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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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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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