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Chapter	6	
MHCIIpos	microglia	in	chronic	EAE	phagocytose	peripheral	

immune	infiltrates	
	

Ilia	D.	Vainchtein,	Sabrina	Jacobs,	Erik	W.	G.	M.	Boddeke	and	Bart	J.	L.	Eggen	

Department	of	Neuroscience,	Section	Medical	Physiology,	UMCG,	Groningen,	The	Netherlands	

Highlights:	

 Microglia	 are	 most	 strongly	 activated	 in	 the	 spinal	 cord,	 this	 correlates	 with	

immune	infiltration.	

 Spinal	cord	microglia	express	MHCII	and	AXL	during	EAE.	

 Immune	infiltrates	are	phagocytosed	by	spinal	cord	microglia.		

	

	
Manuscript	in	preparation.	
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Abstract	

	
Microglia,	the	resident	immune	cells	of	the	central	nervous	system	(CNS),	are	known	

for	their	surveillance	of	the	brain	parenchyma,	capacity	to	tune	neuronal	networks	and	

to	clear	debris.	Here,	the	reaction	of	microglia	to	infiltration	of	peripheral	immune	cells	

and	demyelination	was	studied	in	experimental	autoimmune	encephalomyelitis	(EAE),	

a	mouse	model	for	multiple	sclerosis.	EAE	is	an	induced	autoimmune	reaction	in	the	

CNS	 against	 myelin	 oligodendrocyte	 glycoprotein.	 In	 EAE,	 peripheral	 immune	 cells	

infiltrate	 the	CNS	and	 induce	demyelination,	 and	although	 it	has	been	 reported	 that	

microglia	remain	immune	suppressed	during	this	process,	their	exact	role	in	EAE	or	MS	

is	still	unclear.	Here,	we	investigated	the	putative	cell	clearance	activity	of	microglia	in	

detail	 by	 focusing	 on	 MHCII	 expressing	 cells	 and	 we	 performed	 a	 transplantation	

experiment	with	DsRed‐expressing	 cells	 to	 trace	 the	 fate	 of	 immune	 infiltrates.	 Our	

results	 indicated	 that	 during	 EAE,	 the	 number	 of	microglia	 increases	 and	 that	 they	

become	activated	 in	the	spinal	cord,	hindbrain	and	forebrain.	Microglia	proliferation	

and	 activation	 was	 most	 prominent	 in	 the	 spinal	 cord	 that	 also	 contained	 most	

infiltrated	 peripheral	 immune	 cells.	 Microglia	 upregulated	 apoptotic	 cell	 clearance	

molecules;	the	Axl	receptor	and	Gas6	at	the	RNA	level,	 in	conjunction	with	increased	

expression	of	the	lipid	uptake	receptors	Lgals3	and	Cd36.	During	acute	EAE,	IBA1pos	Ly‐

6Cneg	microglia	were	observed	closely	surrounding	Ly‐6C	and	IL‐1β	positive	cells,	while	

at	the	chronic	stage,	dense	microglia	nodules	were	detected	with	only	few	infiltrates.	

Retro‐orbital	 transplanted	 DsRedpos	 cells	migrated	 to	 the	 CNS	 and	 DsRed	 DNA	was	

detected	 in	 microglia,	 primarily	 during	 the	 acute	 phase.	 These	 data	 indicate	 that	

microglia	 do	 become	 activated,	 expand	 in	 numbers,	 clear	 debris	 including	 myelin	

fragments,	and	most	 likely	also	phagocytose	apoptotic,	 infiltrated	immune	cells.	This	

emphasizes	the	role	of	microglia	as	important	cells	for	CNS	homeostasis,	even	under	

the	condition	of	severe	neuro‐inflammation	and	demyelination.	
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Introduction	

 
Microglia	are	crucial	 to	maintain	a	healthy	and	“debris”‐free	central	nervous	system	

(CNS).	Aside	from	the	recently	discovered	functions	in	synaptic	pruning	and	neuronal	

network	formation,	their	main	tasks	encompass	the	phagocytosis	of	debris	and	dead	

cells	(Kreutzberg,	1996;	Paolicelli	et	al.,	2011;	Nayak	et	al.,	2014).	This	process	has	been	

studied	extensively	and	indicated	that	microglia	can	phagocytose	dead	neurons	and	are	

involved	in	the	uptake	of	β‐amyloid	(Sierra	et	al.,	2010;	Morsch	et	al.,	2015;	Wang	et	al.,	

2015).	Microglia	are	versatile	cells,	capable	of	engulfing	a	broad	range	of	antigens	and	

structures	 encountered	 in	 their	 environment.	 The	 study	 of	 microglia	 under	

demyelinating	and	neurodegenerative	conditions	that	include	extensive	infiltration	of	

peripheral	 immune	 cells	 remains	 challenging.	While	 previous	 studies	 have	 revealed	

that	 microglia	 remain	 rather	 immune	 suppressed	 in	 experimental	 autoimmune	

encephalomyelitis	 (EAE),	 a	MS	model	hallmarked	by	CNS	damage	and	 infiltration	of	

peripheral	immune	cells,	their	exact	role	is	unknown	(Vainchtein	et	al.,	2014;	chapter	

2).	 In	 fact,	microglia	phagocytose	very	 little	myelin	during	EAE	and	are	not	 actively	

involved	in	demyelination	(Yamasaki	et	al.,	2014;	Vainchtein	et	al.,	2014;	chapter	2).	

Microglia	 become	 activated	 and	 upregulate	 genes	 involved	 in	 phagocytosis	 during	

demyelinating	conditions,	 like	Axl,	which	 is	mostly	 linked	 to	 the	uptake	of	apoptotic	

cells	(Olah	et	al.,	2012;	chapter	5).	In	addition,	microglia	nodules	were	observed	during	

the	 remission	 phase	 of	 EAE	 in	 Biozzi	 ABH	 mice,	 when	 peripheral	 infiltrates	 had	

disappeared	 (chapter	 5).	 Therefore,	 we	 hypothesized	 that	 peripheral	 immune	

infiltrates,	 that	 undergo	 apoptosis,	 might	 be	 one	 of	 the	 targets	 of	 microglial	

phagocytosis.	Many	 immune	cells,	 like	macrophages	and	neutrophils,	are	short‐lived	

and	rapidly	go	into	apoptosis	(Ley	et	al.,	2011;	Ransohoff	and	Brown,	2012).	Thus,	the	

rapid	expansion	and	nodule	formation	of	microglia	might	be	a	reaction	to	the	extensive	

infiltration	that	occurs	during	EAE	(Ponomarev	et	al.,	2005;	chapter	5	this	thesis).	

	 Here,	we	have	used	a	fluorescence	activated	cell	sorting	(FACS)	based	approach	to	

sort	 microglia	 and	 to	 determine	 their	 activation	 status,	 using	 MHCII	 expression,	 in	

different	 CNS	 regions	 and	 correlating	 it	 to	 immune	 cell	 infiltration.	 In	 addition,	 we	

performed	 a	 DsRed	 labeled‐cell	 transplantation	 experiment	 to	 trace	 CNS	 infiltrated	

immune	cells	and	study	whether	they	were	phagocytosed	by	microglia.					
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Methods	and	Materials	

	

EAE	induction	and	scoring	

Female	 C57BL/6	 mice	 (C57BL/6OlaHsd,	 Harlan	 Laboratories,	 The	 Netherlands)	 or	

B6.Cg‐Tg(CAG‐DsRed*MST)1Nagy/J	(DsRed+	from	in‐house	breeding)	mice	were	used	

for	EAE	inductions.	EAE	was	induced	using	a	pre‐made	induction	kit	(EK‐2110)	from	

Hooke	Laboratories,	USA.	 In	brief,	mice	 received	 two	subcutaneous	 injections	at	 the	

upper	 and	 lower	 back	 each	 ±100	 µg	 myelin	 oligodendrocyte	 glycoprotein	 35‐55	

(MOG35‐55;	 sequence	MEVGWYRSPFSRVVHLYRNGK)	 emulsified	 in	 complete	Freund’s	

adjuvant	 containing	 200	 –	 500	 µg	 killed	 mycobacterium	 tuberculosis	 H37Ra.	

Subsequently,	 intraperitoneally	 ±250	ng	pertussis	 toxin	 (PTX)	dissolved	 in	PBS	was	

injected	and	repeated	24	h	later.	Mice	were	daily	monitored,	in	the	first	7	days	only	for	

weight,	and	afterwards	for	EAE	score	and	weight.	A	6‐point	scoring	system	was	applied:		

0	=	no	obvious	changes	(normal),	1	=	limp	tail,	2	=	limp	tail	and	impaired	righting	reflex,	

3	=	limp	tail	and	partial	paralysis	of	hind	legs,	4	=	limp	tail	and	complete	paralysis	of	

hind	legs,	5	=	moribund,	6	=	death.	In	general,	5	mice	were	housed	per	cage	and	when	

the	first	mouse	reached	score	2,	extra	care	was	given	by	adding	special	bins	with	water,	

solid	drinks	 (solidified	water)	and	soft	 food	(pellet	powder	dissolved	 in	water).	The	

exact	number	of	mice	used	is	stated	below	and	further	detailed	in	the	figure	legends.	All	

experiments	 were	 performed	 according	 to	 local	 and	 international	 guidelines	 and	

approved	 by	 the	 Animal	 Welfare	 Committee	 of	 the	 University	 of	 Groningen,	 The	

Netherlands	 (DEC	 number:	 6756B/C).	 In	 addition,	 the	 experimental	 design	 and	

relevant	animals	were	according	to	the	ARRIVE	guidelines	(Kilkenny	et	al.,	2010;	Amor	

et	al.,	2012;	Baker	et	al.,	2012).	

	

Cell	suspensions	from	CNS,	eyes,	spleen,	blood	and	muscles	

Mice	were	placed	under	isoflurane	anesthesia	and	blood	(+/‐	500	µl)	was	collected	by	

a	 heart	 puncture	 using	 a	 1	 ml	 syringe	 (Braun)	 in	 EDTA	 blood	 collection	 tubes	

(MiniCollect,	Greiner	bio‐one).	Thereafter,	 the	mice	were	perfused	with	0.9%	saline.	

CNS	(brain	and	spinal	cord),	eyes,	spleen	and	muscles	were	placed	in	isolation	medium	

with	phenol	red	(iMed+,	HBSS	(1x)	with	phenol	red	(Gibco);	15	mM	HEPES	1M	(Lonza);	

0.6%	glucose	45%	(Sigma‐Aldrich)).	All	following	procedures	were	performed	on	ice	if	

not	stated	otherwise.	For	CNS	isolations;	the	brains	were	kept	as	a	whole	or	split	into	

forebrain	 and	 hind	 brain	 (cerebellum	 and	 brainstem)	 with	 a	 scalpel.	 As	 described	
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before	(de	Haas	et	al.,	2008;	Vainchtein	et	al.,	2014;	chapter	4),	the	CNS	tissues	were	

minced	and	mechanically	dissociated	with	a	tissue	homogenizer	and	filtered	through	a	

70	µm	cell	 strainer	 (BD	FALCON).	The	 suspension	was	 centrifuged	 for	 10	min	 (300	

rcf/g,	acc:	9,	brake:	9,	4	oC)	and	the	supernatant	removed.	The	pellet	was	resuspended	

in	a	solution	of	22%	Percoll	 (GE	Healthcare),	40	mM	NaCl	and	77%	myelin	gradient	

buffer	(5.6	mM	NaH2PO4*H20,	20	mM	Na2HPO4*2H20,	140	mM	NaCl,	5.4	mM	KCl,	11mM	

Glucose,	pH	7.4),	layered	with	1	mL	of	PBS	and	centrifuged	for	20	min	(950	rcf/g,	acc:	

4,	brake:	0,	4	oC).	The	supernatant,	containing	the	myelin	layer,	was	removed	and	the	

cell	 pellet	 resuspended	 in	 isolation	medium	without	 phenol	 red	 (iMed‐;	 HBSS	 (1x)	

without	 phenol	 red	 (Gibco);	 15	mM	HEPES	1M	 (Lonza);	 0.6%	glucose	 45%	 (Sigma‐

Aldrich);	 1	 mM	 EDTA	 0.5	 M	 pH=8.0	 (Invitrogen).	 For	 spleen,	 eye	 and	 lymph	 node	
isolations;	 the	 tissues	 were	 mechanically	 dissociated	 in	 a	 tissue	 homogenizer	 with	

iMed+	 and	 filtered	 through	 a	 70	 µm	 cell	 strainer	 (BD	 FALCON).	 Afterwards,	 the	

suspension	 was	 centrifuged	 for	 10	 min	 (300	 rcf/g,	 acc:	 9,	 brake:	 9,	 4	 oC)	 and	 the	

supernatant	removed.	Spleen	cell	suspension	pellets	were	resuspended	in	1	ml	of	lysis	

buffer	 (155	 mmol/L	 ammonium	 chloride,	 10	 mmol/L	 potassium	 bicarbonate,	 0.1	

mmol/L	 sodium	 edetate),	 incubated	 for	 5	 min	 on	 ice,	 filled	 up	 with	 iMed+	 and	

centrifuged	for	10	min	(300	rcf/g,	acc:	9,	brake:	9,	4oC).	The	supernatant	was	discarded.	

For	hind	leg	muscle	isolations;	the	hind	legs	were	placed	in	a	Petri	dish,	the	muscles	were	

dissected	 from	 the	 bones	 with	 scalpels	 and	 the	 tendons	 removed.	 Afterwards,	 the	

muscles	were	cut	into	small	pieces	and	collected	in	1	ml	of	iMed+.	They	were	moved	to	

a	 2	 mL	 eppendorf	 and	 after	 5	 min	 the	 supernatant	 was	 removed.	 1.5	 mL	 iMed+	

containing	1x	Collagenase	type	IV	(Gibco)	and	1x	Trypsin/EDTA	(MP	Biomedicals)	was	

added	to	the	tube	and	placed	on	a	37	oC	shaker	(IKS	incubators)	for	45	min.	Afterwards	

10%	FCS	was	added	and	the	tubes	were	placed	on	ice.	Glass	Pasteur	pipets	(VWR)	were	

used	to	fully	dissociate	the	tissues.	The	tubes	were	centrifuged	for	10	min	(300	rcf/g,	

acc:	9,	brake:	9,	4	oC)	and	supernatant	was	removed.	For	blood	isolations;	the	blood	was	

moved	 to	 a	 1.5	mL	 tube	 and	 1	 volume	 of	 iMed‐	was	 added.	 After	mixing	 gently	 the	

suspension	 was	 layered	 on	 top	 of	 3	 mL	 of	 75%	 Percoll	 solution	 (75%	 Percoll	 (GE	

Healthcare);	10%	HBSS	(10x)	(Gibco);	15%	PBS	(Gibco)).	After	centrifugation	for	25	

min	(880	rcf/g,	acc:	4,	brake:	0,	4	oC)	the	interface	layer	was	collected	with	a	glass	pipet	

and	dissolved	in	10	ml	of	iMed‐.	After	centrifugation	of	10	min	(300	rcf/g,	acc:	9,	brake:	

9,	4	oC)	the	supernatant	was	removed.		
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Study	of	microglia	from	different	CNS	regions	

13‐15	weeks	old	EAE	C57BL/6	mice	at	acute	score	4	(n=3)	or	chronic	phase	(4‐5	days	

after	reaching	score	4,	the	mice	reach	score	3.75)	(n=3)	and	13‐15	weeks	old	naïve	mice	

(n=3;	 pool	 from	 n=6)	were	 terminated.	 Their	 spinal	 cord,	 lymph	 nodes	 and	 brains,	

separated	 in	 fore	 brain	 and	 hind	 brain,	 were	 processed	 as	 stated	 before.	 Also,	 an	

additional	 3	 mice	 per	 condition	 were	 terminated	 and	 perfused	 with	 PFA	 for	

immunohistochemistry.	After	acquiring	the	cell	pellets,	they	were	resuspended	and	Fc	

receptor	blocked	with	anti‐mouse	CD16/CD32	(eBioscience)	in	iMed‐	for	10	min	on	ice.	

Subsequently,	the	cell	suspensions	were	incubated	with	CD11b	PE	(eBioscience),	CD45	

FITC	(ebioscience),	Ly‐6C	APC	(Biolegend)	and	Ly‐6G	PE/Cy7	(Biolegend)	for	30	min.	

The	samples	were	centrifuged	for	3	min	(300	rcf/g,	4	oC,	acc:	9,	brake:	9)	and	collected	

in	round	bottom	tubes	(with	35	μm	nylon	mesh	(BD	Biosciences)).	FACS	was	performed	

on	a	MoFlo®	Astrios™	(Beckman	Coulter)	and	gating	for	viable	cells	was	done	based	on	

4',6‐diamidino‐2‐phenylindole	 (DAPI;	 0.5	 µM;	 Sigma‐Aldrich)	 where	microglia	 were	

defined	as	CD11bpos	 CD45int	Ly‐6Cneg	 and	myeloid	 infiltrates	as	CD11bpos	 CD45pos	Ly‐

6Cpos.	The	cells	were	collected	in	iMed‐	and	afterwards	spun	down	for	10	min	(500	rcf,	

4	oC,	table	top	centrifuge).	The	supernatant	was	removed	and	cells	were	lysed	in	RLT+	

buffer	(Qiagen).	

	

Study	of	MHCIIpos	microglia	from	spinal	cords	

13‐15	weeks	old	EAE	C57BL/6	mice	at	acute	score	4	(n=4)	or	chronic	phase	(4‐5	days	

after	reaching	score	4,	the	mice	reach	score	3.75)	(n=7)	and	13‐15	weeks	old	naïve	mice	

(n=3;	pool	from	n=6)	were	terminated.	The	spinal	cords	were	removed	and	processed	

as	stated	before.	After	acquiring	the	cell	pellets,	they	were	resuspended	and	Fc	receptor	

blocked	with	 anti‐mouse	 CD16/CD32	 (eBioscience)	 in	 iMed‐	 for	 10	min	 on	 ice.	 Cell	

suspensions	were	incubated	with	CD11b	BV421	(Biolegend),	CD45	FITC	(ebioscience),	

Ly‐6C	APC	(Biolegend),	Ly‐6G	APC/Cy7	(Biolegend)	and	MHCII	PE/Cy7	(Biolegend)	for	

30	min.	The	samples	were	centrifuged	for	3	min	(300	rcf/g,	4	oC,	acc:	9,	brake:	9)	and	

collected	in	round	bottom	tubes	(with	35	μm	nylon	mesh	(BD	Biosciences)).	FACS	was	

performed	on	a	MoFlo®	Astrios™	(Beckman	Coulter)	and	gating	 for	viable	cells	was	

done	 based	 on	 Propidium	 Iodide	 (PI;	 0.5	 µM;	 Sigma‐Aldrich)	where	microglia	were	

defined	as	CD11bpos	 CD45int	Ly‐6Cneg	MHCIIpos	 or	CD11bpos	 CD45int	Ly‐6Cneg	MHCIIneg.	

The	cells	were	collected	in	iMed‐	and	afterwards	spun	down	for	10	min	(500	rcf,	4	oC,	
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table	top	centrifuge).	The	supernatant	was	removed	and	cells	were	lysed	in	RLT+	buffer	

(Qiagen).	

	

Proof	of	principle	experiment	for	DsRedpos	cells	

Splenocytes	were	 isolated	 (as	 stated	 below)	 from	 one	 14	weeks	 old	 B6.Cg‐Tg(CAG‐

DsRed*MST)1Nagy/J	mouse,	and	transplanted	to	12	weeks	old	C57BL/6	mice	(n=4)	by	

retro‐orbital	 injections,	each	2.75	million	splenocytes	 in	250	µl.	Group	1	of	acceptor	

C57BL/6	mice	(n=2)	received	an	LPS	(Lipopolysacharide)	injected	of	0.25	mg/kg	in	20	

µl	 in	one	of	 the	hind	 legs	 (upper	muscle;	Gracilis)	30	mins	prior	 to	 transplantation,	

whereas	group	2	(n=2)	underwent	the	same	procedure	24	hour	after	transplantation.	

Group	1	was	 terminated	24	hours	after	 transplantation	and	group	2;	48	hours	after	

transplantation.	 After	 termination,	 the	 CNS	 (brain	 +	 spinal	 cord),	 blood,	 spleen	 and	

muscles	were	collected	and	processed	as	stated	before.	After	acquiring	the	cell	pellets,	

they	 were	 resuspended	 and	 Fc	 receptor	 blocked	 with	 anti‐mouse	 CD16/CD32	

(eBioscience)	 in	 iMed‐	 for	 10	 min	 on	 ice.	 Subsequently,	 the	 cell	 suspensions	 were	

incubated	 with	 CD11b	 BV421	 (Biolegend),	 CD45	 FITC	 (ebioscience),	 Ly‐6C	 APC	

(Biolegend)	and	Ly‐6G	PE/Cy7	(Biolegend)	for	30	min.	The	samples	were	centrifuged	

for	3	min	(300	rcf/g,	4	oC,	acc:	9,	brake:	9)	and	collected	in	round	bottom	tubes	(with	35	

μm	nylon	mesh	(BD	Biosciences)).	Flow	cytometry	was	performed	on	a	BD	LSRII	FACS	

analyzer	and	DAPI	(Sigma‐Aldrich)	was	used	to	gate	on	viable	cells.			

	

DsRedpos	cells	transplantations	in	EAE	mice	

EAE	was	induced	in	14	week	old	B6.Cg‐Tg(CAG‐DsRed*MST)1Nagy/J	mice	(n=4)	and	

14	weeks	old	C57BL/6	mice	(n=14).	After	10	days	(no	disease	symptoms),	the	B6.Cg‐

Tg(CAG‐DsRed*MST)1Nagy/J	 mice	 were	 terminated	 and	 their	 spleens	 collected.	

Splenocytes	were	isolated	as	stated	below	and	±10	million	were	transplanted	by	retro‐

orbital	 injection	 (250	µl)	 in	 each	 acceptor	C57BL/6	mouse	where	EAE	was	 induced	

(n=14)	 and	 acceptor	 naïve	 14	weeks	 old	 C57BL/6	mice	 (n=6).	 Acceptor	mice	were	

terminated:	1	day	after	transplantation;	2x	EAE	C57BL/6	mice	and	2x	naïve	C57BL/6	

mice,	4	days	after	transplantation;	7x	EAE	C57BL/6	mice	and	2x	naïve	C57BL/6	mice,	7	

days	 after	 transplantation;	 5x	 EAE	 C57BL/6	 mice	 and	 2x	 naïve	 C57BL/6	 mice	

irrespective	of	EAE	score.	After	termination,	the	CNS,	blood	and	spleen	were	collected	

and	 processed	 as	 stated	 before.	 From	 each	 brain,	 half	 (sagittal)	 was	 fixed	 in	 4%	

paraformaldehyde	(PFA).	After	acquiring	the	cell	pellets,	they	were	resuspended	and	
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Fc	receptor	blocked	with	anti‐mouse	CD16/CD32	(eBioscience)	in	iMed‐	for	10	min	on	

ice.	Subsequently,	the	cell	suspensions	were	incubated	with	CD11b	BV421	(Biolegend),	

CD45	FITC	(ebioscience),	Ly‐6C	APC	(Biolegend),	and	Ly‐6G	APC/Cy7	(Biolegend)	for	

30	min.	The	samples	were	centrifuged	for	3	min	(300	rcf/g,	4	oC,	acc:	9,	brake:	9)	and	

collected	in	round	bottom	tubes	(with	35	μm	nylon	mesh	(BD	Biosciences)).	FACS	was	

performed	on	a	MoFlo®	Astrios™	(Beckman	Coulter)	and	gating	 for	viable	cells	was	

done	based	on	PI	(Sigma‐Aldrich)	where	microglia	were	defined	as	CD11bpos	CD45int	Ly‐

6Cneg	 DsRedneg,	 infiltrated	 macrophages	 as	 CD11bpos	 CD45pos	 Ly‐6Chigh	 Ly‐6Gneg	 and	

neutrophils	as	CD11bpos	CD45pos	Ly‐6Cint	Ly‐6Gpos.	The	cells	were	collected	in	iMed‐	and	

afterwards	spun	down	for	10	min	(500	rcf,	4	oC,	table	top	centrifuge).	The	supernatant	

was	removed	and	cells	were	lysed	in	RLT+	buffer	(Qiagen).	Of	day	4	terminated	mice,	

1/15	 of	 the	 cell	 suspension	 (n=3)	 was	 set	 aside	 and	 incubated	with	 CD11b	 BV421	

(Biolegend),	CD45	FITC	(ebioscience),	Ly‐6C	APC	(Biolegend),	fixated	with	1%	PFA	for	

10	min,	and	permeabilized	with	0.1%	saponin	in	PBS.	The	samples	were	incubated	with	

Ly‐6C	PE/Cy7	(Biolegend)	with	0.1%	saponin/PBS	for	20	min,	washed,	centrifuged	for	

3	min	(300	rcf/g,	4	oC,	acc:	9,	brake:	9)	and	measured	on	a	BD	LSRII	FACS	analyzer.		

	

Quantitative	real‐time	PCR	(qPCR)	

The	RNA	was	extracted	with	the	RNeasy	Plus	Micro	kit	(Qiagen)	or	AllPrep	DNA/RNA	

Micro	 kit	 (Qiagen)	 when	 both	 DNA	 and	 RNA	 were	 needed	 according	 to	 the	

manufacturer’s	protocol.	cDNA	was	made	by	reverse	 transcription	with	a	mixture	of	

random	 hexamers,	 dNTPS,	 M‐MLV	 buffer,	 RibolockTMRNase	 Inhibitor	 and	

RevertAidTM	M‐MuLV	Reverse	Transcriptase	(Fermentas).	qPCR	was	performed	in	384	

well	 plates	 (Applied	 Biosystems)	 with	 iQTM	 SYBR	 Green	 Supermix	 (Bio‐Rad)	 on	 an	

ABI7900HT	machine	 (Applied	Biosystems).	All	 the	primers	 (supplementary	 table	1)	

were	designed	with	NCBI	Primer‐Blast	and	ordered	from	Biolegio	(The	Netherlands).	

Data	 were	 quantified	 using	 the	 2‐ΔΔCt	 method	 where	 Hmbs	 (hydroxymethylbilane	

synthase)	was	used	as	a	housekeeping	gene	(Livak	et	al.,	2001).	

	

Immunohistochemistry	

Mice	were	perfused	with	saline	followed	by	4%	PFA,	the	spinal	column	was	removed	

and	 post	 fixed	 overnight	 with	 the	 same	 solution.	 Afterwards,	 the	 spinal	 cord	 was	

dissected	from	the	column	and	placed	in	1%	PFA	overnight.	Tissues	were	washed	with	

PBS	and	transferred	to	a	20%	sucrose	solution.	After	1	day,	 they	were	embedded	 in	



Microglia	phagocytose	peripheral	immune	infiltrates	in	EAE		

137 
 

6	

Tissue	Tek	optimal	cutting	temperature	(OCT;	Sakura)	and	50	µm	sagittal	sections	were	

cut	 with	 a	 cryostat	 (CM3050S,	 Leica	 Biosystems).	 Immunohistochemistry	 was	

performed	on	free‐floating	sections.	In	short,	sections	were	washed	and	blocked	for	1h	

with	 10%	 normal	 donkey	 serum	 (NDS)	 in	 PBS	 with	 0.1%	 TritonX‐100	 (PBST).	

Subsequently,	the	sections	were	incubated	with	rabbit	anti‐IBA1	(1:1000,	WAKO)	and	

rat	anti‐Ly‐6C	(1:200,	ADb	Serotec)	or	goat	anti‐IL‐1β	(1:100,	R&D	Systems)	in	PBST	

with	 1%	 NDS	 overnight.	 The	 next	 day,	 after	 washing,	 they	 were	 incubated	 with	

secondary	antibodies	donkey	anti	rabbit	488	(Molecular	Probes)	and	donkey	anti	rat	

Cy3	 (JIR	 Laboratories)	 or	 donkey	 anti	 goat	 Cy3	 (JIR	 Laboratories)	 (all	 1:400).	 After	

extensive	washing	sections	were	incubated	with	Hoechst	(1:1000)	in	PBS	for	5	min	and	

mounted	with	Mowiol.	Images	were	taken	with	a	Leica	TCS	SP8	confocal	microscope	

(Leica	Microsystems).		

	

Graphs	and	statistical	analysis	

Bar	graphs	were	made	in	Prism	5	(Graphpad)	and	organized	in	Adobe	Illustrator	CC	

(Adobe).	FACS	plot	analysis	 and	calculations	were	performed	with	Tree	Star	FlowJo	

software	v10.	Statistical	analysis	was	conducted	with	SPSS	22	(IBM)	using	the	Kruskal‐

Wallis	 test	 to	 identify	 differences	 between	 groups	with	 a	 deeper	 group	 comparison	

using	the	Mann‐Whitney	U	test.	Differences	were	classified	as	significant	when	the	p‐

value	was	below	0.05.	

	

Results	
	

Microglia	activation	was	most	pronounced	in	the	spinal	cord	where	infiltration	of	

peripheral	immune	cells	was	most	severe	

To	determine	the	characteristics	of	microglia	activation,	C57BL/6	mice	were	used	that	

display	an	EAE	progression	that	includes	an	acute	phase	of	score	4	and	4	to	5	days	later	

becomes	chronic	at	an	average	EAE	score	of	3.75	(fig.	1A).	When	the	acute	phase	was	

compared	 with	 the	 chronic	 phase,	 a	 striking	 reduction	 in	 the	 number	 of	 infiltrates	

during	the	chronic	phase	was	observed.	EAE‐related	infiltration	was	mostly	described	

in	the	spinal	cord	(chapter	2	and	5	this	thesis).	In	this	study,	infiltration	was	observed	

in	all	measured	regions;	forebrain,	hindbrain	and	spinal	cord	(fig.	1B,	D;	suppl.	fig.	1A).	

Infiltration	is	most	extensive	in	the	spinal	cord,	and	to	a	lesser	extent	in	the	forebrain.	

Microglia	numbers	increased	during	EAE,	mainly	in	spinal	cord	and	hindbrain	(fig.	1D,	
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suppl.	fig.	1A),	but	upregulation	of	CD11b	and	CD45	occurred	also	in	the	forebrain	(fig.	

1C;	 hindbrain	 not	 shown).	 This	 indicates	 that	 microglial	 activation	 is	 a	 CNS‐wide	

phenomenon,	and	most	prominent	in	the	spinal	cord.	

In	 order	 to	 study	microglia	 at	 the	 RNA	 level,	 we	 sorted	 these	 cells	 as	 CD11bhigh	

CD45int	Ly‐6Cneg	by	FACS	(fig.	1B).	Microglia	displayed	a	more	robust	upregulation	of	

genes	 in	 the	spinal	cord	 than	 in	 the	 forebrain	 (fig.	2).	 Interestingly,	 the	overall	gene	

expression	patterns	in	the	hindbrain	and	spinal	cord	were	quite	similar	(Cox2	and	Cd36	

Figure	1.	During	EAE,	microglia	activation	was	most	prominent	 in	 the	 spinal	 cord	 correlating	with	

infiltration	of	immune	infiltrates.	A)	EAE	progression	curve,	approximately	16	days	after	EAE	induction	most	

mice	reach	acute	score	4	(acute	phase)	and	4	to	5	days	later	become	chronic	(n=48	at	day	12,	n=13	at	day	21;	

EAE	mice	from	multiple	chapters	are	combined	in	this	graph).	B)	Examples	of	FACS	plots	from	forebrain	and	

spinal	cord	at	the	acute	phase	for	CD11b	vs	CD45,	insets	are	from	control	and	chronic	phase.	These	FACS	plots	

indicate	that	infiltration	of	immune	cells	occurs	not	only	in	the	spinal	cord,	but	also	in	the	forebrain	during	EAE.	

Insets	of	microglia	gate	display	the	sorting	strategy,	where	microglia	were	sorted	as	CD11bhigh	CD45int	Ly‐6Cneg.	

One	example	is	shown	out	of	3	mice	per	condition.	C)	Quantifications	of	the	mean	fluorescence	for	the	surface	

expression	of	CD11b	and	CD45	on	microglia	in	forebrain	and	spinal	cord.	Microglia	upregulate	CD11b	and	CD45	

in	both	regions	during	EAE	(n=3	per	condition).	All	values	are	normalized	to	the	control	condition	of	each	region,	

set	to	1.	D)	The	number	of	sorted	microglia	(CD11bhigh	CD45int	Ly‐6Cneg)	and	myeloid	infiltrates	(CD11bpos	CD45pos	

Ly‐6Cpos)	cells	from	fore	brain	and	spinal	cord	by	FACS.	Microglia	numbers	significantly	increase	in	the	spinal	

cord,	where	most	infiltration	of	myeloid	cells	occurs	(n=3	per	condition).	Co	=	controls,	Ac	=	acute	phase,	Ch	=	

chronic	phase.	*/#:	p	≤	0.05.	*	represents	a	significant	difference	with	the	controls,	#	a	difference	with	EAE	acute	

phase.	Error	bars	are	SEM.	
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are	shown	as	example;	suppl.	fig.	1B).	This	indicates	that,	although	microglial	activation	

in	the	spinal	cord	is	more	pronounced	than	in	other	regions,	there	is	a	graded	level	of	

activation	 from	 spinal	 cord	 to	 forebrain,	 probably	 correlating	 with	 the	 amount	 of	

peripheral	 immune	cell	 infiltration.	Microglia	upregulated	MHCII	 (H2Aa),	and	down‐

regulated	 scavenger	 receptor	 Fcrls	 a	 gene	 shown	 to	 be	 downregulated	 in	 activated	

microglia	(fig.	2,	suppl.	fig.	1B)	(Butovsky	et	al.,	2014).	Expression	of	Cox2,	a	gene	often	

linked	to	pro‐and	anti‐inflammatory	activity,	was	upregulated	during	EAE	in	microglia,	

and	most	prominent	at	the	acute	phase,	indicating	that	microglia	are	activated	during	

EAE.		

Figure	2.	Upregulation	of	MHCII,	apoptotic	 cell	 clearance	and	myelin	uptake	 receptors	 in	microglia,	

mostly	in	the	spinal	cord.	Microglia	upregulated	activation‐related	genes	like	MHCII	(H2Aa)	and	Cox2,	but	also	

myelin/lipid	uptake	receptors	Lgals3	and	Cd36	and	receptors	and	ligands	involved	in	apoptotic	cell	clearance	

(Axl	and	Gas6)	were	most	prominent	in	the	spinal	cord	(n=3).	The	spinal	cord	microglia	from	control	mice	are	

set	to	1.	Co	=	controls,	Ac	=	acute	phase,	Ch	=	chronic	phase.	*/#:	p	≤	0.05.	*	represents	a	significant	difference	

with	the	controls,	#	a	difference	with	EAE	acute	phase.	Error	bars	are	SEM.	
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Interestingly,	Axl	and	Gas6	are	both	upregulated	in	microglia.	AXL	is	involved	in	the	

uptake	of	apoptotic	cells,	and	Gas6	is	a	ligand	for	AXL	(fig.	2).	Other	apoptotic	cell	uptake	

receptors,	like	the	TAM	receptors	Mertk	and	Tyro3,	and	Trem2	were	downregulated	or	

unaffected	 (suppl.	 fig.	 1B).	 Myelin/lipid	 uptake	 receptors	 Lgasl3	 and	 Cd36	 were	

upregulated	in	spinal	cord	microglia,	although	other	lipid	uptake	receptors	like	Sirpa	

and	Lrp1	were	downregulated	(fig.	2,	suppl.	fig.	1B).	Cd80	was	downregulated	and	Il1b	

mildly	upregulated,	as	was	reported	before	(chapter	2	and	5).	Concluding,	a	subset	of	

genes	including	AxL,	Cd36	and	H2Aa,	involved	in	uptake	and	presentation	of	antigens,	

are	increased	in	expression	in	microglia	during	EAE.	

	

Microglia	expressed	MHCII	during	EAE	

As	MHCII	RNA	levels	were	highly	upregulated	during	EAE,	MHCII	protein	expression	at	

the	cell	membrane	was	determined	next.	Microglia	displayed	an	increased	expression	

of	MHCII	(fig.	3A),	control	microglia	were	MHCIIneg	and	upregulated	MHCII	during	EAE,	

reaching	a	maximum	at	the	chronic	phase.	To	analyze	MHCIIneg	and	MHCIIpos	microglia	

in	more	detail,	MHCIIpos	and	MHCIIneg	cells	were	FACS	sorted	at	the	acute	and	chronic	

phase	(fig.	3A;	right	FACS	plot).	At	the	RNA	level	the	main	difference	between	MHCIIpos	

and	MHCIIneg	microglia	was	in	MHCII,	as	seen	with	H2Aa,	other	quantified	genes	like	

Cd80,	Fcrls,	Il1b,	Axl	and	Il10	showed	marginal	differences,	although	MHCIIpos	microglia	

have	a	slightly	higher	expression	of	Lgals3.	Summarizing,	an	increase	in	RNA	expression	

of	the	genes	shown	in	figure	2	was	observed	in	all	microglia,	and	the	difference	between	

MHCIIpos	and	MHCIIneg	microglia	is	mainly	in	their	MHCII	expression	levels.		

	

Microglia	were	localized	in	close	proximity	to	Ly‐6Cpos	and	IL‐1βpos	cells		

Genes	involved	in	phagocytosis	and	antigen	presentation	were	upregulated	in	microglia	

during	 EAE.	 To	 determine	 their	 target	 cells,	 immunohistochemistry	 was	 performed	

with	antibodies	directed	against	IBA1,	Ly‐6C	and	IL‐1β.	Ibapos	microglia	are	localized	in	

close	proximity	to	Ly‐6Cpos	and	IL‐1βpos	immune	infiltrates	(fig.	4).	At	the	acute	phase,	

IBA1pos	microglia	surrounded	and	seem	to	connect	with	to	Ly‐6Cpos	infiltrates	(fig.	4A,	

B).	 The	 same	was	 observed	 for	 IL‐1βpos	 cells	 (fig.	 4C).	While	 this	 phenomenon	was	

observed	at	the	acute	phase,	at	the	chronic	phase	few	infiltrates	could	be	identified,	but	

IBA1pos	 nodules	 appeared	 (fig.	 4D).	 This	 indicates	 that	 microglia	 are	 most	 likely	

engulfing	these	infiltrates,	based	on	immunohistochemistry	and	RNA	data.	
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Transplanted	DsRedpos	splenocytes	migrated	into	the	CNS	during	EAE	

To	study	whether	microglia	can	phagocytose	infiltrates,	DsRed+	splenocytes	from	EAE	

DsRedpos	mice	were	transplanted	in	EAE	C57BL/6	mice.	First,	DsRed+	splenocytes	were	

retro‐orbitally	 injected	into	C57BL/6	acceptor	mice	that	received	an	LPS	injection	in	

the	left	hind	leg	lower	muscle	(Gracilis)	30	min	prior	to	transplantation	(group	1)	or	

received	an	LPS	injection	1	day	after	transplantation	(group	2)	(suppl.	fig.	3).	Group	1	

was	 terminated	 1	 day	 after	 transplantation	 and	 the	 second	 group	 2	 days	 after	

transplantation.	DsRedpos	cells	were	identified	by	flow	cytometry	in	the	blood,	lymph	

nodes,	spleen	and	left	hind	leg	muscles,	but,	as	expected,	not	in	the	CNS.	Around	0.40%	

	

Figure	3.	The	majority	of	spinal	cord	microglia	were	MHCII	positive	during	EAE.	A)	Left;	representative	

picture	of	the	MHCII	surface	expression	of	spinal	cord	microglia.	Middle;	mean	MHCII	fluorescence	intensity	per	

condition	of	spinal	cord	microglia.	Right;	FACS	strategy	for	sorting	of	MHCIIpos	and	MHCIIneg	microglia.	Controls	

are	n=3,	acute	n=4	and	 chronic	n=7.	B)	The	MHCIIpos	 spinal	 cord	microglia	differ	mainly	 in	MHCII	 (H2Aa)	

expression	and	not	in	other	genes	as	shown	here	(Cd80,	Fcrls	and	Lgals3)	from	MHCIIneg	microglia	during	each	

phase.	All	values	are	normalized	to	the	control	microglia	expression	 levels,	set	to	1.	Co	=	controls,	Ac	=	acute	

phase,	Ch	=	chronic	phase.	*/#:	p	≤	0.05.	*	represents	a	significant	difference	with	the	controls,	#	a	difference	

with	MHCIIneg	microglia	from	the	same	EAE	phase.	Error	bars	are	SEM.	
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of	 the	 cells	 in	 the	 muscle	 samples	 expressed	 DsRed,	 while	 the	 highest	 percentage	

DsRedpos	cells	was	observed	in	the	spleen	(suppl.	fig.	3).	These	experiments	indicated	

that	transplanted	DsRedpos	splenocytes	were	viable,	homed	to	lymphoid	organs,	and	to	

a	site	of	LPS‐induced	inflammation.	

	

Figure	 4.	 At	 the	 acute	 phase,	 spinal	 cord	microglia	were	 proximal	 to	 Ly‐6Cpos	 infiltrates	 and	 IL‐1β	

positive	cells	and	form	nodules	at	the	chronic	stage.	A),	B)	and	C)	Near	small	infiltrate	clusters,	IBA1pos	are	

detected	 that	 have	 physical	 connections	 with	 Ly‐6C	 or	 IL‐1β	 expressing	 cells,	most	 likely	 infiltrates	 (best	

examples	in	white	circles).	D)	At	the	chronic	phase,	where	minimal	infiltration	is	present	as	seen	by	the	Ly‐6C	

staining,	microglia	 form	nodules.	Representative	pictures	were	 chosen	 from	3x	50	µm	 slices	per	mouse	per	

condition,	a	total	of	3	mice	per	condition.	Scale	bar	is	20	µm.		
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	 Next,	 DsRedpos	 splenocytes	were	 transplanted	 10	 days	 after	 EAE	 induction	 from	

DsRed	donors	to	EAE	or	naïve	C57BL/6	recipient	mice	and	the	mice	were	terminated	

after	1,	4	and	7	days	(fig.	5A).	DsRedpos	cells	were	detected	in	the	spinal	cords	and	brains	

of	 acceptor	 EAE	 mice	 while	 the	 CNS	 of	 naïve	 mice	 that	 received	 EAE	 DsRedpos	

splenocytes	did	not	contain	DsRedpos	cells	(fig.	5B;	suppl.	fig.	4A).	DsRedpos	cells	were	

present	both	in	EAE	and	naïve	mice	in	the	spleen,	lymph	nodes	and	blood,	but	not	at	the	

injection	 site	 behind	 the	 eye	 (fig.	 5B;	 suppl.	 fig.	 4A).	 In	 the	 spinal	 cord,	 the	 highest	

percentage	of	DsRedpos	cells	was	observed	after	4	days	and	declined	at	7	days	(fig.	5C).	

Almost	 all	 DsRedpos	 cells	were	 CD11b	 and	 CD45	positive	 in	 the	 spinal	 cord	 and	 the	

myeloid	 infiltrates	 consisted	 mostly	 out	 of	 Ly‐6Gpos	 and	 Ly‐6Cpos	 cells;	 the	 largest	

DsRed+	 fraction	 was	 Ly‐6Cneg	 cells,	 mostly	 CD45high	 and	 CD11blow	 indicating	

lymphocytes	(fig.	5D)	(chapter	2	and	5).	These	DsRed+	cells	were	also	detected	in	brain	

sections.	 Sections	 from	 the	 cerebellum	 of	 acceptor	 EAE	mice	 sacrificed	 4	 days	 after	

transplantation	had	DsRedpos	cells	located	within	the	characteristic	infiltrate	clusters	in	

the	white	matter	areas	(fig.	6A).	Although,	the	number	of	infiltrates	was	lower	at	the	

chronic	phase,	in	the	lymph	nodes	their	numbers	increased	in	comparison	to	the	acute	

phase	(fig.	6B).	This	indicates	that	although	some	DsRedpos	cells	might	remain	or	go	into	

apoptosis	in	the	CNS,	an	influx	into	the	lymph	nodes	from	the	CNS	is	likely.		
	

Microglia	phagocytosed	peripheral	immune	infiltrates	during	EAE	

To	determine	whether	microglia	are	able	to	phagocytose	infiltrated	immune	cells,	EAE	

and	naïve	C57BL/6	mice	were	retro‐orbitally	transplanted	with	DsRedpos	splenocytes	

from	 DsRed	 EAE	mice.	 Afterwards,	 microglia	 (CD11bhigh	 CD45int	 Ly‐6Cneg	 DsRedneg),	

macrophages	(CD11bpos	CD45pos	Ly‐6Chigh	Ly‐6Gneg)	and	neutrophils	(CD11bpos	CD45pos	

Ly‐6Cint	Ly‐6Gpos)	were	sorted	from	EAE	and	naïve	acceptor	mice.	Genomic	DNA	was	

isolated	and	a	qPCR	was	run	to	determine	if	these	cells	contained	DsRed	DNA.	As	the	

FACS	plots	depicted	(fig.	5D),	the	macrophage	and	neutrophil	samples	contained	DsRed	

DNA	based	on	correct	dissociation	curves	(fig.	6C,	D,	E).	As	controls,	samples	containing	

only	water	or	CNS	DNA	from	non‐transplanted	mice	gave	no	or	incorrect	dissociation	

curves	(fig.	6C).	Some	of	the	microglia	samples	also	contained	DsRed	DNA,	but	not	all	

PCR	reactions	from	the	same	sample	were	positive	(fig.	6D,	E).	This	suggests	that	the	

amount	of	DsRed	DNA	in	microglia	was	very	low	and	sometimes	below	the	detection	

limit.	Microglia	 from	transplanted	naïve	mice	 rarely	displayed	a	 correct	dissociation	

curve	(fig.	6D).	While	sorted	macrophages	and	neutrophils	had	the	highest	number	of	

correct	dissociation	curves	(70‐80%),	55.1%	of	microglia	from	EAE	mice	were	positive	



Chapter	6	 	 	

  	
144 
 

compared	 to	 6.9%	 of	 control	 microglia	 (fig.	 6E).	 This	 indicates	 that	 during	 EAE,	

microglia	take	up	DsRed	DNA	probably	by	phagocytosing	infiltrating	DsRedpos	immune	

cells.	To	further	confirm	this	observation,	cell	suspensions	from	the	spinal	cord	of	the	

acceptor	mice	at	day	4	were	incubated	with	the	standard	set	of	antibodies	(CD11b‐		
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Figure	5.	Transplanted	DsRedpos	cells	infiltrated	the	spinal	cord	during	EAE.	A)	Schematic	depicting	the	

transplantation	 scheme,	EAE	mice	 (n=14)	 or	naïve	 C57BL/6	 (n=6)	mice	were	 transplanted	with	10	million	

DsRedpos	EAE	splenocytes	10	days	after	EAE	induction	and	terminated	1,	4	or	7	days	after	transplantation.	B)	

FACS	plots	with	SSC	vs	DsRed	depicting	spinal	cord,	lymph	nodes,	spleen	and	blood	from	EAE	or	controls	mice	4	

days	after	transplantation.	EAE	mice	have	DsRedpos	infiltrates	present	in	the	spinal	cord,	but	they	are	absent	in	

control	mice.	Representative	FACS	plots	are	shown	for	1x	EAE	(total	of	n=7)	and	1x	control	mouse	(total	of	n=2)	

after	4	days.	C)	Calculation	of	percentage	DsRedpos	cells	in	the	spinal	cord	for	Co	=	controls	(total	of	6	mice),	EAE	

D1	=	EAE	mice	terminated	after	1	day	(n=2),	EAE	D4	=	EAE	mice	terminated	after	4	days	(n=7)	and	EAE	D7	=	

EAE	mice	terminated	after	7	days	(n=5).	*	represents	a	significant	difference	with	the	controls.	Error	bars	are	

SEM.	D)	FACS	plots	for	CD11b	vs	CD45	from	spinal	cord	at	day	4	after	transplantation.	DsRedneg	and	DsRedpos	

cells	are	shown	(left)	and	DsRedneg	and	DsRedpos	cells	separated	in	Ly‐6Gpos	(Ly‐6Cint),	Ly‐6Chigh	and	Ly‐6Cneg.	In	

addition,	the	3	groups	(n=7)	of	DsRedpos	cells	are	shown	as	percentage	in	the	bar	graph.	The	largest	group	is	the	

Ly‐6Cneg	that	are	CD45high	and	CD11bint.	*	represents	a	significant	difference	with	the	Ly‐6Cneg.			
	

BV421,	 CD45	 FITC	 and	 Ly‐6C	 APC).	 After	 fixing	 the	 samples	 with	 1%	 PFA	 and	

permeabilization	with	0.1%	saponin,	 the	samples	were	 incubated	with	Ly‐6C,	with	a	

PE/Cy7	 label.	 20%	 of	 the	 CD11bhigh	 CD45int	 Ly‐6C	 APCneg	 microglia	 contained	

intracellular	Ly‐6C	(PE/Cy7	pos;	suppl.	fig.	4B).	These	data	further	support	the	notion	

that	microglia	take	up	Ly‐6Cpos	cells,	most	likely	macrophages	or	neutrophils.			

	

Discussion	
	

Microglial	 activation	 is	 present	 in	 many	 neurodegenerative	 disorders	 and	 is	

characterized	by	upregulation	of	CD11b	and	IBA1	and	a	switch	from	a	ramified	to	an	

amoeboid‐like	morphology	(Kettenmann	et	al.,	2011;	Melief	et	al.,	2012).	In	addition,	

microglia	 upregulate	 MHCII	 expression	 in	 the	 cuprizone	 mouse	 model	 (Olah	 et	 al.,	

2012).	We	 aimed	 to	 study	microglial	 activation	 in	 the	 context	 of	 demyelination	 and	

inflammation	and	used	the	EAE	mouse	model.	This	model	involves	demyelination	and	

infiltration	of	immune	cells,	a	model	induced	and	started	in	the	periphery,	that	results	

in	microglial	activation	(chapter	2	and	5).	Our	results	indicate	that	during	EAE	microglia	

become	activated	CNS‐wide,	as	they	upregulate	CD11b	and	CD45	in	the	spinal	cord,	but	

also	in	less	affected	regions	like	the	forebrain.	Also,	microglia	numbers	increase	in	the	

spinal	 cord	and	hindbrain,	 regions	 that	display	 the	highest	 infiltration	of	peripheral	

immune	cells.	Substantial	infiltration	is	also	present	in	the	forebrain,	but	less	so	than	in	

other	regions.		
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Previously	it	was	shown	that	microglia	are	activated,	but	not	pro‐inflammatory	in	

EAE	(Yamasaki	et	al.,	2014;	Vainchtein	et	al.,	2014).	 Instead,	 they	clear	debris	while	

macrophages	are	the	main	demyelinating	and	neurodegenerative	cells.	While	myelin	

debris	uptake	might	be	one	of	their	effector	functions,	we	aimed	to	determine	what	
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Figure	6.	Microglia	contained	DsRed	DNA,	indicating	that	they	have	phagocytosed	DsRedpos	infiltrates	

during	EAE.	A)	Immunohistochemistry	of	cerebellum	from	EAE	mice	4	days	after	transplantation.	The	50	µm	

thick	 slices	were	only	 incubated	 for	Hoechst	 (blue).	Hoechst	dense	 clusters,	 indicating	 infiltrates,	 sometimes	

contain	DsRed+	cells.	B)	During	EAE,	at	the	acute	and	chronic	phase	more	CD11bpos	CD45pos	Ly‐6Cpos	cells	appear	

in	the	lymph	nodes.	Indicating	a	possible	influx	from	infiltrates	out	of	the	CNS	as	after	the	acute	phase	the	number	

increased	at	the	chronic	phase	(n=3	for	each	condition).	*	represents	a	significant	difference	with	the	controls.	

C)	 After	 FACS,	macrophage	 samples	 display	 the	 correct	 dissociation	 curve,	while	water	 or	DsRed	 negative	

samples	(brain	from	C57BL/6	mouse	without	transplantation)	have	no	or	incorrect	curves	when	measured	with	

qPCR.	D)	Examples	shown	of	different	microglia	samples	where	multiple	wells	(left),	all	(middle),	or	none	(right)	

of	the	wells	display	the	right	dissociation	curve.	E)	Summary	of	all	the	qPCR	reactions.	Rows	indicate	samples	

from	 different	 termination	 days;	 1,	 4	 or	 7	 days	 after	 transplantation.	 Columns	 indicate	 the	 cell	 type;	 EAE	

microglia,	 control	 microglia	 (microglia	 from	 control	 mice),	 EAE	 macrophages	 and	 EAE	 neutrophils	

(macrophages	and	neutrophils	from	EAE	mice).	Each	column	has	left;	the	total	PCR	reactions,	middle;	number	

of	correct	DsRedpos	dissociation	curves,	right;	percentage	of	correct	dissociation	curves.	At	the	bottom	the	total	

number	and	percentage	of	correct	DsRed	dissociation	curves	is	displayed.	Total	samples	used:	11x	EAE	microglia,	

6x	control	microglia	and	3x	EAE	macrophages	and	neutrophils.																	

	

other	functions	might	be	related	to	this	activated	state.	Microglia	upregulated	MHCII	

(H2Aa)	and	Cox2,	and	downregulated	Fcrls.	Both	MHCII	and	COX‐2	have	been	 linked	

with	activated	immune	cells,	while	Fcrls	downregulation	occurs	specifically	in	activated	

microglia	(Butovsky	et	al.,	2014).	In	addition,	myelin/lipid	uptake	receptors	Cd36	and	

Lgals3	were	 elevated	 in	microglia.	 Scavenger	 receptor	 CD36	 and	 Lgals3	 (Galectin‐3,	

Mac‐2)	are	important	for	the	uptake	of	lipids	and	myelin	but	also	crucial	for	microglial	

effector	functions	and	phenotype	regulations	(Eto	et	al.,	2003;	Hoyos	et	al.,	2014;	Li	et	

al.,	2015).	This	upregulation	 is	mostly	present	 in	 the	spinal	cord	and	minimal	 in	 the	

forebrain,	 indicating	 that	 lipid	 uptake	 mostly	 occurs	 in	 the	 spinal	 cord.	 Regional	

differences	for	microglia	have	been	shown	before	in	the	brain,	cerebellar	microglia	are	

more	immune	active	than	microglia	from	other	regions	(Grabert	et	al.,	2016).	Lrp1	and	

Sirpa	 were	 both	 downregulated	 in	 microglia,	 although	 previous	 studies	 have	

highlighted	their	 involvement	 in	myelin	uptake	(Gaultier	et	al.,	2009).	Possibly	 their	

down‐regulation	is	due	to	negative	feedback	after	myelin	uptake,	modulated	by	Sirp‐α	

(Gitik	et	al.,	2011).	

Apart	 from	 myelin,	 other	 phagocytic	 targets	 of	 microglia	 are	 apoptotic	 cells,	

important	 for	 the	 resolution	 of	 inflammation	 and	 remyelination	 (Grigoriadis	 et	 al.,	

2015).	 TAM	 receptors,	 consisting	 of	 Tyro3,	 AXL	 and	 MERTK	 are	 receptors	 that	

recognize	 Gas6	 and	 Protein	 S	 on	 apoptotic	 cells	 (Rothlin	 et	 al,	 2015).	 Axl	 was	

upregulated	in	microglia	during	EAE	although	Mertk	and	Tyro3	were	downregulated	or	
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unaffected.	 Other	 studies	 have	 shown	 that	Mertk	 is	 normally	 upregulated	 in	 brain	

inflammation	 (Grabert	 et	 al.,	 2016).	Recently,	 it	was	 shown	 that	Mertk	and	AXL	are	

important	regulators	of	microglial	physiology	(Fourgeaud	et	al.,	2016).	AXL	knockout	

mice	have	more	severe	EAE,	presumably	due	to	lack	of	debris	clearance	(Weinger	et	al.,	

2011).	Microglia	are	probably	necessary	for	debris	clearance,	as	this	is	the	first	start	to	

functional	repair	of	the	CNS	(Neumann	et	al.,	2009).	Strikingly,	the	ligand	for	AXL,	Gas6	

was	also	upregulated	in	spinal	cord	microglia.	Genetic	deletion	of	Gas6	in	mice	led	to	

more	activated	microglia,	more	severe	EAE	and	macrophage	infiltration,	indicating	that	

Gas6	likely	has	a	protective	effect	during	EAE	(Binder	et	al.,	2008;	Gruber	et	al.,	2014).	

Another	 receptor	 for	 apoptotic	 cell	 uptake,	Trem2,	 was	 initially	 downregulated	 and	

subsequently	upregulated	at	the	chronic	phase.	Trem2	is	important	for	phagocytosis	of	

apoptotic	cells,	mostly	neurons,	by	microglia	and	in	EAE	overexpression	of	TREM2	by	

microglia	leads	to	more	phagocytosis	and	less	inflammation	(Neumann	and	Takahashi,	

2007).	TREM2	knockout	mice	develop	more	severe	EAE	and	tissue	damage	(Piccio	et	

al.,	2007;	Kawabori	et	al.,	2015).	Interestingly,	phagocytosis	by	TREM2	occurs	without	

inflammation	 (Takahashi	 et	 al.,	 2005).	 Although	 it	 should	 be	 mentioned	 that	 some	

TREM2	consequences	attributed	to	microglia,	might	be	more	relevant	for	macrophages	

(Jay	et	al.,	2015).	

As	 MHCII	 is	 strongly	 upregulated	 in	 microglia,	 we	 aimed	 to	 study	 whether	

subgroups	of	microglia	exist	that	differ	in	MHCII	expression	levels.	Flow	cytometry	for	

MHCII	was	performed	and	MHCIIpos	and	MHCIIneg	microglia	were	sorted.	Spinal	cord	

microglia	from	naïve	mice	were	MHCIIneg,	and	during	EAE	the	majority	of	the	population	

became	MHCIIpos.	While	MHCIIpos	sorted	microglia	had	a	significantly	higher	expression	

of	MHCII	(H2Aa),	no	other	expression	differences	could	be	found	(Cd80,	Fcrls,	Lgals3,	

Il1b,	Axl	 and	 Il10).	 This	 indicated	 that	microglia	 become	 activated	 and	 change	 gene	

expression	as	a	whole	population.	Apparently,	there	is	a	gradation	in	MHCII	expression,	

indicating	that	some	microglia	more	actively	present	antigens.		

When	examining	microglia	and	infiltrates	with	immunohistochemistry,	it	appeared	

that	microglia	in	the	vicinity	of	infiltrate	clusters	are	in	contact	with	Ly‐6Cpos	cells.	This	

suggests	that	microglia	might	be	phagocytosing	these	cells.	At	the	chronic	phase,	when	

very	 few	 infiltrates	can	be	detected,	 IBA1pos	microglia	nodules	appear.	To	determine	

whether	 microglia	 indeed	 phagocytose	 immune	 infiltrates,	 a	 transplantation	

experiment	 to	 track	 infiltrates	 entering	 the	 CNS	 was	 performed.	 First,	 a	 proof	 of	

principal	experiment	in	naïve	mice	was	performed.	Transplanted	DsRedpos	splenocytes	
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to	“non‐labeled”	mice	survived,	migrated	and	infiltrated	hind	leg	muscle	where	LPS	was	

injected,	 indicating	they	retained	an	intact	homing	capacity.	We	performed	the	same	

experiment	by	transplanting	EAE	DsRedpos	splenocytes	to	pre‐clinical	EAE	C57BL/6	or	

naïve	C57BL/6	mice	and	then	terminated	them	after	1,	4	or	7	days	when	EAE	symptoms	

are	present.	 Interestingly,	a	small	 fraction	of	 the	DsRedpos	splenocytes	 infiltrated	the	

CNS	of	EAE	mice	and	reached	a	maximum	level	after	4	days.	As	expected,	 in	control	

mice,	no	DsRed	infiltrates	were	detected	in	the	CNS	confirming	an	intact	BBB	in	naïve	

C57BL6	 mice.	 Most	 of	 these	 DsRedpos	 infiltrates	 were	 CD45high	 Ly‐6Cneg	 cells,	

lymphocytes,	while	the	rest	were	Ly‐6Gpos	neutrophils	or	Ly‐6Chigh	macrophages.	When	

examining	the	sorted	microglia	from	the	EAE	mice,	DsRed	DNA	was	detected	in	some	of	

the	 PCR	 samples.	 In	 addition,	 intracellular	 Ly‐6C	 staining	 was	 observed	 in	 these	

microglia,	 suggesting	 that	 microglia	 phagocytosed	 Ly‐6Cpos	 and	 DsRedpos	 infiltrates	

during	 EAE.	 While	 it	 cannot	 be	 excluded	 that	 a	 minor	 fraction	 of	 transplanted	

splenocytes	 have	 silenced	 their	 DsRed	 expression	 and	 contaminated	 the	 microglia	

population	 while	 sorting,	 the	 finding	 of	 intracellular	 Ly‐6C	 in	 microglia	 strongly	

suggests	phagocytosis	of	infiltrates	by	microglia.	Macrophages	are	highly	regulated	by	

lipid	uptake	and	overall	have	a	short	life	span	after	phagocytosis.	When	inflammation	

resolves,	neutrophils	go	into	apoptosis	while	macrophages	follow	the	same	pattern	or	

drain	to	the	lymph	nodes	(Bellingan	et	al.,	1996;	Kolaczkowska	et	al.,	2010).	In	addition,	

apoptotic	 macrophages	 are	 often	 phagocytosed	 by	 other	 macrophages	 (Ley	 et	 al.,	

2011).	 Therefore,	 microglia	 might	 be	 phagocytosing	 apoptotic	 neutrophils	 and	

macrophages.		

In	conclusion,	we	show	that	microglia	become	activated	during	EAE,	mostly	in	the	

spinal	cord,	upregulate	MHCII,	 lipid	uptake	receptors	Lgals3	and	Cd36	and	apoptotic	

cell	uptake	receptor	Axl.	During	the	acute	EAE	phase,	many	microglia	are	localized	in	

close	 proximity	 to	 infiltrates	 and	 phagocytose	 infiltrates.	 At	 the	 chronic	 phase,	

microglia	 nodules	 are	 observed	 in	 the	 spinal	 cord	 and	 very	 few	 infiltrates	 remain.	

Therefore,	the	extensive	debris	clearance	activitiy	of	microglia	is	probably	important	

for	 resolving	 inflammation	 during	 acute	 EAE	 and	 are	 interesting	 targets	 for	 MS	

medication.			
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Supplementary	material	
	

Table	S1.	qPCR	primer	information	
Gene	name	 Accession	number	

	

Forward	primer	5’‐3’	 Reverse	primer	5’‐3’	

Hmbs	 NM_013551.2	

NM_001110251.1	

CCGAGCCAAGCACCAGGATA	 CTCCTTCCAGGTGCCTCAGA	

H2Aa	 NM_010378.2	 CTGTCTTATCTCACCTTCATCC	 GGAATCTCAGGTTCCCAGTG	

Cd80	 NM_009855.2	 GTCCATCAAAGCTGACTTCTC	 GGAAGCAAAGCAGGTAATCC	

Il1b	 NM_008361.3	 GGCAGGCAGTATCACTCATT	 AAGGTGCTCATGTCCTCAT	

Mertk	 NM_008587.1	 CTCTGGAGTGGAGGCACTG	 CCCTGGTAAAGGCCCTGAAA	

Tyro3	 NM_019392.2	

NM_001290800.1	

ACTGTCGAAGGTGTGCCATT	 AAGACAGCTGAAAAGGGGCA	

Axl	 NM_009465.4	

NM_001190974.1	

NM_001190975.1	

TGAAGCCACCTTGAACAGTC	 GCCAAATTCTCCTTCTCCCA	

Gas6	 NM_019521.2	 CGAGTCTTCTCACACTGTGCT	 CCTCGAAGACTTGGTAGGCG	

Trem2	 NM_031254.3	

NM_001272078.1	

CTGGAACCGTCACCATCACTC	 CGAAACTCGATGACTCCTCGG	

Sirpa	 NM_007547.4	

NM_001177647.2	

NM_001291019.1	

NM_001291020.1	

NM_001291021.1	

NM_001291022.1	

AACCCAGATCCAGGACACAAA	 GGGCTTCTTCTCTTTGGGCA	

Lgals3	 NM_001145953.1	

NM_010705.3	

CAGGATTGTTCTAGATTTCAGGAG	 TGTTGTTCTCATTGAAGCGG	

CD36	 NM_001159558.1	

NM_007643.4	

NM_001159555.1	

NM_001159557.1	

NM_001159556.1	

GATGTGGAACCCATAACTGGA	 AGGTACAATGTAAGGTCTCTTC

AG	

Lrp1	 NM_008512.2	 CGTGCGAGCGGACATCCCTG	 GGGCGCTTCACACCTGGACA	

Fcrls	 NM_030707.3	 CTCAATGTCACAGAGCCCCC	 TGTTCAACCTCTACGCGTCC	

Cox2	 NM_011198.4	 CTCCCTGAAGCCGTACACAT	 CCCCAAAGATAGCATCTGGA	

Il10	 NM_010548	 AAGGGTTACTTGGGTTGCCA	 TTTCTGGGCCATGCTTCTCTG	

DsRed	 transgene	 GTGAACTTCCCCTCCGACG	 TCCAGCTTGGAGTCCACGTA	
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Supplementary	 figure	 1.	RNA	 expression	 in	microglia	 in	 forebrain,	hindbrain	and	 spinal	 cord.	A)	A	

representative	example	of	a	CD11b	vs	CD45	FACS	plot	from	cells	isolated	from	the	hindbrain	at	the	acute	phase	

of	EAE,	insets	are	from	control	and	chronic	stage	hindbrain.	The	number	of	sorted	microglia	(CD11bhigh	CD45int	

Ly‐6Cneg)	and	myeloid	infiltrates	(CD11bpos	CD45pos	Ly‐6Cpos)	from	hindbrain	are	visualized	in	bar	graphs	(n=3	

mice).	B)	RNA	expression	levels	in	hindbrain	microglia	of	Cox2	and	Cd36.	All	values	are	normalized	to	control	

spinal	cord	microglia,	as	set	to	1.	C)	RNA	expression	levels	in	forebrain	and	spinal	cord	microglia.	Apoptotic	cell	

clearance	receptors	(Mertk,	Tyro3,	Trem2)	and	myelin/lipid	uptake	receptors	(Sirpa	and	Lrp1)	did	not	change	

or	were	decreased	during	EAE.	Scavenger	 receptor	Fcrls	was	down‐regulated	during	EAE,	 the	 same	 for	 co‐

stimulatory	molecule	Cd80	(spinal	cord).	Il1b	was	modestly	upregulated.	All	values	are	normalized	to	the	control	

spinal	cord	microglia,	as	set	to	1.		Co	=	controls,	Ac	=	acute	phase,	Ch	=	chronic	phase.	*/#:	p	≤	0.05.	*	represents	

a	significant	difference	with	the	controls,	#	a	difference	with	EAE	acute	phase.	Error	bars	are	SEM.	
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Supplementary	figure	2.	RNA	expression	levels	of	Il1b,	Axl	and	Il10	in	MHCIIpos	and	MHCIIneg	microglia.	

Relative	RNA	expression	for	Il1b,	Axl	and	Il10	are	shown.	Controls	are	n=3,	acute	n=4	and	chronic	n=7.	All	values	

are	normalized	to	the	control	microglia	expression	levels,	set	to	1.	Co	=	controls,	Ac	=	acute	phase,	Ch	=	chronic	

phase.	*/#:	p	≤	0.05.	*	represents	a	significant	difference	with	the	controls.	Error	bars	are	SEM.	
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Supplementary	 figure	 3.	 Proof	 of	 principal	 experiment	 for	DsRedpos	 transplantations.	 C57BL/6	mice	

received	a	retro‐orbital	injection	with	splenocytes,	one	group	(left	side;	n=2)	received	a	LPS	injection	in	the	left	

hind	leg	upper	muscle	30	min	prior	to	transplantation	and	was	terminated	1	day	post	transplantation.	Another	

group	(right	side;	n=2)	received	the	LPS	injection	1	day	after	transplantation	and	the	mice	were	terminated	2	

days	after	transplantation.	FACS	plots	are	shown	for	1	mouse	out	of	each	group,	depicting	the	SSC	vs	DsRed	for	

blood,	lymph	nodes,	spleen,	CNS	and	left	hind	leg	muscle.	DsRedpos	cells	are	present	in	the	muscles,	blood,	lymph	

nodes	and	spleen,	but	not	in	the	CNS.		
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Supplementary	figure	4.	FACS	plots	of	transplanted	EAE	DsRedpos	splenocytes	and	intracellular	microglia	

Ly‐6C	staining.	A)	Representative	FACS	plots	depicting	brain	(n=2)	and	eye	(n=2)	samples	of	7	mice	4	days	after	

transplantation,	illustrating	that	infiltration	of	DsRedpos	cells	occurred	in	the	brain,	but	they	are	not	present	in	

the	eye	or	retro‐orbital	sinus.	B)	Four	days	after	transplantation,	cell	suspensions	of	EAE	spinal	cord	(n=3)	were	

incubated	with	CD11b	BV421,	CD45	FITC	and	Ly‐6C	APC	antibodies,	subsequently	1%	PFA	fixed,	permeabilized	

with	0.1%	saponin	and	incubated	with	Ly‐6C	PE/Cy7.	The	left	FACS	plot	shows	the	fluorescence	for	SSC	vs	Ly‐6C	

PE/Cy7	 for	microglia	(CD11bhigh	CD45int)	that	were	gated	as	Ly‐6C	APC	negative,	Ly‐6C	APC	positive	myeloid	

infiltrates	(CD11bpos	CD45pos)	and	a	sample	that	was	fixed,	permeabilized	but	not	incubated	with	antibodies.	The	

right	FACS	plot	shows	microglia	that	are	Ly‐6Cneg	for	the	APC	channel	and	plotted	for	Ly‐6C	PE/Cy7.	A	population	

is	identified	as	Ly‐6Cpos	for	PE/Cy7	and	the	percentage	is	plotted	in	the	bar	graph.	

	




