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Summary	

In	the	central	nervous	system	(CNS)	neuronal	axons	are	myelinated	by	oligodendrocytes.	

This	 leads	 to	 a	 facilitating	 rapid	 propagation	 of	 action	 potentials.	Myelin	 basic	 protein	

(MBP)	 is	 an	 essential	 component	of	myelin	 and	 its	 absence	 results	 in	 severe	hypomye-

lination.	 Myelination	 in	 the	 CNS	 is	 dependent	 on	 axon-oligodendocyte	 precursor	 cell	

(OPC)	 interaction.	 It	was	hypothesized	that	 the	expression	of	MBP,	an	“executive	mole-

cule	of	myelin”,	could	be	altered	by	local	[Na+]i	and	[Ca2+]i	transients	occurring	in	murine	

OPCs.	In	OPC	monocultures	MBP	synthesis	starts	at	around	DIV4.	Therefore,	experiments	

in	OPC	monocultures	at	day	in	vitro	(DIV)	2-6	were	performed.	Interestingly,	also	transi-

ent	elevations	of	resting	[Ca2+]i	and	[Na+]i	in	OPCs	were	observed	at	DIV4-5.	A	similar	but	

slower	increase	of	resting	[Ca2+]i	and	[Na+]i	was	also	observed	in	acute	callosal	brain	slices.	

A	chronic	treatment	of	OPCs	for	24	hours	with	culture	medium	containing	elevated	[K+]	

(+5	mM)	decreased	resting	[Na+]i	and	enhanced	MBP	synthesis.	At	the	same	time,	block-

ing	the	reverse	mode	of	the	Na+,	Ca2+	exchanger	(NCX)	for	12	hours	with	KB-R7943	(1	µM)	

elevated	resting	[Na+]i	and	decreased	MBP	synthesis.	OPC	depolarization	after	12	hours	of	

chronic	application	of	ouabain	(500	nM),	a	Na+,	K+-ATPase	(NKA)	blocker,	stimulated	MBP	

synthesis	as	well.	At	single	cell	level	NCX	blockade,	the	elevation	of	extracellular	[K+]	and	

partial	NKA	 inhibition	 led	 to	 [Na+]i	 transients	OPCs.	 The	 latter	 two,	 [K+]e	 elevations	 and	

NKA	 blockade,	 resulted	 in	 [Ca2+]i	 oscillations.	 Those	 [Ca2+]i	 oscillations	were	 blocked	 by	

application	of	KB-R7943	(1	µM)	but	not	with	Cd2+	(100	µM),	indicating	an	involvement	of	

the	NCX	reverse	mode.	Already	small	concentrations	of	ouabain	(10	nM)	successfully	in-

duced	[Ca2+]i	oscillations	as	well.	Moreover,	 it	was	demonstrated	that	cultured	OPCs	ex-

press	the	alpha2	isoform	of	NKA	(α2-NKA)	which	has	a	high	affinity	for	ouabain.	Therefore	

it	was	 hypothesized	 that	 the	 [Ca2+]i	 oscillations	 are	mediated	 by	α2-NKA.	 Similar	 to	 its	

blocking,	knocking	down	the	α2-NKA	with	small	interfering	(si)RNA	(α2-siRNA)	significant-

ly	potentiated	MBP	synthesis	at	DIV4	and	5.	This	potentiation	was	completely	abolished	

by	a	chronic	application	of	KB-R7943	(1	μM)	for	24	hours.	Additional	to	the	MBP	potentia-

tion,	 α2-NKA	 knockdown	 also	 increased	 the	 frequency	 of	 NCX-mediated	 spontaneous	

Ca2+	transients	([Ca2+]t)	at	DIV4,	while	in	control	cultures	comparable	frequency	of	[Ca2+]t	
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was	observed	at	DIV5.	The	[Ca2+]t	were	only	observed	in	a	narrow	time	window	(DIV4-5)	

and	disappeared	nearly	completely	at	DIV6,	in	control	as	well	as	in	α2	siRNA-treated	cul-

tures.	However,	knockdown	of	MBP	did	not	show	any	 influence	on	 the	α2-NKA	expres-

sion,	but	the	[Ca2+]t	remained	even	at	DIV6.	A	homogeneous	distribution	of	α2-NKA	was	

detected	via	immunocytochemical	analyses	and	showed	co-localization	with	MBP	in	prox-

imal	processes	of	immature	OPCs.	Later	in	cell	development,	the	co-localization	was	only	

weakly	present	 in	MBP-enriched	membrane	sheets.	 In	cortical	organotypic	slice	cultures	

the	knockdown	of	α2-NKA	did	not	alter	the	levels	of	MBP	but	reduced	co-localization	of	

neurofilament-	and	MBP-positive	compartments.	

Summarizing	the	results,	it	is	suggested	that	α2-NKA	keeps	the	local	membrane	potential	

of	the	OPCs	close	to	the	reversal	potential	of	NCX.	A	depolarization,	caused	by	a	neuronal	

activity	dependent	elevation	of	[K+]e	in	the	vicinity,	leads	to	a	flip	of	the	NCX	into	reverse	

mode,	intruding	Ca2+	into	the	cell.	This	Ca2+	influx	initiates	[Ca2+]t	in	OPCs	which	seems	to	

positively	influence	the	local	MBP	expression.		
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1 Introduction	

1.1 The	central	nervous	system	

The	nervous	system	of	vertebrates	is	a	complex	system	of	excitatory,	inhibitory	and	glial	

cells,	which	control	and	coordinate	body	 functions	and	enable	 the	communication	with	

the	environment.	 It	 is	divided	 into	 the	peripheral	nervous	system	(PNS)	and	the	central	

nervous	system	(CNS)	(Figure	1-1).		

	

Figure	1-1:	The	nervous	system	

The	 nervous	 system	 of	 vertebrates	 is	 subdevided	 into	 the	 central	 nervous	 system	 (left)	 and	 the	 peripheral	 nervous	

system	(right).	The	central	nervous	system	consits	of	brain	and	spinal	cord,	while	all	the	remaining	nerves	and	ganglia	

belong	to	the	peripheral	nervous	system	(derived	from	http://sites.middlebury.edu/geog0240als/biology/).	

	

The	PNS	consists	of	all	 the	nerves	and	ganglia	 that	do	not	belong	to	the	brain	or	spinal	

cord.	According	to	its	functions	the	peripheral	nervous	system	can	be	subdivided	into	the	

somatic	nervous	system	and	the	autonomic	nervous	system.	In	the	somatic	nervous	sys-

tem	sensory	nerves	(afferent	nerves)	propagate	signals	from	environmental	influences	to	
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the	CNS	and	motor	nerves	(efferent	nerves)	receive	commands	from	the	CNS,	which	they	

then	send	out	to	the	muscles	to	stimulate	their	contraction.	The	autonomic	nervous	sys-

tem	influences	the	function	of	the	inner	organs.	While	the	functions	of	the	somatic	nerv-

ous	system	can	be	influenced	and	controlled,	the	ones	of	the	autonomic	nervous	system	

cannot.	 The	 autonomic	 nervous	 system	 is	 also	 subdivided	 into	 three	 subtypes:	 sympa-

thetic,	parasympathetic	and	enteric	nervous	system.		

The	CNS	is	divided	into	two	major	regions:	the	brain	and	the	spinal	chord.	It	coordinates	

the	function	of	the	internal	organs	and	the	skeletal	muscles	and	is	divided	into	grey	and	

white	matter.	 The	grey	matter	 contains	all	 of	 the	 cell	 bodies,	 the	white	matter	 is	 com-

posed	of	all	the	neuronal	processes	(Silbernagl	and	Despopoulos	2012;	Trepel	2017).		

1.1.1 Cells	of	the	central	nervous	system	

The	CNS	is	basically	composed	of	two	major	cell	groups:	neurons	and	glial	cells.		

	

Figure	1-2:	Cells	of	the	central	nervous	system	

The	 central	 nervous	 system	 is	 composed	 of	 neurons	 and	 glial	 cells.	 Neurons	 (yellow)	 form	 the	 electrically	 excitable	

network	and	are	capable	of	processing	and	propagating	informations.	Glial	cells	like	astrocytes	(green),	microglia	(red)	

and	oligodendrocytes	(purple)	interact	with	neurons	and	play	a	supportive	role	in	maintaining	and	protecting	the	net-

work	(modified	from	https://www.78stepshealth.us/human-physiology/supporting-cells.html).	
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1.1.1.1 Neurons	

Neurons	 (Figure	 1-2,	 yellow	 cells)	 are	 electrically	 excitable	 cells,	which	 can	 transmit	 in-

formation	over	very	long	distances	along	a	directed	membrane	potential.	Many	different	

subtypes	of	neurons	are	known,	but	 their	 structure	 is	mostly	 the	same.	 Incoming	 infor-

mation	is	received	by	highly	branched	processes:	the	dendrites.	The	dendrites	propagate	

the	signal	over	the	cell	body	to	the	axon.	The	axon,	a	potentially	very	long	and	thin	pro-

cess,	leads	the	signal	to	the	target	cell.	The	velocity	of	the	signal	propagation	is	depend-

ent	on	the	diameter	of	the	axon;	the	bigger	the	diameter,	the	faster	the	signal	is	transmit-

ted	(Rushton	1951;	Waxman	1997;	Hartline	and	Colman	2007).	Neurons	are	organized	in	

networks	and	share	the	ability	to	communicate	with	each	other	via	neuron-neuron	con-

tact	 sites,	 which	 are	 called	 synapses.	 Electrical	 stimuli,	 so	 called	 action	 potentials,	 are	

propagated	along	the	axon	and	lead	to	a	release	of	neurotransmitter	containing	vesicles	

at	the	end	of	the	axon,	the	presynaptic	terminal.	The	released	neurotransmitters	bind	to	

specific	postsynaptic	receptors	(chemical	synapses).	This	depolarizes	the	neighboring	cell,	

which	 causes	 again	 an	 action	 potential	 and	 the	 signal	 is	 propagated	 further	 (excitatory	

synapses).	Besides	the	excitatory	synapses	also	inhibitory	synapses	exist.	Here,	the	bind-

ing	of	neurotransmitter	to	their	receptors	leads	to	a	hyperpolarization	of	the	neighboring	

neuron.	The	ratio	of	incoming	excitatory	and	inhibitory	finally	decides,	if	an	action	poten-

tial	in	the	postsynaptic	neuron	is	evoked	or	not	(Alberts	et	al.	2004).		

Another	form	of	cell-cell	interaction	is	mediated	by	electrical	synapses	or	gap	junctions.	In	

this	 case	 integral	membrane	proteins	–	 the	connexins	–	build	gates	 that	enable	 the	ex-

change	of	 ions	and	 small	molecules	between	cytoplasm	of	adjacent	 cells	 (Nielsen	et	al.	

2012).		

1.1.1.2 Glial	cells	

The	second	main	cell	types	are	glial	cells.	Glial	cells	were	initially	thought	to	be	supporter	

cells,	which	merely	glue	neurons	 together	 (glia	=	greek	 for	glue).	Nowadays	 it	 is	known	

that	certain	types	of	glial	cells	enwrap	axons	to	speed	up	the	signal	propagation	or	they	

remove	cell	debris.	Another	feature	of	this	cell	type	is	providing	nutrients	and	maintain-

ingthe	ionic	composition	inside	and	outside	the	neuron	and	thereby	influencing	their	ac-
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tivity.	While	dealing	with	all	these	tasks	glial	cells	are	a	crucial	component	in	maintaining	

the	homeostasis	inside	the	brain	(Trepel	2017).		

1.1.2 Types	of	glial	cells	in	the	CNS	

Depending	on	 their	 size,	glial	 cells	are	subdivided	 into	 two	different	groups:	micro-	and	

macroglia.	The	different	types	will	be	further	explained	in	the	following	paragraphs.		

1.1.2.1 Microglia	

Since	the	brain	is	almost	isolated	from	the	immune	system	of	the	body	by	the	blood	brain	

barrier,	microglia	(Figure	1-2,	red	cells)	function	as	the	immune	cells	of	the	brain.	By	pro-

ducing	and	releasing	proinflammatory	 factors	 they	control	 the	removal	and	recycling	of	

cell	debris	in	the	CNS.	It	is	also	hypothesized	that	microglia	can	remove	and	thereby	ad-

just	 incorrect	 synaptic	 connections	by	phagocytosis.	 Since	 this	 thesis	mainly	 focuses	on	

macroglia	 –	 especially	 oligodendrocytes	 –	 this	 section	 about	 microglia	 will	 not	 be	 dis-

cussed	 in	 further	 detail	 (Trepel	 2017;	 Fahlke	 et	 al.	 2015;	 Silbernagl	 and	 Despopoulos	

2012).		

1.1.2.2 Macroglia	

The	second	category	of	glial	cells	in	the	CNS,	the	macroglia,	is	again	subdivided	into	epen-

dymal	cells,	astrocytes,	NG2-positive	cells	and	oligodendrocytes.		

Ependymal	cells	

Ependymal	cells	(Figure	1-2,	light	brown	cells)	are	multiciliated	epithelial	cells	that	line	the	

ventricles	in	the	brain	and	the	central	canal	in	the	spinal	cord.	With	their	motile	cilia	they	

are	responsible	for	moving	the	cerebrospinal	fluid	inthe	ventricles	(Liu	et	al.	2014).		

Astrocytes	

Astrocytes	(Figure	1-2,	turquoise	cells)	are	named	for	their	star-shaped	morphology.	Since	

they	are	 the	cells	 that	connect	blood	vessels	and	neurons,	 it	has	 long	been	known	that	

astrocytes	provide	structural	and	nutritional	support	for	neurons.	They	control	the	extra-

cellular	concentrations	of	neurotransmitters	in	the	synaptic	cleft	and	thereby	play	an	im-
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portant	 role	 in	 the	 precise	 coding	 of	 synaptic	 signals	 (tripartite	 synapse)	 (Panatier,	

Arizono	and	Nagerl	2014).		

NG2+	cells	

Within	the	last	years	of	neurobiological	research	another	type	of	glial	cells	was	discovered	

in	the	CNS.	They	were	named	NG2+	cells,	since	they	express	the	proteoglycan	NG2.	The	

cells	were	 initially	 thought	 to	be	oligodendrocyte	precursor	 cells	but	 it	 could	be	 shown	

that	they	also	play	an	important	role	in	the	maintenance	of	synaptic	contacts.	Therefore	

their	integration	into	the	neuronal	network	can	be	assumed	(Nishiyama	et	al.	2009;	Sakry,	

Karram	and	Trotter	2011).	

Oligodendrocytes	

Oligodendrocytes	 (Figure	 1-2,	 purple	 cells)	 are	 the	myelinating	 cells	 of	 the	 vertebrates	

CNS.	Myelination	 is	 the	 process	 of	 enwrapping	 a	 nearby	 axon	with	membrane	 sheaths	

provided	 by	 the	 oligodendrocytes.	 This	 leads	 to	 an	 axonal	 isolation	 and	 thereby	 faster	

signal	 propagation	 to	 the	 receiving	 cell.	 For	 a	 sufficient	 isolation	 it	 is	 essential	 that	 the	

oligodendrocytes	provide	a	massive	amount	of	proteins	and	 lipids.	One	single	oligoden-

drocyte	can	myelinate	up	to	50	different	axonal	segments	(Friedrich	1993).		

Since	 this	 thesis	 is	 related	 to	oligodendrocyte	myelination,	 the	development,	 the	 struc-

ture	of	the	myelin	membrane	and	its	protein-	and	lipid	composition	will	be	described	in	
detail	in	the	following	chapters.	

1.2 Origin	and	development	of	myelination	in	the	CNS	

1.2.1 Origin	of	oligodendrocytes	

Two	hypotheses	were	postulated	in	the	beginning	of	origin	of	oligodendrocytes	research:	

(1)	Since	mature	oligodendrocytes	were	found	in	all	regions	of	the	adult	brain	in	the	same	

density,	it	was	thought	that	they	were	generated	in	all	parts	of	the	embryonic	ventricular	

zone	(VZ)	homogeneously.	(2)	A	specialized	domain	is	the	source	of	oligodendrocytes	and	

is	 located	 in	the	ventral	VZ	of	the	embryonic	spinal	cord.	Meanwhile	 it	has	been	shown	

that	 oligodendrocytes	 arise	 from	multipotent	 neural	 stem	 cells	which	 differentiate	 into	

oligodendrocyte	precursor	cells	(OPCs)	and	then	further	develop	to	mature,	myelin	form-
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ing	cells.	The	origin	of	the	multipotent	neural	stem	cells	 is	 induced	in	the	motor	neuron	

progenitor	domain	of	the	dorsal	and	ventral	neuroepithelium	(Cai	et	al.	2005).	Generation	

of	OPCs	 in	 the	developing	rodent	 forebrain	ventricular	zone	 is	established	 in	 three	con-

secutive	waves	 (Figure	1-3).	At	around	12.5	days	after	 fertilization	or	embryonic	day	13	

(E13)	 “first	 OPCs	 originate	 in	 the	 medial	 ganglionic	 eminence	 (MGE)	 and	 anterior	 en-

topeduncular	area	(AEP)	in	the	ventral	forebrain...a	second	wave	of	OLPs	from	the	lateral	

and/or	caudal	ganglionic	eminences	(LGE	and	CGE).	Finally,	a	third	wave	arises	within	the	

postnatal	cortex.”	(Fogarty,	Richardson	and	Kessaris	2005).	These	early	arising	oligoden-

drocyte	precursor	cells	have	a	higher	motility,	a	faster	proliferation	rate	and	a	better	sur-

vival	compared	to	the	oligodendrocytes	generated	later	in	life	(Tang,	Tokumoto	and	Raff	

2000;	Ruffini	et	al.	2004).		

Generation,	migration	and	differentiation	of	OPCs	need	a	very	 tightly	controlled	regula-

tion	and	depend	on	extra-	and	intracellular	factors.	The	main	factors	that	drive	the	devel-

opment	of	neural	stem	cells	to	OPCs	are	the	morphogenes	sonic	hedgehog	(Shh)	and	the	

fibroblast	 growth	 factor	 (FGF).	 The	 notochords	 excretes	 ventral	 Shh	 which	 binds	 to	

notch1	receptors	on	the	surface	of	nearby	precursor	cells,	that	induces	the	expression	of	

the	 transcription	 factors	Nkx6	and	Olig2	and	 subsequently	 leads	 to	 the	 initiation	of	 the	

first	wave	of	 oligodendrocyte	 generation	 (Pringle	 et	 al.	 1996;	Orentas	 et	 al.	 1999).	 The	

bone	 morphogenic	 protein	 (BMP)	 and	Wnt/bCantenin	 inhibit	 this	 effect	 on	 the	 dorsal	

side.	The	dorso-ventral	gradient	of	BMP/Wnt	leads	to	an	activation	of	different	transcrip-

tion	 factors	 like	 PAX6,	 Olig2,	 Nkx2.2,	 Nkx6.1	 and	 Nkx6.2	which	 are	 responsible	 for	 the	

definition	of	 the	different	domains	 (Vallstedt,	 Klos	 and	Ericson	2005).	 The	 transcription	

factor	with	a	helix-loop-helix	motif	Olig2	is	activated	by	Shh	and	plays	an	important	role	in	

the	 generation	 of	 oligodendrocytes	 in	 the	 early	 embryonic	 phase,	whereas	 FGF	 substi-

tutes	Olig2	in	later	developmental	stages	of	the	embryo	(Chandran	et	al.	2003;	Kessaris	et	

al.	2004).		

Even	 though	OPCs	 derive	 from	 different	 areas,	 it	 was	 assumed	 that	 they	 do	 not	 show	

functional	differences.	Knock	down	experiments	or	diphtheria	toxin	mediated	ablation	of	

any	one	of	these	developmental	oligodendrocyte	waves	showed	that	the	following	waves	

compensated	the	 loss	of	OPC	numbers	and	the	 individuals	didn’t	show	any	neurological	
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differences	 (Kessaris	 et	 al.	 2004;	 Kessaris	 et	 al.	 2006;	 Richardson,	 Kessaris	 and	 Pringle	

2006).	 Also	 whole-cell	 patch	 clamping	 experiments	 couldn’t	 show	 any	 alteration	 in	 re-

spect	 to	 their	 membrane	 properties	 between	 dorsally	 and	 ventrally	 derived	 OPCs	

(Tripathi	et	al.	2011;	Clarke	et	al.	2012).	However,	recent	research	has	shown	that	there	

are	differences	in	OPCs	deriving	from	dorsal	and	ventral	areas.	After	demyelination	exper-

iments	 in	 mature	 CNS	 dorsally	 derived	 OPCs	 proliferated,	 migrated	 and	 differentiated	

faster	then	than	OPCs	with	ventral	origin	(Zhu	et	al.	2011;	Crawford	et	al.	2016).		

	

	

Figure	1-3:	Generation	of	OPCs	in	the	developing	rodent	forebrain	

Within	three	consecutive	waves	OPCs	are	generated	in	the	ventricular	zone	(from	left	to	right).	The	first	wave	starts	at	

around	12.5	days	post	fertilisation	(E12.5)	in	the	medial	ganglionic	eminence	(MGE)	and	anterior	entopeduncular	area	

(AEP)	 in	the	ventral	forebrain.	The	second	wave	originates	in	the	the	lateral	and/or	caudal	ganglionic	eminences	(LGE	

and	CGE)	at	around	E15.5.	The	third	wave	starts	 in	the	dorsal	ventricular	zone	at	postnatal	day	0	(P0)	(modified	from	

Newville	et	al.	2017).	

	

After	 reaching	OPC	 state,	 the	 cells	 start	 expressing	 the	 antigen	A2B5,	 the	proteoglycan	

NG2	and	the	platelet-derived	growth	factor	receptor	alpha	which	are	commonly	used	as	

marker	for	this	specific	cell	type.	The	OPCs	either	remain	in	this	NG2+	stage	in	which	they	

can	still	proliferate	(Nishiyama	et	al.	2009)	or	they	can	differentiate	into	oligodendrocytes	

(Figure	1-4).	In	vitro	NG2+	cells	can	even	differentiate	into	astrocytes	and	neurons,	while	

these	properties	are	still	not	proven	in	in	vivo	situation	(Kondo	and	Raff	2000;	Richardson	

et	al.	2011).	Again,	extra-	and	intracellular	signals	determine	the	fate	of	the	cells.	The	dif-

ferentiation	to	mature	oligodendrocytes	via	an	immature	or	pre-oligodendrocyte	stage	is	
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initiated	 by	 the	 insulin-like	 growth	 factor	 (IGF),	 the	 cytokine	 ciliary	 neurotrophic	 factor	

(CNTF)	and	the	thyroid	hormone	triiodothyronine	T3.	Also	the	upregulation	of	 the	tran-

scription	factors	Olig1,	Olig2,	Nkx2.2,	Nkx2.6	and	Sox10	is	essential	for	the	development	

into	 immature	 oligodendrocytes,	 whereas	 the	 expression	 of	 BMPs	 and	 Sox5	 and	 Sox6	

inhibit	the	differentiation	(Miron,	Kuhlmann	and	Antel	Jack	P.	2011).		

	

	

Figure	1-4:	The	different	stages	in	oligodendroglial	development	

The	development	of	an	oligodendrocyte	starts	as	a	multi-potent	neural	stem	cell	over	a	oligodendroglial	precursor	cell	

(OPC)	 and	 immature	oligodendrocyte	 to	 the	mature	myelinating	oligodendrocyte.	 The	different	developmental	 steps	

are	under	control	of	many	transcription	factors	and	other	 intrinsic	and	external	 factors.	These	factors	can	be	used	as	

markers	for	specific	developmental	stages	of	the	oligodendrocytes	(modified	from	Kremer,	2016).	

	

After	migration	to	their	final	target,	immature	oligodendrocytes	need	to	get	into	contact	

with	a	nearby	nude	axon	to	develop	further	into	a	mature	oligodendrocyte.	The	matura-

tion	of	the	OPCs	is	characterized	by	an	increased	ramification	of	their	processes,	followed	

by	 an	 expansion	 of	 uncompacted	myelin	membrane	 (Michalski	 and	 Kothary	 2015).	Nu-

merous	growth	and	trophic	factors	like	PDGF-A,	FGF-2,	IGF-1,	NT-3	and	CNTF,	have	been	

identified	 to	 regulate	oligodendrocyte	development	 (Barres,	Lazar	and	Raff	1994;	Miller	

2002;	Baron,	Colognato	and	Ffrench-Constant	2005).	The	importance	of	the	maintenance	

of	the	homeostasis	of	these	factors	was	shown	by	experiments	where	an	overexpression	

of	PDGF-A	led	to	increased	numbers	of	OPCs	and	subsequently	an	ectopic	production	of	
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oligodendrocytes	in	the	mouse	spinal	cord	(Calver	et	al.	1998).	This	indicates	that	a	large	

number	 of	 immature	 oligodendrocytes	 die	 so	 that	 only	 the	 needed	 amount	 of	mature	

oligodendrocytes	develop	 further.	Also	 cell	 adhesion	molecules	 like	PSA-NCAM,	 contac-

tin/F3,	MAG	and	the	notch1	receptor	stimulate	oligodendrocyte	development.	As	soon	as	

the	axon-glial	contact	is	established,	multiple	intracellular	molecular	mechanisms	are	ini-

tiated.	A	very	important	communication	point	 in	the	development	is	the	SRC-kinase	Fyn	

which	can	be	 inhibited	by	the	transmembrane	protein	LINGO-1	(leucine-rich	repeat	and	

immunoglobulin	 domain-containing-1).	 On	 the	 other	 side	 the	 interaction	 of	 the	 notch	

receptor	 and	 the	axonal	 ligand	F3/contactin	 can	activate	 Fyn	which	 then	 translates	 the	

extracellular	signal	into	a	intracellular	signal	and	subsequently	leads	to	expression	of	tran-

scription	factors	like	AscI/Mash1	und	Olig2	that	promote	development	(Parras	et	al.	2007;	

Yu	et	al.	2013).	

1.2.2 The	role	of	oligodendrocytes	

The	probably	best-known	feature	of	oligodendrocytes	is	the	formation	of	myelin	sheaths	

and	 thus	 the	 isolation	of	 the	 axons.	 This	 function	 leads	 to	 faster	 signal	 propagation.	 In	

invertebrates	that	 lack	the	ability	to	produce	myelin,	 the	velocity	of	the	signal	propaga-

tion	 is	dependent	on	the	diameter	of	an	axon.	The	smaller	 the	axon,	 the	higher	 the	re-

sistance.	 In	consequence	this	means	a	thicker	axon	can	propagate	a	signal	faster	than	a	

thinner	one.	To	counteract	this	waste	of	space,	myelin	evolved	in	vertebrates	(Kaplan	et	

al.	1997;	Kaplan	et	al.	2001).	With	this	isolation	of	the	main	parts	of	the	axon	(internodes)	

the	 signal	 can	 only	 jump	 towards	 and	 thereby	 along	 the	 unmyelinated	 parts	 (saltatory	

conduction),	 called	 the	 nodes	 of	 Ranvier.	 The	myelination	 also	 leads	 to	 a	 clustering	 of	

sodium	channels	to	provide	the	saltatory	nerve	conduction	(Kaplan	et	al.	1997;	Kaplan	et	

al.	2001).	Since	the	ion	current	is	restricted	to	the	nodes	of	Ranvier	myelinated	axons	also	

reduce	 the	 energy	 costs	 for	 maintaining	 the	 membrane	 potential	 via	 Na+/K+-ATPases	

(NKAs)	to	a	minimum.	Even	though	myelination	is	an	elegant	way	to	keep	the	axon	diam-

eter	small,	oligodendrocytes	only	select	axons	above	0.2	µm	(Simons	and	Trajkovic	2006).	

But	the	molecular	reason	for	this	is	still	unknown.		

Besides	 the	 isolating	 properties	 oligodendrocytes	 are	 also	 responsible	 for	 the	 trophic	

support.	 The	 support	of	 the	neurons	via	oligodendrocytes	was	 shown	by	 specific	 knock	
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out	mouse	models.	Mice	 lacking	 the	myelin	proteins	proteolipid	protein	 (PLP)	or	2’,	 3’-

cyclic	 nucleotide	3’-	 phosphodiesterase	 (CNP)	 just	 showed	 very	 little	morphological	 dif-

ferences	within	the	myelin	sheath	but	a	severe	degeneration	of	the	enwrapped	axons	was	

found.	 This	 leads	 to	 the	 assumption	 that	oligodendrocytes	 also	play	 a	neuro-protective	

role	in	the	central	nervous	system	(Griffiths	et	al.	1998;	Lappe-Siefke	et	al.	2003).	Further	

experiments	 showed	 that	 axons	with	modified	myelin	 sheaths	 alter	 in	 axonal	 transport	

rates	 or	 amount	 of	microtubules	 or	 stability,	 assuming	 that	 oligodendrocytes	 interfere	

with	even	normal	axonal	 transport	processes	 (Edgar	et	al.	2004;	Kirkpatrick	et	al.	2001;	

Frühbeis	et	al.	2013).		

Additionally	 it	was	 shown	 that	 oligodendrocytes	 are	 able	 to	deliver	 exosomes	 to	 axons	

(Frühbeis	 et	 al.	 2013).	 Exosomes	 are	micro-vesicles	 which	 cells	 can	 exchange	 proteins,	

RNAs	and	miRNAs	with.	This	cell-cell	communication	 is	already	described	 in	a	variety	of	

different	 cell	 types	 (Denzer	 et	 al.	 2000).	 Oligodendrogial	 exosomes	 can	 protect	 axons	

from	oxidative	stress	and	thereby	facilitate	the	survivalof	neurons	(Frühbeis	et	al.	2013).	

In	cortical	oligodendrocyte-neuron	co-cultures	oligodendroglial	exosomes	influence	neu-

ronal	activity	and	might	be	able	to	modulate	the	neuronal	network	(Frohlich	et	al.	2014).	

1.2.3 Organization	of	the	myelin	membrane	

Appraisals	lead	to	the	conclusion	that	one	single	oligodendrocyte	can	grow	a	membrane	

surface	area	of	approximately	20x105	µm,	which	makes	it	the	most	powerful	membrane	

producer	 in	 the	 body	 (Friedrich	 1993).	 Modern	 live-imaging	 analysis	 of	 myelination	 in	

zebrafish	has	also	shown	that	oligodendrocytes	are	able	to	produce	a	new	myelin	sheath	

within	only	five	hours	(Czopka,	Ffrench-Constant	and	Lyons	2013).		
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Figure	1-5:	The	myelination	process	of	oligodendrocytes	

Detection	of	an	axonal	segment	by	the	OPC	 leads	to	an	expansion	of	 its	process.The	membrane	 is	extended	 laterally	

and	radially	and	the	newly	synthesized	 layer	 is	pushed	below	the	already	existing	 layers.	Retraction	of	 the	cytoplasm	

leads	to	compaction	of	the	myelin	and	ends	the	wrapping	process	(modified	from	Nave	&	Werner	2014).	

	

Figure	 1-5	 shows	 that	 immature	 oligodendrocytes	 are	 able	 to	 extend	 and	 retract	 their	

processes	and	thereby	look	for	nude	axons	to	be	myelinated	(Nave	and	Werner	2014).	As	

soon	as	an	axon	 is	detected,	 the	oligodendrocyte	 starts	wrapping	 its	process	around	 it.	

While	 the	membrane	 is	 extended	 laterally	 and	 radially,	 the	 newly	 synthesized	 layer	 is	

pushed	below	the	already	existing	 layers	(Snaidero	et	al.	2014).	After	the	enwrapping	 is	

accomplished,	the	cytoplasm	is	retracted	out	of	the	process.	This	effect	leads	to	the	com-

paction	of	the	myelin.	The	 inner	sides	of	the	membrane	are	then	fused	together.	These	

fused	areas	have	a	higher	density	compared	to	the	unfused	parts.	Because	of	this	higher	

density	these	areas	can	be	detected	with	the	electronic	microscope	as	dark	lines	and	are	

called	major	dense	 lines	 (MDL).	The	 lighter	 line	between	 the	MDLs	 is	 called	 intraperiod	

line	(IPL)	and	represents	the	stacks	of	extracellular	membranes,	which	have	a	lower	densi-

ty	than	the	MDLs	(Figure	1-6,	left).	The	myelin	layers	that	are	located	closely	to	the	axon	

are	termed	adaxonal	myelin,	the	outer	layers	are	abaxonal	myelin.	Images	from	electronic	
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microscopes	 also	 show	 radially	 running	 channels	 filled	 with	 cytoplasm,	 named	 radial	

components	 (Figure	 1-6,	 right).	 It	 is	 assumed	 that	 they	 play	 an	 important	 role	 in	 the	

maintenance	and	stability	of	the	myelin	sheaths	(Nave	and	Werner	2014).		

	

Figure	1-6:	Structure	of	compact	myelin	

Electron-microscopic	 image	of	 a	 cross-section	 through	an	optical	nerve.	 The	dark	areas	depict	 the	 layers	of	 compact	

myelin	around	the	lighter	appearing	axon.	On	the	higher	magnification	image	(right)	the	major	dense	lines	(MDLs),	the	

intraperiod	lines	(IPLs)	and	the	radial	component	(white	arrows)	are	visible	(modified	from	Nave	&	Werner	2014).	

	

1.2.4 Myelin	lipids	and	proteins	

The	myelin	membrane	has	a	very	characteristic	composition.	Unlike	other	bio	membranes	

it	contains	a	high	amount	of	lipids,	which	is	necessary	to	establish	the	isolating	feature	of	

the	oligodendrocytes.	The	dry	weight	of	myelin	is	composed	of	approximately	70-75%	of	

lipids.	Highly	myelinated	areas	 in	 the	CNS	appear	 to	be	white	and	are	 therefore	named	

white	matter.	The	main	myelin	 lipids	are	glycosphingolipids,	galactolipids,	phospholipids	

and	cholesterol	 (Norton	1984).	Cholesterol	 is	 the	key	molecule	 to	 form	 lipid-rich	micro-

domains	 and	 plays	 an	 important	 role	 in	 activation	 of	 signaling	 pathways	 via	 axon-glial	

contact	leading	to	myelination	of	axons	(White	and	Krämer-Albers	2014).		

The	most	abundant	myelin	proteins	are	the	proteolipid	protein	(PLP)	and	its	smaller	splice	

isoform	DM20	(accounted	for	30-45%	of	total	myelin	protein),	myelin	basic	protein	(MBP)	
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(22.35%),	2’,	3’-cyclic	nucleotide	3’-phosphodiesterase	 (CNP)	 (4-15%),	myelin-associated	

oligodendrocyte	 basic	 protein	 (MOBP)	 and	 the	 myelin-associated	 glycoprotein	 (MAG)	

(Jahn,	Tenzer	and	Werner	2009).		

1.2.5 Myelin	basic	protein	(MBP)	

The	gene	 coding	 for	MBP	was	 identified	 in	mouse	and	human	and	was	named	gene	of	

oligodendrocyte	 lineage	 (golli).	 It	 contains	 three	 starting	 sites	 and	 seven	 exons	 from	

which	the	golli	proteins	and	the	classical	MBP	proteins	can	be	synthesized.	

The	golli	proteins	are	not	exclusively	found	in	oligodendrocytes	but	are	also	expressed	by	

neurons	and	cells	of	the	immune	system	(Fulton,	Paez	and	Campagnoni	2010).	They	are	

preferentially	localized	in	the	nucleus	and	the	soma	of	differentiating	oligodendrocytes.	It	

is	assumed	that	they	play	a	role	in	homeostasis	since	they	enhance	the	influx	of	calcium	

ions	during	the	early	phase	of	oligodendroglial	differentiation	(Paez	et	al.	2007).		

Myelin	basic	protein	(MBP)	is	a	peripheral	membrane	protein.	It	is	a	basic	protein,	which	

is	positively	 charged	at	normal	 intracellular	pH	values.	Via	electrostatic	bonds	MBP	can	

interact	with	the	negatively	charged	phospholipids	on	the	intracellular	myelin	membranes	

and	 fuses	 them	 together,	 leading	 to	 the	 compacting	 of	 myelin	 (Wood,	 Vella	 and	

Moscarello	1984).	Alternative	 splicing	 results	 in	 four	 isoforms	 in	human	 (17.2	kDa,	18.5	

kDa,	20.2	kDa	und	21.5	kDa)	and	in	six	isoforms	in	mice	(14-21.5	kDa)	(Harauz	and	Boggs	

2013;	Kamholz,	Toffenetti	and	Lazzarini	1988).	The	 importance	of	 the	MBP	proteins	be-

comes	obvious	in	their	absence.	Mutations	in	the	gene	lead	to	a	lack	of	MBP	in	Shiverer	

mice	and	Long-Evans	shaker	rats,	resulting	in	a	severe	CNS	hypomyelination	(Kwiecien	et	

al.	1998;	Readhead	and	Hood	1990).	Thus	MBP	has	been	denoted	as	the	‘executive	mole-

cule	of	myelin’	(Boggs	2006).	Additionally	to	its	compaction	feature,	MBP	can	also	aggre-

gate	and	thereby	act	as	a	molecular	sieve:	it	prevents	molecules	with	big	cytoplasmic	do-

mains	 to	 diffuse	 into	 future	 myelin	 compartments	 and	 thus	 forming	 compact	 myelin	

(Aggarwal	et	al.	2013).		

MBP	synthesis	is	an	exception	compared	to	most	other	proteins.	MBP	mRNA	is	transport-

ed	 from	 the	 nucleus	 to	 the	 axon-glial	 contact	 side	 in	 a	 translationally	 inhibited	 state	
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(Müller	et	al.	2013).	Neuron-oligodendrocyte	communication	now	triggers	the	translation	

so	that	every	process	can	synthesize	independently	the	needed	amount	of	protein.	MBP	

mRNA	is	detectable	already	one	day	before	the	protein	is	synthesized,	which	means	that	

there	must	be	mechanisms	controlling	the	repression	of	 translation	(Colello	et	al.	1995;	

Besse	and	Ephrussi	2008).	This	 local	 translation	has	several	benefits:	 it	 is	very	 time	and	

energy	efficient	and	it	prevents	the	MBP	protein	to	falsely	fuse	other	membranes	on	its	

way	to	the	point	of	destination	(Staugaitis,	Smith	and	Colman	1990).		

1.2.6 MBP	mRNA	transport	

Figure	1-7	shows	how	the	transport	of	MBP	mRNA	from	the	nucleus	to	the	periphery	 is	

organized	in	large	ribonucleoprotein	complexes	termed	RNA	granules	(Ainger	et	al.	1997;	

Brophy,	Boccaccio	and	Colman	1993).	 In	all	of	 the	MBP	 isoforms	a	 specific	 sequence	of	

eleven	nucleotides	is	conserved	in	the	3’-UTR	of	the	MBP	mRNA	(Munro	et	al.	1999).	The	

trans-acting	 trafficking	 factor,	 heterogeneous	 nuclear	 ribonucleoprotein	 (hnRNP)	 A2	

binds	to	this	cis-acting	trafficking	sequence,	named	hnRNP	A2	response	element	(A2RE)	in	

the	nucleus	and	guides	the	mRNA	into	the	cytoplasm.	Here,	further	RNA-binding	proteins	

like	tumor	overexpressed	gene	(TOG)	and	the	hnRNPs	F,	E1,	K	and	CBF-A	bind	to	the	RNA	

(Kosturko	 2005;	 Kosturko	 et	 al.	 2006;	 White	 et	 al.	 2012;	 Laursen,	 Chan	 and	 Ffrench-

Constant	2009;	Raju	et	al.	2008).	Also	components	of	 the	translational	complex	 like	the	

elongation	factor	1a,	the	aminoacyl	tRNA	synthetase	and	ribosomal	RNA	are	incorporated	

into	the	granule.	Additional	molecular	motors	 like	the	kinesin	Kif1b	finally	transport	the	

granules	along	the	microtubules	to	the	cell	periphery	where	several	extracellular	signals	

can	lead	to	the	translation	of	the	protein.	For	the	local	translation	at	the	axon-glial	con-

tact	siteMBP	mRNA	must	be	transported	in	a	translational	inhibited	state.	This	inhibition	

is	 achieved	 by	 the	 binding	 of	 the	 small	 non-coding	 RNA	 715	 (sncRNA715)	 (Bauer	 et	 al.	

2012)	and	might	also	be	influenced	by	the	hnRNP	E1	(Kosturko	et	al.	2006).	SncRNA	715	is	

a	regulatory	RNA	of	a	length	of	21	nucleotides	and	is	highly	expressed	in	oligodendrocyte	

precursor	 cells	 compared	 to	 the	 other	 cell	 types	 of	 the	 CNS	 (Bauer	 et	 al.	 2012).	 Like	

hnRNP	 A2	 sncRNA715	 also	 binds	 to	 a	 specific	 region	 in	 the	 3’-UTR	 of	 the	MBP	mRNA.	

Overexpression	 or	 knock-down	 experiments	 showed	 that	 the	 more	 sncRNA715	 is	 ex-

pressed	 in	an	oligodendrocyte	precursor	cell,	 the	 lower	the	MBP	protein	 levels	was	and	



1	Introduction	 15	

vice	versa,	meaning	that	sncRNA715	and	MBP	synthesisare	negatively	correlated.	Also	in	

lesions	of	human	multiple	sclerosis	patients,	where	MBP	is	strongly	reduced,	an	upregula-

tion	of	 sncRNA715	was	observed	 (Bauer	et	 al.	 2012).	At	 the	axon-glial	 contact	 side	 the	

axonal	L1	binds	to	the	oligodendroglail	F3/contactin	complex	and	this	subsequently	leads	

to	 an	 activation	 of	 the	 src-kinase	 Fyn,	 which	 phosphorylates	 components	 of	 the	 RNA	

granule	 like	A2	and	F	and	thereby	 initiates	 the	dissociation	of	 the	granule	 (Müller	et	al.	

2015;	Müller	et	al.	2013;	White	et	al.	2008;	White	et	al.	2012).		

	

Figure	1-7:	mRNA	transport	and	local	translation	of	MBP	

Schematic	 representation	of	 the	 transport	of	MBP	mRNA	 in	RNA	granules	along	microtubules	 towards	 the	axon-glial	

contact	site.	RNA	granules	further	contain	several	different	RNA-binding	proteins	ad	motor	proteins	as	well	as	parts	of	

the	 translation	machinery.	Axonal	 signals	 lead	 to	 an	activation	of	 Fun	kinase	and	 subsequently	 the	 initiation	of	 local	

translation	(modified	from	Müller	2013).	
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1.3 Ion	signaling	

1.3.1 The	membrane	potential	

All	living	cells	are	surrounded	by	membranes.	They	enable	different	conditions	inside	the	

cells	 compared	 to	 their	 environment.	 Cell	membranes	 are	 composed	of	 a	 phospholipid	

bilayer	in	which	membrane	proteins	are	imbedded.	Those	biomembranes	are	usually	im-

permeable	 for	 big	 molecules	 and	 charged	 particels	 (ions).	 Incorporation	 of	 channels,	

transporters	 and	 pumps	 into	 the	 lipophilic	 membrane	 makes	 it	 permeable	 for	 certain	

molecules/ions.	 Transport	 proteins	 play	 an	 important	 role	 in	 the	 transport	 of	 specific	

molecules	through	the	membrane.	An	imbalance	of	ions	between	extra-	and	intracellular	

space	leads	to	a	specific	transmembrane	potential,	the	resting	potential.		

One	of	 the	most	 important	key	players	 for	maintaining	the	resting	potential	are	K+	 ions	

(Figure	1-8).	The	high	intracellular	K+	concentrations	are	achieved	by	the	actionof	the	so-

dium	potassium	ATPase	(NKA).	It	pumps	three	sodium	ions	out	of	the	cell	and	two	potas-

sium	ions	into	the	cell	at	the	same	time	by	using	ATP.	This	leads	to	an	enrichment	of	Na+	

in	 the	extracellular	 space	and	 the	 important	high	concentration	of	K+	 inside	 the	cell.	At	

the	same	time	NKA	keeps	the	cell	negatively	charged	compared	to	the	extracellular	space.	

Most	of	 the	cell	membranes	contain	K+	 channels,	which	 let	 the	K+	 ions	 flow	along	 their	

gradient	out	of	 the	 cell.	 Losing	positively	 charged	K+	makes	 the	 cell	 subsequently	more	

negative.	This	rising	electrical	gradient	has	an	electromagnetic	effect	on	the	K+	ions	out-

side	the	cell	and	drags	them	back	into	the	cell.	If	the	electrical	force	of	one	specific	ion	is	

as	big	as	its	chemical	force,	there	is	no	net	ion	flow	anymore	and	the	resulting	potential	is	

called	equilibrium	potential	for	this	ion.		
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Figure	1-8:	The	K+	equilibrium	potential	

Schematic	representation	of	the	concentration	gradient	and	the	electrical	gradient	of	K+.	High	intracellular	K+	levels	are	

achieved	by	NKA	activity	under	ATP	hydrolysis.	K+	channels	enable	diffusion	of	the	K+	over	the	membranes	along	the	

concentration	 gradient.	 The	 electromagnetic	 effect	 of	 the	 intracellular	 fluid	 pulls	 the	 K+	 ions	 back	 into	 the	 cell.	 The	

equilibrium	 potential	 for	 K+	 is	 adjusted	 when	 both	 forces	 have	 the	 same	 strength	 (modified	 from	

https://www.memorangapp.com/flashcards/78571/CCF+Physiology+L5+Resting+Membrane+Potential/).	

	

Not	only	K+	 ions	play	a	 role	 in	 the	maintenance	of	 the	 resting	membrane	potential.	On	

both	 sides	of	 the	membrane	 ions	exist	 in	different	 concentrations.	 The	most	 important	

positively	charged	particles	or	cations	are	sodium	(Na+),	potassium	(K+)	and	calcium	(Ca2+).	

Negatively	charged	anions	are	mainly	chloride	(Cl-)	and	negatively	charged	proteins.	Each	

of	those	ions	has	its	own	specific	equilibrium	potential	(Figure	1-9).	If	added	together,	all	

of	 the	equilibrium	potentials	of	 these	 important	 ions	build	up	 the	 final	potential	of	 the	

cell,	 the	 membrane	 potential.	 Ca2+	 channels	 are	 an	 exception	 since	 they	 are	 mainly	

closed,	meaning	that	Ca2+	does	not	considerably	influence	the	resting	membrane	poten-

tial	(Silbernagl	and	Despopoulos	2012;	Fahlke	et	al.	2015).	
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Figure	1-9:	Equilibrium	potentials	of	the	main	ions	

List	of	cytosolic	and	extracellular	ion	concentrations	under	physiological	conditions.	the	equilibrium	potentials	of	these	

important	 ions	build	up	 the	 final	potential	of	 the	cell,	 the	membrane	potential.	Ca2+	channels	are	an	exception	since	

they	 are	mainly	 closed,	meaning	 that	 Ca2+	 does	 not	 considerably	 influence	 the	 resting	membrane	potential	 (derived	

from	https://basicmedicalkey.com/pharmacology-of-cell-excitation/).	

1.3.2 Transmembrane	proteins	for	ion	permeability	

The	 cell	membrane	 is	 a	 barrier	 between	 the	 extracellular	 space	 and	 the	 cytosol	 or	 the	

cytosol	 and	 the	 lumen	 of	 intracellular	 compartments.	 Because	 of	 its	 hydrophobic	 bio-

chemical	composition	it	prevents	big	and/or	hydrophilic	molecules	from	passing.	To	make	

the	cell	membrane	permeable	for	the	important	ions	described	in	1.3.1	and	subsequently	

influence	 the	membrane	potential,	 it	 is	 necessary	 to	have	 specific	 transmembrane	pro-

teins	allowing	the	ions	to	pass	the	membrane;	either	in	a	passive	or	active	manner.	In	the	

following	chapter	the	most	common	classes	of	transmembrane	proteins	will	be	described	

(Silbernagl	and	Despopoulos	2012;	Fahlke	et	al.	2015;	Speckmann	et	al.	2013).	

1.3.2.1 Channels	

Channels	are	transmembrane	proteins	that	create	hydrophilic	and	highly	selective	pores,	

allowing	just	specific	molecules	to	enter	the	cell/compartment.	They	can	change	between	

two	different	 conformations:	 a	 closed	and	an	open	 conformation.	 Three	main	different	

subtypes	of	 channels	 are	 known,	based	on	 their	 ability	 to	 switch	 the	 conformation:	 (1)	

voltage-gated	ion	channels	open	after	a	change	of	membrane	potential,	(2)	ligand-gated	

ion	channels	open	after	binding	a	ligand	(extracellular	or	intracellular)	and	(3)	mechanical-

ly	 opened	 channels.	 Once	 the	 channel	 is	 open,	 it	 allows	 the	 fast	 diffusion	 through	 the	

membrane.	Some	channels	are	specific	 just	 for	one	 ion	but	 there	are	also	not	 selective	

channels	like	AMPA	which	is	permeable	for	Na+	and	K+	or	NMDA	which	is	permeable	for	

Na+,	K+	and	Ca2+	(Speckmann	et	al.	2013;	Silbernagl	and	Despopoulos	2012).		
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1.3.2.2 Primary,	secondary	and	tertiary	active	transporter	

While	in	channels	the	electrochemical	gradient	is	the	only	driving	force	for	the	transport	

through	the	membrane	(passive	transport),	other	transmembrane	proteins	make	use	of	a	

secondary	 force	 that	 provides	 the	 energy	 to	 transport	molecules	 against	 their	 electro-

chemical	gradient	into	or	outside	the	cell.	They	are	distinguished	into	three	main	groups:	

the	primary,	secondary	and	tertiary	active	transporters.	

The	primary	transporters	or	ion	pumps	use	the	hydrolysis	of	an	energy	provider	–	mainly	

ATP	-	 to	 transfer	 ions	against	 their	electrochemical	gradient	 through	the	membrane.	By	

doing	so,	an	ion	pump	is	responsible	for	establishing	and	maintaining	the	membrane	po-

tential	and	providing	a	steep	ion	gradient	which	is	needed	for	secondary	transporters.		

A	secondary	transporter	has	one	or	several	binding	sites	for	its	ion.	Binding	of	the	ion(s)	

to	the	binding	site	leads	to	a	conformation	change,	which	brings	the	ion(s)	onto	the	oppo-

site	side	of	the	membrane.	Some	transporters	carry	just	one	type	of	ion	from	one	side	of	

the	membrane	 to	 the	 other	 (uniporter).	 Other	 transporters	 couple	 the	 transfer	 of	 two	

different	types	of	ions	by	using	the	electrochemical	gradient	of	one	of	them	to	move	the	

other	one	against	its	gradient.	If	the	transfer	of	both	is	catalyzed	in	the	same	direction	the	

transporter	 is	termed	symporter,	while	the	protein	transferring	the	 ions	 in	the	opposite	

direction	is	called	antiporter.		

Tertiary	transporters	use	gradients	prior	established	by	secondary	transporters.	This	kind	

of	transporter	plays	an	important	role	in	the	re-absorption	of	dipeptides	in	the	renal	tu-

bule.		

The	maximal	 velocity	 (Vmax)	 reflects	how	 fast	 the	 transporter	 can	 catalyze	 the	 reaction.	

Another	 important	 value	 for	 the	 interpretation	of	 the	 kinetics	 of	 the	 transporter	 is	 the	

affinity	of	the	protein	to	its	ion	(Km	or	KD).	It	describes	the	ion	concentration	at	which	half	

of	the	transporters	binding	sites	are	occupied.	A	high	KD	means	the	transporter	has	a	low	

affinity	 to	 the	 ions,	 with	 a	 low	 KD	 the	 transporter	 has	 a	 high	 affinity.	 Like	 in	 enzymes	

transporter	can	also	have	competitive	 inhibitors,	meaning	 inhibitors	can	bind	to	the	 ion	

binding	site	and	block	the	transport	(Speckmann	et	al.	2013;	Fahlke	et	al.	2015).	
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1.3.3 Oligodendroglial	transmembrane	proteins	

In	previous	chapters	it	was	already	discussed	that	maturation	of	oligodendrocytes	is	en-

hanced,	 if	 connections	 between	 immature	oligodendrocytes	 and	 axons	 are	 established.	

Since	axons	are	capable	of	vesicular	glutamate	(Ziskin	et	al.	2007;	Kukley,	Capetillo-Zarate	

and	Dietrich	2007)	and	ATP	release	(Stevens	et	al.	2002),	while	OPCs	express	several	re-

ceptors	for	glutamate	and	ATP	(Ziskin	et	al.	2007;	Káradóttir	et	al.	2005;	Luyt,	Varadi	and	

Molnar	2003;	Matute	et	al.	2007;	Kirischuk	et	al.	1995),	 it	was	demonstrated	that	other	

axon-glial	communications	in	addition	to	cell-cell	contact	promote	myelination.	However,	

neuronal	fibers	contain	only	a	small	number	of	vesicles	and	the	axon-OPC	cleft	is	relative-

ly	wide	(Ziskin	et	al.	2007;	Kukley,	Capetillo-Zarate	and	Dietrich	2007).	This	suggests	that	

in	addition	to	neurotransmitters	other	pathways	may	exist	to	mediate	neuron-OPC	inter-

actions.	

In	 fact,	 the	 application	of	 [K+]e	 to	 15mM	 reduces	 [Na+]i	 in	OPCs	 from	15mM	 to	4.7mM	

(Ballanyi	and	Kettenamann	1990),	but	 it	was	also	shown	that	 [K+]e	elevation	can	 induce	

responses	of	[Ca2+]i	via	voltage-gated	calcium	channels	(Paez	et	al.	2009;	Kirischuk	et	al.	

1995)	 and/or	 the	 switch	 of	 NCX	 into	 reverse	mode	 (Belachew	 et	 al.	 2000;	 Chen	 et	 al.	

2007).	Interestingly,	it	has	been	demonstrated	that	NCX	in	OPCs	appears	to	be	of	crucial	

importance	for	myelination,	since	a	knock-out	of	the	NCX3	isoform	in	mice	led	to	reduced	

MBP	 synthesis	 in	 cultured	OPCs	and	a	hypomyelination	of	 the	 spinal	 cord	of	 knock-out	

animals.		

1.3.4 Na+/Ca2+	exchanger	(NCX)	

Homeostasis	 of	 important	 cations	between	extracellular,	 cytosolic	 and	 subcellular	 com-

partments	 is	 crucial	 for	maintaining	membrane	potential	and	 ion	signaling	 in	all	 kind	of	

cells.	Calcium	is	the	most	 important	secondary	messenger	 in	the	cell	and	plays	a	role	 in	

nearly	all	processes	 responsible	 for	 cell	 survival	 and	 function	 (e.g.	 cell	 contraction,	hor-

mone	secretion,	gene	transcription	and	control	of	enzyme	activity).	Because	of	its	chemi-

cal	structure	it	can	bind	to	several	different	molecules.	Therefore	it	is	important	to	keep	

the	 intracellular	 Ca2+	 levels	 at	 a	 very	 low	 concentration	 (~100nM)	 (Giladi,	 Tal	 and	

Khananshvili	2016).		
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One	of	the	most	important	antiporters	controlling	[Ca2+]i	levels	is	the	NCX.	NCX	exchanges	

three	Na+	ions	for	one	Ca2+	ion,	while	the	normal	direction	is	transporting	Na+	into	the	cell	

and	Ca2+	out	of	the	cell.	Since	it	is	an	electrogenic	antiporter,	the	direction	of	its	function	

depends	 on	 Ca2+	 and	Na+	 transmembrane	 gradients	 and	membrane	potential,	meaning	

that	 except	 its	 forward	 direction,	 where	 it	 extrudes	 Ca2+,	 it	 can	 also	 shift	 into	 reverse	

mode	and	 intrude	Ca2+	 (Khananshvili	2013;	Khananshvili	2014).	 It	has	a	 low	Ca2+	affinity	

and	a	high	transport	capacity,	giving	it	the	possibility	to	make	rapid	adjustments	(Clapham	

2007).	 Three	 different	 genes	 are	 known	 to	 belong	 to	 the	NCX	 family:	 NCX1,	NCX2	 and	

NCX3	and	are	widely	expressed	in	various	mammalian	species,	but	also	in	nonmammalian	

species	like	Drosophila	or	Xenopus	(Blaustein	and	Lederer	1999).	The	gene	consists	of	12	

exons,	which	can	generate	at	 least	17	splice	variants	by	alternative	splicing	(Giladi	et	al.	

2016).	 X-ray	 structure	 analysis	 of	 archeal	NCX_Mj	 (Methanococcus	 jannaschii)	 revealed	

the	architecture	of	 the	protein:	 it	consists	of	10	transmembrane	helices	 (TM)	which	are	

arranged	 in	 ‘pseudosymmetrical	halves’	 (TM1-5	and	TM6-10)	and	containing	highly	con-

served	regions	(a-repeats).	Four	binding	sites	were	detected,	referred	to	as	internal	(Sint),	

external	(Sext),	Ca2+-binding	(SCa)	and	middle	(Smid),	all	located	in	the	center	of	the	protein	

and	occluded	from	the	environment.	TM1	and	TM6	build	the	ion	transport	core	and	seem	

to	form	a	cluster	whose	sliding	is	believed	to	be	the	main	conformational	change	during	

the	transport	cycle.	Mammalian	NCX	seems	to	consist	of	nine	TMs	with	a	large	cytoplas-

matic	loop	between	TM5	and	TM6	containig	two	Ca2+	binding	domains	(CBDs)	(Figure	1-

10).	Binding	of	Ca2+	to	its	binding	sites	is	the	main	factor	for	NCX	regulation.	Even	though	

big	steps	in	revealing	the	structure	of	NCX	were	made,	its	exact	mechanism	is	still	poorly	

understood	(Giladi	et	al.	2016).		
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Figure	1-10:	Na+/Ca2+	exchanger	

Schematic	representation	of	the	molecular	structure	of	the	NCX1.	The	extracellular	space	is	on	top,	the	cytosolic	part	of	

the	cell	at	the	bottom.	The	highly	conserved	pseudo	symmetrical	halves	with	the	alpha	regions	critical	for	transport	(α-1	

and	α-2)	 are	marked	 in	 black.	 Both	 halves	 are	 linked	 by	 an	 intracellular	 loop,	 containing	 two	 Ca2+-binding	 domains	

(CBD1/2)	which	are	needed	for	exchange	activity.	The	green	balls	in	the	magnification	of	the	CBD1/2	domain	represent	

bound	Ca2+	(from	Nicoll	et	al.	2013).	

	

1.3.5 Na+/K+	ATPase	(NKA)	

In	chapter	1.3.1	it	the	importance	of	NKA	for	maintaining	a	steep	electrochemical	gradi-

ent	was	 already	mentioned.	 In	 this	 chapter,	 this	 ion	 pump	 is	 introduced	 in	 a	more	de-

tailed	way.		

NKA	is	expressed	in	all	cells	and	its	minimal	functional	composition	consists	of	a	catalytic	

(α)	subunit	with	a	molecular	mass	of	about	100	kDa	and	a	glycoprotein	(β)	subunit	with	a	

molecular	mass	of	55	kDa,	required	for	the	correct	incorporation	of	the	enzyme	complex	

into	 the	membrane	 (Blanco	2005;	Crambert	et	 al.	 2000)	 (Figure	1-11).	 Investigations	of	

the	catalytic	and	 functional	properties	of	 this	enzyme	 revealed	 the	existence	of	 several	
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isoform	 of	 each	 subunit.	 Four	 different	 α	 subunits	 (Shull,	 Greeb	 and	 Lingrel	 1986;	

Shamraj,	 Lingrelt	 and	 Hoffman	 1994)	 and	 four	β	 subunits	 were	 identified.	 Additionally	

some	auxiliary	proteins	 like	FXYD	polypeptides	were	 reported	 (γ	 subunits)	 (Kuster	et	al.	

2000).	The	different	isoforms	of	the	NKA	are	non-homogeneously	expressed	in	the	CNS.	

α1	is	the	most	abundant	isoform	and	is	ubiquitously	expressed	by	all	cells.	NKAs	contain-

ing	the	α1	subunit	show	a	high	affinity	for	[Na+]i	and	[K
+]e,	leading	to	the	conclusion	that	

they	play	a	housekeeping	role	in	all	cells.	The	α3	subunit	is	expressed	by	neurons	and	is	

believed	to	be	activated	by	 increased	[Na+]i	 levels	after	bursts	of	action	potentials.	Glial	

cells	 (astrocytes	 and	 oligodendrocytes)	mainly	 express	 the	α2	 isoform	of	 the	NKA	 (α2-

NKA).	 The	α2-NKA	has	a	 lower	apparent	affinity	 for	 [Na+]i	 and	 [K
+]e	 and	 is	 voltage-	and	

[Ca2+]i-sensitive	(Blanco	2005;	Crambert	et	al.	2000;	Blanco	and	Mercer	1998).	These	α2-

NKA	properties	suggest	that	it	may	function	as	a	neuronal	activity	sensor.	Intriguingly,	the	

expression	of	α2-NKA	has	been	demonstrated	in	neuron-OPC	co-cultures	and	in	the	optic	

nerve	during	the	myelination	phase	but	the	expression	in	OPC	monocultures	has	not	yet	

been	 shown.	 Furthermore	 α2-NKA	 of	 astrocytes	 shows	 the	 same	 distribution	 as	 the	

Na+/K+	 exchanger,	 indicating	 a	 possible	 coupled	 contribution	 of	 these	 two	 transmem-

brane	 proteins	 in	 local	 ion	 homeostasis	 (Juhaszova	 and	 Blaustein	 1997).	 Tissue	 specific	

expression	of	 the	different	 isoforms	 is	 shown	best	by	 the	α4	 subunit,	which	 is	only	ex-

pressed	in	testis	(Shamraj,	Lingrelt	and	Hoffman	1994;	Blanco	et	al.	1999),	more	precisely	

in	 spermatozoa,	 where	 its	 inhibition	 leads	 to	 an	 elimination	 of	 sperm	 motility	 (Woo,	

James	and	Lingrel	2000).		
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Figure	1-11:	Na+,K+-ATPase	(NKA)	

Schematic	 representation	of	 the	molecular	 structure	of	 the	NKA.	On	 the	 left	 side	 the	catalytic	α	 subunit	with	 its	 ten	

transmembrane	α-helices	and	the	cytosolic	N-	(nucleotide	binding),	P-	(phosphorylation),	and	A-	(actuator)	domains	are	

depicted.	The	smaller	β	subunit	on	the	right	is	anchoring	the	a	subunit	into	the	plasma	membrane,	but	also	influences	

the	NKA	functional	activity	(Benarroch,	2011).	

	

A	combination	of	heterologous	expression	and	site-directed	chemical	labeling	of	cysteine	

mutants	of	the	α	 subunit	revealed	five	exposed	extracellular	 loops,	 ten	transmembrane	

segments	since	both	termini	are	located	intracellular	and	four	intracellular	 loops	(Figure	

1-11).	While	the	big	external	loop	between	transmembrane	segment	(M)	7	and	8	provides	

the	contact	region	with	the	associated	β	subunit	(Fambrough	et	al.	1994),	three	main	in-

tracellular	 structures	 were	 identified:	 one	 loop	 between	M2	 and	M3	 with	 a	 length	 of	

about	 120	 amino	acids,	 a	 large	 central	 loop	between	M4	and	M5	with	 a	 length	of	 420	

amino	acid	residues	and	the	N-terminal	 tail	of	90	amino	acid	residues.	Three	 important	

catalytic	sites	are	formed	by	those	structures:	the	nucleotide-binding	domain	(N)	and	the	

phosphorylation	domain	(P)	are	built	by	the	M4M5	loop,	the	actuator	domain	(A)	by	the	

N-terminal	tail	(Toyoshima	et	al.	2000).		

The	β	subunit	 is	a	protein	with	a	size	of	about	370	amino	acids	from	which	around	300	

amino	acids	 reach	 into	 the	extracellular	space.	 It	was	 first	 suggested	that	 the	β	 subunit	

was	only	necessary	 for	 the	anchoring	of	 the	α	 subunit	 into	 the	plasma	membrane,	but	

further	 experiments	 showed	 conformational	 changes	 of	β	 when	 different	 ligands	were	
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bound	to	the	α	subunit	indicating	its	involvement	in	the	NKA	functional	activity	(Lutsenko	

and	Kaplan	1994).		

Figure	1-12	demonstrates	a	cycle	of	the	active	transport	starting	with	the	E1	conformation	

of	the	enzyme.	At	the	E1	conformation	[Na+]i	can	bind	to	the	protein	leading	to	its	phos-

phorylation	 by	 previously	 bound	ATP.	 The	 phosphorylation	 of	 the	 enzyme	 leads	 to	 the	

conformation	E1P	which	occludes	the	bound	Na+	ions	(Glynn	and	Karlish	1990).	With	an-

other	conformational	change	the	Na+	ions	are	released	at	the	extracellular	surface.	At	this	

state	the	protein	 is	 termed	E2P	and	 it	opens	the	K+	binding	site	at	 the	extracellular	sur-

face.	 The	 binding	 leads	 to	 a	 dephosphorylation	 introducing	 another	 conformational	

change	occluding	the	K+	ions	(E2K2).	Binding	of	ATP	releases	the	K+	ions	at	the	inner	sur-

face	and	ends	the	catalytic	cycle,	changing	the	conformation	of	the	enzyme	from	E2K2	to	

E1	(Kaplan	2002).		

	

Figure	1-12:	Mechanism	of	NKA’s	ion	transport	

Schematic	representation	of	one	enzyme	cycle.	Under	the	hydrolysis	of	ATP	NKA	transports	3	Na+	ions	out	of	the	cell	

and	brings	2	K+	back	into	the	cell	(Benarroch,	2011).	See	text	for	details.	

	

Besides	 its	binding	sites	for	Na+,	K+,	Mg2+,	NKA	also	has	a	binding	site	for	glycosides	 like	

ouabain.	 This	 binding	 site	 is	 formed	 by	 the	 extracellular	 loops	 of	M1/M2,	M3/M4	 and	

M5/M6	 (Qiu	 et	 al.	 2005).	 As	 a	member	 of	 the	 cardiac	 glycosides	 ouabain	 belongs	 to	 a	

large	 pool	 of	 naturally	 derived	 compounds.	 It	 is	 a	 cardiotonic	 steroid	 that	was	 initially	

discovered	 in	plants	and	has	 later	also	been	demonstrated	 to	be	an	endogenous	 factor	

secreted	by	the	adrenal	glands	of	several	mammals	including	humans	(Schoner	2002).	For	
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the	biosynthesis	of	ouabain	cholesterol	and	progesterone	are	processed	which	 is	under	

tight	 regulation	 by	 other	 hormones	 like	 renin-angiotensin,	 endothelin	 and	 adrenalin	

(Qazzaz	et	al.	2004).	Ouabain	is	an	NKA	antagonist	leading	to	its	blockade.	Blocking	NKA	

subsequently	 increases	the	 [Na+]i	which	 in	 turn	can	flip	 the	nearby	 located	NCX	 into	re-

verse	mode	leading	to	a	Ca2+	influx	into	the	cell.	This	mechanism	is	best-studied	in	cardiac	

myocytes	where	the	increase	of	[Ca2+]i	levels	result	in	higher	contractility	of	the	cells	and	

thereby	helps	to	treat	heart	diseases.	A	high	dose	can	completely	block	the	NKA	causing	

cell	death.	However	it	has	also	been	shown	that	binding	of	nanomolar	concentrations	of	

ouabain	to	the	NKA	 leads	to	a	conformational	change	of	 the	α	 subunit,	which	activates	

neighboring	SRC	proteins	triggering	a	pathway	that	starts	calcium	oscillations	(Zhang	et	al.	

2006;	 Liang	 et	 al.	 2006).	 This	 process	 is	 independent	 from	 its	 function	 as	 an	 ion	 pump	

(Segall	et	al.	2003).	

1.3.6 Calcium	signaling	

The	 levels	 of	 Ca2+	 concentrations	 between	 intra-	 and	 extracellular	 space	 differ	 with	 a	

magnitude	of	105	units.	The	extracellular	space	has	an	average	concentration	of	free	Ca2+	

of	 around	 several	mM,	whereas	 the	 cytosol	 shows	 a	 concentration	 of	 around	 100	 nM.	

Since	Ca2+	is	a	highly	reactive	ion,	it	is	believed	that	initially	cells	tried	to	reduce	the	cyto-

solic	 levels	 to	avoid	dangerous	Ca2+-protein	 interactions,	but	 later	 in	evolution	 invented	

mechanisms	to	use	the	binding	energy	for	signal	transduction.	As	Ca2+	is	an	ion	and	can-

not	be	 changed	chemically	 to	become	 inhibited,	 the	 cells	had	 to	 find	a	way	 to	 chelate,	

compartmentalize	or	extrude	it.	In	general,	cells	use	a	variety	of	channels,	carriers,	pumps	

and	cytosolic	buffers	to	control	intracellular	calcium	levels.	To	achieve	the	very	low	intra-

cellular	Ca2+	concentrations,	cells	actively	pump	Ca2+	into	intracellular	calcium	stores,	such	

as	 the	 endoplasmatic	 reticulum	 (ER)	 via	 the	 sarcoendoplasmic	 reticular	 Ca2+	 ATPases	

(SERCAs)	or	out	of	the	cell	via	plasma	membrane	Ca2+	ATPases	(PMCAs).	Also	carriers	like	

NCX	or	the	Na+/Ca2+-K+	exchanger	(NCKX)	help	extruding	the	Ca2+	ions	out	of	the	cell	using	

the	Na+	transmembrane	gradient	(Silbernagl	and	Despopoulos	2012).		

The	 initiation	of	calcium	signaling	usually	happens	through	Ca2+	 ion	entry	across	plasma	

membrane	 via	 electrical	 or	 mechanical	 stimulation	 or	 through	 Ca2+	 release	 from	 inner	

stores	 like	the	ER.	While	voltage-gated	calcium	channels	(VGCC)	are	the	fastest	Ca2+	sig-
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naling	proteins,	also	the	carrier	NCX	can	 flip	 its	direction	of	 ion	transport	depending	on	

the	membrane	potential	and/or	the	transmembrane	ion	gradients	(see	1.3.4)	and	subse-

quently	bring	Ca2+	ions	into	the	cell.	Additional	to	VGCC	and	NCX,	receptors	like	those	for	

glutamate	and	ATP	can	lead	to	Ca2+	influx	(Silbernagl	and	Despopoulos	2012).		

In	nonexcitable	cells	the	Ca2+	release	from	the	ER	is	achieved	by	hormone-receptor	inter-

action.	The	most	common	way	here	is	the	IP3	pathway.	Two	receptor	classes	mediate	this	

pathway:	1)	G	protein-coupled	receptors	(GPRs)	and	2)	receptor	tyrosine	kinases	(RTKs).	

While	GCRs	activate	the	phospholipase	Cβ	(PLCβ),	RTKs	activate	phospholipase	Cγ	(PLCγ).	

Both	 phospholipases	 cleave	 phosphatidylinositol	 (4,5)-bisphosphate	 (PIP2)	 into	 diacyl-

glycerol	 and	 inositol	 (1,4,5)-trisphosphate	 (IP3)	 from	which	 the	 latter	 acts	 as	 a	 second	

messenger	 and	 binds	 to	 IP3	 receptors	 at	 the	 ER	membrane.	 This	 binding	 subsequently	

leads	to	a	Ca2+	release	from	ER	stores	(Clapham	1995).	

Special	 protein	 domains	 like	 EF	 hand	 domains	 (from	 E	 and	 F	 regions	 of	 parvalbumin)	

evolved	in	hundreds	of	cells	where	Ca2+	is	bound	within	a	12	amino	acid	loop	and	chelat-

ed	via	amine	and	carboxylate	groups.	Calmodulin	(CaM)	is	an	important	Ca2+-binding	pro-

tein	containing	four	EF	hand	domains	and	 is	expressed	 in	all	eukaryotic	cells.	Binding	of	

four	Ca2+	ions	leads	to	a	conformational	change	allowing	the	protein	to	interact	with	and	

activate	numerous	target	proteins.	For	example,	interaction	of	the	Ca2+/calmodulin	com-

plex	counters	the	autoinhibition	of	the	catalytic	domain	of	the	calmodulin	kinase	(CaMK)	

family	 enzymes,	 leading	 to	 an	 autophosphorylation	 and	 subsequently	 activation	 of	 the	

enzyme	(Silbernagl	and	Despopoulos	2012;	Speckmann,	Hescheler	and	Köhling	2013).		

In	oligodendrocytes	Ca2+	signaling	has	been	shown	to	be	involved	in	maturation	and	mye-

lination	(Simpson	and	Armstrong	1999;	Waggener	et	al.	2013).	In	OPCs,	where	golli	mye-

lin	basic	proteins	were	over-expressed,	slow	Ca2+	oscillations	were	detected,	followed	by	

a	stimulation	of	cell	migration	(Paez	et	al.	2009),	though	the	treatment	led	to	hypomye-

lination	in	vitro	and	in	vivo	(Jacobs	et	al.	2009).	In	the	contrary,	it	was	demonstrated	that	

MBP	 expression	 inhibits	 Ca2+	 influx	 after	 depolarization	 in	 mature	 oligodendrocytes	

(Smith	et	al.	2011).	Additionally,	 it	was	shown	that	 intracellular	monovalent	 ions	can	in-

fluence	MBP	folding	(Nowak	and	Berman	1991)	and	MBP-lipid	interaction	(Jo	and	Boggs	
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1995).	

1.4 Aim	of	the	study	

One	oligodendrocyte	is	able	to	myelinate	several	axonal	segments	at	the	same	time.	Re-

cent	 studies	 suggest	 that	 the	 strength	 of	myelination	 depends	 on	 the	 axonal	 diameter	

and	 its	activity.	Like	 in	synapses,	also	axons	are	capable	of	vesicular	glutamate	and	ATP	

release.	 In	addition	 to	 this,	 it	has	been	demonstrated	 that	OPCs	express	different	 iono-

tropic	and	metabotropic	receptors	like	NMDA,	AMPA,	metabotropic	glutamate,	P2X	und	

P2Y	 receptors.	 However,	 electrophysiological	 and	 electron-microscopy	 data	 show	 that	

there	are	only	 small	amounts	of	vesicles	 in	axons	and	 the	axon-oligodendrocyte	cleft	 is	

realtively	wide.	In	addition	it	has	also	been	shown	that	axonal	vesicles	are	not	always	co-

localized	with	 oligodendrocyte	 processes,	 indicating	 that	 there	might	 be	more	ways	 to	

provide	a	communication	between	axons	and	OPC	processes.		

Kirischuk	et	al.	(Kirischuk	et	al.	1995)	showed	that	small	elevation	of	extracellular	K+	(10	or	

20	mM)	 induces	Ca2+	 transients	 in	 the	 tips	of	OPC	processes.	 It	was	also	demonstrated	

that	protein-tyrosine	phosphatase	alpha	(PTPα)	dephosphorylates	Fyn	and	thereby	acti-

vates	it	(Wang	et	al.	2009).	This	in	turn	leads	to	local	translation	of	MBP	mRNA	(Krämer-

Albers	and	White	2011).	Since	in	neurons	the	Ca2+-mediated	activation	of	CaMKII	 is	sug-

gested	 to	 phosphorylate	 and	 activate	 PTPα,	 it	 could	 be	 assumed	 that	 this	 cascade	

(Ca2+àCaMKIIàPTPαàFyn)	may	be	functional	in	oligodendrocytes	processes.		

The	aims	of	this	study	were	to	answer	the	following	questions:	

1) Do	intracellular	Na+	and	Ca2+	concentrations	in	OPCs	show	developmental	chang-

es?		

2) Do	OPCs	demonstrate	spontaneous	Ca2+	transients	in	any	specific	time-winow	dur-

ing	development?	

3) Can	NCX	and/or	NKA	partial	blockade	influence	Ca2+	transients?	If	so,	in	which	

time-window	does	it	occur?	

4) Does	Ca2+	activity	affect	MBP	synthesis	and	in	which	time-window?	
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2 Material	&	Methods	

2.1 Devices	and	Materials	

Table	2-1	Devices	and	Materials	

Designation	 Name	 Company	

Cell	dissociation	 gentleMACS™	 Octo	 Dis-

sociator	

Miltenyi	Biotec	

quadro	MACS	 Miltenyi	Biotec	

MACS	Mix	 Miltenyi	Biotec	

Centrifuges	 Centrifuge	5415R	 Eppendorf	

Centrifuge	5424R	 Eppendorf	

MiniSpin	plus	 Eppendorf	

Labofuge	6000	 Heraeus	

Micro	centrifuge	 Roth	

Megafuge	1.0R	 Thermo	Scientific	

Gel	running	chambers	 Mini-Protean	Tetra	System	 Biorad	

Novex	Mini	Cell	 Invitrogen	

Mini	Gel	II	 VWR	

Heating	block	 DRI-Block	DB2D	 Techne	

Imaging	station	 Chemidoc	XRS	 Biorad	

Incubators	 Orbital	incubator	SI50	 Stuart	

Hera	Cell	240(i)	 Heraeus	

Teco	20	 Selutec	
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Magnetic	stirrer	 MR-Hei-Standard	 Heidolph	

Microscopes/Objectives	 LEITZ	DMRIB	 Leica	

TCS	SP5	 Leica	

40x	HCX	PL	APO	CS	1.3	oil	 Leica	

IX81	 Olympus	

20x	 objective	 UPlanFLN	
(NA=0.50)	

Olympus	

40x	 objective	 UPlanFLN	

(NA=0.75)	

Olympus	

Flourescence	 CCD-Camera	

XM10	

Olympus	

Axioscope	FS	 Zeiss	

20x	water	 immersion	objec-
tive		

Zeiss	

Monochromator	 Polychrome	II	 Till	Photonics	

Microwave	 DMW120	 Durabrand	

pH	benchtop	meter	 FiveEasy	Plus	 Mettler	Toledo	

Pipettes	 Research	 Eppendorf	

Pneumatic	isolation	mount	 Type	XL-G	 Newport	

Pump	 Vacusip	 Integra	

Rocking	shaker	 Duomax	1030	 Heidolph	

Scales	 EX2202	 Ohaus	

EX224	 Ohaus	

Sterile	working	benches	 Biowizard	 Kojair	

Temperaturcontroller	 Temperaturcontroller	III	 Luigs	&	Neumann	
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Thermomixer	 Thermomixer	comfort	 Eppendorf	

Tissue	chopper	 McIlwain	Tissue	Chopper	 Ted	Pella,	Inc	

Vortexer	 RS-VA10	 Phoenix	Instruments	

Vibrating	Microtome	 5000mz	 Campden	Instruments	

	

Materials	

Glassware	 was	 purchased	 from	 Schott	 or	 Gibco.	 Cell	 culture	 plastics	 as	 well	 as	 Falcon	

tubes	were	purchased	from	Greiner,	Nunc	or	Sigma-Aldrich.	

2.2 Reagents,	buffers	and	solutions	

2.2.1 Reagents	

Table	2-2:	Reagents	

Name	 Ref.	number	 Company	

Agarose	 NEEO	 Ultra-

Qualität	

2267.2	 Roth	

ANG2	 91007.1	 TEFLAB	

Anti-AN2	Microbeads	 130-097-170	 Miltenyi	Biotec	

ATP	magnesium	salt	 A9187	 Sigma-Aldrich	

Cadmiumchlorid	 210B897411	 Merck	

DAPI	 D9542	 Sigma-Aldrich	

DMEM	 31966-021	 Life	Technologies	

DMSO	 D8418/A994.1	 Sigma-Aldrich/Roth	

EDTA	 X986.1	 Roth	

Ethanol	(70%/99%)	 T913.3/5054.3	 Roth	



2	Material	&	Methods	 32	

Fura-2,	AM	 F1201	 Invitrogen	

Glucose	 X997.2	 Roth	

Glutamax	 35050-038	 Life	Technologies	

Glycin	 3790.1	 Roth	

HBSS	 14175-053	 Life	technologies	

HCl,	37%	 2607.1	 Roth	

Horse	serum	 26050-088	 Life	Technologies	

Immobilon	 ™	 Western	
Chemiluminescent	 HRP	

Substrate	

WBKLS0500	 Millipore	

KCl	 6781.3	 Roth	

KB-R7943	 1244/10	 Tocris	

MACS	NeuroBrew-21	 130-093-566	 Miltenyi	Biotec	

MEM	 31095-029	 Life	technologies	

Methanol	 4627.1	 Roth	

MgCl	 2189.2	 Roth	

Milk	powder	 T145.3	 Roth	

NaCl	 HN00.2	 Roth	

Neural	 Tissue	 Dissociation	

Kit	(P)	

130-092-628	 Miltenyi	Biotec	

NuPAGE®	LDS	Buffer	(4x)	 NP0007	 Life	technologies	

NuPAGE®	 MOPS	 SDS	 Run-

ning	Buffer	(20x)	

NP0001	

NP0002	

Life	technologies	

OGB-1-AM	 06806	 Invitrogen	

Ouabain	 ALX-803-050-C100	 Enzo	Life	Science	
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PenStrep	 15070-063	 Life	Technologies	

Phosphatase	inhibitor	 04906837001	 Roche	Applied	Science	

Pluronic	F-127	 P3000MP	 Invitrogen	

Protease	inhibitor	 04693159001	 Roche	Applied	Science	

RNAiMax	 P/N56531	 Life	technologies	

Roti	Histofix	(PFA)	 P087.5	 Roth	

SBFI-AM	 S1263	 Invitrogen	

TRIS	 AE15.2	 Roth	

Triton	X-100	 T-8787	 Sigma-Aldrich	

Tween20	 P1379	 Sigma-Aldrich	

	

2.2.2 Buffers,	media	and	solutions	

Table	2-3:	Buffers,	media	and	solutions	

Buffer/Medium/Solution	 Composition	

ACSF	 125	mM	NaCl;	2.5	mM	KCl;	10	mM	glucose;	

1.25	mM	NaH2PO4,	25	mM	NaHCO3,	2.5	

mM	CaCl2	and	1	MgCl2.	pH	was	buffered	to	

7.3	by	continuous	bubbling	with	5%	

CO2/95%	O2	mixture		

Agarose	gel,	1.5%	 1,5	g	Agarose	NEEO	Ultra;	100	ml	1x	TAE	

Blocking	solution	 4%	(w/V)	milk	powder	in	TBST	

DMEM	1%/10%	HS	 DMEM	+	1%/10%	horse	serum	

GHG	medium	 100	ml	MEM	(1x)	+	GlutaMAX	I	+	Earle`s	

Salts	+	25	mM	HEPES;	50	ml	Horse	Serum;	
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45	ml	HBSS;	1	ml	Glutamax	[200	mM];	4	ml	

Glucose	[300	mg/ml]	diluted	in	HBSS;	pH	

7,2	

Lysis	buffer	 50	mM	Tris;	150	mM	NaCl;	1	mM	EDTA;	1%	

(v/v)	Triton	X-100;	1	PhosStop	Phosphatase	

Inhibitor;	 1	 Complete	 EDTA-free	 Protease	

inhibitor	

MACS	Cultivation	Medium	 MACS	 Neuro	 Medium;	 2	 mM	 Glutamine;	

1:50	 NeuroBrew;	 100	 units	 Penicil-

lin/Streptomycin	

Mowiol	 7,2	g	Mowiol	4-88;	18	g	glycerol;	18	ml	H2O;	

36	ml	0,2	M	Tris	

SDS	Running	Buffer	 10x	 Rotiphorese	 1:10	 or	 20x	 MOPS	 1:20	

diluted	in	ddH2O	

PBS	 150	 mM	 NaCl;	 8	 mM	 Na2HPO4;	 1,7	 mM	

NaH2PO4;	pH	7,2	

Poly-L-lysine	(PLL)	 1	g	Poly-L-lysine	diluted	in	1	l	dH2O	

TAE	(50x)	 242	g	Tris	(2	M);	100	ml	0,5	M	EDTA	pH	8,0	

(50	 mM);	 57,1	 ml	 acetic	 acid;	 fill	 up	 with	

ddH2O	until	1	l	

TBS	 150	mM	NaCl;	50	mM	Tris;	pH	7,2	

TBST	 TBS	+	0,1%	(v/v)	Tween	20	

Western	Blot	Stripping	Buffer	 1	M	Glycin;	pH	2,0	

Western	Blot	Transfer	Buffer	 24	 mM	 Tris;	 192	 mM	 Glycine;	 20%	 (v/v)	

Ethanol	abs.		
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2.3 Software	

Table	2-4:	Software	

Software	 Developer	

MS	Office	2013	 Microsoft	

Photoshop	C55	 Adobe	

ImageJ	 Open	source,	NIH	

LAS	AF	Microscope	Software	 Leica	

Mendeley	Desktop	 Mendeley	Ltd.	

Origin	7.5	 OriginLab	

GraphPad	Prism	5	 GraphPad	Software	Inc.	

CorelDraw	X7	 Corel	

Image	Lab	 Biorad	

	

2.4 Antibodies	

Table	2-5:	Antibodies	

Monoclonal	primary	antibodies	

Antigen	 Antibody	Name	 Host	 Application	 Company	

α-tubulin	 T6199	 mouse	 1:5000	WB	 Sigma-Aldrich	

CNPase	 C5922	 mouse	 1:50	ICC	 Sigma-Aldrich	

MBP	 MCA409S	 rat	 1:500	 WB/IHC;	

1:50	ICC	

AbDSerotec	

SMI-312		

(neurofilament)	

ab24574	 mouse	 1:1000	IHC	 Abcam	
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Polyclonal	primary	antibodies	

Antigen	 Antibody	Name	 Host	 Application	 Company	

ATP1A2		

(α2-NKA)	

55179-1-AP	 rabbit	 1:800	WB;		

1:20	ICC	

Proteintech	

GAPDH	 A300-641A	 rabbit	 1:5000	WB	 Bethyl	

Olig-2	 AB9610	 rabbit	 1:1000	ICC	 Milliopre	

2.5 Cell	culture	

2.5.1 Preparation	and	culturing	of	primary	oligodendrocytes	

Primary	OPC	cultures	were	prepared	from	postnatal	day	(P)	8-10	C57BL/6J	mouse	brains	

using	MACS	Technology	(MiltenyiBiotec).	The	brains	were	dissociated	with	the	Neuronal	

Tissue	Dissocation	Kit	(Papain)	and	the	gentle	MACSDissociator	(MiltenyiBiotec)	according	

to	the	manufacturer’s	protocol.	Instead	of	Ca2+	and	Mg2+-containing	Hanks'	Balanced	Salt	

Solution	(HBSS),	the	cells	were	resuspended	in	DMEM	+	1%	horse	serum	(HS).	Isolation	of	

OPCs	was	achieved	by	using	the	anti-AN2	(NG2	orthologin	mice)	MicroBeads	(MiltenyiBi-

otec).	Isolated	OPCs	were	subsequently	plated	on	0.01%	poly-L-lysine-coated	wells	of	24-

well	 plates	 (Greiner)	 in	MACS	 Neuro	Medium	 containing	 2%	 (v/v)	 NeuroBrew-21	 (Mil-

tenyiBiotec),	2	mM	L-glutamine	and	penicillin-streptomycin	(100	U/ml).	For	 imaging	and	

immunocytochemistry	experiments	glass	coverslips	were	placed	in	the	wells	before	coat-

ing.	Every	second	day	half	of	the	medium	was	replaced	with	new	culture	medium.	

2.5.2 Preparation	and	culturing	of	cortical	organotypic	slice	cultures	(Cosc)	

Cortical	organotypic	slice	cultures	were	prepared	from	P3	C56BL/6	mice	and	cultured	sim-

ilar	as	described	previously	(Denter	et	al.	2010;	Stoppini,	Buchs	and	Muller	1991).	Briefly,	

mice	were	killed	by	decapitation.	Brains	were	quickly	removed	and	transferred	 into	 ice-

cold	 culture	medium	with	 the	 following	 composition:	MEM	 (Gibco)	 supplemented	with	

25%	horse	serum	and	HBSS+/+,	1	mM	Glutamax,	6	mg/mL	of	glucose,	and	pH	adjusted	to	

7.2.	Neocortical	hemispheres	were	 isolated	from	the	hippocampus,	 thalamus,	and	stria-

tum,	and	350	μm	thick	coronal	slices	containing	the	parietal	cortex	were	cut	with	a	tissue	
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chopper	(McIlwain,	Mickle	Laboratory	Engineering,	Surrey,	UK).	Cortical	slices	were	trans-

ferred	onto	Millicell	membranes	 (Sigma-Aldrich)	placed	 into	35	mm	Petri	dishes	as	sup-

port	for	explants.	Slices	were	kept	at	37	°C	in	humidified	95%	air	and	5%	CO2.	Culture	me-

dium	was	renewed	every	3	days.	

2.5.3 Preparation	of	acute	callosal	slices	

All	experiments	were	conducted	with	pigmented	C57BL/6J	mice	pups	of	P10-35.	Animals	

were	decapitated	under	deep	isoflurane	anesthesia.	The	brain	was	removed	quickly	and	

transferred	into	ice-cold	saline	that	contained	(in	mM):	125	NaCl,	2.5	KCl,	10	glucose,	1.25	

NaH2PO4	,	25	NaHCO3	,	0.5	CaCl2	,	and	2.5	MgCl2	constantly	bubbled	with	5%	CO2	/95%	O2	
mixture	(pH	=	7.3).	Coronal	slices	(300	M)	were	cut	on	a	vibratome	(Campden	Instruments	

Ltd.,	UK).	After	preparation,	slices	were	stored	for	at	least	30	min	at	room	temperature	in	

artificial	cerebrospinal	fluid	(ACSF)	that	contained	(in	mM):	125	NaCl,	2.5	KCl,	10	glucose,	

1.25	NaH2PO4	,	25	NaHCO3	,	2.5	CaCl2,	and	1	MgCl2.	pH	was	buffered	to	7.3	by	continuous	

bubbling	with	5%	CO2	/95%	O2	mixture.	ACSF	with	elevated	[K+]	was	prepared	by	equimo-

lar	replacement	of	5	mM	NaCl	with	5	mM	KCl.		

2.6 Molecular	biology	

2.6.1 siRNA-Transfections	

NG2+	primary	oligodendrocytes	(1.25x105/24well;	2,5x105/12well)	for	immunocytochem-

istry	and	for	Western	blot	analysis	were	seeded	into	24well	plates	with	500	µl	or	12well	

plates	with	 1000	 µl	MACS	 cultivation	medium	 and	 cultured	 for	 up	 to	 six	 days.	 Cortical	

organotypic	slice	cultures	(Cosc)	were	cultured	on	Millicell	membranes	(Sigma-Aldrich)	in	

6well	plates	using	1	ml	GHG	medium.	After	DIV2	the	primary	oligodendrocytes	and	Cosc	

were	transfected	using	Lipofectamine	RNAiMax	(Life	Technologies).	An	amount	of	20	or	

40	pmol	siRNA	was	used	for	the	transfection	of	the	cell	culture	(for	24well	or	12well);	for	

cortical	slice	cultures	80	pmol	siRNA	was	used.		
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Table	2-6:	Mastermix	1	

Reagent	 24well	 12well	 6well	

Volume	(µl)	

MACS	 cultivati-

on	 medi-

um/GHG	

25	 50	 100	

Lipofectamin™	

RNAiMax	

0.5	 1	 2	

	

First,	mastermix	1	was	prepared	and	incubated	for	5	minutes	at	room	temperature.	In	the	

meantime	mastermix	2	was	prepared.		

Table	2-7:	Mastermix	2	

Reagent	 24well	 12well	 6well	

Volume	(µl)	

MACS	 cultivati-

on	 medi-

um/GHG	

23	 46	 92	

siRNA	(20µM)	 2	 4	 8	

	

After	incubation	of	mastermix	1	mastermix	2	was	added,	resuspended	and	incubated	for	

20	minutes	at	room	temperature.	Afterwards	the	mixture	was	added	to	the	primary	oli-

godendrocytes/cosc.	
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Table	2-8:	siRNAs	

Name	 Item	 Company	

siGENOME	 Mouse	 Atp1a2	

SMARTpool;	5nmol	

M059276010005	 GE	Healthcare	Dharmacon	

ON-TARGETplus	 SMART-

pool	mouse	MBP;	5nmol	

Not	available	anymore	 GE	Healthcare	Dharmacon	

ON-TARGETplus		

Non-targeting	pool	

D-001810-10-05	 GE	Healthcare	Dharmacon	

	

ATP1A2-siRNA	 (siGENOMESMARTpool	 siRNA,	 GCACUCCUCUGCUUCUUAG,	 GAUCAUCU-

CUUCCCACGGU,	GGACUGGGAUGAUCGGACU,	AUAUCUAGGUAUCGUGCUA)	

MBP-siRNA	 (ON-TARGETplusSMARTpool,	 CCUCACAGCGAUCCAAGUA,	

CUCCCAAGGCACAGAGACA,	GGGCAUCCUUGACUCCAUC,	GGCCACAGCAAGUACCAUG)	

negative	control-siRNA	(ON-TARGETplus	Non-targeting	pool,	UGGUUUACAUGUCGACUAA,	

UGGUUUACAUGUUGUGUGA,	 UGGUUUACAUGUUUUCUGA,	 UGGUUUACAU-

GUUUUCCUA).	

2.6.2 Lysate	preparation	

2.6.2.1 Lysate	from	primary	oligodendrocytes	

Primary	oligodendrocytes	were	washed	with	cold	PBS	and	afterwards	scraped	off	the	cul-

ture	 dish	 in	 ice-cold	 lysis	 buffer	 (Table	 2-3).	 The	 lysates	 were	 incubated	 on	 a	 rotating	

wheel	for	45	min	at	4°C	and	then	cleared	from	nuclei	and	debris	by	centrifuging	at	2000x	

g	and	4°C	 for	5	min.	The	supernatants	containing	 the	proteins	were	 transferred	to	new	

reaction	tubes.	

2.6.2.2 Lysate	from	acute	callosal	slices	

The	 brain	 was	 removed	 quickly	 and	 coronal	 slices	 of	 1	 mm	 were	 cut	 on	 a	 vibratome	

(Campden	 Instruments	 Ltd.,	 UK).	 Afterwards	 the	 tissue	 from	 the	 corpus	 callosum	 area	

was	extracted	with	a	biopsy	puncher	(1	mm	diameter)	and	immediately	transferred	into	a	
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reaction	tube	containing	100	µl	lysis	buffer.	After	resuspending	the	tissue-buffer	mixture,	

the	lysates	were	incubated	on	a	rotating	wheel	for	3	hours	at	4°C	and	then	cleared	from	

nuclei	and	debris	by	centrifuging	at	2000x	g	and	4°C	for	5	min.	The	supernatants	contain-

ing	the	proteins	were	transferred	to	new	reaction	tubes.	

2.6.3 SDS-PAGE	and	Western	Blotting	

Proteins	 and	 molecular	 mass	 markers	 (Bio-Rad	 or	 NEB,	 USA)	 were	 separated	 by	 SDS-

PAGEusing	 a	 Mini	 PROTEAN	 system	 (Bio-Rad)	 with	 14%	 sodium	 dodecyl	 sulfate	 poly-

acrylamide	gels	at	175	V	for	60	min	or	a	NovexNuPAGE	SDS-PAGE	Gel	system	(Life	tech-

nologies	or	Thermo	Fischer	scientific,	USA)	at	200	V	for	50	min	(MOPS	buffer)	and	trans-

ferred	 onto	 Roti-polyvinylidenefluoride	membranes	 (0.45	 µm,	 Roth).	Membranes	 were	

blocked	 in	 Tris	 buffered	 saline	 containing	 0.01%	 Tween	 20	 and	 4%	milk	 powder	 for	 30	

min,	probed	with	antibodies	for	1	hour	at	room	temperature	and	detected	with	horserad-

ish	 peroxidase	 (HRP)-coupled	 secondary	 antibodies	 (1:10000,	 Dianova)	 in	 an	 enhanced	

chemiluminescence	reaction.	Images	were	acquired	with	a	ChemiDoc™	XRS+	System	(Bio-

Rad).	Densitometric	analysis	was	performed	by	using	the	Image	lab	software	(Bio-Rad).	

2.6.4 Immunocytochemistry	

2.6.4.1 Immunostainings	of	primary	oligodendrocytes	

For	protein	immunostainings	OPC	cultured	were	fixed	with	4%	paraformaldehyde	for	15	

min	and	permeabilized	with	0.1%	Triton-X-100	in	PBS.	DMEM+10%	HS	was	used	as	block-

ing	buffer	for	15	min	and	primary	antibodies	were	diluted	in	blocking	buffer.	OPC	cultures	

were	incubated	in	this	medium	for	1	hour.	For	detection,	Cy2,	Cy3	and	Cy5	coupled	sec-

ondary	antibodies	(Dianova)	were	diluted	in	blocking	medium	and	incubated	for	30	min	at	

room	temperature.	Nuclei	were	stained	with	DAPI	(Sigma,	1:1000)	and	cells	were	mount-

ed	in	Mowiol.		

2.6.4.2 Acquisition	and	analysis	of	immunocytochemistry	

Images	were	acquired	by	using	a	40x/0.75	NA	objective	lens	connected	to	a	monochrome	

fluorescence	CCD-camera	(XM10)	and	using	cell^F	software	(Olympus).	 Images	were	ad-

justed	with	 Adobe	 Photoshop	 and	 ImageJ	 software.	 The	 co-localization	 of	α2-NKA	 and	
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MBP	in	the	resulting	images	was	quantified	using	the	JACoP	plug-in	for	ImageJ	software	

((Abràmoff,	Magalhães,	and	Ram	2004),	NIH,	Bethesda,	USA),	which	allowed	the	calcula-

tion	of	Pearson´s	coefficient.	This	measure	reflects	 linear	correlation	between	the	signal	

intensities	and	can	range	from	-1	(mutual	exclusion)	to	1	(perfect	co-localization).	Costes´	

automatic	 thresholding	algorithm	was	used	 to	exclude	 from	the	calculation	background	

pixels	 in	 an	 observer-independent	way	 (Bolte	 and	 Cordelières	 2006).	 Three	 to	 four	 re-

gions	of	interest	with	fixed	dimensions	(100	μm2)	were	manually	selected	in	order	to	iso-

late	 specific	 cellular	 structures,	 namely	proximal	processes,	 distal	 processes	 and	myelin	

sheets.	This	selection	was	carried	out	based	on	morphological	criteria	and	distance	from	

the	soma.	Processes	were	considered	proximal	 if	 they	were	 located	within	25	μm	 from	

the	soma,	or	distal	if	the	distance	was	more	than	50	μm.	

2.6.5 Immunohistochemistry	

2.6.5.1 Immunostainings	of	cortical	organotypic	slice	cultures	

Before	staining	the	slices	were	washed	three	times	with	PBS	and	subsequently	fixed	with	

4%	paraformaldehyde	 for	one	hour.	Next	 the	 slices	were	washed	again	 three	 times,	10	

min	 each	 time.	 The	 fixed	 slices	were	 then	 blocked	 for	 one	 hour	with	 blocking	 solution	

containing	 3%	 horse	 serum,	 2%	 fetal	 calf	 serum	 and	 0.5%	 Triton	 X-100	 diluted	 in	 PBS.	

Next,	the	slices	were	incubated	for	three	days	with	primary	antibodies,	which	were	dilut-

ed	in	the	blocking	solution.	After	three	more	washing	steps	with	PBS	slices	were	incubat-

ed	with	secondary	antibodies	 for	24	hours.	At	 the	 following	day	the	slices	were	stained	

with	 DAPI,	 also	 diluted	 in	 blocking	 solution,	 placed	 on	microscope	 slides	 and	mounted	

with	Mowiol.		

2.6.5.2 Acquisition	and	analysis	of	immunohistochemistry	

Images	were	acquired	with	a	TCS	SP5	confocal	microscope	using	40x	HCX	PL	APO	CS	1.3	

oil	objective	connected	 to	a	 fast	 resonance	scanner	and	 the	LAS	AF	software	 (Leica	Mi-

crosystems	CMS	GmbH).	The	bidirectional	acquisition	was	done	at	a	speed	of	400	Hz.	Im-

age	size	was	set	to	2048x2048	pixels.	The	distance	between	planes	in	a	Z-stack	was	set	to	

0.17	µm.	Artefacts	caused	by	scattered	light	from	the	culture	membrane	may	occur	dur-

ing	acquisition	of	 the	 stacks.	To	avoid	 their	 inclusion,	 the	 first	1.7	µm	 from	the	bottom	
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were	omitted	from	the	later	analysis.	In	order	to	quantify	myelination	a	custom	macro	for	

ImageJ	was	developed.	All	stacks	were	pre-processed	in	order	to	maximize	the	signal	to	

noise	 ratio	 using	 a	 combination	 of	 background	 subtraction,	median	 filters	 and	 unsharp	

masks.	´Moments´	algorithm	was	then	used	to	automatically	determine	threshold	values	

for	 converting	 the	greyscale	 stacks	 to	binary	 stacks.	For	each	slice	 in	 the	neurofilament	

channel	stack,	the	function	´Analyze	particles´	was	used	to	identify	non-circular	segments	

with	 sufficiently	 large	 areas	 (>25	 μm),	 which	were	 then	 used	 as	 a	mask	 for	 the	 corre-

sponding	 slice	 on	 the	MBP	 channel.	 Therefore	 it	was	 possible	 to	 calculate	 the	 average	

area	of	the	neurofilaments	per	slice	and	of	the	fraction	of	their	area	which	had	overlap-

ping	MBP	signal	 (expressed	as	percentage).	While	 this	step	was	repeated	 for	 the	whole	

stack,	 the	 generated	masks	were	 collected	 in	 a	 separate	 stack,	 in	 order	 to	 allow	 visual	

control	over	the	operation.	This	cycle	was	then	repeated	inverting	the	channels,	with	the	

MBP	channel	undergoing	 the	 ´analyze	particles´	 function	 to	 create	a	mask	used	 for	 the	

evaluation	of	neurofilaments.	This	step	allowed	the	calculation	of	average	MBP	segments	

area	per	slice,	as	well	as	the	percentage	of	non-overlap	between	the	masks	and	the	neu-

rofilaments	channel	(100-percentage	of	overlap),	defined	as	free	myelin.	

2.7 Digital	imaging	
Sodium-binding	benzofuran	isophthalate	(SBFI)	was	used	to	measure	[Na+]i	levels.	Fura-2	

or	Oregon	Green	BAPTA	1	(OGB1)	were	used	to	record	[Ca2+]i	signals.	To	load	OPCs	with	a	

Na+-	 or	 Ca2+-sensitive	 probe,	 coverslips	 with	 OPCs	were	 incubated	 in	 artificial	 cerebro-

spinal	 fluid	 (ACSF)	 supplemented	with	 0.02%	Pluronic	 F-127	 and	 10	 µM	 cell-permeable	

form	of	selected	 indicator	(SBFI-AM,	Fura-2-AM	or	OGB1-AM)	for	20	min	at	36	°C.	ACSF	

contained	 (in	mM):	125	NaCl,	2.5	KCl,	10	glucose,	1.25	NaH2PO4,	25	NaHCO3,	2.5	CaCl2,	

and	1	MgCl2.	pH	was	buffered	 to	7.3	by	continuous	bubbling	with	5%	CO2/95%	O2	mix-

ture.	 After	 loading,	 cells	 were	 washed	 twice	 with	 ACSF	 and	 transferred	 into	 recording	

chamber	 (~0.4	 ml	 volume)	 on	 the	 microscope	 stage	 (Axioscope	 FS,	 Zeiss,	 Germany)	

equipped	with	phase	contrast	optics.	Measurements	started	after	at	least	15	min	storage	

in	ACSF	to	ensure	deesterification	of	the	indicator.	Cultures	were	submerged	with	a	con-

stant	 flow	of	oxygenated	ACSF.	 Flow	 rate	was	 set	 to	2	ml/min.	A	20x	water	 immersion	

objective	 (Zeiss,	Germany)	was	used	 in	 all	 experiments.	At	 the	end	of	 each	experiment	
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ATP	(100	µM)	was	applied	to	check	cell	viability	(Kirischuk	et	al.	1995).	Only	cells	in	which	

ATP-induced	Ca2+	response	was	observed	were	used	for	further	analysis.	

	

The	excitation	wavelength	was	controlled	by	a	fast	monochromator	system,	and	a	cooled	

CCD	camera	was	used	to	 record	 fluorescence	signals	 (TILL	Photonics,	München,	Germa-

ny).	SBFI	and	Fura-2	were	alternatively	excited	at	360	and	390	nm.	OGB1	was	excited	at	

490	nm.	The	excitation	and	emission	light	was	separated	using	a	510	nm	dichroic	mirror	

(Zeiss).	Emitted	light	was	filtered	using	a	530	nm	long-pass	filter	(Zeiss).	Images	were	ac-

quired	and	evaluated	using	Vision	4.0	software	(TILL	Photonics).	All	measurements	were	

performed	using	2x2	binning.	Exposure	 time	was	between	200	and	400	ms.	Acquisition	

rate	was	 set	 to	one	 image	per	 second.	Background	 fluorescence	was	 calculated	 from	a	

region	in	the	immediate	vicinity	of	the	tested	cell	and	subtracted.	OGB1	fluorescence	sig-

nals	were	expressed	as	 relative	changes	 from	pre-stimulus	 levels	 (ΔF/F0).	Recorded	sig-

nals	from	ratiometric	dyes	(SBFI	and	Fura-2)	were	expressed	as	a	ratio	(R	=	F360/F390).		

	

All	imaging	experiments	were	performed	at	32-33	oC.	Substances	were	applied	for	2	min	

followed	 by	 at	 least	 4	 min	 washout	 period.	 ACSF	 with	 elevated	 [K+]	 was	 prepared	 by	

equimolar	replacement	of	5	mM	NaCl	with	5	mM	KCl.	Eight	min	of	continuous	recordings	

were	used	to	characterize	spontaneous	Ca2+	activity	in	OPCs.	As	spontaneous	Ca2+	transi-

ents	 in	OPCs	differ	 in	 shape	and	duration,	evaluation	of	 spontaneous	activity	were	per-

formed	visually.	Only	events	with	a	fast	rise	phase	(approximately	1%	DF/F0	change	with-

in	3	consecutive	frames)	or	a	visually	detectable	 inflection	point	on	the	rise	phase	were	

counted.	Amplitude	analysis	of	events	was	not	performed	because	of	their	relatively	low	

frequency.	

2.8 Statistics	

All	results	are	presented	as	mean	±	S.E.M.	The	error	bars	in	all	figures	indicate	S.E.M.	Dif-

ferences	between	means	were	tested	for	significance	using	One-way	ANOVA	with	Tukey	

post-hoc	test,	unless	otherwise	stated.	*	symbolizes	p<0.05,	**	-	p<0.01,	***	-	p<0.001,	ns	

-	not	significant.	
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3 Results	

3.1 Myelination	onset	and	intracellular	ion	changes	coincide	

Since	the	initiation	of	myelination	seems	to	be	driven	at	least	in	part	by	an	intrinsic	mo-

lecular	program	in	oligodendrocytes,	it	was	first	decided	to	determine	the	onset	of	mye-

lination	in	oligodendrocyte	monocultures.	MBP	expression	has	been	selected	as	a	readout	

of	“myelination”	in	this	reduced	(without	neurons)	model.		

	

Figure	3-1:	Time	course	of	MBP	synthesis	in	cultured	OPCs	

A)	Representative	MBP	stainings	performed	at	DIV2,	4	and	5.	B)	Representative	Western	blots	demonstrate	MBP	levels	

in	OPC	cultures	lysed	at	different	DIVs.	Detectable	MBP	synthesis	commences	between	DIV4	and	5.	
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Immunocytochemistry	and	western	blot	analysis	were	applied	at	different	time	points	in	

OL	development.	 It	was	revealed	that	MBP	synthesis	starts	at	around	DIV4	(Figure	3-1),	

which	 is	 in	 line	 with	 previously	 published	 findings	 (Dubois-Dalcq	 et	 al.	 1986)	 and	

provesproper	cell	culture	conditions	for	further	experiments.	

To	check	whether	ionic	changes	coinside	with	MBP	expression,	intracellular	resting	calci-

um	levels	during	the	first	week	in	vitro	were	measured	using	the	ratiometric	Ca2+	sensitive	

dye	Fura-2.	 It	could	be	shown	that	 there	 is	an	 increase	of	 resting	calcium	 levels	around	

DIV4	with	 a	 peak	 in	DIV5	 (Figure	 3-2,	 B).	 Corresponding	 values	were	 37±3	 nM	at	DIV4	

(n=49,	three	cultures)	and	66±5	nM	at	DIV5	(n=43,	three	cultures).	At	DIV6	the	Ca2+	levels	

significantly	decreased	again	to	47±5	nM	(n=31,	three	cultures,	p	<	0.05	as	compared	to	

DIV5).	

The	sodium	calcium	exchanger	(NCX)	has	been	shown	to	influence	MBP	synthesis	(Boscia	

et	al.	2012).	As	NCX	is	an	electrogenic	transporter,	its	operation	modes	depend	on	[Ca2+]i	

as	well	as	on	[Na+]i.	Therefore	the	ratiometric	Na+	sensitive	dye	SBFI	was	used	to	measure	

[Na+]i	 in	OPCs	during	 the	 first	week	 in	vitro.	 In	Figure	3-2	C	 it	 is	 shown	that	 [Na+]i	were	

indeed	significantly	 increased	at	DIV5	and	dropped	down	to	their	normal	 levels	at	DIV6.	

Corresponding	values	were	15±1	mM	(n=57),	17±1	mM	(n=64,	p	<	0.05	as	compared	to	

DIV4)	and	13±1	mM	(n=36,	p	<	0.05	as	compared	to	DIV5)	at	DIV4,	DIV5	and	DIV6.	
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Figure	3-2:	[Na+]i	and	[Ca
2+]i	levels	during	development	in	OPC	monoculture	

A)	Representative	 images	of	OPC	cultures	at	DIV2	and	DIV4	stained	with	 the	Ca2+-sensitive	probe	Fura-2.	B)	 [Ca2+]i	 in	

OPCs	at	different	levels.	Data	obtained	from	three	cultures	at	each	DIV.	C)	[Na+]i	in	cultured	OPCs.	Data	obtained	from	

three	cultures	at	each	DIV.	

	

As	developmental	changes	of	[Ca2+]i	and	[Na+]i	occur	OPCs	in	culture,	the	next	step	was	to	

test	if	these	changes	also	occur	in	in	situ	situations.	In	rodents	myelination	of	the	corpus	

callosum	starts	around	P10-15	and	goes	on	until	about	P35	(Hamano	et	al.	1996).	There-

fore	acute	callosal	slices	 from	3	different	age	groups	 (P10-15,	P20-25	and	P30-35)	were	

used.	The	tissue	was	loaded	with	Fura-2	for	[Ca2+]i	or	with	SBFI	for	[Na+]i	measurements	

(Figure	3-3).	Also	in	slices	a	significant	increase	of	[Ca2+]i	at	P30-35	(34±3	nM,	n=66,	three	

mice)	compared	to	P20-25	(26±2	nM,	n=97,	three	mice,	p	<	0.05)	could	be	shown.	[Na+]i	

even	showed	a	significant	increase	already	at	P20-25	(15±1	mM,	n=92,	three	mice)	com-

pared	to	the	P10-15	group	(9±1	mM,	n=60,	three	mice,	p	<	0.001).	
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Figure	3-3:	[Na+]I	and	[Ca
2+]i	levels	during	development	in	acute	callosal	slices	

A)	Acute	slice	of	the	corpus	callosum	from	P10	and	P30	mice	stained	with	Fura-2,	B)	[Ca2+]i	in	OPCs	at	different	postna-

tal	days	 (P).	Data	obtained	 from	three	mice	at	each	age.	C)	 [Na+]i	 in	OPCs	at	different	postnatal	days.	Data	obtained	

from	three	mice	at	each	age.	

	

3.2 Influence	of	the	sodium-calcium	exchanger	in	developmental	ion	

changes	

Because	the	onset	of	MBP	synthesis	and	changes	in	the	[Na+]i	and	[Ca2+]i	in	oligodendro-

cytes	occur	at	the	same	time,	it	was	assumed	that	both	could	be	coupled.	As	it	is	already	

proven	 that	NCX	 affects	MBP	 synthesis	 (Boscia	 et	 al.	 2012)	 and	MBP	 synthesis	 is	 CaM-

kinase	dependent	 (Waggener	et	al.	2013),	 it	was	necessary	 to	 find	out,	 if	NCX	works	 in	

this	critical	period	 in	 reverse	mode,	meaning	 that	 it	brings	Ca2+	 into	 the	cell.	This	could	

influence	MBP	expression.		
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To	verify	this	hypothesis,	OPCs	of	different	developmental	stages	were	loaded	with	SBFI.	

After	a	short	period	of	baseline	recordings	KB-R7943,	a	blocker	of	the	NCX	reverse	mode	

was	applied.		

	

Figure	3-4:	NCX	in	OPCs	operates	in	reverse	mode	

A)	Representative	traces	demonstrate	that	partial	NCX	blockade	with	KB-R7943	(1µM)	results	in	[Na+]i	elevation	in	OPCs	

at	DIV4	but	not	at	DIV2.	B)	Statistical	graph	shows	that	KB-R7943	elicited	larger	[Na+]i	responses	at	DIV4	as	compared	to	

DIV2	and	DIV6.	 In	brain	slices	 the	KB-R7943-induced	 [Na+]i	elevation	was	 larger	at	P20	and	P30	as	compared	 to	P10.	

Numbers	represent	the	number	of	cells	tested.	C)	 Incubation	of	DIV4	OPCs	for	12	h	with	KB-R7943	(1µM)	resulted	 in	

[Na+]i	increase	and	[Ca
2+]i	decrease	at	DIV5	(2	cultures).		

	

Figure	3-4	shows	that	OPCs	in	early	developmental	stage	showed	almost	no	response.	In	

contrast,	KB-R7943	triggered	an	 increase	of	 [Na+]i	 in	DIV4	OPCs.	The	[Na+]i	amplitude	 in	

OPC	 somata	 had	 its	 peak	 at	 1.1±0.1	mM	 (18	OPCs,	 two	 cultures).	 Interestingly,	 the	 in-

duced	 responses	 became	 smaller	 in	 later	 developmental	 stages,	 meaning	 that	 NCX	 in	

OPCs	operated	 in	reverse	mode	only	 in	a	small	 time	window	(DIV4-DIV5).	These	experi-

ments	performed	in	callosal	slices	revealed	that	KB-R7943	induced	a	rise	of	[Na+]i	starting	

at	P20.	In	contrast	to	cultures,	in	slices	from	older	mice	KB-R7943-induced	[Na+]i	rise	did	

not	decrease,	allowing	to	suggest	that	the	critical	period	lasts	longer	in	vivo	compared	to	

OPC	monoculture.		
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In	 the	 next	 experiments	 it	 was	 tested	 if	 chronic	 KB-R7943	 application	 also	 influences	

[Na+]i,	[Ca2+]i	and	MBP	synthesis	in	OPC	cultures.	DIV4	OPC	cultures	were	treated	with	KB-

R7943	 for	 12	 hours.	 Figure	 3-4	 C	 shows	 an	 increase	 of	 [Na+]i	 and	 a	 decrease	 of	 [Ca2+]i	

compared	to	the	control	condition	(two	cultures,	more	than	17	OPCs	per	condition).		

	

Figure	3-5:	NCX	influences	MBP	expression	in	OPCs	

A)	A	 representative	Western	blot	 shows	 that	 incubation	with	KB-R7943	 (1	µM)	suppressed	MBP	synthesis.	The	same	

treatment	 performed	 at	 DIV2	 failed	 to	 stimulate	MBP	 synthesis.	 B)	 Statistical	 graph	 illustrating	 suppression	 of	MBP	

synthesis	by	KB-R7943	at	DIV4	(5	cultures)	

	

In	addition	to	these	findings,	in	Figure	3-5	it	was	further	shown	via	densitometric	western	

blot	analyses	 that	 the	chronic	 treatment	of	KB-R7943	 led	 to	 reduced	MBP	 levels	 (5	cul-

tures,	p	<	0.05,	one	population	Student´s	test).	These	results	suggest	that	NCX	operating	

in	reverse	mode	provides	Ca2+	influx	into	the	cell	what	might	be	needed	to	start	the	MBP	

synthesis.		

3.3 Influence	of	a	slight	increase	of	[K+]e	on	[Na+]i	and	[Ca2+]i	levels	and	

the	synthesis	on	MBP	

Neuronal	 activity	 leads	 to	 a	 mild	 increase	 of	 [K+]e	 levels.	 Since	 NCX	 is	 an	 electrogenic	

transporter,	the	question	arose	whether	depolarization	of	the	membrane	by	an	increase	

of	[K+]e	leads	to	changes	in	the	intracellular	sodium	and	calcium	concentration.	First	it	was	
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tested	if	an	application	of	potassium	(+5mM)	shows	an	effect	on	[Ca2+]i	levels	at	single	cell	

levels.	The	cultures	were	examined	at	three	different	development	stages:		

(1)	DIV2:	before	changes	at	the	resting	levels	of	[Na+]i	and	[Ca2+]i	were	determined	

(2)	DIV4:	when	peak	of	ion	changes	was	determined		

(3)	DIV6:	ion	changes	almost	went	back	to	initial	data		

In	this	case	to	measure	intracellular	calcium	levels,	cells	were	loaded	with	calcium	sensi-

tive	probe	Oregon	Green	Bapta-1	(OGB1).	

	

Figure	3-6:	[Ca2+]i	transients	elicited	by	elevated	[K
+]e	in	cultured	OPCs	at	different	DIVs	

A)	[Ca2+]i	transients	induced	by	elevated	[K
+]e	(+5	mM)	in	the	OPCs	at	different	DIVs.	Bar	above	the	traces	depicts	the	

application	period.	B)	Statistical	graph	shows	that	elevated	[K+]e	elicited	larger	[Ca
2+]i	responses	at	DIV4	as	compared	to	

DIV2	and	DIV6	(3	cultures	at	each	DIV).		

	

Figure	 3-6	 demonstrates	 that	 the	 application	 of	 elevated	 [K+]e	 at	 DIV2	 cultures	 did	 not	

change	[Ca2+]i.	However,	this	treatment	led	to	a	reliable	[Ca2+]i	transients	at	DIV4.	Further,	

evoked	transients	at	DIV6	were	significantly	smaller	than	those	at	DIV4.		
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Figure	3-7:	[K+]e	-induced	[Ca
2+]i	transients	are	linked	with	NCX	activity	

A)	Representative	[Ca2+]i	responses	induced	by	elevated	[K
+]e	in	control	and	in	the	presence	of	either	Cd

2+	(100	µM)	or	

KB-R7943	(1	µM).	B)	Statistical	graph	shows	that	elevated	[K+]e-induced	[Ca
2+]i	were	strongly	suppressed	by	KB-R7943	

but	not	by	Cd2+.	Numbers	represent	the	number	of	cells	tested.	C)	A	representative	[Na+]i	transient	induced	by	elevated	

[K+]e	at	DIV4.		

	

Next,	the	source	of	[Ca2+]i	was	identified.	As	cadmium	(100	µM)	failed	to	affect	the	transi-

ents,	 involvement	 of	 voltage-dependent	 calcium	 channels	 (VGCC)	 appers	 to	 be	 unlikely	

(Figure	 3-7).	 In	 contast,	 KB-R7943	 almost	 completely	 blocked	 K+-induced	 transients.	

Moreover,	elevation	of	[K+]e	led	to	a	decrease	of	[Na+]i,	favoring	the	idea	that	NCX	medi-

ates	K+	-induced	[Ca2+]i	signals.	

Taken	together	the	experiments	underlined	the	hypothesis	that	K+-triggered	[Ca2+]i	tran-

sients	are	mediated	through	NCX.	

The	next	step	was	to	find	out	if	a	chronic	increase	of	[K+]e	has	any	impact	on	changes	of	

[Na+]i/[Ca2+]i	 and/or	 MBP	 expression.	 Therefore	 K+	 was	 added	 to	 DIV2	 and	 DIV4	 OPC	

monocultures	for	24	hours.	Following	this	chronic	treatment,	the	cells	were	analyzed	at	

DIV3	 and	 DIV5	 by	 using	 ratiometric	 dyes	 to	 see	 if	 there	 might	 be	 any	 changes	 in	 the	

steady	state	levels	of	[Na+]i	(SBFI)	and	[Ca+]i	(Fura-2).	
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Figure	3-8:	Elevated	[K+]e	treatment	shifts	[Ca2+]i	and	[Na+]i	levels	in	cultured	OPCs	

A)	[Ca2+]i	levels	observed	in	control	and	cultures	(DIV3	and	DIV5)	treated	for	24	h	with	elevated	[K
+]e	(+5	mM).	B)	[Na+]i	

levels	observed	in	control	and	cultures	(DIV3	and	DIV5)	treated	for	24	h	with	elevated	[K+]e	(+5	mM).	

	

The	younger	cultures	(DIV3)	did	not	show	any	changes	 in	the	[Na+]i	and	[Ca2+]i	after	the	

chronical	treatment	with	K+.	The	older	cultures	(DIV5)	however	showed	an	increase	in	the	

[Ca2+]i	levels	and	a	decrease	of	[Na+]i	levels	(Figure	3-8).	Both	values	were	analyzed	com-

pared	to	untreated	control	groups	and	were	statistically	significant	(p	<	0.05).	

In	 addition	 to	 the	 analysis	 of	 [Na+]i	 and	 [Ca2+]i,	 immunocytochemical	 experiments	were	

carried	out.	These	experiments	also	showed	that	OPCs	with	an	increased	[K+]e	seemed	to	

clearly	 be	 more	 developed	 than	 those	 with	 fewer	 [K+]e.	 The	 K+-treated	 cells	 appeared	

morphologically	more	 differentiated,	 since	 they	 showed	more	MBP-positive	membrane	

sheets	than	the	untreated	control	ones	(Figure	3-9,	A).		
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Figure	3-9:	Elevated	[K+]e	treatment	stimulates	MBP	synthesis	in	cultured	OPCs	at	DIV5	

A)	MBP	 immunostaining	 shows	 that	 elevated	 [K+]e	 for	 24	h	 stimulates	myelin-containing	 sheet	 formation	 (arrows)	 in	

DIV5	OPC	cultures.	B)	Representative	Western	blot	shows	that	treatment	with	elevated	[K+]e	stimulates	MBP	synthesis.	

C)	Statistical	graph	illustrating	potentiation	of	MBP	synthesis	by	elevated	[K+]e	(7	cultures).	

	

As	an	alternative	way	 to	quantify	 cellular	maturation,	densitometric	Western	Blot	anal-

yses	 were	 implemented	 and	 the	 amounts	 of	 MBP	 determined	 (Figure	 3-9,	 B/C).	 OPCs	

treated	with	increased	[K+]e	showed	nearly	five	times	more	MBP	than	the	untreated	ones.	

All	 these	 results	 support	 the	hypothesis	 that	a	 small	 increase	of	 [K+]e	within	 the	critical	

time	window	(approx.	DIV4)	leads	to	a	change	of	[Na+]i	and	[Ca2+]i	and	an	increased	MBP	

expression.	
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3.4 Manipulation	of	[Na+]i	by	partially	blocking	Na+/K+-ATPase	

The	above	 results	 allow	assuming	 that	 the	membrane	potential	 of	OPCs	 is	 close	 to	 the	

reversal	potential	of	NCX.	In	that	case,	a	small	 increase	of	[Na+]i	could	switch	NCX	in	re-

verse	mode	because	[Na+]i	shifts	the	NCX	reversal	potential	to	a	negative	value.	

Na+,	K+-ATPase	(NKA)	is	one	of	the	most	important	cellular	regulator	of	[Na+]i	in	every	cell.	

As	it	was	assumed	that	a	small	increase	of	[Na+]i	can	induce	a	shift	of	the	NCX	potential	to	

the	reversal	potential,	OPCs	were	treated	with	a	very	low	dose	of	the	NKA-blocker	ouaba-

in	 to	 partially	 block	 NKA.	 A	 higher	 dose	would	 have	 led	 to	 a	 full	 blockage	 of	 NKA	 and	

would	have	been	lethal	for	the	cells.		

	

Figure	3-10:	Ouabain-induced	[Na+]i	and	[Ca
2+]i	responses	in	OPCs	

A)	Representative	traces	demonstrate	ouabain	(500	nM)-induced	[Na+]i	and	[Ca
2+]i	transients	in	OPCs	at	DIV4.	B)	Incuba-

tion	of	DIV4	OPCs	for	24	h	with	ouabain	(500	nM)	resulted	in	[Ca2+]i	increase	at	DIV5.		

	

The	 experiment	 showed	 that	 already	 500	nM	ouabain	 lead	 to	 an	 increase	of	 [Na+]i	 (43	

OPCs,	two	cultures)	on	DIV4	on	all	measured	cells	(Figure	3-10).	

Next	it	was	tested,	if	ouabain	treatment	induces	[Ca2+]i	responses.	If	the	increase	of	[Na+]	

did	result	 in	a	switch	of	NCX	to	reverse	mode,	there	also	had	to	be	an	increase	 in	[Ca+]i	

because	of	the	Ca2+	influx.	With	this	test	it	could	in	fact	be	shown	that	an	application	of	

500	nM	ouabain	could	 trigger	Ca2+	 transients	 in	OPC	somata.	These	 transients	could	be	

prevented	through	the	addition	of	1	µM	KB-R7349	(n	=	5,	two	cultures,	data	not	shown).	

This	means	 that	 an	 increase	 of	 [K+]e	 as	well	 as	 the	 partial	 blocking	 of	NKA	 can	 lead	 to	

[Ca2+]i	responses.		
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A	chronical	treatment	of	OPC	monocultures	with	500	nM	ouabain	over	the	time	period	of	

12	hours	(DIV4-5)	failed	to	increase	of	steady	state	[Na+]i	(38	OPCs,	three	cultures).	How-

ever	it	lead	to	a	significant	rise	of	[Ca+]i	in	OPCs	(44	OPCs,	three	cultures).		

	

Figure	3-11:	Ouabain	treatment	stimulates	MBP	synthesis	in	cultured	OPCs	

A)	Quantitative	 analyses	 of	Western	 blot	 shows	 that	NKA	 blockade	 stimulates	MBP	 synthesis	 (7	 cultures).	 B)	 Repre-

sentative	examples	of	DIV5	OPC	cultures	stained	with	MBP	antibody.	Before	staining	DIV4	OPC	cultures	were	incubated	

for	12	h	with	ouabain.	Note	that	ouabain	stimulates	myelin-comtaining	sheets	formation	in	OPCs.		

	

As	 shown,	 a	partial	 blockage	of	NKA	 lead	 to	an	 increase	of	 steady	 state	 [Ca+]i	 and	 trig-

gered	[Ca+]i	transients,	like	the	application	of	K+.	Therefore	the	question	appeared	if	oua-

bain	treatment	would	also	lead	to	an	increase	in	MBP	expression.	Indeed,	as	shown	inFig-

ure	3-11,	densitometric	Western	Blot	analyses	presented	a	potentiation	of	MBP	levels	of	

370	±	80%	(p	<	0.001,	7	cultures,	one	population	Student’s	t-test)	after	chronical	ouabain	
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application	for	12	hours.	Similar	to	the	K+	treatment,	the	OPCs	treated	with	500	nM	oua-

bain	also	showed	MBP	positive	sheets,	which	are	a	typical	sign	for	mature	oligodendro-

cytes.	This	means	the	treated	cells	were	more	advanced	in	their	development	compared	

to	the	non-treated	control	cells.	These	findings	allow	to	assume	that	already	small,	local	

changes	in	[Na+]i	are	sufficient	to	influence	NCX-transmitted	MBP	expressions.	

3.5 Expression	of	Na+/K+-ATPase	α2	subunit	in	cultured	OPCs	

A	partially	blockage	of	the	Na+,	K+-ATPase	(NKA)	with	only	500	nM	ouabain	led	to	a	signifi-

cant	 increase	of	MBP	expression.	The	subunit	composition	of	the	NKA	however	remains	

elusive.	It	is	known	that	OPCs	express	α1	and	α2	subunit,	though	α2	subunit	expression	

has	not	been	shown	in	cultured	OPCs.	To	find	out	if	the	α2	subunit	 is	also	expressed	by	

cultured	OPCs,	different	concentrations	of	ouabain	starting	from	1000	nM	down	to	10	nM	

were	tested	for	an	application	period	of	12h.	As	previously	described	in	chapter	1.3.5,	α1	

and	α2	subunits	have	different	affinities	to	this	cardiac	glycoside.	The	KD	of	α1	is	around	2	

mM,	whereas	the	KD	of	α2	is	at	50	nM,	meaning	that	low	ouabain	concentrations	prefer-

entially	block	the	α2	subunit.		
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Figure	3-12:	Ouabain	at	 low	concentrations	 stimulates	MBP	 synthesis	 in	OPC	 cultures	presumably	by	blocking	α2-

NKA	

A)	Representative	 examples	of	 control	 and	ouabain-treated	 (100	nM,	12h)	OPC	 cultures	 stained	with	MBP	antibody.	

Note	 that	 ouabain	 stimulates	 the	 formation	 of	MBP-positive	 sheets	 (arrows).	 B)	 Densitometric	 analyses	 of	Western	

blots	show	that	NKA	blockade	at	DIV4	withe	different	ouabain	concentrations	stimulates	MBP	synthesis	at	DIV5.	Each	

symbol	represents	one	OPC	culture.		

	

With	 increasing	concentration	of	ouabain,	also	 the	amount	of	MBP	 in	 the	cultures	aug-

mented	to	a	peak	at	a	concentration	of	500	nM	(Figure	3-12,	B).	The	expression	of	MBP	at	

that	point	rose	to	nearly	a	4-fold	compared	to	the	control	treated	cultures.	This	drop	of	

the	MBP	expression	at	a	concentration	of	1000	nM	might	have	been	caused	by	the	partial	

blocking	of	 the	α1	subunit,	which	 is	also	expressed	by	OPCs	and	crucial	 for	 the	mainte-

nance	of	the	ion	homeostasis.	Blocking	it	might	thereby	cause	cell	death.	The	treatment	

of	the	cultures	with	ouabain	not	only	resulted	in	an	increase	of	MBP	expression	but	also	

led	to	a	faster	maturation,	revealed	by	the	appearance	of	myelin	sheets	-	an	indicator	of	

mature	 oligodendrocytes	 (Figure	 3-12,	 A).	 Therefore	 the	 observed	potentiation	 of	MBP	
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synthesis	by	ouabain	at	low	concentrations	is	presumably	mediated	by	the	α2	subunit	of	

NKA	(α2-NKA).		

3.6 Is	MBP	synthesis	influenced	by	the	NKA	α2	subunit?	

Since	the	increased	MBP	expression	in	ouabain	treated	cultures	could	occur	also	due	to	a	

partial	blockage	of	the	α1	subunit,	to	verify	the	hypothesis,	we	knocked	down	the	expres-

sion	 of	α2	 by	 applying	α2-siRNA.	 This	 application	was	 supposed	 to	 target	 the	α2-NKA	

more	precisely.	After	two	days	in	culture,	the	cells	were	treated	with	α2-siRNA	or	control	

siRNA	 for	 the	 control	 condition.	 Western	 blot	 analysis	 was	 performed	 after	 DIV4	 and	

DIV5.	The	aim	of	 these	experiments	was	 to	 find	out	 if	 the	α2	subunit	 is	 involved	 in	 the	

MBP	synthesis	process,	how	α2	and	MBP	synthesis	are	correlated	and	if	 it	 is	possible	to	

shift	the	onset	of	MBP	synthesis.		

	

Figure	3-13:	α2-knockdown	with	α2-siRNA	potentiates	MBP	expression	

A)	Representative	Western	blots	demonstrate	α2-siRNA-induced	effects	on	α2-NKA	and	MBP	expression	at	DIV4	and	5.	

B)	Densitometric	analyses	of	Western	blots	show	that	α2-NKA	applied	at	DIV2	strongly	reduced	the	amount	of	α2-NKA	

at	DIV4	 and	 5.	 C)	α2-siRNA	 applied	 at	DIV2	 substantially	 increased	 the	 amount	 of	MBP	 at	DIV4	 and	 5.	Numbers	 re-

present	the	number	of	OPC	cultures	tested.	
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Figure	3-13	shows	that	the	application	of	α2-siRNA	indeed	led	to	a	significant	decrease	of	

α2-NKA	levels	at	DIV4	(to	16	±	4%	of	control,	n	=	6,	p	<	0.001)	and	DIV5	(to	10	±	3%	of	

control,	n	=	7,	p	<	0.001).	In	untreated	cultures	MBP	expression	normally	occurs	around	

DIV4	to	DIV5.	Like	the	previous	treatment	with	ouabain,	the	performed	experiments	also	

showed	that	knocking	down	the	NKA	α2	subunit	led	to	a	boost	of	MBP	at	DIV5	to	almost	

six	times	the	amount	of	the	control	conditions	normalized	to	tubulin.	This	indicates	that	

α2-NKA	expression	and	MBP	expression	are	linked.	Furthermore	a	significant	increase	of	

MBP	even	at	DIV4	compared	to	the	control	condition	was	shown,	meaning	that	treating	

the	cultures	with	α2-siRNA	can	 shift	 the	onset	of	MBP	expression	and	potentially	mye-

lination	to	an	earlier	time	point	in	OPC	development.		

	

Figure	3-14:	α2-NKA	knockdown	reduces	ouabain-induced	[Ca2+]i	responses	

A)	Representative	images	of	DIV4	OPCs	loaded	with	the	Ca2+	probe	OGB1.	OPCs	were	treated	either	with	control-siRNA	

(left)	or	with	α2-siRNA	for	48	h.	B+C)	Averaged	Ca2+	responses	(traces	B)	and	statistics	C))	induced	by	ouabain	(500	nM)	

in	 control-siRNA-	 and	α2-siRNA-treated	 cultures.	Numbers	 represent	 number	 of	 cells	 tested	 (2	OPC	 cultures	 in	 each	

case).	
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Assumed	that	α2-NKA	is	responsible	for	the	[Ca2+]i	responses	triggered	by	ouabain	appli-

cation,	it	was	assumed	that	knocking	down	α2-NKA	would	prevent	those	responses.	Fig-

ure	3-14	A	shows	OPC	cultures	 loaded	with	 the	Ca2+-sensitive	probe	OGB1	and	demon-

strates	that	the	knockdown	had	no	influence	on	the	culture	density.	Additionally	Figure	3-

14	B+C	depicts	that	 indeed	ouabain	failed	to	elicit	 [Ca2+]i	 responses	 in	α2-siRNA	treated	

OPC	cultures.		

These	results	demonstrate	that	the	NKA	α2	subunit	seems	to	negatively	control	the	MBP	

synthesis.	

3.7 The	link	between	α2-NKA	and	MBP	

Sensitivity	of	α2-NKA	 to	neuronal	activity	has	already	been	hypothesized.	However	 cul-

tured	OPCs	were	shown	not	to	express	α2	subunit	 in	monocultures	but	do	express	 it	at	

DIV6	in	OPC-neuron	co-cultures	(Knapp,	Itkis,	and	Mata	2000).	That	is	why	the	first	exper-

iments	concerning	the	α2-NKA	expression	were	also	dedicated	to	verify	this	existence	of	

α2	subunit	 in	OPC	monocultures.	 Immunocytochemical	stainings	showed	the	expression	

of	the	α2-NKA	in	OPCs	already	at	DIV2.	A	co-staining	with	CNP,	a	marker	for	early	OPCs,	

could	 prove	 that	 the	 examined	 cells	 indeed	were	OPCs	 (Figure	 3-15,	 A).	 In	 addition,	 it	

could	 be	 concluded	 through	 this	 experiment	 that	 at	 least	 in	 early	 development	 stages	

expression	of	α2-NKA	is	homogeneously	spread	over	the	cell	surface.		
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Figure	3-15:	α2-NKA	expression	by	cultured	OPCs	

A)	Representative	 images	demonstrate	DIV2	OPCs	stained	with	CNP	 (left)	and	α2-NKA	 (right	 image)	antibodies.	Note	

strong	overlap	of	the	two	immunosignals	at	DIV2.	B)	Densitometric	analyses	of	Western	blots	show	the	time	course	of	

α2-NKA	expression	by	OPCs.	

	

Furthermore,	 it	 is	 important	to	find	out	how	the	pattern	of	α2-NKA	expression	changes	

throughout	cell	maturation.	For	 this	purpose	densotimetric	Western	Blot	analyses	were	

implemented.	Already	on	DIV2,	an	expression	of	α2-NKA	can	be	detected	 (30±5%	of	 its	

level	at	DIV5)	and	it	demonstrated	a	strong	increase	on	DIV4	to	DIV5	(Figure	3-15,	B).	In-

terestingly,	 the	 experiment	 showed	 that	 in	 the	 same	 time	 frame	MBP	 expression	 also	

severely	 increased.	Since	α2-NKA	seems	to	 inhibit	MBP	expression,	 it	was	 interesting	to	

find	out	if	MBP	provides	a	negative	feedback	on	α2-NKA	expression.		
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Figure	3-16:	MBP	knockdown	does	not	affect	α2-NKA	synthesis	

A)	Representative	Western	blot	demonstrates	reduced	levels	of	MBP	in	OPC	cultures	at	DIV5	after	MBP-siRNA	applica-

tion	at	DIV2.	B+C)	Densitometric	analyses	of	Western	blots	show	a	reduction	of	MBP	levels	(B)	but	the	knockdown	failed	

to	affect	α2-NKA	protein	levels	(C)	in	cultured	OPCs.	

	

Treatment	 of	 OPC	 monocultures	 with	 MBP-siRNA	 at	 DIV2	 led	 to	 reduced	 MBP	 levels	

which	was	examined	by	densitometric	Western	Blot	analyses.	This	 reduction	of	MBP	at	

DIV5	did	not	alter	the	global	expression	behavior	of	α2-NKA	in	OPCs,	even	though	knock	

down	of	α2-NKA	stimulated	MBP	expression	(Figure	3-16).		

To	find	out	if	potential	spatio-temporal	changes	in	the	expression	pattern	of	MBP	and	α2-

NKA	exist,	co-stainings	against	both	proteins	were	carried	out	and	possible	co-localization	

analyzed	through	ImageJ	and	the	appropriate	Macro	Jacop.		
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Figure	3-17:	α2-NKA	and	MBP	become	less	co-localized	during	development	

A)	Representative	images	show	MBP	and	α2-NKA	staining	at	DIV4.	Note	a	strong	co-localization	in	proximal	(the	upper	

inset)	 but	 not	 in	 distal	 processes	 (the	 lower	 inset).	 B)	 Representative	 stainings	with	MBP	 and	α2-NKA	 antibodies	 at	

DIV5.	 Note	 low	 level	 of	 α2-NKA	 expression	 in	 distal	 MBP-positive	 sheets	 (the	 inset).	 C)	 Statistical	 data	 shows	 co-

localization	(Pearson’s	coefficient)	of	MBP	and	α2-NKA	in	different	cellular	compartments	at	DIV4	and	DIV5.	Numbers	

represent	number	of	ROIs	analyzed	(from	3	different	OPC	cultures).		

	

Figure	3-17	shows	that	on	DIV4	the	immunosignals	of	α2-NKA	and	MBP	overlap	more	on	

the	 proximal	 processes	 (Pearson	́s	 coefficient	 0.72±0.03)	 than	 on	 the	 distal	 processes	

(Pearson	́s	coefficient	0.51±0.04,	p<0.001,	2-3	ROIs	per	cell,	10	cells,	3	cultures).	Further,	

co-localization	is	lowest	on	MBP-positive	membrane	sheets	occurring	on	DIV5	(Pearson	́s	

coefficient	 0.20±0.03,	 3	 ROIs	 per	 cell,	 7	 cells,	 3	 cultures).	 These	 results	 lead	 to	 the	 as-

sumption	that	α2-NKA	plays	an	important	role	in	controlling	the	initiation	of	MBP	synthe-

sis,	but	does	not	stay	in	MBP-positive	sections	later	on	in	the	development	of	OPCs.	
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3.8 Influence	of	α2-NKA	and	MBP	on	Ca2+	signaling	in	OPCs	

The	main	 task	 of	 NKA	 is	 to	 keep	 transmembrane	Na+	 and	 K+	 gradients.	 This	 raises	 the	

question	of	how	NKA	can	have	an	influence	on	MBP	expression.		

It	 has	already	been	 shown	 that	NCX	 influenses	MBP	 synthesis,	 respectively	myelination	

(Boscia	et	al.	2012).	The	next	step	therefore	was	to	find	out	 if	the	increase	of	MBP	syn-

thesis	 induced	 through	α2-NKA	was	mediated	by	NCX.	 For	 that	 purpose	OPC	monocul-

tures	were	treated	with	α2-siRNA	on	DIV2	as	described	in	chapter	3.6.	On	DIV3,	respec-

tively	DIV4,	KB-R7943,	a	blocker	for	the	NCX	reverse	mode,	was	added	to	the	culture	and	

incubated	for	24	hours.	

	

Figure	3-18:	α2-NKA-induced	effects	on	MBP	expression	are	mediated	by	NCX	operating	in	reverse	mode	

Statistical	analysis	shows	that	potentiation	of	MBP	expression	by	α2-NKA	knockdown	is	alleviated	in	the	presence	of	KB-

R7943	(1µM),	a	NCX	blocker.	Numbers	represent	the	number	of	OPC	cultures	tested.	

	

Densitometric	Western	Blot	analyses	demonstrated	that	the	increase	of	MBP	expression	

created	 through	α2-siRNA	on	DIV5,	 could	be	 significantly	decreased	by	 the	 chronic	KB-

R7943	application	(from	5.6±0.8	to	1.3±0.3	in	α2-siRNA-	and	α2-siRNA+KB-R7943-treated	

cultures,	respectively,	p	<	0.003,	n=7	and	9).	This	finding	however	could	not	be	observed	

in	cultures	that	were	treated	on	DIV3	for	24	hours	and	analyzed	the	following	day	(Figure	

3-18).	This	shows	that	the	changes	of	MBP	expression	levels	created	by	α2-NKA	are	 im-

parted	by	NCX.	

Since	 NCX	 is	 an	 electrogenic	 exchanger	 that	 could	 work	 in	 default	 direction	 (Ca2+	
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transport	out	of	the	cell)	as	well	as	in	the	opposite	direction	(Ca+	transport	into	the	cell),	it	

was	important	to	find	out	what	the	working	direction	in	the	critical	time	frame	of	the	my-

elination	 onsets	 is.	 As	 previously	 described,	 siRNA-treated	 cultures	 were	 loaded	 with	

OGB-1	to	identify	the	Ca2+	changes	within	OPCs	after	the	addition	of	KB-R7043	(1	µM).	If	

NCX	workes	in	reverse	mode,	the	blockage	of	it	with	KB-R7043	would	lead	to	a	decrease	

of	[Ca2+]i	 level.	 Indeed,	a	reduction	of	the	[Ca2+]i	 in	the	cells	could	be	observed	on	DIV4.	

Cultures	that	were	treated	with	control	siRNA	showed	this	effect	only	on	DIV5	whereas	

cultures	 treated	with	α2-siRNA	experienced	 it	 one	day	 earlier	 (Figure	 3-19,	A,B).	 These	

results	therefore	lead	to	the	conclusion	that	α2-NKA	influences	the	NCX	function.	

Based	 on	 these	 experiments,	 where	 Ca2+	 transients	were	 evoked	 by	 the	 application	 of	

+5mM	K+,	the	cells	treated	with	siRNA	were	analyzed	and	compared	the	same	way.	Figure	

3-19	C,	D	demonstrates	that	OPC	cultures	that	were	treated	with	α2-siRNA	produced	sig-

nificantly	larger	calcium	responses	on	DIV4	after	[K+]e	elevation	as	compared	to	the	cells	

treated	with	 control	 siRNA.	On	DIV5	however	 the	 [K+]e-induced	 transients	 in	α2-siRNA-

treated	OPC	cultures	are	noticeably	smaller	compared	to	the	control	group.	Since	previ-

ous	experiments	showed	that	there	was	a	decreased	[K+]e-induced	transient	in	untreated	

cells	on	DIV6,	 it	 could	be	explained	 through	different	development	stages	between	α2-

NKA	knock	down	and	control.		
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Figure	3-19: α2-NKA-induced	effects	on	[Ca2+]iresponses	are	mediated	by	NCX	reverse	mode	

A)	 KB-R7943	 (1µM)	 induced	 [Ca2+]i	 reduction	 in	α2-siRNA-treated	OPCs	 at	 DIV4	 and	 in	 control	 OPCs	 at	 DIV5.	 [Ca
2+]i	

transients	were	measured	using	OGB1,	a	Ca2+-sensitive	probe.	B)	Averaged	amplitude	of	KB-R7943-induced	[Ca2+]i	tran-

sients	in	α2-siRNA-treated	and	control	cultures	at	DIV4	and	5.	Numbers	represent	number	of	OPCs	tested	(3	different	

cultures).	C)	Representative	traces	show	Ca2+	responses	 induced	by	elevation	of	[K+]e	(+5mM)	at	DIV4	and	5.	D)	Aver-

aged	responses	induced	by	elevated	[K+]e	at	DIV4	and	5.		

	

In	addition	to	the	mentioned	experiments,	the	steady	state	levels	of	[Na+]i	and	[Ca2+]i	af-

ter	treatment	with	siRNA	on	DIV4	and	5	were	studied	with	the	help	of	ratiometric	stain-

ings	 SBFI	 and	 fura-2.	 Figure	3-20	 shows	 that	 those	 cultures	 treated	with	α2-siRNA	pre-

sented	significantly	higher	levels	of	[Na+]i	und	[Ca2+]i	compared	to	the	control	cultures	on	

DIV4.	On	DIV5	there	were	no	differences	in	the	[Na+]i	level	between	control	cultures	and	

knock-down	 treatment.	 Solely	 the	 [Ca2+]i	 values	 of	 the	 α2-siRNA	 treated	 cells	 were	

strongly	reduced	on	DIV5.	
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Figure	3-20:	aα2-siRNA	treatments	affects	[Na+]i	and	[Ca
2+]i	levels	in	cultured	OPCs	at	DIV4	and	5	

A)	Representative	 images	of	DIV4	OPCs	 stained	with	 Fura-2.	B)	 Statistical	 analysis	 shows	 that	 knockdown	of	α2-NKA	

subunit	leads	to	an	increase	in	[Na+]i	and	[Ca
2+]i	in	OPCs	at	DIV4.	Numbers	represent	number	of	OPCs	tested	(3	different	

cultures).	C)	Representative	images	of	DIV5	OPCs	stained	with	Fura-2.	D)	Statistical	analysis	shows	that	knockdown	of	

α2-NKA	 subunit	 leads	 to	 a	 decrease	 in	 [Ca2+]i	 in	DIV5	OPCs.	Numbers	 represent	 number	 of	OPCs	 tested	 (3	 different	

cultures).	

	

Thus	 it	 is	 concluded	 that	MBP	 could	 negatively	 affect	 [Ca2+]i	 signaling	 in	 cultured	OPCs	

which	is	in	line	with	the	results	of	Smith	and	collegues	(Smith	et	al.	2011).		

To	support	this	hypothesis,	OPCs	were	treated	with	MBP-siRNA	at	DIV2	to	decrease	their	

expression	and	to	find	out	effects	of	MBP	on	calcium	changes.	
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Figure	3-21:	Knockdown	of	MBP	with	siRNA	potentiates	Ca2+	signaling	at	DIV5	

A+B)	Averaged	Ca2+	responses	induced	by	KB-R7943	(1	µm,	A)	and	elevated	[K+]e	(+5mM,	B)	in	DIV4	OPC	cultures	treat-

ed	with	MBP-siRNA	from	DIV2	on.	C)	Statistical	summary	of	experiments	shown	 in	A)	and	B).	Note	that	 [K+]e-induced	

Ca2+	responses	increased	at	DIV5.	

	

Application	of	KB-R7943	to	the	MBP	knock-down	OPCs	elicited	comparable	[Ca2+]i	transi-

ents	at	DIV4	and	DIV5,	which	led	to	the	assumption	that	NCX	works	in	reverse	mode	even	

without	MBP	(Figure	3-21,	A,	B).	[Ca2+]i	transients	([Ca2+]t)	could	also	be	elicited	by	K+	ap-

plication.	These	[Ca2+]t	however	did	not,	 like	shown	 in	the	control	group	previously,	de-

crease	on	DIV5	but	actually	increased	further	(Figure	3-21,	C,D).	These	findings	lead	to	the	

conclusion	that	MBP	has	a	negative	effect	on	[Ca2+]i	signaling	in	OPC	cultures	and	there-

fore	coincides	with	results	from	(Smith	et	al.,	2011).	

3.9 α2-NKA	and	MBP	have	inverse	influence	on	spontaneous	[Ca2+]i	

activity	in	immature	oligodendrocytes	

It	 has	 already	 been	 shown	 that	 spontaneous	 [Ca2+]t	 in	 immature	 oligodendrocytes	 are	

important	for	migration	and	myelination	(Jacobs	et	al.	2009;	Paez	et	al.	2009).	Since	earli-

er	experiments	showed	the	influence	of	MBP	on	released	[Ca2+]i	responses,	it	was	inter-

esting	to	test	if	MBP,	but	also	α2-NKA,	has	an	effect	on	these	spontaneous	[Ca2+]i	activi-

ties.	Therefore	OPC	cultures	were	again	treated	with	either	control-,	α2-	or	MBP-siRNA	at	

DIV2	to	then	analyze	spontaneously	occuring	[Ca2+]i	changes	on	DIV4,	DIV5	und	DIV6	via	



3	Results	 69	

OGB-1	bulk	load	(Figure	3-22).		

	

Figure	3-22:	Spontaneous	Ca2+	activity	in	cultured	OPCs	depepends	on	α2-NKA,	NCX	and	MBP	

A)	Representative	traces	(8	OPCs	from	one	view	field	in	each	case)	recorded	in	DIV4	control	(left)	and	α2-siRNA-treated	

(right)	OPC	cultures.	B)	Representative	traces	(8	from	one	view	field	in	each	case)	recorded	in	DIV5	(left)	and	α2-siRNA-

treated	(right)	OPC	cultures.	Representative	traces	(6	from	one	view	field	in	each	case)	recorded	in	DIV5	OPC	cultures	in	

control	and	in	the	presence	of	KB-R7943	(1	µM).	D)	Statistical	analysis	demonstrates	dependence	of	spontaneous	Ca2+	

activity	in	cultured	OPCs	on	α2-NKA,	NCX	and	MBP.	Numbers	represent	numbers	of	cells	tested	(always	in	3	different	

cultures).	

	

None	of	these	approaches	induced	spontaneous	[Ca2+]i	activity	on	DIV2	OPCs	(34	OPCs,	3	

cultures).	On	DIV4	spontaneous	[Ca2+]i	transients	could	be	observed.	Moreover,	OPC	cul-

tures	treated	with	α2-siRNA	showed	significantly	higher	frequencies	as	those	treated	with	

control	siRNA.	These	frequencies	of	α2-siRNA-treated	OPCs	clearly	decreased	on	DIV5	so	

that	the	control	groups	now	showed	a	higher	frequency	of	the	spontaneous	[Ca2+]i	activi-

ty.	Cells	 treated	either	with	 control	 siRNA	or	α2-siRNA,	 showed	nearly	no	 spontaneous	

[Ca2+]i	 activities	 on	 DIV6.	 Interestingly,	 solely	 those	 cultures	 treated	 with	 MBP-siRNA	

showed	unaltered	spontaneous	[Ca2+]i	activities	at	DIV6.	

Earlier	experiments	presented	 that	an	 increase	of	MBP	expression,	 released	by	a	knock	

down	of	α2-NKA,	could	be	reduced	through	the	application	of	KB-R7943.	The	next	step	

therefore	was	 to	 study	 if	KB-R7943	could	also	prevent	 spontaneous	 [Ca2+]i	 transients	 in	

immature	oligodendrocytes.	It	was	indeed	possible	to	strongly	decrease	the	frequency	of	

those	activities	through	the	addition	of	1	µM	KB-R7943	on	DIV5	–	the	day	which	presents	
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the	peak	of	spontaneous	[Ca2+]i	activity	on	untreated	OPCs	

These	 results	 allow	 suggesting	 that	 α2-NKA	 blockade	 shifts	 the	 onset	 of	 spontaneous	

[Ca2+]t	 to	an	earlier	 time	point	 in	OPC	development.	Moreover,	 it	 could	be	proven	 that	

MBP	expression	has	an	inhibiting	effect	on	[Ca2+]i	activities.	

3.10 α2-NKA	has	no	effect	on	MBP	expression,	but	decreases	myelination	

in	cortical	organotypical	slice	cultures	

Under	the	assumption	that	MBP	expression	correlates	with	the	initiation	of	myelination,	

it	was	found	that	MBP	expression	starts	at	around	DIV7	in	cortical	organotypic	slice	cul-

tures	(Cosc).	

Like	the	OPC	monocultures	before,	the	slice	cultures	were	treated	with	α2-siRNA	on	DIV2	

and	then	fixed	at	DIV7.	To	see	if	the	slice	cultures	showed	a	change	in	MBP	expression,	

immunostainings	were	conducted.	For	the	analysis	of	the	slices	the	entire	surface	of	ax-

ons	 (neurofilament-stainings)	and	myelin	 (MBP-stainings)	was	measured	and	calculated,	

as	well	as	the	relation	between	them	(Figure	3-23,	A/B).	
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Figure	3-23: α2-siRNA	fails	to	influence	MBP	synthesis	but	decreases	axon	wrapping	in	situ	

A+B)	Representative	 images	show	neurofilament	(left),	MBP	(center)	and	merged	 immunostainings	of	control	 (A)	and	

α2-siRNA-treated	(B)	cortial	slice	cultures	at	DIV7.	C)	Statistical	analysis	shows	that	α2-siRNA	treatment	does	not	result	

in	any	significant	change	in	the	amount	of	either	neurofilaments	(left)	or	MBP	(right).	D)	Statistical	analysis	demonstrat-

ing	 that	α2-siRNA	 treatment	 decreses	 co-localization	 of	MBP	 and	 neurofilaments	 (left)	 and	 increases	 the	 amount	 of	

free,	i.e.not	co-localized	with	neurofilament,	MBP.	E)	α2-siRNA	treatment	did	not	change	the	diameter	of	the	axons.	

	

It	was	shown	that,	compared	to	the	control	siRNA	slices,	there	are	no	significant	changes	

in	the	density	of	the	axons	or	the	MBP	signal	after	the	treatment	with	α2-siRNA	(Figure	3-
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23,	C).	In	addition,	the	diameter	of	the	axons	was	measured,	which	did	not	show	a	differ-

ence	 between	 the	 treatments	 (Figure	 3-23,	 E).	 However,	 by	means	 of	 the	 stainings,	 it	

could	 be	 determined	 that	 those	 slices	 treated	 with	 α2-siRNA	 showed	 a	 weaker	 co-

localization	of	MBP	and	axons	than	those	treated	with	control	siRNA	(Figure	3-23,	D).	

By	 implication,	 this	means	 that	 the	amount	of	MBP-positive	sections,	which	did	not	co-

localize	with	axons,	is	increased	in	slices	treated	with	α2-siRNA.	Hence,	different	to	OPC	

monocultures,	a	treatment	with	α2-siRNA	in	slice	cultures	did	not	lead	to	an	increase	of	

MBP	expression.		
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4 Discussion	

This	study	presents	the	role	of	α2-NKA	and	NCX	in	changes	of	[Na+]i	and	[Ca2+]i	in	imma-

ture	oligodendrocytes	 in	vitro	 and	 their	effect	on	MBP	synthesis.	 It	was	shown	that	oli-

godendrocytes	 manifest	 a	 significant	 change	 of	 [Na+]i	 and	 [Ca2+]i	 around	 DIV4-5	 even	

without	neurons.	Intriguingly,	at	the	same	time	point	also	the	onset	of	MBP	expression	in	

OPC	 monocultures	 starts.	 At	 that	 time	 NCX	 works	 in	 reverse	 mode	 and	 its	 activity	 is	

shown	to	be	linked	to	MBP	expression.	Application	of	[K+]e	at	DIV4	leads	to	an	elevation	

of	[Ca2+]i	levels	in	immature	OLs	and	stimulates	MBP	expression.	Already	very	small	con-

centrations	 of	 ouabain	 block	 NKA	 partially,	 which	 enhances	 the	maturation	 of	 the	 cul-

tured	OPCs	and	subsequently	leads	to	an	increase	of	MBP	synthesis.	The	[Ca2+]i	transients	

induced	by	[K+]e	as	well	as	ouabain	application	are	eliminated	by	blocking	the	NCX	reverse	

mode.	These	findings	demonstrate	that	local	[Na+]i	and/or	changes	in	the	membrane	po-

tential	can	induce	NCX-mediated	[Ca2+]i	transients	and	affect	MBP	synthesis.		

The	response	of	OPCs	to	a	very	low	concentration	of	ouabain	gave	a	hint	to	analyze	if	α2-

NKA	 contributes	 to	 this	 effect.	 Indeed	 similar	 to	 ouabain,	 Knocking	 down	 the	α2-NKA	

leads	 to	 a	 faster	maturation	of	 the	OPCs	 and	 a	 stronger	MBP	expression.	 This	 effect	 is	

mediated	by	the	NCX	as	well.	NCX	provides	Ca2+	ions	which	are	required	for	at	least	the	

initiation	of	local	MBP	synthesis,	while	MBP	itself	reduces	spontaneous	activity.	In	cortical	

organotypic	slice	cultures	α2-NKA	deletion	does	not	cause	an	increase	of	MBP	synthesis	

like	in	OPC	monocultures	but	surprisingly	leads	to	a	reduced	co-localization	of	MBP	with	

axons.	We	suggest	that	α2-NKA	hampers	the	onset	of	MBP	synthesis	by	shifting	local	NCX	

reversal	 potential	 to	more	negative	 values.	Neuronal	 activity,	 presumably	 through	 [K+]e	

elevations,	depolarizes	 the	OPC	membrane	and	stimulates	α2-NKA,	 resulting	 in	NCX	 re-

versal.	NCX-mediated	Ca2+	influx	triggers	selective	myelination	of	most	active	axons.	α2-

NKA	deletion	results	in	facilitation	of	MBP	synthesis	but	the	latter	takes	place	in	spatially	

stochastic,	i.e.	axon	dependent	manner.		
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4.1 Developmental	changes	of	[Na+]i	and	[Ca2+]i	in	OPC	monocultures	

It	 is	 known	 that	 [Ca2+]i	 transients	 are	 important	 for	 OPC	migration,	 differentiation	 and	

myelination.	 With	 the	 expression	 of	 numerous	 neurotransmitter	 receptors	 like	 AMPA	

(Ziskin	 et	 al.	 2007),	 NMDA	 (Káradóttir	 et	 al.	 2005)	 and	metabotropic	 (Luyt,	 Varadi	 and	

Molnar	 2003)	 glutamate	 receptors,	 ionotropic	 (Matute	 et	 al.	 2007)	 and	 metabotropic	

(Kirischuk	 et	 al.	 1995)	 purinoreceptors,	 there	 are	 a	 lot	 of	 possible	 pathways	 to	 induce	

[Ca2+]i	 transients	 in	 OPCs.	 Furthermore,	 OPCs	 express	 voltage-gated	 calcium	 channels	

(Kirischuk	 et	 al.	 1995;	 Blankenfeld,	 Verkhratsky	 and	 Kettenmann	 1992)	 and	 all	 three	

isoforms	 of	 NCX	 (NCX1-3)	 (Chen	 et	 al.	 2007;	 Boscia	 et	 al.	 2012;	 Quednau,	 Nicoll	 and	

Philipson	1997).	NCX	is	an	electrogenic	antiporter	that	imports	three	Na+	ions	for	the	cost	

of	one	Ca2+	ion	by	default.	Unlike	the	previously	mentioned	receptors,	which	need	a	neu-

rotransmitter	 for	 their	activation,	 the	 fate	of	 the	NCX	operation	mode	 is	dependent	on	

the	membrane	potential	and	the	transmembrane	Na+	and	Ca2+	gradients.	To	date,	only	a	

few	publications	are	available	on	absolute	[Na+]i	and	[Ca2+]i	levels	in	OPCs.	In	enriched	rat	

oligodendrocyte	cultures	values	of	40	nM	of	[Ca2+]i	and	18	nM	of	[Na+]i	were	measured	in	

young	cultures	(DIV1-3)	(Chen	et	al.	2007).	The	same	values	for	[Ca2+]i	(40	nM)	were	ob-

tained	in	the	human	oligodendroglial	cell	 line	MO3.13	(Boscia	et	al.	2012).	The	detected	

data	of	this	thesis	match	with	these	results.	In	addition,	developmental	changes	of	resting	

[Na+]i	and	[Ca2+]i	in	cultured	OPCs	could	be	shown	even	without	stimulation	as	well	as	in	

oligodendrocytes	in	cortical	slice	cultures.	In	those	slice	cultures	the	values	of	[Na+]i	were	

about	8	mM	at	P10-15	but	increased	to	15	mM	at	P20-30.		

4.2 Relation	of	NCX	and	intracellular	signaling	in	OPCs	

The	 shown	 intracellular	 changes	 of	 [Na+]i	 und	 [Ca2+]i	 during	 the	 development	 of	 OPCs	

might	have	an	influence	on	the	transport	direction	of	NCX.	An	increase	of	[Na+]i	leads	to	a	

more	negative	 reversal	potential,	which	would	 then	again	benefit	 the	 reversal	mode	of	

NCX.	 Through	 the	 application	 of	 KB-R7943,	 a	 blocker	 for	 reversal	mode	 of	 NCX,	 an	 in-

crease	of	 [Na+]i	 could	 in	 fact	be	 shown.	However,	 this	 increase	only	occurs	 in	 the	short	

critical	time	frame	on	DIV4	in	OPC	monocultures	or	in	acute	brain	slices	of	mice	with	the	

age	of	approx.	P20.	This	is	in	the	myelination	onset	phase	of	mice	-	at	least	in	the	barrel	
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cortex	(Barrera	et	al.	2013).	Furthermore,	it	was	determined	that	a	blockage	of	the	rever-

sal	mode	 for	12	hours	 in	 this	 critical	 time	 frame	 leads	 to	 a	decrease	of	MBP	 synthesis.	

These	results	thus	underline	the	previously	reported	important	role	of	NCX	in	myelination	

(Boscia	et	al.	2012).	

This	study	shows	the	changes	in	transport	direction	of	NCX	on	DIV4	in	OPC	monocultures.	

Since	monocultures	are	free	from	neurons	it	leads	to	the	assumption	that	these	changes	

follow	a	given	internal	signal.	It	can	further	be	assumed	that	neuronal	activity	changes	the	

transport	direction	of	NCX	and	thus	have	a	local	influence	on	[Na+]i	and	[Ca2+]i	in	OPCs.	It	

is	possible	that	the	inhibiting	contribution	of	α2-NKA	in	respect	to	the	Ca2+	signaling	and	

MBP	synthesis	might	be	regulated	by	this	internal	signal	and	the	disappearance	of	it	dur-

ing	development	allows	external	signals	like	the	elevation	of	[K+]e	to	switch	NCX	into	re-

verse	mode.	

4.3 Changes	of	K+	sensitivity	of	OPCs	during	development	

Neuronal	 activity	 inevitably	 leads	 to	 a	 local	 increase	 of	 [K+]e.	OPCs	 seem	 to	 detect	 this	

increase	regardless	of	axonal	neurotransmitter	release.	That	is	why	it	was	suggested	that	

in	OPCs	voltage	gated	calcium	channels	(Paez	et	al.	2009;	Kirischuk	et	al.	1995;	Haberlandt	

et	al.	2011)	as	well	as	the	reverse	mode	of	NCX	(Boscia	et	al.	2012;	Tong	et	al.	2009)	me-

diate	K+-induced	[Ca2+]i	transients.	The	experiments	in	this	thesis	show	that	the	ability	of	

NCX	 to	 evoke	 responses	of	 [Ca2+]i	 depends	on	 the	developmental	 stage.	Moreover	 it	 is	

shown	that	the	highest	spontaneous	Ca2+activity	of	OPC	cultures	was	observed	between	

DIV4	 and	 DIV5,	 which	 could	 be	mediated	 by	 voltage-gated	 potassium	 channels.	 It	 was	

already	shown	that	an	activation	of	AMPA/kainate	receptors	inhibits	the	differentiation	of	

OPCs	through	a	blockage	of	delayed	rectifier	K+	channels	(Gallo	et	al.	1996).	Mature	oli-

godendrocytes	 detect	 [K+]e	 changes	 through	 the	 upregulation	 of	 Kir4.1	 channels	

(Maldonado	et	al.	2013).	Kir4.1	channels	could	have	several	roles.	Firstly	they	contribute	

to	the	resting	membrane	potential	by	hyperpolarizing	it	more	intensely.	Secondly,	Kir4.1	

channels	 allow	a	better	 K+	 detection.	On	basis	 of	 these	 two	 factors,	 it	 can	be	 assumed	

that	[K+]e	changes	may	be	converted	into	intracellular	signaling	at	the	plasma	membrane	

via	voltage-dependent	mechanisms.		
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An	increase	of	[K+]e	does	not	only	shift	the	resting	membrane	potential	but	also	activates	

NKA.	An	increase	of	NKA	activity	leads	to	hyperpolarization	which	in	turn	counteracts	the	

depolarization	through	increase	of	[K+]e.	According	to	this,	an	activation	of	NKA	leads	to	a	

decrease	of	 [K+]e	which	 then	 results	 in	 a	 change	of	NCX	 from	 reverse	 to	default	mode.	

Assuming	that	NKA	and	NCX	would	form	a	complex	in	a	very	small	compartment,	e.g.	in	

the	distal	tips	of	the	oligendrocyte	processes,	they	would	not	only	transform	an	increase	

of	 [K+]e	 into	 a	 [Ca2+]i	 transient,	 but	 even	 release	 complex	 local	 [Ca2+]i	 signals	which	 are	

individually	tailored	to	the	adjacent	axons	and	their	activity.	This	means	that	this	hypoth-

esis	describes	a	mechanism	for	axon-directed	oligodendroglial	response	in	respect	to	the	

myelination	process.	

4.4 K+-induced	stimulation	of	MBP	in	immature	oligodendrocytes	

Increasing	[K+]e	as	well	as	partially	blocking	of	NKA	leads	to	a	[Ca2+]i	responses	in	 imma-

ture	oligodendrocytes.	Since	those	responses	could	not	be	prevented	through	the	appli-

cation	of	cadmium,	mediation	through	voltage-gated	calcium	channels	can	be	excluded.	

The	application	of	 KB-R7943	however	 leads	 to	 an	almost	 complete	 suppression	of	 [K+]-

induced	 answers	 and	 therefore	 draws	 the	 focus	 on	 NCX.	 If	 NKA	 is	 partially	 blocked	

though,	 there	 is	 also	 an	 onset	 of	 [Ca2+]i	 transients	 parallel	 to	 the	 expected	 increase	 of	

[Na+]i,	as	well	as	an	increased	MBP	synthesis.	These	are	the	same	effects	that	occur	after	

the	treatment	of	immature	oligodendrocytes	with	[K+]e.		

Due	 to	 those	 reasons,	 it	 is	 assumed	 that	 the	 resting	membrane	 potential	 of	 immature	

oligodendrocytes	on	DIV4	lies	close	to	the	reversal	potential	of	NCX.	This	means	that	al-

ready	a	small	depolarization	caused	by	the	increase	of	[K+]e	or	[Na+]i	shifts	NCX	in	reverse	

mode.	Consequently	Ca2+	ions	are	transported	into	the	cells	and	releases	[Ca2+]i	transients	

(Maldonado	et	al.	2013).		

4.5 Can	[Na+]i	be	considered	as	second	messenger?	

It	has	been	repeatedly	shown	that	[Na+]i	and	the	related	transmembrane	Na+-gradient	are	

not	only	 important	as	an	energy	supplier	 for	many	 transmembrane	 transport	processes	

but	 also	 influence	 intracellular	 signaling	 pathways	 (Kirischuk,	 Parpura	 and	 Verkhratsky	
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2012;	Rose	and	Karus	2013).	Activation	of	ionotropic	glutamate	receptors	leads	to	an	ele-

vation	of	[Na+]i	in	OPCs	and	suppresses	the	expression	of	K+	channels	and	OPC	prolifera-

tion	(Knutson	et	al.	1997).	These	K+	channels	lead	to	a	change	of	the	membrane	potential	

and	make	the	OPCs	sensitive	for	[K+]e.	Interestingly,	[Ca2+]i	transients	can	also	be	evoked	

by	activation	of	NMDA	receptors	(Wake,	Lee	and	Fields	2011)	leading	to	a	stimulation	of	

NCX3	isoform	expression	 in	OPCs	(Boscia	et	al.	2012).	Additionally,	 it	was	shown	that	 in	

OPCs	either	Na+,	H+	exchanger	or	Na+,	HCO3-co-transporter	can	be	co-localized	with	car-

bonic	anhydrase	II,	resulting	in	spatially	changes	of	pH	(Ro	and	Carson	2004).	If	NKA	and	

NCX	are	also	co-localized	in	small	compartments	like	the	distal	OPC	processes	as	shown	in	

astrocytes	(Blaustein	et	al.	2002),	they	could	together	set	the	 local	K+	sensitivity	of	 indi-

vidual	processes.	A	precise	local	membrane	potential	respectively	local	ion	concentration	

changes	could	set	a	standby	mode	of	a	single	process	waiting	for	extracellular	activity	to	

be	converted	into	intracellular	signals.	If	this	standby	mode	is	set	correctly	inan	OPC	pro-

cess,	 changes	 in	 [Na+]i	 –	 independent	 from	 their	 origin	 -	 can	be	 converted	by	NCX	 into	

[Ca2+]i	signals.	Those	[Ca2+]i	signals	could	 initiate	and/or	modulate	a	 local	MBP	synthesis	

and	myelination,	for	each	process	independently.	Since	the	results	of	the	main	part	of	this	

thesis	 were	 obtained	 in	 cultured	 OPCs,	 further	 experiments	 performed	 in	 vivo	 are	 re-

quired	to	examine	the	hypothesis.	

4.6 α2-NKA	expression	in	cultured	OPCs	

The	main	 task	 of	 NKA	 is	 the	maintenance	 of	 the	 transmembrane	Na+	 and	 K+	 gradients	

which	are	crucial	for	secondary	transport	processes	and	adjusting	the	membrane	poten-

tial.	 The	 smallest	 functional	unit	 of	 the	NKA	 is	 composed	of	 a	 catalytic	 (α)	 subunit	 and	

glycoprotein	(β)	subunit	(Blanco	2005;	Crambert	et	al.	2000).	Tissue-dependent	isoforms	

of	those	subunits	were	discovered:	four	α	subunits,	three	β	subunits	and	seven	different	γ	

subunits	 (Blanco	2005;	 Clausen,	Hilbers	 and	Poulsen	2017).	While	neurons	 are	α1-	 and	

α3-NKA-positive,	astrocytes	and	oligodendrocytes	express	α1-	and	α2-NKA	(Cameron	et	

al.	 1994;	Watts	 et	 al.	 1991).	α4-NKA	was	 only	 demonstrated	 in	 spermatozoa	 (Shamraj,	

Lingrelt	and	Hoffman	1994;	Blanco	et	al.	1999).	The	main	difference	between	the	α		sub-

units	 lies	 in	their	 ion	affinity.	α1	subunit	of	NKA	shows	K+	affinity	 in	a	range	of	1-2	mM,	
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while	the	α2	subunit	especially	in	combination	with	β2	subunit	demonstrates	a	reduced	

K+	affinity	in	the	3-5	mM	range	(Blanco	et	al.	1995;	Crambert	et	al.	2000;	Sweadner	1985).	

Interestingly,	 this	 affinity	 constant	 lies	 close	 to	 physiological	 [K+]e	 levels.	 Together	with	

the	high	voltage	sensitivity	of	α2-NKA	(Blanco	2005)	 this	makes	 it	an	efficient	sensor	of	

[K+]e	fluctuations.	Intriguingly,	it	was	demonstrated	that	in	astrocytic	processes,	surround-

ing	dendrites,	α2-NKA	 is	expressed	 (Cholet	2002).	 In	astrocytic	 (Peng,	Arystarkhova	and	

Sweadner	 1998)	 as	well	 as	 in	OPC	 (Knapp,	 Itkis	 and	Mata	 2000)	monocultures	without	

neuronal	 input,	 lack	or	 low	expression	 levels	of	α2	subunit	were	 reported.	However,	 in	

contrast	to	studies	from	2000,	where	almost	no	α2-NKA	was	expressed	by	mature	OPCs	

(Knapp,	 Itkis	 and	Mata	 2000)	 in	 this	 thesis	α2-NKA	 in	 OPCs	monocultures	was	 already	

detected	at	DIV2	and	 its	expression	 level	 increased	during	development	even	 in	the	ab-

sence	of	 neurons	 (Figure	 3-15).	More	modern	detection	methods	 and	 antibodies	 could	

explain	this	discrepancy.	

4.7 Distribution	of	α2-NKA	in	plasma	membrane	of	OPCs	

It	was	reported	that	the	astrocytic	α2-NKA	distribution	in	the	plasma	membrane	was	het-

erogeneous	(Juhaszova	and	Blaustein	1997).	Localization	of	α2-NKA	 in	OPCs	co-cultured	

with	neurons	 (their	 Fig.	4)	was	only	 shown	 in	perisomatic	areas	 (Knapp,	 Itkis	 and	Mata	

2000).	Thespatial	distribution	of	α2-NKA	in	OPC	processes	was	not	analyzed.	In	this	thesis	

it	is	demonstrated	that	α2-NKA	cannot	only	be	detcted	at	the	perisomatic	areas,	but	also	

at	the	thick	proximal	processes.	OPCs	at	DIV2,	which	are	not	yet	expressing	MBP,	show	an	

almost	homogeneous	distribution	over	 the	whole	cell.	 The	co-localization	with	CNP	sig-

nals	 confirms	 the	α2-NKA	 location	 on	 immature	 OPCs.	 This	 homogeneous	 distribution	

changes	during	development.	At	DIV4	and	DIV5,	 the	critical	period	of	 the	onset	of	MBP	

expression,	α2-NKA	 is	mainly	 localized	at	 the	 thick	proximal	OPC	processes	 in	 relatively	

immature	OPCs.	However,	compared	to	the	thick	proximal	processes	the	fine	distal	ones	

and	the	MBP-positive	sheets	show	reduced	levels	of	α2-NKA	at	DIV4	and	DIV5,	indicating	

a	decrease	of	MBP-α2-NKA	co-localisation	during	OPC	development	(Figure	3-17).	There-

fore	 it	 is	 suggested	 that	 the	onset	of	MBP	synthesis	 is	 controlled	by	α2-NKA	and	 is	not	

required	for	later	MBP	production	in	distal	processes.	
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4.8 α2-NKA	interacts	with	NCX	

Boscia	 et	 al.	 (Boscia	 et	 al.	 2012)	 showed	 that	NCX3	 isoform	 and	 the	myelin	 associated	

glycoprotein	 (MAG)	 are	 co-localized	 in	 the	 thick	 proximal	 OPC	 processes.	 Additionally,	

they	demonstrated	the	NCX3	expression	pattern	which	is	quite	similar	to	the	α2-NKA	im-

munostaining	obtained	 in	this	 thesis.	 Intriguingly,	 it	was	reported	that	α2-NKA	and	NCX	

cooperate	in	astrocytes.	In	astrocytic	plasma	membranes	α2-NKA	was	shown	to	be	orga-

nized	 in	a	 reticular	pattern	 co-localized	with	NCX,	 suggesting	 that	α2-NKA	via	NCX	may	

regulate	 local	 levels	 of	 [Ca2+]i	 in	 the	 cytosol	 (Juhaszova	 et	 al.	 1996;	 Juhaszova	 and	

Blaustein	1997).	Since	the	increase	of	MBP	expression	created	through	α2-siRNA	on	DIV5	

could	be	significantly	decreased	by	the	chronic	KB-R7943	application,	 it	seems	that	NCX	

mediates	 the	 observed	 α2-NKA-dependent	 suppression	 of	 MBP	 synthesis.	 Tong	 et	 al.	

(Tong	et	al.	2009)	reported	that	NCX-mediated	Ca2+	signaling	is	required	for	migration	of	

NG2	 positive	 cells.	 This	 Ca2+	 signaling,	 however,	 was	mediated	 by	 NCX1.	 Nevertheless,	

MBP	synthesis	 in	turn	was	shown	to	be	 linked	to	the	NCX3	isoform	(Boscia	et	al.	2012).	

Unfortunately,	 no	 selective	NCX3	blocker	 is	 available,	 but	 the	obtained	data	 allow	 sug-

gesting	 that	α2-NKA	 interaction	with	NCX3	 is	 important	 for	 initiation	of	MBP	synthesis.	

Further	experiments	need	to	be	performed	to	verify	this	hypothesis.	

4.9 Mechanisms	linking	α2-NKA	and	MBP	synthesis	

What	 is	 the	mechanism	of	NCX-mediated	 initiation	of	MBP	 synthesis?	Blocking	α2-NKA	

results	 in	 [Na+]i	 elevation.	 This	 [Na+]i	 elevation	 shifts	 NCX	 reversal	 potential	 to	 a	more	

negative	value	and	might	 subsequently	 initiate	NCX-mediated	Ca2+	 influx.	The	 latter	oc-

curs	 in	control	cultures	under	 resting	conditions	at	DIV5,	whereas	cultures	 treated	with	

α2-siRNA	show	this	Ca2+	influx	already	at	DIV4	(Figure	3-22).	Furthermore,	NCX-mediated	

Ca2+	 influx	 initiates	 spontaneous	Ca2+	 transients	 in	OPCs.	Various	effects	of	Ca2+	activity	

like	modulation	of	process	extension/retraction	(Paez	et	al.	2007)	or	migration	(Paez	et	al.	

2009)	of	OPCs	has	 already	been	 shown.	 In	parallel,	Haberlandt	 et	 al.	 (Haberlandt	 et	 al.	

2011)	reported	that	Ca2+	influx	via	voltage-gated	Ca2+	channels	facilitated	by	Ca2+-induced	

Ca2+	release	from	endoplasmic	reticulum	controls	the	process	motility	of	NG2	cells.	
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After	 application	 of	 NCX	 reverse	mode	 blocker	 KB-R7943	 a	 cease	 of	 spontaneous	 Ca2+	

activity	was	 shown	 in	 this	 thesis,	 indicating	 that	Ca2+	 influx	mediated	by	NCX	 facilitates	

spontaneous	 Ca2+	 activity.	 Furthermore,	 it	 was	 demonstrated	 that	 silencing	 of	α2-KNA	

shifts	NCX	 reversal	 from	DIV5	 to	DIV4	and	 subsequently	 the	onset	of	 spontaneous	Ca2+	

activity.		

It	is	hypothesized	that	this	form	of	Ca2+	signaling	is	required	for	the	onset	of	MBP	synthe-

sis,	since	the	chronical	blocking	of	the	NCX	reverse	mode	reduces	MBP	 levels	 in	control	

OPC	cultures	(Boscia	et	al.	2012;	this	thesis)	and	suppresses	the	α2-NKA-induced	facilita-

tion	of	MPB	production	 in	this	thesis	(Figure	3-18).	 Interestingly,	Krasnow	and	collegues	

also	demonstrated	that	neuronal	activity	leads	to	an	increase	in	[Ca2+]i	levels	followed	by	

high	 frequencies	of	 [Ca2+]i	oscillations	which	subsequently	 leads	 to	sheath	elongation	 in	

zebrafish	OPCs	(Krasnow	et	al.	2018).		

Nevertheless,	the	role	of	Ca2+	oscillations	in	MBP	synthesis	requires	further	investigation	

(Boscia	 et	 al.	 2012;	 Haberlandt	 et	 al.	 2011;	 Martinez-Lozada	 et	 al.	 2014;	 Santiago	

González	et	al.	2017).	

4.10 Mechanism	of	termination	of	spontaneous	Ca2+	activity	

Furthermore	 it	 is	 demonstrated	 that	 spontaneous	 NCX-mediated	 Ca2+	 transients	 occur	

only	in	a	limited	time	frame	in	OPC	cultures.	Basically,	this	Ca2+	activity	is	relatively	strong	

in	DIV4-5	cultured	OPCs	but	it	starts	disappearing	at	DIV6.	Also,	[K+]e-induced	Ca2+	transi-

ents	are	significantly	reduced	at	DIV6	as	compared	to	DIV4.	Interestingly,	it	was	demon-

strated	 by	 Smith	 et	 al.	 (Smith	 et	 al.	 2011)	 that	 over-expression	 of	 the	 classical	 MBP	

isoforms	leads	to	a	reduction	of	Ca2+	 influx	after	elevation	of	[K+]e	to	20	mM	in	cultured	

OPCs.	 In	contrast	 to	 the	MBP	over-expression,	 in	 this	 thesis	 the	 levels	of	MBP	were	 re-

duced	by	siRNA	application.	The	MBP	knock	downleads	to	a	 facilitation	of	 [K+]e-induced	

responses	and	additionally	relatively	high	responses	are	still	observed	at	DIV6.	This	sup-

ports	the	hypothesis	that	Ca2+	activity	is	negatively	controlled	by	MBP	expression.		

Primary	 oligodendrocyte	 precursor	 cells	 are	 able	 to	 develop	 and	produce	MBP	positive	

sheets	–	the	equivalent	of	the	in	vivo	myelin	sheath	–	even	without	the	presence	of	neu-

rons.	 This	 leads	 to	 the	 conclusion	 that	 there	 seems	 to	be	 an	 intrinsic	 genetic	 program,	
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which	can	start	myelination	even	without	axonal	activity.	It	is	hypothesized	that	an	initial	

Ca2+	influx,	mediated	by	the	reversal	mode	of	the	NCX,	can	lead	to	a	calcium	release	from	

internal	 stores	 of	 the	 endoplasmatic	 reticulum.	 The	 resulting	 Ca2+	 oscillations	 were	

blocked	by	application	of	 thapsigargin,	 a	blocker	of	 sarco/endoplasmatic	 reticulum	Ca2+	

ATPase	(SERCA)	(unpublished	data).	It	is	suggested	that	NCX	and	NKA	are	clustered	at	the	

fine	tips	of	the	processes	in	special	microdomains	and	are	closely	located	to	endoplasmat-

ic	reticulum	(ER)	below	the	plasma	membrane.	Since	the	volume	in	these	small	compart-

ments	 is	 low,	already	a	small	change	of	[Na+]i	could	lead	to	a	switch	of	the	NCX	into	re-

verse	mode,	modulate	the	local	Ca2+	storage	of	the	ER,	initiating	Ca2+	signaling	and	start	

MBP	expression.	This	mechanism	has	already	been	shown	in	other	cell	types	such	as	neu-

rons,	astrocytes	and	cardiac	myocytes	(M	P	Blaustein	et	al.	2002;	Despa,	Lingrel,	and	Bers	

2012)	and	supports	the	hypothesis	mentioned.	Figure	3-17	shows	that	the	α2-NKAs	be-

come	more	located	towards	the	thick	proximal	processes	during	maturation	of	the	OPCs.	

This	can	influence	the	communication	between	NKA/NCX	domains	with	the	ER	since	the	

volume	of	the	cytosol	is	increased.	It	would	also	explain	the	depletion	of	the	spontaneous	

Ca2+	activity	after	DIV5	 in	 control	 condition	and	DIV4	after	down	 regulation	of	α2-NKA.	

Together	with	the	fact	that	there	is	almost	no	α2-NKA	left	in	the	distal	processes,	it	seems	

that	proximal	α2-NKA	is	not	sufficient	to	generate	calcium	transients.		

Definitely,	 MBP-Ca2+-signaling	 interaction	 characterization	 needs	 further	 investigations,	

but	it	can	be	speculated	that	MBP	itself	may	serve	as	a	terminating	signal	of	spontaneous	

Ca2+	activity.	

4.11 Is	α2-NKA	together	with	NCX	a	sensor	of	neuronal	activity?	

Since	 the	 formation	of	 compact	myelin	 is	 impaired	 in	 the	 absence	of	MBP,	 it	 has	been	

declared	 to	 be	 the	 ‘executive	molecule	 of	myelin’	 (Boggs	 2006).	 It	 is	 the	 second	most	

abundant	myelin	 protein	 and	mutant	mice	 lacking	MBP	 like	 Shiverer	 or	 rats	 like	 Long-

Evans	shaker	show	a	severe	hypomyelination	of	the	CNS	(Kwiecien	et	al.	1998;	Readhead	

and	Hood	1990).	The	transport	of	MBP	mRNA	from	the	nucleus	to	the	axon-glial	contact	

site	is	achieved	in	a	translationally	silenced	state	(Müller	et	al.	2013).	Many	publications	

show	 that	 axon-glial	 contact	 triggers	 localized	MBP	 translation	 and	 subsequently	mye-
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lination	(Lisbeth	S	Laursen,	Chan,	and	FfrenchConstant	2011;	Wake,	Lee,	and	Fields	2011;	

White	et	al.	2008).	Even	though	MBP	is	necessary	for	myelination	(Snaidero	and	Simons	

2017),	it	is	still	unclear	if	a	facilitation	of	MBP	synthesis	subsequently	leads	to	a	stronger	

myelination	in	vivo.		

The	experiments	within	this	thesis	demonstrate	that	a	knock	down	of	α2-NKA	stimulates	

MBP	synthesis	in	cultured	OPCs.	It	can	be	proposed	that	the	α2-NKA	sets	the	membrane	

potential	close	to	the	reversal	potential	of	the	NCX	and	thereby	prevents	the	initiation	of	

spontaneous	NCX-mediated	Ca2+	 influx,	which	 in	 turn	postpones	 the	onset	of	MBP	syn-

thesis	 in	OPC	monocultures.	 The	absence	of	neurons	does	not	prevent	 the	 initiation	of	

spontaneous	Ca2+	signals	or	the	onset	of	MBP	synthesis,	giving	hint	that	there	might	be	a	

genetically	encoded	program,	which	can	be	modulated	by	α2-NKA.		

However,	 the	α2-NKA-mediated	negative	role	on	MBP	synthesis	seems	to	be	not	 trans-

ferable	to	the	cortical	organotypic	slice	culture	model,	since	here	the	α2-NKA	knock	down	

does	not	 influence	 the	MBP	 levels.	 Intriguingly,	even	 though	 the	MBP	 levels	 in	Cosc	do	

not	differ	between	knock	down	and	 control	 conditions,	 a	decrease	of	 co-localisation	of	

MBP-positive	 (myelin)	and	neurofilament-positive	 (axons)	 is	 shown	after	α2-NKA	reduc-

tion.	It	rather	seems	that	this	treatment	has	an	influence	on	the	myelination	of	the	axons:	

α2-NKA	appears	 to	 serve	as	a	 sensor	of	neuronal	activity	which	at	 first	 locally	prevents	

expression	of	MBP.	However,	as	soon	as	α2-NKA	is	activated	through	an	increase	of	ex-

tracellular	K+	concentration,	it	does	allow	myelination	of	the	axon’s	trongly	active	areas.	

This	leads	to	the	assumption	that	the	spatial	location	of	myelin	is	modified.	Even	though	

the	 treatment	 of	 Cosc	with	α2-siRNA	 showed	 changes	 compared	 to	 the	 control	 condi-

tions,	it	has	not	been	proven	that	the	knock	down	was	really	successful.	Future	densito-

metric	western	blot	analyses	should	be	performed	to	verify	this.	As	described	in	chapter	

1.3.5,	not	only	oligodendrocytes,	but	also	astrocytes	express	the	α2	subunit	of	the	NKA.	

And	since	siRNA	is	not	cell	type	specific,	it	cannot	be	excluded	that	the	observed	effects	in	

Cosc	are	contributed	by	astrocytes.	Silencing	of	α2-NKA	only	limited	to	OPCs	–	for	exam-

ple	via	adeno-associated	viruses	–	 is	required	to	verify	the	demonstrated	results.	 In	any	

case	it	 is	tempting	to	speculate	that	NKA	and	NCX	act	together	as	a	local	sensor	of	neu-

ronal	activity,	in	particular	for	[K+]e	fluctuations.	The	inhibiting	action	of	α2-NKA	observed	
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in	OPC	cultures	could	then	be	repealed	by	the	depolarizing	effect	of	local	[K+]e	changes.	It	

should	also	be	mentioned	that	not	only	NKA,	but	all	Na+-dependent	transporters	like	neu-

rotransmitter	 transporters	 (Fattorini	et	al.	2017;	Martinez-Lozada	et	al.	2014)	or	NKCC1	

(Chen	et	al.	2007;	Zonouzi	et	al.	2015)	could	be	considered	as	potential	sidekick	of	NCX,	

provided	that	they	are	located	close	to	distal	OPC	processes	and	neuronal	active	fibers.	

4.12 Conclusion	and	Outlook	

Myelination	 of	 neuronal	 axons	 in	 the	 CNS	 is	 a	 complex	 multi-step	 procedure	 and	 the	

pathway	of	an	oligodendrocyte	recognizing	an	axon	to	 its	myelination	has	not	yet	been	

fully	deciphered.	With	the	results	of	the	present	thesis	it	was	possible	to	shed	some	light	

into	the	darkness	of	this	pathway.	At	 least	 in	OPC	monocultures	 it	could	be	shown	that	

[Ca2+]i	and	[Na+]i	 in	OPCs	vary	during	development.	 It	 is	 likely	that	those	developmental	

ion	transients	are	induced	by	the	activity	of	NKA	and	this	in	turn	influences	the	transport	

direction	 of	 NCX.	 Reversal	mode	 of	 NCX	 leads	 to	 a	 Ca2+	 influx	 into	 the	 oligodendrogial	

processes	 and	 subsequently	 initiates	 [Ca2+]i	 signaling	 which	 is	 followed	 by	MBP	mRNA	

translation.	Since	[Ca2+]i	signaling	and	myelination	even	occur	without	neuronal	activity,	it	

seems	that	oligodendrocyte	development	is	pre-programmed	but	elevation	of	extracellu-

lar	K+	postpones	[Ca2+]i	and	[Na+]i	transients	and	MBP	expression.		

Knockdown	of	α2-NKA	in	Cosc	results	in	another	way	than	in	OPC	monocultures:	here	not	

the	amount	of	MBP	expression	is	altered,	but	spatial	location	of	myelin	seems	to	be	dis-

turbed.	As	mentioned	before	not	only	OPCs	but	also	astrocytes	express	α2-NKA.	To	inves-

tigate	the	effect	of	only	oligodendroglial	α2-NKA	in	complex	tissues	 like	Cosc	and	to	ex-

clude	 the	 contribution	 of	 astrocytes,	 it	 is	 necessary	 to	 direct	 the	 silencing	 only	 to	 oli-

godendrocytes.	 Electron-microscopy	 analyses	 need	 to	 be	 done	 to	 verify	 the	 change	 of	

myelination	after	α2-NKA	silencing.		

The	role	of	Ca2+	oscillations	 in	MBP	synthesis	 requires	 further	 investigation.	 It	would	be	

interesting	 to	 see	 if	 the	 oscillations	 lead	 to	 an	 activation	 of	 Fyn.	 Additionally,	 co-

localization	 experiments	 could	 prove	 that	NCX	 and	NKA	 are	 clustered	 in	microdomains	
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and	if	they	share	a	microdomain	with	F3/contactin	and	thereby	create	a	pro	myelination	

unit	within	the	plasmamembrane	of	the	oligodendroglial	processes.	

Since	NCX	operation	mode	depends	on	 [Na+]i,	all	Na+-dependent	 transporters,	 including	

neurotransmitter	 transporters	 or	 NKCC1,	 may	 be	 considered	 as	 potential	 detectors	 of	

neuronal	activity.	The	link	between	those	transporters	and	NCX-mediated	Ca2+	oscillations	

and	subsequently	MBP	synthesis	would	also	be	interesting	verify	with	future	experiments.	
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