sensors	of	synaptic	dysfunction	or	degeneration.	Indeed,	

they	intervene	by	eliminating	neuronal	terminals,	engulfing	debris	and	internalizing	neuronal-

released	aggregated	proteins.	However,	the	molecular	machinery	recruited	for	the	recognition	

of	specific	targets	is	only	in	part	clarified.		

The	main	aim	of	this	PhD	Project	is	to	molecularly	characterize	astrocyte-mediated	brain	

clearance	 both	 in	 health	 and	 disease,	 from	 different	 perspectives	 and	 through	 several	

approaches.		

In	the	first	part	of	this	PhD	project,	we	identified	a	novel	molecular	mechanism	behind	

astrocyte-mediated	synapse	elimination.	We	used	a	high	throughput	system	to	study	the	role	

of	 3000	 genes	 in	 the	 internalization	 kinetic	 of	 astrocytes	We	 validated	 the	most	 promising	

modulator:	the	Atypical	Chemokine	Receptor	3	(Ackr3).	For	the	first	time	we	demonstrated	that	

the	 absence	 of	 Ackr3	 abolishes	 synaptosome	 internalization	 in	 primary	 astrocytes.	 By	

employing	 biochemical	 and	 imaging	 approaches	we	 also	 confirmed	 a	 direct	 involvement	 of	

Ackr3	in	neuronal	terminal	recognition	and	internalization	and	identified	Cxcl12	as	a	possible	

novel	“eat/find	me”	signal.	Specifically,	we	detected	that	Cxcl12	is	attached	to	the	synaptosomal	

membrane	and	 increased	Cxcl12	enhance	astrocyte	clearance	capacity.	Of	note,	we	revealed	

that	 Cxcl12	 recognizes	 phosphatidylethanolamine	 at	 the	 plasma	 membrane,	 a	 lipid	 that	

increases	its	externalization	in	the	early	phase	of	neuronal	death.	Finally,	we	demonstrate	the	

involvement	 of	 Ackr3	 in	 synaptosomes	 internalization	 in	 human	 iPSC-derived	 astrocytes,	

suggesting	conserved	mechanisms	across	species.	Although	additional	data	are	required,	these	

results	 generate	 new	 fundamental	 knowledge	 on	 the	 molecular	 machinery	 involved	 in	

astrocyte-mediated	 synaptic	 elimination.	 Studies	 on	 Ackr3	 dysfunction	 in	 astrocytes	 as	

possible	contributor	in	human	diseases,	such	as	glioma,	are	now	on-going.		

In	 the	 second	 part	 of	 this	 PhD	 project,	 we	 described	 a	 novel	 mechanism	 by	 which	

astrocytes	 internalize	 the	 toxic	 form	 of	 α-syn,	 a	 protein	 that	 accumulates	 in	 many	

neurodegenerative	diseases,	including	Parkinson’s	disease.	In	collaboration	with	the	University	

of	 Uppsala,	 we	 showed	 an	 impaired	 α-syn	 clearance	 in	 primary	 astrocytes	 harboring	 the	
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G2019S	pathogenic	mutation	in	the	leucine-rich	repeat	kinase	2	(LRRK2),	a	kinase	involved	in	

the	 pathogenesis	 of	 PD.	 This	 clearance	 deficit	 correlates	 with	 deleterious	 changes	 in	 the	

architecture	of	the	endosomal/lysosomal	organelles	of	astrocytes.	We	identified	ANXA2	as	a	

LRRK2	 interactor	 and	 showed	 that	 decreased	 levels	 of	 Anxa2	 in	 primary	 astrocytes	 are	

associated	to	an	impairment	of	α-syn	clearance.	We	also	demonstrated	that	in	the	presence	of	

the	G2019S	mutation,	there	is	a	decrease	expression	of	AnxA2	both	in	cell	culture	and	in	human	

post-mortem	brains	of	PD	patients.	Moreover,	in	the	pathological	background,	Anxa2	fails	to	

re-localize	into	puncta	in	close	proximity	to	internalized	α-syn	particles.	Notably,	we	proved	

that	this	phenotype	could	be	completely	reverted	a	selective	LRRK2-inhibitor.	Altogether,	our	

results	 offer	 a	 better	 understanding	 of	 the	 molecular	 mechanisms	 behind	 impaired	 α-syn	

clearance	 in	 G2019S	 astrocytes,	 pointing	 to	 Anxa2	 as	 a	 novel	 target	 for	 astrocytes’	 loss	 of	

function	in	neurodegenerative	diseases.		

In	conclusion,	we	identified	i)	Ackr3	as	a	novel	receptor	involved	in	astrocyte-mediated	

synapses	 engulfment	 and	 ii)	 Anxa2	 as	 a	 novel	 critical	 player	 in	 astrocyte-mediated	 α-syn	

clearance.	 Given	 the	 importance	 of	 astrocyte-mediated	 clearance	 to	 maintain	 brain	

homeostasis,	these	data	offer	the	opportunity	to	investigate	cell-targeted	therapies	as	a	novel	

approach	in	the	context	of	neurological	disorders.	
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1. Introduction	

		 The	central	nervous	system	(CNS)	consists	of	the	brain	and	spinal	cord	and	is	separated	

from	 the	 rest	 of	 the	 body	 by	 the	 Blood-Brain	 Barrier	 (BBB),	 which	 regulates	 the	molecule	

dispersion	between	the	two	tissues.	(Bradbury	et	al.,	1993;	Engelhardt	et	al.,	2003).	The	CNS	

derives	from	the	neuroepithelium,	which	consists	of	stem-like	progenitor	cells	that	generate	

neurons	and	radial	glia	as	well	as	basal	progenitors.	(Götz	et	al.,	2005).	Of	note,	radial	glia	cells	

produce	other	radial	glia	and	immature	neurons	or	basal	progenitors	through	asymmetric	cell	

divisions.	Moreover,	radial	cells	differentiate	 into	mature	glial	cells	known	as	macroglia	and	

composed	by	oligodendrocytes,	ependymal	cells,	and	astrocytes	(Miyata	et	al.,	2001;	Noctor	et	

al.,	2001;	Shimojo	et	al.,	2011).	Instead,	microglia	are	other	glial	cell	subtypes	which	are	not	

derived	from	neuroepithelial	cells	(Nayak	et	al	2014).	Specifically,	microglia	colonize	the	CNS	

during	development	and	are	considered	the	macrophage	of	the	brain	(Kierdorf	et	al.,	2013).	

Neurons	provide	the	electrical	transmission	allowing	both	conscious	and	autonomic	behaviors	

(Zoidl	 et	 al.,	 2002;	 Burdakov	 et	 al.,	 2004).	 Instead,	 glial	 cells	 have	 been	 considered	 as	 the	

structural	“glue”	to	physically	support	neural	networks	rather	than	play	active	roles	in	the	CNS	

(García-Marín	 et	 al.,	 2007).	 More	 recently,	 glial	 cells	 have	 gained	 more	 importance	 since	

numerous	studies	revealed	their	critical	roles	in	many	physiological	and	pathological	processes	

(Barres	et	al.,	2008).		

Of	note,	astrocytes	in	cooperation	with	microglia	have	been	recently	found	to	be	involved	

in	 the	 elimination	 of	 extracellular	 materials	 including	 unwanted	 synapses	 and	 neuronal-

released	proteinaceous	aggregates	(Jung	and	Chung,	2018;	Lindström	et	al.,	2017;	Loria	et	al.,	

2017;	Sacino	et	al.,	2017).	 In	 the	Chapter	1,	 I	will	provide	an	overview	on	astrocyte	biology	

focusing	on	the	physical	and	functional	interaction	of	these	cells	with	the	neuronal	synapses	in	

health	and	disease.	 In	 the	Chapter	2,	 I	will	 summarize	 the	known	molecular	mechanisms	of	

astrocyte-mediated	synapse	elimination	and	the	functional	implication	of	this	process.	In	the	

Chapter	3,	 I	will	describe	 the	contribution	of	astrocytes	 in	 the	clearance	of	 toxic,	 fibrillar	α-

synuclein	 (α-syn)	 in	 the	 context	 of	 Parkinson’s	 disease	 (PD),	 a	 common	neurodegenerative	

disease.	

1.1. Astrocyte	classification	and	structure	

In	1846,	Virchow	first	described	that	nerve	cells	were	inserted	in	a	connective	tissue	that	

he	called	‘nervenkitt’	or	nerve	glue.	In	1909,	Ramón	y	Cajal	used	silver-gold	impregnation	to	
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reveal	 the	 morphology	 of	 star-shaped	 cells	 called	 astrocytes	 (García-Marín	 et	 al.,	 2007).	

Astrocytes	are	distinguished	in	two	main	types	according	to	their	morphology	and	anatomical	

localization:	 protoplasmic	 and	 fibrous	 astrocytes.	 Specifically,	 protoplasmic	 astrocytes	

ensheath	synapses	and	contact	blood	vessels	 in	 the	grey	matter,	whereas	 fibrous	astrocytes	

contact	nodes	of	Ranvier	and	blood	vessels	in	the	white	matter	(Barres	et	al.,	2008)	(Figure	1.1).	

Moreover,	an	additional	astrocytic	subtype,	named	pial	astrocytes	(given	their	localization	at	

the	pial	surface),	has	also	been	shown	to	present	a	different	developmental	origin,	morphology,	

location	and	thus	has	been	suggested	to	have	a	different	function	(García-Marqués	et	al.,	2013).		

Recent	 studies	 identify	 two	 other	 novel	 astrocytes	 subtypes,	 named	 varicose-projection	

astrocytes	 and	 interlaminar	 astrocytes,	 being	 specific	 to	 humans	 and	 chimpanzees’	 brain	

(Falcone	 et	 al.,	 2021;	 Falcone	 et	 al.,	 2022).	 Specifically,	 varicose-projection	 astrocytes	 are	

characterized	by	long	varicosities-containing	processes	while	interlaminar	astrocytes	possess	

long	 interlaminar	 processes	 that	 extend	 radially	 toward	 the	 cerebral	 cortex	 (Falcone	 et	 al.,	

2021;	Falcone	et	al.,	2022).		

The	number	of	astrocytes	in	relation	to	brain	complexity	is	controversial.	 In	literature,	

authors	often	refer	to	astrocytes	as	the	most	abundant	cell	type	in	the	brain	or	that	the	number	

of	 astrocytes	 per	 neuron	 is	 drastically	 increased	 in	 high-order	 primates.	However,	 a	 recent	

study	showed	that	 the	astrocytes/neuron	ratio	differs	consistently	across	brain	regions	 in	a	

variety	of	mammalian	species	such	as:	rodents,	insectivores,	non-human,	and	human	primates	

(Herculano-Houzel	et	al.,	2014).	For	instance,	another	study	determined	that	astrocytes	only	

represent	approximately	20%	of	the	total	glial	cells	in	the	human	neocortex	(Pelvig	et	al.,	2008).	

Thus,	 it	 appears	 that	 astrocyte	 complexity	 rather	 than	 number	 increases	 with	 brain	 size,	

especially	in	humans	(Oberheim	et	al.,	2009).	Commonly,	astrocytes	constituting	20	–	50%	of	

the	cerebral	volume	(Filous	et	al.,	2016),	and	they	are	found	throughout	the	whole	healthy	CNS	

in	a	non-overlapping,	highly	well-organized	manner	(Bush	et	al.,	1999).	Indeed,	astrocytes	form	

a	very	heterogeneous	population,	not	only	morphologically	but	also	because	of	 their	 region	

specificity.		
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Figure	1.1	Types	of	astrocytes.	A	Protoplasmic	astrocyte,	much	ramified,	with	uniformly	distributed	

processes	and	B	fibrous	astrocytes,	less	ramified	(Torres-Platas	et	al.,	2011).	

	

In	the	mouse	brain,	each	astrocyte	encompasses	300-600	neuronal	dendrites	(Halassa	et	

al.,	2007),	140	000	synapses	(Bushong	et	al.,	2002)	and	contact	blood	capillaries	with	their	

perivascular	 processes	 named	 end	 feet.	 Studies	 in	 the	 early	 90s	 revealed	 that	 astrocytic	

processes	ensheath	the	synapses	and	that,	thanks	to	this	proximity,	they	closely	monitor	the	

synaptic	activity	(Ventura	et	al.,	1999).	The	bidirectional	communication	between	astrocytes	

and	neurons	gave	birth	to	the	concept	of	the	tripartite	synapse	in	which	astrocytes	are	active	

partners	in	synaptic	activity	(Araque	et	al.,	1999;	Perea	et	al.,	2009)	(Figure	1.2).	Specifically,	

the	 tripartite	 synapse	 comprises	 of	 a	 presynaptic	 axonal	 bouton,	 a	 post	 synaptic	 dendritic	

spine	and	an	astrocyte	process	where	astrocyte	processes	show	close	contacts	with	dendritic	

spines	sometimes	forming	an	`O	́	ring	structure	(Panatier	et	al.,	2014).		
	

	
	

Figure	1.2	Astrocyte	processes	at	the	synapse.	Electron	microscopy	image	from	rat	hippocampus,	

showing	astrocytes	(blue)	in	close	contact	with	synaptic	terminals	(arrows)	(Kim	et	al.,	2022)	

A B
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The	structure	of	the	astrocyte	cytoskeleton	is	supported	by	the	network	of	intermediate	

filaments	(Sonofroniew	and	Vinters.,	2010).	The	fundamental	component	of	these	filaments	is	

the	glial	fibrillary	acidic	protein	(GFAP)	that	is	upregulated	in	brain	damage	and	degeneration	

(Middeldorp	 et	 al.,	 2011).	 GFAP	 was	 first	 isolated	 from	 multiple	 sclerosis	 patients’	

demyelinated	plaques,	where	it	was	found	in	high	concentrations	(Lucas	et	al.,	1980).	Indeed,	

GFAP	 is	 the	 most	 widely	 used	 marker	 of	 reactive	 astrocytes,	 astrocytes	 that	 undergo	

morphological,	 molecular,	 and	 functional	 changes	 in	 response	 to	 pathological	 situations	

(Escartin	et	al.,	2021).	However,	GFAP	expression	and	astrocyte	morphology	are	not	the	only	

features	to	qualify	astrocytes	as	reactive.	For	 instance,	GFAP	does	not	 label	all	astrocytes	 in	

healthy	CNS	tissue	or	astrocytes	distant	from	CNS	injuries	(Sonofroniew	and	Vinters,	2010).	

Nowadays,	other	markers	have	been	used	for	immunohistochemical	detection	of	homeostatic	

astrocytes	such	as	glutamine	synthetase	and	S100β,	however,	different	to	GFAP,	they	are	also	

expressed	in	neural	cells	as	neurons	or	oligodendrocytes	(Norenberg,	1979;	Goncalves	et	al.,	

2008).	Transcriptomic	analyses	revealed	some	other	proteins	highly	expressed	in	astrocytes	

(Lovatt	et	al.,	2007;	Cahoy	et	al.,	2008)	such	as:	aldehyde	dehydrogenase	1	L1	(Aldh1L1),	an	

enzyme	 that	 has	 been	 proposed	 by	 Cahoy	 and	 colleague	 as	 a	 more	 sensitive	 and	 reliable	

immunohistochemical	 astrocyte	marker.	 Cahoy	 and	 colleagues	 have	 shown	 that	Aldh1L1	 is	

expressed	specifically	by	astrocytes,	and	it	is	not	being	expressed	in	neurons,	oligodendrocytes	

or	in	OPCs,	and	that	it	can	label	both	astrocyte	perikarya	and	processes	throughout	both	grey	

and	white	matter	unlike	GFAP,	which	labels	mainly	thick	main	processes	of	astrocytes	(Cahoy	

et	al.,	2008).	 In	addition,	all	GFAP	positive	cells	are	also	 labelled	with	Adh1L1,	whereas	 the	

latter	one	strongly	labels	many	more	astrocytes	(Cahoy	et	al.,	2008).	Interestingly,	dye-filling	

experiments	reporter	mice	with	fluorescent	astrocytes,	have	allowed	the	visualization	of	the	

real	morphology	 of	 these	 cells.	 In	 fact,	 astrocytes	 have	 a	 complex	morphology,	with	 highly	

ramified	processes	(Wilhelmsson	et	al.,	2006).	Therefore,	the	GFAP	labeling	only	represents	

approximately	15%	of	the	total	volume	occupied	by	an	astrocyte	(Bushong	et	al.,	2002).	

Astrocytes	are	found	throughout	the	whole	healthy	CNS	in	a	non-overlapping,	highly	well-

organized	manner	(Bushong	et	al.,	2002).	More	recently,	Salmon	and	colleagues,	using	high-

resolution	 serial	 electron	microscopy	 datasets	 and	 computer	 vision,	 provides	 a	 systematic	

analysis	of	astrocytic	nanoarchitecture	of	adult	mouse	neocortex,	 and	presents	quantitative	

evidence	 that	 astrocytes	 organize	 their	morphology	 into	 purposeful,	 classifiable	 assemblies	

with	 unique	 structural	 and	 subcellular	 organelle	 adaptations	 related	 to	 their	 physiological	

functions	(Salmon	et	al.,	2021).		



 

 6 

1.2 Astrocyte	functions		

During	the	last	20	years,	a	wide	variety	of	functions	have	been	attributed	to	these	cells.	

Astrocytes	primarily	 support	neuronal	activity	and	 function	by	providing	 important	growth	

factors	 or	 supporting	 neuronal	 metabolism	 through	 the	 conversion	 of	 glucose	 to	 ATP	 and	

glutamine	to	glutamate	from	the	peripheral	blood	(Joe	et	al	2018).	They	directly	participate	in	

the	tripartite	synapse	by	harboring	as	many	as	two	million	synapses	in	humans	(Oberheim	et	

al.,	2009).	Moreover,	they	support	the	neuronal	activity	by	controlling	extracellular	ion	balance	

and	neurotransmitter	homeostasis.	Also,	they	provide	biochemical	support	of	endothelial	cells,	

nutrients	to	the	nervous	tissue,	and	regulation	of	neurogenesis	and	brain	wiring	(Vasile	et	al.,	

2017).	

Astrocytes	control	water	and	ion	homeostasis	(Alvarez-Maubecin	et	al.,	2000).	Endfeet	of	

perivascular	 astrocytes	 form	 the	 BBB	 along	 with	 the	 pericytes,	 the	 basal	 lamina	 and	 the	

endothelial	cells	allowing	a	selective	communication	between	the	peripheral	blood	flow	and	

the	brain.	Specifically,	water	transport	to	the	cerebral	blood	flow	is	mainly	made	through	the	

water	channel	aquaporin	4	(AQP4),	enriched	at	the	astrocytic	endfeet.	Interestingly,	in	brain	

tumors,	 both	 AQP4	 and	 Kir4.1	 channels	 are	 redistributed	 at	 astrocyte	 endfeet,	 which	

participate	 in	 the	 BBB	 disruption	 (Bataveljić	 et	 al.,	 2012;	 Nwaobi	 et	 al.,	 2016).	 Astrocytes	

release	angiogenic	factors,	such	as	vascular	endothelial	growth	factor,	involved	in	the	formation	

and	the	maintenance	of	the	BBB	(Alvarez	et	al.,	2013).	Furthermore,	astrocytes	are	organized	

as	a	network,	coupled	by	gap-junction	channels	(Giaume	et	al.,	2010).	Gap-junction	channels	

are	formed	by	the	apposition	of	two	connexons,	each	resulting	of	the	assembly	of	six	connexins.	

The	main	 astroglial	 connexins	 are	 the	 connexins	 43	 and	 30,	which	 are	 permeable	 to	 small	

molecules	 including	 ions,	 second	 messengers,	 inositol-3-phosphate,	 energy	 substrates	 and	

amino	acids	(Giaume	et	al.,	2010;	Escartin	and	Rouach,	2013).	

Among	the	different	factors	that	regulate	synaptic	plasticity,	glial	cells	are	key	players	in	

maintenance	of	synapse	homeostasis	(Eroglu	and	Barres,	2010).	Gliotransmitters	(GT)	released	

by	astrocytes	modulate	the	synaptic	activity	through	vescicular-dependent	endocytosis,	further	

activating	 intracellular	 calcium	 (Ca2+)	 signals.	 Glutamate,	 gamma-aminobutyric	 acid	 (GABA)	

and	ATP	are	the	most	studied	gliotransmiters.	Astrocytic	membranes	are	enriched	in	glutamate	

and	 GABA	 transporters	 (GAT)	 that	 are	 differentially	 expressed	 throughout	 the	 adult	 brain.	

These	transporters	serve	as	an	efficient	mechanism	for	clearing	these	neurotransmitters	(NTs)	

from	the	extracellular	space	after	neuronal	activity	(Danbolt,	2001).	Glutamate	transporters,	
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concretely	GLAST	(EAAT1)	and	GLT1	(EAAT2)	are	responsible	for	removing	80%	of	glutamate	

released	from	the	presynaptic	neurons,	being	just	20%	of	glutamate	taken	up	by	post-synaptic	

glutamate	 transporters	 (Iovino	et	 al.,	 2020).	 In	 astrocytes,	 glutamate	 can	be	metabolized	 to	

glutamine-by-glutamine	synthetase	(GS),	then	being	released	to	the	extracellular	space	to	be	

taken	up	by	neurons	and	used	to	resynthesize	glutamate	or	GABA	(Iovino	et	al.,	2020).	GLT-1	

and	GLAST	deficient	rats	developed	neurodegeneration	and	progressive	paralysis	(Iovino	et	al.,	

2020).	Regarding	to	GABA	transporters,	GAT-3	is	the	most	abundant	GAT	in	astrocytes	and	is	

localized	 in	astrocytic	processes	 that	are	adjacent	 to	 synapses	and	cell	bodies.	Activation	of	

GAT-3	 results	 in	 a	 rise	 in	 Na+	 concentrations	 in	 hippocampal	 astrocytes	 and	 a	 consequent	

increase	in	intracellular	Ca2+	through	the	action	of	Na+/Ca2+	exchangers	(Doengi	et	al.,	2009).	

Thus,	 GABA-uptake	 by	 astrocytic	 GAT-3	 can	 stimulate	 the	 release	 of	 ATP/adenosine	 that	

contributes	 to	 downregulation	 of	 the	 excitatory	 synaptic	 transmission	 and	 provides	 a	

mechanism	for	homeostatic	regulation	of	synaptic	activity	(Boddum	et	al.,	2016).	Interestingly,	

alteration	of	GABA	release	is	associated	with	various	pathological	conditions	such	as	epilepsy	

(Pirttimaki	et	al.,	2013),	Alzheimer’s	disease	(AD)	(Jo	et	al	2014)	and	Huntington	Disease	(HD)	

(Wójtowicz	et	al.,	2013).	Astrocytes	predominantly	show	potassium	(K+)	conductance	(Hertz	et	

al	2013),	which	is	mainly	mediated	by	Kir4.1,	aquaporin-4,	chloride	channels,	or	sodium	(Na+)	

-Ca2+	exchangers	(Halnes	et	al.,	2013).	This	allows	the	rapid	uptake	of	K+	from	the	synaptic	cleft	

and	redistribution	of	K+	in	the	extracellular	space	during	neuronal	activity	(Seifert	et	al.,	2018).	

Furthermore,	 AQP4,	 that	 transports	 water,	 and	 Na+-Ca2+	 exchangers	 are	 involved	 in	 the	

maintenance	of	a	correct	pH	surrounding	the	synapse	(Obara	et	al.,	2008).	

Astrocytic	glycogen	utilization	can	support	neuronal	activity	in	hypoglycemic	conditions	

and	through	transient	events	where	neuronal	activity	is	increased	(Brown	et	al.,	2007;	Won	Suh	

et	 al.,	 2007).	 Moreover,	 while	 glycogen	 mobilization	 may	 also	 fulfill	 the	 astrocytes’	 own	

metabolic	 needs	 (Sickmann	 et	 al.,	 2009;	 Walls	 et	 al.,	 2009),	 glycogen	 breakdown	 typically	

results	in	lactate	production	and	release	in	the	extracellular	space	to	provide	neuronal	energy	

needs	(Dringe	et	al.,	1993;	Walls	et	al.,	2009).	Moreover,	astrocytic	glycogen	mobilization	 is	

relevant	in	maintaining	glutamatergic	synaptic	transmission	(i.e.,	neurotransmitter	release),	as	

demonstrated	in	neuron-astrocyte	co-culture	models	(Sickmann	et	al.,	2009;	Mozrymas	et	al.,	

2011).	There	 is	evidence	suggesting	 that	astrocytes	have	a	greater	metabolic	plasticity	 than	

neurons.	 Astrocytes	 respond	 to	 nitric	 oxide	 (NO)	 with	 an	 increase	 in	 glucose	 metabolism	

through	the	glycolytic	pathway,	thereby	limiting	the	fall	in	ATP	levels	and	preventing	apoptosis.	

In	neurons,	however,	this	response	does	not	seem	to	be	present,	and	a	similar	NO	challenge	
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causes	 a	 massive	 ATP	 depletion,	 leading	 to	 apoptosis	 (Almeida	 et	 al.,	 2001).	 Furthermore,	

metabolic	astrocyte-neuron	interactions	(in	particular	through	lactate	release	by	astrocytes)	

also	influence	higher	brain	functions,	such	as	long-term	memory	formation	(Suzuki	et	al	2011).	

In	addition	to	the	release	of	trophic	molecules,	astrocytes	play	an	important	role	in	the	

antioxidant	defense	of	the	brain.	Cellular	respiration	produces	reactive	oxygen	species	(ROS).	

The	 production	 of	 ROS	 is	 tightly	 regulated	 by	 antioxidant	 defense	 in	 the	 brain.	 Indeed,	

uncontrolled	 ROS	 production	 is	 deleterious	 for	 neurons	 and	 involved	 many	 pathological	

conditions	(Vicente-Gutierrez	et	al.,	2019).	This	feature	makes	astrocytes	as	cellular	sentinels	

of	 neuronal	 energy	 metabolism	 (Dringen	 et	 al.,	 2000).	 Astrocytes	 secrete	 higher	 levels	 of	

various	antioxidant	molecules	and	ROS-	detoxifying	enzymes	compared	to	neurons,	including	

glutathione,	ascorbic	acid,	heme-oxygenase	1,	glutatione	peroxidase,	glutathione	S	transferase,	

catalase,	 and	 thioredoxin	 reductase	 (Dringen	 et	 al.,	 2000;	 Shih	 et	 al	 2003;	 Bélanger	 and	

Magistretti,	2009).	

In	the	last	decade,	many	studies	reported	astrocytes	as	CNS	phagocytes	that	clear	dead	

cells	 and	parts	 of	 live	 cells,	 such	 as	 synapses	 and	 axons	 (Jung	 and	Chung	2018),	 as	well	 as	

extracellular	protein	aggregates	(Lindström	et	al.,	2017;	Loria	et	al	2017;	Sacino	et	al	2017).	

Multiple	 pathways	 and	 receptors	 have	 been	 demonstrated	 to	 participate	 in	 this	 astrocytic	

mechanism	(Cahoy	et	al.,	2008).	However,	all	the	proteins	and	the	mechanism	behind	this	novel	

astrocytic	function	are	not	completely	dissected.	

1.2.1 Astrocytes	cooperate	with	microglia	to	clear	up	the	CNS	

Appropriate	 clearance	of	potentially	harmful	material,	 such	as	dead	 cells,	 synapses	or	

protein	aggregates,	is	necessary	for	the	development,	maintenance,	and	regeneration	of	CNS.	

As	mentioned	above,	microglia	are	historically	considered	the	tissue-resident	macrophages	

of	the	brain,	and	efficiently	remove	potentially	harmful	extracellular	materials	(Kabba	et	al.,	

2017,	Colonna	and	Butovsky,	2017).	However,	many	extracellular	targets	are	mostly	common	

between	 astrocytes	 and	 microglia,	 although	 astrocytes	 are	 considered	 less	 efficient	 in	

engulfing	 and	 degrading	 extracellular	 material	 (Lee	 J.K.	 et	 al.,	 2021).	 Astrocyte-mediated	

elimination	of	extracellular	material	was	reported	in	the	mammalian	brain	more	than	half	a	

century	ago	(Colonnier,	1964;	McMahan,	1967;	Mugnaini	and	Walberg,	1967).	In	2008,	Cahoy	

and	colleagues	(Cahoy	et	al.,	2008),	by	performing	microarray	analysis	of	isolated	astrocytes,	

identified	several	receptors,	including:	AXL	and	MERTK,	both	of	which	are	members	of	the	
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TYRO3/AXL/MERTK	(TAM)	family	phagocytic	receptors	(Lemke,	2013),	MEGF10,	which	is	a	

mammalian	homolog	of	Drosophila	phagocytic	receptor	Draper	(Freeman	et	al.,	2003),	αvβ5	

integrin	(Finnemann	et	al.,	1997),	and	LRP1	(Gardai	et	al.,	2005).	Additionally,	other	cytosolic	

or	transmembrane	molecules	as	Crk1	(ced-2),	Dock1	(ced-5)	and	Gulp1	(ced-6),	which	are	

homologous	of	phagocytic-related	genes	for	apoptotic	cells	in	C.	elegans,	point	astrocytes	as	

phagocytes	in	the	context	of	gene	expression	profiles.	(Figure	1.3)	

	

	
	

Figure	1.3	Receptors	for	the	recognition	of	extracellular	material	by	astrocytes.	Astrocyte-specific	

receptors	are	shown	in	magenta	and	receptors	commonly	expressed	by	both	astrocytes	and	microglial	

cells	 are	 shown	 in	 black	 and	white.	 The	 ligands	 for	 each	 phagocytic	 receptor	 are	 also	 represented.	

(Adapted	from	Konishi	et	al.,	2022)	

	

In	 vivo	 studies	 have	 reported	 that	 astrocytes,	 rather	 than	 microglia,	 predominantly	

engulfed	cell	debris	and	dying	or	dead	cells	but	with	a	 smaller	 size	 (Damisah	et	al.,	2020;	

Morizawa	et	al.,	2017).	Moreover,	studies	using	cultured	astrocytes	indicated	that	kinetics	of	

both	uptake	and	digestion	of	 cell	 debris	 are	 significantly	 lower	 in	 astrocytes	 compared	 to	

microglia	 (Lööv	 et	 al.,	 2015;	 Magnus	 et	 al.,	 2002).	 Thus,	 the	 astrocytic	 clearance	 of	

extracellular	 material	 is	 expected	 to	 be	 lower	 than	 in	 microglia.	 Recently,	 Damisah	 and	

colleagues	 demonstrate	 that	 astrocytes	 internalized	 the	 cell	 body	 of	 apoptotic	 neurons	

instead	of	microglia	when	microglia	were	pharmacologically	depleted	(Damisah	et	al.,	2020).	

These	findings	suggest	that	astrocytes	can	offer	a	significant	help	in	brain	clearance	activity	

and	may	compensate	for	impaired	microglial	phagocytosis	(Konishi	et	al.,	2020).		

et al., 2013). In addition to inducing an inflammatory milieu, the accu-

mulated cell debris, such as those of axons and myelin, can be a physi-

cal or molecular barrier to the growth of axons during development

and disease (Chen et al., 2000; Schwab & Caroni, 1988; Tanaka

et al., 2009). Therefore, appropriate clearance of dead cells by phago-

cytosis is necessary for the development, maintenance, and regenera-

tion of the CNS. In addition to dying or dead cells, whole or parts of

live cells are eliminated by phagocytosis. For instance, synaptic con-

nections are initially overbuilt during development, and phagocytic

pruning of unnecessary synapses is essential for the establishment of

proper neural networks (Chung et al., 2013; Paolicelli et al., 2011;

Rakic et al., 1986; Riccomagno & Kolodkin, 2015). Synaptic formation

and elimination also occur in adulthood in an experience-dependent

manner (Trachtenberg et al., 2002).

Microglia, the resident mononuclear cells of the CNS (Ajami

et al., 2007; Ginhoux et al., 2010; Mildner et al., 2007), are regarded

as the main phagocytes in the CNS because of their high phagocytic

capacity (del Rio-Hortega, 1932; Marquez-Ropero et al., 2020; Wolf

et al., 2017). However, the phagocytic capacity of astrocytes, the

multifunctional glial cells in the CNS (Abbott et al., 2006; Araque

et al., 1999; Attwell et al., 2010; Sofroniew & Vinters, 2010;

Verkhratsky & Nedergaard, 2018), has been highlighted in the last

decade. A breakthrough might be the study showing that astrocytes

eliminate synapses by phagocytosis in the developing brain (Chung

et al., 2013). Following this study, the phagocytic activity of astrocytes

has been in the spotlight, with reports of astrocytic phagocytosis

increasing over the last few years. Accordingly, astrocytes, in addition

to microglia, are established as CNS phagocytes that clear dead cells

and parts of live cells, such as synapses and axons (Jung &

Chung, 2018). However, most of these phagocytic targets of

astrocytes can also be phagocytosed by microglia, raising the question

of how astrocytic phagocytosis differs from microglial phagocytosis,

and how these two phagocytic systems cooperate. Recently, many

review articles have described the phagocytic activity of astrocytes;

however, the difference or coordination between astrocytes and

microglia has been discussed less. Therefore, in this review, we

address astrocytic phagocytosis by highlighting these elusive points.

Astrocytes also take up extracellular protein aggregates, such as

β-amyloid (Aβ) and α-synuclein (Koistinaho et al., 2004; H. J. Lee

et al., 2008; Wakabayashi et al., 2000; Yamaguchi et al., 1998). In this

review, however, we confined our scope to phagocytosis of live or

dead cells because of the prominent advances in recent studies.

2 | PHAGOCYTIC TARGETS AND THEIR
RECOGNITION RECEPTORS EXPRESSED BY
ASTROCYTES AND MICROGLIA

The major phagocytic receptors and adaptor molecules, with which

astrocytes and microglia recognize phagocytic targets, are shown in

Figure 1. The phagocytic targets, their recognition receptors, and key

references are shown in Table 1 (dead cells) and Table 2 (live cells).

Most studies presented in Tables 1 and 2 were performed using

rodents; however, all the phagocytic receptors described also exist in

humans, suggesting similar operation of these phagocytic systems in

humans.

Astrocytic phagocytosis was reported in the mammalian brain

more than half a century ago (Colonnier, 1964; McMahan, 1967;

Mugnaini & Walberg, 1967); however, the molecules involved were

mostly unknown until Cahoy et al. (Cahoy et al., 2008) performed

F IGURE 1 Major phagocytic
receptors for the recognition of
live or dead cells by astrocytes or
microglia. Astrocyte- or microglia-
specific receptors are shown in
magenta and blue, respectively.
Receptors commonly expressed
by both glial cells are shown in
black and white. The ligand(s) for
each phagocytic receptor are also
described
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Nearly	a	decade	ago,	astrocytes	emerged	also	as	pivotal	players	in	synaptic	elimination	

in	concert	with	microglia	(Chung	et	al.,	2013;	Paolicelli	et	al.,	2011;	Tremblay	et	al.,	2010;	Sipe	

et	al.,	2016;	Yang	et	al.,	2016).	Chung	et	al.	revealed	that	the	astrocytic	MEGF10	and	MERTK,	

both	of	which	are	receptors	for	dead	cells,	are	also	involved	in	synapse	removal	(Chung	et	al.,	

2013).	Interestingly,	studies	have	reported	that	synapses	are	preferentially	phagocytosed	by	

astrocytes	at	certain	conditions.	For	instance,	in	the	hippocampal	CA1	region	of	normal	adult	

mice,	 the	 number	 of	 internalized	 synapses	 is	 larger	 within	 astrocytes	 than	 microglia,	

indicating	that	astrocytic	mechanism	is	predominant	(Lee	J.	K.	et	al	2021).	Astrocyte-mediated	

synapse	elimination	occurs	both	in	physiological	context	such	as	in	brain	development	and	

experience-dependent	 plasticity	 (Wolff	 and	Missler,	 1993;	 Kamiyama	 et	 al.,	 2006),	 and	 in	

pathological	condition	as	an	early	feature	of	Neurodegenerative	Diseases	(NDs)	(Henstridge	

et	al.,	2018).	A	more	detailed	dissection	of	astrocyte-mediated	synapses	elimination	will	be	

discussed	in	later	section.	

Furthermore,	astrocytes	have	been	showed	to	take	up	extracellular	protein	aggregates,	

such	 as	 β-amyloid	 (Aβ),	 Tau	 and	 α-syn	 (Koistinaho	 et	 al.,	 2014;	 Lee	 H.	 J.	 et	 al.,	 2008;	

Wakabayashi	 et	 al.,	 2000).	 Studies	 in	 cultured	 cells	 from	 rats	 or	 mice	 have	 reported	 the	

involvement	of	the	scavenger	receptor-A,	low-density	lipoprotein	receptor-related	protein	1	

and	integrin-associated	protein	in	the	internalization	of	Aβ	both	in	astrocytes	and	microglia	

(Liu	C.C.	et	al.,	2017;	Jones	et	al.,	2013;	Zhang	et	al.,	2014).	Additionally,	integrin-associated	

protein	 has	 been	 shown	 to	 mediated	 astrocytes	 Tau	 PFFs	 internalization	 (Wang	 and	 Ye,	

2021).	The	internalization	of	monomeric,	oligomeric	or	fibrillar	α-syn	in	astrocytes	seems	to	

be	quite	different	depending	on	the	molecular	species,	and	the	exact	mechanism	is	still	under	

investigation	(Dilsizoglu	Senol	et	al.,	2021;	Rostami	et	al.,	2017).	In	vitro	studies	have	reported	

that	microglia	displayed	faster	degradation	rate	compared	to	astrocytes	which,	conversely,	

appeared	to	store	or	release	α-syn	aggregates	rather	than	degrade	them	(Rostami	et	al.,	2021).	

However,	 astrocytes	 have	 been	 clearly	 reported	 as	 pivotal	 players	 in	 α-syn	 uptake	 and	

degradation	(Rostami	et	al.,	2021;	Gustafsson	et	al.,	2017;	Rostami	et	al.,	2017,	Huang	et	al.,	

2022;	Ihse	et	al.,	2017).	A	more	detailed	digression	of	astrocyte-mediated	α-syn	uptake	will	

be	described	in	later	section	(Section	3.2.1). 	
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2. Astrocyte-mediated	synapse	elimination	

Synaptic	connections	are	initially	overbuilt	during	development,	and	phagocytic	pruning	

of	unnecessary	synapses	is	essential	for	the	establishment	of	proper	neural	networks	(Chung	

et	al.,	2013;	Paolicelli	et	al.,	2011).	Moreover,	within	the	mature	CNS,	the	refinement	of	neuronal	

networks	is	a	dynamic	activity-dependent	process	involving	synapse	elimination	(Clarke	and	

Barres,	2013).	Synaptic	formation	and	elimination	also	occur	in	adulthood	in	an	experience-

dependent	manner	(Trachtenberg	et	al.,	2002).	Those	unwanted	synapses	need	to	be	removed	

to	 obtain	 precise	 neuronal	 connection	 (Chung	 et	 al.,	 2013;	 Schafer	 et	 al.,	 2012).	 Synapses	

elimination	 continues	 in	 the	 adult	 nervous	 system, in	 the	 form	 of	 experience-dependent	

structural	synaptic	plasticity,	although	the	frequency	of	elimination	events	might	decline	with	

aging.	Remodeling	of	synapses	network	is	crucial	for	the	formation	of	the	brain	circuit,	and	it	

plays	 a	 crucial	 role	 in	 learning	 and	memory.	 An	 abnormal	 elimination	 of	 synapses	 during	

development	 could	 lead	 to	 an	 increase	or	decrease	of	 synapses	density,	which	might	 cause	

schizophrenia	or	autism	spectrum	disorders	(Penzes	et	al.,	2011).	Compelling	evidence	shows	

that	synapse	elimination	by	astrocytes	and	microglia	 is	 important	 in	 the	activity-dependent	

wiring	of	the	brain.	(Schafer	et	al.,	2012;	Chung	et	al.,	2013;	Sipe	et	al.,	2016;	Yang	et	al.,	2016).	

For	 instance,	 in	 the	 developing	 retino-thalamic	 system,	 a	 well-characterized	 model	 for	

experience-dependent	synaptic	refinement	(Penzes	et	al.,	2011)	has	been	demonstrated	that	

microglia	are	active	players	in	experience-dependent	remodeling	of	neural	circuits	(Tremblay	

et	al.,	2010;	Schafer	et	al.,	2012;	Sipe	et	al.,	2016).	However,	a	sensory	deprivation	i.e.	closure	

of	 one	 eye,	 during	 the	 visual	 critical	 period	 results	 in	 enhanced	 engulfment	 of	 synaptic	

terminals	by	astrocytes	(Chung	et	al.,	2013;	Sipe	et	al.,	2016).		

Several	pathways	and	receptors	have	been	implicated	 in	synapse	elimination.	Synapse	

elimination	could	occur	via	autonomous	pathways	within	the	damaged	neuron,	due	to	localized	

“eat-me”	signals	(Wishart	et	al.,	2006;	Ertürk	et	al.,	2014)	or	via	active	non-cell-autonomous	

removal	of	synapses	by	surrounding	glial	cells	(Hong	et	al.,	2016;	Paolicelli	et	al.,	2017).	After	

having	identified	astrocytic	MEGF10	and	MERTK	as	receptor	for	synapse	elimination,	Chung	

and	 colleagues	 reported	 the	 significance	 of	 MEGF10	 in	 synaptic	 elimination	 in	 adult	 mice.	

Indeed,	they	demonstrated	that	astrocytes	eliminate	excitatory	synapses	through	MEGF10	in	

the	adult	hippocampus	to	maintain	circuit	homeostasis	or	form	memories	(Lee	J.	K.	et	al	2021).	

Indeed,	 using	 an	 AAV-based	 phagocytic	 reporters	 that	 allow	 the	 detection	 of	 synapse	

engulfment	by	glial	cells,	Lee	and	colleagues	showed	that	astrocytes	are	the	major	player	in	the	

elimination	excitatory	and	inhibitory	pre-	and	post-synapses	in	the	hippocampal	CA1	(Lee	J.	K.	
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et	al	2021).	Interestingly,	it	has	been	showed	that	activating	the	hippocampal	CA1	region	leads	

to	 an	 enhance	 astrocyte-mediated	 excitatory	 synapse	 elimination	 instead	 of	 microglia-

mediated	elimination.	While	the	absence	of	astrocityc-Megf10	in	adult	hippocampus	results	in	

a	 rapid	 increase	 in	 the	 number	 of	 excitatory	 instead	 of	 inhibitory	 synapses	 that	 lead	 to	 a	

learning	and	memory	formation	deficits	(Lee	J.	K.	et	al	2021).	Furthermore,	it	has	been	shown	

that	astrocytes	contribute	 to	synapse	elimination	 in	an	 inositol	1,4,5-triphos-phate	receptor	

type	2	(IP3R2)-dependent	manner	via	activation	of	purinergic	signaling	(Yang	et	al.,	2016).	In	

addition,	astrocytic	Ephrin-B1	was	shown	to	mediate	astrocyte-mediated	elimination	of	EphB	

receptor-positive	 synapses,	 regulating	 long-term	contextual	memory	 (Koeppen	et	 al.,	 2018)	

(Figure	1.3)	

Extracellular	material	elimination,	as	well	as	synapses,	seem	to	be	triggered	through	the	

recognition	of	an	"eat-me"	signals	exposed	at	the	surface	of	target	debris.	Of	note,	phosphatidyl	

serine	 (PS)	has	been	 reported	as	one	of	 the	major	 “eat-me”	 signal	 exposed	on	 the	 synaptic	

surface	that	cause	glial-mediated	synapses	elimination	in	a	similar	manner	as	in	apoptotic	cells	

removal	 (Györffy	 et	 al.,	 2018; Li	 et	 al.,	 2020;	 Park	 et	 al.,	 2021;	 Scott-Hewitt	 et	 al.,	 2020).	

However,	in	some	cases,	bridging	molecules	which	binds	to	"eat-me"	signal,	may	be	required.	

Lemke	and	colleagues,	demonstrate	that	MERTK	recognizes	PS	on	the	synaptic	surface	via	Gas6	

or	 ProS	 (Park	 et	 al.,	 2021).	 (Figure	 2.1)	 Conversely,	 Chung	 et	 al.	 demonstrate	 that	 the	

complement	component	1q	(C1q),	which	is	required	for	apoptotic	cell	removal,	is	not	involved	

in	MEGF10-dependent	synapses	elimination	(Chung	et	al.,	2013;	Iram	et	al.,	2016).	In	addition,	

recent	studies	 identified	an	 isoform	of	 the	adhesion	G-protein	coupled	receptor	GPR56	as	a	

novel	PS	receptor	(Chiou	et	al.,	2021).	GPR56	 is	highly	expressed	 in	astrocytes	and	a	direct	

binding	of	GPR56	to	the	PS	exposed	at	the	synaptic	surface,	as	in	microglial	cells,	could	triggers	

synapses	elimination	(Chiou	et	al.,	2021)	(Figure	1.3).		

An	 interesting	 aspect	 is	 the	 crosstalk	 between	 microglia	 and	 astrocytes	 in	 synapse	

elimination.	Collecting	evidence	indicates	that	microglia	modulate	astrocytic	function	as	well	

as	 astrocytes	 can	 regulate	 microglial	 phenotypes	 (Jha	 et	 al.,	 2019).	 Astrocyte-microglia	

crosstalk	will	be	discussed	more	in	detail	in	Section	2.5.	

While	 synapse	 elimination	 in	 the	 context	 of	 brain	 development	 and	 experience-

dependent	 plasticity	 is	 a	 physiological	 process	 (Wolff	 and	 Missler,	 1993;	 Kamiyama	 et	 al.,	

2006),	its	later	and	dysregulated	occurrence	is	recognized	as	an	early	pathological	feature	of	

NDs	(Henstrige	et	al.,	2018)	(Figure	2.2).	Indeed,	one	of	the	earliest	hallmarks	of	NDs	is	the	loss	
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of	 presynaptic	 terminals	 and	 dendritic	 spines,	 which	 correlate	 with	 cognitive	 impairment	

(Scheff	et	al.,	2014).	Moreover,	the	majority	of	NDs	are	characterized	by	the	accumulation	of	

toxic	protein	aggregates	(Soto	and	Pritzkow,	2018).	In	such	diseases	as	PD	and	AD,	pathological	

proteins	 often	 accumulate	 at	 the	 synapse	 (Henstridge	 et	 al.,	 2018),	 leading	 to	 synaptic	

dysfunction	 and	 increasing	 synapses	 vulnerability	 (Pieri	 et	 al.,	 2003;	 Shankar	 et	 al.,	 2007;	

Crimins	et	al.,	2012).	Yet,	 the	causes	and	 the	molecular	mechanisms	 leading	 to	pathological	

synapse	loss	have	not	been	fully	elucidated	(Henstridge	et	al.,	2016).	

Taken	together	all	these	findings	confirmed	that	astrocytes	take	part	to	the	clearance	of	

synapses	in	physiological	and,	possibly,	pathological	processes.	Interestingly,	distinct	receptors	

and/or	 “eat-me”	 signals	might	 be	 recruited	 in	 the	 two	 contexts	 or	 even	 specific	molecular	

machineries	might	be	involved	according	to	the	function	required.		

2.1. Sleep-wake	cycle		

Various	studies	have	shown	that	information	gathered	during	wake	periods	significantly	

influences	synapse	activation,	leading	to	a	net	increase	in	synaptic	strength.	In	contrast,	sleep	

causes	a	general	weakening	of	synapses	and	restores	synaptic	homeostasis,	both	of	which	are	

necessary	for	the	consolidation	and	integration	of	memories.	Using	two-photon	microscopy	or	

serial	scanning	electron	microscopy,	it	has	been	revealed	that	the	quantity	and	size	of	dendritic	

spines	in	the	higher	cortical	regions	of	mice	decreased	during	the	sleep	phase	(de	Vivo	et	al.,	

2017;	Bushey	et	al.,	2011).	Additionally,	it	has	been	discovered	that	Homer1a-	and	mGluR1/5-

dependent	 pathways	 cause	 the	 removal	 and	 dephosphorylation	 of	 AMPA	 receptors	 during	

sleep,	which	cause	a	consequent	net	weakening	of	synapses	(Diering	et	al.,	2017).	Synapses	

weakening	and	depression	could	lead	to	structural	elimination,	thus,	it	might	suggest	a	glial-

mediated	synapse	clearance	role	 in	sleep-wake	cycle.	Numerous	studies	have	demonstrated	

that	sleep	can	enhance	astrocytes	phagocytosis	ability	in	Drosophila.	Indeed,	sleep	facilitates	

Draper/MEGF10-dependent	 glial	 elimination	 of	 degenerating	 axons	 and	 weak	 synapses	 in	

axotomized	flies	(Stanjope	et	al.,	2020)	(Figure	2.1).	Even	though	the	relevance	of	these	findings	

in	injured	brain	is	unclear,	it	suggests	the	potential	role	of	sleep-wake	cycle	as	a	regulator	of	

astrocytes	clearance	in	healthy	mammalian	brains.	In	contrast,	data	in	a	mouse	model	of	acute	

sleep	 deprivation,	 demonstrate	 that	 astrocytic	 elimination	 of	 synapses,	 but	 not	 microglial	

phagocytosis,	was	promoted	in	the	cerebral	cortex	(Bellesi	et	al.,	2017).	Although	sleep	deficits	

in	rodents	causes	an	increased	expression	of	astrocytic	Mertk	and	Gas6,	no	changes	in	synaptic	
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density	 or	 axonal	 spine	 number	 point	 that	 overexpression	 of	 does	 receptor	 not	 directly	

influence	synapses	elimination	(Bellesi	et	al.,	2017).		

Future	studies	are	required	to	clarify	whether	astrocytes	can	eliminate	weak	synapses	

during	 normal	 sleep,	 and	 the	 consequent	 general	 role	 of	 persistent	 sleep-dependent	

engulfment	of	synapses	in	the	adult	CNS.	

 
2.2. Aging	

Aging	 causes	 major	 changes	 in	 glial	 gene	 expression	 as	 well	 as	 synapse	 dynamics.	

Interestingly,	 C1q	 accumulates	 in	 aged	 brains	 approximately	 300-folds	 more	 than	 that	 in	

younger	 brains	 (Boisvert	 et	 al.,	 2018;	 Pan	 et	 al.,	 2020;	 Stephan	 et	 al.,	 2013).	 It	 has	 been	

hypothesized	 that	 the	 significant	 accumulation	 of	 C1q	 protein	 makes	 the	 brain	 more	

susceptible	to	the	hyperactivation	of	the	complement	cascade	and	the	injury	from	unchecked	

microglial	phagocytosis	(Hong	et	al.,	2016).	Notably,	an	increase	in	C1q	binding	to	unwanted	

synapses	induce	an	excessive	microglia-mediated	synapses	elimination.	Whereas	there	is	no	

evidence	 that	 an	 increased	 C1q-synapses	 binding	 affects	 astrocytes-mediated	 clearance.	 In	

Drosophila	Melanogaster	aged	brains,	it	has	been	reported	that	a	reduced	translation	of	Draper	

and	a	 consequent	decrease	 in	glial	 cells	phagocytosis	 (Purice	et	 al.,	 2016)	 (Figure	2.1).	The	

restoration	 of	 Draper	 level	 improves	 glial	 cells'	 ability	 to	 remove	weak	 synapse	 as	well	 as	

damaged	axonal	debris	in	old	brains,	similar	as	in	the	young	brains.	These	results	suggest	that	

a	 reduced	 translation	 of	 phagocytosis-related	 genes	may	 result	 in	 an	 increase	 of	 senescent	

synapses	and	synaptic	debris	thus	contributing	to	aging-related	dysfunction	such	as	synaptic	

homeostasis.	In	the	context	of	aged-human	brain,	un	unbalanced	synaptic	homeostasis	might	

cause	neuroinflammation	and	expose	healthy	synapses	to	damage.		

Despite	all	of	those	finding,	the	exact	role	of	astrocytes	in	regulating	synapse	loss	in	aged-

brain	and	the	mechanism	behind	this	process	need	to	be	clarified	in	the	future.	
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Figure	2.1	Potential	changes	in	astrocyte-mediated	synapse	elimination	during	sleep	and	aging.	

Under	physiological	conditions,	astrocytes	 (green)	mediate	synapse	(light	blue)	elimination	 through	

MERTK	 (blue)	 and	 MEGF10/Draper	 (red)	 receptors.	 During	 sleep,	 MEGF10/Draper	 may	 be	

upregulated,	 leading	 to	 enhanced	 synapse	 phagocytosis.	 In	 normal	 aging,	 downregulation	 of	

MEGF10/Draper	translation	have	been	reported,	decreasing	synapse	phagocytosis	(adapted	from	Lee	

and	Chung	et	al.,	2021).	

	

2.3. Neurodegenerative	diseases	and	brain	injury	

In	 pathological	 conditions,	 it	 has	 been	 demonstrated	 that	 neuroinflammation	 induce	

astrocytes	shift	to	reactive	“A1	or	A2	astrocytes”.	Although	this	classification	is	under	debate,	

astrocytes	 have	 been	 distinguished	 in	 these	 two	 polarized	 states:	 the	 neurotoxic	 or	 pro-

inflammatory	phenotype	(A1)	and	the	neuroprotective	or	anti-inflammatory	phenotype	(A2).	

(Escartin	et	al.,	2021).	Although	both	subtypes	commonly	express	certain	reactive	genes	such	

as	Gfap,	Vimentin,	Lcn2,	and	Cxcl10,	A1	and	A2	astrocytes	specifically	express	distinct	sets	of	

genes.	For	instance,	A1	astrocytes	displayed	a	decrease	capacity	to	eliminate	synapses,	which	

might	be	explained	by	the	observed	downregulation	of	MEGF10	and	MERTK	(Liddelow	et	al.,	

2017).	 A1	 astrocytes	 have	 been	 identified	 in	 several	NDs,	 as	 PD	 and	AD.	 Thus,	 it	 has	 been	

suggested	that	they	could	contribute	to	the	disease’s	progression	because	of	their	deficits	in	

synaptic	 removal	 (Liddelow	 et	 al.,	 2017;	 Yun	 et	 al.,	 2018;	 Joshi	 et	 al.,	 2019).	 It	 has	 been	

suggested	 that	 in	 APOE4	 knock-in	 mouse	 model	 of	 AD,	 astrocytes	 display	 a	 decreased	

phagocytic	activity	(Chung	et	al.,	2016).	 Indeed,	C1q	accumulation	has	been	observed	in	the	

synapse density, characteristic of autism spectrum disorder (ASD)
and schizophrenia, respectively.13

Previous research has demonstrated that CED-1, the C. elegans
ortholog of Drosophila Draper and mammalian MEGF10, clears
apoptotic cell bodies along with CED-6, CED-7, and CED-10.14 As-
trocytes in Drosophila also use Draper to eliminate apoptotic cell
bodies and neuronal debris during developmental neuronal circuit
remodeling and axonal degeneration. Consistent with these find-
ings, it was recently discovered that mouse astrocytes are involved
in synapse phagocytosis and clearance of neuronal debris using
MEGF10/MERTK pathways (Fig. 1a).5,6 MEGF10 works with GULP1
and ABCA1, homologs of nematode CED-6 and CED-7, respectively.6

MER tyrosine kinase (MERTK) is a member of the TYRO3/AXL/MER
receptor tyrosine kinase family. MERTK interacts with avb5 integrin
and induces the formation of the p130CAS/CrkII/Dock180 complex,
activating Rac1 and leading to the formation of lamellipodia and
eventual engulfment of apoptotic cells.15 Both MEGF10 and MERTK
may require bridging molecules, which bind to “eat-me” signals
exposed at the surface of target debris.

According toChunget al., astrocyte-mediated synapseelimination
is dependent on neuronal activity, wherein astrocytes preferentially
removeweaker synapses.5 Retinal ganglion cells (RGCs) indeveloping
mice deficient in both MEGF10 and MERTK show a failure in normal
connection refinement and, hence, retain excess functional but weak
synapses with their primary targetsdneurons in the dorsal lateral
geniculate nucleus. This finding provides evidence that astrocytes
actively participate in recognizing weak synapses, and eliminate
them rather than simply cleaning up dead synaptic debris. Moreover,
despite the fact that microglia have traditionally been thought to
represent the major glial cells that mediate synapse elimination,8

astrocytes also play a major role in eliminating synapses in the
developing dorsal lateral geniculate nucleus, and continuously engulf
both excitatory and inhibitory synapses throughout the brain during
adulthood.5 Thisfinding suggests that the synaptic architecture of the
brain is constantly being remodeled by astrocytes in response to
experience. This possibility could have profound implications for our
understanding ofmany neurobiological processes, including synaptic
plasticity, learning and memory, and disease.

Table 1
Phagocytic role of astrocytes in various conditions.

Role

Development Astrocytes phagocytose synapses via the MEGF10/MERTK pathway
Astrocytes release TGF-b which induces C1q expression in retinal ganglion cells, triggering microglial synapse elimination
Astrocytes secrete IL-33 which enhances microglial synapse elimination

Sleep/Wake Cycle Drosophila Draper expression is increased during sleep, promoting clearance of degenerating axons when damaged
Sleep promotes the clearance of degenerating axons in axotomized flies via Draper pathway
Sleep deprivation upregulates Mertk and Gas6 expression in astrocytes, enhancing overall astrocytic phagocytosis

Aging Draper expression is decreased in aged brains of Drosophila
Restoring Draper expression level in aged brain rescues phagocytic ability, enhancing clearance of damaged axonal debris
Astrocytes release C3 that may affect microglial synapse elimination

Ischemia Reactive astrocytes in ischemic brain upregulates ABCA1 and MEGF10 expression, resulting in clearance of neuronal debris
Ischemia in ABCA1 conditional KO brains induces more damages than WT brains

AD Astrocytes in AD brain may have low expression level of Mertk and Megf10, resulting in accumulation of senescent synapses, which
may lead to C1q accumulation
Astrocytes uptake Ab by Draper/MEGF10 pathway

Fig. 1. Potential Changes in Astrocytic Phagocytosis During Sleep and Aging. (a) Under physiological conditions, astrocytes (green) mediate synapse (light blue) elimination through
MERTK (blue) and MEGF10/Draper (red) receptors. (b) During sleep, MEGF10/Draper may be upregulated, leading to enhanced synapse phagocytosis. (c) In normal aging,
downregulation of MEGF10/Draper translation have been reported, decreasing synapse phagocytosis.

S.Y. Lee and W.-S. Chung Journal of Pharmacological Sciences 145 (2021) 223e227
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hippocampus	of	aged	APOE4	knock-in	mice,	suggesting	an	increased	amount	of	senescent	and	

weak	synapses	(Chung	et	al.,	2016).	In	contrast,	APOE2,	a	well-known	protective	allele	for	AD,	

has	been	shown	to	enhances	the	synapses	clearance	capacity	of	astrocytes	both	in	vitro	and	in	

vivo.	Indeed,	in	APOE2	knock-in	animals,	it	has	been	observed	a	significantly	decreased	of	C1q	

protein	suggesting	fewer	senescent	synapses	and	consequent	less	vulnerability	to	astrocyte-

mediated	synapse	elimination.	Although,	a	reduced	C1q	accumulation	might	suggests	less	weak	

and/or	 senescent	 synapse,	 a	 decrease	 clearance	 capacity	 of	 astrocytes	 can	 lead	 to	 the	

accumulation	 of	 potentially	 harmful	 material	 as	 synapses	 debris,	 that	 could	 trigger	 AD	

progression.	 Astrocyte-mediated	 synapse	 elimination	 has	 been	 showed	 also	 in	 amyloid	

precursor	protein	(APP)/PS1	mice,	a	genetic	model	of	AD.	Using	electron	microscopy	Gomez-

Arboledas	and	colleagues	showed	that	dystrophic	vesicular	glutamate	transporter	1	(VGLUT1)	

positive	terminals	being	cleared	by	astrocytic	endfeet	in	the	hippocampus	of	APP/PS1	mice.	

(Gomez-Arboledas	 et	 al.,	 2018).	 In	 PD,	 has	 been	 reported	 that	 striatal	 neural	 dynamics	

undergoes	profound	alteration.	Indeed,	striatal	medium	spiny	neurons	have	been	shown	to	be	

rapidly	eliminated	upon	dopamine	depletion	(Graves	and	Sumeier,	2019).	However,	the	exact	

role	of	astrocytes	as	well	as	microglia,	 in	mediating	synapse	 loss	 in	PD	need	 future	studies.	

Recently,	Shi	and	colleagues	demonstrated	that	during	the	poststroke	repair	and	remodeling	

stage,	 reactive	 astrocytes	 play	 a	 role	 in	 engulfing	 synapses	 through	MEGF10-	 and	MERTK-

related	pathways	(Shi	et	al.,	2021).	Interestingly,	mice	lacking	MEGF10	and	MERTK	receptors,	

they	found	that	a	decreased	astrocyte-mediated	synapse	engulfment	could	help	the	recovery	

of	ischemic	stroke	mice	but	not	of	hemorrhagic	stroke	mice.	By	comparing	the	transcriptomics	

of	 ischemic	 and	 hemorrhagic	 stroke	 mouse	 brains,	 they	 observed	 a	 downregulation	 of	

phagocytosis-related	genes	in	astrocytes	after	a	hemorrhagic	stroke.	Furthermore,	Morizawa	

and	colleagues	showed	that	after	transient	ischemic	injury,	reactive	astrocytes	use	ATP	binding	

cassette	subfamily	A	member	1	(ABCA1),	to	eliminate	synapses	(Morizawa	et	al.,	2017).		

All	 together,	 these	 findings	 suggest	 that	 astrocytes	 respond	 differentially	 to	 different	

pathological	microenvironments	and,	paradoxically,	 that	 in	some	condition	 the	 inhibition	of	

synapses	engulfment	could	be	beneficial	for	improving	neurobehavioral	outcomes	(Shi	et	al.,	

2021).	
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2.4. Astrocytes-microglia	crosstalk	in	synapses	elimination	

Recent	 research	 demonstrates	 that	 astrocytes	 not	 only	 eliminate	 synapses,	 but	 also	

facilitate	 microglia	 phagocytosis	 during	 development.	 In	 fact,	 during	 synapses	 maturation,	

astrocytes	 produce	 the	 cytokine	 interleukin-33	 (IL-33)	 (Vainchtein	 et	 al.,	 2018).	 The	 IL-33	

receptor	 gene	 Il1rl1	 is	 expressed	 in	microglial	 cells	 during	development,	 according	 to	RNA	

sequencing	data.	 In	mouse	brains,	 Il33	or	 Il1rl1	deletion	results	 in	 increased	excitatory	and	

inhibitory	synapse	density	and	decreased	synaptic	engulfment	by	microglia,	which	is	reversed	

by	IL-33	administration	(Vainchtein	et	al.,	2018).	This	suggests	that	the	formation	of	neuronal	

circuits	depends	on	the	removal	of	microglial	synapse	by	astrocytes.	Moreover,	transforming	

growth	 factor	b	 (TGFb)	 secretion	by	 astrocytes	 can	 increase	C1q	 expression	 and	 causes	 an	

excessive	microglial-mediated	synapses	removal	during	development	of	the	retinogeniculate	

system	(Bialas	and	Stevens,	2013).	C1q-mediated	mechanism	has	been	demonstrated	as	major	

pathway	that	allows	microglia	to	engulf	synapses.	When	C1q	binds	to	synapses,	it	induces	the	

shift	of	complement	component	3	(C3)	 into	C3b,	which	activates	the	microglial	complement	

receptor	3	(CR3)	and	promotes	synapses	engulfment	(Schafer	et	al.,2012;	Stevens	et	al.,	2007;	

Gunner	et	al.,	2019).	Interestingly,	 in	aged	murine	brain	astrocytes	express	C3,	the	ligand	of	

microglial-CR3	receptor,	pointing	to	astrocytes	as	possible	active	players	in	synapses	removal	

through	complement-dependent	microglial	phagocytosis	in	aging	(Lian	et	al.,	2016).		

Furthermore,	 several	 studies	 suggested	 that	 the	 release	of	 different	pro-inflammatory	

molecules,	 such	 as	 IL-1α,	 TNF-α,	 and	 C1q,	 by	 microglia	 can	 induce	 astrocytes’	 shift	 to	

neurotoxic	“A1	astrocytes”.	As	mentioned	above,	A1	astrocytes	display	a	decreased	phagocytic	

activity	(Liddelow	et	al.,	2017),	suggesting	that	microglia-derived	pro-inflammatory	molecules	

reduce	 clearance	 activity	 of	 astrocytes.	 Similarly,	 during	development,	microglial	 activation	

through	TREM2-mediated	signal,	inhibits	synapses	elimination	by	astrocytes	(Jay	et	al.,	2019).	

Notably,	 astrocytes	 engulfed	 more	 synaptic	 elements	 in	 Trem2	 knockout	 mice.	 Moreover,	

cultured	astrocytes	show	a	decreased	synaptosomes	uptake	when	they	were	incubated	for	24	

hours	with	microglial	conditioned	media	derived	from	wild-type	mice	and	not	from	the	Trem2	

knockout	mice.	These	data	suggesting	that	TREM2-mediated	microglial	activation	stimulates	

secretion	of	some	factor	that	inhibit	astrocytic	synapses	elimination.	

Although	these	data	clearly	confirm	a	pivotal	role	of	astrocyte-	and	microglia-released	

molecules	in	synapse	elimination,	future	research	is	required	to	reveal	specific	conditions	that	

can	trigger	this	process.	 	
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3. Astrocyte-mediated	clearance	of	protein	aggregates	

Proteinopathies	 of	 the	 CNS	 are	 characterized	 by	 the	 progressive	 accumulation	 of	

misfolded	and	aggregated	proteins,	finally	resulting	in	neuronal	dysfunction	and	death.	These	

neurodegenerative	processes	 start	 as	 a	 stochastic	 event,	 by	 virtue	of	which	native	proteins	

dismiss	their	original	conformation	and	turn	into	insoluble	fibrils	(Soto	and	Pritzkow,	2018,	

Ross	and	Poirier,	2004).	α-syn	is	one	of	prototypical	examples	of	amyloidogenic	proteins	and	

similarities	 in	 their	 course	 of	misfolding,	 aggregation	 and	 spreading,	 support	 the	 idea	 that	

common	aberrant	mechanisms	may	set	off	their	pathological	implication	in	synucleinopathies.	

(Bayer,	2015).	Neurons	can	secrete	fibrillar	debris	via	unconventional	exocytosis	mechanisms	

as	an	extreme	attempt	of	the	cells	to	discard	toxic	proteins;	alternatively,	fibrils	can	be	poured	

into	the	extracellular	space	upon	membrane	disruption	(Lee	H.	J.	et	al.,	2005;	Wang	et	al.,	2017;	

Jang	et	al.,	2010;	Emmanouilidou	et	al.,	2010;	Pérez	et	al.,	2019).	Irrespective	of	the	mechanisms	

of	release,	protein	aggregates	are	likely	to	accumulate	and	clutter	the	extracellular	space,	thus	

perturbing	brain	homeostasis	and	inducing	neuronal	dysfunction.	Indeed,	it	has	been	shown	

that	 extracellular	 aggregates	 can	 alter	 neurotransmitters’	 signaling,	 impair	 synaptic	

transmission	and	 long-term	potentiation,	and	 induce	cellular	 toxicity	(Diògenes	et	al.,	2012;	

Gòmez-Ramos	et	al.,	2006;	Puzzo	et	al.,	2017).	Moreover,	a	correlation	between	the	appearance	

of	 extracellular	 aggregates	 and	 the	 onset	 of	NDs	 does	 exist	 (Medina	 and	Avila	 et	 al.,	 2014;	

Volpicelli-Daley	et	al.,	2011;	Luk	et	al.,	2012;	Lee	S.	J.	et	al.,	2010).	Therefore,	the	proper	removal	

of	extracellular	aggregates	is	crucial	to	preserve	a	viable	microenvironment	and	prevent	CNS	

damage.		

However,	the	mechanisms	and	the	key	modulators	responsible	for	fibrils	recognition	and	

internalization	by	astrocytes	have	not	been	identified	yet.		

	

3.1 Parkinson’s	disease	

3.1.1 Epidemiology	and	classification	

PD	was	first	described	as	‘paralysis	agitans’	by	James	Parkinson	in	1817.	PD	is	the	second	

most	common	neurodegenerative	disorder	after	AD	and	has	severe	implication	for	patients	and	

their	families	(Alves,	2008).	PD	is	a	chronic	and	progressive	disorder	without	cure	and	affecting	

1%	of	the	population	over	65	years.	The	prevalence	of	PD	is	higher	in	Europe,	North	America	

and	South	Africa	compared	to	other	countries	(Kalia	and	Lang,	2015).	Moreover,	ethnicity	and	
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gender	are	risk	factors	for	the	disease	(Kalia	and	Lang,	2015).	In	USA,	the	incidence	of	PD	is	

highest	in	Hispanic	derived	people,	and,	in	most	populations,	PD	is	twice	as	common	in	men	

than	in	female	(Van	Den	Eeden	et	al.,	2003;	Maruyama	and	Takedate,	1990).	On	one	hand,	some	

protective	effect	in	woman	sex	hormones	has	been	observed.	On	the	other	hand,	gender	specific	

differences	 associated	 to	 exposure	 to	 environmental	 risk	 factor	 can	 explain	 this	 gender	

prevalence	(Schrang	and	Schott,	2006).	Aging	is	also	another	risk	factor	for	this	disorder	and,	

specifically,	the	prevalence	and	incidence	increase	with	older	age	and	peak	after	80	years	of	

age	 (Pringsheim	 et	 al.,	 2014).	 The	 contribution	 to	 PD	 development	 is	 also	 determined	 by	

environmental	exposure	to	a	variety	of	risk	factors.	

Pesticide	exposure,	rural	living,	agricultural	occupation,	prior	head	injury,	beta-blockers’	

use	and	well-water	drinking	can	increase	the	risk	of	developing	PD.	However,	there	are	human	

behaviors	 associated	 with	 a	 decreased	 risk	 as	 tobacco	 smoking,	 coffee	 drinking,	 calcium	

channel	 blocker	 use,	 alcohol	 consumption	 and	 non-steroidal	 anti-inflammatory	 drug	 use	

(Noyce	et	al.,	2012).	The	contribution	of	genetics	 in	PD	risk	 is	well	documented,	about	900	

genetic	 association	 studies	 link	 dozens	 of	 potential	 gene	 loci	 to	 PD	 (Nalls	 et	 al.,	 2015).	

Moreover,	 many	 studies	 have	 been	 contributed	 to	 the	 identification	 of	 several	 monogenic	

forms	of	this	disorder	and	numerous	genetic	risk	factors	(Hely	et	al.,	2008).	In	particular,	the	

15%	of	patients	have	a	family	history	and	between	them	the	5-10%	suffer	from	a	monogenic	

form	of	the	disease	with	Mendelian	transmission	(Deng	et	al.,	2018).		

	

Figure	3.1	Epidemiology	of	Parkinson	disease	A.	Prevalence	of	PD	in	men	and	women	per	100,000	

individuals;	B.	Incidence	rate	of	PD	per	100,000	person-	years.	Adapted	from	Poewe	et	al.,	2017.	 	

Although heritable forms of Parkinson disease only 
represent 5–10% of all cases (TABLE 1), they have provided 
crucial clues to the mechanisms underlying the neuro-
pathology of Parkinson disease. Some of the proteins 
encoded by genes associated with Parkinson disease 
are involved in a set of molecular pathways that, when 
perturbed, can trigger a neuropathology that resem-
bles, or is indistinguishable from, sporadic Parkinson 
disease. In addition, large genome-wide association 
studies (GWAS) confirm that some of these genes are 
also affected in sporadic Parkinson disease24. Examples 
of these pathways are: α-synuclein proteostasis, mito-
chondrial function, oxidative stress, calcium  homeostasis, 
axonal transport and neuroinflammation (FIG. 3).

α-Synuclein proteostasis
Intraneuronal protein aggregates that are largely made up 
of α-synuclein are found in all patients with Parkinson 
disease. The existence of point mutations and multi-
plications of SNCA, the gene encoding  α-synuclein, 
that cause heritable forms of Parkinson disease strongly 
support the notion that α-synuclein is a key player 
in Parkinson disease (TABLE 1). Similarly, GWAS have 
revealed a single-nucleotide polymorphism associated 
with the SNCA locus that alters the risk for sporadic 
Parkinson disease and is associated with increased 
expression levels of α-synuclein24,25. A study in human 
neurons derived from induced pluripotent stem cells and 
post-mortem frontal cortex samples from patients with 
Parkinson disease supports the idea that a risk variant 
associated with Parkinson disease in a non-coding dis-
tal enhancer element of SNCA is coupled to increased 
α-synuclein expression26.

The normal neuronal function of the 140 amino 
acid α-synuclein protein is not fully understood, but 
it occurs in the cytosol, possibly also in mitochondria 
and the nucleus, and probably has a role in synaptic 
vesicle dynamics, mitochondrial function, intracellu-
lar trafficking and might be a potential chaperone25,27,28. 
α-Synuclein acquires neurotoxic properties during 
a pathogenetic process in which soluble α-synuclein 

monomers initially form oligomers, then progressively 
combine to form small protofibrils and eventually large, 
insoluble α-synuclein fibrils (that is, the aggregates that 
make up Lewy pathology)29,30. The underlying triggers 
of accumulation and aggregation of α-synuclein can 
be manifold, for example, a relative overproduction 
of the protein, the presence of mutations that increase 
the likeli hood for its misfolding and oligomerization or 
impairments in the molecular pathways that are charged 
with degrading native or misfolded α-synuclein.

A progressive, age-related decline in proteolytic 
defence mechanisms in the ageing brain might play an 
important part in the accumulation of α-synuclein31,32 
(FIG. 3).

α-Synuclein degradation. Intracellular homeo stasis 
of α-synuclein is maintained by the actions of the 
ubiquitin– proteasome system and the lysosomal auto-
phagy system (LAS). The relative importance of the 
ubiquitin– proteasome system and LAS for intracellu-
lar α-synuclein proteolysis in neurons is debated and 
LAS seems to be more important than the ubiquitin– 
proteasome system to clear oligomeric assemblies32. 
With respect to LAS, both chaperone-mediated auto-
phagy and macroautophagy are suggested to mediate 
α-synuclein degradation32,33. Chaperone-mediated auto-
phagy involves specific chaperones that target certain 
proteins to lysosomes, whereas macroautophagy entails 
the formation of autophagosomes that are directed 
to perinuclear lysosomes. Inhibition of either system 
leads to increased levels of α-synuclein, and evidence 
for some compensatory crosstalk between the systems 
exists34. Additional proteases, which are not part of the 
ubiquitin–proteasome system and LAS, can also cleave 
α-synuclein in the extracellular space32.

Several lines of evidence suggest that impairment 
of these degradation systems could contribute to 
 α-synuclein accumulation. Increasing age — the great-
est risk factor for Parkinson disease — is associated 
with reduced LAS and ubiquitin–proteasome system 
functions31, which is consistent with observations of 
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Figure 1 | Incidence and prevalence 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. Data are derived from two recent 
meta-analyses, which used crude rates without adjustments for demographic differences or methodological differences 
between studies4,235.
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3.1.2 Clinical	and	neuropathological	features		

PD	 is	 a	 progressive	 neurological	 disorder	 defined	 by	 early	 notable	 death	 of	

dopaminergic	neurons	in	the	substantia	nigra	pars	compacta	(SNpc).	SNpc	constitutes	part	of	

the	circuitry	that	intervenes	in	the	modulation	of	voluntary	movements,	and	it	is	located	in	the	

basal	ganglia.	The	SNpc	is	the	master	regulator	of	the	circuit,	it	mainly	communicates	using	the	

chemical	dopamine,	but	other	chemical	transmitters	(glutamate	and	GABA)	are	also	used	to	

communicate	 between	 other	 areas	 of	 the	 basal	 ganglia	 (Dickson	 et	 al.,	 2012).	 The	 most	

profoundly	affected	area	of	SNpc	is	the	ventrolateral,	which	contains	neurons	that	project	to	

the	striatum,	in	particular	to	the	putamen	i.e.	dopaminergic	nigrostriatal	pathway.	Dopamine	

deficit	within	the	basal	ganglia	 leads	to	the	classical	resting	tremor,	which	 is	 the	most	well-

known	manifestation	 of	 PD	 and	 it	 is	 found	 in	 70%	of	 patients.	 Other	motor	 symptoms	 are	

bradykynesia,	muscle	rigidity	and	postural	and	gait	 impairment.	PD	has	a	rapid	progression	

and	often	characterized	by	other	non-motor	symptoms	such	as	dementia	and	cognitive	decline	

(Massano	and	Bhatia,	2012).	Occasionally,	in	PD	there	are	atypical	features	such	as	myoclonus	

and	 central	 hypoventilation	 (Polymeopoulos	 et	 al.,1996).	 Indeed,	 neurodegeneration	

progresses	to	other	brain	regions	following	a	typical	pattern	according	to	the	Braak’s	model	

(Braak	et	al.,	1998).	It	has	been	shown	that	SNpc	is	affected	later	over	the	course	of	pathology	

compared	with	other	brain	regions.	Neurodegeneration	begins	in	the	lower	brainstem	and	the	

olfactory	 system	 and	 could	 be	 responsible	 for	 some	 of	 the	 earliest	 symptoms	 such	 as	

constipation	and	loss	of	smell.	Then,	it	moves	further	up	the	brainstem,	travelling	to	the	area	

below	the	SN	involved	in	pain,	sleep	and	mood	(Levy	et	al.,	2009).	In	the	third	stage,	neuronal	

loss	has	entered	the	SN	and	subsequently	the	pathology	spreads	to	the	limbic	system	involved	

in	 emotion,	motivation	 and	 long-term	memory	 stage.	 In	 the	 later	 stages	 of	 PD	progression,	

neuronal	degeneration	reaches	the	mesocortex,	the	region	between	limbic	system	and	cerebral	

cortex	and,	finally,	it	spreads	in	all	directions	into	the	structures	of	the	temporal,	parietal,	and	

frontal	 lobes.	At	this	stage,	changes	in	the	neocortex	start	to	affect	the	memory	and	sensory	

areas	in	the	brain	(Levy	et	al.,	2009).	Motor	and	non-motor	symptoms	that	affect	PD	patients	

are	summarized	in	Table	1.	
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Table	1.	Clinical	syndrome	of	PD.	Motor	and	non-motor	symptoms	(Jakel	and	Stacy,	2014).	

	

Another	 distinct	 pathological	 hallmark	 of	 PD	 is	 the	 accumulation	 of	 cytoplasmic	

proteinaceous	inclusions	known	as	Lewy	bodies	(LBs)	and	Lewy	neurites	(LNs).	LBs	and	LNs	

are	 mainly	 composed	 by	 two	 proteins:	 aggregated	 α-syn	 and	 ubiquitin (Levy	 et	 al.,	 2009)	

(Figure	3.2).	

	

	
Figure	 3.2	 Pathological	 hallmarks	 of	 PD.	 A.	 Dopaminergic	 neuronal	 death	 in	 the	 SNpc	 and	B.	

Cytoplasmic	inclusions,	LBs	(Levy	et	al.,	2009).	

Compelling	evidence	suggests	the	possibility	that	α-syn	is	a	prion-like	protein	and	that	

PD	 is	 a	 prion-like	 disease.	 Autopsy	 studies	 of	 patients	 with	 advanced	 PD	 who	 received	

transplantation	of	fetal	nigral	mesencephalic	cells	demonstrated	that	typical	Lewy	pathology	

had	developed	within	grafted	neurons	(Loria	et	al	2017).	This	suggests	that	α-syn	had	migrated	

from	affected	to	unaffected	cells.	So	far,	laboratory	studies	confirm	that	aggregated	α-syn	can	

transfer	from	affected	to	unaffected	neurons	in	vivo	but	also	from	neurons	to	glia	cells	(Loria	

et	al	2017).	
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Extended	neuroinflammation	is	another	feature	of	PD	pathology	(Tansey	and	Goldberg,	

2010).	 This	 state	 is	 probably	 caused	 by	 neuronal	 degeneration	 and	 the	 release	 of	 α-syn	

containing	neurons	as	well	as	cellular	debris.	The	presence	of	an	active	inflammatory	response	

in	the	brain	is	mediated	primarily	by	resident	microglia.	Activated	microglia	can	release	trophic	

factors,	such	as	brain-derived	neurotrophic	factor	and	glial-derived	neurotrophic	factor,	but	

also	harmful	reactive	oxygen	and	nitrogen	species	and	pro-inflammatory	cytokines.	Whether	

the	balance	of	these	actions	is	beneficial	or	harmful	to	neurons	is	not	yet	established	(Tansey	

and	Goldberg,	2010).	Moreover,	also	astrocytes	can	intervene	in	neuroinflammation	and	their	

involvement	 in	 PD	 has	 been	 long	 recognized,	 but	 somewhat	 overlooked.	 Accordingly,	 both	

reactive	astrocytes	and	microglia	occur	within	brain	areas	affected	by	neurodegeneration	in	

PD.		

In	PD,	microglia	and	astrocytes	are	both	involved	in	clearance	of	extracellular	debris	and	

protein	aggregates,	which	might	aid	in	the	survival	of	neurons.	Near	the	remaining	nigral	DA	

neurons,	microglia	display	the	characteristic	morphology	of	phagocytic	cells,	similar	to	those	

seen	 in	 aging	 (Tremblay	 et	 al.,	 2019).	 The	 involvement	 of	 microglial	 phagocytosis	 in	 PD	

pathogenesis	is	further	supported	by	the	fact	that	microglia	uptake	and	remove	DA	cell	debris	

in	 vivo	 (Tremblay	 et	 al.,	 2019).	 Recent	 studies	 show	 that	 astrocytes	 actively	 participate	 in	

phagocytic	 processes,	 and	 they	 might	 intervene	 in	 PD.	 Specifically,	 both	 microglia	 and	

astrocytes	can	engulf	and	degrade	aggregated	α-syn	(Tremblay	et	al.,	2019).	Considering	the	

reported	prion-like	ability	of	aggregated	α-syn	released	by	degenerating	neurons	to	propagate	

to	other	cells,	it	is	important	to	consider	whether	glial-mediated	phagocytosis	contribute	to	the	

spreading	 process.	 To	 understand	 the	 molecular	 mechanism	 and	 the	 physio-pathological	

significance	 of	 glial	 phagocytosis	 in	 PD	 might	 provide	 novel	 opportunities	 for	 drug	

intervention.		

Currently,	 all	 treatments	 for	PD	are	palliative	 and	not	 curative.	 Indeed,	 the	 therapy	 is	

dedicated	to	maximizing	patients	́	quality	of	life	and	minimize	disability.	Levodopa	(L-dopa),	

the	 main	 dopamine	 precursor,	 is	 the	 most	 potent	 drug	 for	 controlling	 PD	 symptoms,	

particularly	those	related	to	bradikynesia.	It	alleviates	the	symptoms	for	approximately	5	years	

(Janković	et	al.,	2006).	After	that	time,	the	majority	of	the	patients	experience	diverse	adverse	

effects,	predominantly	motor	 fluctuations	and	dyskinesia	 (Jankovic,	2005).	 In	addition	 to	L-

dopa,	 also	 dopamine	 agonists,	 catechol-o-metyltranspherase	 (COMT)	 inhibitors,	 or	

anticholinergic	 drugs	 may	 be	 used	 concomitantly	 depending	 on	 the	 clinical	 profile	 of	 the	

patient.	 Also,	 neurological	 surgery	 has	 become	 a	 therapeutic	 strategy	 to	 ameliorate	 the	 PD	
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symptoms.	Currently,	deep	brain	stimulation	(DBS)	of	the	basal	ganglia	is	considered	the	best	

alternative	for	disabling	PD	relative	symptoms	(Jankovic	and	Aguilar,	2008).	Finally,	in	the	last	

couple	 of	 years,	 PD	 symptoms	 and	 tremor	 is	 reduced	 by	 using	 “High	 Intensitive	 Focused	

Ultrasound”.	This	innovative	technique	is	based	on	the	inactivation	of	the	subthalamic	nucleus	

using	 high	 frequency	 ultrasound	 and	 is	 completely	 non-invasive	 and	 definitive	 (Bauer	 and	

Pllana,	 2014).	 In	 the	 last	 decade,	 several	 groups-initiated	 cell	 therapy	 by	 fetal	 stem	 cells	

transplantation	 that	 ameliorated	 the	 symptoms	 after	 a	 short	 time	 evaluation	 but	 failed	 at	

longer	time	after	the	transplantation	(Stoker	et	al.,	2020).	

	

3.1.3 Genetics	

The	vast	majority	of	PD	cases	is	likely	caused	by	a	combination	of	environmental	factors	

and	genetic	background.	About	the	15%	of	patients	show	a	family	history	and	the	5-10%	suffer	

from	a	monogenic,	Mendelian	form	of	 the	disease	(Kalinderi	et	al.,	2016).	To	date,	13	PARK	

genes	identified	within	the	PARK	loci	have	been	associated	with	familiar	autosomic	dominant	

or	recessive	inheritance	(Figure	3.3).		

The	first	genetic	modification	linked	to	PD	was	the	guanine	changed	to	adenine	at	position	

209	(A53T	in	the	protein	product)	in	the	gene	that	encode	for	α-syn	(SNCA)	(Polymeropoulos	

et	al.,	1997).	Several	other	point	mutations,	together	with	duplications	and	triplications	of	the	

entire	locus,	were	later	added	to	the	list	of	PD-linked	alterations	with	a	clear	genomic	dosage-

related	 phenotype,	 i.e.	 a	 more	 severe	 phenotype	 and	 a	 higher	 penetrance	 in	 the	 case	 of	

multiplications	as	compared	to	the	effect	of	single	mutations	(Singleton	et	al.,	2003).	SNCA	is	

located	within	the	PARK1	locus	on	the	chromosome	4	and	SNCA	mutations	cause	autosomic	

dominant	 forms	 of	 PD (Polymeropoulos	 et	 al.,	 1997).	 Patients	 carrying	mutations	 in	 SNCA	

usually	manifest	early-onset	PD	(<50yr).	Mutations	in	SNCA	are	overall	rare:	three	missense,	

duplication	and	triplication	mutations	so	far	have	been	reported (Polymeropoulos	et	al.,	1997).	

As	mentioned,	 SNCA	gene	 encodes	 for	 an	 abundant	 protein,	 α-syn,	 and	 the	disease-causing	

mutations	render	α-syn	more	prone	 to	aggregate.	One	of	 the	most	 intriguing	aspects	of	 the	

majority	of	neurodegenerative	diseases,	and	one	that	applies	to	PD,	is	that,	although	displaying	

a	large	heterogeneity	in	terms	of	clinical	manifestation.	The	molecular	defects	underlying	the	

pathology	 can	 be	 grouped	 under	 a	 relatively	 small	 number	 of	 cellular	 pathways	 such	 as	

mitochondria	quality	control,	oxidative	stress	and	membrane	trafficking.	In	1998,	mutations	in	

PRKN/PARK2	 were	 found	 to	 be	 the	 cause	 of	 severe,	 autosomal	 recessive	 juvenile	

parkinsonism.	Recessively	 inherited	parkinsonism	 is	more	 frequently	 associated	with	 early	
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onset	PD	(<40yr)	(Paisàn-Ruìz	et	al.,	2004).	Within	patients	showing	PD	onset	before	45	years	

of	age,	mutations	on	Parkin	have	been	detected	in	up	to	50%	of	familial	cases	(Paisàn-Ruìz	et	

al.,	2004).	

Another	PARK	locus	causing	early-onset	PD	is	PARK7,	where	DJ-1	is	located.	DJ-1	has	been	

shown	 to	 buffer	 oxidative	 stress.	 Finally,	 PARK14/PLA2G6	 enters	 the	 list	 of	mitochondria-

related	 genes.	 PLA2G6	 is	 a	 Ca2+	 independent	 phospholipase	 particularly	 important	 for	 the	

homeostasis	 of	 mitochondrial	 membrane.	 Mutations	 in	 CHCHD2/PARK22	 and	

VPS13C/PARK23	 have	 been	 associated	 with	 different	 parkinsonian	 manifestations,	 i.e.	

autosomal	 dominant,	 late	 onset	 PD	 and	 autosomal	 recessive,	 early	 onset	 parkinsonism,	

respectively (Singleton	and	Hardy,	2016).	A	substantial	number	of	PARK	genes	are	involved	in	

membrane	fusion	and	endo-lysosomal	functions.	Starting	from	the	dominantly	inherited	forms,	

PARK17/VPS35	 encodes	 for	 a	 component	 of	 the	 retromer,	 a	 complex	 protein	 machinery	

important	 for	the	recycling	of	 transmembrane	receptors	 from	endosomes	to	the	trans-Golgi	

network	(TGN).	Instead,	loss-of-function	mutations	in	ATP13A2/PARK9	have	been	associated	

with	 Kufor-Rakeb	 syndrome	 (KRS),	 an	 autosomal	 recessive	 form	 of	 juvenile-onset	

parkinsonism.	 ATP13A2	 encodes	 for	 a	 transmembrane	 P-type	 ATPase	 involved	 in	 cargo-

sorting	at	the	endo-lysosomal	level	as	well	as	lysosomal	function	(ATP13A2)	(Ramirez	et	al.,	

2006).	The	exclusively	neuronal	protein	auxilin	and	the	phosphatase	synaptojanin-1	codified	

respectively	 by	 DNAJC6/PARK19	 and	 SYNJ1/PARK20	 are	 instead	 involved	 in	 clathrin-

mediated	endocytosis	of	synaptic	vesicles	(SVs).		

Finally,	 mutations	 in	 LRRK2/PARK8	 are	 the	 most	 common	 cause	 of	 familiar	 PD	 and	

LRRK2-linked	 PD	 manifests	 autosomic	 dominant	 inheritance	 with	 incomplete	 penetrance.	

LRRK2	encodes	 for	 Leucine	 rich	 repeat	 kinase	2	 (LRRK2)	This	 gene	might	be	 considered	 a	

unifying	element	in	the	frame	of	PD,	as	it	interacts	at	different	levels	with	other	PARK	genes	it	

is	a	risk	factor	for	PD70	and	LRRK2	mutations	have	been	found	also	in	sporadic	form	of	PD	

(Bechinger	et	al.,	1992).	A	separate	paragraph	will	be	dedicated	to	a	comprehensive	discussion	

about	LRRK2	and	its	relevance	to	PD.		

Concluding,	 the	 advent	 of	 genome-wide	 association	 studies	 (GWAS)	has	helped	 in	 the	

identification	 of	 around	 forty	 loci,	 including	 LRRK2,	 carrying	 common	 SNPs	 that	 mildly	

increase	PD	 risk	 (Bechinger	 et	 al.,	 1992).	Considering	 the	picture	 that	has	 emerged	 to	date	

regarding	 the	 genetics	 of	 PD,	 the	 estimates	 suggest	 that	 only	 one	 tenth	 of	 the	 heritable	
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component	has	been	unveiled (Bechinger	et	 al.,	 1992).	Thus,	 additional	 studies	will	help	 to 

disclose	novel	genetic	links	and	to	define	those	networks	that	are	deregulated	in	PD.		

 

Figure	3.3.	Parkinson	́s	disease	related	mutated	genes.	The	most	common	mutations	are	usually	

associated	with	a	lower	risk	of	developing	the	disease,	while	the	least	common	ones	usually	confer	high	

risk	of	developing	PD	(Greggio	et	al.,	2008).	

	

3.2 α-synuclein		

α-syn	 is	 a	 14kDa	 protein	 composed	 of	 140	 amino	 acids	 and	 encoded	 by	 SNCA	 gene	

(Tamgüney	and	Korczyn,	2018).	It	is	composed	of	three	domains,	an	α-helical	amino	terminus,	

a	non-amyloid	component	(NAC),	and	an	unstructured	carboxy	terminus.	These	domains	are	

essential	for	the	pathogenic	progress	observed	in	PD	and	other	synucleinopathies.	The	amino	

terminus	 of	 α-syn	 forms	 an	 α-helical	 structure	 that	 binds	 to	 protein	 interactors	 or	 lipid	

membranes	 (Lawand	 et	 al.,	 2015).	 α-syn	 is	 highly	 concentrated	 in	 presynaptic	 terminals	

(Renner	and	Melki,	2014)	and	its	co-localization	with	the	reserve	pool	of	synaptic	vesicles	Lee	

S.	 J.	 et	 al.,	 2008)	 supporting	 the	 idea	 that	 α-syn	may	 contribute	 to	 the	 cycling	 of	 synaptic	

vesicles.	 Suggested	 roles	 of	 α-syn	 are	 the	 modulation	 of	 vesicle	 pool	 size,	 mobilization	 or	

endocytosis	(Vargas	et	al.,	2014).	Some	studies	suggest	that	α-syn	is	involved	in	the	control	of	

synaptic	 membrane	 processes	 (Bellucci	 et	 al.,	 2012)	 and	 participates	 in	 the	 control	 of	

neurotransmitter	release	via	interactions	with	members	of	the	SNARE	family	(Tsigelny	et	al.,	

2012).	According	to	other	studies,	α-syn	could	also	be	transported	in	the	nucleus	(Hodara	et	
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al.,	2004)	and	modulate	some	mitochondrial	transcription	factors,	thus	negatively	impacting	

on	mitochondria	 homeostasis	 (Siddiqui	 et	 al.,	 2012;	Desplats	 et	 al.,	 2009).	 Soluble	 α-syn	 is	

natively	 unstructured	 and	 monomeric.	 Emerging	 biophysical	 and	 biochemical	 studies	

demonstrated	that	the	interaction	between	α-syn	and	lipids	influences	α-syn	oligomerization	

and	aggregation	revealing	the	toxic	function	of	the	aggregates	(Vaikath	et	al	2022).	α-syn	can	

turn	 into	 oligomeric	 and/or	 fibrillar	 conformations	 in	 particular	 pathological	 conditions,	

including	 gene	 mutations	 of	 SNCA,	 decreased	 rate	 of	 clearance,	 oxidative	 stress,	 iron	

concentration,	or	posttranslational	modifications	(Lawand	et	al.,	2015;	Sian-Hulsmann	et	al.,	

2015)	(Figure	3.4).	Posttranslational	modifications	of	α-syn,	such	as	phosphorylation	(mostly	

in	the	serine	residue	S129J),	ubiquitination,	acetylation,	sumoylation,	and	nitration,	have	been	

observed	 to	 alter	 α-syn	 structure	 and	 function,	 and	 are	 related	 to	 α-syn	 aggregation	 and	

neurotoxicity	 (Krieger	 et	 al.,	 1989).	 Moreover,	 the	 three	 most	 common	 PD-causing	 point	

mutations	in	SNCA	(A30P,	E46K	and	A53P)	accelerate	α-syn	aggregation	in	vitro.	This	suggests	

that	α-syn	is	heavily	implicated	in	the	pathogenesis	of	PD,	both	in	familial	and	sporadic	cases	

(Angot	 et	 al.	 2012).	 As	 described	 by	 Spillantini	 and	 colleagues,	 α-syn	 is	 one	 of	 the	 main	

proteinaceous	 components	 of	 LB	 but	 the	 pathological	 role	 of	 α-syn	 in	 PD	 is	 still	 debated	

(Bengoa.Vergniory	et	al.,	2017).	More	recent	studies	proposed	that	post-fibrillization	of	α-syn	

C-terminal	 truncation	 mediated	 by	 Calpains	 1	 and	 2	 plays	 critical	 roles	 in	 fibrillation,	 cell	

toxicity	and	LBs	maturation	(Mahul-Mellier	et	al.,	2020).	These	results	highlight	the	importance	

of	 developing	more	 immunological	 tools	 to	 detect	 LBs	 in	which	 α-syn	 is	 already	 truncated	

(most	of	the	commercial	antibodies	are	directed	to	the	C-terminal)	and	encourage	to	develop	

therapeutic	strategies	based	on	targeting	the	C-terminus	of	α-	syn.	
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Figure	 3.4.	 α-synuclein	 aggregation	 stages.	 Different	 stages	 of	 the	 aggregation	 of	 α-syn,	 from	

monomeric	species	to	fibrils,	through	oligomers,	the	suspected	toxic	species	(Mochizuki	et	al.,	2018).	

	

3.2.1 Astrocyte-mediated	α-syn	clearance		

The	role	of	astrocytes	in	NDs,	specifically	in	synucleinopathies,	is	not	well	understood.	Up	

to	date,	there	is	little	evidence	regarding	the	expression	levels	and	the	physiological	role	of	α-

syn	in	astrocytes	(Castagnet	et	al.,	2005).	Of	note,	α-syn	aggregates	are	found	in	different	cell	

types	 as	 well	 as	 in	 different	 brain	 regions	 across	 the	 spectrum	 of	 α-synucleinopathies.	

Interestingly,	clinical	research	identifies	an	increase	of	astrocytic	α-syn	positive	inclusions	in	

the	 Frontotemporal	 Dementia	 and	 advanced	 PD	 patients	 that	 may	 play	 a	 role	 in	 the	

symptomatic	 progression	 of	 these	 diseases	 and	 deserves	 further	 study	 to	 understand	

associated	functional	impairments	(Braak	et	al.,	2007).	In	some	cases,	astrocytes	having	α-syn	

inclusions	are	found	so	far	from	LB	or	dead	neurons	and	sometimes	even	exceed	LB-positive	

neurons	(Braak	et	al.,	2007).	

The	origin	of	α-syn	accumulation	in	astrocytes	remains	unclear.	Moreover,	the	process	of	

α-syn	internalization	is	thought	to	be	different	between	cells	in	the	brain,	which	suggests	that	

this	might	potentially	lead	to	formation	of	unique	α-syn	conformers	within	different	cell	types.	

Distinct	α-syn	aggregates	formed	in	neurons	are	capable	of	templating	normal	soluble	α-syn	

through	a	prion-like	process	(reviewed	in	Uchihara	and	Giasson,	2016).	Resulting	in	a	prion-

like	seeding	process,	pathological	α-syn	conformers	can	potentially	be	passage	through	inter-
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neuronal	or	even	neuro-astroglial	contacts	and	result	in	astrocytic	increase	of	pathologic	α-syn	

(Männistö	 and	 Garcìa-Horsman,	 2017). Interestingly,	 in	 the	 presence	 of	 α-syn	 aggregates,	

neurons	 and	 glial	 cells	 have	 been	 demonstrated	 to	 increase	 the	 formation	 of	 Tunneling	

nanotubes	(TNTs)	(Abounit	et	al.,	2016;	Rostami	et	al.,	2017).	TNTs	were	first	discovered	in	

2004	 as	 extensions	 of	 the	 cell	 cytoskeleton	 that	 enable	 distal	 and	 close	 contact	 among	

neighboring	 cells	 (Rustom	 et	 al.,	 2004).	 Furthermore,	 in	 vitro	 studies	 have	 reported	 the	

presence	of	TNTs	that	allow	the	transfer	of	α-syn	between	neurons	and	neuron-glia	co-cultures	

(Abounit	et	al.,	2016;	Loria	et	al	2017;	Dieriks	et	al.,	2017;	Rostami	et	al.,	2017).	In	addition,	α-

syn	released	by	neurons	through	an	active	process,	such	as	exocytosis,	or	after	cell	death,	can	

be	taken	up	by	astrocytes	(Lee	H.	J.	et	al.,2010;	Lindström	et	al.,	2017;	Rostami	et	al.,	2017).	In	

the	early	stage	of	PD	and	other	α-synucleinopathies,	astrocytes	require	TLR2,	but	not	TLR4,	as	

for	microglia	for	α-syn	engulfment	(Fellner	et	al.,	2013).	Consistently,	Fellner	and	colleagues	

demonstrated	that	TLR4	deficiency	does	not	affect	α-syn	internalization	by	astrocytes	(Fellner	

et	al.,	2013).	However,	despite	the	mechanisms	underlying	TLR2-mediated	internalization	of	

α-syn	are	not	known,	it	has	been	suggested	that	aggregated	α-syn	fibrils	could	be	a	TLR2	ligand	

(Bèraud	et	al.,	2011;	Kim	et	al.,	2013).	Coherently,	it	has	been	shown	that	primary	rat	astrocytes	

expose	to	neuronal-derived	α-syn,	significantly	increased	TLR2	transcript	levels	and	induces	

an	inflammatory	gene	expression	profile	in	vitro	(Lee	H.	J.	et	al.,2010).	More	recently,	several	

reports	focus	on	proposed	different	mechanisms	for	the	internalization	of	the	fibrillar	form	of	

α-syn	by	 astrocytes.	 Specifically,	 it	 has	 been	 explored	whether	primary	murine	 and	human	

iPSC-derived	 astrocytes	 were	 able	 to	 internalize	 α-syn	 Pre-Formed	 Fibrils	 (PFFs)	 in	 vitro.	

Interestingly,	extracellular	clusterin,	a	chaperone	protein,	interacts	with	α-syn	PFFs	(but	not	

oligomers)	 by	 binding	 their	 exposed	 hydrophobic	 regions	 and	 that	 complexes	 can	 engulf	

astrocytes	 through	 the	 endocytic	 pathway.	 Of	 interest,	 clusterin	 KO	 astrocytes	 display	 a	

decreased	endocytosis	of	PFFs,	suggesting	a	direct	role	of	this	chaperone	in	the	clearance	of	α-

Syn.	 In	 support	 to	 this,	 the	 supplement	 of	 extracellular	 clusterin	 can	 rescue	 the	 effect	 of	

clusterin	 absence	 in	 astrocytes	 33045109.	 Once	 internalized,	 α-syn	 can	 be	 subsequently	

transferred	to	the	lysosomes	(Lee	H.	J.	et	al.,2010;	Lindström	et	al	2017).	Luk	and	colleagues	

show	that	astrocytes	can	take	up	α-syn	PFFs	and	direct	them	to	lysosomes	in	organotypic	slice	

cultures	 from	 wild	 type	 mice	 (Loria	 et	 al	 2017).	 Moreover,	 it	 has	 been	 shown	 that	 upon	

extensive	uptake	of	α-syn	aggregates,	astrocytic	cells	exhibit	large	intracellular	deposits	due	to	

the	overwhelming	of	endo-lysosomal	machinery	and	to	an	incomplete	digestion	(Lindström	et	

al	 2017;	 Sacino	 et	 al	 2017),	 indicating	 an	 impaired	 astrocytic	 phagocytic	 activity	 under	

pathological	conditions.		



 

 31 

In	 turn,	 the	 accumulation	 of	 α-syn	 in	 astrocytes	 impairs	 the	 astrocytic	 capability	 to	

support	 neuronal	 metabolism	 and	 synaptic	 function	 (Figure	 3.5).	 Specific	 in	 vivo	

overexpression	 of	 mutant	 SNCA	 in	 astrocytes	 causes	 movement	 disorders	 and	 developed	

astrogliosis	before	the	onset	of	symptoms	(Gu	et	al.,	2010).	The	affected	astrocytes	exhibited	

decreased	expression	of	 the	glutamate	transporters	GLAST1	and	GLT1	(Gu	et	al.,	2010)	and	

abnormal	localization	of	the	water	channel	AQP4	(Simard	and	Nedergaard,	2004).	Moreover,	

α-syn	accumulation	in	astrocytes	can	cause	mitochondrial	dysfunction.	For	example,	in	human	

primary	 astrocytes	 α-syn	 can	 accumulate	 into	 the	 mitochondria	 causing	 reduced	 oxygen	

consumption	 and	 ROS	 generation	 (Braidy	 et	 al.,	 2013).	 Consistent	 with	 this	 evidence,	

postmortem	analyses	showed	loss	of	complex	I	activity	and	oxidative	damage	in	the	brain	of	

sporadic	PD	patients	(Keeney	et	al.,	2006).	

	

	

Figure	3.5.	Dysfunctional	astrocytes	contribute	to	neuronal	toxicity.	Astrocyte	dysfunction	elicits	

neuronal	 toxicity	via	 five	main	mechanisms;	A.	AQP4	water	 channels	are	mislocated	away	 from	 the	

astrocyte	end-feet,	resulting	in	impaired	water	transport	B.	neurotrophic	factor	release	is	decreased,	C.	

inflammatory	 signaling	 increases,	D.	astrocyte	proliferation	 is	 impaired,	 and	E.	 Glutamate	uptake	 is	

reduced,	 potentially	 resulting	 in	 increased	 extracellular	 glutamate	 and,	 therefore,	 neuronal	

excitotoxicity	(Booth	et	al.,	2017).	
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Recent	studies	suggest	 that	astrocytes	contribute	 to	 the	propagation	of	 the	disease	by	

transferring	undigested	material	to	surrounding	cells	(Rostami	et	al.,	2017)	(Figure	3.5).	It	is	

hypothesized	that	misfolded	α-syn	can	spread	from	affected	to	unaffected	regions	of	the	CNS,	

leading	 to	 neurodegeneration	 and	 the	 progression	 of	 PD	 pathology.	 Interestingly,	 the	

overexpression	 of	 α-syn	 in	 mouse	 astrocytes	 induces	 astrogliosis	 and	 disrupts	 normal	

astroglial	 function	 leading	 to	 neurodegeneration	 (Gu	 et	 al.,	 2010).	 When	 iPSC-derived	

astrocytes	obtained	 from	familial	and	sporadic	PD	patients	were	co-cultured	with	midbrain	

dopaminergic	 neurons,	 they	 induced	 morphological	 changes	 indicative	 of	 neuronal	

degeneration.	This	was	attributed	 to	 the	 secretion	and	 transfer	of	α-syn	 from	astrocytes	 to	

neurons	although	release	of	additional	toxic	molecules	that	affect	neuronal	survival	could	not	

be	ruled	out	(di	Domenico	et	al.,	2019).	Nevertheless,	α-syn	transmission	to	astrocytes	induces	

the	 production	 of	 multiple	 proinflammatory	 cytokines	 (IL-1α,	 IL-1β,	 IL-6,	 IL-18)	 and	

chemokines	(CC-,	CXC-	and	CXCL-type)	as	a	response (Lee	H.	J.	et	al.,2010;	Klegeris	et	al.,	2006).	

As	a	result	of	the	neuroinflammatory	process,	astrocytes	become	reactive	as	demonstrated	in	

animal	models	and	in	SN	and	striatum	of	PD	patients,	increasing	the	expression	level	of	IL-6	

and	TNF-α	and	increasing	the	risk	of	neuronal	degeneration.	

Despite	 these	 findings,	 future	 studies	 are	 necessaries	 to	 further	 clarify	 the	molecular	

mechanisms	involved	in	astrocytic	clearance	of	α-syn,	which	may	represent	a	future	treatment	

for	NDs	as	PD.		

	

3.3 LRRK2		

LRRK2	is	also	called	dardarin,	from	the	Basque	word	‘dardara’	that	means	tremors.	It	is	a	

large	 and	 complex	 protein	 that	 counts	 2527	 amino	 acids	 (286	 kDa)	 and	works	 as	 a	 dimer	

(Civiero	et	al.,	2012).	It	consists	of	a	dual	catalytic	core	composed	by	the	GTPase	ROC	followed	

by	COR	and	kinase	domain.	It	has	been	proposed	that	the	kinase	activity	of	LRRK2	is	intimately	

linked	to	that	of	the	ROC	domain (Biosa	et	al.,	2013).	At	the	N-terminus,	protein	interaction	

domains	are	present	including	Armadillo,	Ankyrin,	and	leucine-rich	repeat	domains,	whereas	

the	C-terminus	includes	a	WD40	domain.	LRRK2	is	phosphorylated	in	the	LRR	region	at	a	series	

of	 serine	 residues	 including	 S910,	 S935,	 S955	 and	 S973.	 These	 phosphorylation	 sites	 are	

controlled	 by	 kinases	 of	 the	 IKK	 family	 and	 casein-kinases,	 and	 phosphatases	 like	 Protein	

Phosphatase	1	(PP1).	All	together,	these	sites	are	important	for	the	binding	of	the	chaperone	



 

 33 

14-3-3s.	14-3-3s	are	seven	conserved	proteins	that	have	many	functions	in	the	cell	through	the	

modulation	of	client	protein	interactome,	localization,	folding	and	activity.	14-3-3	proteins	are	

of	particular	 interest	because	of	their	multiple	 links	with	PD	disease	pathology	(Biosa	et	al.,	

2013). LRRK2	 is	 ubiquitously	 expressed	 through	 the	body	 (Kang	 and	Marto,	 2017).	 LRRK2	

mRNA	 and	 protein	 is	 found	 in	 different	 regions	 of	 the	 CNS	 including	 the	 olfactory	 bulb,	

striatum,	cortex,	hippocampus,	midbrain,	brainstem	and	cerebellum	as	well	as	 in	peripheral	

organs	such	as	kidneys,	 lungs,	spleen	and	immune	cells (Kang	and	Marto,	2017).	Within	the	

human	and	murine	brain,	both	neurons	and	glial	cells	express	LRRK2.	At	the	subcellular	level,	

LRRK2	 is	 predominantly	 located	 in	 the	 cytoplasm	 but	 it	 can	 be	 also	 associated	 with	 the	

mitochondrial	external	membrane	or	cellular	structures	involved	in	vesicular	trafficking,	such	

as	endosomes	and	lysosomes (Roosen	and	Cookson,	2016).	

The	 physiological	 role	 of	 LRRK2	 is	 still	 not	 fully	 dissected	 but	 its	 association	 with	

membrane	lipid	rafts	and	the	presence	of	a	GTPase	domain	and	a	kinase	domain	in	the	protein	

suggest	 its	 implication	 in	 an	 intracellular	 signaling	 pathway	 (Roosen	 and	 Cookson,	 2016)	

(Figure	3.6).	LRRK2	is	a	well-established	interactor	of	cytoskeletal	components	such	as	actin	

and	 tubulin (Roosen	 and	 Cookson,	 2016).	 Many	 studies	 confirm	 the	 role	 of	 LRRK2	 in	 the	

modulation	of	actin-linked	cytoskeletal	dynamics	and	microtubule	polymerization	in	several	

cell	 types	 including	 neurons	 (Figure	 3.6).	 Additional	 studies	 have	 been	 suggested	 the	

involvement	of	LRKK2	in	the	regulation	of	the	autophagic	process,	in	the	vesicular	trafficking	

and	 in	 the	 inflammatory	 process	 (Roosen	 and	 Cookson,	 2016).	 Important	 evidence	 for	 a	

physiological	role	of	LRRK2	came	from	knockout	animals.	Lrrk2-/-	mice	or	rats	show	a	normal	

dopaminergic	system,	with	no	alterations	 in	 the	number	of	dopaminergic	neurons	or	 in	 the	

levels	of	striatal	dopamine.	However,	Lrrk2-/-	lungs	and	kidneys	are	and	characterized	by	the	

accumulation	of	membranous	organelles	such	as	lamellar	bodies	and	lysosomes,	respectively 

(Baptista	et	al.,	2013).	Autophagic-lysosomal	pathway	is	also	dysregulated	and	apoptotic	cell	

death	and	inflammatory	responses	are	increased.	It	is	now	well	established	that	LRRK2	has	a	

regulatory	action	through	a	direct	phosphorylation	on	a	subset	of	Rab	GTPase,	including	Rab3,	

Rab8,	 Rab10,	 Rab35,	 and	 Rab7L1,	 involved	 in	 the	 endocytosis	 and	 autophagy (Zerial	 and	

McBride,	 2001).	 Rab	 proteins	 regulate	 membrane	 trafficking,	 vesicle	 formations	 and	 the	

movement	along	actin	and	tubulin	networks.	Moreover,	Rab	proteins	are	the	master	regulators	

of	membrane	fusion (Zerial	and	McBride,	2001).	LRRK2	phosphorylates	Thr72	residue	in	Rab8	

and	the	structurally	equivalent	residues	in	other	substrate	Rab	GTPases,	and,	importantly,	the	

LRRK2-mediated	 phosphorylation	 is	 significantly	 enhanced	 by	 the	 PD-associated	 LRRK2	
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pathogenic	mutations.	It	has	been	hypothesized	that	increased	Rab	phosphorylation	promotes	

dissociation	 from	 the	 regulatory	 protein	 GDI	 in	 the	 cytosol	 with	 concomitant	 membrane	

insertion (Zerial	and	McBride,	2001).	However,	the	function	consequence,	in	both	neuronal	and	

glial	cells,	has	not	been	elucidated.		

Mutations	in	LRRK2	are	the	most	common	cause	of	familiar	PD	and	account	for	around	

10%	 of	 the	 total	 genetic	 PD.	 Moreover,	 LRRK2	 polymorphisms	 are	 also	 associated	 with	

increased	risk	of	sporadic	PD (Healy	et	al.,	2008).	Pathological	LRRK2	mutations	mainly	occur	

in	the	Roc,	COR	and	kinase	domains.	Other	PD	liked	mutations	that	fall	outside	the	kinase	region	

do	 not	 consistently	 cause	 increased	 kinase	 activity	 in	 vitro.	 However,	 it	 has	 been	 well	

established	 that	 many	 of	 them,	 i.e.	 R1441C,	 Y1699C	 and	 I2020T,	 induce	 enhanced	 LRRK2	

autophosphorylation	 and	 phosphorylation	 of	 Rabs	 in	 cells	 and	 in	 mice.	 (Bonet-Ponce	 and	

Cookson,	2022).	Importantly,	an	individual	carrying	a	mutation	does	not	necessarily	develop	

PD,	as	the	penetrance	is	age-dependent,	incomplete	and	variable	according	to	the	mutation.		

Focusing	on	the	G2019S	mutation,	the	penetrance	varies	between	25%	and	42.5%	at	80	years	

of	age,	meaning	that	the	probability	of	manifesting	the	disease	for	these	subjects	is	relatively	

low	compared	to	carriers	of	the	R1441G	mutation,	whose	penetrance	reaches	95%	in	later	life 

(Hernandez	et	al.,	2016).	This	mutation	is	the	most	frequent	pathogenic	mutation	in	the	overall	

LRRK2-PD	 population	 (Singleton	 et	 al.,	 2013)	 and	 occurs	 in	 5-6%	 of	 the	 patients	 with	

autosomal	dominant	PD	and	1-2%	of	the	sporadic	cases (Jaleel	et	al.,	2007).	G2019S	occurs	in	

the	kinase	domain	of	LRRK2,	leading	to	an	increase	in	kinase	activity	by	2-4-fold	(West	et	al.,	

2007).		

As	mentioned	above,	LRRK2	is	expressed	in	neurons,	astrocytes,	and	microglia	(Reyniers	

et	al.,	2014)	and	is	associated	with	a	large	variety	of	functions,	both	in	terms	of	its	physiological	

and	cellular	roles	(Wallings	et	al.,	2015).	This	protein	is	involved	in	many	different	cell	signaling	

pathways	participating	in	mitochondrial	functionality,	cytoskeletal	dynamics,	response	to	ROS	

production	or	autophagy.	It	is	implicated	in	the	autophagy-lysosome	pathway	in	many	models,	

not	only	in	neurons	but	also	in	astrocytes	(Xing	et	al.,	2013;	Greggio	et	al.,	2008)	(Figure	3.6).		
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Figure	3.6	Cell	processes	associated	with	LRRK2.	Representation	of	the	cellular	processes	

(boxes)	that	have	been	associated	with	LRRK2	function	in	physiology	and/or	disease	(Walling	

et	al.,	2015).	

	

3.3.2 LRRK2	function	in	astrocytes:	does	it	contribute	to	Parkinson’s	disease?	

Growing	evidence	highlights	that	LRRK2	controls	multiple	processes	in	glial	cells,	both	

microglia	and	astrocytes,	and	suggests	that	impaired	LRRK2	activity	in	these	cells,	due	to	gene	

mutation,	might	be	directly	associated	with	pathological	mechanisms	underlying	PD.		

Astrocytic	LRRK2	is	involved	in	the	autophagy-lysosome	pathway	(di	Domenico	et	al.,	2019;	

Henry	et	al.,	2015).	Manzoni	and	colleagues	demonstrated	that	the	inhibition	of	Lrrk2	kinase	

activity	impacts	autophagic-flux	in	primary	astrocytes	(Manzoni	et	al.,	2013a;	Manzoni	et	al.,	

2013b).	Few	years	later,	the	same	group	reported	that	lacking	LRRK2	kinase	activity	stimulate	

macro-autophagy	 through	 the	 activation	 of	 Benclin-1,	 a	 well-known	 protein	 involved	 in	

autophagy,	 suggesting	 a	 direct	 involvement	 of	 LRRK2	 in	 autophagosome	 formation	 and	

maturation	(Manzoni	et	al.,	2016).	Coherently,	deficits	in	macroautophagy	have	been	observed	

in	 iPSC-derived	 astrocytes	 harboring	 the	 G2019S	 mutation,	 causing	 a	 progressive	 α-syn	

accumulation	(di	Domenico	et	al.,	2019).	

LRRK2	has	been	implicated	also	in	the	regulation	of	lysosomal	morphology	and	function	

in	 several	models,	 including	 astrocytes.	 Indeed,	 LRRK2	 has	 been	 detected	 in	 the	 lysosomal	

membrane	 in	 resting	 astrocytes.	 In	mouse	 primary	 astrocytes,	 LRRK2	 co-localizes	with	 the	
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lysosomal	markers,	LAMP1	and	LAMP2	(Henry	et	al.,	2015).	Recently,	Herbst	and	colleagues	

reported,	 in	 microglia	 and	 macrophages,	 a	 recruitment	 of	 LRRK2	 at	 damaged	 lysosomal	

membrane	(Herbs	et	al.,	2020).	Authors	proposed	that	LRRK2	moves	to	membrane	of	damaged	

lysosomes	where	it	recruits	and	phosphorylates	its	substrates,	as	Rab8A,	to	repair	the	damage.	

Coherently,	 Bonet-ponce	 and	 colleagues	 observed	 the	presence	 of	 LRRK2	on	 the	 surface	 of	

dysfunctional	lysosomes	in	mouse	primary	astrocytes (Bonet-Ponce	et	al.,	2020).	Despite	the	

beneficial	role	of	LRRK2	at	the	lysosome,	controversial	literature	is	present	regarding	the	role	

of	LRRK2	kinase	activity	in	the	regulation	of	lysosomal	structure	and	morphology.	Of	note,	the	

expression	 of	 PD-linked	 LRRK2	mutants,	 such	 as	R1441C,	 Y1699C	 and	G2019S,	 in	 primary	

mouse	astrocytes,	has	been	 reported	 to	 increase	 lysosomal	 size (Henry	et	 al.,	 2015).	Taken	

together,	these	data	suggest	a	role	of	LRRK2	and	PD-linked	mutation	in	the	regulation	of	the	

autophagy-lysosome	pathway.	

Although,	LRRK2	has	been	demonstrated	as	a	regulator	of	 the	phagocytic	pathway	via	

specific	modulation	of	the	actin-cytoskeletal	regulator	WAVE2, (Kim	et	al.,	2018);	the	exact	role	

of	LRRK2	and	its	kinase	activity	in	regulating	clearance	mechanisms	is	not	completely	resolved.	

The	G2019S	mutation	in	LRRK2	has	been	reported	to	induces	a	WAVE2-mediated	enhancement	

of	phagocytic	response	in	macrophages	and	microglia	from	patients	and	mouse	models (Kim	

et	al.,	2018).	Thus,	highlighting	a	LRRK2-dependent	lysosomal	dysfunction	in	astrocytes	that	

might	 exacerbate	 the	 neurodegeneration	 process	 because	 of	 their	 inability	 to	 clear	 up	

extracellular	material	α-syn.	Taken	 together	 these	 findings,	point	out	 that	astrocytic	LRRK2	

mutations	might	be	implicated	in	PD	via	dysregulating	the	autophagic-lysosomal	pathway.		

Despite	the	functions	on	LRRK2	in	membrane	trafficking,	several	reports	highlighted	a	role	

of	this	protein	and	of	the	G2019S	pathological	mutation	in	other	astrocytic	 function	such	as	

gliotransmission	and	metabolism.	For	instance,	iPSC-derived	astrocytes	carrying	the	G2019S	

pathogenic	mutation	have	been	reported	to	exhibit	a	morphological	atrophy	which	correlates	

with	 a	 decreased	 mitochondrial	 activity	 and	 ATP	 production	 along	 with	 an	 increase	 of	

glycolysis	(Ramos-Gonzalez	et	al.,2021).	Moreover,	G2019S	mutation,	 in	primary	astrocytes,	

has	been	shown	to	negatively	impacts	on	GLT1	recycling	at	the	plasma	membrane,	causing	its	

intracellular	 re-localization	 and	 degradation.	 In	 agreement,	 a	 decreased	 level	 of	 the	

transported	has	been	observed	in	LRRK2	G2019S	human	post-mortem	caudate	and	putamen	

and	in	the	striatum	of	PD	mice	model	(Iovino	et	al.,	2022).	Furthermore,	an	increased	kinase	

activity	of	LRRK2	has	been	demonstrated	to	interferes	with	ciliogenesis	in	astrocytes	(Khan	et	

al.,	2021).	Indeed,	astrocytes	carrying	the	G2019S	mutation	throughout	the	striatum	showed	a	
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ciliation	impairment	that	correlates	with	a	dysregulation	of	Hedgehog	signaling,	mechanism	

that	has	been	shown	to	trigger	neuroprotection.		

Overall,	emerging	picture	suggests	that	pathogenic	LRRK2	can	cause	astrocytes’	loss	of	

beneficial	roles	or	gain	of	toxic	functions	can	contribute	to	neurodegenerative	conditions.	Thus,	

the	study	of	the	role	of	LRRK2	in	this	class	of	cells	might	unravel	novel	pathways	involved	in	

PD	pathobiology.	
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Aim	of	the	project	

The	global	aim	of	this	PhD	Project	is	to	molecularly	characterize	astrocyte-mediated	brain	

clearance	 both	 in	 health	 and	 disease,	 from	 different	 perspectives	 and	 through	 several	

approaches.		

In	 the	 healthy	 brain,	 astrocytes	maintain	 ion	 homeostasis	 of	 the	microenvironment,	

provide	structural	and	metabolic	support,	regulate	synaptic	transmission,	water	transport	and	

blood	flow	(Reemst	et	al.,	2016).	However,	some	of	the	astrocyte	functions	are	not	completely	

understood	and	novel	roles	in	the	regulation	of	brain	homeostasis	have	been	recently	conferred	

to	this	class	of	cells.	Of	note,	astrocytes	are	considered	phagocytes	and	can	ingest	cellular	debris,	

aggregated	 protein,	 and	 other	 material	 such	 as	 synaptic	 elements	 (Morizawa	 et	 al.,	 2017;	

Wakida	et	al.,	2018).		 	

First,	this	thesis	will	be	focused	on	astrocyte-mediated	elimination	of	synaptic	terminals.	

Synaptic	 pruning	 is	 the	 brain’s	 way	 of	 removing	 neuronal	 connections	 that	 are	 no	 longer	

needed	both	during	health	and	disease	conditions	(Sakai	et	al.,	2020).	Astrocytes	have	been	

shown	to	participate	 in	 the	elimination	of	unwanted	synapses	as	well	as	other	extracellular	

materials	 in	 cooperation	 with	 microglia	 (Konishi	 et	 al.,	 2022).	 Specifically,	 astrocyte	

participates	 in	 developmental	 synaptic	 elimination	 and	 adult	 astrocytes	 engulf	 synaptic	

elements	in	healthy	mice.	Supporting	this	statement,	transcriptome	analysis	identified	MEGF10	

and	MERTK	 as	 genes	 involved	 in	 engulfment	 and	 phagocytosis	 of	 astrocytes	 (Chung	 et	 al.,	

2013).	Although	the	MEGF10-MERTK	is	a	confirmed	phagocytic	pathway	in	mediating	synaptic	

elimination	by	astrocytes,	a	detailed	dissection	of	the	proteins	involved	in	the	recognition	and	

degradation	of	such	material	is	still	missing.	(Jung	and	Chung	2018).	Here,	we	aimed	to	identify	

novel	regulatory	mechanism	of	astrocyte-mediated	elimination	of	synaptic	terminals.	

The	specific	aims	of	the	first	part	of	the	project	are:	

Objective	1	To	provide	a	molecular	characterization	of	 the	protein	machineries	 involved	 in	

astrocytes-mediated	synaptic	pruning	using	a	siRNA-based	screening	approach.	

Objective	 2	 To	 validate	 the	 selected	 astroglial	 regulators	 in	 vitro	 both	 in	 murine	 primary	

astrocytes	and	in	human	iPSC-derived	astrocytes.		
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The	second	part	of	the	thesis	will	be	dedicated	to	the	study	of	the	role	of	astrocytes	in	the	

elimination	 of	 extracellular,	 neuronal-released	 α-syn	 in	 PD.	 Indeed,	 astrocytes	 have	 been	

shown	to	participate	in	the	clearance	of	toxic	protein	released	by	neurons.	Recent	data	suggest	

that	the	internalization	and	accumulation	of	fibrillar	a-syn	in	astrocytes	may	play	an	important	

role	 in	 PD	 progression	 and	 associated	 chronic	 neuroinflammation	 (Rostami	 et	 al.,	 2020;	

Rostami	et	al.,	2017).	Mutations	in	the	leucine-rich	repeat	kinase	2	(LRRK2)	gene	represent	one	

of	the	most	common	causes	of	familial	PD	and	have	been	linked	to	impaired	a-syn	degradation	

in	neurons	(Schapansky	et	al.,	2018;	Paisàn-Riuz	et	al.,	2013).	LRRK2	is	expressed	in	multiple	

cell	 types	 of	 the	 central	 nervous	 system,	 and	 it	 has	 been	 implicated	 in	 the	 regulation	 of	

lysosomal	morphology	and	function	in	different	cell	 types,	 including	astrocytes	and	neurons	

(Herzig	et	al.,	2011;	Tong	et	al.,	2012;	Schapansky	et	al.,	2018).	LRRK2-linked	impairment	in	the	

lysosomal	pathway	in	neurons	may	cause	cell	death	and	consequent	a-syn	release.	Hence,	as	

microglia,	astrocytes	respond	to	pathological	condition	and	switch	into	a	phagocytic	state	to	

eliminate	 cell	 debris	 and	 aggregated	 proteins	 via	 the	 lysosomal	 pathway	 (Söllvander	 et	 al.,	

2016; Rostami	et	al.,	2017;	Tremblay	et	al.,	2019).	However,	in	which	way	pathogenic	LRRK2	

affects	a-syn	clearance	by	astrocytes	remains	unclear.		

In	this	context,	the	specific	aims	of	the	second	part	of	this	project	are:	

Objective	1	To	determine	the	effects	of	the	Lrrk2	G2019S	mutation	in	uptake	and	degradation	

of	exogenous	a-syn	in	primary	cultures	of	astrocytes.		

Objective	2	To	unravel	novel	LRRK2	interactors	in	astrocytes	and	to	elucidate	their	impacts	on	

astrocytes	both	in	health	and	disease.	

Given	 the	 importance	 of	 astrocytes-mediated	 brain	 clearance	 in	 maintaining	 brain	

homeostasis,	the	outcomes	of	this	PhD	project	will	generate	new	fundamental	knowledge	in	the	

astrocytes	 biology	 and	 open	 the	 possibility	 to	 target	 astrocyte-mediated	 brain	 clearance	 in	

human	diseases.	
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5. Materials	and	Methods	 PART	I	

5.1. Mouse	primary	astrocyte	cultures	
	

Mouse	primary	striatal	astrocytes	were	obtained	from	animals	between	postnatal	days	1	

and	 3.	 Brains	 were	 dissected	 from	 the	 skull	 and	 placed	 on	 a	 Petri	 dish	 containing	 cold	

Dulbecco’s	 Phosphate	 Buffered	 Saline	 (DPBS,	 Biotest).	 Olfactory	 bulbs	 and	 cortices	 were	

removed	 under	 an	 optic	microscope,	 and	 striata	 were	 transferred	 to	 a	 separate	 Petri	 dish	

containing	cold	DPBS.	After	the	dissection,	supplemented	medium	composed	of	Basal	Medium	

Eagle	 (BME,	Biowest)	 10%	 fetal	 bovine	 serum	 (FBS,	 Corning),	 100	U/ml	penicillin	 and	100	

μg/ml	streptomycin,	was	added	to	the	tissues.	Striata	were	then	sifted	through	a	70-μm	cell	

strainer	(Sarstedt),	using	a	syringe	plunger.	The	cell	suspension	was	centrifuged	(300×g,	15	

min),	and	the	pellet	was	washed	twice	with	25	ml	of	supplemented	medium.	Cells	were	seeded	

at	a	density	of	5×106	cells/10	ml	medium	in	cell	culture	flasks	and	maintained	in	supplemented	

medium	at	37	°C	and	5%	CO2	atmosphere.	The	culture	medium	was	changed	after	7	days	and	

again	 after	 additional	 3–4	 days.	When	 cell	 confluency	 reached	 about	 80%,	 microglia	 were	

detached	by	shaking	the	flask	(800	rpm)	for	2	h	at	room	temperature	(RT).	After	shaking,	the	

medium	containing	microglia	was	removed	and	replaced	with	 fresh	supplemented	medium.	

Independent	experiments	were	carried	out	using	cells	obtained	from	different	pups.	

5.2. pH-RODO	synaptosome	purification	and	conjugation		
	

Synaptosomes	were	prepared	as	 follows.	Four	Sucrose	Tris-Percoll	 solutions	 (23-15-10-

3%of	Percoll,	respectively)	were	prepared	and	stratified	into	a	centrifuge	tube.	Whole	Brain	

tissues	were	homogenized	in	a	solution	containing	10	mM	Tris,	0.32M	sucrose	(pH	7.4)	and	

protease	 inhibitors	 using	 a	 glass-Teflon	 tissue	 grinder	 (0.25	 mm	 clearance).	 After	

centrifugation	 (1,000xg	 for	 5	min	 at	 4°C),	 the	 supernatant	was	 added	 to	 the	 discontinuous	

density	 gradient	 solution.	 After	 a	 second	 centrifugation	 (33,500xg	 for	 6	 min	 at	 4°C),	 the	

synaptosome	 fraction,	 located	 between	 the	 23%	 and	 15%	 density	 gradient	 solutions,	 was	

collected	and	the	re-suspended	in	a	physiological	solution	(140	mM	NaCl;	3	mM	KCl;	1.2	mM	

MgSO4;	1.2	mM	NaH2PO4;	10	mM	HEPES;	10	mM	glucose;	dissolved	in	distilled	water,	pH	7.4).	

To	obtain	purified	synaptosomes,	a	final	centrifugation	step	at	20,000xg	for	10	min	at	4°C	was	

performed	and	the	pellet	containing	the	synaptosomal	fraction,	was	either	conjugated	or	stored	

at	-80°C	in	PBS	containing	5%	DMSO.		
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For	 conjugation,	 synaptosomes	 were	 incubated	 with	 pH-RODO™	 Red,	 succinimidyl	 ester	

(Thermo	Scientific)	or	5-TAMRA	(5-Carboxytetramethylrhodamine)	(Thermo	Scientific)	in	0.1	

M	Na2CO3	(pH	9.0)	at	RT	with	gentle	agitation.	After	2h,	unbounded	pH-RODO	was	washed-out	

with	 DPBS	 by	 performing	 six	 rounds	 of	 centrifugations	 at	 21,092xg.	 pH-RODO	 -conjugated	

synaptosomes	were	re-suspended	with	DPBS	containing	5%	DMSO	 for	subsequent	 freezing.	

The	 fluorescence	 of	 conjugated	 synaptosomes	was	 verified	 through	 Victor	 X3	 Plate	 Reader	

(Perkin	Elmer).	

For	chemokine	binding	assay,	10µg	of	synaptosomes	were	incubated	with	recombinant	Cxl12	

at	 a	 final	 concentration	of	 250nM	 for	1h	 at	 37°C	with	 gentle	 agitation.	After	 2h	 incubation,	

unbounded	Cxcl12	was	washed-out	with	DPBS	by	performing	four	rounds	of	centrifugations	at	

21,092xg.	

5.3. Mass	spectrometry	
	

For	 mass	 spectrometry,	 20μg	 of	 pure	 synaptosomes	 were	 sent	 to	 EMBL	 Core	 Facility.	

Protein	 samples	 were	 sent	 for	 analysis	 at	 EMBL	 Proteomics	 Core	 Facility	 in	 Heidelberg,	

Germany.	 There,	 samples	 were	 subjected	 to	 in-solution	 tryptic	 digestion	 using	 a	 modified	

version	of	the	Single-Pot	Solid-Phase-enhanced	Sample	Preparation	(SP3).	Methods	are	fully	

established	and	detailed	in	protocol	(Walch	et	al.,2021;	Selkrig	et	al.,	2021;	Määttä	et	al.,	2020).	

5.4. Sample	preparation	for	Transmission	Electron	Microscopy	(TEM)	analysis	
	

Pure	 synaptosomes	were	 centrifuged	 at	 21,092xg	 at	 RT,	 the	medium	was	 removed	 and	

Fixative	buffer	(glutaraldehyde	2.5%	in	0.1M	sodium	cacodylate	buffer)	was	added	to	the	pellet	

for	 1h	 at	 4°C.	 Then,	 at	 the	Microscopy	 Facility	 (Dept.	 of	 Biology,	University	 of	 Padova),	 the	

samples	were	postfixed	with	1%	osmium	tetroxide	and	1%	potassium	ferrocyanide	 in	0.1M	

sodium	 cacodylate	 buffer	 for	 1h	 at	 4°C.	 After	 three	 washes	 with	 water,	 samples	 were	

dehydrated	 in	 a	 graded	 ethanol	 series	 and	 embedded	 with	 epoxy	 resin	 (Sigma-Aldrich).	

Ultrathin	 sections	 (60-70	 nm)	 were	 obtained	 with	 an	 Ultrotome	 V	 (LKB)	 ultramicrotome,	

counterstained	 with	 uranyl	 acetate	 and	 lead	 citrate	 and	 viewed	 with	 a	 Tecnai	 G2	 (FEI)	

transmission	electron	microscope	operating	at	100	kV.	Images	were	captured	with	a	9800X,	

magnification	using	a	Veleta	(Olympus	Soft	Imaging	System)	digital	camera.	
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5.5. Generation	of	human	induced	astrocytes	(HiAastrocytes)	
 

Human	fibroblasts	were	obtained	from	two	healthy	donor	from	Coriel	stem	cell	bank	(Table	

1).	

Sample	 Type	 Code	 Biopsy	 Sex	 Age	 Kariotype	

38530A	 Healthy	 Ctrl1	 Skyn	 M	 55	 Normal	
291949	 Healthy	 Ctrl2	 Skyn	 M	 66	 Normal	

Table	1.	Summary	of	fibroblasts	used	for	reprogramming	and	generation	of	astrocytes.		

	

Human	 fibroblasts	were	grown	 in	DMEM	F12	(Gibco/ThermoFisher,	Spain)	and	 infected	

with	the	CytoTune	iPS	2.0	Sendai	Reprogramming	Kit	(Thermo-	fisher,	Spain).	The	commercial	

Sendai	virus	expressed	the	key	genetic	factors	necessary	for	reprogramming	somatic	cells	into	

iPSCs	(Klf4/Oct3-4/Sox2-KOS,	hc-Myc,	Klf4).	Infection	efficiency	was	evaluated	by	co-infection	

with	a	EmGFP	fluorescent	reporter	plasmid	provided	with	the	kit.	Seven	days	later,	transduced	

fibroblasts	 were	 seeded	 in	 Geltrex	 (ThermoFisher,	 Spain)	 in	 Essential	 8	 Flex	 medium	 (E8,	

Gibco/ThermoFisher,	 Spain).	 E8	 medium	 was	 changed	 every	 day	 for	 21	 days	 until	 the	

formation	of	iPSC	colonies	was	observed.	Colonies	were	manually	isolated	using	a	27G	Braun	

Sterican	Needle	and	replated	in	laminin-521	(LN521-Biolamina,	Sundbyberg	Sweden)	with	E8	

medium	supplemented	with	ROCK	inhibitor	(Y-27632;	Millipore,	Madrid,	Spain).	The	day	after,	

ROCK	 inhibitor	was	 removed	 and	 replaced	with	 fresh	medium.	 Colonies	were	 sequentially	

isolated	 and	 re-suspended	 as	 single	 cells.	 Embryoid	 bodies	 (EBs)	were	 generated	 after	 re-

suspending	iPSC	colonies	in	Essential	6	medium	(E6,	Gibco)	for	2–4	days	in	AggrewellTM	800	

plates	(StemCell,	Grenoble,	France).	Half	of	the	medium	in	the	microwells	was	replaced	daily	

with	fresh	medium.	EBs	were	then	seeded	in	LN521/LN211	mix	(50%	each)	(Biolamina)	and	

the	differentiation	to	neural	precursor	cells	(NPCs)	as	neural	rosettes	was	promoted	using	the	

STEMdiff	Neural	Induction	Medium	(Stemcell).	After	7	days,	neural	rosettes	were	selected	and	

detached	using	the	STEMdiff	Neural	Rosette	Selection	Reagent	(Stemcell).	Cells	were	incubated	

for	2	h	with	this	reagent	at	37°C	with	5%	CO2,	mechanically	re-suspended	at	single	cell	level	

and	seeded	 in	LN211/LN111	(50%	each)	(Biolamina).	Differentiation	of	NPCs	 to	progenitor	

astrocytes	 was	 triggered	 using	 the	 astrocyte	 differentiation	 medium	 (STEMdiff	 astrocyte	

differentiation	 #100-0013,	 StemCell).	 To	 maintain	 the	 appropriate	 cell	 density	 (70%	 of	

confluence)	 cells	 were	 passed	 every	 week	 in	 the	 same	 coating	 mix	 for	 21	 days.	 Finally,	

astrocytes	 progenitor	 cells	 were	 maturated	 in	 Astrocyte	 Maturation	 Medium	 (STEMdiff	
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astrocyte	maturation	#100-0016,	StemCell)	for	60	to	75	days.	During	the	whole	protocol,	the	

correct	 state	 of	 the	 cells	 in	 each	 step	 was	 evaluated	 using	 the	 EVOS	 FL	 microscope	 (Life	

Technologies,	AME4300).		

5.6. Cells	transfection	
	

For	 the	High	 throughput	 screening,	 primary	 astrocytes	were	 seeded	 in	 μClear	 384-well	

(PerkinElmer)	plates	at	a	seeding	density	of	4	x	103	cells/well	by	taking	advantages	of	Janus	

Liquid	Handler	(PerkinElmer)	and	transfected	the	following	day.	Cells	were	transfected	with	G-

014675-E2	Mouse	 Druggable	 Subset	 Dharmacon	 siGENOME®	 SMARTpool®	 siRNA	 Library	

Lot.1400,	Non-Targeting	siRNA	SMARTpool	(Control),	Megf10	siRNA	SMARTPool,	CtsB	siRNA	

SMARTPool	 (Dharmacon)	 at	 a	 final	 concentration	 of	 50nM,	 together	 with	 eGFP	 encoding	

plasmid	 using	 Lipofectamine	 2000	 (Thermo	 Scientific)	 following	 1:3	 siRNA-

DNA/Lipofectamine	 ratio.	DNA-siRNA	and	Lipofectamine	were	diluted	 in	OPTIMEM	 (Gibco)	

and	incubated	for	20	min	at	RT	to	allow	the	formation	of	DNA-siRNA/PEI	complexes.	The	mix	

was	then	added	to	the	plates	by	taking	advantage	of	the	Precision	XS	pipetting	system	(Biotek).	

After	90	min	the	transfection	medium	was	replaced	with	complete	BME,	and	the	experimental	

procedure	was	carried	out	at	the	appropriate	time.		

For	the	live-imaging	experiments	primary	astrocytes	were	plated	in	μClear	96-well	(Greiner)	

plates	 and	 transfected	 the	 day	 after	 the	 seeding.	 Cells	 were	 transfected	 with	 mouse	 Non-

Targeting	siRNA	SMARTpool,	Ackr3	siRNA	SMARTPool,	Megf10	siRNA	SMARTPool,	CtsB	siRNA	

SMARTPool	 (Dharmacon),	 Human	 CXCR7-Tango	 (Plasmid	 #66265,	 Addgene)	 as	 described	

above.	

For	immunocytochemistry	and	western	blot	analyses,	primary	striatal	astrocytes	were	seeded	

in	24-well	plates	at	the	seeding	density	of	0.025	×	106	cells/well.	Cells	were	transfected	with	

mouse	Ackr3,	Megf10,	CtsB	siRNA	SMARTPool	at	a	final	concentration	of	50nM	(Dharmacon)	

using	Lipofectamine	2000	(Thermo	Scientific)	following	1:3	siRNA	to	Lipofectamine	ratio.	After	

72	h,	the	experimental	procedure	was	carried	out.		

For	 live-imaging	 assay,	 iHAstrocytes	were	 seeded	 in	 μClear	 96-well	 (Greiner)	 plates	 coated	

with	 LN111/LN211	 (Biolamina).	 The	 day	 after,	 cells	 were	 transfected	 with	 Non-Targeting	

siRNA	SMARTpool,	Ackr3	siRNA	SMARTPool	(Dharmacon)	at	a	final	concentration	of	100nM,	

together	with	pmaxGFPTM	(LONZA)	using	Lipofectamine	Stem	Transfection	Reagent	following	

1:1	siRNA-DNA/Lipofectamine	ratio.	
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5.7. Synaptosomes	phagocytosis	assay	
	

For	synaptosomes	phagocytosis	assay,	the	protocol	established	in	Byun	et	al	2019	has	been	

employed.	Mouse	primary	astrocytes	were	seeded	at	60%	of	confluency	into	μClear	384-well	

(PerkinElmer),	 μClear	 96-well	 (Greiner)	 plates	 and	 after	 24h	 cells	 were	 transfected	 as	

described	 above	 in	 Section	 5.6.	 After	 one	 day	 upon	 transfection,	 cells	 were	 treated	 with	

1ug/cm2	of	pH-RODO	synaptosomes	in	OPTIMEM.	After	90	min,	cells	were	washed	three	times	

with	 pre-warmed	DPBS	 and	 supplemented	medium	without	 Phenol	 red	was	 added.	 Images	

were	taken	at	different	times	after	the	pulse	to	follow	pH-RODO	synaptosomes	internalization	

and	acquired	through	High	Content	Imaging	System	Operetta	(Perkin	Elmer)	using	10x	NA	and	

20x	WD	magnification.	Images	were	analyzed	using	Harmony	Software	(Perkin	Elmer).	

For	immunocytochemistry	analyses,	primary	striatal	astrocytes	and	iHAstrocytes	were	seeded	

onto	24-well	plates	(105	cells/well)	and	treated	with	1µg/cm2	of	TAMRA-synaptosomes	diluted	

in	 OPTIMEM	 for	 90	min	 at	 37°C.	 After	 the	 pulse,	 cells	 were	washed	 three	 times	with	 pre-

warmed	DPBS,	complete	medium	was	added,	and	cells	were	fixed	after	48h.		

5.8. Immunocytochemistry	and	confocal	microscopy	analysis	
	

Primary	striatal	astrocytes	were	cultured	onto	12mm	glass	coverslips	(Thermo-Scientific)	

in	24-well	plates	at	50%	confluency.	The	coverslips	had	been	previously	sterilized	in	70%	v/v	

ethanol	 followed	 by	 30	 min	 exposure	 to	 UV	 light,	 then	 coated	 with	 Poly-L-Lysine	 (Sigma-

Aldrich).	Cells	were	plated	at	about	half	of	the	confluency	and	after	transfection	or	synaptosome	

treatment	fixed	with	an	intermediate	washing	step	in	DPBS.	

Fixation	was	performed	with	4%	w/v	Paraformaldehyde	(PFA),	pH	7.4,	for	20	min	at	RT.	Cells	

were	 permeabilized	 with	 0.1%	 v/v	 Triton®	 X-100	 in	 DPBS	 for	 20	 min	 and	 successively	

incubated	for	60	min	with	blocking	solution	(5%	v/v	FBS	in	DPBS)	to	saturate	non-specific	sites	

for	primary	antibodies.	Primary	antibodies	diluted	in	blocking	solution	were	then	added	to	the	

permeabilized	cells	overnight	(O/N)	at	4°C	in	a	humidity	chamber.	Primary	antibodies	were	

diluted	 in	 blocking	 solution	 as	 follows:	 rabbit	 anti-GFAP	 (Abcam	#ab4674,	 1:400),	 rat	 anti-

Lamp-1	 (clone	 1D4B)	 (Abcam	 #ab25245,	 1:100),	 rabbit	 anti-Lamp2A	 (Abcam	 #ab18528,	

1:200),	rabbit	anti-Iba1	(Wako	#019-19741	1:200),	rabbit	anti-Cxcr7	(Ackr3)	(Thermo	Fisher,	

#	PA3-069	1:500).	The	next	day,	cells	were	washed	three	times	with	DPSB	and	stained	for	1h	

at	 RT	with	 secondary	 antibodies	 diluted	with	 blocking	 solution	 1:200.	 Secondary	 antibody	

incubation	 was	 carried	 out	 using	 Alexa	 Fluor	 647	 (Invitrogen	 #A21449	 Alexa	 Fluor	 488	
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(Invitrogen	#A11034),	 and	Alexa	 Fluor	 568	 (Invitrogen	#A11004)	 fluorophores,	 antibodies	

were	diluted	1:200	in	Blocking	Buffer.	Cells	were	washed	3	times	with	DPBS.	Cover	glasses	were	

mounted	on	a	microscope	slide	(Thermo	Scientific)	using	Mowiol	(Calbiochem)	supplied	with	

DAPI.	Images	were	acquired	through	Leica	SP5	confocal	microscope	using	a	40x	objective	in	oil.	

iHAstrocytes	were	cultured	onto	12mm	glass	coverslips	(Thermo-Scientific)	in	24-well	plates.	

The	day	after,	cells	were	fixed	in	4%	PFA	(Merck/Sigma)	for	8	min,	permeabilized	with	0.1%	

Triton	(Sigma)	and	non-specific	epitopes	were	blocked	with	5%	bovine	serum	albumin	(BSA)	

in	DPBS	for	45	min	at	RT.	Primary	antibodies	were	incubated	O/N	at	4°C	and	then	washed	three	

times	with	 0.1%	 Triton	 in	 PBS.	 Secondary	 antibodies	 Alexa	 488,	 Alexa	 568	 and	 Alexa	 647	

(Invitrogen,	1:500),	were	 incubated	 for	1h	 in	 the	dark	at	RT.	After	 three	washes	with	0.1%	

Triton	in	PBS,	cell	nuclei	were	counter-stained	for	1	min	with	DAPI	(ThermoFisher).	Finally,	

coverslips	 were	 mounted	 with	 Glycergel	 (Dako,	 Barcelona,	 Spain)	 and	 analyzed	 using	 the	

confocal	microscope	Leica	TCS	STED	CW	SP8.	

5.9. Fluorescence	Microscopy	and	Image	Analysis		
	

For	live	imaging	studies	with	primary	striatal	astrocytes,	 images	were	acquired	at	32-bit	

intensity	 resolution	 over	 1024	 ×	 1024	 pixels,	 through	 the	 Operetta	 High	 Content	 Imaging	

System	 (Perkin	Elmer),	 using	 a	 10x	 long	working	 distance	 dry	 objective.	 Four	 independent	

cultures	were	used.	For	each	 culture,	 four	 independent	 fields	were	evaluated	and	 reported.	

eGFP-positive	and	pH-RODO	positive	area	total	were	assessed	using	Harmony	Software	(Perkin	

Elmer).	Phagocytic	Index	was	calculated	as	total	pH-RODO	positive	area	normalized	by	Total	

eGFP	positive	area.		

For	post-fixation	imaging	of	primary	striatal	astrocytes,	images	were	acquired	at	8-bit	intensity	

resolution	 over	 1024	 ×	 1024	 pixels,	 through	 Leica	 SP5	 confocal	microscope	 using	 a	 HC	 PL	

FLUOTAR	 ×40/0.70	 oil	 objective.	 After	 setting	 the	 threshold,	 the	 JACoP	 plugin	 (ImageJ,	

https://imagej.nih.gov/ij/plugins/track/jacop2.html)	was	applied	for	the	quantification	of	co-

localization	between	Ackr3	signal	and	the	Lamp1	and	TAMRA-positive	structures,	graphically	

displayed	as	 the	Pearson’s	Correlation	Coefficient.	For	 the	evaluation,	 four	 independent	 cell	

cultures	were	used.	For	each	culture,	four	independent	fields	per	experiment	were	evaluated	

and	reported.	All	quantifications	were	normalized	to	the	number	of	 living	cells	 identified	by	

nuclei	staining.		

For	live	imaging	studies	of	iHAstrocytes,	images	were	acquired	at	32-bit	intensity	resolution	

over	 1024	 ×	 1024	 pixels,	 through	 Carl	 Zeiss	 ApoTome2,	 using	 a	 20x	 dry	 objective.	 For	 the	



 

 50 

evaluation	two	independent	cell	cultures	were	used.	Phagocytic	Index,	area	and	number	of	Ph-

RODO	positive	puncta	were	assessed	manually	using	ImageJ.	After	setting	the	scale,	ROIs	were	

identified	 as	 the	 area	of	 eGFP	positive	 cells	 (green)	 and	pH-RODO	positive	 area	 (red)	were	

calculated	for	each	ROI.	For	the	calculation	of	the	phagocytic	index,	the	total	area	of	pH-RODO	

positive	area	per	well	was	normalized	by	the	total	area	of	eGFP	positive	cells	per	well.	

For	post-fixation	imaging	of	iHAstrocytes,	images	were	acquired	at	32-bit	intensity	resolution	

over	1024	×	1024	pixels,	through	confocal	microscope	Leica	TCS	STED	CW	SP8,	using	HC	PL	

FLUOTAR	×40/0.70	oil	objective.	After	setting	 the	 threshold,	 the	 JACoP	plugin	(ImageJ)	was	

applied	 for	 the	 quantification	 of	 co-localization	 between	 Ackr3	 signal	 and	 the	 Lamp1	 and	

TAMRA-positive	structures,	graphically	displayed	as	the	Pearson’s	Correlation	Coefficient.	For	

the	evaluation	 two	 independent	cell	 cultures	were	used.	For	each	culture,	 four	 independent	

fields	per	experiment	were	evaluated	and	reported.	All	quantifications	were	normalized	to	the	

number	of	living	cells	identified	by	nuclei	staining.		

5.10. Western	Blot	Analysis	
	

Synaptosomes,	murine	cultures	and	iHAstrocytes	were	lysed	in	an	appropriate	volume	of	

RIPA	buffer	(20	mM	Tris-HCl	pH	7.5,	150	mM	NaCl,	1	mM	EDTA,	0.5	mM	sodium	pyrophosphate	

(Na4P2O7),	 1	mM	β-glycerophosphate	 (C3H7Na2O6P),	 1	mM	 sodium	 orthovanadate	 (Na3VO4)	

containing	 1%	 protease	 inhibitor	 cocktail	 (Sigma-Aldrich).	 Protein	 concentration	 was	

determined	through	the	Pierce	BCA	Protein	Assay	Kit	following	the	manufacturer’s	instructions	

(Thermo	Scientific)	and	25μg	of	each	sample	was	prepared	for	SDS-PAGE	with	the	addition	of	

sample	buffer	4x.	Electrophoresis	was	performed	using	ExpressPlus	PAGE	precast	gels	4-20%	

(GeneScript).	 After	 electrophoresis,	 protein	 samples	 were	 transferred	 to	 PVDF	membranes	

(Bio-Rad)	through	a	Trans-Blot	TurboTM	Transfer	System	(Bio-Rad)	 in	semi-dry	conditions,	

with	the	1x	transfer	buffer	(Bio-Rad)	at	25	V	for	20	min.	Membranes	were	incubated	with	5%	

milk	(blocking	buffer)	diluted	in	DPBS	at	RT	for	1	h.	Proteins	were	identified	by	the	appropriate	

primary	antibodies	against	mouse	anti-PSD95	(Abcam	#ab2723,	1:1000)	,	mouse	anti-β-actin	

(Sigma	Aldrich	#A3853,	1:10000),	ATP5A	(Abcam	#ab14748,	1:1000),	GFAP	(Dako	#Z0334,	

1:10000),	 rabbit	 anti-Synaptophysin	 (EMD	 Millipore	 MAB258,	 1:10000),	 rabbit	 anti-MBP	

(Abcam	 #ab40390;	 1:1000),	 mouse	 anti-Vamp2	 (homemade	 gently	 provided	 by	 Ornella	

Rossetto,	1:2000),	 rabbit	anti-Megf10	(Sigma-Aldrich	#ABC10	1:1000),	CtsB	(Abcam	[CA10]	

#ab58802,	1:2000),	rabbit	anti-Cxcr7	(Ackr3)	(Thermo	Fisher,	#	PA3-069	1:2000),	rabbit	anti-

SDF-1/Cxcl12	 (Cell	 Signaling	#3740,	1:1000)	mouse	anti-GAPDH	 (Cusabio	#CSB-MA000195	
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1:5000),	Flag	M2-peroxidase	(Sigma-Aldrich	#A8592,	1:5000)	and	then	incubated	for	1h	at	RT	

with	appropriate	horseradish	peroxidase	(HRP)-conjugated	secondary	antibodies	(Invitrogen).	

The	visualization	of	the	signal	was	conducted	using	Immobilon	Forte	Western	HRP	substrate	

(Millipore)	 and	 the	VWR	 Imager	 Chemi	 Premium.	 Images	were	 acquired	 in	 .tiff	 format	 and	

processed	with	the	ImageJ	software	to	quantify	the	total	intensity	of	each	single	band.	

For	 Dot-Blot	 assay,	 synaptosomes	 were	 lysed	 in	 an	 appropriate	 volume	 of	 RIPA	 buffer	

containing	 1%	 protease	 inhibitor	 cocktail	 (Sigma-Aldrich).	 Protein	 concentration	 was	

determined	through	the	Pierce	BCA	Protein	Assay	Kit	following	the	manufacturer’s	instructions	

(Thermo	Scientific).	10-20-30μg	of	sample	was	spotted	onto	nitrocellulose	membranes	(Bio-	

Rad)	and	allowed	to	dry.	Briefly,	membranes	were	incubated	with	blocking	buffer	at	RT	for	1h.	

Then,	recombinant	chemokine	was	added	at	0.1	μg/ml	in	blocking	buffer	and	incubated	for	1h	

at	RT.	Proteins	were	identified	by	the	appropriate	primary	antibodies	against	SDF-1	and	then	

incubated	for	1h	at	RT	with	appropriate	horseradish	peroxidase	(HRP)–conjugated	secondary	

antibodies	(Invitrogen).	The	visualization	of	the	signal	was	conducted	using	Immobilon	Forte	

Western	 HRP	 substrate	 (Millipore)	 and	 the	 VWR	 Imager	 Chemi	 Premium.	 Images	 were	

acquired	in	.tiff	format	and	processed	with	the	ImageJ	software	to	quantify	the	total	intensity	

of	each	single	band.	

5.11. Ackr3	immunoprecipitation	and	pull-down	Assay	
	

Human	CXCR7-Tango	(Plasmid	#66265,	Addgene)	purification	was	performed	as	follows.	

Briefly,	 transfected	 Hek293FT	 cells	 were	 solubilized	 in	 an	 appropriate	 volume	 of	

radioimmunoprecipitation	assay	buffer,	RIPA	buffer	(20	mM	Tris-HCl	pH	7.5,	150	mM	NaCl,	1	

mM	EDTA,	2.5	mM	sodium	pyrophosphate	(Na4P2O7),	1	mM	β-glycerophosphate	(C3H7Na2O6P),	

1	 mM	 sodium	 orthovanadate	 (Na3VO4)	 containing	 1%	 protease	 inhibitor	 cocktail	 (Sigma-

Aldrich).	 Lysates	 were	 centrifuged	 for	 30	 min	 at	 14,000×g.	 Afterwards,	 lysates	 containing	

3xFlag-tagged	protein	were	incubated	with	anti-Flag	M2	agarose	beads	O/N	at	4	°C	on	a	rotator.	

Proteins	were	then	resolved	by	SDS-PAGE	and	Western	Blot.		

For	the	pull-down	assay,	40μg	of	pure	synaptosomes	were	incubated	O/N	at	4°C	on	a	rotator	

with	anti-Flag	beads	deriving	from	the	immunoprecipitation.	The	following	day	anti-Flag	beads	

were	centrifuged	for	1	min	at	9000xg	and	the	flow	through	was	collected.	Then	the	beads	were	

washed	 several	 times	 with	 lysis	 buffer	 and	 protein	 were	 then	 resolved	 by	 SDS-PAGE	 and	

Western	Blot.	
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5.12. Pip	Strips	
	

The	 lipid-binding	 specificity	 of	 recombinant	 murine	 SDF-1α-CXCL12	 (Peprotech)	 was	

determined	using	PIP	Strips	(Thermo	Scientific).	These	strips	are	spotted	with	100	pmol	of	15	

different	lipids	found	in	cell	membranes.	First,	strips	were	incubated	with	blocking	buffer	(1X	

Tris-buffered	 saline	 [TBS],	 0.1%	 Tween-20,	 3%	 BSA)	 for	 1h	 at	 RT.	 Then,	 recombinant	

chemokine	was	added	at	0.1	μg/ml	in	blocking	buffer	and	incubated	for	1h	at	RT.	Strips	were	

washed	with	TBS-T	(TBS,	0.1%	Tween-20),	and	bound	protein	was	detected	with	specific	rabbit	

anti-chemokine	antibodies	 (Peprotech)	 followed	by	an	HRP-conjugated	anti-rabbit	antibody	

(Abcam,	 Cambridge,	 Massachusetts,	 USA).	 Strips	 were	 developed	 with	 Immobilon	 Forte	

Western	HRP	substrate	(Millipore)	and	the	VWR	Imager	Chemi	Premium.	

5.13. Chemokines	array		
	

Mouse	 chemokines	 in	 astrocytes	 culture	 medium	 upon	 synaptosomes	 treatment	 or	

untreated	astrocytes	were	measured	using	the	microarray	data	and	confirmed	using	a	mouse	

cytokine	 antibody	 array	 (RayBiotech)	 according	 to	 the	manufacturer's	 instructions.	 The	 kit	

consists	 of	 a	 nitrocellulose	 membrane	 containing	 24	 different	 anti-chemokine	 antibodies	

spotted	in	duplicate.	The	24	chemokines	included	CCL1,	CCL11,	CCL12,	CCL17,	CCL19,	CCL2,	

CCL20,	 CCL21,	 CCL22,	 CCL24,	 CCL25,	 CCL27,	 CCL3,	 CCL5,	 CCL9,	 CX3CL1,	 CXCL1,	 CXCL11,	

CXCL12,	 CXCL13,	 CXCL16,	 CXCL2,	 CXCL5,	 CXCL9.	 Briefly,	 membranes	 were	 incubated	 with	

blocking	buffer	at	RT	for	1h.	Cell	supernatants	(0.5	ml)	were	incubated	with	an	array	membrane	

O/N	 at	 4°C.	 The	 arrays	 were	 then	 washed	 three	 times	 for	 10	 min	 and	 then	 a	 cocktail	 of	

biotinylated	detection	antibodies	incubated	at	RT	for	1h,	and	then	each	was	incubated	with	a	

membrane	O/N	at	4°C.	The	arrays	were	then	washed	three	times	for	10	min	and	subsequently	

incubated	 with	 horseradish	 peroxidase-conjugated	 streptavidin	 for	 30	 min	 at	 RT	 The	

visualization	 of	 the	 signal	 was	 conducted	 using	 Immobilon	 Forte	 Western	 HRP	 substrate	

(Millipore)	and	the	VWR	Imager	Chemi	Premium.	The	data	were	expressed	as	the	change	in	

expression	 of	 chemokines	 of	 synaptosomes	 treated	 astrocytes	 relative	 to	 that	 of	 the	

corresponding	chemokines	of	untreated	astrocytes.	

5.14. Gene	Ontology	enrichment	analysis	
	

Molecular	function	enrichment	analysis	was	provided	through	the	use	of	Gene	Ontology	(GO),	

(Ashburner	et	al.,	2019)	categories.	The	 list	of	genes	that	abolish	the	ability	of	astrocytes	to	



 

 53 

internalize	 synaptosome	 (red	 hits)	 and	 those	 that	 elicited	 the	 opposite	 (green	 hits)	 were	

analyzed	testing	the	enrichment	analysis	of	MF	GO	terms	by	using	the	ClusterProfiler	R	package	

(Wu	et	al.,	2021.;	Yu	et	al.,	2012).	MF	GO	terms	with	an	adjusted	p-values	lower	than	0.05	were	

considered	for	data	interpretation	and	the	top	10	ranked	terms	with	the	lowest	p-value	were	

represented	 in	 figures.	 Figures	were	 generated	with	 dotplot	 and	 cnetplot	 functions.	 All	 the	

analyses	have	been	performed	with	R	version	4.1.2	and	Bioconductor	version	3.14	(Huber	et	

al.,	2015).	

5.15. Statistical	Analysis		
	

Experiments	 were	 performed	 using	 cell	 cultures	 obtained	 from	 at	 least	 three	 different	

groups	of	pups.	iHAstrocytes	were	used	at	the	same	maturation	day	for	the	two	independent	

experiments.	Results	are	expressed	as	mean	±	standard	error	of	 the	mean	(SEM)	or	median	

with	interquartile	range,	depending	on	whether	data	followed	a	Gaussian	distribution	or	not.	

Gaussian	 distribution	 was	 assessed	 by	 D’Agostino-Pearson	 omnibus	 and	 Shapiro-Wilk	

normality	 tests.	 Data	 including	 more	 than	 two	 groups	 were	 analyzed	 by	 one-way	 ANOVA	

(Gaussian	 distribution)	 or	 Kruskal-Wallis	 test	 (non-Gaussian	 distribution)	 respectively	

followed	by	Tukey’s	multiple	comparisons	test	or	Dunn’s	multiple	comparisons	test.	Levels	of	

significance	were	defined	as	p	≤	0.05,	p	≤	0.01,	p	≤	0.001.	Statistical	analysis	was	performed	

with	Prism	6	(GraphPad).	

	

PART	II	

5.16. Large	scale	isolation	of	plasmid	DNA	
	

The	pCHMWS-3xflag-LRRK2	plasmid	was	used	for	mammalian	expression	of	3xFlag	LRRK2	

as	published	in	Civiero	et	al.	2012.	Competent	Stbl3	cells	were	transformed	with	plasmidic	DNA.	

After	incubation	on	ice,	100	μl	Super	Optimal	broth	with	catabolite	repression	(SOC)	medium	

was	added	to	the	E.coli-DNA	mixture	and	the	cells	were	incubated	at	37°C	for	30	minutes	in	

agitation.	 Cells	 were	 plated	 on	 an	 agarose-plate	 containing	 100µg/ml	 of	 ampicillin	 and	

incubated	at	37°C	O/N.	The	day	after,	colonies	were	picked	with	a	pipet	tip	and	left	O/Nat	37°C	

in	10	ml	Luria-bertani	(LB)	medium	with	100	ng/ml	ampicillin.	The	DNA	plasmid	preparation	

was	performed	by	means	of	a	miniprep	following	the	NucleoSpin®	Plasmid	EasyPure	protocol	

(Macherey-Nagel).	To	assess	quality	of	the	DNA	preparation,	a	small	aliquot	of	the	plasmid	was	

digested	with	 EcoRI,	 separated	 using	 agarose	 gel	 electrophoresis	 on	 a	 1%	 agarose	 gel	 and	
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visualised	using	VWR®	Imager	Chemi	Premium.	Colonies	with	the	expected	DNA	pattern	were	

selected	and	inoculated	into	250	ml	of	LB	medium	with	100	μg/ml	ampicillin	O/Nat	37°C	in	

agitation.	The	day	after,	DNA	was	purified	following	the	Nucleobond	Xtra	Midi	Plus	protocol.		

5.17. Recombinant	α-syn	purification	and	Pre-Formed	Fibrils	(PFFs)	preparation	
	

To	produce	recombinant	human	α-syn	from	bacterial	sources,	the	pET-αSyn	plasmid	was	

used	 as	 reported	 in	 Russo	 et	 al,	 2015.	 An	O/N	 culture	 of	E.coli	 BL21	 (DE3)	 endotoxin	 free	

transformed	with	pET-	α	Syn140	plasmid,	was	diluted	to	a	final	OD600nm	of	0.08	in	1	liter	of	

LB	fresh	medium	supplemented	with	25	μg/ml	kanamycin	and	25	μg/ml	chloramphenicol.	The	

bacterial	 culture	 was	 grown	 in	 agitation	 at	 37°C.	 When	 OD600	 reached	 0.4-0.6,	 α-syn	

expression	was	induced	using	100	μl	IPTG	and	further	incubated	for	4h.	Cells	were	harvested	

by	centrifugation	at	6000xg	for	5	mins	at	RT.	The	cell	pellet	was	kindly	resuspended	in	100	ml	

Osmotic	Shock	Buffer	(Tris	30mM,	EDTA	2mM,	40%	sucrose	pH	7.2)	and	incubated	for	10	min	

at	RT.	After	centrifugation	at	12000xg	for	20	min	at	4°C,	the	pellet	was	resuspended	with	90	ml	

cold	water	supplemented	with	37.5	μl	of	saturated	MgCl2	and	kept	on	ice	for	3	min.	Another	

centrifugation	 was	 performed	 and	 the	 supernatant,	 containing	 periplasmatic	 proteins,	 was	

collected	and	buffered	with	Tris-HCl	pH	8.0.	Subsequently,	the	sample	was	boiled	for	10	min.	

The	sample	was	centrifuged	and	the	supernatant	was	subjected	to	(NH₄)₂SO₄	precipitation:	a	

first	 step	 at	 35%	of	 saturation	 and	 then	 a	 second	one	until	 55%	of	 saturation.	 These	 steps	

eliminate	some	contaminants	and	concentrate	α-syn.	Finally,	the	protein	was	resuspended	in	

5-10	ml	of	Tris	buffer.	The	solution	containing	the	protein	was	dialyzed	against	water,	and	the	

centrifuged	sample	was	loaded	into	a	Resource	Q	6	ml	column	pre-equilibrated	in	20	mM	Tris	

pH	8.0	and	eluted	using	linear	0-500	mM	NaCl	gradient.	The	fraction	containing	α-syn	was	again	

dialyzed	extensively	against	water	and	lyophilized.	The	sample	was	resuspended	in	DPBS	and	

quantified	using	a	spectrophotometer	at	276	nm.	

The	volume	was	adjusted	by	adding	DBPS	until	 the	desired	concentration	was	reached.	The	

solution	containing	purified	α-syn	at	250μM	was	aliquoted	in	1,5	ml	tubes	and	the	fibrillation	

was	 performed	 following	 Pivato	 et	 al	 2012.	 Briefly,	 the	 solution	 was	 kept	 for	 7	 days	 in	 a	

ThermoMixer	(Eppendorf)	at	800	rpm	with	a	temperature	set	at	37°C.	α-syn	fibrils	formation	

and	 quality	was	 checked	 by	 transmission	 electron	microscopy	 (EM).	 Then	 the	 protein	was	

sonicated	as	described	in	literarure,	with	an	Ultrasonicator	(Covaris)	in	order	to	obtain	fibrils	

with	homogeneous	dimension.	The	success	of	the	treatment	was	checked	again	by	EM	analysis;	

PFFs	finally	resulted	to	be	100-200	nm	long.	For	SNARF-PFFs	preparation:	α-syn	monomers	
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were	conjugated	with	a	commercial	fluorescent	pH	sensitive	dye	(Carboxy	SNARF-1®,	Setareh	

Biotech),	 following	 the	 protocol	 described	 in	 Kim	 et	 al	 2012.	 Fibrils	 samples	 were	 then	

prepared	as	described	above.	

5.18. Human	H4	cell	line	maintenance	
	

Human	H4	neuroglioma	cells	were	kindly	provided	by	Prof.	Patrick	A.	Lewis	 (The	Royal	

Veterinary	College,	London,	UK).	H4	cells	were	cultured	in	DMEM	(Biowest)	supplemented	with	

10%	FBS	(Corning),	100	U/ml	penicillin,	and	100	μg/ml	streptomycin	at	37	°C	and	5%	CO2.	

Cells	were	plated	on	100	mm	Petri	dishes	(Corning)	at	a	density	of	5×106	cells/10	ml	medium	

for	purification	procedure	or	on	12	mm	glass	coverslips	(Thermo	Scientific)	at	a	density	of	105	

cells	for	immunocytochemistry	analyses.	

5.19. α-syn	PFFs	exposure	
	

Cells	 were	 exposed	 to	 sonicated	 SNARF-1-labeled,	 or	 unlabeled	 α-syn	 PFFs	 at	 a	

concentration	of	0.5	μM	for	24h.	To	inhibit	LRKK2	kinase	activity,	MLi-2	at	a	concentration	of	

200	nM	(Tocris	Bioscience)	was	applied	90	min	before	α-syn	PFFs	treatment	and	maintained	

for	the	entire	PFFs	exposure.	Cells	were	then	rinsed	twice	with	culture	medium	to	remove	any	

excess	 α-syn	 PFFs.	 Subsequently,	 cells	 were	 either	 processed	 for	 immunocytochemistry,	

western	blot,	or	live	imaging	assay	(24h	time	point).	

	

5.20. Cell	transfection	
	

For	 immortalized	 cell	 lines,	 transfection	 was	 made	 as	 follows.	 Once	 reached	 80%	 of	

confluency	 in	 100	 mm	 Petri	 dishes,	 H4	 cells	 were	 transiently	 transfected	 with	 10	 μg	 of	

pCHMWS-	3xflag-LRRK2	plasmids	encoding	for	human	LRRK2	and	5	μg	of	pEGFP-N3-AnxA2-

GFP	encoding	for	human	annexin	A2	(Addgene,	#107196),	using	linear	polyethylenimine	(PEI,	

Polysciences)	and	following	1:2	DNA	to	PEI	ratio.	On	12-mm	Ø	glass	coverslips,	H4	cells	were	

transiently	transfected	with	2	μg	of	pEGFP-N3-	AnxA2-GFP	at	60%	of	confluency.	DNA	and	PEI	

were	diluted	in	OPTIMEM	(Gibco)	and	incubated	for	20	min	at	RT	to	allow	the	formation	of	

DNA/PEI	complexes.	The	mix	was	added	to	cells	and	the	experimental	procedure	was	carried	

out	after	48h.	
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Primary	striatal	astrocytes	were	seeded	in	24-well	plates	at	the	seeding	density	of	2.5	×	104	

cells/well.	Cells	were	transfected	with	mouse	AnxA2	siRNA	SMARTPool	as	described	in	Section	

5.6.	After	72h,	the	experimental	procedure	was	carried	out.	

5.21. 	Western	Blot		
	

Western	Blot	was	performed	as	described	in	Section	5.10.	Proteins	were	identified	with	the	

following	primary	antibodies:	 rabbit	 anti-LRRK2	 (Abcam	#ab133474,	1:300),	mouse	anti-β-

actin	 (Sigma-Aldrich	 #A1978,	 1:10000),	 rabbit	 anti-annexin	 II	 (GeneTex	 International	

#GTX101902,	 1:1000),	 rabbit	 anti-alpha-synuclein	 (Abcam	 #ab138501,	 1:10000),	 Flag	M2-

peroxidase	(Sigma-Aldrich	#A8592,	1:10000)		

	

5.22. LRRK2	immunoprecipitation		
	

3xFlag-LRRK2	 purification	was	 performed	 as	 follows.	 Briefly,	 transfected	 H4	 cells	were	

solubilized	 in	an	appropriate	volume	of	radioimmunoprecipitation	assay	buffer,	RIPA	buffer	

containing	1%	protease	inhibitor	cocktail	(Sigma-Aldrich).	Lysates	were	centrifuged	for	30	min	

at	14,000×g.	Afterwards,	lysates	containing	3xFlag-	tagged	protein	were	incubated	with	anti-

Flag	M2	agarose	beads	for	2h	at	4	°C	on	a	rotator.	After	extensive	washing,	proteins	were	eluted	

with	150	ng/ml	of	3xFlag	peptide	by	shaking	for	30–40	min	at	4	°C.	Proteins	were	then	resolved	

by	SDS-PAGE	and	stained	for	2	h	with	Colloidal	Coomassie	Brilliant	Blue	(0.1%	w/v	Brilliant	

Blue	G-250,	25%	v/v	methanol,	5%	v/v	acetic	acid	and	milli-Q	water)	for	1h.	Then,	destained	

with	a	colloidal	destaining	(7.5%	v/v	acetic	acid,	5%	v/v	methanol	and	milli-Q	water).	Finally,	

the	appropriate	gel	band	was	excised	and	assessed	by	mass	spec	(Section	5.23).	

5.23. 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;	
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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	

Top4	method	(one	full	MS	scan	at	60,000	resolution	in	the	Orbitrap,	followed	by	the	acquisition	

in	the	linear	ion	trap	of	the	MS/MS	spectra	of	the	four	most	intense	ions).	Raw	data	files	were	

analyzed	using	Proteome	Discoverer	1.4	(Thermo	Fisher	Scientific)	connected	to	a	Mascot	local	

server	(version	2.2.4,	Matrix	Science)	and	searched	against	the	human	section	of	the	UniProt	

database	 (version	 July	 2018,	 95057	 entries)	 using	 the	 following	 parameters:	 trypsin	 was	

selected	as	digesting	enzyme	with	up	to	one	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	unique	peptides	and	an	FDR	≤	0.01	both	at	peptide	and	

protein	 levels.	 Proteins	 were	 grouped	 into	 protein	 families	 according	 to	 the	 principle	 of	

maximum	parsimony.		

5.24. Immunocitochemistry	
	

Immunocytochemistry	 was	 performed	 as	 described	 in	 Section	 5.9.	 Primary	 antibody	

incubation	was	performed	using	rabbit	anti-GFAP	(Abcam	#ab4674,	1:400),	rat	anti-Lamp-1	

(clone	1D4B)	(Abcam	#ab25245,	1:100),	rabbit	anti-Lamp2A	(Abcam	#ab18528,	1:200),	mouse	

anti-α-synuclein	 (BD	 Laboratories	 #610787,	 1:400),	 rabbit	 anti-annexin	 II	 (GeneTex	

International	#GTX101902,	1:200).	Secondary	antibody	incubation	was	carried	out	using	Alexa	

Fluor	 647	 (Invitrogen	#A21449,	 1:200),	 Alexa	 Fluor	 488	 (Invitrogen	#A11034,	 1:200),	 and	

Alexa	Fluor	568	(Invitrogen	#A11004,	1:200)	fluorophores.	In	some	experiments,	cells	were	

stained	using	Phalloidin-iFluor	647	Reagent	(Abcam	#ab176759,	1:1000).	Cover	glasses	were	

mounted	on	a	microscope	slide	(Thermo	Scientific)	using	Mowiol	(Calbiochem)	supplied	with	

DAPI.	Images	were	acquired	through	Leica	SP5	confocal	microscope	using	a	40x	objective	in	oil.		

5.25. Fluorescence	Microscopy	and	Image	Analysis		
	

For	primary	striatal	astrocytes	–	live	imaging	studies,	images	were	acquired	at	8-bit	intensity	

resolution	 over	 1024	×	 1024	pixels,	 through	Leica	 SP5	 confocal	microscope,	 using	 a	HC	PL	

FLUOTAR	 ×20/0.50	 dry	 objective.	 The	 number	 of	 independent	 cell	 cultures	 used	 was	 as	
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follows:	Lrrk2	WT,	n	=	4;	Lrrk2	KO,	n	=	4;	and	Lrrk2	GS,	n	=	4.	Pictures	were	acquired	at	the	two	

relevant	ranges	of	the	emission	spectrum	(channel1:	530–550	nm	and	channel2:	610–630	nm).	

For	each	culture,	six	to	eight	independent	fields	were	evaluated	and	reported.	SNARF-1-positive	

α-syn	inclusions	were	analyzed	using	ImageJ.	SNARF-1-labeled	α-syn	PFFs	were	assessed	using	

an	ImageJ	macro	including	the	following	steps:	set	scale,	convert	to	8-bit,	subtract	background,	

set	 threshold,	 et	 measurements,	 and	 analyze	 particles.	 The	 ratio	 of	 the	 single-particle	

integrated	density	(area	×	mean	intensity)	between	channel1	and	channel2	and	the	number	of	

particles	per	ROI	were	measured.	ROIs	were	first	identified	in	channel1	and	then	transferred	

to	channel2.	

For	primary	striatal	astrocytes–post-fixation	imaging,	images	were	acquired	at	8-bit	intensity	

resolution	 over	 1024	 ×	 1024	 pixels,	 through	 Leica	 SP5	 confocal	microscope	 using	 a	 HC	 PL	

FLUOTAR	×40/0.70	dry	objective.	Lamp2A-positive	puncta	were	 counted	using	 the	Analyze	

Particles	plug-in	in	ImageJ.	Fluorescent	puncta	were	assessed	by	area	and	particle	count.	The	

number	 of	 independent	 cell	 cultures	 used	 for	 the	 evaluation	 of	 Lamp2A-positive	 puncta	 in	

Lrrk2	WT	versus	Lrrk2	KO	versus	Lrrk2	GS	astrocytes	was	as	follows:	Lrrk2	WT,	n	=	3;	Lrrk2	

KO,	n	=	3;	and	Lrrk2	GS,	n	=	3.	For	each	culture,	eight	independent	fields	per	experiment	were	

evaluated	 and	 reported.	 Proximity	 analysis	 for	 AnxA2	 and	 unlabeled	 α-syn	 PFFs	 dots	 was	

performed	 using	 ComDet	 plug-in	 in	 ImageJ	 (https://imagej.net/Spots_colocalization_	

(ComDet)),	 using	 the	 following	 parameters:	 max	 colocalization	 distance	 (0.9	 pixels)	 and	

particles	dimension	(AnxA2:	3	pixels	and	α-syn:	4	pixels).	The	number	of	AnxA2	dots	and	the	

number	of	α-syn	puncta	were	assessed	by	“puncta	count”	output	and	the	proximity	between	

AnxA2	dots	and	engulfed	α-syn	as	“co-localization”	output.	All	quantifications	were	normalized	

to	 the	 number	 of	 living	 cells	 identified	 by	 nuclei	 staining.	 The	 number	 of	 independent	 cell	

cultures	used	in	AnxA2	downregulation	experiments	was	LRRK2	WT	n	=	3.	For	each	culture,	

four	 independent	 fields	 per	 experiment	 were	 evaluated	 and	 reported.	 The	 number	 of	

independent	cell	cultures	used	for	the	evaluation	of	AnxA2	function	in	Lrrk2	WT	versus	Lrrk2	

GS	 astrocytes	 was	 as	 follows:	 Lrrk2	 WT,	 n	 =	 3;	 Lrrk2	 GS,	 n	 =	 3.	 For	 each	 culture,	 eight	

independent	fields	per	experiment	were	evaluated	and	reported.	

	

5.26. Transmission	Electron	Microscopy	and	images	analysis	
	

Primary	striatal	astrocytes	were	seeded	onto	24-well	plates	(105	cells)	and	fixed	at	80%	

confluency.	 The	 medium	 was	 removed,	 and	 fixative	 buffer	 (glutaraldehyde	 2.5%	 in	 0.1	 M	
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sodium	cacodylate	buffer)	was	added	to	the	cells	 for	1h	at	4	°C.	Samples	were	processed	as	

described	 in	 Section	 5.4.	 We	 identified	 lysosomal-like	 structures	 using	 the	 following	

ultrastructural	features:	0.05–0.5	μm	in	diameter	and	granular,	electron	dense	appearance	in	

electron	 micrographs.	 Lysosomal-like	 structures	 were	 counted,	 and	 their	 areas	 were	

determined	 using	 the	 oval	 selection	 tool	 of	 the	 ROI	Manager	 tool	 (ImageJ).	 Lysosomal-like	

structure	numbers	were	normalized	to	the	field	area.	The	number	of	independent	cell	cultures	

used	was	as	follows:	Lrrk2	WT,	n	=	4;	Lrrk2	KO,	n	=	4;	and	Lrrk2	GS,	n	=	4.	For	each	cell	culture,	

fifty	independent	fields	were	analyzed	for	quantification.	

5.27. Measurement	of	Lysosomal	pH	
	

Cells	were	plated	in	lumox	96	multiwell	(4×104	cells)	(Sarstedt)	and	treated	with	α-syn	PFFs	

(0.5	 μM,	 24	 h)	 once	 reached	 95%	 of	 confluency	 with	 or	 without	 the	 autophagy	 inhibitor	

bafilomycin	(50	nM,	1	h).	Cells	were	then	rinsed	once	and	treated	with	the	ratiometric	dye,	2-

(4-pyridyl)-5-((4-(2-dimethylaminoethylaminocarbamoyl)	 methoxy)	 phenyl)	 oxazole	

(RatioWorks	PDMPO,	AAT	Bioquest)	at	a	final	concentration	of	2	μM	in	OPTIMEM	for	5	min.	

After	the	incubation,	cells	were	rinsed	three	times	in	OPTIMEM	and	fluorescence	was	measured	

at	 37	 °C	 using	 a	 multi-plate	 reader	 (EnVision,	 Perkin	 Helmer).	 Specifically,	 the	 emitted	

fluorescence	at	535	nm	was	acquired	upon	excitation	at	340	nm	and	380	nm.	The	ratio	of	the	

light	 excited	 at	 two	wavelengths	 (340/380	 nm)	 is	 proportional	 to	 lysosomal	 pH.	 For	 each	

sample,	a	replicate	of	two	wells	was	used	to	determine	the	ratio.	

5.28. Neutral	Red	Staining	
	

Cells	were	plated	in	24-well	plates	(105	cells)	and	treated	with	α-syn	PFFs	(0.5	μM,	24h)	

once	reached	80%	of	confluency	with	or	without	bafilomycin	(50	nM,	1h);	at	 the	end	of	 the	

treatment,	the	cell	culture	medium	was	removed	and	OPTIMEM	with	a	solution	of	3-amino-7-

dimethylamino-2-methyl-phenazine	hydrochloride	 (neutral	 red,	 Sigma-	Aldrich)	with	a	 final	

concentration	of	40	ng/ml	was	added	to	the	cells	for	3–4h.	Cells	were	washed	twice	with	DPBS	

and	dissolved	in	a	destaining	solution	composed	of	50%	ethanol,	49%	deionized	water,	and	1%	

glacial	acetic	acid,	and	the	absorbance	was	recorded	by	the	use	of	a	multiwell	plate	reader	at	

the	wavelength	of	540	nm	(Victor,	Perkin	Helmer).	For	each	sample,	treated	and	untreated,	a	

replicate	of	 two	wells	was	used	 to	determine	protein	concentration	(BCA	assay).	Data	were	

expressed	as	absorbance	at	540	nm	normalized	to	the	absorbance	recorded	for	the	BCA	assay,	
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and	the	results	in	the	graph	were	expressed	as	neutral	red	staining	absorbance	in	comparison	

with	untreated	controls.	

5.29. Statistical	Analysis		
	

Experiments	 were	 performed	 using	 cell	 cultures	 obtained	 from	 at	 least	 three	 different	

groups	of	pups.	H4	cells	were	used	at	the	same	in	vitro	passage	number	for	the	two	independent	

experiments.	Results	are	expressed	as	mean	±	standard	error	of	 the	mean	(SEM)	or	median	

with	interquartile	range;	depending	on	whether	data	followed	a	Gaussian	distribution	or	not.	

Gaussian	 distribution	 was	 assessed	 by	 D’Agostino-Pearson	 omnibus	 and	 Shapiro-Wilk	

normality	 tests.	 For	 Gaussian	 distribution,	 the	 statistical	 analysis	 between	 two	 groups	was	

performed	by	unpaired	Student’s	t	test.	Data	including	more	than	two	groups	were	analyzed	by	

one-way	 ANOVA	 (Gaussian	 distribution)	 or	 Kruskal-Wallis	 test	 (non-Gaussian	 distribution)	

respectively	 followed	by	Tukey’s	multiple	comparisons	test	or	Dunn’s	multiple	comparisons	

test.	Levels	of	significance	were	defined	as	p	≤	0.05,	p	≤	0.01,	p	≤	0.001.	Statistical	analysis	was	

performed	in	Prism	6	(GraphPad).	
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6. Results	 	PART	I	
	

6.1 Primary	astrocytes	efficiently	internalize	synaptosomes	

To	 visualize	 synaptosome	 internalization	 within	 the	 phagocytic	 pathway	 of	 the	

astrocytes,	we	conjugated	them	with	a	pH-sensitive	fluorescence	dye	named	pH-RODO	dye	as	

described	in	Byun	et	al	2019	(Materials	and	Methods	Section	5.7).	Then,	we	tested	the	ability	

of	pH-RODO	conjugated	synaptosomes	to	emit	fluorescence	in	live	cells	as	established	in	Byun	

et	 al.,	 2019.	 To	 this	 purpose	 we	 employed	 primary	 striatal	 astrocytes	 that	 are	 routinely	

produced	in	the	lab.	Specifically,	primary	striatal	astrocytes	were	treated	with	1µg/cm2	of	pH-

RODO	synaptosomes.	We	monitored	synaptosomes	internalization	over	time	by	using	time-

lapse	fluorescence	microscopy.	We	observed	that	no	fluorescence	is	detected	after	1h	upon	

treatment.	However,	 the	 internalized	materials	 start	 to	 emit	 bright	 fluorescence	 after	 12h	

(data	 not	 shown).	 We	 therefore	 implemented	 the	 phagocytic	 readout	 by	 transfecting	

astrocytes	with	 a	 plasmid	 encoding	 eGFP	 as	 optimized	 in	 (Streubel-Gallasch	 et	 al.,	 2021).	

Specifically,	primary	astrocytes	were	 transfected	with	eGFP	encoding	plasmid	and	 the	day	

after	cells	were	 treated	with	1μg/cm2	of	pH-RODO	synaptosomes	 for	90	minutes.	For	each	

image	acquired,	we	calculated	the	area	of	the	pH-RODO	positive	puncta	(red	area)	within	the	

ROI	designed	by	eGFP	expressing	cells	and	the	area	of	the	eGFP	transfected	cells	(green	area)	

using	the	Harmony	software.	Then,	we	calculated	the	PI	(phagocytic	index)	as	red	area	divided	

by	 green	 area.	 As	 shown	 in	 Figure	 6.1.1,	 with	 this	 method	 we	 can	 follow	 synaptosomes	

engulfment.	As	already	reported	 in	 literature	the	phagocytic	kinetics	of	primary	astrocytes	

display	a	peak	at	48h	(Byun	et	al.,	2019).		 	
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Figure	 6.1.1.	 Synaptosome	 internalization	 kinetics	 in	 astrocytes.	 A.	 Schematic	 outline	 of	 the	

experimental	 setup.	 Cells	 were	 co-transfected	 using	 with	 an	 eGFP-encoding	 plasmid.	 24h	 post	

transfection	cells	were	treated	with	pH-RODO-labeled	synaptosomes	and	imaged	using	High	Content	

System	Operetta;	B.	Representative	graph	showing	 the	PI	of	primary	astrocytes	 transfected	with	an	

eGFP-encoding	plasmid	at	6h,	12h,	24h,	48h,	78h	and	120h	upon	synaptosomes	treatment.	Thirty	field	

per	 conditions	 were	 analyzed,	 quantification	 of	 PI	 was	 performed	 using	 Harmony	 Software;	 n=3	

biological	replicates;	C.	Representative	fluorescence	images	of	primary	astrocytes	transfected	with	an	

eGFP-encoding	plasmid	at	6h,	48h	and	120h	upon	synaptosomes	treatment.	Scale	bar	50	µm.	
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Finally,	we	confirmed	the	internalization	of	the	synaptic	terminals	and	their	destination	

within	the	cell	using	specific	endo-lysosomal	markers.	Primary	striatal	astrocytes	were	treated	

with	 1µg/cm2	 of	 synaptosomes	 conjugated	 with	 a	 dye	 suitable	 for	 immunocytochemistry	

named	 TAMRA.	 After	 48h	 of	 treatment,	 primary	 astrocytes	 are	 fixed	 and	 stained	 for	

endogenous	 Lysosomal	 associated	 membrane	 protein	 2	 (Lamp2).	 Consistently	 with	 our	

previous	results,	we	observed	that	engulfed	TAMRA-labelled	synaptosomes	colocalized	with	

Lamp2	(Figure	6.1.2).		

Overall,	 these	 results	 confirmed	 that	 astrocytes	 can	 internalize	 purified	 neuronal	

terminals	and	direct	them	to	acidic,	endo-lysosomal	compartments	possibly	for	degradation.		

Figure	6.1.2.	Synaptosome	internalization	in	astrocytes.	Representative	z-stack	confocal	images	of	

primary	 striatal	 astrocytes	 treated	 with	 TAMRA-synaptosomes	 (red).	 Cells	 were	 stained	 with	 anti-

LAMP2	(green)	antibody	and	F-actin	(cyano).	Insets	show	TAMRA	and	Lamp2	colocalization.	Scale	bar	

20	μm;	insets	5	μm.	

	

6.2 Primary	 microglia	 cells	 do	 not	 interfere	 with	 astrocyte-mediated	 synaptosome	
internalization	

Primary	striatal	astrocytes,	routinely	produced	in	the	lab,	are	pure	at	the	95%	(Streubel-

Gallasch	et	al.,	2021).	The	remaining	5%	of	our	culture	is	constituted	by	microglia.	To	assess	

weather	microglia	can	interfere	with	our	analysis,	we	characterized	the	identity	of	the	eGFP-

transfected	cell	population	by	immunofluorescence	staining.	After	48h	upon	transfection,	cells	

were	fixed	and	stained	for	GFAP,	a	specific	astroglia	marker	and	for	Iba1	for	microglial	cells,	

separately	 (Figure	 6.2.1).	We	 then	 evaluated	 the	 number	 of	 the	 cells	 GFAP+/eGFP+,	 GFAP-

A
Lamp2 TAMRA F-actin Merge
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/eGFP+,	GFAP+/eGFP-	and	GFAP-/eGFP-	in	Fig	6.2.1	A	and	the	fraction	of	Iba1+/eGFP+,	Iba1-

/eGFP+,	Iba1+/eGFP-	and	Iba1-/eGFP-	populations	in	Figure	6.2.1	B.	Overall,	we	showed	that	

all	the	eGFP+	cells	are	GFAP+.	Consistently,	no	Iba1+/eGFP+	have	been	detected.		

To	 further	 evaluate	weather	microglial	 cells	 could	 affect	 synaptosomes	 internalization	

mediated	 by	 astrocytes,	we	 eliminated	microglia	 from	 astrocytes	 cultures.	 To	 this	 purpose,	

primary	 astrocytes	 culture	 was	 exposed	 to	 100µM	 of	 liposomal	 clodronate	 for	 12h	 and	

liposomes	without	clodronate	as	a	control.	Liposomal	clodronate	has	been	demonstrated	 to	

eliminates	microglia	from	astrocytic	cultures	without	affecting	astrocytes	viability	(Kumamaru	

et	 al.,	 2012).	Then,	 astrocytes	were	 transfected	using	eGFP	encoding	plasmid	and	24h	after	

expression	 cells	 were	 exposed	 to	 1µg/cm2	 of	 pH-RODO	 synaptosomes	 for	 90	 minutes.	

Synaptosomes	 internalization	 was	 followed	 at	 three	 time	 points,	 1h	 and	 48h,	 using	 High	

Content	System	Operetta.	As	shown	in	Figure	6.2.2	we	did	not	detect	any	statistical	differences	

in	the	PI	of	all	the	conditions	(Two-way	ANOVA	with	Tukey’s	multiple	comparison	test,	p>0.05).	

With	this	experiment,	we	evaluated	that	control	astrocytes	and	clodronate	treated	astrocytes	

display	the	same	PI,	confirming	that	microglia	cells	do	not	affects	astrocytes-mediated	purified	

synaptic	terminals	internalization.		

	

	

Figure	 6.2.1	 Characterization	 of	 the	 eGFP-transfected	 cell	 population.	 A.	 Representative	

fluorescence	microscopy	images	and	relative	quantification.	Cells	were	transfected	with	eGFP-encoding	

plasmid	(green)	and	stained	for	GFAP	(red);	scale	bar	50	µm;	B.	Representative	fluorescence	microscopy	

images	and	relative	quantification	for	transfection	efficiency.	Cells	were	transfected	with	GFP-encoding	

plasmid	(green)	and	stained	for	Iba1	(red).	Scale	bar	50	µm.		
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Figure	 6.2.2	 Effects	 of	 microglia	 depletion.	 A.	 Representative	 fluorescence	 images	 of	 primary	

astrocytes	 treated	with	 liposomal	 clodronate	 (chl)	 and	 control	 liposome	 transfected	with	 an	 eGFP-

encoding	 plasmid	 at	 48h	 upon	 synaptosomes	 treatment.	 Scale	 bar	 50	µm;	B.	Representative	 graph	

showing	 the	 PI	 of	 primary	 astrocytes	 transfected	 with	 eGFP-encoding	 plasmid	 under	 basal	 and	

Liposomal	 Clodronate-treated	 condition	 at	 12h	 and	 48h	 upon	 pH-RODO	 synaptosomes	 treatment.	

Microglia-free	 culture	 does	 not	 show	 any	 PI	 differences	 at	 the	 three	 time	 points.	 Thirty	 field	 per	

conditions	were	analyzed,	quantification	of	PI	was	performed	using	Harmony	Software.	

	

6.3 Downregulation	of	Megf10	and	Cathepsin-B	affects	astrocyte	phagocytic	activity	

To	manipulate	the	phagocytic	process,	we	downregulated	Megf10,	a	receptor	known	to	

act	 on	 synaptosome	 internalization	 (Chung	 et	 al.,	 2013)	 and	 CtsB,	 an	 enzyme	 that	 affect	

lysosomal	degradative	capacity.	Primary	striatal	astrocytes	were	efficiently	transfected	using	

Lipofectamine	2000	with	a	final	concentration	of	50nM	siRNA	for	72h	as	published	by	us	in	

(Streubel-Gallasch	et	al.,	2021).	Thus,	we	assessed	the	downregulation	of	the	target	proteins	

using	 western	 blot	 and	 immunofluorescence	 analysis.	 Cells	 were	 transfected	 with	 siRNA	

against	Megf10	and	Ctsb	and	compared	to	a	non-targeting	siRNA	(Control)	as	a	control.	Cells	

were	 lysated	 and	 the	 expression	of	 the	 gene	were	 assessed	by	western	blot	 analysis	 in	 the	

overall	cell	population.	As	shown	in	Figure	6.3.1	A-D,	the	downregulation	of	Megf10	and	CtsB	

reached	 the	 50%	 of	 the	 total	 expression	 compared	 to	 the	 control	 sample	 transfected	with	

scramble	siRNA.		
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To	functionally	measure	the	effect	of	Megf10	and	CtsB	downregulation	on	synaptosomes	

internalization,	we	performed	a	live-imaging	analysis	using	High	Content	System	Operetta	as	

previously	set.	To	this	purpose,	the	phagocytic	kinetics	of	primary	astrocytes	was	calculated	at	

12h	 and	 48h	 upon	 pH-RODO	 synaptosomes	 treatment.	 As	 reported	 in	 Figure	 6.3.1	 E-F,	we	

showed	that	Megf10	downregulation	markedly	reduces	the	PI	of	astrocytes	compared	to	the	

control	 astrocytes.	 Whereas	 the	 absence	 of	 CtsB	 causes	 an	 accumulation	 of	 synaptosomes	

overtime,	suggesting	a	lack	in	the	degradation	of	synaptosomes.		

Concluding,	these	two	experimental	conditions	are	suitable	as	additional	controls	in	the	

siRNA	screening.	

	

Figure	 6.3.1	 Biochemical	 and	 functional	 evaluation	 of	 Megf10	 and	 CtsB	 downregulation.	 A.	

Western	blot	analysis	and	relative	quantification	 in	C.	of	primary	astrocytes	 lysates	transfected	with	

Control	 and	 Megf10	 siRNA;	 B.	 Western	 blot	 analysis	 and	 relative	 quantification	 in	 D.	 of	 primary	

astrocytes	lysates	transfected	with	Control	and	CtsB	siRNA;	C,	D.	Quantification	of	band	intensity	was	
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performed	using	ImageJ	and	normalized	by	β-actin.	Differences	between	the	two	conditions	have	been	

evaluated	using	Student’s	t-test	(significance	***p<0.001),	n=4	biological	replicates;	E.	Representative	

images	 of	 primary	 astrocytes	 transfected	with	 Control,	Megf10	 or	 CtsB	 siRNA	 together	with	 a	GFP-

encoding	plasmid	at	48h	after	synaptosome	treatment.	Scale	bar	50	µm.	Cells	were	transfected	using	

siRNA	 and	 eGFP-encoding	 plasmid.	 24h	 post	 transfection	 cells	were	 treated	with	 pH-RODO-labeled	

synaptosomes	for	90	minutes	and	imaged	using	High	Content	System	Operetta	at	12h	and	48h	after	the	

pulse;	F.	Representative	graph	showing	the	PI	of	primary	astrocytes	transfected	with	Control,	Megf10	

or	CtsB	siRNA.	Megf10	downregulation	decreased	the	PI	at	12h	and	48h	while	CtsB	downregulation	

displayed	a	high	PI	at	both	time	points.	Forty	field	per	conditions	were	analyzed,	quantification	of	PI	

was	performed	using	Harmony	Software;	Statistical	analysis	was	performed	using	Two-Way	ANOVA	

with	Tukey’s	multiple	comparison	test	(significance	***p<0.001;	**p<0.01,	*p<0.05).	

 

6.4 Screening	for	novel	regulators	of	astrocyte-mediated	synaptosome	engulfment	

To	 identify	 novel	 potential	 modulators	 of	 synapse	 internalization,	 we	 leveraged	 on	 a	

siGENOME	Mouse	Druggable	siRNA	Library	composed	by	near	three	thousand	hits,	which	are	

sub-divided	in	eleven	384-well	plates	containing	280	genes.	Primary	murine	astrocytes	were	

seeded,	 and	 each	well	were	 co-transfected	with	 eGFP-encoding	plasmid	 and	 a	 single	 siRNA	

following	the	established	protocol.	In	each	plate,	we	reserved	7	wells	for	each	control:	Megf10	

(red),	 CtsB	 (green)	 and	 Control	 (black)	 siRNA	 as	 represented	 in	 Figure	 6.4.1	 A	 24h	 upon	

transfection	cells	were	exposed	to	pH-RODO	conjugated	synaptosomes.	Then,	we	acquired	the	

whole	well	 for	 each	 condition	 at	 12h	 and	48h,	 using	 the	High	Content	 System	Operetta.	To	

overview	the	screening	output,	we	first	plotted	the	internal	controls	of	each	plate	(Figure	6.4.1	

B).	Although	a	certain	grade	of	variability	has	been	detected	at	48h	in	the	CtsB	downregulated	

wells,	 we	 concluded	 that	 the	 overall	 setting	 is	 adequate	 to	 screen	 novel	 modulators	 of	

synaptosome	engulfment.		
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Figure	 6.4.1.	 Experimental	 design.	 A.	 Experimental	 plate	 layout	 in	 384-well	 format.	 Each	 plate	

contain:	7	wells	of	control	siRNA	(black	well),	7	wells	of	Megf10	siRNA	(red	well),	and	7	wells	of	CtsB	

siRNA	 (green	 well),	 76	 empty	 wells	 (grey)	 and	 280	 SmartPool	 siRNA	 of	 the	 Druggable	 Library;	B.	

Representative	graph	showing	the	PI	of	primary	astrocytes	transfected	with	Control,	Megf10	or	CtsB	

siRNA.	Megf10	downregulation	decreased	the	PI	at	12h	and	48h	while	CtsB	downregulation	displayed	

a	high	PI	at	both	time	points.	Five	fields	per	conditions	were	analyze,	quantification	was	performed	using	

Harmony	Software;	C.	Primary	astrocytes	were	transfected	with	an	eGFP-encoding	plasmid	together	

with	siRNA	library.	The	day	after,	cells	were	exposed	to	pH-RODO	synaptosomes	and	the	phagocytic	

kinetics	 was	 measured	 through	 long-term	 fluorescence	 live	 imaging	 using	 High	 Content	 System	

Operetta	 imaging	 system	 at	 12h	 and	 48h.	 Note	 that	 before	 live-images	 were	 taken,	 unbound	

synaptosomes	were	washed	away	after	the	incubation.	To	quantify	phagocytosis,	the	area	(μm2)	of	red	

fluorescence	signal	is	normalized	to	the	eGFP	positive	area	(μm2)	(Phagocytic	Index,	PI).	

SmartPool siRNA

A

siRNA library

eGFP plasmid

pH-RODO
synaptosomes

Acquisition Analysis 
Phagocytic

 Index

12h-24h 0 48h

PulseTransfection

pH-RODO Red area

Green area
PI=

Content Imaging System 
Operetta TM

B

C

12h 48h
0

1

2

3

4

5

Time (h)

PI

Control
siCtsB
siMegf10

eGFP



 

 70 

Therefore,	we	plotted	the	PI	values	at	12h	vs	48h	of	the	around	3000	hits	as	shown	in	

Figure	6.4.2.	The	PI	mean	value	+/-	SD	of	the	siRNA	Control	(0.6	+/-	0.05;	1.19	+/-	0.6),	siMegf10	

(0.4	+/-0.032;	0.60	+/-	0.1)	and	siCtsB	(0.9	+/-	0.05;	2.59	+/-	0.4)	are	also	reported	in	Figure	

6.4.2.	 It	 is	 clearly	 visible	 that	 the	 disruption	 of	 several	 genes	 impacts	 synaptosome	

internalization	 and	 accumulation.	 As	 shown	 in	 Figure	 6.4.2,	 a	 conspicuous	 number	 of	 hits	

clustered	around	the	negative	control	identified	as	siRNA	control.	A	second	group	(~	100)	that	

possess	a	PI	at	12h	lower	than	the	PI	mean	value	+/-	SD	of	siMegf10	at	12h	and	48h,	have	been	

categorized	as	genes	that	negatively	regulate	synapse	internalization	and	are	colored	in	red.	

Another	 group	 of	 genes	 (~	 200)	 have	 been	 identified	 as	 potential	 hits	 that	 impact	 on	

degradation	(hits	in	green),	with	a	PI	higher	than	the	PI	mean	value	+/-	SD	of	CtsB	at	the	two	

time	 points.	 However,	 we	 cannot	 exclude	 that	 the	 genes	 underling	 in	 green	 are	 enhancing	

internalization.	

	

Figure	6.4.2	Phagocytic	Index	of	the	screening	hits	at	12h	and	48h.	Representative	graph	showing	

the	comparison	of	PI	at	12h	versus	48h	of	downregulated	primary	astrocytes	with	siRNA	against	3000	

druggable	genes	upon	synaptosomes	pulse	(grey)	versus	controls	siRNA.	Genes	that	abolish	the	ability	

of	astrocytes	to	internalize	synaptosome	were	highlighted	in	red;	while	genes	that	exerts	an	opposite	

effect	were	highlighted	in	green.	Five	fields	per	conditions	were	analyze,	quantification	was	performed	

using	Harmony	Software.	
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To	further	investigate	among	the	hits	that	impact	astrocyte	phagocytosis,	we	performed	

a	gene	ontology	 (GO)	analysis	 in	which	we	associated	genes	 to	 their	molecular	 function	 (in	

collaboration	with	Dr	Enrica	Calura).	Figure	6.4.3	shows	the	top	10	significantly	enriched	GO	

terms.	 Molecular	 function	 (MF)	 analysis	 for	 the	 genes	 that	 abolish	 the	 ability	 of	 astrocytes	 to	

internalize	 synaptosome	 (red	 hits)	 shows	 enrichment	 in	 G	 protein-coupled	 receptor	 activity,	

peptide	 receptor	 activity	 and	 C-C	 chemokine	 receptor	 activity	 (Figure	 6.4.3	 A	 –	 dot	 plot).	

Specifically,	 G	 protein-coupled	 receptor	 and	 chemokine	 receptor	 are	 the	 top	 represented	

categories.	As	shown	in	Figure	6.4.3	B,	genes	that	are	mainly	represented	in	the	top	categories	

are	8	 chemokines	 receptors:	Cxcr5,	Ackr3,	Cxcr2,	Cxcr3,	Ccr1,	Ccr2,	Ccr4	and	Ackr2	 (Figure	

6.4.3	B	–	gene	networkplot).	Instead,	MF	analysis	for	the	green	hits	identified	protein	kinase	

activity,	protein	serine/threonine	kinase	activity	and	identical	protein	binding	activity	as	top	

categories	 (Figure	 6.4.4	 A	 –	 dot	 plot).	 Specifically,	 genes	 that	 mainly	 represented	 those	

categories	are	Acvr1,	Cdk4,	Tgfbr3,	Stk19,	Ttn,	Akt3,	Pim2,	Ripk2	and	Mapk7	(Figure	6.4.4	B	–	

gene	network	plot).	Overall,	most	of	 the	genes	 in	red	hits	possess	receptor	activity	whereas	

genes	in	green	hits	are	more	related	to	intracellular	signaling	pathways.		

Notably,	 the	 screening	 coupled	with	 the	 gene	 set	 analyses	 identified	 eight	 chemokine	

receptors	whose	disruption	impact	on	synaptosomes	internalization	(Figure	6.4.5	B).	Among	

them,	 the	 Ackr3	 receptor	 has	 been	 selected	 for	 validation	 based	 on	 its	 high	 expression	 in	

murine	and	human	astrocytes	(Figure	6.4.5	A-B).		
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Figure	6.4.3	Molecular	Functional	enrichment	analysis	of	red	hits.	A.	Dotplot	of	red	hits.	Genes	are	

plotted	with	a	qvalue	<0.5.	Bubble	plots	highlight	p.adjusted	values	of	the	GO	categories	(color	scale)	

and	the	number	of	hits	falling	in	the	GO	categories	(size	scale).	Gene	ratio	defines	the	percentage	of	the	

enriched	hits	 in	 the	given	GO	 term;	B.	Cnetplot	of	 red	hits	 showing	 the	pathway-gene	network.	The	

linkages	of	genes	(cyano)	and	biological	categories	(orange)	are	represented	as	a	network.	
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Figure	6.4.4	Molecular	Functional	 enrichment	analysis	of	 green	hits.	A.	Dotplot	 of	 green	hits.	

Genes	are	plotted	with	a	qvalue	<0.5.	Bubble	plots	highlight	p.adjusted	values	of	 the	GO	categories	

(color	scale)	and	the	number	of	hits	 falling	 in	the	GO	categories	(size	scale).	Gene	ratio	defines	the	

percentage	of	the	enriched	hits	in	the	given	GO	term;	B.	Cnetplot	of	green	hits	showing	the	pathway-

gene	network.	The	linkages	of	genes	(cyano)	and	biological	categories	(orange)	are	represented	as	a	

network.	
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Figure	 6.4.5	 Chemokine	 receptors	 impact	 astrocytes-mediated	 synaptosomes	 engulfment.	 A.	

Transcriptomic	data	showing	the	differential	expression	of	chemokine	receptors	identified	by	the	high-

throughput	 screening	 in	murine	 and	 human	 astrocytes.	 Note	 that	 Ackr3	 is	 highly	 enriched	 in	 both	

murine	and	human	astrocytes	compared	to	the	other	selected	hits.	Abbreviation:	FPKM,	fragments	per	

kilobase	of	transcript	per	million	mapped	reads;	B.	Schematic	representation	of	the	approach	followed	

in	defining	the	possible	modulators	of	astrocytes-mediated	synapses	elimination.	First,	primary	genetic	

screen	 selected	 around	 100	 hits	 that	 abolish	 synaptosome	 internalization.	 Secondly,	 gene	 ontology	

analysis	 highlighted	 8	 chemokine	 receptors.	 Finally,	 genes	 were	 clustered	 relying	 on	 the	 glial	

expression,	and	Ackr3	was	selected	for	validation.	

	

6.4.1 Ackr3	impacts	synaptosome	internalizations	

Ackr3	is	a	receptor	belonging	to	the	CXC	chemokine	receptor	family	that	binds	to	CXCL11	

and	CXCL12	(Koch	and	Engele,	2020).	Ackr3	is	expressed	in	various	tissues	such	as	the	heart,	

kidney,	and	brain,	and	more	interestingly,	is	found	in	neurons,	astrocytes,	and	vascular	cells	but	

not	microglia	However,	the	molecular	mechanism	behind	Ackr3-mediated	synaptic	pruning	is	

totally	unknown. First,	we	validated	the	endogenous	expression	of	Ackr3	in	primary	striatal	

astrocytes	 by	 western	 blot	 and	 its	 downregulation	 using	 the	 same	 set	 up	 applied	 in	 the	

screening.	As	evidenced	by	the	quantification,	the	downregulation	was	up	to	50-60%	compared	

to	the	control	astrocytes	(Fig.	6.4.6	A-B).	Moreover,	the	downregulation	was	assessed	at	single-

cell	level	in	astrocytes	co-transfected	with	siRNA	against	Ackr3	and	eGFP-encoding	plasmid.	As	

shown	 in	 Figure	 6.4.6	 C,	 the	 receptor	 is	 distributed	 in	 patchy	 areas	 in	 control	 astrocytes,	
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possibly	clustered	in	the	plasma	membrane	and/or	in	vesicular	structures.	Upon	transfection	

with	siRNA	against	Ackr3,	we	observed	a	pronounced	decreased	of	the	Ackr3	staining.	 

Figure	6.4.6	Primary	striatal	astrocytes	express	endogenous	Ackr3.	A.	Western	blot	analysis	and	

relative	quantification	 in	B.	of	primary	astrocytes	 lysates	 transfected	with	Control	and	Ackr3	siRNA.	

Quantification	of	band	 intensity	was	performed	using	 ImageJ	and	normalized	by	β-actin.	Differences	

between	the	two	conditions	have	been	evaluated	using	Student’s	t-test	(significance	***p<0.001),	n=4	

biological	replicates;	C.	Representative	images	of	primary	astrocytes	transfected	with	Control	and	Ackr3	

siRNA	together	with	an	eGFP-encoding	plasmid.	Insets	show	Ackr3	staining	inside	eGFP	positive	cells.	

Scale	bar	50	µm;	Insets	20	µm.	

To	validate	 the	role	of	Ackr3	 in	astrocytes-mediated	synaptosomes	 internalization,	we	

performed	 longitudinal	 live	 imaging	 assay	 following	 the	 same	 set	 up	 of	 the	 siRNA-based	

screening.	pH-RODO	labeled	synaptosome	internalization	was	followed	over	time	at	different	

time	points:	6h,	12h,	24h,	48h,	78h,	96h,	120h	 (Figure	6.4.7	A)	We	confirmed	a	 statistically	

significant	decreased	of	the	PI	at	24h,	48h	and	78h	in	Ackr3-downregulated	astrocytes	compare	

to	control	astrocytes	(Figure	6.4.7	B-C).		

To	 corroborate	 the	 involvement	 of	 Ackr3	 in	 synaptosome	 internalization,	 we	

overexpressed	Ackr3	in	astrocytes.	To	this	end,	we	transfected	primary	astrocytes	with	Flag-

tagged	Ackr3	together	with	an	eGFP-encoding	plasmid.	After	24h	upon	transfection	astrocytes	

were	 treated	with	1µg/cm2	of	pH-RODO	synaptosomes	 for	90	minutes	and	we	 then	 imaged	

using	High	content	imaging	system.	We	acquired	two	time	points:	12h	and	48h.	PI	calculation	

confirmed	that	in	Ackr3-overexpressing	astrocytes	the	PI	is	significantly	higher	compared	to	

control	astrocytes.	Moreover,	we	transfected	siRNA	against	Ackr3	in	astrocytes	overexpressing	
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the	receptor	to	assess	whether	it	could	decrease	the	PI.	Specifically,	astrocytes	were	transfected	

with	50nM	of	 siRNA	12	hours	after	Flag-Tagged	Ackr3	overexpression.	24h	after	 the	 siRNA	

transfection,	astrocytes	were	treated	with	1µg/cm2	of	pH-RODO	synaptosomes.	We	followed	

synaptosomes	internalization	at	12h	and	48h	(Figure	6.4.8	A).	As	shown	in	Figure	6.4.8	B-C	the	

downregulation	with	siRNA	in	Ackr3-overexpressing	astrocytes	partially	revert	the	phenotype	

and	thus	decreasing	the	PI.		

Together,	these	data	again	confirmed	that	the	receptor	modulates	the	internalization	of	

synaptosomes	in	primary	astrocytes.		

	

Figure	6.4.7	Ackr3	downregulation	abolishes	synaptosome	internalization.	A.	Schematic	outline	

of	 the	 experimental	 setup.	 Cells	 were	 co-transfected	 using	 Control	 and	 Ackr3	 siRNA	 and	 eGFP-
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encoding	plasmid.	24h	post	transfection	cells	were	treated	with	pH-RODO-labeled	synaptosomes	and	

imaged	 using	 High	 Content	 System	 Operetta;	 B.	 Representative	 graph	 showing	 the	 PI	 of	 primary	

astrocytes	transfected	with	Control	and	Ackr3	siRNA	at	6h,	12h,	24h,	48h,	78h,	96h	and	120h	upon	

synaptosomes	treatment.	Ackr3	downregulation	decreased	the	PI	at	all	the	time	points.	Thirty	field	

per	conditions	were	analyzed,	quantification	of	PI	was	performed	using	Harmony	Software;	Statistical	

analysis	was	performed	using	TWO-WAY	ANOVA	with	Tukey’s	multiple	comparison	test	(significance	

***p<0.001;	 **p<0.01),	 n=3	 biological	 replicates;	 C.	 Representative	 images	 of	 primary	 astrocytes	

transfected	 with	 control	 and	 Ackr3	 siRNA	 together	 with	 an	 eGFP-encoding	 plasmid	 at	 48h	 upon	

synaptosome	treatment.	Scale	bar	50µm  

Figure	6.4.8	Ackr3	overexpression	increases	synaptosome	internalization	A.	Schematic	outline	of	

the	experimental	setup.	Cells	were	co-transfected	using	with	Control,	Ackr3	siRNA,	Flag-Ackr3	or	co-

transfected	 with	 Flag-Ackr3	 and	 Ackr3	 siRNA	 together	 with	 a	 GFP-encoding	 plasmid.	 24h	 post	

transfection	cells	were	treated	with	pH-RODO-labeled	synaptosomes	and	imaged	using	High	Content	
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System	 Operetta;	 B.	 Representative	 graph	 showing	 the	 PI	 of	 primary	 astrocytes	 transfected	 with	

Control,	Ackr3	siRNA,	Flag-Ackr3	or	co-transfected	with	Flag-Ackr3	and	Ackr3	siRNA	together	with	a	

GFP-encoding	plasmid	at	12h	and	48h	upon	synaptosomes	treatment.	Thirty	field	per	conditions	were	

analyzed,	quantification	of	PI	was	performed	using	Harmony	Software;	Differences	between	the	two	

conditions	 have	 been	 evaluated	 using	 Student’s	 t-test	 (significance	 ***p<0.001),	 n=3	 biological	

replicates;	C.	Representative	fluorescence	images	of	primary	astrocytes	transfected	with	Control,	Ackr3	

siRNA,	Flag-Ackr3	or	co-transfected	with	Flag-Ackr3	and	Ackr3	siRNA	together	with	a	GFP-encoding	

plasmid	at	48h	upon	synaptosomes	treatment.	Scale	bar	50	µm.	

	

6.4.2 Ackr3	is	directly	involved	in	astrocyte-mediated	synapses	internalization	

To	 further	 characterize	 the	 role	 of	 Ackr3	 in	 synaptosome	 internalization,	 we	

investigated	 its	 localization	 by	 immunofluorescence	 both	 in	 basal	 condition	 and	 upon	

synaptosomes	treatment	in	primary	murine	astrocytes.	Primary	astrocytes	were	treated	with	

TAMRA-synaptosomes,	 and	 after	 48h,	 astrocytes	 were	 fixed	 and	 stained	 with	 a	 primary	

antibody	 against	 endogenous	Ackr3.	 In	 addition,	 lysosomal	 associated	membrane	protein	 1	

(Lamp1)	 was	 used	 as	 an	 intracellular	 marker	 for	 the	 endo-lysosomal	 pathway.	 As	 already	

shown	 in	 Figure	 6.4.6	 C	 and	 confirmed	 in	 Figure	 6.4.9	 A,	 Ackr3	 is	 clustered	 in	 vesicular	

structures	in	the	cytoplasm	as	well	as	along	the	cell	perimeter	and	only	partially	co-localizes	

with	Lamp1	in	control	astrocytes.	Instead,	endogenous	Ackr3	re-localizes	into	Lamp1-positive	

vesicular	 structures	 as	 well	 as	 TAMRA-conjugated	 synaptosomes	 upon	 the	 treatment.	 We	

confirmed	 the	 co-localization	with	 the	 Pearson's	 correlation	 coefficient	 (PCC).	 As	 shown	 in	

Figure	6.4.9	B,	endogenous	Ackr3	co-localize	with	and	TAMRA-conjugated	synaptosomes	with	

a	mean	r=0.4	compared	to	the	control,	suggesting	an	internalization	of	the	receptor	together	

with	 synaptosomes	 (p<0.001).	 We	 then	 quantified	 the	 co-localization	 between	 TAMRA-

synaptosomes	and	Lamp1-positive	vesicles	(Figure	6.4.9	C)	(p<0.001).	Quantification	shows	a	

high	co-localization,	confirming	that	internalized	synaptosomes	are	directed	to	the	lysosomal	

compartment.	Then,	to	determine	whether	Ackr3	is	directed	to	the	lysosomal	compartment	as	

well	 as	 internalized	 synaptosomes,	 we	 quantified	 the	 co-localization	 between	 Ackr3	 and	

Lamp1-positive	vesicles.	Interestingly,	we	observed	a	significant	amount	of	Ackr3	co-localizing	

with	 Lamp1.	 Specifically,	 the	 co-localization	 increases	 2-fold	 upon	 synaptosomes	 treatment	

with	 a	 r=0.15.	While	 in	 control	 astrocytes	 the	 receptor	 only	 partially	 co-localizes	 with	 the	
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lysosomal	 compartment	 with	 a	 r=0.25	 (p<0.001).	 Overall,	 our	 results	 suggest	 that	 Acrk3	

interacts	with	synaptosomes,	and	this	complex	is	directed	to	the	lysosome	upon	engulfment.		

Figure	 6.4.9	 Ackr3-synaptome	 complex	 relocates	 to	 the	 endo-lysosomal	 pathway. A.	

Representative	 z-stack	 confocal	 images	 of	 primary	 striatal	 astrocytes	 in	 basal	 or	 TAMRA-

synaptosomes	(red)	treatment	conditions.	Cells	were	stained	with	anti-Ackr3	(green)	and	anti-Lamp1	

(purple)	antibodies.	Insets	show	Ackr3,	TAMRA	and	Lamp1-positve	area	and	Ackr3	re-localization	in	

Lamp1-positive	 area	 upon	 synaptosomes	 treatment.	 Scale	 bar	 20	 μm;	 insets	 5	 μm;	 B.	 Pearson’s	

correlation	coefficient	of	Ackr3	co-localizing	with	TAMRA-positive	fluorescent	spots	(n=12	images	for	

conditions);	 C.	 Pearson’s	 correlation	 coefficient	 of	 TAMRA	 co-localizing	 with	 Lamp1-positive	

compartment	(n=12	images	for	conditions);	D.	Pearson’s	correlation	coefficient	of	Ackr3	co-localizing	
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with	 Lamp1-positive	 compartment	 (n=12	 images	 for	 conditions); Differences	 between	 the	 two	

conditions	 have	 been	 evaluated	 using	 Student’s	 t-test	 (significance	 ***p<0.001),	 n=3	 biological	

replicates.	 

	

6.4.3 Synaptosome	treatment	does	not	stimulate	Cxcl11-12	production		

Considering	 that	 Ackr3	 is	 a	 chemokine	 receptor,	 we	 investigated	 the	 role	 of	

Cxcl11/Cxcl12	 in	 the	 phagocytic	 process.	 Firstly,	 we	 checked	 whether	 astrocytes	 release	

chemokines	including	Cxcl11/Cxcl12	upon	synaptosomes	treatment.	To	test	this	possibility,	we	

performed	a	chemokine	array	using	media	derived	from	astrocytes	treated	with	synaptosomes	

and	untreated	as	a	control.	After	 the	pulse,	 the	media	were	centrifuged	to	remove	unbound	

synaptosomes	and	added	to	the	cells.	After	48h	upon	the	treatment,	media	were	collected	and	

incubated	with	chemokines	arrays	where	24	different	chemokines	are	spotted	(Figure	6.4.10	

A).	As	shown	in	Figure	6.4.10	B,	we	calculated	the	fold	change	(FC)	of	chemokine-related	dot	

intensity	between	synaptosomes-treated	over	untreated	conditioned	cells	media.	Of	note,	we	

did	not	detect	any	statistical	significance	(Two-way	ANOVA	with	Tukey’s	multiple	comparison	

test,	p>0.05).	Thus,	we	can	conclude	that	Cxcl11	and	Cxcl12	are	not	released	by	astrocytes	(or	

other	contaminant	cells)	upon	synaptosomes	treatment.	 

Figure	6.4.10	Cxcl11/Cxcl12	are	not	released	by	astrocytes.	A.	Collective	analysis	of	24	chemokines	

in	the	culture	supernatant	from	synaptosomes	treated	and	untreated	astrocytes;	Boxes	show:	Positive	

(black	dotted)	and	Negative	(red	dotted)	controls,	Cxcl12	(blue)	and	Cxcl11	(green)	expression;	B.	The	

relative	fold	change	of	Cxcl12	and	Cxcl11	expression.	The	quantitative	analysis	of	the	pixel	intensity	data	

did	 not	 provide	 p-values	 to	 demonstrate	 significance	 levels. n=2	biological	 replicates,	 n=4	 technical	

replicates.	
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6.4.4 Ackr3	interacts	with	purified	synaptosomes	via	Cxcl12	
	

We	 next	 hypothesized	 a	 direct	 interaction	 between	 Ackr3	 and	 the	 synaptosomes.	We	

therefore	investigated	the	possible	binding	 in	vitro	by	performing	a	pull-down	assay.	To	this	

purpose,	we	purified	Flag-tagged	Ackr3	from	HEK293FT	cells	and	we	incubated	the	anti-Flag	

resin	with	non-transfected	cell	as	a	negative	control.	Thus,	we	incubated	the	Ackr3-bound	resin	

and	 the	 control	 one	 with	 10µg	 of	 purified	 synaptosomes	 for	 the	 pull-down	 assay.	 After	

extensive	washes,	we	validated	Ackr3-synaptosomes	interaction	by	using	Vamp2	as	a	marker	

for	purified	neuronal	terminals.	As	shown	in	Figure	6.4.11	A-B,	Vamp2	is	retained	only	by	the	

Ackr3-bound	resin.	Consistently,	the	signal	of	Vamp2	completely	lack	in	the	pull-down	from	the	

resin	incubated	with	control	cells	only,	confirming	the	specificity	of	synaptosomes	binding	to	

Flag-Ackr3.	

	

Figure	6.4.11.	Ackr3	binds	to	synaptosomes.	A.	Western	blot	analysis	of	pull-down	assay	purified	of	

Flag-Ackr3	and	Vamp2;	B.	Relative	quantification	in	of	Vamp2	band	intensity	and	compared	to	the	input.	

Quantification	of	band	intensity	was	performed	using	ImageJ.	Statistical	analysis	was	performed	using	

Student’s	t-test	(significance	**p<0.001,),	n=4	biological	replicates.	

	

Then,	we	examined	the	chemokine	content	in	our	preparation.	Considering	that	Cxcl12	is	

the	 chemokine	 with	 the	 major	 affinity	 for	 Ackr3,	 we	 measured	 Cxcl12	 amount	 in	 the	

synaptosomal	preparation	using	western	blot	 (Figure	6.4.12	A).	To	 investigate	 the	ability	of	

synaptic	terminal	to	bind	additional	chemokines,	we	incubated	synaptosomes	with	250nM	of	
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recombinant	 Cxcl12.	 Interestingly,	 we	 detected	 a	 strong	 signal	 of	 Cxcl12	 in	 synaptosomes	

preparation	and	we	showed	that	synaptosome	membranes	can	sequester	more	recombinant	

Cxcl12	upon	incubation.	(Figure	6.4.12	A-B)	

	
Figure	6.4.12	Synaptosomes	possess	and	bind	Cxcl12.	A.	Western	blot	 analysis	of	 synaptosomes	

untreated	and	treated	with	recombinant	Cxcl12;	B.	Relative	quantification	in	of	Cxcl12	band	intensity	

and	 compared	 to	 Vamp2.	 Quantification	 of	 band	 intensity	was	 performed	 using	 ImageJ.	 Differences	

between	 the	 two	 conditions	 have	been	 evaluated	using	 Student’s	 t-test	 (significance	 **p<0.01),	 n=4	

biological	replicates.		

	

We	also	performed	an	overlay	assay	to	validate	Cxcl12/synaptosome	binding.	Increasing	

concentration	of	synaptosomes	(5,	10,	25,	50μg)	were	spotted	onto	a	nitrocellulose	membrane.	

Then,	membrane	was	 saturated	 and	 subsequently	 incubated	with	 0.1μg/ml	 of	 recombinant	

Cxcl12	overnight	at	4°C	to	allow	the	binding.	The	day	after,	Cxcl12	binding	was	detected	using	

a	 specific	primary	antibody	against	 the	 chemokine.	As	 shown	 in	Figure	6.4.13,	 the	 levels	of	

Cxl12	 bound	 increase	 proportionally	 with	 the	 increase	 of	 spotted	 synaptosomes,	 with	 a	

complete	 lack	of	signal	 in	 the	control	spot	 (Ripa	buffer)	confirming	 the	specificity	of	Cxcl12	

binding	to	synaptosomes.	
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Figure	 6.4.13	 Biochemical	 evaluation	 of	

Cxcl12-synaptosomes	 binding.	 Immuno-

dot	blot	analysis	of	increasing	concentration	

of	 synaptosomes	 spotted	 onto	 a	

nitrocellulose	 membrane.	 Synaptosomes	

were	 detected	 using	 anti-VAMP2	 and	Anti-

PSD95.	Recombinant	Cxcl12	were	incubated	

with	the	membrane	and	bound	was	detected	

with	anti-Cxcl12.	

	

To	 assess	 whether	 the	 amount	 of	 Cxcl12	 bound	 to	 synaptosomes	 can	 modulate	 the	

internalization,	 we	 compared	 the	 PI	 of	 astrocytes	 in	 contact	 with	 naive	 synaptosomes	 and	

Cxcl12-covered	synaptosomes.	To	this	end,	we	incubated	pH-RODO	synaptosomes	with	250nM	

Cxcl12	 and	 we	 performed	 a	 live	 imaging	 assay	 using	 High	 content	 technology	 as	 before.	

Astrocytes	 were	 co-transfected	 with	 Control	 siRNA,	 Ackr3	 siRNA	 together	 with	 an	 eGFP-

encoding	plasmid.	After	24h	post	 transfection,	astrocytes	were	 treated	with	Cxcl12-covered	

pH-RODO	synaptosomes	and	0.5µg	of	naïve	pH-RODO	synaptosomes	were	used	as	a	control.	

We	followed	synaptosomes	internalization	at	12h	and	48h	and	we	calculated	the	PI.	As	shown	

in	 Figure	 6.4.14	 A-B,	 astrocytes	 treated	 with	 Cxcl12-synaptosomes	 show	 an	 increased	 PI	

compared	 to	 astrocytes	 treated	with	 control	 synaptosomes.	 Consistently	with	 our	 previous	

results,	 we	 abolished	 the	 internalization	 in	 Ackr3-downregulated	 astrocytes	 in	 the	 two	

conditions,	confirming	once	again	that	this	receptor	is	critically	involved	in	astrocyte-mediated	

phagocytosis.		
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Figure	6.4.14	Cxcl12	increase	synaptosomes	engulfment.	A.	Representative	fluorescence	images	of	

primary	astrocytes	transfected	with	Control,	Ackr3	siRNA	together	with	an	eGFP-encoding	plasmid	at	

48h	upon	Cxcl12-covered	pH-RODO-synaptosomes	and	naïve	pH-RODO	Synaptosomes	treatment.	Scale	

bar	50	µm;	B.	Representative	 graph	 showing	 the	PI	 of	 primary	 astrocytes	 transfected	with	Control,	

Ackr3	 siRNA	 together	with	 a	GFP-encoding	plasmid	 at	 12h	 and	48h	upon	 synaptosomes	 treatment.	

Thirty	field	per	conditions	were	analyzed,	quantification	of	PI	was	performed	using	Harmony	Software.	

Statistical	 analysis	 was	 performed	 using	 Two-Way	 ANOVA	 with	 Tukey’s	 multiple	 comparison	 test	

(significance	**p<0.01),	n=3	biological	replicates.	
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6.4.5 Cxcl12	recognizes	phosphatidylethanolamine	at	the	plasma	membrane	

Pontejo	 and	 Murphy	 showed	 that	 chemokines	 display	 a	 high	 affinity	 binding	 for	

phosphatidylserine	 (PS)	 and	 for	 other	 anionic	 phospholipids	 (Pontejo	 et	 al.,	 2021).	 This	

characteristic	 is	 a	general	property	of	many	but	not	all	 chemokines.	 Indeed,	PS-binding	has	

been	tested	for	a	group	of	10	chemokines	and	not	for	Cxcl12.	Of	note,	PS	has	been	demonstrated	

as	eat-me	signal	involved	in	synapses	pruning	(Faris	et	al.,	2021).	

We	 therefore	 hypothesized	 that	 Cxcl12	might	 bind	 phospholipids	 at	 the	 synaptosome	

surface.	We	conducted	a	simple	screen	using	arrays	containing	15	different	phospholipids	that	

compose	biological	membranes.	Specifically,	we	incubate	Pip	Strips	with	recombinant	Cxcl12	

chemokines	 at	 0.1μg/ml	 for	 1h	 at	 room	 temperature.	 Notably,	 we	 revealed	 that	 Cxcl12	

specifically	recognizes	phosphatidylethanolamine	(PE)	but	not	PS	(Figure	5.4.15).	PE	is	a	lipid	

that	together	with	PS	increase	its	externalization	into	the	outer	leaflet	of	plasma	membrane	in	

the	early	phase	of	neuronal	death	(Faris	et	al.,	2021).	Although	this	data	is	still	preliminary	(n=1	

independent	experiment),	it	suggests	that	Cxcl12-PE	interaction	might	be	important	for	driving	

purified	synaptic	terminals	elimination	mediated	by	astrocytes	and	promoting	their	phagocytic	

activity.		

	

	

Figure	6.4.15.	Cxcl12	interacts	with	PE.	Arrays	spotted	with	15	different	phospholipids	(left	panel)	

were	incubated	with	buffer	or	0.1μg/ml	of	recombinant	Cxcl12.	Bound	chemokine	was	detected	with	

specific	antibody	anti-Cxcl12.	
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6.5 	 Human	astrocytic-ACKR3	impacts	synaptosomes	engulfment	

To	 investigate	 the	 role	 of	 ACKR3	 in	 a	 human	 background,	 we	 relied	 on	 human	 iPSC-

derived	 astrocytes	 (iHAstrocytes),	 in	 collaboration	with	 Fabio	 Cavaliere	 (Achucarro	Basque	

Centre	for	Neuroscience).	We	first	assessed	the	ability	of	human	astrocytes	to	recognize	and	

internalize	(mouse)	synaptosomes.	To	this	purpose,	we	treated	iHAstrocytes	with	1µg/cm2	of	

TAMRA-conjugated	synaptosomes	for	90	minutes.	Astrocytes	have	been	fixed	and	stained	for	

endogenous	 Lamp1.	 As	 shown	 in	 Figure	 6.5.1	 A,	 human	 astrocytes	 efficiently	 internalized	

purified	synaptic	terminal.	

After	48h	from	the	pulse,	astrocytes	were	fixed	and	stained	for	endogenous	Ackr3	and	

Lamp1.	We	quantified	the	co-localization	between	endogenous	Ackr3	and	TAMRA-conjugated	

synaptosomes.	 As	 shown	 in	 Figure	 6.5.1	 B,	 the	 co-localization	 between	 Ackr3	 and	

synaptosomes	displays	a	mean	r=0.55	compared	to	the	control	astrocytes.	We	then	quantified	

the	 co-localization	 between	 Lamp1-positive	 vesicles	 and	 TAMRA-conjugated	 synaptosomes.	

Quantification	 shows	 a	 high	 co-localization,	 confirming	 that	 synaptosomes	 are	 efficiently	

internalized	by	 iHastrocytes	(p<0.01)	(Figure	6.5.1	C).	Then,	 to	determine	whether	Ackr3	 is	

directly	involved	in	synaptosomes	internalization	and	directed	to	the	lysosomal	compartment	

as	in	murine	astrocytes,	we	quantified	the	co-localization	between	Ackr3	and	Lamp1-positive	

vesicles.	 Interestingly,	we	 observed	 that	 Ackr3-Lamp1	 co-localize	 in	 basal	 condition	with	 a	

mean	r=0.3	and	this	co-localization	increase	after	synaptosomal	pulse	(p<0.01)	(Fig.	6.5.1	D).	

In	 accordance	with	our	previous	 results	 obtained	 in	murine	 astrocytes,	 endogenous	human	

ACKR3	 re-localizes	 into	 the	 Lamp1-positive	 vesicles	 together	 with	 the	 internalized	

synaptosomes,	 suggesting	 a	 pivotal	 role	 of	 this	 receptor	 in	 this	 astrocytic	 mechanism.	

Moreover,	similarly	to	what	we	observed	in	murine	astrocytes,	Ackr3	is	clustered	in	vesicular	

structures	in	the	cytoplasm	as	well	as	along	the	cell	perimeter	and	partially	co-localizes	with	

Lamp1	in	control	astrocytes.	
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Figure	6.5.1	Human	ACKR3	perfectly	behaves	as	murine	Ackr3.	A.	Representative	z-stack	confocal	

images	of	human	mature	astrocytes	in	basal	or	TAMRA-synaptosomes	(red)	treatment	conditions.	Cells	

were	stained	with	anti-Ackr3	(green)	and	anti-Lamp1	(purple)	antibodies.	Insets	show	Ackr3,	TAMRA	

and	 Lamp1-positve	 area	 and	 Ackr3	 re-localization	 in	 Lamp1-positive	 area	 upon	 synaptosomes	

treatment.	Scale	bar	20	μm;	insets	5	μm;	B.	Pearson’s	correlation	coefficient	of	Ackr3	co-localizing	with	

TAMRA-positive	fluorescent	spots	(n=6	images	for	conditions);	C.	Pearson’s	correlation	coefficient	of	

TAMRA	 co-localizing	 with	 Lamp1-positive	 compartment	 (n=6	 images	 for	 conditions);	D.	 Pearson’s	

correlation	 coefficient	 of	 Ackr3	 co-localizing	 with	 Lamp1-positive	 compartment	 (n=6	 images	 for	
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conditions);	 Statistical	 analysis	 was	 performed	 using	 Student’s	 t-test	 (significance	 ***p<0.001;	

**p<0.01,),	n=3	biological	replicates.		

Having	validated	the	phagocytic	ability	of	iHAstrocytes	and	the	re-localization	of	Ackr3	

upon	synaptosomes	 treatment,	we	assessed	 the	 impact	of	Ackr3	depletion	 in	synaptosomes	

internalization	 through	 a	 live	 imaging-assay.	 We	 firstly	 quantified	 the	 expression	 and	 the	

downregulation	of	the	receptor	in	iHAstrocytes.	To	do	so,	iHAstrocytes	were	transfected	with	

Smart	 Pool	 siRNA	 against	 Ackr3	 at	 a	 final	 concentration	 of	 50nM	 using	 Stem	 Cells	

Lipofectamine.	After	72h	upon	transfection,	cells	were	lysate	and	protein	level	were	checked	

through	western	blot.	Our	western	blot	analysis	revealed	that	the	levels	of	endogenous	Ackr3	

is	 diminish	 up	 to	 60%	 compared	 to	 control	 sample.	 Moreover,	 since	 we	 observe	 that	

iHastrocytes	efficiently	internalize	synaptosomes,	we	validate	the	presence	of	Megf10	in	this	

model.	As	show	in	Figure	6.5.2,	we	observed	that	Megf10	is	expressed	in	human	astrocytes	and	

that	the	downregulation	of	Ackr3	does	not	impact	on	its	expression.	

Subsequently,	iHAstrocytes	were	transfected	with	Ackr3	siRNA	and	with	scramble	siRNA	

as	 a	 control	 together	 with	 an	 eGFP-encoding	 plasmid.	 After	 24h	 from	 the	 transfection,	

astrocytes	were	 treated	with	1μg/cm2	of	pH-RODO	synaptosomes	and	 then	visualized	at	12	

and48	h	using	ApoTome2	microscopy.	Then,	the	total	area	of	eGFP-positive	cells	and	pH-RODO	

positive	 puncta	 inside	 transfected	 cells	 were	 calculated	manually	 using	 ImageJ.	 Briefly,	 we	

define	 the	 ROIs	 in	 the	 green	 channel	 around	 transfected	 cells,	 then,	 the	 same	 ROIs	 were	

transferred	in	the	red	channel	and	pH-RODO-positive	puncta	were	identified	using	wand	tool.	

Consistently	with	our	hypothesis,	the	PI	of	astrocytes	downregulated	for	Ackr3	is	significantly	

lower	compared	to	control	astrocytes	(Figure	6.5.3).	

Together	our	results	showed	that	human	Ack3	is	directly	involved	in	purified	neuronal	

terminals	internalization	and	the	lack	of	the	receptor	causes	an	impairment	in	synaptosomes	

engulfment.		
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Figure	 6.5.2	Biochemical	 evaluation	 of	 Ackr3	 and	Megf10	 expression	 in	 human	 astrocytes	A.	

Western	blot	analysis	and	relative	quantification	in	B.	of	human	mature	astrocytes	lysates	transfected	

with	 Control	 and	 Ackr3	 siRNA.	 Quantification	 of	 band	 intensity	 was	 performed	 using	 ImageJ	 and	

normalized	by	GAPDH.	n=2	biological	replicates.	

Figure	6.5.3	ACKR3	depletion	decreases	synaptosome	internalization.	A.	Representative	image	of	

primary	astrocytes	transfected	with	Control	and	Ackr3	siRNA	together	with	an	eGFP-encoding	plasmid	

at	 48h	 upon	 synaptosome	 treatment.	 Scale	 bar	 50	μm;	B.	 Representative	 graph	 showing	 the	 PI	 of	

primary	 astrocytes	 transfected	 with	 Control	 and	 Ackr3	 siRNA	 at	 12h	 and	 48h	 upon	 synaptosomes	

treatment.	Ackr3	downregulation	decreased	the	PI	at	all	the	time	points.	Fifty	field	per	conditions	were	

analyzed,	 quantification	of	PI	was	performed	using	 ImageJ.	 Statistical	 analysis	was	performed	using	

Two-Way	 ANOVA	 with	 Tukey’s	 multiple	 comparison	 test	 (significance	 ***p<0.001),	 n=3	 biological	

replicates.	

A B

Ackr3- -36kDa

Con
tro

l 

siA
ck

r3
 

Megf10- -110kDa

GAPDH- -40kDa

Con
tro

l 

siA
ck

r3 
0.0

0.2

0.4

0.6

0.8

M
eg

f1
0/

G
AP

DH

Con
tro

l 

siA
ck

r3 
0.0

0.5

1.0

1.5

2.0

2.5

Ac
kr

3/
G

AP
DH

C

A B

eGFP

Control siAckr3

pH-RODO

12h 48h
0.0

0.2

0.4

0.6

0.8

1.0

Time (h)

PI

siAckr3
Control

**
*



 

 90 

	 	



 

 91 

 

 

 

	

	

	

Results		 PART	II	
	 	



 

 92 

7. Results	 PART	II	

The	following	section	is	published	in	Streubel-Gallasch	et	al.,	2021.	

7.1. G2019S	Lrrk2	astrocytes	display	impaired	exogenous	α-syn	handling	

To	 study	 how	LRRK2	 affects	 exogenous	 fibrillar	 α-syn	 clearance	 in	 astrocytes	 in	 total	

absence	of	microglia,	we	examined	the	uptake	and	degradation	capacities	of	cortical	stem	cell-

derived	 astrocytes,	 in	 collaboration	 with	 Anna	 Erlandsson	 at	 the	 University	 of	 Uppsala	

(Sweden).	We	took	advantage	of	two	different	genetic	backgrounds:	Lrrk2	knock	out	(-/-)	mice,	

knock	in	Lrrk2-G2019S	mice	(GS/GS)	and	compare	the	results	with	wild-	type	(+/+)	littermates	

as	control.	Astrocytes	were	exposed	to	0.5	μM	α-syn	PFFs	for	24	h,	thoroughly	rinsed	and	then	

processed	 for	analysis	or	 incubated	 for	additional	6	days	 in	α-syn-free	medium.	Our	results	

show	 that	 intracellular	 Cy3	 α-syn	 deposits	 localized	 around	 the	 nucleus	 of	 astrocytes.	

Moreover,	 we	 observed	 different	 types	 of	 Cy3	 α-syn	 inclusions:	 small	 dot-like	 and	 larger,	

cottony	deposits	 inclusions	 (Supplementary	Figure	1	C-D-E).	An	 ImageJ	analysis	macro	was	

used	to	quantify	area,	number	and	integrated	density	of	small	and	larger	Cy3	α-syn	deposits	

separately.	 Examining	 the	 small	 deposits,	we	observed	 that	 astrocytes	 carrying	 the	G2019S	

pathological	mutation	displayed	lower	values	of	α-syn	inclusions	at	24h	time	point	for	all	the	

parameters	 compared	 to	 wild-type.	 Moreover,	 we	 detected	 that	 Lrrk2	 GS/GS	 astrocytes	

displayed	 lower	 Cy3	 α-syn	 amounts	 compared	 to	 Lrrk2−/−	 in	 terms	 of	 particle	 count	 and	

integrated	 density.	 While	 we	 did	 not	 detect	 any	 differences	 for	 the	 area	 measurement	

(Supplementary	Figure	2	A).	On	the	other	hand,	the	analysis	of	larger	Cy3	α-syn	inclusions	did	

not	 reveal	 any	 statistically	 significant	 differences	 between	 the	 LRRK2	 genotypes	

(Supplementary	Figure	2	B).	Next,	we	analyze	the	area,	number	and	integrated	density	of	Cy3	

α-syn	deposits	at	24h	+	6	days.	As	shown	in	Supplementary	Figure	2,	our	quantification	shows	

a	statistically	significant	difference	for	the	integrated	density	of	small	particles	between	Lrrk2	

GS/GS	 and	 Lrrk2	 −/−	 astrocytes.	 Considering	 the	 two	 time	 points,	 we	 observed	 that	 the	

integrated	density	increases	1.5	to	2-fold	for	both	small	and	large	Cy3	α-syn	deposits.	While	the	

small	particles	number	count	shows	a	1.2-fold	increase	only	in	the	pathological	background.	

These	results	suggest	that	astrocytes	store	rather	than	degrade	protein	aggregates,	as	already	

suggested	in	literature (Söllvander	et	al.,	2016).		

Overall,	our	data	indicate	that	the	amount	of	α-syn	present	inside	Lrrk2GS/GS	astrocytes	

is	reduced	compared	to	wild-type	or	Lrrk2−/−	astrocytes.	The	effect	is	normalized	over	time,	
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suggesting	that	the	pathogenic	mutation	influences	the	uptake	rather	than	the	degradation	of	

α-syn.	

7.2. G2019S	striatal	astrocytes	show	reduced	engulfed	α-syn	in	vitro	

Astrocytes	that	populate	the	striatum	are	relevant	to	PD	pathology	since	they	are	in	close	

proximity	 to	 dopaminergic	 terminals	 of	 the	 SNpc.	 Moreover,	 it	 is	 unknown	 how	 striatal	

astrocytes	respond	to	neuronal-released	α-syn.	Considering	this	and	on	our	previous	results,	

we	investigated	how	Lrrk2	impacts	on	uptake	and	degradation	of	exogenous	α-syn	in	primary	

striatal	astrocytes.	

As	 already	 discussed,	we	 routinely	 isolate	 primary	 striatal	 astrocytes,	 and	 the	 culture	

purity is	assessed	by	immunofluorescence	as	published	in	(Streubel-Gallasch	et	al.,	2021).	To	

quantify	the	effects	of	LRRK2	on	α-syn	PFFs	clearance	 in	primary	astrocytes,	we	conjugated	

monomeric	 α-syn	 with	 a	 pH-sensitive	 dye	 named	 SNARF-1	 followed	 by	 fibrillization	 and	

sonication.	 SNARF	 is	 particularly	 suitable	 to	 sense	 pH	 that	 ranges	 between	 6	 and	 9	

(Supplementary	 Figure	 3)	 allowing	 us	 to	monitor	 α-syn	 PFFs	 trafficking	 through	 the	 endo-

lysosomal	pathway.	As	shown	by	EM	analysis,	 SNARF	conjugation	did	not	affect	α-syn	PFFs	

aggregation	process	(Figure	7.2	A).	Relevant	to	the	experimental	set-up,	we	ruled	out	that	the	

chemico-physical	properties	of	the	dye	are	changed	upon	conjugation	and	fibrillation	process	

(Supplementary	Figure	3).	Indeed,	the	inflection	point	of	free	and	conjugated	SNARF	curves	are	

7.826	(R	=	0.9956)	and	7.606	(R	=	0.9918),	respectively	(Supplementary	Figure	3).	Astrocytes	

were	treated	with	0.5	μM	SNARF-labeled	α-syn	PFFs	and	imaged	after	24	h	using	live	confocal	

microscopy	at	the	two	relevant	emission	ranges	(Figure	7.2	B-C).	As	shown	in	Figure	7.1	D	the	

three	genotypes	display	a	similar	cumulative	distribution	of	the	550/630	ratio	at	the	single-

particle	level.	Therefore,	in	the	three	genotypes,	SNARF-labeled	α-syn	PFFs	are	distributed	in	

overlapping	organelle	environments,	excluding	the	possibility	that	LRRK2	can	interfere	with	

the	flux	of	extracellular	α-syn	once	internalized	as	well	as	with	the	global	pH	of	the	organelles.	

In	agreement	with	previous	data,	the	total	particle	number	(Figure	7.2	D)	and	the	number	of	

particles	per	ROI	were	significantly	reduced	in	the	GS	astrocytes	(Figure	7.2	E).		

Taken	 together,	 these	 results	 further	 support	 the	 idea	 that	 the	 G2019S	 pathological	

mutation	 in	Lrrk2	modifies	 the	ability	of	 striatal	astrocytes	 to	accumulate	exogenous	α-syn,	

although	it	does	not	affect	the	distribution	of	engulfed	α-syn.	
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Figure	7.2	Internalization	of	aggregated	α-syn	in	striatal	astrocytes	A.	EM	images	of	SNARF-1	α-

syn	PFFs	pre-	and	post-sonication;	B.	Schematic	outline	of	the	experimental	setup.	Cells	were	exposed	

to	 0.5	 μM	 sonicated	 SNARF-1	 α-syn	 PFFs	 for	 24	 h	 and	 imaged	 using	 live	 confocal	 laser	 scanning	

microscopy.	C	Representative	images	of	primary	Lrrk2	WT	striatal	astrocytes	treated	with	SNARF-1	α-

syn	PFFs	were	acquired	at	530–550	and	610–630	nm.	Scale	bar	50	μm;	D,	E.	Eight	images	per	cell	culture	

were	analyzed.	For	each	image,	ROIs	were	traced	and	quantification	of	α-syn	single-particle	550/630	

ratio	(IntDen)	and	of	particle	number	were	performed	using	ImageJ.	The	cumulative	distribution	of	the	

single-particle	 ratio;	D.	 and	particle	number	per	ROI;	E.	were	graphed	 for	each	genotype.	 Statistical	

analysis	in	E	was	performed	using	Kruskal-Wallis	test	followed	by	Dunn’s	multiple	comparisons	test.	

***p	≤	0.001,	n	=	4	biological	replicates.	

	 	

striatal astrocytes display a similar cumulative distribution 550/
630 ratio at the single-particle level (Fig. 3D). Therefore, in all
the three genotypes, SNARF-labeled α-syn PFFs are distributed
in overlapping organelle environments, excluding the possibility
that LRRK2 interferes with the flux of extracellular α-syn once
internalized as well as the global pH of the organelles. However,
similar to what we observed in cortical astrocytes, the total par-
ticle number identified in the Lrrk2GS/GS astrocytes (Fig. 3D) and
the number of particles per ROI are significantly reduced (Fig.
3E; Lrrk2−/− vs Lrrk2GS/GS PFFs, p < 0.001, using Kruskal-
Wallis test followed by Dunn’s multiple comparisons test).

Taken together, these results further support that the G2019S
pathological mutation in Lrrk2 modifies the ability of striatal
astrocytes to intracellularly accumulate exogenous α-syn.

Lrrk2 Impacts Endo-lysosomal Capacity in Striatal
Astrocytes

Since the pathogenic mutation in Lrrk2GS/GS astrocytes im-
pairs their ability to store aggregated α-syn, we next sought

to examine the functional aspects of the endo-lysosomal path-
way. First, we investigated whether Lrrk2 has an impact on
the number and dimension of endo-lysosomal structures in
mouse striatal astrocytes. Astrocytes from Lrrk2+/+, Lrrk2−/
−, and Lrrk2GS/GS mice were imaged by TEM and the number
and area of lysosomal-like structures were measured (Fig.
4A–C). Quantification showed that both Lrrk2 ablation and
the G2019S pathological mutation caused a significant de-
crease in the number of lysosomal-like structures in astrocytic
cells (Fig. 4A–B; Lrrk2+/+ vs Lrrk2−/−, p < 0.001; Lrrk2+/+ vs
Lrrk2GS/GS, p < 0.001; Lrrk2GS/GS vs Lrrk2−/−, p > 0.05;
Kruskal-Wallis test followed by Dunn’s multiple comparisons
test) and in the intact striatum (Supplementary Figure 7A–B;
Lrrk2+/+ vs Lrrk2−/−, p < 0.05; unpaired t test). However, the
absence of Lrrk2 showed enlarged structures, compared to
Lrrk2+/+ as well as Lrrk2GS/GS astrocytes (Fig. 4A–C;
Lrrk2+/+ vs Lrrk2−/−, p < 0.001; Lrrk2+/+ vs Lrrk2GS/GS, p >
0.05; Lrrk2GS/GS vs Lrrk2−/−, p < 0.001; Kruskal-Wallis test
followed by Dunn’s multiple comparisons test). Lrrk2+/+ and
Lrrk2−/− astrocytes have similar overall volume occupied by

Fig. 3 Internalization of aggregated α-syn in striatal astrocytes. A TEM
images of SNARF-1 α-syn PFFs pre and post sonication. B Schematic
outline of the experimental setup. Cells were exposed to 0.5 μM sonicat-
ed SNARF-1 α-syn PFFs for 24 h and imaged using live confocal laser
scanning microscopy. C Representative images of primary Lrrk2+/+

striatal astrocytes treated with SNARF-1 α-syn PFFs were acquired at
range of 530–550 and 610–630 nm. Scale bar 50 μm. D, E Eight images

per cell culture were analyzed (n = 4 independent cultures). For each
image, ROIs were traced and quantification of α-syn single-particle
550/630 ratio (IntDen) and number were performed using ImageJ. The
cumulative distribution of the single-particle ratio was graphed for each
genotype in D and particle number per ROI in E. Statistical analysis in E
was performed using Kruskal-Wallis test followed by Dunn’s multiple
comparisons test. *p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001
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7.3. Lrrk2	 impacts	 on	 the	 endo-lysosomal	morphology	 and	 functionality	 in	 striatal	

astrocytes	

Considering	that	the	pathogenic	mutation	in	Lrrk2	GS	astrocytes	impairs	their	ability	to	

store	aggregated	α-syn,	we	next	investigated	how	it	can	affect	the	morphology	and	functionality	

of	the	endo-lysosomal	pathway.		

First,	we	studied	whether	Lrrk2	has	an	impact	on	the	number	and	dimension	of	endo-

lysosomal	structures	 in	mouse	striatal	astrocytes.	Cultured	primary	striatal	astrocytes	were	

imaged	by	EM	and	 the	number	 and	 area	 of	 lysosomal-like	 structures	were	measured	using	

ImageJ	 (Figure	 7.3	 A).	 As	 shown	 in	 Figure	 7.3	 B-C	 both	 Lrrk2	 ablation	 and	 the	 G2019S	

pathological	mutation	caused	a	significant	decrease	in	the	number	of	lysosomal-like	structures	

in	 astrocytic	 cells.	 In	 line	with	 this,	 EM	 images	on	 the	 intact	 striatum	show	 the	 same	 trend	

(Supplementary	 Image	 4).	 Moreover,	 the	 absence	 of	 Lrrk2	 showed	 enlarged	 structures,	

compared	to	control	astrocytes	and	to	GS	astrocytes	(Figure	7.3	C).	In	addition,	we	evaluated	

the	overall	volume	occupied	by	lysosomal	structures	calculated	as	lysosomal	number	×	mean	

lysosome	volume.	Interestingly,	we	noticed	a	similar	lysosomal	volume	in	Lrrk2-/-	and	Lrrk2	

+/+	astrocytes,	which	is	respectively	1.7	μm3/mm2	and	2.0	μm3/mm2.	However,	Lrrk2	GS/GS	

astrocytes	showed	half	of	the	lysosomal	global	volume	(1.0	μm3/mm2)	compared	to	the	other	

two	genotypes.	To	confirm	our	data,	we	analyzed	the	astrocytic	endo-lysosomal	compartment	

by	immunofluorescence	using	Lamp2A	as	a	marker	of	late	endosomes/lysosomes.	We	revealed	

a	 significant	 reduction	 of	 the	 organelle	 number	 in	 KO	 and	 GS	 astrocytes,	 associated	 with	

organelle	enlargement	in	the	KO	cells,	confirming	our	previous	results	(Figure	7.3	D-E-F).	

Next,	 we	 investigated	 whether	 lysosomal	 morphology	 is	 associated	 with	 a	 change	 in	

lysosomal	pH.	We	 labelled	primary	astrocytes	 from	 the	 three	genetic	backgrounds	with	 the	

ratiometric	 probe	 RatioWork	 PDMPO	 (for	 further	 details	 see	 Materials	 &	 Methods	 Section	

6.27).	RatioWork	PDMPO	labels	acidic	organelles	and	is	independent	from	the	endo-lysosomal	

content.	Astrocytes	were	cultured	in	96-well	plates	and	exposed	to	0.5µM	of	α-syn	PFFs.	After	

24h	 from	 the	 PFFs	 treatment,	 cells	 were	 treated	 with	 RatioWork	 PDMPO	 at	 a	 final	

concentration	 of	 2μM	 for	 5	min.	We	 also	 used	 astrocytes	 treated	with	 Bafilomycin,	 a	well-

known	inhibitor	of	autophagy,	as	a	control.	As	shown	in	Figure	7.3	G	quantification	does	not	

underline	any	differences	between	the	three	genotypes	in	the	absence	or	in	the	presence	of	α-

syn	 PFFs.	 Instead,	 Bafilomycin,	 which	 dissipates	 endo-lysosomal	 pH,	 causes	 a	 significant	

increase	of	the	fluorescence	ratio	in	all	the	conditions	tested.		
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Based	on	the	previous	results,	indicating	that	GS	astrocytes	display	impaired	lysosomal-

like	structures,	we	wondered	whether	the	pathological	mutation	could	impact	on	the	activation	

of	 the	 endo-lysosomal	 pathway.	We	performed	 the	 neutral	 red	 assay;	 neutral	 red	 is	 a	 non-

ratiometric	dye	 that	 is	 specifically	 retained	by	acidic	vesicles,	 and	 it	 is	 frequently	used	as	a	

reliable	indicator	of	phagocytic	activity	(Repetto	et	al.,	2008).	We	compared	α-syn	PFFs-treated	

striatal	astrocytes,	untreated	astrocytes	and	astrocytes	treated	with	Bafilomycin	as	a	control.	

As	 expected,	 Bafilomycin	 treatment	 markedly	 decreases	 neutral	 red	 accumulation	 in	 all	

experimental	 conditions	 (Figure	 7.3	 G).	 As	 shown	 in	 Figure	 7.3	 H,	 we	 did	 not	 report	 any	

statistical	 difference	 between	 the	 three	 genotypes	 in	 the	 absence	 of	 α-syn	 PFFs.	 Instead,	

treatment	with	α-syn	PFFs	induced	an	increase	of	neutral	red	staining	in	astrocytes	compared	

to	 untreated	 astrocytes.	 However,	 the	 difference	 between	 basal	 condition	 and	 upon	 PFFs	

treatment	 was	 not	 statistically	 significant	 in	 Lrrk2	 GS/GS	 astrocytes,	 indicating	 that	

phagocytosis	 occurs	 efficiently	 in	 Lrrk2-/-	 and	Lrrk2	+/+astrocytes	but	not	 in	 Lrrk2	GS/GS	

astrocytes.		

Collectively,	these	results	suggest	that	the	G2019S	mutation	influences	the	morphology	

and	 number	 of	 endo-lysosomal	 vesicles	 but	 not	 their	 pH.	 However,	 the	 overall	 lysosomal	

degradation	 capacity	 appeared	 to	 be	 reduced	 in	 the	 presence	 of	 the	 G2019S	 pathological	

mutation.		
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Figure	 7.3	 Description	 of	 the	 endo-lysosomal	 pathway	 in	 Lrrk2	 striatal	 astrocytes.	 A.	

Representative	EM	image	of	primary	striatal	astrocyte	section	containing	electron-dense	lysosomal-like	

structures	(arrows).	Scale	bar	2	μm;	B,	C.	Forty	EM	images	were	acquired	(n=	4	per	genotype).	Each	cell	

was	 imaged	 by	 covering	 the	 entire	 cytoplasm	 and	 lysosomal-like	 structure	 number	 and	 area	 was	

measured	using	ImageJ;	D.	Representative	image	of	the	staining	using	Lamp2A	(green)	as	a	marker	for	

the	endo-lysosomal	pathway,	DAPI	(blue)	for	the	nuclei,	and	F-actin	(cyano)	to	define	cells.	Scale	bar	20	

μm.	 Inset	 shows	a	 close-up	of	 Lamp2A-positive	 structures;	E,	F.	Quantifications	of	 Lamp2A-positive	

structure	number	and	area	were	performed	using	ImageJ.	Four	images	per	cell	culture	were	analyzed	

(n	=	3	per	genotype);	G.	Measurement	of	lysosomal	pH	was	done	in	primary	striatal	astrocytes	from	the	

Fig. 4 Description of the endo-lysosomal pathway in Lrrk2 striatal astro-
cytes. A Representative TEM image of primary striatal astrocyte section
containing electron-dense lysosomal-like structures (arrows). Scale bar 2
μm. B, C Forty TEM images were acquired (n = 4 per genotype). Each
cell was imaged by covering the entire cytoplasm and lysosomal-like
structure number and area were measured using ImageJ. D
Representative image of the staining using Lamp2A (green) as a marker
for the endo-lysosomal pathway, DAPI (blue) for the nuclei, and F-actin
(cyano) to define cells. Scale bar 20 μm. Inset shows a close-up of
Lamp2A-positive structures. Quantifications of Lamp2A-positive struc-
ture number and area were analyzed using ImageJ. E, F Four images per
cell culture were analyzed (n = 3 per genotype). G Measurement of

lysosomal pH was done in primary striatal astrocytes from the three
genotypes upon unlabeled α-syn PPF treatment (n = 3 per genotype).
Bafilomycin has been applied as negative control. Fluorescence ratio of
light acquired at 535 nm upon excitation at 340 and 380 nm is provided.
HNeutral red assay was performed in primary striatal astrocytes from the
three genotypes upon unlabeled α-syn PPF treatment (n = 4 per geno-
type). Bafilomycin has been applied as negative control. Absorbance at
540 nm measured upon cell lysates was normalized by total protein con-
tent. Statistical analysis in B, C, and F was made by Kruskal-Wallis test
followed by Dunn’s multiple comparisons test. Statistical analysis in E,
G, and H was performed with one-way ANOVA followed by Tukey’s
multiple comparisons test. *p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001
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three	genotypes	upon	unlabeled	α-syn	PPF	treatment	(n	=	3	per	genotype).	Bafilomycin	has	been	applied	

as	negative	control.	Fluorescence	ratio	of	light	acquired	at	535	nm	upon	excitation	at	340	and	380	nm	

is	provided;	H.	Neutral	red	assay	was	performed	in	primary	striatal	astrocytes	from	the	three	genotypes	

upon	unlabeled	α-syn	PPF	treatment	(n	=	4	per	genotype).	Bafilomycin	has	been	applied	as	negative	

control.	Absorbance	at	540	nm	measured	upon	cell	 lysates	was	normalized	by	total	protein	content.	

Statistical	analyses	in	B,	C,	and	F.	were	performed	with	Kruskal-Wallis	test	followed	by	Dunn’s	multiple	

comparisons	test.	Statistical	analyses	in	E,	G,	and	H.	were	performed	with	one-way	ANOVA	followed	by	

Tukey’s	multiple	comparisons	test.	*p	≤	0.05,	**p	≤	0.01,	***p	≤	0.001	

	

7.4. 	LRRK2	interacts	with	ANXA2	

We	next	 used	 an	 unbiased	 approach	 to	 identify	 LRRK2-specific	 effectors	 of	 astrocyte-

mediated	 α-Syn	 PFFs	 clearance.	 Specifically,	 we	 performed	 a	 high-throughput	 screening	 of	

candidate	protein-protein	interaction	(PPI)	partners	via	affinity	purification	(AP)	coupled	with	

tandem	mass	spectrometry.	We	analyzed	LRRK2-immunoprecipitated	binders	by	LC-MS.	Cells	

obtained	from	a	human	astroglial	cell	 line	(H4	cells)	were	transiently	transfected	with	Flag-

tagged	LRRK2.	0.5uM	of	α-syn	PFFs	or	an	equal	volume	of	vehicle	(PBS)	(unstimulated)	has	

been	 applied	 to	H4	 cells	 for	 24h.	 After	 lysis,	 samples	were	 incubated	with	 the	 appropriate	

amount	 of	 anti-Flag	 agarose	 beads	 resin	 overnight	 to	 perform	 the	 immunoprecipitation.	

Samples	were	 then	eluted	 from	 the	 resin	 to	exclude	contaminants	with	high	affinity	 for	 the	

resin.	 Eluates	 were	 loaded	 onto	 SDS-PAGE	 and	 subsequently	 analyzed	 via	 LC-MS	 (in	

collaboration	 with	 Prof	 Giorgio	 Arrigoni,	 Department	 of	 Biomedical	 Sciences,	 University	 of	

Padova).	We	performed	two	independent	rounds	of	experiments	and	crosschecked	our	data	

manually.	We	 first	 cleaned	 the	 list	of	 interactors	by	 removing	contaminants	 represented	by	

common	environmental	keratins	or	undesirable	 sticky	peptides	 that	we	 found	both	 in	PFFs	

treated	and	untreated	cells	 (Figure	7.4	A-B).	As	 show	 in	Figure	7.4	C,	we	 identified	a	 list	of	

proteins	reported	as	the	ratio	of	the	amount	detected,	i.e.	peptide	area,	in	treated	versus	non-

treated	conditions	and	then	normalized	by	the	immunoprecipitated	LRRK2	level.	Specifically,	

scores	>1	 indicate	 an	 increased	 interaction	with	LRRK2	upon	 treatment	whereas	 scores	<1	

indicate	a	decreased	affinity	with	LRRK2	in	treated	cells.	The	value	was	normalized	by	the	peak	

area	of	immunoprecipitated	LRRK2	in	the	two	experimental	conditions	(Figure	7.4	C).	To	select	

possible	players	in	LRRK2-mediated	α-syn	PFFs	clearance,	we	followed	three	main	criteria:	(i)	

hits	that	are	recruited	selectively	by	LRRK2	upon	treatment,	(ii)	functional	relevance,	and	(iii)	

expression	in	glial	cells.	Among	the	top	hits,	we	observed	a	large	variety	of	proteins	known	as	
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main	components	of	epidermal	desmosomes	and	linked	to	cytoskeleton.	Since	the	functional	

significance	of	desmosomes	in	brain	astrocytes	are	not	well	recognized	and	are	not	related	to	

any	NDs,	we	decided	to	not	consider	this	group	of	hits.		

Of	note,	annexin	A2	(human	ANXA2)	displayed	increased	affinity	for	LRRK2	upon	α-syn	

PFFs	treatment.	ANXA2	is	a	Ca2+	regulated	phospholipid-binding	protein	and	it	is	implicated	in	

the	 dynamic	 organization	 of	 membrane	 microdomains	 and	 the	 formation	 of	 membrane-

cytoskeleton	 and	 membrane-membrane	 contacts	 (Gabel	 et	 al.,	 2020;	 Zhang	 et	 al.,	 2020).	

Intriguingly,	ANXA2	intervenes	in	phagocytic	processes	at	multiple	levels	(Stukes	et	al.,	2016).	

Indeed,	 upon	 stimulation	 of	 phagocytic	 processes,	 ANXA2	 is	 recruited	 to	 endosomal	

membranes	where	 it	 has	been	proposed	 to	 stabilize	 the	organelle	 (Yim	W.	W.	 et	 al.,	 2022).	

Moreover,	ANXA2	deficits	are	 linked	to	a	decreased	endocytosis	and	particle	 internalization	

(Stukes	et	al.,	2016).	Of	note,	ANXA2	interacts	with	the	AD-linked	protein,	Presenilin	1	(PS1),	

and	 intervenes	 in	 PS1	 degradation	 by	 directing	 and	 facilitating	 autophagosome-lysosome	

fusion	 (Bustos	 et	 al.,	 2017;	 Bustos	 et	 al.,	 2021)	 Importantly,	 ANXA2	 is	 almost	 exclusively	

expressed	in	glial	cells	in	the	brain	(Zhang	et	al.,	2016).	

We	first	validated	the	role	of	ANXA2	in	regulating	exogenous	PFFs	α-syn	internalization.	

To	this	purpose,	H4	astrocytic	cells	were	transiently	transfected	with	GFP-tagged	ANXA2.	Cells	

were	treated	with	α-syn	PFFs	and	fixed	after	24h	from	the	pulse.	As	shown	in	Supplementary	

Figure	 5,	 GFP-ANXA2	 shows	 a	 diffuse	 cytoplasmic	 distribution	 in	 cells,	 and	 it	 re-localizes	

around	α-syn	exogenous	fibrils	upon	internalization.	
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Figure	7.4	Characterization	of	LRRK2	interactoma	in	stimulated	condition.	A.	Schematic	outline	of	

the	experimental	setup.	H4	cells	were	transfected	using	3xFlag-LRRK2	encoding	plasmid	and,	after	48	

h	post	transfection,	cells	were	treated	with	0.5	μM	sonicated	unlabeled	α-syn	PFFs	for	24	h.	LRRK2	was	

subsequently	 immunopurified	 using	 anti-Flag	 agarose	 beads	 (IP);	 B.	Western	 blot	 analysis	 showing	

LRRK2	expression	(lysate),	immunopurification	(LRRK2	IP),	and	Elution	in	H4	cells	in	treated	and	basal	

conditions	and	unbound	LRRK2	(FT);	C.	Relative	quantification	of	LRRK2	interactome	under	treated	

and	untreated	conditions.	The	area	of	the	precursor	ions	identified	by	LC-MS/MS	analysis	was	used	as	

a	 quantitative	measure	 of	 the	 protein	 content.	 The	 ratio	 between	 the	 area	 of	 the	 precursor	 ions	 of	

untreated	and	treated	samples	(normalized	by	the	content	of	LRRK2)	was	then	considered	to	highlight	

proteins	showing	a	different	affinity	for	LRRK2	in	the	two	conditions	(n	=	2	biological	replicate);	D.	H4	

cells	transfected	with	GFP-	ANXA2	in	α-syn	PFFs-treated	condition	show	the	proximity	of	internalized	

α-syn	fibrils	and	AnxA2.	AnxA2-GFP	(green),	α-syn	(red),	DAPI	(blue).	Scale	bar	30	μm.	

	 	

puncta in GFP-positive cells revealed that AnxA2 down-
regulation decreases the amount of intracellular deposits
per cell compared to scramble transfected controls (Fig.
6C–D; p < 0.001; Kruskal-Wallis test followed by
Dunn’s multiple comparisons test). As an additional con-
trol for AnxA2 downregulation at single-cell resolution,
we stained transfected GFP-positive astrocytes for the
endogenous protein. Quantification of AnxA2 puncta up-
on PFF treatment is significantly reduced in AnxA2
siRNA versus control (Supplementary Figure 9D–E; p
< 0.001; unpaired t test). To validate our findings, we
also evaluated intracellular α-syn PFFs by western blot
analysis upon AnxA2 downregulation (Fig. 6E). As al-
ready shown in Supplementary Figure 9, siRNA trans-
fection in primary striatal astrocytes does not affect
LRRK2 protein level, neither in treated nor untreated

conditions (Fig. 6E–F). Again, AnxA2 downregulation
was successfully achieved and maintained after PFF
treatment (Fig. 6E–G; scramble siRNA vs AnxA2
siRNA +/− PFFs, p < 0.001; scramble siRNA + PFFs
vs AnxA2 siRNA +/− PFFs, p < 0.001; one-way
ANOVA followed by Tukey’s multiple comparisons
test). A slight but significantly decreased level of
AnxA2 was also revealed upon PFF exposure in the
scramble siRNA astrocytes (Fig. 6E–G; scramble
siRNA vs scramble siRNA + PFFs, p < 0.01; one-way
ANOVA followed by Tukey’s multiple comparisons
test). However, our results showed that the amount of
accumulated α-syn significantly decreased by comparing
lysates obtained from AnxA2 siRNA-transfected astro-
cytes versus control (Fig. 6E–H; scramble siRNA +
PFFs vs AnxA2 siRNA + PFFs, p < 0.01; unpaired t test).

Fig. 5 Characterization of LRRK2 interactoma in stimulated condition.
A Schematic outline of the experimental setup. H4 cells were transfected
using 3xFlag-LRRK2 encoding plasmid and, after 48 h post transfection,
treated with 0.5 μM sonicated unlabeled α-syn PFFs for 24 h. LRRK2
was subsequently immunopurified using anti-Flag agarose beads (IP),
eluted with Flag peptide (elution), and subjected to LC-MS/MS analysis.
FT, flow-through; unbound LRRK2. B Western blot analysis showing
LRRK2 expression, immunopurification, and elution in H4 cells in treat-
ed and basal conditions.CRelative quantification of LRRK2 interactome

under treated and untreated conditions. The area of the precursor ions
identified by LC-MS/MS analysis was used as a quantitative measure
of the protein content. The ratio between the area of the precursor ions
of untreated and treated samples (normalized by the content of LRRK2)
was then considered to highlight proteins showing a different affinity for
LRRK2 in the two conditions (n = 2). D H4 cells transfected with GFP-
ANXA2 in α-syn PFF-treated condition verifying the proximity of inter-
nalized α-syn fibrils and transfected AnxA2. AnxA2-GFP (green), α-syn
(red), DAPI (blue). Scale bar 30 μm
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7.5. Anxa2	affects	murine	astrocytes-mediated	α-Syn	clearance	

The	results	we	obtained	from	the	MS	analysis	and	in	H4	cells	support	a	role	for	ANXA2	in	

a-syn	clearance.	To	gain	more	insights	into	the	involvement	of	Anxa2	in	these	processes	and	to	

confirm	its	role	in	mouse	astrocytes,	we	applied	a	siRNA	approach.		

Firstly,	 we	 checked	 the	 localization	 of	 endogenous	mouse	 astrocytic	 AnxA2	 through	

immunofluorescence	analysis.	To	do	so,	astrocytes	were	treated	with	α-syn	PFFs	for	24h	and	

then	stained	for	endogenous	Anxa2.	As	shown	in	Figure	7.5	A,	Anxa2	localizes	into	subcellular	

puncta	in	the	near	proximity	of	internalized	PFFs	particles,	suggesting	an	involvement	of	this	

protein	in	this	mechanism.	Next,	we	transfected	primary	astrocytes	with	a	siRNA	against	Anxa2	

or	with	 a	non-targeting	 siRNA	as	 a	 control.	After	72h	 from	 the	 transfection	 around	60%	of	

AnxA2	downregulation	was	achieved	compared	to	controls	astrocytes	(Figure	7.5	E).	Of	note,	

AnxA2	 downregulation	 did	 not	 significantly	 affect	 LRRK2	 protein	 levels	 in	 transfected	

astrocytes.		

To	 establish	 the	 involvement	 of	 endogenous	 AnxA2	 in	 astrocyte-mediated	 phagocytic	

clearance,	we	treated	Anxa2-downregulated	astrocytes	with	α-syn	PFFs	and	imaged	them	after	

24h	(Figure	7.5	A).	As	discussed	in	the	first	part	of	this	dissertation,	to	image	siRNA	recipient	

cells	 we	 co-transfected	 primary	 striatal	 astrocytes	 with	 AnxA2	 siRNA	 and	 a	 GFP-encoding	

plasmid.	As	represented	in	Figure	7.5	C-D,	we	acquired	images	after	24h	of	PFFs	treatment	and	

we	quantified	α-syn-positive	puncta	using	an	ImageJ	plug	in.	Quantification	of	internalized	α-

syn-positive	puncta	in	GFP-positive	cells	revealed	that	AnxA2	down-regulation	decreases	the	

amount	of	intracellular	α-syn	PFFs	deposits	per	cell	compared	to	scramble	transfected	controls	

(Figure	 7.5	 D).	 Moreover,	 as	 an	 additional	 control	 for	 AnxA2	 downregulation	 at	 single-cell	

resolution,	 we	 stained	 transfected	 GFP-positive	 astrocytes	 for	 the	 endogenous	 protein.	

Consistently	with	 our	 previous	 results,	 the	 quantification	 shows	 a	 significantly	 decrease	 of	

AnxA2	puncta	upon	PFFs	treatment	in	AnxA2	siRNA-astrocytes	versus	control	(Supplementary	

Figure	6).	To	validate	our	findings,	we	also	evaluated	intracellular	α-syn	PFFs	by	western	blot	

analysis	 upon	 AnxA2	 downregulation	 (Figure	 7.5	 E-H).	 Again,	 AnxA2	 downregulation	 was	

successfully	achieved	after	PFFs	treatment.	A	slight	but	significant	decrease	of	AnxA2	was	also	

revealed	upon	PFFs	 exposure	 in	 astrocytes	 treated	with	 the	 scramble	 siRNA.	However,	 our	

results	showed	 that	 the	amount	of	accumulated	α-syn	significantly	decreased	by	comparing	

lysates	obtained	from	AnxA2-downregulated	astrocytes	versus	control.		
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Overall,	our	results	confirmed	that	AnxA2	deficits	influence	the	astrocytic	ability	to	store	

α-syn	aggregates,	pointing	to	 this	protein	a	possible	modulator	of	astrocytes-mediated	PFFs	

engulfment.		

	

Figure	7.5	Investigation	of	AnxA2	function	in	astrocyte-mediated	α-syn	phagocytic	clearance	A.	

Unlabeled	α-syn	PFFs	have	been	applied	to	primary	astrocytes	for	24	h.	Projections	verify	the	proximity	

of	the	internalized	α-syn	fibrils	and	endogenous	AnxA2.	Cell	cytoskeleton	(F-actin,	cyano),	α-syn	(red),	

AnxA2	(green),	DAPI	(blue).	Scale	bar	20	μm;	B.	Schematic	outline	of	the	experimental	setup.	Cells	were	

transfected	 using	 3xFlag-GFP-encoding	 plasmid	 together	with	 scramble	 or	 AnxA2	 siRNA.	 48	 h	 post	

Fig. 6 Investigation of AnxA2 function in astrocyte-mediated α-syn
phagocytic clearance. A Unlabeled α-syn PFFs have been applied to
primary astrocytes for 24 h. Projections verify the proximity of the inter-
nalized α-syn fibrils and endogenous AnxA2. Cell cytoskeleton (F-actin,
cyano), α-syn (red), AnxA2 (green), DAPI (blue). Scale bar 20 μm. B
Schematic outline of the experimental setup. Cells were transfected using
3xFlag-GFP-encoding plasmid together with scramble or AnxA2 siRNA.
48 h post transfection cells were treated with 0.5 μM sonicated α-syn
PFFs for 24 h and imaged using confocal microscopy. C Representative
images of primary striatal astrocytes transfected with scramble or Anxa2
siRNA together with a GFP-encoding plasmid in α-syn PFF-treated con-
dition. Projections verify the proximity of the internalized α-syn fibrils;

GFP (green), α-syn (red), DAPI (blue). Scale bar 30 μm. D Four images
per cell culture were analyzed (n = 3). Quantifications of α-syn PFFs
fluorescent-positive puncta were performed using ImageJ (ComDet
plug-in). E Western blot analysis of primary striatal astrocyte lysates
transfected with scramble and AnxA2 siRNA under basal and PFF-
treated conditions. Anti-Lrrk2, anti-α-syn, and anti-AnxA2 antibodies
have been employed. F, G, H Quantification of band intensity was per-
formed using ImageJ and normalized by β-actin (n = 3). Statistical anal-
ysis in D was made by Kruskal-Wallis test followed by Dunn’s multiple
comparisons test. Statistical analysis in F, G, and H was performed with
an unpaired t test or one-way ANOVA followed by Tukey’s multiple
comparisons test. *p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001
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transfection	cells	were	treated	with	0.5μM	sonicated	α-syn	PFFs	for	24	h	and	imaged	using	confocal	

microscopy;	C.	Representative	images	of	primary	striatal	astrocytes	transfected	with	scramble	or	Anxa2	

siRNA	 together	with	a	GFP-encoding	plasmid	 in	α-syn	PFFs-treated	condition.	Projections	verify	 the	

proximity	of	 the	 internalized	α-syn	fibrils;	GFP	(green),	α-syn	(red),	DAPI	(blue).	Scale	bar	30μm;	D.	

Four	images	per	cell	culture	were	analyzed.	Quantifications	of	α-syn	PFFs	fluorescent-positive	puncta	

were	performed	using	ImageJ	(ComDet	plug-in).	Statistical	analysis	was	made	by	Kruskal-Wallis	test	

followed	by	Dunn’s	multiple	 comparisons	 test.	 n=3	biological	 replicates;	E.	Western	blot	 analysis	 of	

primary	striatal	astrocyte	lysates	transfected	with	scramble	and	AnxA2	siRNA	under	basal	and	PFFs-

treated	 conditions.	 Anti-Lrrk2,	 anti-α-syn,	 and	 anti-AnxA2	 antibodies	 have	 been	 employed.	

Quantification	of	band	 intensity	shown	in	E	was	performed	using	ImageJ	and	normalized	by	β-actin.	

Statistical	analysis	in	F,	G,	and	H.	was	performed	with	an	unpaired	t-test	or	one-way	ANOVA	followed	

by	Tukey’s	multiple	comparisons	test.	(significance	*p	≤	0.05,	**p	≤	0.01,	***p	≤	0.001)	n=3	biological	

replicates.	

	

7.6. G2019S	Lrrk2	striatal	astrocytes	display	AnxA2	deficits	

To	determine	whether	Lrrk2	affects	α-syn	PFFs	clearance	through	AnxA2,	we	measured	

AnxA2	 protein	 content	 in	 primary	 astrocytes	 in	 basal	 conditions	 and	 upon	 α-syn	 PFFs	

treatment.	In	light	of	the	results	described,	we	decided	to	compare	Lrrk2	GS/GS	and	Lrrk2	+/+	

genotypes.	Cell	 lysates	 from	cultured	 striatal	 astrocytes	were	analyzed	by	western	blot	 and	

AnxA2	 endogenous	 expression	 was	 assayed.	 As	 shown	 in	 Figure	 7.6	 A-D,	 AnxA2	 level	 is	

significantly	decreased	in	Lrrk2	GS/GS	astrocytes	both	under	basal	conditions	and	upon	α-syn	

PFFs	 treatment	 compared	 to	 Lrrk2	 +/+	 astrocytes.	 Moreover,	 in	 agreement	 with	 what	

described	 earlier,	 AnxA2	 downregulation	 in	 GS	 astrocytes	 is	 associated	 with	 a	 significant	

decrease	in	intracellular	α-syn	deposits	compared	to	Lrrk2	+/+	astrocytes.	We	then	evaluated	

AnxA2	 localization	 and	 quantified	 ANXA2	 fluorescent	 puncta	 in	 control	 and	 α-syn	 PFFs–

exposed	astrocytes	in	both	genotypes.	Primary	striatal	astrocytes	were	treated	with	0.5	μM	of	

α-syn	PFFs	for	24h,	fixed	and	stained	for	endogenous	AnxA2	(Figure	7.6	E).	Interestingly,	as	

already	reported	in	literature	(Negro	et	al.,	2018)	and	as	we	have	shown	here	for	H4	astrocytic	

cells	Supplementary	Figure	5,	AnxA2	is	homogenously	distributed	within	the	cytoplasm	under	

basal	conditions	but	accumulates	into	discrete	puncta	upon	α-syn	PFFs	treatment.	Our	results	

show	 that	ANXA2	re-localization	 takes	place	 in	both	Lrrk2	+/+	and	Lrrk2	GS/GS	astrocytes	

upon	 PFFs	 internalization,	 but	 it	 appears	 significantly	 decreased	 in	 cells	 harboring	 the	

pathogenic	mutation	(Figure	7.6	F-G).	To	assess	whether	 this	 is	due	to	 the	enhanced	kinase	

activity	of	G2019S	LRRK2,	we	 treated	Lrrk2	GS/GS	primary	astrocytes	with	MLi-2,	 a	highly	
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specific	 and	 selective	 LRRK2	 inhibitor	 (Fell	 et	 al.,	 2015).	 After	 90	min	 of	MLi-2	 treatment,	

astrocytes	 were	 exposed	 to	 α-syn	 PFFs	 for	 24h.	 As	 shown	 in	 Figure	 7.6	 F-G,	 statistical	

significance	is	also	detected	between	GS	primary	astrocytes	treated	with	PFFs	in	the	presence	

and	in	the	absence	of	MLi-2.	We	then	quantified	α-syn	deposits	associated	with	ANXA2	puncta	

within	 each	 cell	 by	 measuring	 particle	 proximity	 using	 ImageJ.	 We	 observed	 less	 α-syn	

intracellular	 inclusions	 in	 close	 proximity	 to	 ANXA2	 in	 GS	 striatal	 astrocytes	 compared	 to	

controls	astrocytes	(Figure	7.6	F-G).	Interestingly,	the	addition	of	MLi-2	inhibitor	in	astrocytes	

harboring	the	pathological	mutation	reverts	the	observed	phenotype.		

Finally,	to	investigate	the	relevance	of	these	findings	in	PD	pathology,	we	examined	the	

expression	of	the	ANXA2	in	the	basal	ganglia	of	LRRK2	G2019S	and	idiopathic	(iPD)	PD	patients	

and	compared	to	age-matched	healthy	controls	by	western	blot.	Our	data	revealed	that	the	level	

of	ANXA2	is	decreased	in	LRRK2	G2019S	patients	compared	to	healthy	control	and	iPD	patients	

(Figure	 7.6.1).	 Although	 just	 preliminary,	 this	 observation	 points	 that	 ANXA2	 deficiency	 in	

LRRK2-linked	 patients	 might	 have	 a	 role	 in	 α-syn	 clearance	 and	 it	 might	 exacerbate	 the	

progression	of	the	pathology.		

Overall,	 our	 results	 show	 that	 the	 ANXA2	 level	 is	 diminished	 in	 murine	 astrocytes	

harboring	the	G2019S	mutation	and	this	phenomenon	is	associated	with	fewer	intracellular	α-

syn	deposits.	Importantly,	pharmacological	inhibition	of	Lrrk2	kinase	activity	fully	reverts	the	

mutant	phenotype.	Moreover,	our	results	indicate	that	pathogenic	G2019S	mutation	interferes	

with	the	physiology	of	ANXA2,	pointing	astrocytic	LRRK2	as	an	important	target	in	PD.	
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Figure	7.6	Analysis	of	AnxA2	function	in	G2019S	primary	striatal	astrocytes	at	endogenous	level.	

A.	Western	blot	analysis	of	primary	striatal	astrocyte	lysates	under	PFFs-treated	and	basal	conditions	

using	anti-Lrrk2,	anti-α-syn,	and	anti-AnxA2	antibodies;	B,	C,	D.	Quantification	of	band	intensity	was	

performed	using	ImageJ	and	normalized	by	β-actin.	Statistical	analysis	in	B,	C	and	D.	was	performed	

with	unpaired	t-test	or	one-way	ANOVA	followed	by	Tukey’s	multiple	comparisons	test.	*p	≤	0.05,	**p	≤	

0.01,	***p	≤	0.001;	E.	Representative	images	of	Lrrk2	WT	and	Lrrk2	GS	astrocytes	treated	or	not	with	α-

syn	PFFs	and	stained	with	anti-AnxA2	(green),	anti-α-syn	(red),	F-actin	(cyano),	and	cell	nuclei	with	

Fig. 7 Analysis of AnxA2 function in G2019S primary striatal astrocytes
at endogenous level. AWestern blot analysis of primary striatal astrocyte
lysates under PFF-treated and basal conditions using anti-Lrrk2, anti-α-
syn, and anti-AnxA2 antibodies. B,C,DQuantification of band intensity
was performed using ImageJ and normalized by β-actin (n = 4). E
Representative images of Lrrk2+/+ and Lrrk2GS/GS astrocytes treated or
not with α-syn PFFs and stained with anti-AnxA2 (green), anti-α-syn
(red), F-actin (cyano), and cell nuclei with DAPI (blue). MLi-2-treated
Lrrk2GS/GS astrocytes are shown in the bottom panels. Scale bar 20 μm.

Insets show a close-up of α-syn inclusions and re-localized AnxA2. F,G
Eight images per cell culture were analyzed (n = 3). Quantifications of
Anxa2 puncta and AnxA2-α-syn PFFs proximity were performed using
ImageJ. Statistical analysis in F and G was made by Kruskal-Wallis test
followed by Dunn’s multiple comparisons test. Statistical analysis in B,
C, andDwas performedwith unpaired t test or one-way ANOVA follow-
ed by Tukey’s multiple comparisons test. *p ≤ 0.05, **p ≤ 0.01, ***p ≤
0.001
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DAPI	(blue).	MLi-2-treated	Lrrk2	GS	astrocytes	are	shown	in	the	bottom	panels.	Scale	bar	20	μm.	n=4	

biological	 replicates.	 Insets	 show	 a	 close-up	 of	 α-syn	 inclusions	 and	 re-localized	 AnxA2.	F,	 G.	 Eight	

images	per	cell	culture	were	analyzed.	Quantifications	of	Anxa2	puncta	and	AnxA2-α-syn	PFFs	proximity	

were	performed	using	ImageJ.	Statistical	analysis	in	F	and	G.	was	made	by	Kruskal-Wallis	test	followed	

by	Dunn’s	multiple	comparisons	test.	n=3	biological	replicates.		

	

Figure	7.6.1	Anxa2	expression	in	PD	patients	A	Western	blot	analysis	of	human	caudate	and	putamen	

lysates	of	LRRK2	G2019S,	 iPD	and	healthy	controls	using	anti-Anxa2,	anti-GAPDH;	n=4	age-matched	

healthy	control,	n=4	iPD,	n=4	LRRK2	G2019S	caudate	and	putamen	samples.		 	
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SUPPLEMENTARY	FIGURE	1		

Supplementary	 figure	 1	 Accumulation	 of	 aggregated	 α-syn	 in	 Lrrk2	 astrocytes	 A.	 Schematic	

outline	of	the	experimental	setup.	Cells	were	exposed	to	0.5μM	sonicated	Cy3	α-syn	PFFs	for	24h;	B.	EM	

images	 of	 α-syn	 PFFs	 pre-	 and	 post-sonication.	 Scale	 bars	 1μm;	 C	 Representative	 fluorescence	

microscopy	images	of	Lrrk2	WT,	Lrrk2	KO,	and	Lrrk2	GS	astrocytes	(GFAP,	green)	at	24h;	cell	nuclei	

stained	 with	 DAPI	 (blue)	 and	 α-	 syn	 labeled	 with	 Cy3	 (red).	 Insets	 show	 a	 close-up	 of	 Cy3	 α-syn	

inclusions;	D.	Orthogonal	projections	of	 z-stack	 images	 taken	with	 a	 fluorescence	microscope:	main	

view	(x/y),	top	(x/z),	and	right	(y/z).	Projections	were	made	along	the	lines	depicted	in	the	main	image.	

Astrocytes	 (GFAP,	 green),	 Cy3	 labeled	 α-syn	 (red),	 DAPI	 (blue);	E.	 Fluorescence	microscopy	 image	

showing	the	differently	sized	Cy3	α-	syn	inclusions	observed:	small	dot-like	inclusions	(arrowhead)	and	

larger,	 cottony	deposits	 (arrow);	E’.	Display	of	 the	particle	 count	obtained	 from	 the	 ImageJ	 analysis	

when	including	either	all	Cy3	α-syn	deposits	or	only	the	small	Cy3	α-syn	inclusions.	Scale	bars	=	20	μm	

(C,	D,	and	E) 

Fig. 1 Accumulation of aggregated α-syn in Lrrk2 astrocytes. A
Schematic outline of the experimental setup. Cells were exposed to
0.5 μM sonicated Cy3 α-syn PFFs for 24 h. B TEM images of α-syn
PFFs pre and post sonication. Scale bars 1 μm.C Representative fluores-
cence microscopy images of Lrrk1+/+, Lrrk2−/−, and Lrrk2GS/GS astro-
cytes (GFAP, green) at 24 h; cell nuclei stained with DAPI (blue) and α-
syn labeled with Cy3 (red). Insets show a close-up of Cy3 α-syn inclu-
sions. D Orthogonal projections of z-stack images taken with a

fluorescence microscope: main view (x/y), top (x/z), and right (y/z).
Projections were made along the lines depicted in the main image.
Astrocytes (GFAP, green), Cy3 labeled α-syn (red), DAPI (blue). E
Fluorescence microscopy image showing the differently sized Cy3 α-
syn inclusions observed: small dot-like inclusions (arrow head) and larg-
er, cottony deposits (arrow). E’ Displays of the particle count obtained
from the ImageJ analysis when including either all Cy3 α-syn deposits or
only the small Cy3 α-syn inclusions. Scale bars = 20 μm (C, D, and E)
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SUPPLEMENTARY	FIGURE	2	

 

 

 

Supplementary	Figure	2	Analysis	of	the	differently	sized	α-syn	inclusions	in	Lrrk2	astrocytes.	A,	

B.	Analysis	of	small	and	large	Cy3	α-syn	inclusions,	respectively.	Quantifications	of	Cy3	α-syn	particle	

count,	total	area,	and	integrated	density	were	performed	using	ImageJ.	For	both	time	points,	ten	images	

per	independent	cell	culture	(24	h:	Lrrk2	+/+,	n	=	7;	Lrrk2	-/-,	n	=	6;	and	Lrrk2	GS/GS,	n=5;24h+6d:Lrrk2	

+/+,	n=6;Lrrk2	-/-,n=6;and	Lrrk2	GS/GS,	n	=	5)	were	analyzed	and	reported.	For	each	time	point,	the	

statistical	 analysis	 was	 performed	 with	 the	 Kruskal-Wallis	 test	 followed	 by	 Dunn’s	 multiple	

comparisons	test,	since	the	data	did	not	follow	Gaussian	distribution	for	all	groups.	*p	≤	0.05,	**p	≤	0.01,	

***p	≤	0.001	

  

(24 h vs 24 h + 6 d). Overall, we confirmed that astro-
cytes store rather than degrade the aggregated α-syn (Fig.
2). Area and integrated density measurements showed a
1.5- to 2-fold increase for both small and large Cy3 α-syn
deposits, while the number of particles counted did not
change (apart for Lrrk2GS/GS, which showed a 1.2-fold
change increase of small Cy3 α-syn deposits). These re-
sults might be explained by the fact that aggregates are
brought closer together over the 6-day period. Following
ingestion, the α-syn aggregates are relocated inside the
cell to end up in “storage dumps” around the nucleus, a
phenomenon that we have previously documented using
different astrocytic culture systems after astrocytic engulf-
ment of α-syn or amyloid-beta aggregates [9, 31].

Thus, our data indicate that the amount of α-syn present
inside Lrrk2GS/GS astrocytes is reduced compared to wild-type
or Lrrk2−/− astrocytes. The effect is normalized over time,
suggesting that the pathogenic mutation influences the uptake
rather than the degradation of α-syn.

G2019S Striatal Astrocytes Show Reduced Engulfed α-
syn

Given the high expression of LRRK2 in the striatum [10, 49, 50],
we isolated striatal astrocytes from Lrrk2GS/GS, Lrrk2−/−, and
wild-type mice to further confirm our data. The culture purity

was assessed by immunofluorescence against GFAP and Iba1,
which are astrocytic and microglial markers, respectively
(Supplementary Figure 4A–B). The characterization revealed
that 94 ± 2% of cells are identified as astrocytes and 7 ± 2% of
cells as microglia (Supplementary Figure 4A–B). Similar to cor-
tical stem cell–derived astrocytes, striatal astrocytes are able to
ingest and direct sonicatedα-syn PFFs to endo-lysosomal organ-
elles positive for Lamp2A marker (Supplementary Figure 4D).

To quantify Lrrk2-mediated effects ofα-syn PFF clearance in
this cellular system, we conjugatedmonomericα-syn with a pH-
sensitive dye named SNARF-1 C2-Maleimide (SNARF-1 from
now on) followed by fibrillization and sonication. As shown by
TEM analysis, SNARF conjugation does not affect α-syn PFF
aggregation process (Fig. 3A). Relevant to the experimental set-
up, we ruled out that the chemico-physical properties of the dye
are changed upon conjugation and fibrillation process
(Supplementary Figure 5). Indeed, the inflection point of free
and conjugated SNARF curves are 7.826 (R = 0.9956) and
7.606 (R = 0.9918), respectively (Supplementary Figure 5).
SNARF is particularly suitable to sense pH that ranges between
6 and 9 (Supplementary Figure 5) [51, 52] allowing to monitor
α-syn PFFs trafficking through the endo-lysosomal pathway.
We treated cells with 0.5 μM SNARF-labeled- α-syn PFFs
and captured images after 24 h using live cell confocal micros-
copy at the two relevant emission ranges (Fig. 3C).
Quantification shows that Lrrk2GS/GS, Lrrk2−/− and wild-type

Fig. 2 Analysis of the differently sized α-syn inclusions in Lrrk2 astro-
cytes.A, BAnalysis of small and large Cy3 α-syn inclusions, respective-
ly. Quantifications of Cy3 α-syn particle count, total area, and integrated
density were performed using ImageJ. For both time points, ten images
per independent cell culture (24 h: Lrrk1+/+, n = 7; Lrrk2−/−, n = 6; and

Lrrk2GS/GS, n = 5; 24 h + 6 d: Lrrk1+/+, n = 6; Lrrk2−/−, n = 6; and
Lrrk2GS/GS, n = 5) were analyzed and reported. For each time point, the
statistical analysis was performed with the Kruskal-Wallis test followed
by Dunn’s multiple comparisons test, since the data did not follow
Gaussian distribution for all groups. *p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001
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SUPPLEMENTARY	FIGURE	3	

 

Supplementary	Figure	3 SNARF-1	calibration	Free	SNARF	and	sonicated	SNARF-labeled	α-syn	PFFs	

were	resuspended	using	buffers	at	different	pH	and	the	emission	spectra	were	acquired	within	520-660	

nm	range	upon	laser	excitation	at	488	nm	using	a	fluorimeter	device.	The	value	ratio	550/630	nm	is	

reported	in	the	graph.	

SUPPLEMENTARY	FIGURE	4	

 

Supplementary	 Figure	 4	 Lrrk2-/-	 astrocytes	 display	 less	 lysosomal-like	 structures	 in	mouse	

striatal	 slices.	 A.	Representative	 image	 of	 a	 Lrrk2	 wild-type	 astrocyte	 containing	 a	 lysosome;	

B.	Quantification	of	lysosomes	in	Lrrk2	wild-type	and	Lrrk2-/-	astrocytic	cell	bodies	(Lrrk2	WT+,	n=3,	20	

to	 30	 cells	 per	 animal;	 Lrrk2	 -/-,	 n=3,	 15	 to	 20	 cells	 per	 animal);	 p	<	0.01,	 unpaired	 t-test);	

C.	Quantification	of	astrocyte	area;	p	>	0.05,	unpaired	t-test).	Scale	bar	=	10	µm.		
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SUPPLEMENTARY	FIGURE	5	

	

Supplementary	 Figure	 5	 ANXA2	 distribution	 in	 H4	 cells.	 Representative	 images	 of	 H4	 cells	

transfected	with	GFP-ANXA2	in	PFF-treated	and	basal	condition	(GFP,	green;	DAPI,	blue;	α	syn,	red).	

Scale	bars	20	µm.	
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SUPPLEMENTARY	FIGURE	6	 		

	

Supplementary	Figure	6.	Setting	of	AnxA2	downregulation	in	primary	astrocytes.	A.	Western	

blot	 analysis	 of	 primary	 striatal	 astrocyte	 lysates	 transfected	with	 scramble	 siRNA	 and	 AnxA2	

siRNA	using	anti-Lrrk2,	anti-β-actin	and	anti-AnxA2	antibodies;	B.	and	C.	Quantification	of	band	

intensity	was	performed	using	ImageJ	and	normalized	by	β-actin	(n=3);	D.	Immunocytochemistry	

of	AnxA2	endogenous	expression	in	scramble	siRNA	and	AnxA2	siRNA	transfected	cells	using	anti-

AnxA2	antibody.	Recipient	cells	are	visualized	by	GFP	expression;	E.	Eight	images	were	analyzed	

(n=2	independent	cultures).	Quantification	of	Anxa2	puncta	was	performed	using	ImageJ.	Statistical	

analysis	in	E.	was	made	by	Unpaired	T-test	*	p	≤	0.05	**	p	≤	0.01	***	p	≤	0.001.	Scale	bar	=	30	µm	
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Chapter	7	

Discussion	and	Conclusion		 PART	I	
	 	



 

 114 

8.1	 Discussion	and	Conclusion		 PART	I	

In	 the	 first	 section	 of	 thesis	 project,	 we	 optimized	 an	 efficient	 live-imaging	 assay	 to	

identify	 possible	 modulators	 of	 astrocyte-mediated	 synapse	 elimination	 and	 we	 validated	

Ackr3	as	the	most	promising	one.		

We	 conjugated	 in	 vitro	 purified	 brain	murine	 synapses	 with	 pH	 indicator-conjugated	

synaptosomes	 and	 we	 first	 validated	 primary	 astrocyte-mediated	 internalization	 kinetic.	

Coherently	 to	 previous	 studied,	 our	 data	 show	 that	 primary	 astrocytes	 possess	 a	 long	

engulfment	kinetics,	with	a	peak	at	48h	(Chung	et	al.,	2013).	Our	study	begins	with	a	genetic	

screening,	by	which	we	identified	several	genes	that	impacts	synaptosome	internalization.	We	

found	several	 clusters	of	genes	with	differential	effects	on	astrocyte-mediated	synaptosome	

engulfment.	GO	analysis	identified	G	protein-coupled	receptor	and	C-C	chemokine	receptor	as	

top	 GO	 terms	 involved	 in	 synaptosome	 uptake.	 Additionally,	we	 identified	 other	 categories	

related	 to	 the	 intracellular	 signaling	 pathway	 that	 cause	 accumulation	 of	 internalized	

synaptosomes.	Since	the	pH-sensitive	dye	bights	only	at	later	stages	of	the	phagocytic	in	the	

intracellular	signaling	are	enhancing	internalization	or	blocking	the	degradation.		

Among	the	hits	that	impact	synaptosome	internalization,	we	were	particularly	intrigued	

by	 chemokines	 receptor	 family	members.	 Specifically,	 the	 screening	 yield	 eight	 chemokines	

receptor:	 Cxcr5,	 Ackr3,	 Cxcr2,	 Cxcr3,	 Ccr1,	 Ccr2,	 Ccr4	 and	 Ackr2.	 Thus,	 we	 checked	 the	

expression	of	the	eight	chemokine	receptors	in	acutely	isolated	astroglial	cells.	We	showed	that	

Ackr3	is	highly	expressed	both	in	murine	and	human	astrocytes	compare	to	the	other	selected	

hits.	 In	 the	 brain,	 Ackr3	 is	 also	 found	 in	 neurons	 and	 vascular	 cells	 but	 not	 in	 microglia	

(Schönemeier	et	al.,2008).	Ackr3	is	known	to	serve	as	a	scavenger	and/or	decoy	receptor	for	

its	ligands:	Cxcl11	and	Cxcl12.	Ackr3	play	different	role	both	in	physiology	and	pathology;	for	

example,	it	has	been	shown	that	Ackr3	participates	in	migration	of	interneurons	during	cortical	

development	(Sànchez-Alcañiz	et	al.,	2011).	Moreover,	active	Ackr3-dependent	cell	signaling	

seems	to	occur	in	tumor	cells	promoting	tumor	cell	growth,	adhesion,	and	invasion	(Liu	et	al.,	

2014).	Ackr3	is	classified	as	a	non-classical	G-protein-coupled	receptor	that	apparently	fails	to	

activate	bound	G	proteins,	but	instead	can	signal	through	beta-arrestin-2	(Levoye	et	al.,	2009;	

Zabel	et	al.,	2009).	Moreover,	Ma	and	colleagues	reported	that	the	activation	of	Ackr3	increased	

the	 uptake	 of	 bacterial	 in	 human	 macrophages	 (van	 der	 Vorst	 et	 al.,	 2019).	 However,	 the	

molecular	mechanism	behind	Ackr3-mediated	synaptic	elimination	is	totally	unknown.		
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Our	results	show	that	Ackr3-deficient	murine	astrocytes	display	an	impaired	capacity	in	

synaptosomes	 engulfment.	 In	 accordance	 with	 our	 previous	 results,	 the	 overexpression	 of	

human-ACKR3	receptor	in	murine	astrocytes	significantly	increase	synaptosomes	engulfment.		

We	 also	 observed	 that	 endogenous	 Ackr3	 re-localizes	 into	 Lamp1-positive	 structures	

together	with	internalized	synaptosomes.	This	finding	suggested	a	direct	involvement	of	Ackr3	

in	 the	 recognition	 and	 the	 internalization	 of	 synaptic	 terminals	 rather	 than	 a	 parallel,	

stimulating	signaling	converging	on	i.e.	Megf10.	However,	whether	Megf10	and	Ackr3	modulate	

astrocyte-mediated	synapses	engulfment	through	a	parallel	or	a	separate	pathway	need	to	be	

further	investigated.		

Considering	 that	 Ackr3	 is	 a	 chemokine	 receptor,	 we	 investigated	 the	 role	 of	

Cxcl11/Cxcl12	in	the	phagocytic	process.	To	date,	an	increased	synapses	elimination	has	been	

clearly	 reported	 when	 cultured	 astrocytes	 are	 exposed	 to	 astrocytes-conditioned	 medium	

which	contains	secreted	factors.	Astrocyte-released	cytokines	and	chemokines	are	reported	to	

assists	microglial	phagocytosis	by	acting	as	a	chemoattractant	to	a	specific	site,	although	only	

one	study	showed	that	Cxcl12	is	chemotactic	for	mouse	astrocytes	(Choi	et	al.,	2014;	Odemis	et	

al.,	2002).	Our	data	excluded	that	Cxcl11/Cxcl12	are	released	by	astrocytes	upon	synaptosome	

treatment.	 Instead,	 we	 confirmed	 that	 Flag-tagged	 Ackr3	 interacts	 with	 purified	 synaptic	

terminals	 in	 vitro,	 suggesting	 the	 presence	 of	 a	 target	molecule	 i.e.	 Cxcl12	 on	 synaptosome	

membrane.	Accordingly,	Cxcl12	is	present	in	our	synaptosomal	preparation	and	synaptosome	

membranes	can	bind	additional	recombinant	Cxcl12	upon	incubation.		

The	common	feature	for	synapses	engulfment	by	glial	cells	is	the	presence	of	an	“eat-me”	

signal	exposed	in	the	outer	leaflet	of	the	plasma	membrane.	Of	note,	altered	distribution	of	PS	

is	associated	with	neuronal	death	and	externalized	membrane	PS	act	as	an	“eat-me”	signal	for	

apoptotic	cells	or	synapses	elimination	(Mellèn	et	al.,	2009;	Scott-Hewitt	et	al.,	2020).	However,	

the	 presence	 of	 synaptic	 tags	 other	 than	 PS	 or	 bridging	 molecules	 involved	 in	 astrocytes-

mediated	 clearance	 in	 general	 are	 currently	 under	 debate.	 For	 instance,	MEGF10-mediated	

apoptotic	cells	elimination	requires	C1q	as	an	adaptor	for	PS	(Iram,	Ramirez-Ortiz,	et	al.,	2016).	

Conversely,	a	study	denied	the	involvement	of	C1q	for	Megf10-mediated	synapses	recognition	

(Chung	et	al.,	2013).		

Here,	we	demonstrated	that	Cxcl12-covered	synaptosomes	significantly	increase	the	PI	of	

astrocytes	compared	to	the	naïve	suggesting	that	the	chemokine	function	as	eat	me	signal	and	
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might	be	recognized	by	receptor	at	the	neuronal	cell	membrane,	Supporting	our	data,	a	recent	

paper	showed	that	a	subset	of	chemokines	bind	exposed	PS	and	act	as	a	signal	for	macrophage-

mediated	 phagocytosis	 (Pontejo	 and	 Murphy	 et	 al.,	 2021),	 We	 reported	 that	 Cxcl12	 is	 not	

released	by	astrocytes	upon	synaptosome	contact	and	it	already	present	in	the	synaptosome	

preparation.	However,	we	cannot	define	the	source	of	the	chemokine	that	we	detected	in	the	

preparation	since	Cxcl12	is	expressed	by	neurons	but	also	by	other	cells	in	the	brain.		

Considering	Cxcl12	as	a	bridging	molecule,	by	screening	a	pool	of	lipids,	we	revealed	that	

this	chemokine	specifically	recognizes	PE.	Of	note,	PE	is	a	lipid	that	together	with	PS	increases	

its	externalization	 into	the	outer	 leaflet	of	plasma	membrane	 in	the	early	phase	of	neuronal	

death	 (Faris	 et	 al.,	 2021).	 Even	 though	 the	 molecular	 mechanism	 underlying	 PS	 and	 PE	

externalization	 at	 synapses	 remains	 elusive,	 few	 reports	 demonstrate	 that	 phospholipid-

flippase	regulate	phospholipid	asymmetry	at	the	plasma	membrane	(Li	et	al.,	2021;	Mioka	et	

al.,	2018)	 Interestingly,	 the	 lack	of	phospholipid-flippase	chaperone	CDC50A,	also	known	as	

TREM30A,	 increased	PS	and	PE	 translocation	 to	 the	 cell	 surface	 (Kato	et	 al.,	 2013;	Li	 et	 al.,	

2021).	 Using	 pSIVA	 as	 a	 fluorescent	 tag	 for	 PS	 (Ruggiero	 er	 al.,	 2012),	 we	 confirmed	 an	

increased	PS	exposure	 in	primary	cultured	neurons	downregulating	 for	TREM30A	(data	not	

shown).	 In	 line	with	this,	we	now	validating	the	exposure	of	PE	by	using	 fluorescent-tagged	

Duramycin,	a	lantibiotic	peptide	derived	from	Streptoverticillium	cinnamoneus	which	binds	PE	

with	high	affinity	and	specificity	(Faris	et	al.,	2021).	However,	the	mechanism	by	which	PE	and	

Cxcl12	might	 act	 as	 synaptic	 tag,	 such	 as	 PS	 and	C1q,	 allowing	 astrocyte-mediated	 synapse	

elimination	in	the	brain	need	to	be	further	investigate	and	confirmed	in	vivo.		

Along	 this	 line,	we	 are	 now	 studying	 the	 role	 of	Ackr3	 in	 astrocyte-mediated	 synapse	

elimination	using	in	vivo	model	in	collaboration	with	Dr.	Won-Suk	Chung	in	Korea.	Specifically,	

we	 are	 measuring	 the	 synaptic	 density	 changes	 in	 mice	 Ackr3	 is	 overexpressed	 and	

downregulated	 specifically	 in	 brain	 astrocytes.	Moreover,	 we	 are	 employing	 Duramycin,	 to	

corroborate	the	role	of	Cxcl12	as	a	bridging	molecule	between	PE	and	astrocytic-Ackr3.	Our	

preliminary	 data	 showed	 that	 Duramycin	 injection	 does	 not	 affects	 the	 synaptic	 density;	

meanwhile	it	caused	a	decrease	in	the	expression	of	Ackr3	and	GFAP	(data	not	shown).		

Ackr3	 is	 conserved	 and	 expressed	 in	 human	 astrocytes.	 Moreover,	 an	 increase	 in	

astrocytic	Ackr3	expression	have	been	detected	in	many	human	brain	pathologies	such	as	in	

infarcted	human	cerebral	cortex,	 in	 the	hippocampus	of	AD	patients	as	well	as	glioblastoma	

multiforme	(GBM)	(Puchert	et	al.,	2017).	Thus,	humanized	models	represent	the	appropriated	
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tool	 to	 study	 ACKR3	 biology	 both	 in	 physiological	 and	 pathological	 conditions.	 Clearance	

activity	 of	 iHAstrocytes	 has	 not	 been	 fully	 characterized.	 Lin	 et	 al	 demonstrated	 that	

iHAstrocytes	 can	 engulf	 a	 large	 amount	 of	 Aβ	 but	 there	 is	 no	 literature	 regarding	 their	

involvement	in	synapses	internalization.	Here,	we	confirm	for	the	first	time	that	iHAstrocytes	

can	 internalized	 neuronal	 terminals.	 Of	 note,	 we	 observed	 that	 the	 lack	 Ackr3	 disrupts	

synaptosomes	elimination	ability	of	astrocytes	also	in	the	human	background.	In	accordance	

with	our	previous	results	on	murine	astrocytes,	we	observed	a	re-localization	of	the	receptor	

into	the	lysosomal	vesicles	together	with	internalized	synaptosomes,	suggesting	a	conserved	

mechanism	 of	 astrocyte-mediated	 synaptic	 terminal	 removal	 across	 species.	 Moreover,	 we	

observed	that	Megf10	is	expressed	in	iHAstrocytes	and	its	endogenous	level	is	not	affected	by	

Ackr3	downregulation.	On	this	line,	we	are	employing	STED	microscopy	to	further	investigate	

whether	 Ackr3-Megf10	 cooperate	 or	 acts	 on	 a	 parallel	 pathway	 in	 regulating	 astrocyte-

mediated	synaptic	terminal	engulfment.		

Related	to	GBM,	high	expression	of	Ackr3	correlates	with	poor	prognosis	and	potential	

treatment	 resistance,	making	 this	 receptor	 and	 its	 pathway	 an	 attractive	 therapeutic	 target	

(Smit	 et	 al.,	 2021,	 Salazar	 et	 al.,	 2018).	 However,	 the	molecular	mechanisms	 by	which	 the	

Cxcl11/12-Ackr3	 axis	 contributes	 to	 the	 progression	 of	 GBM	 are	 not	 fully	 understood.	 Our	

preliminary	results	 indicated	that	Ackr3	is	expressed	in	tumor-associated	astrocytes	(TAAs)	

positive	for	Galectin-3,	a	marker	of	phagocytic	cells	(Figure	8.1).	Thus,	TAAs	could	intervene	in	

the	elimination	of	live	neurons	and	synapses	in	GBM	and	contribute	to	the	tumor	progression.	

My	current	 studies	are	 focused	on	 the	dissection	of	Ackr3-mediated	synaptic	elimination	 in	

GBM	murine	and	human	models	as	well	as	in	patient	biofluids.			

Concluding,	 we	 identified	 Ackr3	 as	 a	 novel	 modulator	 of	 astrocyte-mediated	 synapse	

engulfment.	Although	additional	mechanistic	investigations	are	needed,	we	propose	that	PE-

Cxcl12	binding	acts	as	a	possible	novel	 “find/eat-me”	 signal	 for	 synapses	elimination	 in	 the	

brain.	 In	a	broader	 context,	 our	work	 revealed	 that	 astrocytic-Ackr3	 is	 a	novel	 receptor	 for	

synaptic	terminals	removal	both	in	murine	and	human	background,	opening	the	possibility	to	

better	target	astrocyte-mediated	clearance	dysfunction	in	human	diseases.		
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Figure	 8.1	Ackr3	 expression	 in	 TAAs	 astrocytes.	

Representative	 z-stack	 confocal	 images	 for	 Ackr3	

(red),	 GFAP	 (green)	 and	 Galectin-3	 (cyan)	 in	 GBM	

mouse	model;	 Insets	 show	 the	 co-localization	of	 the	

three	astrocytic	markers.	Scale	bar	20	μm,	insets	5	μm.		
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8.2	 Discussion	and	Conclusion		 PART	II	

In	the	second	part	of	the	thesis	project,	we	revealed	that	the	most	common	pathogenic	

mutation	 in	 LRRK2,	 G2019S,	 negatively	 regulates	 the	 amount	 of	 engulfed	 fibrillar	 α-syn	 in	

astrocytes.	Moreover,	we	reported	that	Anxa2	deficit	in	astrocyte	impacts	on	α-syn	clearance.	

Protein	 aggregates	 internalization	 by	 astrocytes	 has	 been	 clearly	 reported	 in	 the	 last	

decade	(Rostami	et	al.,	2021;	Gustafsson	et	al.,	2017;	Rostami	et	al.,	2017,	Huang	et	al.,	2022).	

Astrocytes	have	been	shown	to	ingest	particularly	large	amounts	of	aggregated	α-syn	that	are	

then	 intracellularly	 stored,	 rather	 than	 degraded.	 Moreover,	 G2019S	 PD-related	 LRRK2	

mutation	in	astrocytes	has	been	reported	to	disrupt	structure	and	function	of	lysosomes (Henry	

et	al.,	2015).	However,	how	G2019S	mutation	impacts	on	astrocyte-mediated	α-syn	clearance	

was	not	fully	dissected.	Our	data,	in	collaboration	with	the	University	of	Uppsala,	demonstrated	

that	the	pathological	mutation	negatively	regulated	uptake	of	small	α-syn	particles	by	cortical	

stem	cell-derived	astrocytes.	In	agreement	with	this	result,	it	has	been	proposed	that	increasing	

LRRK2	 kinase	 activity	 block	 micropinocytosis	 in	 phagocytes	 (Liu	 et	 al.,	 2020).	 Moreover,	

looking	at	α-syn	inclusion	after	6	days	after	the	exposure	to	PFFs,	we	observed	an	increase	both	

in	the	amount	and	area	of	α-syn	deposits.	The	larger	area	measurements	in	combination	with	

an	unchanged	particle	count	indicates	the	formation	of	bigger	aggregates	over	time.	In	fact,	α-

syn	 particles	 previously	 below	 the	 detection	 limit,	 may	 have	 clustered	 and	 thus	 become	

detectable	at	a	later	time	point.	Interestingly,	we	noticed	this	increase	not	only	in	the	presence	

of	the	pathological	mutation	but	also	in	wild-type	astrocytes	as	well	as	in	absence	of	LRRK2.	

This	α-syn	accumulation,	without	distinction	among	the	three	genotypes,	suggest	a	mechanism	

completely	unrelated	with	LRRK2	kinase	activity.	Instead,	the	reason	for	this	increase	could	be	

explained	as	a	 failure	of	 astrocytes	 in	degrading	engulfed	material	which	was	 consequently	

stored	 in	 the	 cells.	Therefore,	 this	astrocytic	α-syn	accumulation	 in	 specific	PD-linked	brain	

region,	as	striatum,	might	speed	up	the	progression	of	the	pathology.	

Astrocytes	that	populate	the	striatum	are	relevant	to	PD	pathology	since	they	are	in	close	

proximity	 to	 dopaminergic	 terminals	 of	 the	 SNpc.	 Furthermore,	 it	 is	 unknown	 how	 they	

respond	 to	 neuronal-released	 α-syn.	 In	 line	 with	 our	 data	 on	 cortical	 stem	 cell-derived	

astrocytes,	 we	 confirmed	 that	 PD-linked	 mutation	 in	 Lrrk2	 negatively	 impacts	 on	 striatal	

astrocyte-mediated	 α-syn	 clearance.	 Indeed,	 we	 demonstrated	 that	 astrocytes	 carrying	 the	

G2019S	mutation	displayed	a	reduced	amount	of	internalized	α-syn.	
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An	impairment	in	the	lysosomal	architecture	has	been	also	in	G2019S	PD	patient–specific	

human	 neuroepithelial	 stem	 cells	 and	 in	 primary	 cortical	 neurons	 from	 Lrrk2GS/GS	 mice	

settings	 (Schapansky	 et	 al.,	 2018;	 Walter	 et	 al.,	 2019).	 In	 contrast,	 Henry	 et	 al.	 indicated	

enlarged	 lysosomes	 in	 cultured	 cortical	 astrocytes	 overexpressing	 G2019S	 human	 LRRK2	

compared	 to	 wild-type	 astrocytes,	 without	 discriminating	 between	 the	 contribution	 of	 the	

pathogenic	mutation	and	the	LRRK2	level	(Henry	et	al.,	2015).	However,	our	data	reported	that	

G2019S	 pathogenic	 mutation	 cause	 a	 decrease	 in	 the	 number	 and	 area	 of	 lysosomal-like	

structures	 in	 primary	 striatal	 astrocytes.	Whereas	we	 observed	 that	 the	 genetic	 ablation	 of	

Lrrk2	caused	an	enlargement	of	the	lysosomal	structures.	Change	in	lysosomal	size	that	was	

however	compensated	by	an	overall	decrease	in	the	number	of	lysosomal	structures,	as	also	

shown	for	astrocytes	in	Lrrk2	-/-	striatum	brain	sections.	Despite	all	these	differences	in	the	

size	 and	 number	 of	 lysosomal	 structures,	 we	 did	 not	 report	 any	 differences	 in	 the	 pH	 of	

astrocytes.	 However,	 we	 observed	 an	 increase	 in	 the	 acidic	 compartments	 upon	 α-syn	

treatment	both	 in	wild-type	and	 in	absence	of	LRRK2,	suggesting	an	activation	of	 the	endo-

lysosomal	system.	Meanwhile,	in	the	presence	of	the	pathological	mutation	we	did	not	detect	

any	 increase	 in	 the	 acidic	 compartments,	 suggesting	 a	deficit	 in	 the	 endo-lysosomal	 system	

activation.	 Taken	 together	 these	 results	 confirmed	 that	 striatal	 astrocytes	 harboring	 the	

G2019S	 mutation	 displayed	 both	 a	 structural	 and	 functional	 deficit	 in	 the	 endo-lysosomal	

system,	resulting	in	an	impaired	uptake	of	α-syn	aggregates.		

Using	 and	 unbiased	 approach,	 we	 dissect	 a	 novel	 mechanism	 through	 which	 LRRK2	

affects	astrocyte-mediated	α-syn	clearance.	For	the	first	time,	our	study	identifies	ANXA2	as	a	

novel	 player	 in	 α-syn	 clearance	 in	 astrocytic	 cells.	 ANXA2	 is	 an	 actin	 binding	 protein	 that	

modulates	 many	 intracellular	 trafficking	 events,	 via	 the	 regulation	 of	 actin	 polymerization	

dynamics.	Specifically,	ANXA2	is	recruited	to	the	plasma	membrane,	during	the	formation	of	

the	 phagocytic	 cup,	 and	 assists	 endosomes	 upon	 particle	 internalization	 by	 preventing	

destabilization	(Law	et	al.,	2009;	Scharf	et	al.,	2012).	Moreover,	Anxa2	has	been	recruited	to	

lysosomal	membrane	in	case	of	lysosomal	leakage	(Yim	et	al,	2022).	With	the	high	involvement	

in	dynamic	events	of	membrane	events,	ANXA2	plays	a	 crucial	 role	 in	mediating	autophagy	

(Varyukhina	et	al	2022;	Zhang	et	al.,	2021).	 Indeed,	ANXA2	ablation	 leads	 to	a	defect	 in	 the	

phagophore	membrane	initiation	and	a	deficiency	in	the	autophagic	pathway	(Morozova	et	al.,	

2015).	In	line	with	these	findings,	we	demonstrated	that	endogenous	AnxA2	downregulation	

negatively	impacts	on	α-syn	clearance	in	primary	striatal	astrocytes.	Our	MS	analysis	pointed	

that	 ANXA2	 enhanced	 its	 affinity	 for	 LRRK2	 upon	 α-syn	 treatment	 suggesting	 a	 functional	
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interaction	between	the	two	proteins.	We	demonstrated	that	Lrrk2	GS/GS	astrocytes	displayed	

an	evident	phenotype	characterized	by	a	significant	downregulation	of	AnxA2	protein	 level.	

Moreover,	we	validate	that	a	decreased	expression	of	AnxA2	in	G2019S	astrocytes	correlate	

with	an	 impaired	ability	of	 the	protein	to	re-localize	 into	puncta	 in	close	proximity	to	α-syn	

particles.	Deficits	that	were	completely	reverted	by	the	application	of	Lrrk2	kinase	inhibitors	

Mli-2.	Taken	together,	our	findings	suggest	an	AnxA2	deficit	in	the	presence	of	the	pathological	

mutation	 that	 could	 explain	 the	 impaired	 astrocytic	 α-syn	 clearance.	However,	 how	LRRK2	

kinase	activity	regulates	the	ANXA2	level	in	astrocytes	needs	to	be	explored	in	the	future.		

Of	 note,	 we	 observed	 a	 decrease	 in	 ANXA2	 protein	 level	 in	 post-mortem	 caudate	 and	

putamen	from	PD	patients	carrying	the	LRRK2	G2019S	mutation,	which	recapitulate	what	we	

validated	 in	 primary	 astrocytes.	 Interestingly,	 an	 increased	 in	 ANXA2	 expression	 has	 been	

observed	at	 the	 cell	 periphery	 in	 reactive	astrocytes	positioned	 in	 close	proximity	 to	 senile	

plaques	 and	 degenerating	 neurons	 of	 AD	 human	 post-mortem	 brains.	 8080046	 These	

observations	 suggest	 an	 ANXA2-dependent	 mechanism(s)	 in	 brain	 disease,	 specifically	 in	

aggregated	 protein-related	 pathologies.	 As	 discussed	 above,	 ANXA2	 modulates	 many	

intracellular	trafficking	events	via	the	regulation	of	actin	polymerization	that	might	impacts	on	

autophagy-mediated	 fibrils	uptake.	Compelling	 evidence	 showed	 that	 starvation	 induced	an	

increase	 in	 ANXA2	 expression	 level	 correlated	with	 an	 increase	 in	 the	 autophagic	 pathway 

(Moreau	et	al.,	2015).	Of	note,	is	emerging	that	diet	habits	might	have	important	implications	

for	brain	health,	and	for	several	brain	disorders	as	PD.	Preclinical	and	clinical	studies	on	low-

fat	diet	showed	that	it	has	beneficial	effects	on	motor	and	non-motor	symptoms	of	PD	patients	

(Phillips	et	al.,	2018).	Therefore,	these	observations	suggest	that	modulation	of	ANXA2	level	

through	 diet	 might	 have	 beneficial	 effects	 on	 protein	 aggregates	 uptake,	 reducing	 PD	

progression.	However,	the	role	of	astrocytic-ANXA2	in	protein	fibrils	clearance,	specifically	in	

human,	need	to	be	further	investigate.		

On	 this	 regard,	 future	 studies	 in	 the	 lab	 will	 be	 addressed	 to	 dissect	 the	 molecular	

mechanism	of	protein	aggregates	handling	mediated	by	ANXA2.	Our	data	clearly	reported	an	

ANXA2-mediated	 mechanism	 for	 α-syn	 clearance,	 however,	 ANXA2	 might	 impacts	 on	 the	

uptake	of	other	protein	fibrils.	Notably,	physical	interaction	between	ANXA2	and	the	extreme	

N-terminal	 of	 Tau	 has	 been	 reported	 (Gauthier-Kemper	 et	 al.,	 2018).	 Our	 preliminary	 data	

demonstrated	that	Tau	deposits	decrease	upon	ANXA2	downregulation	in	astrocytes	(Figure	

8.2	 A),	 similarly	 to	what	we	 observed	 in	 α-syn	 clearance.	 This	 data	 suggest	 that	 astrocyte-

mediated	 internalization	 of	 Tau	 PFFs	 depends	 on	 ANXA2	 level.	 However,	 the	 molecular	
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mechanism	that	regulate	ANXA2-mediated	α-syn	and	Tau	fibrils	uptake	is	fully	unknown.	On	

this	line,	to	identify	the	protein	complexes	that	regulate	the	recognition	and	internalization	of	

protein	 fibrils	 through	 ANXA2	 we	 will	 employ	 an	 unbiased	 MS	 proteomic	 analysis	 using	

purified	astrocytic	phagosomes.	Specifically,	we	will	purify	early,	and	mature	phagosomes	form	

astrocytes	treated	with	latex/polystyrene	beads	coated	with	α-syn	or	Tau	PFFs.	(Figure	8.2	B).	

Data	analysis	will	discriminate	among	the	biological	process	and	the	functional	interactions	in	

which	 hits	 are	 involved	 at	 the	 different	 stages	 of	 fibrils	 uptake.	 A	 deeper	 investigation	 of	

ANXA2-mediated	aggregate	removal	will	open	new	windows	for	pharmacological	intervention	

in	different	pathologies.	

In	 conclusion,	 we	 reported	 a	 novel	 molecular	 mechanism	 behind	 impaired	 α-syn	

clearance	in	G2019S	astrocytes	highlighting	ANXA2-mediated	aggregate	uptake	as	a	valuable	

target	in	PD	as	well	as	other	proteinopathies.	

	
Figure	8.2	Preliminary	data.	A.	Primary	mouse	astrocytes	transfected	with	an	eGFP	encoding	plasmid	

(green)	together	with	a	control	or	AnxA2	siRNA,	treated	with	Tau	PFFs	(red).	Scale	bar	50μm,	insets	

scale	bar	20μm;	B.	EM	images	of	in-house	prepared	Tau	and	α-syn	fibrils	(left)	and	latex	beads	passively	

adsorbed	with	PFFs	(right).	Scale	bar	500nm.		
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