
 

 

 University of Groningen

Raiders of the CNS
Vainchtein, Ilia Davidovich

IMPORTANT NOTE: You are advised to consult the publisher's version (publisher's PDF) if you wish to cite from
it. Please check the document version below.

Document Version
Publisher's PDF, also known as Version of record

Publication date:
2016

Link to publication in University of Groningen/UMCG research database

Citation for published version (APA):
Vainchtein, I. D. (2016). Raiders of the CNS: New insights on microglia and myeloid infiltrates in EAE.
[Thesis fully internal (DIV), University of Groningen]. Rijksuniversiteit Groningen.

Copyright
Other than for strictly personal use, it is not permitted to download or to forward/distribute the text or part of it without the consent of the
author(s) and/or copyright holder(s), unless the work is under an open content license (like Creative Commons).

The publication may also be distributed here under the terms of Article 25fa of the Dutch Copyright Act, indicated by the “Taverne” license.
More information can be found on the University of Groningen website: https://www.rug.nl/library/open-access/self-archiving-pure/taverne-
amendment.

Take-down policy
If you believe that this document breaches copyright please contact us providing details, and we will remove access to the work immediately
and investigate your claim.

Downloaded from the University of Groningen/UMCG research database (Pure): http://www.rug.nl/research/portal. For technical reasons the
number of authors shown on this cover page is limited to 10 maximum.

Download date: 26-05-2023

https://research.rug.nl/en/publications/3896f18e-ca1e-457b-b30a-54662d00b8a5


 

 

      Chapter	2	
	

In	 acute	 experimental	 autoimmune	 encephalomyelitis,	

invading	 macrophages	 are	 immune	 activated	 whereas	

microglia	remain	immune	suppressed.	
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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	



Chapter	2	 	 	

  	
48 
 

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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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.	

	

	


