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General introduction

1
Introduction

This thesis describes the results of  four years of  research within a consortium 
working	on	the	project	entitled	“Altered	sphingolipid	balance	in	Alzheimer’s	disease:	a	
new therapeutic approach?”, which is funded by the Memorabel program of  ZonMw as 
part of  the Delta Plan for Dementia. The overall aim of  the consortium is to provide 
evidence that targeting the sphingolipid balance might be a possible new therapeutic 
strategy in the treatment of  Alzheimer’s disease. As part of  the overall aim, the research 
described	 in	 the	 current	 thesis	 aims	 to	 define	 how	 changes	 in	 the	 sphingolipid	 bal-
ance and the responsible enzymes are associated with Alzheimer’s disease pathology. 
Moreover, this introduction provides the background of  Alzheimer’s disease and current 
treatment strategies. In addition, the relation between sphingolipids and two important 
contributors	to	Alzheimer’s	disease,	namely	neuroinflammation	and	blood-brain	barrier	
dysfunction, will be introduced. 

1. Alzheimer’s disease

Alzheimer’s disease (AD) is the most common form of  dementia affecting mil-
lions of  individuals worldwide. Moreover, it is an economically burdensome disease 
raising global concern on public health [1]. AD in its typical form is a progressive neuro-
degenerative	disease	characterized	by	declining	episodic	memory	followed	by	long-term	
memory loss, behavioral, and personality changes, eventually leading to overall cognitive 
decline	[2].	The	average	duration	of 	illness	is	8-10	years,	but	the	clinical	symptomatic	
phases are preceded by preclinical and prodromal stages that typically extend over 2 
decades [3]. 

With	over	90%,	the	majority	of 	AD	patients	appear	to	be	sporadic	and	usually	
with a late age of  onset (older than 65 years). In contrast, familial AD accounts for less 
than	1-5%	where	the	age	of 	onset	is	 in	general	before	the	age	of 	65	years	[4].	While	
familial	AD	is	usually	due	to	an	autosomal	inheritance	of 	specific	mutated	genes,	spo-
radic AD is more complex and most likely results from a combination of  genetic and 
environmental	influences	[5].	The	strongest	genetic	risk	factor	for	developing	late	onset	
sporadic AD is the polymorphism associated with the gene encoding apolipoprotein E 
(APOE)	[6].	ApoE	is	highly	expressed	in	the	brain	and	similar	to	its	well-known	role	in	
the periphery is thought to mediate lipid transport. It is involved in synaptic plasticity, 
synaptogenesis,	 inflammation,	 and	 in	 regeneration	 after	 injury	 [7].	There	 exist	 3	ma-
jor isoforms of  this protein, termed ApoEε2 ApoEε3 and ApoEε4,	where	having	the	
ApoE ε4	allele	increases	the	risk	of 	developing	AD	substantially	[8,	9].	Understanding	
the	pathogenesis	of 	AD	can	be	beneficial	 for	 the	diagnosis	 and	 intervention	of 	 this	
disease. Currently, the diagnosis of  AD is usually based on medical history and clinical 
findings,	but	definite	diagnosis	of 	AD	can	only	be	obtained	post-mortem	by	pathologi-
cal examination of  the brain. 

 1.1. Alzheimer Pathology
At a cellular level, AD is characterized by progressive neuronal dysfunction and 

eventually	loss	of 	neurons,	causing	cognitive	decline	[10,	11].	The	neuronal	damage	in	
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AD is related to the deposition of  extracellular amyloid β (Aβ) protein (plaques) and 
the intracellular aggregation of  hyperphosphorylated tau protein. Inside neurons, the 
enzyme β-secretase	(or	β-site	AAP-cleaving	enzyme	BACE)	initiates	Aβ production via 
the cleavage of  the amyloid precursor protein (APP), which is a transmembrane protein. 
The cleavage results in an extracellular fragment and membrane bound fragment. The 
membrane-bound	fragment	is	further	cleaved	by	the	intramembrane	cleaving	protease	
γ-secretase,	 releasing	 the	 40	 amino	 acid	 long	Aβ40	 and	 a	 less-soluble	 42	 amino	 acid	
long Aβ42.	Both	Aβ40	and	Aβ42	are	released	as	monomers	into	the	extracellular	space,	
where Aβ42	more	 readily	 aggregates	 to	 form	oligomers,	protofibrils,	fibrils	 and,	ulti-
mately, plaques, which are one of  the hallmarks of  AD pathology [12, 13]. In addition 
to Aβ plaque formation, hyperphosphorylated tau proteins also contribute to AD pro-
gression	[14].	Under	normal	conditions,	tau	promotes	the	stabilization	of 	microtubules	
in	neurons.	When	tau	is	hyperphosphorylated,	it	becomes	sequestered	into	neurofibril-
lary tangles (NFTs), which are mainly found in neuronal processes known as neuropil 
threads or dystrophic neurites. The deposition of  NFTs induces cytoskeletal changes, 
inhibits normal axonal transport, and eventually leads to neuronal death [11, 15]. 

The	severity	of 	NFT	pathology	is	graded	according	to	“Braak	stages”	which	is	
based	on	the	topographical	distribution	of 	neurofibrillary	tangles	in	the	brain	[16].	The	
trans-entorhinal	and	entorhinal	cortex	(stages	I	and	II),	then	the	hippocampus	(stages	
III	 and	 IV)	 and	 finally	 the	 isocortex	 (stages	V	 and	VI)	 are	 sequentially	 involved.	 In	
addition, the severity of  plaque pathology is scored according to the Consortium to 
Establish	a	Registry	for	Alzheimer’s	Disease	(CERAD),	which	uses	a	four-tiered	scale	
representing	the	neocortical	neuritic	plaques	density	[17].	

In	the	majority	of 	AD	patients,	the	neuritic	plaques	and	neurofibrillary	tangles	are	
commonly accompanied by Aβ deposition at the brain vasculature, a process also known 
as cerebral amyloid angiopathy (CAA) [18, 19]. Two types of  CAA can be distinguished 
based on the location of  Aβ deposition. In CAA type 1, Aβ predominantly accumulates 
in cortical capillaries in addition to leptomeningeal and cortical arteries and arterioles 
and is therefore referred to as capillary CAA (capCAA), while in CAA type 2 Aβ deposi-
tions are predominantly restricted to the larger vessels and do not involve cortical capil-
laries	 [20].	 Interestingly,	 the	ApoE	ε4	 allele	 constitutes	 a	 considerable	 risk	 factor	 for	
CAA	type-1	[20].	In	addition,	when	analyzing	autopsy	cases	it	was	shown	that	capCAA	
is	present	in	over	51%	of 	AD	cases	and	correlates	with	the	severity	of 	AD	pathology,	
whereas for larger vessel CAA this association is not evident [21, 22]. 

 1.2. Diagnostics and treatment of Alzheimer’s disease
To	date,	the	definite	confirmation	of 	the	diagnosis	of 	AD	can	only	be	made	his-

topathologically. However, growing evidence suggests that pathological changes leading 
to	AD	begin	many	years	before	the	first	clinical	symptoms	appear	[23].	During	life,	the	
clinical state of  cognition is diagnosed using standardized neuropsychological testing 
and	clinical	examination.	The	diagnostic	work-up	usually	includes	medical	history,	physi-
cal and neurological testing, neuropsychological evaluation, biomarkers, and neuroimag-
ing	using	magnetic	resonance	imaging	(MRI)	[24].	Structural	MRI	is	a	widely	established	
method to measure regional and global brain volumes in vivo. This technique is used to 
visualize brain atrophy in order to predict the conversion of  mild cognitive impairment 
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(MCI) to AD. Although high accuracy is achieved in MCI patients close to developing 
AD, this is not the case for MCI patients which are years away from developing AD. 
Therefore,	the	identification	of 	the	risk	of 	conversion	to	Alzheimer’s	disease	dementia	
in patients with MCI using structural MRI alone has not yet reached clinically acceptable 
levels [25].

Novel diagnostic criteria support the use of  biomarkers based on cerebrospinal 
fluid	(CSF)	and	amyloid	positron	emission	tomography	(PET)	to	establish	a	probable	
diagnosis of  AD [26–28]. Since the development of  biomarker assays that are able to de-
tect Aβ species in the CSF, a decrease in Aβ42	or	the	ratio	of 	Aβ42	to	Aβ40	in	the	CSF	
are now widely accepted as valid indicators of  the abnormal pathologic state associated 
with cerebral Aβ	 [29,	30].	Regarding	tau,	experimental	findings	have	emphasized	that	
CSF total tau levels mirror the severity and intensity of  neuronal/axonal degeneration 
and	cerebral	damage,	while	phospho-tau	is	related	to	AD.	Therefore,	in	addition	to	the	
detection of  Aβ	species	in	the	CSF,	the	ratio	between	phospho-tau	and	total	tau	levels	in	
CSF might also be considered as a good prognostic marker for AD [31]. 

A	non-invasive	method	that	supports	the	CSF	biomarker	analysis	is	the	molecular	
imaging of  Aβ and tau in vivo using PET. Currently, PET tracers for tau are available 
for clinical evaluation but problems on how to quantify the tau PET signal makes it dif-
ficult	to	discriminate	between	different	diseases/tauopathies	[32].	On	the	other	hand,	
several PET tracers that detect Aβ	plaques	show	a	strong	image-to-autopsy	comparison	
in assessing cortical amyloid load [33–36]. The combination of  CSF biomarkers and 
imaging	techniques	seems	to	be	the	most	accurate	way	to	confirm	the	diagnosis	of 	AD,	
and possibly also in identifying patients at risk for developing AD. However, to date no 
novel	disease-modifying	 therapies	have	been	shown	to	provide	significant	benefit	 for	
AD patients. 

For the last three decades, the amyloid cascade hypothesis has been the prominent 
concept	driving	therapeutic	development	in	AD	[37].	The	hypothesis	posits	Aβ deposi-
tion as a key initial step in the pathogenesis of  AD, where the deposition of  Aβ is related 
to an imbalance between its production and clearance [38]. Moreover, this hypothesis 
states that Aβ deposition in the brain drives tau phosphorylation, NFT formation, syn-
apse loss, neuron death and cognitive impairment [12]. This has led to the development 
of  novel therapeutic compounds that are mainly focused on decreasing Aβ production 
or increasing Aβ	 clearance	 [39–43].	The	most	promising	 to	date	are	 third-generation	
BACE1	inhibitors	affecting	Aβ production, and passive immunotherapy against Aβ pep-
tides,	thereby	increasing	the	clearance	of 	the	peptide.	Both	approaches	are	now	in	phase	
III clinical trials and are hopefully awaiting a positive outcome. However, to date there 
is still no targeted therapeutic approach based on the amyloid cascade hypothesis in the 
clinic. Therefore, the hypothesis itself  has been broadened and other neuropathologi-
cal processes in AD are now also investigated as possible therapeutic targets, including 
neuroinflammation	and	Aβ	clearance	across	the	blood-brain	barrier	(BBB)	(figure	1).
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Figure 1: Neuropathological processes in Alzheimer’s disease. Under healthy circumstances the blood-brain barrier 
(BBB) protects the neuronal environment by expressing tight junction protein and specialized transporters, including 
P-gp and LRP1 that are able to remove amyloid β (Aβ). Resting astrocytes and microglia further ensure an optimal 
barrier and neuronal functioning. During Alzheimer’s disease, a significant increase in glia activation, Aβ deposition, 
BBB disruption, and neuronal loss is observed. Activated microglia and astrocytes produce a range of cytokines in 
response to the growing presence of Aβ, which can exacerbate ongoing neuroinflammation and BBB disruption, 
leading to neurodegeneration.
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	 1.3.	 Neuroinflammation	in	Alzheimer’s	disease

Neuroinflammation	describes	the	reactive	morphology	and	altered	function	of 	
the	glial	compartment	and	involves	predominantly	astrocytes	and	microglia	[44].	Both	
cell types are essential for normal brain functioning where astrocytes provide structural, 
metabolic, and guidance support for neurons while microglia regulate tissue homeostasis 
through	scavenging	functions	[45].	During	disease	or	injury,	activated	glial	cells	serve	as	
both	source	and	target	of 	proinflammatory	mediators,	such	as	cytokines,	chemokines	
and	reactive	oxygen	species.	Although	the	observed	inflammatory	glial	response	is	pre-
sumed to be secondary to neuronal death or dysfunction, it is suggested that the activa-
tion of  microglia and astrocytes contributes to the progression of  different neurodegen-
erative diseases, including AD. 

In AD, microglia phagocytose Aβ	via	 the	binding	of 	 the	peptide	 to	 their	 cell-
surface	receptors	and	Toll-like	receptors	[46,	47].	Apart	from	clearing	Aβ, this process 
is	also	thought	to	be	part	of 	the	inflammatory	reaction	in	AD	[48].	The	binding	of 	Aβ 
to	microglia	results	in	their	activation,	after	which	they	start	to	produce	proinflamma-
tory cytokines and chemokines. It has been suggested that increased cytokine levels are 
responsible	for	the	insufficient	microglial	phagocytic	capacity	by	downregulating	phago-
cytosis	 receptors	 [49].	Normally,	 the	 activation	of 	microglia	 is	 a	 transient	process	 to	
prevent secondary neuronal damage. However, chronic activation will lead to microglial 
dysfunction	[50–52].	For	instance,	in	AD	patients	as	well	as	in	transgenic	mouse	models	
of  AD, activated microglia accumulate around Aβ plaques [53]. Transcriptomic analy-
sis	of 	these	so-called	plaque	associated	microglia	revealed	a	proinflammatory	signature	
compared	to	the	homeostatic	molecular	signature	of 	microglia	in	non-plaque	areas	of 	
the brain. The exact function of  the plaque associated microglia remains controversial in 
that	it	is	not	clear	whether	they	exert	beneficial	or	detrimental	functions.	However,	it	is	
suggested that during the course of  disease, microglia lose their homeostatic functions 
and	become	chronically	inflammatory,	leading	to	a	more	detrimental	outcome	[50–52,	
54,	55].

In	 addition,	 the	 production	 of 	 proinflammatory	 cytokines	 by	microglia	 in	 re-
sponse to Aβ activates surrounding astrocytes [56]. Reactive astrocytes are characterized 
by	increased	expression	of 	glial	fibrillary	acidic	protein	(GFAP)	[57].	Like	microglia,	as-
trocytes	release	proinflammatory	molecules	after	exposure	to	Aβ, thereby exacerbating 
the	neuroinflammatory	response.	Moreover,	although	microglia	are	responsible	for	the	
bulk of  clearance and degradation of  Aβ, astrocytes can also internalize and degrade Aβ 
by upregulating their expression of  certain scavenger receptors [58, 59]. This function 
is reduced in astrocytes derived from AD brains which contributes to less proteolytic 
clearance of  Aβ. 

Similar to microglia, astrocytes also gather around Aβ plaques where they appear 
hypertrophic. It is suggested that by surrounding Aβ plaques with their processes, astro-
cytes	may	form	a	protective	barrier	to	protect	neurons	[60].	By	releasing	various	mol-
ecules, astrocytes communicate to neurons that the external environment is unfavora-
ble to healthy synaptic interactions [61]. In addition, astrocytes around plaque deposits 
protect neurons against excitotoxicity by increasing the production and release of  the 
inhibitory	neurotransmitter	GABA	[62].	However,	during	disease	progression	astrocytes	
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become dysfunctional as indicated by the downregulation of  genes associated with cell 
structure and those involved in intracellular signaling pathways [63]. Therefore, although 
astrogliosis in AD begins in response to protecting the brain from injury, these changes 
in reactive astrocytes will eventually lead to a progressive decline in cognition. 

Overall,	the	increased	levels	of 	neuroinflammation	are	mechanistically	detrimen-
tal	and	can	potentiate	hippocampal	atrophy	and	memory	decline	over	time	[64].	Several	
non-steroidal	anti-inflammatory	drugs	 (NSAID),	 such	as	 ibuprofen,	have	been	 tested	
in	clinical	trials	but	had	no	significant	cognitive	benefits	as	a	treatment	of 	AD	[65].	In	
addition, a general microglial activation inhibitor (AlzhemedTM (Tramiprosate)) failed 
to	show	clinical	efficacy	in	a	phase	III	trial	[66].	Therefore,	more	specific	drugs	acting	
on	the	 inflammatory	processes	are	now	under	 investigation.	For	 instance,	a	microglia	
modulator	(CHF	5074)	that	specifically	drives	microglia	to	a	more	protective	phenotype	
is	currently	in	phase	II	clinical	trial	[67].	Hence,	understanding	the	underlying	mecha-
nisms	involved	in	neuroinflammation	may	reveal	new	molecular	targets	[68–70].

2. Sphingolipids 
Recently, evidence was provided that alterations in the sphingolipid pathway are 

linked	to	the	pathogenesis	of 	neurodegenerative	diseases,	including	AD	(figure	2)[71–
73].	In	general,	sphingolipids	are	highly	enriched	in	the	brain	and	are	essential	for	the	
development	and	maintenance	of 	the	functional	integrity	of 	the	nervous	system	[74].	
Their chemical structure is comprised of  both polar and nonpolar regions resulting in 
an amphipathic character, which accounts for their tendency to aggregate into mem-
branous	 structures	 and	 allows	 them	 to	play	diverse	 roles	 in	 cellular	metabolism	 [75].	
Sphingolipid metabolism consists of  a complex network of  highly regulated pathways 
producing	bioactive	lipids	that	include	ceramide,	sphingosine,	and	sphingosine	1-phos-
phate (S1P). 

The central molecule in sphingolipid biology is ceramide. Ceramide synthesis oc-
curs via three different pathways; the de novo pathway, the sphingomyelinase pathway, 
and	 the	salvage	pathway	 [73,	76].	The	de	novo	synthesis	of 	ceramide	by	 the	enzyme	
serine palmitoyl transferase (SPT) is the unique entry point of  sphingolipid metabo-
lism. Once generated by ceramide synthases (CerS), ceramide acts as substrate for other 
sphingolipids but can also be regenerated from these sphingolipids. For instance, in the 
sphingomyelinase pathway, ceramide acts as substrate for sphingomyelin synthases to 
generate sphingomyelin. In turn, the ceramide pool is regenerated via the hydrolysis 
of 	sphingomyelin	through	the	action	of 	sphingomyelinases	(SMases)	[77,	78].	Finally,	
ceramide can be converted into sphingosine which seems to have one of  two fates. In 
the salvage pathway sphingosine can be reused to produce ceramide, or it can be phos-
phorylated	to	produce	the	bioactive	molecule	sphingosine-1-phosphate	(S1P)	[79].	The	
breakdown	of 	S1P	into	non-sphingolipid	molecules	by	S1P	lyase	is	the	only	exit	point	
of  sphingolipid metabolism. In most cell types, ceramide and S1P exert opposite effects 
on cell survival, where primarily ceramide is implicated in promoting cellular stress and 
cell	death	[80,	81].	Therefore,	maintaining	a	strict	sphingolipid	balance	is	of 	key	impor-
tance for cellular survival.
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 2.1. Sphingolipids in Alzheimer’s disease
AD pathology is associated with increased levels of  ceramide, as was shown in 

post-mortem	studies	[82].	Ceramide	is	able	to	stabilize	β-secretase,	which	increases	the	
cleavage of  the amyloid precursor protein (APP). Consequently, this induces plaque 
formation and leads to further generation of  Aβ peptides, which under pathological 
conditions induce a vicious cycle involving Aβ production, cellular stress, and ceramide 
accumulation	[71].	However,	it	is	not	clear	whether	the	dysregulation	of 	ceramide	is	a	
consequence of  Aβ accumulation or that it might be one of  the initiating factors of  AD 
pathophysiology.	Several	non-AD	related	studies	also	showed	that	 increased	levels	of 	
ceramide are implicated in the induction of  neural cell death, oxidative stress, and pro-
inflammatory	gene	expression,	further	adding	to	the	detrimental	effect	of 	pro-apoptotic	
ceramide	[83,	84].

In contrast to ceramide, the role of  S1P is somewhat controversial in the develop-
ment and progression of  AD [85]. It is suggested that S1P exerts its protective role via 
members	of 	a	family	of 	five	specific	G	protein	coupled	receptors,	named	S1P1-5	[86].	
Several	studies	report	that	the	levels	of 	S1P	are	generally	decreased	in	post-mortem	AD	
brain	[87,	88].	It	is	suggested	that	the	decreased	S1P	signaling	is	not	able	to	counteract	
ceramide-induced	cell	death.	Therefore,	increasing	S1P	levels	might	be	beneficial.	How-
ever, in cultured mouse neurons it was shown that neuronal death was closely associated 
with elevated S1P levels [89]. Moreover, the increase in S1P level was associated with tau 
hyperphosphorylation. Furthermore, another study demonstrated a direct role for S1P 
in the generation of  Aβ	in	neurons	[150].	Therefore,	because	of 	these	seemingly	con-
tradictory results, the function of  S1P signaling in AD needs to be further investigated.

Figure 2: A schematic overview of the sphingolipid pathway. Ceramide can be synthesized by ceramide synthases via 
the de novo and the salvage pathway from sphingosine or by hydrolysis of sphingomyelin by sphingomyelinase. Once 
generated, ceramide can act ceramide as substrate for other sphingolipids such as sphingosine and sphingosine-
1-phosphate (S1P). S1P can be catabolized into hexadecenal + phospho-ethanolamine by the action of sphingosine 
1-phosphate lyase, which is the only exit point of sphingolipid metabolism. S1P has also extracellular effects by 
signaling through 5 G protein-coupled receptors (S1PR1-5). The agonist FTY720 can bind the receptors S1PR1,3,4,5. 
The red arrows indicate changes observed in Alzheimer’s disease. SMSyn, sphingomyelin synthase; SMase, sphingo-
myelinase; CDase, ceramidase; CerSyn, ceramide synthase; Sph, sphingosine; SphK1/2, sphingosine kinase 1/2; S1Pase, 
sphingosine 1-phosphate phosphatase. .
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 2.2. Sphingolipids as therapeutic targets in Alzheimer’s disease
The	novel	therapeutic	agent	FTY720	(Fingolimod),	a	S1P	receptor	modulator,	is	

a	sphingosine-related	molecule	exhibiting	an	 immunomodulatory	function,	which	has	
recently	been	approved	as	an	oral	 treatment	 for	 relapsing-remitting	multiple	 sclerosis	
[91].	The	main	action	of 	FTY720	is	the	sequestration	of 	circulating	mature	lymphocytes	
to secondary lymphoid organs by binding to and promoting the internalization and deg-
radation of  the S1P receptors and consequent loss of  S1P responsiveness [92]. How-
ever,	the	effects	of 	FTY720	are	not	limited	to	lymphocyte	trafficking.	Due	to	its	highly	
lipophilic	nature,	FTY720	is	able	to	cross	the	BBB.	Various	cells	of 	the	central	nervous	
system express S1P receptors and data from experimental disease models of  AD as well 
as	cell	culture	models	have	shown	that	FTY720	administration	is	able	to	reduce	both	
the production and the neurotoxicity of  Aβ	peptide	in	neurons	[91,	93,	94].	In	addition,	
in	astrocytes	and	microglia	FTY720	acts	as	a	negative	modulator	of 	neuroinflammation	
and	promotes	neuroprotective	effects	[95–97].	These	results	suggest	an	important	role	
for the S1P receptors in AD pathology, but to date insights into underlying mechanisms 
remain lacking. 

The	working	mechanism	 of 	 FTY720	 has	 been	 investigated	 in	many	 different	
models	of 	CNS	injury,	attributing	potent	anti-inflammatory	effects	in	glial	cells	and	re-
storative	function	at	the	BBB	to	this	compound	[95,	97,	98].	Interestingly,	both	FTY720	
and	S1P	are	linked	to	LXR	signaling	in	macrophages	[99,	100].	Therefore,	targeting	the	
sphingolipid pathway might affect two important contributing factors in AD, namely 
neuroinflammation	and	blood-brain	barrier	dysfunction.

3. The blood-brain barrier in Alzheimer’s disease
The notion that cerebrovascular pathology contributes to AD has recently gained 

more attention, as the amyloid cascade hypothesis does not fully cover the cause of  
the	disease	[101].	It	has	been	hypothesized	that	hypoperfusion	and	BBB	impairment	in	
AD	are	both	integral	parts	of 	the	pathological	cascade	leading	to	AD	[102,	103].	This	
so-called	2-hit	vascular	hypothesis	poses	that	the	vascular	changes	(hit	one)	induce	early	
neuronal dysfunction and occur prior to and independent of  Aβ. The vascular injury 
leads to increased secretion of  angiogenic molecules, reduced amyloid clearance and 
increased accumulation of  Aβ	 [104–106].	Consequently,	 the	 increase	 in	Aβ (hit two) 
amplifies	neuronal	dysfunction.	Therefore,	according	to	this	hypothesis,	the	BBB	plays	
an important role in the development of  AD.

	 The	BBB	is	a	key	anatomical	structure	that	protects	the	CNS	microenvironment	
from the systemic circulation. As such, it plays a crucial role in maintaining brain homeo-
stasis by restricting entry of  immune cells and molecules into the brain parenchyma. The 
BBB	is	composed	of 	highly	specialized	brain	endothelial	cells	which	are	surrounded	by	
a basement membrane, pericytes, perivascular macrophages, and astrocytes, of  which 
the	latter	project	their	end-feet	to	the	BBB	[107].	Because	of 	these	interactions,	brain	
endothelial cells exert strong barrier properties and exhibit functional and morphologi-
cal features that distinguish them from the peripheral endothelium. For instance, brain 
endothelial	cells	express	well-developed	tight	junctions	and	adherens	junctions	that	seal	
the	paracellular	cleft	between	adjacent	endothelial	cells	[108].	In	addition,	specific	trans-
porters and carrier molecules strictly regulate the uptake of  nutrients and metabolites 
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into the CNS. Furthermore, potential harmful compounds like drugs and toxins are 
excluded	from	the	CNS	by	a	large	family	of 	efflux	pumps,	including	the	large	family	of 	
ATP-binding	cassette	(ABC)	transporters	[109].	Due	to	their	specific	features	like	tight	
junctions	and	efflux	pumps,	brain	endothelial	cells	are	crucial	gatekeepers	of 	the	CNS.	

In	AD,	 several	 studies	 investigated	whether	BBB	 integrity	 is	 disrupted	 in	AD	
[110–114].	Although	 several	 studies	 using	 animal	models	 of 	AD	confirmed	 the	 bar-
rier	to	be	more	permeable,	this	observation	is	still	controversial	in	clinical	material.	By	
comparing CSF/serum ratios of  substances of  peripheral origin, histologic examination 
of  blood proteins in the CNS, and imaging studies no consensus has been reached. 
Therefore,	it	is	difficult	to	claim	that	BBB	disruption	is	a	major	driver	of 	pathology	in	
AD patients. In contrast,  altered protein expression and transporter dysfunction are 
evident in the cerebral microvascular endothelial cells, showing a reduced expression 
of 	 the	 transporters	 low-density	 lipoprotein	 receptor-related	protein	 1	 (LRP1)	 and	p-
glycoprotein	 (P-gp	or	ABCB1),	which	are	 important	 transporters	 responsible	 for	Aβ 
efflux	 [115–118].	Decreased	LRP1	 expression	 in	 the	brain	 endothelium	 is	 associated	
with increased Aβ	levels	in	AD	patients	[119].	Moreover,	the	expression	of 	P-gp	in	brain	
endothelial	cells	is	decreased	as	well.	Although	P-gp	is	less	efficient	than	LRP1	in	pro-
moting Aβ excretion, the decrease further contributes to the accumulation of  Aβ in the 
brain	[120–123].	In	addition,	the	neuroinflammatory	process	present	in	AD	pathology	
also	contributes	to	BBB	dysfunction.	For	instance,	endothelial	cells	express	high	levels	
of 	cell	adhesion	molecules	and	release	significantly	higher	levels	of 	inflammatory	factors	
including nitric oxide (NO), thrombin, TNFα, ILs, and MMPs upon interaction with Aβ 
[124,	125].	These	alterations	result	in	a	dysfunctional	barrier,	incapable	of 	maintaining	
brain homeostasis (Figure 1). 

Besides	endothelial	cells,	pericytes	and	astrocytes	also	play	an	important	role	in	
BBB	 integrity	 and	 concomitant	 clearance	of 	Aβ. For instance, loss of  pericytes in a 
mouse model of  AD elevates brain Aβ40	and	Aβ42	levels	and	accelerates	CAA	by	di-
minishing the clearance of  toxic Aβ peptides from brain [126]. In addition, the observed 
dysfunction of  astrocytes is also associated with changes in Aβ clearance at the neuro-
vascular	unit	[127–129].	The	direct	contact	of 	astrocytic	end-feet	with	the	endothelial	
cells	enhances	the	expression	of 	BBB	transporters,	including	P-gp	[107,	130].	Vice	ver-
sa,	the	endothelial	cells	influence	the	localization	of 	aquaporin	4	(AQP4)	on	astrocytes,	
which	facilitates	the	flow	of 	water	into	and	out	of 	the	brain	[131].	The	interstitial	fluid	
(ISF)	circulates	along	the	basement	membrane	of 	the	BBB	and	drains	waste	product	
from the CSF into lymphatic nodes. Interestingly, recent studies showed that the clear-
ance of  Aβ is also dependent on this meningeal lymphatic system. The impaired astro-
glial function leads to decreased perivascular clearance of  Aβ	from	the	ISF	[127].	Failure	
of 	the	perivascular	ISF	pathway,	together	with	the	BBB	dysfunction,	is	associated	with	
the	increased	degree	of 	CAA	observed	in	AD	patients	and	animal	models	[132–134].	
Therefore,	restoring	BBB	function	in	AD	might	be	an	attractive	therapeutic	target.	

In	improving	BBB	function	in	AD,	statins	received	a	lot	of 	attention	as	possible	
therapeutics. Statins are cholesterol lowering drugs that also have effects on vascular 
smooth muscle cells. Several studies have reported a reduced risk for incidence and pro-
gression	of 	AD	and	dementia	in	statin-treated	populations	[135–137].	In	animal	models	
of 	AD,	it	is	suggested	that	the	beneficial	effects	of 	treatment	with	statins	are	exerted	via	
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protecting	the	BBB	[138].	However,	clinical	trials	of 	statins	in	patients	with	AD	resulted	
in	no	significant	therapeutic	benefit	[139–141].	In	addition	to	statins,	the	effect	of 	vari-
ous antihypertensive dihydropyridine (DHP) compounds are also under investigation. 
Epidemiological evidence shows that chronic high blood pressure increases the risk for 
dementia	 [142,	143].	Treatment	of 	animal	models	of 	AD	with	DHP	compounds	 re-
sulted in decreased plaque burden and also improved learning abilities and spatial mem-
ory, possibly via increased clearance of  Aβ	across	the	BBB	[144].	In	a	follow-up	study,	
specifically	 the	DHP	 compound	 nilvadipine,	 which	 is	 a	 calcium	 channel	 blocker	 for	
hypertension treatment, facilitated the brain clearance of  centrally administered human 
Aβ(1–42)	together	with	improved	cognitive	function	in	vivo	[145].	In	the	end	of 	2018,	
the	Phase	III	trial	of 	nilvadipine	has	been	completed	in	patients	with	mild-to-moderate	
AD	but	unfortunately	the	results	do	not	suggest	beneficial	effects	of 	nilvadipine	as	a	
treatment	in	a	population	spanning	mild	to	moderate	Alzheimer	disease	[146].	To	date,	
there	is	no	therapy	available	that	targets	specifically	the	BBB.	Therefore,	development	of 	
such a strategy may lead to a new class of  drugs for the treatment of  Alzheimer’s disease. 

4. Liver X receptors
Interestingly, liver X receptors (LXRs) might provide the link between decreasing 

brain	 inflammation	 and	 exerting	 protective	 effects	 of 	BBB	 function.	 Liver	X	 recep-
tors belong to a large family of  nuclear receptors which upon activation stimulate gene 
transcription	[147].	Two	LXR	isoforms	exist	in	mammals,	termed	LXRα (NR1H3) and 
LXRβ	 (NR1H2),	which	share	over	75%	amino	acid	sequence	 identity.	 In	 the	nucleus	
LXRs form obligate heterodimers with the retinoid X receptor (RXR), together forming 
the LXR/RXR complex. LXRs play an important role in cholesterol and lipid metabo-
lism. The best described process involving LXR function is reverse cholesterol transport 
where LXRs facilitate the elimination of  excess cholesterol in response to cholesterol 
precursors	or	oxysterols	[148].	However,	LXRs	appear	to	be	involved	in	a	much	broader	
spectrum of  functions.

Recently, it was reported that pharmacological activation of  LXRs in murine 
models of  AD partially reverted the cognitive impairment. The activation of  LXRs re-
sulted in memory improvements and reduced levels of  Aβ, whereas genetic loss of  the 
LXRs	resulted	in	increased	plaque	pathology	[149–154].	The	observed	beneficial	effects	
of 	LXR	activation	involve	their	ability	to	modulate	microglial	function	and	exerting	anti-
inflammatory	action	[155,	156].	Indeed,	LXR	agonists	inhibit	the	production	of 	proin-
flammatory	cytokines	and	chemokines	 in	 stimulated	microglia	and	 reactive	astrocytes	
[153,	157].	In	addition,	the	anti-inflammatory	action	of 	LXRs	may	promote	the	ability	
of  microglia to phagocytose Aβ	in	a	chronic	inflammatory	environment	[158,	159].	Not	
only	are	LXRs	important	modulators	of 	inflammation,	they	also	have	profound	effects	
on the vasculature. For instance, LXR activation prevents the downregulation of  the 
tight	junctions	occludin	and	zona	occludens-1	in	ischemic	vessels	in	a	mouse	model	of 	
stroke,	indicating	that	LXRs	control	BBB	integrity	[160].	Moreover,	the	increased	BBB	
integrity	was	accompanied	by	increased	expression	of 	the	P-gp	transporter	at	the	en-
dothelial cells, where it restricts the entry of  Aβ into the brain [161]. 

The interest in unraveling the LXR working mechanism in this thesis is twofold. 
First, a better understanding of  the underlying mechanism will give more insight in 
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the	interaction	between	LXR	activation,	neuroinflammation	and	BBB	function,	possibly	
leading to more insight in where to intervene. Secondly, these results indicate a possible 
therapeutic potential of  LXR activation in AD. However, the diverse physiological func-
tions of  LXRs can lead to potentially deleterious side effects when used as a therapeutic 
drug	[162].	In	this	regard,	a	more	specific	and	functional	LXR	agonist	is	highly	needed.	

5. Thesis aim and outline
The	overall	aim	of 	the	thesis	is	to	define	how	changes	in	the	sphingolipid	balance	

and the responsible enzymes are associated with Alzheimer’s disease pathology. To that 
end, Chapter 2 and 3 are pathological studies investigating the sphingolipid balance in 
different	neurodegenerative	diseases	using	post-mortem	brain	tissue.	Chapter	2	exam-
ines	the	changes	in	the	sphingolipid	profile	in	Alzheimer’s	disease	and	in	capillary	cer-
ebral amyloid angiopathy (capCAA). Chapter 3 provides a broader overview of  sphin-
golipids	and	their	enzymes	involved	in	the	neuroinflammatory	response	by	comparing	
different	dementia	subtypes	that	differ	in	their	inflammatory	status.	Chapter	4	provides	
a	literature	review	of 	the	liver	x	receptors	as	the	possible	link	between	neuroinflamma-
tion	and	blood-brain	barrier	dysfunction.	Chapter	5	and	6	are	directly	focused	on	the	
role	of 	liver	x	receptors	in	blood-brain	barrier	function.	Chapter	5	shows	the	importance	
of 	 liver	x	receptor	alpha	 in	maintaining	blood-brain	barrier	function	under	basal	and	
neuroinflammatory	conditions.	Chapter	6	focusses	on	the	mechanisms	underlying	the	
role	of 	liver	x	receptor	alpha	in	blood-brain	barrier	(dys)function	and	how	this	relates	to	
AD	pathogenesis.	Chapter	7	serves	as	the	general	discussion	and	as	a	future	outlook	on	
research and clinical application.
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Abstract

Background
The	majority	of 	patients	with	Alzheimer’s	disease	(AD)	exhibit	amyloid-β (Aβ) 

deposits at the brain vasculature, a process referred to as cerebral amyloid angiopathy 
(CAA).	In	over	51%	of 	AD	cases,	Aβ also accumulates in cortical capillaries, which is 
termed capillary CAA (capCAA). It has been postulated that the presence of  capCAA 
in	AD	is	a	specific	subtype	of 	AD,	although	underlying	mechanisms	are	not	yet	fully	
understood. Sphingolipids (SLs) are implicated in neurodegenerative disorders, includ-
ing AD. However, to date it remains unknown whether alterations in the SL pathway are 
involved in capCAA pathogenesis and if  these differ from AD.

Objective 
To determine whether AD cases with capCAA have an altered sphingolipid pro-

file	compared	to	AD	cases	without	capCAA.

Methods 
Immunohistochemistry was performed to assess the expression and localization 

of 	 ceramide,	 acid	 sphingomyelinase	 (ASM),	 and	 sphingosine-1-phosphate	 receptors	
(S1P1, S1P3). In addition, we determined the concentrations of  S1P as well as different 
chain-lengths	of 	ceramides	using	HPLC-MS/MS.

Results 
Immunohistochemical analysis revealed an altered expression of  ceramide, ASM, 

and	S1P	receptors	by	reactive	astrocytes	and	microglial	cells	specifically	associated	with	
capCAA.	Moreover,	a	shift	in	the	balance	of 	ceramides	with	different	chain-lengths	and	
S1P content is observed in capCAA.

Conclusion 
Here we provide evidence of  a deregulated sphingolipid balance in capCAA. The 

increased levels of  ASM and ceramide in activated glia cells suggest that the SL pathway 
is	involved	in	the	neuroinflammatory	response	in	capCAA	pathogenesis.	Future	research	
is needed to elucidate the role of  S1P in capCAA.
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Introduction

Alzheimer’s disease (AD) is a progressive neurodegenerative disorder, which is 
characterized	by	amyloid-β (Aβ)	 aggregates	 and	neurofibrillary	 tangles	 (NFTs).	Aβ is 
able to accumulate in the majority of  AD patients in the cerebrovasculature, a process 
referred to as cerebral amyloid angiopathy (CAA) [8]. Two types of  CAA can be dis-
tinguished based on the location of  Aβ deposition. In CAA type 1, Aβ predominantly 
accumulates in cortical capillaries in addition to leptomeningeal and cortical arteries and 
arterioles and is therefore referred to as capillary CAA (capCAA), while in CAA type 2 
Aβ depositions are restricted to predominantly the larger vessels and does not involve 
cortical	capillaries	[3].	In	addition,	capCAA	is	present	in	over	51%	of 	AD	cases	and	cor-
relates with the severity of  AD pathology, whereas for larger vessel CAA this association 
is	not	evident	([9,	10].	However,	the	role	of 	capCAA	in	the	evolution	of 	AD	and	the	
underlying mechanisms of  amyloid depositions in cerebral blood microvessels and brain 
tissue remains poorly understood. 

It	 has	 been	 postulated	 that	 capCAA	 is	 a	 specific	 subtype	 of 	AD	defined	 not	
only	by	characteristic	neuropathological	features,	but	also	by	genotype	specific	associa-
tions [11]. Indeed, a clear genetic heterogeneity with regard to apolipoprotein E (ApoE) 
genotypes contributes to the distinction between the two types of  CAA, where capCAA 
is	significantly	related	to	having	one	or	two	ApoE	ε4	alleles	[3].	Moreover,	capCAA	is	
implicated	in	promoting	neuroinflammation	and	dementia	in	AD,	whereas	larger	vessel	
CAA is not [12, 13]. Therefore, the pathological hallmarks of  capCAA differ from larger 
vessel CAA, suggesting that capCAA is a distinct neuropathologic entity requiring dif-
ferential treatment. 

Recently, evidence was provided that alterations in the sphingolipid pathway are 
linked	to	the	pathogenesis	of 	neurodegenerative	diseases,	including	AD	[14-16].	Sphin-
golipids are ubiquitous lipid components of  membranes that are metabolized to form 
signaling molecules that regulate numerous critical cell functions, including mediating an 
inflammatory	response	[17].	The	metabolism	of 	this	class	of 	lipids	comprises	a	complex	
network of  highly controlled pathways producing bioactive lipids that include ceramide, 
sphingosine,	and	sphingosine-1-phosphate	(S1P)	[18].	S1P	is	able	to	signal	via	a	fam-
ily	of 	five	specific	G	protein	coupled	receptors,	named	S1P1-5,	or	act	inside	a	cell	as	
a second messenger [1]. It has been suggested that the balance between the levels of  
ceramide and S1P determines whether a cell proliferates or dies [2].

In	AD,	post-mortem	studies	have	shown	that	AD	pathology	is	associated	with	
increased levels of  ceramide [19]. Moreover, ceramide is able to stabilize β-secretase,	
which increases the cleavage of  the amyloid precursor protein (APP), leading to the 
generation of  Aβ peptides which under pathological conditions induce a vicious cycle 
involving Aβ	production,	cellular	stress,	and	ceramide	accumulation	[14].	However,	the	
role	of 	S1P	 is	 less	known	 in	 the	development	and	progression	of 	AD	[20].	Ways	 to	
control the balanced production of  these bioactive but also potentially pathogenic lipids 
may therefore be a novel avenue in the treatment of  AD.

The	novel	therapeutic	agent	FTY720	(Fingolimod),	a	S1P	receptor	modulator,	is	
a	sphingosine-related	molecule	exhibiting	an	 immunomodulatory	function,	which	has	
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recently	been	approved	as	an	oral	 treatment	 for	 relapsing-remitting	multiple	 sclerosis	
[21].	 Despite	 its	 agonistic	 action,	 FTY720	 promotes	 internalization	 and	 degradation	
of  the S1P receptors and consequent loss of  S1P responsiveness, thereby resulting in 
functional antagonistic effects [22]. Various cells of  the central nervous system express 
S1P receptors and data from experimental disease models of  AD as well as cell culture 
models	have	shown	that	FTY720	administration	is	able	to	reduce	both	the	production	
and the neurotoxicity of  Aβ peptide [21]. These results suggest an important role for 
the S1P receptors in AD pathology, but to date insights into underlying mechanisms 
remain lacking. 

Based	on	the	implication	that	an	disturbed	sphingolipid	balance	may	be	causative	
for AD pathogenesis, and because of  the pathological distinction between AD cases 
with and without capillary CAA, the goal of  the present study was to determine whether 
AD cases that lack capCAA have a different sphingolipid metabolism compared to AD 
cases	with	capCAA.	Because	of 	the	strong	inflammatory	response	associated	with	cap-
CAA,	we	investigated	the	expression	of 	sphingolipids	that	are	linked	to	the	neuroinflam-
matory process.

Here	we	provide	the	first	comprehensive	analysis	of 	the	sphingolipid	metabolism	
in capCAA by examining the cellular distribution of  the enzymes involved in sphingo-
myelin	metabolism	and	S1P	receptors	in	well-characterized	non-neurological	controls,	
and in AD with, and without capCAA cases. Immunohistochemical analysis revealed 
an altered expression of  acid sphingomyelinase (ASM), ceramide, and S1P receptors 
by reactive astrocytes and microglial cells associated with dyshoric changes in capCAA. 
Moreover,	a	shift	in	the	balance	of 	ceramides	of 	different	chain-lengths	and	S1P	content	
is observed in capCAA, possibly favoring apoptosis.

Materials and Methods

Post-mortem human brain tissue
Post-mortem	human	brain	tissue	was	obtained	from	the	Netherlands	Brain	Bank	

(NBB),	Netherlands	Institute	for	Neuroscience,	Amsterdam	and	from	Laboratorium	Pa-
thologie	Oost-Nederland,	Enschede,	the	Netherlands.	For	this	study	we	selected	occipi-
tal	cortex	of 	10	AD	patients	with	capCAA	pathology,	6	AD	cases	without	capCAA,	and	
5	age-matched	non-demented	controls	without	presence	of 	AD	pathology.	CapCAA	
score	was	defined	according	to	Love	et	al.	[23].	Staging	of 	AD	pathology	was	evaluated	
according	to	the	revised	criteria	of 	Braak	and	Braak	and	of 	CERAD	[4-6].	All	material	
has been collected from donors after written informed consent for brain autopsy and 
use	of 	brain	tissue	and	clinical	 information	for	research	purposes.	Age,	gender,	post-
mortem	delay	(PMD),	Braak,	CERAD,	capCAA	scores	and	cause	of 	death	of 	all	cases	
used in this study are listed in Table 1.

Immunohistochemistry
For immunohistochemical analysis, 5 μm cryosections mounted on coated glass 

slides	 (Menzel	Gläser	 Superfrost	PLUS,	Thermo	Scientific,	Braunschweig	Germany),	
were	air-dried	and	fixed	in	acetone	for	10	min.	Sections	were	incubated	overnight	at	4°C	
with primary antibodies against ASM, ceramide, S1P1, S1P3, human leukocyte antigen 
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(HLA)-DR,	glial	fibrillary	acidic	protein	(GFAP)	and	Aβ (Table 2). All antibodies were 
diluted in antibody diluent (Immunological, Duiven, the Netherlands). Subsequently, 
sections were incubated with Real EnVision HRP rabbit/mouse (Dako, Glostrup, Den-
mark)	for	30	min.	Peroxidase	labeling	was	visualized	using	3,3-diaminobenzidine	(DAB)	
as chromogen (Dako, Glostrup, Denmark). Nuclei were counterstained with haematoxy-
lin.	Sections	were	dehydrated	and	mounted	using	Quick-D	mounting	medium	(Klinipath	
B.V.,	Duiven,	the	Netherlands).	Between	all	incubation	steps,	sections	were	washed	with	
phosphate	buffered	saline	(PBS,	pH	7.4).	Omission	of 	the	primary	antibody	(incubation	
with antibody diluent alone) served as technical negative control.

	 For	colocalisation	studies,	sections	were	incubated	for	30min	with	10%	normal	
goat	serum.	Subsequently,	sections	were	incubated	overnight	at	4°C with primary an-
tibodies	as	indicated	in	table	2.	Alexa	488	labeled	goat	anti-rabbit	and	goat	anti-mouse	
(dilution	1:400,	Life	Technologies)	were	used	to	detect	ASM	and	ceramide,	respectively.	
LN3	was	detected	using	Alexa	555	labeled	goat	anti-mouse	(dilution	1:400,	Life	Tech-
nologies).	Sections	were	incubated	for	1h	with	their	specific	secondary	antibody.	Finally,	
sections	were	stained	with	Hoechst	(dilution	1:1000,	Molecular	Probes)	to	visualize	cel-

Table 1: Summary of patient details

Table 2: Primary antibodies.
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lular nuclei and mounted with Mowiol mounting medium. The representative images 
were	taken	with	a	Leica	TCS	SP8	confocal	laser-scanning	microscope	(Leica	SP8,	DMI	
6000,	Mannheim,	Germany),	63X	oil	objective.

Quantitative and correlation analysis 
Quantitative	and	correlation	analysis	of 	the	immunohistochemical	levels	of 	ASM,	

ceramide,	S1P1,	S1P3,	GFAP	and	HLA-DR	was	performed	on	the	grey	matter	of 	the	
occipital	cortex	of 	control,	AD,	and	capCAA	cases.	Of 	each	case	4	pictures	spanning	
all cortical layers of  the grey matter of  the occipital cortex were taken. The area fraction 
of 	the	DAB	staining	(%	immunopositive	area	of 	total	area)	was	quantified	using	Image	
J	version	1.48.	

Colocalization with amyloid deposition
Colocalization of  immunoreactivity for ASM and ceramide with amyloid β, was 

assessed	using	Congo	Red	 to	visualize	 amyloid	fibrils.	Cryosections	 (5	μm)	were	 air-
dried	and	fixed	in	acetone	for	10	min.	Sections	were	incubated	overnight	at	4°C	with	
primary antibodies against ASM, ceramide, S1P1, and S1P3 (Table 2). Subsequently, 
sections	were	 incubated	with	Real	EnVision	HRP	 rabbit/mouse	 (Dako)	 for	 30	min.	
DAB	(Dako)	was	used	as	chromogen	and	nuclei	were	counterstained	with	haematoxylin.	
Subsequently,	tissue	sections	were	incubated	in	70%	ethanol	followed	by	incubation	for	
20	min	with	50	ml	saturated	NaCl	solution	(0.5	M	NaCl	in	80%	ethanol)	supplemented	
with	0.5	ml	1%	NaOH	solution.	Afterwards,	sections	were	transferred	to	saturated	50	ml	
0.5%	Congo	Red	(VWR	internationaal,	Leuven,	Belgium)	solution	supplemented	with	
0.5	ml	1%	NaOH	solution	and	incubated	for	20	min.	Finally	sections	were	rinsed	twice	
with	100%	ethanol,	followed	by	xylene	and	mounted	using	Quick-D	mounting	medium.	
The Nuance™ spectral imaging system (CRi, Woburn, MA) was used for the analysis 
of 	double-stained	sections.	Spectral	imaging	data	cubes	were	taken	from	460–660	nm	
at	20	nm	intervals	and	analysed	with	the	Nuance™	software.	Spectral	libraries	of 	sin-
gle-brown	(DAB),	single-red	(CongoRed)	and	haematoxylin	(blue)	were	obtained	from	
control single stainings. The resulting library was applied to the stained sections and the 
different	reaction	products	were	then	spectrally	unmixed	into	individual	black-and-white	
images, representing the localization of  each of  the reaction products, and reverted to 
fluorescence-like	images	composed	of 	pseudo-colours	using	the	Nuance™	software.

HPLC MS/MS analyses of Ceramides and S1P
Ceramides	of 	different	 chain-lenghts	 and	S1P	were	 analysed	 as	previously	de-

scribed	 [24].	 Frozen	 tissue	 samples	were	weighed	 and	 homogenized	 in	 cold	 purified	
Millipore	water	 (MQ,	18.2	MΩ	cm)	from	a	Milli-Q®	PF	Plus	system	(Millipore	B.V.,	
Amsterdam, the Netherlands). Total lipids were extracted from brain samples by add-
ing	methanol	(MeOH),	containing	CER17:0,	Cer17:0/24:1,	and	S1P-D7	(400,	400	and	
200	ng/mL	methanol;	Avanti	Polar	Lipids)	as	internal	standard,	and	10%	TEA	solution	
(trimethylamine	(10/90,	v/v)	in	MeOH/dichloromethane	(DCM)	(50/50,	v/v))	to	ho-
mogenized	sample.	Subsequently,	MeOH/DCM	(50/50,	v/v)	was	added	to	this	mixture.	
The	sample	was	vortexed	for	5	min	and	incubated	on	the	roller	bank	for	30	min	at	4°C.	
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After	incubation,	samples	were	centrifuged	at	14000	x	g	for	30	min	at	4°C.	Supernatant	
was transferred to a fresh tube, dried under nitrogen and reconstituted in MeOH before 
liquid	 chromatography-tandem	 mass	 spectrometry	 (LC-MSMS).	 Ceramides	 and	 S1P	
were	identified	by	injecting	10	μL	sample	in	an	Agilent	1200SL	system	(Agilent	Technol-
ogy)	which	is	run	through	a	Kinetex	C8	column	(2.1	x	10	mm,	2.6	μm,	Phenomenex,	
Maarssen,	the	Netherlands)	at	30	°C	using	a	gradient,	starting	from	50%	mobile	phase	
A	(MQ/MeOH	(50/50,	v/v)	containing	1.5	mM	ammonium	formate	and	0.1%	formic	
acid)	for	1	min,	and	is	 increased	to	93%	mobile	phase	B	(100%	MeOH	containing	1	
mM	ammonium	formate	and	0.1%	formic	acid)	at	7	minutes.	Thereafter	the	column	is	
flushed	with	100%	mobile	phase	B	for	2	min.	The	flow	rate	is	set	at	0.25	ml/min	and	
total	run	time	is	13	min.	The	effluent	is	directed	to	an	Agilent	6410	triple	quadruple	mass	
spectrometer and analyzed in positive ion mode following electrospray ionization. The 
MS/MS	 transitions	 of 	CER14:0,	CER16:0,	CER18:0,	CER20:0,	CER22:0,	CER24:1,	
CER24:1,	S1P	and	S1P-D7,	509	->	264,	538	->	264,	567	->	264,	595	->	264,	623	->	
264,	649	->	264,	651	->	264,	380	->	264	and	384	->	271	respectively,	were	quantified	by	
taking the ratios of  the integrated peaks.

Statistical analysis
Statistical	analysis	was	performed	using	the	non-parametric	Kruskal-Wallis	meth-

od	with	Bonferroni	correction.	Significance	for	the	Kruskal-Wallis	test	was	set	at	p<0.05	
and	by	use	of 	the	Bonferroni	correction	the	significance	for	the	post-hoc	Mann-Whit-
ney	U	test	between	any	of 	the	three	different	comparisons	was	set	at	p<0.017.	

Pearson	 correlation	 coefficient	 was	 calculated	 to	 evaluate	 the	 correlations	 be-
tween different variables. 

Results

ASM and ceramide expression is increased in capCAA
We	first	examined	the	expression	of 	ASM	and	ceramide	in	the	occipital	cortex	

of 	non-demented	age-matched	controls,	AD	cases	without	capCAA,	and	AD	cases	with	
capCAA.	Immunohistochemical	analysis	of 	the	brain	sections	revealed	that	specifically	
microglia showed increased reactivity for ASM whereas only astrocytes revealed reactiv-
ity for ceramide (Figure 1A). To support the correlation between increased immunoreac-
tivity for ASM and ceramide in microglia and astrocytes respectively, we compared their 
immunoreactive	levels	with	markers	for	microglia	(HLA-DR)	or	astrocytes	(GFAP).	This	
analysis	showed	a	significant	correlation	between	the	expression	of 	ASM	and	HLA-DR	
(R2=0.65,	P<0.0001),	as	well	as	for	ceramide	and	GFAP	(R2=0.84,	P<0.0001)	(Figure	
1B).	Moreover,	double	immunofluorescent	labeling	confirmed	the	expression	of 	ASM	
by	microglia	and	ceramide	by	astrocytes	(figure	2).

The	 quantification	of 	ASM	 showed	 a	 significant	 difference	between	 the	 three	
groups	(Ctrl:	0.92%,	AD:	1.62%,	capCAA:	2.48%).	However,	only	a	significant	increase	
was found in the percentage of  the immunopositive area for ASM in capCAA pathology 
compared	with	non-demented	controls	 (P<0.0006)(Figure	1C).	The	quantification	of 	
ceramide	reactivity	also	showed	a	significant	difference	between	the	three	groups	(Ctrl:	
0.78%,	AD:	4.40%,	capCAA:	6.22%).	Here,	a	significant	increase	was	found	in	the	per-
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Figure 1: Increased expression of ASM and ceramide in capCAA. A) Immunohistochemical staining for ASM and 
ceramide in the occipital cortex of non-demented controls, AD, and capCAA. DAB (brown) was used as chromogen 
and haematoxylin (blue) was used for counterstaining of the nucleus. Bar 50 μm. B) Correlation analysis of the im-
munoreactivity levels of ASM and ceramide with microglia (HLA-DR) and astrocytes (GFAP), respectively. C) Quan-
titative analysis of the immunoreactive area for ASM and ceramide in capCAA (n=10), AD (n=6) and controls (n=5). 
The values represent the mean ± S.E.M. Statistical significance (Mann-Whitney U test, with Bonferroni correction) 
indicated with asterisks: **p<0.01, ***p<0.001.

Figure 2: ASM and ceramide expression by microglia and astrocytes. Colocalization studies indicated that ASM ex-
pressing cells (green) were immunopositive for LN3 (red), indicative of MHC-class II positive cells (microglia; upper 
panel). In contrast, ceramide expressing cells (green) were immunopositive for GFAP (red), indicative of astrocytes 
(lower panel). Nuclei were counterstained with Hoechst (blue). Bar 20 μm.
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centage of  the immunopositive area for 
ceramide for all three comparisons (ctrl vs 
AD,	P<0.004;	AD	vs	capCAA,	P<0.004,	
and	 ctrl	 vs	 capCAA,	 P<0.0006)(Figure	
1C). 

ASM and ceramide colocalize with amyloid deposits
To investigate whether the expression of  ASM and ceramide is associated with 

Aβ deposits in either senile plaques or in capillaries, we performed a double labeling 
study using Congo Red to stain Aβ.	Using	this	approach,	we	were	able	to	distinguish	
areas	of 	increased	immunoreactivity	for	ASM	in	microglial	cells	around	amyloid-laden	
capillaries in capCAA compared to microglia surrounding senile plaques in AD without 
capCAA (Figure 3). In addition, we observed an accumulation of  ceramide in reactive 
astrocytes	surrounding	amyloid-laden	capillaries	in	cases	with	capCAA	pathology	com-
pared to the immunoreactive levels in astrocytes associated with senile plaques in AD 
without capCAA (Figure 3). 

Altered ceramide and S1P content in capCAA
To gain more insight into the accumulation of  ceramide in capCAA we deter-

mined	 ceramide	 content	 using	HPLC	MS/MS	 (Figure	 4).	A	 significant	 increase	was	
found	 for	 CER22:0	 (p<0.05),	 while	 a	 significant	 decrease	 was	 found	 for	 CER24:0	
(p<0.05).	Post-hoc	tests	for	CER22:0	were	not	able	to	significantly	discriminate	the	dif-
ferences	(p=0.03),	while	CER24:0	showed	a	significant	decrease	between	control	and	
capCAA	(p<0.01).

In addition to ceramide content we measured S1P levels using HPLC MS/MS. 
S1P	content	 in	brain	homogenates	showed	a	significant	difference	between	the	 three	
groups	(Ctrl:	2.0	pmol/mg,	AD:	4.4	pmol/mg,	capCAA:	21.2	pmol/mg).	The	significant	

increase in S1P content was found 
in brains with capCAA pathology 
compared	to	AD	and	non-dement-
ed	controls	(P<0.009,	P<0.0006	re-
spectively)(Figure 5).

Figure 3: Colocalization of ASM and ceramide with am-
yloid in AD and capCAA cases. Double immunohisto-
chemical staining was performed for ASM and ceramide 
(green) together with Congo Red for amyloid deposits 
(red) in AD cases and capCAA. Bar 50 μm.

Figure 4: Altered ceramide levels in capCAA 
compared to AD and controls. Levels of cera-
mides of different chain-lengths were quantified 
by use of HPLC MS/MS in brain homogenates of 
capCAA (n=10), AD (n=6), and controls (n=5). 
Data show the mean percentage ± S.E.M of to-
tal ceramide content. Statistical significance be-
tween groups (Kruskal-Wallis test) is indicated 
with asterisk: *p<0.05.
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S1P1 and S1P3 receptors are upregulated in capCAA
The upregulation of  S1P led us to investigate the expression of  S1P receptors. 

Immunohistochemical analysis of  S1P receptor 1 and 3 (S1P1 and S1P3) showed a 
prominent expression of  S1P1 in microglia and S1P3 in astrocytes in capCAA (Figure 
6A).	A	significant	correlation	was	observed	between	the	expression	of 	S1P1	in	microglia	
(R2=0.62,	P<0.0001)	and	S1P3	in	astrocytes	(R2=0.54,	P<0.0001)	(Figure	6B).	

The	 quantification	of 	 S1P1	 showed	 a	 significant	 difference	 between	 the	 three	
groups	(Ctrl:	0.10%,	AD:	0.33%,	capCAA:	0.40%).	The	significant	increase	was	found	
in the percentage of  the immunopositive area for S1P1 in AD and capCAA pathology 
compared	to	controls	(P<0.004,	P<0.0006	respectivively)(figure	6C).	).	In	addition,	the	
quantification	of 	S1P3	also	showed	a	significant	difference	between	the	three	groups	
(Ctrl:	 0.14%,	AD:	0.60%,	capCAA:	1.08%).	However,	only	 a	 significant	 increase	was	

Figure 6: Increased expression of S1P receptors S1P1 and S1P3 in capCAA. A) Immunohistochemical staining for 
S1P1 and S1P3 in the occipital cortex of non-demented controls, AD, and capCAA. DAB (brown) was used as chro-
mogen and haematoxylin (blue) was used for counterstaining of the nucleus. Bar 50 μm. B) Correlation analysis of 
the immunoreactive levels of S1P1 and S1P3 to microglia (HLA-DR) and astrocytes (GFAP), respectively. C) Quan-
titative analysis of the immunoreactive area for S1P1 and S1P3 in capCAA (n=10), AD (n=6) and controls (n=5). 
The values represent the mean ± S.E.M. Statistical significance (Mann-Whitney U test, with Bonferroni correction) 
indicated with asterisks: **p<0.01, ***p<0.001.

Figure 5: Increased S1P content in capCAA compared to 
AD and controls. HPLC MS/MS analysis shows an increase in 
S1P content in brain homogenates of capCAA cases (n=10) 
compared to AD (n=6) and controls (n=5). The values repre-
sent the mean ± S.E.M. Statistical significance (Mann-Whitney 
U test, with Bonferroni correction) indicated with asterisks: 
***p<0.001.
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positive area for S1P3 in capCAA pathol-
ogy	compared	with	non-demented	controls	
(P<0.0006)(Figure	6C).

S1P receptor expression on microglia and astrocytes colocalize with Aβ
Finally, double labeling of  the S1P receptors and Aβ deposits visualized using 

Congo Red showed increased levels of  immunoreactivity for S1P1 in microglial cells and 
S1P3	in	astrocytes	surrounding	amyloid-laden	capillaries	in	cases	with	capCAA	pathol-
ogy compared to the immunoreactive levels in microglia and astrocytes associated with 
senile	plaques	in	AD	without	capCAA	(Figure	7).

Discussion

The	present	study	for	the	first	time	suggests	alterations	of 	the	sphingolipid	path-
way in AD patients with capCAA in the occipital cortex, a brain region that is most 
often selectively affected by capCAA in AD. Moreover, our results indicate that the 
sphingolipid pathway is differently regulated in AD with capCAA compared to AD 
without capCAA.

Our	findings	that	pathogenic	mechanisms	in	capCAA	seem	to	differ	from	AD	
without capCAA is in line with our previous data in which we have shown that predomi-
nantly capCAA is associated with loss of  tight junction proteins and a reduced expres-
sion	and	function	of 	ABC	transporters	such	as	P-glycoprotein	at	the	level	of 	the	blood	
brain	barrier	(BBB),	reflecting	its	dysfunction	which	may	result	in	decreased	transport	of 	
Aβ	across	the	BBB	respectively.	In	addition,	our	earlier	analysis	indicated	that	capCAA	
is	selectively	associated	with	the	occurrence	of 	a	neuroinflammatory	response	involving	
microglia, astrocytes and oxidative stress [25, 26]. 

In the present study we investigated the expression of  sphingolipids that are linked 
to	the	neuroinflammatory	response.	For	instance,	oxidative	stress	and	cytokines	are	able	
to	enhance	sphingomyelinase	activation	and	ceramide	production	[22,	27].	Our	results	
show an accumulation of  ceramide in astrocytes whereas microglia have increased ASM 
reactivity	in	capCAA	compared	to	age-matched	controls.	The	accumulation	of 	ceramide	
in	astrocytes	and	not	in	microglia	corresponds	to	findings	in	reactive	astrocytes	in	mul-
tiple	sclerosis	(MS),	indicating	a	role	for	ceramide	in	the	neuroinflammatory	response	in	
both diseases [28].

The clear distinction in our study between the activity of  ASM and ceramide 
production in the glia cells suggest that ceramide production in astrocytes in AD with 
and without capCAA is independent of  ASM. Indeed, in ischemic stroke ceramide pro-
duction in astrocytes is dependent on neutral sphingomeylinase (nSMase) and not on 

Figure 7: Colocalization of S1P1 and S1P3 with amyloid 
in AD and capCAA cases. Double immunohistochemical 
staining was performed for S1P1 and S1P3 (green) togeth-
er with Congo Red for amyloid deposits (red) in AD cases 
and capCAA. Bar 50 μm.
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ASM [29]. However, in MS it has been shown that the increase of  ceramide expression 
in astrocytes was linked to the increase of  ASM activity [22]. These results imply that 
the	enzymes	are	differently	activated	under	disease	specific	conditions.	It	is	known	that	
both ASM and nSMase can act on sphingomyelin to generate ceramide. However, these 
two enzymes are differentially regulated. For instance, they are localized to distinct sub-
cellular compartments and may even generate ceramides with distinct molecular species 
[30].	Therefore,	in	our	case	the	increase	in	ceramide	accumulation	might	also	be	nSMase	
dependent since AD is associated with hypoxia [31].

Our results further suggest that the observed increase in ASM reactivity seems 
not to be related to ceramide production. Although it is known that the overall activ-
ity	of 	ASM	is	upregulated	in	AD	in	comparison	with	age-matched	controls	no	distinct	
cell	type	has	yet	been	identified	[32].	Here	we	show	that	the	increase	in	ASM	activity	in	
capCAA	is	specific	for	microglia.	Interestingly,	recent	studies	have	shown	that	ASM	is	
needed	by	microglia	for	the	formation	of 	microparticles	(MPs).	Microglia-derived	MPs	
can	act	 as	 amplifying	agents	of 	 inflammation	by	 storing	 and	 releasing	 the	 inflamma-
tory	cytokine	interleukin-1b	[33,	34].	Thus,	the	increased	activity	of 	ASM	in	microglia	
in	 capCAA	may	 indicate	 that	microglia	 actively	 contribute	 to	 the	neuroinflammatory	
environment. 

To gain more insight into the altered ceramide level, we measured ceramides of  
different	chain-lengths	in	brain	homogenates	of 	the	occipital	cortex.	Ceramide	can	be	
generated	through	3	main	pathways:	de	novo	synthesis,	via	the	breakdown	of 	sphingo-
myelin	by	 sphingomyelinases,	 and	via	 the	 salvage	pathway	 [30].	Moreover,	 ceramides	
exist	in	different	molecular	species	as	defined	by	their	fatty	acyl	chain-length	and	it	has	
been	suggested	that	the	function	of 	ceramides	differs	depending	on	acyl	chain-length	
and cell type. In the context of  the function of  ceramide in the brain and in neurodegen-
erative diseases, it is clear that not only the amount of  ceramide is important but also the 
relative	amount	of 	the	different	chain-lengths	[35].	It	is	proposed	that	very	long-chain	
ceramides	are	involved	in	cell	proliferation.	In	contrast,	long-chain	ceramides	are	associ-
ated	with	apoptosis	[36].	In	the	present	study,	we	show	an	increase	in	the	levels	of 	long-
chain	ceramides	(CER14:0	to	CER22:0)	in	AD	with	capCAA	while	the	very	long-chain	
ceramides	(CER24:0	and	CER24:1)	are	less	abundant	in	AD	with	capCAA	compared	to	
controls, indicating a shift in their overall balance, possibly favoring apoptosis. 

The ceramides with different acyl chains are synthesized by 6 ceramide synthases 
(CerS1-6),	which	differ	in	their	tissue	specific	expression	pattern	and	in	their	substrate	
specificity	[37].	For	instance,	in	the	central	nervous	system	(CNS),	CerS1	is	expressed	
at	high	 levels	producing	 large	amounts	of 	CER18:0	ceramide,	whereas	CerS2,	CerS4,	
CerS5 and CerS6 are expressed at lower levels and CerS3 is not detectable [38]. Interest-
ingly, S1P is able to inhibit CerS2 activity, which synthesizes ceramides containing mainly 
CER20:0–CER26:0	fatty	acids	[39].	So,	the	increase	of 	S1P	levels	in	capCAA	may	ex-
plain	the	lower	concentrations	of 	the	very	long-chain	ceramides	in	capCAA.	Therefore,	
it would be interesting to investigate whether the ceramide acyl chain composition cor-
relates with the expression of  CerS genes in capCAA. 

The found increase of  S1P in capCAA is consistent with earlier results where it 
was shown that S1P stimulates the β-secretase	BACE1	by	direct	interaction	with	the	en-
zyme, increasing Aβ	production	[40].	Moreover,	primary	cultured	neurons	of 	mice	defi-
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cient in the enzyme responsible for the breakdown of  S1P revealed a striking correlation 
of 	elevated	S1P	concentration	and	neuronal	death	[41].	These	results	were	replicated	in	
in vitro studies suggesting that S1P can modulate both Aβ	generation	and	toxicity	[42].	
A possible mechanism by which increased S1P can cause neuronal death is via activated 
microglia.	Secreted	S1P	can	regulate	the	release	of 	proinflammatory	cytokines	and	nitric	
oxide	by	microglia	in	an	autocrine/paracrine	signaling	fashion	[43].	However,	the	role	of 	
S1P in AD needs to be further elucidated since other studies have shown that a reduc-
tion	of 	S1P	is	associated	with	neurodegeneration	[17,	44].	

As	mentioned,	 the	 therapeutic	 agent	 FTY720	 has	 beneficial	 effects	 in	models	
of  AD pathology although the underlying mechanisms are not yet clear. In MS it has 
been	shown	that	FTY720	may	exert	its	therapeutic	impact	via	astrocytes,	which	show	
enhanced	S1P1	and	S1P3	receptor	expression	levels	in	the	disease	[45].	However,	to	date	
it is unknown whether receptor expression is changing in AD or capCAA. Our results 
demonstrate a strong increase in S1P1 and S1P3 receptor expression in microglia and 
astrocytes in AD with capCAA, respectively. Whether the increased receptor expression 
is	a	response	to	the	increase	in	S1P	levels	or	part	of 	the	inflammatory	response	needs	
to be determined. 

The interpretation of  data from the current study should be taken with caution. 
Only a relatively small sample size was feasible in this study, which somewhat decreases 
the	statistical	power,	but	also	the	positive	predictive	power	[7].	Nevertheless,	the	signifi-
cant differences that were found in the sphingolipid balance between the three groups 
appear to give fruitful avenues for further research and possible future treatments. For 
instance, an important issue that still needs to be determined is whether the found rela-
tionships are cause or consequence of  the disease.

 In conclusion, we provide data that suggests a deregulated sphingolipid balance 
in AD with capCAA. The increased production of  ASM and ceramide by activated glia 
cells	may	contribute	to	the	neuroinflammatory	environment	present	in	capCAA	pathol-
ogy. In addition, the possible shift in the production of  the different ceramides might 
be an interesting avenue to further investigate in relation to capCAA. Furthermore, our 
results demonstrate an increase in S1P content together with enhanced expression of  
S1P1 and S1P3 on microglia and astrocytes in capCAA. Therefore, the activated glia cells 
may	represent	a	potential	target	for	FTY720	treatment.	
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Abstract

Background:
Neurodegenerative diseases such as Alzheimer’s disease (AD), Parkinson’s disease 

dementia (PDD), and frontotemporal lobar dementia (FTLD) are characterized by pro-
gressive neuronal loss but differ in their underlying pathological mechanisms. However, 
neuroinflammation	 is	 commonly	observed	within	 these	different	 forms	of 	dementia.	
Recently, it has been suggested that an altered sphingolipid metabolism may contribute 
to the pathogenesis of  a variety of  neurodegenerative conditions. Especially ceramide, 
the	precursor	of 	all	complex	sphingolipids,	is	thought	to	be	associated	with	pro-apop-
totic	cellular	processes,	thereby	propagating	neurodegeneration	and	neuroinflammation,	
although it remains unclear to what extent. The current pathological study therefore 
investigates whether increased levels of  ceramide are associated with the degree of  neu-
roinflammation	in	various	neurodegenerative	disorders.	

Methods:
Immunohistochemistry	was	performed	on	human	post-mortem	tissue	of 	PDD	

and	FTLD	Pick’s	disease	cases,	which	are	well-characterized	cases	of 	dementia	subtypes	
differing	in	their	neuroinflammatory	status,	to	assess	the	expression	and	localization	of 	
ceramide, acid sphingomyelinase, ceramide synthase 2 and 5. In addition, we determined 
the	concentration	of 	sphingosine,	sphingosine-1-phosphate	(S1P)	and	ceramide	species	
differing	 in	 their	chain-length	 in	brain	homogenates	of 	 the	post-mortem	tissue	using	
HPLC-MS/MS.	

Results: 
Our	immunohistochemical	analysis	reveals	that	neuroinflammation	is	associated	

with increased ceramide levels in astrocytes in FTLD Pick’s disease. Moreover, the ob-
served increase in ceramide in astrocytes correlates with the expression of  ceramide 
synthase	5.	In	addition,	HPLC-MS/MS	analysis	shows	a	shift	in	ceramide	species	under	
neuroinflammatory	conditions,	favoring	pro-apoptotic	ceramide.	

Conclusions:
Together,	these	findings	suggest	that	detected	increased	levels	of 	pro-apoptotic	

ceramide	might	be	a	common	denominator	of 	neuroinflammation	in	different	neuro-
degenerative diseases. 
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Introduction

Neurodegenerative diseases are characterized by a progressive loss of  neuronal 
integrity and function, followed by neuronal death. The consequential loss of  neuronal 
cells negatively affects numerous functions controlled by the central nervous system 
(CNS), such as mobility, coordination, memory, and learning, depending on the location 
of  the area affected [1, 2]. The major neurodegenerative disorders, like Alzheimer’s dis-
ease (AD), Parkinson’s disease (PD), and frontotemporal lobar dementia (FTLD), differ 
in the type of  neurons that are affected and the nature of  the accumulated proteins that 
propagate neurodegeneration. Therefore, the term neurodegenerative disease comprises 
a wide range of  conditions varying in underlying cause and localization of  the neuronal 
loss	[3].	However,	a	common	denominator	of 	such	devastating	disorders	is	neuroinflam-
mation, which is increasingly recognized as a key player in the pathogenesis of  several 
neurodegenerative	diseases	[4].	

Neuroinflammation	describes	the	reactive	morphology	and	altered	function	of 	
the glial compartment and involves predominantly astrocytes and microglia [5]. During 
disease	or	injury,	activated	glial	cells	serve	as	both	source	and	target	of 	proinflammatory	
mediators, such as cytokines, chemokines and reactive oxygen species. Numerous neuro-
degenerative	diseases	are	associated	with	activated	glial	cells,	but	the	inflammatory	reac-
tion is not distinguishable between the different diseases, despite the varying underlying 
causes	[6–8].	Therefore,	although	the	observed	inflammatory	glial	response	is	presumed	
to be secondary to neuronal death or dysfunction, it is suggested that the activation of  
microglia and astrocytes contributes to the progression of  the different neurodegenera-
tive	diseases.	Hence,	understanding	the	underlying	mechanisms	involved	in	neuroinflam-
matory processes may reveal new molecular targets for future therapy [9–11].

Accumulating evidence suggests that a deregulated sphingolipid metabolism is as-
sociated with a number of  neurodegenerative diseases [12–15]. In general, sphingolipids 
are highly enriched in the brain and are essential for the development and maintenance 
of  the functional integrity of  the nervous system [16]. The sphingolipid metabolism 
consists of  a complex network of  highly regulated pathways producing bioactive lipids 
that	 include	 ceramide,	 sphingosine,	 and	 sphingosine	1-phosphate	 (S1P).	 In	most	 cell	
types, ceramide and S1P exert adverse effects on cell survival, where primarily ceramide 
is	 implicated	 in	promoting	cellular	stress	and	cell	death	[17,	18].	For	 instance,	several	
studies have shown that increased levels of  ceramide are implicated in the induction of  
neural	cell	death,	oxidative	stress,	and	proinflammatory	gene	expression	[19,	20].	There-
fore, maintaining a strict sphingolipid balance is of  key importance for cellular survival.

Ceramide synthesis occurs via three different pathways; the salvage pathway, the 
sphingomyelinase pathway, and the de novo pathway [21, 22]. In the salvage pathway, 
complex sphingolipids are catabolized into sphingosine which can then be reused to 
produce ceramide [23]. In addition, ceramide can also be generated from the hydrolysis 
of  sphingomyelin through the action of  sphingomyelinases, which exist in two subtypes, 
namely	neutral	sphingomyelinase	(nSMase)	and	acid	sphingomyelinase	(ASM)	[24,	25].	
Finally,	in	the	human	brain,	five	different	ceramide	synthase	(CerS1,	2,	4,	5	and	6)	en-
zymes synthesize ceramide in the de novo pathway. These enzymes preferentially use a 
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relatively restricted subset of  fatty acyl CoAs resulting in the synthesis of  ceramides with 
different	acyl	chain	lengths	[26–28].	Both	de	novo	synthesis	of 	ceramide	as	well	as	the	
recycling of  sphingosine into ceramide in the salvage pathway are controlled by CerS 
enzymes. Interestingly, the SM hydrolysis and the de novo synthesis pathway have been 
implicated	in	the	production	of 	pro-apoptotic	ceramides	[29–31].	

We previously reported evidence indicating a role for a deregulated sphingolipid 
balance in the pathogenesis of  AD with capillary cerebral amyloid angiopathy [32]. Spe-
cifically,	we	revealed	that	activated	glial	cells	showed	increased	levels	of 	sphingolipids	
that	are	associated	with	the	neuroinflammatory	process.	Moreover,	a	shift	in	the	produc-
tion	of 	the	different	ceramide	species	was	observed,	favoring	long-chain	ceramides	that	
are	involved	in	apoptosis.	Therefore,	based	on	our	recent	findings,	we	hypothesize	that	a	
deregulated	sphingolipid	metabolism,	specifically	related	to	an	increase	in	pro-apoptotic	
ceramides,	contributes	to	the	observed	neuroinflammatory	process	in	a	wide	range	of 	
neurodegenerative diseases. To test this hypothesis, we set out to investigate the expres-
sion levels of  the enzymes involved in ceramide synthesis and levels of  ceramide itself  in 
different	neurodegenerative	diseases,	which	differ	in	their	inflammatory	status.	For	this,	
we selected the inferior frontal gyrus of  well characterized patients with frontotemporal 
dementia	Pick’s	disease	(FTD-Pi)	and	patients	with	Parkinson’s	disease	with	dementia	
(PDD) since these are frequent forms of  dementia. 

Materials and methods

Post-mortem human brain tissue
Post-mortem	human	brain	tissue	was	obtained	from	the	Netherlands	Brain	Bank	

(NBB),	Netherlands	Institute	for	Neuroscience,	Amsterdam.	For	this	study,	we	selected	
the	 inferior	 frontal	 gyrus	 of 	 five	 PDD	patients,	 five	 FTD-Pi	 patients,	 and	 five	 age-
matched	non-demented	controls.	All	material	has	been	collected	from	donors	after	writ-
ten informed consent for brain autopsy and use of  brain tissue and clinical information 
for	research	purposes.	Age,	gender,	post-mortem	delay	(PMD),	Braak	lb,	and	cause	of 	
death of  all cases used in this study are listed in Table 1.

Table 1: Summary of patient details.



47

Astrocytic ceramide as possible indicator of neuroinflammation

3

Immunohistochemistry
Immunohistochemistry was performed as described previously [32]. In brief, 5 

μm	cryosections	mounted	on	coated	glass	slides	(Menzel	Gläser	Superfrost	PLUS,	Ther-
mo	Scientific,	Braunschweig	Germany),	were	air-dried	and	fixed	in	acetone	for	10	min.	
Fixating the tissue with PFA or methanol resulted in a higher background and a more 
patchy	staining	of 	astrocytes,	confirming	the	use	of 	acetone	as	fixative	(additional	file	
1).	Next,	the	sections	were	incubated	overnight	at	4°C	with	primary	antibodies	against	
ASM,	ceramide,	human	leukocyte	antigen	(HLA)-DR,	and	glial	fibrillary	acidic	protein	
(GFAP)(Table	2).	All	antibodies	were	diluted	in	phosphate	buffered	saline	(PBS)	sup-
plemented	with	1%	bovine	serum	albumin	(BSA;	Roche	diagnostics	GmbH,	Mannhei,	
Germany). The sections were subsequently incubated with Real EnVision HRP rabbit/
mouse	(Dako,	Glostrup,	Denmark)	for	30	min.	Peroxidase	labeling	was	visualized	using	
3,3-diaminobenzidine	(DAB)	as	chromogen	(Dako,	Glostrup,	Denmark).	Nuclei	were	
counterstained with haematoxylin. Finally, sections were dehydrated and mounted us-
ing Entallan (Merck, Darmstadt, Germany) after which they were analyzed with a light 
microscope (AXIO Scope A1, Carl Zeiss, Germany).

	 For	colocalization	studies,	sections	were	incubated	for	30min	containing	10%	
normal	goat	serum.	Subsequently,	sections	were	 incubated	overnight	at	4°C with pri-
mary	antibodies	as	indicated	in	table	2.	Alexa	488	labeled	goat	anti-rabbit	was	used	to	
detect	ASM,	CerS5,	and	CerS2	and	Alexa	647	labeled	goat	anti-mouse	was	used	to	detect	
ceramide	(dilution	1:400,	Life	Technologies).	Sections	were	incubated	for	1h	with	their	
specific	secondary	antibody.	Finally,	sections	were	stained	with	Hoechst	(dilution	1:1000,	
Molecular Probes) to visualize cellular nuclei and mounted with Mowiol mounting me-
dium.	The	representative	images	were	taken	using	a	Leica	TCS	SP8	confocal	laser-scan-
ning microscope (Leica SP8, Mannheim, Germany), 63X oil objective. Controls of  the 
secondary	antibodies	can	be	seen	in	additional	file	2.

Quantitative and correlation analysis 
Quantitative	and	correlation	analysis	of 	the	immunohistochemical	levels	of 	cera-

mide,	HLA-DR,	GFAP	and	CerS5	was	performed	on	the	grey	matter	of 	the	occipital	
cortex	of 	control,	PDD,	and	FTD-Pi	cases.	Of 	each	case,	4	pictures	spanning	all	cortical	
layers of  the grey matter of  the inferior frontal gyrus were taken. The area fraction of  
the	DAB	staining	and	double	fluorescent	staining	were	quantified	using	Image	J	version	
1.52c. 

Table 2: Primary antibodies..
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Lipid extraction
Sphingolipids	were	 analyzed	as	previously	described	 [32,	34,	35].	Frozen	 fresh	

human	brain	samples	were	weighed	and	homogenized	in	cold	purified	Millipore	water	
(MQ,	18.2	MΩ	cm)	from	a	Milli-Q®	PF	Plus	system	(Millipore	B.V.,	Amsterdam,	the	
Netherlands). Total lipids were extracted from brain homogenates by adding metha-
nol	(MeOH),	containing	Cer-C17:0,	Cer-C17:0/24:1,	and	S1P-D7	(2,	2,	0.2	μg/mL	in	
methanol,	respectively;	Avanti	Polar	Lipids)	as	 internal	standard,	and	10%	TEA	solu-
tion	 (trimethylamine	 (10/90,	 v/v)	 in	MeOH/dichloromethane	 (DCM)	 (50/50,	 v/v)).	
Samples	were	vortexed	and	MeOH/DCM	(50/50,	v/v)	was	added.		After	30	minutes	at	
4°C	under	constant	agitation	samples	were	centrifuged	at	14000	rpm	for	20	minutes	at	
4°C.	Supernatant	was	transferred	to	a	glass	vial,	freeze	dried	and	reconstituted	in	MeOH	
before	liquid	chromatography-tandem	mass	spectrometry	(LC-MSMS).	

Protein content
Protein content of  all brain samples was determined by bicinchoninic acid assay 

(Thermo	Fisher	Scientific,	Waltham,	Massachusetts,	USA)	according	 to	 the	manufac-
turer’s	 instructions.	An	8-point	calibration	curve	was	used	to	determine	exact	protein	
levels. Protein content was used to normalize brain sphingolipid levels for actual input.

LC-MSMS measurements
An	autosampler	(Shimadzu,	Kyoto,	Japan)	injected	10	μL	lipid	extracts	into	a	Shi-

madzu	HPLC	system	(Shimadzu)	equipped	with	a	Kinetex	C8	column	(50	x	2.1	mm,	2.6	
μm,	Phenomenex,	Maarssen,	the	Netherlands)	at	30	°C	using	a	gradient,	starting	from	
95%	mobile	phase	A	 (MQ/MeOH	(50/50,	v/v)	containing	1.5	mM	ammonium	for-
mate	and	0.1%	formic	acid)	for	2	minutes	and	increased	to	93%	mobile	phase	B	(100%	
MeOH	containing	1	mM	ammonium	formate	 and	0.1%	formic	acid)	 at	5.5	minutes.	
After	10	minutes	the	column	was	flushed	with	99%	mobile	phase	B	for	2	minutes	fol-
lowed	by	a	2-minute	re-equilibration.	The	flow	rate	was	set	at	0.25	ml/min	with	a	total	
run	time	of 	14	minutes.	The	effluent	was	directed	to	a	Sciex	Qtrap	5500	quadruple	mass	
spectrometer	(AB	Sciex	Inc.,	Thornhill,	Ontario,	Canada)	and	analyzed	in	positive	ion	
mode following electrospray ionization. 

Nine-point	calibration	curves	were	constructed	by	plotting	area	under	the	curve	
for	each	calibration	standard	Cer-C14:0,	Cer-C16:0,	Cer-C18:0,	Cer-C20:0,	Cer-C22:0,	
Cer-C24:1,	Cer-C24:0,	S1P,	and	SPH	(Avanti	polar	lipids,	Alabaster,	AL,	USA)	normal-
ized	to	the	internal	standard.	Correlation	coefficients	(R2)	obtained	were	>	0.999.	Sphin-
golipid	concentrations	were	determined	by	fitting	the	identified	sphingolipid	species	to	
these	standard	curves	based	on	acyl-chain	length.	Instrument	control	and	quantitation	
of 	spectral	data	was	performed	using	Analyst	1.4.2	and	MultiQuant	software	(AB	Sciex	
Inc.). Concentration of  sphingolipids is expressed as pmol/mg protein.

Real-time quantitative PCR
Human	astrocytes	of 	cortical	origin,	derived	from	fetal	material	ranging	from	18-

21	weeks’	gestation,	were	obtained	from	ScienCell	(San	Diego,	CA	USA)	and	maintained	
in	 astrocyte	medium	 (ScienCell,	 San	Diego,	 CA	USA).	 RNA	was	 isolated	 using	 Tri-
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zol	(Invitrogen,	Carlsbad,	CA,	USA)	according	to	the	manufacturer’s	protocol.	mRNA	
concentrations were measured using Nanodrop (Nanodrop Technologies, Wilmington, 
DE,	USA).	cDNA	was	synthesized	with	the	Reverse	Transcription	System	kit	(Promega,	
Madison,	WI,	USA)	following	manufacturer’s	guidelines.	Quantitative	PCR	(qPCR)	re-
actions	were	performed	in	the	Viia7	sequence	detection	system	using	the	SYBR	Green	
method	 (Applied	Biosystems,	 Foster	 City,	 CA,	USA).	All	 oligonucleotides	were	 syn-
thesized	by	OcimumBiosolutions	(OcimumBiosolutions,	IJsselstein,	The	Netherlands).	
The primer sequence used are given in table 3. Obtained mRNA expression levels were 
normalized	to	glyceraldehyde	3-phosphate	dehydrogenase	(GAPDH).

Statistical analysis
Statistical analysis was performed using Graphpad Prism software. Results are 

shown	as	mean	with	standard	error	of 	the	mean.	The	non-parametric	Kruskal-Wallis	
method with Dunn’s multiple comparison correction was used. Pearson correlation co-
efficient	was	calculated	to	evaluate	the	correlations	between	different	variables.	

Results

Neuroinflammation is associated with increased ceramide levels in astrocytes in 

FTD Pick’s disease
We	first	examined	the	degree	of 	neuroinflammation	in	FTD-Pi,	PDD	and	non-

demented	control	cases	to	confirm	the	expected	difference	in	neuroinflammation	be-
tween the three groups. Figure 1 shows a trend in increasing activation of  microglia be-
tween	the	different	groups,	where	a	significant	difference	(p	=	0.0094)	is	found	between	
FTD-Pi	and	non-demented	controls.	

Table 3: Primers used for RT-qPCR. 

Figure 1: Increased activation of microglia in FTD-Pi. 
Quantitative analysis of the immunoreactive area for 
microglia (HLA-DR) in control (n=5), PDD (n=5), and 
FTD-Pi (n=5). The values represent the mean ± S.E.M. 
Statistical significance (Kruskall-Wallis test, with Dunn’s 
multiple correction) indicated with asterisks: **p < 0.01. 
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We next investigated the level of  ceramide using immunohistochemistry. Immu-
nohistochemical	analysis	of 	the	brain	sections	in	the	grey	matter	revealed	that	specifi-
cally	astrocytes	showed	increased	immunoreactivity	for	ceramide	(figure	2A).	Quantifi-
cation	of 	ceramide	immunoreactivity	indicated	a	significant	difference	between	the	three	
groups	(Control:	0.58%,	PDD:	1.25%,	FTD-Pi:	3.65%,	p	=	0.0029).	Post-hoc	analysis	
showed	a	significant	increase	exclusively	in	the	percentage	of 	immunopositive	areas	for	
ceramide	 in	 FTD-Pi	 pathological	 cases	 compared	with	 non-demented	 controls	 (p	=	
0.0047)	(Figure	2B)	

To support the correlation between increased immunoreactivity for ceramide 
in astrocytes, we compared the immunoreactive levels of  ceramide with an astrocytic 
marker	(GFAP).	This	analysis	showed	a	significant	correlation	between	the	expression	
of 	ceramide	and	GFAP	(Pearson’s	r	=	0.7,	p	=	0.003)	(figure	2C).	
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Figure 2: Increased levels of ceramide in FTD-Pi. A) Immunohistochemical staining for ceramide in the inferior fron-
tal gyrus of non-demented controls, PDD, and FTD-Pi. DAB (brown) was used as chromogen and hematoxylin (blue) 
was used for counterstaining of the nucleus. White arrows indicate astrocytes. Bar: 50 μm. B) Quantitative analysis 
of the immunoreactive area for ceramide in FTD-Pi (n=5), PDD (n=5), and controls (n=5). The values represent the 
mean ± S.E.M. C) Correlation analysis of the immunoreactivity levels of ceramide with astrocytes (GFAP). Statistical 
significance (Kruskall-Wallis test, with Dunn’s multiple correction) indicated with asterisks: **p < 0.01. 
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Figure 3: Increased levels of ceramide in specifically astrocytes in FTD-Pi. Colocalization studies indicated that A) 
ceramide containing cells (green) were immunopositive for GFAP (red), indicative of astrocytes. Nuclei were coun-
terstained with Hoechst (blue). Bar: 20 μm. B) Quantitative analysis of the fluorescent intensity of ceramide in astro-
cytes in control (n=5), PDD (n=5), and FTD-Pi (n=5). The values represent the mean ± S.E.M. Statistical significance 
(Kruskall-Wallis test, with Dunn’s multiple correction) indicated with asterisks: **p < 0.01. 
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Moreover,	 double	 	 immunofluorescent						
labeling	 confirmed	 that	 ceramide	 is	 spe-
cific	 for	 astrocytes	 (figure	 3A)	 and	 not	
microglia	(figure	4).	In	addition,	the	level	
of 	 ceramide	 in	 astrocytes	 is	 significantly	
increased, independent of  the number of  
astrocytes,	in	FTD-Pi	compared	to	non-demented	controls	(p	=	0.0037)	(figure	3B).	

The level of ceramide in astrocytes is not regulated by acid sphingomyelinase 

(ASM)
To gain more insight into the pathway that is responsible for the increase in cera-

mide observed in astrocytes, we examined the expression of  the ceramide synthesizing 
enzyme	ASM	in	the	cortex	of 	PDD,	FTD-Pi,	and	non-demented	age-matched	controls.	
Immunohistochemical analysis revealed a heterogeneous image where mainly microglia 
showed immunoreactivity for ASM but also neurons and astrocytes, albeit to a lesser ex-
tent	(figure	5A).	The	overall	quantification	of 	ASM	expression	did	not	show	a	significant	
difference	between	the	three	groups	(Control:	0.79%,	PDD:	0.81%,	FTD-Pi:	1.93%,	p	
=	0.072)	(figure	5B).	

The expression of Ceramide synthase 5 (CerS5) in astrocytes correlates with the 

increase in ceramide
Next, we examined whether an altered regulation of  ceramide synthases might 

be responsible for the observed enhanced ceramide levels in astrocytes. To investigate 
which CerS are expressed by astrocytes, we performed qPCR on isolated primary hu-
man astrocytes. Figure 6A shows that human astrocytes mainly express mRNA tran-
scripts encoding for CerS2 and CerS5. Subsequent immunohistochemical analysis of  
the	grey	matter	of 	PDD,	FTD-Pi,	and	non-demented	control	cases	revealed	that	CerS2	
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Figure 5: ASM expression is not specific for astrocytes. A) Immunohistochemical staining for ASM in the inferior 
frontal gyrus of non-demented controls, PDD, and FTD-Pi. DAB (brown) was used as chromogen and hematoxylin 
(blue) was used for counterstaining of the nucleus. Black arrows indicate microglia. White arrows indicate astrocytes. 
Bar: 50 μm. B) Quantitative analysis of the immunoreactive area for ASM in FTD-Pi (n=4), PDD (n=5), and controls 
(n=5). The values represent the mean ± S.E.M. 

Figure 4: Increased activation of microglia in FTD-Pi. 
Quantitative analysis of the immunoreactive area for 
microglia (HLA-DR) in control (n=5), PDD (n=5), and 
FTD-Pi (n=5). The values represent the mean ± S.E.M. 
Statistical significance (Kruskall-Wallis test, with Dunn’s 
multiple correction) indicated with asterisks: **p < 0.01. 
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is predominantly expressed around the nuclei of  different cell types, including astro-
cytes.	However,	CerS2	expression	did	not	colocalize	with	GFAP	or	with	ceramide	(figure	
6B).	In	contrast,	 immunohistochemical	analysis	of 	the	grey	matter	of 	PDD,	FTD-Pi,	
and	non-demented	control	cases	showed	that	predominantly	reactive	astrocytes	express	
CerS5.	Moreover,	the	CerS5	expression	in	astrocytes	colocalized	with	ceramide	(figure	
6C). In addition, by quantifying the expression level of  CerS5 in astrocytes using double 
immunofluorescent	 labelling,	we	were	able	 to	find	a	positive	correlation	between	 the	
immunoreactive	ceramide	levels	and	CerS5	expressed	in	reactive	astrocytes	(R	=	0.54,	
p	=	0.039)	(figure	6D).	Interestingly,	the	overall	expression	of 	CerS5	in	the	grey	matter,	
independent	of 	cell	 type,	showed	a	significant	 increase	 in	FTD-Pi	compared	to	non-
demented	controls	(p	=	0.015)(figure	6E).

C16:0 ceramide is increased under neuroinflammatory conditions in FTD Pick’s 

disease
Finally,	we	investigated	the	ceramide	content	in	post-mortem	tissues	of 	patients	

with	PDD	and	FTD-Pi	compared	to	non-demented	controls	using	HPLC	MS/MS	to	
gain more insight in the alterations of  the different ceramide species. Total ceramide 
content	was	not	significantly	different	between	the	three	groups	(controls	=	17891	±	
1776,	PDD	=	16376	±	1626,	and	FTD-Pi	=	19644	±	2748,	p	=	0.566).	
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Figure 6: The expression of ceramide synthase 5, and not 2, in astrocytes correlates with the increase of ceramide 
in astrocytes. A) The relative abundance normalized to GAPDH of the different CerSs in astrocytes where CerS2 
and CerS5 relative mRNA expression are the highest. B) Immunofluorescent double labelling of CerS2 (green) and 
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counterstained with Hoechst (grey). Bar: 20 μm. D) Correlation analysis of the immunoreactivity levels of ceramide 
with CerS5 expressed in astrocytes. E) Quantitative analysis of CerS5 in control (n=5), PDD (n=5), and FTD-Pi (n=5). 
The values represent the mean ± S.E.M, *p < 0.05.



53

Astrocytic ceramide as possible indicator of neuroinflammation

3

In order to compare the distribution of  ceramide fatty acyl chains in the control, 
PDD	and	FTD-Pi	samples,	data	were	expressed	as	a	percentage	of 	total	ceramide	con-
tent	(Figure	7A).	Importantly,	this	analysis	revealed	a	significant	increase	in	C16:0	acyl	
chain	content	(p	=	0.0116)	accompanied	by	a	significant	decrease	in	C24:1	acyl	chain	
content	(p	=	0.0392)	in	FTD-Pi	compared	to	non-demented	controls.	To	obtain	a	com-
plete overview of  the sphingolipid rheostat, we measured sphingosine and S1P as well 
(figure	7B	and	7C).	However,	no	 significant	differences	were	 found	 for	 the	detected	
levels	of 	sphingosine	and	S1P	between	FTD-Pi,	PDD	and	non-demented	controls.

Discussion

In	this	pathological	study,	we	set	out	to	investigate	whether	increased	pro-apop-
totic	ceramide	is	a	common	denominator	of 	neuroinflammation	in	two	different	types	
of  neurodegenerative diseases. The present study indicates that predominantly astro-
cytes	show	increased	levels	of 	ceramide	under	neuroinflammatory	conditions	in	FTD	
Pick’s disease. When investigating the machinery responsible for ceramide production, 
no differences in the expression of  ASM nor CerS2 was found, while on the other hand 
a positive correlation between the expression of  CerS5 and ceramide in astrocytes was 
observed.	 In	 line	with	 these	 results,	 a	 significant	 increase	 in	C16:0	ceramide	was	ob-
served	in	post-mortem	tissues	of 	FTD-Pi	cases	compared	to	non-demented	controls.	
Previous studies from our lab and others already indicated enhanced production of  cera-
mide by reactive astrocytes in multiple sclerosis, Alzheimer’s Disease (AD), and AD with 
capillary cerebral amyloid angiopathy, diseases which are all characterized by various 
levels	of 	neuroinflammation	[32,	33,	36].	Taken	together,	 these	results	are	suggesting	
that	ceramide	in	reactive	astrocytes	is	a	possible	indicator	of 	neuroinflammation,	despite	
the varying underlying causes of  the diseases.

 We further investigated the expression of  relevant enzymes in sphingolipid bi-
ology that are implicated as mediators in the cell stress response and intimately linked 
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to	inflammation	[37,	38].	Unexpectedly,	our	data	suggests	that	the	observed	ceramide	
production in reactive astrocytes is independent of  enhanced levels of  ASM. Indeed, 
both ASM and nSMase can act on sphingomyelin to generate ceramide. For instance, it 
has been shown that nSMase activity in astrocytes is quickly upregulated after cerebral 
ischemia [39]. However, astrocytes isolated from multiple sclerosis lesions showed in-
creased mRNA expression of  ASM linked to increased ceramide levels [33]. Therefore, 
the	activation	of 	the	different	sphingomyelinases	seems	to	depend	on	disease	specific	
stimuli.

	 Interestingly,	our	results	indicate	for	the	first	time	that	the	increase	in	the	ex-
pression	of 	CerS5,	the	enzyme	mainly	responsible	for	the	generation	of 	C16:0	ceramide,	
correlates with ceramide production in astrocytes. In contrast, no correlation nor colo-
calization	of 	CerS2	(main	producer	of 	C24:0	ceramide)	with	ceramide	in	reactive	astro-
cytes	was	found,	suggesting	the	ceramide	 in	reactive	astrocytes	 to	be	C16:0	ceramide	
and	not	C24:0	ceramide.	Although	CerS5	has	been	extensively	studied	due	to	its	ability	
to	synthesize	C16:0	ceramide,	these	studies	are	not	performed	in	the	brain	and	are	not	
addressing	its	role	in	neurodegenerative	disorders	[38,	40,	41].	So	far,	only	a	few	studies	
describe the expression of  CerS genes in the brain. However, most of  them are either 
focused on different CerSs, performed in mouse brain, or are limited to analyses of  their 
mRNA	levels	[42–45].	Importantly,	since	CerS5	is	closely	related	to	CerS6	and	shows	a	
very high extent of  amino acid sequence identity, we cannot exclude the involvement of  
CerS6.	These	two	enzymes	share	their	substrate	specificity	for	C16:0	acyl-CoA	and	are	
similar	in	their	expression	pattern	[46].	Therefore,	future	studies	are	needed	to	identify	
the importance of  CerS5 as ceramide producing enzyme in astrocytes.

The correlation of  CerS5 with ceramide in astrocytes is further supported by the 
detected	increase	in	levels	of 	C16:0	ceramide	in	FTD-Pi	using	HPLC	MS/MS	analysis	
of  the brain homogenates. Considering that our data show that sphingosine and S1P 
levels	do	not	differ	between	FTD-Pi	and	PDD	compared	to	non-demented	controls,	
our	findings	suggests	 that	 the	 increase	of 	C16:0	ceramide	 is	a	 result	of 	ceramide	ac-
cumulation	 instead	of 	decreased	ceramide	breakdown.	Moreover,	 the	 levels	of 	C16:0	
ceramide	 are	 inversely	 correlated	 to	 levels	 of 	C24:1	 ceramide,	 indicating	 a	 shift	 to	 a	
more	pro-apoptotic	environment.	It	has	become	apparent	that	the	different	lengths	of 	
the	fatty	acids	of 	ceramide	exert	a	variety	of 	distinct	functions,	where	for	instance	C16:0	
ceramide	has	been	suggested	to	be	the	dominant	species	elevated	during	apoptosis	[47–
49].	Several	studies	related	to	cancer	report	opposing	effects	of 	the	long	chain	ceramides	
(C14:0	–	C20:0)	compared	to	the	very	long	chain	ceramides	(C22:0	–	C26:0),	where	a	
shift from very long to long chain ceramides increases apoptosis, suggesting the equilib-
rium	between	the	chain	lengths	of 	ceramides	is	regulating	cell	death	[50,	51].	However,	
the direct association found in these studies cannot be concluded from our results since 
these studies were performed in cell lines, whereas our HPLC MS/MS measurements 
include whole brain tissue homogenates, comprising different cell types. Therefore, we 
can only conclude that the sphingolipid balance is altered but cannot yet pinpoint which 
cell type(s) are responsible for this change. 

The increased ceramide levels in astrocytes might serve as a possible therapeutic 
target	to	limit	ongoing	neuroinflammation.	Not	only	ceramide,	but	also	the	ceramide-
derived glycosphingolipid lactosylceramide in astrocytes is increased during chronic 
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CNS	inflammation	and	promotes	inflammation	and	neurodegeneration	[52].	Moreover,		
ceramide can be secreted by astrocytes and subsequently affect neighboring cells, pos-
sibly	acting	as	a	mediator	for	neuronal	apoptosis	[53,	54].	Upon	activation,	astrocytes	
show	an	upregulation	of 	the	sphingosine-1-phospate	receptor	3	(S1P3)	in	different	neu-
rodegenerative diseases [32, 55]. It has been shown that S1P3 is a target of  Fingolimod, 
a	synthetic	analog	of 	S1P,	which	is	approved	as	an	oral	treatment	for	relapsing-remitting	
multiple sclerosis [56]. Previous studies indicate that Fingolimod administration reduces 
ceramide formation in reactive astrocytes [33]. In addition, the secreted ceramide might 
also	act	as	a	possible	biomarker	for	neuroinflammation	in	neurodegenerative	disorders.	
For	instance,	in	the	cerebral	spinal	fluid	of 	patients	with	MS	an	increase	in	certain	cera-
mide	species	was	found	[57].	Also,	studies	are	ongoing	to	identify	individuals	at	increased	
risk	of 	cognitive	impairment	by	characterizing	distinct	plasma	ceramides	profiles.	Inter-
estingly,	promising	preliminary	results	showed	increased	C16:0	levels	in	plasma	of 	PDD	
patients, indicating a possible predictive value for ceramide [13].

Importantly, there are some limitations to our study, such as the relatively low 
number	of 	unique	well-characterized	cases,	which	renders	caution	in	the	interpretation	
of  the data. However, through the combination of  a variety of  validated methods, we 
were	still	able	to	demonstrate	significant	differences	between	the	different	groups.	Inclu-
sion of  more cases may reduce the chance of  a type 2 error, but having found an effect, 
albeit	the	limited	statistical	power,	makes	us	confident	on	the	relevance	of 	our	data.	In	
addition, although PDD as an intermediate group did show a trend in all our results, 
increasing	the	number	might	push	it	to	significance.	Also,	the	isolation	of 	astrocytes	was	
not	possible	with	our	tissue,	hence	we	can	only	speculate	about	the	increase	of 	C16:0	
ceramide	as	the	product	of 	CerS5	in	astrocytes.	Therefore,	the	identification	of 	CerS5	as	
possible	initiator	of 	the	production	of 	C16:0	ceramide	in	astrocytes	would	benefit	from	
an additional mechanistic study. 

Conclusion

 In conclusion, the present results suggest that astrocytic ceramide is closely as-
sociated	with	the	neuroinflammatory	process.	Importantly,	we	identified	CerS5	as	possi-
ble	mediator	of 	C16:0	ceramide	in	astrocytes	in	the	human	brain.	While	only	a	relatively	
small	sample	size	was	feasible	in	this	study,	the	significant	differences	that	were	found	in	
the sphingolipid balance between the groups provide useful avenues for further research 
and possible future treatments, based on modifying the sphingolipid pathway. 
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Abstract

The	blood-brain	barrier	(BBB)	is	indispensable	for	the	maintenance	of 	brain	ho-
meostasis	and	proper	neuronal	functioning.	Dysfunction	of 	the	BBB	significantly	con-
tributes	to	the	pathogenesis	of 	neuroinflammatory	and	neurodegenerative	diseases	like	
stroke,	multiple	sclerosis	(MS),	and	Alzheimer’s	disease	(AD).	The	neuroinflammatory	
environment that characterizes these disorders propagates chronic impaired function 
of 	the	BBB,	processes	that	will	be	discussed	in	this	review.	Limiting	dysfunction	of 	the	
BBB	may	be	an	attractive	 target	 for	 treatment	of 	neurological	disorders.	To	date,	no	
current	treatments	are	directly	targeting	the	function	of 	the	BBB.	In	this	review,	we	will	
specifically	discuss	the	potential	protective	role	of 	nuclear	liver	X	receptors	(LXRs)	as	
a	promising	 therapeutic	 target	 to	reverse	or	prevent	BBB	impairment	 in	neurological	
diseases.
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1. The blood-brain barrier

The	blood-brain	barrier	 (BBB)	 is	 responsible	 for	maintaining	brain	homeosta-
sis by controlling the environment of  the central nervous system (CNS), the entry of  
nutrients, and by protecting it against xenobiotics. The physical barrier is formed by 
specialized	endothelial	cells,	which	have	unique	properties.	Brain	endothelial	cells	exhibit	
low	pinocytotic	activity	and	are	sealed	with	adherens	junctions	(AJs)	like	VE-cadherin	
and	E-cadherin	that	are	connected	to	the	cytoskeleton	via	catenins.	Barrier	function	is	
instigated	by	complex	tight	junctions	(TJs)	formed	by	the	interaction	of 	proteins	such	
as	claudins	(1,3,5),	occludin	and	the	intracellular	TJ	proteins	zona	occludens	(ZO)	that	
firmly	 seal	 the	paracellular	 route	 for	 ions	 and	 small	molecules	 [1,	 2].	To	 regulate	 the	
transport	of 	nutrients	as	well	as	the	efflux	of 	toxins	and	waste	products,	brain	endothe-
lial	cells	express	highly	polarized,	specific	transporters	that	actively	regulate	these	pro-
cesses.	Key	transporters	include	the	glucose	transporter	(GLUT-1)	and	members	of 	the	
ATP	binding	cassette	(ABC)	transporters,	in	particular	P-glycoprotein	(P-gp)	[3].	

The barrier properties of  brain endothelial cells are strongly supported by peri-
cytes	and	astrocytic	end-feet.	Pericytes	are	contractile	cells	 located	between	brain	en-
dothelial	 cells	 and	 astrocytic	 end-feet,	 and	 are	 enclosed	 by	 the	 endothelial	 basement	
membrane.	They	play	a	major	role	in	the	induction	of 	BBB	function	by	controlling	TJ	
protein	expression	and	microvascular	 stability	during	development	 [4-6].	The	 loss	of 	
pericyte	coverage	leads	to	a	disruption	of 	BBB	function,	underscoring	their	importance	
[6].	Astrocytes	provide	further	barrier	support	through	their	end-feet	that	form	a	net-
work	of 	fine	lamellae	opposed	to	the	outer	surface	of 	the	endothelium,	which	together	
with	the	parenchymal	membrane	form	the	glia	limitans	[7,	8].	They	are	of 	critical	impor-
tance	for	the	continuous	maintenance	of 	BBB	function	by	controlling	TJ	formation	and	
the	expression	and	polarization	of 	transporters.	The	term	neurovascular	unit	(NVU)	is	
often used to refer to these complex cellular interactions between the different cell types, 

creating a highly dynamic vascular struc-
ture in the brain, which closely regulates 
the neuronal environment (Figure 1). 

Figure 1: Structural representation of the BBB. The 
BBB is a complex system composed of specialized 
endothelial cells, supported by pericytes, astrocytic 
end-feet and the basement membrane. The endothe-
lial cells are sealed together with adherens junctions 
like VE-cadherin and E-cadherin and by complex tight 
junctions formed by the interaction of proteins such 
as claudins (1,3,5) and occludin. Key transporters in-
clude the glucose transporter (GLUT-1) and members 
of the ATP binding cassette (ABC) transporters.
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As	part	of 	maintaining	brain	homeostasis,	the	BBB	supports	the	relative	immune	
privileged	nature	of 	the	CNS	by	regulating	immune	cell	migration.	Under	healthy	condi-
tions,	leukocyte	trafficking	into	the	CNS	is	relatively	low	compared	to	peripheral	organs	
and immune cells rarely enter the parenchyma [9]. During this basal immune surveil-
lance,	 immune	cells	may	encounter	 antigen-presenting	cells	 in	 the	perivascular	 space,	
which can be found at post capillary venules between the endothelium and the glia limi-
tans	[10].	However,	upon	inflammation,	leukocyte	trafficking	across	the	inflamed	brain	
endothelium may increase considerably. The production of  cytokines and chemokines 
by	the	inflamed	endothelium	is	the	first	 leading	event	for	extravasation	of 	 leukocytes	
into	the	CNS	and	subsequent	neuroinflammation,	since	these	cytokines	and	chemokines	
attract	leukocytes	to	the	BBB	[11-13].	

The upregulation of  cell adhesion molecules (CAMs) by brain endothelial cells 
such	as	intercellular	adhesion	molecule	(ICAM)-1	and	vascular	cell	adhesion	molecule	
(VCAM)-1	 further	 increases	firm	adhesion	of 	 leukocytes	 to	 the	 endothelium	 [14].	A	
next step in leukocyte migration is the crawling of  the leukocytes across the endothe-
lium in search for a permissive site for diapedesis. To enter the CNS parenchyma, im-
mune	cells	must	finally	traverse	the	glia	limitans,	which	requires	the	induction	of 	matrix	
metalloproteinase	(MMP)	production	[15].	By	penetrating	the	glia	limitans,	 leukocytes	
infiltrate	the	parenchyma	causing	major	CNS	damage.	Moreover,	chronic	neuroinflam-
mation	severely	affects	brain	homeostasis	and	the	continuous	exposure	to	inflammatory	
mediators is frequently associated with neurodegenerative diseases [16].

1.1.	 The	BBB	in	neuroinflammatory	diseases 
In numerous pathological conditions of  the CNS, including ischemic stroke, mul-

tiple	sclerosis,	and	Alzheimer’s	disease,	neuroinflammation	contributes	to	the	progres-
sion of  clinical symptoms and may lead to neurodegeneration. Moreover, a dysfunction 
of 	 the	 BBB	 is	 associated	with	 these	 disorders.	 BBB	 dysfunction	 is	 characterized	 by	
endothelial cell junctional alterations and increased permeability. This can be induced 
by	inflammation	and	vasoactive	compounds	in	a	disease-specific	manner	and	ultimately	
lead	to	detrimental	neuroinflammation	and	consequent	neurodegeneration.	The	role	of 	
BBB	dysfunction	and	consequent	neuroinflammation	in	the	above-mentioned	disorders	
is discussed in detail below.

1.1.1. Stroke
Stroke	is	a	frequent	cause	of 	long-term	disability	and	accounts	for	~12%	of 	all	

deaths	worldwide	[17].	Stroke	may	be	caused	by	a	blocked	artery	(ischemic	stroke)	or	
by the leaking or bursting of  a blood vessel (hemorrhagic stroke) [18]. Approximately 
80%	of 	all	strokes	are	ischemic	and	during	acute	ischemic	stroke	a	sudden	occlusion	of 	
a blood vessel leads to an almost immediate loss of  oxygen and glucose to the cerebral 
tissue, due to the lack of  proper perfusion. The ischemic core of  a stroke area contains 
cells that are irreversibly damaged while the penumbra, the area surrounding the core, 
can	potentially	be	 rescued	by	 improving	blood	flow.	Within	hours	 after	 the	 ischemic	
insult, a whole array of  events occur throughout the infarcted region such as ATP deple-
tion,	ionic	imbalance,	oxidative	stress,	and	activation	of 	inflammatory	processes,	which	
may lead to neurodegeneration in the longer term [19].
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The molecular cues that are generated by cerebral ischemia activate components 
of 	the	innate	immune	system	and	promote	inflammation,	which	contributes	to	the	un-
derlying	pathophysiology	and	have	an	effect	on	BBB	function	[20].	Moreover,	the	differ-
ent	cell	types	of 	the	NVU	differ	in	their	sensitivity	to	oxygen	deprivation	and	ischemia,	
possibly	 contributing	 at	 different	 levels	 to	BBB	dysfunction	 [21,	 22].	After	 a	 stroke,	
microglia,	the	resident	immune	cells	of 	the	brain,	secrete	proinflammatory	cytokines	in-
cluding tumor necrosis factor α (TNFα) and interleukins (ILs). In addition, neurons and 
other damaged brain cells release danger associated molecular patterns (DAMPs) and 
cerebral endothelial cells upregulate their expression of  CAMs. Together with the secre-
tion of  chemokines by activated microglia and the endothelium, these changes facilitate 
the	 recruitment	of 	 leukocytes	 to	 the	 ischemic	brain	 [23].	Furthermore,	 inflammation	
induces the production of  proteases, including MMPs, which may degrade the basal 
lamina	leading	to	BBB	disruption	and	consequently	the	infiltration	of 	leukocytes	into	
the	brain	parenchyma	[24].	

After	the	early	opening	of 	the	BBB	directly	after	a	stroke,	a	second	phase	of 	se-
vere	BBB	disruption	occurs	within	24-72	hours	after	infarction.	Although	reperfusion,	
i.e.	 the	 reestablishment	of 	 cerebral	blood	flow,	 is	necessary	 for	 tissue	 survival	 in	 the	
penumbra,	 it	causes	MMP	release,	 leukocyte	infiltration,	and	an	acute	opening	of 	the	
TJs	of 	the	BBB	[25].	Together,	these	events	promote	ischemic	neuroinflammation	as	a	
result	of 	BBB	disruption.

1.1.2. Multiple sclerosis
Multiple	sclerosis	(MS)	is	a	chronic	neuroinflammatory	and	demyelinating	disease	

of 	the	CNS	[26].	Worldwide,	approximately	2.5	million	people	are	affected	with	MS	[27].	
The underlying mechanisms for MS are considered autoimmune due to the pivotal role 
of  the body’s own immune system in disease progression [28]. The immunopathological 
process	in	MS	is	mediated	by	T	and	B	cells	and	activated	macrophages	that	are	involved	
in the demyelination of  axons, thereby inducing severe tissue damage and neuronal dys-
function	[29,	30].

As	observed	 in	stroke,	MS	is	also	marked	by	prominent	BBB	breakdown.	The	
ongoing	 inflammatory	 response	 in	MS	 causes	 the	 production	 of 	 harmful	mediators,	
including	cytokines,	which	interrupt	the	architectural	organization	of 	AJs	and	TJs	of 	the	
BBB	[31].	In	that	way,	changes	in	BBB	structure	occur	in	the	early	phase	of 	lesion	for-
mation	resulting	in	BBB	hyperpermeability	in	active	MS	lesions	[32].	Furthermore,	brain	
endothelial	 cells	 produce	 cytokines	 and	 chemokines	 upon	 inflammation	 and	 express	
adhesion	molecules.	The	 inflammatory	 status,	 together	with	BBB	disruption,	 induces	
leukocyte migration into the CNS parenchyma as well as oedema, axonal loss and gliosis 
leading	to	neurodegeneration.	Although	the	breakdown	of 	 the	BBB	is	 thought	 to	be	
transient in MS, it is a recurrent and even chronic event during disease progression that 
eventually	leads	to	permanent	neurological	deficits	[33].

1.1.3. Alzheimer’s disease
Alzheimer’s	disease	 (AD)	 is	 the	most	common	form	of 	dementia	affecting	48	

million	people	in	the	world	[34].	It	is	a	progressive	neurodegenerative	disorder	charac-
terized by the formation of  amyloid beta (Aβ) plaques, which are released by sequential 
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proteolytic cleavage of  the amyloid precursor protein (APP), and the appearance of  
intracellular	neurofibrillary	tangles	in	the	brain	[35].	

It has become apparent that Aβ	plaques	are	associated	with	 inflammatory	me-
diators and adhesion molecules in the initial stages of  AD pathology. In isolated brain 
microvessels obtained from AD patients, endothelial cells express high levels of  cell 
adhesion	molecules	and	release	significantly	higher	 levels	of 	 inflammatory	factors	 in-
cluding nitric oxide (NO), thrombin, TNFα, ILs, and MMPs upon interaction with Aβ 
[36,	37].	Moreover,	Aβ enhances microglia and macrophage activation, which further 
induces	 secretion	 of 	 proinflammatory	 cytokines	 and	 chemokines,	 indicating	 a	major	
role	for	neuroinflammation	in	AD.	The	observed	neuroinflammation	is	accompanied	by	
chronic	dysfunction	of 	the	BBB.	Histopathological	studies	have	demonstrated	that	BBB	
changes	are	evident	in	the	cerebral	microvascular	endothelial	cells,	showing	a	loss	of 	TJs	
and	a	reduced	expression	of 	the	transporters	GLUT-1	and	P-gp	[38-40].	

Although	BBB	dysfunction	seems	to	be	evident,	there	remains	controversy	about	
whether	there	is	apparent	BBB	breakdown	in	AD	[41].	In	vitro	studies	have	shown	that	
TJs	of 	endothelial	 cells	 are	disrupted	upon	stimulation	with	Aβ via the induction of  
MMPs,	which	was	also	shown	in	an	animal	model	of 	AD	[42].	In	post-mortem	tissue	of 	
AD	patients,	blood-derived	proteins	such	as	albumin	and	thrombin	have	been	found	to	
accumulate	in	the	hippocampus	and	cortex	indicating	the	possibility	of 	BBB	breakdown	
followed	by	serum	leakage	[43].	However,	an	extensive	study	using	multiple	AD	mouse	
models	and	human	AD	post-mortem	samples	found	no	increase	in	BBB	permeability,	
indicating	a	lack	of 	widespread	BBB	disruption	in	AD	[44].	

Currently,	 in	 vivo	 imaging	 is	 being	 used	 to	 assess	BBB	 impairment	 in	 human	
AD	patients.	So	far,	imaging	studies	revealed	an	impaired	P-gp	function	using	positron	
emission	tomography	(PET)	but	not	a	leaky	or	damaged	BBB	as	visualized	by	magnetic	
resonance	imaging	(MRI)	[45,	46].	Therefore,	there	is	a	need	to	improve	the	characteri-
zation	of 	BBB	physiology	to	better	understand	the	molecular	processes	involved	in	AD.	

1.2.	 BBB	alterations	in	neuroinflammation:	cellular	changes 
The	tight	regulation	of 	BBB	function	and	its	specific	interactions	with	the	envi-

ronment	ensures	the	preservation	of 	CNS	homeostasis.	As	mentioned,	BBB	dysfunc-
tion	during	disease	can	 involve	disruption	of 	TJs,	 increase	 in	transcytosis,	changes	 in	
transport	properties,	and	increased	leukocyte	infiltration,	which	are	processes	that	are	
orchestrated	by	all	cell	types	of 	the	NVU.	Their	individual	role	in	neuroinflammation	is	
discussed below.

1.2.1. Endothelial cells
Brain	endothelial	cells	form	the	first	line	of 	defence	of 	the	CNS.	Under	healthy	

conditions, they express low levels of  adhesion molecules and secrete low levels of  
pro-inflammatory	cytokines	and	chemokines	[47].	However,	upon	inflammation	brain	
endothelial cells become activated, resulting in the activation of  the nuclear transcription 
factor	NF-κB.	NF-κB	is	a	heterodimer	that	resides	in	the	cytoplasm	and	is	bound	by	its	
inhibitor IκBα.	Activation	of 	the	NF-κB	pathway	leads	to	degradation	of 	IκBα result-
ing	in	translocation	of 	NF-κB	to	the	nucleus	and	transcription	of 	the	pro-inflammatory	
target	genes	including	cytokines,	chemokines	and	adhesion	molecules	[48].	
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 In combination with the expression of  CAMs, brain endothelial cells loosen 
their	TJs	in	response	to	inflammatory	stimuli.	Both	AJs	and	TJs	are	expressed	ubiqui-
tously,	but	primarily	 the	alteration	of 	TJs	by	phosphorylation	 induced	by	MMPs	and	
protein	tyrosine	kinase	(PTK)	activities	may	result	in	disruption	of 	the	BBB	[49].	To-
gether with leukocyte cytoskeletal changes mediated by a family of  signalling molecules, 
the	Rho	GTPases,	loosening	of 	TJs	results	in	transmigration	of 	leukocytes	across	the	
BBB	[50,	51].	Leukocytes	are	potentially	also	able	to	migrate	into	the	brain	via	the	trans-
cellular route through the endothelial cell body by the formation of  a channel or a pore 
[52].	Once	infiltrated	in	the	CNS,	leukocytes	contribute	to	tissue	damage	by	releasing	
pro-inflammatory	cytokines	and	other	cytotoxic	products.	

1.2.2. Astrocytes
Astrocyte interaction with the brain endothelium is important for the mainte-

nance	of 	BBB	function.	The	physical	contact	between	astrocytic	end-feet	and	the	en-
dothelial	basement	membrane	is	important	for	vessel	development	and	BBB	integrity	
[53].	For	 instance,	ablation	of 	astrocyte-secreted	 laminin	 leads	 to	down-regulation	of 	
junctional	proteins	and	a	leaky	BBB	[54].	In	addition,	the	endothelium-astrocytic	end-
feet	cross-talk	provides	factors	necessary	for	the	formation	of 	appropriate	TJs	[55].	

However,	during	inflammation,	cytokines	such	as	TNFα	and	IL-1β can be det-
rimental	for	astrocyte	survival	and	thereby	negatively	affect	TJ	formation	resulting	 in	
BBB	disruption	[56-58].	Furthermore,	astrocytes	are	shown	to	upregulate	ICAM-1	and	
VCAM-1	expression	in	response	to	interferon	gamma	(IFNγ) and TNFα, thereby pro-
moting leukocyte extravasation [59]. Vice versa, astrocytes also produce a repertoire of  
inflammatory	mediators	facilitating	leukocyte	migration	into	the	CNS	parenchyma	[60].	
CC-chemokine	ligand	2	(CCL2)	and	CXC-chemokine	ligand	10	(CXCL10)	are	impor-
tant	recruiters	of 	leukocytes	and	are	released	specifically	by	astrocytes	[7].	In	addition,	it	
is	suggested	that	astrocytes	act	as	semi-antigen-presenting	cells	(APCs)	that	directly	(via	
MHCII	and	B7	molecules)	or	indirectly	(by	stimulating	microglia)	may	activate	T	cells.	
However,	microglia	are	provisional	APCs,	which	efficiently	process	and	present	antigens	
and activate T cells [59]. 

Although	astrocytes	are	considerable	contributors	to	inflammation	and	the	mi-
gration	of 	leukocytes	into	the	CNS,	they	are	also	involved	in	the	resolution	of 	inflamma-
tion.	Astrocytes	can	release	anti-inflammatory	mediators,	such	as	transforming	growth	
factors	and	retinoic	acid	that	attenuate	inflammation	and	protect	BBB	function	[61,	62].	
Moreover,	 angiopoietin-1	 is	 able	 to	 reduce	BBB	 permeability	 and	 suppress	 neuroin-
flammation	[63].	In	addition,	astrocytes	also	promote	junctional	protein	expression	by	
releasing	Sonic	hedgehoc	(Shh)	[64].	Not	only	does	Shh	tighten	the	BBB,	it	also	acts	as	
an	endogenous	anti-inflammatory	effector	by	reducing	chemokine	and	CAM	expression	
by endothelial cells. Moreover, Shh directly interacts with leukocytes by lowering their 
binding	capacity,	 thereby	preventing	 the	 immune	cells	 from	crossing	 the	BBB.	Taken	
together,	astrocytes	are	important	regulators	of 	BBB	function	in	a	context-dependent	
manner	that	is	regulated	by	specific	signalling	events.	
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1.2.3. Pericytes
In contrast to brain endothelium, microglia and astrocytes, the contribution of  

pericytes	to	BBB	performance	during	neuroinflammation	 is	 less	clear.	As	mentioned,	
pericytes are wrapped around endothelial cells and play an important role in the induc-
tion	of 	BBB	properties	[4,	5].	Whereas	astrocytes	induce	TJ	expression,	pericytes	sup-
press	endothelial	transcytosis,	thereby	reducing	BBB	permeability	and	contributing	to	
BBB	function	and	integrity	[65].

	In	the	brain,	it	has	been	shown	that	in	response	to	inflammation,	activated	peri-
cytes	 release	MMP-9	 and	 generate	pro-inflammatory	 cytokines	 and	 chemokines	 [66].	
In addition, pericyte loss is observed under pathological conditions such as stroke and 
AD,	affecting	the	BBB.	For	instance,	during	acute	stroke	in	animal	models	as	well	as	in	
humans,	pericyte	loss	appears	to	precede	and	exceed	vessel	degeneration	[67].	Moreover,	
experimental mouse models of  AD showed pericyte rearrangement and degradation 
during	microvascular	 inflammation	and	Aβ	accumulation,	which	correlated	with	BBB	
breakdown [68, 69]. In AD patients, accelerated pericyte loss occurs particularly in indi-
viduals	carrying	the	apolipoprotein	E4	(APOE4)	gene	[70].	Here,	consistent	with	animal	
data,	pericyte	degeneration	also	correlates	with	BBB	breakdown,	which	might	be	related	
to	higher	levels	of 	the	proinflammatory	cytokine	cyclophilin	A	and	MMP-9.	These	data	
indicate	that	pericytes	are	able	to	disrupt	the	BBB	and	contribute	to	neuroinflammation.	

2. The Liver X Receptor; the missing link?
Interestingly,	apart	from	neuroinflammation,	a	dysregulation	of 	brain	cholesterol	

homeostasis	has	been	observed	in	the	above-described	pathological	conditions.	Choles-
terol is a major component of  cell membranes and as such it contributes to the regula-
tion	of 	cellular	structure	and	function.	While	the	brain	on	average	only	comprises	2.5%	
of 	the	total	body	mass,	it	contains	about	23%	of 	the	body’s	total	cholesterol,	underlining	
its	importance	in	brain	function	[71].	Almost	all	cholesterol	content	in	the	brain	can	be	
accounted for by de novo synthesis and its metabolism is separated from the periphery 
by	the	BBB.	Under	healthy	conditions,	a	constant	level	of 	cellular	cholesterol	is	main-
tained	 through	a	balance	 in	cholesterol	 synthesis	and	efflux.	However,	high	 levels	of 	
cholesterol are related to neurodegeneration, implying a shift in the balance of  brain 
cholesterol	content	under	pathological	conditions	[72].

The nonsteroidal nuclear liver X receptor (LXR) may provide a link between 
the	observed	neuroinflammation	and	cholesterol	dysregulation.	LXRs	belong	to	a	large	
family of  nuclear transcription factors that modulate gene transcription. They exist in 
two isoforms, termed LXRα (NR1H3) and LXRβ	(NR1H2),	which	share	77%	identity	
in	their	DNA	and	ligand	binding	domain	amino	acid	sequences	[73].	LXRα and LXRβ 
have identical ligands but differ in their tissue expression pattern. While LXRα is highly 
expressed in the liver, adipose tissue, adrenal glands, intestine, kidney, and macrophages, 
LXRβ is more ubiquitously expressed. Yet, both LXR isoforms are expressed in the 
CNS	[74].

LXRs	are	the	major	regulators	of 	cholesterol	homeostasis.	Both	LXR	isoforms	
are activated by naturally occurring cholesterol metabolites, known as sterols and oxys-
terols,	and	regulate	the	expression	of 	target	genes	like	the	aforementioned	ABC	trans-
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porters.	 Besides	 the	 capacity	 of 	 ABC	
transporters	 to	 efflux	 waste	 products,	
they are also involved in cholesterol ab-
sorption,	 efflux,	 transport,	 and	 excre-
tion thereby regulating a process called 
reverse	cholesterol	transport	[75].	In	the	
nucleus, LXRs form a heterodimer with 
the retinoid X receptor (RXR) which, 
being in an inactive state, inhibits tran-
scription processes by the recruitment of  
nuclear	co-repressors	(Figure	2).	Ligand	
binding	first	induces	the	dissociation	of 	
the	 co-repressor	 complex	 followed	 by	
the	recruitment	of 	co-activators	to	start	
gene	 transcription	 [75].	 As	 mentioned,	
activation of  LXRs occurs through the 
binding of  the natural occurring oxyster-

ols and intermediates of  the cholesterol synthesis pathway. However, to investigate LXR 
function,	 synthetic	 agonists	 that	 activate	both	LXR	 isoforms,	 such	 as	T0901317	 and	
GW3965,	are	widely	used	in	experimental	studies	as	well	as	LXR	knock-out	mouse	mod-
els	[76].	In	addition,	LXR/RXR	transcriptional	activity	can	also	be	induced	by	retinoids,	
which are ligands for the RXR. Ligand binding to LXR or RXR directly correlates to an 
upregulation of  downstream gene transcription.

LXRs gained attention as potential therapeutic targets because of  their diverse 
physiological functions. In addition to their central role in cholesterol homeostasis, 
LXRs	are	involved	in	inflammatory	gene	expression	and	innate	immunity	[77].	Interest-
ingly,	LXRs	are	able	to	indirectly	suppress	the	expression	of 	inflammatory	NF-κB	tar-
get	genes	in	macrophages	by	a	process	called	transrepression	[78].	Under	inflammatory	
conditions,	LXR	activation	results	 in	SUMOylation,	which	 is	 the	covalent	attachment	
of 	small	ubiquitin-like	modifier	proteins	to	specific	target	proteins	that	can	regulate	and	
modify	protein	function	and	cellular	pathways	[79].	The	SUMOylation-dependent	tar-
geting	of 	the	nuclear	receptor	to	corepressor	complexes	prevents	their	signal-dependent	
clearance.	Thus,	this	process	results	in	preservation	of 	the	co-repressor	complex	at	the	
NF-κB	downstream	inflammatory	gene	promoter,	thereby	inhibiting	the	inflammatory	
gene expression. Therefore, LXRs may provide the missing link between cholesterol 
dysregulation,	neuroinflammation	and	neurodegeneration.

Figure 2: Molecular mechanisms of LXR activation 
and transrepression. A) LXRs form a transcriptional 
unit as permissive heterodimers with retinoid X re-
ceptors (RXRs) bound to a specific DNA sequence, 
called the LXR response element (LXRE). Unliganded 
LXR/RXR actively suppresses transcription by recruit-
ing co-repressors. B) LXR activation leads to a dis-
sociation of the corepressor complex and subsequent 
recruitment of the coactivator complex, resulting in 
stimulation of gene transcription. C) Under inflam-
mation, LXR activation results in SUMOylation. SU-
MOylated LXRs dock to corepressor complexes at 
the NF-κB downstream inflammatory gene promoter, 
suppressing the expression of inflammatory genes.
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2.1.1. LXRs and the endothelium 
Brain	 endothelial	 cells	 express	 functional	 LXRs	 and	 their	 downstream	 targets,	

the	ABC	 transporter	 proteins	 [80].	 Since	 the	 90s,	 several	 studies	 describe	 a	 role	 for	
oxysterols in LXR activations in peripheral endothelial cell (dys)function. These studies 
demonstrated an elevation in endothelial permeability for albumin, i.e. decreased barrier 
function, across vascular endothelial monolayers after exposure to oxysterols [81, 82]. 
Furthermore,	oxysterol	incubation	of 	human	umbilical	vein	endothelial	cells	(HUVECs)	
resulted	in	alterations	in	the	activity	of 	membrane-bound	enzymes	leading	to	increased	
calcium	influx	and	endothelial	cell	toxicity	[82,	83].	Moreover,	an	increase	in	cell	apop-
tosis,	IL-1β	cytokine	expression	and	ICAM-1	and	VCAM-1	expression	was	found	after	
exposure	of 	HUVECs	to	oxysterols,	including	7β-hydroxycholesterol	and	7-ketocholes-
terol	[84].	Exposure	of 	human	aortic	endothelial	cells	to	another	oxysterol,	25-hydroxy-
cholesterol,	induces	VCAM-1	expression	and	monocyte	adhesiveness,	all	demonstrating	
a	pro-inflammatory	role	of 	LXR-activating	oxysterols	in	endothelial	cell	function	[85].	

In contrast to the effects of  endogenous activation, studies using the synthet-
ic	LXR	agonists	T0901317	and	GW3965,	revealed	anti-inflammatory	actions	of 	LXR	
activation in peripheral endothelial cells. Synthetic activation of  LXRs attenuated the 
lipopolysaccharide	 (LPS)-induced	 upregulation	 of 	 ICAM-1,	 VCAM-1	 and	 E-selectin	
adhesion	molecules	 in	HUVECs	 [86].	Furthermore,	 it	was	 shown	 that	 the	 inhibition	
of 	 cellular	 senescence	 of 	HUVECs	 by	LXR	 agonists	 is	 associated	with	 a	 decline	 in	
ROS production and an increase in endothelial nitric oxide synthase (eNOS) activity, 
mediating	 the	production	of 	NO	[87].	Finally,	 synthetic	LXR	activation	 in	HUVECs	
provokes	a	protein-protein	interaction	of 	LXRβ and estrogen receptor (ER)α resulting 
in the activation of  eNOS, thereby retaining monolayer integrity [88]. The contradictory 
results	between	 the	pro-inflammatory	 effects	of 	 endogenous	LXR	 ligands	 compared	
to	the	anti-inflammatory	effects	of 	the	synthetic	LXR	agonists	might	be	explained	by	
the	finding	that	oxysterol-induced	inflammation	in	peripheral	endothelial	cells	is	LXR-
independent	[86].	Here,	it	was	shown	that	the	upregulation	of 	inflammatory	markers	by	
oxysterols was unaffected during LXR antagonism. 

Multiple studies describe a cross talk between LXRs and the proliferator peroxi-
some activated receptor (PPAR), another important member of  the nuclear hormone 
transcription	 factor	 family.	 Three	 subtypes	 of 	 this	 receptor	 have	 been	 identified,	 i.e.	
PPAR-alpha,	-delta,	and	-gamma,	and	these	receptors	regulate	endothelial	cell	function	
and	 inflammation	 level,	 possibly	 indirectly	 via	 an	 interplay	with	 LXRs.	 For	 instance,	
PPARα	 activation	with	fenofibrate	 increases	eNOS	activity	and	protein	expression	 in	
aortic	endothelial	cells	in	a	concentration-dependent	manner	[89].	In	human	vascular	en-
dothelial cells, PPARα-specific	activators	inhibit	TNFα-induced	IL-6,	cyclooxygenase-2	
(COX-2)	and	VCAM-1	expression	by	repressing	NF-κB	signaling	[90-92].	Furthermore,	
PPARα	activation	in	HUVECs	significantly	decreases	TNFα-upregulated	adhesion	mol-
ecule	expression,	including	VCAM-1	and	E-selectin,	intracellular	reactive	oxygen	species	
(ROS) generation, and leukocyte adhesion [93]. Finally, PPARγ stimulation augment-
ed	 calcium	 ionophore-induced	NO	 release	 from	HUVECs	 [94].	 In	 summary,	multi-
ple	PPAR	isoforms	interfere	with	peripheral	endothelial	 inflammatory	status,	possibly	
through	PPAR-LXR	interaction.	However,	the	interaction	between	LXRs	and	PPARs	is	
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complex	and	probably	cell	specific,	giving	rise	to	differential	responses	from	cell	to	cell.	
Surprisingly,	 research	 into	 the	PPAR-LXR	 axis	 in	 brain	 endothelium	 and	how	

it determines its function is lacking. The above discussed biological processes of  LXR 
agonism on peripheral endothelial cell permeability, ROS and cytokine production, and 
adhesion molecule expression are key in the protection of  the CNS from the entry 
of 	harmful	inflammatory	leukocytes.	However,	one	must	keep	in	mind	the	functional	
and morphological differences between peripheral endothelial cells and brain endothe-
lial	cells	as	being	part	of 	the	BBB,	which	may	lead	to	differential	endothelial	responses.	
Endothelial cell differentiation largely depends on the local environment and interac-
tion with surrounding cells. As mentioned, brain endothelial cells are highly specialized 
by	possessing	developed	 intracellular	 tight	 junction	structures	and	expressing	specific	
markers	and	transport	systems	like	P-gp	and	Glut-1.	Morphologically,	brain	endothelial	
cells differ in the absence of  fenestrae in their plasma membrane and because of  the 
presence of  high densities of  mitochondria in the cytosol [95]. Therefore, before ex-
trapolating	above	LXR-dependent	mechanisms,	investigations	into	the	role	of 	LXRs	in	
brain-specific	endothelial	cells	are	of 	great	importance.

2.1.2. LXRs and astrocytes  
In addition to endothelial cells, both LXRα and LXRβ are expressed in astro-

cytes	and	mediate	 the	efflux	of 	24S-hydroxycholesterol-induced	cholesterol	 to	ApoE	
under	the	control	of 	ABCA1	and	ABCG1	transporters	[96].	LXR	activation	in	primary	
murine	astrocytes	by	the	oxysterols	7-ketocholesterol	and	22R-hydroxycholesterol	sup-
presses inducible nitric oxide synthase (iNOS) expression and NO release by inhibiting 
LPS-upregulated	 inflammatory	mediators,	 including	 IFN-γ and interferon regulatory 
factor	(IRF)-1	[97].	In	addition,	LXR	activation	in	LPS-stimulated	primary	mouse	as-
trocytes	inhibits	the	production	of 	the	proinflammatory	cytokines	IL-1β	and	IL-6	and	
of 	 the	chemotactic	cytokine	CCL2	by	modulating	 the	NF-κB	signaling	pathway	 [98].	
Finally, LXR ligands are able to inhibit signal transducer and activator of  transcription 
1	(STAT1)-mediated	inflammatory	responses	in	IFNγ stimulated astrocytes. Here, the 
SUMOylated	LXRs	bind	to	STAT1	and	prevent	the	binding	of 	this	transcription	fac-
tor to the promoter regions of  its target genes [99]. Collectively, these results suggest a 
transrepressive pathway of  LXRs in astrocytic cells. 

2.2.	 LXRs	and	the	BBB	in	neuroinflammatory	diseases	
	 Unlike	the	contribution	of 	LXRs	to	the	function	of 	peripheral	endothelial	cells,	

the	 link	between	LXRs	and	 the	 inflammatory	 status	or	 integrity	of 	brain	endothelial	
cells is only discussed to a limited extent. In this section, we elaborate on the current 
knowledge	of 	the	impact	of 	LXRs	on	BBB	function	with	the	focus	on	stroke,	MS	and	
AD pathology (Figure 3).

The	involvement	of 	LXRs	in	BBB	function	is	mainly	studied	in	stroke	models.	
The	effect	of 	LXR	activation	on	brain	inflammation	in	an	animal	model	of 	stroke	was	
investigated	by	analyzing	the	expression	of 	NF-κB	target	genes	such	as	iNOS,	COX-2	
and	MMP-9	and	the	pro-inflammatory	cytokines	TNFα	and	IL-1β	[100].	Activation	of 	
LXRs	by	the	synthetic	agonists	T0901317	and	GW3965	resulted	in	a	decreased	expres-
sion	of 	 iNOS,	COX-2	and	MMP-9	 in	 the	brain	compared	 to	sham	animals.	 In	addi-
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tion,	IL-1β levels were also decreased, whereas the expression of  TNFα did not change. 
The	involvement	of 	LXRs	in	these	anti-inflammatory	effects	was	validated	using	LXR	
knock-out	mice.	Here,	the	LXR	agonist	GW3965	inhibited	NF-κB	target	genes	includ-
ing	IL-6,	IL-12,	and	CCL-2	in	the	brain	of 	wild-type	mice	but	not	in	the	LXR	knock-out	
animals.	The	suppression	of 	NF-κB	target	genes	by	LXR	activation	under	stroke	con-
ditions	was	confirmed,	indicating	anti-inflammatory	effects	of 	LXR	agonists	in	stroke	
pathology	[101].	Therefore,	the	anti-inflammatory	property	of 	LXRs	may	be	beneficial	
for	the	BBB	phenotype	in	stroke	disease	pathogenesis.	

Another	study	focused	more	specifically	on	LXRs	and	BBB	integrity	after	stroke	
[102].	Here,	synthetic	LXR	activation	decreases	serum	IgG	permeability	in	the	ischemic	
brain.	Furthermore,	LXR	activation	prevents	the	downregulation	of 	the	TJ	proteins	oc-
cludin	and	ZO-1	in	ischemic	vessels	thereby	promoting	BBB	preservation.	Apart	from	
the	preservation	of 	TJ	complexes,	LXR	activation	also	increases	the	expression	of 	the	
ABCA1	and	ABCG1	transporters	on	brain	endothelial	cells	after	stroke,	confirming	that	
LXRs	have	an	important	function	in	the	brain	endothelium.	Finally,	brain	deficiency	of 	

Figure 3: The involvement of LXRs in BBB function during neuroinflammation. BBB dysfunction during neuroinflam-
matory disease can involve disruption of tight junctions, increase in transcytosis, changes in transport properties, and 
increased leukocyte infiltration. The beneficial effects of LXR activation include 1) reducing leukocyte infiltration, 2) 
preventing the downregulation of tight junction proteins, and 3) suppressing the expression of inflammatory NF-κB 
target genes..
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ABCA1,	a	key	target	of 	LXRs,	increased	albumin	leakage	in	ischemic	brain	reinforcing	
the	idea	of 	LXR	involvement	in	BBB	function	[103].	Therefore,	LXRs	may	gain	interest	
as a possibly therapeutic approach to protect the vasculature and improve the clinical 
outcome of  patients after a stroke. 

In contrast to stroke, less is known about the potentially protective role of  LXRs 
in	BBB	function	in	the	context	of 	MS	or	AD	pathology.	Inflammation	is	an	important	
feature	 in	 the	 pathogenesis	 of 	MS	 and	 is	 responsible	 for	BBB	damage	 and	 leads	 to	
leukocyte	 infiltration	 into	 the	CNS	 [31].	Harmful	mediators	 such	 as	ROS,	 cytokines,	
and	chemokines	play	a	pivotal	role	in	the	disruption	of 	BBB	junctional	complexes	in	
MS.	Previous	sections	highlighted	the	suppression	of 	NF-κB	downstream	cytokines	and	
chemokines by LXRs in macrophages and astrocytes or the inhibition of  ROS and iNOS 
production	in	astrocytic	cells	and	the	endothelium	[87,	97,	98].	The	transrepressive	phe-
notype	of 	LXRs	on	these	mediators	may	protect	BBB	composition	and	therefore	be	ef-
fective in MS treatment. Indeed, there are several studies that focused on synthetic LXR 
activation in the experimental autoimmune encephalomyelitis (EAE) mouse model of  
MS and showed that activation of  LXRs during EAE development ameliorated disease 
outcome.	Moreover,	LXR	activation	reduced	leukocyte	infiltration,	IL-17,	TNFα, IFNγ 
cytokine	secretion	and	MMP-9	expression	in	the	CNS	of 	the	EAE	animals	[104-106].	
Therefore,	LXRs	may	be	promising	in	protecting	BBB	function	in	MS	pathology.	

	 In	AD,	it	is	suggested	that	inflammation	precedes	Aβ deposition and vice versa, 
Aβ	promotes	the	release	of 	inflammatory	mediators	[107].	This	inflammatory	burden	
may	 promote	BBB	 breakdown	 and	 leukocyte	 extravasation.	 To	 date,	 only	 one	 study	
investigated	the	role	of 	 the	LXR	agonist	GW3965	 in	reversion	of 	BBB	changes	and	
astrogliosis	 in	AD	 [108].	The	authors	 showed	 that	LXR	 treatment	of 	 an	AD	mouse	
model	partially	restored	BBB	integrity,	increasing	the	length	of 	the	microvasculature	in	
the hippocampus. Furthermore, this process was associated with a decreased deposition 
of  perivascular Aβ and a reduction in reactive astrocytes.

Other studies also show that the activation of  LXRs modulates the production 
of 	inflammatory	molecules	together	with	Aβ	burden	in	AD	[109,	110].	Zelcer	and	col-
leagues demonstrated that LXR activation inhibits glial cell activation in response to in-
flammatory	stimuli	including	Aβ [111]. In an AD mouse model, LXR agonists attenuate 
pro-inflammatory	cytokine	levels	and	COX-2	and	iNOS	expression	compared	to	vehicle	
treated	mice	[106].	Accumulating	evidence	underlines	BBB	disruption	in	AD	pathology.	
However, future research is necessary to understand whether LXRs effectively restore 
BBB	function	and	inhibit	inflammation	in	AD	models.	

3. Future perspectives 
Activation of  LXRs may be considered a promising therapeutic target in stroke, 

MS,	and	AD.	LXR	agonists	decrease	brain	inflammation	and	exert	protective	effects	of 	
BBB	function.	Yet,	there	are	some	important	points	to	consider	before	the	administra-
tion of  LXR agonists may become a novel therapeutic approach.

For	instance,	the	specific	roles	of 	the	individual	LXRα and LXRβ subtypes are 
at present unknown and research focusing on LXR function in the brain rarely makes 
a distinction between the two isotypes. The difference in tissue distribution implies a 
possible distinct function for LXRα versus LXRβ, as suggested in experimental animal 
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studies	[112-114].	However,	although	both	receptors	are	expressed	in	the	brain,	it	is	to	
date unclear whether they have different functions in the CNS. 

Secondly,	there	is	a	lack	of 	specific	agonists	for	both	the	LXR	isoforms.	Part	of 	
the	difficulty	resides	in	the	fact	that	the	two	receptors	share	a	high	degree	of 	homology.	
The	often-used	LXR	agonists	T0901317	and	GW3965	both	activate	LXRα and LXRβ 
[73].	Thus,	the	only	way	to	investigate	the	possible	different	functions	of 	the	LXRs	is	
by	creating	tissue	or	cell	specific	knock	out	models	using	mouse	models	or	cell	lines.	If 	
LXRα and LXRβ have discreet functions in the CNS, the next challenge would be to 
develop	LXR-specific	agonists.			

In conclusion, LXR activation is a promising therapeutic target in diseases with 
BBB	dysfunction.	Moreover,	apart	from	BBB	recovery	there	seem	to	be	additional	ben-
eficial	effects	observed	in	stroke,	MS	and	AD	after	LXR	activation.	However,	there	is	
currently a lack of  studies investigating the role of  the LXR pathway in the function 
of 	BBB	during	neuroinflammation.	Specifically,	research	into	the	relationship	between	
LXRs and pericytes is missing. To that end, further research is needed in animal models 
of 	disease	or	human	cell	cultures	on	the	interaction	between	LXR	activation	and	BBB	
function	and	integrity,	specifically	for	the	two	isoforms	separately.	A	better	understand-
ing	of 	the	underlying	mechanism	will	bring	the	use	of 	(specific)	LXR	agonists	as	thera-
peutic agents closer in the battle against neurodegeneration.
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Abstract

Dysfunction	 of 	 the	 blood-brain	 barrier	 (BBB)	 contributes	 significantly	 to	 the	
pathogenesis	of 	several	neuroinflammatory	diseases,	including	multiple	sclerosis	(MS).	
Potential	players	that	regulate	BBB	function	are	the	liver	X	receptors	(LXRs),	which	are	
ligand activated transcription factors comprising two isoforms, LXRα and LXRβ. How-
ever, the role of  LXRα and LXRβ	in	regulating	BBB	(dys)function	during	neuroinflam-
mation remains unclear, as well as their individual involvement. Therefore, the goal of  
the present study is to unravel whether LXR isoforms have different roles in regulating 
BBB	function	under	neuroinflammatory	conditions.

We demonstrate that LXRα, and not LXRβ, is essential to maintain barrier in-
tegrity	in	vitro.	Specific	knockout	of 	LXRα in brain endothelial cells resulted in a more 
permeable barrier with reduced expression of  tight junctions. Additionally, the observed 
dysfunction	was	accompanied	by	increased	endothelial	inflammation,	as	detected	by	en-
hanced	expression	of 	vascular	cell	adhesion	molecule	(VCAM-1)	and	increased	transen-
dothelial	migration	of 	monocytes	towards	inflammatory	stimuli.	

To unravel the importance of  LXRα	in	BBB	function	in	vivo,	we	made	use	of 	
the experimental autoimmune encephalomyelitis (EAE) MS mouse model. Induction 
of  EAE in a constitutive LXRα	knockout	mouse	and	in	an	endothelial	specific	LXRα 
knockout mouse resulted in a more severe disease score in these animals. This was ac-
companied	by	higher	numbers	of 	infiltrating	leukocytes,	increased	endothelial	VCAM-1	
expression	and	decreased	expression	of 	the	tight	junction	molecule	claudin-5.	Together,	
this study reveals that LXRα	is	indispensable	for	maintaining	BBB	integrity	and	its	im-
mune quiescence. Targeting the LXRα isoform may help in the development of  novel 
therapeutic	strategies	to	prevent	BBB	dysfunction,	and	thereby	neuroinflammatory	dis-
orders.
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Introduction 

Liver X receptors (LXRs) belong to a large family of  nuclear receptors which 
upon activation stimulate gene transcription [1]. Two LXR isoforms exist in mammals, 
termed LXRα (NR1H3) and LXRβ	 (NR1H2),	which	 share	over	75%	amino	acid	 se-
quence identity. In the nucleus LXRs form obligate heterodimers with the retinoid X re-
ceptor (RXR), together forming the LXR/RXR complex. LXRs play an important role 
in cholesterol and lipid metabolism. The best described process involving LXR function 
is reverse cholesterol transport where LXRs facilitate the elimination of  excess choles-
terol in response to cholesterol precursors or oxysterols [2]. However, LXRs appear to 
be involved in a much broader spectrum of  functions.

Recent	studies	identified	LXRs	as	promising	targets	to	interfere	in	inflammatory	
signaling	pathways.	LXR	activation	induces	anti-inflammatory	actions	in	macrophages	
by	antagonizing	NF-κB	signaling	[3].	In	the	central	nervous	system	(CNS),	LXR	agonists	
inhibit	the	production	of 	proinflammatory	cytokines	and	chemokines	in	stimulated	mi-
croglia	and	reactive	astrocytes	[4].	In	several	animal	models	of 	different	CNS	disorders,	
including stroke, Alzheimer’s disease (AD), and multiple sclerosis (MS), the activation of  
LXRs	results	in	a	reduction	of 	neuroinflammation,	suggesting	that	LXR	targeting	may	
be	effective	in	the	treatment	of 	neuroinflammatory	disorders	[5–8].	

The	 main	 players	 in	 the	 neuroinflammatory	 process	 are	 proinflammatory	 cy-
tokines	and	chemokines.	These	inflammatory	mediators	are	produced	locally	within	the	
CNS by glial cells or by leukocytes, which are recruited from the periphery following 
blood-brain	barrier	(BBB)	breakdown	[9].	One	of 	the	pathological	hallmarks	of 	BBB	
dysfunction	seen	in	neuroinflammatory	disorders	is	increased	permeability	due	to	loss	
of 	tight	junctions	and	increased	leukocyte	extravasation	[10].	During	the	extravasation	
process,	chemokines	presented	by	the	inflamed	brain	endothelium	guide	the	rolling	and	
firm	adhesion	of 	leukocytes	on	the	brain	endothelial	cell	surface.	Next,	the	interaction	
of  integrins on leukocytes with brain endothelial cell adhesion molecules (CAMs) fur-
ther	induces	their	trans-	or	paracellular	migration	into	the	brain,	illustrating	the	critical	
role	of 	the	BBB	in	mediating	neuroinflammatory	disorders	[11,	12].	

Brain	endothelial	cells	tightly	regulate	BBB	function	and	are	regarded	as	the	gate-
keepers	of 	the	CNS	[13,	14].	So	far,	knowledge	on	the	involvement	of 	LXRs	in	BBB	
function is limited and is mostly linked to their function in cholesterol homeostasis. For 
instance,	several	studies	indicate	an	upregulation	of 	downstream	ATP-binding	cassette	
(ABC)	cholesterol	transporters	after	LXR	agonism	in	primary	brain	endothelial	cells	[15,	
16]. Interestingly, LXR activation prevents the downregulation of  the tight junctions oc-
cludin	and	zona	occludens-1	in	ischemic	vessels	in	a	mouse	model	of 	stroke,	indicating	
that	LXRs	control	BBB	integrity	[16].	To	date,	it	remains	unclear	whether	LXRs	regulate	
BBB	function	during	a	neuroinflammatory	 insult,	 and	whether	 the	LXRα and LXRβ 
isoforms	have	a	distinct	 role	 in	controlling	BBB	 integrity.	Therefore,	 the	goal	of 	 the	
present study is to unravel whether LXR isoforms have different functions in regulating 
BBB	function	under	neuroinflammatory	conditions.	

In this study, we show that LXRα, and not LXRβ,	is	essential	to	maintain	BBB	
integrity. Impaired LXRα function in brain endothelial cells resulted in decreased bar-
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rier	 function	and	 increased	 inflammation	as	marked	by	 increased	endothelial	vascular	
cell	adhesion	molecule	(VCAM-1)	expression	and	enhanced	trans-endothelial	monocyte	
migration. Importantly, whole body knockout of  LXRα	and	specific	endothelial	knock-
out of  LXRα	in	a	neuroinflammatory	mouse	model,	resulted	in	enhanced	extravasation	
of 	leukocytes	into	the	brain	together	with	increased	VCAM-1	expression	and	reduced	
claudin-5	expression	in	the	brain	vasculature.	Collectively,	our	findings	show	that	LXRα 
is	essential	to	maintain	BBB	function.	

Materials and methods

Cell culture
The human immortalized cerebral microvascular endothelial cell line hCMEC/

D3	[17]	was	grown	in	EGM-2	Endothelial	Cell	Growth	Medium-2	BulletKit,	including	
basal medium and supplement components according to the manufacturer’s instructions 
(Lonza,	Basel,	Switzerland).	All	cell	culture	plates	were	coated	with	type	I	collagen	(Inv-
itrogen,	Thermo	Fisher	Scientific,	Leusden,	The	Netherlands).	Cultures	were	grown	to	
confluence	at	37°C	in	5%	CO2.	hCMEC/D3	cells	were	detached	at	37°C	with	trypsin/
EDTA	in	PBS	(Gibco,	Thermo	Fisher	Scientific).

Lentiviral short hairpin RNA for LXRα and LXRβ knockdown
Selective	gene	knockdown	(KD)	was	obtained	by	using	a	vector-based	short	hair-

pin (sh) RNA technique as previously described [18]. Recombinant lentiviruses were 
produced	by	co-transfecting	subconfluent	HEK	293T	cells	with	the	specific	expression	
plasmids	and	packaging	plasmids	(pMDLg/pRRE,	pRSV-Rev	and	pMD2G)	using	cal-
cium phosphate as a transfection reagent. HEK 293T cells were cultured in Dulbecco’s 
modified	eagle	medium	(DMEM)	supplemented	with	10%	fetal	calf 	serum	(FCS)	and	
1%	penicillin/streptomycin.	Cells	were	 cultured	 at	 37°C	 in	 5%	CO2.	 Infectious	 len-
tiviruses	were	collected	48	hours	after	transfection	and	stored	at	−80°C.	The	KD	ef-
ficiency	of 	all	5	constructs	 for	each	LXR	isoform	was	 tested,	and	the	most	effective	
construct used in subsequent experiments for LXRα	(NR1H3)	was	TRC22237,	encod-
ing	sequence	GTGCAGGAGATAGTTGACTTT	that	target	nucleotides	1043	–	1063	
of 	 the	NM_005693.3	RefSeq.	For	LXRβ (NR1H2) the most effective construct was 
TRC275326,	encoding	sequence	GAAGGCATCCACTATCGAGAT	that	target	nucleo-
tides	1193	–	1213	of 	the	NM_007121.5	RefSeq.	Subsequently,	 lentiviruses	expressing	
LXRα-	or	LXRβ-specific	 shRNA	were	used	 to	 transduce	hCMEC/D3	cells.	Control	
cells	were	generated	by	 transduction	with	 lentivirus	 expressing	non-targeting	 shRNA	
(SHC002,	Sigma-Aldrich,	St	Louis,	MO).	48	hours	after	infection	of 	hCMEC/D3	cells	
with	 the	 shRNA-expressing	 lentiviruses,	 stable	 cell	 lines	were	 selected	by	puromycin	
treatment	(2	μg/ml).	The	expression	knockdown	efficiency	was	determined	by	quantita-
tive	real-time	PCR	(qRT-PCR).	

RNA isolation and qRT-PCR
Recombinant	 hCMEC/D3	 cell	 lines	 (1x106	 cells/ml)	 expressing	 either	 LXRα 

shRNA, LXRβ	shRNA,	or	non-targeting	shRNA	were	seeded	in	24-well	plates	in	growth	
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medium.	Upon	confluency,	cells	were	treated	with	DMSO	(VWR,	Leuven,	Belgium)	or	
with 5 ng/ml TNFα and 5 ng/ml IFNγ	(Peprotech,	London,	UK)	for	24	hours.	EAE	
animals	were	sacrificed	on	day	23	post-adoptive	transfer	or	day	36	post-immunization.	
Spinal cords were isolated and snap frozen in liquid nitrogen. Total RNA from cultures 
and	tissues	was	extracted	using	Qiazol	(Qiagen,	Venlo,	The	Netherlands)	and	the	RNe-
asy	mini	kit	(Qiagen),	according	to	the	manufacturer’s	instructions.	RNA	concentration	
and purity were determined with a NanoDrop spectrophotometer (Isogen Life Science, 
De Meern, The Netherlands). cDNA was synthesized using qScriptTM cDNA Super-
Mix	 (Quanta	 Biosciences,	VWR),	 following	manufacturer’s	 guidelines.	 qRT-PCR	was	
carried	out	using	SYBR	green	master	mix	(Applied	Biosystems,	Waltham,	MA)	and	a	
Step	One	Plus	detection	system	(Applied	Biosystems).	Primers	used	for	qRT-PCR	are	
shown in supplementary table S1. Relative quantitation of  gene expression was accom-
plished using the comparative Ct method. Data were normalized to the most stable 
reference genes, as previously described [19].

Flow cytometry
For	 flow	 cytometric	 analysis	 of 	 VCAM-1,	 hCMEC/D3	 cells	 (1x106	 cells/ml)	

were	seeded	in	24-well	plates.	At	confluency,	cells	were	treated	with	DMSO	as	vehicle	
control or with 5 ng/ml TNFα and 5 ng/ml IFNγ	for	24	hours.	hCMEC/D3	cells	were	
detached	from	24-well	plates	using	1	mg/ml	collagenase	type	I	(Sigma-Aldrich).	Washed	
cells	were	incubated	with	mouse	anti-human	VCAM-1	(AbD	Serotec,	Kidlington,	UK)	
for	30	min	at	4°C.	Binding	was	detected	using	secondary	goat	anti-mouse	Alexa	Fluor	
488	(Molecular	Probes,	Eugene,	OR).	Omission	of 	primary	antibodies	served	as	nega-
tive	control.	Fluorescence	intensity	was	measured	using	a	FACS	Calibur	flow	cytometer	
(Becton,	Dickinson	and	Company,	Franklin	Lakes,	NJ).	

Electric cell-substrate impedance sensing (ECIS) assay 
The	ECISTM	Model	1600R	(Applied	BioPhysics,	Troy,	NY)	was	used	to	measure	

the	barrier	 resistance	 (Rb)	of 	 confluent	monolayers	of 	hCMEC/D3	cells	 expressing	
non-targeting,	LXRα or LXRβ	shRNA.	100.000	cells	were	seeded	onto	each	well	of 	an	
8W10+	ECIS	array	(Ibidi,	München,	Germany).	The	impedance	Z	(Ohm’s	law,	potential	
(V)/current	(I))	was	measured	at	multiple	frequencies	in	real-time.	ECIS-Wounding	was	
carried	out	with	a	current	of 	5000	μA	at	60kHz	for	20	seconds	to	measure	proliferation	
rate of  the different cell groups. All ECIS measurements were subjected to a mathemati-
cal	model	to	calculate	the	component	of 	resistance	attributed	to	cell-cell	 interactions,	
called barrier resistance (Rb).

BBB permeability assay 
Recombinant	hCMEC/D3	cells	expressing	non-targeting	shRNA,	LXRα shRNA 

or LXRβ	shRNA	were	seeded	at	a	concentration	of 	100.000	cells/cm2	onto	the	upper	
side	of 	 0.4	 μm	pore-size	 collagen-coated	Costar	Transwell	 filters	 (Corning,	Corning,	
NY)	in	growth	medium.	Paracellular	permeability	for	FITC-dextran	(70	kDa	in	growth	
medium,	 Sigma-Aldrich)	 from	 apical	 to	 basolateral	 direction	was	 determined	 by	 col-
lecting	samples	from	the	lower	chambers	after	4	hrs.	The	fluorescence	intensity	of 	the	
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medium	in	the	basolateral	compartment	was	measured	using	a	FLUOstar	Galaxy	mi-
croplate	 reader	 (BMG	Labtechnologies,	Offenburg,	Germany,	 excitation	485	nm	and	
emission	520	nm).

Monocyte migration
The migrating capacity of  isolated monocytes across a monolayer of  hCMEC/

D3	cells	was	determined	as	previously	described	[20].	Briefly,	recombinant	hCMEC/D3	
cells	were	grown	to	confluence	onto	the	upper	side	of 	0.4	μm	pore-size	collagen-coated	
Costar	Transwell	filters	(Corning)	in	growth	medium	and	were	subsequently	exposed	to	
either vehicle or TNFα	(5	ng/ml)	for	24	hours.	After	washing,	100μl	of 	primary	human	
monocytes	(1x106	cells/ml)	was	added	to	the	upper	chamber.	The	human	blood	mono-
cytes	were	isolated	from	buffy	coats	of 	healthy	donors	(Sanquin,	Blood	Bank,	Amster-
dam,	The	Netherlands)	by	Ficoll	gradient	and	anti-CD14	beads	[21].	Following	8	hours	
of 	migration	at	37°C	and	5%	CO2	in	air,	the	transmigrated	monocytes	were	harvested	
and	quantified	using	anti-CD14	beads	(Flow-CountTM	Fluorospheres,	Beckman	Coul-
ter,	Brea,	CA)	and	subsequent	FACScan	flow	cytometer	analysis	(Becton).	The	level	of 	
migration was calculated as the percentage of  migrated monocytes to total monocytes 
within	the	field.	

Immunocytochemistry 
Recombinant	hCMEC/D3	cells	expressing	non-targeting	shRNA,	LXRα shRNA 

or LXRβ	 shRNA	were	 grown	 to	 confluency	 in	 eight-well	 μ-slides	 (Ibidi).	Cells	were	
washed	with	ice-cold	PBS	and	fixed	in	pre-cooled	methanol	for	10	minutes	at	-20°C.	
Fixed	cells	were	washed	and	blocked	with	PBS	containing	5%	normal	goat	serum.	Sub-
sequently,	 cells	were	 incubated	overnight	 at	4°C	with	 the	primary	antibody	claudin-5	
(Invitrogen). Next, cells were washed and incubated with the secondary antibody goat 
anti-mouse	IgG	Alexa	Fluor	488	(Invitrogen).	

Mice
Wild-type	 C57BL/6JOlaHsd	mice	 were	 purchased	 from	Envigo	 (Venray,	 The	

Netherlands). LXRα-/- and LXRα	 loxP/loxP	mice	 on	 a	 C57BL/6	 background	 were	
kindly	provided	by	prof.	dr.	J.Å.	Gustafsson	(University	of 	Houston,	Houston,	USA)	
[22].	Cdh5(PAC)-creERT2	transgenic	mice	on	a	C57BL/6	background	were	kindly	pro-
vided	by	prof.	dr.	Ralf 	H.	Adams	(Max	Planck	Institute,	Münster,	Germany)	[23].	All	
animal experiments were approved by the institutional animal care and use committee of  
Hasselt	University	(protocol	numbers:	201422	201615	and	201617).	The	generation	of 	
endothelial-specific	LXRα-inducible	knockout	mice	was	established	by	crossing	LXRα 
loxP/loxP	 mice	 with	 Cdh5(PAC)-creERT2	 transgenic	 mice	 to	 obtain	 Cdh5(PAC)-
creERT2+LXRαLoxP/LoxP mice (LXRαflox/floxCdh5-Cre+/- mice). LXRα loxP/loxP 
and	Cdh5(PAC)-creERT2	littermates	were	used	as	controls.	Recombination	was	induced	
by	injecting	10-week-old	females	intra-peritoneal	with	100μl	tamoxifen	(Sigma-Aldrich;	
20mg/ml	in	corn	oil	(Sigma-Aldrich))	for	5	consecutive	days.
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Induction and clinical evaluation of EAE
At	 the	 age	of 	 11	weeks,	 female	C57BL/6	mice	were	 actively	 immunized	 sub-

cutaneously	 with	 200	 μg	 myelin	 oligodendrocyte	 glycoprotein	 peptide	 (MOG35-55)	
emulsified	 in	100	μl	complete	Freund’s	adjuvant	containing	4	mg/ml	Mycobacterium	
tuberculosis	 (EK-2110	 kit;	 Hooke	 Laboratories,	 Massachusetts,	 USA).	 Directly	 after	
MOG35-55	immunization	and	after	24	hours,	mice	were	intraperitoneally	injected	with	
100	ng	(C57BL/6JOlaHsd	donor	mice	adoptive	T	cell	 transfer)	or	40	ng	(endothelial	
specific	knockout	mice)	pertussis	toxin	(EK-2110	kit;	Hooke	Laboratories)	to	induce	a	
normal	or	a	mild	EAE	respectively.	Both	the	control	group	and	experimental	group	of 	
one experiment received the same amount of  PTX. Mice were weighed and clinically 
evaluated daily for neurological signs of  the disease according to manufacturer’s mouse 
EAE	scoring	guide:	0:	no	clinical	symptoms;	0.5:	distal	tail	paralysis;	1:	tail	paralysis;	2:	
mild	paraparesis	and	ataxia;	2.5:	moderate	paraparesis;	3:	complete	paralysis	of 	the	hind	
legs;	4:	paralysis	to	the	diaphragm;	5:	death	by	EAE.	

T cell adoptive transfer
At	day	9	post-immunization,	inguinal	lymph	nodes	were	isolated	from	wild-type	

C57BL/6	donor	mice.	Next,	T	cells	were	collected	and	cultured	at	a	concentration	of 	
7x106	cells/ml	in	stimulation	medium	(RPMI	medium	supplemented	with	0.5%	Penicil-
lin-Streptomycin,	20	μM	β-mercaptoethanol,	10%	FCS,	1%	Non-Essential	Amino	Acid,	
1%	sodium	pyruvate	and	20	ng/ml	IL-23	(Bio-Legend,	London,	UK)	containing	20	μg/
ml	MOG35-55.	After	two	days	of 	incubation,	activated	cells	were	intraperitoneally	in-
jected into LXRα-/-	acceptor	mice	or	wild-type	littermates	at	a	density	of 	15x106	cells/
ml	in	PBS.

Immunohistochemistry
Mice	were	sacrificed	on	day	23	post-adoptive	transfer	or	day	36	post-immuniza-

tion.	Brains	and	spinals	cords	were	isolated	and	snap	frozen	in	optimal	cutting	tempera-
ture	(OCT)	compound.	Material	was	sectioned	using	a	Leica	CM3050	S	cryostat	(Leica	
Microsystems,	Wetzlar,	Germany)	 to	obtain	10	μm	slices.	Staining	was	performed	on	
brain	and	spinal	cord	sections	mounted	on	coated	glass	slides	(Menzel	Gläser	Superfrost	
PLUS,	Thermo	Scientific,	Braunschweig	Germany).	For	colocalization	studies,	brain	sec-
tions	were	air-dried,	fixed	in	ice-cold	methanol	for	10	minutes	at	-20°C, and blocked for 
30	minutes	in	10%	normal	swine	serum	in	PBS.	Subsequently,	sections	were	incubated	
overnight	at	4°C	with	primary	antibodies	(claudin-5,	VCAM-1	and	rhodamine-lectin)	as	
indicated	in	supplementary	table	S2.	Biotin	labeled	swine	anti-rabbit	(1:500,	Dako,	Agi-
lent,	Amstelveen,	The	Netherlands)	followed	by	Alexa	488	labeled	streptavidin	(1:400,	
Molecular	Probes)	was	used	to	detect	claudin-5.	Sections	were	incubated	for	1	hour	with	
their	specific	secondary	antibody.	Finally,	sections	were	stained	with	Hoechst	(dilution	
1:1000,	Molecular	Probes)	to	visualize	cellular	nuclei	and	mounted	with	Mowiol	mount-
ing	medium.	Representative	images	were	taken	using	a	Leica	DM6000	microscope	(20x	
objective, Leica Microsystems). 

To	study	immune	cell	infiltration,	spinal	cord	sections	were	air-dried	and	fixed	in	
ice-cold	acetone	for	10	minutes	at	-20°C.	Nonspecific	staining	was	blocked	using	Dako	
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protein	block	(Agilent,	Santa	Clara,	CA)	for	30	minutes.	Afterwards,	sections	were	incu-
bated	overnight	at	4°C	with	primary	antibodies	(CD3	and	F4/80,	supplementary	table	
S2).	Secondary	goat	anti-rat	IgG	Alexa	Fluor	555	(1:400,	Thermo	Scientific)	was	used	
to	detect	CD3	and	F4/80.	Representative	images	were	taken	using	a	Nikon	eclipse	80i	
microscope	(10x	objective)	and	NIS	Elements	BR	3.10	software	(Nikon,	Tokyo,	Japan).

Quantitative analysis
Image	J	version	1.52c	(https:iamgej.nih.gov/ij/index.html)	was	used	for	quantita-

tive	analysis	of 	the	expression	of 	claudin-5	by	recombinant	hCMEC/D3	cells	express-
ing	non-targeting	shRNA,	LXRα shRNA or LXRβ	shRNA.	For	the	quantification	of 	
the	area	fraction	of 	the	double	fluorescent	staining	of 	claudin-5	and	VCAM-1	overlap-
ping with lectin in control mice, LXRα-/- mice and LXRαflox/floxCdh5-Cre+/- mice, four 
pictures	spanning	the	hippocampus	were	taken	per	animal.	The	amount	of 	infiltrated	
immune	cells,	positive	for	CD3	and	F4/80,	was	determined	by	quantitative	analysis	of 	
six pictures per animal spanning the whole spinal cord. 

Statistical analysis 
Data were statistically analyzed using GraphPad Prism v6 (GraphPad Software, 

La	 Jolla,	CA,	USA)	and	are	 reported	as	mean	±	standard	error	of 	 the	mean	 (SEM).	
D’Agostino-Pearson	omnibus	normality	test	was	used	to	test	normal	distribution.	One-
way	ANOVA	(3	groups)	with	Tukey’s	multiple	comparison	correction,	two-way	ANOVA	
(4	groups)	with	Sidak’s	multiple	comparison	correction,	or	two-tailed	unpaired	student	
T-test	(2	groups)	were	used	for	normally	distributed	data	sets.	The	Mann-Whitney	(2	
groups)	analysis	was	used	for	non-parametric	data	sets.	No	correction,	i.e.	Bonferroni	
for	multiple	 statistical	 comparisons	was	 performed.	 *P<0.05,	 **P<0.01,	 ***P<0.001	
and	****P<0.0001

Results

LXRα is important in maintaining BBB integrity
To unravel the function of  the LXRα and LXRβ	isoforms	in	BBB	integrity,	we	

generated a brain endothelial cell line (hCMEC/D3) with a reduced expression of  either 
LXRα or LXRβ. Transduction of  brain endothelial cells with lentiviruses expressing 
LXRα-	or	LXRβ-specific	shRNAs	resulted	in	a	reduced	expression	of 	LXRα or LXRβ, 
as	 determined	by	 qRT-PCR.	Only	 cells	with	 at	 least	 70%	knockdown	of 	 expression	
were	used	in	our	study	(supplementary	figure	S1A).	LXRα and LXRβ knockdown did 
not	 affect	 the	 proliferation	 rate	 of 	 the	 endothelial	 cells	 (supplementary	 figure	 S1B).	
ECIS analysis, used to measure transendothelial electrical resistance, was performed to 
determine the involvement of  LXRα and LXRβ in brain endothelial cell barrier forma-
tion.	The	results	of 	the	one-way	ANOVA	showed	a	significant	difference	between	the	
three	cell	types	(p<0.0001)	of 	all	in	figure	1	presented	variables.	Furthermore,	post-hoc	
analysis revealed that knockdown of  LXRα	resulted	in	a	significantly	reduced	barrier	re-
sistance compared to LXRβ	knockdown	cells	(p<0.0001)	and	the	non-targeting	control	
cells	(p<0.0001)	(figure	1A).	In	accordance	with	a	lower	barrier	resistance,	the	leakage	of 	
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FITC-dextran	was	significantly	(p<0.0001)	enhanced	in	LXRα	deficient	cells	compared	
to cells lacking LXRβ	and	non-targeted	control	cells	at	4h	(figure	1B).	Data	on	barrier	
formation	or	stability	over	the	course	of 	4h	are	not	shown.	Finally,	immunocytochemi-
cal	analysis	revealed	a	decreased	expression	of 	the	tight	 junction	protein	claudin-5	 in	
LXRα-deficient	cells	(figure	1C).	In	addition,	quantification	of 	the	expression	level	of 	
claudin-5	 in	 the	 LXRα	 knockdown	 cells	 showed	 a	 significant	 decrease	 compared	 to	
LXRβ	knockdown	cells	(p<0.01)	and	non-targeting	control	cells	(p<0.01)	(figure	1D),	
further strengthening the importance of  LXRα	in	BBB	function.	Collectively,	these	find-
ings demonstrate that LXRα, but not LXRβ, contributes to the formation of  endothelial 
cell-to-cell	junctions,	thereby	controlling	BBB	integrity.	

LXRα knockdown increases monocyte migration across the BBB
During	neuroinflammation,	immune	activation	of 	the	BBB	facilitates	the	migra-

tion of  leukocytes into the brain. To determine the involvement of  LXRα and LXRβ in 
BBB	function	under	neuroinflammatory	conditions,	we	studied	the	expression	levels	of 	
cytokines,	chemokines,	and	adhesion	molecules	known	to	be	involved	in	neuroinflam-
mation. Although endothelial cells are capable of  transrepression upon LXR activation 
(supplementary	figure	S2A),	without	activation	we	found	no	isoform-specific	increase	or	
decrease	in	cytokine	or	chemokine	expression	under	basal	or	inflammatory	conditions	
(supplementary	figure	S2B),	using	qRT-PCR.	

The	results	of 	the	two-way	ANOVA	of 	VCAM-1	mRNA	expression	showed	no	

Figure 1: LXRα knockdown in the endothelial cell line hCMEC/D3 decreases BBB integrity. A) LXRα knockdown 
cells show a significantly lower intercellular adhesion (Rb) compared to LXRβ knockdown and non-targeted con-
trol cells. Data are calculated from impedance measurements (Ohm cm2) ± SEM of 2 independent experiments 
performed in fourfold. B) Paracellular permeability of 70 kDa FITC-dextran was studied in time. LXRα knockdown 
cells were more permeable to FITC-dextran compared to control and LXRβ knockdown cells. Data are expressed 
as mean fluorescence intensity ± SEM after 4 hours of 3 independent experiments performed in threefold. C) 
Claudin-5 expression was studied using immunocytochemistry. Reduced claudin-5 expression (white arrows) was 
observed in LXRα knockdown cells compared to control and LXRβ knockdown cells (claudin-5; green, nuclei; blue). 
D) Quantitative analysis of claudin-5 expression in non-targeting control, LXRα knockdown and LXRβ knockdown 
cells. Statistical significance (one-way ANOVA, with Tukey’s multiple comparison correction) is indicated with aster-
isks:  **p<0.01, ****p<0.0001. 
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main	effect	of 	cell	type	(p=0.06).	However,	a	significant	main	effect	of 	inflammation	
(p<0.0001)	was	present.	In	addition,	there	was	no	significant	interaction	effect	between	
the	cell	type	and	inflammation	(p=0.08)	(figure	2A).	However,	the	results	of 	the	two-
way	ANOVA	of 	the	protein	expression	of 	VCAM-1	showed	a	significant	main	effect	
of 	cell	type	(p<0.0001)	and	a	significant	main	effect	of 	inflammation	(p<0.0001),	yet	
there	was	no	significant	interaction	effect	between	the	two	(p=0.83).	Post-hoc	analysis	
revealed	that	VCAM-1	protein	expression	levels	were	significantly	 increased	in	LXRα 
knockdown	cells	under	basal	(p<0.0001)	as	well	as	inflammatory	conditions	(p<0.0001)	
compared to LXRβ	knockdown	and	non-targeted	control	cells	(figure	2B).	

The	one-way	ANOVA	revealed	a	significant	difference	(p<0.0001)	between	the	
three	cell	types	regarding	monocyte	migration.	Consistent	with	increased	VCAM-1	ex-
pression, endothelial LXRα	knockdown	resulted	in	a	significantly	increased	migration	
of  primary human monocytes across the endothelial barrier compared to LXRβ knock-
down	(p<0.05)	and	non-targeting	control	(p<0.0001)	(figure	2C).	Taken	together,	these	
results show that LXRα	knockdown	increases	VCAM-1	expression	on	brain	endothelial	
cells,	stimulating	transmigration	of 	monocytes	across	the	BBB.

LXRα-/- worsens the disease score and impairs BBB function in a mouse model of 

neuroinflammation
Given the importance of  LXRα	 in	maintaining	 a	 functional	BBB	 in	 vitro,	we	

next sought to determine whether LXRα	 is	 involved	 in	BBB	 function	during	neuro-
inflammation	 in vivo. For this purpose, we made use of  the experimental autoimmune 
encephalomyelitis	(EAE)	MS	mouse	model.	Because	LXRs	impact	T	cell	proliferation	
and	differentiation	[5,	24,	25],	we	chose	a	T	cell	adoptive	transfer	model	in	which	wild-
type	T	cells	are	transferred	to	whole-body	LXRα-/-	mice.	A	two-way	repeated	measures	
ANOVA	showed	a	significant	main	effect	of 	the	two	groups	of 	mice	(p<0.0001),	a	sig-
nificant	main	effect	of 	time	(p<0.0001),	and	most	importantly	a	significant	interaction	
effect	(p<0.0001).	Daily	evaluation	of 	the	disease	severity	demonstrated	an	increase	in	
EAE score in LXRα-/-	mice	compared	to	wild-type	mice.	No	differences	were	observed	
in	disease	onset	(figure	3A).	The	 increase	 in	mean	clinical	score	was	accompanied	by	
increased	inflammatory	cytokine	and	chemokine	mRNA	expression	in	the	spinal	cord	

Figure 2: LXRα mediates immune activation of the endothelial cell line hCMEC/D3 and transendothelial migration 
of monocytes. A) qRT-PCR of VCAM-1 mRNA expression and B) FACS analysis of VCAM-1 protein expression levels 
in LXRα knockdown, LXRβ knockdown, and non-targeted control cells under basal and inflammatory conditions 
resulted in an increase of VCAM-1 in LXRα knockdown cells on protein level. Data are expressed as mean ± SEM of 
3 independent experiments performed in threefold. C) Primary monocyte migration across confluent monolayers 
of recombinant hCMEC/D3 cells expressing non-targeting shRNA, LXRα shRNA or LXRβ shRNA. Knockdown of 
LXRα increased transmigration of monocytes across the barrier. Data are expressed as mean ± SEM of % migrated 
cells of total monocytes of 2 independent experiments performed in fourfold. Statistical significance (A and B; two-
way ANOVA, with Sidak’s multiple comparison correction, and C; one-way ANOVA, with Tukey’s multiple compari-
son correction) is indicated with asterisks: *p<0.05, ****p<0.0001.
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of  LXRα-deficient	animals.	In	line	with	our	in vitro	findings,	lack	of 	LXRα resulted in in-
creased	VCAM-1	mRNA	expression	(figure	3B).	Similar,	LXRα	deficiency	increased	the	
mRNA	expression	of 	F4/80,	suggesting	elevated	infiltration	of 	peripheral	myeloid	cells.	
Immunohistochemical	analysis	of 	the	spinal	cord	confirmed	the	increased	infiltration	of 	
macrophages	(p<0.05)(figure	3C).	In	the	brain,	no	significant	difference	in	the	expres-
sion	of 	VCAM-1	by	endothelial	cells	was	observed	(figure	3D).	However,	LXRα-/- mice 
did	show	a	significant	decrease	in	claudin-5	expression	(p<0.05)	compared	to	wild-type	
mice	(figure	3E).	Collectively,	these	findings	show	that	LXRα has a protective function 
during	neuroinflammation.	

Endothelial specific LXRα-/- aggravates disease progression in a mouse model of 

neuroinflammation
To	 elucidate	 whether	 increased	 CNS	 infiltration	 of 	 inflammatory	 cells	 in								

LXRα-/- EAE mice is due to the absence of  LXRα	in	the	endothelium	of 	the	BBB,	en-
dothelial-specific	knockouts	of 	LXRα were generated by crossing LXRα loxP/loxP and 
Cdh5(PAC)-creERT2	 transgenic	mice	 (LXRαflox/floxCdh5-Cre+/-).	No	significant	differ-
ence	(repeated	measures	two-way	ANOVA,	Sidak’s	multiple	comparison	correction)	was	
observed in disease score between LXRα	 loxP/loxP	and	Cdh5(PAC)-creERT2	 trans-
genic mice over time (data not shown). Therefore, both control groups were combined 
for further analyses. 

Endothelial knockout of  LXRα	resulted	in	a	significant	reduction	in	LXRα ex-

Figure 3: LXRα-/- exacerbates the disease score in a neuroinflammatory mouse model. A) Adoptive transfer EAE 
was induced in wild type (WT) and LXRα-/- acceptor mice by immunization with MOG35-55 activated T-cells from 
WT donor mice. LXRα-/- mice showed a higher mean clinical score during EAE compared to wild-type mice (n=10 
per group). B) qRT-PCR analysis of neuroinflammatory marker expression in the spinal cord of WT (n=7) and LXRα 
-/- mice (n=9) C) Quantitative analysis of the number of infiltrated macrophages (F4/80) and T cells (CD3) into the 
spinal cord of WT (n=8) and LXRα-/- mice (n=7). D) Quantitative analysis of the immunoreactive area for VCAM-1 
and E) claudin-5 in WT (n=5) and LXRα-/- mice (n=5). The values represent the mean ± S.E.M. Statistical significance 
(A; two-way repeated measures ANOVA, with Sidak’s multiple comparison correction, B-E; Mann-Whitney U test) 
is indicated with asterisks: *p < 0.05. 
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pression	in	endothelial	cell	isolates	(supplementary	figure	S3).	A	two-way	repeated	meas-
ures	ANOVA	showed	a	significant	main	effect	of 	the	two	groups	of 	mice	(p<0.0001),	
a	significant	main	effect	of 	time	(p<0.0001),	and	most	importantly	a	significant	inter-
action	effect	(p<0.0001).	During	a	mild	EAE	(mean	clinical	score	1-	2	in	control	ani-
mals),	 endothelial-specific	deletion	of 	LXRα resulted in a more severe mean clinical 
score	compared	to	control	animals	with	no	difference	in	disease	onset	(figure	4A).	This	
increase in mean clinical score was associated with increased cytokine and chemokine 
expression	 in	 the	 spinal	 cord	 of 	 endothelial-specific	 LXRα-deficient	 animals	 (figure	
4B).	 In	 addition,	 a	 significant	 increase	 in	VCAM-1	mRNA	 expression	 together	with	
enhanced	 F4/80	macrophage	marker	mRNA	 expression	was	 found	 (p<0.05)	 (figure	
4B).	Immunohistochemical	analysis	of 	the	spinal	cord	showed	a	significantly	increased	

Figure 4: Endothelial specific knockout of LXRα worsens disease progression in a neuroinflammatory mouse model. 
A) Mild EAE (mean clinical score 1-2 in control animals) was initiated in a cohort of 11-week-old Cdh5(PAC)-
creERT2+LXRαLoxP/LoxP mice (LXRαflox/floxCdh5-Cre+/-). LXRα loxP/loxP and Cdh5(PAC)-creERT2 transgenic mice 
were used as controls. LXRαflox/floxCdh5-Cre+/-mice show a higher clinical score during the disease course compared 
with control mice. (n=8 per group) B) qRT-PCR analysis of neuroinflammatory marker expression in the spinal cord 
of control (n=8) and LXRαflox/floxCdh5-Cre+/- mice (n=8). The values represent the mean ± S.E.M. Statistical signifi-
cance (A; two-way repeated measures ANOVA, with Sidak’s multiple comparison correction, B; Mann-Whitney U 
test) is indicated with asterisks: *p < 0.05.

Figure 5: Increased leukocyte infiltration in the spinal cord of LXRαflox/floxCdh5-Cre+/- mice. A) Immunofluorescent 
labelling of leukocytes (CD3, upper panel) or macrophages (F4/80, lower panel) in the spinal cord of control and 
LXRαflox/floxCdh5-Cre+/- mice. Bar: 100 μm. B) Quantitative analysis of the number of infiltrated macrophages (F4/80) 
and T cells (CD3) into the spinal cord of control (n=8) and LXRαflox/floxCdh5-Cre+/- mice (n=8 per group). The values 
represent the mean ± S.E.M. Statistical significance (Mann-Whitney U test) is indicated with asterisks: *p < 0.05. 
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migration	of 	peripheral	leukocytes	(CD3,	p<0.05),	(figure	5A	and	5B).	

Moreover, immunohistochemical analysis of  the brain tissue showed an enhanced 
expression	of 	VCAM-1	 (p<0.05)	 and	 a	decrease	 in	 claudin-5	 expression	 (p<0.05)	 in	
LXRα-/-	mice	(figures	6A	and	6B).	The	expression	levels	of 	VCAM-1	were	similar	to	
the	expression	levels	of 	VCAM-1	in	the	whole-body	LXRα-/-	mice	(figure	3D	vs	figure	
6B).	Comparing	claudin-5	expression	levels	between	whole-body	and	endothelial	spe-
cific	LXRα-/-	mice	revealed	a	significant	higher	expression	of 	claudin-5	(p<0.01)	in	the	
latter	group	(figure	3E	vs	figure	6B).	These	results	demonstrate	that	LXRα	deficiency	in	
endothelial	cells	aggravates	the	disease	course	in	a	mouse	model	of 	neuroinflammation.

Discussion

The	BBB	is	a	highly	specialized	structure	essential	for	CNS	homeostasis.	In	this	
study,	we	determined	the	effect	of 	both	LXR	isoforms	on	BBB	integrity	during	neuroin-
flammation.	Our	experiments	performed	in vitro show that mainly LXRα, and not LXRβ, 
is	 important	 in	maintaining	 proper	 barrier	 function.	 In	 addition,	 under	 neuroinflam-
matory conditions LXRα	knockdown	resulted	in	increased	VCAM-1	expression	by	the	
endothelial cells, which was accompanied by an increase in monocyte migration across 
the	barrier.	Moreover,	our	in	vitro	findings	were	confirmed	in	vivo	where	endothelial	
specific	knockout	mice	under	neuroinflammatory	conditions	showed	a	higher	disease	
score, increased peripheral leukocytes extravasation into the spinal cord, together with 
higher	VCAM-1	expression	and	 lower	claudin-5	expression	 in	 the	brain	compared	to	
control mice. 

Our results demonstrate a difference in function between the LXRα and LXRβ 
isoform in brain endothelial cells. Even though LXRα is present in lower levels than 

Figure 6: Endothelial specific knockout of LXRα results in decreased barrier integrity. A) Immunofluorescent double 
labelling indicated that endothelial cells (red) of LXRαflox/floxCdh5-Cre+/- mice express less claudin-5 (green, upper 
panel) and more VCAM-1 (green, lower panel) compared to control animals. Nuclei were counterstained with Hoe-
chst (blue). Bar: 20 μm. B) Quantitative analysis of the immunoreactive area for claudin-5 and VCAM-1 in control 
(n=5) and LXRαflox/floxCdh5-Cre+/- mice (n=7). The values represent the mean ± S.E.M. Statistical significance (Mann-
Whitney U test) is indicated with asterisks: *p < 0.05. 
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LXRβ in the endothelial cells in mice and in the hCMEC/D3 cell line used in our experi-
ments,	we	still	observe	a	significant	effect	after	knockdown	of 	LXRα	on	BBB	integrity,	
indicating that LXRα	is	essential	in	the	regulation	of 	BBB	function.	The	two	LXR	iso-
forms share high sequence homology, but differ in their tissue distribution and func-
tion. LXRα is mainly expressed in the liver, intestine, adipose tissue, and macrophages 
and regulates for example reverse cholesterol transport in human macrophages and bile 
acid metabolism in the liver. On the other hand, LXRβ is more ubiquitously expressed 
and is involved in processes like lipid metabolism in the CNS and water transport in 
the	pancreas	 [26,	27].	A	 large	amount	of 	 research	has	been	performed	using	general	
LXR agonists that can target both LXR isoforms, thereby neglecting the possibility that 
both isoforms might exert different functions [16, 28, 29]. Our results indicate that it is 
crucial to study the individual role of  the distinct isoforms in different tissues, either by 
developing	specific	agonists	or	by	generating	a	specific	knockout	in	the	tissue	of 	interest.

We	further	show	that	whole-body	and	endothelium	specific	knockout	of 	LXRα 
results	in	a	decreased	barrier	integrity	and	increased	inflammatory	burden	in	a	mouse	
model	of 	neuroinflammation.	Although	the	expression	levels	of 	VCAM-1	are	similar	
between	 the	 two	groups,	 comparing	claudin-5	expression	 levels	 revealed	a	 significant	
difference,	where	 the	endothelial	 specific	LXRα-/- mice show higher expression. This 
difference in expression level might be the result of  the interaction between astrocytes 
and	pericytes	with	 the	 endothelial	 cells.	Both	 cell	 types	 are	 important	 in	maintaining	
BBB	properties,	 and	 lacking	LXRα	might	 influence	 the	 functional	 interaction.	Other	
studies have used synthetic agonists to investigate LXR function in the vasculature. 
For	instance,	the	treatment	of 	human	umbilical	vein	endothelial	cells	(HUVECs)	with	
GW3965, a LXR agonist, inhibited the adhesion of  monocytes to endothelial cells [28]. 
Furthermore,	LXR	activation	by	T0901317	in	a	mouse	model	of 	ischemic	stroke	selec-
tively	prevented	 the	downregulation	of 	occludin	and	ZO-1	on	 ischemic	microvessels	
[16]. A more recent paper demonstrated that LXR activation by GW3965 also positively 
modulated the microvasculature in an Alzheimer mouse model [29]. However, these 
studies did not make a distinction between LXRα and LXRβ. Our results suggest that 
these	beneficial	processes	at	the	endothelial	level	are	controlled	by	the	LXRα isoform, 
and not by LXRβ. 

Several other studies showed that LXR activation is able to suppress EAE and 
reduce	CNS	inflammation	[5,	24,	25].	In	these	papers,	the	protective	impact	of 	the	LXR	
agonists was attributed to their impact on T cell proliferation and differentiation. How-
ever,	their	effect	on	BBB	function	has	not	been	described.	The	results	of 	our	study	sug-
gest	that	specifically	the	activation	of 	LXRα might ameliorate the EAE disease course 
via	 regulating	BBB	 integrity	 and	 inflammation.	By	maintaining	BBB	 integrity,	 ie	 less	
VCAM-1	expression	and	maintaining	tight	junction	expression,	less	immune	cells	might	
be	able	to	infiltrate	the	brain.	Interestingly,	we	only	observed	an	effect	on	endothelial	
specific	LXRα	knockdown	during	a	mild	EAE	(mean	clinical	score	1-	2	in	control	ani-
mals), and not during a normal EAE (clinical score above 2 – data not shown). This 
could	partly	be	explained	by	the	effect	of 	pertussis	toxin	(PTX)	on	BBB	permeability	
and	leukocyte	recruitment	[30,	31].	Therefore,	by	inducing	a	mild	EAE	using	lower	PTX	
concentration,	BBB	integrity	changes	caused	by	LXRα knockdown could still contribute 
to disease severity. Of  note, Cdh5 is also expressed in some cells of  the hematopoietic 
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system, including macrophages [32], which implies that macrophages in our generated 
LXRαflox/floxCdh5-Cre+/- mice may also lack LXRα	expression,	which	may	influence	dis-
ease to a certain extent. However, since we observe similar effects using our in vitro 
assays using brain endothelial cells that lack LXRα,	we	are	confident	that	the	majority	
of  observed effects are due to the role of  LXRα in the endothelium. It will be very in-
teresting	to	define	the	impact	of 	LXR	isoform-specific	agonists	on	BBB	integrity	and	
inflammation,	once	 these	become	available.	Nevertheless,	 it	 is	 important	 to	 take	 into	
account that hepatic LXRα activation promotes hepatic steatosis and dyslipidemia [33, 
34].	Therefore,	targeting	of 	LXRα	via	liposomes	or	adeno-associated	viruses	specific	for	
endothelial cells would be useful. 

 So far, we can only speculate about the underlying pathways. One possible 
mechanism	that	could	contribute	to	the	observed	effects,	is	ABCA1	induction	by	LXRs.	
This	transporter	is	not	only	important	for	the	efflux	of 	intracellular	free	cholesterol,	but	
also	has	an	anti-inflammatory	effect	in	both	the	brain	and	in	the	peripheral	circulation	
[35–37].	Moreover,	ABCA1	is	able	to	suppress	metalloproteinase-9	(MMP9)	expression	
in	the	ischemic	brain	[38].	MMP9	is	an	important	inducer	of 	BBB	damage	presumably	
via the degradation of  tight junction proteins and basement membrane extracellular ma-
trix proteins [39]. In macrophages, the stimulation of  LXRs results in decreased MMP9 
expression	[40].	Consequently,	 the	 induction	of 	MMP9	expression	in	LXRα	deficient	
endothelial	cells	could	result	in	BBB	damage.	Interestingly,	our	LXRα knockdown cells 
showed higher MMP9 mRNA expression (data not shown). However, further studies 
are needed to determine whether this pathway is responsible for the LXRα mediated 
effects in endothelial cells. 

Another possible mechanism is a process called epithelial to mesenchymal transi-
tion (EMT), which is driven by the transcription factor Snail. During EMT, the epithelial 
phenotype	shifts	through	changes	in	gene	expression,	loss	of 	cell	polarity	and	cell-cell	
adhesion and reorganization of  the cytoskeleton, ultimately leading to a more migra-
tory	and	invasive	phenotype	[41].	Interestingly,	in	different	cancer	cell	lines	the	presence	
or overexpression of  LXRα positively contributes to their migratory abilities and Snail 
expression, whereas the opposite is observed in epithelial cells, where absence of  LXRα 
results	 in	a	higher	Snail	expression	[42–44].	EMT	has	also	been	described	for	(brain)	
endothelial cells (EndoMT) and might underlie the observed changes in the endothelial 
cells when LXRα	is	absent	[45–48].	

In	conclusion,	we	show	that	LXRs	have	different	roles	in	regulating	BBB	function	
under	neuroinflammatory	conditions.	More	specially,	we	demonstrate	that	LXRα, and 
not LXRβ,	 is	needed	to	maintain	barrier	integrity.	Endothelial	specific	knockdown	of 	
LXRα in vitro and in vivo resulted in a more permeable barrier with less tight junctions, in-
creased	expression	of 	adhesion	molecule	VCAM-1,	and	in	an	increased	transendothelial	
migration	of 	peripheral	leukocytes	across	the	barrier.	Understanding	the	mechanisms	by	
which	BBB	permeability	is	regulated	during	neuroinflammation	may	help	in	the	devel-
opment of  therapeutic strategies, ie targeted delivery or selective activation of  LXRα, 
to	prevent	BBB	leakage	and	peripheral	leukocyte	infiltration	during	the	early	stages	of 	
neuroinflammatory	diseases.	



Chapter 5

94

Supplementary material and methods

Mouse brain capillary endothelial cell isolation
Following	 tamoxifen	 injections,	 brains	 were	 isolated	 from	 11	 to	 14	 week	 old	

LXRαflox/floxCdh5-Cre+/- and control mice. Meninges were removed by rolling the brain 
over	sterile	Whatman	filter	paper.	Tissue	was	homogenized	in	isolation	medium	(HBSS,	
10	mM	Hepes	and	0.1%	BSA)	using	10	strokes	with	a	loose-fit	dounce	tissue	grinder	fol-
lowed	by	10	strokes	with	a	tight-fit	dounce	tissue	grinder	(Sigma	Aldrich).	The	homoge-
nate	was	centrifuged	(700g	for	10	min	at	4°C),	and	the	resulting	pellet	was	dissolved	in	
15%	dextran	solution	(Sigma-Aldrich)	in	isolation	medium.	After	a	next	centrifugation	
step	(3000g	for	25	min	at	4°C),	the	pellet	containing	microvessels	was	digested	in	colla-
genase/dispase	(2	mg/ml,	Sigma-Aldrich)	containing	10	μg/ml	DNase	(Sigma	Aldrich)	
in	culture	medium	(DMEM,	20%	FCS,	1%	amino	acids,	2%	sodium	pyruvate,	50	μg/ml 
gentamycin)	and	incubated	for	30	minutes	at	37°C.	Isolated	brain	capillary	endothelial	
cells	were	washed	in	isolation	medium	and	lysed	in	RIPA-buffer	(150	mM	sodium	chlo-
ride,	1.0%	Triton	X-100,	0.5%	sodium	deoxycholate,	0.1%	SDS,	50	mM	Tris,	pH	8.0)	
containing protease and phosphatase inhibitors (Roche, Mannheim, Germany). 

Immunoblotting
Proteins	were	separated	by	SDS-PAGE	and	wet	 transferred	 to	a	PVDF	mem-

brane	 (GE	Healthcare,	Buckinghamshire,	UK).	Non-specific	binding	was	blocked	by	
incubating	the	membranes	in	5%	BSA	in	Tris-buffered	saline	containing	0.1%	Tween-20	
(TBS-T)	for	1	hour.	Afterwards,	membranes	were	incubating	with	primary	antibodies,	
LXRα	 (1:500,	Abcam,	Cambridge,	UK)	 or	β-actin	 (1:10000,	 Santa	Cruz	Biotechnol-
ogy,	Heidelberg,Germany)	 in	 5%	BSA	 in	TBS-T	overnight	 at	 4°C.	After	washing	 in	
TBS-T,	membranes	were	 incubated	for	1	hour	at	room	temperature	with	a	horserad-
ish	peroxidase-conjugated	goat	anti-mouse	antibody	(1:2000	for	LXRα	and	1:5000	for	
β-actin,	Agilent)	in	TBS-T.	Protein	bands	were	detected	using	ECL	western	blot	detec-
tion	reagents	 (Thermo	Fisher	Scientific)	and	an	ImageQuant	LAS	4000	mini	analyzer	
(GE	Healthcare).	For	re-probing,	membranes	were	stripped	using	a	mild	stripping	buff-
er	(0.2	M	glycine,	0.1%	SDS,	1%	Tween-20,	pH	2.2),	followed	by	incubation	in	blocking	
buffer	and	primary	antibody.	Protein	bands	were	quantified	using	ImageQuant	TL	8.1	
image analysis software (GE Healthcare).
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Supplementary tables

Supplementary	figures

Table S1: Primers used for RT-qPCR

Table S2: Primary antibodies used for IHC.

Figure S1: Efficient knockdown of LXRα does not affect the proliferation rate of the cells. A) LXRα and LXRβ 
knockdown efficiency in hCMEC/D3 brain endothelial cells measured using RT-qPCR. B) The proliferation rate of the 
different cells is measured after wounding. The LXRα knockdown cells recover at the same rate as the non-targeted 
control and LXRβ knockdown cells. 
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Figure S2: No difference in pro-inflammatory gene expression between LXRα and LXRβ knockdown cells. A) LXR 
activation reduces inflammatory gene expression in brain endothelial cells. hCMEC/D3 brain endothelial cells were 
pre-incubated with GW3965 (1μM) or DMSO for 24 hours, followed by the administration of TNFα and IFNγ (5 
ng/ml) for 24 hours. Inflammatory gene expression was measured using RT-qPCR. Fold change difference compared 
to stimulated control (dotted line) was calculated using the comparative cycle threshold (ΔCt) method. Data are 
expressed as mean ± SEM of one experiment performed in threefold. B) RT-qPCR for neuroinflammatory marker 
expression in LXRα knockdown, LXRβ knockdown, and non-targeted control cells under basal and inflammatory 
conditions. Data are expressed as mean ± SEM of 3 independent experiments performed in threefold. Statistical 
significance (A; One sample t-test, B; two-way ANOVA, with Sidak’s multiple comparison correction) is indicated 
with asterisks: *p<0.05, **p<0.01, ***p<0.001, and ****p<0.0001.. 

Figure S3: Reduction of LXRα in LXRαflox/floxCdh5-Cre+/- mice. LXRα knockdown ef-
ficiency in brain capillary endothelial cell isolates was measured using western blot. 
LXRα expression was decreased in LXRαflox/floxCdh5-Cre+/- mice compared to con-
trolsl. 
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Abstract

The	blood-brain	barrier	(BBB)	is	composed	of 	specialized	brain	endothelial	cells	
that effectively shield the brain from the blood, thereby protecting the neuronal environ-
ment. The specialized and highly differentiated brain endothelial cell phenotype is tightly 
controlled	by	multiple	signaling	pathways.	We	previously	identified	an	important	role	for	
the liver X receptor alpha (LXRα)	in	maintaining	BBB	integrity	and	its	immune	quies-
cence. However, how LXRα regulates the endothelial barrier remains elusive. Therefore, 
the goal of  the present study is to unravel the underlying mechanism via which LXRα is 
regulating	BBB	function.

We	demonstrate	that	specific	knockdown	of 	LXRα in brain endothelial cells re-
sulted in an increased expression of  SNAI2, which is a transcription factor involved in 
endothelial to mesenchymal transition. In addition, our data suggests that LXRα may 
regulate SNAI2 by disrupting the NOTCH signaling pathway. Together, this study sug-
gests a role for LXRα is endothelial to mesenchymal transition via regulating SNAI2. 
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Introduction 

The	blood-brain	barrier	(BBB)	is	an	important	cellular	structure	that	is	essential	
for the maintenance of  neuronal homeostasis. It is composed of  specialized endothelial 
cells, which form a physical barrier between the blood and the brain. The highly differen-
tiated	brain	endothelial	cells	form	a	continuous	barrier	by	means	of 	tight	junctions	(TJs),	
thereby limiting paracellular exchange of  solutes between cells [1]. In addition, brain en-
dothelial cells express specialized transporters which allows them to tightly regulate the 
bidirectional	transcellular	transport	of 	molecules	[2].	By	forming	this	tight	and	selective	
barrier	the	BBB	protects	the	central	nervous	system	(CNS)	from	injury	and	disease.	It	
is	therefore	not	surprising	that	dysfunction	of 	the	BBB	is	associated	with	many	CNS	
pathologies, including multiple sclerosis (MS), Alzheimer’s disease (AD), and stroke [3]. 

Under	healthy	conditions,	the	specialized	and	highly	differentiated	brain	endothe-
lial	 cell	 phenotype	 is	 tightly	 controlled	 by	multiple	 signaling	 pathways	 [4].	However,	
under disease conditions or during development, endothelial cells are able to display re-
markable phenotypic plasticity, such as their ability to undergo endothelial to mesenchy-
mal	transition	(EndMT)	[5,	6].	The	transformation	to	a	mesenchymal	cell	type	was	first	
described in epithelial cells, termed epithelial to mesenchymal transition (EMT), but was 
later	identified	in	endothelial	cells	as	well	[7,	8].	During	EndMT,	endothelial	cells	lose	
their	specific	phenotype	and	progressively	evolve	into	cells	with	a	mesenchymal	pheno-
type,	which	amongst	other	is	associated	with	cells	acquiring	a	spindle-shaped	elongated	
cell	morphology,	losing	their	cell-cell	junctions	and	polarity,	and	gaining	motility,	inva-
sive	and	contractile	properties	[9,	10].	Although	EndMT	is	important	during	embryonic	
development, it has also been associated with different pathological disorders, including 
brain diseases such as MS and cerebral cavernous malformation (CCM), where EndMT 
contributes	to	BBB	dysfunction	[11,	12].

The main inducers of  EndMT are members of  the transforming growth factor 
β (TGFβ) family. In the canonical TGFβ signaling pathway, TGFβ receptor activation 
induces the phosphorylation of  the intracellular proteins SMAD1/5/8, which form 
heteromeric	complexes	with	SMAD4	and	translocate	into	the	nucleus	to	regulate	gene	
expression [13]. In the nucleus, SMAD cooperates with the transcription factors of  the 
Snail (Snail1, Snail2) and/or TWIST (Twist1 and Twist2) families to induce EndMT [12]. 
Besides	TGFβ, several other signaling pathways are able to induce EndMT, such as the 
Sonic	hedgehog	pathway,	Wingless	 (Wnt),	bone	morphogenetic	proteins	 (BMPs)	and	
Notch	signaling	pathway	[10].	However,	despite	extensive	investigation	of 	the	mecha-
nisms	underlying	EndMT	in	non-brain-derived	endothelial	cells,	the	detailed	molecular	
and regulatory alterations in brain endothelial cells have not been fully elucidated. 

Recently, the family of  liver x receptors (LXRs) have been implicated in the pro-
cess	of 	EMT	[14].	LXRs	are	members	of 	the	family	of 	ligand-activated	nuclear	receptor	
transcription factors. LXRs bind as a heterodimer with the obligate partner retinoid x 
receptor	(RXR)	to	LXR-responsive	elements	(DR4),	thereby	regulating	gene	expression	
[15, 16]. The LXR family consists of  two isoforms, LXRα and LXRβ, and plays a key 
role	in	cholesterol	metabolism.	Upon	activation,	the	LXR-RXR	heterodimer	will	bind	
to LXR response elements present in loci of  target genes, many of  which are implicated 



Chapter 6

104

in	cholesterol	efflux	or	uptake	such	as	ATP	binding	cassette	(ABC)	transporter	genes	
Abca1 and Abcg1, the apolipoprotein E gene (ApoE), and the E3 ubiquitin ligase IDOL 
[17].	Since	the	receptors	are	considered	permissive,	LXR-RXR	heterodimers	may	be	ac-
tivated by agonists of  either heterodimeric receptor [18, 19] and  apart from cholesterol 
metabolism,	LXRs	are	involved	in	other	functions	as	well,	including	inflammation	and	
BBB	function	[20–25].

The two LXR isoforms share high sequence homology, but differ in their tissue 
distribution and function [26]. We previously showed that LXRα is important in main-
taining	BBB	integrity	and	its	immune	quiescence	under	normal	and	inflammatory	condi-
tions	[27].	In	the	present	study	we	aim	to	determine	the	underlying	mechanism	via	which	
LXRα	regulates	BBB	integrity.	In	this	study,	we	link	LXRα to the process of  EndMT, 
and demonstrate that reduced LXRα expression results in an increase of  SNAI2 expres-
sion. Moreover, the increased expression of  SNAI2 in LXRα knockdown cells is associ-
ated with perturbed NOTCH signaling. Conversely, activation of  LXRα increases the 
resistance	of 	the	BBB.	Collectively,	our	findings	suggest	an	LXRα-NOTCH	signaling	
axis	important	for	maintenance	of 	BBB	integrity.

Materials and methods

Cell culture
The human cerebral microvascular endothelial cell line hCMEC/D3 was kindly 

provided	by	Dr.	Couraud	[28]	(Institute	Cochin,	Université	Paris	Descartes,	Paris	France).	
hCMEC/D3	cells	were	grown	in	EGM-2	Endothelial	Cell	Growth	Medium-2	BulletKit,	
including basal medium and supplement components according to the manufacturer’s 
instructions	(Lonza,	Basel,	Switzerland).	All	cell	culture	plates	were	coated	with	type	I	
collagen	 (Invitrogen,	Thermo	Fisher	 Scientific,	 Leusden,	The	Netherlands).	Cultures	
were	grown	to	confluence	at	37°C	in	5%	CO2.	hCMEC/D3	cells	were	detached	at	37°C	
with	trypsin/EDTA	in	PBS	(Gibco,	Thermo	Fisher	Scientific).	When	stated,	hCMEC/
D3s	were	stimulated	for	24h	with	recombinant	TGFβ1	(10ng/ml,	R&D	Systems,	Min-
neapolis,	USA),	GW3965	(1μM,	Sigma-Aldrich,	Diegem,	Belgium)	in	human	endothe-
lial	serum-free	medium	(Invitrogen,	Bleiswijk,	The	Netherlands)	or	Dimethyl	sulfoxide	
(DMSO) as vehicle control.

Lentiviral short hairpin RNA for LXRα and LXRβ knockdown
Selective	gene	knockdown	(KD)	was	obtained	by	using	a	vector-based	short	hair-

pin (sh) RNA technique as previously described [29]. Recombinant lentiviruses were 
produced	by	co-transfecting	sub-confluent	HEK293T	cells	with	the	specific	expression	
plasmids	and	packaging	plasmids	(pMDLg/pRRE,	pRSV-Rev	and	pMD2G)	using	cal-
cium phosphate as a transfection reagent. HEK293T cells were cultured in Dulbecco’s 
modified	eagle	medium	(DMEM)	supplemented	with	10%	fetal	calf 	serum	(FCS)	and	
1%	penicillin/streptomycin.	Cells	were	cultured	at	37°C	in	5%	CO2.	Infectious	lenti-
viral	particles	were	collected	48	hours	after	transfection	and	stored	at	−80°C.	The	KD	
efficiency	of 	all	5	constructs	for	each	LXR	isoform	was	tested,	and	the	most	effective	
construct used in subsequent experiments for LXRα	(NR1H3)	was	TRC22237,	encod-
ing	sequence	5’-GTGCAGGAGATAGTTGACTTT-3’	that	targets	nucleotides	1043	–	
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1063	of 	the	NM_005693.3	RefSeq.	For	LXRβ (NR1H2) the most effective construct 
was	TRC275326,	encoding	the	sequence	5’-GAAGGCATCCACTATCGAGAT-3’	that	
targets	nucleotides	1193	–	1213	of 	the	NM_007121.5	RefSeq.	Subsequently,	lentiviruses	
expressing LXRα-	or	LXRβ-specific	shRNA	were	used	to	transduce	hCMEC/D3	cells.	
Control	cells	were	generated	by	 transduction	with	 lentivirus	expressing	non-targeting	
shRNA	(SHC002,	Sigma-Aldrich,	St	Louis,	MO).	48	hours	after	infection	of 	hCMEC/
D3	cells	with	the	shRNA-expressing	lentiviruses,	stable	cell	lines	were	selected	by	puro-
mycin	treatment	(2	μg/ml).	The	expression	knockdown	efficiency	was	determined	by	
quantitative	real-time	PCR	(qRT-PCR).	

RNA isolation and qRT-PCR
Recombinant	hCMEC/D3	cells	 (1x106	cells/ml)	expressing	either	LXRα shR-

NA, LXRβ	shRNA,	or	non-targeting	shRNA	were	seeded	in	24-well	plates	in	culture	
medium. RNA was isolated using the TRIzol®	method	 (Life	Technologies,	Bleiswijk,	
The Netherlands) and cDNA was synthesized using the Reverse Transcription System 
kit (Promega, Leiden, The Netherlands). Sequences of  all primers used are listed in Ta-
ble	1.	Quantitative	Reverse	Transcriptase	PCR	(qRT-PCR)	was	carried	out	using	SYBR	
green	master	mix	(Applied	Biosystems,	Waltham,	MA)	and	a	Step	One	Plus	detection	
system	(Applied	Biosystems).	Primers	used	for	qRT-PCR	are	shown	in	supplementary	
table S1. Relative quantitation of  gene expression was accomplished using the compara-
tive Ct method. Expression levels were normalized to GAPDH expression.

Electric cell-substrate impedance sensing (ECIS) assay 
The	ECISTM	Model	1600R	(Applied	BioPhysics,	Troy,	NY)	was	used	to	meas-

ure	 transendothelial	electric	resistance	 (TEER)	 in	confluent	monolayers	of 	hCMEC/
D3	cells	expressing	non-targeting,	LXRα or LXRβ	shRNA.	100.000	cells	were	seeded	
onto	each	well	of 	an	8W10+	ECIS	array	(Ibidi,	München,	Germany).	The	impedance	Z	
(Ohm’s	law,	potential	(V)/current	(I))	was	measured	at	multiple	frequencies	in	real-time.	
When maximum barrier resistance was achieved, cells were treated with the synthetic 
LXR agonist GW3965 (1μM in DMSO) or DMSO (1μM) as vehicle control. All ECIS 

Table 1: Primer sequences
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measurements were subjected to a mathematical model to calculate the component of  
resistance	attributed	to	cell-cell	interactions,	called	barrier	resistance	(Rb)	[30].

RNA sequencing-based transcriptional profiling and bioinformatics analysis

The human cerebral microvascular endothelial cells (hCMEC/D3) were cultured 
and treated as described above. Total RNA was extracted using TRIzol reagent (Inv-
itrogen,	Carlsbad,	CA,	USA)	and	converted	into	strand-specific	cDNA	libraries	using	
the	TruSeq	Stranded	mRNA	sample	preparation	kit	(Illumina,	Part	#	15031047	Rev.	E)	
according	to	the	manufacturer’s	instructions.	Briefly,	polyadenylated	RNA	was	enriched	
using	oligo-dT	beads	and	subsequently	fragmented,	random	primed	and	reverse	tran-
scribed	 using	 SuperScript	 II	 Reverse	Transcriptase	 (Invitrogen,	Carlsbad,	 CA,	USA).	
Second strand synthesis was performed using Polymerase I and RNaseH with replace-
ment	of 	dTTP	for	dUTP.	The	generated	cDNA	fragments	were	3’	end	adenylated,	ligat-
ed	to	Illumina	paired-end	sequencing	adapters,	and	subsequently	amplified	by	12	cycles	
of 	PCR.	The	libraries	were	analyzed	on	a	2100	Bioanalyzer	using	a	7500	chip	(Agilent,	
Santa	Clara,	CA)	and	subsequently	sequenced	with	65	base	single	reads	on	a	HiSeq2500	
using	V4	chemistry	(Illumina	Inc.).	Transcripts	were	aligned	to	the	Human	Feb.	2009	
(GRCh37/hg19)	assembly	using	TopHat	(version	2.1)	[31].	Gene	expression	sets	were	
prepared	using	ICount,	which	is	based	on	HTSeq-count.	Uniquely	mapped	reads	were	
normalized	to	10	million	reads	followed	by	log2	transformation.	In	order	to	avoid	nega-
tive normalized values, 1 was added to each gene expression value. Data were analyzed 
using Gene Set Enrichment Analysis [32].

Statistical analysis 
Data	were	statistically	analyzed	using	GraphPad	Prism	v7	(GraphPad	Software,	

La	 Jolla,	CA,	USA)	and	are	 reported	as	mean	±	standard	error	of 	 the	mean	 (SEM).	
One-way	ANOVA	 (3	 groups),	 or	 two-tailed	 unpaired	 student	T-test	 (2	 groups)	with	
Tukey’s multiple comparison correction were used for normally distributed data sets. 
The	Kruskal-Wallis	(3	groups)	or	Mann-Whitney	(2	groups)	analysis	with	Dunn’s	mul-
tiple	comparison	correction	was	used	for	non-parametric	data	sets.	*P<0.05,	**P<0.01,	
***P<0.001	and	****P<0.0001.	

Results

Stimulation of LXRα might improve BBB integrity
We previously showed that endothelial cells that lack LXRa show decreased bar-

rier	integrity.	Therefore,	we	investigated	whether	specific	activation	of 	LXRα is able to 
improve	BBB	integrity.	We	treated	both	LXRα and LXRβ	knockdown	cells	and	non-
targeting control cells with the synthetic LXR agonist GW3965 and measured the bar-
rier resistance using ECIS. The addition of  GW3965 increased the maximum barrier 
resistance	in	all	three	cell	populations	over	time	(figure	1A).	However,	 in	the	absence	
of  LXRα the increase was largely abrogated suggesting that LXRα is the predominant 
isoform	governing	BBB	resistance	in	this	experimental	setting	(figure	1B).
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Deep sequencing establishes pathways involved in BBB integrity
In	 order	 to	 investigate	 the	 underlying	mechanism	 of 	 decreased	BBB	 integrity	

when endothelial cells lack LXRα, we investigated the transcriptional landscape of  con-
trol and LXRα KD cells using RNAseq. Additional gene set enrichment analysis (GSEA) 
revealed the involvement of  LXRα	in	regulating	BBB	integrity	via	increasing	SNAI2	and	
decreasing	the	Notch	signaling	pathway	(figure	2).	In	addition,	the	GSEA	analysis	con-
firmed	the	downregulation	of 	tight	junctions	and	LXR	target	genes	in	the	LXRα knock-
down	cells	compared	to	non-targeting	control	cells	(supplementary	figure	S1).

 

Figure 1: Stimulation of LXRa increases BBB resistance. A) Activation of LXRs with the synthetic agonist GW3965 
increases the maximum barrier resistance in all three cell populations. B) LXRα KD cells show a higher transen-
dothelial electrical resistance over time compared to LXRβ KD cells upon activation with GW3965. Data are ex-
pressed as impedance (Ohm cm2) ± SEM of 1 independent experiment performed in fourfold.

Figure 2: Gene set enrichment analysis of 
LXRα knockdown cells compared to non-
targeting control cells. Detailed enrichment 
results provide a summary report of gene 
sets enriched in this phenotype, which lists all 
gene sets enriched in this phenotype ordered 
by the normalized enrichment score (NES). 
Genes related to the process of EndMT are 
significantly higher expressed in LXRα knock-
down cells (left panel), while genes related 
to the NOTCH signaling pathway are signifi-
cantly lower expressed in LXRα knockdown 
cells (right panel). The primary result of the 
gene set enrichment analysis is the enrich-
ment score (ES), which reflects the degree to 
which a gene set is overrepresented in the 
ranked list of genes. Running ES refers to the 
enrichment score at this point in the ranked 
list of genes. The core enrichment refers to 
the subset of genes that contributes most to 
the enrichment result.
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Knockdown of LXRα increases the expression of SNAI2
We next set out to validate the increase of  SNAI genes in LXRa knockdown 

cells. For this, we engineered brain endothelial cell line (hCMEC/D3) with reduced ex-
pression of  LXRα. In addition, hCMEC/D3 cells with reduced expression of  LXRβ 
were	also	generated	in	order	to	investigate	LXR	isoform-specific	differences.	Figure	3A	
shows	the	expression	of 	SNAI1	and	SNAI2	in	non-targeting	control	cells,	LXRα KD 
cells, and LXRβ KD cells. Expression of  SNAI1 was unchanged in response to LXRα 
and β KD. However, the knockdown of  LXRα	significantly	increased	(p<0.001)	the	lev-
els	of 	SNAI2	compared	to	non-targeting	control	and	LXRβ knockdown cells. We next 
examined whether the induction of  SNAI2 in LXRα KD cells resulted in increased ex-
pression	of 	downstream	mesenchymal	markers	(figure	3B).	However,	the	expression	of 	
N-cadherin	and	fibronectin	were	not	significantly	different	between	LXRα KD, LXRβ 
KD	cells	and	non-targeting	control	cells.	

TGFβ does not regulate EndMT via LXRα
Since TGFβ is the main inducer of  EndMT, we next investigated the effect of  

TGFβ on LXR expression. Stimulation of  control endothelial cells with TGFβ	signifi-
cantly	(p<0.05)	reduced	the	expression	of 	LXRα while LXRβ expression did not change 
(figure	4A).	 If 	under	normal	 circumstances	LXRα inhibits the expression of  SNAI2 
then lack of  LXRα should increase SNAI2 induction upon TGFβ stimulation. However, 
no	differences	 between	non-targeting	 control,	 LXRα KD, and LXRβ KD cells were 
observed regarding the expression of  both SNAI genes after TGFβ	stimulation	(figure	
4B).	In	addition,	no	differences	were	found	in	mesenchymal	marker	expression	between	
the	LXR	KD	cells	and	non-targeting	control	cells	upon	TGFβ	stimulation	(figure	4C).	
These results suggest that LXRα regulates the expression of  SNAI2 independent of  
TGFβ.

LXRa may regulate SNAI2 by disrupting the NOTCH signaling pathway
In contrast to TGFβ-induced	EndMT	that	requires	SNAI1,	EndMT	induction	

Figure 3: Downregulation of LXRa increases 
SNAI2 expression.  qRT-PCR of A) SNAI1 and 
SNAI2 mRNA expression and B) mesenchymal 
marker expression levels in LXRα knockdown, 
LXRβ knockdown, and non-targeted control 
cells under basal conditions resulted in an 
increase of SNAI2 in LXRα knockdown cells. 
Data are expressed as mean ± SEM of 3 inde-
pendent experiments performed in threefold. 
Statistical significance is indicated with aster-
isks:  ****p<0.0001.
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pathway was affected in LXRα KD cells since we observed marked induction of  SNAI2 
in	these	cells	(figure	5).	Of 	the	NOTCH	genes,	downstream	targets,	and	ligands	tested	
we	only	observed	a	significant	decrease	in	expression	of 	the	NOTCH	ligand	DLL4,	sug-
gesting altered of  NOTCH signaling in these cells. 

Figure 4: TGFβ does not regulate EndMT via LXRα. mRNA expression levels of A) LXRα and LXRβ B) SNAI1 and 
SNAI2, and C) N-cadherin and fibronectin under basal conditions and after stimulation with TGFβ were determined 
by qRT-PCR. Stimulation with TGFβ reduced the expression of LXRα in hCMEC/D3 cells but did not discriminate 
in the mRNA expression of SNAI1, SNAI2, N-cadherin, and fibronectin. Data are expressed as mean ± SEM of 3 
(in A) and 2 (in B and C) independent experiments performed in threefold. Statistical significance is indicated with 
asterisks: *p<0.05. 

Figure 5: qRT-PCR of the mRNA expression levels of the receptors NOTCH1 and NOTCH4, their ligands DLL4, 
Jagged1, and Jagged2, and downstream gene Hes1 in LXRα knockdown, LXRβ knockdown, and non-targeted control 
cells under basal conditions. Only DLL4 is reduced in LXRα knockdown cells. Data are expressed as mean ± SEM of 
1 independent experiment performed in threefold. 
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Discussion

The present study suggests that the knockdown of  LXRα in endothelial cells 
decreases	BBB	integrity	potentially	via	deregulating	the	NOTCH	signaling	pathway.	The	
main	findings	of 	our	study	are	that	endothelial	cells	with	reduced	expression	of 	LXRα 
show higher expression of  the transcription factor SNAI2, decreased expression of  the 
NOTCH	ligand	DLL4,	and	implicate	LXRα activation in enforcing a stronger barrier 
resistance.

The increase of  SNAI2 in endothelial cells with reduced expression of  LXRα 
did	not	significantly	 increase	the	expression	of 	the	mesenchymal	markers	N-cadherin	
and	fibronectin.	A	possible	explanation	might	be	that	EndMT	is	a	gradual	process	with	
a spectrum of  intermediate phases. Hence, it is possible that intermediate cell types 
display both endothelial and mesenchymal markers. Moreover, the resulting phenotypes 
are	not	permanent	but	are	still	reversible	under	certain	conditions	[34,	35].	In	addition,	
activation of  LXRα resulted in an increased barrier resistance. Therefore, future experi-
ments are merited to investigate tight junction expression and additional permeability 
assays are needed to fully explore the ability to reverse the partial EndMT in LXRα 
knockdown cells.

 We further show that the induction of  SNAI2 in LXRα knockdown cells is 
independent of  TGFβ. Instead, our results suggest a possible link between LXRα and 
the NOTCH signaling pathway. Whereas TGFβ is the main inducer of  EndMT via 
SNAI1,	EndMT	induction	by	Notch	requires	SNAI2	[36,	37].	During	development	the	
NOTCH signaling pathway is essential for vascular morphogenesis. When tip cells lead 
the	sprouting	of 	vessels	they	express	high	levels	of 	DLL4	and	the	connecting	stalk	cells	
express	NOTCH1	receptors	to	which	DLL4	can	bind.	This	binding	promotes	NOTCH	
signaling and imposes differential gene expression. However, more recently it has been 
become clear that NOTCH signaling in adult vessels is necessary to maintain endothelial 
quiescence. For instance, the deletion of  NOTCH1 in mice triggered endothelial cell 
cycle reentry [38]. In addition, in brain microvascular endothelial cells NOTCH signaling 
limits	their	permeability	under	both	resting	and	inflamed	conditions	[39,	40].	In	human	
dermal	blood	endothelial	cells,	NOTCH	signaling	 induced	by	DLL4	reduces	vascular	
permeability	[41].	Therefore,	restoring	DLL4	signaling	in	LXRα knockdown cells might 
decrease	the	expression	of 	SNAI2	and	result	in	proper	BBB	integrity.

Gene set enrichment analysis of  LXRα	knockdown	cells	compared	to	non-tar-
geting	control	cells	identified	SNAI2	and	the	NOTCH	signaling	pathway.	Interestingly,	
pathway analysis of  the transcriptional dataset revealed the possible involvement of  
Wnt signaling pathway as well. Wnt signalling is highly complex, where 19 different Wnt 
ligands	can	potentially	bind	and	signal	through	10	members	of 	the	G-protein-coupled	
receptors	of 	the	Frizzled	(Fzd)	family	[42].	Wnt	stimulation	leads	to	the	stabilization	of 	
β-catenin,	which	is	both	an	adherens	junction	(AJ)	protein	linking	AJs	to	the	cytoskel-
eton and a transcription factor. As transcription factor, β-catenin	is	central	in	the	Wnt	
signaling pathway where it regulates the transcription of  many target genes involved in 
the	development	of 	the	vasculature	and	in	maintaining	BBB	integrity	[43–45].	In	addi-
tion, canonical Wnt signaling has been implicated in heart valve formation by initiating 
EndMT	[46].	Therefore,	future	studies	need	to	be	performed	to	investigate	this	pathway	
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in relation to LXRα as well.
Finally, we show that stimulation of  LXRα	increases	the	BBB	resistance.	Previous	

studies	using	animal	models	of 	stroke	have	showed	the	involvement	of 	LXRs	in	BBB	
function.	For	instance,	the	activation	of 	LXRs	by	the	synthetic	agonists	T0901317	and	
GW3965	resulted	in		decreased	expression	of 	iNOS,	COX-2	and	MMP-9	in	the	brain	
compared	 to	 sham	animals	 [20].	 Specifically	 regarding	BBB	 integrity,	LXR	activation	
decreases serum IgG permeability in the ischemic brain by preventing the downregula-
tion	of 	the	TJ	proteins	occludin	and	ZO-1	in	ischemic	vessels	thereby	promoting	BBB	
preservation [21]. However, both studies did not make a distinction between the LXR 
isoforms.	Our	 results	 suggest	 that	 the	beneficial	outcomes	described	above	might	be	
specifically	attributed	to	the	stimulation	of 	LXRα in brain endothelial cells. 

In conclusion, based on our results we propose the following underlying mecha-
nism	of 	decreased	BBB	integrity	in	LXRα knockdown cells; the knockdown of  LXRα 
results	in	the	decreased	expression	of 	DLL4,	leading	to	decreased	NOCTH	signaling	
in	the	endothelial	cell.	Basal	NOTCH	signaling	 in	adult	endothelial	cells	 is	needed	to	
maintain endothelial quiescence. The perturbed NOTCH signaling in turn increases the 
expression of  SNAI2, which induces partial EndMT but needs an additional stimulus to 
fully reach the transition of  endothelial cells to mesenchymal cells. However, to prove 
this hypothesis, more functional experiments are needed. 

Supplementary	figure

Figure S1: Gene set enrichment 
analysis of non-targeting control cells 
compared to LXRα knockdown cells. 
Detailed enrichment results provide 
a summary report of gene sets en-
riched in this phenotype, which lists 
all gene sets enriched in this pheno-
type ordered by the normalized en-
richment score (NES). Genes related 
to tight junction expression (left 
panel) and LXR target genes AbcA1 
and Abcg1 (right panel) are sig-
nificantly lower expressed in LXRα 
knockdown cells. The primary result 
of the gene set enrichment analysis 
is the enrichment score (ES), which 
reflects the degree to which a gene 
set is overrepresented in the ranked 
list of genes. Running ES refers to the 
enrichment score at this point in the 
ranked list of genes. The core enrich-
ment refers to the subset of genes 
that contributes most to the enrich-
ment result.
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Over	the	last	decades,	increasing	evidence	indicates	that	neuroinflammation	and	
blood-brain	barrier	 (BBB)	dysfunction	are	key	pathological	hallmarks	of 	Alzheimer’s	
disease (AD). However, to date the underlying mechanisms remain largely unknown, 
but hint towards a role for altered lipid production and signaling, predominantly of  the 
classes of  sphingolipids and (oxy)sterols. Therefore, the overarching aim of  this thesis is 
to	investigate	whether	a	deregulated	sphingolipid	pathway	is	critical	in	the	neuroinflam-
matory process observed in AD. Moreover, our research also provided data on the role 
of 	nuclear	receptors	 in	the	inflammatory	processes	at	the	BBB.	By	increasing	our	 in-
sights	in	the	pathological	mechanisms	underlying	AD,	i.e.	neuroinflammation	and	BBB	
dysfunction, we may identify novel ways of  treatment or effectively repurpose existing 
therapies	for	AD.	This	chapter	discusses	the	data	from	the	previous	chapters	and	reflects	
on their overall contribution to knowledge about lipid signaling and metabolism in AD. 

The complexity of the sphingolipid balance

Sphingolipids are ubiquitous structural lipids in cellular membranes and also po-
tent regulators of  critical biological processes. In the brain, sphingolipids are abundantly 
present in different cell types, including neurons, glial cells, and microvascular endothe-
lial cells. To guarantee optimal neuronal function, levels and a proper balance of  the 
different sphingolipids and their associated metabolites are tightly regulated. As a conse-
quence, alterations of  the delicate balance in sphingolipid metabolism may contribute to 
the development of  age-related	neurological	and	neuroinflammatory	diseases,	including	
AD.

The level of  complexity of  sphingolipid signaling arises from the metabolic con-
nection between these lipids where changes in one sphingolipid can have profound ef-
fects	on	the	other	lipids	in	the	pathway	[1]	(figure	1).	For	instance,	in	most	cells	sphin-

Figure 1: The complexity of the sphingolipid pathway. Ceramide is considered the central molecule in sphingolipid 
biology. Once generated by ceramide synthases (CerS), ceramide acts as substrate for other sphingolipids but can 
also be regenerated from these sphingolipids. However, the concentration of the sphingolipids inside a cell is not the 
same. Sphingomyelin is present in the highest concentration whereas S1P is only present in small amounts. Therefore, 
changes in one sphingolipid can have profound effects on the other lipids in the pathway. In addition, six individual 
ceramide synthases generate distinct ceramide species with unique N-linked fatty acids. The resulting ceramide spe-
cies differ in their chain-length, localize to distinct cellular compartments, and in turn may mediate specific functions. 
CerS; ceramide synthase, Sph; sphingosine, S1P; sphingosine-1-phosphate.
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gomyelin is present in an order of  magnitude higher compared to ceramide. This means 
that small changes in sphingomyelin levels may result in profound changes in ceramide 
concentrations. The same holds true for the levels of  sphingosine when ceramide is 
hydrolyzed, or the levels of  S1P when sphingosine is phosphorylated. Adding to the 
complexity of  this pathway are the various ceramide species that are generated by six in-
dividual	ceramide	synthases	(CerSs).	Each	CerS	prefers	certain	fatty	acyl-CoA	substrates,	
generating	distinct	ceramide	species	with	unique	N-linked	fatty	acids.	The	resulting	cera-
mide	species	differ	in	their	chain-length,	localize	to	distinct	cellular	compartments,	and	
in	turn	may	mediate	specific	functions.	Therefore,	although	the	sphingolipid	rheostat	
states that the balance between ceramide and S1P determines whether a cell lives or dies, 
this	seems	too	simplified	and	the	underlying	regulatory	process	is	far	more	complicated.	

Our results of  chapter 2 and chapter 3 contribute to the knowledge of  how 
ceramides are implicated in neurodegenerative diseases. In chapter 2 we examined the 
sphingolipid	profile	in	post-mortem	brains	of 	AD	patients	with	capillary	cerebral	amy-
loid angiopathy (capCAA) compared to AD patients without capCAA. Since capCAA is 
implicated	in	promoting	neuroinflammation	in	AD	we	determined	the	levels	of 	sphin-
golipids	 and	 related	 enzymes	 that	 are	 linked	 to	 the	neuroinflammatory	 response.	We	
show	that	the	ceramide	profile	of 	AD	patients	with	capCAA	compared	to	AD	patients	
without capCAA is altered. The brains of  AD patients with capCAA contain increased 
levels	of 	long-chain	ceramides	while	very	long-chain	ceramides	are	decreased,	suggest-
ing	a	shift	towards	a	pro-apoptotic	environment.	Since	capCAA	is	implicated	in	promot-
ing	neuroinflammation	in	AD,	we	next	investigated	whether	the	shift	in	ceramide	profile	
might	be	a	common	phenomenon	related	to	neuroinflammation.	Therefore,	chapter	3	
examined	 the	sphingolipid	profile	of 	patients	with	Parkinson’s	disease	with	dementia	
(PDD)	and	patients	with	frontotemporal	dementia	Picks	disease	(FTD-pi).	These	dis-
tinct	types	of 	dementia	differ	in	their	neuroinflammatory	status	as	assessed	by	microglia	
and astrocytic activation. Indeed, the brain homogenates of  the different dementia sub-
types	show	a	shift	towards	increased	pro-apoptotic	ceramide,	similar	to	what	we	found	
in	AD	with	capCAA.	These	 results	 indicate	 that	 an	 increase	 in	 long-chain	ceramides	
might	be	a	possible	indicator	of 	neuroinflammation	in	general.

In the context of  the function of  ceramide in the brain and in neurodegenerative 
diseases, it is clear that not only the amount of  ceramide is important but also the rela-
tive	amount	of 	the	individual	chain-lengths	[2].	Our	HPLC	MS/MS	measurements	of 	
the	brain	tissue	of 	AD	with	capCAA	and	FTD-pi	cases	showed	that	the	levels	of 	C16:0	
ceramide	are	inversely	correlated	to	levels	of 	C24:1	ceramide,	indicating	a	shift	to	a	more	
pro-apoptotic	C16:0	enriched	environment	during	neuroinflammation.	Indeed,	several	
studies	related	to	oncology	research	report	opposing	effects	of 	the	long-chain	ceramides	
(C14:0–C20:0)	compared	to	the	very-long-chain	ceramides	(C22:0–C26:0),	where	a	shift	
from	very-long	to	long-chain	ceramides	increases	apoptosis,	suggesting	the	equilibrium	
between	the	chain-lengths	of 	ceramides	is	regulating	cell	death	[3,	4].	However,	the	di-
rect association found in these studies cannot be concluded from our results since these 
studies were performed in cell lines, whereas our HPLC MS/MS measurements include 
whole brain tissue homogenates, comprising different cell types. Moreover, it is impor-
tant	to	note	that	for	our	analysis	of 	ceramides	in	the	post-mortem	brain	tissue	we	used	
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both grey and white matter, which in themselves differ in lipid composition. In the brain, 
the	main	fraction	of 	C18:0	ceramide	is	detected	in	the	grey	matter,	while	C24:0	levels	
are	dominant	 in	the	white	matter	[5].	In	our	analysis,	 the	observed	decrease	 in	C24:0	
and	C24:1	ceramide	might	be	a	result	of 	increased	neurodegeneration	and	concomitant	
myelin loss, which is observed in several dementia types [6]. Therefore, although our 
results	provide	new	insights	in	the	shift	of 	ceramide	species	during	neuroinflammation,	
we cannot yet pinpoint which cell type(s) are responsible.

To	gain	more	insight	into	the	ceramide	profile	of 	the	different	neurodegenerative	
diseases, we performed immunohistochemistry and analyzed only the grey matter of  the 
post-mortem	tissues.	Analysis	of 	post-mortem	brain	 tissue	 in	chapter	2	revealed	that	
specifically	reactive	astrocytes	show	increased	ceramide	levels	in	AD	with	and	without	
capCAA.	Moreover,	the	ceramide	levels	correlated	with	the	degree	of 	neuroinflamma-
tion, i.e. the number of  activated microglia and astrocytes. Therefore, chapter 3 introduc-
es the hypothesis that increased astrocytic ceramide content is a common denominator 
of 	neuroinflammation	in	general,	as	a	continuation	of 	chapter	2.	Indeed,	immunohisto-
chemical	analysis	of 	PDD	and	FTD-pi	cases	indicated	that	reactive	astrocytes	increase	
their	 ceramide	content	 in	 correlation	 to	 the	 amount	of 	neuroinflammation.	 In	many	
cells, including astrocytes, high levels of  ceramide lead to the activation of  ceramide 
kinase	(CerK),	which	converts	ceramide	into	ceramide-1-phosphate	[7].	In	addition,	in	
neuronal cells, CerK is also implicated in regulating the formation of  reactive oxygen 
species (ROS) and eliminating CerK activity rescued neuronal viability in the persistent 
presence of  TNFα [8]. Therefore, although we did not examine the expression of  CerK 
in	astrocytes	in	our	post-mortem	brain	tissue,	 it	might	be	that	the	increased	levels	of 	
ceramide cause the upregulation of  CerK, which leads to increased ROS production. 
The overproduction of  ROS by the astrocytes may especially affect neurons, which are 
particularly vulnerable to oxidative damage.

In our experiments we focused on the enzymes that are associated with the neu-
roinflammatory	response	and	are	directly	responsible	for	ceramide	generation,	such	as	
acid sphingomyelinase (ASM) and ceramide synthases (CerS). In chapter 2, we found 
that the accumulation of  ceramide in reactive astrocytes was not dependent on ASM 
activity. It is known that the overall activity of  ASM is increased in AD in comparison 
with	age-matched	controls	[9].	Indeed,	after	quantification	we	find	increased	immunore-
activity	for	ASM	in	post-mortem	brain	tissue	of 	AD	with	and	without	capCAA,	but	this	
enzyme	is	mainly	expressed	by	microglia.	In	chapter	3	we	observed	that	neuroinflamma-
tion	corresponds	to	increased	ASM	expression,	but	again,	this	is	not	specific	for	astro-
cytes since micoglia are the most prominent cells expressing ASM. Interestingly, recent 
studies have shown that ASM is needed by microglia for the formation of  microvesicles. 
Microglia-derived	vesicles	can	act	as	amplifying	agents	of 	inflammation	by	storing	and	
releasing	the	inflammatory	cytokine	interleukin-1β	 [10,	11].	Thus,	the	increased	activ-
ity	of 	ASM	in	microglia	in	the	different	neuroinflammatory	diseases	may	indicate	that	
microglia	actively	contribute	to	the	neuroinflammatory	environment.	Moreover,	the	ac-
tivation	of 	the	different	sphingomyelinases	seems	to	depend	on	disease-specific	stimuli,	
where increased neutral sphingomyelinase (nSMase) activity in astrocytes is mostly re-
ported	after	ischemia	and	ASM	activity	has	been	linked	to	MS		[12,	13].	Both	ASM	and	
nSMase can act on sphingomyelin to generate ceramide. However, these two enzymes 
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are differentially regulated, localize to distinct subcellular compartments and may even 
generate ceramides with distinct molecular species [1]. So, despite the different under-
lying mechanisms of  the diseases, it seems we cannot implicate ASM as the enzyme 
responsible for the increased ceramide levels in astrocytes. 

We extended our research by investigating the expression of  CerS. Our results in-
dicate	an	important	role	for	CerS5	as	possible	generator	of 	C16:0	ceramide	in	astrocytes.	
The increased expression of  CerS5 correlates with ceramide production in astrocytes. In 
contrast,	no	correlation	nor	colocalization	of 	CerS2	(main	producer	of 	C24:0	ceramide)	
with ceramide in reactive astrocytes was found, suggesting the ceramide in reactive as-
trocytes	to	be	C16:0	ceramide	and	not	C24:0	ceramide.	However,	since	CerS5	is	closely	
related to CerS6 and shows a very high extent of  amino acid sequence identity, we can-
not exclude the involvement of  CerS6. These two enzymes share their substrate speci-
ficity	for	C16:0	acyl-CoA	and	are	similar	in	their	expression	pattern	[14].	Interestingly,	
in	CerS2	KO	mice,	C16:0-ceramide	and	C16:0-sphingolipid	levels	are	increased	in	the	
liver,	which	has	been	explained	as	a	compensatory	response	to	C22:0-C24:0-ceramide	
loss,	 leading	 to	 unchanged	 total	 ceramide	 level	 [15].	The	 increase	 in	C16:0	 ceramide	
was accompanied by upregulated CerS5 expression whereas the expression of  CerS6 
remained	unaltered.	However,	CerS5	and	-6	activities	were	not	increased	in	CerS2	KO	
mice, which might indicate that other enzymes of  the sphingolipid metabolic pathway 
influence	the	changes	in	C16:0	ceramide	level.	Indeed,	in	neuronal	precursor	cells	ASM	
and	CerS5	are	suggested	to	co-operate	via	the	salvage	pathway	to	produce	long-chain	
ceramide and activate the mitochondrial cell death pathway [16]. Since in this study we 
could	only	observe	the	end	stage	in	post-mortem	tissue,	we	might	be	missing	alterations	
of  ASM activity. Therefore, it would be very interesting to perform mechanistic stud-
ies in astrocytes and investigate how CerS5 is regulated and whether there is indeed an 
interplay between ASM and CerS5. 

As mentioned, ceramide is implicated in promoting cell death. Since ceramide 
is composed of  neutral hydrophobic molecules, it is therefore restricted to biological 
membranes.	The	increase	of 	ceramide	specifically	in	the	outer	membrane	of 	mitochon-
dria has been linked to the process of  apoptosis. Mitochondrial outer membrane per-
meabilization (MOMP) is a key event in apoptotic signaling, where proapoptotic factors 
are released from the mitochondrial intermembrane space into the cytosol resulting in 
the	activation	of 	caspases	and	 triggering	 the	execution	phase	of 	apoptosis	 [17].	One	
proposed mechanism of  ceramide action in apoptosis is through the control of  MOMP 
via	 the	protein	Bcl-2	homologous	antagonist/killer	 (BAK).	 It	 is	 suggested	 that	BAK	
mediates the increase in ceramide which facilitates MOMP induction via mitochondrial 
fragmentation and pore formation. In turn, this leads to cytochrome c release, caspase 
activation, and the execution phase of  apoptosis [18]. In addition, the action of  cera-
mide	seems	again	to	be	chain-length	dependent.	For	instance,	in	mitochondria	isolated	
from	HEK	cells,	C16:0	ceramide	is	able	to	form	both	small	and	large	channels,	which	
regulates	cytochrome	c	release	in	response	to	an	apoptotic	signal	[19].	In	contrast,	C24:0	
ceramide is able to inhibit the release of  cytochrome c. These data provide further evi-
dence	for	the	actions	of 	the	specific	ceramide	chain-lengths.	Therefore,	it	is	important	
to	gain	more	insight	in	the	less	studied	chain-lengths	as	well.
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Sphingolipids as biomarkers and possible treatment 

Ceramides are increasingly regarded as promising biomarkers since they can be 
detected	in	body	fluids	such	as	plasma	and	urine,	either	in	secreted	extracellular	vesicles	
or	contained	by	 lipoproteins	 [20].	In	the	plasma	of 	AD	patients,	all	ceramide	species	
were	significantly	higher	compared	to	controls,	except	for	C24:0	ceramide	[21].	Moreo-
ver, some of  the ceramide species were associated with the neuropsychiatric symptoms 
that	occur	during	AD	disease	progression.	Interestingly,	the	increase	in	C16:0	ceramide	
in plasma is associated with a greater risk of  developing AD. In addition, this study 
also	identified	multiple	factors	influencing	sphingolipid	status	in	AD,	including	sex	and	
ApoE genotype. Therefore, future studies should include large cohorts in order to con-
sider these factors [22]. The plasma levels of  several ceramides are also increased in 
PDD patients compared to PD patients with no cognitive impairment and controls, 
where	C16:0,	C18:0	and	C22:0	were	associated	with	increased	risk	of 	being	cognitively	
impaired	[23,	24].	Next	to	neurodegenerative	diseases,	plasma	concentrations	of 	cera-
mides are also altered in patients with hypertension, type 2 diabetes mellitus, coronary 
artery disease, and insulin resistance [25–28]. Although the characterization of  plasma 
ceramides	may	reflect	ongoing	disease,	their	implementation	as	a	biomarker	for	neuro-
logical disorders is still a long way from clinical application. In view of  their ubiquitous 
nature and their frequent alterations during pathophysiology, the potential use of  one 
specific	ceramide	as	a	biomarker	for	a	specific	disease	is	highly	unlikely.	Therefore,	fur-
ther	research	should	be	concentrated	on	defining	a	platform	of 	detecting	various	cera-
mide	species,	possibly	together	with	other	lipids	or	cytokines	that	could	lead	to	specific	
disease	profiles.

Considering reports that intracellular accumulation of  ceramides and neurotoxic-
ity of  Aβ can be prevented with inhibitors of  ceramide production, it was suggested that 
sphingolipid metabolism might be a promising target for AD [9, 29]. Therefore, altering 
the ceramide generating process has received increasing amount of  attention. Regarding 
the modulation of  the sphingomyelinase pathway, one of  the most used direct nSMase 
inhibitor	is	GW4869	[30,	31].	GW4869	is	a	non-competitive	inhibitor	of 	nSMase	that	
protects cells from apoptosis mediated by ceramide accumulation. More recently, it has 
been	shown	that	nSMase	is	crucial	for	exosome	secretion	and	that	GW4869	could	inter-
fere	with	this	process.	Moreover,	administration	of 	GW4869	in	a	mouse	model	of 	AD	
resulted	in	fewer	exosomes-containing	ceramide,	decreased	40%	of 	the	plaque	load,	and	
induced memory improvement [32, 33]. In addition to nSMase inhibitors, antidepres-
sants such as classic tricyclic dibenzoazepines (TCA) like imipramine or desipramine 
and selective serotonin reuptake inhibitors (SSRIs) function as functional inhibitors of  
ASM activity (FIASM). Treatment of  AD patients and animal models of  AD with these 
pharmaceutical agents are successful not only in controlling depression symptoms but 
also	in	preventing	cognitive	decline	[34–36].	Surprisingly,	it	has	never	been	explored	if 	
some	of 	these	beneficial	effects	of 	TCA	and	SSRIs	derive	from	their	FIASM	activity,	
which could potentially restore the sphingolipid rheostat. 

Next to inhibitors of  the sphingomyelinase pathway, therapeutic drugs that are 
able	to	inhibit	de	novo	synthesis	of 	ceramide	are	also	investigated.	For	instance,	L-cyclo-
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serine, which is an serine palmitoyl transferase (SPT) inhibitor, reduces the cortical levels 
of  SPT in a mouse model of  AD, together with reduced ceramide levels and a down-
regulation of  cortical Aβ	 production	 [37].	 Fumonisins	 are	 competitive	 inhibitors	 of 	
the ceramide synthases by occupying their sphingosine pocket and subsequently inhibit 
ceramide synthase [38]. Although ceramide synthases have been implicated by us and 
others	in	AD	pathology,	it	is	unclear	if 	the	(specific)	inhibition	of 	CerS	would	treat	AD	
symptoms without compromising overall brain function [39]. Interestingly, Fingolimod 
(FTY720),	a	S1P	receptor	agonist,	is	able	to	reduce	ceramide	levels	by	both	FIASM	and	
CerS	inhibition.	For	instance,	FTY720	phosphate	inhibits	mainly	short	chain	ceramide	
synthesis,	but	it	is	also	indicated	as	an	inhibitor	of 	CerS5	and/or	-6	[40].	In	addition,	
potent	anti-inflammatory	effects	in	glia	cells	and	restorative	function	at	the	BBB	are	at-
tributed	to	this	compound	[41–43].	In	vitro	and	in	vivo	data	suggest	that	FTY720	is	able	
to perform the modulating effects independently from the S1P receptors activity. One 
possible mechanism is via the activation of  the liver x receptors (LXRs) which we set out 
to	investigate	in	chapter	5	and	6.	[44,	45].

Liver X receptors at the blood-brain barrier

Liver X receptors (LXRs) belong to a large family of  nuclear receptors that play 
a	key	role	in	cholesterol	metabolism	[46].	Two	LXR	isoforms	exist	in	mammals,	termed	
LXRα (NR1H3) and LXRβ	(NR1H2),	which	share	over	75%	amino	acid	sequence	iden-
tity.	Upon	activation,	LXRs	bind	to	RXR	direct	repeats,	forming	a	RXR-LXR	heterodi-
mer	and	thereby	regulate	gene	expression	[47,	48].	The	LXR-RXR	heterodimer	will	bind	
to the LXR response element which leads to the induction of  genes implicated in reverse 
cholesterol	transport	such	as	ATP	binding	cassette	(ABC)	transporter	genes	Abca1	and	
Abcg1 and the apolipoprotein E gene (APOE). In addition, since the receptors are 
considered	permissive,	LXR-RXR	heterodimers	may	be	activated	by	agonists	of 	either	
heterodimeric	 receptor	 [49,	 50].	Although	 the	best	 described	process	 involving	LXR	
function is reverse cholesterol transport where LXRs facilitate the elimination of  excess 
cholesterol in response to cholesterol precursors or oxysterols, recent studies have made 
it clear that LXRs are involved in a much broader spectrum of  functions, including in-
flammation	and	BBB	function	[51–56].	

In chapter 5 we investigated whether LXRα and LXRβ have different roles in 
regulating	BBB	function.	We	show	that	 impaired	LXRα function in brain endothelial 
cells	resulted	in	decreased	barrier	function	and	increased	inflammation	as	marked	by	in-
creased	endothelial	vascular	cell	adhesion	molecule	(VCAM-1)	expression	and	enhanced	
trans-endothelial	monocyte	migration,	both	in	vitro	as	well	as	in	vivo.	These	results	in-
dicate	for	the	first	time	that	specifically	LXRα	is	important	in	maintaining	BBB	integrity.	
In chapter 6 we try to identify the underlying mechanism responsible for the observed 
BBB	disruption	upon	deficiency	of 	LXRα.	An	interesting	finding	is	the	induction	of 	
Snail2 in LXRα endothelial knockdown cells, which is a transcription factor involved in 
endothelial	to	mesenchymal	transition	(EndMT)	[57].	During	EndMT,	endothelial	cells	
lose their phenotype and progressively evolve into cells with a mesenchymal phenotype 
[58, 59]. Our results show that endothelial cells with a reduced expression of  LXRα 
acquire	an	intermediate	phenotype,	where	they	lose	specific	endothelial	properties	but	
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do not fully gain the mesenchymal phenotype. In addition, we provide data that suggests 
this process is regulated via the NOTCH signaling pathway.

Several signaling pathways can induce EndMT and involve the snail family mem-
bers Snail1 (SNAI1) and Snail2 (SNAI2), which are important transcription factors in 
the process of  EndMT. The best described pathway in EndMT is via TGFβ, which is 
able	 to	 induce	 the	 expression	of 	both	SNAI1	and	SNAI2	 [60].	 Indeed,	 in	 chapter	6	
we show that stimulation with TGFβ increases the expression of  SNAI1 and SNAI2 
in brain microvascular endothelial cells, even in endothelial cells with decreased LXRα 
expression. Therefore, the induction of  Snail2 in LXRα knockdown cells is possibly 
independent of  the TGFβ signaling pathway. Another pathway that has been found to 
promote EndMT is the Wnt signaling pathway [61]. This pathway plays an important 
role	in	the	formation	and	maintenance	of 	the	BBB	and	might	therefore	be	involved	in	
the	loss	of 	BBB	integrity	in	endothelial	LXRα knockdown cells [62, 63]. However, only 
increased expression of  Snail1 is described, which therefore does not concur with the 
expression of  the snail genes in the LXRα knockdown cells. Interestingly, the NOTCH 
signaling cascade contributes to the process of  EndMT via the induction of  Snail2 and 
not	Snail1	[64],	suggesting	involvement	of 	this	pathway	upon	LXRα signaling.

NOTCH signaling in endothelial cells is best described during vascular develop-
ment [65]. However, it has become clear that NOTCH signaling remains important in 
order to maintain endothelial quiescence. For instance, cerebral cavernous malforma-
tions (CCM), which are frequent vascular abnormalities in the brain caused by mutations 
in	one	of 	the	CCM	genes,	is	caused	by	perturbed	DLL4-NOTCH	signaling	[66].	Here,	
the	downregulation	of 	CCM1	was	followed	by	a	reduction	of 	DLL4	leading	to	excessive	
sprouting of  vessels. In addition, in brain microvascular endothelial cells NOTCH sign-
aling	limits	their	permeability	under	both	resting	and	inflamed	conditions	[67,	68].	More-
over,	 in	human	dermal	 blood	 endothelial	 cells,	NOTCH	signaling	 induced	by	DLL4	
reduces	vascular	permeability	[69].	The	data	presented	in	chapter	6	provide	a	first	insight	
in the involvement of  LXRα	in	the	NOTCH	signaling	pathway	(figure	2).	However,	ad-
ditional	and	more	functional	experiments	are	needed	to	confirm	this	process.

Figure 2: The involvement of LXRα in the NOTCH signaling pathway. A reduction of LXRα in endothelial cells leads 
to a decreased expression of the NOTCH ligand DLL4. The following perturbed NOTCH signaling results in an 
increased expression of the transcription factor SNAI2, thereby promoting endothelial to mesenchymal transition. 
DLL4; Delta like ligand 4.
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 Our results further suggest that the endothelial cells with a decreased expres-
sion of  LXRα are not fully transitioned to a mesenchymal phenotype. Indeed, EndMT 
is a gradual process with a spectrum of  intermediate phases. Hence, it is possible that 
the intermediate cell types display both endothelial and mesenchymal markers. Moreo-
ver, the resulting phenotypes are not permanent but are still reversible under certain 
conditions	[70,	71].	Although	we	do	not	know	whether	LXRα is decreased in patients 
with	AD,	we	do	observe	an	increase	in	Snail2	in	vessels	in	post-mortem	brain	tissues.	
Future research is needed to investigate whether the increase of  Snail2 is a consequence 
of  decreased LXRα expression in the endothelial cells. However, the decrease in Snail2 
might be a possible explanation of  decreased barrier function. In chapter 6 we show that 
stimulation of  LXRα with the synthetic agonist GW3965 is able to increase the barrier 
resistance. The increase in barrier resistance is less apparent in endothelial cells that only 
express LXRβ. Therefore, it might be possible to reverse the EndMT process and as a 
consequence	restore	BBB	function.

Therapeutic potential of liver X receptors

There are ample indications for the involvement of  LXRs in AD pathology. For 
instance, AD progression is associated with changes in the oxysterol levels, which are 
the	natural	ligands	of 	LXRs	[72].	Moreover,	oxysterols	can	control	important	lipid	gene	
expression	via	the	binding	to	LXRs,	and	thereby	regulate	the	expression	of 	APOE	[73].	
Interestingly, not only is ApoE an important risk factor for AD but ApoE has also 
been	implicated	in	maintaining	BBB	integrity	[74].	In	addition,	the	activation	of 	LXRs	
in	animal	models	of 	AD	shows	many	beneficial	effects.	For	instance,	the	activation	of 	
LXRs	attenuates	neuroinflammation,	improves	cognition,	and	increases	the	expression	
of 	ABCA1	and	ApoE,	which	is	associated	with	a	decrease	in	Aβ	load	[75–77].	Moreover,	
upon LXR activation the microvascular architecture was restored in a mouse model of  
AD	[78].	These	data	indicate	an	important	role	for	LXRs	in	AD.	

The	involvement	of 	LXRs	in	important	pathways	regarding	metabolism,	inflam-
mation and proliferation renders them promising drug targets for metabolic disorders, 
chronic	 inflammatory	diseases,	 cancer	 and	neurodegenerative	diseases	 [79–83].	How-
ever, these broad physiological roles of  LXRs complicates their use as therapeutic target. 
Systemic	LXR	activation	is	associated	with	a	high	risk	of 	unwanted	side-affects,	such	as	
hepatic steatosis and hypertriglyceridemia, which are consequences of  lipogenic gene in-
duction in the liver by LXRα	[84].	Therefore,	to	achieve	specificity,	current	development	
of 	LXR	therapeutics	include	subtype-,	tissue-,	promoter-	or	pathway-specific	activation	
of  LXRs.

Linking	the	sphingolipid	profile	and	neuroinflammation	in	Alzheimer’s	disease

The chapters of  this thesis provide data that show a link between an altered 
sphingolipid	profile	and	neuroinflammation	in	AD.	Moreover,	a	role	for	nuclear	recep-
tor LXRα	is	described	in	BBB	function	under	normal	and	inflammatory	conditions.	Al-
though the chapters regarding LXRα are not directly linked to AD or the changes in the 
sphingolipid	profile,	there	might	actually	be	an	interplay	between	them.	Especially	stud-
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ies	using	FTY720,	the	synthetic	analog	of 	S1P,	provide	a	link	between	the	sphingolipid	
pathway	and	LXR	function.	As	mentioned,	FTY720	administration	 in	mouse	models	
of  AD is able to reduce both the production and the neurotoxicity of  Aβ peptide in 
neurons	[85–87].	In	addition,	FTY720	acts	as	a	negative	modulator	of 	neuroinflamma-
tion	in	astrocytes	and	microglia	and	thereby	promotes	neuroprotective	effects	[41,	42,	
88].	Moreover,	a	restorative	function	at	the	BBB	is	attributed	to	this	compound	[41–43].	
However, insights into the underlying mechanisms remain scarce. 

A more mechanistic explanation of  how LXRs are linked to the sphingolipid 
pathway comes from research related to atherosclerosis, where macrophages play a de-
cisive role at all stages of  atherosclerotic lesion progression [89]. The deposition of  
excess cholesterol in the arterial wall renders boosting the reverse cholesterol transport 
in macrophages an interesting therapeutic target. Recently, it was found that endogenous 
S1P	is	able	to	regulate	ABCA1	mediated	cholesterol	efflux	via	sphingosine	kinase	(Sphk)	
in	macrophages,	 indicating	S1P	as	an	intermediate	in	LXR	signaling	[45].	In	addition,	
macrophages	treated	with	FTY720	showed	increased	levels	of 	ABCA1	and	enhanced	
cholesterol	 efflux	 to	ApoA-I	via	 increasing	 the	production	of 	27-hydroxycholesterol,	
which	is	a	natural	ligand	of 	LXRs	[44].	It	would	be	interesting	to	investigate	how	LXRs	
and sphingolipids are linked in glia and endothelial cells in the context of  AD. Although 
it is well established that sphingolipid and cholesterol homeostasis and metabolism are 
closely associated at the structural level, they are also connected at the functional level 
but	 this	 requires	more	 research	 [90–92].	 Therefore,	 the	 data	 presented	 in	 this	 thesis	
might become more than the sum of  its parts when future studies combine research into 
sphingolipids and LXRs in AD.
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Summary
Alzheimer’s disease (AD) is the most common form of  dementia, currently es-

timated	to	afflict	more	than	35	million	people	worldwide.	This	neurodegenerative	dis-
order is known to affect brain integrity and functioning, resulting in a deterioration 
of  cognitive capabilities, including social cognition, memory, and personality changes. 
These	changes	lead	to	a	significant	loss	in	quality	of 	life	already	at	the	early	stages	of 	
the disease. At a cellular level, AD is characterized by progressive neuronal dysfunction 
and eventually loss of  neurons, causing cognitive decline. The neuronal damage in AD is 
related to the deposition of  extracellular amyloid β (Aβ) protein (plaques) and the intra-
cellular aggregation of  hyperphosphorylated tau protein. However, increasing evidence 
indicates	 that	 neuroinflammation	 and	 blood-brain	 barrier	 (BBB)	 dysfunction	 are	 key	
pathological hallmarks of  AD as well. Altered lipid production and signaling, predomi-
nantly of  the classes of  sphingolipids and (oxy)sterols, might be a common denomina-
tor	linking	neuroinflammation	and	BBB	dysfunction	in	AD.	Therefore,	the	current	the-
sis	aims	to	define	how	changes	in	the	sphingolipid	balance	and	the	responsible	enzymes	
are associated with Alzheimer’s disease pathology. Moreover, our research also provides 
data	on	the	role	of 	nuclear	liver	X	receptors	in	the	inflammatory	processes	at	the	BBB.

Chapter 2 and 3 are pathological studies investigating the sphingolipid balance in 
different	neurodegenerative	diseases	using	post-mortem	brain	tissue.	Sphingolipids	are	
highly enriched in the brain and are essential for the development and maintenance of  
the functional integrity of  the nervous system. Sphingolipid metabolism consists of  a 
complex network of  highly regulated pathways producing bioactive lipids that include 
sphingomyelin,	ceramide,	sphingosine,	and	sphingosine	1-phosphate	(S1P).	In	most	cell	
types, ceramide and S1P exert opposite effects on cell survival, where primarily ceramide 
is implicated in promoting cellular stress and cell death. Chapter 2 examines the sphin-
golipid	 profile	 of 	AD	 patients	 with	 capillary	 cerebral	 amyloid	 angiopathy	 (capCAA)	
compared to AD patients without capCAA. Since capCAA is implicated in promot-
ing	neuroinflammation	in	AD,	we	investigated	sphingolipids	and	related	enzymes	that	
are	 linked	 to	 the	neuroinflammatory	 response.	Our	 results	 show	an	accumulation	of 	
ceramide in astrocytes whereas microglia show increased expression of  the ceramide 
producing enzyme acid sphingomyelinase in capCAA cases. Furthermore, the activated 
glia cells express an increased number of  S1P receptors. Overall, the brains of  AD 
patients	with	capCAA	show	increased	levels	of 	long-chain	ceramides	while	very	long-
chain	ceramides	are	decreased,	suggesting	a	shift	towards	a	pro-apoptotic	environment.	
Finally, the levels of  S1P are elevated in AD patients with capCAA, which might be a 
protective	counteracting	mechanism	to	the	high	 levels	of 	pro-apoptotic	ceramide.	As	
a continuation on chapter 2, chapter 3 introduces the hypothesis that increased astro-
cytic	ceramide	content	is	a	common	denominator	of 	neuroinflammation	in	general.	We	
selected	brain	tissue	of 	different	dementia	subtypes	that	differ	in	their	neuroinflamma-
tory status. The brain homogenates of  the distinct dementia subtypes show increased 
pro-apoptotic	ceramide,	similar	to	what	we	found	in	AD	with	capCAA	cases.	Using	a	
descriptive approach, we show that (again) reactive astrocytes increase their ceramide 
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content	in	relation	to	the	amount	of 	neuroinflammation.	In	addition,	investigation	of 	
the ceramide generating enzymes revealed that ceramide synthase 5 is a possible initiator 
of  the increased ceramide content in astrocytes, further strengthening the hypothesis 
that	astrocytes	are	responsible	for	pro-apoptotic	ceramide	production.

The	neuroinflammatory	environment	that	characterizes	AD	propagates	chronic	
impaired	function	of 	the	BBB.	The	BBB	is	indispensable	for	the	maintenance	of 	brain	
homeostasis and proper neuronal functioning. It is composed of  specialized endothelial 
cells, which form a physical barrier between the blood and the brain. The highly differ-
entiated brain endothelial cells are sealed together by means of  tight junctions, thereby 
limiting paracellular exchange of  solutes between cells. In addition, brain endothelial 
cells express specialized transporters which allows them to tightly regulate the bidirec-
tional	transcellular	transport	of 	molecules.	This	way,	the	BBB	protects	the	central	nerv-
ous system from injury and disease. Liver X receptors (LXRs) might provide the link 
between	decreasing	brain	inflammation	and	exerting	protective	effects	on	BBB	function.	
LXRs belong to a large family of  nuclear receptors which upon activation stimulate gene 
transcription. Two LXR isoforms exist in mammals, termed LXRα (NR1H3) and LXRβ 
(NR1H2),	which	share	over	75%	amino	acid	sequence	identity.	LXRs	play	an	important	
role in cholesterol and lipid metabolism. The best described process involving LXR 
function is reverse cholesterol transport where LXRs facilitate the elimination of  excess 
cholesterol in response to cholesterol precursors or oxysterols. However, LXRs appear 
to be involved in a far  broader spectrum of  functions.

Chapter	4	provides	a	literature	review	of 	the	LXRs	as	the	possible	link	between	
neuroinflammation	 and	blood-brain	 barrier	 dysfunction.	We	 explore	 the	 function	of 	
LXRs	that	have	been	described	in	relation	to	the	different	cell	types	affecting	the	BBB,	
such	as	endothelial	cells,	pericytes	and	astrocytes.	This	overview	demonstrates	the	anti-
inflammatory	 effects	 that	 LXRs	 exert	 in	 various	 cell	 types.	Moreover,	 we	 reveal	 the	
beneficial	effects	on	the	BBB	after	LXR	activation	and	highlight	gaps	in	our	knowledge	
so far. One of  these gaps is the lack of  distinction made between the LXRα and the 
LXRβ isoform. Therefore, chapter 5 and 6 are directly focused on the separate role 
of 	LXRs	 in	blood-brain	barrier	 function.	Chapter	5	shows	the	 importance	of 	LXRα 
in	maintaining	blood-brain	barrier	function	under	basal	and	neuroinflammatory	condi-
tions. In chapter 5 we investigate whether LXRα and LXRβ have different functions in 
the	endothelial	cells	of 	the	BBB.	By	performing	in	vitro	experiments	using	endothelial	
cells, where we induced the knockdown of  LXRα or LXRβ, we show that mainly LXRα 
is	important	in	maintaining	BBB	integrity.	We	further	confirm	our	in	vitro	findings	in	
vivo	in	an	inflammatory	mouse	model.	Under	normal	conditions,	the	specific	knockout	
of  endothelial LXRα does not affect the animal’s phenotype. However, under neuro-
inflammatory	conditions,	the	mice	lacking	LXRα in their endothelial cells show higher 
disease score compared to control mice. Immunohistochemical analysis revealed a less 
tight barrier, increased expression of  cell adhesion molecules by the endothelial cells, 
and	a	higher	number	of 	infiltrating	cells	in	the	spinal	cord	of 	the	animals.	Chapter	6	fo-
cusses on the mechanism underlying the role of  LXRα	in	BBB	(dys)function.	Deep	se-
quencing data of  LXRα knockdown cells showed a difference in the adherence junction 
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pathway	compared	to	control	endothelial	cells.	Specifically,	we	link	LXRα to a process 
called	endothelial-to-mesenchymal	transition,	where	the	reduced	expression	of 	LXRα 
results in the increase of  SNAI2 upon which endothelial cells partly lose their phenotype 
and become more mesenchymal like. Moreover, the increased expression of  SNAI2 in 
LXRα knockdown cells is related to a perturbed NOTCH signaling. Collectively, our 
findings	suggest	that	LXRα	is	linked	to	the	NOTCH	signaling	pathway	via	which	BBB	
integrity is maintained.

Finally,	chapter	7	discusses	the	experimental	chapters	and	reflects	on	their	overall	
contribution to knowledge about lipid signaling and metabolism in AD. The overarch-
ing aim of  this thesis was to investigate whether a deregulated sphingolipid pathway 
is	critical	in	the	neuroinflammatory	process	observed	in	AD.	In	addition,	our	research	
also	provided	data	on	 the	role	of 	nuclear	 receptors	 in	 the	 inflammatory	processes	at	
the	BBB.	By	increasing	our	insights	in	the	pathological	mechanisms	underlying	AD,	i.e.	
neuroinflammation	and	BBB	dysfunction,	we	may	identify	novel	ways	of 	treatment	or	
effectively repurpose existing therapies for AD. 
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Samenvatting
De ziekte van Alzheimer (AD) is de meest voorkomende vorm van dementie, 

die op dit moment naar schatting meer dan 35 miljoen mensen wereldwijd treft. Het is 
bekend dat deze neurodegeneratieve aandoening de integriteit en het functioneren van 
de hersenen beïnvloedt, wat resulteert in een verslechtering van de cognitieve vermogens, 
waaronder sociale cognitie, geheugenstoornissen en persoonlijkheidsveranderingen. 
Deze veranderingen leiden al in de vroege stadia van de ziekte tot een aanzienlijk verlies 
van kwaliteit van leven. Op cellulair niveau wordt AD gekenmerkt door een progressieve 
disfunctie en uiteindelijk verlies van neuronen, wat cognitieve achteruitgang veroorzaakt. 
De neuronale schade bij AD is gerelateerd aan de afzetting van extracellulair amyloïde β 
(Aβ)	-eiwit	(plaques)	en	de	intracellulaire	aggregatie	van	hypergefosforyleerd	tau-eiwit.	
Echter,	toenemend	bewijs	geeft	aan	dat	neuroinflammatie	en	bloed-hersenbarrière	dis-
functie ook belangrijke pathologische kenmerken van AD zijn. Veranderde lipidepro-
ductie	en	-signalering,	voornamelijk	van	de	klassen	van	sfingolipiden	en	(oxy)	sterolen,	
kan	een	gemeenschappelijke	noemer	zijn	die	neuroinflammatie	en	bloed-hersenbarrière	
disfunctie	in	AD	verbindt.	Daarom	is	het	huidige	proefschrift	bedoeld	om	te	definiëren	
hoe veranderingen in de sphingolipide balans en de verantwoordelijke enzymen worden 
geassocieerd	 met	 de	 pathologie	 van	 de	 ziekte	 van	 Alzheimer.	 Bovendien	 biedt	 ons	
onderzoek	ook	inzicht	in	de	rol	van	nucleaire	lever	X-receptoren	in	de	inflammatoire	
processen	bij	de	bloed-hersen	barrière.

Hoofdstuk 2 en 3 zijn pathologische studies die de sphingolipide balans in ver-
schillende	 neurodegeneratieve	 ziekten	 onderzoeken	 met	 behulp	 van	 post-mortem	
hersenweefsel. Sphingolipiden zijn sterk verrijkt in de hersenen en zijn essentieel voor de 
ontwikkeling en instandhouding van de functionele integriteit van het zenuwstelsel. Het 
sfingolipidemetabolisme	bestaat	uit	een	complex	netwerk	van	sterk	gereguleerde	routes	
die	bioactieve	lipiden	produceren	waaronder	ceramide,	sfingosine	en	sfingosine	1-fos-
faat (S1P). In de meeste celsoorten oefenen ceramide en S1P tegenstrijdige effecten uit 
op de overleving van cellen, waarbij voornamelijk ceramide betrokken is bij het bevor-
deren	van	cellulaire	stress	en	celdood.	Hoofdstuk	2	onderzoekt	het	sfingolipidenprofiel	
van	AD-patiënten	met	capillaire	cerebrale	amyloïde	angiopathie	(capCAA)	in	vergelijk-
ing	met	AD-patiënten	zonder	capCAA.	Omdat	capCAA	betrokken	is	bij	het	bevorderen	
van	neuroinflammatie	in	AD,	onderzochten	we	sfingolipiden	en	gerelateerde	enzymen	
die	gelinkt	zijn	aan	de	neuroinflammatoire	respons.	Onze	resultaten	laten	een	accumu-
latie van ceramide in astrocyten zien, terwijl microglia verhoogde expressie vertonen 
van	het	ceramide	producerende	enzym	sfingomyelinase	in	capCAA-gevallen.	Bovendien	
brengen	de	geactiveerde	glia-cellen	een	verhoogd	aantal	S1P-receptoren	tot	expressie.	
Over	het	algemeen	laten	de	hersenen	van	AD-patiënten	met	capCAA	een	toename	in	
de hoeveelheid ceramides met lange ketens zien, terwijl ceramides met zeer lange ketens 
zijn	verlaagd,	wat	duidt	op	een	verschuiving	naar	een	pro-apoptotische	omgeving.	Ten	
slotte	is	S1P	verhoogd	bij	AD-patiënten	met	capCAA,	wat	een	beschermend	en	mogelijk	
compenserend	mechanisme	zou	kunnen	zijn	voor	het	verhoogde	pro-apoptotische	cera-
mide. 
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Als vervolg op hoofdstuk 2, introduceert hoofdstuk 3 de hypothese dat een ver-
hoogd	ceramide	gehalte	 in	astrocyten	een	algemene	noemer	 is	van	neuroinflammatie.	
We selecteerden hersenweefsel van verschillende subtypen dementie, die verschillen in 
de	mate	van	neuroinflammatie.	De	hersenen	van	de	verschillende	subtypen	dementie	
vertonen	verhoogde	concentraties	van	pro-apoptotisch	ceramide,	vergelijkbaar	met	wat	
we	in	AD-patiënten	met	capCAA	aantroffen.	Met	behulp	van	een	beschrijvende	benade-
ring laten we zien dat reactieve astrocyten hun ceramide gehalte (wederom) verhogen in 
correlatie	met	de	hoeveelheid	neuroinflammatie.	Daarnaast	bleek	uit	onderzoek	van	de	
ceramide-producerende	enzymen	dat	het	enzym	ceramide	synthase	5	mogelijk	de	initia-
tor is van de toename in ceramide in astrocyten, waardoor de hypothese dat astrocyten 
verantwoordelijk	zijn	voor	pro-apoptotische	ceramide	productie	verder	wordt	versterkt.

De	neuroinflammatoire	omgeving	die	AD	kenmerkt,	propageert	de	chronische	
gestoorde	 functie	van	de	bloed-hersenbarrière.	De	bloed-hersenbarrière	 is	onmisbaar	
voor het behoud van de homeostase van de hersenen en voor goed neuronaal functio-
neren.	Het	is	samengesteld	uit	gespecialiseerde	endotheelcellen,	die	een	fysieke	barrière	
vormen tussen het bloed en de hersenen. De sterk gedifferentieerde hersendodeotheel-
cellen	worden	aan	elkaar	verzegeld	door	middel	van	tight	junctions	(TJs),	waardoor	de	
paracellulaire uitwisseling van stoffen tussen cellen wordt beperkt. Daarnaast brengen 
hersenendotheelcellen	gespecialiseerde	 transporters	 tot	expressie,	waardoor	ze	het	bi-
directionele transcellulaire transport van moleculen strak kunnen reguleren. Op deze 
manier	beschermt	de	bloed-hersenbarrière	het	centrale	zenuwstelsel	(CZS)	tegen	letsel	
en ziekte. Lever X receptoren (LXRs) kunnen de link vormen tussen afnemende herse-
nontsteking	en	beschermende	effecten	van	de	barrièrefunctie.	LXRs	behoren	 tot	een	
grote familie van nucleaire receptoren die na activering gentranscriptie stimuleren. Er zijn 
twee	LXR-isovormen	bij	zoogdieren,	genaamd	LXRα (NR1H3) en LXRβ (NR1H2), die 
meer	dan	75%	aminozuursequentie	delen.	LXRs	spelen	een	belangrijke	rol	bij	het	cho-
lesterol-	en	lipide	metabolisme.	Het	best	beschreven	proces	met	betrekking	tot	functie	
van LXRs is omgekeerd cholesteroltransport, waarbij LXRs de eliminatie van overmatig 
cholesterol vergemakkelijken. LXRs lijken echter betrokken te zijn in een veel breder 
spectrum van functies.

Hoofdstuk	4	geeft	een	literatuuroverzicht	van	de	LXRs	als	mogelijke	link	tussen	
neuroinflammatie	en	bloed-hersen	barrière	disfunctie.	We	onderzoeken	de	functie	van	
LXRs	die	zijn	beschreven	in	relatie	tot	de	verschillende	celtypen	die	de	bloed-hersenbar-
rière	beïnvloeden,	zoals	endotheelcellen,	pericyten	en	astrocyten.	Dit	overzicht	toont	de	
anti-inflammatoire	effecten	aan	die	LXRs	in	verschillende	celtypen	kunnen	uitoefenen.	
Bovendien	onthullen	we	de	gunstige	effecten	van	LXR-activering	op	de	bloed-hersen-
barrière	en	we	bespreken	hiaten	in	onze	kennis	tot	nu	toe.	Een	van	deze	hiaten	is	het	
gebrek aan onderscheid tussen de LXRα-	en	de	LXRβ-isovorm.	Daarom	zijn	hoofdstuk	
5	en	6	direct	gericht	op	de	rol	van	LXRs	in	de	bloed-hersenbarrièrefunctie.	Hoofdstuk	
5 toont het belang van LXRα	aan	voor	het	behoud	van	de	bloed-hersen-barrièrefunctie	
onder	basale	en	neuroinflammatoire	omstandigheden.	In	hoofdstuk	5	onderzoeken	we	
of  LXRα en LXRβ	verschillende	functies	hebben	in	de	endotheelcellen	van	de	bloed-
hersenbarrière.	Door	in	vitro	experimenten	met	endotheelcellen	uit	te	voeren,	waarbij	
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we knockdown van LXRα of  LXRβ induceerden, laten we zien dat voornamelijk LXRα 
belangrijk	 is	 voor	 het	 handhaven	 van	 bloed-hersenbarrière	 integriteit.	We	 bevestigen	
onze	in	vitro	bevindingen	in	vivo	in	een	inflammatoir	muismodel.	Onder	normale	om-
standigheden	heeft	de	knock-out	van	LXRα	 in	specifiek	de	endotheelcellen	geen	inv-
loed	op	het	fenotype	van	het	dier.	Echter,	onder	neuroinflammatoire	omstandigheden	
vertonen de muizen die LXRα missen in hun endotheelcellen een hogere ziektescore 
vergeleken met controlemuizen. Immunohistochemische analyse onthulde een minder 
dichte	barrière,	verhoogde	expressie	van	cel-adhesiemoleculen	door	de	endotheelcellen	
en	een	groter	aantal	infiltrerende	cellen	in	het	ruggenmerg	van	de	dieren.	

Hoofdstuk 6 richt zich op het mechanisme dat ten grondslag ligt aan de rol van 
LXRα	 in	de	bloed-hersenbarrière.	Deep	sequencing-gegevens	van	LXRα-knockdown-
cellen	toonden	een	verschil	in	de	adhesiekoppelingsroute	vergeleken	met	controle-endo-
theelcellen.	Specifiek	verbinden	we	LXRα	met	een	proces	dat	endotheel-naar-mesenchy-
male overgang wordt genoemd, waarbij de verminderde expressie van LXRα resulteert 
in de toename van SNAI2, waarop endotheelcellen gedeeltelijk hun fenotype verliezen 
en	meer	mesenchymaal	worden.	Bovendien	 is	de	verhoogde	 expressie	 van	SNAI2	 in	
LXRα-knockdowncellen	 gerelateerd	 aan	 een	 verstoorde	 NOTCH-signalering.	 Geza-
menlijk suggereren onze bevindingen dat LXRα	is	gekoppeld	aan	de	NOTCH-signaler-
ingsroute	via	welke	BBB-integriteit	wordt	gehandhaafd.

Tot	 slot	 bespreekt	 hoofdstuk	 7	 de	 experimentele	 hoofdstukken	 en	 reflecteert	
daarbij op hun totale bijdrage aan kennis over lipidesignalering en metabolisme bij AD. 
Het overkoepelende doel van dit proefschrift was om te onderzoeken of  een gede-
reguleerde	sphingolipide	route	van	cruciaal	belang	is	in	het	neuroinflammatoire	proces	
waargenomen in AD. Ons onderzoek geeft ook inzicht in de rol van nucleaire receptoren 
in	de	ontstekingsprocessen	die	voorkomen	bij	de	bloed-hersenbarrière.	Door	onze	in-
zichten in de pathologische mechanismen die ten grondslag liggen aan AD te vergroten, 
d.w.z.	neuroinflammatie	en	BBB-disfunctie,	kunnen	we	nieuwe	behandelingsmethoden	
identificeren	of 	bestaande	therapieën	voor	AD	effectief 	hergebruiken.
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