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Summary
	 The	blood-brain	barrier	(BBB)	and	the	blood-spinal	cord	barrier	(BSCB)	

separate	 the	 brain	 and	 the	 spinal	 cord	 from	 the	 circulating	 blood	 and	 are	

important	 for	 the	maintenance	of	 the	CNS	homeostasis.	They	build	a	physical	

barrier	thereby	protecting	the	CNS	from	pathogens	and	toxic	agents,	and	their	

disruption	plays	a	crucial	role	in	the	pathogenesis	of	several	CNS	disorders.	In	

this	thesis,	the	blood-CNS-barriers	were	studied	via	in	vitro	models	in	two	case	

studies	 for	 neurodegenerative	 disorders,	 in	 particular	 Alzheimer’s	 disease	

(AD)	 and	 amyotrophic	 lateral	 sclerosis	 (ALS).	 The	 first	 model	 evaluates	

treatment	possibilities	of	AD	using	nanotechnology-based	strategies.	Since	the	

toxic	amyloid-β42	(Aβ42)	peptide	plays	a	crucial	role	in	the	pathogenesis	of	AD,	

reduced	 generation	 or	 enhanced	 clearance	 of	 Aβ42	 peptides	 are	 expected	 to	

modify	 the	disease	 course	 in	AD.	Therefore,	 several	Aβ42-lowering	drugs	 like	

flurbiprofen	had	been	 tested	 in	 clinical	 trials,	 but	most	 of	 them	 failed	due	 to	

their	 low	brain	 penetration.	 Here,	 flurbiprofen	was	 embedded	 in	 polylactide	

(PLA)	nanoparticles	and	its	transport	was	examined	in	an	in vitro	BBB	model.	

The	 embedding	 of	 flurbiprofen	 into	 the	 nanoparticles	 disguised	 its	 cytotoxic	

potential	and	enabled	the	administration	of	higher	drug	concentrations	which	

resulted	 in	 a	 sufficient	 transport	 of	 the	 drug	 across	 an	 endothelial	 cell	

monolayer.	 These	 results	 demonstrate	 that	 non-permeable	 drugs	 can	 be	

transported	efficiently	via	nanoparticles	and	that	these	nanotechnology-based	

strategies	 are	 a	 promising	 tool	 to	 generate	 novel	 therapeutic	 options	 for	AD	

and	other	CNS	diseases.		

The	focus	of	the	second	project	was	to	investigate	the	impaired	integrity	of	the	

BSCB	 in	 a	 mouse	 model	 for	 ALS.	 About	 20%	 of	 all	 familial	 ALS	 cases	 are	

associated	with	missense	mutations	or	small	deletions	in	the	gene	that	encodes	

Cu/Zn-superoxide	 dismutase	 1	 (SOD1).	 To	 date,	 the	 molecular	 mechanisms	

resulting	in	ALS	are	still	unknown,	but	there	is	evidence	that	the	disruption	of	

the	 BSCB	 is	 one	 of	 the	 primary	 pathological	 events.	 In	 both	 familial	 and	
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sporadic	ALS	patients,	loss	of	endothelial	integrity	and	endothelial	cell	damage	

was	observed,	and	studies	with	SOD1	transgenic	mice	demonstrated	 that	 the	

BSCB	 disruption	 was	 found	 prior	 to	 motor	 neuron	 degeneration	 and	

neurovascular	 inflammation.	Thus,	an	 in	vitro	model	 for	ALS	endothelial	cells	

was	generated	which	exhibited	comparable	 integrity	characteristics	and	tight	

junction	(TJ)	protein	expression	profiles	as	 isolated	primary	endothelial	 cells	

of	 the	 BSCB	 of	 SOD1	 transgenic	 mice.	 In	 this,	 an	 alteration	 of	 the	

βcat/AKT/FoxO1	 pathway,	 which	 regulates	 the	 expression	 of	 the	 TJ	 protein	

claudin-5,	 could	 be	 observed.	 These	 data	 furthermore	 indicate	 that	 ALS	 is	 a	

neurovascular	 disease,	 and	 understanding	 of	 the	 primary	 events	 in	 ALS	

pathogenesis	 will	 hopefully	 provide	 ideas	 for	 the	 development	 of	 new	

therapeutic	strategies.		
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Zusammenfassung	
	 Die	 Blut-Hirn	 Schranke	 („blood-brain	 barrier“,	 BBB)	 und	 die	 Blut-

Rückenmark	 Schranke	 („blood-spinal	 cord	 barrier“,	 BSCB)	 bilden	 eine	

physiologische	Barriere	zwischen	dem	Blut	und	dem	zentralen	Nervensystem	

(ZNS).	 Sie	 schützen	 das	 ZNS	 vor	 Pathogenen	 und	 toxischen	 Substanzen	 und	

sind	 für	 die	 ZNS	Homöostase	 essentiell,	weshalb	 Störungen	 oder	 der	Verlust	

ihrer	 Integrität	 eine	 entscheidende	 Rolle	 bei	 neurodegenerativen	

Erkrankungen	spielt.	 In	dieser	Arbeit	wurden	mit	Hilfe	von	 in	vitro	Modellen	

die	 Blut-ZNS	 Schranken	 anhand	 zweier	 Fallstudien	 für	 neurodegenerative	

Erkrankungen	 untersucht:	Morbus	Alzheimer	 („Alzheimer’s	 disease“,	 AD)	 und	

Amyotrophe	 Lateral	 Sklerose	 (ALS).	 Im	 ersten	 Modell	 wurden	 mögliche	

Therapieansätze	 für	 AD	 mittels	 Nanotechnologie-basierender	 Strategien	

untersucht.	 Bei	 der	 Pathogenese	 spielt	 das	 Amyloid-β42	 (Aβ42)	 Peptid	 eine	

entscheidende	 Rolle	 und	 es	 wird	 angenommen,	 dass	 sowohl	 eine	 reduzierte	

Generierung	 als	 auch	 eine	 gesteigerte	 Eliminierung	 der	 Aβ42	 Peptide	 und	

Plaques	den	Krankheitsverlauf	beeinflussen.	Daher	wurden	bisher	einige	Aβ42-

senkende	 Substanzen	 wie	 z.B.	 Flurbiprofen	 in	 klinischen	 Studien	 getestet;	

allerdings	ohne	Erfolg,	da	die	meisten	Substanzen	nicht	 ins	Gehirn	gelangten.	

Hier	 wurden	 Polymilchsäure	 („Polylactide“,	 PLA)	 Nanopartikel	 mit	

Flurbiprofen	beladen	und	ihr	Transport	in	einem	in	vitro	BBB	Model	getestet.	

Durch	die	Einbettung	in	Nanopartikel	wurde	die	Zytotoxizität	von	Flurbiprofen	

aufgehoben,	 und	 dadurch	 konnten	 höhere	Konzentrationen	 von	 Flurbiprofen	

eingesetzt	werden,	welches	wiederum	 im	effizienten	Transport	 der	 Substanz	

über	 die	 Endothelzellen	 resultierte.	 Diese	 Ergebnisse	 zeigen,	 dass	 nicht-

permeable	 Substanzen	 mit	 Hilfe	 von	 Nanopartikeln	 effizient	 transportiert	

werden	 können,	 und	 dass	 diese	 Nanotechnologie-basierenden	 Strategien	

vielversprechende	 und	 neue	 therapeutische	 Ansätze	 für	 AD	 und	 andere	 ZNS	

Erkrankungen	liefern	können.	
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Im	 zweiten	 Projekt	 wurde	 die	 beeinträchtigte	 Integrität	 der	 BSCB	 eines	

Mausmodells	 für	 ALS	 untersucht.	 20%	 aller	 familiären	 ALS	 Fälle	 sind	 mit	

Punktmutationen	 oder	 Deletionen	 mit	 dem	 Gen	 assoziiert,	 dass	 die	 Cu/Zn-

Superoxid-Dismutase	 1	 (SOD1)	 kodiert.	 Die	 Ursache	 für	 ALS	 ist	 bis	 heute	

unbekannt,	allerdings	gibt	es	viele	Hinweise,	dass	die	funktionelle	Störung	der	

BSCB	eins	der	primären	pathologischen	Ereignisse	ist.	Sowohl	in	familiären	als	

auch	 sporadischen	 ALS	 Fällen	 konnten	 Schäden	 der	 Endothelzellen	 und	 ein	

Verlust	 deren	 Integrität	 festgestellt	 werden.	 Studien	 in	 einem	 transgenen	

Mausmodell	mit	 humaner	 SOD1	 zeigten,	 dass	 der	 Zusammenbruch	 der	BSCB	

bereits	 vor	 der	 Degeneration	 der	 Motoneurone	 und	 der	 neurovaskulären	

Inflammation	 festgestellt	werden	 kann.	Daher	wurde	hier	 ein	 in	 vitro	Modell	

der	 ALS	 Endothelzellen	 hergestellt,	 welches	 vergleichbare	 Eigenschaften	

bezüglich	 der	 Integrität	 und	 „tight	 junction“	 (TJ)	 Expression	 wie	 isolierte	

primäre	 Endothelzellen	 der	 BSCB	 von	 transgenen	 SOD1	 Mäusen	 zeigt.	

Weiterhin	 konnten	 Veränderungen	 im	 βcat/AKT/FoxO1	 Signalweg,	 der	 die	

Expression	des	TJ	Proteins	Claudin-5	reguliert,	 festgestellt	werden.	Diese	und	

auch	 die	 Ergebnisse	 anderer	 Gruppen	 weisen	 darauf	 hin,	 dass	 ALS	 eine	

neurovaskuläre	Erkrankung	ist.	Das	Verständnis	der	primären	pathologischen	

Ereignisse	führt	in	Zukunft	hoffentlich	dazu,	dass	neue	therapeutische	Ansätze	

für	die	Behandlung	von	ALS	entwickelt	werden	können.	
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Background	

	 Neurodegenerative	disorders	are	characterized	by	the	progressive	loss	

of	 function	or	 structure	of	 the	nervous	 system	and	 are	often	 associated	with	

neuronal	 death.	 They	 include	 diseases	 such	 as	 Alzheimer’s	 disease	 (AD)	 and	

other	dementias,	Parkinson’s	disease	(PD),	prion	disorders,	multiple	sclerosis,	

amyotrophic	 lateral	 sclerosis	 (ALS),	 and	 there	 are	 presently	 no	 effective	

therapies	 for	many	of	 them.	 This	 thesis	 deals	with	 two	 independent	projects	

regarding	the	role	of	blood-CNS	barriers	 in	neurodegenerative	disorders.	The	

following	 chapter	 provides	 first	 background	 information	 about	 blood-CNS	

barriers	in	general	and	is	then	subdivided	into	the	two	different	projects.		

1.1 Barriers	of	the	central	nervous	system	

	 The	nervous	system	is	subdivided	in	the	central	nervous	system	(CNS),	

consisting	of	the	brain	and	the	spinal	cord,	and	the	peripheral	nervous	system	

(PNS),	composed	of	specialized	clusters	of	neurons	and	peripheral	nerves.	The	

PNS	relays	information	to	the	CNS	and	executes	motor	commands	generated	in	

the	brain	and	spinal	cord.	One	special	feature	of	the	brain	and	the	spinal	cord	is	

that	 they	 are	 protected	 by	 the	 skull	 and	 the	 vertebrae	 against	 external	

damages.	 The	 protection	 against	 internal	 toxic	 agents	 and	 pathogens	 is	

facilitated	by	blood-CNS	barriers	which	separate	 the	blood	and	the	CNS.	This	

includes	 the	 blood-brain	 barrier	 (BBB,	 described	 under	 1.1.1),	 the	 blood	
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spinal-cord	barrier	(BSCB,	described	under	1.1.2)	and	the	blood-cerebrospinal	

fluid	 (CSF)	 barrier.	 The	 history	 of	 the	 blood-CNS	 barrier	 already	 started	 in	

1695	when	 Humphrey	 Ridley	 observed	 the	 specific	 protective	 nature	 of	 the	

brain	in	human	subjects	(Ridley,	1695;	Liddelow,	2011).	However,	the	concept	

of	 a	 barrier	 between	 the	 blood	 and	 the	 CNS	 is	 coined	 from	 Paul	 Ehrlich’s	

observation	 in	 1885:	 he	 observed	 that	 intravenously	 administered	 dyes	

stained	all	organs	apart	from	the	brain	and	spinal	cord.	He	presumed	that	the	

different	staining	is	due	to	the	different	binding	affinities	of	different	tissues	to	

different	dyes	(Ehrlich,	1885).	Later,	Edwin	Goldmann	completed	Ehrlich’s	dye	

experiment	by	injecting	the	dye	trypan	blue	directly	 into	the	CSF	of	the	brain	

(Figure	1.1).	He	observed	that	the	brain	and	the	spinal	cord	were	stained	but	

not	 the	 peripheral	 organs.	 After	 intravenous	 injection	 of	 trypan	 blue,	

Goldmann	 observed	 no	 staining	 in	 the	 CNS	 (Goldmann,	 1909).	 This	 clearly	

demonstrated	 the	 existence	 of	 a	 compartmentalization	 of	 the	 CNS	 and	 the	

peripheral	organs.		

Figure	1.1:	Illustration	of	the	early	experiments	by	Ehrlich	and	Goldmann.	The	injection	
of	the	dye	trypan	blue	demonstrates	the	compartmentalization	of	the	CNS	and	the	peripheral	
organs.	When	trypan	blue	is	injected	intravenously	(A),	only	the	peripheral	organs	are	stained	
and	the	dye	does	not	penetrate	the	CNS.	Vice	versa,	if	trypan	blue	is	injected	into	the	CSF	(B),	
the	 brain	 and	 the	 spinal	 cord	 are	 stained	 and	 not	 the	 peripheral	 organs	 (adapted	 from	
Liddelow,	2011).	
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In	1900,	the	existence	of	a	physical	barrier	at	the	level	of	the	cerebral	vessels	

was	 first	 hypothesized	 by	 Max	 Lewandowsky	 who	 coined	 the	 term	

“bluthirnschranke”	 or	 “blood	 brain	 barrier”	 (Lewandowsky,	 1900).	 Later,	

Reese	 and	 Karnovsky	 showed	 by	 electron	 microscope	 studies	 that	 the	

endothelial	 cells	 in	 the	 brain	 vasculature,	 and	 more	 precisely	 the	 junctions	

between	these	cells,	form	the	BBB	(Reese	and	Karnovsky,	1967).		

1.1.1 The	blood-brain	barrier	

	 The	BBB	separates	 the	 circulating	blood	 from	the	brain,	 and	 it	plays	a	

crucial	 role	 in	 the	 regulation	of	 the	 constancy	of	 the	 internal	 environment	of	

the	brain.	The	cellular	components	of	the	BBB	are	specialized	endothelial	cells,	

which	 form	 tight	 junctions	 (TJ)	 to	 limit	 the	 paracellular	 space,	 astrocytes,	

whose	endfeet	surround	the	endothelial	cells,	pericytes	between	the	astrocytes	

and	endothelial	cells,	and	the	basement	membrane	(Palmer,	2010).	

Figure	1.2:	The	vasculature	of	the	brain	and	the	BBB.	The	BBB	separates	the	circulating	
blood	from	the	brain	and	is	comprised	of	endothelial	cells,	astrocytes	and	pericytes	(A).	The	
brain	capillaries	differ	from	those	of	the	periphery	(B):	they	lack	fenestrae	and	pinocytotic	
vesicles,	and	the	TJ	between	 the	endothelial	 cells	close	 the	 intracellular	space	 to	 limit	 the	
paracellular	 flux	 of	 hydrophilic	 molecules	 across	 the	 BBB	 (adapted	 from	 Deeken	 and	
Löscher,	2007).

Anatomically,	the	endothelial	cells	of	the	BBB	are	distinguished	from	those	of	

the	 periphery	 by	 increased	 mitochondrial	 content,	 a	 lack	 of	 fenestrations,	

minimal	pinocytotic	activity,	and	the	presence	of	TJ	(Figure	1.2)	(Hawkins	and	

Davis,	2005).		
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The	 TJ	 is	 an	 intricate	 complex	 of	 transmembrane	 and	 cytoplasmic	 proteins	

linked	 to	 the	 actin	 cytoskeleton	 (Figure	 1.3).	 These	 TJs	 consist	 of	 three	

transmembrane	proteins:	 claudin,	 occludin	 and	 junctional	 adhesion	molecule	

(Huber	et	al.,	2001).	Claudins	form	dimers	and	bind	homotypically	to	claudins	

on	adjacent	endothelial	cells	to	 form	the	primary	seal	of	the	TJ	(Furuse	et	al.,	

1999).	 Claudins	 comprise	 a	 multigene	 family	 with	 currently	 27	 members.	

(Mineta	et	al.,	2011).	The	family	members	exhibited	distinct	tissue	expression	

patterns	whereby	claudin-1,	claudin-3,	claudin-5	and	claudin-12	were	detected	

at	the	BBB	(Liebner	et	al.,	2000;	Wolburg	et	al.,	2003;	Morita	et	al.,	1999;	Nitta

et	al.,	2003).	Newborn	claudin-5-deficient	mice	die	within	one	day	after	birth	

although	the	vascularization	and	the	brain	morphology	are	not	impaired.	Nitta	

and	colleagues	observed	that	the	BBB	was	loosened	in	a	size-selective	manner	

indicating	a	crucial	role	for	claudin-5	for	the	formation	of	TJ	(Nitta	et	al.,	2003).		

Figure	 1.3:	 Structural	 and	 molecular	 characteristics	 of	 the	 TJ.	 TJ	 between	 the	
endothelial	cells	of	the	BBB	restrict	the	paracellular	diffusion	of	water-soluble	substances	
from	the	blood	to	the	brain.	(A)	Electron	microscope	pictures	of	the	TJs	(arrows)	between	
the	endothelial	cells	(adapted	from	Reese	and	Karnovsky,	1967).	(B)	The	TJs	are	composed	
of	an	intricate	combination	of	transmembrane	and	cytoplasmic	proteins	linked	to	an	actin-
based	 cytoskeleton	 that	 allow	 the	 TJ	 to	 form	 a	 seal	 while	 remaining	 capable	 of	 rapid	
modulation	and	regulation	(adapted	from	Hawkins	and	David,	2005).

Occludin	 was	 the	 first	 tight	 junctional	 transmembrane	 protein	 discovered	

(Furuse	et	al.,	1993),	but	its	functional	role	is	still	unclear.	The	TJ	of	occludin-

deficient	mice	are	not	affected	regarding	to	TJ	formation,	strand	morphology	or	

barrier	 function	 (Saitou	 et	 al.,	 2000;	 Schulzke	 et	 al.,	 2005).	 Recent	 data	

demonstrated	 that	 occludin	 has	 a	 regulatory	 function	 and	 that	 its	

phosphorylation	state	regulates	TJ	permeability	(Hirase	et	al.,	2001;	Feldman
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et	 al.,	 2005).	 Junctional	 adhesion	 molecule	 (JAM)-1	 is	 a	 member	 of	 the	 IgG	

superfamily	 and	 is	 believed	 to	mediate	 the	 early	 attachment	 of	 adjacent	 cell	

membranes	via	hemophilic	interactions	(Dejana	et	al.,	2000).		

The	 TJ	 also	 consists	 of	 several	 accessory	 proteins	 that	 are	 necessary	 for	

structural	support.	Zonula	occludens	proteins	(ZO1,	ZO2	and	ZO3)	belong	to	a	

family	 known	 as	 membrane-associated	 guanylate	 kinase-like	 proteins	

(MAGUKs)	 and	 serve	 as	 recognition	 proteins	 for	 TJ	 replacement	 and	 as	 a	

support	 structure	 for	 signal	 transduction	proteins	 (Haskins	 et	al.,	 1998).	The	

cytoskeletal	protein	actin	has	known	binding	sites	on	all	ZO	proteins,	and	for	

instance,	the	C-terminus	of	occludin	is	linked	to	the	actin	cytoskeleton	via	ZO1	

(Itoh	et	al.,	1999).	This	interaction	is	likely	critical	to	the	stability	and	function	

of	the	TJ,	because	dissociation	of	ZO1	or	the	structural	organization	of	actin	is	

associated	with	tight	junctional	integrity	(Stevenson	and	Begg,	1994;	Fischer	et	

al.,	2002).	

Other	 junctional	complexes	 that	are	present	 in	 the	 interendothelial	space	are	

adherens	junctions	(AJ).	AJ,	or	more	precisely	their	major	component	vascular	

endothelial	 (VE)-cadherin,	 are	 required	 for	 correct	 vascular	 development	 in	

the	 embryo	 (Carmeliet	 et	 al.,	 1999).	 The	 cytoplasmatic	 tail	 of	 VE-cadherin	

binds	to	-catenin	 (cat)	and	other	proteins,	which	 in	 turn	binds	to	 the	actin	

cytoskeleton,	stabilizing	the	AJ	complex	(Yap	et	al.,	1997).	

Although	the	movement	of	most	molecules	between	the	blood	and	the	brain	is	

severely	 constrained	by	 the	 junctional	 complexes,	 the	movement	of	 essential	

nutrients	such	as	glucose	and	amino	acids	has	to	be	permitted.	Therefore,	the	

brain	 endothelial	 cells	 express	 a	 large	 number	 of	 specialized	 transporters	

(Qutub	 and	 Hunt,	 2005;	 Hawkins	 et	 al.,	 2006;	 Bernacki	 et	 al.,	 2008).	 Larger	

essential	molecules	such	as	insulin,	leptin	and	iron	transferrin	are	transported	

into	 the	 CNS	 by	 receptor-mediated	 transcytosis	 (Pardridge,	 2007).	

Furthermore,	 they	 express	 a	 large	 number	 of	 transporters,	 the	 ATP-binding	

cassette	 transporters,	 which	 remove	 xenobiotics	 and	 drugs	 from	 the	 CNS	

(Ueno,	2007;	Bernacki	 et	al.,	2008;	Aszalos,	2008;	Dauchy	 et	al.,	2008).	Thus,	
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the	 BBB	 is	 a	 natural	 defense	 which	 restricts	 the	 transport	 of	 many	

therapeutically	 important	 drugs	 from	 the	 blood	 into	 the	 brain	 including	

Alzheimer	drugs,	anticancer	drugs,	antibiotics,	and	a	wide	variety	of	CNS-active	

drugs,	but	is	otherwise	crucial	 for	the	nutrient	supply	and	homeostasis	of	the	

brain	(Madara,	1988;	Abbott	et	al.,	1999;	Abbott	et	al.,	2006).		

1.1.2 The	blood-spinal	cord	barrier	

	 The	 BSCB	 is	 the	 functional	 equivalent	 to	 the	 BBB	 that	 plays	 a	 similar	

protective	 and	 regulatory	 role	 for	 the	 spinal	 cord	 parenchyma	 (Bartanusz	 et	

al.,	2011).	Like	the	BBB,	the	BSCB	is	comprised	of	endothelial	cells,	which	form	

TJ,	 astrocytes,	 pericytes	 and	 a	 basement	 membrane	 (Figure	 1.4).	 However,	

there	exist	morphological	and	functional	differences	between	the	two	barriers.		

Figure	1.4:	Schematic	illustration	of	the	BSCB.	The	BSCB	is	the	functional	equivalent	of	
the	BBB.	It	is	comprised	of	endothelial	cells,	astrocytes	and	pericytes	and	has	a	protective	
and	regulatory	role	for	the	spinal	cord	parenchyma	(adapted	from	Bartanusz	et	al.,	2011).	

Several	 studies	 have	 shown	 that	 the	 rodent	 BSCB	 has	 an	 increased	

permeability	to	mannitol	and	inulin	(Daniel	et	al.,	1985;	Prockop	et	al.,	1995),	

interferons	 (Pan	 et	al.,	1997b),	 albumin,	 sucrose	and	 tumor	necrosis	 factor	

(Pan	 et	 al.,	 1997a).	 Furthermore,	 a	 specifically	 decreased	 expression	 of	 ZO1	

and	 occludin	 has	 been	 reported	 whereby	 the	 expression	 of	 claudin-1	 and	

claudin-5	remained	unchanged.	The	expression	of	VE-cadherin	and	cat	were	
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investigated	as	well,	 since	the	tight	 junction	assembly	is	dependent	on	the	AJ	

proteins.	 Both	 proteins	 showed	 a	 significant	 reduction	 in	 spinal	 cord	

microvessels	and	cultured	spinal	cord	endothelial	cells.	(Ge	and	Pachter,	2006).	

Thus,	 differences	 in	 the	 ultrastructure	 of	 the	 BBB	 and	 the	 BSCB	 endothelial	

exist,	which	in	turn	may	have	an	impact	on	its	physiology	and	pathophysiology.		

1.2 Project	I:	Nanoparticulate	flurbiprofen	reduces	A42	generation	in	

an	in	vitro	BBB	model	

	 AD	is	the	most	common	neurodegenerative	disorder	in	the	elderly	and	

is	currently	affecting	more	 than	35	million	people	worldwide	(Querfurth	and	

LaFerla,	 2010).	 AD	 is	 named	 after	 the	 German	 psychiatrist	 Alois	 Alzheimer,	

who	 described	 the	 symptoms	 and	 the	 changes	 in	 the	 brain	 of	 his	 patient	

Auguste	Deter.	He	observed	deposits	of	 insoluble	proteins	 in	 the	brain	of	his	

patient	 and	 associated	 their	 presence	 with	 the	 symptoms	 of	 the	 disease	

(Alzheimer,	1906).	To	date,	the	treatment	of	AD	is	only	symptomatic	and	there	

is	 no	 cure	 for	 the	 disease,	 and	with	 increased	 life	 expectancy	 the	 number	 of	

patients	will	increase	to	more	than	140	million	AD	patients	by	2050	(Pahnke	et	

al.,	2009;	Alzheimer's,	2012).		

Figure	 1.5:	 The	 histopathological	
characteristics	in	an	AD	brain.	AD	is	
characterized	 by	 the	 presence	 of	
intracellular	 deposits	 of	 the	 hyper-
phosphorylated	 tau	 protein	 in	 so-
called	 neurofibrillary	 tangles	 and	
extracellular	 deposits	 of	 the	 Aβ	
peptide	 in	 so-called	 senile	 plaques.	
These	 plaques	 are	 furthermore	
surrounded	 by	 dystrophic	 dendrites	
and	 axons,	 activated	 microglia,	 and	
reactive	 astrocytes	 (Aβ:	 Amyloid-β;	
adapted	from	Selkoe,	1991).		

The	 pathological	 characteristics	 of	 AD	 are	 neuronal	 and	 synaptic	 loss,	

neurofibrillary	 tangle	 formation	 and	extracellular	deposits	 of	 amyloid-β	 (Aβ)	
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peptides	in	susceptible	brain	regions	(Figure	1.5)	which	result	in	learning	and	

memory	impairment	(Selkoe,	1991;	LaFerla	and	Oddo,	2005).	Aβ is	generated	

through	the	sequential	processing	of	the	amyloid	precursor	protein	(APP)	and	

occurs	in	various	isoforms	between	36	and	46	amino	acids	in	length	with	Aβ40
and	 Aβ42	 being	 the	most	 prevalent	 variants	 (Burdick	 et	 al.,	 1992;	 Haass	 and	

Selkoe,	 1993;	Kuo	 et	 al.,	 1996;	 Pietrzik	 and	Behl,	 2005).	 APP	 can	 be	 cleaved	

first	 by	 -secretase	 or	 -secretase	 representing	 the	 so-called	 non-

amyloidogenic	or	amyloidogenic	pathway,	respectively	(Figure	1.6).		

Figure	1.6:	The	physiological	processing	of	APP.	Schematic	illustration	of	the	processing	
of	 APP,	 which	 can	 be	 processed	 by	 two	 different	 pathways:	 In	 the	 non-amyloidogenic	
pathway,	APP	 is	 cleaved	 first	by	-secretase	producing	APPs	 and	a	C-terminal	 fragment	
C83	 peptide.	 C83	 is	 cleaved	 by	 -secretase	 as	 well	 and	 this	 cleavage	 produces	 the	 p3	
peptide.	In	the	amyloidogenic	pathway,	APP	is	cleaved	first	by	-secretase	producing	APPsβ	
and	a	C-terminal	 fragment	C99	peptide.	This	peptide	 is	cleaved	afterwards	by	-secretase	
producing	 Aβ	 peptides	 with	 variation	 in	 length,	 whereby	 Aβ40	 and	 Aβ42	 are	 the	 most	
prominent	 (Aβ:	 Amyloid-β;	 AICD:	 APP	 intracellular	 domain;	 APP:	 Amyloid	 precursor	
protein;	 CTF:	 C-terminal	 fragment;	 APPs:	 Soluble	 APP;	 adapted	 from	 Pietrzik	 and	 Behl,	
2005).

In	the	non-amyloidogenic	pathway,	APP	is	first	cleaved	by	the	-secretase.	This	

cleavage	generates	the	soluble	APPs	peptide	and	the	C-terminal	fragment	C83	

peptide	 which	 remains	 in	 the	 cell	 membrane.	 This	 peptide	 is	 cleaved	

afterwards	by	the	-secretase	complex	generating	a	soluble	p3	peptide	and	the	

remaining	 APP	 intracellular	 domain	 (AICD)	 peptide.	 In	 the	 amyloidogenic	

pathway,	APP	is	cleaved	by	the	-secretase	generating	the	soluble	APPs	and	
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the	 remaining	 C-terminal	 fragment	 C99	 peptide.	 Aβ	 peptides	 are	 produced	

after	the	cleavage	of	C99	by	-secretase	complex	(Haass	et	al.,	1993;	Haass	and	

Selkoe,	1993).	According	to	the	amyloid	hypothesis	(Selkoe,	1991;	Hardy	and	

Allsop,	1991;	Hardy	and	Higgins,	1992),	which	states	that	the	accumulation	or	

increased	generation	of	Aβ42	peptides	in	the	brain	is	one	of	the	primary	events	

in	 the	pathogenesis	of	AD	 (Selkoe,	 2001;	Golde,	2003;	McGowan	 et	 al.,	 2005;	

Wyss-Coray,	 2006),	 it	 is	 thought	 that	 reduced	 generation	 or	 enhanced	

clearance	of	Aβ42	peptides	and	plaques	would	modify	the	disease	course	of	AD	

(Hardy,	 2009).	 Thus,	 there	 have	 been	 many	 efforts	 for	 the	 development	 of	

disease-modifying	 therapies	 focused	 on	 suppressing	 Aβ	 production	 by	 small	

molecule	inhibitors	of	β-	or	-secretase.	But	none	of	the	approaches	has	yielded	

clinically	 viable	 therapies	 since	 all	 of	 them	 were	 confronted	 with	 serious	

technical	 challenges	and	safety	 concerns	 (Golde,	2006;	Hull	 et	 al.,	 2006).	The	

most	 obstacle	 concerns	 the	 inhibition	of	 the	 -secretase	 itself,	 because	 it	 has	

more	 than	 50	 substrates	 with	 critical	 functions	 like	 cell	 signaling	 (e.g.,	 the	

Notch	 receptor),	 cell	 adhesion,	 and	 apoptosis	 (Haapasalo	 and	Kovacs,	 2011).	

This	 was	 demonstrated	 in	 one	 of	 the	 latest	 clinical	 trial	 of	 the	 -secretase	

inhibitor	 semagacestat,	 which	 was	 developed	 by	 Eli	 Lilly.	 The	 trial	 was	

terminated	 before	 completion,	 because	 semagacestat	 did	 not	 improve	 the	

cognitive	status	of	the	probands,	and	it	was	furthermore	associated	with	more	

adverse	 events,	 including	 skin	 cancers	 and	 infections	 (Doody	 et	 al.,	 2013).	

Nevertheless,	 there	 is	 still	 a	 promising	 approach	 to	 reduce	 A42	 levels:	 the	

application	 of	 so-called	 -secretase	modulators	 (GSM).	 In	 2001,	Weggen	 and	

colleagues	 showed	 that	 the	 treatment	 of	 Chinese	Hamster	Ovary	 (CHO)	 cells	

with	 some	 nonsteroidal	 anti-inflammatory	 drugs	 (NSAIDs)	 such	 as	

indomethacin,	 ibuprofen	and	flurbiprofen	specifically	decreased	the	secretion	

of	the	Aβ42	peptides.	This	was	accompanied	by	an	increase	of	shorter,	nontoxic	

Aβ	 isoforms	 (e.g.,	 Aβ37	 and	 Aβ38),	 indicating	 that	 NSAIDs	 subtly	 altered	 -

secretase	 activity	 without	 significant	 impairment	 of	 other	 APP	 processing	

pathways	 or	 Notch	 signaling	 (Weggen	 et	 al.,	 2001).	 NSAIDs	 exert	 their	

principal	 therapeutic	 effects,	 reducing	 fever,	 pain	 and	 inflammation	 by	
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blocking	 the	 cyclooxygenase	 (COX)-mediated	 synthesis	 of	 inflammatory	

prostaglandins	 (Warner	 and	 Mitchell,	 2004).	 However,	 some	 NSAIDs	 were	

shown	to	selectively	lower	Aβ42	production	in	vitro	and	in	mouse	models	of	AD	

independently	 of	 COX	 activity	 (Weggen	 et	 al.,	 2001;	 Eriksen	 et	 al.,	 2003).	

Furthermore,	 the	 so-called	 Rotterdam	 study	 showed	 evidence	 that	 the	 long-

term	 use	 of	 NSAIDs	 may	 protect	 against	 AD	 (in	 t'	 Veld	 et	 al.,	 2001).	 The	

Rotterdam	 study	 is	 a	 prospective,	 population-based	 study	 of	 6989	 subjects	

with	55	years	of	age	or	older	who	were	free	of	dementia	at	base	line.	During	an	

average	follow-up	period	of	6.8	years,	AD	was	only	developed	in	293	subjects.	

The	relative	risk	of	AD	was	0.95	in	subjects	with	short-term	use	of	NSAIDS,	and	

0.20	in	those	with	long-term	use.	These	results	strongly	suggest	that	the	long-

term	 use	 of	 NSAIDs	 has	 a	 beneficial	 effect	 on	 the	 risk	 of	 AD.	 However,	 the	

clinical	development	of	 the	Aβ42	 lowering	agent	 tarenflurbil,	 the	COX-inactive	

R-enantiomer	 of	 the	 NSAID	 flurbiprofen,	 has	 been	 stopped	 after	 failure	 in	 a	

Phase	 III	 clinical	 trial	 (Green	 et	 al.,	 2009).	 The	 results	 of	 this	 multicenter,	

randomized,	double-blind,	placebo-controlled	trial	did	not	show	any	slowing	of	

cognitive	decline	after	18	months	of	 treatment	with	 tarenflurbil.	The	reasons	

for	the	clinical	failure	of	tarenflurbil	are	unknown,	but	low	penetration	across	

the	BBB	and,	consequently,	insufficient	target	engagement	in	the	brain	may	be	

likely	explanations	(Green	et	al.,	2009).	Since	the	BBB	restricts	the	transport	of	

CNS-active	 drugs,	 a	 number	 of	 different	 strategies	 have	 been	 devised	 to	

overcome	 the	 BBB	 such	 as	 osmotic	 opening	 of	 the	 TJ,	 the	 direct	 surgical	

administration	 of	 drugs	 into	 the	 brain,	 or	 the	 development	 of	 drug	 carriers	

such	 as	 liposomes	 or	 nanoparticles	 (Brightman	 et	 al.,	 1973;	 Rapoport	 and	

Robinson,	 1986;	 Pardridge,	 2007;	 Craparo	 et	 al.,	 2011;	 Sahni	 et	 al.,	 2011).	

However,	 the	most	notable	 and	promising	progression	has	been	 achieved	by	

the	 use	 of	 nanotechnology.	 Liposomes	 as	well	 as	 solid	 lipid	nanoparticles	 or	

different	 polymeric	 nanoparticles	 have	 been	 successfully	 used	 for	 the	

transport	of	drugs	across	the	BBB	and	into	the	brain	(Silva,	2010).	Compared	

to	 free	 drug	 molecules	 or	 pro-drugs,	 the	 usage	 of	 nanoparticles	 possesses	

advantages	 such	 as	 their	 high	 drug-loading	 capacity.	 Furthermore,	 the	 drugs	
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are	 protected	 against	 chemical	 or	 enzymatic	 degradation	 and	 nanoparticles	

can	 be	 actively	 targeted	 to	 a	 tissue	 via	 surface	 modifications	 of	 the	

nanoparticles	(Tosi	et	al.,	2008).	To	date,	these	drug	carriers	have	been	studied	

intensively	for	neurological	disorders,	 cancer	and	other	diseases	and	some	of	

them	are	in	different	trial	phases	or	even	commercially	available	(Kumari	et	al.,	

2010;	 Re	 et	 al.,	 2012).	 In	 this	 project,	 polymeric	 nanoparticles	 were	

investigated	if	they	can	serve	as	drug	carriers	for	nonpermeable	drugs	in	an	in	

vitro	BBB	model	(chapter	3.1).	

1.3 Project	II:	Impaired	integrity	at	the	BSCB	in	a	mouse	model	for	ALS	

	 ALS	 is	 a	 severe	 progressive	 motor	 neuron	 disease	 that	 affects	 both	

lower	motor	neurons	 in	 the	brainstem	and	spinal	 cord	 and	 the	upper	motor	

neurons	 in	 the	 motor	 cortex.	 The	 degeneration	 of	 these	 neurons	 leads	 to	

muscle	atrophy,	paralysis,	fasciculation,	and	spasticity	(Mulder,	1982).		

Figure	 1.7:	 Schematic	 illustration	 of	
upper	and	 lower	motor	neurons	 affected	
in	ALS.	In	ALS,	both	lower	motor	neurons	in	
the	brainstem	and	spinal	cord,	and	the	upper	
motor	 neurons	 in	 the	 motor	 cortex	 are	
affected.	 The	 most	 typical	 features	 of	 this	
progressive	 lethal	 disease	 is	 the	
degeneration	 of	 motor	 neurons,	 muscle	
atrophy	 and	 weakness,	 speech	 and	
swallowing	disabilities,	progressive	paralysis	
and	 death	 caused	 by	 respiratory	 failure	
(adapted	from	Mulder,	1982).		

The	 incidence	 and	 prevalence	 of	 ALS	 are	 1-2	 and	 4-6	 in	 100.000	 in	 a	

population,	 with	 a	 lifetime	 ALS	 risk	 of	 1/600	 to	 1/1000	 (Mitsumoto	 et	 al.,	

1998;	McGuire	 et	 al.,	 1996;	 Boillee	 et	 al.,	 2006).	 Most	 patients	with	 ALS	 die	
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within	3	to	5	years	after	symptom	onset	which	is	caused	by	respiratory	failure,	

but	the	clinical	disease	duration	is	very	variable	and	ranges	from	death	within	

months	after	onset	to	more	than	20	years	after	onset	(Robberecht	and	Philips,	

2013).	To	date,	 there	exist	no	therapeutical	 treatment	of	 the	disease,	and	the	

only	treatments	include	the	single	drug	approved	for	ALS,	riluzole	(which	only	

slightly	prolongs	survival),	respiratory	support	and	the	application	of	 feeding	

tubes.	Approximately	90%	of	all	patients	have	sporadic	ALS	which	is	clinically	

indistinguishable	to	patients	with	a	familial	history	(FALS).	The	first	causative	

mutations	for	familial	forms	of	ALS	were	found	in	1993	within	the	superoxide	

dismutase	1	 (SOD1)	gene	(Rosen	et	al.,	1993).	The	gene	encodes	a	153	amino	

acid	 metalloenzyme,	 which	 is	 ubiquitous	 expressed	 and	 highly	 conserved	

across	 species	 (Fridovich,	 1995).	 SOD1	 binds	 copper	 and	 zinc,	 and	 forms	 a	

functional	homodimer	that	converts	the	superoxide	anion	(a	by-product	of	the	

oxidative	 phosphorylation	 in	 the	 mitochondria)	 to	 hydrogen	 peroxide	 and	

oxygen	 by	 the	 cyclical	 reduction	 and	 oxidation	 (dismutation)	 of	 the	 copper	

atom	(Figure	1.8)	(Cleveland	and	Liu,	2000;	Barber	et	al.,	2006).		

Figure	 1.8:	 SOD1	 catalyzes	 the	 removal	 of	 superoxide	 radicals	 in	 a	 dismutation	
reaction.	 The	 functional	 SOD1	 enzyme	 consists	 of	 two	 monomers	 (A),	 whereby	 each	
subunit	binds	one	copper	and	one	zinc	atom.	(B)	Through	cyclical	reduction	and	oxidation	
of	copper,	SOD1	converts	the	superoxide	anion	to	hydrogen	peroxide	and	oxygen	(adapted	
from	Barber	et	al.,	2006	and	Cleveland	and	Liu,	2000).	

Mutations	in	the	SOD1	gene	underlie	about	20%	of	all	FALS	cases	and	to	date,	

more	 than	 150	mutations	 have	 been	 reported	 to	 be	 pathogenic.	 The	 current	

reported	 mutations	 are	 illustrated	 in	 Figure	 1.9,	 whereby	 three	 of	 these	

missense	mutations	are	highlighted	because	they	were	studied	in	this	project.		
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Figure	 1.9:	 Schematic	 illustration	 of	 human	 SOD1	 and	 the	 reported	 pathogenic	
mutations.	Mutations	in	the	SOD1	gene	underlie	about	20%	of	familial	ALS	cases.	To	date,	
more	 than	 150	 different	 mutations	 have	 been	 reported	 to	 be	 pathogenic.	 The	 data	 are	
taken	 from	 the	 ALS	 online	 database	 (ALSoD,	 http://alsod.iop.kcl.ac.uk,	 October	 2013)	
(adapted	from	Robberecht	and	Philips,	2013).	

Transgenic	mice	carrying	mutated	human	SOD1	genes	have	been	generated	to	

elucidate	 SOD1	 mediated	 motor	 neuron	 degeneration.	 The	 first	 generated	

mouse	model	 carries	 the	 hSOD1G93A	mutation	 (Gurney	 et	 al.,	 1994).	 To	 date,	

more	than	12	different	published	human	mutant	SOD1	transgenic	strains	exist	

and	all	develop	a	progressive	adult-onset	motor	phenotype	(Joyce	et	al.,	2011).	

In	post-mortem	examinations	of	ALS	patients	and	in	the	rodent	models	of	the	

disease	a	loss	of	neurons	in	the	brainstem	and	in	the	ventral	horn	of	the	spinal	

cord	 were	 observed,	 and	 this	 cell	 loss	 was	 accompanied	 by	 astrocytic	

activation	and	microglia	proliferation.	In	addition	to	these	neuroinflammatory	

reactions,	inclusions	of	aggregated	proteins	could	be	detected	in	the	remaining	

motor	neurons	(Robberecht	and	Philips,	2013).	Thus,	numerous	hypothesis	for	

the	pathogenesis	of	ALS	have	been	proposed	which	include	glutamate	toxicity,	

oxidative	stress,	mitochondrial	dysfunction,	autoimmune	mechanisms,	protein	

aggregation,	 SOD1	 accumulation,	 neuroinflammation,	 and	 neuronal	 death	

(Wong	et	al.,	1998;	Cleveland,	1999;	Philips	and	Robberecht,	2011).	Recently,	a	

new	possible	pathogenic	mechanism	in	ALS	has	been	proposed	concerning	the	

impairment	of	the	BSCB	(Garbuzova-Davis	et	al.,	2011).	First	studies	regarding	

the	role	of	the	BSCB	in	ALS	focused	on	its	functional	competence	in	hSOD1G93A

mice	at	different	stages	of	disease	(Garbuzova-Davis	et	al.,	2007a;	Garbuzova-

Davis	 et	 al.,	 2007b).	Ultrastructural	 changes	 at	 the	BSCB	and	endothelial	 cell	

degeneration	 could	be	observed,	 as	well	 as	 the	 leakage	of	 the	BSCB	 to	Evans	

Blue	dye	throughout	the	disease’s	progression.	In	an	important	study	of	Zhong	

and	 colleagues	 the	 authors	 showed	 that	 the	 BSCB	 is	 disrupted	 in	 different	
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transgenic	mice	(hSOD1G37R,	hSOD1G85R	and	hSOD1G93A)	by	the	reduction	of	the	

TJ	 proteins	 ZO-1,	 occludin	 and	 claudin-5	 (Zhong	 et	 al.,	 2008).	 Furthermore,	

they	 observed	 that	 this	 early	 breakdown	 occurred	 before	 inflammatory	

changes	 and	 motor	 neuron	 degeneration	 and	 suggested	 that	 the	 disease	

initiator	may	be	this	barrier	damage.	Analyzes	of	post-mortem	tissues	of	ALS	

patients	(both	SALS	and	FALS)	also	indicated	the	evidence	of	BSCB	impairment	

in	the	disease	(Donnenfeld	et	al.,	1984;	Engelhardt	and	Appel,	1990;	Henkel	et	

al.,	2009;	Garbuzova-Davis	et	al.,	2012).	However,	it	still	has	to	be	elucidated	if	

the	 barrier	 damage	 is	 an	 initial	 disease	 factor	 of	 the	 disease,	 or	 if	 the	

impairment	 is	 just	 an	 element	 in	 the	ALS	 pathogenesis.	 In	 this	 project,	 an	 in	

vitro	model	of	the	BSCB	in	ALS	was	generated	and	the	molecular	mechanisms	

leading	to	the	impaired	integrity	were	analyzed	(chapter	3.2).		
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Material	&	

Methods	

	 In	 this	 chapter,	 only	 the	 experimental	 techniques	 and	methods	which	

were	carried	out	in	person	are	presented	and	explained.	For	the	experimental	

techniques	and	methods	which	were	performed	in	cooperation,	 the	reader	 is	

encouraged	to	consult	the	supplementary	material	and	methods	in	chapter	6.	

2.1 Reagents	

2.1.1 Chemicals	

30%	Acrylamide	37.5	:	1	Bis-Acrylamide	 National	Diagnostics,	Atlanta,	GA,	USA	

Agar		 Carl	Roth,	Karlsruhe,	Germany	

Ammoniumpersulfate	(APS)	 Sigma-Aldrich,	Steinheim,	Germany	

alamarBlue®	 Invitrogen,	Karlsruhe,	Germany	

Bacto-tryptophane	 BD,	Heidelberg,	Germany	

Bis-Tris	 Carl	Roth,	Karlsruhe,	Germany	

Basic	fibroblast	growth	factor	(bFGF)	 R&D	Systems,	Wiesbaden,	Germany	

Bovine	Serum	Albumin	(BSA)	 Sigma-Aldrich,	Steinheim,	Germany	

Calcium	chloride	(CaCl2)	 Merck,	Darmstadt,	Germany	

Chloroquine	 Sigma-Aldrich,	Steinheim,	Germany	

Collagen	IV	 Sigma-Aldrich,	Steinheim,	Germany	
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Collagenase	CLS2		 Worthington,	Lakewood,	NJ	

Collagenase-Dispase		 Roche,	Mannheim,	Germany	

DNaseI	 Sigma,	Schnelldorf,	Germany	

Desoxynucleotide-tri-phosphate	(dNTP)		 NEB,	Frankfurt,	Germany	

DRAQ5TM	 Biostatus	Limited,	Leicestershire,	UK	

Dry-milk	(fat-free)		 VONS,	USA	

Dithiothreiotol	(DTT)	 Sigma-Aldrich,	Steinheim,	Germany	

Dulbecco’s	modified	Eagle	medium	(DMEM)		 Invitrogen,	Karlsruhe,	Germany	

Ethanol	 Carl	Roth,	Karlsruhe,	Germany	

Ethidiumbromide	(EtBr)	 Sigma-Aldrich,	Steinheim,	Germany	

Ethylendiaminetetraacetic	acid	(EDTA)	 Carl	Roth,	Karlsruhe,	Germany	

Fetal	Calf	Serum	(FCS)	 Invitrogen,	Karlsruhe,	Germany	

Fibronectin	 Sigma-Aldrich,	Steinheim,	Germany	

Glacial	Acid	 Carl	Roth,	Karlsruhe,	Germany	

L-Glutamine	 Invitrogen,	Karlsruhe,	Germany	

Glycerol	 Carl	Roth,	Karlsruhe,	Germany	

Glycine	 Merck,	Darmstadt,	Germany	

Goat	Serum	 Invitrogen,	Karlsruhe,	Germany	

Heparin	 Sigma-Aldrich,	Steinheim,	Germany	

HEPES	 Invitrogen,	Karlsruhe,	Germany	

ImmobilonTM	Western	HRP	Substrate	Reagents		 Millipore,	Schwalbach,	Germany	

Inulin-carboxyl,	[carboxyl-14C]	 Perkin	Elmer,	MA,	USA	

Isopropanol	 Carl	Roth,	Karlsruhe,	Germany	

Lipofectamine®	2000	 Invitrogen,	Karlsruhe,	Germany	

Methanol	 Carl	Roth,	Karlsruhe,	Germany	

MOPS	 Carl	Roth,	Karlsruhe,	Germany	

NeutrAvidin	Agarose	resin	 Pierce	Chemicals,	Rockford,	IL,	USA	

Nitrocellulose	membrane		 Hartenstein,	Würzburg	

Nonidet	P40	 Roche,	Mannheim,	Germany	

Paraformaldehyde	 Sigma-Aldrich,	Steinheim,	Germany	

Percoll	 GE	Healthcare,	Munich,	Germany	

Plasma-derived	bovine	serum	(PDS)		 First	Link,	Birmingham,	UK	

Polybrene	 Sigma-Aldrich,	Steinheim,	Germany	

Polylactide	(PLA)	 Sigma-Aldrich,	Steinheim,	Germany	

Ponceau	S	 Sigma-Aldrich,	Steinheim,	Germany	

Prolong®	Gold	antifade	reagent		 Invitrogen,	Darmstadt,	Germany	

Protease	inhibitor	cocktail	tablets,	EDTA-free	 Roche,	Mannheim,	Germany	
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RotiLoad®	(4	x	Protein	loading	buffer)	 Carl	Roth,	Karlsruhe,	Germany	

Rubidium	chloride	(RbCl)	 AppliChem,	Darmstadt,	Germany	

Sodiumazide	(NaN3)	 Carl	Roth,	Karlsruhe,	Germany	

Sodiumchloride	(NaCl)	 Carl	Roth,	Karlsruhe,	Germany	

Sodium	dodecyl	sulfate	(SDS)	 BioRad,	Munich,	Germany	

Sodiumpyruvate	 Invitrogen,	Karlsruhe,	Germany	

Sucrose	 Sigma-Aldrich,	Steinheim,	Germany	

Sulfo-NHS-LC-LC-biotin		 Pierce	Chemicals,	Rockford,	IL,	USA	

TEMED	(N,N,N+,N+-Tetramethylendiamine)	 BioRad,	Munich,	Germany	

Tris-acetate	 Carl	Roth,	Karlsruhe,	Germany	

Tris-base	(Tris-OH)	 Carl	Roth,	Karlsruhe,	Germany	

Tris-hydrochloride	(Tris-HCl)	 Carl	Roth,	Karlsruhe,	Germany	

Triton-X	100	 Sigma-Aldrich,	Steinheim,	Germany	

Trypsin/EDTA	 Invitrogen,	Karlsruhe,	Germany	

Tween-20		 Carl	Roth,	Karlsruhe,	Germany	

Yeast	Extract	 Carl	Roth,	Karlsruhe,	Germany	

2.1.2 Antibiotics	

Ampicillin	 Sigma-Aldrich,	Steinheim,	Germany	

Blasticidin	 Sigma-Aldrich,	Steinheim,	Germany	

Geneticin	 Sigma-Aldrich,	Steinheim,	Germany	

Puromycin	 Alexis,	Loerrach,	Germany	

Penicillin/Streptomycin	(Pen/Strep)	 Invitrogen,	Karlsruhe,	Germany	

2.1.1 Kits	

BCATM	Protein	Assay	Kit	 Pierce,	Bonn,	Germany	

GenEluteTM	Mammalian	Genomic	DNA	Miniprep	Kit		 Sigma-Aldrich,	Schnelldorf,	Germany	

High	Pure	Plasmid	Isolation	Kit	 Roche,	Mannheim,	Germany	

NucleoBond®	Xtra	Midi	Kit	 Macherey	Nagel,	Düren,	Germany	

“NucleoSpin®	Extract	II”-PCR	Clean-up	and	Gel	

Extraction	Kit	

Macherey	Nagel,	Düren,	Germany	
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2.1.2 Antibodies	

Table	2.1:	Primary	antibodies.	WB:	Western	blot,	ICC:	Immunocytochemistry.	

Antigen	 Species	 Type	 Dilution	 Reference/Supplier	
-Actin	 rabbit	 polyclonal	 1:5000	(WB)	 Sigma-Aldrich	

AKT	 rabbit	 polyclonal	 1:1000	(WB)	 Cell	Signaling	

p[S473]AKT	 mouse	 monoclonal	 1:1000	(WB)	 Cell	Signaling	

cat	 mouse	 monoclonal	 1:1000	(WB)	 BD	Biosciences	

p[S675]cat	 rabbit	 monoclonal	 1:2000	(WB)	 Cell	Signaling	

c-myc	 mouse	 monoclonal	 1:500	(WB)	 Hybridoma	cellline	

Claudin-5	 rabbit	 polyclonal	 1:1000	(WB)	

1:100	(ICC)	

Zymed,	Invitrogen	

FoxO1	 rabbit	 monoclonal	 1:1000	(WB)	 Cell	Signaling	

p[S256]FoxO1	 rabbit	 polyclonal	 1:1000	(WB)	 Cell	Signaling	

Occludin	 mouse	 monoclonal	 1:1000	(WB)	 Zymed,	Invitrogen	

Occludin	 rabbit	 monoclonal	 1:500	(WB)	 Santa	Cruz	

SOD1	 rabbit	 polyclonal	 1:500	(WB)	 Epitomics	

-Tubulin	 mouse	 monoclonal	 1:5000	(WB)	 Sigma-Aldrich	

Table	2.2:	Secondary	antibodies.

Antigen	 Conjugate	 Dilution	 Reference/Supplier	
Goat-anti-rabbit	IgG	 HRP	 1:5000	(WB)	 Sigma-Aldrich	

Donkey-anti-mouse	IgG	 HRP	 1:5000	(WB)	 Dianova	

Goat-anti-Rabbit	IgG	 Alexa-Fluor	546	 1:1000	(ICC)	 Invitrogen	

2.2 Laboratory	hardware	and	equipment	

Anthos	plate	reader	2010	 Anthos	Labtec,	Salzburg,	Austria	

Cell	culture	dishes	(6cm,	10	cm)		 TPP,	Trasadingen,	Switzerland	

CellZscope®	 nanoAnalytics,	Münster,	Germany	

Chamber	slides	 Nunc,	Langenselbold,	Germany	

Coverslips	 Marienfeld,	Lauda-Königshofen,	Germany	

Cryovials	 Nunc	

LAS-3000mini		 Fujifilm,	Duesseldorf,	Germany	

LSM	710	 Zeiss,	Jena,	Germany	
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Mini	Trans-Blot®	Cell	 Bio-Rad	

SmartSpec	3000	 Bio-Rad	

Thermoshaker	 	

Tri-Carb	2800	TR	Liquid	Scintillation	Analyzer,		 PerkinElmer	MA,	USA	

Wallac	1420	Multilabel	Counter	 PerkinElmer	MA,	USA	

Well	plates	(6,	24,	96)	 Greiner,	Frickenhausen,	Germany	

2.3 Animals	

hSOD1G93A-transgenic	 mice	 (strain	 B6.Cg-Tg(SOD1-G93A)dl1Gur/J,	

Jackson	Laboratories,	Bar	Harbor,	Maine,	USA)	were	kept	 in	 the	 local	 animal	

facility	under	a	12	h	light	cycle	with	food	and	drinking	water	ad	libitum.	Mice	

were	 housed,	 anesthetized	 and	 sacrificed	 according	 to	 the	 European	 and	

German	 guidelines	 for	 the	 care	 and	 use	 of	 laboratory	 animals.	 The	 animals	

were	 kindly	 provided	 by	 Albrecht	 Clement	 and	 Christian	 Behl	 (Institute	 of	

Pathobiochemistry,	 University	 Medical	 Center	 of	 the	 Johannes	 Gutenberg	

University	Mainz,	Mainz,	Germany).	

2.4 Software	

Adobe	Photoshop	CS3	

Chromas	2.33	

CorelDRAW	X6	

EndNote	X5	

GraphPad	Prism	4	

ImageJ	1.44,	NIH	

Microsoft	Office	2010	

SECentral	7.0/	Clonemanager	

ZEN	2008	
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2.5 Cell	biological	methods	

	 In	 general,	 cell	 culture	 routine	 was	 performed	 in	 S1	 and	 S2	 qualified	

laboratories	 under	 sterile	 working	 conditions.	 The	 equipment	 including	

culture	dishes,	pipettes,	filter	tips,	15-50	ml	tubes,	1.5-2	ml	tubes,	syringes	and	

sterile	filters	were	single-use	plastic	items	and	cell	culture	qualified.	Media	and	

reagents	were	warmed	to	37	°C	in	a	water	bath	before	use.	Cells	were	cultured	

at	37	 °C	and	5%	CO2	and	 the	 cell	morphology	and	proliferation	was	checked	

every	day.	

Table	2.3:	Immortalized	cell	lines	and	the	respective	culture	media.		

Cell	line	 Cell	type	 Reference/Supplier	 Culture	Media	

bEnd.3	 Mouse	brain	

endothelium	

(Montesano	et	al.,	

1990)	

DMEM	high	glucose,	10%	FCS,	

1%	Pen/Strep	

bEnd.3	

hSOD1WT	myc	

Mouse	brain	

endothelium	

	 DMEM	high	glucose,	10%	FCS,	

1%	Pen/Strep,	

5	µg/ml	blasticidin	

bEnd.3	

hSOD1G37R	myc	

Mouse	brain	

endothelium	

	 DMEM	high	glucose,	10%	FCS,	

1%	Pen/Strep,	

5	µg/ml	blasticidin	

bEnd.3	

hSOD1G85R	myc	

Mouse	brain	

endothelium	

	 DMEM	high	glucose,	10%	FCS,	

1%	Pen/Strep,	

5	µg/ml	blasticidin	

bEnd.3	

hSOD1G93A	myc	

Mouse	brain	

endothelium	

	 DMEM	high	glucose,	10%	FCS,	

1%	Pen/Strep,	

5	µg/ml	blasticidin	

CHO	7WD10	 Chinese	Hamser	

Ovary	

(Koo	and	Squazzo,	

1994)	

DMEM	high	glucose,	10%	FCS,	

1	mM	sodium	pyruvate,	

1%	Pen/Strep,	

400	µg/ml	geneticin	

GP2-293	 Human	

Embryonic	

Kidney	

Clontech,	France	 DMEM	high	glucose,	10%	FCS,	

1	mM	sodium	pyruvate,	

1%	Pen/Strep	
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2.5.1 Cultivation	of	immortalized	cells	

	 Immortalized	 cell	 lines	 were	 cultured	 in	 10-cm	 culture	 dishes,	 and	

before	confluence,	cells	were	passaged	using	0.05%	Trypsin-EDTA.	Therefore,	

cells	were	washed	with	1	x	PBS	and	trypsinized	for	1-5	min	at	37	°C.	Detached	

cells	 were	 resuspended	 using	 fresh	 growth	 medium	 until	 a	 single	 cell	

suspension	was	 obtained.	 Aliquots	 of	 the	 suspension	were	 plated	 in	 culture	

dishes	 containing	10	ml	 fresh	medium	 and	 cells	were	 equally	 distributed	 by	

gently	shaking.		

For	all	experiments	bEnd.3	were	seeded	at	 a	density	of	5	x	104	cells	per	cm2

and	 the	 experiments	 were	 performed	 after	 3	 days	 when	 cells	 were	 post-

confluent.	7WD10	were	seeded	at	a	density	of	3	x	104	cells	per	cm2	and	after	

24	h,	cells	were	either	treated	(2.5.9.1)	or	co-cultured	with	the	bEnd.3	in	the	in	

vitro	BBB	model	(2.5.9.2).	

2.5.2 Cryoconservation	of	immortalized	cells	

	 For	 the	 long	 term	 storage	 cells	 were	 washed	 and	 trypsinized	 as	

described	 in	 2.5.1.	 The	 cell	 suspension	 was	 transferred	 to	 15	 ml	 tubes,	

centrifuged	 at	 1200	 rpm	 for	 4	 min,	 and	 cells	 were	 resuspended	 in	 growth	

medium	containing	10%	DMSO.	Aliquots	were	 transferred	 into	 cryovials	 and	

stored	 overnight	 at	 -80	 °C.	 The	 next	 day,	 cryovials	 were	 transferred	 into	 a	

liquid	nitrogen	tank	for	long	term	storage.		

2.5.3 Revitalization	of	immortalized	cells	

	 For	the	revitalization	frozen	cells	were	quickly	thawed	in	a	37	°C	water	

bath	and	transferred	into	a	10	cm	dish	containing	20	ml	growth	medium.	The	

medium	was	replaced	the	next	day	to	remove	the	remaining	DMSO	or	passaged	

if	necessary.	
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2.5.4 Establishing	stable	cell	lines	via	retroviral	transfection	

	 The	 generation	of	 stably	expressing	 cells	was	 performed	by	 retroviral	

transfection	 using	 the	 packaging	 cell	 line	 GP2-293.	 This	 HEK-293	 based	 cell	

line	stably	express	the	gag	and	pol	genes,	and	for	the	generation	of	infectious	

viral	 particles,	 GP2-293	 must	 be	 co-transfected	 with	 the	 env	 gene	 and	 a	

retroviral	 expression	 vector.	 The	env	 gene	 encodes	 an	 envelope	 glycoprotein	

from	 the	 vesicular	 stomatis	 virus	 (VSV),	 which	 mediates	 the	 viral	 entry	

through	lipid	binding	and	plasma	membrane	fusion	(Emi	et	al.,	1991).		

To	generate	the	viral	particles,	GP2-293	cells	were	seeded	at	10-cm	dishes	and	

at	a	density	of	about	50%,	cells	were	treated	with	25	µM	chloroquine	for	2	h	

prior	 to	 transfection.	 The	 medium	 was	 changed	 and	 cells	 were	 double	

transfected	with	the	respective	pLBCX	constructs	and	the	pVSV-G	at	a	ratio	1:1	

using	the	calcium	phosphate	transfection	method:		

Reaction	batch	for	one	10-cm	plate	to	generate	infectious	virus	particles:	

450	µl	 H2O	

10	µg	 pVSV-G	

10	µg	 pLBCX	hSOD1	constructs	

50	µl	 2.5	M	CaCl2
500	µl	 2	x	HEPES	

The	reaction	batch	incubated	for	15	min	at	RT	and	was	dispersed	drop-wise	to	

the	 cells.	 After	 4	h,	 the	medium	was	 changed	 and	 viruses	were	 collected	 for	

another	48	h.	The	target	bEnd.3	cells	were	seeded	24	h	prior	transfection	in	6-

well	plates,	and	at	density	of	about	50%,	medium	was	replaced	to	1	ml	 fresh	

medium	containing	20	µg/ml	polybrene.	This	 cationic	polymer	 facilitates	 the	

adsorption	of	retroviral	particles	to	eukaryotic	cells.	Finally,	about	2	ml	of	the	

medium	containing	the	recombinant	viruses	was	added	to	the	bEnd.3	cells	and	

after	24	h,	infected	cells	were	transferred	to	10-cm	dishes	with	fresh	medium	

containing	5	µg/ml	blasticidin.	The	selection	medium	was	changed	every	2-3	
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days	 and	 the	 expression	 of	 the	 transgene	 was	 analyzed	 by	 western	 blot	

analysis.	

2.5.5 Isolation	and	cultivation	of	primary	mouse	endothelial	cells	

	 The	 isolation	 and	 cultivation	 of	 primary	 mouse	 endothelial	 cells	 was	

carried	out	as	described	previously	(Weidenfeller	et	al.,	2005).	 In	brief,	spinal	

cord	 endothelial	 cells	 (pMSCECs)	 were	 isolated	 from	 6-	 to	 7-months-old	

hSOD1G93A	mice	and	their	respective	littermates.	Spinal	cords	were	pooled	and	

the	tissue	was	mechanically	dissociated	followed	by	a	digest	with	a	mixture	of	

0.75	 mg/ml	 collagenase	 CLS2	 and	 10	 U/ml	 DNaseI	 in	 DMEM	 at	 37	 °C	 on	 a	

shaker	set	at	200	rpm	for	1	h.	The	pellet	was	resuspended	in	20%	(w/v)	BSA-

DMEM	and	centrifuged	at	1000	g	for	20	min	to	remove	myelin.	The	pellet	was	

further	 digested	 with	 1	 mg/ml	 collagenase-dispase	 and	 10	 U/ml	 DNaseI	 in	

DMEM	at	37	°C	on	a	shaker	for	1	h.	Endothelial	capillaries	were	separated	on	a	

33%	continuous	Percoll	gradient,	 collected,	and	seeded	 in	dishes	coated	with	

400	µg/ml	collagen	IV	and	100	µg/ml	fibronectin.	Cultures	were	maintained	in	

DMEM	 supplemented	 with	 20%	 PDS,	 100	 U/ml	 penicillin,	 100	 µg/ml	

streptomycin,	 2	 mM	 L-glutamine,	 4	 µg/ml	 puromycin,	 1	 ng/ml	 bFGF	 and	 1	

µg/ml	heparin	at	37	°C	and	5%	CO2.

2.5.6 Impedance	measurement	

	 The	 cellZscope®	 is	 an	 automated	 device	 for	 measuring	 the	

transendothelial	 impedance	 of	 cell	 layers	 under	 physiological	 condition	

(Wegener	 et	 al.,	 2004).	 By	 impedance	 spectroscopy,	 the	 transendothelial	

resistance	(TER)	and	the	capacitance	(CCl)	of	a	cell	layer	can	be	measured.	The	

TER	is	a	direct	measure	of	the	tightness	and	the	CCl	is	a	direct	measure	of	the	

confluence	of	the	cells.	The	in	vitro	BBB	model	used	in	this	thesis	is	presented	

in	Figure	2.1,	as	well	as	the	cellZscope®.		
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Figure	 2.1:	 Schematic	 illustration	 of	 the	 in	 vitro	 BBB	model.	 Immortalized	 or	 primary	
endothelial	 cells	 were	 cultivated	 on	 porous	 membranes	 (cell	 culture	 inserts).	 The	 upper	
compartment	 represents	 the	 luminal	 side	 of	 the	 blood	 vessel,	 whereas	 the	 lower	
compartment	 represents	 the	 brain	 parenchyma	 side	 (A).	 The	 inserts	 were	 placed	 in	 the	
cellZscope®	 device	 (B).	 The	 cellZscope®	measures	 online	 the	 TER	 and	 the	 CCl	 of	 the	 cells.	
These	measurements	can	be	used	for	the	verification	of	the	integrity	of	endothelial.	

2.5.6.1 Influence	of	the	TER	by	nanoparticles		

	 The	 TER	 was	 used	 to	 analyze	 the	 toxicity	 of	 the	 nanoparticles	 on	

endothelial	cells.	bEnd.3	cells	were	seeded	on	24-transwell	cell	culture	inserts	

and	placed	into	the	cellZscope®	device.	When	cells	were	post-confluent,	equal	
amount	of	drug-loaded	and	unloaded	nanoparticles	(2.4	mg	nanoparticles	per	

cm2,	which	corresponds	to	750	µM	nanoparticulate	 flurbiprofen)	were	added	

luminally	and	the	TER	was	measured.		

2.5.6.2 Measurement	of	the	integrity	of	endothelial	cells	

	 The	TER	and	the	permeability	of	 [14C]-inulin	were	used	 to	analyze	 the	

integrity	 of	 pMSCECs	 or	 stable	 hSOD1	 bEnd.3	 cells.	 Therefore,	 cells	 were	

seeded	 on	 24-transwell	 cell	 culture	 inserts	 and	 placed	 into	 the	 cellZscope®

device	and	the	TER	was	measured.	When	the	capacitance	values	were	between	

1.0	and	0.8	µF/cm2,	 indicating	a	confluent	monolayer,	cells	were	used	for	 the	

permeability	 assay.	 Culture	 media	 was	 changed	 to	 serum-free	 media	

containing	40	mM	HEPES	and	1	µCi/ml	[14C]-inulin	was	added	to	the	 luminal	

compartment	of	 the	 inserts.	At	 each	point	 in	 time,	10	µl	 samples	were	 taken	

from	 the	abluminal	 compartment	 and	counted	on	a	Tri-Carb	2800	TR	Liquid	

Scintillation	 Analyzer.	 The	 permeability	 was	 evaluated	 by	 calculating	 the	
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apparent	permeability	coefficient	(Papp)	as	previously	described	(Grabovac	and	

Bernkop-Schnurch,	 2007):	 ������� ⁄ �� 	 
�/�
 ∙ � ∙ �� �	 where	 
�	 is	 the	

amount	of	permeated	[14C]-inulin	in	the	incubation	time,	�	is	the	surface	area,	

�� 	 is	 the	 initial	 concentration	 in	 the	 luminal	 compartment	 and	 
	 is	 the	

incubation	time.	

2.5.7 Measurement	of	cytotoxicity	

	 The	 cytotoxicity	of	 free	 flurbiprofen	or	PLA-flurbiprofen	nanoparticles	

was	 assessed	 using	 the	 alamarBlue®	 reagent.	 This	 cell	 viability	 indicator	 is	

converted	by	living	cells	into	a	fluorescent	molecule	which	can	be	measured	by	

a	 plate	 reader	 or	 fluorescence	 spectrophotometer.	 The	 active	 component	 of	

alamarBlue®	 is	 the	 blue	 and	 nontoxic	 dye	 resazurin,	 which	 permeates	 into	

living	 cells	 and	 can	 be	 converted	 by	 the	mitochondria	 to	 the	 red	 fluorescent	

dye	resorufin.	Viable	cells	continuously	convert	resazurin	to	resorufin	thereby	

generating	a	quantitative	measure	of	viability	and	cytotoxicity.	

bEnd.3	cells	were	seeded	on	96-well	plates	and	after	reaching	post-confluency,	

cells	 were	 treated	with	 increasing	 concentrations	 of	 free	 or	 nanoparticulate	

flurbiprofen	 ranging	 from	 25	 µM	 to	 750	 µM	 (which	 corresponded	 to	 45.2	

µg/cm2	 to	 226.2	 µg/cm2	 nanoparticles).	 The	 unit	 µg	 per	 cm2	 refers	 to	 the	

amount	 of	 nanoparticles	 which	 were	 administered	 to	 the	 cells	 and	 this	 unit	

reflects	 possible	 local	 sedimentation	 on	 the	 surface	 of	 the	 cells	which	might	

locally	 lead	 to	 different	 concentrations.	 After	 72	 h,	 cells	 were	 incubated	 for	

another	4	h	with	1	x	alamarBlue®	in	medium.	The	absorbance	was	measured	

with	 a	 570	 nm	 measurement	 filter	 and	 a	 600	 nm	 reference	 filter.	 The	 cell	

viability	 was	 calculated	 as	 percentage	 of	 absorbance	 in	 relation	 to	 vehicle	

control	treated	cells.	
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2.5.8 Endocytosis	of	nanoparticles	

	 To	study	the	endocytotic	uptake	of	the	PLA	nanoparticles,	bEnd.3	cells	

were	 seeded	 on	 glass	 coverslips.	When	 cells	were	 post-confluent,	 they	were	

treated	with	90.9	µg/cm2	PLA-flurbiprofen	nanoparticles	at	4	 °C	or	37	 °C	 for	

1	h	or	4	h.	After	the	incubation,	cells	were	put	on	ice	and	washed	with	PBS	pH2	

to	remove	the	surface-bound	nanoparticles	mimicking	the	acidic	environment	

of	 endosomes	 where	 ligands	 dissociate	 from	 their	 receptor	 after	

internalization	 (Koo	 and	 Squazzo,	 1994).	 Cells	 were	 fixed	 with	 4%	 PFA	 and	

0.12	M	sucrose	in	PBS	for	10	min	at	RT.	The	cell	nuclei	were	stained	with	2	µM	

DRAQ5TM	for	10	min	at	RT.	Samples	were	embedded	in	Prolong®	Gold	antifade	
reagent	and	analyzed	with	a	confocal	laser	scanning	microscope.	

2.5.9 Treatment	with	nanoparticles	

2.5.9.1 Biological	activity	of	the	nanoparticles	

	 To	examine	the	biological	activity	of	flurbiprofen-loaded	nanoparticles,	

7WD10	were	treated	with	free	or	nanoparticulate	flurbiprofen	ranging	from	50	

µM	to	250	µM	flurbiprofen	(Figure	2.2).		

The	administered	concentration	of	the	nanoparticles	was	adjusted	to	the	free	

flurbiprofen	which	corresponds	to	45.2	µg/cm2	to	226.2	µg/cm2	nanoparticles.	

After	 48	 h,	 the	 supernatants	 were	 collected	 and	 centrifuged	 at	 18,000	 g	 for	

Figure	 2.2:	 Treatment	 of	 7WD10	 with	
PLA-flurbiprofen	 nanoparticles.	 7WD10	
were	 treated	 with	 free	 or	 nanoparticulate	
flurbiprofen	 to	 assess	 the	 biological	 activity	
of	the	flurbiprofen-loaded	nanoparticles.	The	
levels	of	A40	and	A42	were	measured	by	an	
A	specific	ELISA	in	cooperation	with	Sandra	
Baches	 from	 the	 lab	 of	 Prof.	 Dr.	 Sascha	
Weggen	 (University	 of	 Heinrich	 Heine	
University,	Duesseldorf).	
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20	min	at	4	°C.	Levels	of	A	were	measured	by	an	A	 specific	enzyme-linked	

immunosorbent	assay	(ELISA)	(see	chapter	2.5.9.3).	

2.5.9.2 Transport	of	nanoparticles	across	endothelial	cells	

	 To	study	the	ability	of	PLA-flurbiprofen	nanoparticles	to	be	transported	

across	 an	 in	 vitro	 BBB	model,	 bEnd.3	 cells	were	 seeded	 on	 24-transwell	 cell	

culture	 insert.	 After	 reaching	 post-confluency,	 bEnd.3	 cells	 were	 co-cultured	

with	7WD10	in	the	lower	compartment	and	bEnd.3	were	treated	with	300	µM	

free	 flurbiprofen	 or	 nanoparticulate	 flurbiprofen	 ranging	 from	 300	 µM	 to	

750	µM	 flurbiprofen	 which	 correspond	 to	 379	 µg/cm2	 to	 942.3	 µg/cm2

nanoparticles.	The	experimental	setup	is	illustrated	in	Figure	2.3.		

Figure	 2.3:	 Experimental	 setup	 to	 study	 the	 transport	 of	 PLA-flurbiprofen	
nanoparticles	 in	 an	 in	 vitro	 BBB	 model.	 bEnd.3	 cells	 were	 cultivated	 on	 porous	
membranes	until	a	post-confluent	monolayer	had	grown.	Then,	7WD10	were	co-cultured	
with	the	bEnd.3	cells	in	the	lower	compartment	and	bEnd.3	cells	were	treated	with	free	or	
nanoparticulate	 flurbiprofen.	The	 levels	 of	Aβ40	 and	Aβ42	 in	 the	 abluminal	 compartment	
were	 collected	 after	 72	 h	 and	 measured	 by	 an	 Aβ	 specific	 ELISA	 in	 cooperation	 with	
Sandra	 Baches	 from	 the	 lab	 of	 Prof.	 Dr.	 Sascha	 Weggen	 (University	 of	 Heinrich	 Heine	
University,	Duesseldorf).

After	 72	 h,	 the	 supernatants	 of	 the	 lower	 compartment	 were	 collected	 and	

centrifuged	at	18,000	g	 for	20	min	at	4	°C.	Levels	of	Aβ	were	measured	by	an	

Aβ	specific	ELISA	(see	chapter	2.5.9.3).	
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2.5.9.3 Enzyme-linked	immunosorbent	assay	(ELISA).	

	 In	this	immunochemical	assay,	substances	like	peptides	are	detected	by	

a	specific	antibody	followed	by	an	enzymatic	 reaction.	Therefore,	 the	specific	

antibody	is	attached	to	a	surface,	and	the	antigen	will	be	applied.	Then,	another	

specific	antibody,	which	is	often	labeled	with	horseradish	peroxidase	(HRP),	is	

added	 and	 binds	 to	 the	 antigen.	 A	 final	 incubation	 with	 a	 HRP	 substrate	

produces	a	detectable	signal,	which	can	be	measured	by	a	plate	reader.		

The	measurement	of	the	Aβ40	and	Aβ42	 levels	generated	in	2.5.9.1	and	2.5.9.2	

was	performed	as	previously	described	(Hahn	et	al.,	2011)	and	in	cooperation	

with	 Sandra	Baches	 from	 the	 lab	of	 Prof.	Dr.	 Sascha	Weggen	 (Department	 of	

Neuropathology,	Heinrich	Heine	University,	Duesseldorf).		

2.5.10 Immunofluorescence		

	 Cells	were	grown	on	glass	coverslips	or	chamber	slides	and	fixed	with	

4%	 (w/v)	 PFA	 and	 0.12	 M	 sucrose	 in	 1	 x	 PBS	 for	 30	 min	 at	 RT.	 The	

permeabilization	of	the	cells	was	achieved	by	incubating	for	another	30	min	at	

RT	with	0.1%	(v/v)	Triton	X-100	in	1	x	PBS.	The	cells	were	blocked	with	5%	

(v/v)	 goat	 serum	 and	 1%	 (w/v)	 BSA	 for	 90	 min	 at	 RT	 to	 reduce	 unspecific	

background	 signals.	 The	 respective	 primary	 antibodies	 (Table	 2.1)	 were	

incubated	for	1	h	at	37	°C.	Unspecific	binding	of	the	antibodies	was	removed	by	

washing	 the	 cells	 five	 times	 with	 the	 blocking	 solution.	 The	 secondary	

antibodies	(Table	2.2)	were	incubated	for	90	min	at	RT	followed	by	five	wash	

steps	with	1	x	PBS.	Cell	nuclei	were	stained	with	5	µM	DRAQ5TM	in	1	x	PBS	for	

10	 min	 at	 RT.	 Samples	 were	 embedded	 in	 Prolong®	 Gold	 antifade	 reagent,	

dried	overnight	at	RT	and	analyzed	with	a	confocal	laser	scanning	microscope.	
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2.6 Protein	biochemical	methods	

2.6.1 Cell	lysis	and	protein	extraction	

	 To	 analyze	 intracellular	 and	membrane	 proteins,	 bEnd.3	were	 seeded	

on	6-cm	dishes	and	grown	until	post-confluency.	Dishes	were	placed	on	ice	and	

cells	were	washed	with	 ice-cold	1	 x	PBS.	 Cells	were	harvested	with	1	ml	1	 x	

PBS	using	a	cell	scraper	and	transferred	to	a	1.5	ml	tube	and	pelleted	at	4,500	g

for	4	min.	 The	 pellet	was	 lysed	 in	NP-40	 lysis	 buffer	 supplemented	with	 1	 x	

protease	inhibitor	cocktail	for	20	min	on	ice.		

NP-40	lysis	buffer:	

150	mM	 NaCl	

50	mM	 Tris-OH	pH	8.0	

1%	(v/v)	 Nonidet	P40	

0.02%	(w/v)	 NaN3

Cellular	debris	was	removed	by	centrifugation	at	18,000	g	 for	20	min	at	4	°C,	

and	 clear	 lysates	 were	 transferred	 to	 a	 new	 1.5	 ml	 tube.	 The	 protein	

concentration	was	determined	with	the	bicinchoninic	acid	(BCA)	protein	assay	

(Smith	et	al.,	1985).	 In	an	alkaline	environment,	proteins	reduce	Cu2+	to	Cu1+,	

and	 this	 cuprous	 ion	 can	 be	 detected	 with	 BCA	 by	 colorimetry.	 For	 the	

determination	of	 the	protein	 concentration,	 the	BCATM	Protein	Assay	Kit	was	

used.	Therefore,	 samples	were	diluted	1:10	 in	ddH20	and	BSA	was	used	as	a	

reference	protein	ranging	from	0	µg/µl	to	5	µg/µl.	The	BCA	reagents	A	and	B	

were	mixed	in	a	ratio	50:1,	and	1	ml	was	added	to	each	sample	and	standard.	

All	samples	and	standards	were	incubated	for	30	min	at	60	°C,	and	then	loaded	

in	duplicates	on	96-well	plates	and	measured	at	a	wavelength	of	562	nm.		
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2.6.2 SDS-Polyacrylamide	gel	electrophoresis	(SDS-PAGE)	

	 Cellular	 proteins	 were	 analyzed	 by	 SDS-PAGE	 (Laemmli,	 1970),	

whereby	proteins	were	denatured	and	separated	according	to	their	molecular	

weight.	Therefore,	the	electrophoresis	is	performed	in	presence	of	the	anionic	

detergent	SDS	which	results	in	a	dissociation	of	oligomeric	proteins	into	their	

subunits	 and	 an	 overall	 negative	 charge	 of	 the	 proteins.	 The	 separation	 is	

facilitated	 by	 an	 electrical	 field	 which	 is	 build	 up	 along	 Bis-Tris-HCl	

polyacrylamide	 gels.	 All	 gels	 in	 this	 study	 were	 handmade	 according	 to	 the	

following	recipe.		

Table	2.4:	Preparation	of	Bis-Tris-HCl	polyacrylamide	gels.	

Stacker	gel	 	 Resolving	gel	

4%	 	 10%	 12%	

30%	Acrylamide	37.5	:	1	Bis-Acrylamide	 390	µl	 	 3.30	ml	 3.96	ml	

1.6	M	Bis	Tris	pH	6.4	 750	µl	 	 2.48	ml	 2.48	ml	

ddH2O	 1.85	ml	 	 4.05	ml	 3.39	ml	

10%	(w/v)	APS	 30	µl	 	 49.5	µl	 49.5	µl	

TEMED	 7.5	µl	 	 16.5	µl	 16.5	µl	

Proteins	were	separated	with	1	x	MES	buffer	at	120	V.		

2.6.3 Western	blot	analysis	

	 The	western	blot	(Burnette,	1981)	allows	the	identification	of	separated	

proteins	with	 specific	 antibodies	 -	 the	 proteins	 in	 the	 polyacrylamide	matrix	

are	 transferred	 to	a	membrane	 followed	by	a	detection	with	 the	appropriate	

antibodies.	 The	 protein	 transfer	 is	 facilitated	 by	 an	 electrical	 field	 which	 is	

build	up	between	the	gel	and	the	membrane.		
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Transfer	buffer:	

192	mM	 Glycine	

25	mM	 Tris-OH	

20%	(v/v)	 Methanol	

The	 gel	 and	 the	 membrane	 were	 tightly	 stacked	 between	 thick	 Whatman	

papers,	 sponge	 pads	 and	 gel-cassette	 plates	 using	 the	 Mini	 Trans-Blot®	 Cell	

System.	The	 transfer	was	performed	with	 ice-cold	 transfer	buffer	at	70	V	 for	

90	min	at	RT.	Thereafter,	the	transfer	was	checked	by	a	reversible	staining	of	

the	membrane	using	Ponceau	S-solution	for	1	min.		

Ponceau	S-solution:	

0.5%	(w/v)	 Ponceau	S	red	

1%	(v/v)	 Glacial	acid	

The	blots	were	washed	with	TBS	containing	0.01%	(v/v)	Tween-20	(TBST)	for	

5	min,	 and	 then	 blocked	 for	 1	 h	with	 5%	 (w/v)	 non-fat	 dry	milk	 in	 TBST	 to	

block	 unspecific	 binding-sites.	 The	 blots	 were	 incubated	 with	 the	 primary	

antibodies	in	TBST	or	5%	(w/v)	non-fat	dry	milk	in	TBST	overnight	at	4	°C	in	

an	 appropriate	 dilution	 (Table	 2.1).	 The	 next	 day,	 blots	 were	 washed	 3	 x	

10	min	 on	 a	 shaker	with	 TBST,	 to	 remove	 unspecific	 binding	 of	 the	 primary	

antibodies.	 Blots	 were	 incubated	 for	 another	 hour	 at	 RT	 with	 the	 in	 TBST	

diluted	 HRP-labeled	 secondary	 antibodies	 (Table	 2.2).	 Thereafter,	 the	 blots	

were	washed	3	x	10	min	with	TBST	and	the	proteins	were	detected	using	the	

HRP	substrate	Immobilon	and	were	visualized	by	the	LAS-3000mini.		

2.6.4 Cell	surface	biotinylation	

	 The	cell	 surface	biotinylation	 is	a	method	to	analyze	 the	expression	of	

proteins	at	the	cell	surface	by	labeling	them	covalently	with	biotin.	Since	biotin	

binds	to	avidin	or	NeutrAvidin	with	a	high	affinity,	biotinylated	proteins	can	be	

specifically	 isolated	 by	 pull	 down	 assays	 using	 NeutrAvidin	 coated	 agarose	
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beads.	 For	 the	 biotinylation,	 the	membrane	 impermeable	 reagent	 sulfo-NHS-

SS-Biotin,	which	 reacts	 rapidly	with	 the	primary	amines	of	 lysine	 residues	of	

proteins,	was	 used.	 bEnd.3	 cells	were	 seeded	 at	 6-cm	 dishes	 and	when	 cells	

were	post-confluent,	 the	 cell	 surface	biotinylation	was	performed.	Therefore,	

cells	were	washed	three	times	with	ice-cold	1	x	PBS	and	cell	surface	proteins	

were	biotinylated	with	0.25	mg/ml	sulfo-NHS-biotin	in	ice-cold	PBS	for	40	min	

at	4	°C.	After	20	min,	the	biotin	solution	was	replaced.	Cells	were	washed	four	

times	 with	 ice-cold	 PBS	 containing	 50	mM	 NH4Cl	 to	 quench	 non-conjugated	

biotin.	Cells	were	lysed	in	NP40	lysis	buffer	and	the	protein	concentration	was	

determined	 by	 the	 BCA	 assay	 (2.6.1).	 Equal	 amounts	 of	 total	 protein	 lysates	

were	incubated	with	20	µl	NeutrAvidin	Agarose	resin	beads	at	4	°C	overnight	

on	a	rotated	wheel.	The	next	day,	the	beads	were	washed	4	times	with	NP-40	

buffer	 to	 remove	 nonspecific	 binding	 proteins.	 The	 biotinylated	 cell	 surface	

proteins	were	 recovered	 by	 boiling	 the	 bead-bound	 fraction	 with	 equivalent	

volumes	 of	 2	 x	 RotiLoad®	 for	 10	 min	 and	 separated	 on	 12%	 Bis-Tris	 HCl	

polyacrylamide	 gels	 followed	 by	 western	 blot.	 Success	 of	 the	 cell	 surface	

biotinylation	 was	 verified	 by	 the	 absence	 of	 -tubulin	 in	 the	 cell	 surface	

fraction.		
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2.7 Molecular	biological	methods	

2.7.1 Cultivation	of	bacteria	

	 For	 gene	 cloning	 experiments,	 the	 Escherichia	 coli	 strain	 DH5	 was	

used.	Single	clones	of	E.	coli	were	used	for	the	amplification	of	plasmids	for	the	

generation	of	stable	cell	lines	or	transient	transfections.	Bacteria	were	cultured	

either	 in	 LB	 medium	 or	 on	 LB	 agar	 plates,	 supplemented	 with	 100	 µg/ml	

ampicillin	or	50	µg/ml	kanamycin,	if	required.		

LB	medium	pH	7.0:	

0,5%	(w/v)	 NaCl	

1%	(w/v)	 Bacto-Tryptone	

0.5%	(w/v)	 yeast	extract	

20	mM	 Tris-HCl	pH	7.5	

LB	agar	plates	pH	7.0:	

0,5%	(w/v)	 NaCl	

1%	(w/v)	 Bacto-Tryptone	

0.5%	(w/v)	 yeast	extract	

20	mM	 Tris-HCl	pH	7.5	

1,5%	(w/v)	 Bacto-Agar	

2.7.1.1 Small	scale	liquid	cultures	

	 For	the	extraction	of	small	amounts	of	plasmid	DNA,	a	single	colony	was	

inoculated	 with	 5	 ml	 LB	 medium	 supplemented	 with	 the	 appropriate	

antibiotics	and	incubated	overnight	at	37	°C	under	vigorous	shaking.	The	next	

day,	4	ml	of	the	culture	was	used	for	plasmid	DNA	extraction	(2.7.4).		

2.7.1.2 Large	scale	liquid	cultures	

	 For	the	extraction	of	large	amounts	of	plasmid	DNA,	a	single	colony	was	

inoculated	 with	 5	 ml	 LB	 medium	 supplemented	 with	 the	 appropriate	



Material	&	Methods

34	

antibiotics	and	incubated	for	8	h	at	37	°C	under	vigorous	shaking.	Then,	150	µl	

of	this	pre-culture	was	inoculated	with	150	ml	LB	medium	supplemented	with	

the	 appropriate	 antibiotics	 and	 incubated	 overnight	 at	 37	 °C	 under	 vigorous	

shaking.	 The	 next	 day,	 the	 whole	 culture	 was	 used	 for	 the	 plasmid	 DNA	

extraction	(2.7.4).	

2.7.2 Generation	of	chemically	competent	E.coli

	 Chemically	 competent	 bacteria	 were	 generated	 by	 the	 RbCl	 method	

(Hanahan,	1983).	Therefore,	a	single	colony	was	cultured	overnight	in	5	ml	LB	

medium	without	 antibiotics	 at	 37	 °C	 under	 vigorous	 shaking.	 The	 next	 day,	

4	ml	were	inoculated	in	100	ml	LB	medium	and	incubated	at	37	°C	on	a	shaker	

until	an	OD600	of	0.5	was	reached.	Bacteria	were	pelleted	at	4000	rpm	and	4	°C	

for	 10	 min.	 The	 following	 steps	 were	 performed	 on	 ice	 using	 precooled	

equipment.		

RFI	buffer	pH	5.8:	

100	mM	 RbCl	

50	mM	 MnCl2	x	4	H2O	

30	mM	 CH3CO2K	

10	mM	 CaCl2	x	2	H2O	

15%	(w/v)	 Glycerol	

RFII	buffer	pH	7.0:	

10	mM	 MOPS	

10	mM	 RbCl	

75	mM	 CaCl2	x	2	H2O	

15%	(w/v)	 Glycerol	

The	pellet	was	resuspended	 in	40	ml	RFI	buffer,	 incubated	 for	60	min	on	 ice	

and	 centrifuged	 at	 4000	 rpm	 and	 4	 °C	 for	 10	 min.	 The	 supernatant	 was	

discarded	and	the	pellet	was	resuspended	in	10	ml	RFII	buffer	and	incubated	
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for	15	min	on	ice.	100	µl	of	the	cell	suspension	were	dispensed	on	1.5	ml	tubes	

and	dropped	into	liquid	nitrogen.	Frozen	DH5 E.	coli	were	stored	at	-80	°C.		

2.7.3 Transformation	of	chemically	competent	E.coli

	 The	 incorporation	and	expression	of	 foreign	DNA	by	bacteria	 is	 called	

transformation.	 Therefore,	 a	 100	 µl	 aliquot	 of	 competent	 DH5 E.	 coli	 was	

thawed	on	 ice	and	 incubated	with	100	ng	of	plasmid	DNA	 for	20	min	on	 ice.	

Then,	the	bacteria	were	heat	shocked	for	1	min	at	42	°C	and	cooled	on	ice	for	2	

min.	400	µl	LB	medium	was	added	and	bacteria	were	incubated	for	1	h	at	37	°C	

on	 a	 thermoshaker	 at	 600	 rpm.	 Afterwards,	 50	 µl	 of	 the	 suspension	 were	

plated	on	LB	agar	plates	and	incubated	overnight	at	37	°C.		

2.7.4 Isolation	of	plasmid	DNA	

	 For	the	isolation	of	plasmid	DNA	from	bacteria,	commercially	available	

DNA	extraction	kits	were	used.	The	main	principle	of	this	isolation	relies	on	an	

alkaline	 lysis	 of	 the	bacterial	 cells	 to	 free	 the	plasmid	DNA,	which	 is	 initially	

separated	 from	 the	 cell	 debris	 and	 chromosomal	DNA	by	 centrifugation,	 and	

afterwards	purified	using	 ion-exchange	columns.	The	NucleoBond®	Xtra	Midi	

kit	was	used	for	the	large	scale	plasmid	DNA	extraction	from	a	150	ml	bacterial	

culture,	and	 for	 the	extraction	of	 small	amounts	of	plasmid	DNA	 from	a	5	ml	

bacterial	 culture,	 the	 High	 Pure	 Plasmid	 Isolation	 Kit	 was	 used.	 The	 kits	

contained	all	 the	necessary	 reagents	 and	 equipment,	 and	 the	DNA	extraction	

was	performed	according	to	the	manufacturers’	instructions.	
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2.7.5 Determination	of	DNA	concentrations	

	 To	determine	the	DNA	concentration,	the	absorbance	was	measured	at	

260	nm	using	a	spectral	photometer,	whereby	an	OD260	of	1.0	corresponds	to	

50	 µg/ml	 double-stranded	 DNA.	 Contaminations	 of	 the	 DNA	 samples	 with	

other	molecules	like	proteins	or	polysaccharides	were	evaluated	by	measuring	

the	absorbance	at	280	nm	and	310	nm	which	 corresponds	 to	 the	absorption	

maxima	of	 the	contaminants	 (A280	 for	proteins	and	A310	 for	polysaccharides).	

Pure	 and	 good-quality	 DNA	 will	 have	 an	 A260/A280	 ratio	 of	 1.8-2.0	 with	 no	

absorption	 at	A310.	Generally,	 the	DNA	 samples	were	diluted	1:100	 in	ddH2O	

for	the	measurement.		

2.7.6 Amplification	of	DNA	by	polymerase	chain	reaction	(PCR)	

	 The	PCR	is	a	method	to	amplify	a	defined	region	of	DNA	in	vitro	using	a	

thermostable	 DNA	 polymerase.	 Therefore,	 the	 DNA	 becomes	 thermally	

denatured	 and	 specific	 oligonucleotides	 hybridize	 with	 the	 DNA	 and	 are	

subsequently	elongated	by	a	DNA	polymerase	(Mullis	and	Faloona,	1987).	The	

cycle	 of	denaturation,	 annealing	 and	 elongation	 is	 repeated	 for	 several	 times	

and	results	in	an	amplification	of	the	DNA	fragment	which	was	flanked	by	the	

specific	 oligonucleotides.	 Each	PCR	protocol	varies	due	 to	 the	 template	DNA,	

the	sequence	of	the	oligonucleotides,	the	DNA	polymerase	and	the	length	of	the	

amplified	 fragment.	 In	 all	 experiments,	 the	 PhusionTM	 High-Fidelity	 DNA	

polymerase	was	used,	which	possesses	 in	 addition	 to	 the	5´→	3´	 polymerase	

activity	the	3´→	5´	exonuclease	activity	(“proof	reading”).		
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For	a	typical	PCR,	a	reaction	batch	of	50	µl	was	prepared	as	followed:	

Reaction	batch	for	the	PCR	using	PhusionTM	Polymerase:	

200	ng	 DNA	template	

1	U	 PhusionTM	Polymerase	

1	x	 PhusionTM	HF	buffer	

500	nM	 Primer	forward	

500	nM	 Primer	reverse	

300	µM	 dNTP’s	Mix	

	 all	in	ddH2O	(nuclease	free)	

The	 parameters	 for	 the	 PCR	 were	 adjusted	 to	 the	 appropriate	 conditions.	

Generally,	 30-35	 cycles	 were	 applied	 for	 amplification.	 A	 standard	 PCR	

program	using	PhusionTM	Polymerase	was	conducted	as	follows:	

Table	2.5:	PCR	program	for	the	PhusionTM	Polymerase.	

Cycle	step Temperature	 Time	 	

Initial	Denaturation	 98	°C	 30	sec	 	

Denaturation	 98	°C	 10	sec	 	

Annealing	 60	°C	 30	sec	 x	31	

Elongation	 72	°C	 30	sec/1kb	 	

Final	Elongation	 72	°C	 5	min	 	

Hold	 4	°C	 ∞	 	

2.7.7 Agarose	gel	electrophoresis	of	DNA	

	 The	 separation	 of	 DNA	 fragments	 was	 performed	 by	 agarose	 gel	

electrophoresis	where	the	percentage	of	the	agarose	gel	was	chosen	according	

to	the	size	of	the	fragments.		

1	x	TAE	buffer:	

40	mM	 Tris-acetate	

1	mM	 EDTA	pH	8.0	
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In	 general,	 agarose	 was	 dissolved	 in	 1	 x	 TAE	 by	 boiling	 to	 obtain	 1.0-2.0%	

(w/v)	 agarose	 gels.	 For	 the	 visualization	 of	 the	DNA,	 EtBr	was	 added	 to	 the	

cooled	agarose	solution	at	a	final	concentration	of	0.75	µg/ml	and	poured	into	

a	 horizontal	 gel	 chamber.	 The	 DNA	 samples	 were	 supplemented	with	 a	 6	 x	

loading	 dye	 solution	 and	 separated	 at	 120	V.	 In	 addition,	 5	 µl	 of	 a	 1kb	DNA	

ladder	 was	 separated	 as	 a	 size	 reference.	 Qualitative	 agarose	 gels	 were	

photographed	 and	 printed	 with	 a	 gel	 documentation	 device.	 The	 DNA	

fragments	which	were	separated	 for	preparative	purposes	were	cut	out	 from	

the	gel	under	weaker	UV	light	at	254	nm	to	avoid	DNA	damage	and	transferred	

into	a	1.5	ml	tube	for	the	gel	extraction.		

2.7.8 Gel	extraction	of	DNA	fragments	

	 The	 gel	 extraction	 of	 DNA	 fragments	 was	 performed	 using	 the	

NucleoSpin®	 Extract	 II-PCR	 clean-up	 and	 gel	 extraction	 kit,	 according	 to	 the	

manufacturer’s	 instructions.	 Thereby,	 the	DNA	 fragments	 are	 extracted	 from	

the	 agarose	 gel	 and	 subsequently	 purified,	 so	 that	 several	 contaminants	 like	

primers,	 enzymes	 or	 buffers	 are	 removed,	 because	 they	may	 disturb	 several	

downstream	applications.		

2.7.9 Restriction	enzyme	digestion	of	DNA	

	 Restriction	enzymes	make	double-stranded	cuts	in	the	sugar-phosphate	

backbone	 of	 the	 DNA,	 thereby	 producing	 blunt	 or	 cohesive	 ends.	 A	 DNA	

fragment	 with	 cohesive	 ends	 has	 unpaired	 nucleotides	 in	 the	 end	 of	 the	

molecule,	 and	 this	 feature	 is	 often	 used	 for	 cloning	 experiments,	 because	

different	 DNA	 fragments	 digested	 by	 the	 same	 enzyme	 can	 be	 annealed	

together.	In	nature,	restriction	enzymes	are	found	in	bacteria	and	archaea	and	

serve	to	restrict	viral	growth	by	destroying	foreign	DNA.	Restriction	enzymes	

are	classified	into	four	groups	(Types	I-IV)	based	on	the	nature	of	their	target	



Material	&	Methods

39	

sequence,	 the	position	of	 their	restriction	site	relative	to	 the	target	sequence,	

their	 composition	 and	 their	 cofactor	 requirements.	 In	 this	 study,	 only	

recombinant	Type	II	restriction	enzymes	were	used	which	cut	the	DNA	within	

their	palindromic	recognition	site	that	is	four-,	six-,	or	eight	base	pairs	long.	All	

restriction	enzymes	and	supplied	buffers	were	purchased	 from	New	England	

Biolabs	 (NEB)	and	 the	double	digest	was	performed	as	 recommended	by	 the	

company’s	 online	 software:	 https://www.neb.com/tools-and-

resources/interactive-tools/double-digest-finder).	For	a	 typical	double	digest,	

a	reaction	batch	of	50	µl	was	prepared	as	followed:	

Reaction	batch	for	the	double	digest	of	DNA:	

	 DNA	template	

5	U	 Each	restriction	enzyme	

1	x	 Restriction	buffer	NEB	

	 all	in	ddH2O	(nuclease	free)	

For	qualitative	purposes,	∼1	µg	of	DNA	was	digested	overnight	at	37	 °C	with	

5	U	of	each	enzyme	at	 the	 same	 time.	The	next	day,	digested	DNA	 fragments	

were	analyzed	by	agarose	gel	electrophoresis.	For	a	preparative	digests,	2	µg	of	

plasmid	DNA	or	purified	PCR	products	 (2.7.7)	were	digested	 for	3	h	at	37	°C	

with	 5	 U	 of	 each	 enzyme	 at	 the	 same	 time.	 The	 next	 day,	 digested	 DNA	

fragments	 were	 analyzed	 by	 agarose	 gel	 electrophoresis	 and	 purified	 by	 gel	

extraction	(2.7.8).	

2.7.10 Ligation	of	DNA	fragments	

	 The	T4	DNA	ligase	catalyzes	the	formation	of	a	phosphodiester	bond	of	

two	strands	of	DNA	between	 the	5´-phosphate	and	 the	3´-hydroxyl	 groups	of	

adjacent	 nucleotides	 at	 either	 cohesive	 or	 blunt	 ends.	 Thus,	 individually	

digested	plasmid	vector	and	insert	DNA	were	added	to	a	ligation	reaction	to	be	

circulated.	 The	 plasmid	 vector	 and	 DNA	 insert	 were	 digested	 with	 the	

appropriate	enzymes	and	purified	as	described	in	2.7.9	and	2.7.8.	The	T4	DNA	
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ligase	 and	 supplied	 buffers	 were	 purchased	 from	 NEB	 and	 the	 ligation	 was	

performed	according	to	the	manufacturer’s	instructions.	For	a	typical	ligation,	

a	reaction	batch	of	30	µl	was	prepared	as	followed:		

Reaction	batch	for	the	ligation	of	DNA:	

400	U	 T4	DNA	ligase	

1	x	 T4	DNA	ligase	buffer	

1	x	 Plasmid	vector	

4	x	 DNA	insert	

	 all	in	ddH2O	(nuclease	free)	

The	plasmid	vector	and	the	DNA	insert	were	ligated	in	at	a	molar	ration	of	1	:	4	

at	∼16	°C	overnight.		

2.7.11 Cloning	of	expression	constructs	

2.7.11.1 Subcloning	of	hSOD1	in	pLBCX	

	 The	 plasmids	 pEGFP-N1-hSOD1WT,	 pEGFP-N1-hSOD1G37R,	 pEGFP-N1-

hSOD1G85R	 and	 pEGFP-N1-hSOD1G93A	 (Witan	 et	 al.,	 2009)	 were	 used	 as	 PCR	

templates	 to	 subclone	 the	 several	 hSOD1	 sequences	 into	 the	 retroviral	

expression	 vector	 pLBCX	 with	 a	 5’-HindIII	 and	 3’-NotI	 restriction	 site	

containing	 an	 additional	 3’	myc-epitope	 as	 listed	 in	 Table	 2.6.	 The	 final	 PCR	

products	were	ligated	in	a	HindIII	x	NotI	digested	pLBCX	vector.		

Table	 2.6:	 Oligonucleotides	 for	 the	 generation	 of	 pLBCX	 hSOD1	 myc	 tagged	
constructs	

Primer	name	 5’	–	3’	sequence	 Enzyme	site	

hSOD1	fwd	 CCCAAGCTTATGGCGACGAAGGCCGTGTGCGTGCTGAA	 HindIII

hSOD1	myc	rev	 ATTTGCGGCCGCTTACAGATCCTCTTCTGAGATGAGTT	

TTTGTTCTTGGGCGATCCCAATTACACCACAA	

NotI	
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2.7.12 Sequencing	of	DNA	

	 For	verification,	all	cDNA	constructs	were	sequenced	at	SEQ.IT	GmbH	&	

Co.	KG	in	Kaiserslautern.	The	sequencing	files	were	compared	with	the	desired	

sequence	using	the	Clone	Manager	7	Software.		
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Results	&	

Discussion	

	 In	 this	 chapter,	 the	 experimental	 results	 obtained	of	 the	 two	different	

projects	 are	 presented	 and	 discussed	 in	 the	 context	 of	 the	 recent	 literature.	

The	 data	 of	 Project	 I	 (chapter	 3.1)	 was	 published	 in	Alzheimer’s	 Research	 &	

Therapy	 (Meister	 et	 al.,	 2013	Nov	 27,	 doi:10.1186/alzrt225)	 and	 the	 data	 of	

Project	 II	 (chapter	 3.2)	 was	 published	 in	 Journal	 of	 Cerebral	 Blood	 Flow	 &	

Metabolism	(Meister	et	al.,	2015,	Apr	8,	doi:	10.1038/jcbfm.2015.57).	

3.1 Project	I:	Nanoparticulate	flurbiprofen	reduces	A42	generation	in	

an	in	vitro	BBB	model	

	 Over	 the	 past	 years,	 several	 strategies	 and	 possibilities	 for	 the	

treatment	of	AD	have	been	studied	intensively,	but	a	 lot	of	these	strategies	as	

well	as	the	developed	compounds	failed	in	clinical	studies	in	part	due	to	their	

low	 penetration	 of	 the	 BBB.	 Following	 the	 amyloid	 hypothesis,	 the	 Aβ42
peptide	plays	a	crucial	role	in	the	pathogenesis	of	AD.	Aβ	is	generated	through	

the	 proteolytic	 processing	 of	 APP,	 and	 its	 accumulation	 or	 increased	

generation	is	thought	to	be	one	of	the	primary	events	in	the	pathogenesis	of	AD	

(Selkoe,	1991;	Hardy	and	Allsop,	1991;	Hardy	and	Higgins,	1992;	Selkoe,	2001;	
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Hardy	 and	 Selkoe,	 2002;	 Golde,	 2003;	 McGowan	 et	 al.,	 2005;	 Wyss-Coray,	

2006).	According	to	this	hypothesis,	reduced	generation	or	enhanced	clearance	

of	Aβ42	peptides	and	plaques	would	be	expected	to	modify	the	disease	course	

in	AD	 (Hardy,	 2009).	 In	 2009,	 the	 clinical	 development	 of	 the	Aβ42	 lowering	

agent	 tarenflurbil	 (the	COX-inactive	R-enantiomer	of	 the	NSAID	 flurbiprofen)	

was	stopped	in	a	Phase	III	clinical	trial,	because	it	did	not	show	any	slowing	or	

improvement	of	 the	cognitive	decline	after	18	months	of	treatment	(Green	et	

al.,	2009).	Generally,	brain	penetration	of	CNS-active	drugs	is	mostly	limited	by	

the	BBB,	and	several	strategies	have	been	devised	to	overcome	this	barrier	in	

order	 to	 deliver	 therapeutic	 drugs	 into	 the	 brain	 (Pardridge,	 2007).	 To	 date,	

drug	carriers	like	nanoparticles	have	been	studied	intensively	for	neurological	

disorders,	 cancer	 and	 other	 diseases	 and	 some	 of	 them	 are	 in	 different	 trial	

phases	 or	 even	 commercially	 available	 (Kumari	 et	 al.,	 2010;	 Re	 et	 al.,	 2012).	

Therefore,	the	transport	and	functionality	of	racemic	flurbiprofen	embedded	in	

PLA	 nanoparticles	 was	 analyzed	 in	 an	 in	 vitro	 BBB	 system	 in	 order	 to	

selectively	decrease	the	levels	of	Aβ42	peptides	in	the	brain.	PLA-nanoparticle	

formulations	 were	 studied	 because	 this	 starting	 material	 is	 FDA-approved,	

biodegradable	and	biocompatible	(Li,	1999;	Tosi	et	al.,	2008),	and	flurbiprofen	

was	 used	 as	 a	 GSM	 because	 it	 is	 FDA-approved,	 commercially	 available	 and,	

most	 importantly,	 its	GSM	activity	has	been	studied	 intensively	 in	vivo	and	 in	

vitro	(Weggen	et	al.,	2001;	Eriksen	et	al.,	2003).	

3.1.1 Preparation	 and	 characterization	 of	 the	 PLA-flurbiprofen	

nanoparticles	

	 The	 preparation	 of	 the	 nanoparticles	 was	 performed	 by	 the	

emulsification-diffusion	 technique	 (Kwon	 et	 al.,	 2001),	 which	 is	 basically	

describes	 in	Figure	 3.1	 (for	detailed	 formation,	 please	 consult	 chapter	6.1.1).	

The	 nanoparticles	 were	 analyzed	 with	 regard	 to	 particle	 diameter	 and	 size	

distribution	 (polydispersity)	 by	 photon	 correlation	 spectroscopy	 (PCS),	 and	

the	 surface	 charge	 (zeta	 potential)	 was	 measured	 by	 microelectrophoresis	
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(Table	 3.1).	 The	 size	 of	 the	 nanoparticles	was	 between	 213.6	 and	 218.1	 nm,	

and	 the	 polydispersity	 index	 was	 less	 than	 0.1	 indicating	 a	 uniformly	

distributed	 dispersion.	 The	 amount	 of	 incorporated	 flurbiprofen	 was	

determined	by	high-performance	liquid	chromatography	(HPLC)	that	resulted	

in	 60.2	 µg	 flurbiprofen	 per	 mg	 nanoparticles	 and	 corresponds	 to	 a	 stock	

solution	of	9.86	mM	flurbiprofen.	

Figure	3.1:	Schematic	 illustration	of	the	formation	mechanism	of	the	nanoparticles	
by	 emulsification-diffusion	 method.	 For	 the	 preparation	 of	 the	 nanoparticles,	 the	
prospective	 polymer	 (PLA)	 and	 the	 racemic	 flurbiprofen	 are	 dissolved	 in	 an	 organic	
solvent.	A	water	containing	stabilizer	 is	added	and	the	solution	is	stirred.	Stirring	causes	
the	dispersion	of	the	organic	phase	as	globules	in	equilibrium	with	the	aqueous	phase:	the	
stabilizing	agent	adsorbs	then	to	the	 large	 interfacial	area	created.	The	addition	of	water	
destabilizes	the	equilibrium:	it	causes	the	organic	solvent	to	diffuse	to	the	external	phase.	
During	this	transport	of	solute,	new	nanometer-sized	globules	are	formed,	which	gradually	
become	poorer	 in	 solvent.	 As	 a	 result,	 the	 contained	polymer	 in	 the	 globules	 aggregates	
because	of	 the	presence	of	 a	new,	continuous	non-solvent	phase.	For	the	visualization	of	
the	 cellular	 uptake	 of	 the	 nanoparticles,	 Lumogen	 F	 Orange®	 240	 (kindly	 provided	 by	
BASF,	 Ludwigshafen,	 Germany)	 was	 added	 during	 the	 synthesis	 of	 the	 nanoparticles	
(adapted	from	Kwon	et	al,	2001).	PLA,	polylactide.

Table	 3.1:	 Physicochemical	 characteristics	 of	 PLA	 nanoparticles.	The	 preparation	 of	
the	 nanoparticles	 as	 well	 as	 the	 characterization	 was	 performed	 by	 Iavor	 Zlatev	
(Laboratory	of	Prof.	Klaus	Langer,	Münster).

Formulation	 Mean	particle	
diameter	[nm]	

Polydispersity	
index	

Zeta	potential	
[mV]	

Flurbiprofen	
loading	
[µg/mg]	

PLA-flurbiprofen		

			nanoparticles	

218.1	 0.053	 -17.4	 60.2	

PLA	nanoparticles	 213.6	 0.048	 -27.6	 -	

In	 all	 subsequent	 experiments,	 the	 administered	 concentration	 of	 the	

nanoparticles	was	adjusted	to	free	flurbiprofen	to	ensure	the	comparability	of	

the	 treatments.	 Furthermore,	 Lumogen®	 F	 Orange	 240	 (kindly	 provided	 by	
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BASF)	 was	 added	 during	 the	 preparation	 to	 ensure	 the	 visualization	 of	 the	

nanoparticles.	

3.1.2 Flurbiprofen	is	released	over	time	from	the	nanoparticles	

	 Given	 that	 the	 nanoparticle	 formulation	 should	 serve	 as	 carrier	 for	

flurbiprofen,	the	release	of	the	drug	was	studied	in	vitro	at	a	physiological	pH.	

1	mg	PLA-flurbiprofen	nanoparticles	were	incubated	in	1	ml	phosphate	buffer	

(pH=7.5)	 at	 37	 °C	 and	 the	 released	 flurbiprofen	 was	 measured	 by	 HPLC	 at	

different	time	points	(Figure	3.2).		

Figure	 3.2:	 Flurbiprofen	 is	 released	
over	time	from	the	PLA	nanoparticles	
at	a	physiological	pH.	PLA-flurbiprofen	
nanoparticles	 were	 dissolved	 in	 an	
aqueous	 solution	 at	 pH	 7.5	 and	 the	
amount	 of	 flurbiprofen	 in	 the	 solution	
was	measured	by	HPLC	at	different	time	
points.	 The	 release	 is	 shown	 as	 the	
percentage	 of	 the	 total	 amount	 of	
incorporated	 flurbiprofen	 in	 the	
nanoparticles.	 The	 experiment	 was	
performed	 by	 Iavor	 Zlatev	 (Laboratory	
of	Prof.	Klaus	Langer,	Münster).

The	in	vitro	release	shows	an	asymptotic	curve	progression	which	indicates	an	

initial	 rapid	 release	 of	 flurbiprofen	 followed	 by	 a	 slower	 exponential	 phase.	

This	 demonstrates	 that	 flurbiprofen	 is	 reversibly	 incorporated	 into	 the	

nanoparticles	and	that	flurbiprofen	is	constantly	released	over	time.		

3.1.3 PLA-flurbiprofen	 nanoparticles	 exhibit	 no	 cytotoxic	

potential	

	 The	 cytotoxic	 potential	 of	 the	 nanoparticulate	 formulation	 to	 perturb	

the	integrity	of	endothelial	cells	was	firstly	assessed	using	the	alamarBlue®	cell	

viability	 reagent.	 Therefore,	 post-confluent	 bEnd.3	 cells	were	 incubated	with	
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increasing	 concentrations	 of	 free	 flurbiprofen	 or	 PLA-flurbiprofen	

nanoparticles.	For	free	flurbiprofen,	a	cytotoxic	potential	could	be	observed	at	

concentrations	 above	 300	 µM	which	was	 reported	 earlier	 by	 several	 groups	

(Figure	3.3,	A)	(Eriksen	et	al.,	2003;	Grosch	et	al.,	2003).		

Figure	3.3:	Cytotoxicity	of	 free	or	nanoparticulate	 flurbiprofen	on	endothelial	 cells.	
bEnd.3	cells	were	treated	with	the	indicated	concentrations	of	free	flurbiprofen	(A)	or	PLA-
flurbiprofen	nanoparticles	(B)	for	72	h.	The	cytotoxicity	was	assessed	after	a	4	h	incubation	
with	1	x	alamarBlue®.	The	absorbance	was	measured	and	the	cell	viability	was	calculated	as	
percentage	of	absorbance	 in	 relation	 to	vehicle	 control	 treated	cells.	The	data	represents	
mean	±	SEM	of	n≥3.

Consequently,	 flurbiprofen	was	used	in	the	subsequent	experiments	only	at	a	

highest	concentration	of	300	µM.	In	contrast,	the	nanoparticulate	flurbiprofen	

showed	no	cytotoxic	potential	on	endothelial	cells	even	at	high	concentrations	

of	750	µM	flurbiprofen	(Figure	3.3,	B).		

Since	the	nanoparticles	should	act	as	carriers	to	transport	flurbiprofen	across	

endothelial	 cells,	 their	 influence	 on	 the	 integrity	 of	 endothelial	 cells	 was	

analyzed.	 Therefore,	 the	 TER	 of	 the	 cells	 was	 measured	 by	 impedance	

spectroscopy	 using	 a	 cellZscope®	device	 (Wegener	 et	 al.,	 2004).	 bEnd.3	 cells	

were	cultured	on	cell	culture	 inserts	and	after	reaching	post-confluency,	cells	

were	treated	with	750	µM	nanoparticulate	flurbiprofen	(Figure	3.4).		
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Figure	 3.4:	 Influence	 of	 PLA-
flurbiprofen	 nanoparticles	 on	
the	 integrity	 of	 the	 endothelial	
cell	 barrier.	 bEnd.3	 cells	 were	
cultivated	on	cell	culture	 inserts	 in	
the	 cellZscope®	 device.	When	 cells	
were	 post-confluent,	 750	 µM	
nanoparticulate	 flurbiprofen	 were	
added	 to	 the	 luminal	 side	 of	 the	
endothelial	 cells	 and	 the	 TER	 was	
measured	 every	 hour	 by	
impedance	spectroscopy.	

The	nanoparticles	showed	no	 interference	with	 the	TER	development	even	 if	

high	 amounts	 of	 nanoparticles	 were	 administered	 to	 the	 endothelial	 cells.	

Considering	 that	 the	 nanoparticles	 can	 sediment	 on	 the	 surface	 of	 the	 cells	

which	 may	 lead	 to	 different	 local	 concentrations	 these	 amounts	 did	 not	

perturb	 the	 integrity	 of	 an	 endothelial	 barrier.	 Thus,	 the	 embedding	 of	

flurbiprofen	 in	 nanoparticles	 disguised	 its	 cytotoxic	 potential	 which	 enables	

the	 application	 of	 higher	 concentrations	 on	 endothelial	 cells	 without	 any	

cytotoxicity.	In	combination	with	the	cell	viability	assay	any	cytotoxic	effect	of	

the	PLA-flurbiprofen	nanoparticles	could	be	excluded.	

3.1.4 Cellular	binding	and	uptake	of	the	nanoparticles	

	 The	 prerequisite	 of	 an	 active	 transport	 of	 particles	 across	 cells	 is	 its	

cellular	binding	and	uptake	by	 the	 cells.	Thus,	 the	 cellular	binding	as	well	 as	

the	 uptake	 of	 the	 PLA-flurbiprofen	 nanoparticles	 by	 endothelial	 cells	 was	

verified.	 Therefore,	 bEnd.3	 cells	 were	 incubated	 with	 the	 PLA-flurbiprofen	

nanoparticles	 for	4	 h	 at	 37	 °C	 and	 subsequently	 analyzed	 by	 flow	 cytometry	

(Figure	 3.5,	 A).	 The	 visualization	 of	 the	 nanoparticles	 was	 facilitated	 by	 the	

fluorophor	Lumogen	F	Orange®	240,	which	was	added	during	the	preparation	

of	the	nanoparticles.	Compared	to	the	untreated	control,	cellular	binding	of	the	

PLA-flurbiprofen	nanoparticles	was	detected.		
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Figure	 3.5:	 Cellular	 binding	 and	 uptake	 of	 the	 PLA-flurbiprofen	 nanoparticles	 by	
endothelial	 cells.	 (A)	 bEnd.3	 cells	 were	 treated	 with	 approx.	 100	 µg/cm2	 PLA-
flurbiprofen	nanoparticles	for	4	h	at	37	°C	and	the	cellular	binding	was	quantified	by	flow	
cytometry.	The	data	are	shown	as	histograms	of	the	FL1-H	channel	(red:	PLA-flurbiprofen	
nanoparticles,	 grey:	 untreated	 control).	 This	 experiment	 was	 performed	 by	 Julia	 Stab	
(Laboratory	 of	Dr.	 Sylvia	Wagner,	 St.	 Ingbert).	 (B-D)	 bEnd.3	 cells	were	 treated	with	 the	
approx.	 100	µg/cm2	 nanoparticles.	 To	 inhibit	 endocytosis,	 the	 cells	were	 treated	 at	 4	 °C	
(B).	 For	 the	 cellular	uptake,	 cells	were	 treated	 for	1	h	 (C)	or	4	h	 (D)	 at	 37	 °C.	After	 the	
incubation	 period,	 the	 cells	were	 put	 on	 ice	 and	washed	with	 acidic	 PBS	 to	 remove	 the	
surface-bound	nanoparticles.	The	cells	were	fixed	with	4%	(w/v)	PFA	and	cell	nuclei	were	
stained	with	DRAQ5TM.	Scale	bar,	10	µm.

Furthermore,	 the	 cellular	 uptake	 of	 the	 nanoparticles	 was	 visualized	 by	

confocal	laser	scanning	microscopy	(CLSM)	(Figure	3.5,	B-D).	Therefore,	post-

confluent	bEnd.3	cells	were	incubated	with	the	nanoparticles	for	1	and	-4	h	at	

either	37	°C,	or	at	4	°C	as	a	control	to	inhibit	endocytosis.	At	4	°C,	the	bEnd.3	

cells	 exhibited	 no	 signal	 of	 the	 nanoparticles	 demonstrating	 that	 the	

nanoparticles	were	not	endocytosed	(Figure	3.5,	B)	(Koo	and	Squazzo,	1994).	
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However,	 the	 nanoparticles	 were	 endocytosed	 by	 the	 bEnd.3	 cells	 at	 37	 °C	

(Figure	3.5,	C)	and	this	uptake	 increased	with	 longer	 incubation	 time	(Figure	

3.5,	 D).	 Taken	 together,	 these	 results	 demonstrate	 that	 the	 PLA-flurbiprofen	

nanoparticles	 bind	 to	 the	 endothelial	 cells	 and	 were	 endocytosed	 which	 is	

required	for	an	active	transport	across	the	BBB.	

3.1.5 The	 biological	 activity	 of	 nanoparticulate	 flurbiprofen	 is	

comparable	to	free	flurbiprofen	

	 Since	 the	 endothelial	 cells	 tolerate	 the	PLA-flurbiprofen	nanoparticles,	

and	 they	 bind	 and	 endocytose	 the	 nanoparticles,	 the	 biological	 activity	 on	 -

secretase	 modulation	 was	 verified.	 As	 already	 showed	 in	 Figure	 3.2,	

flurbiprofen	 is	 constantly	 released	 from	 the	 nanoparticles,	 and	 therefore	 the	

ability	 of	 the	 released	 flurbiprofen	 to	modulate	 the	 -secretase	 function	was	

examined	using	APP	overexpressing	cells	(7WD10)	(Koo	and	Squazzo,	1994).	

Therefore,	7WD10	were	 incubated	with	 free	 flurbiprofen	or	PLA-flurbiprofen	

nanoparticles	 (both	 ranging	 from	 50	 µM	 to	 250	 µM),	 and	 the	 supernatants	

were	collected	for	48	h	and	the	amounts	of	Aβ40	and	Aβ42	were	measured	by	an	

Aβ	 specific	 ELISA.	 Free	 flurbiprofen	 specifically	 decreased	 Aβ42	 levels	 in	 a	

concentration-dependent	manner	with	a	maximal	effect	size	of	approximately	

70%	in	good	agreement	with	previous	studies	 (Figure	3.6,	A)	 (Weggen	 et	al.,	

2001;	Eriksen	et	al.,	2003).		

The	treatment	of	the	7WD10	with	the	nanoparticulate	flurbiprofen	resulted	as	

well	 in	 reduced	 levels	 of	 the	 Aβ42	 peptides	 which	 decreased	 also	 in	 a	

concentration	dependent	manner	(Figure	3.6,	B).	This	decrease	is	comparable	

to	 free	 flurbiprofen	 although	 the	 efficiency	 of	 nanoparticulate	 flurbiprofen	 is	

slightly	 lower	 compared	 to	 free	 flurbiprofen.	Considering	 that	 flurbiprofen	 is	

released	 constantly	 from	 the	 nanoparticles,	 this	 effect	 on	 -secretase	

modulation	 was	 expected.	 Taken	 together,	 the	 nanoparticulate	 flurbiprofen	
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exhibited	 a	 biological	 activity	 to	modulate	 -secretase	 in	 vitro	 comparable	 to	

free	flurbiprofen	which	is	required	for	the	following	experiments.	

Figure	 3.6:	 Aβ	 generation	 in	 cultured	 cells	 treated	 with	 free	 or	 nanoparticulate	
flurbiprofen.	 7WD10	 cells	 were	 treated	 with	 the	 indicated	 concentrations	 of	 free	
flurbiprofen	 (A)	 or	 PLA-flurbiprofen	 nanoparticles	 (B).	 The	 supernatants	 were	 collected	
after	48	h	and	the	levels	of	A	were	measured	by	an	Aβ	specific	ELISA.	The	data	represents	
mean	 ±	 SEM	 of	 3	 independent	 experiments.	 *	 Statistically	 significant	 difference	 (p<0.05,	
two-way	ANOVA)	between	Aβ	levels	of	vehicle-treated	and	drug-treated	cells	are	indicated.	
The	 ELISA	 was	 performed	 by	 Sandra	 Baches	 (Laboratory	 of	 Prof.	 Dr.	 Sascha	 Weggen,	
Düsseldorf).	The	 levels	of	the	Aβ40	and	Aβ42	peptides	were	normalized	to	A	 total	(Aβ40	+	
Aβ42)	and	the	average	of	triplicate	measurements	for	each	concentration	was	normalized	to	
control	condition	(DMSO	or	unloaded	PLA	nanoparticles).

3.1.6 Transport	of	flurbiprofen	across	endothelial	cells	

	 The	ability	of	PLA	nanoparticles	 to	 transport	 flurbiprofen	 across	an	 in	

vitro	BBB	model	was	studied	in	a	co-culture	model	as	described	and	illustrated	

in	 2.5.9.2	 and	 Figure	 2.3	 at	 page	 27.	 In	 this	 model,	 the	 bEnd.3	 cells	 were	

cultivated	 in	 the	 luminal	 compartment	 of	 cell	 culture	 inserts	 until	 a	 post-

confluent	monolayer	had	grown.	Then,	abluminally,	7WD10	were	co-cultured	

together	 with	 the	 bEnd.3	 cells.	 The	 PLA-flurbiprofen	 nanoparticles	 were	 or	

free	 flurbiprofen	was	 added	 to	 the	 bEnd.3	 cells	 in	 the	 luminal	 compartment	

after	 the	 tightness	 of	 the	 endothelial	 cell	 monolayer	 was	 confirmed	 by	 TER	

measurement.	 As	 readout	 for	 the	 transport	 of	 the	 drug,	 the	 medium	 in	 the	

abluminal	 compartment	was	 collected	 after	 72	 h	 and	 the	 -secretase	 activity	

was	 measured	 indirectly	 by	 determining	 the	 levels	 of	 Aβ40	 and	 Aβ42.	

Additionally,	 the	 amount	 of	 flurbiprofen	 in	 the	 abluminal	 compartment	 was	
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determined	 by	 HPLC.	 The	 administration	 of	 free	 flurbiprofen	 to	 the	 bEnd.3	

cells	 showed	 no	 influence	 on	 the	 -secretase	 in	 the	 abluminal	 compartment	

since	 the	 levels	 of	 Aβ40	 and	 Aβ42	 remained	 unchanged	 (Figure	 3.7,	 A).	 It	 is	

noteworthy	 that	 only	 300	 µM	 free	 flurbiprofen	 was	 administered	 in	 this	

experimental	 setup	 due	 to	 its	 cytotoxic	 potential	 at	 higher	 concentrations	

(Figure	3.3,	A).		

Figure	3.7:	Influence	of	free	or	nanoparticulate	flurbiprofen	on	Aβ	generation	in	an	in	
vitro	 BBB	 model.	 7WD10	 cells	 were	 co-cultured	 abluminal	 with	 post-confluent	 bEnd.3	
cells	 in	 the	 luminal	 compartment.	 bEnd.3	 cells	 were	 treated	 with	 the	 indicated	
concentrations	 of	 free	 flurbiprofen	 (A)	 or	 PLA-flurbiprofen	 nanoparticles	 (B).	 The	
supernatants	were	collected	after	72	h	and	the	levels	of	Aβ	in	the	abluminal	compartments	
were	measured	by	an	Aβ	specific	ELISA.	The	data	represents	mean	±	SEM	of	3	independent	
experiments.	 *	 Statistically	 significant	 difference	 (p<0.05,	 two-way	 ANOVA)	 between	 Aβ	
levels	of	vehicle-treated	and	drug-treated	cells	are	indicated.	The	ELISA	was	performed	by	
Sandra	Baches	(Laboratory	of	Prof.	Dr.	Sascha	Weggen,	Düsseldorf).	The	levels	of	the	Aβ40
and	Aβ42	peptides	were	normalized	to	Aβ	total	(Aβ40	+	Aβ42)	and	the	average	of	triplicate	
measurements	 for	 each	 concentration	 was	 normalized	 to	 control	 condition	 (DMSO	 or	
unloaded	PLA	nanoparticles).

13.95%	of	the	initial	concentration	of	free	flurbiprofen	could	be	detected	in	the	

abluminal	 compartment	 (Table	3.2),	 and	 the	 resulting	 concentration	was	not	

sufficient	 to	 significantly	 reduce	 the	 levels	of	Aβ42.	This	 is	 in	agreement	with	

phase	 I	 dosing	 studies	 of	R-flurbiprofen	 in	 humans	 (Galasko	 et	 al.,	 2007).	 In	

these	studies,	healthy	volunteers	were	treated	for	21	days	with	up	to	800	mg	

twice	daily	of	R-flurbiprofen.	Maximal	plasma	concentrations	of	R-flurbiprofen	

up	to	185	M	were	measured,	well	in	the	range	of	the	Aβ42-lowering	activity	of	

flurbiprofen	 in	 tissue	 culture	 experiments.	 However,	 flurbiprofen	

concentrations	in	the	CSF	of	the	volunteers	were	found	to	be	more	than	100-
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fold	lower	with	an	average	CSF	to	plasma	ratio	of	0.5%.	No	significant	changes	

in	 CSF	 Aβ42	 levels	 were	 observed	 in	 R-flurbiprofen	 treated	 individuals	

compared	 to	 placebo	 controls.	 In	 the	 failed	 Phase	 III	 clinical	 study	 of	 R-

flurbiprofen,	CSF	drug	concentration	were	not	measured,	but	the	highest	dose	

administered	in	the	trial	was	identical	to	the	phase	I	study,	predicting	similarly	

low	brain	concentrations	(Green	et	al.,	2009).		

Table	3.2:	Concentration	of	flurbiprofen	in	the	abluminal	compartment	measured	by	
HPLC.	The	determination	of	flurbiprofen	in	the	abluminal	compartment	was	performed	by	
Iavor	Zlatev	(Laboratory	of	Prof.	Klaus	Langer,	Münster).

µM	luminally	administered		 µM	abluminally	measured	
by	HPLC	

%	of	administered	
concentration	

300	µM	flurbiprofen	 41.85	 13.95	

300	µM	PLA-flurbiprofen	

nanoparticles	

31.56	 10.52	

450	µM	PLA-flurbiprofen	

nanoparticles	

46.82	 10.40	

600	µM	PLA-flurbiprofen	

nanoparticles	

63.95	 10.66	

750	µM	PLA-flurbiprofen	

nanoparticles	

83.70	 11.16	

When	 the	 flurbiprofen-loaded	 nanoparticles	 were	 added	 luminally	 to	 the	

endothelial	 cells,	 the	 Aβ42	 levels	 decreased	 in	 a	 concentration	 dependent	

manner,	whereas	the	levels	of	Aβ40	remained	unchanged	(Figure	3.7,	B).	About	

10%	 of	 the	 initial	 concentration	 of	 nanoparticulate	 flurbiprofen	 could	 be	

detected	 in	 the	 abluminal	 compartment.	 Although	 the	 IC50	 for	 flurbiprofen	

induced	 -secretase	 modulation	 is	 about	 150	 to	 200	 µM,	 the	 detected	

concentrations	 in	 the	 abluminal	 compartment	 were	 sufficient	 to	 reduce	 the	

Aβ42	levels.	In	a	recent	study,	Wagner	and	colleagues	were	able	to	demonstrate	

that	drug-loaded	nanoparticles	exhibited	a	higher	biological	 activity	 than	 the	

free	drug	alone	(Wagner	et	al.,	2010b).	The	nanoparticulate	drug	had	a	lower	

IC50	value	than	the	free	drug	molecule,	which	resulted	in	a	higher	efficiency	of	

the	 nanoparticulate	 formulation.	 Moreover,	 since	 the	 nanoparticles	 may	
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gradually	sediment	in	the	culture	medium	on	the	cell	surface,	this	can	lead	to	

higher	 local	 concentrations	 of	 the	 nanoparticulate	 flurbiprofen	 compared	 to	

free	 flurbiprofen.	 For	 the	 HPLC	 measurements,	 the	 total	 capacity	 of	 the	

abluminal	 compartment	 was	 used	 and	 the	 total	 concentration	 of	 free	 or	

nanoparticulate	 flurbiprofen	 was	 measured.	 Thus,	 total	 concentration	 of	 the	

nanoparticulate	flurbiprofen	may	not	be	higher	compared	to	free	flurbiprofen,	

but	 if	 the	 sedimentation	 of	 the	 nanoparticles	 is	 taken	 into	 account,	 the	

concentrations	 of	 the	 nanoparticulate	 flurbiprofen	 can	 be	 locally	 higher	

resulting	in	significant	decreased	levels	of	Aβ42.	Taken	together,	the	embedding	

of	 flurbiprofen	 in	 nanoparticles	 enabled	 the	 administration	 of	 higher	

concentrations	 of	 flurbiprofen	 resulting	 in	 a	 sufficient	 transport	 of	 the	 drug	

across	 the	endothelial	 cell	monolayer.	 These	 data	 strongly	 indicate	 that	 even	

NSAIDs	with	 low	GSM	activity	can	efficiently	 lower	Aβ42	 levels	 if	 transported	

sufficiently	across	the	BBB.	

3.1.7 The	 protein	 corona	 of	 the	 PLA	 nanoparticles	 contains	

bioactive	proteins	

	 When	 nanoparticles	 enter	 a	 biological	 fluid,	 proteins	 rapidly	 compete	

for	binding	 to	 the	 nanoparticle	 surface	 leading	 to	 the	 formation	 of	 a	 protein	

corona	 that	 critically	 defines	 the	 biological	 identity	 of	 the	 nanoparticles.	

Further	biological	 responses	of	 the	body	as	well	as	 the	biodistribution	of	 the	

nanoparticles	 are	 expected	 to	 be	 influenced	 by	 this	 nanoparticle-protein	

complex	 (Monopoli	 et	 al.,	 2012).	 Thus,	 the	 early	 time-resolved	 corona	

formation	of	the	PLA	nanoparticles	in	human	blood	plasma	was	examined.	To	

allow	 such	 a	 snapshot	 resolution	 of	 the	 corona	 evolution,	 PLA	 nanoparticles	

were	incubated	with	human	plasma	for	5,	10,	30	or	60	minutes	and	centrifuged	

through	 a	 sucrose	 cushion,	 which	 allows	 a	 rapid	 separation	 of	 the	 unbound	

plasma	and	 the	nanoparticles-corona	 complexes,	which	 is	 basically	describes	

in	Figure	3.8.		
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Figure	3.8:	Schematic	illustration	of	
the	 experimental	 protocol	 to	
examine	 the	 blood	 plasma	 corona	
of	 PLA	 nanoparticles.	 The	 PLA	
nanoparticles	 were	 incubated	 with	
human	blood	plasma	for	different	time	
points	 (5	 min	 to	 one	 hour)	 and	
subsequently	 loaded	 onto	 a	 sucrose	
cushion	 and	 centrifuged	 through	 the	
cushion	 to	 rapidly	 separate	 the	
nanoparticle-protein	 complexes	 from	
the	blood	plasma.	The	plasma	remains	
on	 the	 top	 of	 the	 sucrose	 cushion.	
Pellets	were	washed	 three	 times	with	
PBS,	and	proteins	eluted	in	SDS	buffer	
and	 proteins	 were	 separated	 by	 gel	
electrophoreses.

The	protein	binding	profiles	demonstrated	that	already	an	exposure	for	5	min	

to	the	blood	plasma	was	sufficient	for	an	efficient	corona	formation	(Figure	3.9,	

A).	Furthermore,	the	amount	of	corona	proteins	increased	over	time,	albeit	the	

corona	 seems	 to	 have	 changed	 only	 quantitatively	 rather	 than	 qualitatively.	

Apolipoproteins	are	part	of	the	circulating	 lipoproteins	and	serve	as	receptor	

ligands	 for	 the	 lipid	and	cholesterol	uptake	and	metabolism,	and	since	 it	was	

proposed	 that	 apolipoprotein-functionalized	 nanoparticles	 were	 able	 to	

transport	drugs	across	the	BBB	(Kreuter	et	al.,	2002;	Zensi	et	al.,	2009;	Wagner

et	al.,	2010a;	Wagner	et	al.,	2012),	the	presence	of	these	bioactive	proteins	in	

the	 protein	 corona	 was	 examined	 (Figure	 3.9,	 B).	 After	 5	 min	 exposure,	

apolipoprotein	 E	 (ApoE)	 and	 apolipoprotein	 A4	 (ApoA4)	 are	 present	 in	 the	

nanoparticle-protein	 complex	 whereas	 the	 amount	 of	 ApoA4	 slightly	 had	

decreased	and	the	ApoE	concentrations	significantly	had	increased	over	time.	

Members	of	the	apolipoprotein	 family	enable	the	endocytotic	uptake	through	

lipoprotein	 receptors	 and	 it	 was	 recently	 shown	 that	 ApoE-modified	

nanoparticles	 are	 actively	 endocytosed	 by	 endothelial	 cells	 and	 that	 the	 low	
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density	 lipoprotein	 receptor-related	 protein	 1	 (LRP1)	 is	 involved	 in	 this	

process	(Wagner	et	al.,	2012).		

Figure	3.9: Formation	of	the	blood	plasma	corona	results	in	rapid	decoration	of	PLA	
nanoparticles	 with	 bioactive	 proteins.	 When	 nanoparticles	 enter	 a	 biological	 fluid,	
plasma	 proteins	 bind	 to	 the	 nanoparticle	 surface	 and	 define	 thereby	 their	 biological	
identity	 (A).	 PLA	 nanoparticles	 were	 incubated	 with	 equal	 amounts	 of	 human	 blood	
plasma	 for	different	 time	points	as	 indicated.	The	nanoparticles-protein	 complexes	were	
separated	 by	 gel	 electrophoresis	 and	 stained	 by	 Coomassie	 Blue	 (B).	 The	 lipoproteins	
ApoA4	 and	 ApoE	 are	 present	 in	 the	 protein	 corona	 of	 the	 PLA	 nanoparticles	 (C).	 This	
experiment	 was	 performed	 by	 Dominic	 Docter	 (Laboratory	 of	 Prof.	 Dr.	 Roland	 Stauber,	
Mainz).	C,	control

These	 data	 strongly	 indicate	 that	 pristine	 nanoparticles	 are	 not	 expected	 to	

persist	 in	 biological	 environments	 and	 the	 observed	 formation	 of	 the	

apolipoprotein	corona	on	the	PLA	nanoparticles	proposes	a	potential	transport	

route	of	the	nanoparticles	through	a	lipoprotein	receptor	transcytosis	pathway	

(Pflanzner	 et	 al.,	 2011;	 Wagner	 et	 al.,	 2012).	 Thus,	 the	 transport	 of	 the	

nanoparticulate	flurbiprofen	may	be	facilitated	by	the	surface-bound	proteins	

mimicking	 endogenous	 lipoproteins	 via	 endocytosis	 by	 transporters	 such	 as	

LRP1.	
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3.2 Project	II:	Impaired	integrity	of	the	BSCB	in	a	mouse	model	for	ALS	

	 ALS	 is	 a	 neurodegenerative	 disease	 hallmarked	 by	 progressive	motor	

neuron	 degeneration	 in	 brain	 and	 spinal	 cord	 leading	 to	 muscle	 atrophy,	

paralysis	and	death	typically	within	3	to	5	years	from	diagnosis	(Haverkamp	et	

al.,	 1995;	 Rowland	 and	 Shneider,	 2001).	 Only	 5-10%	 of	 patients	 have	 a	

genetically	 inherited	 form	 known	 as	 familial	 ALS	 (FALS)	 and	 about	 20%	 of	

FALS	 cases	 are	 associated	with	missense	mutations	or	 small	 deletions	 in	 the	

gene	that	encodes	Cu/Zn-superoxide	dismutase	1	(SOD1)	(Rosen	et	al.,	1993).	

Transgenic	mice	carrying	mutated	human	SOD1	genes	have	been	generated	to	

elucidate	 SOD1	 mediated	 motor	 neuron	 degeneration	 (Gurney	 et	 al.,	 1994;	

Wong	et	al.,	1995;	Bruijn	et	al.,	1997;	Jonsson	et	al.,	2004).	To	date,	numerous	

hypotheses	 for	 ALS	 pathology	 exist	 including	 glutamate	 toxicity,	 oxidative	

stress,	 mitochondrial	 dysfunction,	 autoimmune	 mechanisms,	 protein	

aggregation,	SOD1	accumulation,	neuroinflammation,	and	neuronal	death,	but	

the	 latest	hypothesis	 from	Garbuzova-Davis	and	colleagues	(2011)	postulates	

that	 ALS	 is	 a	 neurovascular	 disease	 (Wong	 et	 al.,	 1998;	 Cleveland,	 1999;	

Garbuzova-Davis	 et	 al.,	 2011;	 Philips	 and	 Robberecht,	 2011).	 A	 recent	 study	

demonstrated	that	the	BSCB	of	several	transgenic	mice	(hSOD1G37R,	hSOD1G85R,	

hSOD1G93A)	is	disrupted	by	reduced	levels	of	the	TJ	proteins	ZO-1,	occludin	and	

claudin-5	 between	 the	 endothelial	 cells,	 and	 that	 this	 disruption	 already	

occurred	 at	 a	 presymptomatic	 stage	 of	 the	 disease	 (Zhong	 et	 al.,	 2008).	

Therefore,	hSOD1	overexpressing	endothelial	cells	were	generated	to	analyze	

the	 biochemical	 processes	 and	 involved	 pathways	 that	 may	 lead	 to	 the	

impaired	 BSCB	 integrity	 of	 the	 ALS-causing	 SOD1	 variants.	 To	 declare	 the	

suitability	of	this	in	vitro	model,	the	integrity	characteristics	and	the	TJ	protein	

expression	were	compared	to	isolated	pMSCECs.		
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3.2.1 Expression	 of	 hSOD1G93A	 lead	 to	 an	 impaired	 integrity	 in	

endothelial	cells	

	 To	 elucidate	 the	 molecular	 mechanisms	 underlying	 the	 BSCB	

breakdown	in	FALS,	the	transgenic	SOD1	variant	G93A	was	stably	transfected	

in	the	 immortalized	murine	endothelial	cell	 line	bEnd.3	(Figure	3.10).	bEnd.3	

cells	 were	 also	 stably	 transfected	 with	 wild-type	 hSOD1,	 which	 served	 as	

control	in	the	experiments.		

Figure	3.10:	Expression	of	hSOD1WT	and	hSOD1G93A	in	bEnd.3	cells.	bEnd.3	cells	were	
stably	 transfected	 via	 retroviral	 transfection.	 The	 expression	 of	 hSOD1	was	 analyzed	 by	
SDS-PAGE	and	western	blot.	The	human	SOD1	variants	were	fused	to	a	C-terminal	myc-tag.	
Blots	were	either	incubated	with	mouse	monoclonal	9E10	antibody	recognizing	the	myc-
tag	 (A)	or	 rabbit	 polyclonal	 SOD1	antibody	 (B),	which	 detects	mouse	 and	human	 SOD1.	
hSOD1:	human	SOD1,	mSOD1:	mouse	SOD1.		

First,	the	integrity	of	bEnd.3	cells	was	examined.	Therefore,	cells	were	seeded	

on	 cell	 culture	 inserts	 which	 were	 placed	 into	 the	 cellZscope®	 device	

(described	in	section	2.5.6,	Figure	2.1).	The	TER	of	hSOD1G93A	bEnd.3	cells	was	

decreased	by	approx.	20%	compared	to	the	hSOD1WT	cells	(Figure	3.11,	A).	The	

CCl	of	both	cells	was	comparable	(Figure	3.11,	B),	which	demonstrates	that	the	

cells	 built	 a	 confluent	 monolayer	 and	 that	 the	 decreased	 TER	 is	 due	 to	 the	

impaired	 tightness	 of	 the	 cells	 and	not	 to	a	difference	 in	 the	 confluence.	 The	

TER	 of	 both	 hSOD1G93A	 and	 hSOD1WT	 cells	 increased	 over	 time	 because	 the	

expression	of	TJ	proteins	is	 increasingly	induced	when	cells	build	a	confluent	

monolayer	(Koto	et	al.,	2007).		
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Figure	3.11:	Impaired	integrity	of	hSOD1G93A	endothelial	cells.	(A-C)	Stable	hSOD1WT
and	hSOD1G93A	bEnd.3	cells	were	cultivated	on	cell	culture	insert	in	the	cellZscope®	device.	
(A)	 Representative	 TER	 measurement	 of	 stable	 bEnd.3	 cells.	 (B)	 Representative	 CCl
measurement	of	stable	bEnd.3	cells.	(C)	Apparent	permeability	of	[14C]-inulin	of	hSOD1G93A
bEnd.3	cells	compared	to	hSOD1WT	overexpressing	cells.	The	data	represent	mean	±	SEM	
with	n≥20	of	3	independent	experiments.	*	Statistical	significance	(p<0.05,	t-test)	between	
hSOD1G93A	 and	 hSOD1WT	 overexpressing	 cells	 is	 indicated.	 (D-F)	 pMSCECs	were	 isolated	
from	6-	to	7-month	old	hSOD1G93A	mice	and	their	littermates.	Cells	were	cultivated	on	cell	
culture	 insert	 in	 the	 cellZscope®	 device,	 which	measured	 online	 the	 TER	 and	 CCl	 of	 the	
cells.	(D)	Representative	TER	and	CCl	measurement	(E)	of	cultured	pMSCECs.	(F)	Apparent	
permeability	of	[14C]-inulin	of	hSOD1G93A	pMSCECs	compared	to	their	littermates.	The	data	
represent	mean	±	 SEM	with	n≥9	of	 3	 independent	 experiments.	 *	 Statistical	 significance	
(p<0.05,	t-test)	between	pMSCECs	from	hSOD1G93A	mice	and	their	littermates	is	indicated.	
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The	 hSOD1G93A	 cells	 exhibited	 a	 higher	 permeability	 of	 [14C]-inulin	 (Figure	

3.11,	 C)	which	was	 approx.	 40%	 higher	 compared	 to	 the	 hSOD1WT	 cells	 and	

demonstrated	 their	 impaired	 integrity.	 To	 state	 the	 suitability	of	 this	 in	 vitro

model,	the	integrity	of	primary	mouse	spinal	cord	endothelial	cells	(pMSCECs)	

of	 hSOD1G93A	 mice	 was	 studied	 as	 well.	 The	 pMSCECs	 were	 isolated	 from	

presymptomatic	 mice	 and	 their	 respective	 littermates	 and	 seeded	 on	 cell	

culture	 inserts	 which	 were	 placed	 into	 the	 cellZscope®	 device.	 The	 TER	 of	

hSOD1G93A	 pMSCECs	 was	 decreased	 by	 approx.	 50%	 compared	 to	 their	

respective	 littermates	 (Figure	 3.11,	D),	 even	when	both	pMSCECs	 cell	 built	 a	

confluent	 monolayer	 (Figure	 3.11,	 E).	 Furthermore,	 hSOD1G93A	 pMSCECs	

exhibited	 a	 higher	 permeability	 of	 [14C]-inulin	 compared	 to	 the	 littermates	

pMSCECs,	which	was	increased	by	approx.	40%	(Figure	3.11,	C).	Although	the	

decrease	of	the	TER	values	of	the	immortalized	hSOD1G93A	is	not	that	striking	

than	in	the	primary	cells,	the	Papp	characteristics	of	these	cells	are	comparable	

to	 the	pMSCECs.	 In	 the	hSOD1G93A	mice,	 the	transgene	 is	expressed	approx.	8	

times	 higher	 than	 the	 endogenous	mouse	 SOD1	 (Gurney,	 1997;	Alexander	 et	

al.,	 2004).	 In	 the	 bEnd.3	 cells,	 the	 protein	 levels	 of	 hSOD1G93A	 are	 approx.	 5	

times	 lower	 than	 the	mSOD1	 (Figure	 3.10),	 and	 importantly,	 decreased	 TER	

and	 increased	 Papp	 values	 were	 observed	 in	 these	 cells,	 even	 though	 the	

hSOD1G93A	 levels	 are	 lower	 than	 the	 hSOD1WT	 in	 the	 bend.3	 cells.	 This	

demonstrates	that	even	low	levels	of	the	transgenic	hSOD1	lead	to	a	disruption	

of	the	endothelial	integrity.	

In	 addition,	 the	 expression	 of	 TJ	 proteins	 in	 the	 immortalized	 and	 primary	

hSOD1G93A	 endothelial	was	 examined.	 Therefore,	 pMSCECs	 of	 hSOD1G93A	 and	

hSOD1WT	mice	were	isolated	at	a	presymptomatic	stage	of	the	disease,	and	the	

expression	 of	 the	TJ	 protein	 claudin-5	was	 examined	 in	 the	bEnd.3	 cells	 and	

pMSCECs	by	immunofluorescence	(Figure	3.12).		
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Figure	3.12: Decreased	levels	of	claudin-5	in	hSOD1G93A	overexpressing	endothelial	
cells.	 pMSCECs	 of	 presymptomatic	 hSOD1WT	 and	 hSOD1G93A	 mice,	 and	 post-confluent	
bEnd.3	 cells	 overexpressing	 hSOD1WT	 or	 hSOD1G93A	 were	 fixed	with	 4%	 (w/v)	 PFA	 and	
immunostained	 for	 claudin-5,	 followed	 by	 incubation	 with	 AlexaFluor	 546	 secondary	
antibody.	Cell	nuclei	were	stained	with	DRAQ5TM.	Scale	bar	is	5	µm.

The	 levels	 of	 claudin-5	 are	 decreased	 in	 hSOD1G93A	 pMSCECs	 which	 is	 in	

consistence	with	previous	data	from	Zhong	and	colleagues.	They	showed	that	

the	 expression	 of	 claudin-5	 and	 occludin	 is	 downregulated	 in	 isolated	 BSCB	

capillaries	 of	 presymptomatic	 animals	 (Zhong	 et	 al.,	 2008).	 Similarly	 to	 the	

pMSCECs,	 the	 levels	of	 claudin-5	are	decreased	 in	the	hSOD1G93A	bEnd.3	cells	

compared	 to	 the	 hSOD1WT	 cells.	 This	 is	 in	 consistence	 with	 the	 observed	

impaired	integrity	of	these	cells	and	the	studies	of	Zhong	and	colleagues,	who	

postulated	that	the	impaired	integrity	is	due	to	the	reduced	expression	of	the	

TJ	proteins	(Zhong	et	al.,	2008).	Taken	together,	the	generated	hSOD1G93A	cell	

line	 exhibited	 comparable	 integrity	 characteristics	 and	 TJ	 expression	 as	 the	

isolated	 pMSCECs	 from	 presymptomatic	 animals	 demonstrating	 that	 this	 in	

vitro	model	is	suitable	for	further	biochemical	studies.		
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3.2.2 The	 expression	 of	 TJ	 proteins	 is	 decreased	 in	 hSOD1G93A

endothelial	cells	

	 The	TJs	are	the	most	apical	part	of	the	junctional	complex	on	endothelial	

cells	which	 form	 a	 continuous	 barrier	within	 the	 intercellular	 space	 and	 the	

plasma	membrane.	The	expression	of	TJ	proteins	is	crucial	for	the	tightness	of	

the	 endothelial	 cells	 (Nitta	 et	 al.,	 2003).	 In	 both	 hSOD1G93A	 pMSCECs	 and	

bEnd.3,	reduced	levels	of	claudin-5	were	observed	compared	to	the	respective	

controls	 (see	 section	 3.2.1).	 Previous	 data	 demonstrated	 that	 the	 levels	 of	

claudin-5	 and	 occludin	 are	 downregulated	 in	 isolated	 capillaries	 from	

presymptomatic	animals	(Zhong	et	al.,	2008),	but	the	authors	examined	the	TJ	

expression	 in	 whole	 lysates	 of	 the	 capillaries	 and	 not	 the	 decisive	 surface	

expression.	Thus,	 the	expression	of	claudin-5	and	occludin	were	examined	at	

the	 cell	 surface	 of	 post-confluent	 hSOD1G93A	 bEnd.3	 cells.	 Therefore,	 the	

proteins	at	the	cell	surface	were	covalently	labeled	with	biotin	and	isolated	by	

a	pull	down	assay	using	NeutrAvidin	 coated	agarose	beads	and	subsequently	

analyzed	by	SDS-PAGE	and	western	blot.	The	expression	of	hSOD1G93A	led	to	a	

decreased	 expression	of	 claudin-5	 in	 the	whole	 lysate	 and	 at	 the	 cell	 surface	

(Figure	3.13,	A):	compared	to	the	hSOD1WT	cells,	the	expression	in	the	lysate	is	

reduced	by	approx.	35%	(Figure	3.13,	B)	and	by	approx.	32%	at	the	cell	surface	

(Figure	 3.13,	 C).	 Since	 the	 expression	 of	 claudin-5	 is	 generally	 reduced	 in	

hSOD1G93A	 cells	 and	 not	 only	 at	 the	 cell	 surface,	 hSOD1G93A	 may	 affect	 the	

expression	of	claudin-5.		
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Figure	3.13:	Decreased	expression	and	surface	levels	of	the	TJ	proteins	claudin-5	in	
hSOD1G93A	overexpressing	cells.	(A)	Surface	proteins	of	post-confluent	bEnd.3	cells	stably	
overexpressing	 hSOD1WT	 or	 hSOD1G93A	 were	 biotinylated	 using	 sulfo-NHS-biotin.	
Biotinylated	 samples	were	 precipitated	with	NeutrAvidin	 agarose	beads	 and	 analyzed	by	
SDS-PAGE	and	western	blot	(PD:	NeutrAvidin;	right	panel).	As	input	controls,	20	µg	of	cell	
lysates	were	used	(input;	left	panel).	All	samples	were	analyzed	on	the	same	western	blot	
but	 in	 a	 different	 order	 and	 rearranged	 for	 better	 understanding.	 Polyclonal	 -Actin	
antibody	served	as	loading	control	to	verify	the	absence	of	endomembrane	contaminants	in	
the	 biotinylation.	 (B-C)	 Claudin-5	 levels	 in	 the	 lysate	 (B)	 or	 at	 the	 cell	 surface	 (C)	were	
quantified	by	densitometric	analysis	of	western	blots.	Intensities	of	hSOD1WT	cells	were	set	
as	 100%.	 The	 data	 represents	mean	 ±	 SEM	 of	 6	 independent	 experiments.	 *	 Statistically	
significant	 difference	 (p<0.05,	 t-test)	 between	 claudin-5	 levels	 of	 stable	 hSOD1WT	 and	
hSOD1G93A	cells	are	indicated.

The	levels	of	occludin	are	also	decreased	in	the	hSOD1G93A	bEnd.3	compared	to	

hSOD1WT	 bEnd.3	 (Figure	 3.14,	 A).	 The	 levels	 in	 the	 lysate	 are	 reduced	 by	

approx.	18%	(Figure	3.14,	B)	and	by	approx.	21%	(Figure	3.14,	B)	at	 the	cell	

surface.	Previous	studies	have	shown	that	reduced	levels	of	occludin	result	in	

decreased	TER	values	and	higher	permeability	of	fluorescently	labeled	glucane	

(Jiang	 et	 al.,	 1999;	 Ye	 et	 al.,	 2003).	 Furthermore,	 it	 was	 shown	 that	 the	

localization	of	claudin-5	at	the	cell	surface	correlated	with	the	development	of	

the	TER	and	that	the	integrity	of	endothelial	cells	can	be	disturbed	by	silencing	

the	 translation	 of	 claudin-5	 (Koto	 et	 al.,	 2007).	 Taken	 together,	 these	 data	

strongly	indicate	that	the	expression	of	hSOD1G93A	leads	to	reduced	cell	surface	

levels	 of	 claudin-5	 and	 occludin	 which	 subsequently	 results	 in	 an	 impaired	

integrity	of	the	hSOD1G93A	endothelial	cells.		
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Figure	3.14:	Decreased	expression	and	 surface	 levels	of	 the	TJ	proteins	occludin	 in	
hSOD1G93A	overexpressing	cells.	(A)	Surface	proteins	of	post-confluent	bEnd.3	cells	stably	
overexpressing	 hSOD1WT	 or	 hSOD1G93A	 were	 biotinylated	 using	 sulfo-NHS-biotin.	
Biotinylated	 samples	were	 precipitated	with	NeutrAvidin	 agarose	beads	 and	 analyzed	by	
SDS-PAGE	and	western	blot	(PD:	NeutrAvidin;	right	panel).	As	input	controls,	20	µg	of	cell	
lysates	were	used	(input;	left	panel).	All	samples	were	analyzed	on	the	same	western	blot	
but	 in	 a	 different	 order	 and	 rearranged	 for	 better	 understanding.	 Polyclonal	 -Actin	
antibody	served	as	loading	control	to	verify	the	absence	of	endomembrane	contaminants	in	
the	 biotinylation.	 (B-C)	 Occludin	 levels	 in	 the	 lysate	 (B)	 or	 at	 the	 cell	 surface	 (C)	 were	
quantified	by	densitometric	analysis	of	western	blots.	Intensities	of	hSOD1WT	cells	were	set	
as	100%.	The	data	represents	mean	±	SEM	of	4	independent	experiments.

3.2.3 The	βcat/AKT/FoxO1	pathway	is	altered	in	hSOD1G93A	cells	

	 Since	 the	 previous	 data	 strongly	 indicate	 that	 the	 expression	 of	 TJ	

proteins	 is	 affected	 in	hSOD1G93A	 cells,	 the	pathways	 that	 are	 involved	 in	 the	

claudin-5	 expression	 were	 examined.	 Recently,	 it	 was	 shown	 that	 the	

βcat/AKT/forkhead	box	protein	O1	 (FoxO1)	pathway	 regulates	 the	 claudin-5	

expression	(Taddei	et	al.,	2008;	Gavard	and	Gutkind,	2008;	Beard	et	al.,	2011).	

Taddei	and	colleagues	observed	that	VE-cadherin-mediated	adhesion	triggers	

a	 sustained	 activation	 of	 the	 phosphatidylinositol-3-kinase	 (PI3K)	 and	 AKT	

pathway.	The	phosphorylation	of	AKT	 leads	to	the	phosphorylation	of	FoxO1,	

which	prevents	the	nuclear	accumulation	of	FoxO1	and	leads	consequently	to	

the	expression	of	claudin-5	(Figure	3.15,	A).	 In	the	absence	of	VE-cadherin	or	

prolonged	 exposure	 to	 pro-permeability	 factors	 that	 disrupt	 adherens	

junctions	 and	 trigger	 the	 local	 formation	 of	 reactive	 oxygen	 species	 (ROS),	
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unphosphorylated	 FoxO1	 constitutively	 accumulates	 in	 the	 nucleus,	 forms	 a	

complex	with	βcat	 and	T-cell	 factor	 (TCF),	 and	 the	FoxO1/βcat/TCF	binds	 to	

the	promoter	of	the	claudin-5	gene	and	represses	its	transcription	(Figure	3.15,	

B).		

Figure	 3.15:	 The	 expression	 of	 claudin-5	 is	 regulated	 by	 the	 βcat/AKT/FoxO1	
pathway.	 (A)	 The	 crosstalk	 of	 adherens	 and	 tight	 junctions	 (TJ)	 regulates	 the	 barrier	
function	 in	 endothelial	 cells.	 The	 adhesion	 of	 VE-cadherin	 leads	 downstream	 to	 an	
activation	 of	 the	 PI3K	 and	 AKT	 pathway.	 Phosphorylation	 of	 FoxO1	 through	 AKT	
activation	 (pAKT)	 prevents	 the	 nuclear	 accumulation	 of	 βcat	 and	 FoxO1	 and	 leads	
consequently	 to	 the	 expression	 of	 claudin-5.	 (B)	 The	 local	 formation	 of	 ROS	 causes	 an	
accumulation	of	βcat	and	FoxO1	in	the	nucleus,	which	leads	to	a	complex	formation	of	βcat	
and	 FoxO1	with	 TCF,	 and	 this	 complex	 binds	 to	 the	 claudin-5	 promoter	 and	 inhibits	 its	
transcription.	 This	 results	 in	 the	 loss	 of	 claudin-5	 in	 TJs,	 in	 the	 disruption	 of	 the	
endothelial	barrier	function	and	in	enhanced	permeability	(βcat:	β-catenin,	JAM:	Junctional	
adhesion	molecule,	PI3K:	phosphatidylinositl-3-kinase,	ROS:	reactive	oxygen	species,	TCF:	
T-cell	factor;	adapted	from	Gavard	and	Gutkind,	2008	and	Taddei	et	al.,	2008).	
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Thus,	 some	 proteins	 of	 this	 pathway	 were	 analyzed	 in	 the	 hSOD1G93A	 cells.	

Therefore,	the	phosphorylation	states	of	βcat,	AKT	and	FoxO1	were	examined	

by	SDS-PAGE	and	western	blot	(Figure	3.16).	A	recent	study	demonstrated	that	

the	 translocation	 of	 βcat	 to	 the	 nucleus	 and	 its	 attachment	 to	 the	 claudin-5

promoter	 results	 in	 reduced	 levels	 of	 claudin-5	 (Beard	 et	 al.,	 2011).	 The	

nuclear	 translocation	 is	 induced	 by	 the	 phosphorylation	 of	 βcat	 at	 Ser675	

(Taurin	 et	 al.,	 2006;	Hino	 et	 al.,	 2005).	 In	 the	nucleus,	βcat	 can	 interact	with	

members	 of	 TCF	 transcription	 factors	 and	 subsequently	 regulate	 the	

expression	of	downstream	target	genes.	Here,	increased	levels	of	pβcat	 in	the	

hSOD1G93A	 cells	were	observed	 compared	 to	 the	wild-type	 (Figure	 3.16,	A-B)	

indicating	an	increased	transcriptional	activity.	Since	the	nuclear	accumulation	

of	βcat	was	shown	to	regulate	the	claudin-5	expression,	and	as	well	decreased	

levels	 of	 claudin-5	 and	 increased	 levels	 of	 pβcat,	 these	 results	 strongly	

indicates	 that	 the	 impaired	 integrity	 of	 hSOD1G93A	 is	 a	 result	 of	 an	 altered	

pathway	responsible	for	TJ	protein	expression.	In	addition,	 it	was	shown	that	

the	nuclear	levels	of	βcat	are	increased	in	ALS	spinal	cords	of	hSOD1G93A	mice	

(Chen	et	al.,	2012).	In	contrary	to	the	study	performed	by	Chen	and	colleagues,	

endothelial	cells	were	used	in	this	study,	and	it	was	previously	shown	that	the	

expression	of	claudin-5	 is	affected	in	bEnd.3	cells	by	the	βcat/FoxO1	pathway	

(Beard	 et	 al.,	 2011).	 Since	 pAKT	 is	 involved	 in	 this	 pathway	 as	 well,	 the	

phosphorylation	 state	 of	 AKT	 was	 examined	 in	 hSOD1G93A	 cells.	 Decreased	

levels	of	pAKT	compared	to	the	wild-type	could	be	detected	in	hSOD1G93A	cells	

(Figure	3.16,	C-D).	The	role	of	AKT	in	ALS	has	been	studied	in	various	systems,	

but	 the	 results	 are	 contradictory	 (Lunn	 et	 al.,	 2009).	 For	 instance,	 decreased	

levels	of	phosphorylated	AKT	were	observed	in	motor	neurons	of	both	familial	

and	 sporadic	 ALS	 patients	 and	 in	 hSOD1G93A	 mice	 prior	 to	 symptom	 onset	

(Dewil	et	al.,	2007),	as	well	as	 in	atrophic	muscles	of	symptomatic	hSOD1G93A

mice	 (Dobrowolny	 et	 al.,	 2011).	 No	 changes	 on	 phosphorylated	 AKT	 were	

examined	in	an	alternate	study	of	hSOD1G93A	mouse	spinal	cords	(Peviani	et	al.,	

2007).	AKT	plays	a	crucial	role	in	several	cellular	processes	including	survival,	

apoptosis,	 cell	 cycle	 progression,	 and	 cell	 growth	 and	 furthermore	 regulates	



Results	&	Discussion

67	

glycogen	metabolism	 and	 the	 expression	 of	 TJ	 proteins	 (Franke	 et	 al.,	 1997;	

Burgering	 and	 Coffer,	 1995;	 Franke	 et	 al.,	 1995;	 Testa	 and	 Bellacosa,	 2001;	

Fresno	Vara	et	al.,	2004;	Taddei	et	al.,	2008).		

Figure	 3.16:	 Decreased	 levels	 of	 p[S675]βcat,	 p[S473]AKT	 and	 p[S256]FoxO1	 in	
stable	 hSOD1G93A	 bEnd.3	 cells.	 The	 phosphorylation	 states	 of	 p[S675]βcat	 (A-B),	
p[S473]AKT	(C-D)	and	p[S256]FoxO1	(E-F)	were	analyzed	in	post-confluent	hSOD1WT	and	
hSOD1G93A	bEnd.3	cells	by	SDS-PAGE	and	western	blot	(A,	C,	E).	Levels	of	phosphorylated	
and	 total	 proteins	were	 quantified	 by	 densitometric	 analysis	 of	western	 blots	 (B,	D,	F).	
Intensities	 were	 quantified	 by	 densitometric	 analysis	 of	 western	 blots.	 Intensities	 were	
normalized	 to	β-tubulin	 and	 the	 ratio	 of	 phosphorylated	 to	 total	 protein	was	 calculated.	
Ratios	of	hSOD1WT	cells	were	set	as	100%.	The	data	represents	mean	±	SEM	of	at	least	5	
independent	 experiments.	 *	 Statistically	 significant	 difference	 (p<0.05,	 t-test)	 between	
ratios	of	stable	hSOD1WT	and	hSOD1G93A	cells	are	indicated.

It	 is	 complicated	 to	 generalize	 the	 function	 of	 AKT	 in	 such	 a	 multifactorial	

disease	 like	 ALS.	 However,	 the	 phosphorylation	 state	 of	 AKT	 in	 endothelial	

cells	was	examined,	and	according	to	previous	studies	in	endothelial	cells	it	has	
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been	 shown	 that	 an	 inactivation	 of	 AKT	 leads	 to	 a	 decrease	 of	 TJ	 protein	

expression	(Taddei	et	al.,	2008).	Since	FoxO1	is	one	of	the	downstream	targets	

of	AKT,	 and	FoxO1	 regulates	 the	expression	of	claudin-5,	 its	phosphorylation	

state	 was	 examined	 in	 hSOD1G93A	 cells	 as	 well.	 Unphosphorylated	 FoxO1	 is	

translocated	 to	 the	nucleus	 to	 repress	 the	expression	of	 its	 target	genes,	 and	

the	 phosphorylation	 of	 FoxO1	 prevents	 its	 transfer	 to	 the	 nucleus.	 Indeed,	

decreased	levels	of	pFoxO1	in	hSOD1G93A	cells	compared	to	the	hSOD1WT	cells	

could	be	detected	(Figure	3.16,	E-F).	AKT	was	shown	to	directly	phosphorylate	

FoxO1	 (Rena	 et	 al.,	 1999),	 and	 reduced	 levels	 of	 pAKT	 imply	 its	 decreased	

activity	 which	 results	 in	 an	 reduced	 phosphorylation	 of	 its	 target	 proteins	

including	 FoxO1,	 and	 this	 eventually	 leads	 to	 an	 cytosolic	 accumulation	 of	

FoxO1	and	a	repression	of	the	claudin-5	expression	(Taddei	et	al.,	2008).	Taken	

together,	these	data	strongly	indicate	that	the	protein	expression	of	claudin-5	

in	hSOD1G93A	cells	is	altered	via	the	βcat/AKT/FoxO1	pathway	by	repression	of	

the	 claudin-5	 promoter.	 Although	 these	 data	 and	 additional	 observations	 by	

other	groups	strongly	indicate	that	this	alteration	is	a	result	of	the	hSOD1G93A

expression,	 it	 remains	to	be	determined	how	exactly	 this	pathway	 is	affected	

by	hSOD1G93A	and	 if	 this	effect	 is	exclusively	altered	 in	hSOD1G93A	endothelial	

cells	or	an	overall	affect	which	could	be	detected	in	several	ALS-causing	SOD1	

mutant	cells.		
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3.2.4 Endothelial	 cells	 expressing	 ALS-causing	 SOD1	 variants	

G37R	and	G85R	exhibit	similar	characteristics	like	the	G93A	variant	

	 Since	 Zhong	 and	 colleagues	 observed	 that	 the	 BSCB	 is	 disrupted	 in	

hSOD1G37R	and	hSOD1G85R	 transgenic	mice	as	well	 (Zhong	et	al.,	2008),	 it	was	

investigated	 if	 the	 integrity,	 the	 expression	 of	 TJ	 proteins,	 and	 the	

βcat/AKT/FoxO1	pathway	is	altered	in	a	comparable	manner	in	hSOD1G37R	and	

hSOD1G85R	 endothelial	 cells.	 Therefore,	 bEnd.3	 cells	 stably	 overexpressing	

hSOD1G37R	or	hSOD1G85R	were	generated.	First,	the	integrity	of	these	cells	was	

compared	to	bEnd.3	expressing	hSOD1WT	(Figure	3.17).	

Figure	3.17:	 Impaired	integrity	 in	hSOD1G37R	and	hSOD1G85R	endothelial	cells.	 (A-D)	
Stable	 hSOD1WT,	 hSOD1G37R	 and	 hSOD1G85R	 bEnd.3	 cells	 were	 cultivated	 on	 cell	 culture	
insert	in	the	cellZscope®	device.	(A)	Representative	TER	measurement	of	stable	hSOD1G37R
bEnd.3	 cells	 and	 the	 respective	 control.	 (B)	 Apparent	 permeability	 of	 [14C]-inulin	 of	
hSOD1G37R	 bEnd.3	 cells	 compared	 to	 hSOD1WT	 overexpressing	 cells.	 The	 data	 represent	
mean	 ±	 SEM	 with	 n≥20	 of	 3	 independent	 experiments.	 (C)	 Representative	 TER	
measurement	 of	 stable	 hSOD1G85R	 bEnd.3	 cells	 and	 the	 respective	 control.	 (D)	 Apparent	
permeability	 of	 [14C]-inulin	 of	 hSOD1G85R	 bEnd.3	 cells	 compared	 to	 hSOD1WT
overexpressing	 cells.	 The	 data	 represent	 mean	 ±	 SEM	 with	 n≥20	 of	 3	 independent	
experiments.		



Results	&	Discussion

70	

The	expression	of	hSOD1G37R,	as	well	as	of	hSOD1G85R,	leads	to	decreased	TER	

values	 compared	 to	 control	 hSOD1WT	 bEnd.3	 cells	 (Figure	 3.17,	 A	 and	 C).	

However,	mutant	SOD1	bEnd.3	cells	exhibited	no	difference	of	the	Papp	to	[14C]-

inulin	compared	to	 the	control	cells	 (Figure	3.17,	B	and	D).	 In	 the	hSOD1G93A

cells,	 a	 nonlinear	 correlation	 between	 the	 TER	 and	 the	 Papp	 was	 observed	

However,	a	decreased	TER	does	not	necessarily	indicate	increased	paracellular	

permeability	 of	 the	 cells,	 because	 changes	 in	 the	 activity	 of	 ion	 channels	 or	

pumps	 in	 the	plasma	membrane	may	also	decrease	 the	TER	 (Madara,	1988).	

Otherwise,	this	could	be	a	gene	doses	effect,	since	the	levels	of	hSOD1G37R	and	

hSOD1G85R	are	not	equal	to	the	levels	of	hSOD1WT	(Figure	3.18).	However,	even	

small	 levels	 of	 ALS-causing	 SOD1	 variants	 lead	 to	 a	 decreased	 TER	 value	 in	

these	cells.	

Figure	 3.18:	 Expression	of	 hSOD1WT,	 hSOD1G37R	 and	 hSOD1G85R	 in	 bEnd.3	 cells.	 bEnd.3	
cells	 were	 stably	 transfected	 via	 retroviral	 transfection.	 The	 expression	 of	 hSOD1	 was	
analyzed	 by	 SDS-PAGE	 and	 western	 blot.	 The	 human	 SOD1	 variants	 were	 fused	 to	 a	 C-
terminal	 myc-tag.	 Blots	 were	 either	 incubated	 with	 mouse	 monoclonal	 9E10	 antibody	
recognizing	the	myc-tag	(A)	or	rabbit	polyclonal	SOD1	antibody	(B),	which	detects	mouse	and	
human	SOD1.	hSOD1:	human	SOD1,	mSOD1:	mouse	SOD1.

The	 levels	 of	 claudin-5	 and	 occludin	 were	 analyzed	 in	 hSOD1G37R	 and	

hSOD1G85R	 bEnd.3	 cells	 as	 well.	 By	 immunofluorescence,	 decreased	 levels	 of	

claudin-5	 were	 observed	 in	 the	 transgenic	 hSOD1	 variants	 compared	 to	 the	

wild-type	(Figure	3.19).	
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Figure	 3.19:	 Decreased	 levels	 of	 claudin-5	 in	 hSOD1G37R	 and	 hSOD1G85R
overexpressing	cells.	hSOD1WT,	hSOD1G37R,	hSOD1G85R	were	fixed	with	4%	(w/v)	PFA	and	
immunostained	for	the	TJ	protein	claudin-5,	 followed	by	incubation	with	AlexaFlour	546	
secondary	antibody.	Cell	nuclei	were	stained	with	DRAQ5TM.	Scale	bar	is	10	µm.

These	 observations	 indicate	 that	 the	 expression	 of	mutant	 SOD1	 leads	 to	 an	

overall	reduction	of	claudin-5	expression	in	affected	endothelial	cells.	This	is	in	

consistence	with	previous	data	from	Zhong	and	colleagues,	demonstrating	that	

the	BSCB	of	hSOD1G37R,	hSOD1G85R	and	hSOD1G93A	transgenic	mice	is	disrupted	

by	decreased	levels	of	TJ	proteins	(Zhong	et	al.,	2008).	Furthermore,	 levels	of	

claudin-5	and	occludin	at	the	cell	surface	were	examined	the	in	post-confluent	

hSOD1G37R	and	hSOD1G85R	bEnd.3	cells	(Figure	3.20).	Analogously	to	hSOD1G93A

cells,	 the	 expression	 of	 hSOD1G37R	 and	 hSOD1G85R	 led	 to	 decreased	 levels	 of	

claudin-5	in	the	whole	lysate	and	at	the	cell	surface	(Figure	3.20,	A).	Compared	

to	the	hSOD1WT	cells,	claudin-5	levels	are	reduced	by	approx.	43%	and	approx.	

45%	 in	 the	 lysate	 of	 hSOD1G37R	 and	 hSOD1G85R	 cells	 (Figure	 3.20,	 B)	 and	 by	

approx.	18%	and	approx.	20%	at	the	cell	surface	(Figure	3.20,	C).	The	levels	of	

occludin	are	also	decreased	in	hSOD1G37R	and	hSOD1G85R	cells	compared	to	the	

wild-type	(Figure	3.20,	A):	the	levels	in	the	lysate	are	reduced	by	approx.	21%	

and	39%	(hSOD1G37R	and	hSOD1G85R	(Figure	3.20,	D)	and	by	approx.	25%	and	

40%	at	the	cell	surface	(Figure	3.20,	E).	Thus,	these	data	further	indicate	that	

the	 expression	 of	 ALS-causing	 hSOD1	 variants	 leads	 to	 reduced	 cell	 surface	

levels	 of	 TJ	 proteins	which	 results	 in	 an	 impaired	 integrity	 of	 the	 respective	

endothelial	cells.	
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Figure	 3.20:	 Decreased	 expression	 and	 surface	 levels	 of	 the	 TJ	 proteins	 claudin-5	
and	occludin	in	hSOD1G37R	and	hSOD1G85R	overexpressing	cells.	(A)	Surface	proteins	of	
post-confluent	bEnd.3	cells	stably	overexpressing	hSOD1WT,	hSOD1G37R	or	hSOD1G85R	were	
biotinylated	 using	 sulfo-NHS-biotin.	 Biotinylated	 samples	 were	 precipitated	 with	
NeutrAvidin	agarose	beads	and	analyzed	by	SDS-PAGE	and	western	blot	(PD:	NeutrAvidin;	
right	panel).	As	input	controls,	20	µg	of	cell	lysates	were	used	(input;	left	panel).	Polyclonal	
-Actin	 antibody	 served	 as	 loading	 control	 to	 verify	 the	 absence	 of	 endomembrane	
contaminants	 in	 the	 biotinylation.	 (B-C)	 Claudin-5	 levels	 in	 the	 lysate	 (B)	 or	 at	 the	 cell	
surface	 (C)	 were	 quantified	 by	 densitometric	 analysis	 of	 western	 blots.	 Intensities	 of	
hSOD1WT	 cells	 were	 set	 as	 100%.	 The	 data	 represents	 mean	 ±	 SEM	 of	 6	 independent	
experiments.	 (D-E)	 Occludin	 levels	 in	 the	 lysate	 (D)	 or	 at	 the	 cell	 surface	 (E)	 were	
quantified	by	densitometric	analysis	of	western	blots.	Intensities	of	hSOD1WT	cells	were	set	
as	 100%.	 The	 data	 represents	 mean	 ±	 SEM	 of	 at	 least	 3	 independent	 experiments.	 *	
Statistically	 significant	 difference	 (p<0.05,	 one-way	 ANOVA)	 between	 the	 claudin-5	 and	
occludin	levels	are	indicated.
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Since	decreased	levels	of	the	TJ	protein	claudin-5	in	hSOD1G37R	and	hSOD1G85R

were	 observed,	 the	 phosphorylation	 state	 of	 proteins	 involved	 in	 the	

βcat/AKT/FoxO1	 pathway	 was	 examined	 in	 these	 cells.	 Analogously	 to	

hSOD1G93A	 cells,	 increased	 levels	 of	 pβcat	 in	 hSOD1G37R	 and	 hSOD1G85R	 cells	

could	 be	 observed	 compared	 to	 hSOD1WT	 cells	 (Figure	 3.21,	 A-B)	 indicating	

that	the	increased	transcriptional	activity	is	not	limited	to	the	G93A	variant	of	

hSOD1	but	may	be	furthermore	increased	in	mutant	SOD1	expressing	cells.	The	

phosphorylation	states	of	AKT	and	 its	downstream	target	FoxO1	was	studied	

as	well	in	hSOD1G37R	and	hSOD1G85R	cells.	Indeed,	reduced	levels	of	pAKT	and	

pFoxO1	in	the	mutant	hSOD1	expressing	cells	were	observed	compared	to	the	

wild-type	(Figure	3.21,	C-D	and	E-F).	These	data	furthermore	indicate	that	the	

protein	 expression	 of	 claudin-5	 in	 mutant	 hSOD1	 cells	 is	 altered	 via	 the	

βcat/AKT/FoxO1	pathway	which	results	in	impaired	integrity	of	the	BSCB	and	

consequently	leads	to	ALS.	This	hypothesis	could	be	examined	in	future	studies	

in	more	detail	analyzing	the	direct	interaction	of	βcat	and	FoxO1	to	the	claudin-

5	 promoter	 by	 chromatin	 immunoprecipitation	 (ChIP),	 or	 the	 activity	 of	 the	

claudin-5	promoter	could	be	studied	using	a	reporter	gene	assay.	However,	it	

still	remains	to	be	determined	how	exactly	mutant	hSOD1	affects	this	pathway.	

A	recent	study	postulated	a	direct	link	between	ALS-causing	mutants	of	SOD1	

and	 the	 production	 of	 ROS	 (Harraz	 et	 al.,	 2008).	 Harraz	 and	 colleagues	

proposed	a	redox	sensor	model	by	which	SOD1	can	regulate	NADPH	oxidase-

dependent	 (Nox-dependent)	 production	 of	 O2.-	 through	 its	 ROS-sensitive	

control	 of	 Rac1-GTP	 hydrolysis.	 Under	 reducing	 conditions,	 SOD1	 binds	 to	

Rac1	and	inhibits	its	GTPase	activity	which	consequently	leads	to	an	increased	

production	of	O2.-.	When	 the	 local	concentrations	of	H2O2	rise	(spontaneously	

or	 caused	by	SOD1),	 SOD1	dissociates	 from	Rac1,	Rac1	 is	 inactivated	by	GTP	

hydrolysis,	 and	 this	 leads	 to	 an	 inactivation	 of	 the	 Nox-complex	 and	 a	

reduction	 in	ROS	 production.	 The	 authors	 observed	 that	 this	 redox-sensitive	

uncoupling	 of	 SOD1	 was	 defective	 in	 hSOD1G93A	 cells	 leading	 to	 an	

overproduction	of	ROS	(Harraz	et	al.,	2008;	Boillee	and	Cleveland,	2008).	The	
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altered	 production	 of	 ROS	 may	 subsequently	 alter	 the	 expression	 of	 the	 TJ	

proteins	which	leads	to	the	impaired	integrity	in	SOD1	mutants	causing	ALS.		

Figure	 3.21:	 Decreased	 levels	 of	 p[S675]βcat,	 p[S473]AKT	 and	 p[S256]FoxO1	 in	
hSOD1G37R	 and	 hSOD1G85R	 overexpressing	bEnd.3	 cells.	 The	 phosphorylation	 states	 of	
p[S675]βcat	 (A-B),	 p[S473]AKT	 (C-D)	 and	 p[S256]FoxO1	 (E-F)	 were	 analyzed	 in	 post-
confluent	hSOD1WT,	hSOD1G37R	and	hSODG85R	bEnd.3	cells	by	SDS-PAGE	and	western	blot	(A,	
C,	E).	Levels	of	phosphorylated	and	total	proteins	were	quantified	by	densitometric	analysis	
of	western	blots	(B,	D,	F).	Intensities	were	quantified	by	densitometric	analysis	of	western	
blots.	 Intensities	 were	 normalized	 to	 β-tubulin	 and	 the	 ratio	 of	 phosphorylated	 to	 total	
protein	 was	 calculated.	 Ratios	 of	 hSOD1WT	 cells	 were	 set	 as	 100%.	 The	 data	 represents	
mean	 ±	 SEM	 of	 at	 least	 3	 independent	 experiments.	 *	 Statistically	 significant	 difference	
(p<0.05,	one-way	ANOVA)	are	indicated.
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Conclusion	&	

Outlook	
	 Blood-CNS	 barriers	 build	 the	 physical	 barrier	 between	 the	 blood	 and	

the	CNS	thereby	protecting	the	CNS	from	both	toxic	and	pathogenic	agents,	and	

their	 disruption	 plays	 a	 crucial	 role	 in	 the	 pathogenesis	 of	 several	 CNS	

disorders	(Palmer,	2010).	To	date,	disorders	of	the	CNS	are	currently	affecting	

over	1.5	billion	people	worldwide	which	account	for	about	a	third	of	the	global	

disease	 burden	 and	 constitute	 12%	 of	 total	 deaths	 globally	 (Palmer,	 2010;	

Murray	 and	 Lopez,	 1996;	Masserini,	 2013).	 They	 can	 be	 classified	 into	 three	

different	groups	depending	on	the	gradual	and	progressive	loss	and	the	rate	of	

neurodegenerative	change.	They	include	chronic	neurodegenerative	disorders	

like	 AD,	 PD,	 and	 ALS,	 whereby	 the	 cause	 for	 most	 of	 these	 diseases	 is	 still	

unknown.	 By	 contrast,	 the	 cause	 of	 disorders	 associated	 with	 acute	

neurodegenerative	changes	like	stroke,	traumatic	brain	and	spinal	cord	injury	

is	 clearly	 known.	 Lastly,	 they	 include	 CNS	 disorders	 like	 obesity,	 anxiety,	

schizophrenia	 without	 pronounced	 neurodegenerative	 pathology.	 In	 this	

thesis,	 the	 role	 of	 blood-CNS	 barriers	 in	 neurodegenerative	 disorders	 was	

investigated	 in	 two	 independent	 projects:	 Project	 I:	 “Nanoparticulate	

flurbiprofen	reduces	A42	generation	in	an	in	vitro	BBB	model”	and	Project	II:	

”Impaired	 integrity	 of	 the	BSCB	 in	 a	mouse	model	 for	ALS”.	 The	 first	 project	

used	 a	 nanotechnology-based	 strategy	 to	 transport	 therapeutically	 effective	

concentrations	of	AD	drugs	in	an	 in	vitro	BBB	model.	Over	the	past	years,	the	
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application	of	nanotechnology-based	strategies	for	the	treatment	or	diagnosis	

of	 AD	 has	 been	 investigated	 by	 many	 groups	 (Re	 et	 al.,	 2012;	 Roney	 et	 al.,	

2005).	 Some	 approaches	 focused	 on	 the	 encapsulation	 of	 molecules	 into	

nanoparticles	 for	 the	 delivery	 to	 the	 brain;	 others	 dealt	 with	 a	 reduction	 of	

amyloid	 plaques	 toxicity,	 or	 focused	 on	 the	 early	 detection	 of	 the	 disease	

(Brambilla	et	al.,	2011).	In	this	project,	embedding	of	flurbiprofen	in	polymeric	

nanoparticles	 resulted	 in	 transport	 of	 flurbiprofen	 across	 the	 BBB	 with	

retaining	 its	 biological	 activity.	 However,	 many	 improvements	 and	

optimizations	of	the	nanoparticles	are	required	for	future	applications.	Usage	

of	GSMs	with	higher	potency	or	surface	modifications	of	the	nanoparticles	with	

peptides	 or	 ligands	 which	 can	 achieve	 a	 higher	 bioavailability	 or	 a	 specific	

targeting	 to	 the	brain	are	 just	 some	examples	 (Sahni	 et	al.,	2011;	Bulic	 et	al.,	

2011).	 To	 date,	 the	 number	 of	 commercially	 available	 nanoparticle-based	

therapeutic	 products	 increased	 progressively.	More	 than	 150	 companies	 are	

developing	 nanoscale	 therapeutics	 and,	 so	 far,	 24	 nanotechnology-based	

therapeutics	 products	 have	 been	 approved	 for	 clinical	 use	 (Wagner	 et	 al.,	

2006).	 Among	 all	 nanoscale	 formulations,	 polymeric	 nanoparticles	 have	 the	

best	combination	of	characteristics	since	they	are	stable,	allow	high	loading	of	

many	agents,	provide	controlled	drug	release	kinetics,	and	can	be	modified	by	

a	variety	of	surface-attached	ligands	(Saltzman,	2001).	The	first	polymer-based	

formulations	 for	 the	drug	delivery	 to	 the	 CNS	were	poly(butylcyanoacrylate)	

(PBCA)	 nanoparticles	 (Kreuter	 et	 al.,	 1995).	 Polyester	 formulations,	 such	 as	

PLA,	 polyglycolide	 (PGA)	 or	 poly(lactic-co-glycolic)	 acid	 (PLGA),	 have	 been	

shown	to	penetrate	the	BBB	in	a	size-dependent	manner,	as	well	(Patel	et	al.,	

2013).	However,	polymeric	nanoparticles	have	not	yet	been	studied	in	clinical	

trials	for	the	CNS	drug	delivery,	but	there	are	two	polymeric	nanoparticle	drug	

delivery	systems	on	the	market	for	non-CNS	applications:	Abraxane®,	which	is	

an	 albumin-based	 nanoparticle	 loaded	 with	 paclitaxel	 and	 used	 for	 the	

treatment	of	breast	cancer	and	Abdoscan®,	which	is	an	iron	oxide	and	dextran-

based	 nanoparticle	 used	 for	 diagnostic	 imaging	 of	 liver	 and	 spleen	 (Service,	

2010).	Over	the	past	years,	extensive	research	demonstrated	that	the	so-called	
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nanomedicine	 can	 afford	 the	 drug	 delivery	 to	 the	 CNS.	 Taken	 together,	 the	

clinical	translation	of	this	technology	offers	new	possibilities	for	the	treatment	

of	 CNS	 disorders	 including	 CNS	 malignancies,	 ischemic	 disease	 and	

neurodegenerative	disorders	like	AD.		

	 The	second	project	focused	on	the	pathogenesis	of	SOD1-related	familial	

cases	 of	 ALS.	 ALS	 is	 an	 unrelenting	 progressive	 neurodegenerative	 disorder	

causing	progressive	motor	neuron	degeneration	 in	 the	brain	and	 spinal	 cord	

and	 leads	 ultimately	 to	 death	 typically	 within	 3	 to	 5	 years	 from	 diagnosis	

(Haverkamp	et	al.,	1995;	Rowland	and	Shneider,	2001).	The	only	drug	that	was	

clinically	 proven	 to	 enhance	 the	 survival	 of	 ALS	 patients	 is	 Riluzole,	 but	 the	

benefits	 are	 only	 modest	 and	 extend	 ventilator-free	 survival	 by	 approx.	 3	

months	 (Bensimon	 et	 al.,	 1994).	 There	 are	 currently	 more	 than	 50	 actively	

enrolling	 clinical	 trials	 for	 ALS	 listed	 on	 http://clinicaltrials.gov/,	 which	

include	 antiglutamate	 drugs,	 antioxidant/mitochondrial	 preservation	 drugs,	

immunosuppressive	drugs,	muscle-maintenance	drugs,	stem	cell	implantations	

and	SOD1	specific	treatments	(Gibson	and	Bromberg,	2012).	Since	the	clinical	

and	pathological	profiles	of	sporadic	and	familial	ALS	are	similar,	it	is	thought	

that	 insights	 from	 studies	 of	 ALS-causing	 gene	 mutations	 can	 be	 applied	 to	

sporadic	ALS	cases	 (Pasinelli	 and	Brown,	2006).	However,	 the	determination	

of	 the	 disease-causing	 mechanism	 is	 challenging	 due	 to	 the	 disease’s	

complexity.	Vascular	impairment	has	recently	been	recognized	to	be	crucial	in	

the	 ALS	 pathogenesis:	 comprised	 integrity	 of	 the	 blood-CNS	 barriers	 in	 ALS	

patients	 and	 in	 a	 mouse	 model	 for	 ALS	 were	 demonstrated,	 as	 well	 as	

structural	and	functional	impairments	of	these	barriers	at	an	early	stage	of	the	

disease	which	worsened	with	the	disease	progression	(Garbuzova-Davis	et	al.,	

2007a;	Garbuzova-Davis	et	al.,	2007b;	Zhong	et	al.,	2008;	Nicaise	et	al.,	2009a;	

Nicaise	 et	 al.,	 2009b;	 Garbuzova-Davis	 et	 al.,	 2011).	 Vascular	 leakage,	

decreased	 capillary	 length	 and	 blood	 flow,	 microhemorrhages,	 reduced	

expression	 of	 TJ	 proteins	 and	 basement	 membrane	 components	 have	 been	

shown	in	spinal	cord	of	SOD1	transgenic	animals,	as	well.	More	important,	the	

breakdown	of	 the	BSCB	in	SOD1	transgenic	mice	and	rats	was	 found	prior	to	
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motor	 neuron	 degeneration	 and	 neurovascular	 inflammation	 (Zhong	 et	 al.,	

2008;	 Nicaise	 et	 al.,	 2009a;	 Miyazaki	 et	 al.,	 2011).	 Since	 neurovascular	

inflammation,	 consisting	of	 activated	microglia,	 astrocytes,	 and	 inflammatory	

T-cells,	is	a	common	characteristic	in	ALS,	these	observations	strongly	indicate	

that	the	BSCB	breakdown	may	be	a	primary	event	in	ALS.	In	ALS	patients,	the	

loss	of	endothelial	 integrity	was	shown	by	significant	 reductions	of	ZO-1	and	

occludin	mRNAs	 in	 the	 spinal	 cords	 (Henkel	 et	 al.,	 2009).	 In	 a	 recent	 study,	

Garbuzova-Davis	 and	 colleagues	 investigated	 the	 blood-CNS	 integrity	 in	

postmortem	tissues	of	patients	with	sporadic	ALS.	Their	major	findings	include	

endothelial	 cell	 damage	 and	 pericyte	 degeneration,	 several	 intra-	 and	

extracellular	edema,	 IgG	microvascular	 leakage	and	 reduced	TJ	 and	 adhesion	

protein	 expressions	 (Garbuzova-Davis	 et	 al.,	 2012).	 In	 the	 second	 project	 of	

this	 thesis,	 an	 in	 vitro	 model	 for	 ALS	 endothelial	 cells	 was	 generated	 that	

exhibit	 comparable	 integrity	 characteristics	 and	 TJ	 expression	 profiles	 as	

isolated	pMSCECs	of	SOD1	transgenic	mice.	Furthermore,	an	altered	regulation	

of	 the	 βcat/AKT/FoxO1	 pathway	 was	 observed	 in	 hSOD1G93A	 cells	 that	

potentially	 result	 in	 an	 impaired	 integrity	 and	 correspondingly	 to	 the	

disruption	of	 the	BSCB	in	ALS-causing	SOD1	mutants.	Thus,	 there	 is	evidence	

that	ALS	is	a	neurovascular	disease.	And	when	the	endothelial	damage	is	one	of	

the	 primary	 events	 in	 ALS	 pathology	 leading	 to	 the	 infiltration	 of	

immunoreactive	 cells	 and	 substances	 into	 the	 CNS	 and	 subsequently	 to	

neuronal	 cell	 death,	 immunosuppressive	 drugs	 may	 be	 promising	 for	 the	

treatment	 of	ALS.	Multiple	 immunosuppressive	drugs	have	been	 studied,	 but	

most	 failed	 to	alter	disease	progression	(Gibson	and	Bromberg,	2012).	 In	 the	

phase	 III	 clinical	 trial	 of	minocycline,	 a	 tetracycline	 antibiotic	 that	 decreases	

inflammation	 by	 inhibiting	 microglial	 activation,	 treated	 patients	 had	 a	

significantly	 greater	 decline	 in	 the	 ALS	 Functional	 Rating	 Scale	 (ALSFRS-R)	

score	 (Gordon	 et	 al.,	 2007).	 Furthermore,	 a	 nonsignificant	 trend	 toward	 a	

faster	 decline	 in	 breathing	 function,	muscle	 strength,	 and	mortality	 could	 be	

also	 observed.	 The	 treatment	 of	 symptomatic	 hSOD1G93A	 mice	 with	

minocycline	showed	that	minocycline	given	at	a	symptomatic	stage	caused	an	
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increased	inflammatory	response	which	is	likely	the	reason	for	its	failure	in	the	

clinical	trial	(Keller	et	al.,	2011).	However,	another	new	drug,	NP001,	targets	a	

different	 mechanism	 of	 neuroinflammation	 by	 regulating	 macrophage	

activation	 and	 potentially	 returning	 macrophages	 back	 to	 their	

neuroprotective	state	(Neuraltus,	2012).	Recently,	the	phase	II	clinical	trial	was	

completed	 (http://clinicaltrials.gov/	 #NCT01281631)	 and	 the	 drug	 was	

determined	to	be	safe	and	tolerable	at	doses	given.	Furthermore,	the	levels	of	

ALS	 progression	 biomarkers	 had	 a	 statistically	 significant	 dose-dependent	

decrease	for	NP001	treatment,	and	the	clinical	trial	phase	III	is	planned.	Thus,	

understanding	 of	 the	 primary	 events	 in	 ALS	 pathogenesis	 will	 hopefully	

provide	 ideas	 for	 the	 development	 of	 new	 therapeutic	 strategies,	 if	 not	 even	

therapeutic	options	to	decline	the	disease	progression,	better	living	conditions	

for	the	patients	or	even	causal	therapeutic	options.		
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Appendix	

6.1 Supplementary	material	and	methods	

	 In	 this	 chapter,	 the	 experimental	 techniques	 and	 methods	 are	

presented,	 which	were	 performed	 in	 cooperation	with	 Iavor	 Zlatev	 (chapter	

6.1.1)	 from	 the	 lab	 of	 Prof.	 Dr.	 Klaus	 Langer	 (Institute	 of	 Pharmaceutical	

Technology	 and	 Biopharmacy,	 University	 of	 Muenster),	 Sandra	 Baches	

(chapter	 6.1.2)	 from	 the	 lab	 of	 Prof.	 Dr.	 Sascha	 Weggen	 (Department	 of	

Neuropathology,	 Heinrich	 Heine	 University,	 Duesseldorf),	 Julia	 Stab	 (chapter	

6.1.3)	 from	 the	 lab	 of	 Dr.	 Sylvia	 Wagner	 (Department	 of	 Cell	 Biology	 and	

Applied	Virology,	Fraunhofer	Institute	for	Biomedical	Engineering,	St.	Ingbert)	

and	Dominic	Docter	(6.1.4)	from	the	lab	of	Prof.	Dr.	Roland	Stauber	(Molecular	

and	 Cellular	 Oncology/Mainz	 Screening	 Center	 (MSC),	 University	 Medical	

Center	of	the	Johannes	Gutenberg	University	Mainz).	

6.1.1 Nanoparticles	preparation	and	characterization	

6.1.1.1 Reagents	and	chemicals	

	 Poly(L-lactide)	 (PLA,	 viscosity	 ~1.0	 dL/g),	 flurbiprofen	 and	 polyvinyl	

alcohol	 (PVA)	were	obtained	 from	Sigma	 (Steinheim,	Germany).	Lumogen®	F	

orange	 240	 was	 provided	 by	 BASF	 (Ludwigshafen,	 Germany).	 All	 other	

reagents	were	of	analytical	grade	and	used	as	received.	
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6.1.1.2 Nanoparticle	preparation	

	 PLA	 nanoparticles	 were	 formed	 by	 an	 emulsification-diffusion	

technique.	 Briefly,	 100	 mg	 of	 PLA,	 10	 mg	 of	 flurbiprofen	 and	 150	 µg	 of	

Lumogen®	orange	were	dissolved	in	2	ml	dichlormethane	(DCM).	The	organic	

phase	was	added	to	6	ml	aqueous	solution	of	PVA	(2%,	w/v).	This	mixture	was	

homogenized	 in	 an	 ice	 bath	 for	 30	 min	 at	 24,000	 rpm	 (Ultra	 Turrax®,	 IKA,	

Staufen,	 Germany)	 and	 diluted	with	 6	ml	 PVA	 solution	 (1%,	w/v).	 DCM	was	

removed	by	stirring	 the	emulsion	overnight	at	RT.	Finally,	 the	particles	were	

collected	 by	 centrifugation	 20,000	 g	 for	 10	 min	 (Eppendorf,	 Hamburg,	

Germany)	and	washed	twice	with	purified	water	before	lyophilization.	

6.1.1.3 Freeze-drying	of	the	samples	

	 For	the	lyophilization	process	a	freeze-dryer	Epsilon	1-4	(Martin	Christ	

Gefriertrocknungsanlagen	 GmbH,	 Osterode	 am	 Harz,	 Germany)	 was	 used.	

Aliquots	 of	 the	 nanoparticles	 suspension	 (100	 µl)	were	 dispensed	 into	 2	ml	

Lyovials	 and	 diluted	 with	 100	 µl	 trehalose	 solution	 (6%,	 w/v)	 as	 a	

cryoprotective	agent.	The	 freeze-drying	cycle	was	performed	according	 to	an	

established	 protocol.	 First,	 the	 samples	were	 frozen	 at	 -40	 °C	 for	 3	 h.	 In	 the	

second	step,	primary	drying	was	performed	at	a	temperature	of	-34	°C	for	24	h	

and	a	vacuum	of	0.05	mbar	followed	by	a	secondary	drying	phase	for	11	h	at	

20	°C	and	a	vacuum	of	0.025	mbar.	At	the	end	of	the	drying	process	the	vials	

were	sealed	and	removed.		

6.1.1.4 Nanoparticle	characterization	

	 Nanoparticles	 were	 analyzed	 with	 regard	 to	 particle	 diameter	 and	

polydispersity	 by	 photon	 correlation	 spectroscopy	 (PCS)	 and	 zeta	 potential	

was	 measured	 by	 microelectrophoresis	 using	 a	 Malvern	 Zetasizer	 Nano	 ZS	

(Malvern	 Instruments	 Ltd.,	Malvern,	UK).	 Prior	 to	measurement	 the	 samples	

were	diluted	with	purified	water.		

6.1.1.5 Determination	of	flurbiprofen	loading	

	 The	 amount	 of	 flurbiprofen	 incorporated	 into	 the	 nanoparticles	 was	

determined	 by	 a	 high-performance	 liquid	 chromatography	 (HPLC)	 method.	
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1	mg	nanoparticles	were	 incubated	 in	 1	ml	 acetonitrile	 for	 5	min	 at	 RT.	 The	

sample	 was	 centrifuged	 (20,000	 g;	 10	 min)	 and	 the	 chromatographic	

separation	was	carried	out	using	aliquots	of	the	supernatant.	The	aliquots	(20	

µl)	were	injected	into	a	Phenomenex	Gemini	NX	250	x	4.6	mm,	5	µm	particle,	

C18	column	(Phenomenex,	Aschaffenburg,	Germany).	The	flow	rate	was	set	to	

1	 ml/min	 during	 the	 separation,	 with	 the	 mobile	 phase	 composed	 of	

acetonitrile	 and	0.1%	 (v/v)	 trifluoroacetic	 acid	 (57.5	 :	 42.5,	 v/v).	 The	 eluate	

was	analyzed	at	a	wavelength	of	245	nm.	

6.1.1.6 In	vitro	release	of	flurbiprofen	

For	 each	 point	 in	 time	 individual	 samples	 were	 prepared	 as	 follows:	 1	 mg	

nanoparticles	were	 incubated	 in	 1	ml	 phosphate	 buffer	 (0.1	mM,	 pH=7.5)	 at	

37	°C	under	constant	shaking.	At	defined	points	in	time	(0,	0.5,	1,	3,	5,	7,	24	h)	

one	sample	was	centrifuged	(20,000	g	for	10	min).	The	amount	of	the	released	

drug	was	determined	in	the	supernatant	by	HPLC	as	described	above.	

6.1.2 Measurement	of	Aβ	species	by	ELISA	

	 The	levels	of	Aβ40	and	Aβ42	peptides	were	determined	using	a	cell-based	

sandwich	ELISA	assay	 as	described	 (Hahn	 et	 al.,	 2011).	Monoclonal	 antibody	

IC16	 (1:250	 in	 PBS,	 pH	 7.2),	 raised	 against	 amino	 acids	 1-15	 of	 the	 Aβ	

sequence,	 was	 used	 as	 a	 capture	 antibody.	 To	 generate	 standard	 curves,	

synthetic	 Aβ1	 40	 and	 Aβ1	 42	 peptides	 (JPT	 Peptide	 Technologies)	 were	 used.	

These	Aβ	peptides	were	 solubilized	 in	DMSO	at	10	µg/mL	and	aliquots	were	

stored	 at	 –80	 °C.	 96-well	 high-binding	 microtiter	 plates	 were	 incubated	

overnight	 at	 4	 °C	with	 the	 capture	 antibody.	 After	 the	 capture	 antibody	was	

removed,	conditioned	media	samples	(20	µl	for	detection	of	Aβ40	and	100	µl	for	

Aβ42)	 and	 freshly	 diluted	 Aβ	 peptide	 standards	 (125-6,000	 pg/mL	 in	 PBS	

containing	0.05%	Tween-20,	1%	BSA)	were	added.		
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Subsequently,	 C-terminal	 detection	 antibodies	 specific	 for	 Aβ40	 and	 Aβ42
labeled	with	 horseradish	 peroxidase	 (HRP)	 using	 the	 Pierce	 EZ-LinkTM	Plus	

Activated	 Peroxidase	 kit	 (Thermo	 Fisher	 Scientific)	 were	 diluted	 in	 PBS	

containing	 0.05%	 Tween-20,	 1%	 BSA,	 added	 to	 each	 well,	 and	 incubated	

overnight	 at	 4	 °C.	 Plates	 were	 washed	 3	 times	 with	 PBS	 containing	 0.05%	

Tween-20	and	once	with	PBS.	Then	50	µl	of	TMB	ELISA	Peroxidase	Substrate	

(Interchim)	 was	 added	 and	 incubated	 for	 1-10	 min	 at	 RT	 in	 the	 dark.	 The	

reaction	was	stopped	by	adding	50	µl	of	2	M	H2SO4	and	the	absorbance	was	

measured	using	a	Paradigm	microplate	reader	(Beckman	Coulter)	at	450	nm.	

The	 levels	of	 the	Aβ40	and	Aβ42	peptides	were	normalized	to	Aβ	total	(Aβ40	+	

Aβ42)	and	the	average	of	 triplicate	measurements	 for	each	concentration	was	

normalized	to	control	condition	(DMSO	or	unloaded	PLA	nanoparticles).	

6.1.3 Cellular	binding	of	the	nanoparticles	

	 bEnd.3	 cells	 were	 cultured	 in	 24-well	 plates	 (Greiner,	 Frickenhausen,	

Germany)	 and	 treated	 with	 the	 nanoparticle	 formulations	 for	 4	 h	 at	 37	 °C.	

105.3	 µg	 nanoparticles	 per	 cm2	 growing	 surface	 area	 were	 used.	 After	

incubation,	 cells	 were	 washed	 twice	 with	 PBS	 (Invitrogen,	 Karlsruhe,	

Germany)	and	subsequently	trypsinized	and	harvested.	Fixing	was	performed	

with	FACS-Fix	(10	g/l	paraformaldehyde	(PFA)	and	8.5	g/l	NaCl	in	PBS,	pH	7.4)	

before	 flow	 cytometry	 (FACS)	 analysis.	 Per	 sample,	 105	 cells	 were	 counted	

using	FACSCalibur	and	CellQuest	Pro	software	(Becton	Dickinson,	Heidelberg,	

Germany).	 The	 fluorescent	 labeling	 of	 the	 nanoparticles	 via	 Lumogen®	 F	

Orange	240	 (BASF,	 Ludwigshafen,	Germany)	 allowed	a	detection	 at	 524/539	

nm.		



Appendix

99	

6.1.4 Nanoparticle	plasma	protein	binding	assay	

	 Human	plasma	samples	were	obtained	and	pooled	from	citrated	blood	

of	 15	 healthy	 individuals	 according	 to	 institutional	 bioethics	 approval.	 PLA	

nanoparticles	 were	 incubated	 with	 equal	 amount	 of	 human	 plasma	 for	

different	time	points	(5,	15,	30	and	60	minutes),	loaded	onto	a	sucrose	cushion	

(0.7	M	in	PBS)	and	centrifuged	through	the	cushion	to	separate	nanoparticle-

protein	complexes	 from	plasma	(12,000	 rpm	for	20	min	at	4	°C)	 (Figure	S2).	

Pellets	were	washed	three	times	with	PBS	and	proteins	were	eluted	from	the	

recovered	particles	by	adding	an	equal	volume	of	SDS	sample	buffer	(62.5	mM	

Tris-HCl	 pH	 6.8;	 2%	 w/v	 SDS,	 10%	 glycerol,	 50	 mM	 DTT,	 0.01%	 w/v	

bromophenol	 blue)	 to	 the	 pellet	 and	 incubated	 at	 95	 °C	 for	 5	min.	 Proteins	

were	 separated	 on	 a	 12%	 SDS-polyacrylamide	 gel.	 To	 visualize	 the	 kinetic	

evolution	of	the	protein	corona,	 the	SDS-polyacrylamide	gel	was	stained	with	

Coomassie	 brilliant	 blue	 R-250	 (Bio-Rad)	 and	 protein	 quantification	 was	

performed	using	the	BioRad	Protein	Assay	(Bio-Rad).	To	examine	the	presence	

of	 apolipoproteins	 in	 the	 nanoparticle-protein	 complex,	 proteins	 were	

transferred	 onto	 a	 polyvinylidene	 difluoride	 (PVDF)	 membrane.	 Membranes	

were	 blocked	with	 5%	 non-fat	 dry	milk	 in	 TBS	 containing	 0.01%	 Tween-20	

and	the	 following	antibodies	were	used:	α-apoA4	(Cell	Signaling,	Boston,	MA,	

USA	);	α-apoE	and	rabbit-α-mouse	 IgG	antibody	conjugated	with	horseradish	

peroxidase	(Santa	Cruz,	Dallas,	TX,	USA).	
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List	of	Acronyms	
Aβ	 Amyloid-β	

AD	 Alzheimer’s	disease	

AICD	 APP	intracellular	domain	

AJ	 Adherens	junction	

ALS	 Amyotrophic	lateral	sclerosis	

ANOVA	 Analysis	of	variance	

APP	 Amyloid	precursor	protein	

APPs	 Soluble	APP	

ApoE	 Apolipoprotein	E	

ApoA4	 Apolipoprotein	A4	

BBB	 Blood-brain	barrier	

Βcat	 β-catenin	

BSA		 Bovine	serum	albumin	

BSCB	 Blood-spinal	cord	barrier	

°C		 Degrees	celsius	

CCl	 Capacitance	

cDNA		 Complementary	deoxyribonucleic	acid	

ChIP	 Chromatin	immunoprecipitation	

Ci		 Curie	

CLSM	 Confocal	laser	scanning	microscopy	

CNS	 Central	nervous	system	

COX	 Cyclooxygenase		

CSF	 Cerebrospinal	fluid	

CTF	 C-terminal	fragment	

DMSO	 Dimethylsulfoxid	

E.coli	 Escherichia	coli	

FALS	 Familial	ALS	

FoxO1	 Forkhead	box	protein	O1	

G	 Gram	

GFP	 Green	fluorescent	protein	

GSM	 -secretase	modulators	

H	 hour	

HEK	 Human	embryonic	kidney	

HPLC	 high-performance	liquid	chromatography	
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HRP	 Horseradish	peroxidase	

IgG	 Immunoglobulin	G	

kDa	 Kilo	Dalton	

LB	 Lysogeny	broth	

LRP	 low	density	lipoprotein	receptor-related	protein	

M	 Milli	

µ	 Micro	

M	 Molar		

Min	 Minute		

MAGUKs	 Membrane-associated	guanylate	kinase-like	proteins

NSAIDs	 Nonsteroidal	anti-inflammatory	drugs	

PAGE	 Polyacrylamide	gel	electrophoresis	

PBS	 Phosphate-buffered	saline	

PCR	 Polymerase	chain	reaction	

PCS	 Photon	correlation	spectroscopy	

PI3K	 Phosphatidylinositol-3-kinase		

PD	 Parkinson’s	disease	

pMSCECs	 Primary	mouse	spinal	cord	endothelial	cells	

PNS	 Peripheral	nervous	system	

ROS	 Reactive	oxygen	species	

rpm	 Round	per	minute	

RT	 Room	temperature	

S	 Second		

SALS	 Sporadic	ALS	

SEM	 Standard	error	of	the	mean	

SOD1	 Cu/Zn-superoxide	dismutase	1	

TBS	 Tris-buffered	saline	

TCF	 T-cell	factor	

TER	 Transendothelial	resistance	

TJ	 Tight	junctions	

UV	 Ultra	violet	

v/v	 Volume	per	volume	

VE	 Vascular	endothelial	

WB	 Western	blot	

w/v	 Weight	per	volume	

ZO	 Zonula	occludens	
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Nanoparticulate flurbiprofen reduces amyloid-β42
generation in an in vitro blood–brain barrier model
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Abstract

Introduction: The amyloid-β42 (Aβ42) peptide plays a crucial role in the pathogenesis of Alzheimer’s disease (AD),
the most common neurodegenerative disorder affecting the elderly. Over the past years, several approaches and
compounds developed for the treatment of AD have failed in clinical studies, likely in part due to their low penetration
of the blood–brain barrier (BBB). Since nanotechnology-based strategies offer new possibilities for the delivery of drugs
to the brain, this technique is studied intensively for the treatment of AD and other neurological disorders.

Methods: The Aβ42 lowering drug flurbiprofen was embedded in polylactide (PLA) nanoparticles by emulsification-
diffusion technique and their potential as drug carriers in an in vitro BBB model was examined. First, the cytotoxic
potential of the PLA-flurbiprofen nanoparticles on endothelial cells and the cellular binding and uptake by endothelial
cells was studied. Furthermore, the biological activity of the nanoparticulate flurbiprofen on γ-secretase modulation as
well as its in vitro release was examined. Furthermore, the protein corona of the nanoparticles was studied as well as
their ability to transport flurbiprofen across an in vitro BBB model.

Results: PLA-flurbiprofen nanoparticles were endocytosed by endothelial cells and neither affected the vitality nor barrier
function of the endothelial cell monolayer. The exposure of the PLA-flurbiprofen nanoparticles to human plasma occurred
in a rapid protein corona formation, resulting in their decoration with bioactive proteins, including apolipoprotein E.
Furthermore, luminally administered PLA-flurbiprofen nanoparticles in contrast to free flurbiprofen were able to modulate
γ-secretase activity by selectively decreasing Aβ42 levels in the abluminal compartment of the BBB model.

Conclusions: In this study, we were able to show that flurbiprofen can be transported by PLA nanoparticles across an
in vitro BBB model and most importantly, the transported flurbiprofen modulated γ-secretase activity by selectively
decreasing Aβ42 levels. These results demonstrate that the modification of drugs via embedding in nanoparticles is
a promising tool to facilitate drug delivery to the brain, which enables future development for the treatment of
neurodegenerative disorders like AD.

Introduction
Alzheimer’s disease (AD) is an age-related neurodegenera-
tive disorder currently affecting more than 35 million
people worldwide [1]. To date, the treatment of AD is only
symptomatic and there is no cure for the disease [2]. AD
is characterized by neuronal and synaptic loss, neurofibril-
lary tangle formation and extracellular deposits of
amyloid-β (Aβ) peptides in susceptible brain regions,
which result in learning and memory impairment [3]. Aβ

is generated through the sequential processing of the
amyloid precursor protein (APP) by the β-secretase
(BACE1) and the γ-secretase complex, and occurs in vari-
ous isoforms between 36 and 46 amino acids in length,
with Aβ40 and Aβ42 being the most prevalent variants
[4-6]. Recently, we have demonstrated that APP is also
processed by the metalloprotease meprin β, which might
act as an additional enzyme, responsible for the release of
N-terminal truncated Aβ species and soluble N-terminal
APP fragments, independent of BACE1 [7,8]. According
to the amyloid hypothesis [9-11], abnormal accumulation
or increased generation of Aβ42 peptides in the brain is
a primary event in the pathogenesis of AD [12-14].
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Therefore, several strategies such as reducing Aβ generation,
blocking its aggregation or enhancing Aβ clearance in the
brain are thought to slow down the progression of the
disease [15].
Besides APP, γ-secretase has more than 50 substrates

with critical functions, such as cell signaling (for example,
the Notch receptor), cell adhesion and apoptosis [16]. In
earlier studies, we were able to demonstrate that the treat-
ment of Chinese hamster ovary (CHO) cells with some
nonsteroidal anti-inflammatory drugs (NSAIDs) such as
indomethacin, ibuprofen and flurbiprofen specifically de-
creased the secretion of the Aβ42 peptides. This was accom-
panied by an increase of other Aβ isoforms (for example,
Aβ37 and Aβ38), indicating that NSAIDs subtly altered γ-
secretase activity without significant impairment of other
APP processing pathways or Notch signaling [17]. NSAIDs
exert their principal therapeutic effects, reducing fever, pain
and inflammation, by blocking the cyclooxygenase (COX)-
mediated synthesis of inflammatory prostaglandins [18].
However, some NSAIDs were shown to selectively lower
Aβ42 production in vitro and in mouse models of AD, inde-
pendently of COX activity [17,19]. Later, small molecules
with the ability to lower Aβ42 production without altering
overall γ-secretase activity were termed γ-secretase modu-
lators (GSM) [20]. Recently, the clinical development of the
Aβ42 lowering agent tarenflurbil, the COX-inactive R-en-
antiomer of the NSAID flurbiprofen, has been stopped after
failure in a Phase III clinical trial [21]. The results of this
multicenter, randomized, double-blind, placebo-controlled
trial did not show any slowing of cognitive decline after 18
months of treatment with tarenflurbil. While the reasons
for the clinical failure of tarenflurbil are unknown, low
penetration across the blood–brain barrier (BBB) and, con-
sequently, insufficient target engagement in the brain may
be likely explanations [21].
The BBB separates the circulating blood from the cen-

tral nervous system (CNS) and is comprised of endo-
thelial cells, astrocytes and pericytes. Tight junctions
between the endothelial cells are an essential part of the
BBB because they close the intracellular space and limit
the paracellular flux of hydrophilic molecules across the
BBB. The brain endothelial cells express a large number
of specialized transporters and receptors, including car-
riers for glucose and amino acids. Therefore, the BBB
plays a crucial role in the regulation of the constancy of
the internal environment of the brain and is essential for
the supply of the CNS with nutrients. Furthermore, it
protects the brain from the peripheral circulation and
toxic substances and restricts the transport of many
therapeutically important drugs from the blood into the
brain, including Alzheimer drugs, anticancer drugs, anti-
biotics and a wide variety of CNS-active drugs [22-24].
Over the past few years, a number of different strat-

egies have been devised to overcome the BBB such as

osmotic opening of the tight junctions, the direct sur-
gical administration of drugs into the brain or the de-
velopment of drug carriers such as liposomes or
nanoparticles [15,25-27]. However, the most notable and
promising progression has been achieved by the use of
nanotechnology. Liposomes as well as solid lipid nano-
particles or different polymeric nanoparticles have been
successfully used for the transport of drugs across the
BBB and into the brain [28]. Compared to free drug
molecules or pro-drugs, the usage of nanoparticles pos-
sesses advantages such as a high drug-loading capacity
of the nanoparticles. Furthermore, the drugs are pro-
tected against chemical or enzymatic degradation. In
addition, nanoparticles can be actively targeted to a tis-
sue via surface modifications of the nanoparticles [29].
In this study, we used polylactide (PLA) as the start-

ing polymer for the nanoparticle preparation. By an
emulsification-diffusion method, racemic flurbiprofen was
embedded in the PLA nanoparticles. We decided to use
flurbiprofen as a candidate substance since flurbiprofen
has already been approved by the Food and Drug Admin-
istration (FDA) and is freely available as an over-the-
counter medicine. We studied the transport of nanoparti-
culate flurbiprofen in an in vitro BBB model, and we could
convincingly demonstrate that γ-secretase modulation
in vitro was significantly enhanced after BBB penetration
when flurbiprofen was delivered with nanoparticles com-
pared to flurbiprofen alone.

Methods
Reagents and chemicals
Poly(L-lactide) (PLA, viscosity approximetely 1.0 dL/g),
flurbiprofen and polyvinyl alcohol (PVA) were obtained
from Sigma (Steinheim, Germany). Lumogen® F orange
240 was provided by BASF (Ludwigshafen, Germany).
All other reagents were of analytical grade and used as
received.

Nanoparticle preparation
PLA nanoparticles were formed by an emulsification-
diffusion technique. Briefly, 100 mg of PLA, 10 mg of
flurbiprofen and 150 μg of Lumogen® orange were dis-
solved in 2 ml dichloromethane (DCM). For the control
PLA nanoparticles, 100 mg of PLA and 150 μg of Lumo-
gen® orange were dissolved in 2 ml DCM. For both for-
mulations, the organic phase was added to 6 ml aqueous
solution of PVA (2%, w/v). This mixture was homoge-
nized in an ice bath for 30 minutes at 24,000 rpm (Ultra
Turrax®, IKA, Staufen, Germany) and diluted with 6 ml
PVA solution (1%, w/v). DCM was removed by stirring
the emulsion over night at room temperature. Finally,
the particles were collected by centrifugation at 20,000 g
for 10 minutes (Eppendorf, Hamburg, Germany) and
washed twice with purified water before lyophilization.
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Freeze-drying of the samples
For the lyophilization process a freeze-dryer Epsilon 1–4
(Martin Christ Gefriertrocknungsanlagen GmbH, Oster-
ode am Harz, Germany) was used. Aliquots of the nano-
particles suspension (100 μl) were dispensed into 2 ml
Lyovials and diluted with 100 μl trehalose solution (6%,
w/v) as a cryoprotective agent. The freeze-drying cycle
was performed according to an established protocol.
First, the samples were frozen at −40°C for three hours.
In the second step, primary drying was performed at a
temperature of −34°C for 24 hours and a vacuum of 0.05
mbar, followed by a secondary drying phase for 11 hours
at 20°C and a vacuum of 0.025 mbar. At the end of the
drying process the vials were sealed and removed.

Nanoparticle characterization
Nanoparticles were analyzed with regard to particle
diameter and polydispersity by photon correlation spec-
troscopy (PCS) and zeta potential was measured by mi-
croelectrophoresis using a Malvern Zetasizer Nano ZS
(Malvern Instruments Ltd., Malvern, UK). Prior to mea-
surement the samples were diluted with purified water.

Determination of flurbiprofen loading
The amount of flurbiprofen incorporated into the nano-
particles was determined by a HPLC method in which 1
mg nanoparticles was incubated in 1 ml acetonitrile for
five minutes at room temperature. The sample was cen-
trifuged (20,000 g for 10 minutes) and the chromato-
graphic separation was carried out using aliquots of the
supernatant. The aliquots (20 μl) were injected into a
Phenomenex Gemini NX 250 × 4.6 mm, 5 μm particle,
C18 column (Phenomenex, Aschaffenburg, Germany).
The flow rate was set to 1 ml/minute during the sepa-
ration, with the mobile phase composed of acetonitrile
and 0.1% (v/v) trifluoroacetic acid (57.5: 42.5, v/v). The
eluate was analyzed at a wavelength of 245 nm.

In vitro release of flurbiprofen
For each point in time individual samples were prepared
as follows: 1 mg nanoparticles were incubated in 1 ml
phosphate buffer (0.1 mM, pH = 7.5) at 37°C under con-
stant shaking. At defined points in time (0, 0.5, 1, 3, 5, 7,
24 hours) one sample was centrifuged (20,000 g for 10
minutes). The amount of the released drug was deter-
mined in the supernatant by HPLC as described above.

Nanoparticles reconstitution
The freeze-dried nanoparticles were always reconstituted
prior to the cell culture experiments. Therefore, 40 mg
nanoparticles were dissolved in 1 ml purified water and
vortexed for two minutes.

Cell culture
The mouse brain endothelial cell line bEnd.3 (ATCC,
Manassas, VA, USA) was cultured in DMEM (Gibco,
Darmstadt, Germany) high glucose medium containing
10% fetal bovine serum and 100 U/ml penicillin/strepto-
mycin (Gibco, Darmstadt, Germany). For the exper-
iments, 5 × 104 cells per cm2 were seeded and the
experiments were performed after three days when the
cells were post-confluent. APP751 overexpressing CHO
cells (7WD10) were cultured in DMEM high glucose
medium containing 10% fetal bovine serum, 1 mM so-
dium pyruvate (Gibco, Darmstadt, Germany), 100 U/ml
penicillin/streptomycin and 400 μg/ml geneticin (Calbio-
chem, Nottingham, UK). For the experiments, 3 × 104

cells per cm2 were seeded, and after 24 hours cells were
either treated or co-cultured with the bEnd.3 in the
in vitro BBB model.

Measurement of cytotoxicity
The cytotoxicity of free flurbiprofen or PLA-flurbiprofen
nanoparticles was assessed using the alamarBlue® reagent
(Invitrogen, Karlsruhe, Germany). bEnd.3 cells were seeded
on 96-well plates (Greiner, Frickenhausen, Germany) and
after reaching post-confluency, cells were treated with in-
creasing concentrations of free or nanoparticulate flurbipro-
fen, ranging from 25 μM to 750 μM (which corresponded
to approximately 32 μg/cm2 to 942 μg/cm2 nanoparticles).
The unit μg per cm2 refers to the amount of nanoparticles
which are administered to the cells and this unit reflects
possible local sedimentation on the surface of the cells,
which locally might lead to different concentrations. After
72 hours, cells were incubated for another four hours with
1 × alamarBlue® in medium. The absorbance was measured
with an Anthos plate reader 2010 (Anthos Labtec, Salzburg,
Austria) using a 570 nm measurement filter and a 600 nm
reference filter. The cell viability was calculated as percent-
age of absorbance in relation to vehicle control treated cells.

Measurement of the transepithelial electrical resistance of
endothelial cells
The transepithelial electrical resistance (TER) was used to
analyze the toxicity of the nanoparticles for endothelial
cells. bEnd.3 cells were seeded on 24-transwell cell cul-
ture inserts (ThinCerts™, Greiner Bio-One, Frickenhausen,
Germany) and placed into the cellZscope® device [30]. The
TER of the cells was measured automatically every hour
under physiological conditions by impedance spectros-
copy. When cells were post-confluent, equal amounts of
drug-loaded and unloaded nanoparticles (approximately
2.4 mg nanoparticles per cm2) were added luminally and
the TER was measured (this concentration corresponds to
750 μM nanoparticulate flurbiprofen).
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Cellular binding and uptake of nanoparticles
bEnd.3 cells were cultured in 24-well plates (Greiner,
Frickenhausen, Germany) and treated with approxi-
mately 100 μg/cm2 PLA-flurbiprofen nanoparticles for
four hours at 37°C. After the incubation, cells were
washed twice with PBS (Invitrogen, Karlsruhe, Germany)
and subsequently trypsinized and harvested. Fixing was
performed with FACS-Fix (10 g/L paraformaldehyde
(PFA) and 8.5 g/L NaCl in PBS, pH 7.4) before flow cy-
tometry analysis. Per sample, 104 cells were counted
using FACSCalibur and CellQuest Pro software (Becton
Dickinson, Heidelberg, Germany). The fluorescent label-
ing of the nanoparticles via Lumogen® F Orange 240
allowed a detection at 524/539 nm. To study the endo-
cytotic uptake of the PLA nanoparticles, bEnd.3 cells
were grown on glass coverslips (Marienfeld, Lauda-
Königshofen, Germany) and treated with approximately
100 μg/cm2 PLA-flurbiprofen nanoparticles at 4°C or
37°C for one hour or four hours. After the incubation,
cells were put on ice and washed with PBS pH2 to re-
move the surface-bound nanoparticles, mimicking the
acidic environment of endosomes where ligands dissoci-
ate from their receptor after internalization [31]. Cells
were fixed with 4% PFA and 0.12 M sucrose in PBS for
10 minutes at room temperature and the cell nuclei
were stained with 2 μM DRAQ5™ (Biostatus Limited,
Leicestershire, UK) for 10 minutes at room temperature.
Samples were embedded in Prolong® Gold antifade re-
agent (Invitrogen, Darmstadt, Germany) and the con-
focal laser scanning microscope (CLSM) study was
performed with a CLSM equipped with ZEN 2008 soft-
ware (LSM 710; Zeiss, Jena, Germany).

Treatment of 7WD10 with nanoparticles
To examine the biological activity of flurbiprofen-loaded
nanoparticles, 7WD10 were treated with free or nanopar-
ticulate flurbiprofen, ranging from 50 μM to 250 μM
flurbiprofen. The administered concentration of the nano-
particles was adjusted to the free flurbiprofen, which
corresponds to approximately 65 μg/cm2 to 317 μg/cm2

nanoparticles. After 48 hours, the supernatants were col-
lected and centrifuged at 18,000 g for 20 minutes at 4°C.
Levels of Aβ were measured by an Aβ specific ELISA.

Transport assay of nanoparticulate flurbiprofen in an
in vitro BBB model
bEnd.3 cells were seeded on 24-transwell cell culture in-
serts. After reaching post-confluency, bEnd.3 cells were
co-cultured with 7WD10 in the lower compartment and
bEnd.3 cells were treated with 300 μM free flurbiprofen
or nanoparticulate flurbiprofen, ranging from 300 μM to
750 μM flurbiprofen, which corresponds to approxi-
mately 380 μg/cm2 to 942 μg/cm2 nanoparticles. After
72 hours, the supernatants of the lower compartment

were collected and centrifuged at 18,000 g for 20 min-
utes at 4°C. Levels of Aβ were measured by an Aβ spe-
cific ELISA.

Measurement of Aβ species by ELISA
The levels of Aβ40 and Aβ42 peptides were determined using
a cell-based sandwich ELISA assay as described [32]. Briefly,
the monoclonal antibody IC16 (1:250 in PBS, pH 7.2) raised
against amino acids 1 to 15 of the Aβ sequence was used as
a capture antibody. To generate standard curves, synthetic
Aβ40 and Aβ42 peptides (JPT Peptide Technologies, Berlin,
Germany) were used. These Aβ peptides were solubilized in
dimethyl sulfoxide (DMSO) at 10 μg/ml and aliquots were
stored at −80°C. The capture antibody was inclubated over-
night in 96-well high-binding microtiter plates at 4°C. After
the capture antibody was removed, conditioned media sam-
ples (20 μl for detection of Aβ40 and 100 μl for Aβ42) and
freshly diluted Aβ peptide standards (125 to 6,000 pg/ml in
PBS containing 0.05% Tween-20, 1% BSA) were added. Sub-
sequently, C-terminal detection antibodies specific for Aβ40
and Aβ42 labeled with horseradish peroxidase (HRP) using
the Pierce EZ-Link™ Plus Activated Peroxidase kit (Thermo
Fisher Scientific, Rockford, IL, USA) were diluted in PBS
containing 0.05% Tween-20, 1% BSA, added to each well,
and incubated overnight at 4°C. Plates were washed three
times with PBS containing 0.05% Tween-20 and once with
PBS. Then, 50 μl of TMB (3,3',5,5'-Tetramethylbenzidin)
ELISA Peroxidase Substrate (Interchim, Montlucon cedex,
France) was added and incubated for 1 to 10 minutes at
room temperature in the dark. The reaction was stopped by
adding 50 μl of 2 M H2SO4 and the absorbance was mea-
sured using a Paradigm microplate reader (Beckman
Coulter, Krefeld, Germany) at 450 nm. The levels of the
Aβ40 and Aβ42 peptides were normalized to Aβ total (Aβ40
+ Aβ42) and the average of triplicate measurements for
each concentration was normalized to the control condi-
tion (DMSO or unloaded PLA nanoparticles).

Nanoparticle plasma protein binding assay
To obtain human plasma, blood was taken at the ENT
department at the Medical University Mainz from 15 differ-
ent seemingly healthy donors in k2EDTA coated tubes
(Greiner, Frickenhausen, Germany) to prevent blood clot-
ting. The blood samples were labeled anonymously and
could not be traced back to a specific donor. Studies were
approved by the local ethics committee of the University
Medical Center of the Johannes Gutenberg-University of
Mainz, and informed consent was obtained in accordance
with the Declaration of Helsinki. The PLA nanoparticles
were incubated with equal amounts of human plasma for
different time points (5, 15, 30 and 60 minutes), loaded
onto a sucrose cushion (0.7 M in PBS) and centrifuged
through the cushion to separate nanoparticle-protein com-
plexes from plasma (12,000 rpm for 20 minutes at 4°C).
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Pellets were washed three times with PBS and proteins
were eluted from the recovered particles by adding an
equal volume of SDS sample buffer (62.5 mM Tris–HCl
pH 6.8; 2% (w/v) SDS, 10% glycerol, 50 mM dithiothreitol
(DTT), 0.01% (w/v) bromophenol blue) to the pellet and
incubated at 95°C for five minutes. Proteins were separated
on a 12% SDS-polyacrylamide gel. To visualize the kinetic
evolution of the protein corona, the SDS-polyacrylamide
gel was stained with Coomassie brilliant blue R-250 (Bio-
Rad, München, Germany) and protein quantification was
performed using the BioRad Protein Assay (Bio-Rad,
München, Germany). To examine the presence of apolipo-
proteins in the nanoparticle-protein complex, proteins
were transferred onto a polyvinylidene difluoride (PVDF)
membrane. Membranes were blocked with 5% non-fat dry
milk in Tris-buffered saline (TBS) containing 0.01%
Tween-20 and the following antibodies were used: α-
apoA4 (Cell Signaling, Boston, MA, USA ); α-apoE and
rabbit-α-mouse immunoglobulin G (IgG) antibody conju-
gated with HRP (Santa Cruz, Dallas, TX, USA).

Statistical analysis
All graphs and statistics were performed using the
GraphPad Prism 4 software (GraphPad, La Jolla, CA,
USA). Data were analyzed by two-way analysis of vari-
ance (ANOVA) coupled to Bonferroni post-tests for
multiple comparisons. P <0.05 was considered as statisti-
cally significance.

Results
Preparation and characterization of PLA nanoparticles
To investigate a novel approach to deliver potential drugs
against AD into the brain, we established an in vitro BBB
model to analyze the transport and functionality of the
Aβ42 lowering drug flurbiprofen embedded in PLA nano-
particles. The PLA-flurbiprofen nanoparticles were pre-
pared by an emulsification-diffusion method. For the
visualization of the nanoparticles, Lumogen® F Orange 240
(kindly provided by BASF) was added during the prepar-
ation. The particles had a size between 213.6 and 218.1
nm. The amount of incorporated flurbiprofen was deter-
mined by HPLC (Table 1).

Determination of cell toxicity
The cytotoxicity of the PLA-flurbiprofen nanoparticles
was assessed using the alamarBlue® cell viability reagent.
Therefore, post-confluent bEnd.3 cells were incubated
with increasing concentrations of free flurbiprofen or

PLA-flurbiprofen nanoparticles. As reported earlier by
us and others, free flurbiprofen has a cytotoxic potential
at concentrations above 300 μM (Figure 1A) [19,33]. In
contrast, nanoparticulate flurbiprofen showed no cyto-
toxic potential (Figure 1B). The toxicity of the nanopar-
ticles was further analyzed by the measurement of their
influence on the integrity of endothelial cells (Figure 2).
Therefore, the TER of the cells was measured by imped-
ance spectroscopy using a cellZscope® device [30]. bEnd.3
were cultured on cell culture inserts and after reaching
post-confluency, cells were treated with 750 μM nanopar-
ticulate flurbiprofen. The nanoparticles showed no inter-
ference with the TER development, even at this high
concentration. Taken together, the cell viability as well as
the integrity of the endothelial cells was not impaired by
the nanoparticulate flurbiprofen and, therefore, any cyto-
toxic effect could be excluded.

Biological activity of nanoparticles
Although we could convincingly demonstrate the toler-
ance of endothelial cells to nanoparticulate flurbiprofen,
we had to establish whether nanoparticulate flurbiprofen
had any biological activity on modulating the γ-secretase
function. Therefore, we first analyzed the in vitro release
of flurbiprofen from the PLA nanoparticles at a physio-
logical pH by incubating 1 mg nanoparticles in 1 ml
phosphate buffer (pH = 7.5) at 37°C. By HPLC, we ob-
served that flurbiprofen is constantly released from the
nanoparticles over time with an initial rapid release
followed by a slower exponential phase (Figure 3). Con-
sequently, we analyzed the influence of nanoparticulate
flurbiprofen on γ-secretase activity using APP overexpress-
ing cells (7WD10). The 7WD10 cells were incubated with
free flurbiprofen or PLA-flurbiprofen nanoparticles (both
ranging from 50 μM to 250 μM). After 48 hours, tissue
culture supernatants were collected and the amounts of
Aβ40 and Aβ42 were measured by an Aβ specific ELISA. As
reported earlier by us and others, free flurbiprofen specific-
ally modulates γ-secretase activity by decreasing the levels
of Aβ42 in a concentration dependent manner whereas the
levels of Aβ40 remained unaffected (Figure 4A) [17,19]. For
the treatment with the PLA-flurbiprofen nanoparticles, the
administered concentration of the nanoparticles was
adjusted to the free flurbiprofen to compare the effects
of the nanoparticulate and the free drug. The nanopar-
ticulate flurbiprofen reduced the amount of the Aβ42
peptides in a concentration dependent manner
(Figure 4B). The levels of Aβ40 remained unaffected. The

Table 1 Physicochemical characteristics of polylactide (PLA) nanoparticles

Formulation Mean particle diameter (nm) Polydispersity index Zeta potential (mV) Flurbiprofen loading (μg/mg)

PLA-flurbiprofen nanoparticles 218.1 0.053 −17.4 60.2

PLA nanoparticles 213.6 0.048 −27.6 -
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decrease of the Aβ42 levels by the PLA-flurbiprofen
nanoparticles is achieved by the in vitro release of the
drug from the nanoparticles, as shown in Figure 3. Thus,
the nanoparticulate flurbiprofen exhibited a biological
activity to modulate γ-secretase in vitro comparable to
free flurbiprofen.

Cellular binding and uptake of nanoparticles
To analyze the potential of nanoparticulate flurbiprofen
to cross a cellular monolayer, we first examined the cel-
lular binding and uptake of the PLA-flurbiprofen nano-
particles by endothelial cells. Therefore, bEnd.3 cells
were incubated with the nanoparticles for four hours at
37°C and subsequently analyzed by flow cytometry
(Figure 5A). Compared to the untreated control, cellular
binding of the PLA-flurbiprofen nanoparticles was

detected. The cellular uptake of the nanoparticles was
further studied by CLSM. Post-confluent bEnd.3 cells
were incubated with nanoparticles for one to four hours
at either 37°C or at 4°C as a control to inhibit endocyto-
sis. At 4°C, the bEnd.3 cells exhibited no signal of the
nanoparticles demonstrating that the nanoparticles were
not endocytosed (Figure 5B). However, at 37°C, the
nanoparticles were endocytosed by the bEnd.3 cells
(Figure 5C) and this uptake increased with longer incu-
bation time (Figure 5D).

Figure 1 Cytotoxicity of free or nanoparticulate flurbiprofen.
bEnd.3 cells were treated with the indicated concentrations of free
flurbiprofen (A) or PLA-flurbiprofen nanoparticles (B) for 72 hours.
The cytotoxicity was assessed after a four hour incubation with 1 ×
alamarBlue®. The absorbance was measured and the cell viability
was calculated as a percentage of absorbance in relation to vehicle
control treated cells. The data represent mean ± SEM of n ≥3. PLA,
polylactide; SEM, standard error of the mean.

Figure 2 Influence of PLA-flurbiprofen nanoparticles on the
integrity of the endothelial cell barrier. bEnd.3 cells were cultivated
on cell culture inserts in a cellZscope® device. When cells were post-
confluent, approximately 2.4 mg nanoparticles per cm2 (corresponding
to 750 μM nanoparticulate flurbiprofen) were added to the luminal side
of the endothelial cells and the TER was measured every hour by
impedance spectroscopy. PLA, polylactide; TER, transepithelial
electrical resistance.

Figure 3 Flurbiprofen is released over time from the PLA
nanoparticles. PLA-flurbiprofen nanoparticles were dissolved in an
aqueous solution at pH 7.5 and the amount of flurbiprofen in the
solution was measured by HPLC at different time points. The release
is shown as the percentage of the total amount of incorporated
flurbiprofen in the nanoparticles. PLA, polylactide.
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Transport of nanoparticles across endothelial cells
To study the ability of PLA nanoparticles to transport
flurbiprofen across an in vitro BBB model, bEnd.3 cells
were cultivated in the luminal compartment of cell cul-
ture inserts until a post-confluent monolayer had grown
(Figure 6A). Then, 7WD10 were co-cultured abluminally
together with the bEnd.3 cells. After confirmation of the
tightness of the endothelial cell monolayer by TER
measurement, nanoparticles were added to the bEnd.3
cells at the luminal side. As a readout for the transport
of nanoparticulate NSAIDs, we collected the medium in
the abluminal compartment after 72 hours and mea-
sured the γ-secretase activity by determining the levels
of Aβ40 and Aβ42 using a specific ELISA. Furthermore,
we measured the amount of flurbiprofen by HPLC.
Luminally administered free flurbiprofen (300 μM) had

no effect on the levels of Aβ40 and Aβ42 in the abluminal
compartment (Figure 6B). We only administered 300 μM
free flurbiprofen in this experimental setup due to its cyto-
toxic potential at higher concentrations (Figure 2A). By
HPLC, we measured the concentration of flurbiprofen in
the abluminal compartment and we could detect that ap-
proximately 10% of the initial concentration was diffusing
across the endothelial cell monolayer, which was not suffi-
cient to reduce Aβ42 (Table 2). When flurbiprofen-loaded
nanoparticles were added luminally to the endothelial
cells, Aβ42 levels decreased in a concentration dependent
manner whereas the levels of Aβ40 remained unchanged
(Figure 6C). Since the IC50 for flurbiprofen induced
γ-secretase modulation is about 150 to 200 μM, we
hypothesize that the final concentration of flurbiprofen in
the abluminal compartment, most likely still bound to
nanoparticle components, is therefore sufficient to reduce
the Aβ42 levels. These results strongly indicate that the
nanoparticles were transported in this in vitro BBB model
and that the embedded flurbiprofen was able to reduce
Aβ42 levels by modulating the γ-secretase activity.

Human blood plasma corona of the nanoparticles
When nanoparticles enter a biological fluid, proteins
rapidly compete for binding to the nanoparticle surface,
leading to the formation of a protein corona that critic-
ally defines the biological identity of the particle. The
properties of such a particle-protein complex differ sig-
nificantly from those of the formulated particle. Hence,
the further biological responses of the body as well as
the biodistribution of the nanoparticles are expected to
be influenced by the nanoparticle-protein complex [34].
Therefore, the PLA nanoparticles were incubated with
human blood plasma for several time points and we ex-
amined the binding of plasma proteins to the nanoparti-
cles. The protein binding profiles were visualized by
SDS-PAGE, demonstrating that an exposure for five
minutes was already sufficient for an efficient corona
formation (Figure 7A). Also, the amount of corona pro-
teins increased over time, albeit the corona seems to
change only quantitatively rather than qualitatively. Fur-
thermore, we examined the presence of apolipoproteins
in the protein corona (Figure 7B). Apolipoproteins are
part of the circulating lipoproteins and serve as receptor
ligands for lipid and cholesterol uptake and metabolism,
and it was suggested that apolipoprotein-modified nano-
particles are able to transport drugs across the BBB
[35-38]. We observed that apolipoprotein E (ApoE)
and apolipoprotein A4 (ApoA4) are already present in
the nanoparticle-protein complex after five minutes of
exposure, and that the amount of ApoA4 slightly de-
creased and the ApoE concentrations significantly in-
creased over time. The formation of the apolipoprotein
corona on the PLA nanoparticles indicates a potential

Figure 4 Aβ generation in cultured cells treated with free or
nanoparticulate flurbiprofen. 7WD10 cells were treated with the
indicated concentrations of free flurbiprofen (A) or PLA-flurbiprofen
nanoparticles (B) for 48 hours. Levels of Aβ were measured by an Aβ
specific ELISA. The data represent mean ± SEM of three independent
experiments. * Statistically significant difference (P <0.05, two-way
ANOVA) between Aβ levels of vehicle-treated and drug-treated cells
are indicated. Aβ, amyloid-β; ANOVA, analysis of variance; PLA,
polylactide; SEM, standard error of the mean.
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transport route of the nanoparticles through a lipopro-
tein receptor transcytosis pathway [37,39].

Discussion
AD is a severe neurodegenerative disease affecting more
than 35 million people worldwide, and is characterized by
memory impairment, neurofibrillary tangles formation and
extracellular accumulation of Aβ42 in insoluble plaques.
The Aβ42 peptide is generated through the proteolytic pro-
cessing of APP, and its accumulation or increased gener-
ation is thought to be one of the primary events in the
pathogenesis of AD [12-14,40]. According to this hy-
pothesis, reduced generation or enhanced clearance of
Aβ42 peptides and plaques would be expected to modify
the disease course in AD [41]. Recently, the Aβ42 lowering
agent tarenflurbil, the R-enantiomer of flurbiprofen, failed
in a phase III clinical trial, presumably because it could

not cross the BBB in high enough concentrations [21].
Generally, brain penetration of CNS active drugs is mostly
limited by the BBB, and several strategies have been de-
vised to overcome this barrier to deliver therapeutic drugs
to the brain [42]. To date, drug carriers, such as nanoparti-
cles, have been studied intensively for neurological disor-
ders, cancer and other diseases, and some of them are in
different trial phases or even commercially available
[43,44]. In this study, we examined the efficiency of nano-
particulate flurbiprofen to cross the BBB in order to de-
crease selectively the levels of Aβ42 peptides in the brain.
We decided to study PLA-nanoparticle formulations

because this starting material is FDA-approved, bio-
degradable and biocompatible [29,45]. In addition, we
decided to use flurbiprofen as a GSM because it is also
FDA-approved, commercially available and, most im-
portantly, its GSM activity has been studied intensively

Figure 5 Cellular binding of the PLA-flurbiprofen nanoparticles. (A) bEnd.3 cells were treated with approximately 100 μg/cm2 PLA-
flurbiprofen nanoparticles for four hours at 37°C and the cellular binding was quantified by flow cytometry. The data are shown as histograms of
the FL1-H channel (red: PLA-flurbiprofen nanoparticles, black: untreated control). (B-D) bEnd.3 cells were treated with approximately 100 μg/cm2

nanoparticles. To inhibit endocytosis, the cells were treated at 4°C (B). For the cellular uptake, cells were treated for one hour (C) or four hours
(D) at 37°C. After the incubation period, the cells were put on ice and washed with acidic PBS to remove the surface-bound nanoparticles. The
cells were fixed with paraformaldehyde and cell nuclei were stained with DRAQ5TM. Scale bar, 10 μm. PLA, polylactide.
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in vivo and in vitro [17,19]. First, the cytotoxic potential
of the PLA-flurbiprofen nanoparticles in comparison to
free flurbiprofen was investigated. Compared to free flur-
biprofen, the PLA-flurbiprofen nanoparticles did not
affect cell viability. Even if high amounts of nanoparti-
cles were administered to the endothelial cells, and in-
cluding that the nanoparticles may sediment in the
culture medium on the surface of the cells which may
lead to different local concentrations, these amounts did

not perturb the integrity of an endothelial barrier. Thus,
the embedding of flurbiprofen in nanoparticles disguised
its cytotoxic potential which enables the application of
higher concentrations on endothelial cells without any
cytotoxic potential. The cellular binding and uptake of the
nanoparticles was observed by flow cytometry and CLSM.
These data confirmed the cellular binding as well as a
time-dependent uptake of the nanoparticles by endothelial
cells. Next, the in vitro release of flurbiprofen from the

Figure 6 Influence of free or nanoparticulate flurbiprofen on Aβ generation in an in vitro BBB model. 7WD10 cells were co-cultured
abluminal with post-confluent bEnd.3 cells in the luminal compartment (A). bEnd.3 cells were treated with the indicated concentrations of free
flurbiprofen (B) or PLA-flurbiprofen nanoparticles (C) for 72 hours. Levels of Aβ in the abluminal compartments were measured by an Aβ specific
ELISA. The data represent mean ± SEM of three independent experiments. * Statistically significant difference (P <0.05, two-way ANOVA) between
Aβ levels of vehicle-treated and drug-treated cells are indicated. Aβ, amyloid-β; ANOVA, analysis of variance; BBB, blood-brain barrier; PLA,
polylactide; SEM, standard error of the mean.

Table 2 Concentration of flurbiprofen in the abluminal compartment measured by HPLC

μM luminally administered μM abluminally measured by HPLC % of administered concentration

300 μM flurbiprofen 41.85 13.95

300 μM PLA-flurbiprofen nanoparticles 31.56 10.52

450 μM PLA-flurbiprofen nanoparticles 46.82 10.40

600 μM PLA-flurbiprofen nanoparticles 63.95 10.66

750 μM PLA-flurbiprofen nanoparticles 83.70 11.16
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nanoparticles was investigated, which showed that the
drug is constantly released over the time. Consequently,
we examined the biological activity of the nanoparticulate
flurbiprofen compared to free flurbiprofen in the APP
overexpressing cell line 7WD10. Free flurbiprofen specifi-
cally decreased Aβ42 levels with a maximal effect size of
approximately 70%, in good agreement with previous stud-
ies [17,19]. For the PLA-flurbiprofen nanoparticles, a simi-
lar decrease in Aβ42 levels was detected. Since flurbiprofen
is released constantly over time from the PLA nanoparti-
cles, its biological activity to modulate γ-secretase activity
in vitro was comparable to free flurbiprofen. Based on
these observations that the PLA-flurbiprofen nanoparticles
were able to lower Aβ42 levels and were endocytosed
by endothelial cells, we studied their transport in an
in vitro BBB model. In these experiments, the endothelial
cells were cultured luminally on cell culture inserts (repre-
senting the blood side) with the 7WD10 cell line in the
abluminal compartment (representing the brain side). In
this experimental setup, free flurbiprofen did not reduce

Aβ42 levels, because it was not sufficiently transported
across the endothelial cell monolayer at high enough con-
centration. This is in agreement with phase I dosing studies
of R-flurbiprofen in humans [46]. In these studies, healthy
volunteers were treated for 21 days with up to 800 mg
twice daily of R-flurbiprofen. Maximal plasma concentra-
tions of R-flurbiprofen up to 185 μM were measured, well
in the range of the Aβ42-lowering activity of flurbiprofen in
tissue culture experiments. However, flurbiprofen concen-
trations in the cerebrospinal fluid (CSF) of the volunteers
were found to be more than 100-fold lower with an aver-
age CSF to plasma ratio of 0.5%. No significant changes in
CSF Aβ42 levels were observed in R-flurbiprofen treated in-
dividuals compared to placebo controls. In the failed Phase
III clinical study of R-flurbiprofen, CSF drug concentration
were not measured but the highest dose administered in
the trial was identical to the phase I study, predicting simi-
larly low brain concentrations [21]. Importantly, we could
detect a significant decrease of Aβ42 levels for the nanopar-
ticulate flurbiprofen. In earlier studies, we were able to
demonstrate that drug-loaded nanoparticles exhibited a
higher biological activity than the free drug alone [47]. The
nanoparticulate drug had a lower IC50 value than the free
drug molecule resulting in a higher efficiency of the nano-
particulate formulation. Furthermore, the nanoparticles
may gradually sediment in the culture medium on the sur-
face of the cells, which can locally lead to higher concen-
trations of the nanoparticulate flurbiprofen compared to
free flurbiprofen. For the HPLC measurements, the total
capacity of the abluminal compartment was used and the
total concentration of free or nanoparticulate flurbiprofen
was measured. Thus, total concentration of the nanoparti-
culate flurbiprofen may not be higher compared to free
flurbiprofen, but if the sedimentation of the nanoparticles
is taken into account, the concentrations of the nanoparti-
culate flurbiprofen can be locally higher resulting in signifi-
cantly decreased levels of Aβ42. The embedding of
flurbiprofen into nanoparticles not only disguises its cyto-
toxic potential, it further enables the administration
of higher drug concentrations resulting in a sufficient
transport of the drug across the endothelial cell monolayer.
These data provide a proof of principle showing that
even NSAIDs with low GSM activity can efficiently lower
Aβ42 levels if transported sufficiently across the BBB. As a
potential transport mechanism we would like to highlight
the presence of the lipoproteins ApoA4 and ApoE in
the protein corona of the nanoparticles. In biological fluids,
proteins and other biomolecules bind to the surface of
the nanoparticles and build a corona which determines
their biological properties. For instance, members of
the apolipoprotein family enable the endocytotic uptake
through lipoprotein receptors. In a recent study, we were
able to show that ApoE-modified nanoparticles were
actively endocytosed by endothelial cells and that the

Figure 7 ApoE and ApoA4 are part of the protein corona of the
PLA nanoparticles. PLA nanoparticles were incubated with equal
amounts of human plasma for different time points and the
nanoparticles-protein complexes were analyzed by SDS-PAGE
(A) and Western blot (B). Human blood plasma served as control
(ctrl.). Apo, apolipoprotein; PLA, polylactide.
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low density lipoprotein receptor-related protein 1 (LRP1) is
involved in this process [37]. Thus, the transport of the
nanoparticulate flurbiprofen may be facilitated by the
surface-bound proteins mimicking endogenous lipopro-
teins via endocytosis by transporters such as LRP1.

Conclusions
Over the past years, the application of nanotechnology-
based strategies for the treatment or diagnosis of AD has
been investigated by many groups [43,48]. Some ap-
proaches, like this study, focused on the encapsulation of
molecules into nanoparticles for delivery to the brain;
others dealt with a reduction of amyloid plaques toxicity
or focused on the early detection of the disease [49]. In
this study, we could show that after embedding in
polymeric nanoparticles, flurbiprofen can be transported
across the BBB and retains its biological activity. However,
some improvements and optimizations of the nanoparti-
cles are required for future applications. The use of other
GSMs with higher potency, or surface modifications such
as coupling the nanoparticles with peptides or ligands,
which can achieve a higher bioavailability or a specific tar-
geting to the brain, are just some examples for achievable
improvements [15,20]. To date, an enormous amount of
work has been invested in the sophisticated surface-
functionalization of drug carriers to improve their target-
ing and/or bioactivity, but the potential impact of the
protein corona on the success or failure of these strategies
has been mostly neglected so far [34,50,51]. However,
we show for the first time that the blood plasma protein
corona on PLA nanoparticles is established rapidly, is
complex and appears to change predominantly only quan-
titatively over time. The surface-functionalization of nano-
particles with apolipoproteins has been shown to facilitate
translocation through the BBB [37,38,52], and we assume
that the observed ‘natural functionalization’ of the PLA
nanoparticles with ApoE and ApoA4 may facilitate the
BBB transport of the nanoparticulate flurbiprofen via
endocytosis using transporters such as LRP1 [37]. Whether
further surface modifications may increase BBB transport
remains to be investigated. The surface-functionalization
of drug carriers is labor and cost-intensive and therefore
often limited to (pre)clinical studies in nanobiomedicine.
Since the protein corona is established in physiological
environments, this ‘natural biofunctionalization’ should
be exploited to improve the bioactivity of drug carriers
to overcome these limitations.
Taken together, we were able to show that the modifica-

tion of usually nonpermeable drugs via embedding in
nanoparticles results in an efficient transport across an
endothelial cell monolayer and that these nanotechnology-
based strategies are very promising to generate novel thera-
peutic options for AD and other CNS diseases.
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