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Preface	

	
Neurodegenerative	 disorders,	 a	 collection	 of	 more	 than	 100	 different	 diseases,	 are	

pathologies	 of	 the	 central	 nervous	 system	 (CNS).	 They	 are	 in	 general	 defined	 as	

progressive	dysfunctions	of	the	CNS,	often	associated	with	an	advanced	age	and	can	be	

sporadic	as	well	as	hereditary	(Przedborski	et	al.,	2003).	Examples,	and	most	known	

diseases,	 are	multiple	 sclerosis	 (MS),	 Parkinson’s	 disease	 (PD),	 Alzheimer’s	 disease	

(AD),	 Huntington’s	 disease	 (HD)	 and	 amyotrophic	 lateral	 sclerosis	 (ALS).	 The	

degeneration	 of	 neurons	 in	 the	 brain	 and	 spinal	 cord	 is	 considered	 the	 main	

consequence	of	these	pathologies.	While	these	neurons	have	been	and	are	still	studied	

intensively,	the	focus	has	included	the	role	of	the	immune	system	in	these	pathologies.	

The	immune	system	is	not	a	separate	organ	to	just	protect	us	from	infectious	diseases	

or	germs,	it	is	a	much	more	complex	system	very	intertwined	with	all	the	processes	in	

our	 body.	 Therefore,	 a	 derailed	 immune	 system	 might	 lead	 to	 allergies	 and	

propagations	of	disorders,	and	in	severe	conditions	to	auto‐immune	diseases.	 In	this	

thesis,	 the	 role	 of	 the	 CNS	 “resident	 immune	 cells”	 and	myeloid	 infiltrates	 from	 the	

periphery,	originating	in	the	bone‐marrow,	are	studied	in	the	context	of	MS.		
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Microglia,	mavericks	of	the	immune	system	
	

Unique	CNS	cells	

The	 CNS	 contains	microglia,	 cells	 that	 resemble	 the	 peripheral	 innate	 immune	 cells	

more	than	they	do	neural	cells.	As	the	CNS	is	a	barrier‐protected	organ,	apparently,	in	

evolution	 specialized	 immune	 cells	 evolved	 for	 the	brain	 and	 spinal	 cord	 serving	 as	

protection	as	well	as	an	important	link	between	CNS	and	peripheral	immune	system.	

Microglia,	considered	the	resident	macrophages	of	the	CNS,	are	immune	cells	that	can	

develop	into	full‐blown	phagocytes	in	response	to	triggers	including	tissue	damage	or	

cell	death	(Kreutzberg,	1996).	First	discovered	by	Del	Rio	Hortega	 in	1932,	 they	are	

cells	with	a	unique	morphology	in	the	CNS.	They	have	many	processes	extending	from	

the	soma	under	healthy,	normal	condition	and	were	named	“ramified	microglia”.	Their	

functions	 are	 not	 just	 focused	 on	 protection	 from	 infectious	 diseases,	 but	 like	 in	

peripheral	 macrophages;	 debris	 clearance,	 tissue	 repair	 and	 support.	 Microglia	

encompass	approximately	10%	of	all	glial	cells	in	the	CNS,	the	largest	group	of	cells	that	

also	contains	astrocytes	and	oligodendrocytes	(Vaughan	and	Peters,	1974).	Originally,	

microglia	were	defined	as	“resting”	under	homeostatic	conditions	and	activated	during	

pathological	conditions	(Hanisch	et	al.,	2007).	This	is,	however,	an	oversimplification,	

they	 are	 highly	 dynamic	 and	 versatile	 effector	 cells	 during	 pathologies	 and	 normal	

conditions	(Nimmerjahn	et	al.,	2005).	Microglia	actively	survey	their	environment	by	

extending	their	thin	processes,	therefore	they	are	better	named	“surveying”	microglia	

and	in	response	to	signals	from	the	environment	can	become	“activated”	or	“effector	

microglia”	 (Hanisch	 et	 al.,	 2007;	 Hanisch,	 2013;	 Benarroch,	 2013).	 This	 state	 is	

characterized	 by	 a	 change	 towards	 a	 more	 amoeboid,	 rod‐like	 morphology	 and	 if	

accompanied	 by	 an	 increase	 in	 cell	 numbers,	 termed	 “microgliosis”	 (Graeber	 et	 al.,	

1988;	Boche	et	al.,	2013).	

	

Functions	of	microglia	under	homeostatic	conditions	

Apart	from	their	ability	to	clear	debris	and	eliminate	pathogens,	microglia	support	the	

function	and	health	of	neurons	and	neuronal	networks.	They	release	growth	factors,	

like	insulin‐like	growth	factor‐1	(IGF‐1)	and	brain‐derived	neurotrophic	factor	(BDNF)	

and	 promote	 the	 development,	 differentiation,	 guidance	 and	 survival	 of	 specific	

neuronal	circuits	(Butovsky	et	al.,	2006;	Ueno	et	al.,	2013;	Nayak	et	al.,	2014;	Squarzoni	

et	al.,	2014;	Arnoux	and	Audinat,	2015).	During	brain	development,	microglia	actively	
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play	a	role	in	the	elimination	of	flawed	or	surplus	neurons	by	the	induction	of	apoptosis	

(Sierra	 et	 al.,	 2010;	 Morsch	 et	 al.,	 2015).	 For	 example,	 they	 control	 the	 number	 of	

Purkinje	neurons	 in	 the	cerebellum	(Marin‐Teva	et	al.,	2004).	The	release	of	soluble	

fractalkine	 (CX3CL1)	 by	 apoptotic	 neurons	 induces	 the	 uptake	 through	 integrin‐

associated	protein	CD47	on	microglia	(Noda	et	al.,	2011;	Li	et	al.,	2012).	 In	 this	way	

microglia	 can	 also	 be	 recruited	 to	 dying	neurons	 and	 support	 the	maintenance	 of	 a	

healthy	 neuronal	 population.	 Fractalkine	 can	 also	 modulate	 microglial	 properties	

through	its	receptor	on	microglia,	CX3CR1	(Paolicelli	et	al.,	2014).	Aside	from	the	direct	

participation	 in	 neuronal	 survival,	 microglia	 also	 regulate	 synaptic	 homeostasis	

(Paolicelli	et	al.,	2011;	Ji	et	al.,	2013).	This	“pruning”	of	synapses	mostly	occurs	during	

development	 and	 is	 regulated	 by	 two	 main	 processes.	 DAP12	 is	 a	 transmembrane	

receptor,	mainly	expressed	on	microglia	in	the	CNS,	and	defects	in	this	receptor	lead	to	

a	disrupted	synaptic	density	and	function	(Roumier	et	al.,	2004).	During	development,	

the	complement	protein	C1q	is	expressed	on	synapses	and	activates	C3	(Stevens	et	al.,	

2007;	Schafer	et	al.,	2012).	This	is	recognized	by	microglia	through	their	CR3	receptor	

and	mediates	 phagocytosis.	 Disproportionate	 amounts	 of	 synaptic	 connections	 have	

been	found	in	C1q	or	CR	deficient	mice	(Stevens	et	al.,	2007).	Microglial	activity	has	a	

direct	impact	on	learning	and	memory.	Parkhurst	et	al.,	2013	showed	that	depletion	of	

microglia	 in	mice	 leads	to	reduced	synapse	formation	and	capacity	to	 learn	multiple	

tasks.	This	could	be	directly	linked	to	a	diminished	production	of	BDNF	from	microglia.	

Hence,	microglia	are	crucial	for	a	healthy	and	well‐functioning	CNS	exerting	many	more	

functions	than	just	immune	protection.					

	

Origin	of	microglia	

Microglia	are	“brain	cells	wired	like	macrophages”	(Crotti	and	Ransohoff,	2016).	While	

they	 look	 like	 macrophages,	 they	 perform	 various	 tasks	 that	 do	 not	 resemble	

macrophages,	like	neuronal	support.	For	many	years	it	was	unknown	where	microglia	

originate	 from	 and	 how	 the	 population	 is	 maintained.	 Already	 Del	 Rio‐Hortega	

suggested	that	microglia	have	a	mesodermal	origin	and	are	derived	from	macrophages.	

The	first	study	indicating	that	microglia	progenitors	might	be	originating	from	the	yolk	

sac	is	from	1999,	where	it	was	shown	that	F4/80+CD11b+	progenitors	first	appeared	in	

the	yolk	sac	and	subsequently	in	the	brain	of	mice	(Alliot	et	al.,	1999).	A	more	recent	

study	has	clarified	this	in	more	detail	by	showing	that	microglia	in	mice	arise	from	yolk	

sac	macrophages	 at	 embryonic	 day	 9.5	 (E9.5)	 (Ginhoux	 et	 al.,	 2010).	 Two	waves	 of	
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1	

erythromyeloid	 progenitors	 (EMPs)	 can	 be	 identified,	 the	 first	 wave	 at	 E7.5	

differentiate	 locally	 into	 yolk	 sac	 macrophages,	 the	 second	 wave	 at	 E8.5	 also	

differentiate	into	yolk	sac	macrophages	and	after	the	formation	of	the	bloodstream	at	

E9.0	migrate	to	the	fetal	liver.	Microglia	arise	from	the	first	wave	and	therefore	these	

primitive	microglia	appear	at	the	developing	CNS	before	the	formation	of	the	fetal	liver‐	

and	bone‐marrow	hematopoiesis	(Alliot	et	al.,	1999;	Ginhoux	et	al.,	2010;	Mizutani	et	

al.,	2012;	Hoeffel	et	al.,	2015;	Waisman	et	al.,	2015).	Yolk‐sac	macrophages	populate	

embryonic	tissues	including	the	brain	(via	the	blood	stream,	where	the	brain	develops	

from	E8.5	–	E10	(McGrath	et	al.,	2003).	Only	at	E12.5,	the	fetal	liver	starts	producing	

hematopoietic	cells	(Ginhoux	and	Jung,	2014).	This	first	wave	of	EMPs,	 leads	to	ckit+	

EMPs	that	differentiate	into	c‐kitlowCX3CR1‐CD45+cells	that	mature	and	migrate	to	the	

brain	as	c‐kit‐Cx3CR1+CD45+	cells.	These	cells	also	upregulate	F4/80	and	macrophage	

colony	 stimulating	 factor	 receptor	 (MCSF‐R)	 and	 use	 matrix	 metalloproteinases	 to	

enter	the	developing	brain	(Kierdorf	et	al.,	2013;	Mizutani	et	al.,	2012).	Fetal	monocytes	

are	not	able	to	enter	the	CNS	after	the	blood‐brain	barrier	(BBB)	 is	 formed	at	E13.5	

(Daneman	et	al.,	2010).	This	indicates	that	microglia	have	a	distinct	and	unique	origin	

in	comparison	to	the	peripheral	macrophages.		

	

The	microglia	identity	

The	half‐life	of	microglia	is	unknown,	and	an	undisputed	microglia	progenitor	pool	in	

the	CNS	has	not	been	 identified.	Ablation	 studies	 showed	 that	microglia	 can	quickly	

repopulate	the	CNS	from	cells	that	express	proliferation	markers	Ki67,	BrdU	and	the	

neural	stem	cell	marker	nestin	(Elmore	et	al.,	2014;	Bruttger	et	al.,	2015).	It	still	has	to	

be	 elucidated	whether	 they	 originate	 from	 a	microglia	 progenitor,	 or,	 as	 shown	 by	

Bruttger	et	al.,	2015,	that	5‐10%	of	the	microglia	population	can	repopulate	the	whole	

CNS.	 But	 it	 is	 apparent	 that	 an	 endogenous	 CNS	 source	 is	 present.	 Microglia	 can	

maintain	 themselves	 without	 contribution	 from	 the	 bone	 marrow	 under	 normal	

conditions	(Ajami	et	al.,	2007;	Ginhoux	et	al.,	2010;	Schulz	et	al.,	2012).	It	is	unknown	

whether	the	newly	formed	microglia	have	the	same	characteristics	as	original	microglia	

after	such	“artificial”	depletion	techniques.		

Multiple	factors	have	been	identified	that	are	essential	for	the	microglia	phenotype,	

primarily	TGF‐β,	PU.1,	CSF1R,	IRF8,	and	RUNX1.	TGF‐β	has	shown	to	be	an	important	

factor	for	the	signature	microglia	characteristics,	being	a	master	regulator	for	a	wide	

set	 of	 genes	 (Butovsky	 et	 al.,	 2014).	 PU.1	 is	 a	 hematopoietic	 transcription	 factor,	
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important	 for	 the	 formation	 of	 peripheral	 immune	 cells	 and	 microglia	 during	

development	(Beers	et	al.,	2006;	Rosenbauer	and	Tenen,	2007;	Nayak	et	al.,	2014).	In	

microglia,	 PU.1	 is	 also	 crucial	 for	 their	 phagocytic	 capabilities	 (Smith	 et	 al.,	 2013).	

CSF1R,	a	receptor	on	mononuclear	myeloid	cells	and	microglia,	together	with	one	of	its	

ligands,	IL‐34,	is	important	for	the	survival,	chemotaxis	and	development	of	these	cells	

(Dai	et	al.,	2002;	Nandi	et	al.,	2012).	IRF8,	a	heterodimeric	partner	of	PU.1,	is	important	

for	microglia	differentiation	and	activation,	while	RUNX1,	likewise,	regulates	microglia	

proliferation	and	homeostasis	(Kierdorf	et	al.,	2013;	Crotti	and	Ransohoff,	2016).	It	also	

directly	influences	the	expression	of	PU.1	and	CSF1R	(Zhang	et	al.,	1996;	Huang	et	al.,	

2008).	 In	 conclusion,	 this	 set	 of	 factors	 is	 important	 for	 the	 differentiation	 and	

maintenance	of	microglia.		

	

Microglia‐unique	markers	and	similarities	to	macrophages	

Tissue	macrophages	arise	from	different	sources	during	development,	initially	as	yolk	

sac	macrophages	 from	EMPs,	 subsequently	 from	primitive	macrophages	 of	 the	 fetal	

liver	and	 finally	as	postnatal	macrophages	derived	 from	monocytes	out	of	 the	bone‐

marrow	(Crotti	and	Ransohoff,	2016).	Thus,	adult	microglia	have	a	distinct	origin	 in	

comparison	to	adult	macrophages	(Hoeffel	et	al.,	2016).	But,	they	both	express	CD11b	

and	 CD45	 on	 the	 surface,	 IBA1	 intracellularly,	 and	 sometimes,	 especially	 when	

microglia	 are	 activated,	 they	 are	 difficult	 to	 morphologically	 distinguish	 with	 the	

current	techniques.	In	humans	and	mice,	it	has	been	shown	that	microglia	are	CD11b+	

and	CD45int	when	examined	by	flow	cytometry,	whereas	macrophages	are	CD11b+	and	

CD45high	(Dick	et	al.,	1997;	de	Haas	et	al.,	2007).	But,	it	is	believed	that	microglia	can	

upregulate	CD45	expression,	making	it	difficult	to	distinguish	them	from	other	myeloid	

cells	 (Sedgwick	 et	 al.,	 1998).	 In	 the	 last	 5	 years,	 much	 research	 has	 focused	 on	

chemokine	receptor	CCR2	(Hellwig	et	al.,	2013).	Multiple	studies	using	bone‐marrow	

transplantations	 and	 transgenic	 mouse	 models	 have	 concluded	 that	 CCR2	 is	 not	

expressed	 on	microglia,	 but	 specifically	 on	monocytes/macrophages	 (Mildner	 et	 al.,	

2007;	 Saederup	 et	 al.,	 2010;	 Mizutani	 et	 al.,	 2012).	 In	 addition,	 other	 studies	 have	

indicated	that	microglia	do	not	express	CCR2	at	the	RNA	level	(Zuurman	et	al.,	2003;	

Olah	et	al.,	2012).	CCR2	is	an	important	receptor	involved	in	migration	and	infiltration	

of	inflamed	tissues.	Thus,	it	is	not	surprising	that	monocytes	need	CCR2	to	effectively	

infiltrate	 (Mildner	 et	 al.,	 2007;	Mizutani	 et	 al.,	 2012).	 However,	 reports	 on	 CCR2	 in	

microglia	 are	 conflicting,	 numerous	 reports	 underline	 the	 importance	 of	 CCR2	 in	



General	introduction	

17 
 

1	

microglia	for	recruitment	to	sites	of	injury	(Zhang	et	al.,	2007;	El	Khoury	et	al.,	2007;	

Deng	et	al.,	2009).	In	addition,	after	cells	arrive	at	the	inflamed	areas	they	might	down‐

regulate	CCR2,	leading	to	a	possible	misinterpretation	of	results	when	using	this	marker	

to	distinguish	microglia	from	macrophages.	A	total	of	100	genes	have	been	identified	

that	differentiate	microglia	from	other	brain	cells,	genes	that	encode	proteins	important	

for	microglia	to	sense	changes	in	their	environment	(Hickman	et	al.,	2013).	Examples	

are	 P2ry12,	 Csf1r,	 Cx3cr1,	 Siglec,	 Tmem119,	 Cd33	 and	 Tyrobp.	 Another	 study	 found	

additional	genes	like	Trem2	and	transcription	factor	Irf8	(Zhang	et	al.,	2014).	Butovsky	

et	al.,	2014,	reported	a	list	of	239	genes	important	for	discrimination	between	microglia	

and	myeloid	cells,	including	Mertk,	Fcrls,	P2ry11,	P2ry12	and	C1qa.	Using	these	markers,	

a	 more	 sophisticated	 separation	 of	 microglia	 from	 infiltrated	 macrophages	 can	 be	

made.	Butovsky	and	colleagues	generated	antibodies	against	FCRLS	and	P2ry12,	and	

previously	CD39	to	distinguish	microglia	from	myeloid	infiltrates	in	homeostatic	and	

the	diseased	CNS	(Butovsky	et	al.,	2012;	Butovsky	et	al.,	2014;	Yamasaki	et	al.,	2014).	In	

addition,	it	still	has	to	be	elucidated	whether	infiltrated	macrophages	during	adulthood	

can	differentiate	into	microglia	and	acquire	a	microglia‐like	phenotype.	If	mice	undergo	

irradiation	 and	 a	 bone‐marrow	 transplantation	 and	 microglia	 are	 ablated	 or	

neuroinflammation	is	induced,	peripheral	immune	cells,	in	particular	CCR2+	Ly‐6Chigh	

expressing	 monocytes,	 can	 contribute	 to	 the	 microglia	 pool	 (Mildner	 et	 al.,	 2007;	

Bruttger	 et	 al.,	 2015).	 However,	 when	 irradiation	 is	 not	 used,	 the	 contribution	 of	

peripheral	immune	cells	is	rather	limited	or	not	present	(Mildner	et	al.,	2007;	Ajami	et	

al.,	2007;	Bruttger	et	al.,	2015).	This	indicates	that	microglia	have	a	unique	phenotype,	

are	self‐	maintained	and	even	under	inflammatory	conditions	can	proliferate	without	

contribution	from	the	peripheral	immune	system	(figure	1).		

Figure	1.	Summary	of	microglia	functions,	membrane	and	identity	markers.	
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Microglia	phenotypes		

Microglia	have	been	and	still	are	classified	as	classically	activated	(M1)	or	alternatively	

activated	 (M2).	 The	 M1	 phenotype	 corresponds	 to	 a	 destructive,	 pro‐inflammatory	

state	(genes	like	IL‐1β,	TNF‐α	and	iNOS)	while	M2	is	associated	with	debris	clearance	

and	release	of	protective	factors	(genes	like	Arg‐1,	TGF‐β	and	IL‐10)	(David	and	Kroner,	

2011).	These	so	called	‘absolute’	phenotypes	were	established	in	vitro	and	have	mostly	

been	translated	from	macrophage	biology	to	microglia	(Mosser	and	Edwards,	2008).	In	

vivo	microglia	phenotypes	are	much	more	complicated	and	therefore	the	M2	phenotype	

has	 been	 divided	 in	 M2a,	 M2b	 and	 M2c	 trying	 to	 cover	 and	 represent	 the	 in	 vivo	

situation	better.	Still,	this	categorization	is	not	complete	and	insufficient	to	describe	the	

state	of	a	cell	without	extreme	oversimplification	as	mostly	M1/M2	mixed	phenotypes	

are	present	in	vivo	(Ponomarev	et	al.,	2013).		

	 As	described	above,	microglia	have	multiple	 important	 functions	 in	 the	CNS.	 It	 is	

generally	assumed	that	malfunctioning	microglia	and	their	associated	phenotypes	are	

probably	 involved	 in	 neurodegenerative/psychiatric	 disorders.	 For	 example,	 in	

Alzheimer’s	disease	 the	 inefficient	 clearance	of	Aβ	by	microglia	has	been	associated	

with	 disease	 progression	 (Mawuenyega	 et	 al.,	 2010).	 Also,	mutations	 in	 the	 Hoxb8,	

especially	affecting	microglia,	lead	to	excessive	grooming	behavior	in	mice	(Chen	et	al.,	

2010).	The	Rett	syndrome,	resulting	in	females	with	deficits	in	social	interaction	and	

language	communication	amongst	others,	is	caused	by	mutations	in	the	MECP2	gene,	

mainly	by	defects	in	microglial	regulation	of	synaptic	plasticity	(Derecki	et	al.,	2012).	

Taken	 together,	microglia	are	emerging	as	 interesting	 targets	 for	possible	 therapies.	

Next,	 the	 role	 of	microglia	 and	myeloid	 infiltrates	 is	 discussed	 in	 the	 context	 of	MS	

specifically,	the	main	topic	of	the	work	presented	in	this	thesis.	

				

Multiple	sclerosis		
	

A	complex	disease	

MS	is	a	disorder	that	affects	2.5	million	people	worldwide	and	starts	with	temporary	

neurologic	symptoms,	that	over	time	progress	to	permanent	disabilities	ranging	from	

visual,	balance	and	movement	problems,	muscle	weakness,	 fatigue,	chronic	pain	and	

bladder	difficulties	(Hauser	and	Oksenberg,	2006;	Compston	and	Coles,	2008).	Apart	

from	the	physical	problems,	cognitive	functions	are	also	affected	leading	to	decreased	

mental	processing	speed	and	memory	loss	among	others	(Russi	and	Brown,	2015).	MS	
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follows	 an	 unusual	 pattern,	 unlike	 most	 other	 neurodegenerative	 diseases.	 It	 often	

starts	 at	 the	 young	 age	 of	 20‐40	 years,	 mostly	 in	 women,	 and	 develops	 into	 a	

progressive	disease	after	5‐25	years	(Ransohoff	et	al.,	2015).	While	it	is	considered	a	

neurodegenerative	 disorder,	 unlike	 other	 CNS	 diseases,	 it	 is	 also	 an	 inflammatory	

demyelinating	 disease	 (Weinshenker,	 1995).	 Typically,	 MS	 is	 characterized	 by	

neurological	 dysfunction;	 acute	 attacks,	 or	 relapses,	 once	 per	 2	 years	 followed	 by	

(in)complete	 recoveries.	 This	 part	 of	 the	 disease	 is	 named	 relapsing‐remitting	 MS	

(RRMS)	and	encompasses	85%	of	the	patients	with	MS.	After	5‐25	years	these	acute	

attacks	change	into	a	slow	aggravation	of	the	symptoms	called	secondary	progressive	

MS	(SPMS).	Approximately	70%	of	the	patients	with	RRMS	will	convert	to	SPMS	and	

often	 the	 consequence	 is	 that	patients	end	up	 in	a	wheel	 chair	 (Sola	et	 al.,	 2011).	A	

subgroup	of	RRMS	patients,	around	15%,	have	mild	relapses	and	do	not,	or	very	slowly	

develop	 SPMS	 (Correale	 et	 al.,	 2012).	 Approximately	 10%	 of	 the	 patients,	 do	 not	

undergo	RRMS	but	right	away	develop	a	progressive	pattern,	designated	as	primary	

progressive	MS	(PPMS).	One	of	the	hypotheses	is	that	these	patients	do	have	lesions,	

but	 in	 “clinically	 silent	 regions”	and	because	of	 an	accumulation	of	 lesions	overtime	

develop	disability	(Okuda	et	al.,	2011;	Ransohoff	et	al.,	2015).	Interestingly,	women	are	

usually	diagnosed	at	 an	 earlier	 age	 and	most	often	 follow	a	RRMS	pattern,	whereas	

males	develop	MS	later	in	life	and	display	more	PPMS	(Whitacre,	2001).	A	very	small	

group	of	patients	quickly	develops	very	severe	symptoms	and	some	of	them	actually	

die	because	of	this	aggressive	form.	This	form	is	termed	“aggressive	MS”.	Unfortunately,	

this	aggressive	form	of	MS	is	currently	very	difficult	to	treat	(Rush	et	al.,	2015).		

	

Etiology	and	in‐out/out‐in	model	of	MS				

MS	is	characterized	by	lesions,	areas	of	damage	in	the	CNS.	These	lesions	occur	mostly	

in	 the	white	matter	where	 axons	 have	 lost	 their	myelin	 sheath	 that	 is	 required	 for	

saltatory	action	potential	propagation.	White	matter	lesions	are	considered	hallmarks	

of	 MS,	 but	 lesions	 in	 the	 cortical	 gray	 matter	 are	 also	 associated	 with	 disease	

progression.	These	cortical	gray	matter	lesions	are	accompanied	by	inflammation	in	the	

meninges,	 a	 network	 of	 blood	 vessels	 directly	 on	 top	 of	 the	 CNS,	 but	 hardly	 show	
infiltration	 of	 peripheral	 immune	 cells	 (Popescu	 and	 Lucchinetti,	 2012;	 Russi	 et	 al.,	

2015).	While	 at	 the	 early	 stages	most	 lesions	 appear	 in	 the	white	matter	 that	 start	

around	the	small	blood	vessels,	during	SPMS	or	PPMS	there	is	broad	degeneration	in	

the	 cortex,	 both	 in	 gray	 and	 white	 matter	 (Kutzelnigg	 et	 al.,	 2005).	 It	 is	 unknown	
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whether	damage	to	gray	matter	neurons	is	a	consequence	of	axonal	damage	in	the	white	

matter	or	a	separate	process	(Geurts	et	al.,	2012;	Calabrese	et	al.,	2015).		

The	main	hypothesis	of	 the	 last	decades	 is	 that	 infiltration	of	peripheral	 immune	

cells	into	the	CNS	induces	demyelination	and	disrupts	neuronal	signaling	(Frischer	et	

al.,	2009).	MS	is	considered	an	auto‐immune	disease	because	1)	demyelinating	lesions	

contain	T‐	and	B‐lymphocytes,	2)	genome‐wide	association	studies	(GWAS)	show	that	

genes	involved	in	the	immune	response	are	overrepresented,	3)	peripheral	blood	of	MS	

patients	contains	immune	cells	reacting	specifically	against	CNS	antigens	and	4)	disease	

suppression	is	currently	most	effective	with	immune	modulating	drugs	(Yadav	et	al.,	

2015).	 GWAS	 studies	 identified	 a	 strong	 association	 between	 the	 human	 leukocyte	

antigen	 (HLA)	 locus,	 involved	 in	 antigen	 recognition,	 and	 MS	 (Lincoln	 et	 al.,	 2005;	

Gourraud	et	al.,	2012).	Also,	110	novel	risk	loci	outside	of	the	HLA	region	have	been	

found	and	many	of	these	risk	variants	are	immunologically	relevant	genes	involved	in	

for	example	T‐lymphocyte	differentiation,	proliferation	and	activation	(Sawcer	et	al.,	

2011;	Beecham	et	 al.,	 2013;	 Sawcer	 et	 al.,	 2014).	Hence,	 the	 immune	 system	and	 in	

particular	 dysregulated	 lymphocytes	 are	 probably	 the	 leading	 cause	 for	 the	

development	 of	MS	 (Yadav	 et	 al.,	 2015).	 It	 is	 believed	 that	myelin‐reactive	 CD4+	 T‐

lymphocytes	drive	the	pathogenesis.	These	T‐lymphocytes	consist	of	T‐helper	type	1	

and	 type	 17	 cells	 and	 most	 likely	 exert	 their	 pathogenic	 activity	 because	 of	 a	

dysregulation	in	the	T‐cell	compartment	including	defects	in	regulatory	T‐lymphocytes.	

They	disrupt	the	BBB,	which	facilitates	infiltration	of	other	immune	cells	into	the	CNS	

with	 all	 subsequent	 consequences	 (Yadav	 et	 al.,	 2015).	 This	 is	 considered	 to	 be	 the	

outside‐in	model	of	MS,	a	trigger	and	pathogenic	process	outside	of	the	CNS	eventually	

leads	to	demyelination	and	neurodegeneration	within	the	CNS.			

Many	 environmental	 risk	 factors	 have	 been	 identified,	 examples	 are	 vitamin	 D	

deficiency,	 Epstein‐Barr	 virus	 (EBV)	 infection,	 nutrition	 and	 cigarette	 smoke	

(Simopoulos,	2002;	Ascherio	et	al.,	2012).	All	these	risks	are	associated	with	increased	

inflammation	 (Grant	 and	 Riise,	 2016).	 The	 most	 interesting	 risk	 factor	 is	 less	 sun	

exposure	as	it	can	lead	to	lower	levels	of	vitamin	D	and	many	MS	risk	variants,	like	HLA‐

DR15,	have	vitamin	D	response	elements	(Agliardi	et	al.,	2011;	Nolan	et	al.,	2012).	In	

fact,	 this	might	 partially	 explain	 the	 higher	 incidence	 of	 MS	 in	 northern	 Europe,	 in	

comparison	 to	 southern	 Europe	 (Bjornnevik	 et	 al.,	 2014).	 Also	 nutrition,	 as	 in	 the	

Western	diet,	is	a	MS	risk	factor.	Thus	high	fat	and	salt	intake	promote	obesity	and	white	
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adipose	tissue	formation,	that	lead	to	an	increased	pro‐inflammatory	cytokine	release	

and	low‐grade	inflammation	(Manzel	et	al.,	2014;	Yadav	et	al.,	2015).		

As	the	main	risk	factors	are	unknown,	the	real	cause	for	MS	and	whether	it	starts	in	

the	periphery	or	CNS,	is	unclear.	Immunomodulatory	drugs	can	delay	the	disorder,	but	

do	not	stop	progression.	Possibly	the	immune	response	is	a	reaction	to	axonal	damage	

or	myelin	degradation	originating	in	the	CNS.	The	inside‐out	hypothesis	proposes	that	

MS	starts	because	of	cytodegeneration	within	the	CNS,	indicating	that	PPMS	is	the	“real”	

MS.	Patients	with	RRMS	and	eventually	SPMS	have	a	primed	immune	system	towards	

CNS	antigens	that	end	up	in	the	periphery	(Stys	et	al.,	2012).	It	might	be	that	MS	starts	

because	 of	 defects	 in	 the	 myelin	 sheath	 or	 metabolic	 abnormalities	 in	 neurons	 or	

oligodendrocytes	 and	 eventually	 leads	 to	 an	 immune	 response	 that	 only	 worsens	

disease	 progression.	 As	 MS	 has	 many	 forms,	 identifying	 the	 initiating	 event(s)	 has	

proven	to	be	challenging.		

	

Treatment	of	MS	

Present	MS	therapy	focuses	on	modulating	the	immune	system.	Here,	we	discuss	the	6	

most	 important	 drugs	 that	 target	 the	 immune	 cells	 during	 RRMS:	 Natalizumab,	

Fingolimod,	Dimethyl	fumarate,	Copaxone,	Betaseron	and	Teriflunomide.	Natalizumab	

(Biogen	 Idec)	 is	a	monoclonal	antibody	 that	was	directly	 translated	 from	MS	mouse	

models.	It	blocks	leukocyte	infiltration	into	the	CNS	by	blocking	vascular	cell	adhesion	

molecule	1	(VCAM1)	on	endothelial	cells.	The	use	of	this	drug	can	lead	to	severe	side	

effects,	 like	 opportunistic	 infections,	 as	 it	 does	 affect	 the	 T‐cell	 repertoire	 and	

lymphocyte	entry	into	tissues	(Bloomgren	et	al.,	2012;	Warnke	et	al.,	2013).	Fingolimod	

(Novartis,	Gilenya)	induces	T‐lymphocytes	to	move	from	the	blood	into	the	secondary	

lymphoid	organs,	thereby	lowering	the	number	of	auto‐reactive	T‐lymphocytes	in	the	

blood	that	can	infiltrate	into	the	CNS	(Xie	et	al.,	2003).	Dimethyl	fumurate	inhibits	the	

production	of	nitric	oxide	and	reactive	oxygen	species	by	immune	cells,	reducing	the	

damage	 to	 neurons	 (Albrech	 et	 al.,	 2012).	 Copaxone	 (Teva	 Pharmaceuticals)	 a	

glatiramer	 actetate	 and	 Betaseron	 (multiple	 companies)	 which	 is	 IFN‐β1	 are	 less	

effective	drugs,	but	have	fewer	side	effects	(Damal	et	al.,	2013).	Finally,	Teriflunomide	

(Sanofi,	Aubagio)	is	effective	at	inhibiting	the	autoimmune	response	by	hindering	clonal	

expansion	of	 lymphocytes	(Oh	and	O’	Connor,	2013).	Recently,	new	drugs	have	been	

approved,	 like	 Alemtuzumab	 and	 Ocrelizumab	 that	 deplete	 CD52pos	 and	 CD20pos	

lymphocytes	(Russi	and	Brown,	2014).	All	drugs	that	are	used	nowadays	and	upcoming	
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drugs	 are	 focused	 on	 inhibiting	 the	 immune	 system	 to	mount	 an	 effective	 immune	

reaction,	all	have	and	will	have	major	side	effects.	Furthermore,	current	therapies	only	

target	the	symptoms	and	modulate	RRMS,	and	are	less	effective	during	SPMS	or	PPMS.	

	

Animal	models	for	MS	

Toxin	based	models	

As	 MS	 is	 a	 CNS	 disorder,	 studying	 the	 pathogenic	 process	 in	 live	 patients	 is	 quite	

challenging	 and	 has	 obvious	 limitations.	 Therefore,	 animal	 models	 recapitulating	

different	parts	of	the	disorder	have	been	developed	with	a	focus	on	mice.	A	group	of	

models	have	been	developed,	in	general	recapitulating	the	inside‐out	hypothesis	of	MS.	

Using	toxins,	administered	locally	or	systemic,	demyelination	can	be	provoked	in	the	

CNS.	Various	toxins	are	being	used	to	induce	focal	demyelination	at	a	desired	location	

like	 lysolecithin	 (lysophosphatidylcholine;	 LPC)	 and	 ethidium	 bromide	 (EB),	 or	

bacterial	 endotoxins,	 6‐aminonicotinamide	 and	 photo	 targeted	 ablation	 of	

oligodendrocytes	 (Kipp	 et	 al.,	 2012).	 Injections	 with	 LPC	 and	 EB	 cause	 acute	

demyelination	 followed	 by	 remyelination.	 The	most	widely	 used	 toxin	 is	 cuprizone	

(biscyclohexanone	 oxaldihydrazone),	 administered	 through	 the	 food	 cuprizone	

selectively	depletes	oligodendrocytes	(Carlton,	1969).	This	depletion	occurs	primarily	

in	the	corpus	callosum	and	is	an	effective	model	to	study	the	effect	of	demyelination	on	

microglia	 with	 minimal	 involvement	 of	 the	 peripheral	 immune	 system.	 While	

infiltration	of	peripheral	immune	cells	has	been	described,	some	studies	indicate	that	

infiltration	 is	minimal	 (McMahon	et	al.,	2002;	Remington	et	al.,	2007;	Mildner	et	al.,	

2007).	 The	major	 hallmarks	 of	 cuprizone	 are	 oligodendrocyte	 death	 and	microglial	

activation.	 Minocycline	 treatment	 in	 cuprizone	 leads	 to	 less	 demyelination	 and	

microglial	activation,	at	the	same	time	remyelination	is	also	reduced	(Fan	et	al.,	2007;	

Pasquini	 et	 al.,	 2007;	 Skripuletz	 et	 al.,	 2010;	 Tanaka	 et	 al.,	 2013).	 Whether	 or	 not	

peripheral	 immune	 infiltrates	 are	 present	 in	 the	 CNS	 is	 crucial	 to	 know	 for	 good	

interpretation	 of	 these	 results	 as	 minocycline	 paralyzes	 microglia	 and	

monocytes/macrophages.	After	5‐6	weeks	of	cuprizone	treatment,	the	corpus	callosum	

and	 hippocampus	 are	 demyelinated,	 this	 process	 is	 named	 “acute	 demyelination”	

(Skripuletz	 et	 al.,	 2011).	 When	 mice	 are	 switched	 to	 a	 normal	 diet,	 complete	

remyelination	 occurs.	 When	 mice	 are	 fed	 cuprizone	 for	 12	 weeks	 or	 longer,	

remyelination	no	 longer	occurs	(Kipp	et	al.,	2009).	The	main	difference	between	the	
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above	 mentioned	 toxins	 lies	 in	 their	 myelin	 breakdown	 dynamics	 and	 degree	 of	

oligodendrocyte	loss	(Blakemore	and	Franklin,	2008).			

			

Experimental	autoimmune	encephalomyelitis	

The	 best	 established	 and	 most	 used	 MS	 model	 is	 experimental	 autoimmune	

encephalomyelitis	(EAE)	which	involves	the	inoculation	of	animals	with	emulsified	CNS	

antigens	 along	 with	 immune	 stimulants	 that	 generate	 pathogenic	 T‐lymphocytes	

directed	at	myelin	(Rivers	et	al.,	1933;	Dendrou	et	al.,	2015).	This	can	be	considered	as	

an	outside‐in	model	of	MS,	as	the	disorder	is	provoked	in	the	periphery.	EAE	mimics	

many	 important	 pathological,	 immunological	 and	 clinical	 features	 of	MS	 (Ransohoff,	

2012;	Russi	and	Brown,	2015).	Different	animal	species	are	susceptible	to	EAE;	among	

them	mice,	rats,	macaques,	marmosets	and	rhesus	monkeys	(Lassmann,	2007).	Myelin	

basic	protein	(MBP)	was	the	first	used	CNS	myelin	antigen,	later	others	were	included	

like	myelin	oligodendroglial	glycoprotein	(MOG)	and	myelin	proteolipid	protein	(PLP).	

While	 initially	 EAE	 was	 developed	 in	 non‐human	 primates	 and	 large	 rodents,	 the	

disease	model	is	nowadays	mostly	applied	in	mice.	Studies	in	mice	can	make	advantage	

of	 available	 genetic	 models	 like	 gene	 knockouts.	 The	 disadvantage	 of	 mouse	 EAE	

experiments	is	that	the	neuropathology	and	behavioral	expression	is	less	complex	than	

in	non‐human	primates	(Ransohoff,	2012).		

The	 BBB	 is	 compromised	 in	 mice	 with	 EAE,	 infiltration	 of	 innate	 and	 adaptive	

immune	cells	and	axonal	and	oligodendrocyte	damage	is	present.	EAE	mice	gradually	

become	 paralyzed,	 starting	 with	 a	 limp	 tail	 and	 progress	 to	 complete	 hind	 limb	

paralysis.	 Most	 studies	 immunize	 C57BL/6	 mice	 with	 (subcutaneous)	 MOG35‐55	

emulsified	in	complete	Freund’s	adjuvant	with	a	Mycobacterium	tuberculosis	extract.	

Mice	are	injected	intraperitoneal	with	pertussis	toxin	on	the	day	of	immunization	and	

the	day	after	(Hooke	laboratories).	This	procedure	and	model	is	very	reproducible	and	

because	 of	 the	 C57BL/6	 background,	 a	 highly	 used	 and	 important	 tool	 for	 studying	

genetic	 changes	 and	 their	 effects	 on	MS.	 The	 C57BL/6	 EAE	mouse	model	 follows	 a	

monophasic	pattern,	mainly	driven	by	CD4+	T‐lymphocytes	(Paterson	et	al.,	1979).	This	

type	of	EAE	is	often	called	“acute	EAE”	due	to	its	rapid	paralysis	or	“chronic	EAE”	as	

mice	become	paralyzed	and	have	incomplete	recovery	(‘t	Hart	et	al.,	2011).	While	the	

MOG	peptide	is	mostly	used	as	the	inducing	antigen,	PLP	in	SJL	mice	leads	to	a	relapsing	

form,	that	resembles	RRMS	more	closely	(Ransohoff,	2012).	In	addition,	the	Biozzi	ABH	

EAE	mouse	model,	induced	with	spinal	cord	homogenates,	is	currently	the	model	most	
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resembling	 MS	 in	 terms	 of	 clinical	 appearance.	 These	 mice	 display	 a	 progressive	

pathology	with	relapses	and	remissions	and	finally	become	chronic	(Baker	et	al.,	1990;	

chapter	5	this	thesis).	Therefore,	they	mimic	the	progression	of	most	MS	patient	starting	

with	RRMS	and	convergence	to	SPMS.	During	relapses	the	myelin	and	axonal	damage	is	

more	evident	than	at	the	acute	phase	(Baker	et	al.,	1990;	Amor	et	al.,	1994).	While	the	

SJL	and	Biozzi	ABH	mice	are	probably	more	clinically	relevant,	transgenic	mouse	lines	

in	these	genetic	backgrounds	are	limited	or	absent.	Many	transgenic	and	knockout	lines	

are	available	in	a	C57BL/6	background,	making	it	more	useful	as	a	model	(Russi	and	

Brown,	2015)	(section	summarized	in	fig.	2).		

Figure	2.	Most	commonly	used	models	for	MS.	These	models	can	be	divided	into	two	groups;	models	where	

the	disorder	is	induced	in	the	periphery	(outside‐in)	and	based	on	an	auto‐immune	reaction	or	models	where	the	

damage	 is	 directly	 elicited	 in	 the	 CNS	 (can	 be	 considered	 inside‐out).	 EAE	 is	 characterized	 by	 extensive	

infiltration	of	peripheral	immune	cells,	wide‐spread	demyelination	and	partial	remyelination.	The	best	examples	

are	MOG‐C57BL/6	mice	(resemble	aggressive	MS;	A‐MS),	PLP‐SJL	(undergo	a	relapsing‐remitting	progression	

like	RRMS)	and	 SCH	 (spinal	 cord	homogenate)‐Biozzi	ABH	mice	 (display	a	 relapsing‐remitting	 followed	 by	

chronic	disease	course	like	RRMS	followed	by	SPMS).	The	inside‐out	groups	contain	models	that	start	in	the	CNS	

and	cause	the	activation	of	microglia,	with	limited	involvement	of	the	peripheral	immune	system.	Demyelination	

is	induced	at	specific	locations	and	complete	remyelination	follows	after	the	toxic	compounds	are	removed.	The	

best	examples	are	the	cuprizone,	lysophosphatidylcholine	(LPC)	and	ethidium	bromide	(EB)	models.	Due	to	their	

demyelination,	limited	involvement	of	the	immune	system	and	possible	chronic	nature	(12	weeks	of	cuprizone)	

they	resemble	more	PPMS	than	other	MS	forms.		
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Another	EAE	model	involves	passive	induction	(adoptive	transfer)	by	T‐lymphocytes	

and	 indicates	 that	 disease	 can	 be	 transferred	 through	 the	 blood	 by	 T‐lymphocytes,	

which	are	crucial	for	the	disorder	(Bernard	et	al.,	1976;	Steinman	and	Zamvil,	2006).	

EAE	differs	from	MS	in	many	aspects;	in	EAE	infiltration	of	CD4+	T‐lymphocytes	is	

followed	by	macrophage	infiltration	and	microglia	activation	(Flugel	et	al.,	2001).	In	MS,	

the	 proposed	 sequence	 is	 different,	 first	 activated	 microglia	 appear.	 Then	 CD8+	 T‐

lymphocytes,	the	main	class	of	T‐lymphocytes	in	MS,	infiltrate	during	a	first	wave.	After	

macrophage	infiltration,	a	second	wave	of	CD8+	T‐lymphocyte	infiltration	occurs	that	

also	includes	CD4+	T‐lymphocytes	and	B‐lymphocytes	(Lassmann	and	Horssen,	2011).	

Also,	at	 later	stages	of	MS,	 inflammation	 levels	decrease	 to	 the	same	 level	as	 in	age‐

matched	 controls	 and	 the	 inflammation	 becomes	 “trapped”	 behind	 a	 closed	 BBB	

(Hochmeister	et	al.,	2006;	Frischer	et	al.,	2009).	These	characteristics	are	not	observed	

in	EAE	models.	While	EAE	is	a	more	complete	model	 than	the	cuprizone	model	as	 it	

includes	demyelination	and	inflammation,	the	lesions	induced	by	cuprizone	resemble	

MS	 lesions	 more	 than	 EAE	 lesions.	 These	 lesions	 undergo	 demyelination	 and	

remyelination,	and	like	in	some	MS	lesions,	even	at	the	same	time	(Ransohoff,	2012).		

	

Microglia	and	myeloid	infiltrates	in	MS	and	mouse	models	

As	 described	 above,	 T‐lymphocytes	 are	 essential	 for	 EAE	 progression	 and	 in	 MS	

pathology.	The	Th1:Th17	ratio	determines	the	exact	pathology	location,	where	more	

Th1	T‐lymphocytes	lead	to	pathology	in	the	spinal	cord,	and	a	stronger	Th17	response	

drives	monocyte	infiltration	in	the	brain	(Stromnes	et	al.,	2008).	This	polarization	of	T‐

lymphocytes	 occurs	 locally	 by	 antigen	 presenting	 cells	 (APC).	 By	 secretion	 of	 IL‐12	

interferon‐γ	Th1	helper	 cells	 arise,	whereas	 IL‐23	 leads	 to	differentiation	 into	 IL‐17	

secreting	Th17	cells.	These	differentiated	T‐lymphocytes	can	be	reactivated	by	APCs	

and	recruit	monocytes	and	naïve	T‐lymphocytes	by	epitope	spreading	(McMahon	et	al.,	

2005).	Current	therapies	lead	to	accumulation	of	T‐lymphocytes	in	the	lymph	nodes	by	

fingolimod	or	periphery	by	natalizumab	treatment	(Kivisäkk	et	al.,	2009;	Chun	et	al.,	

2010;	Mehling	et	al.,	2010).	Therefore,	the	focus	for	therapy	development	has	mostly	

been	on	T‐lymphocytes	 and	not	on	APCs.	These	APCs	 can	be	divided	 into	4	 groups:	

microglia,	macrophages,	dendritic	cells	and	neutrophils	discussed	on	the	next	pages.		
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Microglia	

The	study	of	microglia	in	MS	has,	like	mentioned	earlier,	been	hampered	by	the	lack	of	

markers	that	distinguish	them	from	macrophages	both	under	activated	or	pathological	

conditions.	Thus,	their	role	has	always	been	difficult	to	study.	In	MS	lesions,	activated	

microglia	are	present	(Trebst	et	al.,	2001).	Apart	from	appearing	at	lesions,	they	form	

nodules	 in	 normal	 appearing	 white	 matter	 (NAWM)	 and	 express	 reactive	 oxygen	

species	(ROS)	in	active	lesions,	gray	matter	and	NAWM	(Gray	et	al.,	2008;	Fischer	et	al.,	

2012;	Popescu	and	Lucchinetti,	2012).	The	current	hypothesis	is	that	these	nodules	in	

the	NAWM	are	involved	in	the	formation	of	lesions.	These	so	called	pre‐active	lesions	

do	 not	 contain	 leukocyte	 infiltrates	 or	 display	 demyelination.	 Maybe,	 they	 are	 a	

consequence	to	neighboring	inflammatory	lesions	(van	Horssen	et	al.,	2012;	Singh	et	

al.,	2013).	In	the	EAE	mouse	model,	microglia	depletion	before	disease	onset	results	in	

reduced	disease	severity,	indicating	a	possible	role	in	disease	initiation	(Heppner	et	al.,	

2005).	Although,	these	mice	do	not	display	disease	symptoms	and	have	no	microglia	

nodules	like	in	NAWM.	In	addition,	Goldmann	et	al.,	2013	showed	that	specific	deletion	

of	 TGF‐β‐activated	 kinase	 1	 (TAK1)	 led	 to	 reduced	 pro‐inflammatory	 activity	 and	

reduced	 EAE.	 Signal	 transducer	 TAK1	 is	 involved	 in	 the	 pro‐inflammatory	 pathway	

through	NF‐kβ,	and	TAK1	deletion	results	 in	 the	prevention	of	CCL2	expression	and	

microglia	might	therefore	be	unable	to	attract	inflammatory	monocytes	(Goldmann	et	

al.,	2013).	While	these	results	indicate	a	pathogenic	role	in	EAE,	the	cuprizone	mouse	

model	has	yielded	opposing	results.	A	microglia	phenotype	supportive	of	remyelination	

was	observed	 that	 also	 expressed	many	genes	 involved	 in	phagocytosis	 (Olah	 et	 al.,	

2012).	In	addition,	microglia	that	lack	CX3CR1	have	reduced	phagocytic	capacity	and	in	

CX3CR1‐deficient	 mice	 less	 remyelination	 occurred	 when	 the	 cuprizone	 diet	 was	

stopped	 (Lampron	 et	 al.,	 2015).	 Cultured	 microglia	 can	 promote	 survival	 and	

differentiation	 of	 oligodendrocytes	 precursors	 and	 provide	 iron	 for	 the	myelination	

process	 (Frost	 and	 Schafer,	 2016).	 Aside	 from	 being	 involved	 in	 remyelination,	

microglia	can	produce	neurotrophic	factors	like	BDNF	(Gold	et	al.,	2006).	Therefore,	the	

role	of	microglia	 in	MS	is	rather	complex	and	might	 in	 fact	be	pathogenic	and	tissue	

regenerative	at	the	same	time.		

	

Macrophages		

While	demyelinating	and	neurodegenerative	 lesions	contain	activated	microglia,	 it	 is	

doubtful	 whether	 they	 are	 actually	 demyelinating	 (Mahad	 and	 Lassmann,	 2015).	
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Demyelinating	 lesions	 always	 contain	 macrophages	 and	 in	 EAE	 the	 number	 of	

macrophages	always	correlates	with	disease	severity	(Gold	et	al.,	2006;	Ramaglia	et	al.,	

2012).	 The	 phenotype	 of	 macrophages	 is	 highly	 regulated	 by	 lipid	 uptake	 and	

inflammatory	macrophages	have	a	short	life	span	(Ley	et	al.,	2011).	Macrophages	are	

derived	from	monocytes,	mononuclear	cells	in	the	blood.	They	express	CD11b,	CD14,	

CD16	 and	 CD11c	 in	 humans	 and	 CD11b	 and	 F4/80	 in	 mice.	 In	 mice	 they	 can	 be	

subdivided	 into	 two	 subtypes	 based	 on	 CCR2	 and	 CX3CR1	 expression.	 The	

inflammatory	 monocytes	 (CCR2+CX3CR1lowLy‐6Chigh),	 that	 are	 recruited	 to	 sites	 of	

inflammation,	and	resident	monocytes	(CCR2‐CX3CR1highLy‐6Clow)	that	patrol	the	blood	

vessels	 (Geissmann	et	 al.,	 2003;	2010).	These	 inflammatory	Ly‐6Chigh	monocytes	 are	

important	 for	 the	 progression	 of	 auto‐immune	 diseases	 and	 EAE	 (King	 et	 al.,	 2009;	

Mildner	et	al.,	2009).	Blockage	of	CCR2,	 important	 for	crossing	 the	BBB,	 impairs	 the	

entry	of	monocytes	into	the	CNS	indicating	that	CCR2	and	monocytes	are	required	for	

disease	development	(Mildner	et	al.,	2009;	Ajami	et	al.,	2011).	

		

Dendritic	cells	

After	 monocytes	 infiltrate	 into	 the	 CNS	 they	 can	 differentiate	 into	macrophages	 or	

dendritic	cells	by	upregulating	MHCII	and	CD11c	(Fife	et	al.,	2000;	Gaupp	et	al.,	2003).	

Dendritic	cells	(DCs)	can	also	directly	migrate	across	the	BBB	and	further	differentiate	

in	the	CNS.	They	are	actively	 involved	 in	antigen	presentation	and	polarization	of	T‐

lymphocytes,	and	in	MS	patients	activated	DCs	have	been	found	(Serafini	et	al.,	2006;	

Grigoriadis	and	van	Pesch.,	2015).	DCs	take	up	and	process	antigens	and	present	them	

through	MCHII	(Galea	et	al.,	2007).	In	EAE,	CD11b+	DCs	are	important	for	progression	

and	optimal	priming	of	T‐lymphocytes	(Greter	et	al.,	2005;	Bailey	et	al.,	2007).		

	

Neutrophils	

Recently,	interest	in	the	role	of	neutrophils	in	EAE	and	MS	has	grown.	Neutrophils	are	

short‐lived	polymorphonuclear	leukocytes	that	are	considered	the	first	line	of	defense.	

They	 can	 be	 rapidly	 mobilized	 from	 the	 bone‐marrow	 in	 response	 to	 CXC	 family	

chemokine	 signals,	 express	 CD11b	 and	 Ly‐6G,	 and	 get	 activated	 by	 cytokines.	 By	

themselves	 they	 also	 produce	 cytokines,	 chemokines	 and	 enzymes	 (Ransohoff	 and	

Brown,	2012).	In	MS	lesions	from	post‐mortem	patient	material	neutrophils	are	usually	

not	found,	also	their	numbers	are	not	increased	in	the	blood	or	CSF	from	MS	patients	

(Holman	 et	 al.,	 2011).	 But,	 it	 is	 postulated	 that	 neutrophils	 are	 important	 for	 the	
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formation	of	B‐lymphocyte	follicle	structures	in	the	meninges	observed	in	MS	patients	

(Ransohoff	 and	 Brown,	 2012).	 Neutrophils	 can	 promote	 B‐lymphocyte	 proliferation	

and	 survival	 and	 can	 secrete	 TNF‐α	 to	 promote	 inflammation	 (Maatta	 et	 al.,	 1998;	

Mantovani	et	al.,	2011).	In	animal	models,	neutrophils	are	the	first	cells	that	infiltrate	

during	 inflammation	 and	 depletion	 of	 neutrophils	 in	 EAE	 reduces	 disease	 severity	

(McColl	et	al.,	1998).	This	indicates	that	neutrophils	are	crucial	cells	for	inflammation	

and	probably	examined	insufficiently	in	MS	and	EAE.		

	

Aim	of	this	thesis	
	

This	 thesis	 is	 focused	on	 the	role	of	 the	 immune	system,	 in	particular	microglia	and	

peripheral	myeloid	 infiltrates,	during	MS.	 In	the	 last	decade	 it	has	become	clear	that	

microglia	play	a	much	larger	role	in	CNS	maintenance	than	anticipated.	Microglia	are	

increasingly	 implicated	 in	 a	 range	 of	 neurodegenerative	 conditions	 or	 neurological	

disorders.	As	described	before,	microglia	might	be	crucial	cells	for	the	progression	of	

MS,	especially	at	the	later	stages,	like	SPMS.	But,	the	study	of	these	cells	has	always	been	

troubled	 by	 the	 inability	 to	 distinguish	 them	 from	 infiltrating	 macrophages	 under	

pathological	conditions.	Our	group	has	previously	shown	in	the	cuprizone	mouse	model	

that	microglia	might	be	remyelination	supportive	(Olah	et	al.,	2012).	But	this	model	has	

minimal	 involvement	 of	 the	 peripheral	 immune	 system.	 While	 microglia	 might	 be	

remyelination‐supportive	in	the	cuprizone	mouse,	it	is	very	difficult	to	relate	it	to	MS,	

as	 immune	 infiltrates	probably	 influence	 the	phenotype	of	microglia.	To	study	these	

cells	in‐depth,	the	EAE	mouse	model	was	used,	as	it	mimics	important	aspects	of	MS	

and	with	the	current	cell	type	distinction	techniques	would	provide	us	the	necessary	

tools	to	answer	various	questions.		

Three	 main	 questions	 were	 addressed:	 1)	 Are	 microglia	 strictly	 pro‐

inflammatory	during	EAE,	as	has	previously	been	shown	and	proposed?	2)	If	not,	what	

role	or	function	might	they	perform	during	EAE?	3)	Which	of	the	myeloid	infiltrates	is	

the	most	 crucial	 cell	 type	 for	EAE	demyelination?	These	questions	 are	 addressed	 in	

chapters	2‐7	of	this	thesis.	In	 chapter	 2,	 a	 new	 fluorescence	 activated	 cell	 sorting	

(FACS)	protocol	was	used	 that	 incorporated	CD11b,	CD45	and	Ly‐6C	 to	 isolate	pure	

populations	of	microglia	and	macrophages	in	the	“acute”	or	“chronic”	MS	model,	MOG‐

C57BL/6.	 In	 chapter	3,	 this	 approach	was	 used	 to	 isolate	 and	 study	microglia	 and	
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myeloid	infiltrates	in	a	model	for	epilepsy.	The	origin	of	this	disease	is	within	the	CNS	

and	associated	with	limited	immune	cell	 infiltration.	This	allowed	us	to	compare	the	

microgia	 phenotypes	 in	 neurodegenerative	 conditions	 with	 high	 (EAE)	 or	 low	

infiltration	 (epilepsy)	 rates	 of	 peripheral	 immune	 cells.	 Chapter	 4	 includes	 an	

optimized	protocol	 to	 isolate	microglia	and	myeloid	 infiltrates	 from	mice,	macaques	

and	humans.	A	protocol	 that	 is	 optimized	 for	mouse,	 based	on	what	 is	described	 in	

chapter	 1,	 and	 integrates	 the	 current	 developments	 in	 macaque	 and	 human	 CNS	

myeloid	 cell	 isolations.	 In	 chapter	 5	 the	 EAE	 Biozzi	 ABH	 mouse	 model	 that	 best	

resembles	MS	was	used.	 In	 this	chapter	we	aimed	to	 identify	what	changes	occur	 in	

microglia,	not	just	at	the	acute	phase,	but	also	during	remission	and	the	chronic	stage.	

This	chronic	phase	can	be	linked	to	SPMS,	a	phase	where	there	is	minimal	infiltration	

of	 peripheral	 immune	 cells.	 It	 is	 important	 to	 study	 whether	 changes	 in	 microglia	

remain	after	the	infiltrates	have	disappeared,	but	disease	progression	continues.	Based	

on	the	results	from	this	chapter	we	postulated	that	microglia	phagocytose	infiltrating	

immune	 cells.	Chapter	6	 includes	 a	 transplantation	 experiment	 to	 identify	whether	

infiltrated	immune	cells	in	EAE	that	have	a	fluorescent	label,	DsRed,	are	phagocytosed	

by	 microglia.	 The	 MOG‐C57BL/6	 mouse	 model	 was	 used	 in	 these	 transplantation	

experiments.	 In	 chapter	 7,	 the	 role	 of	 myeloid	 infiltrates,	 not	 only	 focusing	 on	

macrophages	but	also	neutrophils,	during	the	acute	EAE	phase	was	studied	in‐depth.	

To	clarify	their	roles	in	acute	EAE	and	to	pinpoint	the	main	pro‐inflammatory	subset	of	

myeloid	 infiltrates.	 Finally,	 in	 chapter	 8,	 this	 thesis	 is	 summarized	 and	 discussed,	

focusing	on	the	role	of	EAE	in	MS	and	future	perspectives	on	how	we	can	better	study	

microglia	to	identify	their	function	in	MS.		
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In	 acute	 experimental	 autoimmune	 encephalomyelitis,	

invading	 macrophages	 are	 immune	 activated	 whereas	
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Highlights:	

 Microglia	remain	Ly‐6Cneg	and	are	only	weakly	immune	activated.	

 Macrophages	express	MHCII,	co‐stimulatory	molecules	and	are	pro‐inflammatory.	

 Macrophages	 can	 be	 divided	 into	 two	 fractions	 (Ly‐6Cint/Ly‐6Chigh)	 and	 take	 up	

myelin.	
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Abstract	
	

Multiple	 Sclerosis	 (MS)	 is	 an	 autoimmune	 demyelinating	 disorder	 of	 the	 central	

nervous	system	(CNS)	characterized	by	loss	of	myelin	accompanied	by	infiltration	of	T‐

lymphocytes	 and	 monocytes.	 Whereas	 it	 has	 been	 shown	 that	 these	 infiltrates	 are	

important	for	the	progression	of	MS,	the	role	of	microglia,	the	resident	macrophages	of	

the	CNS,	remains	ambiguous.	Therefore,	we	have	compared	the	phenotypes	of	microglia	

and	 macrophages	 in	 a	 mouse	 model	 for	 MS,	 experimental	 autoimmune	

encephalomyelitis	 (EAE).	 In	 order	 to	 properly	 discriminate	 between	 these	 two	 cell	

types,	microglia	were	defined	as	CD11bpos	CD45int	Ly‐6Cneg,	and	infiltrated	macrophages	

as	 CD11bpos	 CD45high	 Ly‐6Cpos.	 During	 clinical	 EAE,	 microglia	 displayed	 a	 weakly	

immune‐activated	 phenotype,	 based	 on	 the	 expression	 of	 MHCII,	 co‐stimulatory	

molecules	(CD80,	CD86	and	CD40)	and	pro‐inflammatory	genes	(IL‐1β	and	TNF‐α).	In	

contrast,	CD11bpos	CD45high	Ly‐6Cpos	 infiltrated	macrophages	were	strongly	activated	

and	could	be	divided	into	two	populations	Ly‐6Cint	and	Ly‐6Chigh,	respectively.	Ly‐6Chigh	

macrophages	contained	less	myelin	than	Ly‐6Cint	macrophages	and	expression	levels	of	

the	pro‐inflammatory	cytokines	IL‐1β	and	TNF‐α	were	higher	in	Ly‐6Cint	macrophages.	

Together,	our	data	show	that	during	clinical	EAE,	microglia	are	only	weakly	activated	

whereas	infiltrated	macrophages	are	highly	immune	reactive.	
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Introduction	
	

Multiple	sclerosis	(MS)	is	an	inflammatory	disease	of	the	central	nervous	system	(CNS)	

characterized	 by	 demyelination	 and	 axonal	 damage	 (Lassmann	 et	 al.,	 2007).	

Throughout	the	relapsing/remitting	(RR)	MS	phase,	patients	develop	inflammatory	and	

demyelinated	 lesions	 in	the	white	and	grey	matter	(Lassmann	et	al.,	2007).	The	first	

white	 matter	 MS	 lesions	 appear	 around	 small	 veins	 and	 consist	 of	 inflammatory	

infiltrates	mainly	composed	of	T‐lymphocytes	and	infiltrating	macrophages	(Lassmann	

and	 van	 Horssen,	 2011).	 This	 has	 led	 to	 the	 hypothesis	 that	 myelin‐specific	 auto‐

reactive	T‐lymphocytes,	triggered	by	unknown	factors	in	the	periphery,	migrate	to	the	

CNS	and	induce	demyelination	resulting	in	neurological	damage.	The	interplay	between	

the	 innate	 immune	 system	 and	 T‐lymphocytes	 at	 target	 locations	 is	 essential,	 as	

infiltrating	T‐lymphocytes	require	antigen	presentation	 in	order	to	be	re‐stimulated;	

thereby	 the	 innate	 immune	 system	controls	 the	 effector	 functions	of	T‐lymphocytes	

(Becher	et	al.,	2006;	Ghandi	et	al.,	2010;	Weiner	2008).	The	local	innate	immune	cells	

of	the	CNS	are	the	microglia,	specialized	tissue	macrophages	that	monitor	the	neuronal	

environment	for	changes	and	tissue	injury	(Kreutzberg,	1996;	Nimmerjahn	et	al.,	2005).	

Chronic	inflammation	of	the	CNS	or	neurodegenerative	conditions	have	been	shown	to	

result	in	microglia	activation,	which	is	associated	with	progressive	neurodegeneration	

(Cunningham,	2013).	

The	distinction	between	microglia	and	infiltrating	macrophages	in	MS	and	its	best‐

established	 animal	 model,	 experimental	 autoimmune	 encephalomyelitis	 (EAE),	 has	

proven	difficult	(Gold	et	al.,	2006).	Microglia/macrophage	activation	has	been	shown	to	

lead	 to	 the	 secretion	 of	 pro‐inflammatory	 cytokines	 and	 antigen	 presentation,	

contributing	 to	EAE‐	 and	MS	pathology	 (Benveniste,	 1997a),	 especially	 in	 the	white	

matter	 where	 profound	 microglial	 activation	 has	 been	 observed	 (Kutzelnigg	 et	 al.,	

2005).	Most	likely,	infiltrating	macrophages	have	often	been	labeled	as	microglia	due	

to	the	lack	of	specific	markers	that	distinguish	the	two	cell	types	(Biber	et	al.,	2014).	

This	 has	 led	 to	 the	 notion	 that	 microglia	 are	 harmful	 cells	 that	 contribute	 to	

demyelination	and	neurodegeneration	during	MS.	

The	 infiltration	 of	 monocytes	 and	 the	 progression	 of	 EAE	 to	 its	 paralytic	 stage	

seemed	 to	 correlate.	 Specific	 macrophage	 depletion	 from	 both	 spleen	 and	 liver	

suppressed	the	clinical	signs	of	EAE	and	reduced	infiltration	of	macrophages	in	the	CNS	

(Huitinga	 et	 al.,	 1990;	 Bauer	 et	 al.,	 1995).	 Progression	of	 EAE	 can	 be	 blocked	when	
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chemokine	 CCR2pos‐dependent	 recruitment	 of	macrophages	 to	 the	 CNS	 is	 inhibited,	

indicating	their	pivotal	role	in	EAE	(Ajami	et	al.,	2011).	Moreover,	it	has	been	shown	

that	 microRNA‐124	 is	 able	 to	 suppress	 EAE	 by	 inhibiting	 macrophage	 activity	

(Ponomarev	et	al.,	2011).	In	summary,	inflammatory	CCR2posLy‐6Chigh	monocytes	seem	

to	be	the	driving	force	behind	the	progression	of	MS	pathology	(Mildner	et	al.,	2009).	

Recently,	a	more	supportive	role	for	microglia	during	MS	has	been	reported,	rather	

than	a	contribution	to	tissue	injury.	In	the	cuprizone	mouse	model	for	demyelination,	a	

remyelination‐supportive	microglia	phenotype	was	observed	already	at	 the	onset	of	

demyelination	 and	 persisted	 during	 remyelination	 (Olah	 et	 al.,	 2012).	 Interestingly,	

these	microglia	displayed	increased	MHCII	expression,	but	no	change	in	expression	of	

co‐stimulatory	molecules	was	observed.	Furthermore,	distinct	growth	factors	known	

to	promote	remyelination,	including	IFG‐1	and	FGF‐2,	were	up‐regulated	in	microglia	

during	demyelination	 (Voss	et	al.,	 2012).	These	data	 strongly	 suggest	 that	microglia	

activity	in	demyelinating	diseases	differs	from	macrophage	activity	and	rather	serves	

tissue	repair	and	remyelination.	

In	 this	 study,	 a	 FACS‐based	 protocol	 was	 used	 to	 distinguish	 macrophages	 and	

microglia,	allowing	us	to	address	their	respective	inflammatory	profiles	in	acute	EAE	in	

mice.	

	

Materials	and	Methods	
	

EAE	induction	and	progression	

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

housed	in	standard	makrolon	cages	in	a	quiet	environment	with	ad	libitum	access	to	

water	and	food.	To	induce	EAE,	mice	(10	weeks	old)	were	subcutaneously	injected	at	

the	 lower	 and	 upper	 back	 with	 a	 total	 of	 200	 µg	 MOG35‐55	 emulsified	 in	 complete	

Freund’s	adjuvant	(Hooke	Laboratories,	USA,)	followed	by	an	intraperitoneal	injection	

of	375	ng	of	pertussis	toxin,	which	was	repeated	after	24	h.	Mice	were	monitored	daily	

for	weight	and	EAE	score,	using	the	following	scoring	scale:	0)	no	obvious	changes,	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	 and	 5)	 moribund.	 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:	6278B).	
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Bone‐marrow	chimeras	(CD45.1	and	CD45.2)	

For	the	generation	of	chimeric	CD45.1	or	CD45.2	mice,	9‐15	weeks	old	female	congenic	

CD45.1	 C57BL/6	 and	CD45.2	 C57BL/6	mice	 (n=10)	were	 sublethally	 irradiated	 and	

reconstituted	with	bone	marrow	 isolated	 from	congenic	CD45.2	C57BL/6	or	CD45.1	

C57BL/6	mice,	 respectively.	 The	 percentage	 of	 chimerism	was	 determined	 6	weeks	

after	transplantation	by	flow	cytometry	analysis	of	lymphocytes.	Seven	weeks	after	BM	

transplantation,	EAE	was	induced	in	these	mice	(16‐22	weeks	old)	as	described	above	

following	the	guidelines	of	the	Animal	Welfare	Committee	of	the	University	of	Freiburg,	

Germany.	

	

Acute	isolation	of	microglia		

Mice	were	perfused	with	0.9%	saline	under	isoflurane	anesthesia	and	the	spinal	cords	

were	isolated	and	collected	in	ice‐cold	HBSS	(PAA)	supplemented	with	15	mM	HEPES	

(PAA)	and	0.6%	glucose	(Sigma‐Aldrich).	Subsequently,	spinal	cords	were	minced	and	

mechanically	dissociated	using	a	tissue	homogenizer	followed	by	a	filtering	step	using	

a	70	µm	cell	strainer	(BD	FALCON)	to	achieve	a	single	cell	suspension	(de	Haas	et	al,	

2008).	All	steps	were	performed	at	4	oC.	Cells	were	pelleted	by	centrifugation	at	220	rcf	

for	 10	 min	 (acc:	 9,	 brake:	 9,	 4	 oC).	 The	 supernatant	 was	 removed	 and	 the	 pellet	

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,	 11	mM	glucose,	 pH	 7.4).	 On	 top	 of	 this	mix	 a	 layer	 of	 PBS	was	 added	 and	 this	

gradient	was	centrifuged	at	950	rcf	for	20	min	(acc:	4,	brake:	0,	4	oC).	Thereafter,	the	

myelin	 layer	 and	 the	 remaining	 supernatant	were	 carefully	 removed	 and	 the	 pellet	

resuspended	 in	HBSS	without	Phenol	Red	 (PAA)	 supplemented	with	 15	mM	HEPES	

(PAA)	and	0.6%	glucose	(Sigma‐Aldrich)	(isolation	medium	without	Phenol	Red).	

	

Cell	sorting	and	flow	cytometry	analysis	

Fc	receptors	were	blocked	with	anti‐mouse	CD16/CD32	(eBioscience)	for	10	min	on	

ice.	For	sorting,	cells	were	incubated	for	30	min	on	ice	with	CD11b	Brilliant	Violet	421	

(BioLegend),	CD45	(FITC	or	PE/Cy7,	eBioscience),	CD45.1	APC	(eBioscience),	CD45.2	

FITC	(Biosciences)	and	Ly‐6C	(APC	or	PE,	Biolegend)	and	subsequently	washed	with	

isolation	medium	without	Phenol	Red.	The	cells	were	passed	through	a	35	μm	nylon	

mesh	 (BD	 Biosciences))	 and	 collected	 in	 round	 bottom	 tubes	 and	 sorted	 using	 a	

Beckman	Coulter	MoFloAstriosTM	cell	sorter	or	BD	Biosciences	FACSAria	III	cell	sorter.	
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Propidium	Iodide	(PI;	0.5	µM)	was	used	to	gate	for	viable	cells.	Microglia	were	defined	

as	CD11bpos	CD45int	Ly‐6Cneg	and	macrophages	as	CD11bpos	CD45high	Ly‐6Cpos.	For	flow	

cytometry	 analysis,	 cells	 were	 additionally	 labeled	 with	 MHCII	 PerCP	 (or	 isotype,	

BioLegend),	 CD40	 PE/Cy7	 (or	 isotype,	 BioLegend)	 and	 CD80	 PE	 (or	 isotype,	

eBioscience).	Multicolor	FACS	analysis	was	performed	using	a	BD	LSRII	Flow	Cytometer	

and	analysed	with	Tree	Star	FlowJo	software.	

	

Quantitative	Real‐time	PCR		

RNA	 was	 extracted	 from	 acutely	 isolated	 microglia	 and	 macrophages	 using	 the	

RNeasyMicro	 kit	 (Qiagen)	 according	 to	 the	 manufacturer’s	 protocol.	 Total	 RNA	

concentrations	were	measured	using	a	Nanodrop	(ND1000)	and	reverse	transcription	

was	 performed	 with	 a	 reaction	 mixture	 containing	 RevertAidTM	 M‐MuLV	 Reverse	

Transcriptase,	 RibolockTMRNase	 Inhibitor,	 M‐MLV	 buffer	 (all	 from	 Fermentas).	 The	

quantitative	 PCR	 reaction	 contained	 iQTM	 SYBR	 Green	 Supermix	 (Bio‐Rad)	 and	was	

performed	 in	 384	 well	 plates	 (Applied	 Biosystems)	 using	 an	 ABI7900HT	 machine	

(Applied	 Biosystems).	 The	 primers	 were	 all	 designed	 with	 Primer	 designer	 v3.0,	

PrimerExpress	 software	 or	 NCBI	 Primer‐Blast	 and	 ordered	 from	 Biolegio	 (The	

Netherlands).	See	Supplemental	Table	I	for	primer	information.	

	

Immunohistochemistry	

Mice	were	perfused	with	saline	 followed	by	4%	paraformaldehyde	(PFA),	 the	spinal	

cord	was	extracted	and	post‐fixed	with	fresh	4%	PFA.	Tissues	were	transferred	to	30%	

sucrose	solution	for	2	days	and	subsequently	embedded	in	Tissue	Tek	optimal	cutting	

temperature	(OCT,	Sakura)	and	50	µm	sagittal	sections	were	cut	with	a	cryostat	(Jung	

CM3000,	Leica	Biosystems).	Sections	were	washed	in	PBS,	blocked	in	PBS	containing	

5%	normal	goat	serum	(NGS)	and	0.1%	Triton	X‐100	(45	min)	and	incubated	overnight	

at	4	oC	with	the	following	antibody	combinations:	rabbit	anti‐IBA1	(Wako,	1:1000)	and	

goat	anti‐IL‐1β	(R&D	Systems,	1:40),	rabbit	anti‐IBA1	and	rat	anti‐MHCII	(eBioscience,	

1:400).	The	next	day,	sections	were	incubated	3	hr	with	secondary	antibodies	(donkey	

anti‐rabbit	Alexa	594,	donkey	anti‐goat	Alexa	488,	goat	anti‐rat	Alexa	488;	Invitrogen,	

all	1:500).	Double	staining	for	 IL‐1β	and	MBP	was	performed	by	incubating	sections	

overnight	with	goat	anti‐IL‐1β	followed	by	donkey	anti‐goat	Alexa	488	for	3	h.	Next,	

sections	 were	 blocked	 with	 5%	 NGS,	 incubated	 overnight	 with	 rat	 anti‐MBP	 (AbD	

Serotec,	1:200)	and	incubated	with	goat	anti‐rat	594	(Invitrogen,	1:500).	Sections	were	
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mounted	in	Mowiol.	Image	acquisition	was	performed	using	a	Leica	SP2	AOBS	confocal	

microscope.	

	

Oil‐Red‐O	staining	

Microglia	 and	 infiltrated	 macrophages	 were	 FACS	 sorted	 in	 ice‐cold	 HBSS	 without	

Phenol	Red	(HBSS,	PAA)	supplemented	with	15	mM	HEPES	(PAA)	and	0.6%	glucose	

(Sigma‐Aldrich)	 in	 siliconized	 eppendorf	 tubes.	 Subsequently,	 the	 cells	 were	

transferred	to	coverslips	at	37	oC	and	after	2	h	the	attached	cells	were	fixed	with	4%	

PFA.	 The	 cells	 were	 washed	 and	 dehydrated	 before	 staining	 with	 Oil‐Red‐O	 (ORO;	

Sigma‐Aldrich	diluted	3:2	with	H2O,	followed	by	filtering	through	a	WhatmanTM	Paper	

(GE	Healthcare)).	The	coverslips	were	stained	with	ORO	solution	for	15	min	at	room	

temperature,	 washed	 with	 H2O	 and	 mounted	 with	 glycerin	 jelly	 (BDH	 Laboratory	

Supplies)	for	imaging.	

	

Western	blotting	

FACS	sorted	microglia	and	infiltrated	macrophages	were	collected	in	ice‐cold	HBSS	as	

described	before	and	centrifuged	at	400	rcf,	10	min,	4	oC.	The	cell	pellets	were	lysed	by	

adding	non‐denaturing	cell	lysis	buffer	(Cell	Signaling	Technology).	After	sonication	(1	

x	5	sec,	80W),	lysates	were	resolved	on	12.5%	SDS‐PAGE	gels,	and	western	analyzed	

using	 primary	 rabbit	 anti‐IBA	 (1:1000,	 Wako)	 and	 mouse	 anti‐β‐actin	 (1:10000,	

Abcam).	 Blots	 were	 incubated	 with	 the	 appropriate	 HRP	 conjugated	 secondary	

antibodies	 (Pierce),	 and	 the	 signal	 was	 detected	 using	 the	 enhanced	

chemiluminescence	(ECL)	detection	system	followed	by	exposure	to	X‐ray	film	(Kodak).	

	

Statistical	analysis	

Data	are	represented	as	means	with	standard	deviations	(SD).	Statistical	comparison	

between	groups	was	performed	using	a	one‐way	analysis	of	variance	(ANOVA)	with	a	

Bonferroni	post‐hoc	test	and	p	values	 less	than	0.05	were	considered	significant.	An	

unpaired	Student’s	t‐test	was	used	to	compare	between	cell	types	within	one	score.	All	

statistical	analyses	were	performed	with	Prism	5	(Graphpad).	
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Figure	1.	Isolation	of	microglia	and	infiltrated	macrophages	from	chimeric	CD45.1/2	mice	at	EAE	score	

4	using	CD11b,	CD45	and	Ly‐6C.	A)	FACS	plots	of	a	representative	spinal	cord	of	a	CD45.2	mouse	(acceptor)	

transplanted	with	congenic	CD45.1	bone	marrow	(donor)	at	EAE	score	4	of	a	total	of	10	chimeric	mice.	B)	Cells	

in	the	CD45.1	donor	gate	were	plotted	for	CD11b	and	CD45;	the	CD45high,	CD11bpos	gate	was	plotted	for	SSC	and	

Ly‐6C.	C)	Cells	in	the	CD45.1	acceptor	gate	were	plotted	for	CD11b	and	CD45;	the	CD45int,	CD11bpos	gate	was	

plotted	for	SSC	and	Ly‐6C.	D)	An	overlay	of	donor	and	acceptor	cells	plotted	for	CD11b	and	CD45.	E)	Cells	in	the	

CD45.1	donor	gate	were	plotted	for	SSC	and	Ly‐6C;	the	Ly‐6Clow	and	Ly‐6Cpos	gates	were	plotted	for	CD11b	and	

CD45.	F)	Cells	in	the	CD45.1	acceptor	gate	were	plotted	for	SSC	and	Ly‐6C;	the	Ly‐6Cneg	and	Ly‐6Clow	gates	were	

plotted	for	CD11b	and	CD45.	

	

Results	
	

Microglia	and	infiltrated	macrophages	were	distinguished	by	differential	CD11b,	

CD45	and	Ly‐6C	expression	

To	study	the	role	of	microglia	and	infiltrating	macrophages	during	the	progression	of	

acute	EAE,	a	FACS	protocol	to	obtain	pure	microglia	and	macrophage	populations	was	

developed.	 To	 discriminate	 between	 infiltrated	 bone	marrow‐derived	 cells	 and	 CNS	

resident	microglia,	female	C57BL/6	CD45.1	or	CD45.2	mice	were	sublethally	irradiated	

and	transplanted	with	congenic	CD45.2	or	CD45.1	bone	marrow,	respectively	(fig.	1A).	

During	acute	EAE	in	these	chimeric	mice,	pure	microglia	and	macrophage	populations	

could	be	identified,	and	representative	FACS	plots	of	a	mouse	with	an	EAE	score	4	are	

depicted.	 Microglia	 originated	 from	 the	 recipient	 CNS	 (fig.	 1C)	 and	 were	 CD11bpos	

CD45int	 Ly‐6Cneg	 (fig.	 1F)	 and	 infiltrated	 macrophages	 were	 donor	 bone	 marrow‐

derived	(fig.	1B)	and	CD11bpos	CD45high	Ly‐6Cpos	(fig.	1,	E).	In	the	macrophage	gate,	Ly‐

6Cint	(75%)	and	Ly‐6Chigh	(20%)	subpopulations	were	observed	(fig.	1B).	These	studies	

furthermore	showed	that	the	infiltrated	T‐cells	were	mainly	donor‐derived	(fig.	1E,	F).	

In	summary,	highly	pure	microglia	and	macrophage	populations	could	be	FACS	sorted	

based	 on	differences	 in	CD45,	 CD11b	 and	Ly‐6C	 expression	 (see	 overlay	 in	 fig.	 1D).	

Based	on	these	observations,	all	subsequent	EAE	experiments	were	performed	using	

10	weeks	old	female	C57BL/6	mice.	

	

EAE	 progression	 was	 accompanied	 by	 infiltration	 of	 macrophages	 and	

proliferation	of	microglia	

To	determine	the	role	of	microglia	and	infiltrated	macrophages	during	acute	EAE,	spinal	

cords	were	collected	from	non‐immunized	control	and	mice	with	EAE	score	1	and	4	for		
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Figure	2.	Increased	macrophage	and	microglia	numbers	during	

EAE.	A)	Microglia	and	macrophages	were	sorted	as	CD11bpos,	CD45int,	

Ly‐6Cneg	and	CD11bpos,	CD45high,	Ly‐6Cpos,	respectively.	Control	spinal	

cords	 contained	 distinct	 microglia	 and	 macrophage	 populations.	

During	 EAE	 progression,	 Ly‐6C	 was	 used	 to	 distinguish	 between	

microglia	and	macrophages	at	B)	score	1	and	C)	score	4.	FACS	plots	

of	a	representative	mouse	are	depicted	of	a	total	of	15	(controls)	to	

20	 (EAE)	 mice.	 D)	 The	 number	 of	 microglia	 and	 infiltrated	

macrophages	are	depicted,	controls	n=15,	EAE	n=20	(10	score	1,	10	

score	4),	**	p≤0.01,	***	p≤0.001.	
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immunohistochemistry	and	cell	sorting.	For	cell	sorting,	in	addition	to	CD45	and	CD11b,	

Ly‐6C	was	used	to	isolate	pure	microglia	and	macrophage	populations.	Microglia	were	

identified	as	CD11bpos	CD45int	Ly‐6Cneg	and	macrophages	as	CD11bpos	CD45high	Ly‐6Cpos	

(fig.	2A‐C).	Compared	to	control	mice,	where	30,000	microglia	and	6,000	macrophages	

were	isolated	(fig.	2D),	the	number	of	microglia	and	infiltrated	macrophages	increased	

during	 EAE	 from	 60,000	 and	 76,000	 at	 score	 1	 to	 120,000	 and	 230,000	 at	 score	 4,	

respectively	(p≤0.001)	(fig.	2D).	Interestingly,	infiltrated	Ly‐6C	positive	macrophages	

could	be	separated	into	Ly‐6Cint	and	Ly‐6Chigh	subpopulations	(fig.	1B;	2B	and	C;	3A‐C).	

Of	 the	 two	 populations,	 Ly‐6Cint	 macrophages	 have	 a	 higher	 sideward	 scatter	

(granularity)	compared	to	Ly‐6Chigh	macrophages	(fig.	3C).	 In	contrast	to	Ccr2	mRNA	

negative	 microglia,	 macrophages	 express	 high	 levels	 of	 Ccr2	 mRNA	 and	 most	

abundantly	in	the	Ly‐6Chigh	subpopulation	(fig.	3D).	

	

Infiltrated	macrophages	 were	 highly	 immune	 activated	 and	 microglia	 largely	

remained	immune	suppressed	

To	elucidate	 if	microglia	contribute	to	 inflammation	and	demyelination	during	acute	

EAE,	 gene	 expression	 levels	 of	 several	 key	 inflammatory	 and	 immune	 regulatory	

marker	 genes	 were	 determined	 in	 pure	 microglia	 and	 the	 Ly‐6Cpos	 macrophage	

population.	Quantitative	RT‐PCR	and	flow	cytometry	showed	that	MHCII	components	

Cd74	 and	 H2Aa	 were	 only	 moderately	 up‐regulated	 in	 microglia	 during	 EAE	

progression	(fig.	4A,	B	and	D).	In	contrast,	a	significant	increase	in	Cd74	and	H2Aa	was	

observed	in	infiltrated	macrophages	(fig.	4A,	C	and	D).	In	microglia,	the	expression	of	

co‐stimulatory	molecules	Cd80	 and	 Cd86	 was	 significantly	 down‐regulated	whereas	

Cd40	expression	was	unchanged	during	EAE	(fig.	4A,	B	and	D)	while	the	expression	of	

these	genes	was	significantly	increased	in	infiltrated	macrophages	(fig.	4A,	C	and	D).		

To	 determine	 if	 this	 increased	 expression	 of	MHCII	 and	 co‐stimulatory	 genes	 in	

macrophages	was	accompanied	by	altered	cytokine	expression,	the	mRNA	expression	

levels	 of	 several	 pro‐inflammatory	 genes	 was	 determined.	 In	 agreement	 with	 the	

observed	low	expression	of	MHCII	and	co‐stimulatory	molecules,	microglia	showed	no	

significant	increase	in	the	expression	of	the	pro‐inflammatory	cytokines	Il1b	and	Tnfa	

during	 EAE	 (fig.	 5).	 In	 contrast,	 Il1b	 and	 Tnfa	 mRNA	 expression	 was	 significantly	

increased	 in	 infiltrated	 macrophages,	 which	 was	 most	 pronounced	 in	 the	 Ly‐6Cint	

subpopulation.	 A	 similar	 expression	 profile	was	 observed	 for	 the	 anti‐inflammatory	

molecules	 Il10	 and	 Cd274,	 indicating	 that	 inflammatory	 activation	 was	 primarily	
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restricted	 to	Ly‐6Cint	macrophages	(fig.	5).	 In	summary,	 these	data	show	that	strong	

immune	activation	was	primarily	observed	in	Ly‐6Cint	macrophages	as	they	expressed	

high	levels	of	both	pro‐inflammatory	and	anti‐inflammatory	genes.	

	

Figure	3.	 Infiltrated	macrophages	consisted	of	two	populations	that	differed	 in	Ly‐6C	expression	and	

density.	A)	FACS	plot	of	a	representative	EAE	score	4	spinal	cord	plotted	for	CD11b	and	CD45	out	of	a	total	of	

15	mice.	B)	Cells	in	the	macrophage	gate	were	plotted	for	SSC	and	Ly‐6C.	C)	The	Ly‐6Cint	and	Ly‐6Chigh	gates	of	

panel	(B)	were	plotted	for	SSC	and	FSC.	D)	Ccr2	expression	levels	(with	standard	deviations)	are	determined	by	

quantitative	 RT‐PCR	 analysis	 of	microglia	 (Mg),	 and	 Ly‐6Cint	 and	 Ly‐6Chigh	macrophages	 (Maint	 and	Mahigh,	

respectively),	normalized	to	hydroxymethylbilane	synthase,	***	p≤0.001.		
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To	investigate	if	microglia	and	immune	activated	macrophages	also	differed	in	their	

phagocytic	activity,	microglia	and	Ly‐6Chigh	and	Ly‐6Cint	macrophage	populations	were	

FACS	sorted	and	examined	for	myelin	uptake	using	an	Oil‐Red‐O	(ORO)	staining	(suppl.	

fig.	1).	Microglia	were	hardly	stained	with	ORO	indicating	limited	phagocytic	activity.	

Both	macrophage	populations	contained	myelin,	with	the	most	prominent	ORO	staining	

in	the	Ly‐6Cint	population.	

	

Figure	4.	Infiltrated	macrophages	were	immune	activated	and	microglia	remain	immune	suppressed.	

A)	Quantitative	RT‐PCR	analysis	of	MHCII	 (Cd74	and	H2Aa)	and	 co‐stimulatory	molecules	 (Cd80,	Cd86	and	

Cd40).	MHCII	and	co‐stimulatory	molecule	mRNA	expression	levels	in	microglia	and	macrophages,	normalized	

to	hydroxymethylbilane	synthase,	were	determined	using	quantitative	RT‐PCR	(with	standard	deviations).	C:	

control	mice,	1:	EAE	 score	1	and	4:	EAE	 score	4	 (5	 to	10	mice	per	condition)	***	p≤0.001,	*	p≤0.05;	ns:	not	

significant.	Flow	cytomety	plots	of	B)	microglia	and	C)	macrophages	for	cell	surface	expression	of	MHCII,	CD40	

and	CD80	are	depicted	for	control,	EAE	score	1	and	4	mice.	D)	Quantification	of	MHCII,	CD40	and	CD80	flow	

cytometry	plots	in	control,	EAE	score	1	and	4	mice	(n=3	per	group).	The	percentage	of	positive	cells	with	the	

standard	deviation	is	depicted,	***	p≤0.001,	**	p≤0.01,	*	p≤0.05.	
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Demyelinated	lesions	in	EAE	spinal	cords	contained	IL‐1β	and	MCHII	and	correlated	

with	infiltrates	

To	determine	if	demyelinated	lesions	in	EAE	spinal	cords	contained	MHCII	and	IL‐1β	

immunohistochemistry	was	 performed.	White	matter	 lesions	were	 characterized	 by	

loss	of	MBP	expression	(fig.	6).	Interestingly,	IL‐1β	was	detected	at	lesions	that	were	

devoid	 of	 MBP	 (fig.	 6).	 IBA1pos	 cells,	 localized	 around	 IL‐1β	 containing	 lesions,	

expressed	 almost	 undetectable	 IL‐1β	 levels	 (fig.	 7A,	 arrows).	 A	 similar	 expression	

pattern	was	observed	for	MHCII,	where	IBA1bright	cells	were	not	expressing	detectable	

	

Figure	 5.	 Ly‐6Cint	 macrophages	 were	 most	 immune	 activated.	 Quantitative	 RT‐PCR	 analysis	 of	 pro‐

inflammatory	 molecules	 Il1b	 and	 Tnfa	 and	 anti‐inflammatory	 molecules	 Il10	 and	 Cd274.	 Relative	 mRNA	

expression	levels	in	microglia	and	macrophages,	normalized	to	hydroxymethylbilane	synthase,	were	determined	

using	quantitative	RT‐PCR	(depicted	with	standard	deviations).	C:	control	mice,	1:	EAE	score	1	and	4:	EAE	score	

4;	 int:	Ly‐6Cint	macrophages;	high:	Ly‐6Chigh	macrophages.	***	p≤0.001,	**	p≤0.01,	ns:	not	significant,	n≥4	per	

group.		
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MHCII	levels	(suppl.	fig.	2,	arrows).	To	confirm	that	the	IBA1bright	IL‐1βneg	MHCIIneg	cells	

indeed	were	microglia,	IBA1	expression	was	determined	in	FACS	sorted	cells	of	score	4	

EAE	mice	using	western	blot.	As	expected,	IBA1	was	abundantly	expressed	by	microglia	

(fig.	7B).	 IBA1	expression	was	below	detection	 levels	 in	 infiltrated	macrophages	and	

only	 a	 faint	 IBA1	 band	 was	 observed	 in	 the	 Ly‐6Chigh	 subpopulation	 (fig.	 7B).	 In	

summary,	 these	data	 show	that	 the	 IBA1pos	 cells	were	microglia	and	 that	 these	cells	

expressed	 undetectable	 IL‐1β	 levels,	 further	 corroborating	 our	 RT‐PCR	 and	 flow	

cytometry	observations.	
	

Discussion	
	

The	involvement	of	microglia	and	macrophages	in	MS	pathology	is	generally	accepted	

(Benveniste	 1997b;	 Jack	 et	 al.,	 2005;	 Carson	 et	 al.,	 2002).	 Mouse	 knock‐out	 and	

macrophage	depletion	studies	showed	that	development	of	EAE	is	compromised	in	the	

absence	of	(infiltrating)	macrophages	(Brosnan	et	al.,	1981;	Huitinga	et	al.,	1990;	Fife	

et	al.,	2000;	Huang	et	al.,	2001;	Izikson	et	al.,	2000;	Mildner	et	al.,	2009).	Concerning	

microglia,	 ablation	 studies	 showed	 suppressed	 development	 and	 severity	 of	 EAE	

(Heppner	et	al.,	2005).	However,	the	precise	inflammatory	profile	of	macrophages	and	

microglia	 during	 acute	 EAE	 is	 largely	 unresolved.	 Here,	 we	 have	 determined	 the	

phenotype	of	spinal	cord	microglia	and	infiltrated	macrophages	during	acute	EAE.	The	

obtained	 results	 show	 that	 during	 acute	 EAE,	 infiltrated	 macrophages	 are	 highly	

immune	 activated	 and	 phagocytic,	 whereas	 microglia	 only	 show	 weak	 signs	 of	 an	

inflammatory	reaction.	

Pure	microglia	and	macrophage	populations	were	obtained	from	spinal	cords	using	

a	Ly‐6C‐based	FACS	protocol.	In	previous	studies	it	has	been	shown	that	Ly‐6C,	CCR2	

and	 CX3CR1	 are	 effective	markers	 that	 can	 be	 used	 to	 discriminate	microglia	 from	

macrophages	(Saederup	et	al.,	2010).	Using	congenic	markers	CD45.1/CD45.2	in	bone	

marrow	grafted	chimeric	mice,	we	confirmed	that	Ly‐6C	could	be	used	to	discriminate	

between	microglia	and	macrophages	in	EAE	mice.	

In	view	of	irradiation	side	effects	on	microglia	and	macrophage	infiltration	to	the	

CNS	(Lassmann	and	Hickey,	1993;	Mildner	et	al.,	2007),	CD45.1/2	chimeras	were	only	

used	 to	 confirm	 the	use	 of	 Ly‐6C	 as	 a	marker	 to	distinguish	between	microglia	 and	

infiltrated	macrophages.	All	subsequent	experiments	were	performed	with	wild	type	

C57BL/6	mice.	Using	our	CD11b,	CD45	and	Ly‐6C	FACS	protocol,	CD11bpos	CD45int	Ly‐
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6Cneg	microglia	and	CD11bpos	CD45high	Ly‐6Cpos	macrophages	were	isolated.	The	number	

of	infiltrated	Ly‐6Cpos	macrophages	increased	with	a	progressing	clinical	score	of	EAE	

compared	 to	 control	mice.	 In	 agreement	with	previous	observations,	 the	number	 of	

spinal	cord	microglia	increased	during	EAE	(Ponomarev	et	al.,	2005).		

Regardless	 of	 the	 EAE	 score,	microglia	were	 only	weakly	 immune	 activated;	 the	

expression	of	MHCII,	 co‐stimulatory	molecules	 and	pro‐inflammatory	 cytokines	was	

very	low	in	microglia	in	contrast	to	observations	reported	earlier	(Juedes	and	Ruddle,	

2000)	 where	 an	 increase	 in	 MHCII	 and	 co‐stimulatory	 molecules	 was	 reported.	

Furthermore,	it	was	shown	that	microglia	transiently	express	Tnfa	prior	to	clinical	EAE	

manifestation	(Juedes	and	Ruddle,	2001),	a	timepoint	not	addressed	in	our	studies.	In	

infiltrated	macrophages	 the	expression	of	MHCII,	 co‐stimulatory	molecules	and	pro‐

inflammatory	 cytokines	 was	 strongly	 increased.	 Furthermore,	 microglia	 displayed	

weak	 phagocytic	 activity	where	macrophages	 displayed	 pronounced	myelin	 uptake.	

These	findings	indicate	that,	in	contrast	to	infiltrated	macrophages,	microglia	hardly		

	

Figure	6.	Demyelinated	lesions	in	EAE	spinal	cords	contained	IL‐1β.	Sagittal	spinal	cord	sections	of	control,	

EAE	score	1	and	4	mice	were	stained	with	MPB	and	IL‐1β.	Scale	bar	is	50	µm,	a	representative	example	is	shown	

of	a	total	of	≥4	mice	per	condition.	
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contribute	to	the	inflammatory	response	associated	with	acute	EAE.	This	was	further	

supported	by	the	observation	that	sorted	EAE	score	4	microglia	expressed	high	levels	

of	IBA1,	whereas	infiltrated	macrophages	contained	almost	undetectable	levels	of	IBA1.	

This	was	further	confirmed	by	immunostaining	of	demyelinated	lesions	in	spinal	cord	

sections;	 cells	 strongly	 positive	 for	 IBA1	 did	 not	 colocalize	with	 IL‐1β	 staining.	 The	

notion	that	microglia	during	EAE	were	not	immune	activated	is	in	line	with	the	previous	

finding	that	microglia	isolated	from	post	mortem	normal	appearing	white	matter	of	MS	

patients	were	immunosuppressed	and	expressed	molecules	to	prevent	activation	and	

tissue	damage	(Melief	et	al.,	2013).	However,	a	recent	report	indicated	that	microglia	

are	involved	in	EAE	disease	development.	Microglia‐specific	deletion	of	transforming	

growth	factor	‐activated	kinase	1	(TAK1),	an	important	regulator	of	NF‐kB	signaling,	

inhibited	 the	development	of	EAE	(Goldmann	et	al.,	2013).	Since	 the	data	presented	

here	show	that	microglia	do	not	acquire	a	pronounced	pro‐inflammatory	phenotype	in	

EAE,	TAK1	might	be	required	for	a	microglial	response	that	is	essential	for	the	initiation	

of	EAE,	for	example	the	attraction	of	macrophages.	

Infiltrated	macrophages	could	be	divided	 into	two	subpopulations	based	on	their	

Ly‐6C	expression,	Ly‐6Cint	and	Ly‐6Chigh	respectively.	Ly‐6Cint	infiltrated	macrophages	

had	 a	 larger	 size	 and	 granularity	 than	 Ly‐6Chigh	 macrophages	 and	 showed	 a	 larger	

amount	 of	 phagocytosed	 lipids.	 Although	 MHCII	 and	 co‐stimulatory	 molecule	

expression	was	similar	between	 these	 two	subsets,	 the	expression	 levels	of	 the	pro‐

inflammatory	cytokines	Il1b	and	Tnfa	and	anti‐inflammatory	molecules	Il10	and	Cd274	

were	most	 increased	 in	 Ly‐6Cint	 macrophages,	 indicating	 that	 Ly‐6Cint	 macrophages	

displayed	a	more	pronounced	inflammatory	profile	than	Ly‐6Chigh	macrophages.	

As	reported	earlier,	Ly‐6Chigh	CCR2pos	monocytes	infiltrate	during	EAE	and	Ly‐6Chigh	

and	Ly‐6Cint	macrophages	express	high	and	intermediate	levels	of	CCR2,	respectively	

(Mildner	 et	 al.,	 2009).	 CCR2	 is	 required	 for	 infiltration	 of	macrophages	 during	 EAE	

(Izikson	et	al.,	2000),	and	infiltration	is	then	followed	by	a	decrease	in	Ly‐6C	expression	

(Arnold	et	al.,	2007).	In	our	studies,	Ly‐6Cint	macrophages	displayed	a	more	pronounced	

immune	activated	profile	than	Ly‐6Chigh	macrophages,	reflected	by	high	inflammatory	

(both	pro‐	and	anti‐inflammatory)	gene	expression	and	myelin	phagocytosis.	

Our	 results	 furthermore	 show	 that	 it	 is	 important	 to	 discriminate	 between	

endogenous	 microglia	 and	 peripheral	 macrophages	 in	 brain	 disease.	 Such	

discrimination	can	reliably	be	done	with	flow	cytometry,	but	is	more	difficult	to	achieve	

in	tissue	sections.	The	here	presented	lack	of	Ccr2	mRNA	in	microglia	adds	up	to	other		
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data	that	microglia	in	general	are	CCR2	negative	(Mitzutani	et	al.,	2012),	suggesting	that	

a	reliable	CCR2	antibody	would	be	a	useful	tool	for	the	discrimination	between	these	

two	myeloid	cell	populations	even	in	tissue	sections.	In	short,	here	we	show	that	during	

acute	 EAE,	 microglia	 remain	 immune	 suppressed	 whereas	 macrophages	 develop	 a	

strong	inflammatory	profile.	Furthermore,	we	show	that	based	on	Ly‐6C	expression,	the	

infiltrated	macrophages	can	be	divided	into	Ly‐6Cint	and	Ly‐6Chigh	subgroups,	of	which	

the	Ly‐6Cint	macrophages	are	most	inflammatory	activated.	
	

Figure	7.	Demyelinated	 lesions	 in	EAE	spinal	cords	contained	 IBA1bright,	 IL‐1βneg	microglia.	A)	Sagittal	

spinal	 cord	 sections	of	 control,	EAE	 score	1	and	4	mice	were	 stained	with	 IBA1	and	 IL‐1β.	Arrows	 indicate	

IBA1bright,	IL‐1βneg	cells.	B)	Western	blot	analysis	of	FACS	isolated	microglia	and	Ly‐6Cpos	macrophages	with	the	

indicated	antibodies,	β‐actin	served	as	a	loading	control.	Mg:	microglia;	Maint:	Ly‐6Cint	macrophages;	Mahigh:	Ly‐

6Chigh	macrophages	and	Maall:	Ly‐6Cpos	macrophages.	Scale	bar	is	50	µm,	a	representative	example	is	shown	of	a	

total	of	≥4	mice	per	condition.	
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Supplemental	material	
	

Table	S1.	qPCR	primer	information	

Gene	name	 Accession	number	

	

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

Cd74	 NM_010545	 CTTCCGAAATCTGCCAAACC	 ATGGACATTGGACGCATCAG	

H2Aa	 NM_01037	 CTGTCTTATCTCACCTTCATCC	 GGAATCTCAGGTTCCCAGTG	

Cd40	 NM_170702	 GACCACTGATACCGTCTGTC	 TCTTATCCTCACAGCTTGTCC	

Cd80	 NM_009855	 GTCCATCAAAGCTGACTTCTC	 GGAAGCAAAGCAGGTAATCC	

Cd86	 NM_019388	 CAGATCAAGGACATGGGCTC	 ACTGAAGTTGGCGATCACTG	

Hmbs	 NM_013551.2	

NM_001110251.1	

CCGAGCCAAGCACCAGGATA	 CTCCTTCCAGGTGCCTCAGA	

Il1b	 NM_008361	 GGCAGGCAGTATCACTCATT	 AAGGTGCTCATGTCCTCAT	

Tnfa	 NM_013693	 TCTTCTGTCTACTGAACTTCGG	 AAGATGATCTGAGTGTGAGGG	

Il10	 NM_010548	 AAGGGTTACTTGGGTTGCCA	 TTTCTGGGCCATGCTTCTCTG	

Cd274	 NM_021893	 GATCATCCCAGAACTGCCTG	 GACACTACAATGAGGAACAACAG	
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Supplementary	figure	1.	Myelin	phagocytosis	was	most	pronounced	in	Ly‐6Cint	macrophages.	Oil‐Red‐O	

staining	of	sorted	microglia	and	Ly‐6Cint	and	Ly‐6Chigh	macrophages,	40x	magnifications	are	depicted	on	the	left,	

scale	bar	is	25	μm;	insets:	100x	magnification,	scale	bar	is	12.5	μm.	
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Supplementary	figure	2.	Demyelinated	lesions	in	EAE	spinal	cords	contained	MHCIIneg	microglia.	Sagittal	

spinal	cord	 sections	of	control,	EAE	 score	1	and	4	mice	were	 stained	with	 IBA1	and	MHCII.	Arrows	 indicate	

IBA1bright,	MHCIIneg	cells.	Scale	bar	is	50	µm,	a	representative	example	is	shown	of	a	total	of	≥4	mice	per	condition.	
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 After	status	epilepticus,	myeloid	infiltrates	express	high	levels	of	MHCII,	IL‐1β	and	

matrix	metalloproteinases.		

 Microglia	on	the	contrary	are	rather	immune	suppressed.	
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Abstract	
	

Activated	 microglia,	 astrogliosis,	 expression	 of	 pro‐inflammatory	 cytokines,	 blood	

brain	 barrier	 (BBB)	 leakage	 and	 peripheral	 immune	 cell	 infiltration	 are	 features	 of	

mesial	 temporal	 lobe	 epilepsy.	 Numerous	 studies	 correlated	 the	 expression	 of	 pro‐

inflammatory	cytokines	with	the	activated	morphology	of	microglia,	attributing	them	a	

pro‐epileptogenic	 role.	 However,	 microglia	 and	 myeloid	 cells	 such	 as	 macrophages	

have	always	been	difficult	 to	distinguish	due	 to	an	overlap	 in	expressed	cell	 surface	

molecules.	Thus,	the	detrimental	role	in	epilepsy	that	is	attributed	to	microglia	might	

be	 shared	 with	 myeloid	 infiltrates.	 Here,	 we	 used	 a	 FACS‐based	 approach	 to	

discriminate	between	microglia	and	myeloid	infiltrates	isolated	from	the	hippocampus	

24h	and	96h	after	status	epilepticus	(SE)	in	pilocarpine‐treated	CD1	mice.	We	observed	

that	microglia	do	not	express	MhcII	whereas	myeloid	infiltrates	express	high	levels	of	

MhcII	and	Cd40	96h	after	SE.	This	antigen‐presenting	cell	phenotype	correlated	with	

the	presence	of	CD4pos	T	cells.	Moreover,	microglia	only	expressed	Tnfa	24h	after	SE	

while	myeloid	infiltrates	expressed	high	levels	of	Il1b	and	Tnfa.	Immunofluorescence	

showed	 that	 astrocytes	 but	 not	 microglia	 expressed	 IL‐1β.	 Myeloid	 infiltrates	 also	

expressed	matrix	metalloproteinase	 (Mmp)9	 and	12	while	microglia	 only	 expressed	

Mmp12,	suggesting	the	involvement	of	both	cell	types	in	the	BBB	leakage	that	follows	

SE.	 Finally,	 both	 cell	 types	 expressed	 the	 phagocytosis	 receptor	 AXL,	 pointing	 to	

phagocytosis	 of	 apoptotic	 cells	 as	 one	 of	 the	main	 functions	 of	microglia.	 Our	 data	

suggests	 that,	during	early	epileptogenesis,	microglia	 from	the	hippocampus	 remain	

rather	immune	suppressed	whereas	myeloid	infiltrates	display	a	strong	inflammatory	

profile.	 	
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Introduction	
	

Mesial	 temporal	 lobe	 epilepsy	 (TLE)	 is	 the	most	 common	 form	 of	 epilepsy	 in	 adult	

humans,	 where	 the	 epileptic	 focus	 is	 most	 frequently	 found	 in	 the	 hippocampal	

formation	(Pitkanen	and	Sutula,	2002).	This	type	of	epilepsy	is	generally	triggered	by	

an	 insult,	 which	 includes	 trauma,	 infection,	 stroke,	 febrile	 convulsions	 and	 status	

epilepticus	 (SE)	 (Bruton,	 1988).	 This	 is	 followed	 by	 a	 period	 called	 epileptogenesis	

where	several	cellular	and	neuronal	circuit	alterations	occur,	accompanied	by	neuronal	

loss,	 connectivity	 abnormalities	 and	 gliosis	 (Mathern	 et	 al.,	 2008).	 Different	

experimental	TLE	models	are	able	to	mimic	the	various	pathological	features	found	in	

patients.	Among	them,	the	pilocarpine	model	is	characterized	by	pronounced	neuronal	

cell	loss	in	the	CA1	hippocampal	region	and	in	the	hilus	of	dentate	gyrus,	typical	features	

of	human	TLE	(Curia	et	al.,	2008).		

A	 relationship	between	 inflammation	and	epilepsy	has	been	documented	both	 in	

TLE	animal	models	as	well	as	in	humans	(Vezzani	et	al.,	2011).	Activated	microglia	have	

been	 observed	 shortly	 after	 SE,	 as	 well	 as	 several	 days	 afterwards,	 and	 have	 been	

correlated	 with	 the	 expression	 of	 several	 pro‐inflammatory	 cytokines	 such	 as	

Interleukin	 (IL)‐1β,	 IL‐6	 and	 Tumor	Necrosis	 Factor	 (TNF)‐α	 (Vezzani	 and	 Granata,	

2005).	 IL‐1β	and	TNF‐α	have	been	shown	to	increase	neuronal	excitability	and	thus,	

might	be	involved	in	the	development	of	epileptic	activity	(Riazi	et	al.,	2008;	Zheng	et	

al.,	2010).	These	data	along	with	the	fact	that	minocycline	reduces	microglia	activation	

as	well	as	seizure	susceptibility	in	young	animals	(Abraham	et	al.,	2012),	provide	strong	

evidences	that	microglia	play	a	prominent	role	in	the	development	and	maintenance	of	

the	disease.		

Information	 regarding	 inflammation	 associated	with	 epilepsy	 has	 been	 gathered	

with	 techniques	 such	 as	 ELISA,	 RT‐PCR,	 southern	 blot	 or	 gene	 expression	 arrays	

performed	on	whole	hippocampal	tissue	(Vezzani	et	al.,	1999;	De	Simoni	et	al.,	2000;	

Plata‐Salaman	et	al.,	2000;	Gorter	et	al.,	2006;	Choi	and	Koh,	2008).	Immunostaining	of	

inflammatory	markers	was	performed	 in	 combination	with	markers	 such	as	 ionized	

calcium‐binding	adapter	molecule	1	(IBA1),	CD11b	and	Heme	Oxygenase	1	(HO‐1),	that	

were	 used	 to	 identify	 microglia	 cells	 (Vezzani	 et	 al.,	 1999;	 De	 Simoni	 et	 al.,	 2000;	

Eriksson	et	al.,	2000;	Turrin	and	Rivest,	2004;	Ravizza	et	al.,	2008).	Consequently,	a	

pronounced	 pro‐inflammatory	 and	 adverse	 role	 for	 microglia	 in	 epilepsy	 has	 been	

proposed.	 It	 is	however	 impossible	 to	discriminate	microglia	and	myeloid	 infiltrates	
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such	as	macrophages	in	situ	with	these	markers.	Finally,	minocycline	used	in	the	study	

of	 Abraham	 et	 al.,	 2012	 is	 also	 able	 to	 inhibit	 macrophages	 activity.	 Since	 it	 was	

demonstrated	that	infiltration	of	peripheral	immune	cells	after	SE	such	as	leukocytes,	

granulocytes	 and	monocytes/macrophages,	might	 contribute	 to	 the	 development	 of	

chronic	 epilepsy	 and	 recurrent	 seizures	 (Fabene	 et	 al.,	 2008;	 Ravizza	 et	 al.,	 2008;	

Zattoni	 et	 al.,	 2011),	we	 hypothesize	 that	 the	 detrimental	 function	 that	 is	 currently	

attributed	to	microglia	might	be	incorrect	and	should	be	ascribed	to	myeloid	infiltrates.	

This	 hypothesis	 is	 corroborated	 by	 some	 evidences	 that	 show	 increased	 neuronal	

damage	 or	 seizure	 worsening	 when	 microglia	 activity	 is	 inhibited.	 Depletion	 of	

hippocampal	microglia	resulted	in	no	changes	in	acute	seizure	sensitivity	compared	to	

normal	animals,	suggesting	that	microglia	are	not	responsible	for	disease	development.	

In	 the	 same	 study,	 pre‐conditioning	 with	 lipopolysaccharide	 (LPS)	 prior	 to	 acute	

seizure	induction	provoked	greater	seizure	activity	and	increased	mortality	in	absence	

of	microglia,	indicating	that	activated	microglia	may	have	a	protective	function	during	

SE	(Mirrione	et	al.,	2010).	Finally,	induction	of	SE	in	IL‐6	knockout	animals	leads	to	a	

decrease	in	microglia	activation,	which	is	also	accompanied	by	an	increase	in	oxidative	

stress,	neuronal	cell	death	and	enhanced	severity	of	seizures,	suggesting	that	inhibition	

of	microglia	activation	might	worsen	epilepsy	development	(Penkowa	et	al.,	2001).		

Recently,	a	FACS‐based	approach	using	Ly‐6C	 in	addition	to	standard	CD11b	and	

CD45	cell	surface	markers	has	allowed	the	discrimination	between	myeloid	infiltrates	

and	microglia	 possible	 (Biswas	 et	 al.,	 2015;	 Butovsky	 et	 al.,	 2014;	 Vainchtein	 et	 al.,	

2014).	In	this	study,	we	used	this	approach	to	address	the	inflammatory	phenotype	of	

microglia	and	myeloid	infiltrates	at	early	time	intervals	after	pilocarpine‐induced	SE.	

	

Methods	and	materials	
	

Animals	and	treatments	

Male	CD1	mice	(Charles	River)	were	housed	in	standard	makrolon	cages	with	ad	libitum	

access	 to	 water	 and	 food.	 Mice	 (8	 weeks	 old)	 received	 an	 injection	 of	

methylscopolamine	 (1	 mg/kg,	 i.p.)	 to	 prevent	 the	 peripheral	 effects	 of	 cholinergic	

stimulation.	20	min	later,	mice	received	an	injection	of	pilocarpine	(315	mg/kg,	i.p.)	to	

induce	SE.	Mice	were	visually	monitored	for	seizures	until	SE	developed.	Diazepam	(7.5	

mg/kg)	was	used	to	stop	the	convulsive	motor	component	of	seizures	after	a	SE	of	10	

min.	Control	animals	received	only	methylscopolamine	and	saline	injections.	Mice	were	
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sacrificed	24	h	or	96	h	after	SE.	All	experiments	were	performed	according	to	European	

guidelines	(2010/63/EU)	and	approved	by	the	Italian	Ministry	of	Health	(270/2013‐

B).	

	

Electrode	implantation	for	electrocorticogram	(ECoG)	recordings	

For	 EcoG	 recording,	 4	mice,	 out	 of	which	 3	 survived	 the	 SE,	were	 used.	 After	 deep	

anesthesia	(ketamine‐xylazine,	150‐10	µg/g),	the	skin	was	shaved,	disinfected,	(10%	

povidone‐iodine,	Betadine®	skin	solution	Meda	Pharma),	and	opened	to	expose	scalp.	

Guiding	 holes	 were	 drilled,	 and	 epidural	 electrodes	 (stainless	 steel	 Ø	 =	 1mm;	

PlasticsOne)	were	implanted	in	frontal	(bregma	0mm,	3mm	lateral	from	midline)	and	

occipital	cortices	(bregma	‐3.5mm,	3mm	lateral	from	midline)	of	both	hemispheres.	A	

reference	 electrode	 was	 implanted	 below	 lambda	 in	 the	 midline.	 Electrodes	 were	

connected	by	steel	wire	 to	 terminal	gold	pins	 (Bilaney	Consultant	GmbH)	 that	were	

inserted	in	a	plastic	pedestal	(PlasticsOne)	cemented	on	the	mouse	head.	To	reduce	pain	

and	risk	of	infection,	after	surgery	we	applied	a	gel	containing	2.5	g	lidocaine	chloride,	

0.5	 g	 neomycin	 sulfate,	 and	 0.025	 g	 fluocinolone	 acetonide	 (Neuflan®	 gel;	 Molteni	

Farmaceutici).	Mice	were	kept	under	heat	lamp	and	monitored	until	complete	recovery	

from	 anaesthesia;	 they	 were	 then	 housed	 in	 single	 cages	 without	 grids	 or	

environmental	enrichments	to	reduce	risk	of	headset	lost.	

	

Video‐ECoG	recordings	and	analysis	

Mice	were	placed	 in	cages	without	cover	to	allow	cable	connection	between	headset	

and	preamplifiers.	Electrical	brain	activity	was	filtered	(0.3	Hz	high‐pass,	500	Hz	low‐

pass),	 acquired	 at	 1	 kHz	 per	 channel,	 and	 stored	 on	 a	 computer.	 Traces	 from	 the	

reference	 electrodes	 were	 subtracted	 from	 the	 recording	 electrodes	 traces,	 using	 a	

PowerLab8/30	 amplifier	 connected	 to	 4	 BioAmp	 preamplifiers	 (ADInstruments).	

Videos	were	captured	by	a	camera	connected	to	the	computer	and	synchronized	to	the	

ECoG	 traces	 by	 LabChart	 7	 Pro	 internal	 trigger.	 Three‐four	 days	 after	 electrode	

implantation,	mice	were	connected	to	the	recording	system,	and	received	the	sequence	

of	 treatments	 described	 above.	 To	 facilitate	 handling	 and	 pharmacological	

manipulation,	 recordings	 were	 stopped,	 mice	 were	 temporarily	 disconnected	 while	

being	 injected,	 and	 reconnected	 soon	 after.	 Mice	 were	 recorded	 for	 20	 min	 after	

methylscopolamine	 administration,	 10	 min	 after	 SE	 onset,	 and	 at	 least	 2	 h	 after	

diazepam	administration.	ECoG	traces	were	offline	digitally	filtered	(band‐pass:	high	50	
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Hz,	low	1	Hz)	and	manually	analyzed	using	LabChart	7	PRO	software	(AD	Instruments)	

by	expert	raters.	Seizures	were	characterized	by	epileptiform	ECoG	patterns	with	trains	

of	150‐250	ms	long	spikes	with	amplitudes	at	least	twice	the	previous	2	s	baseline	and	

were	 never	 seen	 in	 sham	 animals	 (receiving	 saline	 instead	 of	 pilocarpine).	 SE	 was	

defined	 as	 the	 stage	 where	 epileptiform	 electrographic	 activity	 was	 virtually	

continuous	for	at	least	5	min	(Lowenstein	et	al.,	1999).	

	

Acute	isolation	of	microglia		

Mice	were	perfused	with	0.9%	saline	under	isoflurane	anesthesia	and	the	brains	were	

isolated	and	collected	in	ice‐cold	HBSS	(Euroclone)	supplemented	with	15	mM	HEPES	

(Euroclone)	 and	 0.6%	 glucose	 (Sigma‐Aldrich).	 Subsequently,	 hippocampi	 were	

dissected,	minced	and	mechanically	dissociated	using	a	tissue	homogenizer	followed	by	

a	filtering	step	using	a	70	µm	cell	strainer	(BD	Falcon)	to	achieve	a	single	cell	suspension	

(de	Haas	et	al,	2008).	To	obtain	a	sufficient	yield	during	cell	sorting,	hippocampi	of	2	

animals	were	pooled	together.	All	steps	were	performed	at	4	oC.	Cells	were	pelleted	by	

centrifugation	 at	 220	 rcf	 for	 10	 min	 (acc:	 9,	 brake:	 9,	 4	 oC).	 The	 supernatant	 was	

removed	 and	 the	 pellet	 resuspended	 in	 a	 solution	 of	 22%	 Percoll	 (GE	 Healthcare),	

40mM	 NaCl	 and	 77%	 myelin	 gradient	 buffer	 (5.6mM	 NaH2PO4*H2O,	 20mM	

Na2HPO4*2H20,	140mM	NaCl,	5.4mM	KCl,	11mM	Glucose,	pH	7.4).	On	top	of	this	mix	a	

layer	of	PBS	was	added	and	this	gradient	was	centrifuged	at	950	rcf	for	20	min	(acc:	4,	

brake:	 0,	 4	 oC).	 Thereafter,	 the	 myelin	 layer	 and	 the	 remaining	 supernatant	 were	

carefully	removed	and	the	pellet	resuspended	in	HBSS	without	Phenol	Red	(Euroclone)	

supplemented	with	15	mM	HEPES	and	0.6%	glucose	(isolation	medium	without	Phenol	

Red).	

	

Cell	sorting	

Fc	receptors	were	blocked	with	anti‐mouse	CD16/CD32	(eBioscience)	for	10min	on	ice.	

Cells	were	then	incubated	for	30	min	on	ice	with	CD11b	PE	(eBioscience),	CD45	FITC	

(eBioscience),	Ly‐6C	APC	(Biolegend)	and	CD4	APC/Cy7	(Biolegend)	and	subsequently	

washed	with	isolation	medium	without	Phenol	Red	and	sorted	using	a	BD	FACSAria	III	

cell	sorter	(Becton	Dickinson).	7‐AAD	(eBioscience)	was	used	to	gate	for	viable	cells.	

Microglia	were	defined	as	CD11bpos	CD45int	Ly‐6Cneg	and	myeloid	infiltrates	as	CD11bpos	

CD45high	Ly‐6Cpos.	T‐helper	cells	were	defined	as	CD11bneg	CD45pos	CD4pos.	
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Quantitative	Real‐time	PCR	

Total	RNA	was	extracted	from	acutely	isolated	microglia	and	myeloid	infiltrates	using	

the	 RNeasy	 Micro	 kit	 (Qiagen)	 according	 to	 the	 manufacturer’s	 protocol.	 Reverse	

transcription	was	performed	with	a	reaction	mixture	containing	RevertAidTM	M‐MuLV	

Reverse	 Transcriptase,	 RibolockTMRNase	 Inhibitor,	 M‐MLV	 buffer	 (all	 from	 Thermo	

Scientific).	The	quantitative	PCR	reaction	was	performed	in	384	well	plates	(Applied	

Biosystems)	with	iQTM	SYBR	Green	Supermix	(Bio‐Rad)	and	primers	(supplementary	

table	1)	designed	with	NCBI	Primer	Blast	(Biolegio).	

	

Immunohistochemistry	

Mice	were	perfused	with	saline	followed	by	4%	paraformaldehyde	(PFA)	in	PBS,	the	

brains	were	extracted	and	post‐fixed	with	fresh	4%	PFA.	Tissues	were	transferred	to	

30%	sucrose	solution	for	2	days	and	subsequently	50	µm	coronal	sections	were	cut	with	

a	cryostat	(Jung	CM3000,	Leica	Biosystems).	Sections	were	washed	in	PBS	and	blocked	

1	h	with	3%	bovine	albumin	serum	(BSA)	in	PBS	containing	0.1%	TritonX‐100	(PBST).	

Sections	were	 incubated	O/N	at	4	 oC	 in	PBST	containing	3%	BSA	with	 the	 following	

antibody	combinations:	rabbit	anti‐IBA1	(Wako	#019‐19741,	1:1000)	and	goat	anti‐IL‐

1β	 (R&D	Systems	#AF‐401‐NA,	 1:40),	 rabbit	 anti‐IBA1	 and	goat	 anti‐MMP12	 (Santa	

Cruz	Biotechnology	#sc‐31809;	1:100),	rabbit	anti‐IBA1	and	goat	anti‐AXL	(Santa	Cruz	

Biotechnology	#sc‐1096;	1:250),	mouse	anti‐GFAP	(Sigma	Aldrich	#G3893,	1:500)	and	

goat	anti‐IL‐1β.	The	next	day,	sections	were	incubated	3	h	with	secondary	antibodies	

(donkey	anti‐rabbit	Alexa	594,	donkey	anti‐goat	Alexa	488,	donkey	anti‐mouse	Alexa	

594;	 Invitrogen,	 all	 1:500).	 Double	 staining	 for	 IBA1	 and	MHCII	 was	 performed	 by	

blocking	 sections	 1	 h	 with	 5%	 normal	 goat	 serum	 (NGS)	 in	 PBST.	 Sections	 were	

incubated	 O/N	 at	 4	 oC	 with	 rabbit	 anti‐IBA1	 and	 rat	 anti‐Major	 Histocompatibility	

Complex	class	II	(MHCII)	(eBioscience	#14‐5321,	1:400).	The	next	day,	sections	were	

incubated	3	h	with	secondary	antibodies	(goat	anti‐rabbit	Alexa	594,	goat	anti‐rat	Alexa	

488;	Invitrogen,	all	1:500).	Sections	were	mounted	with	Mowiol.	Image	acquisition	was	

performed	using	a	Leica	SP2	AOBS	confocal	microscope	(Leica	Microsystems).	

	

Fluoro‐Jade	B	

Brain	sections	were	mounted	on	gelatin‐coated	slides	and	dried	at	room	temperature.	

Slides	were	immersed	for	5	min	into	a	solution	containing	1%	sodium	hydroxide	in	80%	

ethanol,	washed	for	2	min	in	70%	ethanol	followed	by	2	min	in	distilled	water,	before	
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being	 oxidized	 in	 0.06%	 potassium	 permanganate	 for	 15	 min.	 Sections	 were	 then	

stained	for	15	min	 in	a	0.004%	solution	of	Fluoro‐Jade	B	(Millipore)	diluted	 in	0.1%	

acetic	acid.	Slides	were	rinsed	 in	deionized	water	 for	3	min,	dried	on	a	pre‐warmed	

hotplate	 at	 50	 °C,	 then	 cleared	 in	 xylene	 and	 cover‐slipped	 with	 Eukitt	 (EMS	 Inc).	

Images	were	acquired	using	a	Leica	SP2	AOBS	confocal	microscope.		

	

Statistical	analysis	

Data	 are	 represented	 as	 means	 with	 standard	 errors	 (SE).	 Statistical	 comparison	

between	groups	was	performed	using	a	one‐way	ANOVA	followed	by	Bonferroni	post	

hoc	 test	 and	 p	 values	 smaller	 than	 0.05	 were	 considered	 significant.	 All	 statistical	

analyses	were	performed	with	SigmaPlot	11	(Systat	Software).	

	

Results	
	
	

Status	epilepticus	induction	

Status	 epilepticus	was	 induced	by	pilocarpine	 injection	 (n=108);	mice	were	visually	

monitored	for	seizures	until	they	developed	SE.	Mice	developed	1‐5	seizures	(grade	4‐

5,	based	on	the	modified	Racine’s	scale)	prior	of	entering	into	SE,	which	lasted	8‐12h.	

Out	of	these	108	mice,	64	survived	after	SE	(59.4%),	19	were	non‐responders	(17.5%)	

and	 25	 died	 prior	 of	 entering	 SE	 or	 during/after	 SE	 (23.1%).	 ECoG	 recording	 was	

performed	on	4	animals	to	ascertain	that	the	visually	monitored	SE	corresponded	to	the	

epileptiform	electrographic	activity	(supplementary	fig.	1).	From	the	64	animals	that	

survived	SE,	48	were	used	for	cell	isolation	and	16	for	immunohistochemistry.	30	mice	

were	used	as	controls	(24	for	isolation	and	6	for	immunohistochemistry).	

	

Status	epilepticus	was	followed	by	infiltration	of	myeloid	cells	

Cell	sorting	was	performed	on	hippocampi	collected	24	h	or	96	h	after	SE	as	well	as	

from	control	animals,	where	we	used	CD45,	CD11b	and	Ly6C	to	discriminate	between	

microglia	and	myeloid	infiltrates.	Microglia	were	identified	as	CD11bpos	CD45int	Ly6Cneg	

whereas	myeloid	infiltrates	were	identified	as	CD11bpos	CD45high	Ly6Cpos	(fig.	1A).	No	

statistical	difference	was	observed	between	isolated	microglia	from	animals	sacrificed	

24	h	and	96	h	after	SE	and	controls,	indicating	that	microglia	cell	numbers	remained	

relatively	stable	after	SE	(fig.	1B).	Similarly,	the	number	of	myeloid	infiltrates	was	not	

changed	24	h	after	SE	compared	to	controls	(129	vs	158;	fig.	1B).		
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Figure	1.	Increased	myeloid	infiltrate	numbers	after	status	epilepticus.	Control	hippocampi	contained	a	

clear	microglia	population	and	few	myeloid	infiltrates.	After	SE,	microglia	population	remained	relatively	stable	

whereas	a	 significant	 increase	 in	myeloid	 infiltrates	was	observed	96	h	after	 SE.	A)	Microglia	and	myeloid	

infiltrates	were	distinguished	and	sorted	as	CD11bpos	CD45int	Ly‐6Cneg	and	CD11bpos	CD45pos	Ly‐6Cpos,	respectively.	

FACS	plots	of	a	representative	mouse	are	depicted	of	a	total	of	24	mice	per	condition.	B)	The	number	of	sorted	

microglia	and	myeloid	 infiltrates	are	depicted.	C:	control	mice,	24:	24	h	after	SE	and	96:	96	h	after	SE.	 ***	

p≤0.001.	
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However,	we	observed	a	significant	increase	of	myeloid	infiltrates	96	h	after	SE	(1,800;	

fig.	1B).		

	

Myeloid	infiltrates	were	highly	immune	activated	compared	to	microglia	

To	confirm	whether	microglia	and/or	myeloid	infiltrates	are	actively	participating	in	

the	inflammatory	response	occurring	after	SE,	gene	expression	levels	of	inflammatory	

and	 immune	 regulatory	markers	were	 quantified	 in	 isolated	microglia	 and	myeloid	

infiltrates.	Quantitative	RT‐PCR	showed	that	MHCII	component	H2Aa	was	not	increased	

in	microglia,	whereas	a	 significant	upregulation	was	observed	 in	myeloid	 infiltrates,	

especially	96	h	 after	 SE	 (fig.	 2A).	 In	microglia,	 the	 expression	of	 the	 co‐	 stimulatory	

molecule	Cd40	was	significantly	upregulated	at	96	h	after	SE	(fig.	2A).	However,	 the	

upregulation	of	Cd40	mRNA	was	much	more	pronounced	 in	myeloid	 infiltrates	 (30‐	

versus	500‐fold	induction;	fig.	2A).	These	data	were	confirmed	by	immunofluorescence	

where	MHCII	expression	was	restricted	to	cells	expressing	very	low	levels	of	IBA1	in	

the	hippocampus	of	animals	sacrificed	96	h	after	SE	(fig.	2B).	On	the	contrary,	strongly‐

labelled	IBA1‐positive	cells,	which	display	the	morphology	of	activated	microglia,	were	

devoid	of	MHCII	staining	(fig.	2B).	These	data	suggest	that	myeloid	infiltrates,	but	not	

microglia,	might	 be	 responsible	 for	 the	 regulation	 and	 stimulation	 of	 infiltrating	 T‐

lymphocytes.	 Interestingly,	 we	 observed	 the	 presence	 of	 CD4pos	 T‐cells	 in	 the	

hippocampi	of	animals	sacrificed	96	h	after	SE	(fig.	2C).	

Next,	we	 examined	 the	 expression	 levels	 of	 pro‐inflammatory	 cytokines	 Il1b	 and	

Tnfa.	Microglia	showed	no	significant	increase	in	the	expression	of	Il1b,	both	24	h	and	

96	h	after	SE	(fig.	3A).	In	contrast,	myeloid	infiltrates	displayed	a	significant	increase	in	

the	 mRNA	 expression	 of	 Il1b	 at	 96	 h	 after	 SE	 (Fig.	 3A).	 Concerning	 Tnfa	 mRNA	

expression,	microglia	 showed	 a	 significant	 increase	 both	 at	 24	 h	 and	 96	 h	 after	 SE,	

although	the	mRNA	levels	where	almost	back	to	control	levels	at	96	h	(fig.	3A).	A	similar,	

albeit	much	lower,	expression	pattern	was	also	observed	in	myeloid	infiltrates	(fig.	3A).	

We	 confirmed	 the	 IL‐1β	 data	 by	 immunofluorescence,	 where	 we	 did	 not	 observe	

colocalization	between	IBA1‐stained	microglia	and	IL‐1β	24	h	after	SE	(fig.	3B).	At	96	h	

after	SE,	microglia	were	also	devoid	of	IL‐1β	staining	(fig.	3B).	However,	we	observed	

the	presence	of	IBA1‐negative	cells	that	were	strongly	labelled	with	the	IL‐1β	antibody	

(fig.	3B),	which	expressed	the	astrocyte	marker	GFAP	(fig.	3C).	These	data	suggest	that	

myeloid	infiltrates	and	astrocytes	but	not	microglia	are	the	primary	cells	expressing	the	

pro‐inflammatory	cytokine	IL‐1β	after	SE.	
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Figure	2.	Microglia	did	not	present	the	phenotype	of	antigen‐presenting	cells.	Microglia	hardly	expressed	

markers	of	MHCII	and	CD40.	On	the	contrary,	myeloid	infiltrates	have	high	expression	levels	for	both	markers	96	

h	after	SE,	a	time	interval	that	coincides	with	infiltration	of	T‐helper	cells.	A)	mRNA	expression	levels	in	microglia	

and	myeloid	infiltrates	for	H2Aa	(MHCII	component)	and	co‐stimulatory	molecule	Cd40	were	determined	using	

quantitative	RT‐PCR.	Data	were	normalized	to	hydroxymethylbilane	synthase	(Hmbs).	B)	Photomicrograph	of	

the	hippocampal	CA3	stratum	radiatum	at	96	h	after	SE	illustrating	that	MHCII‐positive	cells	(arrows)	did	not	

express	IBA1.	Scale	bar	=	25	µm.	C)	The	number	of	sorted	CD4pos	T	cells	is	depicted.	C:	control	mice,	24:	24	h	after	

SE	and	96:	96	h	after	SE	(5–10	mice	per	condition).		**	p≤0.01,	***	p≤0.001;	ns:	not	significant.	
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Figure	 3.	Pro‐inflammatory	 phenotype	 of	microglia	 and	myeloid	 infiltrates	 after	 status	 epilepticus.	

Myeloid	infiltrates	expressed	high	levels	of	Il1b	and	Tnfa.	On	the	contrary,	microglia	only	expressed	Tnfa	but	not	

Il1b.	The	main	cells	expressing	IL‐1β	during	early	epileptogenesis	are	astrocytes.	A)	mRNA	expression	levels	in	

microglia	and	myeloid	 infiltrates	 for	 Il1b	and	Tnfa	were	determined	using	quantitative	RT‐PCR.	Data	were	

normalized	to	hydroxymethylbilane	synthase	(Hmbs).	C:	control	mice,	24:	24	h	after	SE	and	96:	96	h	after	SE	(5–

10	 mice	 per	 condition).	 *	 p≤0.05,	 **	 p≤0.01,	 ***	 p≤0.001;	 ns:	 not	 significant.	 B)	 Photomicrograph	 of	 the	

hippocampal	CA3	stratum	radiatum	at	24	h	and	96	h	after	SE	illustrating	that	IBA1‐positive	cells	hardly	express	

IL‐1β.	C)	Photomicrograph	of	the	hippocampal	CA3	stratum	radiatum	at	96	h	after	SE	illustrating	that	GFAP‐

positive	cells	express	IL‐1β.	Scale	bars	=	50	µm.	

	

Myeloid	infiltrates	expressed	high	levels	of	matrix	metalloproteinases	(MMP)‐9	and	

12	in	the	early	phase	of	epileptogenesis	

Recent	studies	have	demonstrated	a	possible	role	for	MMPs,	especially	MMP‐9	in	the	

development	of	seizures	(Suenega	et	al.,	2008;	Mizoguchi	et	al.,	2011;	Mizoguchi	and	

Yamaga,	 2013).	Moreover,	 increased	 laminin	 immunoreactivity	was	observed	 in	 the	

early	phase	of	epileptogenesis	(Gualtieri	et	al.,	2012;	Lucchi	et	al.,	2015),	suggesting	that	

laminin	degradation	might	be	a	key	step	in	the	blood	brain	barrier	(BBB)	leakage	that	

occurs	after	SE.	Since	laminin	is	a	substrate	of	both	MMP‐9	and	MMP‐12	(Chandler	et	

al.,	 1996;	 Gu	 et	 al.,	 2005),	 we	 analysed	 the	 transcript	 of	 these	MMPs	 from	 isolated	

microglia	and	myeloid	infiltrates.	While	microglia	did	not	express	significant	levels	of	

Mmp9	mRNA	after	SE	(fig.	4A),	myeloid	infiltrates	isolated	24	h	after	SE	expressed	high	

levels	of	Mmp9,	which	persisted	at	96	h	after	SE	(fig.	4A).	Concerning	Mmp12,	myeloid	

infiltrates	 displayed	 a	 high	 expression	 profile	 at	 24	 h	 after	 SE,	which	went	 back	 to	

control	 levels	 at	 96	 h	 after	 SE	 (fig.	 4A).	 Interestingly,	microglia	 also	 expressed	 high	

levels	of	Mmp12	mRNA	at	24	h	after	SE,	levels	that	also	returned	to	almost	control	levels	

but	that	were	still	significantly	higher	at	96	h	after	SE	(fig.	4A).	We	next	confirmed	MMP‐

12	 expression	 in	 microglia	 at	 protein	 levels.	 Indeed,	 IBA1‐positive	 microglia	 were	

immunopositive	for	MMP‐12	both	at	24	h	and	96	h	after	SE	(fig.	4B).	These	data	suggest	

that	 myeloid	 infiltrates	 as	 well	 as	 microglia	 might	 be	 directly	 involved	 in	 the	 BBB	

leakage	occurring	after	SE	through	tissue	remodeling	such	as	laminin	degradation.	

	

Myeloid	infiltrates	and	microglia	expressed	phagocytosis	receptor	AXL		

The	phagocytosis	receptor	AXL	is	involved	in	the	clearance	of	apoptotic	cells.	We	found	

that	both	microglia	and	myeloid	infiltrates	expressed	high	levels	of	Axl	mRNA	only	at	

96	h	after	SE	(fig.	5A).	This	was	further	confirmed	at	tissue	levels	where	we	observed	a	

robust	 colocalization	 of	 AXL	 with	 IBA1‐positive	 cells	 (fig.	 5B).	 This	 observation	
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correlates	with	the	presence	of	neuronal	cell	death	at	24	h	and	96	h	after	SE	(fig.	5C).	

These	data	suggest	that	one	of	the	major	roles	of	microglia	and	myeloid	infiltrates	is	to	

remove	dead	cells	and	debris.	

Figure	4.	Myeloid	infiltrates	expressed	matrix	metalloproteinase‐9	and	12.	During	early	epileptogenesis,	

myeloid	 infiltrates	 expressed	 both	Mmp9	 and	Mmp12	whereas	microglia	 only	 expressed	Mmp12.	A)	mRNA	

expression	levels	in	microglia	and	myeloid	infiltrates	for	Mmp9	and	Mmp12	were	determined	using	quantitative	

RT‐PCR.	Data	were	normalized	to	hydroxymethylbilane	synthase	(Hmbs).	C:	control	mice,	24:	24	h	after	SE	and	

96:	 96	 h	 after	 SE	 (5–10	 mice	 per	 condition).	 *	 p≤0.05,	 **	 p≤0.01,	 ***	 p≤0.001;	 ns:	 not	 significant.	 B)	

Photomicrograph	of	the	hippocampal	CA3	stratum	radiatum	at	24	h	and	96	h	after	SE	illustrating	that	IBA1‐

positive	cells	expressed	MMP‐12.	Scale	bars	=	50	µm.	
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Microglia	displayed	a	similar	phenotype	in	the	piriform	cortex	

To	verify	whether	the	microglia	phenotype	observed	during	early	epileptogenesis	was	

restricted	 to	 the	 hippocampus,	 we	 performed	 immunofluorescent	 stainings	 in	 the	

piriform	 cortex,	 another	 region	 highly	 affected	 by	 SE.	We	 observed	 that,	 like	 in	 the	

hippocampus,	microglia	(IBA1‐positve	cells)	do	not	express	MHCII	and	IL‐1β	(fig.	6A,	

B).	Likewise,	astrocytes	(GFAP‐positive	cells)	colocalized	strongly	with	IL‐1β	(fig.	6C).	

These	data	suggest	that	the	phenotype	of	microglia	observed	in	the	hippocampus	might	

be	 similar	 in	 other	 brain	 regions	 affected	 by	 SE	 as	 represented	 by	 the	 presence	 of	

neuronal	cell	death	(fig.	6D).		

	

Discussion	
	

Microglia	 activation	 is	 observed	 shortly	 after	 SE	 and	 has	 been	 correlated	 with	 the	

expression	of	pro‐inflammatory	cytokines,	which	are	thought	to	be	responsible	in	part	

for	the	neuronal	cell	death	occurring	after	SE.	Thus,	microglia	are	considered	to	play	a	

pro‐epileptogenic	role.	However,	the	data	on	microglia	phenotype	was	collected	with	

techniques	that	did	not	permit	 the	discrimination	between	microglia	and	 infiltrating	

myeloid	 cells	 such	 as	 macrophages.	 Here,	 we	 have	 determined	 the	 phenotype	 of	

hippocampal	 microglia	 and	 infiltrating	 myeloid	 cells	 in	 the	 early	 phase	 of	

epileptogenesis	 by	 using	 a	 Ly‐6C‐based	 FACS	 protocol,	which	 has	 been	 successfully	

used	 to	 discriminate	 microglia	 from	 myeloid	 infiltrates	 in	 models	 of	 experimental	

autoimmune	 encephalomyelitis	 (Butovsky	 et	 al.,	 2014;	 Vainchtein	 et	 al.,	 2014)	 and	

cerebral	toxoplasmosis	(Biswas	et	al.,	2015).		

We	observed	that	regardless	of	the	time	point	after	SE,	microglia	were	only	weakly	

immune	activated.	Indeed,	the	RNA	expression	of	MHCII	component	H2Aa	as	well	as	

Il1b	was	very	low.	This	was	further	reflected	by	the	absence	of	MHCII	and	IL‐1β	protein	

expression	in	microglia	both	at	24	h	and	96	h	after	SE.	This	is	in	line	with	data	showing	

that	microglia	express	IL‐1β	in	the	first	4	h	after	SE	but	not	at	later	time‐points	where	

astrocytes	 drive	 inflammation	 during	 early	 epileptogenesis	 (Ravizza	 et	 al.,	 2008).	

Astrocytes	have	been	shown	to	produce	IL‐1β	after	seizures	(De	Simoni	et	al.,	2000;	

Librizzi	 et	 al.,	 2010;	 Liu	 et	 al.,	 2011).	 IL‐1β	 is	 thought	 to	 contribute	 to	 neuronal	

hyperexcitability	 and	 excitotoxicity	 through	 potentiation	 of	 glutamatergic	

neurotransmission	(Viviani	et	al.,	2003;	Lai	et	al.,	2006;	Ye	and	Sontheimer,	1996;	Hu	et	

al.,	2000).	Accordingly,	we	show	that	at	96h	after	SE,	astrocytes	are	the	main	cells		
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Figure	 5.	 Both	 microglia	 and	 myeloid	 infiltrates	 expressed	 phagocytosis	 receptor	 AXL.	 mRNA	 and	

immunostaining	data	suggest	that	phagocytosis	of	apoptotic	cells	is	one	of	the	main	function	of	microglia	and	

myeloid	infiltrates.	A)	mRNA	expression	levels	in	microglia	and	myeloid	infiltrates	for	Axl	were	determined	using	

quantitative	RT‐PCR.	Data	are	normalized	to	hydroxymethylbilane	synthase	(Hmbs).	C:	control	mice,	24:	24h	

after	SE	and	96:	96h	after	SE	(5–10	mice	per	condition).	*	p≤0.05,	**	p≤0.01,	***	p≤0.001.	B)	Photomicrograph	of	

the	hippocampal	CA3	stratum	radiatum	at	96h	after	SE	illustrating	that	IBA1‐positive	cells	expressed	AXL.	C)	

Photomicrograph	of	the	hippocampal	CA3	pyramidal	layer	showing	Fluoro‐Jade	B‐positive	neurons.	Scale	bars	

=	50	µm.	
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expressing	IL‐1β.	Our	data	suggest	that	astrocytes	but	not	microglia	are	the	main	cells	

of	 the	 central	 nervous	 system	 (CNS)	 responsible	 for	 the	 pro‐inflammatory	 milieu	

occurring	during	the	early	phase	of	epileptogenesis,	corroborating	previous	published	

data	 (Ravizza	 and	 Vezzani,	 2006;	 Ravizza	 et	 al.,	 2008).	 Moreover,	 a	 recent	 study	

demonstrated	that	expression	of	CD40	by	microglia	is	able	to	decrease	IL‐1β	secretion	

and	 consequently	 negatively	 regulates	 neurotoxic	 inflammasome	 activation	 during	

sterile	inflammation	(Gaikwad	et	al.,	2016).	Thus,	the	observed	expression	of	CD40	by	

microglia	during	early	epileptogenesis	could	promote	a	similar	mechanism.	

In	myeloid	 infiltrates,	we	 observed	 high	 levels	 of	H2Aa,	 co‐stimulatory	molecule	

Cd40	 and	 pro‐inflammatory	 cytokines.	 This	 phenotype	 is	 the	main	 characteristic	 of	

antigen‐presenting	 cells	 capable	 of	 activating	 T‐helper	 (CD4pos)	 cells,	 which	 were	

observed	 at	 96	 h	 after	 SE.	 Lymphocytes	 infiltrate	 the	 CNS	 after	 SE	 along	 with	

monocytes,	macrophages	and	neutrophils	(Fabene	et	al.,	2008;	Hildebrandt	et	al.,	2008;	

Ravizza	et	al.,	2008)	and	are	thought	to	contribute	to	BBB	modification	and	 leakage,	

leading	 to	 a	 precipitation	 of	 epileptogenesis	 (Fabene	 et	 al.,	 2008;	 Xu	 et	 al.,	 2013).	

Indeed,	 inhibition	 of	 leukocytes‐vascular	 interactions	 resulted	 in	 a	 reduced	 BBB	

leakage	as	well	as	a	markedly	reduced	seizure	generation	(Fabene	et	al.,	2008).	Our	

findings	indicate	that	in	contrast	to	myeloid	infiltrates,	microglia	hardly	contribute	to	

the	possible	activation	of	infiltrating	lymphocytes.	

Interestingly,	we	observed	that	microglia	expressed	high	levels	of	Tnfa,	especially	

24	h	after	SE.	Like	IL‐1β,	TNF‐α	can	also	increase	neuronal	excitability	thus	confering	a	

pro‐convulsant	role	for	this	cytokine	(Bezzi	et	al.,	2001;	Riazi	et	al.,	2008).	However,	

recent	 findings	 suggest	 a	 possible	 protective	 function	 for	 TNF‐α.	 Indeed,	

neuroprotection	from	TNF‐α	release	was	described	in	the	ischemic	brain	(Lambertsen	

et	al.,	2009)	and	is	suggested	to	be	implicated	in	neuroprotection	against	kainic	acid	(Lu	

et	 al.,	 2008).	 TNF‐α	 was	 shown	 to	 protect	 neurons	 against	 α‐amino‐3‐hydroxy‐5‐

methyl‐4‐isoxazolepropionic	acid	 (AMPA)‐mediated	excitotoxicity	 (Bernardino	et	al.,	

2005)	 and	 more	 recently	 against	 N‐methyl‐D‐aspartate	 (NMDA)‐mediated	

excitotoxicity	 (Masuch	 et	 al.,	 2016).	 Interestingly,	 TNF‐α	 may	 have	 inhibitory	 or	

permissive	effects	on	seizures	depending	both	on	its	expression	level	in	the	brain	and	

on	the	cytokine	receptor	subtypes	predominantly	activated	(Balosso	et	al.,	2005).	Thus,	

the	consequence	of	Tnfa	expression	by	microglia	early	after	SE,	whether	beneficial	or	

detrimental,	still	needs	to	be	determined.	
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Loss	in	the	BBB	integrity	is	another	major	characteristic	of	epileptogenesis	which	

occurs	early	after	SE	(Gorter	et	al.,	2015).	Interestingly,	increased	immunoreactivity	for	

laminin,	 a	 key	 component	of	 the	BBB	 (Weiss	 et	 al.,	 2009)	has	 been	observed	 in	 the	

pilocarpine	rat	model,	in	the	first	72	h	after	SE	(Gualtieri	et	al.,	2012;	Lucchi	et	al.,	2015).	

This	increased	immunoreactivity	was	colocalized	with	vascular	and	astrocytic	injuries	

Figure	6.	Microglia	displayed	a	similar	phenotype	in	the	

piriform	cortex.	Photomicrographs	of	the	piriform	cortex	at	

96	h	after	SE	 illustrating	 that:	A)	 IBA1‐positive	 cells	were	

devoid	of	MHCII,	B)	IBA1‐positive	cells	did	not	express	IL‐1β,	

C)	GFAP‐positive	 astrocytes	 expressed	 IL‐1β,	D)	 there	was	

undergoing	neuronal	cell	death	as	shown	by	Fluoro‐Jade	B	

(FJB)	staining.	Scale	bar	=	50	µm.	
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(Biagini	 et	 al.,	 2008)	 and	was	 interpreted	 as	 a	 consequence	 of	 extracellular	matrix	

remodeling	by	MMPs	(Lucchi	et	al.,	2015).	We	showed	that	myeloid	infiltrates	express	

high	levels	of	Mmp9	and	12,	whereas	microglia	express	only	Mmp12.	MMP‐9	has	been	

already	 described	 to	 play	 a	 major	 role	 in	 the	 BBB	 leakage	 as	 well	 as	 in	 synaptic	

remodelling	 during	 epileptogenesis	 (Mizoguchi	 et	 al.,	 2011;	Mizoguchi	 and	 Yamada,	

2013).	Our	data	suggests	that	both	cell	types	might	be	implicated	in	the	BBB	leakage	

observed	early	after	SE,	facilitating	leukocytes	infiltration	in	the	brain	parenchyma	and	

introduces	MMP‐12	as	a	new	molecular	target	for	therapy.	

Recently,	microglia	have	been	described	to	express	M1	(pro‐inflammatory)	and	M2	

(anti‐inflammatory)	 markers	 3	 days	 after	 SE	 (Benson	 et	 al.,	 2015),	 which	 is	 in	

contradiction	with	our	data.	Our	phenotype	analysis	of	microglia	and	myeloid	infiltrates	

was	directed	to	hippocampal	regions	only.	We	further	provide	immunohistochemical	

data	showing	a	similar	phenotype	in	the	piriform	cortex,	another	region	affected	by	SE.	

However,	we	did	 not	 investigate	 other	 regions	 such	 as	 entorhinal	 cortex,	 perirhinal	

cortex,	amygdala	or	thalamus,	which	are	also	affected	by	SE	and	where	microglia	might	

display	a	pro‐inflammatory	phenotype	 such	as	described	by	Benson	and	colleagues,	

2015.	Moreover,	 only	a	 small	 set	of	 genes	were	analyzed	 in	 this	 study	and	 thus,	we	

cannot	 exclude	 the	 possibility	 that	microglia	 could	 express	 other	 pro‐inflammatory	

markers	 during	 early	 epileptogenesis.	 Finally,	 there	 is	 the	 possibility	 that	 a	 small	

number	of	the	sorted	myeloid	infiltrates	where	not	truly	located	in	the	hippocampus	

proper	 but	 in	 the	 vessels/lining	 of	 the	 epithelial	 lumen.	 These	 cells	might	 display	 a	

diverse	 inflammatory	 phenotype	 compared	 to	 their	 counterparts	 that	 have	 already	

migrated	in	the	tissue	and	thus	influence	the	gene	expression	profile.	However,	it	is	also	

conceivable	that	these	cells,	which	are	in	the	process	of	migrating	inside	the	tissue,	will	

affect,	through	cytokine	secretion,	the	local	environment	to	a	similar	extent	as	the	cells	

that	are	already	located	inside	the	hippocampus.		

Our	 investigation	 describes	 the	 inflammatory	 phenotype	 of	 microglia	 in	 the	

hippocampus	during	early	epileptogenesis	and	differentiates	microglia	from	myeloid	

infiltrates.	We	show	that	microglia	remain	rather	immune	suppressed	whereas	myeloid	

infiltrates	display	a	strong	inflammatory	profile.	 In	the	context	of	epilepsy,	microglia	

have	been	widely	attributed	a	detrimental	activity.	Our	data,	however,	provide	evidence	

that	 in	 the	 hippocampus,	 myeloid	 infiltrates	 and	 probably	 astrocytes	 are	 the	 main	

players	 in	 the	 devastating	 activity	 observed	 during	 early	 epileptogenesis,	 where	
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microglia	 mainly	 display	 markers	 of	 phagocytic	 activity	 and	 tissue	 remodelling,	

pointing	to	a	more	resolving	or	tissue	repair	phenotype.	
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Supplemental	material	
	

Table	S1.	Quantitative	PCR	RNA	primer	sequences	
Gene	name	 Accession	numbers	

	

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

Axl	 NM_009465.4	

NM_001190974.1	

NM_001190975.1	

TGAAGCCACCTTGAACAGTC	 GCCAAATTCTCCTTCTCCCA	

Cd40	 NM_011611.2		

NM_170704.2	

NM_170702.2		

GACCACTGATACCGTCTGTC	 TCTTATCCTCACAGCTTGTCC	

H2Aa	 NM_010378.2	 CTGTCTTATCTCACCTTCATCC	 GGAATCTCAGGTTCCCAGTG	

Hmbs	 NM_013551.2	

NM_001110251.1	

CCGAGCCAAGCACCAGGATA	 CTCCTTCCAGGTGCCTCAGA	

Il1b	 NM_008361.3	 GGCAGGCAGTATCACTCATT	 AAGGTGCTCATGTCCTCAT	

Mmp9	 NM_013599.3	 GCCGACTTTTGTGGTCTTCC	 TACAAGTATGCCTCTGCCAGC	

Mmp12	 NM_008605.3	 GCTGTCTTTGACCCACTTCGCCA	 GCTCCTGCCTCACATCATACCTC

CA	

Tnfa	 NM_013693.3	 TCTTCTGTCTACTGAACTTCGG	 AAGATGATCTGAGTGTGAGGG	
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Supplementary	figure	1.	Electrocorticographic	activity	during	status	epilepticus	induced	by	pilocarpine	

in	 CD1	 adult	 male	mice.	 Upper	 traces	 show	 virtually	 continuous	 epileptiform	 activity	 typical	 of	 status	

epilepticus.	Activity	in	the	box	is	represented	at	higher	magnification	below.	Electrical	activity	was	recorded	by	

epidural	electrodes	(stainless	steel	Ø	=	1mm)	implanted	in	frontal	(bregma	0.0	mm,	3.0	mm	lateral	from	midline)	

and	occipital	cortices	(bregma	‐3.5	mm,	3.0	mm	lateral	from	midline)	of	both	hemispheres	(inset),	filtered	(0.3	

Hz	high‐pass,	500	Hz	low‐pass),	acquired	at	1	kHz	per	channel,	and	offline	digitally	filtered	(band‐pass:	high	50	

Hz,	low	1	Hz)	beforehand‐scroll	analysis.	LF:	left	frontal;	LO:	left	occipital;	RF:	right	frontal;	RO:	right	occipital;	

Ref:	reference	electrode.	
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Highlights:	

After	mechanical	dissociation	and	
Percoll	 gradient	 centrifugation,	
microglia	are	obtained	with	FACS	
using	the	following	antibodies:		

 Mouse	CNS:	CD11b,	CD45	and	
Ly‐6C	(neg).	

 Macaque	 and	 human	 CNS:	
CD11b	and	CD45.		

Methods	in	Molecular	Biology,	2016;	in	press.	
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Abstract		
	

Microglia	are	the	innate	immune	cells	of	the	central	nervous	system	(CNS)	and	play	an	

important	role	in	the	maintenance	of	tissue	homeostasis,	providing	neural	support	and	

neuroprotection.	Microglia	constantly	survey	their	environment	and	quickly	respond	

to	 homeostatic	 perturbations.	 Microglia	 are	 increasingly	 implicated	 in	

neuropathological	 and	 neurodegenerative	 conditions,	 such	 as	 Alzheimer's	 disease,	

Parkinson’s	 disease	 and	 glioma	 progression.	 Here,	 we	 describe	 a	 detailed	 isolation	

protocol	 for	 microglia	 and	 immune	 infiltrates,	 optimized	 for	 large	 amounts	 of	 post	

mortem	tissue	from	human	and	rhesus	macaque,	as	well	as	smaller	tissue	amounts	from	

mouse	brain	and	spinal	cord,	that	yield	a	highly	purified	microglia	population	(up	to	

98%	purity).	This	acute	 isolation	protocol	 is	based	on	mechanical	dissociation	and	a	

two‐step	density	gradient	purification,	followed	by	fluorescence‐activated	cell	sorting	

(FACS)	to	obtain	pure	microglia	and	immune	infiltrate	populations.	

	

	 	



Microglia	isolation	protocol		

89 
 

4	

Introduction	
	 	
Microglia	are	the	macrophages	of	the	central	nervous	system	(CNS),	originating	from	

erythro‐myeloid	progenitors	in	the	yolk	sac	(Hoeffel	et	al.,	2015).	Microglia	are	highly	

specialized	and	adapted	to	their	CNS	environment,	involved	in	CNS	development	and	

homeostasis	 (Aloisi,	 2001;	 Ransohoff	 and	 Perry,	 2009;	 Prinz	 et	 al.,	 2014).	Although	

microglia	and	other	tissue	macrophages,	 like	 liver	Kupffer	cells	and	skin	Langerhans	

cells,	 arise	 from	 erythro‐myeloid	 progenitors,	 they	 differ	 in	 their	 developmental	

programs	and	their	respective	tissue	environment	plays	a	major	role	 in	determining	

their	unique	gene	expression	profiles	and	functions	(Hoeffel	et	al.,	2015;	Gosselin	et	al.,	

2014;	Lavin	et	al.,	2014).	

Under	healthy	conditions,	microglia	are	the	only	immune	cells	present	in	the	CNS	

parenchyma.	 However,	 under	 neuropathological	 and	 neurodegenerative	 conditions,	

various	 other	 immune	 and	 antigen‐presenting	 (AP)	 cells,	 such	 as	macrophages	 and	

dendritic	cells,	infiltrate	the	CNS	tissues	(McMenamin	et	al.,	2003;	Chinnery	et	al.,	2010;	

Brendecke	and	Prinz,	2015),	where	they	modulate	further	immune	cell	infiltration	and	

phenotypes.	To	elucidate	the	role	of	such	immune	cells	in	both	normal	conditions	and	

disease,	 it	 is	 crucial	 to	 obtain	 sizable	 cell	 numbers	 and	 purity.	 Here,	 we	 present	 a	

fluorescence‐activated	cell	sorting	(FACS)‐based	protocol	yielding	highly	pure	immune	

cell	 populations	 from	 the	 CNS	 of	mammals.	 The	 flexibility	 of	 this	 procedure	 allows	

diversity	 in	sample	origin	(mouse,	human	and	non‐human	primates)	and	tissue	type	

(brain	or	spinal	cord).		

Contrary	 to	 enzymatic	 dissociation	 protocols,	 mechanical	 dissociation	 does	 not	

require	a	37	oC	 incubation,	hence	maintaining	the	cell	surface	markers	 integrity	and	

allowing	 for	 phenotype	 investigation	 (Olah	 et	 al.,	 2012).	 The	 isolation	 procedure	

described	 here	 consists	 of	 3	main	 steps:	 1)	mechanical	 dissociation	 of	 the	 tissue	 to	

obtain	a	single‐cell	suspension;	2)	separation	of	cells	from	debris	and	myelin	content	

using	Percoll	gradient	centrifugation;	and	3)	purification	of	immune	cell	types	based	on	

cell	surface	marker	expression	using	FACS	sorting	(fig.	1).	

	

Samples	

The	origin	and	condition	of	the	tissue	sample	is	crucial	for	the	end	result	of	the	isolation	

protocol.	We	have	applied	this	optimized	protocol	to	the	following:	
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Figure	1:	Isolation	protocol	for	microglia	and	immune	infiltrates	of	the	CNS.	Step	1:	mince	brain	tissue	and	

dissociate	with	a	glass	tissue	homogenizer	until	a	homogeneous	suspension	is	obtained.	Step	2:	myelin	and	cell	

debris	are	removed	by	Percoll	gradient	centrifugation.	For	small	amounts	of	starting	 tissue,	a	single	Percoll	

gradient	 is	used	(22%)	and	the	resulting	pellet	 is	used	 for	the	next	step.	For	 larger	amounts	and	myelin‐rich	

starting	tissue,	a	second	Percoll	gradient	separation	is	applied	(60‐30%).	In	that	case,	the	interphase	between	

the	two	Percoll	layers	is	used.	Step	3:	resulting	cell	suspension	is	blocked	to	reduce	non‐specific	antibody	binding,	

then	stained	for	the	desired	membrane	markers.	The	cell	suspension	is	then	filtered	in	a	FACS	tube	and	FACS	

sorted	 (Beckman	Coulter	MoFlo	Astrios/XDP).	 *	Optional:	 for	 functional	assays	perform	 the	60‐30%	Percoll	

gradient	separation	and	continue	from	there.		

	

Mouse	

Preferably,	mice	are	perfused	with	0.9%	physiological	saline	solution	prior	to	removal	

of	CNS	tissue	to	avoid	contamination	of	CNS‐immune	cells	with	blood	 immune	cells.	

Microglia	 have	 been	 successfully	 isolated	 from	 brain	 and	 spinal	 cord	 of	 several	

experimental	conditions	and	molecular	backgrounds,	such	as	aged	mice	(Holtman	et	al.,	

2015)	 and	 aging	 models	 (mTERC‐/‐;	 ERCC1Δ/‐)	 (Raj	 et	 al.,	 2014;	 2015)	 EAE	

(experimental	autoimmune	encephalomyelitis)	(Vainchtein	et	al.,	2014),	GL261	glioma	

injected	brains	and	Alzheimer’s	disease	models	(APP23,	5xFAD).	

	

Human	and	non‐human	primate	samples	

Human	 and	 non‐human	 primate	 (Rhesus	macaque;	Macaca	mulatta)	 brain	 samples	

have	been	collected	under	the	course	of	full	body	autopsies.	Donor	age	(increased	cell‐

death	 and	 auto	 fluorescence	 with	 age),	 neuropathological	 condition	 (Alzheimer,	
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Parkinson,	and	multiple	sclerosis),	CSF	pH	(pH≤6.5	results	 in	poor	RNA	quality)	and	

post	mortem	 interval	(up	to	24	h)	varied	between	these	samples,	which	affected	cell	

yields.	Microglia	have	also	been	successfully	isolated	from	surgical	biopsies	collected	

after	tumor	resection	(glioma)	or	temporal	lobectomy	of	epilepsy	surgeries.	

	

Materials	and	solutions	
	

Materials	

1. 50	and	15	mL	tubes	

2. 5,	10,	and	25	mL	pipettes	

3. 1	mL,	200	μL,	20	μL	and	10	μL	pipettes	and	tips	

4. 800	mL	beaker	glass	with	106	and	300	μm	sieve	on	top	

5. 70	µm	cell‐strainer	

6. round	bottom	96‐wells	microplate	

7. 5	mL	polystyrene	round‐bottom	tube	with	cell‐strainer	cap	12	x	75	mm	style,	

referred	to	as	“FACS	tube”	

8. 1.7	mL	siliconized	Eppendorf	tubes	

9. 5	cm3	or	15	cm3	glass	homogenizers	

10. centrifuge	with	controllable	acceleration	and	brake	

	

Solutions	

1. Isolation	medium	with	phenol	 red	 (iMed+)	 (this	medium	 is	 not	 suitable	 for	

FACS,	due	to	phenol	red	interference):	500	mL	of	HBSS	(1x)	with	phenol	red;	

7.5	mL	HEPES	1	M	(f.c.	15	mM);	6.5	mL	glucose	45%	(f.c.	0.6%).		

2. Isolation	medium	without	 phenol	 red	 (iMed‐):	 50	ml	 of	 HBSS	 (1x)	without	

phenol	red;	750	μL	HEPES	1	M	(f.c.	15	mM);	650	μL	glucose	45%	(f.c.	0.6%);	

100	μL	0.5	M	EDTA	pH=8.0	(f.c.	1	mM).	

3. Myelin	gradient	buffer:	prepare	1.5	L	of	NaH2PO4·H2O	(0.78	g/L;	f.c.	5.6	mM),	

solution	1.	Prepare	1.5	L	of	Na2HPO4	2H2O	(3.56	g/L;	f.c.	20	mM),	solution	2.	

Adjust	solution	1	to	pH	7.4	with	solution	2.	Measure	the	final	volume	and	add:	

8	g/L	NaCl	(f.c.	140	mM);	0.4	g/L	KCl	(f.c.	5.4	mM);	2	g/L	glucose	(f.c.	11	mM).	

Autoclave	and	keep	sterile	at	4	oC.	

4. 22%	Percoll	 gradient	 solution:	 	110	mL	Percoll;	12	mL	NaCl	1,5	M;	378	mL	

myelin	gradient	buffer.	
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5. 30%/60%	Percoll	 solution:	prepare	100%	Percoll	 solution	by	mixing	27	ml	

Percoll	with	3	ml	10x	HBSS.	For	60%	Percoll	solution	take	18	ml	and	add	12	ml	

PBS,	or	for	30%	Percoll	solution	take	9	ml	and	add	21	ml	PBS.			

6. Virkon®S	

7. DAPI	(200	µg/ml)	

8. RNAlater	

9. RLT	plus	

	

Methods	
	

The	whole	procedure	is	conducted	on	ice	and	all	centrifugation	steps	are	performed	at	

4	oC.	When	dealing	with	primate	samples,	steps	1‐5	are	carried	out	in	a	laminar	flow	

due	to	potential	biohazard	risk.	For	primate	samples,	waste	is	collected	in	1%	Virkon®S	

solution,	stored	for	24	h	and	followed	by	autoclaving.	

	

Preparation	of	a	single‐cell	brain	tissue	homogenate	

1. Weigh	tissue,	place	it	in	a	petri	dish	with	iMed+	and	cut	it	into	2	mm3	pieces	

with	a	scalpel.	

2. Transfer	 the	 minced	 tissue	 to	 a	 glass	 tissue	 homogenizer	 with	 iMed+	 and	

homogenize	 until	 a	 uniform	 solution	 is	 obtained.	When	 using	 a	 5	 cm3	glass	

tissue	homogenizer,	transfer	up	to	1	gram	of	tissue	each	time,	if	a	15	cm3	glass	

tissue	homogenizer	is	used,	portions	of	4	grams	can	be	transferred.	Repeat	the	

procedure	until	all	tissue	is	homogenized	(see	Note	1).		

3. For	small	amounts	of	tissue,	use	a	pre‐wetted	(with	1	mL	of	iMed+)	70	μm	cell‐

strainer	on	top	of	a	50	mL	tube	and	 filter	 the	tissue	homogenate.	For	 larger	

amounts	of	tissue,	put	106	µm	and	300	µm	sieves	on	top	of	an	800	mL	beaker	

glass	and	filter	the	solution.	

4. For	large	(primate)	samples,	divide	the	tissue	homogenate	over	several	50	mL	

tubes,	no	more	than	1.5	g	starting	amount	per	50	mL	tube	(for	example:	7.5	g	

starting	amount	of	tissue	results	in	5	tubes).	

5. Rinse	 glass	 homogenizer	 and	beaker	 glass	with	 extra	 iMed+	 and	add	 to	 the	

tissue	homogenate	after	passing	it	through	the	sieve.	

6. Centrifuge	at	220	g,	10	min	(brake	and	acceleration:	9).	

7. Carefully	remove	supernatant	by	pouring	it	off	or	pipetting.	
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8. Resuspend	 the	 cell	 pellet	 in	1	mL	of	22%	Percoll	 solution.	Add	19	mL	22%	

Percoll	solution	to	the	50	mL	tube	and	mix	well	(or	add	10	mL	when	using	15	

mL	tubes).		

9. Carefully	 (without	 mixing)	 place	 3	 mL	 of	 PBS	 on	 top	 of	 the	 22%	 Percoll	

solution.		

10. Separate	 cells	 and	myelin	 by	 centrifugation:	 20	min,	 950	 g	 (acceleration	 4;	

brake	0).	

11. Carefully	remove	the	myelin	layer	by	pouring	it	off	(or	pipetting).	Leave	the	cell	

pellet	undisturbed.	For	human	and	non‐human	primate	samples	or	functional	

assays	 that	 require	 vital	 cells	 (mouse;	 i.e.	 chemotaxis	 and	 phagocytosis),	

continue	with	step	12,	otherwise	skip	to	step	20.	

12. Resuspend	the	cell	pellet	in	1	mL	60%	Percoll	using	1	mL	pipette	tip.	

13. Add	14	mL	of	60%	Percoll	solution	(per	50	mL	tube)	to	the	suspension	and	

homogenize.	

14. Carefully	place	14	mL	of	30%	Percoll	on	top	of	the	60%	Percoll	layer.	

15. Carefully	layer	3	mL	PBS	on	top	of	the	30%	Percoll.	Centrifuge	for	25	min,	800	

g	(acceleration	4;	brake	0).	

16. Collect	the	60%‐30%	interphase	with	a	pre‐wetted	(with	1	mL	iMed+)	glass	

pipette	and	transfer	to	a	50	mL	tube	containing	iMed+.		

17. Add	two	volumes	of	iMed+	equivalent	to	the	collected	cell‐rich	interphase.		

18. Pellet	cells	by	centrifugation:	600	g,	10	min	(brake	and	acceleration:	9).	

19. Remove	as	much	medium	as	possible	(optional:	place	tube	upside	down).	

20. Resuspend	 cell	 pellet	 in	 100	 µL	 iMed‐	 (the	 cells	 can	 be	 used	 for	 functional	

assays).		

21. To	 prevent	 non‐specific	 binding	 of	 antibodies,	 perform	 a	 blocking	 step.	

Incubate	samples	for	15	min	on	ice	with	the	following	blocking	solution	(Table	

1):		

	

Table	1:	Blocking	reagents	

Sample	origin	 Blocking	reagent	 Supplier	 Amount	

human	/	macaque	 FcR‐blocking		 eBioscience		 10	 μL	 /	 100	 μL	 cell	

suspension	

mouse	 anti‐mouse	CD16/CD32	 eBioscience	 1	μL	/	100	μL	cell	suspension	
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Settings	of	FACS	sorting	machine	

	 In	order	to	facilitate	fluorochrome	compensation	and	settings	of	the	FACS	machine,	

unstained	and	single	stained	reference	samples	should	be	made.	A	small	volume	of	the	

sample(s)	can	be	used	for	such	purpose	(further	referred	to	as	FACS	setting	solution),	

but	keep	 in	mind	some	of	the	markers	are	only	expressed	at	 low	levels	 in	the	brain.	

Preferably,	beads	can	be	used,	or	in	case	of	mouse	samples,	splenocytes	can	be	used	for	

the	settings	(see	Note	2).	If	FACS	setting	solution	is	used,	continue	with	step	22.	

	

22. Transfer	 5	 µL	 of	 the	 sample	 to	 a	 separate	 tube	 for	 the	 settings.	 In	 case	 of	

multiple	samples,	take	5	µL	of	each	sample	and	pool.		

23. For	primate	samples	fill	the	tube	up	to	300	µL	with	iMed‐,	mouse	samples	up	

to	600	µL	with	iMed‐.	

24. In	 a	 96‐well	microplate,	 pipet	 3x100	 µL	 of	 FACS	 setting	 solution	 in	 3	wells	

(unstained,	CD11b	PE	single	stain,	CD45	FITC	single	stain)	in	case	of	primate	

samples;	or	6x100	µL	of	FACS	setting	solution	in	6	wells	(unstained,	CD11b	PE	

single	 stain,	CD45	FITC	 single	 stain;	Ly‐6C	APC	single	 stain,	Ly‐6G	APC/Cy7	

single	stain,	CD3	PE/Cy7	single	stain)	for	mouse	samples.	

	

Antibody	incubation	procedure	

25. Add	antibodies	 to	 the	single	stains	 in	 the	96‐well	microplate	as	 indicated	 in	

Table	2	on	the	next	page,	keep	on	ice	for	20‐30	min,	in	the	dark.	

26. Prepare	 and	 add	 antibody	 mix	 to	 the	 samples	 (human:	 1,2;	 macaque:	 1,3;	

mouse:	4‐8)	in	the	falcon	tubes	as	indicated	in	Table	2	on	the	next	page,	keep	

on	ice	for	20‐30	min,	in	the	dark.	
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Table	2:	Antibody	dilution	

Sample	origin	 Antibody	 Clone	 Isotype	 Supplier		 Diluti

on		

1.						Human/	Macaque	 CD11b	PE	 ICRF44	 Mouse	IgG1,	κ	 Biolegend		 1:25	

2.						Human		 CD45	FITC	 HI30	 Mouse	IgG1	 Biolegend	 1:25	

3.						Macaque	 CD45	FITC	 MB4‐6D6	 Mouse	IgG1	 Miltenyi	Biotec	 1:25	

4.						Mouse	 CD11b	PE	 M1/70	 Rat	IgG2b,	κ	 eBioscience	 1:170	

5.						Mouse	 CD45	FITC	 30‐F11	 Rat	IgG2b,	κ	 eBioscience	 1:250	

6.						Mouse	 Ly‐6C	APC	 HK1.4	 Rat	IgG2c,	κ	 Biolegend	 1:130	

7.						Mouse	 Ly‐6G	APC‐Cy7	 1A8	 Rat	IgG2a,	κ	 Biolegend	 1:100	

8.						Mouse	 CD3	PE/Cy7	 17A2	 Rat	IgG2b,	κ	 Biolegend	 1:100	

	

	

27. After	incubation,	divide	the	sample	solution	over/into	several	wells	(100	μL	in	

each	well	of	a	96	well	microplate).	Wash	the	tube	with	an	extra	100	μL	of	iMed‐	

and	pipet	in	an	additional	well.	Add	100	µL	of	iMed‐	to	all	wells	(single	stains	

and	samples).		

28. Spin	the	cells	down	for	3	min	at	300	g.	

29. Remove	supernatant	and	add	100	µL	of	iMed‐	to	each	well.		

30. Transfer	each	single	stain	to	an	individual	FACS	tube	by	filtering	it	through	the	

pre‐wetted	(50‐100	µL	of	iMed‐)	filter.		

31. Combine	 each	 divided	 sample	 into	 an	 individual	 pre‐wetted	 (50‐100	 µL	 of	

iMed‐)	FACS	tube.		

32. Collect	 the	 remaining	 cells	 with	 iMed‐	 (100	 –	 150	 µL)	 from	 the	 96	 well	

microplate	and	add	it	to	the	corresponding	FACS	tubes.		

	

FACS	isolation	myeloid	cells	

33. 1‐2	min	before	starting	the	FACS	procedure	add	0.5	µL	of	DAPI.		

34. First,	gate	on	all	the	events/cells	(SSCheight	vs	FSCheight;	to	gate	out	cell	debris),	

second	gate	on	singlets	(first	gate	in	SSCwidth	vs	FSCheight	followed	by	FSCwidth	vs	

FSCheight)	(single	cells	1	and	2;	fig.	2).		
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Figure	 2:	 FACS	 sorting	 strategy.	 To	 isolate	 pure	 populations	 of	 microglia	 and	 different	 immune	 infiltrates	
(macrophages,	neutrophils	and	T‐lymphocytes),	cells	are	first	separated	from	cell	debris	and	the	remaining	myelin	by	
a	gate	in	the	SSCheight	vs	FSCheight.	Single	cells	are	selected	in	the	SSCwidth	vs	FSCheight	followed	by	FSCwidth	vs	FSCheight	
gates	(single	cells	1	and	2	gate).	To	obtain	high	quality	RNA/DNA	samples,	live	cells	can	be	gated	as	DAPIneg	(DAPI	vs	
FSCheight).	 Depending	 on	 the	 experimental	 condition	 in	 mice,	 three	 well	 identifiable	 cell	 populations	 can	 be	
distinguished	using	CD11b	vs	CD45	plotting.	From	the	microglia	gate	1,	microglia	can	be	identified	as	Ly‐6Cneg	when	
plotting	 for	SSCheight	vs	Ly‐6C.	The	myeloid	gate	contains	 two	main	populations	when	plotting	 for	Ly‐6G	vs	Ly‐6C;	
macrophages	are	Ly‐6Cpos	Ly‐6Gneg	and	neutrophils	Ly‐6Cint	Ly‐6Gpos.	T‐lymphocytes	(CD3+)	can	be	sorted	when	gating	
for	SSCheight	vs	CD3	in	the	lymphoid	gate.	For	the	primate	samples,	after	the	live	cells	gate,	the	autofluorescent	cells	
should	be	removed	by	gating	on	 the	non‐autofluorescent	(AFS)	cells	 (SSCheight	vs	a	 fluorochrome	 that	 is	not	used,	
preferably	APC	or	PE/Cy7).	This	has	to	be	performed	 for	human	samples,	not	obligatory	 for	macaque	due	 to	 less	
autofluorescence.	In	the	CD11b	vs	CD45	plot	microglia	can	be	identified	as	CD11bpos	CD45int. 
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35. Select	the	live,	single	cells	by	gating	against	DAPI	(DAPI	vs	FSCheight).		

36. For	primate	samples,	plot	for	SSCheight	vs	a	fluorochrome	that	is	not	in	the	panel	

(for	example	PE/Cy7	for	primate	samples)	and	gate	 for	non‐autofluorescent	

cells.		

37. Then	plot	for	CD11b	vs	CD45,	the	CD11bpos	CD45int	cells	are	the	microglia.	In	

case	mouse	samples	are	used,	the	microglia	gate	1	can	be	plotted	for	SSCheight	

vs	Ly‐6C,	as	microglia	are	Ly‐6Cneg.	A	pure	microglia	population	can	be	sorted	

(CD11bpos	CD45int	Ly‐6Cneg;	fig.	2).		

38. In	the	CD11b	vs	CD45	plot,	the	CD11bhighCD45int‐high	cells	(myeloid	gate)	are	the	

infiltrates,	consisting	of	macrophages	and	neutrophils	that	can	be	separated	in	

mouse	samples	by	gating	for	Ly‐6G	and	Ly‐6C	(macrophages	are	Ly‐6Cpos	Ly‐

6Gneg	and	neutrophils	are	Ly‐6Cint	Ly‐6Gpos).		

39. In	mouse	samples,	the	CD45high	CD11bneg	fraction	(lymphoid	gate)	in	the	CD11b	

vs	CD45	plot	can	be	plotted	for	SSCheight	vs	CD3	and	a	T‐lymphocyte	population	

can	be	sorted.		

40. During	 sorting,	 cells	 should	 be	 collected	 in	 siliconized	 tubes	 filled	with	 the	

following,	depending	on	desired	downstream	application:	

 350	 µL	 RNAlater,	 in	 case	 of	 RNA/DNA	 isolation	 for	 gene	 expression	

profiling.		

 350	 µL	 iMed‐,	 for	 other	 applications	 such	 as	 protein	 isolation	 and	

chromatin	immunoprecipitation.	

41. Collection	of	cells	by	centrifugation	will	depend	on	downstream	application.	

I.e.,	 for	RNA/DNA	isolation	purposes,	centrifuge	10	min,	5000	RCF;	carefully	

remove	RNAlater	and	lyse	(invisible)	cell	pellet	in	350	µL	RLTplus	and	store	at	

‐80°C.		

42. If	 cells	 are	 collected	 in	 iMed‐,	 centrifuge	 for	 10	 min	 at	 500	 RCF,	 remove	

supernatant	and	resuspend	pellet	in	the	appropriate	buffer.	

	

Notes	

1. It	 is	advised	to	use	a	5	cm3	glass	tissue	homogenizer	 for	 low	myelin	content	

samples	(i.e.	mouse	brain,	spinal	cord,	glioma	tissue)	and	a	15	cm3	glass	tissue	

homogenizer	 for	 higher	 amounts	 of	 starting	material	 or	 samples	 with	 high	

myelin	content	(primates).	
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2. Mouse	splenocyte	isolation:	conduct	steps	1‐7	as	described	above.	Resuspend	

the	pellet	in	1	mL	of	lysis	buffer	(ammonium	chloride	155	mmol/L,	potassium	

bicarbonate	10	mmol/L,	sodium	edetate	0.1	mmol/L)	to	remove	red	blood	cells	

and	 incubate	on	 ice	 for	5	min.	Fill	 to	15	mL	with	 iMed+	and	perform	step	7	

again.	Carefully	pour	off	(or	pipet)	supernatant	and	resuspend	pellet	in	1	mL	of	

iMed‐.	Use	this	cell	suspension	for	the	calibration	and	settings	of	FACS	sorting	

machine	and	continue	with	step	24.	
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Highlights:	
	

 Microglia	increase	in	numbers	and	become	hyper‐ramified.	

 During	crEAE	microglia	are	hypersensitive	and	form	nodules	at	the	remission	and	

chronic	phase.	

 Immune	infiltrates	are	present	in	low	numbers	during	remission	and	chronic	

phase.	
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Abstract	
	

Microglia,	 the	 primary	 immune	 cells	 of	 the	 Central	 Nervous	 System	 (CNS),	 are	

increasingly	 implicated	 in	 the	 progression	 of	 various	 neurodegenerative	 disorders.	

Their	 role	 in	 multiple	 sclerosis	 is	 complex	 and	 still	 unresolved.	 We	 have	 used	 the	

chronic	 relapsing	 experimental	 autoimmune	 encephalomyelitis	 (crEAE)	 Biozzi	 ABH	

mouse	model	 to	 study	 the	 role	 of	microglia	 in	 an	 experimental	model	 of	 secondary	

progressive	multiple	sclerosis	(SPMS).	EAE	is	an	autoimmune‐induced	demyelination	

and	 neuro‐inflammatory	 disorder	 of	 the	 CNS,	 and	 in	 crEAE	 the	 relapsing‐remitting	

phase	is	followed	by	a	secondary	progressive‐chronic	stage	similar	to	SPMS.	Changes	in	

microglia	morphology	and	protein	expression	were	studied	in	spinal	cord	tissue,	while	

alterations	in	gene	expression	were	determined	in	ex	vivo	isolated	FACS	purified	spinal	

cord	 microglia.	 Pronounced	 infiltration	 of	 peripheral	 immune	 cells	 was	 observed	

during	 the	 initial	 acute	 EAE	 phase,	 but	 was	minimal	 at	 later	 remission	 stages.	 The	

number	of	microglia	increased	at	the	acute	EAE	phase,	they	had	larger	cell	bodies,	less	

processes	 and	 displayed	 a	 mild	 pro‐inflammatory	 activity	 at	 the	 RNA	 level.	

Interestingly,	 very	 few	microglia	 expressed	 IL‐1β	 protein,	 but	many	microglia	were	

located	 near	 IL‐1β‐positive	 clusters.	 At	 remission	 and	 during	 the	 chronic	 phase,	

microglia	 completely	 down‐regulated	 the	 expression	 of	 pro‐inflammatory	 genes,	

acquired	a	hyper‐ramified	morphology	and	up‐regulated	the	RNA	expression	of	MHC	II	

antigens,	co‐stimulatory	molecules	and	apoptotic	cell	uptake	receptor	Axl.	This	suggests	

a	 role	 of	 microglia	 in	 the	 phagocytosis	 of	 apoptotic	 cells	 and	 the	 presentation	 of	

processed	antigens.	In	addition,	when	Biozzi	ABH	mice	with	EAE	were	challenged	with	

LPS,	microglia	displayed	an	exaggerated	increase	in	RNA	expression	levels	indicative	of	

a	hypersensitive	or	primed	state.	Whereas	microglia	are	marginally	involved	in	neuro‐

inflammation	observed	during	the	initial	acute	EAE	phase,	they	are	hyper‐ramified	and	

hypersensitive	during	crEAE	suggesting	a	prominent	role	of	innate	immunity	in	crEAE.	
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Introduction		
	

Microglia,	the	resident	macrophage‐like	cells	and	principal	immune	cells	of	the	CNS,	are	

increasingly	implicated	in	a	variety	of	neurodegenerative	and	auto‐immune	disorders,	

including	Alzheimer’s	disease,	Amyotrophic	Lateral	Sclerosis,	Parkinson’s	disease	and	

Multiple	Sclerosis	(MS)	(Kreutzberg,	1996;	Nimmerjahn	et	al.,	2005;	Prinz	and	Priller,	

2014;	 Chiu	 et	 al.,	 2013).	 The	 role	 of	microglia	 in	MS,	 a	 complex	 demyelinating	 and	

neuro‐inflammatory	 disorder,	 is	 ambiguous.	 Although	 microglia	 are	 the	 primary	

immune	cells	of	 the	CNS,	 their	 role	 in	demyelination	during	 the	 relapsing/remitting	

phase	and	the	neurodegeneration	occurring	in	the	chronic	phase	of	MS	has	not	been	

clarified	 yet.	 MS	 starts	 with	 periods	 of	 acute	 mild	 paralysis	 followed	 by	 complete	

recovery.	Over	time,	recurrent	relapses	lead	to	incomplete	recovery	and	this	relapsing‐

remitting	disease	state	(RRMS)	is	followed	by	a	secondary	progressive	phase	(SPMS)	

with	 accumulating	 physical	 disability	 and	 neurological	 damage	 in	 most	 patients	

(Compston	 and	 Coles,	 2002).	 Several	 studies	 have	 indicated	 the	 involvement	 of	

microglia	in	pre‐active	lesions	in	MS	and	activated	microglia	have	been	observed	during	

the	various	stages	of	MS	lesions	(Lassmann	et	al.,	2007;	van	der	Valk	and	Amor,	2009;	

Weiner,	2004).	

Currently,	 the	 role	 of	 microglia	 during	 the	 chronic	 phase	 of	 MS/SPMS	 is	 still	

unknown.	 Over	 the	 past	 decades,	 anti‐inflammatory	 therapies	 have	 been	 developed	

reducing	disease	 severity	of	RRMS,	but	no	 effective	 treatment	 for	 SPMS	 is	 currently	

available	 (for	 review	 see	 Lassmann	 et	 al.,	 2012).	 One	 of	 the	 reasons	 of	 the	 limited	

efficacy	of	anti‐inflammatory	therapy	in	SPMS	might	be	the	rather	limited	involvement	

of	the	peripheral	immune	system	at	this	stage	of	the	disorder.	

To	study	MS,	the	experimental	autoimmune	encephalomyelitis	(EAE)	model	is	often	

used	with	a	focus	on	the	early	acute	phase	of	disease	(Alvord	et	al.,	1984).	Unlike	the	

monophasic	 EAE	 models	 such	 as	 those	 described	 in	 the	 C57BL/6	 mice,	 chronic‐

relapsing	EAE	(crEAE),	mostly	induced	in	Dark	Agouti	rats,	SJL	and	Biozzi	ABH	mice,	is	

of	a	multiphasic	progression	like	SPMS	(Baker	et	al.,	1990;	Brown	and	McFarlin,	1981;	

Cross	et	al.,	1987;	Kozlowski	et	al.,	1987;	Lassmann	and	Wisniewski	1978;	Lassmann	

and	Wisniewski,	1979;	Lorentzen	et	al.,	1995).	Biozzi	ABH	mice	have	been	shown	to	

develop	a	reproducible	relapsing‐remitting	disease	course	(Baker	et	al.,	1990;	Biozzi	et	

al.,	1972).	The	Biozzi	ABH	mouse	model	 is	 termed	crEAE	because,	after	 the	relapse‐

remitting	phase,	mice	progressively	develop	disability	and	reach	a	chronic	phase	that	
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closely	mimics	SPMS	(Baker	et	al.,	 1990;	Pryce	et	al.,	2005).	 It	has	been	 shown	 that	

crEAE	mirrors	a	range	of	clinical	and	pathological	characteristics	of	SPMS	including	the	

regional	 variability	 in	myelination,	 axonal	 and	 neuronal	 loss	 (Hampton	 et	 al.,	 2008;	

Jackson	et	al.,	2009).		

The	study	of	microglia	has	always	been	troubled	by	their	similarity	to	macrophages.	

Addition	of	Ly‐6C	to	the	standard	CD11b	and	CD45	cell	surface	markers	allowed	for	a	

more	precise	discrimination	of	microglia	and	infiltrated	monocytes,	and	showed	that	

microglia	 do	 not	 acquire	 a	 pro‐inflammatory	 phenotype	 at	 the	 acute	 stage	 of	 EAE	

(Vainchtein	et	al.,	2014;	Yamasaki	et	al.,	2014;	Butovsky	et	al.,	2014;	Wlodarczyk	et	al.,	

2014).	However,	the	role	and	phenotype	of	microglia	during	the	latter	stages	of	EAE	is	

unknown.	 In	 SPMS,	 only	 small	 numbers	 of	 macrophages	 and	 T‐lymphocytes	 reside	

within	the	CNS,	suggesting	that	microglia	rather	than	peripheral	immune	cells	might	be	

involved	in	the	direct	progression	of	MS.	In	addition,	during	aging	or	neurodegenerative	

conditions,	 microglia	 display	 an	 exaggerated	 response	 to	 immune	 stimuli	 like	

lipopolysaccharide	(LPS),	a	phenotype	described	as	primed	microglia	(Holtman	et	al.,	

2015;	 Raj	 et	 al.,	 2014).	 The	 exact	 role	 of	 primed	microglia	 in	 the	 context	 of	 neuro‐

inflammation	and	‐degeneration	in	the	CNS	is	still	unknown.	

In	 this	 study,	 we	 used	 crEAE	 in	 Biozzi	 ABH	 mice	 to	 investigate	 in‐depth	 the	

phenotype	and	function	of	microglia	during	the	different	stages	of	crEAE	and	compared	

them	to	their	CNS	infiltrated	innate	immune	counterparts.		

	

Methods	and	Materials	
	

Induction	of	crEAE	and	progression	

Male	and	female	Biozzi	ABH	mice	were	bred	at	the	Queen	Mary	University	of	London	

and	were	housed	with	ad	libitum	access	to	food	and	water	as	described	previously	(Al‐

Izki	 et	 al.,	 2012).	 To	 induce	 EAE,	 Biozzi	 ABH	 mice	 were	 inoculated	 as	 described	

previously	(Baker	et	al.,	1990;	Al‐Izki	et	al.,	2012).	In	brief,	a	sonicated	emulsion	of	a	

lyophilized	 Biozzi	 ABH	 mouse	 spinal	 cord	 homogenate	 with	 complete	 Freund’s	

adjuvant	was	 injected	subcutaneously	 into	 the	hind	 flanks	on	day	0	and	day	7.	Mice	

were	daily	weighed	and	monitored	for	a	clinical	EAE	score	using	a	6‐point	scoring	scale:	

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.	Mice	were	sacrificed	at	the	acute	score	4	(n=	19;	days	
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17‐20),	remission	score	0.5	(n=	18;	days	27‐30)	and	chronic	stage	(n=	15;	days	80‐90)	

and	age‐matched,	untreated	animals	as	controls	(n=	22).	In	all	experiments	performed,	

the	number	of	animals	per	experimental	condition	is	indicated	in	the	respective	figure	

legend.	All	 experiments	were	performed	according	 to	 institutional	 and	 international	

guidelines	and	approved	by	the	London	Animal	Welfare	Advisory	Committee	(United	

Kingdom	 Animals	 Act	 1986).	 Aspects	 of	 experimental	 design	 and	 use	 of	 animals	

relevant	 to	 the	 ARRIVE	 guidelines	 (Amor	 and	 Baker,	 2012;	 Baker	 and	 Amor,	 2012;	

Kilkenny	et	al.,	2010)	have	been	reported	previously	(Al‐Izki	et	al.,	2012).	

	

Acute	isolation	of	microglia		

Mice	were	euthanized	using	CO2	and	perfused	with	PBS.	Subsequently,	the	spinal	cord	

was	 isolated	 and	 collected	 in	 ice‐cold	 isolation	 medium	 (HBSS	 (PAA	 Laboratories,	

Pasching,	Austria)	supplemented	with	15	mM	HEPES	(PAA)	and	0.6%	glucose	(Sigma‐

Aldrich)).	A	single	cell	suspension	was	obtained	as	described	previously	(Vainchtein	et	

al.,	2014;	de	Haas	et	al.,	2008).	In	short,	the	spinal	cords	were	mechanically	dissociated	

using	a	tissue	homogenizer	and	the	suspension	was	filtered	using	a	70	µm	cell	strainer	

(BD	FALCON).	Thereafter,	cells	were	pelleted	(220	g,	4	oC,	acc:	9,	brake:	9,	10	min.),	and	

after	supernatant	removal	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,	11	mM	Glucose,	pH	7.4).	A	layer	of	PBS	

was	placed	on	top,	and	this	gradient	was	centrifuged	(950	g,	4	oC,	acc:	4,	brake:	0,	20	

min)	followed	by	removal	of	the	myelin	layer	and	the	remaining	supernatant.	The	pellet	

was	resuspended	in	Phenol	Red	deficient	isolation	medium	(HBSS	without	Phenol	Red	

(PAA)	supplemented	with	15	mM	HEPES	(PAA)	and	0.6%	glucose	(Sigma‐Aldrich)).	All	

steps	in	the	isolation	procedure	were	performed	on	ice.	

	

Fluorescence	activated	cell	sorting	(FACS)	

The	 cell	 suspension	 was	 Fc	 receptor	 blocked	 with	 anti‐mouse	 CD16/CD32	

(eBioscience)	for	10	min	on	ice.	Subsequently,	the	cells	were	incubated	with	CD11b	PE	

(eBioscience),	 CD45	 FITC	 (eBioscience),	 Ly‐6C	 APC	 (Biolegend)	 and	 CD3	 PE/Cy7	

(Biolegend)	 for	 30	min.	 The	 cell	 suspension	was	washed	with	 Phenol	 Red	 deficient	

isolation	medium,	centrifuged	(230	g,	4	oC,	acc:	9,	brake:	9,	3	min)	and	after	passing	

through	a	35	μm	nylon	mesh	(BD	Biosciences)	collected	in	round	bottom	tubes.	FACS	

was	performed	on	a	BD	Biosciences	FACSAria	II	cell	sorter.	After	gating	for	viable	cells	
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based	on	4',6‐diamidino‐2‐phenylindole	(DAPI;	0.5	µM;	Sigma‐Aldrich),	microglia	were	

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

CD45high	Ly‐6Cpos.	The	cells	were	collected	in	colourless	isolation	medium	and	used	for	

further	application.	FACS	plot	analysis	was	performed	with	Tree	Star	FlowJo	software	

v10.	

	

Quantitative	Real‐time	PCR		

After	FACS	the	collected	purified	cell	suspensions	were	centrifuged	(500	g,	4	oC,	acc:	9,	

brake:	9,	10	min)	and	the	pellet	was	 lysed	with	RLT+	buffer	(Qiagen).	The	RNA	was	

extracted	using	 the	RNeasy	Plus	Micro	kit	 (Qiagen)	according	 to	 the	manufacturer’s	

protocol.	 Subsequently,	 reverse	 transcription	 was	 performed	 using	 a	 mixture	 of	

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

M‐MuLV	 Reverse	 Transcriptase	 (Fermentas).	 Quantitative	 real‐time	 PCR	 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	 and	

Schmittgen,	2001).		

	

Immunohistochemistry	

Mice	were	perfused	with	saline	followed	by	ice‐cold	4%	paraformaldehyde	(PFA)	and	

the	spinal	cord	was	extracted	and	post‐fixed	overnight	 in	the	same	solution.	Tissues	

were	transferred	to	30%	sucrose	solution	for	2	days	and	subsequently	embedded	in	

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

cut	 with	 a	 cryostat	 (Jung	 CM3000,	 Leica	 Biosystems).	 Immunohistochemistry	 was	

performed	on	free‐floating	sections.	In	brief,	tissue	sections	were	washed	in	PBS	and	

blocked	1	h	with	3%	bovine	albumin	serum	(BSA)	in	PBS	containing	0.1%	TritonX‐100	

(PBST).	Sections	were	incubated	O/N	at	4	oC	with	rabbit	anti‐IBA1	(Wako,	1:1000)	and	

either	goat	anti‐IL‐1β	(R&D	Systems,	1:40)	or	goat	anti‐AXL	(Santa	Cruz	Biotechnology;	

1:250)	 in	PBST	containing	3%	BSA.	 	The	next	day,	sections	were	 incubated	3	h	with	

secondary	 antibodies	 (donkey	 anti‐rabbit	 Alexa	 594,	 donkey	 anti‐goat	 Alexa	 488;	

Invitrogen,	all	1:500).	Double	staining	for	IBA1	and	Ly‐6C	was	performed	by	blocking	

sections	1h	with	5%	normal	goat	serum	(NGS)	in	PBS	containing	0.01%	TritonX‐100.	
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Sections	 were	 incubated	 for	 48	 h	 at	 4	 oC	 with	 rabbit	 anti‐IBA1	 and	 rat	 anti‐Ly‐6C	

(Serotec,	 1:250)	 in	 PBS	 containing	 1%	 NGS	 and	 0.01%	 TritonX‐100.	 The	 next	 day,	

sections	were	incubated	3	h	with	secondary	antibodies	(goat	anti‐rabbit	Alexa	594,	goat	

anti‐rat	Alexa	488;	Invitrogen,	all	1:500).	Sections	were	mounted	with	Mowiol.	Image	

acquisition	was	performed	using	a	Leica	SP2	AOBS	confocal	microscope.	

	

Morphology	quantifications	

The	morphometric	parameters	were	quantified	from	confocal	Z‐stack	images	of	50	µm	

thickness	 with	 1	 µm	 intervals	 along	 the	 z‐axis	 taken	 from	 IBA1	 and	 Ly‐6C	 stained	

sections	at	63x	magnification.	To	determine	the	process	diameter,	length,	volume,	total	

number,	soma	volume,	terminal	endpoints,	number	of	primary	branches	and	total	cell	

volume,	 microglia	 were	 3D	 reconstructed	 and	 retraced	 using	 the	 Filament	 Tracer	

function	 of	 Imaris	 7.0	 software	 (Bitplane).	 A	 ramification	 index	 was	 calculated	 by	

dividing	the	total	number	of	terminal	endpoints	by	total	number	of	primary	branches	

per	cell.	For	 further	ramification	quantifications,	maximal	 intensity	projections	were	

created	with	ImageJ	and	converted	to	binary	images.	ImageJ	was	used	to	perform	the	

Sholl	 analysis	 (Sholl	 analysis	 plugin)	with	 intersections	 of	 a	 1‐pixel	 radius	 step	 size	

(original	plugin	developed	by	Ferreira	et	al.,	2014).		

	

Statistical	analysis	and	graphs	

Graphs	were	created	with	Prism	5	(Graphpad)	and	arranged	 in	Adobe	Illustrator	CC	

(Adobe).	 Statistical	 analysis	 was	 performed	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.	 In	 addition,	 interaction	 effects	 were	 calculated	 by	

multivariate	analysis.	Differences	were	classified	as	significant	when	the	p‐value	was	

below	0.05.		

	

Results	
	

Increased	microglia	numbers	 throughout	 crEAE,	while	minimal	 infiltration	 of	

peripheral	immune	cells	at	remission	and	chronic	phase	was	observed	

crEAE	 in	 Biozzi	 ABH	mice	 is	 characterized	 by	 an	 acute	 phase,	where	mice	 typically	

develop	hindlimb	paralysis	and	reach	an	EAE	score	of	4,	followed	by	almost	complete	

remission	exhibiting	minor	tail	paresis	with	a	score	0.5	(fig.	1A).	Subsequently,	paralytic		
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Figure.	1.	Elevated	microglia	numbers	during	crEAE	and	an	extensive	infiltration	of	peripheral	immune	

cells	at	the	acute	phase.	A)	Mice	were	terminated	as	naïve	controls	(n=	22)	or	at	three	crEAE	time	points;	acute	

phase	(n=	19),	remission	(n=	18)	or	the	chronic	stage	(n=	15).	B)	The	spinal	cords	were	removed,	microglia	were	

isolated	and	 subsequently	FACS	 sorted.	This	 resulted	 in	 three	defined	populations:	1)	microglia	as	CD11bpos	

CD45pos	Ly‐6Cneg	(first	Gate	1	then	gate	on	Ly‐6Cneg	cells),	2)	macrophages/granulocytes	as	CD11bpos	CD45high	Ly‐

6Cpos	(first	Gate	2	then	gate	on	Ly‐6Cpos	cells),	3)	T‐lymphocytes	as	CD45high	CD3pos	(first	Gate	3	then	gate	on	CD3pos	

cells;	these	cells	were	sorted	but	not	further	analyzed)	(one	representative	is	shown).	C)	Quantification	of	the	

number	of	FACS	sorted	cells.	Co	=	controls	(n=	15),	Ac	=	acute	phase	(n=	16),	Re	=	remission	(n=	15),	Ch	=	chronic	

phase	(n=	12).		Significant	differences	between	PBS	and	LPS	treated	samples	were	determined	using	the	non‐

parametric	Kruskal‐Wallis	test;	further	statistical	comparison	between	groups	was	done	with	a	Mann‐Whitney	

U	test.	*:	p	≤		0.05,	**:	p	≤		0.01,		***:	p	≤		0.001.	Error	bars	are	SEM.	

	

relapses	 occur	with	 variable	 degrees	 of	 remission	 and	 the	 accumulation	 of	 residual	

deficit	and	then	very	slowly	deteriorate	(Pryce	et	al.,	2005;	Al‐Izki	et	al.,	2012),	typically	

showing	 hind	 limb	 paresis	 with	 a	 score	 3‐3.5,	 termed	 here	 as	 the	 chronic	 phase.	

Previous	 studies	 have	 indicated	 that	 the	 acute	 phase	 of	 crEAE	 is	 accompanied	 by	

extensive	infiltration	of	peripheral	immune	cells	(Baker	et	al.,	1990)	that	disappear	at	

remission.	In	contrast,	the	kinetics	of	microglia	proliferation	and	activation	are	largely	

unknown.	

Using	 an	 optimized	 FACS‐based	 approach	we	 have	 sorted	 different	 immune	 cell	

types	from	spinal	cords	during	acute	EAE,	post	acute‐remission	and	the	post‐relapsing	

chronic	 phase	 and	 quantified	 their	 respective	 numbers.	 We	 identified	 microglia	 as	

CD11bpos,	CD45pos	and	Ly‐6Cneg	based	on	a	previously	established	protocol	(Vainchtein	

et	 al.,	 2014).	The	peripheral	 infiltrates	were	 classified	 as	CD11bpos	 CD45high	 Ly‐6Cpos	

macrophages	 and	 granulocytes,	 named	 myeloid	 infiltrates,	 or	 CD45high	 CD3pos	 T‐

lymphocytes	 (fig.	 1B).	 In	 agreement	 with	 previous	 studies	 extensive	 infiltration	 of	

innate	 immune	 cells	 and	 T‐lymphocytes	was	 observed	 at	 the	 acute	 phase	 and	 their	

numbers	strongly	decreased	at	remission	(fig.	1B,	C)	(Jackson	et	al.,	2009;	Allen	et	al.,	

1993).	 Interestingly,	 at	 the	 chronic	 phase	 only	 a	 slight	 increase	 in	 the	 number	 of	

peripheral	myeloid	infiltrates	and	much	less	T‐lymphocytes	infiltration	was	observed.	

These	data	strongly	suggest	that	peripheral	immune	cells	are	actively	involved	at	the	

acute	phase	and	that	at	later	phases,	even	though	the	mice	display	chronic	residual	hind	

leg	paresis,	contribution	of	infiltrated	immune	cells	is	limited.		

In	contrast,	microglia	numbers	 increased	at	 the	acute	phase	and	remain	elevated	

throughout	remission	and	chronic	EAE	(fig.	1B,	C).		
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In	crEAE,	microglia	acquired	an	activated	and	hyper‐ramified	morphology	in	the	

spinal	cord	

Since	the	number	of	microglia	strongly	increased	during	crEAE,	we	next	analyzed	their	

morphology	 in	 apparently	 normal	 white	 matter.	 In	 concordance	 with	 our	 previous	

study	 (Vainchtein	 et	 al.,	 2014),	 we	 confirmed	 that,	 IBA1‐positive	 microglia	 do	 not	

express	 Ly‐6C	 (supplementary	 fig.	 1).	 This	 indicates	 that	 in	 crEAE	 IBA1	 expression	

specifically	 marks	 microglia.	 Surprisingly,	 in	 addition	 to	 a	 marked	 increase	 in	 cell	

numbers,	 a	dramatic	 change	 in	microglia	morphology	was	observed	 (fig.	2A).	At	 the	

acute	phase,	microglia	have	shorter,	thicker	processes,	a	larger	cell	body	and	the	overall	

cell	volume	is	greater	than	of	control	microglia	(fig.	2B,	supplementary	fig.	2).	At	the		

Figure	2.	Microglia	adopted	an	activated	morphology	at	the	acute	phase,	followed	by	hyper‐ramification	

at	 the	remission	phase	 throughout	 the	 spinal	 cord.	A)	 Immunohistochemistry	 for	 IBA1	with	 subsequent	

quantifications	of	sagittal	50	µm	sections	from	spinal	cords	acquired	with	1	µm	intervals.	Examples	of	control	

microglia	and	microglia	 from	 the	 three	EAE	 stages	at	non‐lesion	white	matter	areas	depicting	a	 change	 in	

morphology.	One	representative	full	50	µm	Z	projection	is	shown	of	3	spinal	cords	per	condition.	B)	Using	Imaris	

3D	 reconstruction	 and	 quantification,	 an	 average	 is	 shown	 for	 the	 soma	 volume,	 total	 cell	 volume	 and	

ramification	 index	 for	every	 stage.	All	conditions	have	been	normalized	 to	control	microglia	 (set	 to	1).	Co	=	

controls	(n=	7),	Ac	=	acute	phase	(n=	9),	Re	=	remission	(n=	10),	Ch	=	chronic	phase	(n=	16).	In	addition,	with	

Sholl	analysis	a	ramification	line	graph	has	been	generated	displaying	the	number	of	intersections	depending	on	

the	distance	 from	 the	 soma.	Controls	 (n=	10),	acute	 (n=	12),	 remission	 (n=	12)	and	 chronic	phase	 (n=	24).	

Significant	 differences	 were	 found	 based	 on	 the	 non‐parametric	 Kruskal‐Wallis	 test;	 further	 statistical	

comparison	between	groups	was	done	with	a	Mann‐Whitney	U	test.	*:	p	≤		0.05,	**/##:	p	≤		0.01,		***:	p	≤		0.001.	

*	represents	a	significant	difference	with	the	controls,	#	indicates	difference	with	EAE	acute	phase.	Scale	bar	is	

50	μm	and	error	bars	are	SEM.	
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first	 remission	phase,	 like	 at	 the	 chronic	 stage,	most	of	 the	microglia	morphological	

changes	 are	 still	 present,	 but	 the	 cell	 bodies	 are	 smaller,	while	 the	 total	 number	 of	

processes	and	terminal	endpoints	of	the	cell	have	increased.	This	results	in	an	enhanced	

ramification,	especially	at	the	remission	phase	(fig.	2B,	supplementary	fig.	2).	In	brief,	

the	data	 show	 that	microglia	 retract	 their	processes	at	 the	acute	phase	and	become	

hyper‐ramified	and	occupy	a	larger	area	at	the	remission	and	chronic	EAE	stages.	

	

Dense	microglia	nodules	appeared	at	the	remission	and	chronic	phase	of	crEAE	

Subsequently,	we	focused	on	the	IL‐1β	expressing	cells	in	the	spinal	cord.	Co‐staining	

of	IBA1	with	IL‐1β	indicated	that	microglia	dense	areas	are	almost	exclusively	found	

surrounding	IL‐1β	positive	cells	(fig.	3A).	Only	few	microglia	expressed	IL‐1β,	while	the	

majority	of	IL‐1β	immunoreactivity	is	most	likely	expressed	by	infiltrated	peripheral	

immune	 cells.	 We	 quantified	 these	 IL‐1β	 positive	 clusters	 that	 are	 surrounded	 by	

microglia	and	found	that	they	are	most	prevalent	at	the	acute	phase.	Subsequently,	the	

majority	 of	 IL‐1β	 expressing	 cells	 disappeared	 upon	 the	 remission	 phase	 (fig.	 3B).	

Interestingly,	while	these	microglia	dense	areas	are	most	prevalent	at	the	acute	phase,	

at	 later	 stages	 small,	 very	 dense	 microglia	 nodules	 were	 observed,	 however,	 not	

associated	with	infiltrates	or	blood	vessels	(fig.	4A;	supplementary	fig.	3).	These	dense	

microglia	 nodules	 are	 not	 present	 at	 the	 acute	 phase	 and	 are	 mostly	 found	 at	 the	

remission	and	chronic	stage	(fig.	4B).	On	rare	occasion	(1‐2	per	spinal	cord),	microglia	

nodules	expressing	IL‐1β	were	observed	(fig.	4A).	

	

Robust	up‐regulation	of	MHCII	antigens	and	AXL	in	microglia	during	crEAE	

In	 order	 to	 determine	 the	 RNA	 expression	 of	 spinal	 cord	 microglia	 and	 CD11bpos	

CD45high	Ly‐6Cpos	infiltrates,	RNA	transcript	expression	of	pro‐inflammatory	mediators	

was	analyzed	with	quantitative	PCR.	The	pro‐inflammatory	genes	Il1b,	Tnfa,	Inos	and	

Lgals3,	 a	 receptor	 linked	 to	myelin	 uptake,	 were	 initially	 up‐regulated	 at	 the	 acute	

phase	in	microglia,	albeit	at	much	lower	levels	in	comparison	to	the	myeloid	infiltrates	

(fig.	5A).	Subsequently,	at	later	EAE	stages	the	expression	returned	to	control	levels.	In	

contrast,	MHC	class	II	antigen	components	H2Aa	and	Cd74	were	strongly	up‐regulated	

during	EAE	and	 remained	elevated	 in	microglia,	while	 the	 co‐stimulatory	molecules	

Cd80	 and	 Cd86	 showed	 a	marked	 increase	 at	 remission	 (fig.	 5B).	 The	 phagocytosis	

receptor	Axl,	involved	in	the	uptake	of	apoptotic	cells,	was	robustly	and	persistently	up‐

regulated	in	microglia	during	all	EAE	phases,	and	at	much	higher	levels	than	in	myeloid		
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Figure	3.	Microglia	were	found	surrounding	IL‐1β	clusters.	A)	Immunohistochemistry	was	performed	for	

IBA1	and	 IL‐1β	on	 sagittal	50	µm	 sections	 from	 spinal	cords.	 IBA1	positive	microglia	are	 shown	near	 IL‐1β	

clusters	for	EAE	acute,	remission	and	chronic	stage.	One	representative	picture	is	shown	of	3	spinal	cords	per	

condition.	B)	Quantification	of	 the	number	of	 IBA1/IL‐1β	clusters	per	 spinal	cord	section.	3	spinal	cords	per	

condition	were	quantified	with	2‐3	sections	per	condition.	Co	=	controls,	Ac	=	acute	phase,	Re	=	remission,	Ch	=	

chronic	 phase.	 Significant	 differences	were	 found	 based	 on	 the	 non‐parametric	Kruskal‐Wallis	 test;	 further	

statistical	comparison	between	groups	was	done	with	a	Mann‐Whitney	U	test.	*:	p	≤	0.05,	**/##:	p	≤	0.01,	***:	p	

≤	0.001.	*	represents	a	significant	difference	with	the	controls,	#	a	difference	with	EAE	acute	phase.	Scale	bar	is	

50	μm	and	error	bars	are	SEM.	

	

infiltrates	(fig.	5B).	Immunohistochemistry	showed	that	AXL	is	expressed	during	crEAE	

on	 microglia,	 while	 at	 the	 acute	 phase	 probably	 also	 on	 other	 immune	 infiltrates	

(supplementary	fig.	4).	These	data	indicate	that	microglia	are	not	pro‐inflammatory,	but	

are	 activated	 and	may	 be	 involved	 in	 antigen	 presentation	 and	 probably	 uptake	 of	

apoptotic	cells	at	the	later	stages	of	crEAE.			

	

RNA	expression	indicated	that	microglia	are	hypersensitive	during	crEAE	

In	order	to	evaluate	the	response	of	microglia	to	pro‐inflammatory	stimuli	during	the	

course	 of	 EAE,	we	 compared	 the	 response	 to	 LPS	 at	 the	 different	 EAE	 stages.	Mice	

received	an	i.p.	LPS	injection	3	hours	prior	to	termination.	LPS	induced	a	significant	up‐

regulation	at	the	RNA	level	of	the	genes	Il1b,	Tnfa,	Inos,	Lgals3,	H2Aa,	Cd74,	Cd80,	Cd86	

and	 Axl	 depicted	 in	 figure	 5	 at	 all	 stages,	 four	 examples	 are	 shown	 in	 figure	 6.	 In	

addition,	an	interaction	between	EAE	or	control	conditions	and	an	LPS	injection	was	

quantified.	There	was	a	significant	interaction	between	EAE	or	control	condition	and	

LPS	 injection	 indicating	 that	 microglia	 react	 exaggeratedly	 to	 LPS	 during	 EAE	 in	

comparison	to	controls	(supplementary	table	2).		

	

Discussion	
	

The	acute	phase	of	EAE	is	primarily	driven	by	the	infiltration	of	peripheral	immune	cells	

that	contribute	 to	demyelination	and	 the	 formation	of	 lesions	 (Huitinga	et	al.,	1990;	

Butter	et	al.,	1991;	Mildner	et	al.,	2009;	Ajami	et	al.,	2011)	and	is	inhibited	by	peripheral	

immunomodulation	(Pryce	et	al.,	2005).		The	role	of	microglia	and	immune	infiltrates	

during	 the	 later	 EAE	 stages	 has	 been	 less	 well	 studied,	 but	 might	 contribute	 to	

understanding	the	underlying	mechanisms	of	SPMS.	In	this	study,	the	crEAE	Biozzi	ABH		
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Figure	4.	At	the	remission	and	chronic	phase	dense	microglia	nodules	appeared.	A)	Immunohistochemistry	

was	performed	on	sagittal	50	µm	sections	from	spinal	cords	for	IBA1	and	IL‐1β.	IBA1	positive	dense	microglia	

nodules	are	shown	for	the	remission	and	chronic	stage.	One	representative	full	50	µm	Z	projection	without	IL‐1β	

and	one	with	IL‐1β	co‐staining	of	3	spinal	cords	per	condition	is	shown.	B)	Quantification	of	the	number	of	IBA1	

nodules	per	spinal	cord	section.	3	spinal	cords	per	condition	were	quantified	with	2‐3	sections	per	condition.	Co	

=	controls,	Ac	=	acute	phase,	Re	=	remission,	Ch	=	chronic	phase.	Significant	differences	were	found	based	on	the	

non‐parametric	Kruskal‐Wallis	 test;	 further	 statistical	 comparison	between	groups	was	done	with	a	Mann‐

Whitney	U	test.	*:	p	≤	0.05,	**/##:	p	≤	0.01,	***:	p	≤	0.001.	*	represents	a	significant	difference	with	the	controls,	

#	a	difference	with	EAE	acute	phase.	Scale	bar	is	50	μm	and	error	bars	are	SEM.	

	

mouse	model	was	used	to	study	microglia	and	immune	infiltrates	during	different	EAE	

stages.	Our	data	indicate	that	microglia	numbers	increase	during	crEAE;	they	become	

hyper‐responsive	to	LPS	and	acquire	a	hyper‐ramified	morphology,	during	a	time	when	

progressive	disease	no	longer	responds	to	peripheral	immunosuppression	(Pryce	et	al.,	

2005;	Al‐Izki	et	al.,	2011).		

	 The	 crEAE	 Biozzi	 ABH	 mouse	 model	 closely	 mimics	 SPMS	 progression,	 and	 in	

contrast	 to	other	EAE	models,	no	pertussis	 toxin	has	 to	be	used	 (Baker	et	 al.,	 1990;	

Hampton	et	al.,	2008;	Jackson	et	al.,	2009).	This	is	important,	because	adverse	effects	of	

pertussis	 toxin	 on	 microglia	 migration	 have	 been	 described	 (Yin	 et	 al.,	 2010).	

Accordingly,	 data	 from	 this	model	might	 provide	 valuable	 insight	 in	 the	 underlying	

mechanisms	of	SPMS.	At	the	acute	phase,	microglia	numbers	increase	probably	due	to	

proliferation	 as	 shown	 before	 (Vainchtein	 et	 al.,	 2014;	 McCombe	 et	 al.,	 1994;	

Ponomarev	et	al.,	2005).	From	the	periphery,	various	types	of	immune	cells	infiltrate:	

CD11bpos,	CD45pos	myeloid	cells	and	lymphocytes	mostly	consisting	of	T‐lymphocytes.	

Interestingly,	 at	 remission	 their	 numbers	 severely	 diminish	 and	 remain	 low	 during	

later	stages,	with	only	a	slight	increase	at	the	chronic	phase.	Other	reports	have	also	

indicated	a	predominance	of	macrophages	and	T‐lymphocytes	at	the	acute	EAE	phase,	

with	a	decline	at	the	subsequent	stages;	interestingly	B‐lymphocyte	numbers	are	higher	

at	the	relapses	than	during	the	initial	acute	phase	(Jackson	et	al.,	2009;	Allen	et	al.,	1993;	

Berghmans	et	al.,	2011).	

	 At	the	acute	phase,	microglia	slightly	up‐regulate	pro‐inflammatory	genes	like	Il1b,	

Tnfa	and	Inos.	In	addition,	they	upregulate	Lgals3	at	the	RNA	level,	that	also	functions	

as	a	receptor	for	myelin	uptake,	although	they	still	express	much	lower	levels	than	the	

myeloid	infiltrates.	At	the	protein	level,	microglia	do	not	express	IL‐1β,	but	are	often	

localized	 around	 IL‐1β	 clusters.	 Some	 of	 these	 IL‐1β	 clusters	 clearly	 localized	 near	

blood	 vessels	 while	 around	most	 clusters	 no	 obvious	 blood	 vessels	 were	 detected.	
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Probably,	the	increase	in	the	number	of	microglia	is	accompanied	by	a	slight	activation	

of	the	cells.	This	is	supported	by	the	observation	that	microglia	throughout	the	spinal	

cord	 acquire	 a	 more	 activated	 morphology.	 It	 has	 previously	 been	 shown	 that	

monocyte‐derived	macrophages	are	the	inflammatory	and	myelin	phagocytizing	cells,	

whereas	microglia	only	contain	limited	amounts	of	myelin	at	the	acute	phase,	indicating	

limited	involvement	in	pro‐inflammatory	and	demyelinating	activity	(Vainchtein	et	al.,	

2014;	Yamasaki	et	al.,	2014).		

Furthermore,	at	remission	and	the	chronic	stage,	microglia	down‐regulate	their	pro‐

inflammatory	RNA	expression,	while	the	expression	of	Axl,	a	receptor	involved	in	the	

uptake	of	apoptotic	cells	remains	elevated.	Putative	sequestration	of	cells	by	microglia	

is	supported	by	an	enhanced	expression	of	MHC	class	II	antigen	components	and	co‐

stimulatory	molecules	at	the	RNA	level	and	a	switch	in	morphology	from	an	amoeboid	

to	hyper‐ramified.	Of	note,	we	observed	this	morphology	throughout	the	spinal	cord,	as	

has	been	described	before	(Bauer	et	al.,	1994).	Hyper‐ramified	microglia	are	not	pro‐	

Figure	5.	qPCR	analysis	indicated	that	microglia	are	activated	and	involved	in	the	uptake	of	apoptotic	

cells.	RNA	was	isolated	from	FACS	sorted	microglia	and	from	CD11bpos	CD45high	Ly‐6Cpos	myeloid	infiltrates	and	

a	qPCR	assay	was	performed	to	identify	the	phenotype	of	these	cells	during	crEAE.	The	relative	RNA	expression,	

normalized	to	Hmbs	expression	levels	is	shown;	the	controls	are	set	to	1.	Expression	differences	are	shown	for	A)	

pro‐inflammatory	 genes	 Il1b,	Tnfa,	 Inos	 and	 Lgals3,	B)	MHCII	 components	H2Aa	 and	 Cd74,	 co‐stimulatory	

molecules	 Cd80	 and	 Cd86	 and	 apoptotic	 cell	 uptake	 receptor	 Axl.	 Co	 =	 controls	 (microglia	 n=	 6,	myeloid	

infiltrates	n=	4),	Ac	=	acute	phase	(microglia	n=	7,	myeloid	 infiltrates	n=	4),	Re	=	remission	(microglia	n=	7,	

myeloid	infiltrates	n=	5),	Ch	=	chronic	phase	(microglia	n=	6,	myeloid	infiltrates	n=	6).	Significant	differences	

were	found	based	on	the	non‐parametric	Kruskal‐Wallis	test;	further	statistical	comparison	between	groups	was	

done	with	a	Mann‐Whitney	U	test.	*:	p	≤	0.05,	**:	p	≤	0.01,	***:	p	≤	0.001.	*	represents	a	significant	difference	with	

the	controls,	#	a	difference	with	EAE	acute	phase.	Error	bars	are	SEM.	
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inflammatory,	 can	 be	 induced	 by	 chronic	 stress,	 and	 have	 been	 implicated	 in	 the	

aetiology	of	depression	(Walker	et	al.,	2013;	Hinwood	et	al.,	2013;	Hellwig	et	al.,	2015).		

During	 remission,	 microglia	 are	 probably	 extensively	 involved	 in	 the	 uptake	 of	

apoptotic	cells	and	cell	debris,	 they	are	hyper‐ramified	 to	cover	more	area	and	may	

present	antigens	through	MHC	class	II	antigens.	AXL	knockout	(KO)	mice	have	a	more	

severe	EAE	acute	phase,	more	lesions	and	axonal	damage	than	wildtype	(WT)	mice.		

	

Figure	6.	Exaggerated	microglia	response	to	LPS	during	crEAE,	especially	at	remission.	Three	hours	after	

injection	of	PBS	or	1	mg/kg	LPS	mice	were	sacrificed	and	the	microglia	were	isolated	and	FACS	sorted	from	the	

spinal	cord.	The	relative	RNA	expression	of	microglia	is	shown	when	normalized	to	Hmbs	expression	levels	and	

the	microglia	from	control	mice	that	received	a	PBS	injection	are	set	to	1.	Four	genes	are	shown	representing	

the	 different	 groups;	MHCII	 components	 (Cd74),	 co‐stimulatory	molecules	 (Cd86),	 pro‐inflammatory	 genes	

(Il1b)	and	phagocytosis	receptors	(Axl).	Controls	are	n=	6	for	PBS	and	n=	6	for	LPS,	acute	are	n=	7	for	PBS	and	

n=	8	for	LPS,	remission	are	n=	7	for	PBS	and	n=	8	for	LPS,	chronic	are	n=	6	for	PBS	and	n=	5	for	LPS.	Significant	

differences	were	found	based	on	the	non‐parametric	Kruskal‐Wallis	test;	further	statistical	comparison	between	

groups	was	done	with	a	Mann‐Whitney	U	test.	*:	p	≤	0.05,	**:	p	≤	0.01,	***:	p	≤	0.001.	*	represents	a	significant	

difference	between	the	LPS	and	PBS	condition	of	the	same	EAE	phase.	Error	bars	are	SEM.	
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In	addition,	 fewer	activated	microglia	are	 found	surrounding	 lesions	(Weinger	et	al.,	

2011).	 This	 phagocytic	 clearance	 by	 microglia	 is	 crucial	 after	 CNS	 injury,	 not	 just	

because	of	debris	removal,	but	also	due	to	their	capacity	to	promote	repair	(Neumann	

et	al.,	2009).		

A	previous	report	has	indicated	that	microglia	activation	persists,	even	when	most	

infiltrates	are	absent,	and	can	be	correlated	to	abnormal	neurofilaments	and	stripping	

of	 synaptic	 proteins	 (Rasmussen	 et	 al.,	 2007).	 We	 show	 that	 microglia	 become	

hypersensitive	to	LPS	during	crEAE,	especially	at	the	remission	phase.	Recently,	it	has	

been	shown	that	up‐regulation	of	markers,	including	Lgals3	and	Axl	is	associated	with	

an	immune‐primed	state	in	microglia	(Holtman	et	al.,	2015).	Therefore,	in	combination	

with	 the	 hyper‐responsiveness	 to	 LPS,	 our	 data	 suggest	 that	 microglia	 are	 primed	

during	crEAE.	Microglia	priming	may	contribute	to	changing	the	CNS	environment	from	

a	homeostatic	to	a	less	tissue	supportive	or	even	malfunctioning	state,	as	is	reported	in	

aging	(Perry	and	Teeling,	2013).		

Although	it	is	unknown	whether	primed	microglia	are	a	consequence	or	the	cause	

for	axonal	loss,	a	study	focusing	on	microglia	showed	that	treatment	with	Dipyridamole,	

an	anti‐inflammatory	drug	that	enters	the	CNS,	did	not	influence	the	onset	and	peak	of	

the	EAE	disorder,	but	only	diminished	EAE	severity	at	the	chronic	phase	in	C57BL/6	

(Sloka	et	al.,	2013).	Microglia	at	 the	 latter	stages	of	crEAE	might	be	 involved	 in	EAE	

progression	as	control	of	peripheral	autoimmunity	at	the	later	stages	of	crEAE	does	not	

prevent	 progressive	 decline	 (Pryce	 et	 al.,	 2005;	 Al‐Izki	 et	 al.,	 2011).	 Whilst	 this	

treatment	 can	 lead	 to	 a	 relative	 absence	 of	 infiltrating	 T	 cells,	 it	 does	 not	 have	 any	

impact	on	IBA1pos	cells	within	the	CNS,	indicating	that	chronically	activated	or	primed	

microglia	are	not	affected	(Pryce	et	al.,	2005;	Hampton	et	al.,	2013)	

	 At	 the	 latter	 stages	 of	 crEAE,	 IBA1+	nodules	 can	 be	 found,	where	 a	 rare	 fraction	

expresses	IL‐1β.	These	are	indubitably	microglia	since	a	previous	study	has	shown	that	

macrophages	do	not	differentiate	into	microglia	during	EAE	(Ajami	et	al.,	2011).	Such	

clusters	can	be	found	in	SPMS	and	have	been	identified	as	proliferating	microglia	that	

express	IL‐1R	(Lassmann	et	al.,	2012;	Bruttger	et	al.,	2015).	Maybe,	these	are	specific	

locations	 where	 hypersensitive	 primed	 microglia	 encounter	 certain	 triggers	 in	 the	

environment,	react	exaggeratedly	and	proliferate.		

In	this	study	we	show	that	microglia	numbers	increase	during	crEAE	and	remain	

elevated.	 In	 addition,	 they	 acquire	 an	 amoeboid	 morphology	 at	 the	 acute	 phase,	

followed	by	a	hyper‐ramified	morphology	at	the	latter	stages	that	is	accompanied	by	



Microglia	in	a	mouse	model	for	SPMS		

119 
 

5	

hyper‐responsiveness	to	LPS	and	up‐regulation	of	Axl	and	MHC	class	II	antigens.	This	

primed	state	might	be	crucial	for	the	progression	of	relapsing	to	chronic	EAE.	In	SPMS,	

peripherally	administered	immunomodulating	drugs	are	rarely	effective,	indicating	a	

minimal	 involvement	 of	 the	 peripheral	 immune	 system	 in	 the	 progression	 of	 the	

disorder	(Rovaris	et	al.,	2006).	Therefore,	it	is	conceivable	that	modulation	of	microglia	

may	lead	to	better	treatment	outcomes	during	SPMS.	
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Supplemental	material	
	

Table	S1.	qPCR	primer	information	
Gene	name	 Accession	number	 Forward	primer	5’‐3’	 Reverse	primer	5’‐3’	

Cd74	 NM_001042605.1	

NM_010545.3	

CTTCCGAAATCTGCCAAACC	 ATGGACATTGGACGCATCAG	

H2Aa	 NM_010378.2	 CTGTCTTATCTCACCTTCATCC	 GGAATCTCAGGTTCCCAGTG	

Cd80	 NM_009855.2	 GTCCATCAAAGCTGACTTCTC	 GGAAGCAAAGCAGGTAATCC	

Cd86	 NM_019388.3	 CAGATCAAGGACATGGGCTC	 ACTGAAGTTGGCGATCACTG	

Il1b	 NM_008361.3	 GGCAGGCAGTATCACTCATT	 AAGGTGCTCATGTCCTCAT	

Tnfa	 NM_013693.3	 TCTTCTGTCTACTGAACTTCGG	 AAGATGATCTGAGTGTGAGGG	

Inos	 NM_010927.3	 AAGGCCACATCGGATTTCAC	 GATGGACCCCAAGCAATACTT	

Lgals3	 NM_001145953.1	

NM_010705.3	

CAGGATTGTTCTAGATTTCAGGAG	 TGTTGTTCTCATTGAAGCGG	

Axl	 NM_009465.4	

NM_001190974.1	

NM_001190975.1	

TGAAGCCACCTTGAACAGTC	 GCCAAATTCTCCTTCTCCCA	

Hmbs	 NM_013551.2	

NM_001110251.1	

CCGAGCCAAGCACCAGGATA	 CTCCTTCCAGGTGCCTCAGA	

	

	

Table	S2.	Interaction	effect	of	LPS	(EAE	phase/control	*	LPS)	
Gene	name	 F‐value	 P‐value	

H2Aa	 6.809	 0.0001	

Cd74	 7.039	 0.0001	

Cd80	 10.221	 0.0001	

Cd86	 9.925	 0.0001	

Il1b	 7.181	 0.0001	

Tnfa	 3.701	 0.004	

Inos	 2.985	 0.015	

Lgals3	 4.260	 0.002	

Axl	 10.291	 0.0001	
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Supplementary	 figure	1.	Peripheral	 immune	 infiltrates	were	not	 IBA1	positive.	 Immunohistochemistry	

was	performed	on	sagittal	50	µm	sections	from	spinal	cords	for	IBA1	and	Ly‐6C.	At	all	four	conditions,	IBA1	and	

Ly‐6C	did	not	co‐localize.	One	representative	picture	is	shown	of	3	spinal	cords	per	condition.	Scale	bar	is	50	μm.	
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Supplementary	figure	2.	In	detail	quantification	of	microglia	morphology.	Additional	quantifications	of	

spinal	cord	microglia	from	sagittal	50	µm	sections.	Using	Imaris	3D	reconstruction	the	total	number	of	processes,	

process	volume,	length,	diameter,	terminal	endpoints	and	number	of	primary	branches	were	quantified	for	every	

stage.	All	conditions	have	been	normalized	to	control	microglia	(set	to	1).	Co	=	controls	(n=	7),	Ac	=	acute	phase	

(n=	9),	Re	=	remission	(n=	10),	Ch	=	chronic	phase	(n=	16).	Significant	differences	were	found	based	on	the	non‐

parametric	Kruskal‐Wallis	test;	further	statistical	comparison	between	groups	was	done	with	a	Mann‐Whitney	

U	test.	*:	p	≤	0.05,	**/##:	p	≤	 	0.01,	***:	p	≤	0.001.	*	represents	a	significant	difference	with	the	controls,	#	a	

difference	with	EAE	acute	phase.	Scale	bar	is	50	μm	and	error	bars	are	SEM.	
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Supplementary	 figure	 3.	Microglia	 nodules	were	 not	 surrounded	 by	 peripheral	 immune	 infiltrates.	

Immunohistochemistry	for	IBA1	and	Ly‐6C	was	performed	on	sagittal	50	µm	sections	from	spinal	cords.	At	the	

remission	and	 chronic	phase	microglia	nodules	are	not	 surrounded	by	Ly‐6C	positive	 cells	and	 they	do	not	

localize	near	blood	vessels	(endothelial	cells	also	express	Ly‐6C).	One	full	50	µm	Z	projection	is	shown	of	3	spinal	

cords	per	condition.	Scale	bar	is	50	μm.		
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Supplementary	figure	4.	IBA1pos	microglia	expressed	AXL	in	crEAE.	AXL	and	IBA1	immunohistochemistry	

on	50	µm	sagittal	sections	from	spinal	cords.	One	full	50	µm	Z	projection	is	shown	of	3	spinal	cords	per	condition.	

Scale	bar	is	50	μm.





 

 

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.		
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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.	

	



Microglia	phagocytose	peripheral	immune	infiltrates	in	EAE		

141 
 

6	

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.	
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Abstract	

	
Neutrophils	 are	 short‐lived	 phagocytosing	 and	 reactive	 oxygen	 species	 releasing	

granulocytes	and	the	most	abundant	white	blood	cells	in	mammals.	Their	role	in	the	

progression	of	Multiple	sclerosis	(MS)	and	its	mouse	model	experimental	autoimmune	

encephalomyelitis	(EAE)	is	under	examined.	While	the	contribution	of	neutrophils	to	

MS	seems	to	be	limited,	their	potential	demyelinating	and	tissue	damaging	effects	at	the	

start	of	the	disorder	are	difficult	to	measure.	Using	a	FACS‐based	cell	isolation	protocol,	

PCR	and	 immunohistochemistry	we	 studied	neutrophils	 and	other	myeloid	 immune	

infiltrates	in	C57BL/6	EAE	mice	at	the	acute	and	chronic	phases.	Our	data	indicate	that	

neutrophils	are	the	major	cytokine	producers,	both	pro	and	anti‐inflammatory,	during	

EAE.	Neutrophils	 can	 be	 subdivided	 based	 on	 CD11b	 expression	 into	 CD11bhigh	 and	

CD11blow	fractions.	The	CD11blow	population	accounts	 for	 approximately	20%	of	 the	

total	neutrophil	pool.	Interestingly,	CD11blow	neutrophils	expressed	the	highest	level	of	

pro‐inflammatory	 markers	 and	 Lgasl3,	 involved	 in	 myelin	 uptake.	 CD11bhigh	

neutrophils	are	a	more	mixed	population,	with	higher	expression	of	anti‐inflammatory	

markers	 CD274	 and	Gas6.	 This	 indicated	 that	 CD11bhigh	 neutrophils	 are	 more	 anti‐

inflammatory,	 and	 maybe	 part	 of	 the	 earlier	 reported	 myeloid	 suppressor	 cell	

population.	 Additionally,	 other	 myeloid	 infiltrates	 like	 CD11cpos	 dendritic	 cells	 and	

macrophages	represented	a	relative	small	fraction	of	the	myeloid	infiltrates.	CD11cpos	

dendritic	cells	and	macrophages	are	the	main	MHCII	presenters,	while	they	also	express	

Arg1,	 an	 anti‐inflammatory	 gene.	 Based	 on	 these	 findings,	 we	 concluded	 that	

neutrophils	are	the	main	pro‐inflammatory	cell	population	during	EAE	and	especially	

the	CD11blow	subpopulation.	
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Introduction	
	
Experimental	 autoimmune	 encephalomyelitis	 (EAE)	 is	 a	 well‐established	 model	 to	

study	 the	pathogenic	properties	of	 peripheral	 immune	 cells	 in	 the	 induction	of	 CNS	

disorders	(Rivers	et	al.,	1933;	Dendrou	et	al.,	2015).	As	a	model	for	multiple	sclerosis	

(MS),	 it	 mimics	 many	 aspects	 of	 the	 disorder	 that	 includes	 demyelination	 and	

neurodegeneration	 (Ransohoff,	 2012).	 Most	 studies	 have	 highlighted	 the	 role	 of	

macrophages	as	agonists	of	EAE	progression	(Huitinga	et	al.,	1990;	Bauer	et	al.,	1995).	

In	particular,	CCR2pos	Ly‐6Chigh	inflammatory	monocytes	contribute	to	EAE,	where	CCR2	

blockade	will	decrease	EAE	severity	(Mildner	et	al.,	2009;	Ajami	et	al.,	2011).	Although	

macrophages	 are	 important	 targets,	 CD11cpos	 dendritic	 cells	 and	 especially	 T‐

lymphocytes	collectively	drive	the	progression	(Greter	et	al.,	2005;	Bailey	et	al.,	2007;	

Mildner	and	Jung,	2014;	Dendrou	et	al.,	2015;	Hemmi	et	al.,	2016).	EAE	is	characterized	

by	CD4+	T‐lymphocyte	infiltration,	macrophage	recruitment	and	microglial	activation	

(Lassmann	and	Horssen,	2011).		

Recently,	research	interest	has	shifted	towards	the	most	abundant	leukocyte	in	the	

blood,	neutrophils;	short	lived	polymorphonuclear	cells	with	a	rapid	turnover	(Nathan,	

2006).	 Neutrophilia	 is	 a	 classical	 phenomenon	 of	 acute	 inflammation	 and	 they	 can	

phagoctose,	 produce	 cytokines,	 chemokines,	 reactive	 oxygen	 species	 and	 other	

enzymes	 (Kobayashi	 et	 al.,	 2005;	 von	Vietinghoff	 and	 Ley,	 2008).	 They	 are	 the	 first	

leukocytes	 that	 infiltrate	 in	 many	 peripheral	 inflammation	 animal	 models.	 In	 EAE,	

depletion	or	blockage	of	neutrophils	results	in	a	reduction	of	disease	severity	(McColl	

et	 al.,	 1998;	 Barthelmes	 et	 al.,	 2015).	 Neutrophils	 infiltrate	 rapidly	 during	 EAE	 and	

accumulate	at	the	core	of	demyelinating	and	axonal	degenerating	areas	(Wu	et	al.,	2010;	

Christy	 et	 al.,	 2013).	 They	 are	 recruited	 to	 the	 CNS	 before	 disease	 onset	 and	 their	

presence	is	directly	correlated	to	loss	of	blood‐brain	barrier	(BBB)	integrity	(Aubé	et	

al.,	 2014).	 Neutrophils	 are	 important	 for	 priming	 of	 local	 antigen	 presenting	 cells	

(APCs),	 stimulation	 of	 T‐lymphocytes	 and	 produce	 pro‐inflammatory	 cytokines	

(Steinbach	et	al.,	2013).	They	express	Ly‐6G,	Ly‐6C	and	CD11b	on	their	surface	and	can	

be	depleted	with	specific	Ly‐6G	antibodies	(Daley	et	al.,	2008).		

Normally,	they	are	studied	as	one	population	in	EAE	and	auto‐immune	disorders.	

Here,	 we	 used	 a	 FACS‐based	 protocol	 to	 isolate	 neutrophils,	 but	 also	macrophages,	

dendritic	 cells	 and	microglia	 from	 C57BL/6	 EAE	mice	 and	 carefully	 examined	 their	
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phenotype.	In	addition,	we	analyzed	two	separate	neutrophil	populations	that	differed	

in	membrane	CD11b	expression	with	possibly	distinct	functions.	

	

Methods	and	Materials	

	
EAE	induction	

EAE	was	 induced	 in	 female	13‐15	week	old	C57BL/6	mice	 (C57BL/6OlaHsd,	Harlan	

Laboratories,	The	Netherlands)	with	a	pre‐made	induction	kit	(EK‐2110)	from	Hooke	

laboratories,	USA.	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.	Afterwards,	the	mice	received	

an	intraperitoneal	injection	of	±250	ng	pertussis	toxin	(PTX)	dissolved	in	PBS	and	this	

was	repeated	24	h	later.	During	the	first	7	days,	their	weight	was	monitored,	thereafter	

the	mice	were	also	scored.	Mice	were	scored	based	on	a	6‐point	scoring	system:		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.	Special	measures	were	taken	to	reduce	discomfort.	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).	Mice	were	 terminated	at	 acute	 score	4	 (n=14),	 chronic	

phase	(2	days	of	EAE	score	3.75;	limp	tail	and	complete	paralysis	of	one	hind	leg,	while	

the	other	displays	partial	paralysis;	n=15)	and	naïve	controls	(n=12).	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).	Also,	the	experimental	setup	and	animals	used	were	according	to	

the	ARRIVE	guidelines	(Kilkenny	et	al.,	2010;	Amor	et	al.,	2012;	Baker	et	al.,	2012).	

	

Fluorescence	activated	cell	sorting	(FACS)	

Mice	were	terminated	under	isoflurane	anesthesia	and	perfused	with	0.9%	saline.	The	

spinal	cord	was	collected	in	isolation	medium	(HBSS	(1x)	with	phenol	red	(Gibco);	15	

mM	 HEPES	 1M	 (Lonza);	 0.6%	 glucose	 45%	 (Sigma‐Aldrich)).	 All	 subsequent	

procedures	were	performed	on	ice	and	as	previously	described	(de	Haas	et	al.,	2008;	

Vainchtein	et	al.,	2014;	chapter	4).	Spinal	cords	were	minced,	mechanically	dissociated	
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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).	 The	

supernatant	was	removed	and	pellet	resuspended	in	a	myelin	removal	solution	(22%	

Percoll	 (GE	Healthcare)	with	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))	and	1	mL	of	PBS	was	layered	on	top.	After	centrifugation	for	20	min	(950	rcf/g,	

acc:	4,	brake:	0,	4	oC),	the	supernatant	that	contained	myelin	was	removed	and	the	cell	

pellet	was	resuspended	in	FACS	medium	(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)).	 The	 cell	 suspension	 was	 Fc	 receptor	 blocked	 with	 anti‐mouse	
CD16/CD32	 (eBioscience)	 for	 10	min	 and	 incubated	with	 the	 following	 antibodies:	

CD11b	BV421	(Biolegend),	CD11c	PE	(Biolegend),	CD45	FITC	(ebioscience),	Ly‐6C	APC	

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

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

collected	in	FACS	tubes	(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	with	Propidium	Iodide	(PI;	0.5	µM;	Sigma‐Aldrich)	or	4',6‐diamidino‐2‐

phenylindole	(DAPI;	0.5	µM;	Sigma‐Aldrich).	Microglia	were	gated	as	CD11bpos	CD45int	

Ly‐6Cneg	and	myeloid	 infiltrates	as	CD11bpos	CD45pos.	Within	the	myeloid	population,	

different	populations	could	be	defined;	macrophages	and	dendritic	cells	(as	1	group:	

CD11bpos	 CD45pos	 Ly‐6Cpos	 Ly‐6Gneg)	 and	 neutrophils	 (CD11bpos	 CD45pos	 Ly‐6Cint	 Ly‐

6Gpos).	The	macrophages	and	dendritic	cells	group	consisted	of	Ly‐6Chigh	macrophages	

(CD11bpos	CD45pos	Ly‐6Chigh	Ly‐6Gneg	CD11cneg)	or	dendritic	cells	(CD11bpos	CD45pos	Ly‐

6Cpos	Ly‐6Gneg	CD11cpos).	The	neutrophils	group	could	be	separated	 in	CD11bhigh	and	

CD11blow	populations.	The	cells	were	collected	in	FACS	medium	and	centrifuged	for	10	

min	(500	rcf,	4	oC,	table	top	centrifuge).	Supernatant	was	removed	and	cells	were	lysed	

in	RLT+	buffer	(Qiagen).					

	

RNA	isolation	and	quantitative	real‐time	PCR	(qPCR)		

The	 RNA	 was	 isolated	 using	 the	 RNeasy	 Plus	 Micro	 kit	 (Qiagen)	 according	 to	 the	

protocol	 of	 the	manufacturer.	 cDNA	was	 generated	 by	 reverse	 transcription	with	 a	

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

RevertAidTM	M‐MuLV	Reverse	Transcriptase	(Fermentas).	cDNA	levels	were	measured	

by	qPCR	in	384	well	plates	(Applied	Biosystems)	with	iQTM	SYBR	Green	Supermix	(Bio‐
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Rad)	on	 an	ABI7900HT	machine	 (Applied	Biosystems).	 Primers	were	designed	with	

NCBI	Primer‐Blast	and	ordered	from	Biolegio	(The	Netherlands)	(supplementary	table	

1).	Hmbs	 (hydroxymethylbilane	 synthase)	was	used	as	 a	 housekeeper	 and	data	was	

quantified	with	the	2‐ΔΔCt	method	(Livak	and	Smittgen,	2001).		

	

Immunohistochemistry		

Mice	were	first	perfused	with	saline	and	then	with	4%	paraformaldehyde	(PFA).	The	

spinal	 columns	were	 removed,	post	 fixed	overnight	 and	dissected	 the	next	day.	The	

tissues	were	washed	with	PBS	and	submerged	in	a	20%	sucrose	solution.	The	next	day	

they	were	embedded	in	Tissue	Tek	optimal	cutting	temperature	(OCT;	Sakura)	and	50	
µm	 sagittal	 sections	 were	 cut	 with	 a	 cryostat	 (CM3050S,	 Leica	 Biosystems).	

Immunohistochemistry	 was	 performed	 on	 the	 50	 µm	 sagittal	 free‐floating	 sections.	

Sections	were	washed	and	blocked	for	1	h	with	5%	normal	donkey	serum	(NDS)	and	

5%	normal	 goat	 serum	 (NGS)	 in	 PBS	with	 0.1%	TritonX‐100	 (PBST).	 Sections	were	

incubated	 with	 rabbit	 anti‐IBA1	 (1:1000,	 WAKO)	 and	 rat	 anti‐MHCII	 (1:250,	

eBioscience)	 in	 PBST	 with	 1%	 NDS	 and	 the	 next	 day	 secondary	 antibodies	 (sAbs)	

donkey	anti	rabbit	488	(Molecular	Probes)	and	donkey	anti	rat	Cy3	(JIR	Laboratories);	

or	 rabbit	 anti‐IBA1	 (1:1000,	 WAKO)	 and	 Armenian	 hamster	 anti‐CD11c	 (1:200,	

eBioscience)	 in	PBST	with	1%	NDS	and	1%	NGS	and	 the	next	day	sAbs	donkey	anti	

rabbit	488	(Molecular	Probes)	and	goat	anti	Armenian	hamster	Cy3	(JIR	Laboratories);	

or	rabbit	anti‐IBA1	(1:1000,	WAKO)	and	goat	anti‐Arg‐1	(1:100,	Abcam)	in	PBST	with	

1%	NDS	and	the	next	day	donkey	anti	rabbit	488	(Molecular	Probes)	and	donkey	anti	

goat	Cy3	(JIR	Laboratories);	or	rat	anti‐Ly‐6G	(1:200,	Biolegend)	and	goat	anti‐IL‐1β	

(1:100,	 R&D	 Systems)	 or	 rat	 anti‐Ly‐6C	 (1:200,	 ADb	 Serotec)	 and	 goat	 anti‐Arg‐1	

(1:100,	Abcam)	 in	PBST	with	1%	NDS	and	the	next	day	sAbs	donkey	anti	rat	AF488	

(Abcam)	and	donkey	anti	goat	Cy3	(JIR	Laboratories).	All	secondary	antibodies	were	

used	1:400	in	PBST	with	1%	NDS	(and	1%	NGS	if	needed).	Afterwards	sections	were	

incubated	with	Hoechst	(1:1000)	in	PBS	for	5	min	and	mounted	with	Mowiol.	Images	

were	made	with	a	Leica	TCS	SP8	confocal	microscope	(Leica	Microsystems).					
	

Figures	and	statistical	analysis	

Prism	5	(Graphpad)	and	Adobe	Illustrator	CC	(Adobe)	were	used	to	make	bar	graphs	

and	organize	them.	Tree	Star	FlowJo	software	v10	was	used	for	FACS	plot	analysis	and	

calculations.	SPSS	22	(IBM)	was	used	for	statistical	analysis	using	the	Kruskal‐Wallis	
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test	to	identify	differences	between	groups	with	a	group	by	group	comparison	using	the	

Mann‐Whitney	U	test.	Differences	were	considered	as	significant	when	the	p‐value	was	
below	0.05.	

	

Results	
	

Neutrophils	were	the	largest	fraction	of	myeloid	infiltrates	

To	determine	the	exact	constitution	of	the	myeloid	infiltrates	during	EAE,	we	induced	

EAE	 in	C57BL/6	mice	and	terminated	them	at	the	acute	phase	(first	day	of	reaching	

score	4)	and	4‐5	days	later	when	their	score	reduced	and	remained	at	EAE	score	3.75;	

chronic	phase.	The	spinal	cord	was	isolated	and	used	for	FACS.	Microglia	were	sorted	

as	 CD11bpos	 CD45int	 Ly‐6Cneg,	 myeloid	 infiltrates	 as	 CD11bpos	 CD45pos	 (fig.	 1A).	 The	

myeloid	 infiltrates	 accounted	 for	 ±10%	 of	 CD11cpos	 dendritic	 cells	 at	 the	 acute	 and	

±25%	at	the	chronic	phase	(fig.	1A,	B).	These	dendritic	cells	were	mostly	Ly‐6Cpos.	The	

CD11cneg	fraction	of	the	myeloid	infiltrates	included	Ly‐6Gpos	Ly‐6Cint	neutrophils	and	

Ly‐6Cpos	macrophages.	The	gating	 strategy	 for	microglia	 and	myeloid	 infiltrates	was	

confirmed	based	on	the	expression	of	Fcrls,	where	microglia	expressed	higher	levels	of	

Fcrls	(fig.	2A)	(Butovsky	et	al.,	2014).	Interestingly,	while	the	percentage	of	CD11cpos	

cells	 increased	 from	 the	 acute	 to	 chronic	 phase,	 the	 percentage	 of	 neutrophils	

decreased	(fig.	1B)	but	nevertheless	still	accounted	for	most	of	the	myeloid	infiltrates	

(fig.	1B).				

	

Microglia	expressed	CD11c	during	EAE	

Dendritic	cells	were	the	main	CD11cpos	cells,	but	the	entire	microglia	population	was	

CD11cint	during	EAE	(fig.	2B).	Myeloid	cells	were	separated	in	CD11cpos	and	CD11cneg,	

microglia	 were	 clearly	 not	 as	 negative	 as	 CD11cneg	 myeloid	 infiltrates	 and	 even	

contained	a	small	fraction	that	were	CD11cpos	(fig.	2B)	as	described	before	(Wlodarczyk	

et	al.,	2014).	As	in	chapter	6	of	this	thesis,	microglia	expressed	MHCII	and	when	gating	

for	MHCIIhigh	or	CD11cpos	these	cells	partially	overlapped	(fig.	3C).	This	indicated	that	

the	most	activated	microglia,	as	shown	in	chapter	6,	apart	from	MHCII	also	(at	least)	

partially	 expressed	 CD11c.	 Using	 immunohistochemistry,	 it	 was	 difficult	 to	 identify	

cells	that	were	both	IBA1pos	and	CD11cpos	(fig.	2D).	Sometimes	CD11cpos	clusters	were	

identified	that	were	surrounded	by	IBA1pos	cells,	but	it	was	difficult	to	conclude	whether		
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IBA1	 and	 CD11c	 overlapped,	 or	 whether	 microglia	 were	 juxtaposed	 to	 CD11cpos	

dendritic	cells	(fig.	2E).						

	

Dendritic	cells	were	the	MHCII	expressing	cells		

Almost	 all	 CD11cpos	 dendritic	 cells	 were	 MHCIIpos,	 and	 only	 a	 small	 fraction	 of	

macrophages	 (±25%)	 and	 no	 neutrophils	 expressed	MHCII	 (fig.	 1A,	 B,	 C).	 CD11cpos	

dendritic	cells	and	MHCIIpos	macrophages	had	the	highest	relative	expression	of	MHCII,	

although	a	fraction	of	CD11cpos	dendritic	cells	expressed	the	highest	level	of	MHCII	(fig.	
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Figure	1.	Neutrophils	are	the	main	myeloid	infiltrate.	A)	A	representative	FACS	sequence	is	shown	of	spinal	

cord	cells	the	acute	EAE	phase.	Microglia	were	gated	as	CD11bpos	CD45int	and	Ly‐6Cneg,	and	myeloid	infiltrates	as	

CD11bpos	CD45pos.	Roughly	10%	of	these	myeloid	 infiltrates	were	CD11cpos	dendritic	cells.	The	CD11cneg	group	

consisted	 of	 neutrophils	 and	 macrophages;	 that	 could	 be	 divided	 into	 MHCIIneg	 and	 a	 smaller	 MHCIIpos	

macrophage	 fraction.	B)	Left;	neutrophils	were	the	major	group	of	myeloid	cells,	after	the	acute	phase	their	

numbers	slightly	decreased	while	the	number	of	dendritic	cells	increased.	Right;	the	percentage	of	cells	that	are	

MHCIIpos	per	cell	type	are	displayed.	Dendritic	cells	were	the	main	MHCIIpos	myeloid	infiltrates	during	EAE.	In	

addition,	a	subgroup	of	macrophages	also	expressed	MHCII.	Ac	=	acute	phase	(n=4)	and	Ch	=	chronic	phase	(n=5).	

CD11cpos	(dendritic	cells)	=	CD11bpos	CD45pos	CD11cpos,	Ly‐6Cpos	(macrophages)	=	CD11bpos	CD45pos	CD11cneg	Ly‐

6Cpos,	Ly‐6Gpos	(neutrophils)	=	CD11bpos	CD45pos	CD11cneg	Ly‐6Cint	Ly‐6Gpos.	*/#:	p	≤	0.05,	##	p	≤	0.01.	*	indicates	a	
significant	difference	between	chronic	and	acute	phase,	#	indicates	a	significant	difference	between	the	indicated	

cell	 type	 or	 group	and	all	 other	 cell	 types	at	 the	 same	EAE	phase.	 C)	A	 representative	FACS	 plot	 is	 shown	

combining	the	MHCII	expression	of	macrophages	(CD11bpos	CD45pos	CD11cneg	Ly‐6Cpos)	divided	in	MHCIIpos	and	

MHCIIneg,	dendritic	cells	(CD11bpos	CD45pos	CD11cpos),	neutrophils	(CD11bpos	CD45pos	CD11cneg	Ly‐6Cint	Ly‐6Gpos)	

and	microglia	(CD11bpos	CD45int	Ly‐6Cneg).		

	

1C).	This	MHCII	membrane	expression	was	higher	than	in	microglia,	also	at	the	RNA	

level	 (H2Aa)	 (fig.	 3A).	 Interestingly,	 after	 the	 acute	 phase	 MHCII	 was	 further	

upregulated	 at	 the	 chronic	 phase	 predominantly	 in	 CD11cpos	 dendritic	 cells	 and	

MHCIIpos	macrophages.	While	the	number	of	microglia	increased	during	EAE,	myeloid	

infiltrate	numbers	were	much	lower	at	the	chronic	phase,	thus	the	remaining	MHCIIpos	

cells	 are	probably	more	 actively	 presenting	 antigens.	Microglia	 expressed	MHCII,	 as	

measured	 with	 flow	 cytometry,	 but	 with	 immunohistochemistry	 it	 was	 difficult	 to	

locate	IBA1pos	cells	that	are	MHCIIpos	(fig.	3B).	Most	likely,	the	MHCIIpos	cells	detected	in	

sagittal	spinal	cord	sections	were	exclusively	infiltrates,	as	they	have	a	higher	MHCII	

expression	 and	 immunohistochemistry	 is	 far	 less	 sensitive	 than	 flow	 cytometry	 to	

detect	MCHII	on	microglia.		

	

Neutrophils	were	the	main	cytokine	producers	in	EAE	

In	acute	and	chronic	EAE,	neutrophils	produced	the	highest	level	of	pro‐inflammatory	

cytokine	 Il1b	 and	 anti‐inflammatory	 cytokine	 Il10	 (fig.	 3A).	 This	 showed	 that	

neutrophils,	 gated	 as	 a	whole	 Ly‐6Gpos	 population,	 are	 the	main	 producers	 of	 these	

cytokines.	Immune	staining	confirmed	co‐localization	of	IL‐1β	and	Ly‐6G	in	spinal	cord	

neutrophils	at	the	acute	phase	(fig.	3C).	Neutrophils,	but	also	other	myeloid	infiltrates,	

had	a	significant	higher	expression	of	Lgals3,	involved	in	myelin	uptake,	than	microglia		
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Figure	2.	CD11cpos	microglia	were	present	in	EAE	spinal	cords.	A)	qPCR	for	Fcrls,	indicating	the	microglia	

have	the	highest	expression	of	Fcrls.	Co	=	controls	(n=6;	pooled	from	12	mice),	Ac	=	acute	phase	(n=3;	pooled	

from	4	mice)	and	Ch	=	chronic	phase	(n=3;	pooled	from	5	mice).	Depicting	microglia	(CD11bpos	CD45int	Ly‐6Cneg),	

Den	 Ly‐6Cpos	 (dendritic	 cells;	 CD11bpos	 CD45pos	CD11cpos),	Macro	MHCIIpos	 (MHCIIpos	macrophages;	 CD11bpos	

CD45pos	CD11cneg	Ly‐6Cpos	MHCIIpos),	Macro	MHCIIneg	(MHCIIneg	macrophages;	CD11bpos	CD45pos	CD11cneg	Ly‐6Cpos	

MHCIIneg)	and	Neutro	(neutrophils;	CD11bpos	CD45pos	CD11cneg	Ly‐6Cint	Ly‐6Gpos).	All	values	have	been	normalized	

to	control	microglia,	set	to	1.	^/*/#:	p	≤	0.05.	^	represents	a	difference	between	acute/chronic	microglia	and	

control	 microglia,	 *	 represents	 a	 significant	 difference	 between	 chronic	 and	 acute	 phase,	 #	 represents	 a	

significant	difference	between	the	indicated	cell	type	or	group	and	all	other	cell	types	at	the	same	EAE	phase.	

Error	bars	are	SEM.	B)	FACS	plot	 from	acute	EAE	 indicated	 that	while	myeloid	 infiltrates	 can	be	 split	 into	

CD11cpos	and	CD11cneg,	microglia	were	mostly	CD11cint	with	a	small	population	that	was	clearly	CD11cpos.	C)	

When	MHCIIhigh	and	CD11chigh	microglia	were	selected	 in	the	FACS	plot,	they	partly	overlapped	when	plotted	

CD11b	vs	CD45.	In	general,	these	microglia	are	in	the	top	right	corner	of	the	microglia	population	indicating	

that	they	have	a	high	expression	of	CD11b	and	CD45.	One	representative	is	shown	of	4	mice	from	the	acute	phase.	

D)	With	 immunohistochemistry	on	50	µm	sagittal	spinal	cord	sections,	CD11cpos	cells	(red)	usually	were	not	

surrounded	by	IBA1pos	(green)	cells,	E)	although	sometimes	IBA1pos	and	CD11cpos	cells	were	found,	it	was	unclear	

whether	they	were	the	same	cells	or	microglia	surrounding	CD11cpos	cells.	One	representative	image	is	shown	

from	3	mice.		
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(fig.	3A).	As	shown	before,	the	myeloid	infiltrates	probably	actively	phagocytose	myelin	

(Yamasaki	et	al.,	2014).		

	
	

The	most	pro‐inflammatory	myeloid	infiltrates	were	CD11blow	neutrophils	

Ly‐6Gpos	Ly‐6Cint	neutrophils	and	Ly‐6Cpos	macrophages/dendritic	cells	are	juxtaposed	

to	microglia,	with	 even	 some	 overlap,	when	 depicted	 for	 CD11b	 vs	 CD45	with	 flow	

cytometry	(fig.	4A).	This	again	emphasized	the	importance	to	use	Ly‐6C,	as	sorting	with	

just	 CD11b	 and	 CD45	 will	 contaminate	 the	 microglia	 population	 with	 myeloid	

infiltrates.	Neutrophils	and	macrophages/dendritic	cells	could	be	divided	into	CD11blow	

and	CD11bhigh.	As	our	 interest	was	mainly	 focused	on	neutrophils,	 they	were	 sorted	

separately	as	CD11blow	and	CD11bhigh.	The	CD11blow	neutrophil	fraction	represented	a	

minor	(±20%)	part	of	neutrophils	and	only	±10%	of	the	myeloid	infiltrates;	the	smallest	

group	of	myeloid	infiltrates	(fig.	4B).	Both	subgroups	of	neutrophils	displayed	higher	

relative	expression	of	inflammasome	component	Nlrp3	and	pro‐inflammatory	cytokine	

Il1b	(fig.	4C).	But,	the	CD11blow	fraction	had	a	much	higher	expression	of	Lgals3	(Mac2,	

Galectin3),	while	 CD11bhigh	 neutrophils	 displayed	 the	 highest	 expression	 of	 immune	

inhibitor	Cd274	(Pd1l1)	and	a	substantial	expression	of	anti‐inflammatory	genes	Arg1	

and	Gas6.	Microglia	most	abundantly	expressed	apoptotic	uptake	receptor	Axl	and	its	

ligand/anti‐inflammatory	 gene	 Gas6	 (fig.	 4C).	 Macrophages/dendritic	 cells	 highly	

expressed	H2Aa	and	Arg1	(fig.	4C,	D),	but	IBA1pos	microglia	expressing	Arg‐1	were	also	

detected	 using	 immunohistochemistry	 (data	 not	 shown).	 Thus,	 neutrophils	 and	 in	

particular	the	CD11blow	population	seems	to	be	the	most	pro‐inflammatory	during	EAE.								

	

Discussion	
	

In	EAE,	 research	on	 the	pathogenic	 involvement	 of	 the	 immune	 system	has	 focused	

mostly	on	T‐lymphocytes	and	of	the	myeloid	infiltrates,	on	macrophages.	Neutrophils	

were	not	a	major	focus	as	in	post‐mortem	MS	lesions,	neutrophils	were	not	found	and	

their	numbers	are	not	increased	in	the	CSF	or	blood	of	MS	patients	(Holman	et	al.,	2011).	

But	neutrophils	are	the	first	cells	that	infiltrate	during	inflammation,	at	least	in	mice.	

Most	CNS	material	is	from	progressive	MS	patients	at	a	late	stage	in	their	disease,	and	

the	 involvement	of	neutrophils	 at	 these	 later	 stages	of	 the	disorder	might	be	 rather	

limited.	In	addition,	during	EAE	no	significant	increase	in	circulating	myeloid	immune		
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Figure	3.	Neutrophils	were	the	main	cytokine	producing	cells	in	EAE.	A)	qCPR	analysis	for	H2Aa,	Il1b,	Il10	

and	Lgals3	indicated	that	neutrophils	robustly	expressed	cytokines	at	the	RNA	level,	far	more	than	the	other	cell	

types.	In	addition,	all	measured	cell	types	had	a	higher	Lgals3	expression	than	microglia.	Dendritic	cells	and	

MHCIIpos	macrophages	are	the	main	MHCII	expressing	cells	at	the	RNA	and	protein	 level.	Co	=	controls	(n=6;	

pooled	from	12	mice),	Ac	=	acute	phase	(n=3;	pooled	from	4	mice)	and	Ch	=	chronic	phase	(n=3;	pooled	from	5	

mice).	Depicting	microglia	(CD11bpos	CD45int	Ly‐6Cneg),	Den	Ly‐6Cpos	(dendritic	cells;	CD11bpos	CD45pos	CD11cpos),	

Macro	MHCIIpos	(MHCIIpos	macrophages;	CD11bpos	CD45pos	CD11cneg	Ly‐6Cpos	MHCIIpos),	Macro	MHCIIneg	(MHCIIneg	

macrophages;	CD11bpos	CD45pos	CD11cneg	Ly‐6Cpos	MHCIIneg)	and	Neutro	(neutrophils;	CD11bpos	CD45pos	CD11cneg	

Ly‐6Cint	Ly‐6Gpos).	All	values	have	been	normalized	to	control	microglia,	set	to	1.	^/*/#:	p	≤	0.05.	^	indicates	a	

difference	between	acute/chronic	microglia	and	control	microglia,	*	indicates	a	significant	difference	between	

chronic	and	acute	phase,	#	indicates	a	significant	difference	between	the	indicated	cell	type	or	group	and	all	

other	cell	types	at	the	same	EAE	phase.	Error	bars	are	SEM.	B)	Immunohistochemistry	for	IBA1	(green),	MHCII	

(red)	and	Hoechst	(blue)	in	sagittal	50	µm	spinal	cord	section	from	the	EAE	acute	phase.	IBA1	and	MHCII	did	not	

co‐localize.	One	representative	image	is	shown	from	3	mice.	C)	Immunohistochemistry	for	Ly‐6G	(green),	IL‐1β	

(red)	and	Hoechst	(blue)	in	sagittal	50	µm	spinal	cord	section	from	the	EAE	acute	phase.	Inset	includes	a	higher	

magnification	of	Ly‐6Gpos	 IL‐1βpos	neutrophils.	Ly‐6G	positive	cells	expressed	 IL‐1β.	A	representative	 image	 is	

shown	from	3	mice.	Scale	bar	indicates	20	µm.		

cells	were	observed	in	the	blood,	while	high	numbers	were	detected	in	the	CNS	(data	

not	shown).	This	 indicates	 that	blood	counts	of	various	cell	 types	do	not	necessarily	

correlate	with	CNS	presence.		

Here,	we	show	that	neutrophils	are	the	largest	constituent	of	myeloid	infiltrates	and	

the	main	cytokine	producers	in	EAE.	They	can	be	divided	into	two	subgroups	based	on	

CD11b	 expression.	 While	 both	 types	 expressed	 high	 levels	 of	 the	 inflammasome	

component	Nlrp3,	 important	 in	the	production	and	release	of	 IL‐1β,	 they	also	highly	

expressed	 Il1b.	 Interestingly,	 the	 CD11blow	 fraction	 highly	 expressed	 Lgals3	 (Mac‐2,	

Galectin‐3),	 involved	 in	myelin	phagocytosis	 (Reichert	and	Rotshenker,	1999),	while	

the	CD11bhigh	neutrophils	expressed	immune	inhibitors	Cd274,	Arg1	and	Gas6.	CD274	

(PD1L1)	is	involved	in	negative	regulation	of	lymphocytes,	Arg‐1	an	anti‐inflammatory	

gene	 and	 Gas6	 an	 apoptotic	 uptake	 ligand	 with	 anti‐inflammatory	 effect	 in	 EAE	

(Freeman	et	al.,	2000;	Ckless	et	al.,	2008;	Binder	et	al.,	2008;	Gruber	et	al.,	2014).	Thus,	
neutrophils	display	multiple	phenotypes,	partly	based	on	CD11b	expression	levels.	The	

most	 CD11blow	 neutrophils	 are	 more	 pro‐inflammatory	 and	 involved	 in	 myelin	

phagocytosis,	 while	 the	 CD11bhigh	 neutrophils	 display	 a	 more	 anti‐inflammatory	

phenotype.	 In	 fact,	 this	 possible	 anti‐inflammatory	 phenotype	 has	 been	 described	

before.	Myeloid	derived	suppressor	cells	(MDSCs)	that	can	be	divided	into	granulocytic	

and	monocytic	subtypes	are	known	for	their	high	production	of	factors	like	Arg‐1,	IL‐

10	and	TGF‐β	(Kwak	et	al.,	2015).	Also,	they	actively	suppress	the	activity	of	other		
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Figure	4.	CD11blow	neutrophils	were	the	most	pro‐inflammatory	myeloid	infiltrates.	A)	Neutrophils	and	

Ly‐6Cpos	 macrophages/dendritic	 cells	 were	 separated	 in	 two	 populations	 based	 on	 CD11b	 and	 CD45	

expression.	Ly‐6C	is	important	to	include	during	FACS	as	myeloid	infiltrates	partially	overlap	with	microglia	

(black	circles).	One	 representative	FACS	plot	 is	 shown	 from	acute	phase	EAE	spinal	 cord	cells	 (n=6)	 that	

includes	microglia	(CD11bpos	CD45int	Ly‐6Cneg),	macrophages/dendritic	cells	(CD11bpos	CD45pos	Ly‐6Cpos	Ly‐

6Gneg)	and	neutrophils	(CD11bpos	CD45pos	Ly‐6Cint	Ly‐6Gpos).	B)	Left;	neutrophils	were	sorted	as	CD11bhigh	or	

CD11blow.	Right;	CD11blow	neutrophils	represent	only	a	small	group	of	the	myeloid	infiltrates.	Bars	are	from	6	

acute	EAE	mice	and	4	chronic	EAE	mice.	C)	qPCR	analysis	for	H2Aa,	Lgals3,	Cd274,	Nlrp3,	Il1b,	Arg1,	Axl	and	

Gas6.	During	EAE,	neutrophils	express	high	levels	of	inflammasome	component	Nlrp3	and	pro‐inflammatory	

cytokine	 Il1b.	 CD11blow	 neutrophils	 highly	 express	 myelin	 uptake	 receptor	 Lgals3,	 whereas	 CD11bhigh	

neutrophils	have	a	much	higher	expression	of	immune	inhibitor	Cd274.	Macrophages/dendritic	cells	highly	

express	MHCII	and	anti‐inflammatory	marker	Arg1,	while	microglia	express	more	Axl	and	Gas6,	involved	in	

apoptotic	cell	uptake.	Co	=	controls	(n=6),	Ac	=	acute	phase	(n=6;	for	CD11blow	neutrophils	n=4	from	6	mice)	

and	 Ch	 =	 chronic	 phase	 (n=4;	 for	 CD11blow	 neutrophils	 n=2	 from	2	mice).	 Depicting	microglia	 (CD11bpos	

CD45int	Ly‐6Cneg),	Macro/Den	Ly‐6Cpos	(macrophages;	CD11bpos	CD45pos	Ly‐6Cpos	Ly‐6Gneg),	Neutro	CD11bhigh	

(neutrophils;	 CD11bpos	 CD45pos	 Ly‐6Cint	 Ly‐6Gpos	 CD11bhigh)	 and	 Neutro	 CD11blow	 (neutrophils;	 CD11bpos	

CD45pos	Ly‐6Cint	Ly‐6Gpos	CD11blow).	All	values	have	been	normalized	to	control	microglia,	set	to	1.	^/*/#:	p	≤	

0.05,	##:	p	≤	0.01.	^	indicate	a	difference	between	acute/chronic	microglia	and	control	microglia,	*	indicates	

a	significant	difference	between	chronic	and	acute	phase,	#	 indicates	a	significant	difference	between	 the	

indicated	 cell	 type	 or	 group	 and	 all	 other	 cell	 types	 at	 the	 same	 EAE	 phase.	 Error	 bars	 are	 SEM.	 D)	

Immunohistochemistry	on	50	µm	sagittal	spinal	cord	sections	showed	that	Ly‐6Cpos	(green)	cells	are	found	

that	also	have	Arg‐1	(red).	One	representative	image	is	shown	from	3	mice.								

immune	 cells,	mainly	 known	 for	 suppressing	 T‐lymphocytes	 in	 for	 example	 tumors	

(Nagaraj	et	al.,	2013).	These	granulocytic	MDSCs	are	Ly‐6Gpos	and	CD11bpos	and	potent	

T‐lymphocyte	suppressors	during	CNS	autoimmunity	(Zehntner	et	al.,	2005;	Brandau	

et	 al.,	 2013).	 In	 EAE,	 transfer	 of	 granulocytic	 MDSCs	 leads	 to	 a	 reduction	 of	 EAE	

symptoms,	 including	decreased	demyelination	due	 to	 inhibition	of	Th1	and	Th17	T‐

lymphocytes.	Thus,	while	a	small	 fraction	of	neutrophils	might	be	pro‐inflammatory,	

this	large	group	of	CD11bhigh	Ly‐6Gpos	neutrophils	might	be	MDSCs.		

Interestingly,	in	the	periphery	of	patients	with	active	MS,	specifically	the	MDSCs	are	

enriched	(Ioannou	et	al.,	2012).	Maybe,	the	exact	role	of	neutrophils	in	MS	and	its	mouse	

models	has	been	overlooked.	In	2010,	it	was	shown	that	neutrophils	are	important	for	

demyelination	 in	 the	 cuprizone	mouse	model	 for	MS,	 while	 infiltration	was	 always	

considered	 to	 be	 minimal	 (Liu	 et	 al.,	 2010).	 In	 patients	 with	 acute	 MS,	 infiltrated	

neutrophils	 were	 found	 at	 regions	 where	 the	 blood‐brain	 barrier	 integrity	 was	

damaged	 (Aubé	 et	 al.,	 2014).	 Recently,	 in	 relapsing‐remitting	 MS	 patients	 it	 was	

observed	 that	 plasma	 levels	 of	 neutrophil	 chemokines	 were	 elevated	 and	 systemic	

expression	of	neutrophil	chemokines	CXCL1,	CXCL5	and	neutrophils	elastase	could	be	
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directly	correlated	with	clinical	disability.	Therefore,	the	authors	(Rumble	et	al.,	2015)	

argue	 that	 neutrophils	 might	 be	 future	 therapeutic	 targets	 and	 maybe	 even	 new	

biomarkers	in	MS.				

Dendritic	 cells	 are	 involved	 in	 antigen	 presentation	 and	 polarization	 of	 T‐

lymphocytes.	In	MS	patients	it	was	shown	that	activated	DCs	are	present	(Serafini	et	al.,	

2006;	 Grigoriadis	 et	 al.,	 2015).	 Their	 involvement	 in	 EAE	 has	 previously	 been	

established	(Greter	et	al.,	2005;	Bailey	et	al.,	2007).	Here,	we	show	that	DCs	are	the	main	

MHCII	expressing	cells	together	with	MHCIIpos	macrophages	in	EAE.	But,	the	striking	

thing	is	that,	while	all	studied	myeloid	cell	types	expressed	Lgals3,	when	Ly‐6Cpos	cells,	

consisting	of	a	mix	of	macrophages	and	dendritic	cells,	were	sorted	by	FACS,	these	cells	

abundantly	expressed	Arg1.	Macrophages	are	involved	in	demyelination	and	stripping	

of	axons,	but	their	function	is	more	diverse	and	complex	(Yamasaki	et	al.,	2014).	After	

myelin	 uptake,	 pro‐inflammatory	 macrophages	 can	 adopt	 an	 anti‐inflammatory	

phenotype	(Vogel	et	al.,	2013;	Bogie	et	al.,	2013)	and	macrophages	are	important	for	

the	resolution	of	inflammation	and	tissue	regeneration	(Shechter	et	al.,	2013).	In	EAE	it	

has	 been	 shown	 that	 CD11bpos	 Ly‐6Chigh	 macrophages	 can	 suppress	 T‐lymphocyte	

proliferation	and	induce	apoptosis	of	T‐lymphocytes	(Zhu	et	al.,	2007).	Therefore,	while	

macrophages	 are	 involved	 in	 demyelination,	 to	 classify	 them	 as	 strictly	 pro‐

inflammatory	is	incorrect	and	further	study	into	the	different	phenotypes	is	necessary.		

During	EAE,	microglia	highly	expressed	Axl	and	Gas6	as	shown	before	(chapter	6	this	

thesis).	They	also	expressed	MHCII	and	CD11c.	The	study	of	CD11chigh	microglia	was	not	

part	of	the	scope	of	this	chapter,	but	CD11cpos	microglia	have	previously	been	studied	

in	EAE	(Wlodarczyk	et	al.,	2014;	2015).	In	EAE,	these	CD11cpos	microglia	represent	a	

minor	fraction	and	could	induce	T‐lymphocyte	proliferation	and	expressed	more	MHCII	

and	 co‐stimulatory	 cytokines	 CD80	 and	CD86	 on	 the	membrane	 (Wlodarczyk	 et	 al.,	

2014).	But,	they	were	also	deficient	in	IL‐12	and	IL‐23	production,	cytokines	neccesary	

for	the	induction	of	Th1	and	Th17	cells.	Interestingly,	an	important	microglia	identity	

gene	IRF8	appears	to	be	crucial	in	MDSCs	regulation.	Therefore,	the	role	of	microglia	as	

another	“suppressor	cell”	might	be	an	interesting	future	target	(Waight	et	al.,	2013).	

In	 conclusion,	 neutrophils	 are	 the	 major	 myeloid	 infiltrates	 and	 CD11blow	

neutrophils	are	the	main	pro‐inflammatory	myeloid	infiltrates	during	EAE.	CD11bhigh	

neutrophils	have	a	more	intermediate	phenotype	towards	anti‐inflammation.		The	role	

of	 neutrophils	might	 be	 far	more	 important	 than	 anticipated	 in	 EAE	 and	MS.	While	

macrophages	and	dendritic	cells	have	been	clearly	implicated	in	EAE	progression,	here	
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we	show	that	probably	they	are	present	with	multiple	phenotypes	in	the	CNS	during	

EAE.	The	roles	that	were	assigned	to	these	cells	in	the	past	decades	are	correct,	but	too	

simplistic	and	should	be	revisited.		
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Supplemental	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	

Il1b	 NM_008361.3	 GGCAGGCAGTATCACTCATT	 AAGGTGCTCATGTCCTCAT	

Axl	 NM_009465.4	

NM_001190974.1	

NM_001190975.1	

TGAAGCCACCTTGAACAGTC	 GCCAAATTCTCCTTCTCCCA	

Gas6	 NM_019521.2	 CGAGTCTTCTCACACTGTGCT	 CCTCGAAGACTTGGTAGGCG	

Lgals3	 NM_001145953.1	

NM_010705.3	

CAGGATTGTTCTAGATTTCAGGAG	 TGTTGTTCTCATTGAAGCGG	

Arg1	 NM_007482.3	 CAAGACAGGGCTCCTTTCAG	 TTCACAGTACTCTTCACCTCCT	

Fcrls	 NM_030707.3	 CTCAATGTCACAGAGCCCCC	 TGTTCAACCTCTACGCGTCC	

Nlrp3	 NM_145827.3	 GCAGAGCCTACAGTTGGGTG	 AGCTCAGGCTTTTCTTCCTGG	

Il10	 NM_010548	 AAGGGTTACTTGGGTTGCCA	 TTTCTGGGCCATGCTTCTCTG	

Cd274	 NM_021893	 GATCATCCCAGAACTGCCTG	 GACACTACAATGAGGAACAACAG	

	

	

	



 

 

Chapter	8	
	

Summary	and	general	discussion	

Highlights:	

 Microglia	increase	in	numbers,	become	hypersensitive	but	not	pro‐inflammatory	

in	EAE.	

 Microglia	acquire	a	hyper‐ramified	morphology,	phagocytose	apoptotic	cells	and	

form	nodules	at	the	remission	and	chronic	EAE	phase.	

 Neutrophils	are	the	most	abundant	myeloid	immune	infiltrates	and	main	cytokine	

producers	in	EAE.	

 CD11blow	neutrophils	are	the	major	pro‐inflammatory	myeloid	infiltrates	in	EAE.	
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This	chapter	 is	divided	 into	two	sections;	the	summary	contains	a	brief	overview	of	the	

main	findings	presented	in	this	thesis,	in	the	last	part,	these	data	are	discussed	in	relation	

to	scientific	literature	and	an	outlook	on	future	microglia	and	EAE	research	is	given.	

	

Summary	
	

Multiple	 sclerosis	 (MS)	 is	 a	 complex	 disease	 characterized	 by	 progressive	

demyelination,	 cytodegeneration	 and	 neuronal	 loss	 and	 is	 propagated	 by	 an	 auto‐

immune	reaction.	As	is	the	case	in	other	neurodegenerative	disorders,	elucidating	the	

underlying	pathogenic	processes	remains	a	challenge	as	most	studies	 in	humans	are	

restricted	to	post‐mortem	tissues	and	materials	of	progressive	MS	patients,	when	the	

disease	is	at	an	advanced	stage.	The	processes	involved	in	the	initiation	and	progression	

of	the	disorder	are	difficult	to	study,	as	taking	biopsies	from	live	patients	is	very	difficult	

and	 imaging	 techniques	 can	 only	 provide	 limited	 information	 about	 events	 at	 the	

cellular	level.	One	might	argue	that	post‐mortem	human	brain	samples	are	not	suitable	

to	study	the	role	of	the	immune	system	in	MS.	The	advanced	MS	stage,	that	is	generally	

found	 in	 post	 mortem	MS	 brain	 tissue	might	 mask	 the	 subtle,	 early	 but	 important	

changes	and	deviations	in	these	immune	cells	that	researchers	are	looking	for.		

To	avoid	these	 issues,	animal	models	have	extensively	been	used.	Animal	models	

have	limitations,	but	can	provide	valuable	insights	when	the	right	questions	are	asked	

and	 the	 limitations	 are	 kept	 in	 mind.	 Here,	 the	 experimental	 autoimmune	

encephalomyelitis	(EAE)	mouse	model	for	MS	was	used	to	gather	new	insights	in	the	

function	of	microglia	and	myeloid	infiltrates	in	EAE	and	its	relation	to	MS.		

	 In	the	introduction	(chapter	1)	of	this	thesis,	literature	on	microglia	biology,	MS	and	

the	role	of	microglia	and	myeloid	infiltrates	is	summarized.	Three	main	questions	were	

formulated:	 1)	 Are	 microglia	 strictly	 pro‐inflammatory	 cells	 during	 EAE,	 as	 has	

previously	 been	 shown	and	proposed?	2)	 If	 not,	what	 role	 or	 function	do	microglia	

perform	during	acute	and	chronic	EAE?	3)	Which	of	the	myeloid	infiltrates	is	the	most	

crucial	cell	type	for	EAE	demyelination?	These	questions	are	addressed	by	summarizing	

the	results	presented	in	chapters	2‐7.		

	

Pro‐inflammatory	microglia	in	EAE?	

T‐lymphocytes	and	macrophages	are	important	for	EAE	progression	as	described	in	the	

introduction	 (chapter	 1),	 but	 the	 role	 of	 microglia	 is	 complex	 and	 difficult	 to	
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understand.	Partially,	because	with	FACS	and	immunohistochemistry	it	is	a	challenge	

to	distinguish	microglia	from	myeloid	infiltrates.	In	chapter	2,	microglia	in	EAE	were	

shown	 not	 to	 express	 cell	 surface	 marker	 Ly‐6C,	 important	 for	 and	 abundantly	

expressed	by	myeloid	infiltrates	(Vainchtein	et	al.,	2014).	Using	this	approach,	together	

with	 established	 myeloid	 and	microglia	 markers	 CD11b,	 CD45	 and	 IBA1,	 microglia	

could	be	successfully	distinguished	from	myeloid	infiltrates.	We	showed	that	microglia	

are	not	pro‐inflammatory	in	C57BL/6	mice	nor	at	the	acute	and	neither	at	the	chronic	

phase	of	EAE	(chapter	2	and	7),	and	in	chronic‐relapsing	EAE	Biozzi	ABH	(crEAE)	mice	

only	 a	 slight	microglial	 pro‐inflammatory	 activity	 was	 observed	 at	 the	 acute	 phase	

(chapter	5).	In	chapter	2	we	concluded	that	microglia	are	weakly	immune	activated	or	

immune	suppressed	based	on	the	expression	of	MHCII,	co‐stimulatory	molecules	and	

pro‐inflammatory	 genes.	However,	 the	 properties	 and	 functions	 of	microglia	 during	

EAE	remained	unresolved.	We	also	investigated	whether	the	same	microglia	reaction	

occurs	in	a	mouse	disease	model	with	mainly	neuronal	damage	and	minimal	infiltration	

of	immune	cells,	i.e.	a	pilocarpine‐induced	epilepsy	model	(chapter	3).	Interestingly,	in	

this	model	microglia	remained	immune	suppressed	showing	similar	patterns	in	gene	

expression	as	in	EAE.	These	data	suggest	that	damage	in	the	CNS	does	not	result	in	pro‐

inflammatory	microglia	irrespective	if	the	disorder	is	induced	in	the	periphery	or	in	the	

CNS.	

	

What	role	or	function	do	microglia	perform	during	EAE?		

EAE	microglia	expressed	high	RNA	and	protein	levels	of	MHCII,	increased	in	numbers	

and	 changed	 their	morphology	 from	more	 amoeboid	 at	 the	 acute	 phase,	 to	 a	 hyper	

ramified	morphology	at	 remission	and	chronic	phase	 (chapter	5).	The	most	 striking	

observation	was	 that	microglia	strongly	upregulated	AXL,	a	 receptor	 involved	 in	 the	

uptake	of	apoptotic	cells	(chapter	5,	6	and	7).	We	observed	that	microglial	activation	in	

EAE	is	characterized	by	AXL	and	MHCII	upregulation;	uptake	of	antigens,	processing	

and	presentation.	Chapter	6	showed	that	microglia	are	more	strongly	activated	in	the	

spinal	cord,	where	 infiltration	of	myeloid	 immune	cells	 is	most	prevalent.	Thus,	CNS	

regions	 with	 more	 damage	 and	 infiltration	 are	 associated	 with	 stronger	 microglial	

activation.	As	microglia	only	sparsely	take	up	myelin,	we	argue	that	in	these	damaged	

areas,	 immune	 infiltrates	might	 be	 the	primary	 target	 of	microglia.	 These	 infiltrates	

have	 a	 relatively	 short	 live	 span	 and	 go	 into	 apoptosis.	 Using	 a	 cell	 transplantation	

experiment	we	 showed	 that	microglia	 probably	 take	 up	 infiltrated	 immune	 cells	 as	
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genomic	 DNA	 from	 these	 transplanted	 cells	 was	 detected	 in	 microglia	 (chapter	 6).	

These	 microglia	 also	 contained	 internalized	 Ly‐6C,	 a	 marker	 of	 macrophages	 and	

neutrophils,	and	likely	remains	of	phagocytosed	immune	cells.	During	EAE,	microglia	

acquired	 a	 hyper‐ramified	 morphology	 and	 formed	 nodules	 when	 most	 immune	

infiltrates	were	absent	(chapter	5).	One	explanation	would	be	that	at	the	acute	phase	

microglia	surround	clusters	of	infiltrated	cells,	the	infiltrates	go	into	apoptosis	and	are	

cleared	by	microglia	leaving	these	nodules	as	remnants	(chapter	5	and	6).	In	addition,	

we	showed	 in	chapter	5	 in	chronic	EAE	mice	that	microglia	react	exaggeratedly	to	a	

stimulus	with	 lipopolysaccharide	 (LPS).	 Taking	 everything	 shown	 in	 this	 thesis	 into	

account;	microglia	 react	 to	 infiltration	of	 immune	cells	by	 increasing	 their	numbers,	

take	up	apoptotic	cells	but	very	little	myelin	and,	especially	in	an	acute	model	like	EAE,	

it	 subsequently	 renders	 them	 hypersensitive	 or	 primed	 to	 new	 stimuli	 from	 the	

environment.		

	

Which	of	the	myeloid	infiltrates	is	the	most	crucial	cell	type	for	EAE	demyelination	

and	progression?		

In	chapter	2	we	showed	that	the	myeloid	infiltrates	could	be	separated	into	Ly‐6Cint	and	

Ly‐6Chigh	 cells	 with	 FACS.	 In	 chapter	 4,	 the	 current	 mouse	 FACS	 strategy	 to	 isolate	

microglia	 and	myeloid	 infiltrates	was	 expanded	with	 the	use	of	 Ly‐6G,	 a	marker	 for	

neutrophils	and	also	an	updated	version	of	the	human	and	macaque	isolation	protocol	

for	microglia.	Additional	characterization	with	Ly‐6G	revealed	that	these	Ly‐6Cint	cells	

primarily	are	neutrophils	(chapter	4	and	7).	Interestingly,	neutrophils	contained	more	

intracellular	myelin	 than	microglia	 and	 expressed	 both	 pro‐	 and	 anti‐inflammatory	

cytokines	(chapter	2	and	7).	While	all	myeloid	 infiltrates	expressed	Lgals3,	a	myelin	

uptake	receptor,	CD11blow	neutrophils	expressed	the	highest	level.	Based	on	the	RNA	

expression	 data	 we	 concluded	 that	 CD11blow	 neutrophils	 are	 the	 most	 pro‐

inflammatory	 infiltrating	 immune	 cells	 in	 EAE	 (chapter	 7).	 In	 conclusion,	 while	 all	

myeloid	 immune	 infiltrates,	 together	 with	 T‐lymphocytes,	 are	 responsible	 for	 EAE	

progression,	neutrophils	are	the	most	active	pro‐inflammatory,	myelin	phagocytosing	

immune	cells	in	EAE.		
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8	

Discussion	and	future	perspectives	
	

Microglia	are	not	pathogenic	during	acute	EAE	

Our	data	indicate	that	microglia	are	not	pathogenic	during	EAE;	they	become	activated	

and	increase	in	numbers	but	do	not	display	a	clear	pro‐inflammatory	phenotype	and	

are	primarily	 involved	 in	debris	and	apoptotic	cell	clearance.	Microglial	activation	 is	

probably	 a	 response	 to	 neuronal	 death	 and	 myelin	 degradation.	 Phagocytosis	 of	

apoptotic	 neutrophils	 in	 the	 periphery,	 induces	 an	 anti‐inflammatory	 phenotype,	 as	

shown	in	macrophages	(Serhan	and	Savill,	2005).	Thus,	the	uptake	of	apoptotic	cells,	

most	 likely	 EAE	 neutrophils,	 will	 also	 induce	 an	 anti‐inflammatory	 phenotype	 in	

microglia.	While	microglia	use	AXL	 to	phagocytose	 these	 cells	 they	 also	 express	 the	

ligand	of	AXL,	Gas6,	during	EAE.	Higher	expression	of	Gas6	leads	to	a	reduction	in	EAE	

symptoms	(Gruber	et	al.,	2014).		

At	the	remission	and	chronic	phase,	microglia	acquire	a	hyper‐ramified	morphology	

and	 form	 nodules.	 These	 microglia	 are	 not	 pro‐inflammatory,	 but	 when	 LPS	 is	

administered	an	exaggerated	response	at	the	RNA	level	is	observed.	This	indicates	that	

probably	 during	 the	 acute	 phase	 microglia	 become	 primed	 and	 hypersensitive	 to	

signals	from	the	environment	(Sierra	et	al.,	2007).	Microglial	priming	is	associated	with	

aging	 and	neurodegenerative	 disorders	 and	many	 studies	 have	 identified	 key	 genes	

linked	to	priming	like	MHCII,	CD11c,	MAC‐2	(Lgals3)	and	AXL	(reviewed	in	Eggen	et	al.,	

2015;	Holtman	et	al.,	2015).	It	is	unknown	whether	this	hypersensitivity	or	priming	is	

a	cause	or	consequence	of	the	chronic	EAE	phase	(Holtman	et	al.,	2015).	Most	likely,	the	

damage	done	by	immune	infiltrates	is	irreversible,	and	due	to	prolonged	clearance	of	

debris,	microglia	became	hypersensitive	to	disturbances	and	debris	in	the	surrounding	

tissue.	One	might	argue	that	microglia	are	not	pro‐inflammatory	at	the	acute	phase	of	

EAE	or	MS,	but	progressively	become	pathogenic	during	the	disorder	and	their	initial	

CNS	 supportive	 activity	 might	 switch	 to	 a	 condition	 that	 contributes	 to	

neurodegeneration.	For	instance,	in	mouse	models	for	Alzheimer’s	disease,	microglia	

excessively	remove	synapses	and	this	incorrect	or	aberrant	activation	of	microglia	is	

linked	to	neurodegeneration	(Hong	et	al.,	2016).	Future	studies	should	mainly	focus	on	

the	 remission	 and	 chronic	 phases	 of	 EAE,	 as	 a	 better	 understanding	 of	 the	 drastic	

change	in	microglia	and	its	implications	in	EAE	progression	will	give	valuable	insights	

for	SPMS	and	its	treatment.		
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That	being	said,	previous	reports	indicate	that	microglia	express	TNF‐α	and	CCL2	

before	the	onset	of	EAE	symptoms,	where	CCL2	is	important	for	monocyte	attraction	

(Juedes	and	Ruddle,	2001;	Lewis	et	al.,	2014).	Pre‐active	lesions	in	MS	contain	activated	

microglia	devoid	of	 leukocyte	 infiltrates,	 likely	attracting	peripheral	 immune	cells	 to	

specific	locations	(Popescu	and	Lucchinetti,	2012).	Microglia	depletion	with	the	CD11b‐

HSVTK	 system	before	disease	onset	 led	 to	 reduced	disease	 severity	 (Heppner	 et	 al.,	

2005).	Although	this	system	is	rather	artificial	and	many	valid	doubts	are	present	about	

the	exclusive	expression	of	the	CD11b‐HSV	transgene	in	microglia	and	not	macrophages	

and	 possible	 side	 effects	 of	 ganciclovir,	 these	 data	 point	 to	 a	 role	 for	 microglia	 in	

initiation	 of	 the	 disorder	 (Ding	 et	 al.,	 2014;	 Skripuletz	 et	 al.,	 2015).	 Microglia	 are	

probably	not	the	cause	for	demyelination,	but	one	cannot	exclude	the	involvement	of	

microglia	in	perturbations	of	blood‐brain	barrier	(BBB)	permeability	(Ramaglia	et	al.,	

2012).	

In	this	thesis	we	focused	mostly	on	the	whole	microglia	population.	Wlodarczyk	et	

al.,	2014	showed	that	a	small	subpopulation	of	CD11cpos	microglia	can	be	identified	in	

EAE.	While	microglia	subpopulations	were	not	the	main	focus	of	this	thesis,	in	chapter	

6	 and	 chapter	 7	 we	 showed	 that	 clear	 subpopulations	 are	 difficult	 to	 identify,	 as	

markers	 like	MHCII	 and	CD11c	 in	our	 study	are	expressed	by	microglia	 in	a	graded	

fashion,	hampering	 the	 identification	of	distinct	subpopulations.	We	did	not	sort	 the	

CD11chigh	 microglia	 and	 thus	 are	 unable	 to	 conclude	 whether	 they	 are	 antigen	

expressing	and	T‐lymphocyte	proliferation	inducing	microglia	as	found	by	Wlodarczyk	

et	al.,	2014.	It	is	possible	that	the	largest	differences	between	microglia	subtypes	are	

probably	not	within	one	region	but	rather	between	regions	as	recently	shown	(Grabert	

et	al.,	2016).		

	

Future	microglia	research	in	chimeric	EAE	mice	

When	studying	microglia	and	myeloid	infiltrates	in	EAE,	the	conventional	approach	to	

just	 use	 antibodies	 as	 a	way	 to	 identify	 them	 is	 far	 from	 ideal.	 The	most	 extensive	

studies	on	microglia	have	been	performed	with	chimeric	mice,	transplanting	the	bone	

marrow	of	one	mouse	(usually	transgenic	where	all	cells	express	a	fluorochrome)	to	an	

irradiated	acceptor	mouse.	This	method	is	far	more	informative	and	precise.	But,	a	CNS	

unshielded	approach	has	multiple	side	effects,	namely	the	paralysis	of	microglia	and	

infiltration	of	peripheral	monocytes	that	possibly	differentiate	into	microglia	(Mildner	

et	 al.,	 2007;	 Bruttger	 et	 al.,	 2015).	While	most	 of	 these	 problems	 can	 (partially)	 be	
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evaded	when	shielding	the	CNS	during	irradiation,	side	effects	on	microglial	function	

and	 communication	 with	 the	 periphery	 might	 be	 disrupted.	 Hence,	 generation	 of	

chimeric	mice	that	do	not	require	irradiation	would	be	preferable.	

C57BL/6J‐KitW‐41J/J	 (W41)	mice	have	 a	 partial	 loss	of	 function	mutation	 in	 the	

cytokine	tyrosine	kinase	receptor	Kit.	While	appearing	normal,	hematopoietic	stem	cell	

(HSC)	donors	from	for	wild	type	C57BL/6	mice	will	outcompete	the	endogenous	HSCs	

in	these	mice	(Thorén	et	al.,	2008;	McIntosh	et	al.,	2015).	This	model	is	highly	suitable	

for	 transplantations	 without	 affecting	 the	 CNS.	 An	 experimental	 setup	 involving	

acceptor	C57BL/6.SJL‐kitW‐41J/kitW‐41J	mice	(W41	crossed	with	SJL	mice;	W41.SJL)	

and	 B6.Cg‐Tg(CAGDsRed*MST)1Nag	 (C57BL/6	 mice	 where	 all	 cells	 express	 DsRed	

under	 the	 chicken	β‐actin	promotor)	 as	 donors	would	provide	 a	 good	 experimental	

setup.	 Infiltrated	 cells	 in	 the	 CNS	 would	 be	 identified	 as	 DsRedpos	 and	 CD45.2	

(C57BL/6),	whereas	 the	 acceptor	microglia	 are	DsRedneg	 and	 CD45.1	 (SJL).	Without	

irradiation,	together	with	Ly‐6C,	one	would	be	able	to	identify	microglia	and	immune	

infiltrates	 much	 better	 with	 FACS	 and	 immunohistochemistry.	 This	 approach	 is	

superior	to	using	CX3CR1‐GFP	CCR2‐RFP	mice	as	CCR2	should	identify	only	infiltrated	

macrophages	and	not	neutrophils	and	CCR2	is	subject	to	downregulation	after	immune	

cells	infiltrate.	These	W41.SJL	mice	provide	a	valuable	addition	to	the	data	presented	in	

chapter	 6	 and	 would	 facilitate	 the	 identification	 of	 microglia	 with	 FACS	 and	

immunohistochemistry	 that	have	phagocytosed	 immune	 infiltrates	and	possibly	sort	

them	 for	 further	 study.	 Of	 course,	 AXL	 knockout	 mice	 will	 be	 important	 to	 show	

whether	 apoptotic	 cell	 uptake	 by	 microglia	 is	 important	 for	 EAE	 progression.	 AXL	

knockouts	 lead	to	more	severe	EAE,	although	microglia‐specific	AXL	knockouts	have	

not	been	used	for	EAE	so	far	(Weinger	et	al.,	2011).	In	addition,	one	could	study	with	

the	W41.SJL	mice	whether	infiltrated	macrophages	differentiate	into	microglia	during	

the	later	stages	of	EAE	(after	CCR2	downregulation),	something	that	was	not	possible	

due	to	the	irradiation	setup	in	chapter	2.			

The	 use	 of	 chimeric	 mice	 is	 crucial	 for	 EAE	 research,	 because	 the	 distinction	

between	microglia	and	myeloid	infiltrates	can	be	quite	difficult.	During	EAE,	microglia	

upregulate	CD45	and	CD11b,	and	Ly‐6C	is	a	critical	cell	surface	marker.	Without	Ly‐6C,	

the	 microglia	 population	 will	 be	 contaminated	 with	 neutrophils	 and	 macrophages	

resulting	 in	 a	 mixed	 population	 as	 shown	 in	 chapter	 7.	 In	 addition,	 when	 LPS	 is	

administered	to	mice,	CD11blow	neutrophils	upregulate	CD11b.	In	FACS	plots,	these	cells	
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localize	 to	 the	 same	position	as	microglia	 in	a	CD11b	vs	CD45	FACS	plot,	 leading	 to	

possible	contamination	of	microglia	samples	(data	not	shown).	

In	this	thesis,	gene	expression	levels	were	determined	with	quantitative	RT‐PCR	for	

a	 selected	 set	 of	 genes.	 In	 further	 studies,	 an	 unbiased,	 genome‐wide	 approach	 like	

RNAseq	would	 provide	much	more	 detailed	 and	 comprehensive	 information	 on	 the	

function	of	microglia	or	immune	infiltrates	in	EAE.	Quantification	of	single	genes	might	

bias	conclusions	as	for	example	TNF‐α	can	be	interpreted	as	pro‐inflammatory,	but	can	

also	be	neuroprotective	(Lambertsen	et	al.,	2009).	Up	or	downregulation	of	clusters	of	

genes	and	their	quantifications	will	better	represent	the	function	of	cells.		

	

Myeloid	immune	infiltrates,	from	driving	force	to	complex	story	

The	role	of	macrophages	in	EAE	is	complex	and	multifold.	In	chapter	2	we	described	

that	they	contain	myelin	and	others	have	shown	similar	results	(Yamasaki	et	al.,	2014).	

The	 data	 presented	 in	 chapter	 7	 propose	 that	 macrophages	 are	 more	 anti‐

inflammatory.	The	reason	for	this	apparent	discrepancy	might	be	that	when	these	cells	

were	sorted	at	the	acute	phase,	most	of	the	macrophages	have	already	taken	up	myelin	

(and	apoptotic	cells).	Apoptotic	cell	uptake	and	myelin	phagocytosis	can	induce	an	anti‐

inflammatory	phenotype	(Vogel	et	al.,	2013;	Bogie	et	al.,	2013).	When	not	separating	

macrophages	 into	 different	 possible	 subtypes,	 one	 will	 end	 up	 with	 a	 population	

primarily	consisting	of	anti‐inflammatory	cells.	Characterization	of	different	 types	of	

macrophages	 and	 their	 functional	 properties	 might	 be	 a	 valuable	 step	 towards	 the	

identification	and	development	of	therapeutically	interesting	targets	that	involve	anti‐

inflammatory	and	tissue	damage	resolving	macrophages.		

	 Neutrophils	are	easily	mislabeled	as	macrophages	in	EAE	research	(chapter	2),	in	

case	 of	 suboptimal	 FACS	 protocols.	 It	 is	 possible	 that	 the	 previously	 identified	 pro‐

inflammatory	 cytokine‐producing	macrophages	were	 (partly)	 neutrophils	 and	while	

they	have	been	mostly	neglected	 in	MS	and	EAE	research,	 these	cells	are	 interesting	

targets.	It	should	be	mentioned	that	while	neutrophils	produce	IL‐1β,	they	are	not	the	

only	immune	cells	as	we	also	found	many	T‐lymphocytes	that	are	IL‐1β	positive	with	

immunohistochemistry	 (data	not	 shown)	as	has	been	reported	before	 (Martin	et	al.,	

2016).		

	 MS	 drugs	 target	 the	 immune	 system	 and	 preferentially	 T‐lymphocytes.	 This	

approach	works	in	EAE	and	in	RRMS	and	influences	a	wide	range	of	immune	cells.	The	

“holy	grail”	would	be	to	target	specific	phenotypes	of	immune	cells.		
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EAE	is	currently	the	best	mouse	model	for	MS	

The	 EAE	mouse	model	 has	 been	much	 criticized	 and	 fallen	 out	 of	 favor	with	many	

researchers	and	journals.	The	recent	successes	with	anti	B‐lymphocyte	therapies	in	MS	

and	minimal	or	no	effects	on	EAE	progression	have	shed	doubts	on	the	usefulness	of	

this	model	(Lehmann‐Horn	et	al.,	2013).	EAE	was	developed	as	a	model	to	study	the	

neuroparalytic	side	effects	of	the	rabies	vaccine	and	later	developed	into	a	highly	used	

model	 for	 auto‐immune	 disorders	 (Ransohoff,	 2012).	 EAE	 was	 pivotal	 in	 the	

development	of	drugs	like	Natalizumab,	glatiramer	acetate	and	Mitoxantrone,	a	drug	

that	is	able	to	reverse	paralysis	in	EAE.	Unfortunately,	many	promising	drugs	failed	to	

show	 beneficial	 outcome	 in	 humans.	 For	 example,	 MS	 not	 only	 depends	 on	 T‐

lymphocytes,	 but	 also	 B‐lymphocytes.	 The	 C57BL/6	EAE	model	 does	 not	 involve	 B‐

lymphocytes,	 while	 a	 drug	 like	 Rituximab	 that	 depletes	 CD20pos	 B‐lymphocytes	 is	

successful	in	many	MS	patients	(Batoulis	et	al.,	2011).	The	Biozzi	ABH	EAE	mouse	model	

does	 include	B‐lymphocyte	 involvement	and	might	be	more	useful	 for	EAE	research	

(Jackson	et	al.,	2009).	Some	issues	with	the	use	of	the	EAE	mouse	model	are	that	the	

toxicity	of	drugs	is	rarely	tested	and	mice	in	general	have	a	different	susceptibility	to	

side	effects	in	comparison	to	humans	(Steinman	and	Zamvil,	2005;	2006).		

	 The	major	problem	 in	EAE	research	 is	not	 the	model	but	 the	research	questions,	

conclusions	and	researchers.	EAE	was	never	developed	to	fully	mimic	MS,	and	it	is	vital	

to	recognize	its	shortcomings	and	ask	logical	questions.	Maybe	MS	starts	in	the	CNS	(in‐

out;	explained	in	chapter	1)	and	the	demyelination	and	immunological	susceptibility	to	

it	leads	to	the	immune	reaction	as	seen	in	patients	with	RRMS.	EAE	mimics	the	immune	

response	 activated	 in	 MS	 and	 drugs	 resulting	 from	 EAE‐based	 research	 will	 hence	

target	the	immune	system.	Studies	examining	pre‐clinical	EAE	with	the	goal	to	elucidate	

how	MS	starts	are	difficult	to	translate	to	humans	as	the	exact	etiology	is	unknown.	One	

might	question	the	therapeutic	value	of	studies	that	administer	drugs	before	disease	

onset	(many	EAE	studies),	when	most	patients	only	appear	at	hospitals	after	the	first	

clinical	symptoms	(Baker	and	Amor,	2014).		

Can	we	improve	EAE	research?	In	general,	EAE	studies	should	follow	the	ARRIVE	

guidelines,	making	them	more	reproducible	(Kilkenny	et	al.,	2010;	Baker	et	al.,	2012).	

Drug	testing	should	always	be	performed	randomized	and	blinded	and	after	showing	

promising	results	 in	mice	pre‐clinically	 tested	 in	marmosets	with	EAE	as	 these	non‐

human	 primates	 are	more	 genetically	 similar	 to	 humans	 (‘t	 Hart	 et	 al.,	 2011).	 One	

should	define	the	aims	when	testing	drugs	or	treatments	as	for	example	remyelination	
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can	 be	 better	 studied	 with	 curprizone	 (a	 toxin	 for	 oligodendrocytes)	 or	 MOG‐Cre	

diphtheria	toxin	receptor	(DTR)	mice.	In	these	mice,	oligodendrocytes	express	Cre,	an	

enzyme	that	can	excise	a	STOP	cassette	thereby	making	the	cells	sensitive	to	diphtheria	

toxin.	When	diphtheria	toxin	 is	given	to	these	mice,	oligodendrocytes	are	selectively	

ablated	with	minimal	immune	activation	(Buch	et	al.,	2005).	If	EAE	is	used,	in	the	MOG‐

C57BL/6	EAE	mice,	one	 should	keep	 in	mind	 that	 it	 reflects	 an	acute	demyelinating	

disease	or	even	aggressive	MS	where	the	immune	system	is	the	primary	and	probably	

only	cause	of	the	disorder	(Emerson	et	al.,	2009).	The	problem	with	this	model	is	that	

pertussis	 toxin	 is	 used,	 important	 for	 disease	 induction	 as	 it	 enhances	 blood‐brain	

barrier	permeability.	For	microglia	research	it	might	have	negative	side	effects	as	it	can	

inhibit	microglial	migration	(Yin	et	al.,	2010).	The	Biozzi	ABH	EAE	model	is	by	far	the	

best	 mouse	 model,	 no	 pertussis	 toxin	 is	 used	 and	 the	 disease	 follows	 a	 relapsing‐

remitting,	like	MS,	disease	course.		

New	humanized	transgenic	mice	that	strongly	express	the	MS	risk	factors	have	been	

generated.	 For	 example,	 the	 HLA‐DR15	 humanized	 model	 mice	 develop	 EAE	

spontaneously	with	demyelination,	paralysis	and	axonal	degeneration	(Ellmerich	et	al.,	

2005).	Now	more	humanized	mice	with	HLA	haplotypes	that	are	associated	with	MS	

susceptibility,	even	multiple	transgenes,	have	been	made	giving	us	the	opportunity	to	

study	“natural”	EAE	(‘t	Hart	et	al.,	2011).		

Recently,	the	importance	of	microbiota	for	EAE	induction	has	been	shown	as	germ‐

free	mice	develop	milder	EAE	(Berer	et	al.,	2011;	Lee	et	al.,	2011).	Germ‐free	mice	have	

immature	and	defective	microglia	with	an	altered	immunological	response	(Erny	et	al.,	

2015).	Thus,	 the	microbiota	and	pathogen	 load	are	crucial	 for	microglial	 functioning	

and	in	mice	will	differ	from	the	human	condition.	Interestingly,	in	MS	alterations	in	gut	

microbiome	have	been	described	(Tremlett	et	al.,	2016).			

In	short,	EAE	research	should	include	and	expand	to	humanized	mouse	models	that	

spontaneously	develop	the	disorder,	but	also	contain	a	normal	and	healthy	microbiota.	

This	will	definitely	enhance	the	translatability	of	EAE	research	from	mouse	to	human.		

	

Conclusion		
		

Here,	we	present	new	insights	on	microglia	and	myeloid	infiltrates	in	EAE.	The	drastic	

morphological	changes,	their	uptake	of	apoptotic	cells	and	hypersensitive	state	during	

EAE	make	microglia	interesting	and	potential	therapeutic	targets.	This	is	especially	the	
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case	at	 later	stages	of	EAE,	a	condition	with	similarities	to	SPMS,	when	 few	 immune	

infiltrates	are	present	within	the	CNS	but	disease	continues	to	progress.	In	addition	to	

the	well	described	role	of	macrophages	in	EAE,	we	show	that	the	role	and	importance	

of	neutrophils	in	EAE	is	larger	than	generally	thought.	
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Belangrijkste	bevindingen:	

 Microglia	zijn	niet	pro‐inflammatoir	tijdens	EAE,	maar	worden	wel	extra	gevoelig	
voor	inflammatoire	stimuli	in	hun	omgeving	en	vormen	nodulen.		

 Microglia	nemen	in	aantal	toe,	krijgen	overmatig	veel	uitlopers	en	fagocyteren	
cellen	die	doodgaan,	waartoe	ook	immuun	infiltraten	behoren.		

 Neutrofielen	zijn	de	meest	pro‐inflammatoire	myeloide	cellen	tijdens	EAE,	vooral	
de	subgroep	die	CD11b	laag	tot	expressie	brengt.		 	
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Multiple	sclerose	(MS)	is	een	complexe	aandoening	van	het	centraal	zenuwstelsel	(CZS)	

gekarakteriseerd	door	demyelinisatie,	het	verlies	van	myeline	(witte	stof).	Myeline	is	

een	vetlaag	dat	als	isolatie	om	de	uitlopers	van	zenuwcellen	heen	ligt	en	belangrijk	is	

voor	 geleiding	 van	 elektrische	 pulsen.	 Tijdens	 MS	 verdwijnt	 myeline	 op	 bepaalde	

plekken	in	het	CZS,	waardoor	de	elektrische	pulsen	hun	uiteindelijke	doel	langzamer	of	

helemaal	 niet	 bereiken.	 Dit	 leidt	 tot	 een	 chronische	 aandoening	met	 kenmerken	 als	

bewegingsstoornissen,	 chronische	 pijn,	 blaasproblemen	 met	 uiteindelijk	 zelfs	

verlamming	 van	 complete	 spiergroepen.	 Hoewel	 de	 precieze	 oorzaak	 van	

demyelinisatie	 onbekend	 is,	 is	 wel	 vastgesteld	 dat	 het	 immuunsysteem	 hierbij	

betrokken	 is.	 Verschillende	 immuun	 cellen	 migreren	 vanuit	 de	 periferie,	 alle	

lichaamsvloeistoffen	en	organen	buiten	het	CZS,	naar	het	CZS	en	breken	daar	myeline	

af	 en	 nemen	 het	 op,	 ook	wel	 fagocytose	 genoemd.	 Onder	 normale	 omstandigheden	

kunnen	deze	immuun	cellen	het	CZS	niet	binnen	komen,	aangezien	er	een	bloed‐hersen	

barrière	(BHB)	is	die	dit	voorkomt,	maar	tijdens	MS	vertoont	de	BHB	ernstige	lekkage.	

Het	is	overigens	nog	onduidelijk	of	de	geïnfiltreerde	immuun	cellen	de	afbraak	initiëren,	

of	dat	er	een	intrinsiek	defect	is	in	de	myeline	en	dat	de	immuun	cellen	daarop	reageren.	

	 Bij	gezonde	mensen	komen	er	maar	weinig	immuun	cellen	vanuit	de	periferie	in	het	

CZS.	 Het	 interessante	 is	 dat	 ons	 CZS	 “eigen”	 immuun	 cellen	 heeft,	 de	 microglia.	 Ze	

behoren	 tot	 de	 “glia”	 cellen	 in	 het	 CZS,	 deze	 cellen	 zijn	 geen	 zenuwcellen	 maar	

ondersteunen	de	zenuwcellen.	Microglia	lijken	heel	erg	op	een	groep	immuun	cellen	in	

de	 periferie:	 de	 macrofagen.	 Microglia	 zijn	 de	 macrofagen	 van	 het	 CZS	 maar	 wel	

aangepast	aan	hun	omgeving;	behalve	het	opruimen	van	afvalproducten,	ondersteunen	

ze	de	zenuwcellen	vanaf	de	vroege	ontwikkeling	en	zijn	ze	waarschijnlijk	betrokken	bij	

verschillende	 hersenaandoeningen.	 De	 rol	 van	microglia	 in	MS	 is	 relatief	 onbekend,	

omdat	hersenen	van	MS‐patiënten	alleen	beschikbaar	zijn	na	hun	dood,	meestal	bij	een	

ver	 gevorderd	 stadium	 van	 MS	 waardoor	 de	 rol	 van	 microglia	 bij	 de	 initiatie	 en	

propagatie	 moeilijk	 te	 bestuderen	 is.	 Bovendien	 zijn	 met	 de	 huidige	 technieken	

microglia	nog	steeds	moeilijk	te	onderscheiden	van	de	macrofagen.	

	 Om	de	vroege	gebeurtenissen	tijdens	MS	te	bestuderen	is	in	dit	proefschrift	gebruik	

gemaakt	 van	 een	 muismodel	 voor	 MS,	 genaamd	 experimenteel	 auto‐immuun	

encefalomyelitis	 (EAE).	 Door	 middel	 van	 injecties	 met	 een	 myeline	 suspensie	 en	

speciale	stoffen	die	het	immuunsysteem	extra	sterk	activeren,	ontwikkelen	de	perifere	
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immuun	cellen	een	reactie	tegen	de	geïnjecteerde	myeline	dat	overslaat	naar	de	“eigen”	

myeline.	Hierdoor	ontstaat,	net	zoals	in	MS,	migratie	van	perifere	immuun	cellen	naar	

het	CZS	waar	deze	cellen	de	myeline	afbreken.	Door	de	aantasting	van	de	myeline,	raken	

bij	deze	muizen	de	staart	en	uiteindelijk	ook	de	achterpoten	verlamd.	

In	hoofdstuk	1	worden	microglia,	MS	en	de	verschillende	muismodellen	van	

MS	in	detail	beschreven	en	worden	de	hoofdvragen	van	dit	proefschrift	geformuleerd.	

De	hoofdthema’s	van	dit	proefschrift	zijn:	1)	onderzoek	naar	de	rol	van	microglia	 in	

EAE/MS	om	beter	te	begrijpen	of	ze	de	ontstekingsreactie	daadwerkelijk	ondersteunen	

(pro‐inflammatoir	zijn),	2)	of	ze	mogelijk	andere	functies	hebben	in	het	ziekteproces	

van	 EAE,	 3)	 onderzoek	 naar	 de	 ontsteking	 ondersteunende	 effecten	 van	 specifieke	

perifere	immuun	cellen.	Hierbij	wordt	gebruik	gemaakt	van	het	EAE‐muis	model.		

	Om	microglia	te	kunnen	bestuderen,	moeten	we	deze	cellen	specifiek	uit	de	

hersenen,	 of	 in	 het	 geval	 van	 EAE,	 uit	 het	 ruggenmerg	 zuiveren	 aangezien	 daar	 de	

meeste	weefselschade	optreedt.	Nadat	het	ruggenmerg	tot	een	suspensie	is	gemaakt,	

worden	pure	populaties	van	verschillende	soorten	cellen	verzameld	door	middel	van	

een	 techniek	 die	 antilichamen	 met	 fluorescerende	 labels	 gebruikt,	 genaamd	

fluorescence‐activated	cell	sorting	(FACS).	In	hoofdstuk	2,	hebben	wij	aangetoond	dat	

in	 het	 CZS	microglia	 van	 geïnfiltreerde	macrofagen	 te	 onderscheiden	 zijn	met	 de	 al	

bekende	CD11b	en	CD45	eiwitten,	in	combinatie	met	Ly‐6C,	een	eiwit	dat	niet	voorkomt	

op	microglia	maar	wel	op	macrofagen.	Door	hier	gebruik	van	te	maken	laten	we	zien	

dat	microglia	tijdens	EAE	in	aantal	toenemen	maar	niet	pro‐inflammatoir	worden,	dus	

niet	 ontsteking	 ondersteunend	 zijn.	 Ze	 zijn	 zelfs	 wat	 immuun	 onderdrukt,	 want	 ze	

vertonen	 niet	 de	 standaard	 karakteristieken	 (ook	 wel	 een	 fenotype	 genoemd)	 van	

immuun	cellen	 tijdens	ontsteking.	Daarentegen	zijn	de	geïnfiltreerde	 immuun	cellen	

pro‐inflammatoir	en	nemen	duidelijk	myeline	op.	

Hoofdstuk	3	laat	zien	dat	het	niet	pro‐inflammatoire	microglia	fenotype	dat	

wij	gevonden	hebben	in	EAE,	ook	voor	een	deel	voorkomt	in	een	ander	model	met	CZS‐

schade;	 het	 pilocarpine‐geïnduceerde	 epilepsie	 model.	 EAE	 is	 een	 aandoening	 die	

perifeer	begint,	pilocarpine	activeert	M1	en	M3	muscarine	 receptoren	 in	het	CZS	en	

zorgt	voor	epilepsie‐geïnduceerde	schade	in	het	CZS	met	weinig	infiltratie	van	immuun	

cellen.	 Onze	 resultaten	 laten	 zien	 dat	 schade	 in	 het	 CZS	 niet	 leidt	 tot	 een	 pro‐
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inflammatoir	microglia	fenotype,	zowel	onder	omstandigheden	met	veel	(EAE)	en	met	

weinig	infiltratie	(pilocarpine)	van	perifere	immuun	cellen.	

In	hoofdstuk	4	wordt	een	geoptimaliseerd	protocol	in	detail	beschreven	om	

zuivere	microglia	en	immuun	infiltraten	te	verkrijgen	uit	het	CZS	van	de	muis,	makaak	

en	mens.	Bij	het	protocol	voor	de	muis	hebben	we	naast	de	antilichamen	tegen	CD11b,	

CD45	en	Ly‐6C	ook	antilichamen	tegen	Ly‐6G	en	CD3	toegevoegd	om	respectievelijk	

neutrofielen	en	T‐lymfocyten	(andere	immuun	cellen)	te	identificeren	en	te	isoleren.		

Het	grootste	deel	van	de	MS‐patiënten	vertonen	een	relapsing‐remitting	MS	

(RRMS)	 die	 uiteindelijke	 overgaat	 in	 de	 progressieve	 fase	 van	 de	 ziekte:	 secondair	

progressieve	MS	(SPMS).	Het	EAE‐model	beschreven	 in	hoofdstuk	2	 is	uitgevoerd	 in	

C57BL/6	muizen	waar	de	muizen	verlamd	raken	en	blijven.	Door	EAE	te	induceren	in	

Biozzi	ABH‐muizen	ontstaat	een	ziekteverloop	dat	meer	lijkt	op	MS,	waarbij	de	muizen	

na	een	verlamming	weer	relatief	beter	worden	(remissie)	en	dan	weer	verlamd	raken	

totdat	ze	chronisch	verlamd	zijn.	De	resultaten	van	hoofdstuk	5	met	het	EAE	Biozzi	

ABH‐model	 laten	 zien	 dat	 microglia	 tijdens	 deze	 EAE‐fasen	 morfologisch	 drastisch	

veranderen,	van	een	cel	met	veel	uitlopers	naar	cellen	met	een	rondere	vorm	tijdens	de	

verlammingen,	naar	een	cel	met	overmatig	veel	uitlopers	bij	remissie	en	de	chronische	

fase,	 waar	 weinig	 geïnfiltreerde	 perifere	 immuun	 cellen	 zijn.	 Daarnaast	 vormen	 ze	

nodulen	(kleine	klompjes)	en	worden	zeer	gevoelig	voor	immuun	stimuli	(signalen	die	

immuuncellen	normaliter	activeren).	Ook	brengen	ze	het	eiwit	(AXL)	dat	betrokken	is	

bij	de	opname	van	dode	of	stervende	(apoptotische)	cellen	hoog	tot	expressie.		

De	mogelijk	fagocyterende	rol	van	microglia	wordt	beschreven	in	hoofdstuk	

6.	 In	 deze	 experimenten	 werden	 C57BL/6	 muizen	 met	 EAE	 getransplanteerd	 met	

miltcellen	van	een	andere	muis	die	het	rood	fluorescerend	eiwit	DsRed	bevatten.	Door	

de	 rode	 markering	 kon	 de	 migratie	 van	 deze	 cellen	 in	 het	 muizenlichaam	 gevolgd	

worden	 en	 bleek	 dat	 een	 kleine	 fractie	 van	 de	 getransplanteerde	 DsRed	 cellen	 ook	

uiteindelijk	in	het	ruggenmerg	eindigden.	In	microglia	geïsoleerd	uit	het	ruggenmerg	

werd	DsRed	DNA	gevonden,	wat	betekent	dat	microglia	deze	DsRed	cellen	of	ten	minste	

delen	ervan	opnamen.	Het	grootste	deel	van	deze	microglia	is	positief	voor	MHCII,	een	

eiwit	 dat	 cruciaal	 is	 om	 gefagocyteerde	 fragmenten	 op	 het	 oppervlak	 van	 cellen	 te	

presenteren	 aan	 T‐lymfocyten.	 Dit	 is	 een	 duidelijk	 signaal	 dat	 microglia	 actief	

fagocyteren	tijdens	EAE.	Waarschijnlijk	zijn	ze	bezig	met	het	opruimen	van	fragmenten	
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in	de	omgeving	die	daar	niet	horen	te	zijn,	waartoe	dode	of	stervende	infiltraten	ook	

behoren.	

In	hoofdstuk	7	 is	 specifiek	gekeken	naar	de	myeloide	 infiltraten	 in	het	CZS	

tijdens	 EAE,	 waartoe	 de	 macrofagen,	 dendritische	 cellen	 en	 neutrofielen	 behoren.	

Hoewel	macrofagen	 en	 T‐lymfocyten	worden	 gezien	 als	 de	meest	 schadelijke	 cellen	

tijdens	MS	en	EAE,	tonen	de	resultaten	van	dit	hoofdstuk	aan	dat	de	neutrofielen,	en	

met	name	de	subgroep	die	een	 lage	expressie	heeft	van	de	CD11b	marker,	veruit	de	

meest	 pro‐inflammatoire	 cellen	 zijn	 die	 het	 CZS	 binnendringen	 tijdens	 EAE.	

Dendritische	cellen	presenteren	de	meeste	eiwitten	via	MHCII,	terwijl	de	macrofagen	

en	neutrofielen,	die	een	hoge	expressie	hebben	van	CD11b,	niet	pro‐inflammatoir	zijn,	

misschien	zelfs	anti‐inflammatoir.		

Tenslotte	 wordt	 het	 proefschrift	 in	 hoofdstuk	 8	 samengevat	 en	 de	

belangrijkste	 implicaties	 van	 de	 resultaten	 bediscussieerd.	 Microglia	 zijn	 niet	 pro‐

inflammatoir	tijdens	EAE,	maar	actief	bezig	met	fagocyteren,	niet	specifiek	van	myeline,	

maar	waarschijnlijk	van	apoptotische	cellen.	Ze	nemen	in	aantal	toe,	vormen	nodulen,	

krijgen	 overmatig	 veel	 uitlopers	 en	 worden	 extra	 gevoelig	 voor	 immuun	 stimuli.	

Hoewel	microglia	de	acute	ontstekingsreactie	bij	EAE	niet	ondersteunen,	zou	het	goed	

mogelijk	 zijn	 dat	 de	 beschreven	 veranderingen	 in	 microglia	 de	 pathologie	 van	 de	

chronische	 EAE‐fase	 ondersteunen.	 Dus	 nadat	 de	 chronische	 fase	 door	 de	 perifere	

infiltraten	geïnitieerd	is,	zouden	microglia	een	bijdrage	kunnen	leveren	aan	het	in	stand	

houden	van	de	progressieve	fase	van	de	ziekte.	Dit	maakt	microglia	zeer	interessante	

kandidaten	 voor	 toekomstige	 therapieën	 niet	 alleen	 voor	 MS,	 maar	 ook	 andere	

hersenaandoeningen.	Vervolgonderzoek	met	EAE‐muizen	zal	moeten	uitwijzen	of	deze	

veranderingen	in	microglia	daadwerkelijk	bijdragen	aan	de	chronische	EAE‐pathologie	

en	of	eventuele	onderdrukking	van	microglia	activiteit	in	deze	fase	leidt	tot	remming	

van	de	EAE‐progressie.	Gezien	het	alsmaar	groeiend	aantal	functies	die	aan	microglia	

worden	 toegeschreven,	 zowel	 tijdens	 de	 ontwikkeling	 als	 bij	 neurodegeneratieve	

ziekten,	zou	het	goed	mogelijk	zijn	dat	microglia	cruciale	 therapeutische	kandidaten	

zijn	tijdens	SPMS	en	andere	neurodegeneratieve	aandoeningen.	
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