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Summary

Impaired clearance of cerebral amyloid beta peptide (AB) across the blood-brain
barrier (BBB) may facilitate the onset and progression of Alzheimer’s disease (AD).
Additionally, experimental evidence suggests a central role for cellular cholesterol in
amyloid protein precursor (APP) processing. The present study aimed to investigate
whether brain capillary endothelial cells (BCEC; the anatomical basis of the BBB) are
capable of endogenous APP synthesis and whether and to what extent APP synthesis
and processing is under control of cellular cholesterol homeostasis. Intracellular
cholesterol metabolism was pharmacologically manipulated by using natural and
synthetic liver-X receptor (LXR) agonists. Using an in vitro model of the BBB consisting
of primary porcine BCEC (pBCEC), we demonstrate that endogenous full-length APP
synthesis by pBCEC is significantly increased while the amount of cell-associated,
amyloidogenic AP oligomers is decreased in response to 24(S)-hydroxycholesterol
(240H-C) or 270H-C, TO901317, cholesterol, or simvastatin treatment. Oxysterols as
well as simvastatin enhanced the secretion of non-amyloidogenic sSAPPa up to 2.5-fold.
In parallel, LXR agonists reduced cholesterol biosynthesis by 30-80% while stimulating
esterification (up to 2.5-fold) and efflux (up to 2.5-fold) of cellular cholesterol by
modifying HMG-CoA reductase (HMGCR), sterol regulatory element-binding protein
(SREBP-2), acyl-coenzyme A:cholesterol acyltransferase (ACAT-2), and ATP binding
cassette transporter Al (ABCA1) expression levels. In a polarized in vitro model
mimicking the BBB, pBCEC secreted sAPPa preferentially to the basolateral
compartment. In summary, endothelial cells of the BBB actively synthesize APP, A
oligomers, and secrete APPa in a polarized manner. APP processing by pBCEC is
regulated by LXR agonists, which have been proven beneficial in experimental AD
models.

Characterization of the (apo)lipoprotein profile in pBCEC supernatants revealed that
these cells secrete apoA-l and/or apolJ, major protein components of HDL-like particles
formed at the BBB. Interestingly, both apolipoproteins were found in the same
lipoprotein density fractions as sAPPa, suggesting that apoA-lI and apoJ may interact

with sAPPa, and the addition of apoA-l to pBCEC culture medium enhanced sAPPa
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production. Altogether our findings highlight the importance of gaining knowledge of
the interplay between cholesterol, lipoprotein and APP/AB metabolism at the blood-

brain barrier.
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The major part of the work presented in this thesis has been published in the
manuscript “Processing of Endogenous ABPP in Blood-Brain Barrier Endothelial Cells is
Modulated by Liver-X Receptor Agonists and Altered Cellular Cholesterol Homeostasis”

by Schweinzer et al., Journal of Alzheimer’s disease 2011 Aug 2. [Epub ahead of print]
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Zusammenfassung

Ein verringerter Efflux von zerebralen Amyloid Beta Peptiden (AB) Gber die Blut-Hirn-
Schranke (BHS) kdnnte ein Ausldser oder stimulierender Faktor fiir die Entstehung von
Morbus Alzheimer sein. Zahlreiche Experimente belegen die zentrale Rolle von
zellularem Cholesterin bei der Spaltung des Amyloid Precursor Proteins (APP).

Diese Arbeit beschaftigte sich mit der Frage ob Gehirnendothelzellen (die anatomische
Basis der BHS) selbst APP produzieren und ob und in welchem Ausmall die APP
Synthese und Prozessierung vom zelluldaren Cholesterin-Stoffwechsel beeinflusst wird.
Natlrliche und synthetische Leber-X Rezeptor (LXR) Agonisten wurden verwendet, um
den intrazellularen Cholesterinstoffwechsel pharmakologisch zu manipulieren. Wir
konnten zeigen, dass sich die Synthese von endogenem APP in einem in vitro Modell
der BHS, bestehend aus primaren Schweinehirnendothelzellen (pBCEC), nach
Stimulation mit 24(S)-Hydroxycholesterin (240H-C) oder 270H-C, T0901317,
Cholesterin, oder Simvastatin, signifikant erhdhte. Parallel dazu verringerte sich die
Menge an zell-assoziierten AP Oligomeren. Weiters erhdhten beide Oxysterole (240H-
C und 270H-C) und Simvastatin die Sekretion von nicht-amyloidogenem sAPPa bis zu
2,5-fach. Alle LXR Agonisten inhibierten die Cholesterinbiosynthese zu 30-80% und
stimulierten die Cholesterinester-Bildung und den Cholesterin-Efflux bis zu 2,5-fach,
indem sie die Level von HMG-CoA reductase, sterol regulatory element-binding
protein, acyl-coenzyme A:cholesterol acyltransferase, and ATP binding cassette
transporter Al regulierten. In einem polarisierten in vitro Modell, das die BHS
simuliert, sekretierten pBCEC sAPPa verstarkt in das basolaterale Kompartiment.
Zusammenfassend synthetisieren Endothelzellen der BHS aktiv APP, AR Oligomere und
sekretieren sAPPa auf eine polarisierte Art und Weise. Die Prozessierung von APP in
pBCEC wird durch LXR Agonisten reguliert, die in experimentellen Alzheimer Modellen
eine beglinstigende Wirkung gezeigt haben.

Die Charakterisierung von (Apo)Lipoproteinen in pBCEC Zelliberstanden zeigte, dass
dieser Zelltyp apoA-l und/oder apolJ sekretiert, Hauptbestandteile von HDL-dhnlichen
Partikeln, die an der BHS entstehen konnen. Interessanterweise fanden sich beide

Apolipoproteine in derselben Lipoprotein-Dichtefraktion wie sAPPa. Somit konnten
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apoA-I und apolJ mit sAPPa interagieren. Die Zugabe von exogenem apoA-I stimulierte

zudem die sAPPa Produktion in pBCEC.
Diese Studie gewadhrt erste Einblicke in das Zusammenspiel von Cholesterin,

Lipoprotein und APP/APB Stoffwechsel an der Blut-Hirn Schranke.
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1. Introduction

1.1. Alzheimer’s Disease

Currently, estimated 35.6 millions of people suffer from dementia worldwide,
increasing to 65.7 million by 2030 (Alzheimer’s Disease International). Alzheimer’s
disease (AD) is the most common cause of dementia (50-70%) with rising occurrence
[1] and a higher incidence in women than in men [2]. Until so far, most therapies are

merely able to slow the progress of the disease —a common therapy does not exist.

Beside the most abundant sporadic late-onset form of AD that occurs in patients after
the age of 65, a minor fraction (<10% of all cases), suffers from the familial early-onset
AD. It affects patients after the age of 40 and is a consequence of inherited autosomal
dominant gene mutation, i.e. in the genes for amyloid precursor protein (APP) and
presenilin (PS1 and PS2) [3-5]. Carriers of the apolipoprotein E4 allele (apoE4) face a
greater risk of developing sporadic late-onset AD [6-8] as carriers of the E3 allele or the

E2 allele (represents a protecting factor, [9]).

AD patients display various symptoms: i) cognitive decline: memory loss (amnesia),
disorientation, loss of language skills (aphasia), loss of motor activity (apraxia) and the
inability to recognize (agnosia); ii) psychiatric symptoms: personality changes,
depression, hallucinations, delusions and misidentification; iii) impaired handling of
daily routine: money-handling, telephone-use, driving ,dressing and feeding [1, 10].
The diagnosis of AD in living patients is a challenging task [11] and a histological
confirmation via post-mortem detection of neuropathological hallmarks in AD brains,

is crucial.

Already in 1907, Alois Alzheimer (Figure 1A) recovered these neuropathological
alterations in the brain of Auguste Deter (Figure 1B), including extracellular deposits of
a ‘peculiar substance’ in the brain parenchyma as well as in the cerebrovasculature,
and intraneuronal neurofibrillary tangles (NFT, Figure 1C) [12]. 80 years later the

extracellular accumulating substance was identified as amyloid B peptide (AB) and its
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deposits named AB plaques [13, 14]. Only a few years later the secret component of
NFT was identified as hyperphosphorylated tau protein [15-18]. As a consequence of
AB plaques and NFT, dystrophic neuritis and cerebral amyloid angiopathy (CAA)
manifest in AD brains [19].

Figure 1: History of AD. (A) Alois Alzheimer. (B) Alzheimer’s first patient, Auguste D. (modified from Burns
et al. [1]) (C) Characteristic AD hallmarks in diseased brains: neurofibrillary tangles (NFT) and amyloid beta
(AB) plaques (modified from medkuleuven.be)
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1.2. The blood-brain barrier and transfer of AB peptide

In 1904, Paul Ehrlich discovered the blood-brain barrier (BBB). He injected dyes into
the circulation and realised that most other organs, but not the brain was stained [20].
Further studies performed by one of his students revealed that the injection of the dye
directly into the central nervous system (CNS) stained all cerebral cell types, but not
peripheral organs [21]. Their findings suggested that the BBB separates CNS and
periphery and prevents exchange between cerebral and peripheral molecules (unless
lipid-soluble ones). Nowadays it is known that the BBB acts a physical and metabolic
barrier which allows selective exchange between substances that leave or enter the

brain [22].

The BBB consists of highly specialized brain capillary endothelial cells (BCEC),
connected via typical tight junctions (TJ) which are responsible for the selective
passage of molecules across the BBB [23] and peg and socket junctions to pericytes
[24, 25]. The pericytes are surrounded by a vascular basement membrane which is in
contact with the astrocytic end-feet processes of the glia limitans (Figure 2) [26].

Neurons, microglia and the BBB together form the neurovascular unit [27].

In contrast to peripheral endothelial cells, BCEC lack fenestrations [28], possess a
higher number of mitochondria [29] and show less pinocytotic activity [30]. For
instance, the BBB constrains hydrophilic macromolecules to pass through BCEC,

instead of entering the CNS via passive diffusion through the paracellular space [31].

AB peptides are polar molecules and therefore unable to pass BCEC [32]. Thus, specific
transporter molecules expressed at the BBB allow AP peptides to leave or enter the
brain. For instance, AB clearance from brain to blood across the BBB is facilitated by
low-density lipoprotein receptor-related protein 1 (LRP1) [33]. LRP1-mediated AR
transport across the BBB starts abluminally (the brain-facing side of BCEC) and directly
eliminates AB from brain interstitial fluid (ISF) into the peripheral blood [34]. Reduced
expression of LRP1 in BCEC correlates with enhanced cerebral AB load in AD brains
[33]. AB uptake across the BBB into the CNS is facilitated by the receptor of advanced

glycation end products (RAGE) and can lead to pathophysiological AB concentrations in
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the brain. Deletion of the RAGE gene in animal models protects the cerebral AR pool

via inhibiting the uptake of peripheral AB [35].

Inflammatory mediators present in the blood stream, such as tumor necrosis factor-
alpha (TNFa), are increased in neurodegenerative diseases (ND) and are known to
destabilize TJ and therefore to disrupt BBB integrity [36]. Dysfunction of the BBB is

believed to play an important role in AD development [22, 37].

Figure 2. Structure of the blood-brain barrier. (modified from Carvey et al. [22])
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1.3. Cellular APP processing and AP peptide formation

The precursor of AB, amyloid precursor protein (APP) is a glycosylated, single-pass type
| membrane protein, containing a large extracellular domain and a short cytoplasmatic
region [19, 38]. Although APP belongs to a large protein family, the AB domain is an
unrivaled feature of APP. Innumerable studies examined the roles of APP with some
promising results: involvement of APP in neurite outgrowth and synaptogenesis, in
neuronal protein trafficking along the axon, in transmembrane signal transduction, in
cell adhesion, and in calcium- and lipid metabolism has been reported [39, 40].

However, the physiological function of APP remains further unknown.

The genetic information for human APP resides within chromosome 21 and alternative
splicing leads to formation of the isoforms APP695, 751 and 770 [3]. In contrast to
APP751 and 770 that are expressed in most tissues and contain the Kunitz Protease
Inhibitor (KPI) ectodomain, APP695 is preponderantly expressed in neurons and does
not possess a KPI domain [41, 42]. The presence of elevated protein and mRNA levels
of KPI-containing APP isoforms in AD brains correlates with an increase in AB plaques
[43], supporting the hypothesis that disturbed splicing of APP RNA participates in AD
pathogenesis [44].

APP can be processed via enzymes called secretases by two alternative pathways - the
most prevalent, non-amyloidogenic pathway and the amyloidogenic pathway (Figure 3
and Figure 4) [10, 45, 46]. The non-amyloidogenic pathway includes cleavage of a-
secretase within the AP domain of APP and the release of a soluble, secreted form of
APP (sAPPa) [47]. After the action of a-secretase, a 83 amino acid (aa) large C-terminal
fragment (CTF83) remains in the membrane which is further processed to fragment p3
(via y-secretase) [48]. Since a-secretase cleaves within the AR domain, AR peptide
formation is impossible. The amyloidogenic pathway is triggered by the action of B-
secretase and results in the release of sSAPPB and the remaining 99 aa large C-terminal
fragment (CTF99). Subsequent cleavage of CTF99 by y-secretase leads to AP
generation [49]. Since y-secretase can occur between residues 38 and 43 of the CTF99

fragment, the resulting AR peptide length can vary from 38 to 43 aa. The most
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prevalent form of AR species is ABo. Only a minor fraction (~10% of total AB) counts
for AB4, which is more hydrophobic and tends to form fibrils quicker than AB4o [49]. It
is also AB4, that is more abundant in cerebral plaques [50]. Until so far the origin
(neurons, periphery or cerebral vasculature) of AB plagues found in the brain

parenchyma and cerebrovasculature remains unclear [51].

While several proteins belonging to the ADAM family (a disintegrin- and
metalloproteinase-family enzyme) have been shown to possess a-secretase activity
(ADAM 9, 10 and 17) [52], only one protein seems to display B-secretase activity: B-site
APP-cleaving enzyme 1 (BACE1). BACEL is a type | integral membrane protein and a
member of the pepsin family of aspartyl proteases [53-55]. y-secretase is an enzyme
complex composed of PS1 or PS2, nicastrin, anterior-pharynx defective and presenilin
enhancer 2 [56-60]. Although the molecular pathways of APP processing are largely

explored, the regulation of these remains unclear.

EC
i
s i : W 4
e
.+ BPPs .. APPsh
hiiih 2L B S
APP-CTFu APP_CTFR
4 ¥
I T-sacretass ‘.'-secrems.eJ
B I -
| COOIT AICD : COOIC AICD

Figure 3: Overview of amyloid precursor protein (APP) processing (from Zheng et al. [40]). APP
contains cleavage sites for a-, B- and y-secretases. Non-amyloidogenic processing includes a-secretase
action and precludes AP formation. Amyloidogenic processing via B- and y-secretases leads to AR

generation.
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Figure 4: APP processing and cleavage products (modified from Chow et al. [45]). The non-
amyloidogenic pathway (right) involves a- and y-secretase cleavage and results in secretion of sAPPa,
CTF83 and p3. The amyloidogenic pathway (left) involves B- and Y-secretase cleavage resulting in

secretion of sAPPB, CTF99 and AB. AB fragments oligomerize and fibrillize leading to AD pathology (left

and upper panel). Ex, extracellular; PM, plasma membrane; cyt, cytosol; DR6, death receptor 6.
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1.4. Cholesterol metabolism and lipoproteins in the central

nervous system

The brain is the most cholesterol-rich organ in the body. Up to 25% of total body’s
unesterified cholesterol is located in the CNS within two different pools: plasma
membranes of glial and neuronal cells [61] and myelin sheets [62, 63]. Various studies
reported that the BBB hinders the exchange of cerebral and peripheral lipoproteins
[64-67]. Thus, cholesterol in the CNS is synthesized de novo by astrocytes,
oligodendrocytes and to a lesser extent by neurons [68, 69]. While cholesterol
synthesis in the evolving CNS is high, it drastically decreases in adult brains [65]. This is
due to the efficient recycling of cerebral cholesterol and its resulting long half-life (5

years in humans) [70].

To abide cholesterol homeostasis, excess cholesterol has to be excreted from the
brain. Since cholesterol is incapable of traversing the BBB, it must be further processed
via the enzyme cytochrome P450, family 46, subfamily A, polypeptide 1 (CYP46A1,
[71]) to 24(S)-hydroxycholesterol (240H-C) which is more polar and secreted readily
across the BBB into the circulation and eliminated by the liver [65]. This brain-specific
oxysterol is a potent ligand of liver X receptors (LXRs), members of the nuclear

hormone receptor family [72].

Both LXR isoforms (a and B) are expressed in the brain [73], form heterodimers with
the retinoid X receptor (RXR) and regulate genes containing LXR-response elements
(LXREs, Figure 5) [74]. LXRs regulate various cholesterol metabolism genes and
therefore are powerful modulators of cholesterol homeostasis. For instance, they
activate cholesterol efflux via ATP-binding cassette transporter A1 (ABCA1) and
apolipoprotein E (apoE) in astrocytes [75], via ABCA1 and apoA-l in pBCEC [76, 77],
respectively, and regulate cholesterol biosynthesis by inhibiting its key-enzyme 3-

hydroxy-3-methylglutaryl-CoA reductase (HMGCR) [78].

27-hydroxycholesterol (270H-C) formed by the enzyme cytochrome P450, family 27,
subfamily A, polypeptide 1 (CYP27A1, mainly in the periphery) is another oxysterol
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that can pass the BBB [79] and activate LXRs. Net flux of 27-OH-C into the brain may be
an important link between intra- and extracerebral cholesterol homeostasis [79].
Beside oxysterols, representing natural agonists of LXRs, synthetic ligands (e.g.,

T0O901317) are widely used to study LXR action [74].
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R - Y ") l——)(—* “A
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2 - | AGGTCANNNNAGGTCA | Target gene | AGGTCANNNNAGGTCA | Target gene
_— LXRE LXRE

Figure 5: LXRs are ligand-activated nuclear transcription factors. (modified from Zelcer et al. [80])

High density lipoprotein (HDL)-like particles circulating in the cerebrospinal fluid (CSF)
are responsible for cerebral lipid transport [81]. Compared to peripheral HDL (mainly
containing apoA-1), CNS-derived HDL is mainly composed of apoE, apoA-l, apoA-IV,
apoD, apoH and apolJ [82, 83]. CSF lipoproteins can be grouped into four classes
(depending on size and apolipoprotein content) and are crucial for the redistribution
of cerebral lipids [81]. ApoE-containing HDL is a major ligand to LRP1 and stimulates

neurite growth [84, 85].

ApoE is a 35 kDa glycoprotein produced and secreted by astrocytes and microglia and
the major apolipoprotein in the CNS [86, 87]. Nascent, apoE-containing lipoprotein
particles secreted from glia are discoidal (because they lack cholesteryl esters and
triglycerides) [87]. Incorporation of cholesterol (effluxed by neurons and glia) into
these nascent particles is facilitated first by ABCA1, followed by ATP-binding cassette
transporter G member 1 (ABCG1) [88, 89]. The presence of low density lipoprotein
receptors (LDLR) on neuronal and glial cells allows intermediate apoE-containing

lipoproteins to re-distribute their contents (Figure 6) [90].
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ApoA-I is a 28 kDa apolipoprotein expressed and secreted by pBCEC [76, 91]. Previous
results of our group show that LXR activation stimulates ABCA1-mediated cholesterol
efflux from pBCEC to apoA-l and results in the enhanced formation of HDL-like

particles at the BBB in vitro [76].

Apol, also known as clusterin is a multifunctional disulfide-linked glycoprotein
produced by astrocytes [92] that contains two ~40 kDa subunits (o and B chain) [93].
Despite functioning as a complement inhibitor, apol is present in lipoprotein particles
and involved in cholesterol/lipid trafficking in the brain [94], it is believed to play a role
in cholesterol efflux [95] and is known to be rapidly cleared across the BBB via LRP2

[96].

& Cholestercl ester
Y RAeceptor binding
] Lipid transfer

Figure 6: Hypothesis for lipoprotein remodelling in the parenchyma of the brain. 1) Nascent apoE-
containing particles are secreted by glial cells. 2) ABCA1 in glia and neurons promotes FC efflux to the
nascent particles, followed by additional FC efflux by ABCG1. The result is an intermediate particle(s). 3)
Intermediate particle(s) become mature CNS lipoproteins by a poorly understood process that includes

acquiring a CE core and additional PL (modified from Yu et al. [87]).
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1.5. Role of cholesterol and lipoproteins in AD

There is striking evidence that dysregulated cholesterol and lipoprotein
metabolism play a decisive role in the pathogenesis of AD [97-101]. Several studies
have reported a link between cholesterol homeostasis, APP processing, AR peptide
formation, and the development of AD. First, high peripheral cholesterol and LDL
levels are a reported risk factor for AD [102-104]. Reduced plasma levels of HDL and its
major apolipoprotein apoA-l are common in AD patients [105105]. Individuals with
high serum apoA-I levels are supposed to have a significantly lower risk of dementia
[106]. In contrast to elevated peripheral cholesterol levels, total cholesterol levels in
AD brains are low compared to healthy-matched controls [107]. AD brain regions with
unbalanced cholesterol homeostasis show a gradual deterioration and loss of nerve
synapses [104]. Statins - potent inhibitors of hydroxymethylglytaryl-CoA (HMG-CoA
reductase), the rate-limiting enzyme in cholesterol metabolism - decrease the risk to
develop AD along with reduced plasma cholesterol levels (although studies on their
effects in AD have produced inconsistent data) [108]. A reduction in AB peptide
formation upon statin treatment of neuronal cells was reported [109, 110], while
hypercholesterolemic animals established increased intraneuronal and extracellular
AP deposits and a reduced non-amyloidogenic processing of APP in the hippocampus
and frontal cortex [98]. Treatment of high-cholesterol fed animals with statins was
reported to decrease the cholesterol-induced cerebral AB burden [111-113]. Obviously
statin effects depend on the disease-state of AD patients: cognitive impairment in
individuals with mild to moderate AD was reduced by statin usage, whereas advanced
AD patient’s symptoms did not improve [114-116]. Furthermore, simvastatin in
contrast to atorvastatin delivers promising data on a reduced incidence of dementia
[117]. One possible explanation could be that simvastatin is more hydrophobic and
thus easier crosses the BBB and/or the fact that it enhances HDL levels more

effectively than atorvastatin [46].

Second, intracellular cholesterol levels and its distribution affect APP processing. Thus,

a reduction in sAPPa due to high levels of intracellular cholesterol was observed in APP
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stably transfected HEK293 cells [118]. There is increasing evidence for amyloidogenic
events occurring within membrane lipid rafts, detergent-resistant membrane
microdomains rich in cholesterol and sphingolipid, in the trans-Golgi network and in
endosomes. In contrast, the non-amyloidogenic processes are believed to occur
outside of lipid rafts at sites of low cholesterol concentrations in the plasma
membrane [119-121]. Statins are believed to modulate lipid rafts [122] which harbor
BACE1 and Y-secretase [121]. A decrease in membrane cholesterol reduces activity of
both secretases and leads to decreased AB formation in vitro [111, 118, 123].
Additional in vitro studies provided evidence that statins promote the non-

amyloidogenic processing of APP via a—secretase [124-126].

Third, the fact that the inhibition of acyl-coenzyme A: cholesterol acyltransferase
(ACAT) activity — the enzyme responsible for the esterification of cellular cholesterol —
causes a reduction in AB production in various cell lines and in AD mice [127-129] is
another strong indication for a relationship between cellular cholesterol turnover and

AB metabolism.

Finally, cellular cholesterol efflux promoted by the apoA-I/ABCA1 pathway has been
reported to relate to AB generation. Thus, increased ABCA1 expression suppressed A
levels in cultured cells [130]. Conversely, a deletion of ABCA1 in mouse models of AD
considerably decreased apokE levels, correlating with increased cerebral AR deposits
[131-133]. LXRs stimulate the expression of ABCA1 and G1, both genes believed to
play important overlapping roles in maintaining cerebral lipid and lipoprotein
homeostasis [86, 134]. ABCG1 is highly expressed in the brain and was detected close
to amyloid plaques [135]. However, in vitro studies which examined a possible
influence of ABC transporters on AB metabolism delivered conflicting results [136,

137].

Patients with dementing disorders display higher plasma 240H-C to 270H-C ratios
than healthy subjects [138] and in AD patient’s plasma 240H-C to cholesterol ratios
are reduced [79, 139] whereas 240H-C levels in CSF of AD patients are elevated [140-

145]. The fact that 270H-C has a higher capacity to pass hydrophobic membranes
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(such as the BBB) than 240H-C, corroborate the theory of 270H-C being the missing
link between hypercholesterolemia and AD [146]. This oxysterol is metabolised within
the CNS (mainly in neuronal cells) into more polar products that are transported across
the BBB into the blood [147]. Neuronal loss would therefore reduce such mechanisms

of cholesterol clearance and enhance neurodegeneration in AD [46].

Certain apolipoprotein levels (apoE, D and J) are elevated in AD brains [148-150] and
some (apoE, A-l, B and J) are associated with amyloid plaques [151-155]. ApoE and
apolJ were reported to bind/transport AB in vivo and in vitro [33, 96, 151, 156, 157].
Based on these results, increasing apol levels in the CSF are a suggested therapeutic
agent to prevent AD [158]. In addition, apolJ has recently been identified as one of two
novel AD susceptibility genes, independently, during two genome-wide association

studies [159, 160].

HDL and AB metabolism appear to be linked since HDL is able to suppress AR
production through the activation of reverse cholesterol transport mediated by ABC
transporters [161], HDL can directly bind excess AB and inhibit its oligomerization

[162], and HDL transports AB in both CSF and plasma [163].
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Figure 7: Scheme of cholesterol biosynthesis. Statins block HMGCR in the ER and therefore production
of mevalonate and all down-stream products i.e. cholesterol and non-sterol isoprenoids such as FPP.

(modified from [124])
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2. Aims

Disturbed cholesterol and lipoprotein metabolism are widely accepted to influence AD
etiopathology. Brain capillary endothelial cells (BCEC), the key components of the
blood-brain barrier (BBB), hinder the exchange between brain and plasma
lipoproteins. Therefore, exact mechanisms by which (peripheral) cholesterol and
lipoproteins influence AD pathogenesis are still unknown. Further insights are vital to
close the existing gaps of knowledge and to develop novel and effective strategies of
therapy. To further clarify the mechanisms that link AD pathogenesis and

lipoprotein/cholesterol metabolism we addressed the following aims:

2.1. To characterize APP/AB- and cholesterol metabolism at the

BBB in vitro

Experimental evidence suggests a central role for cellular cholesterol in APP
processing. During the major part of this study we examined if processing of
endogenous APP in cerebrovascular endothelial cells is modulated by LXR agonists
(24(S)-hydroxycholesterol and 27-hydroxycholesterol and the non-steroidal ligand
TO901317) and altered cellular cholesterol homeostasis (cholesterol or simvastatin
treatment). Studies were carried out at the BBB in vitro by using a well-established

model consisting of primary, porcine brain capillary endothelial cells (pBCEC).

2.2. Toinvestigate BBB-derived (apo)lipoproteins and A turnover

at the BBB

The fact that BCEC synthesize both apoA-lI containing HDL-like particles and AR
peptide, but the precise mechanisms underlying these processes as well as the
functions of BBB lipoproteins are incompletely understood, encouraged us to

investigate potential interactions between BBB-derived apo- and lipoproteins and
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BCEC AB metabolism. Using the established in vitro model of the BBB will further

enable us to find novel binding partners for AR peptide in BCEC.
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3. Materials and Methods

3.1. Materials

3.1.1. Chemicals and solutions used for cell culture experiments

Purchased chemicals and solutions are listed in Table 1. Recipes for self-made
solutions and buffers are listed below. Transwell multiwell plates were obtained from
Sigma Aldrich. FlexiPerms and all other cell culture plastic ware were obtained from
Greiner Bio-One. Oak-Ridge tubes, 50 ml PC (Cat. Nr. 3118-0050) were from Fisher

Scientific. Evohm ohmmeter was from World Precision Instruments.

Table 1: Chemicals and solutions used for cell culture experiments

Medium 199 (1x) Invitrogen
Minimum Essential Medium (MEM, 10 x) Invitrogen
MCDB 131 Medium (1x) Invitrogen
Collagenase/Dispase Roche
Dispase Invitrogen
Penicillin/Streptomycin/Gentamycin PAA Laboratories
Trypsin-EDTA PAA Laboratories
Ox Serum PAA Laboratories
L-Glutamine PAA Laboratories
Accutase™ Sigma Aldrich
Percoll® pH 8.5-9.5 Sigma Aldrich
Collagen G from bovine calf skin M&B Stricker
Dextran VWR
24(S) -hydroxycholesterol Medical Isotopes
27-hydroxycholesterol Avanti Polar Lipids
TO 901317 Cayman Chemicals
Simvastatin Sigma Aldrich
Cholesterol Sigma Aldrich
Hydrocortisone Sigma Aldrich
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1x PBS, pH 7.38-7.42, 5 liter

40 g NaCl

1.5gKdcl

0.1 g KH,PO,

0.457 g Na,HPO, + 2 H,0
10 g Glucose or Dextrose

Fill up to 5 liters with d,H,0, filter the
solution and autoclave it.

Preparation Medium

500 ml Medium M199 (1x)
1% Penicillin/Streptomycin
1% Gentamycine

1 mM L-Glutamine

Plating Medium A

500 ml Medium M199 (1x)
1% Penicillin/Streptomycin
1% Gentamycin

1 mM L-Glutamine

10% Ox Serum

Plating Medium B

500 ml Medium M199 (1x)
1% Penicillin/Streptomycin
1 mM L-Glutamine

10% Ox Serum
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Collagenase/Dispase solution

100 mg enzyme
10 ml Plating medium A

Transfer solution trough a sterile-filter (0.2
Um pore size), prepare 350 pl aliquots and
store them at -20°C.

Dextran solution

200 g Dextran (Lot D-4568A)
2.4 g NaHCO;4
109.1 ml MEM (10x)

Fill up to 1.2 liter, stir solution overnight at
4°C, determine density and adjust with d,H,0
until the density is 1.0612 (4°C). Mark liquid
level, autoclave solution and add sterile
d,H,0 water up to the mark.

Percoll® biphase

1.03 density (50 ml)
40 ml 1x PBS

9 ml Percoll

1 ml MEM (10x)
1.07 density (50 ml)
20 ml 1x PBS

27 ml Percoll

3 ml MEM (10x)

Hydrocortisone solution (50 pg/ml)

Add 1 ml ethanol and 19 ml medium to 1 mg
hydrocortisone. Prepare 2 ml aliquots and
store them at —20°C. (For 500 ml medium
take 2 ml hydrocortisone).
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MCDB 131 Medium

500 ml MCDB 131 Medium (1x)
2% FCS
1% Penicillin/Streptomycin

1 mM L-Glutamine

TO 903017 stock

Add 1 ml ethanol (absolute) to 50 mg
T0O901317, then dilute further (1:10) with
ethanol to obtain a 10 mM stock. Prepare
aliquots and store them at -20°C.

24(S)/27 -hydroxycholesterol stock

Add 621 pl ethanol (absolute) to 5 mg of
the oxysterol obtain a 20 mM stock.
Prepare aliquots and store them at -20°C.

Cholesterol stock

Add 1 ml ethanol (absolute) to 7.74 mg
cholesterol to obtain a 20 mM stock. Store
the stock at — 20°C.

Simvastatin stock

Add 100 pl ethanol (absolute) to 1 mg
simvastatin. Then add 150 pl of 0.1 N NaOH to
the solution and incubate at 50 °C for 2 hours.
Adjust pH to 7.0 with HCIl, and the final
concentration of the stock solution to 4 mg/ml.
Store aliquots at — 20°C.
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3.1.2. Materials used for RNA isolation, cDNA synthesis and quantitative real-time

PCR

All purchased products are listed in Table 2. Primers for quantitative real-time PCR
were self-designed (Primer 3 software), obtained from Invitrogen and are listed in

Table 3-Table 5. Self-made solutions and buffers are listed below.

Table 2: Materials used for RNA isolation, cDNA synthesis and quantitative real-time PCR

RNeasy® Plus Kit Qiagen
iScript™ cDNA Synthesis Kit Biorad
iQ™ SYBR® Green Supermix Biorad
B-mercaptoethanol Sigma Aldrich
Nuclease-free water Carl Roth
2-Log DNA ladder New England Laboratories
Gel Loading Dye, Blue (6x) New England Laboratories
Biozym LE Agarose Biozym
Ethidiumbromide (10 mg/ml) Invitrogen
Wizard® SV Gel and PCR Clean-Up System Promega
Microseal ‘B’ Adhesive Seals for PCR Plates Biorad
NanoDrop® ND-1000 UV-Vis Spectrophotometer Peglab
C-1000™ Thermal Cycler Biorad
iCycler iQ™, Real-Time PCR Detection System Biorad
0.2 ml PCR Tube Strips Biorad
OneTouch Filter-Tips, 10 ul Biozym
HE 33 Mini Submarine Electrophoresis Units Hoefer® Inc.
Molecular Imager ChemiDoc XRS System Biorad
Power Pac HC, Power supply Biorad
ELMA Transsonic 460, ultrasonic unit Carl Roth
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TAE buffer (50x)

2 M Tris
0.05 M EDTA
57.1 ml glacial acid

Adjust the pH to 8.5 and fill it up to 1 liter
with d,H,0, filter the solution and store at 4°C
in the dark.

MOPS buffer (10x)

200 mM MOPS
50 mM Na-acetate
5 mM EDTA

Adjust the pH to 7.0, fill it up to 1 liter with
d,H,0, filter the solution and store at 4°C in
the dark.
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Table 3: Primers used for quantitative real-time PCR of amyloid metabolism genes.

APP GTGAAGATGGATGCGGAGTT 152
GTGATGACAATCACGGTTGC
AGCAACATCTGGGGACAAAC

ADAM10 CTTCCCTCTGGTTGATTTGC 219
ACAGTGGCACCACCAACCTT
BACE1 GCCAGAAACCATCAGGGAAC 105

PS-1 CATGACTATTCTCCTGGTGG 201
GCAATCATTCCTACCACACC

PS-2 CCTCCTCAACTCCGTGCTCA 203
GGTAGTCCATGGCCACGTTG
GGTCTCCTTCGCCTTCTGTC

NCSTN GCTCTCCAGCAGAACCATGT 253
ATGAACCTGGAGCGAGTGTC

PSENEN CTCTGTTCTGTGTAGGCTGG 152
GCCTCTGTGGTCTGGTTCAT

APH-1a ATCTTCCGTCCTCACTCAGC 184
AGGACCTCTCGAAGTGTTGG

HPRT1 CAGATGGCCACAGGACTAGA 247

Table 4: Primers used for quantitative real-time PCR of amyloid-transporter genes.

woe  SqSTTAITS
wa NI
w GG




Table 5: Primers used for quantitative real-time PCR of lipid metabolism genes.

GCCACTAAGCTTGGTTCCAT

ACAT-1 GCTTGTCCTTCACCTCCTTG 118
CATAGAAGCCATGTCCAAGC
ACAT-2 ACATCTTCCAGTGACCAACC 264
GCTTCTCCCCCTACTCCATC
SREBP-2 - \GAGGCACAGGAAGGTGAG 151
CTTGTTCACGCGCACAGTCG
HMGCR . ACAGCCAGAAGGAGAGCCA 207
APO! CCTTCTTCGACATGATCCAC
TCTTCGACATGATCCACCAG
GCCATTCTCCGGGCCAAC
ABCAL GGCTTCACGCCGCTGAT 252

Table 6: Murine primers used for quantitative real-time PCR

APP TCCGAGAGGTGTGCTCTGAA 115
CCACATCCGCCGTAAAAGAATG
R-actin TCCCTGGAGAAGAGCTACG 247
GTAGTTTCGTGGATGCCACA
RPII CTGGACCTACCGGCATGTTC 133
GTCATCCCGCTCCCAACAC
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3.1.3. Materials used for protein isolation-, determination, immunoprecipitation,
SDS PAGE and immunoblotting
Table 7 and Table 8 display all purchased products used for protein isolation, -

guantification, SDS PAGE, and immunoblotting. Self-made solutions and buffers are
listed below.

Table 7: Purchased products for protein isolation, precipitation and determination.

Protease inhibitor cocktail Sigma Aldrich
NP-40 Sigma Aldrich
Chemicals (e.g. Tris) Carl Roth or Sigma Aldrich
Pierce® BCA Protein Assay Kit Thermo Scientific
Quant-iT™ Protein Assay Kits Invitrogen
Qubit® Fluorometer Invitrogen
Sunrise photometer with Magellan software Tecan
Bovine Serum Albumine, 2 mg/ml Thermo Scientific
Centrifuge Sigma 3K15 with angle rotor 12154-H Sigma
Concentrator Plus Eppendorf
IKA® Model MS 1 minishaker Carl Roth
Combi-Shaker KL 2 Carl Roth
Centriprep® Centrifugal Filter Devices Millipore
Thermomixer comfort 1.5 mi Eppendorf
Microcentrifuge, Qualitron DW-41 Carl Roth
Magnetic stirrer with heating, MR 3001, Heidolph VWR
WTW Handheld meter pH 330i WTW
Beckman GS-6R Centrifuge with swinging bucket rotor GH3.8 Beckman Coulter
Ratek RSM7, Rotary Suspension Mixer VWR
Julabo SW 21 Shaking Water Bath Julabo
Dynabeads® Protein A Invitrogen
Dimetyl pimelimidate dihydrochloride (DMP) Sigma Aldrich
Triethanolamine Sigma Aldrich
Glycine Sigma Aldrich
Bradford Reagent Sigma Aldrich
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Table 8: Purchased products for SDS PAGE and immunoblotting.

Protran BA Nictrocellulose membrane VWR
Hybond-P PVDF membrane VWR
Precision Plus Protein™ Western C™ Pack Biorad
Immun-Star™ WesternC™ Chemiluminescent Kit Biorad
CL-XPosure Film (12,5 x 17,5 cm) Thermo Scientific
XT sample buffer (4x) Biorad
XT sample reducing agent (20x) Biorad
NuPAGE Antioxidant Invitrogen
NuPAGE® Novex 4-12% Bis-Tris Midi Gel Invitrogen
Criterion XT™ Bis-Tris Gel Biorad
Criterion XT™ Tris Acetate Gel Biorad
Perfect-Block VWR
Bovine Serum Albumin, Fraction V Sigma Aldrich
Blotting-Grade blocker, nonfat dry milk Biorad
Precision Protein™ StrepTactin-HRP Conjugate Biorad
NuPAGE® MES SDS Running Buffer (20x) Invitrogen
Blotting Filter Papers, 2.5 mm thickness, 8.6 cm x 13.5 cm Invitrogen
Criterion™ Blotter Filter Paper Biorad
SuperSignal® West Pico Chemiluminescent Substrate Thermo Scientific
Criterion™ Cell Biorad
Criterion™ Blotter Biorad
Tween-20 Sigma Aldrich
Triton-X Sigma Aldrich
Acrylamid solution Sigma Aldrich

Protein lysis buffer (pH 7.4)

50 mM Tris

10 mM EDTA

1% v/v NP-40

0.1 v/v protease inhibitor cocktail

Fill up to 5 liter with d,H,0.
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TBS-TT (1x, 5 liter)

100 ml Tris, 1M, pH 7.5
250 ml NaCl,5 M

10 ml Triton-X

2.5 ml Tween-20

Fill up to 5 liter with d,H,0.

Blocking solution

Dissolve 1% w/v casein (Perfect Block) in

1x TBS-TT.

Towbin buffer (10x)

30.3 g Tris
144 g Glycine
10 g SDS

Fill up to 1 liter with d,;H,0. Do not adjust the

pH it should be 8.3.

SDS running buffer (1x)

100 ml Towbin buffer (10x)
Fill up to 1 liter with d,H,0.

Transfer buffer (1x)

100 ml Towbin buffer (10x)
200 ml methanol

Fill up to 1 liter with d,H,0.
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SDS separating gel (10%), 1.5 mm, 1 gel

5.9 ml d,H,0

5 ml acrylamide

3.8 ml separating Gel Buffer, (Tris, pH 8.8)
150 pl SDS, 10% w/v

155 pl APS, 10% w/v
15 pl TEMED

SDS stacking gel (4%), 2 gels

3.6 ml d,H,0

800 ul acrylamide

1.5 ml stacking Gel Buffer, (Tris, pH 6.8)
60 ul SDS, 10% w/v

60 ul APS, 10% w/v

6 ul TEMED

Sodium phosphate buffer (10 ml pH 8.0)

Stock A:

0.2 M NaH,PO,*H,0 (1.38 g/50ml d,H,0)
Stock B:

0.2 M Na,HPO,*7H,0 (2.68g/50 ml d,H,0)

Mix:
265 ul stock A + 4.74 ml stock B; adjust
volume to 10 ml with d,H,0

Mild elution buffer for immunoprecipitation

50 mM Glycine, pH 2.8
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Cross-linker for immunoprecipitation

20 mM DMP in 0.2M Triethanolamine, pH 8.2
(5.4 mg DMP/ml buffer)
Always prepare the solution fresh!

3.1.4. Antibodies

Primary and secondary antibodies used for immunoblotting, immunhistochemistry,

and immunofluorescence are listed in Table 9.

Table 9: Primary and secondary antibodies used for immunoblotting, immunohistochemistry and

immunofluorescence.

Primary antibodies:

rabbit-anti-b-Actin Sigma Aldrich 1: 5000
rabbit-anti-APP Invitrogen 1:1500 full-length APP
rabbit-anti-Ab Sigma Aldrich 1:200 APP/AB via IHC
A11 rabbit-anti-amyloid oligomer Millipore 1:10,000 AB oligomers
Bam-10 mouse-anti-b-amyloid Sigma Aldrich 1:1500 sAPPa
rabbit-anti-sAPPb Covance/Anopoli 1:1000 sAPPj
rabbit-anti-HMGCR Abcam 1:1000
rabbit-anti-SREBP-2 Abcam 1:1000
rabbit-anti-Apo J Santa Cruz 1:1000
rabbit-anti-Apo A-l Dr. Ernst Malle 1:2000
rabbit-anti-ABCA1 Abcam 1:1000
rabbit-anti-von Willebrand Factor DAKO" 1:10,000 pBCEC via IHC
Secondary antibodies:
goat-anti-Rabbit-HRP Abcam 1:6000
goat-anti-Mouse-HRP Sigma Aldrich 1:5000
goat-anti-Rabbit-Cy™3 Dianova” 1:200

*provided by Dr. Ingrid Lang, Institute of Cell Biology, Histology & Embryology,
#provided by Dr. Eva Bernhart, Institute of Molecular Biology and Biochemistry
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3.1.5.

All products used for immunohistochemistry and immunocytochemistry are listed in

Table 10.

Materials used for immunohistochemistry and immunocytochemistry

Table 10: Materials used for immunohistochemistry

HM560 Cryo Star, Cryostat

Microm International

Tissue-Tek®, 0.C.T.™ Compound

Sakura Finetek

Microscope slides, Super Frost®

Carl Roth,
Assistant, Karl Hecht AG

Microtome blades, C53 Type

MPOE GesmbH

UltraVisionLP Detection System

Thermo Scientific

Antibody diluent

DAKO

Normal rabbit immunoglobulin fraction

DAKO

AEC Thermo Scientific
Mayer’s hemalum Merck
Kaiser’s glycerol gelatine Merck

Vectashield® Mounting Medium with DAPI

Vector Laboratories

Leica DM 4000B fluorescence microscope
with DFC300FX digital colour camera

Leica

Motic BA310 light microscope

Motic Deutschland GmbH




3.1.6. Materials used for cholesterol assay and radiometric assays for cholesterol

biosynthesis, esterification and cholesterol efflux

[1,**C]-acetic acid sodium salt ([14C]—acetate), [1,2—3H(N)]—cholesterol ([3H]—cholesterol),
scintillation vials and Ultima Gold scintillation cocktail were from New England Nuclear
was from NEN (Vienna, Austria). Enzymatic kits for determining total cholesterol were

from Greiner Bio-One. TLC silica plates were from Merck (Vienna, Austria).

3.1.7. Materials used for AB/apo A-l labeling, AB/apo A-l transport, binding and

uptake assay

AB(1-40) was from Sigma Aldrich (Vienna, Austria). Alexa Fluor® 488 5-
tetrafluorophenyl esters (TFP) was from Invitrogen (Vienna, Austria). Apo A-l was a gift
from Dr. Ernst Malle (Institute of Molecular Biology and Biochemistry, Medical
University of Graz). [125-1] was from New England Nuclear. PD-10 size-exclusion
columns were from GE Healthcare (Vienna, Austria). All solvents were from Sigma

Aldrich (Vienna, Austria) or Lactan (Graz, Austria).

Carbonatebicarbonate (CBC) buffer, pH 9.0

0.5 M Na,CO,
0.5 M NaHCO;

3.2. Methods

3.2.1. Isolation and culture of porcine brain capillary endothelial cells (pBCEC)

For isolation of pBCEC [76], porcine brains were obtained from freshly slaughtered pigs
(6 months on average) from the local abattoir. After removal of the meninges and

secretory areas, the gray and white matter of the brain cortex was minced. Capillaries
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were isolated by enzymatic digestion with dispase (70 mg/brain) and gentle stirring in
a water bath at 37°C for 1 h. After mixing with dextran solution (10% w/v) and
centrifugation (6800 g, 10 min, 4°C), the pellets were resuspended in serum-free
‘preparation medium’ (M199, containing 1% P/S, 1% gentamycine, and 1mM L-
glutamine). The size of capillary fragments was checked by light microscopy and the
cell suspension was carefully transferred on top of a Percoll gradient (15 mL of 1.07
g/mL; 20 mL of 1.03 g/mL), and centrifuged at 1300 g for 10 min in a swinging bucket
rotor. Endothelial cells were recovered from the interphase of the gradient and
washed in serum-free medium to remove Percoll. Cells were plated on collagen-coated
(60 pg/ml) 75 cm? flasks in ‘plating medium’ (M199, containing 1% gentamycine, 1%
P/S, and 1ImM L-glutamine and 10% ox serum) at 37°C in humidified air containing 5%
CO,. After 24 h cells were washed twice with PBS and cultured in fresh ‘medium B’
(M199 containing 1% P/S, 1mM L-glutamine and 10% ox serum) until confluence.
Confluent cells were trypsinised and split onto collagen-coated multiwell plates (60
ug/ml collagen) or Transwell filters (120 pg/ml collagen) and grown until confluence in

‘medium B’ at 37°C in humidified air containing 5% CO,.

3.2.2. Isolation of murine brain capillaries (MBEC)

Mice (C57BL/6J) were killed by cervical dislocation. Brains were transferred into
phosphate-buffered saline (PBS; containing 1% P/S) on ice and dissected mechanically.
After addition of dispase, brains in a final volume of 5 mL serum-free M199 medium
were stirred in a water bath at 37°C for 45 min to 1 h. The digestion was controlled
microscopically to obtain intact capillaries. Then, 5 mL dextran was added and the
solution was centrifuged at 10 000 g for 10 min (4°C). After microscopic control, the
pellet was re-suspended in 2 mL serum-free preparation medium and transferred to a
Percoll gradient consisting of 4 mL of 1.03 g/mL density and 3 mL of 1.07 g/mL density
Percoll solution. Following a centrifugation step at 2400 rpm (10 min at 22°C without
brake), the interphase was transferred into a fresh tube, washed in serum-free

medium, and either seeded on collagen-coated (60 pg/ml) flasks (25 cm? area) lysed in
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RLT Plus buffer with B-mercaptoethanol for RNA isolation or lysed in protein lysis

buffer for protein isolation.

3.2.3. Transwell experiments

To induce tight junction formation - pBCEC grown on 12-well Transwell filters for
usually 3 days were exposed (over night) to DMEM/Ham’s F12 medium containing 500
nM hydrocortisone (Sigma Aldrich), 1% P/S and 0.25% glutamine. Rising
transendothelial electrical resistance (TEERs) of pBCEC - measured by using an Endohm
tissue resistance chamber and the Evohm ohmmeter (World Precision Instruments) -

indicated formation of intact tight junctions in the in vitro BBB model system [76].

3.2.4. Quantitative real-time PCR

pBCEC were exposed to vehicle (ethanol), 10 uM 240H-C, 10 uM 270H-C, 5 uM
simvastatin, 2 uM TO, or 100 uM cholesterol in serum-free medium for 24 h. Total
RNA was isolated (Rneasy Plus Kit, Qiagen) and 1 pg was used for cDNA synthesis
(iScript cDNA synthesis Kit, Biorad). Quantitative PCR was performed by using cDNA,
sequence specific primer pairs and the fluorescent dye SYBR Green (Biorad) on an
iCycler iQ Real-time PCR Detection System (Biorad), following the manufacturer’s
protocol. Briefly, each reaction (20 ul) contained 1x SYBR Green supermix, 0.2 uM
primers, and 20 ng template. Amplification was carried out for each sample in
triplicate, with 40 cylces at 95°C for 20 s, at 60°C for 40 s and at 72°C for 40 s. Melting
curve analysis confirmed the specificity and purity of each PCR product. Sequence
analysis on a CEQ 8000 (Beckman Coulter) instrument was performed to confirm the
identity of PCR products. Expression levels of genes of interest (hypoxanthine
phosphoribosyltransferase 1, HPRT1; sterol regulatory element binding protein 2,
SREBP-2; presenilin 1 and 2, PSEN1 and PSEN2; nicastrin, NCSTN; presenilin enhancer 2
homolog, PSENEN; anterior pharynx defective 1 homolog A, APH1A; ADAM
metallopeptidase domain 10; ADAM10; beta-site APP-cleaving enzyme 1, BACEL;
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mitochondrially encoded cytochrome c oxidase Il, COX2; tumor necrosis factor, TNFa)
were normalized to HPRT-1. Data were analysed using a standard curve method [164].

The primer sequences are listed in Table 3-Table 5.

3.2.5. Immunoprecipitation of proteins from cell culture supernatants

Immunoprecipitation of secreted proteins was performed following a modified version
of the manufacturer’s protocol. In brief, 50 pyl Dynabeads® were transferred to a
microcentrifuge tube and washed once by the addition of 0.5 ml 0.1 M sodium
phosphate buffer pH 8.0. The tube was placed onto the magnet (DynaMag™-Spin
Invitrogen) for 1 min and the supernatant was removed. The washing step was

repeated once.

The antibody (0.5-10 pg) diluted in 200 ul PBS-T (1x PBS pH 7.4 containing 0.02% w/v
Tween 20) was added to the beads, the suspension was mixed and put on a rotating
wheel for 10 min at room temperature. The tube was placed on the magnet for 2 min
and the supernatant was removed and 1 mL 0.2 M triethanolamine (pH 8.2) was used

to wash the beads twice (as described in the first paragraph).

The beads-antibody complex was resuspended in 1 ml of 20 mM DMP in 0.2 M
triethanolamine (pH 8.2; 5.4 mg DMP/ml buffer) and put on the rotating wheel for 30
min at room temperature. The tube was placed on the magnet for 2 min, supernatant
was removed and the reaction was stopped by resuspending the beads with 1 mL 50

mM Tris, pH 7.5 and incubation for 15 min with rotational mixing.

The tube was placed on the magnet for 2 min, supernatant was removed and the
beads were washed 3 times with 1 mL PBS pH 7.4 for 1 min. Antigen-containing
solution was added to the beads and the mixture was incubated O.N. at 4°C on the
rotating wheel. The tube was placed on the magnet for 2 min, supernatant was

removed and beads were washed 3 times with 0.2 ml 1x PBS for 1 min.

Beads were resuspended in 100 pl 1x PBS and transferred to a clean tube that was

placed for 2 min on the magnet. The supernatant was removed and 40 pl mild elution
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buffer was added and beads were gentle resuspended. The mixture was incubated
with rotation for 2 min at room temperature to dissociate the complex. The tube was
placed on the magnet for 2 min, supernatant (eluate) was transferred to a clean tube

and stored at -20°C for further analyses.

3.2.6. SDS-PAGE and immunoblotting

Cells grown in 6-well plates or 12-well Transwell filters were incubated in serum-free
medium containing 10 uM 240H-C, 10 uM 270H-C, 5 uM simvastatin, 2 uM TO, 100
UM cholesterol, or equal volumes of ethanol (control) for 24 h. The medium was
collected, centrifuged (10,000 g, 10 min, 4°C) and proteins were precipitated with 3%
(v/v) trichloroacetic acid from the obtained supernatants, and pellets were dissolved in
1x sample buffer (Biorad). After removal of the cell culture medium, cells were washed
twice with PBS and lysed in protein lysis buffer (50 mM Tris, 10 mM EDTA, 1% v/v NP-
40, 0.1 v/v protease inhibitor cocktail, pH 7.4), or NaOH (0.3 N; for cells grown on
Transwell filters). Cell lysates were sonicated, centrifuged (10,000 g, 10 min, 4°C), and
protein content was determined using the BCA assay (Thermo Scientific). Aliquots
containing 10 pg of cellular protein or equal amounts of secreted proteins (normalized
to the cell protein content of each sample), were mixed with 4x loading buffer, 20x
reducing agent (Biorad) and heated for 2 min at 95°C. Samples were loaded onto 4-
12% Bis-Tris gels (Biorad) in 2-(N-morpholino)ethanesulfonic acid buffer (MES)
(Invitrogen), proteins were separated by SDS-PAGE and transferred onto 0.45 um
PVDF membranes (GE Healthcare) at 50 V for 60 min. Membranes were blocked with
10% non-fat dry milk (Biorad) in TBS containing 0.5% Tween 20 for 1 h at room
temperature. The membranes were then probed with primary antibodies for 1.5 h at
room temperature (please refer to section “Antibodies” under ‘Material and
Methods’). After three washing steps (using TBS containing 0.05% Tween 20 and 0.2%
Triton X 100 for 10 min), membranes were incubated with polyclonal horseradish
peroxidase conjugated secondary antibodies (please refer to section “Antibodies”) for

45 min at room temperature. After three washing steps signals were detected on X-ray
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films using enhanced chemiluminescence (Western C Immunstar Kit, Biorad). Blots
were incubated with polyclonal goat-anti rabbit anti-B-actin antibody (Sigma, 1:5000 in
TBS containing 0.5% Tween 20) as loading control; washing steps and incubation with
secondary ab were carried out as described above for primary ab. Films were scanned

and bands densitometrically analysed using Image J software (version 1.42q).

3.2.7. Immunhistochemistry

Cryosections (6 um) of porcine brain samples were mounted on microslides (Assistent,
Karl Hecht AG, Sondheim, Germany), air-dried over night and stored frozen. Prior to
immunostaining, tissue sections were fixed in acetone for 4 min and subsequently
immunolabeled using the UltraVision LP Detection System (Thermo Scientific,
Fremont, CA, USA) according to the manufacturer’s instructions. The following
antibodies were diluted in antibody diluent (Dako) and applied for 30 min at room
temperature: von Willebrand factor antibody (vWF, Dako, 0.725 pg/ml,
immunoglobulin fraction, rabbit anti-human), APP (Sigma, 1 pg/ml, rabbit anti-
human). Normal rabbit immunoglobulin fraction (Dako, 1ug/ml) was used as control.
After washing in PBS, slides were incubated with primary antibody enhancer for 10
min, followed by HRP-polymer for 15 min. The slides were washed and
immunolabeling was visualized by a 5 min exposure to 3-amino-9-ethylcarbacole (AEC,
all from UltraVision kit, Thermo Scientific). The slides were counterstained with
Mayer’s hemalum (Merck, Darmstadt, Germany), washed in distilled water and

mounted with Kaiser’s glycerol gelatin (Merck).

3.2.8. Immunocytochemistry

pBCEC were grown on collagen-coated FlexiPerm cell culture chambers (0.9 cm?) in
medium B until 70-80% confluence. Cells were washed twice with PBS and incubated
in the presence of ethanol (0.5%; vehicle control) or 10 uM 240H-C, 10 uM 270H-C, 5

MM simvastatin, 2 uM TO or 100 uM cholesterol in serum-free medium for 24 h. Cells
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were fixed with acetone (5 min), permeabilized with PBS containing 0.1% Tween 20,
and blocked with goat serum (2.5% in PBS containing 0.1% Tween 20) for 45 min at
room temperature. Incubation with polyclonal rabbit anti human AR antibody (Sigma,
1:200 in PBS containing 0.5% Tween 20) was carried out for 1 h at room temperature,
followed by two washing steps (10 min and 5 min in PBS containing 0.5% Tween 20)
and incubation with polyclonal goat anti-rabbit antibody conjugated to Cy3 (Dianova,
kindly provided by Eva Bernhart, 1:100). After two washing steps (10 min and 5 min in
PBS containing 0.5% Tween 20 in the dark), slides were mounted (Vectashield medium
containing Dapi, Vector laboratories), and cells and fluorescent signals were analysed

with a Leica DFC 300 FX fluorescence microscope.

3.2.9. Quantification of cellular cholesterol levels

Cells grown in 6-well plates were incubated in serum-free medium containing 10 uM
240H-C, 10 uM 270H-C, 5 uM simvastatin, 2 uM TO, 100 uM cholesterol, or equal
volumes of ethanol (control) for 24 h. Cells were washed twice with PBS, and
incubated for 30 min under gentle agitation with cholesterol reagent (Greiner Bio-
One) in the presence of 5 mg/mL enhancer sodium 3,5—dichloro-2-
hydroxybenzenesulfonate (DHB; Sigma Aldrich). Absorbance (at 562 nm) was
measured on a Sunrise photometer with Magellan software (Tecan) and values

obtained were normalized to intracellular protein content.

To analyze unesterified and esterified cellular cholesterol, cells were treated as
described above and cellular lipids subsequently extracted twice with 500 pl of
hexane/2-propanol (3:2, v/v). After centrifugation at 14000 g, 500 ul of the organic
phase was removed and hydrolysed in KOH. The neutral lipids were extracted into
hexane, dried and converted into the corresponding trimethylsilyl ether derivatives (80
ul of acetone/20 pl  bis(trimethylsilyl)trifluoroacetamide  containing 1%
trimethylchlorosilane; 15 min at 50°C). Lipid extracts without prior hydrolysis were
processed as described above to determine the intracellular unesterified cholesterol

content. The difference between the cholesterol contents of hydrolysed versus non-

52



hydrolysed samples should reflect the contribution of esterified cholesterol to the
total cellular cholesterol content. The trimethyl-silyl-ether derivatives were analysed

by GC and quantified with 5a-cholestane as an internal standard [165].

3.2.10. Radiometric assays for cholesterol biosynthesis and esterification

PBCEC were incubated with [**C]-acetate (10 pCi/mL) in the presence of 10 M 240H-
C, 270H-C, 2 pM TO, 100 uM cholesterol, 5 pM simvastatin, or ethanol vehicle
(control) in serum-free medium for 24 h. Cells were rinsed twice in PBS and cellular
lipids were extracted by incubation in n-hexane:isopropanol (3:2 v/v) (2x 1 mL for 30
min, gently agitating at room temperature). Lipid extracts were dried under a nitrogen
stream and resuspended in 50 pl of chloroform:methanol (2:1 v/v). Aliquots of the
samples were counted on a beta counter to obtain total counts/well. Lipid extracts
were loaded onto Silica gel thin layer chromatography (TLC) plastic plates (Merck). For
separating cholesterol (C) and cholesterol esters (CE), n-hexane:diethylether:acetic
acid (79:29:1, v/v) was used as the mobile phase. Standards (Sigma Aldrich) for all lipid
classes (1 mg/mL) were run in parallel to the samples. Lipid class spots were stained
with iodine vapour, cut out, and radioactivity was determined by beta counting (Liquid
Scintillation Analyzer, Packard). Total counts per sample were normalized to
intracellular protein content (determined using the Qubit® fluorometer and the Qubit®

Protein Assay Kit, Invitrogen).

3.2.11. Radiometric assay for cholesterol efflux

pBCEC were grown on collagen-coated 12-well plates in medium B until confluence
and cholesterol efflux was assayed essentially as previously described [76]. In brief,
cellular cholesterol pools were labeled with 1 pCi/ml [>H]-cholesterol in medium B for
24 h. On the next day, the cholesterol pools were briefly equilibrated by incubating the
cells in 1 ml serum-free medium for 2 h. After two washing steps (1x PBS) pBCEC were

incubated in the absence or presence of apoA-I (20 pug/ml) and the presence of 10 uM
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240H-C, 270H-C, 2 uM TO, 100 uM cholesterol, 5 uM simvastatin, or ethanol vehicle
(control) in serum-free medium for 24 h. After centrifugation (10,000 rpm, 5 min)
aliquots of cell supernatants were counted on a pB-counter to obtain total
counts/supernatant. Cells were carefully washed with 1x PBS and lysed in 0.2 ml 0.3N
NaOH. Aliquots of cell lysates were counted on a B-counter to obtain total counts/cell
lysates. Total cellular protein content was determined (using the Qubit® fluorometer
and the Qubit® Protein Assay Kit, Invitrogen) and [3H]-cholesterol efflux was calculated

in com/mg cell protein.

3.2.12. Oil Red O (ORO) staining of neutral lipids

pBCEC were grown on collagen-coated FlexiPerm cell culture chambers (0.9 cm?) in
medium B until 70-80% confluence. Differentiated human Simpson-Golabi-Behmel
syndrome (SGSBS) adipocytes (grown on FlexiPerm chambers and obtained from the
group of Dr. Rudolf Zechner) were used as positive control. Cells were washed twice
with PBS and incubated in the presence of ethanol (0.5%; vehicle control) or 100 uM
cholesterol in serum-free medium for 24 h. Slides were stained with 0.5% ORO in 60%
isopropanol for 30 min. Counter-stained slides (hematoxylin, 10 min) were mounted

with Kaiser’s Gelatine (both from VWR, Vienna, Austria).

3.2.13. Labeling and transport studies of radiolabeled AB;. 40 peptide and apoA-I

Proteins/peptides were iodinated using N-Br-succinimide as the oxidizing agent [166].
Routinely, 100 uCi [**°]-Na was used to label 1 mg of protein. This procedure resulted

in specific activities of between 50 and 100 cpm per ng protein.

pBCEC were grown on collagen-coated 12-well Transwell plates in medium ‘B’ until
confluence. Tight junction formation was induced as described in Material and
Methods ‘Transwell experiments’ and monitored at the start and end of the
experiments. For AB transport studies cells were incubated with 0.5 pg/ml [**°1]-AB1.40

added either to the basolateral or apical compartment for up to 60 min. After 3 time
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points (10, 30 and 60 min) aliquots of media were taken (100 pl from the apical, 400 pl
from the basolateral side) and radioactivity was measured on a gamma-counter. The
aliquots were replaced by fresh medium. After a final washing step with 1x PBS, cells
were lysed in 300 ul 0.3N NaOH, cell-associated radioactivity was counted from an
aliquot (100 pl)and protein content was determined using the Bradford Reagent
(Sigma Aldrich) according to the manufacturer’s protocol [167].

For apoA-I transport studies, cells were incubated with 2, 5 or 10 (+ HDLs) pg/ml [**I1]-

apoA-| added to the apical compartment for up to 3 h. After several time points (0.5, 1,
2 and 3 h), aliquots were taken (400 ul) from the basolateral compartment and
measured on a gamma-counter. The aliquots were replaced by fresh medium. After a
final washing step with 1x PBS, cells were lysed in 300 pl 0.3N NaOH, cell-associated
radioactivity was counted from an aliquot (100 ul) and protein content was
determined using the Bradford Reagent (Sigma Aldrich) according to the

manufacturer’s protocol [167].

3.2.14. Fluorescent labelling of AB1.40

AB1.40 peptide was labeled with Alexa Fluor 488 5-TFP during incubation at 37°Cfor 1 h
in carbonatebicarbonate (CBC) buffer (Table 11). Unbound fluorescent dye was
removed via size-exclusion on a PD-10 column. Elution was performed with 1 ml PBS

and the final concentration of the fluorescent AB (Alexa-AB) peptide was 150 pg/ml.

Table 11: Labeling of amyloid beta,.4, peptide

AB1.40 (5 mg/ml) 3ol
CBC buffer pH 9.0 6 pl
Alexa Fluor 488 5-TFP 1
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3.2.15. Flow-cytometric Alexa-AB;.40 peptide binding and uptake assay

BW transductants were counted using a Nucleocounter (Chemometec A/S) and
100,000 cells per 96 well were prepared in 100 ul RPMI 1640 (without FBS+1 mg/ml
BSA), transferred into FACS tubes where incubation with Alexa-ABi49 peptide (20
ug/ml) was carried out for 45 min at 4°C. After centrifugation at 500 g for 5 min, cells
were washed once with PBS and then resuspended in 100 ul FACS FIX solution.
Samples were analysed using a BD FACSCalibur Flowcytometer (experiments were
conducted by Michael Holzer, Institute of Experimental Pharmacology, Medical

University Graz).

pBCEC were cultured on collagen-coated (60 ug/ml) 48 well plates (Greiner) in serum-
free medium containing Alexa- AB1.40 peptide (0-50 pg/ml) in the absence or presence
of fucoidan (Sigma Aldrich, 50 pug/ml, pre-incubation of cells for 30 min) for 2 h at
either 37°C or 4°C. Cells were then washed with PBS and detached from the culture
ware using accutase (Sigma Aldrich). After centrifugation (900 rpm, 5 min) cells were
resuspended in 100 pl FACS Cellfix solution (BD Biosciences) and samples were
analysed using a BD FACSScan Flowcytometer and CELLQuest software (Beckton
Dickinson). Gates were set to exclude cell debris and Alexa fluorescence intensity was
measured in FL1 channel (green, 488 nm). Fluorescence intensity of the gated events

was quantified (10,000 events for each sample).

3.2.16. Fluorescence microscopy

pBCEC cultured on collagen-coated (60 pg/ml) self-made flexiPERM objective slides
were incubated in serum-free medium containing Alexa- AB140 peptide (0-50 pg/ml)
for 2 h at 37°C. Cells were then washed with 1x PBS, fixed with acetone for 5 min,
shortly re-hydrated with PBS and mounted with Vectashield containing DAPI.

Visualization of cells was performed using a Leica DM 4000B fluorescence microscope.
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3.2.17. Lipoprotein profiling in pBCEC supernatants

pBCEC were grown on petri dishes (10 mm diameter) and treated with 10 uM 240H-C
2 UM T0O901317, 100 uM cholesterol or vehicle control (ethanol) for 24 h. Media were
collected, centrifuged at 2400 rpm for 10 min at room temperature and concentrated
(Eppendorf concentrator), the final volume was 2 ml. Supernatants were adjusted to a
density of 1.24 g/ml by adding KBr, carefully layered underneath a KBr density solution
(1.006 g/ml) and centrifuged at 100,000 rpm for 3 h at 15°C (TLA 100.4 rotor, Beckman
Optima TLX ultracentrifuge). Human plasma and isolated human HDL were run in
parallel as positive controls, lipoprotein fractions were stained with 1,1'-dioctadecyl-
3,3,3',3'-tetramethylindocarbocyanine perchlorate (Invitrogen). Four lipoprotein
fractions were recovered, their mean density was determined by weighing 2x100 ul
and was: 1.00-1.04 g/ml for fraction 1, 1.05-1.12 g/ml for fraction 2, 1.13-1.20 g/m for
fraction 3 and 1.21-1.24 g/ml for fraction 4. Fractions were used for proteomic analysis
by tryptic digestion and liquid chromatography-mass spectrometry analysis
(performed by Dr. Ruth Birner Gruenberger) and by

immunoblotting/immunoprecipitation.

3.2.18. LC-MS

For tryptic digest, isolated lipoprotein fractions were reduced with 34 ul of 10 mM DTT
for 20 min by shaking at 550 rpm at 56°C and alkylated with 8 pl of 55mM
iodoacetamide by shaking at 550 rpm at room temperature for 15 min. Protein was
digested by adding 1 pug of Promega modified trypsin and shaking over night at 550
rpm at 37°C. The resulting peptide solution was acidified by adding 1.6 pl of 5% formic
acid and diluted in solvent A to a theoretical final concentration of 50 ng/ul. 40 ul were
separated by nano-HPLC on an Agilent 1200 system equipped with a Zorbax 300SB-
C18, 5um, 5x0.3mm enrichment column and a Zorbax 300SB-C18, 3.5um,
150x0.075mm nanocolumn. 40 ul samples were injected and concentrated on the
enrichment column for 6 min using 0.1% formic acid as isocratic solvent at a flow rate

of 20 pl/min. The column was then switched in the nanoflow circuit, and the sample
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was loaded for 6 min on the nanocolumn at a flow rate of 300 nl/min and separated
using the following gradient: solvent A: water, 0.3% formic acid; solvent B:
acetonitril/water 80/20, 0.3% formic acid; 0-10 min: 90% A; after 120 min 60% B, after
2 min 95% B, then for 8 min 95% B, after 2 min 10% B, and 18 min reequilibration at
10% B. The sample was ionized in the nanospray source equipped with nanospray tips
(PicoTipTM Stock# FS360-75-15-D-20, Coating: 1P-4P, 15+/- 1um Emitter, New
Objective) and analyzed in a Thermo LTQ-FT mass spectrometer in positive ion mode
by alternating full scan MS (m/z 200 to 2000) in the ICR cell and MS/MS by CID of the 5
most intense peaks in the ion trap with dynamic exclusion enabled. The MS/MS data
were analyzed by searching the NCBI nonredundant public database with Spectrum
mill Rev. A.03.03.078 (Agilent) and Mascot 2.2 (MatrixScience). Detailed search
criteria: enzyme: trypsin, max. missed cleavage sides: 2, N-terminus: hydrogen, C-
terminus : free acid, Cys modification: carbamidomethylation, search mode: homology
search, possible multiple oxidised methionine and carbamylated lysine, maximum
precursor charge 3; precursor mass tolerance +/- 0.05 Da, product mass tolerance +/-
0.7 Da; acceptance parameters were 2 or more identified peptides after automatic
validation (Mascot: p<0.05, FDR>0.05 using decoy database search; Spectrum Mill: for
precursor charge of 2: score threshold is 6.0, %SPI threshold is 60.0, Fwd-Rev score
threshold is 2.0 and rank 1-2 score threshold is 2.0, for precursor charge of 1: score
threshold is 6.0, %SPI threshold is 70.0, Fwd-Rev score threshold is 2.0 and rank 1-2
score threshold is 2.0, for precursor charge of 3: score threshold is 8.0, %SPI threshold

is 70.0, Fwd-Rev score threshold is 2.0 and rank 1-2 score threshold is 2.0).

58



4. Results

4.1. Characterization of APP and cholesterol metabolism in BCEC

4.1.1. Localization of APP in brain microvascular endothelial cells

It has been reported that AB is transported across the BBB in both directions and that
in AD, AB may accumulate in cerebrovessels [33, 35, 168]. In our first series of
experiments we addressed the question if APP is present in porcine and murine
cerebrovessels ( Figure 8). Immunostaining of APP and of endothelial cell specific
marker von Willebrand factor was performed on serial coronal sections of porcine
midbrain and murine midbrain. Non-immune rabbit IgG was used as negative control
for the immunostaining. We detected pronounced APP staining in porcine cerebral
vessels ( Figure 8 A, [169]), and in murine cerebral vessels ( Figure 8 E), indicating that
APP is present at both the porcine and murine BBB under normal physiological

conditions. In addition, porcine glial cells also positively stained for APP ( Figure 8 A,

arrow, [169]).
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Figure 8: Cerebral microvascular endothelial cells express APP. (A-C) Immunostaining of endothelial
cells and APP in cerebral vessels in serial coronal thionine stained sections of porcine brain (A, pBCEC
positive for APP; B, pBCEC positive for von Willebrand factor; C, non-immune rabbit IgG control; arrow,
glial cells positive for APP). Scale bar = 20, [169]. (D-G) Immunofluorescence staining of endothelial cells
and APP in serial coronal thionine stained sections of murine brain (blue, Dapi staining of cell nuclei;
red: MBEC positive for APP; green: MBEC positive for von Willebrand factor; G: overlay of Dapi, APP and
VWEF signals). Scale bar = 25 um.

4.1.2. APP is expressed and processed in cerebral microvascular endothelial cells

To investigate if the APP signal immunodetected in cerebrovessels was of exogenous
or endogenous origin, we examined APP mRNA and protein expression in isolated,
cultured pBCEC. Real-time PCR analysis (Figure 9, [169]) revealed the presence of APP
mRNA in pBCEC. In addition, expression of a subset of mMRNAs belonging to the
proteolytic machinery necessary for APP processing was confirmed by qPCR. This set
was composed of y-secretase subunits presenilin 1 & 2 (PSEN1, PSEN2; Figure 9),
Nicastrin (NCSTN), Presenilin enhancer homolog 2, (PSENEN), Anterior pharynx
defective 1 homolog A (APH1A), alpha-site APP-cleaving enzyme (ADAM10) and beta-
site APP-cleaving enzyme 1 (BACE1). These data demonstrate that pBCEC express the
machinery for both non amyloidogenic (APPa production) and amyloidogenic

processing of APP to amyloid peptide derivatives.

oot SO0 bp
I00bp
200 bp
100hp %::

PRENL PSENI APP MCSTH PSBMEN  APHLA ADAMILD BACEL

Figure 9: Porcine BCEC express APP-processing enzymes of the non-, and amyloidogenic pathway.
Brain endothelial cells express mRNAs of APP, alpha-, beta-, and gamma-secretase. Cells were incubated
for 24 h in serum-free medium. Quantitative real-time PCR was performed as described in Materials and
Methods. One representative separation of PCR products on a 1% agarose gel is shown. Presenilin 1 and
2, PSEN1, PSEN2; Amyloid B precursor protein, APP; Nicastrin, NCSTN; Presenilin enhancer homolog 2,
PSENEN; Anterior pharynx defective 1 homolog A, APH1A; ADAM metallopeptidase domain 10,
ADAM10; beta-site APP-cleaving enzyme 1, BACE1, [169].
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Immunoblotting experiments using antibodies specific for full-length APP, AR
oligomers, APPa, or APPB (for details refer to section ‘3.1.4 Antibodies’ under
‘Material and Methods’), confirmed the expression of endogenous intracellular APP on
protein level, as well as its cleavage products soluble (s)APPa and sAPPfB, and the
presence of AB oligomers in pBCEC (Figure 10, [169]). In detail, we detected immature
(imAPP, ~105 kDa) and mature (,APP, ~130 kDa) intracellular APP (Figure 10A). For
intracellularly detected AP oligomers (Figure 10 A) the most prominent bands
appeared at 16 kDa (tetramer) and 32 kDa (octamer). The analyses of pBCEC
supernatants revealed secretion of sAPPa, sAPPB and AP oligomers into the culture
medium (Figure 10 B). For secreted AB oligomers (Figure 10 B), bands at ~16 kDa
(tetramer), ~32 kDa (octamer) and ~48 kDa (dodecamer) were detected. Further
immunoblot analyses of extracellular sAPPa and sAPPB (both ~110 kDa, Figure 10 B)
revealed sAPPa as the most prominent species of secreted APP in pBCEC. These

findings highlight the a-secretase pathway as the major APP processing pathway in

BCEC.
A intracellular B extracellular
1 Da -
50kDa — mAPP 110kDa - - - SAPPa
— . APP

100 kDa - im i
110 kDa - - _ SAPPB

50 kDa -
50 kDa -

37kDa - Ll . AR octamer
37kDa - AR oligomers
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20 kDa - _ -

- AB tetramer 15kDa -
15kDa -

Figure 10: Processing of APP in pBCEC. Representative immunoblot analysis of intracellular (A) and

secreted (B) APP and A oligomers in pBCEC cultures. Cells were grown in serum-free medium for 24 h.
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Cells were lysed and expression of mature (,,APP) and immature (;,APP), and intracellular AB oligomers
were determined by immunoblotting. Secreted, soluble APPa (sAPPa), APPB (sAPPB; 6.8-fold amount
loaded as compared to sAPPa) and immunoprecipitated AB oligomers (equal amounts of media as for
sAPPB immunoblots) were detected by immunoblotting of TCA-precipitated culture media as described

in Materials and Methods section ‘3.2.6 SDS-PAGE and immunoblotting’, [169].

4.1.3. APP processing in cerebral microvascular endothelial cells is affected by LXR

activation and altered cholesterol levels

To scrutinize effects of LXR activation or cholesterol enrichment and/or depletion on
cellular APP metabolism, pBCEC were incubated in the absence or presence of 10 uM
240H-C, 10 uM 270H-C, 2 uM TO, 100 uM cholesterol, or 5 uM simvastatin prior to
analyses of APP mRNA and protein expression levels (Figure 11, [169]). During
immunocytochemical detection and fluorescence microscopy using polyclonal
antibody recognizing amino residues 693-706 of human APP, we observed a significant
increase in intracellular fluorescent Cy3 signal for APP in pBCEC exposed to either
240H-C, cholesterol, or TO (Figure 11 A). Similar microscopic pictures were obtained
from simvastatin or 270H-C treated cells. Consistent with these results,
immunoblotting and densitometric evaluation revealed that all treatments increased
intracellular APP protein levels (Figure 11 B): 270H-C was most potent in stimulating
APP protein expression (3.4-fold) during 24 h of incubation, followed by TO (2.6-fold),
cholesterol (2.2-fold), and 240H-C or simvastatin (both 1.4-fold). However, in contrast
to APP protein expression levels, all of the compounds tested were without effect on
APP mRNA expression levels (Figure 11 C), indicating that regulation of APP in pBCEC
occurs at the post-translational level. Similar results were obtained for APP expression
in MBEC (Figure 12): APP protein expression was significantly enhanced in the
presence of 240H-C and 270H-C (Figure 12 A, 1.5-fold, 1.6-fold, respectively), whereas
APP mRNA levels in oxysterol-treated MBEC did not change (Figure 12 B).

62



Dapi ARBPP Merge Dapi ARBPP Merge

Contr0| - Ch0|eSterO| -

Relative ARPP levels

Relative ARPP mRNA levels

Figure 11: APP expression is influenced by LXR agonists and cholesterol and simvastatin. Cells were
treated for 24 h with 10 uM 24(S)-hydroxycholesterol (240H-C), 10 uM 27-hydroxycholesterol (270H-C),
5 UM simvastatin, 100 uM cholesterol, or 2 uM T0901317 (TO) in serum-free medium. (A)
Immunofluorescent detection of accumulated intracellular APP protein in pBCEC treated with LXR
ligands or cholesterol. Cultured pBCEC were exposed to 100 uM cholesterol, 2 uM TO, or 10 uM 240H-C
for 24 h, fixed and immunolabeled for APP (Cy3, red) as described in Materials and Methods. Cells were
stained with DAPI (blue) to visualize cell nuclei. Immunoreactivity for APP in control cells was less
intense as compared to cells treated with cholesterol, TO or 240H-C. Images are representative for at
least three experiments. Scale bar = 20 um. (B) Semi quantitative immunoblot analysis of cell associated
full-length APP. Cells were lysed and intracellular APP expression was determined and normalized to the
levels of B-actin expression (contr., control; 240H, 240H-C; 270H, 270H-C; simva, simvastatin; chol,
cholesterol). Shown are representative immunoblots. Data represent mean + SEM of eight independent
experiments performed in triplicates. *P < 0.05; **P < 0.01; ***P < 0.001. (C) Quantification of APP
mMRNA expression in pBCEC. Quantitative real-time PCR was performed as described in Materials and
Methods. HPRT1 mRNA was used for normalization. Data shown represent mean + SEM of three

independent experiments performed in triplicates, [169].
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Figure 12: APP expression in MBEC is modulated by oxysterols. Cells were treated with oxysterols for
24 h in serum-free medium. (A) Immunoblot analysis for intracellular APP was performed and
normalized to b-actin levels. Shown is one representative immunoblot. Data shown represent mean *
SD of one single experiment performed in triplicates. *P < 0.05. (B) Quantification of APP mRNA
expression in MBEC. Quantitative real-time PCR was performed as described in Materials and Methods.
Geometric means of RPII (qPCR) and b-actin (immunoblotting) were used for normalization. Data shown

represent mean + SD of two independent experiments performed in triplicates.

Secretion of sAPPa in pBCEC was increased 2.1-fold in the presence of 240H-C, 1.9-
fold in the presence of 270H-C and at least (see below) 1.4-fold in the presence of
simvastatin. (Of note, secreted sAPPa levels varied from 1.4-fold up to 14.2-fold up-
regulation in response to simvastatin between different experiments/cell preparations
used; n=6). In contrast, sAPPa expression levels remained unaltered in pBCEC
incubated with cholesterol or TO (Figure 13 A, [169]). Interestingly, mRNA levels of
ADAM10 (known for a-secretase activity) were 1.4-fold increased only in the presence
of simvastatin whereas all other compounds tested did not show any effects (Figure 13

B, [169]).
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Figure 13: APPa expression is affected by oxysterols and modulators of cholesterol biosynthesis. (A)
Semi quantitative immunoblot analysis of secreted sAPPa in pBCEC treated for 24 h with 10 uM 240H-C,
10 uM 270H-C, 5 pM simvastatin, 100 uM cholesterol, or 2 pM TO in serum-free medium. Secreted
sAPPa was determined by immunoblotting of conditioned media as described in Materials and
Methods. Shown is one representative immunoblot. Data shown represent mean + SD of one
representative of three independent experiments performed in triplicates. **P < 0.01; ***P < 0.001. (B)
Quantification of ADAM10 mRNA levels analysed by real-time PCR. Cells were as indicated above and
quantitative real-time PCR was performed as described in Materials and Methods. HPRT1 mRNA was
used for normalization. Data represent mean = SEM of three independent experiments performed in

triplicates. *P < 0.05, [169].

Analyses of intracellular AB oligomers revealed a reduction of AB tetramers in pBCEC,
by 35% with 240H-C, by 71% with 270H-C, by 48% with simvastatin and cholesterol,
and by 26% with TO (Figure 14 A, [169]). AB octamers were decreased to similar
extents (Figure 14 C, [169]). In parallel, mRNA levels of BACE1 (B-secretase) were
significantly reduced in pBCEC, i.e. by 24% with 240H-C, by 27% with 270H-C, by 16%
with simvastatin, and most pronounced (by 64%) with TO. There was a slight but non-
significant trend towards reduced BACE1 mRNA levels in pBCEC treated with
cholesterol (Figure 14 B, [169]).
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Figure 14: Decreased AP oligomerization in pBCEC treated with LXR ligands, cholesterol and
simvastatin. (A) Quantification of cell-associated AP tetramer levels in pBCEC. After the respective
treatments, cells were lysed and intracellular AR oligomer levels were analysed by immunoblotting.
Data shown represent mean * SD of one representative of three independent experiments performed in
triplicates. *P < 0.05; **P < 0.01; ***P < 0.001. (B) Quantification of BACE1 mRNA levels analysed by
real-time PCR. Cells were as indicated above and quantitative real-time PCR was performed as described
in Materials and Methods. HPRT1 mRNA was used for normalization. Data represent mean + SEM of
three independent experiments performed in triplicates. *P < 0.05; **P < 0.01. (C) Quantification of cell-
associated AB octamer levels in pBCEC. After the respective treatments, cells were lysed and
intracellular AB oligomer levels were analysed by immunoblotting. Data shown represent mean * SD of
one representative of three independent experiments performed in triplicates. *P < 0.05; **P < 0.01,

[169].
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4.1.4. Cholesterol homeostasis of BCEC is regulated by LXR agonists and

exogenously added cholesterol

Since we observed major effects of LXR agonists, cholesterol, and simvastatin on APP
protein expression levels and processing/secretion, effects on cellular cholesterol

homeostasis in pBCEC were analysed (Figure 15, [169]).

Total intracellular cholesterol levels were unaltered in pBCEC during 24 h of incubation
with either of the oxysterols or the non-steroidal LXR ligand TO901317. In contrast,
supplementation with 100 uM cholesterol resulted in 3-fold elevated cholesterol
contents, whereas not surprisingly, simvastatin treatment significantly decreased total

cellular cholesterol levels (by 33%) as compared to control conditions (Figure 15 A).

To get further insights into the effects on cholesterol biosynthesis and esterification in
pBCEC, cells were incubated in the presence of [**C]-acetate (used as metabolic
precursor for newly synthesized cholesterol) during the incubation period with 240H-
C, 270H-C, TO, cholesterol, or simvastatin. Cellular lipids were extracted and
separated by TLC to quantify radioactivity incorporated in the cholesterol and the
cholesterol ester fractions. Treatment with either of the oxysterols markedly reduced
the synthesis of [14C]—cholesterol from its precursor [14C]—acetate in pBCEC as
compared to vehicle treated controls (mean + SEM, 1.02x10° + 4.2x10° cpm/mg cell
protein), i.e., by 90% with 240H-C or by 87% with 270H-C treatment (Figure 15 B). As
expected, the cholesterol biosynthesis inhibitor simvastatin blocked cellular [*C)-
cholesterol synthesis by 98%. Cholesterol treatment resulted in a 25% decrease and
also treatment with TO resulted in a marked (43%) decrease in radioactivity in the
cholesterol fraction (Figure 15 B).

[**C]-cholesterol esters counted in the

Regarding the amounts of cellular
corresponding TLC bands, levels comprised 4.5 + 2.1% of intracellular unesterified
cholesterol under control conditions (mean * SEM, 15635 + 5613 cpm/mg cell
protein). In contrast to cholesterol biosynthesis, the formation of cellular cholesterol
esters (Figure 15 C) was enhanced by 2-fold in the presence of 240H-C and by 2.4-fold

after 270H-C treatment. The presence of cholesterol or TO did not significantly affect
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cholesterol ester formation although there was a slight but non-significant trend

towards increased incorporation of radioactivity in cholesterol esters.

To examine the possibility that pBCEC accumulate cholesterol esters and/or may form
lipid droplets, Oil Red O staining (ORO) was performed in cholesterol-treated cells.
Compared to ORO-positive cells (adipocytes), we have been unable to detect any

neutral lipid staining in pBCEC treated with cholesterol (Figure 16).

As expected, [**C]-cholesterol ester levels were decreased by 56% in cells treated with
simvastatin (Figure 15 C). Taken together these results suggest that pBCEC are
sensitive to modulation of cellular cholesterol levels and its distribution by sterols, LXR

activation, and statin treatment.

Besides uptake and biosynthesis of cholesterol, efflux of cellular cholesterol to
acceptor apo/lipoprotein particles is an important mechanism to maintain cellular
cholesterol homeostasis. Previous in vitro studies in our group showed that in pBCEC
the ABCA1/apoA-I pathway can be induced by LXR agonists (240H-C or TO). In detail,
ABCA1 is responsible for cholesterol efflux to apoA-l, synthesized and secreted by
pBCEC and contributes to the formation of HDL-like particles at the basolateral side of
the BBB [76]. To test regulation of the ABCA1/apoA-I pathway under the same
conditions as applied here, apoA-I mediated efflux of cellular [3H]-cholesterol was
measured (Figure 15 D). During 24 h of incubation under control conditions 13 + 2.4 %
of total cellular [*H]-activity was released to the medium containing apoA-l acceptors.
TO was most potent in stimulating apoA-lI dependent cholesterol efflux (4.3-fold),
followed by cholesterol (2.9-fold), and 240H-C (2.5-fold). There was a non-significant
trend towards enhanced cholesterol efflux to apoA-l in pBCEC treated with 270H-C,

whereas cells incubated with simvastatin showed no altered cholesterol release.
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Figure 15: Altered cholesterol metabolism in pBCEC treated with LXR ligands, cholesterol and
simvastatin. Cells were treated for 24 h with 10 pM 240H-C, 10 uM 270H-C, 5 pM simvastatin, 100 uM
cholesterol, or 2 uM TO in serum-free medium. (A) Effects of cholesterol and simvastatin on cellular
total cholesterol levels in pBCEC. After incubation, cells were washed and total cholesterol levels were
determined by using an enzymatic kit (Greiner). Data represent mean + SD of one experiment
representative of 4 performed in quadruplicates. ***P < 0.001. (B) Biosynthesis of [**C]-cholesterol
([14C]-C) from [14C]-acetate in pBCEC is decreased after treatment with oxysterols, cholesterol,
simvastatin or TO. Primary pBCEC were exposed for 24 h to 10 pCi/mL ["C]-acetate during the
treatment with LXR agonists, cholesterol, or simvastatin. Cellular lipids were extracted and were
analysed by TLC. Data represent mean + SEM of three independent experiments performed in
triplicates. *P < 0.05; ***P < 0.001. (C) Effects of oxysterols and simvastatin on cholesterol ester ((*cl-
CE) formation from [14C]-acetate in pBCEC. BCEC were treated as indicated above and cellular lipids
were extracted and analysed by TLC. Data represent mean + SEM of three independent experiments
performed in triplicates. ***P < 0.001. (D) LXR agonists and cholesterol promote apoA-lI mediated
cholesterol efflux from pBCEC. Cells were labeled with [3H]-cholesterol in medium containing serum for
24 h followed by an equilibration time of 2 h in serum-free medium. After incubation with 10 uM 240H-
C, 10 uM 270H-C, 5 uM simvastatin, 100 uM cholesterol, or 2 uM TO in serum-free medium in the

presence or absence of apoA-l (20 upg/ml) for 24 h, cholesterol efflux was determined as the
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radioactivity released to the supernatants. Data represent mean = SD of cpm/mg cell protein of one

experiment performed in triplicates. *P < 0.05, **P < 0.01, [169].
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Figure 16: PBCEC do not form lipid droplets. PBCEC were treated for 24 h with 100 uM cholesterol in
serum-free medium. ORO staining was performed as described in ‘ORO staining of neutral lipids’ in
Materials and Methods. ORO staining (red) of control and cholesterol-treated pBCEC was negative
compared to control pBCEC (ethanol treated) and ORO-positive adipocytes. Images were taken using a

light microscope with 20-fold magnification and are representative for two independent experiments.

4.1.5. Alteration in expression levels of key genes of cholesterol metabolism

Since it was obvious that sterol treatment and/or LXR activation influenced cholesterol
homeostasis in pBCEC, mRNA and protein expression levels of key enzymes and
regulators in cholesterol metabolism were analysed by quantitative real-time PCR and

immunoblotting (Figure 17, [169]).

In accordance with the reduced rate of cholesterol biosynthesis observed, HMGCR
MRNA expression levels were down-regulated in pBCEC exposed to 240H-C (by 81%),
270H-C (by 59%), or cholesterol (by 42%). While the presence of simvastatin led to a
drastic up-regulation (by 158%), TO did not significantly influence HMGCR gene
expression levels in pBCEC (Figure 17 A). Consistent with the observed effects on
MRNA expression levels, HMGCR protein levels (~97 kDa) were also reduced in pBCEC
exposed to 240H-C (by 39%), 270H-C (by 40%), or cholesterol (by 40%). In contrast,

the presence of simvastatin up-regulated HMGCR protein levels by 153%. One possible
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explanation for elevated HMGCR mRNA and protein levels in pBCEC after simvastatin
treatment is a compensatory mechanism which pBCEC use to stimulate their statin-
mediated repressed cholesterol biosynthesis. Interestingly, we also observed an effect

of TO treatment which down-regulated HMGCR protein levels by 70% (Figure 17 B).
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Figure 17: Modulation of HMIGCR mRNA and protein levels in pBCEC treated with LXR ligands,
cholesterol and simvastatin. Expression analysis of HMGCR gene and protein responsible for
cholesterol biosynthesis. (A) Quantification of HMGCR mRNA levels analysed by real-time PCR. Cells
were treated for 24 h with 10 uM 240H-C, 10 pM 270H-C, 5 uM simvastatin, 100 uM cholesterol or 2
UM TO in serum-free medium and quantitative real-time PCR was performed as described in Materials
and Methods. HPRT1 mRNA was used for normalization. Data represent mean * SEM of three
independent experiments performed in triplicates. *P < 0.05; ***P < 0.001. (B) Quantification of
HMGCR protein levels, normalized to the level of B-actin expression. pBCEC were treated as indicated
for real-time experiments. Cells were lysed and intracellular APP expression was determined by
immunoblotting. Shown is one representative immunoblot for HMGCR and B-actin. Data shown
represent mean + SEM of three independent experiments performed in triplicates. *P < 0.05, ***P <

0.001, [169].

Analysis of ACAT-1 and ACAT-2 expression in pBCEC by comparison of CT values
obtained during RTQ PCR analyses, indicated that both genes are expressed at similar
levels under basal conditions. None of the treatments altered the mRNA expression

levels of ACAT-1 (Figure 18 A, [169]). However, despite the increase in CE formation in
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pBCEC, the presence of either of the oxysterols significantly down-regulated gene
expression of ACAT-2 after 24 h (by 90% with 240H-C and by 79% with 270H-C),
whereas neither cholesterol nor TO altered cellular ACAT-2 levels. Elevation of ACAT-2
mRNA levels (by 2.6-fold) was observed in cells treated with simvastatin (Figure 18 B,

[169]).
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Figure 18: Alterations in ACAT mRNA expression in pBCEC treated with LXR ligands, cholesterol and
simvastatin. Quantification of ACAT-1 (A) and ACAT-2 (B) mRNA levels analysed by real-time PCR. Cells
were treated as indicated above and quantitative real-time PCR was performed in triplicates as
described in Materials and Methods. HPRT1 mRNA was used for normalization. Data represent mean +

SEM of three independent experiments performed in triplicates. *P < 0.05; ***P < 0.001, [169].

Taken together, HMGCR and ACAT-2, two key genes responsible for cholesterol
biosynthesis and esterification, are regulated by oxysterols and/or altered cholesterol

levels in pBCEC.

To further examine the effects of LXR ligands, cholesterol, or simvastatin on expression
of the direct LXR target gene ABCA1, we analysed ABCA1 mRNA and protein levels in
pBCEC. Presence of 240H-C led to a 1.6-fold induction of ABCA1 mRNA (Figure 19 A,
[169]) and a 3.2-fold increase in ABCA1 protein levels (Figure 19 B, [169]). Similarly, the
presence of 270H-C in pBCEC resulted in a 1.4-fold increase of ABCA1 mRNA (Figure 19
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A) and a 2.3-fold increase in ABCA1 protein (Figure 19 B). Compared to the oxysterols,
the non-steroidal LXR ligand TO was even more potent to stimulate ABCA1 levels in
pBCEC. The presence of TO in pBCEC enhanced ABCA1 mRNA expression 2.7-fold
(Figure 19 A) and its protein expression 4.1-fold (Figure 19 B). Cholesterol however
had no effect on ABCA1 mRNA expression in pBCEC (Figure 19 A), whereas it induced
ABCA1 protein 2.2-fold (Figure 19 B). Simvastatin however, led to a significant down-
regulation of ABCA1 mRNA levels (by 63%) but did not alter ABCA1 protein levels in
pBCEC (Figure 19 B).
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Figure 19: Modulation of ABCA1 mRNA and protein expression in pBCEC treated with LXR ligands,
cholesterol and simvastatin. (A) Quantification of ABCA1 mRNA levels analysed by real-time PCR. Cells
were treated as indicated above and quantitative real-time PCR was performed in triplicates as
described in Materials and Methods. HPRT1 mRNA was used for normalization. Data represent mean *
SEM of two independent experiments performed in triplicates. *P < 0.05; ***P < 0.001. (B)
Quantification of ABCA1 protein levels, normalized to the level of B-actin expression. pBCEC were
treated as indicated for mRNA analysis. Cells were lysed and ABCA1 expression was determined by
immunoblotting. Data shown represent mean + SD of one experiment representative of 3 performed in

triplicates. *P < 0.05, **P < 0.01, ***P < 0.001, [169].
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HMGCR and ABCA1l are both target genes of SREBP-2, a key-regulator and
transcription factor of cholesterol metabolism [170-172]. To further elucidate the
molecular mechanisms of altered cholesterol synthesis in pBCEC we analysed SREBP-2
protein and mRNA expression levels. We observed decreased cellular SREBP-2 mRNA
levels in cells treated with 240H-C (by 65%), whereas 270H-C, cholesterol, or TO did
not significantly influence mRNA expression. Simvastatin however, significantly

increased the expression of SREBP-2 mRNA expression by 84% (Figure 20 A, [169]).

Accordant to the data obtained from mRNA analyses, premature (p)SREBP—2 protein
expression (~120 kDa, Figure 20 B, [169]) was reduced in pBCEC treated with 240H-C
(by 49%) and 270H-C (by 64%), whereas the presence of simvastatin or cholesterol
both led to an increase in pSREBP-2 protein levels, i.e., 1.7-fold with simvastatin and
5.7-fold with cholesterol. Cells exposed to TO exhibited no significant changes
although there was a strong trend (p = 0.065) for decreased pSREBP—2 protein levels.
Treatment with either of the two oxysterols significantly decreased protein expression
levels of mature (m)SREBP-2 (~66 kDa, Figure 20 C, [169]) in pBCEC - by 58% for 240H-
C and by 72% for 270H-C. Exposure to the non-steroidal LXR ligand TO similarly
reduced mSREBP-2 protein levels (by 48%) in these cells. In contrast, exposure to
simvastatin markedly increased mSREBP-2 protein levels (by 4.3-fold), whereas

cholesterol showed no effect.

Taken together these data suggest that alterations of cholesterol biosynthesis in
pBCEC treated with LXR agonists, cholesterol or simvastatin was (at least in part) due
to modulations of SREBP-2 expression and that these modulations may affect APP

expression and secretion.
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Figure 20: Analysis of SREBP-2 expression levels in pBCEC. Cells were treated for 24 h with 10 uM
240H-C, 10 pM 270H-C, 5 uM simvastatin, 100 uM cholesterol, or 2 uM TO in serum-free medium. (A)
Quantification of SREBP-2 mRNA levels analysed by real-time PCR as described in Materials and
Methods. HPRT1 mRNA expression levels were used for normalization. Data represent mean + SEM of
three independent experiments performed in triplicates. ***P < 0.001. (B) Quantification of premature

(PSREBP-2; B) and mature (mSREBP-2; C) SREBP-2 protein levels (normalized to B-actin) was performed
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by immunoblotting. Cells were lysed and intracellular pSREPB-2 (B) and mSREBP-2 (C) levels were
determined. Shown is one representative immunoblot for pSREBP-2, mSREBP-2 and B-actin. Data shown
represent mean + SEM of three independent experiments performed in triplicates. *P < 0.05, ***P <

0.001, [169].

4.1.6. Both, depleted cellular cholesterol and isoprenoid intermediates are

responsible for altered APP processing in pBCEC treated with simvastatin

Statins not only block cholesterol biosynthesis but also isoprenoid formation [173,
174]. To distinguish between cholesterol- versus isoprenoid-mediated effects on APP
processing in simvastatin-treated pBCEC [124], we analyzed intracellular AB tetramer
levels and secreted sAPPa in pBCEC incubated either under serum-free conditions or in
medium supplemented with 10% ox serum, in the absence or presence of simvastatin
and of mevalonate (Figure 22-Figure 23, [169]). In the presence of serum, cells are able
to compensate their statin-blocked cholesterol biosynthesis via uptake of serum-
derived cholesterol, but fail to circumvent their blocked isoprenoid formation. Thus, in
the presence of serum, simvastatin treated pBCEC are confronted with a normal
cholesterol but low isoprenoid environment (Figure 21 B, [169]). In contrast, pBCEC
incubated with simvastatin under serum-free conditions not only fail to by-pass their
low isoprenoid levels, but also to replenish their cholesterol pools, thus cells are

situated in an environment with low cholesterol and low isoprenoid levels (Figure 21

A, [169]).
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Figure 21: (A,B) Simplified schemes of cellular sterol biosynthesis pathways under the experimental
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conditions employed. Farnesyl pyrophosphate (FPP). Cells were treated for 24 h with 5 uM simvastatin
(simva) in the presence or absence of 0.25 mM mevalonate in either medium containing 10% Ox serum

or serum-free medium, [169].

Exposure of pBCEC to simvastatin reduced cell-associated AP tetramer levels by 67%
under serum-free conditions (Figure 22 A, [169]), but only by 6% in the presence of
serum, respectively (Figure 22 B, [169]). This indicates that cholesterol is required for
accumulation of intracellular AR oligomers. The addition of mevalonate (0.25 mM)
only in part (by 26%) rescued the statin-induced inhibition of AB tetramer formation
under serum-free conditions (Figure 22 A), but fully (100%) restored AB tetramer
levels in pBCEC kept in the presence of serum (Figure 22 B). These results together
suggest that both decreased cellular cholesterol-, and to apparently lesser extent
decreased isoprenoids, are responsible for reducing AP oligomer accumulation in
pBCEC by simvastatin treatment.
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Figure 22: Low cellular cholesterol and low isoprenoid levels are responsible for simvastatin-mediated
reduction of AB oligomers in pBCEC. Cells were treated for 24 h with 5 uM simvastatin in the presence
or absence or 0.25 mM mevalonate in either serum-free medium (A) or medium containing 10% ox
serum(B). Effects of simvastatin (simva) or simvastatin plus mevalonate (simva+mev) on cellular AB
tetramer levels in pBCEC in the absence (A) or in presence of serum (cholesterol) (B). Cells were lysed

and intracellular AB tetramer levels were determined by immunoblotting. Shown is one representative
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immunoblot for AR tetramers and B-actin. Data represent mean + SD of one experiment representative

of 2 performed in triplicates. *P < 0.05, [169].

In parallel to decreased intracellular A tetramer levels, the secretion of sAPPa was
enhanced (13.6-fold) in pBCEC treated with simvastatin under serum-free conditions
(Figure 23 A, [169]), but as well as in the presence of serum (14.2-fold, Figure 23 B,
[169]). The addition of mevalonate completely reversed this effect in the absence
(Figure 23 A, [169]) or in the presence of serum (Figure 23 B, [169]). This strongly
indicates that inhibition of isoprenoid synthesis is responsible for the simvastatin-

mediated modulation of the non-amyloidogenic, sSAPPa APP processing pathway in

pBCEC.
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Figure 23: Isoprenoid-mediated effects on APP processing in pBCEC. Effects of simvastatin or
simvastatin plus mevalonate on secreted sAPPa levels in pBCEC in the absence (A) or in presence (B) of
serum (cholesterol). Secreted sAPPa was detected by immunoblotting of TCA-precipitated culture
media as described in Materials and Methods. Shown are representative immunoblots for secreted
sAPPa. Data represent mean * SD of one experiment representative of 2 performed in triplicates. *P <

0.05, [169].
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4.1.7. Polarized pBCEC secrete sAPPa preferentially to the basolateral/brain side of

the in vitro BBB model

Highly specialized BCEC are the gate-keepers of the brain and represent a polarized
interface between the CNS and the peripheral circulation. Therefore, we addressed
the question whether or not pBCEC secrete sAPPa in a polarized manner and if
treatment with LXR agonists, cholesterol or modulators of cholesterol (and isoprenoid)
biosynthesis may affect sAPPa secretion. Cells were grown on Transwell filters and
media of both basolateral (mimics the side facing the brain parenchymal tissue) and
apical (mimics the side facing the peripheral circulation) compartments were analysed
by immunoblotting (Figure 24, [169]). Notably, the amount of sAPPa secreted to the
basolateral compartment was 5.9-fold higher as compared to sAPPa detected in the
media of the apical compartment. (Figure 24 A). Furthermore, and in line with results
obtained with pBCEC monolayers (Figure 13), sAPPa secretion was increased in
response to 240H-C (1.4-fold), 270H-C (1.5-fold) and simvastatin (1.9-fold). In
contrast, incubation of pBCEC with cholesterol led to decreased sAPPa levels (by 20%)
in pBCEC. The presence of TO did not alter sAPPa levels secreted by pBCEC (Figure 24
B). These findings clearly show that pBCEC secrete the bulk of sAPPa into the
abluminal direction and suggest that oxysterols and simvastatin stimulate non-

amyloidogenic processing of APP in polarized pBCEC.
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Figure 24: APP expression in an in vitro model of polarized pBCEC mimicking the BBB. Immunoblot
analysis of sAPPa secreted to the apical or basolateral compartments of pBCEC monolayers grown on
Transwell filters for 24 h in serum-free medium was performed as described in Materials and Methods.
(A) Densitometric evaluation of apical versus basolateral sAPPa secretion. Data shown represent mean
+ SD of one representative experiment of 3 performed in triplicates. ***P < 0.001. (B) Semiquantitative
analysis of sAPPa release into the basolateral supernatants of pBCEC treated for 24 h with 10 uM 240H-
C, 10 uM 270H-C, 5 uM simvastatin, 100 uM cholesterol, or 2 uM TO in serum-free medium. Secreted
APPa was detected by immunoblotting of TCA-precipitated basolateral culture media as described in
Materials and Methods. Data represent mean  SD of one experiment representative of 3 performed in

triplicates. *P < 0.05, **P < 0.01, [169].
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4.1.8. LXR activation down-regulates expression of inflammatory genes in pBCEC

Since neuroinflammation is another major factor in the etiology of AD, we also
examined the mRNA expression levels of inflammatory genes in pBCEC treated with
natural and synthetic LXR agonists mRNA (Figure 25, [169]). Both, synthetic and
natural LXR agonists significantly decreased transcription of COX2 between 25% (by
270H-C or TO) and 37% (by 240H-C) (Figure 25 A). Additionally, TNFa transcription
was significantly decreased by TO treatment (by 70%) whereas a slight but non-
significant trend towards reduced TNFa mRNA levels in pBCEC treated with 240H-C
and 270H-C was observed (Figure 25 B). Our data corroborate the hypothesis that
LXRs are potent targets for the treatment of AD since they modulate the expression of

genes relevant to both cholesterol metabolism and inflammation [175].
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Figure 25: Downregulation of inflammatory genes expressed in pBCEC by LXR agonists. Quantification
of COX2 (A) and TNFa (B) mRNA levels analysed by real-time PCR. Cells were treated for 24 h with 10
MM 240H-C, 10 uM 270H-C, or 2 uM TO in serum-free medium and quantitative real-time PCR was
performed as described in Materials and Methods. HPRT1 mRNA expression levels were used for
normalization. Data represent mean * SD of one experiment representative of two performed in

triplicates. *P < 0.05, **P < 0.01, [169].
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4.1.9. Protein kinase C-mediated secretion of sAPPa in pBCEC can be modulated by

oxysterols

Since oxysterols have been reported to lower protein kinase C (PKC)-mediated APP
secretion in primary cortical neurons [176], we investigated possible effects of PKC
activation on APPa secretion in the presence or absence of oxysterols in pBCEC (Figure
26). Activation of PKC by ionomycin drastically increased sAPPa secretion from pBCEC
when compared to control cells (Figure 26, by 8.1-fold), whereas a co-incubation with
240H-C reversed this effect (by 63%). Our data suggest that sAPPa secretion from
pBCEC is (at least in part) regulated by PKC and can be modulated by the action of

oxysterols.
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Figure 26: Protein kinase C-mediated sAPPa secretion from pBCEC. Cells were treated for 24 h with 10
UM 240H-C and for 15 min with 1 uM ionomycin (iono) or DMSO (control) in serum-free medium. SDS-
PAGE and immunoblotting for sAPPa was performed as described in Materials and Methods. Data
represent mean x SD of the densitometric evaluation of secreted sAPPa normalized to total cell protein

of one experiment representative of two performed in triplicates. **P < 0.01.
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4.2. Potential interactions between BBB-derived apo(lipo)proteins

and AB turnover in BCEC

4.2.10. ApoA-I stimulates sAPPa secretion from pBCEC

The facts that pBCEC actively synthesize apoA-I and its deficiency has been reported to
enhance cognitive decline and cerebral amyloid angiopathy (CAA) in an AD mouse
model [177], prompted us to examine sAPPa secretion in the absence or presence of
exogenous apoA-l (Figure 27). As compared to control cells, apoA-I-treatment (20

ug/mil) significantly increased sAPPa secretion from pBCEC (by 3.2-fold;Figure 27).

Relative sAPPa levels
N
o

Figure 27: ApoA-I stimulates sAPPa secretion from pBCEC. Cells were treated for 24 h in the absence or
presence with 20 pug/ml apoA-I in serum-free medium and immunoblotting for sAPPa was performed as
described in Materials and Methods section ‘3.2.6 SDS-PAGE and immunoblotting’ and sAPPa levels
were normalized to total cell protein. Data represent mean + SD of one experiment performed in

triplicates. *P < 0.05.
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4.2.11. Apolipoprotein profiles in pBCEC supernatants

Previous results of our group describe up-regulated apoA-l levels/secretion by LXR
activation together with the up-regulation of ABCA1 in pBCEC and apoA-I/ABCA1-
mediated cholesterol efflux, resulting in formation of HDL-like particles at the BBB
[76]. To further characterize lipoprotein particles formed by pBCEC, cells were treated
in the absence or presence of LXR ligands, simvastatin or cholesterol and density
fractions of supernatants were isolated by density gradient ultracentrifugation after 24
h of incubation. Fractions were subjected to tryptic digest and analysis of peptide
masses by LC-MS (performed by Dr. Ruth Birner-Gruenberger). Interestingly, we
detected apol (clusterin) as a major secreted protein in addition to apoA-I, which we

(and others [91]) have previously described [76].

To be able to quantify the apolipoproteins, more experiments have to be performed.
As can be seen from immunoblotting experiments carried out on density fractions
isolated from pBCEC supernatants (Figure 28), the majority of apoJ (Fig. 27 A) was
detected in fraction 1 (mean density Q= 1.0 g/ml), corresponding to plasma VLDL and
LDL, a minor amount was also present in fraction 3 which corresponds to the density
of plasma HDL particles (Q= 1.10 g/ml). Interestingly, exclusively in the presence of
cholesterol (100 uM), apoJ was detected in fraction 2 corresponding to the LDL density
range (Q= 1.05 g/ml).

In accordance with previous findings [76], apoA-l was detected in density fraction 3 -
which corresponds to the density of plasma HDL particles, and 4 - lipid-free apoA-I
(Figure 28, C). Results from this single set of experiments did not show obvious effects
of LXR ligands (240H-C, Fig. 27C) on apoA-l expression, however, we know from
previous studies that LXR activation induces secretion of apoA-l by pBCEC (detected by

immunoblotting; [76]).

Complementary immunoblot analysis of APP (Fig. 28, B) in pBCEC-derived density
fractions revealed that sAPPa is present mainly in density fraction 3, a minor amount
was also immunodetected in density fraction 1 (control conditions). The presence of

cholesterol and 240H-C changed the APP expression pattern. APP arose in fractions 1,
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2 and 4 in pBCEC treated with 240H-C (no signal in controls). This is in line with results
obtained for APP protein expression levels and secretion in pBCEC monolayers (6-
wells) treated with 24-OH-C (Figure 11 and Figure 13) and indicates that the oxysterol
stimulates APP protein expression/secretion. Incubation of pBCEC with cholesterol
also stimulated APP secretion in fractions 1 and 2 but failed to induce secretion of APP
to fraction 4. This partly reflects our results obtained in pBCEC grown as monolayers
(multiwell plates) where we found increased APP expression, but no significant
alterations in APP secretion (Figure 11 and Figure 13). Interestingly, the expression
pattern of apoJ and APP over-lapped: under control conditions and in the presence of
240H-C fraction 1 and 3 contained both, apoJ and APP, and in the presence of
cholesterol apoJ and APP shifted to lower density fractions 1, 2, and 3 (Figure 28, A
and B).
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Figure 28: ApolJ, APP and apoA-I expression in lipoprotein density fractions secreted from pBCEC. Cells
were grown on 10 cm petri dishes and incubated for 24 h with 10 uM 240H-C or 100 uM cholesterol in
serum-free medium. Lipoprotein fractions were isolated, proteins TCA precipitated, separated by SDS-

PAGE and immunoblotted for apoJ (A) and APP (B) as described in Materials and Methods section ‘3.2.6
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SDS-PAGE and immunoblotting’. Graph represents one experiment performed in duplicates. (C) Cells
were treated as described for A. Lipoproteins were isolated from cellular supernatants by density
gradient ultracentrifugation, proteins subjected to tryptic digest, and peptide masses analyzed by LC-MS
analysis by our collaborator Dr. Ruth Birner-Gruenberger. Data shown represent mean peptide spectra

intensities of apoA-l of one experiment performed in duplicates.

Since we found that apoJ and APP protein expression in lipoprotein density fractions
over-lapped (Figure 28, A and B), and apoJ was reported to localize around senile
plaques [153] and to transport AB [96, 157], to examine possible interaction/binding of
the two proteins we immunoprecipitated apoJ and APP of pBCEC culture supernatants
(Figure 29). Therefore, pBCEC were incubated for 24 h in serum-free medium,
supernatants were incubated with magnetic beads carrying cross-linked antibodies
specific for apoJ or APP. After several washing steps, bound antigens were gently
removed from their capturing antibodies and samples were further analyzed via SDS-
PAGE and immunoblotting (for further details please refer to Materials and Methods
section ‘3.2.5 Immunoprecipitation’). For detection via immunoblot we used a primary
antibody specific for apol) and expected signals in both samples: samples precipitated
with the apol-specific and APP-specific antibody. In parallel, to our
immunoprecipitated samples, as apol-positive control, we analyzed human serum (5
ul of a 1:200 dilution). Figure 29, B shows that the apoJ immunoprecipitate displays
the exact same pattern as the positive control, Figure 29, A. Interestingly, we detected
an additional band > 80 kDa (Figure 29, B *) in the apolJ immunoprecipitate. The
analyses of the APP immunoprecipitate revealed the presence of a band of same size >
80 kDa (Figure 29, C *) and additionally the most prominent band of apolJ (~55 kDa).
Our data, so far, suggest that apoJ and APP interact since they co-localize in the same
lipoprotein density fractions and they appeared to physically interact (co-

immunoprecipitation).
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Figure 29: ApoJ binds APP/AB in pBCEC. Cells were grown on petri dishes and incubated for 24 h in
serum-free medium. Immunoprecipitation was performed as described in Materials and Methods
section ‘3.2.5 Immunoprecipitation’ using antibodies specific for apoJ and APP. Immunoprecipitates
were further analyzed by immunoblotting as described in Materials and Methods section ‘3.2.6 SDS-
PAGE and immunoblotting’. (A-C) Immunoblot of apoJ protein. (A) Human serum, positive control for
apoJ. (B) ApoJ immunoprecipitate — beside the ‘typical’ pattern of apoJ (compared to serum sample) an
additional band at > 80 kDa appeared. (C) APP immunoprecipitate — a band at > 80 kDa represents APP,
the lower band at ~55 kDa shows apolJ. *Band > 80 kDa represents APP.

To further characterize regulation of ApolJ protein and mRNA expression by LXR
ligands, cholesterol and simvastatin, immunoblotting and quantitative real-time PCR
were performed. We detected a 2.3-fold up-regulation of intracellular apol protein
levels in pBCEC (Figure 30, A), whereas supernatant levels of both apoJ subunits (a-
and B-chain) were markedly decreased: by 84% in cells treated with 240H-C, by 99% in
TO-treated cells, and by 65% in cells incubated with simvastatin. In contrast,

cholesterol did not show any effects on the secreted amounts of Apol. (Figure 30, B).

ApoJ mRNA levels in pBCEC treated with LXR ligands or cholesterol were significantly
decreased (Figure 31) with TO being the most potent agent to decrease ApoJ] mRNA
levels (67% reduction), followed by the natural LXR ligand 240H-C (54% reduction) and

cholesterol (53% reduction).
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Figure 30: ApoJ protein expression levels are modulated upon LXR-activation and y simvastatin
treatment in pBCEC. Cells were treated for 24 h with 10 uM 240H-C, 2 uM TO, 5 uM simvastatin or 100
UM cholesterol in serum-free medium and immunoblotting for intracellular (A) and secreted apoJ (B)
was performed as described in Materials and Methods section ‘3.2.6 SDS-PAGE and immunoblotting’.
(A) Intracellular apoJ levels in pBCEC rise after stimulation with 240H-C. Data represent mean + SD of
one experiment representative of two performed in triplicates. *** P < 0.001. (B) Decreased secreted
Apol levels in pBCEC after LXR-activation or incubation with simvastatin. Data represent mean + SD of

one representative experiment performed in duplicates. ** P < 0.01.
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Figure 31: ApoJ] mRNA expression is down-regulated by LXR-ligands or cholesterol treatment. Cells
were treated for 24 h with 10 uM 240H-C, 2 uM TO or 100 uM cholesterol in serum-free medium and
real-time analysis for ApoJ mRNA expression was performed as described in Material and Methods

section ‘3.2.6 SDS-PAGE and immunoblotting’. HPRT1 mRNA expression levels were used for
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normalization. Data represent mean + SD of one experiment representative of two performed in

triplicates. *P < 0.05.

Our data confirm and indicate that pBCEC express and secrete apoA-l and apol,
respectively, and that expression and secretion of apoA-l/apoJ can be modulated by

LXR activation and/or altered cholesterol homeostasis.
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4.2.12. Transport of radiolabeled AB peptide across the BBB in vitro

To investigate if pBCEC are capable of transporting ‘exogenous’ AR and to simulate the
BBB in vitro, a Transwell system (Vitaris AG) was used. To obtain a polarized, tight
monolayer, pBCEC were cultured on porous membrane filters that allow separate
access to the apical (representing the ‘blood’ side) and the basolateral (representing
the ‘brain parenchymal’ side) compartment. Tight junction formation upon the
addition of hydrocortisone-containing medium increases the electrical resistance
which is monitored using an Ohmmeter (Materials and Methods section ‘3.2.3
Transwell experiments’ and [76]). Radiolabeled AB14o peptide (‘*’I- AB) was added
either to the basolateral or apical compartment. Time-dependent transport of Ap was

determined by counting aliquots of the culture media.
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Figure 32: Transport of 125 AB in pBCEC. pBCEC were cultured on Transwell in the absence or presence
of 10 uM 24(S)OH-cholesterol for 16 h. Subsequently, 1235 AB (0.5 pg/ml) was added to the basolateral
(A), or apical (B) compartment. At the indicated time points aliquots of the media were counted on a

gamma counter. Results represent means + SD from one representative experiment performed in

triplicates.

Our initial experiments showed that AP transport across pBCEC takes place in both
directions, from apical to basolateral and vice versa (Figure 32, A&B) and indicate that
LXR activation by 24(S)OH-cholesterol may enhance the transport of AB. These results

have to be confirmed during future experiments.
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4.2.13. Transport of radiolabeled ApoA-I across the BBB in vitro

From previous and the present studies we know that pBCEC express and secrete apoA-
| [76]; Figure 28, C). To examine the transport of exogenous apoA-| across polarized
pBCEC, cells were cultured on Transwell filters and increasing concentrations of **I-
apoA-l were added to the apical media. At indicated time points aliquots from the
basolateral compartment were counted to determine apoA-I transcytosis (Figure 33,
A). Up to approx. 100 ng of apoA-I were transported across the monolayer at 3 h of
incubation and the highest concentration of apoA-lI used, which corresponds to
approx. 1% of apically added apoA-I. In contrast, cell-associated activity at the end of
incubation accounted for only up to 0.1% of total radioactivity (Figure 33, B).

During tracer assays we could observe ?°I- AB transport across polarized pBCEC in

both directions (Figure 32). Additionally we were able to show that 12>

[-apoA-I
undergoes dose- and time-dependent transcytosis across pBCEC from the apical to the
basolateral compartment and vice versa (Figure 33 and Figure 34). Preliminary findings
indicate that the presence of HDL; might support the transport of apoA-I across the
monolayer. In future experiments we will investigate potential interactions of apoA-I

and HDL with AB-transport in this in vitro BBB model and we will further analyse

effects of LXR activation and/or cholesterol treatment in these processes.
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Figure 33 Time- and dose dependent transport of apoA-l across pBCEC (apical to basolateral). (A)

pBCECs were cultivated in 12-well Transwells and were incubated apical with

2|-apoA-l (1 - 5 pg/well =

2 - 10 pg/ml) +/- HDL; (100 pg/well (= 200 pg/ml)). ApoA-I has been iodinated on the same day. At

indicated time points 400 ul aliquots from the basolateral compartment were counted on a gamma

counter and were replaced with fresh medium. (B) After 3 h cells were washed with PBS and lysed in 0.3

N NaOH o/n to determine ng apoA-I/mg cell protein. (C) TEER values were determined at the beginning

and the end of the experiment as described under Materials and Methods section ‘3.2.3 Transwell

experiments’.

92



>

180
160
140
120
100

- 2 ug/ml

- 5 pg/ml
10 pg/ml
10pg/ml + HDL

ng '?’l-apoA-l transported

time (h)

154

Ny T

T

°
g 10 |
D
<
o
Q.
©
o
=

<

apoA-l 2 5 10

1004

0- T T

T

10  ug/ml
200 pg/ml

[ before experiment
Bl after experiment

apoA-l 2 5 10
HDL; - -

10  pg/ml
200 pug/ml

Figure 34: Time- and dose dependent transport of apoA-l across pBCEC (basolateral to apical). (A)

pBCECs were cultivated in 12-well Transwells and were incubated basolateral with

l-apoA-l (1 -5

pg/well = 2 - 10 yg/ml) +/- HDL; (100 pg/well (= 200 pg/ml)). ApoA-I has been iodinated on the same

day. At indicated time points 400 pl aliquots from the apical compartment were counted on a gamma

counter and were replaced with fresh medium. (B) After 3 h cells were washed with PBS and lysed in 0.3

N NaOH o/n to determine ng apoA-I/mg cell protein. (C) TEER values were determined at the beginning

and the end of the experiment as described under Materials and Methods section ‘3.2.3 Transwell

experiments’.
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4.2.14. Binding and uptake of Alexa-Ap at the BBB in vitro

During experiments described above we observed a time-dependent transport of
[**°1]-AB across pBCEC grown on Transwell filter inserts (Figure 32). Additional
experiments should clarify which receptors might be involved in this transport process.
Preliminary data obtained during FACS experiments (performed in co-operation with
Gunther Marsche and Michael Holzer, Institute of Experimental and Clinical
Pharmacology, Medical University of Graz) on BW transductants (B — lymphocytes
which over-express certain types of scavenger receptors) have provided evidence for

two scavenger receptors to be able to bind Alexa-AB (Figure 35), namely scavenger

receptor expressed on endothelial cells (SREC-1) and scavenger receptor Al (SR-Al).
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Figure 35: SREC-I and SR-AI are able to bind AP in BW transductants. BW cells were grown on 96 well
plates, incubated with fluorescently-labeled AR and analyzed using a flow cytometer. Graph bars show
the geo mean of fluorescence + SD of one single measurement performed in duplicates (performed by

Michael Holzer).

Analysis of SREC-I, SR-Al, RAGE and LPR1 mRNA levels, candidate or known receptors
for AB (Figure 36) was performed via quantitative real-time PCR as indicated in
Materials and Methods. We found that pBCEC do express SREC-I, RAGE and LRP1 but

they do not express SR-AI.
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Figure 36: pBCEC express SREC-I, RAGE and LRP1 but not SR-Al. Cells were grown on 6 well plates in
serum-free medium for 24 h. Cells were harvested and real-time for SREC-I, LPR1 and RAGE was
performed as described in Materials and Methods. Shown is one representative separation of PCR

products on a 1% agarose gel.

Since pBCEC only express SREC-I, but not SR-Al (Figure 37), we next investigated
binding and uptake of fluorescently labeled AB (25ug/ml) in BW- SREC-I cells in the
absence or presence of fucoidan (50ug/ml), a known inhibitor of class A macrophage
scavenger receptors (Figure 37). We found a reduction in AB binding (4°C) by BW cells
(by 75%) and by SREC-I overexpressing BW cells (by 85%) and in AB uptake (37°C) by
BW cells (by 81%) and by SREC-I overexpressing BW cells (by 67%).
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Figure 37: Binding and uptake of AB by BW transductants is inhibited by fucoidan. BW cells were
grown on 96 well plates, incubated with Alexa-AB (25 pg/ml) in the absence or presence of fucoidan (50
ug/ml) and analyzed using a flow cytometer. Graph bars show the geo mean fluorescence + SD of one

single measurement performed in duplicates (performed by Michael Holzer).
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Figure 38: Binding and uptake of Alexa-AB peptide to pBCEC is blocked by fucoidan. (Left panel) Cells
grown on 48 well plates were incubated with 0-50 pug/ml fluorescently-labeled AB.4o peptide for 2 h at
either 4°C (binding) or 37°C (uptake). Cells were then harvested, washed, fixed an analysed using a flow
cytometer. Data shown represent geo mean fluorescence = SD of one single experiment performed in
duplicates. (right panel) Cells were grown on collagen-coated FlexiPerm slides and incubated for 2 h at
37°C with Alexa 488-labeled AB;.4o peptides (50 pg/ml). Then cells were washed, fixed with acetone and
mounted with Vectashield containing Dapi. Visualization was carried out using a Leica fluorescence
microscope (40x magnification). Dapi, Dapi-staining of cell nucleus; AB-AF, fluorescent signal of

bound/internalized AB; merged, overlay of Dapi and fluorescent picture.

To further approve involvement of SREC-I, AR binding in BW cells and in BW cells
overexpressing SREC-I was examined in the absence or presence of SREC-I antibody.
Interestingly we found a drastically decreased AB binding (by 84%) in BW cells
overexpressing SREC-I in the presence of inhibiting SREC-I antibody Figure 39).
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Figure 39: Binding of AP peptide is blocked by SREC-I antibody-inhibition. BW cells grown on 48 well
plates were incubated with 25 pg/ml fluorescently-labeled AB;.4o peptide for 1 h at 4° in the presence or
absence of SREC-I antibody (10 pg/ml). Cells were then harvested, washed, fixed an analysed using a
flow cytometer. Data shown represent geo mean fluorescence + SD of one single experiment performed

in duplicates (performed by Michael Holzer).

Within further experiments we reduced the amount of fluorescently-labeled A to 15
ug/ml and increased the sample size (Figure 40). We observed similar results as for the
experiments performed with 50 pg/ml AB: pBCEC bind (4°C) and actively internalize A
peptides (37°C). Interestingly, the addition of fucoidan only significantly inhibited AB
internalization (by 36%) but did not influence the binding of AB by pBCEC.
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Figure 40: Binding and uptake of AP peptide to pBCEC is blocked by fucoidan. Cells grown on 48 well
plates were incubated with 15 pg/ml fluorescently-labeled AB.4o peptide for 2 h at either 4°C (binding)

or 37°C (uptake). Cells were then harvested, washed, fixed an analysed using a flow cytometer. Data
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shown represent geo mean fluorescence + SEM of 2 independent experiments performed in triplicates

*** P <0.001 (compared to cells — AB), # P < 0.01 (compared to 15 pg/ml AB).

However, in contrast to drastically decreased AR binding in BW cells overexpressing
SREC-I in the presence of SREC-I antibody (Figure 39), AB binding in pBCEC did not
change in the presence of SREC-I antibody (Figure 41). This may indicate that other AB

peptide receptors do prevail.
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Figure 41: Binding of AP peptide in the presence of SREC-I antibody in pBCEC. Cells grown on 48 well
plates were incubated with 15 pug/ml fluorescently-labeled AB;.4o peptide for 2 h at either 4° or 37°Cin
the presence or absence of SREC-I antibody (10 pg/ml). Cells were then harvested, washed, fixed an
analysed using a flow cytometer. Data shown represent geo mean fluorescence + SD of one single

experiment performed in triplicates.

Our results show that addition of the inhibitor fucoidan significantly lowers the uptake
and binding of AB in BW cells overexpressing SREC-1 and pBCEC, suggesting that SREC-I
may represent a novel candidate-receptor for Ap at the BBB. To further confirm which
receptors are responsible for the transport of AB at the BBB, RNAi and further

antibody inhibition experiments in pBCEC are crucial.

98



5. Discussion

5.1. Characterization of APP and cholesterol metabolism in BCEC

There is striking evidence that cerebral AP production and cholesterol homeostasis are
closely linked. Not surprisingly various studies have concentrated on the relationship
between APP processing and the effects of cholesterol and/or LXR activation in cellular
models overexpressing APP, in neurons, and astrocytes, as well as in various mouse
models of AD [178-180]. The involvement of the BBB in these processes is just one
open question in the etiology of neurodegenerative diseases such as AD. BBB
dysfunction has been discussed as one possible explanation for hypercholesterolemia-
induced AR production in rabbits and mouse models of AD [97-101]. In addition,
enhanced clearance of AB to peripheral circulation has been suggested as one

pathway mediating the protective effects of statins in AD [181].

The first goal of the present in vitro study was to determine the contribution of BCEC
to APP synthesis and processing and to clarify the impact of pharmacological
antagonists of cholesterol biosynthesis on APP processing. We focused on APP
biosynthesis and processing in response to exogenously supplied synthetic (TO) and
natural (24 and 270H-C) LXR agonists, simvastatin, and cholesterol. Our study
strengthens the concept of an active contribution of the cerebrovasculature [182] in
AD for the following reasons: i) BCEC express all key mRNAs that are involved in APP
processing, i.e. a-, B-, and y- secretases; ii) we show that pBCEC synthesize APP, sAPPaq,
and AB, and iii) our data illustrate that inhibition of de novo cholesterol biosynthesis by
LXR ligands, the HMGCR inhibitor simvastatin, and exogenously supplied cholesterol
are effectors of APP processing in BCEC. In light of the huge surface area of the
cerebrovasculature (approx. 20 m?) this might be of therapeutic importance: The
apical side of pBCEC is in constant contact with the peripheral circulation and could
thereby represent a compartment that is better accessible to targeted interventions

than the isolated deeper regions of the brain.
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In line with previous reports [35, 123, 183, 184] we demonstrate the expression of a, 8
and y-secretase in pBCEC. In agreement with results obtained in APP-overexpressing
HEK cells [118], the non-amyloidogenic a-secretase pathway is most prevalent in
pBCEC. The majority of secreted sAPPa was detected in the basolateral compartment,
indicating that pBCEC-derived sAPPa could exert neurotrophic and neuroprotective
effects [178, 180] in deeper regions of the brain. In contrast to sAPPa, sAPPB and AP
was much less abundant. Of note, a remarkable portion of AB oligomers was detected

intracellularly as described until now only for neuronal and glial cells [10].

Moreover, our data illustrate for the first time that oxysterols (240H-C and 270H-C),
the non-steroidal LXR ligand TO901317 (TO), cholesterol and the HMG-CoA reductase
inhibitor simvastatin can influence APP processing in the cerebral microvasculature.
This is of potential physiological importance since BCEC in vivo are exposed to plasma
cholesterol, pharmacological agonists, statins and oxysterols that ‘diffuse’ across the
BBB from brain to blood (i.e. 240H-C) or vice versa (i.e. 270H-C). In detail, we found
that 240H-C and 270H-C as well as TO, cholesterol and simvastatin led to an increase
in total brain endothelial APP protein levels without significantly altering APP mRNA
expression, emphasizing that the changes observed were only related to changes on
the post-translational level. Concordant with our findings, it has been reported in
human neuroblastoma SH-SY5Y and in CHO cells stably expressing human APP that
oxysterols can increase intracellular APP protein levels [185, 186]. Our findings that
simvastatin treatment enhanced intracellular APP levels in pBCEC are in line with those
reporting an accumulation of APP in mouse Na2 neuroblastoma cells and APPsw-293
cells, both postulating inhibition of protein isoprenylation as the responsible
mechanism [124, 126]. In agreement with results reported by Bodovitz and Klein, in
APP stably transfected HEK 293 cells [118], we also detected elevated mature and
immature APP protein levels in pBCEC treated with cholesterol. Our finding that in
addition to oxysterol agonists, also the non-steroidal LXR agonist TO901317 elevated

intracellular APP protein levels in pBCEC, suggests that LXR activation is involved.
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Concomitant with the enhanced full-length APP protein levels we observed decreased
AR oligomer levels in pBCEC exposed to synthetic and endogenous LXR ligands,
simvastatin or cholesterol. Accordant with reduced AR oligomer levels, mRNA levels of
the B-secretase BACE1 were also decreased in the presence of oxysterols, TO, or
simvastatin, suggesting that pBCEC in the presence of LXR agonists or HMG-CoA
reductase inhibitors favour non-amyloidogenic cleavage events. Further analyses of
the mechanism(s) underlying reduced AB oligomer levels revealed that both low
cholesterol and isoprenoid levels down-regulated AP oligomer formation in

simvastatin-treated pBCEC.

Accordant with reduced B-secretase cleavage products, the amount of sAPPa secreted
by pBCEC incubated with simvastatin was enhanced. Interestingly, this phenomenon
seemed to be caused by decreased levels of cellular isoprenoid intermediates in the
cholesterol biosynthesis pathway and independent of cholesterol depletion itself. In
parallel, and only by simvastatin treatment, ADAM10 transcription was enhanced in
pBCEC, indicating a direct regulatory effect of HMG-CoA reductase inhibitors on the a-
secretase pathway to occur, in line with previous reports [125]. Our findings of
significantly increased amounts of secreted APPa upon incubation with 240H-C or
270H-C, suggest that regulatory effects of oxysterols are beneficial against AB peptide
generation, as well. Similar reports refer to enhanced sAPPa secretion in human
neuroblastoma cells treated with 240H-C, but not with 270H-C [186, 187]. The fact
that the presence of the non-steroidal LXR ligand TO901317 also decreased AP
oligomer levels in pBCEC, indicates the involvement of LXR activation in APP
processing. Several in vivo and in vitro studies support this suggestion, since APP
overexpressing CHO-, and mouse neuroblastoma cells treated with TO showed similar
AB-reducing effects [130, 132]. AD mice treated with TO establish reduced total
cerebral AB levels and improved cognitive performance [132, 188]. Further strong
support for a beneficial role of LXR activation during AD development/pathogenesis
comes from reports demonstrating enhanced senile plague formation in AD mice

lacking LXRs [175].
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Our observation that the presence of cholesterol decreased sAPPa levels in (polarized)
pBCEC agrees with those of Bodovitz and Klein reported in APP stably transfected HEK
293 cells [118]. The authors hypothesized that a-secretase activity may be inhibited by

increased cellular cholesterol levels and thus be responsible for the observed effect.
5.1.1. Cholesterol biosynthesis

In this study we were able to identify and link the impact of LXR ligands, cholesterol,
and simvastatin on APP processing and cholesterol homeostasis in pBCEC.
Pharmacological modulation of intracellular cholesterol homeostasis resulted in
pronounced alterations of APP synthesis and processing by pBCEC. In parallel, total
cellular cholesterol mass was down-regulated by simvastatin and up-regulated by
exogenously added cholesterol. LXR ligands did not affect total cellular cholesterol
content. However, all agonists significantly attenuated cellular de novo cholesterol
biosynthesis. As a uniform response to inhibited cholesterol biosynthesis we have
observed increased APP synthesis, decreased BACE mRNA levels, and lower
intracellular AB oligomer deposition. Data from the present study suggest that
decreased de novo cholesterol synthesis induces a non-amyloidogenic pBCEC
phenotype, probably as a response to redistribution of different cellular cholesterol

pools.

In addition, under conditions where de novo cholesterol biosynthesis was most
effectively inhibited (oxysterols and simvastatin), the levels of secreted, anti-
amyloidogenic sAPPa were significantly elevated. On the transcriptional level, only
simvastatin treatment induced a significant increase of ADAM10 mRNA. These
findings, in line with a previous report [125], indicate a direct regulatory effect of
HMGCR inhibitors on the oa-secretase pathway. Statins inhibit isoprenylation of
GTPases thereby leading to reduced AP production [126]. Accordingly, in the present
study sAPPa secretion was increased under mevalonate limiting conditions, while Ap
deposition was decreased. Reversing the mevalonate block resulted in either complete

(sAPPa) or partial (AB) reversal of this phenotype.
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Oxysterol-mediated inhibition of SREBP processing or activation of LXR [189] might
account for altered transcription of HMGCR and multiple other genes involved in
cholesterol homeostasis. SREBP-2 contains a sterol regulatory element (SRE) in its own
promoter region and is capable of regulating its own transcription [190]. In oxysterol
treated pBCEC a decrease in mature SREBP-2 protein may result in reduced SRE-
MSREBP-2 binding and thus decreased SREBP-2 mRNA levels in oxysterol treated BCEC.
Cholesterol treatment elevated premature SREBP-2 protein levels, whereas the
presence of TO slightly decreased mature SREBP-2 protein levels, but neither
compound altered SREBP-2 mRNA levels in pBCEC. This is in accordance with previous
reports in human neuroblastoma cells SY5Y, HEK 293 cells and a mouse microglial cell
line [191]. We encountered enhanced SREBP-2 mRNA levels and elevated premature
and mature SREBP-2 protein levels in the presence of simvastatin in pBCEC which is
concordant with results obtained in SY5Y cells [192] and is a result of both enhanced

SREBP-2 activity and transcription in a low cholesterol environment.

Up-regulation of HMGCR in pBCEC by simvastatin on mRNA and protein level was
unexpected. However, such an effect was also observed in neuroblastoma cells [192]
and ascribed to increased transcription, translation and protein stability of HMGCR in
the presence of statins [193]. Another possible explanation is a compensatory
mechanism, pBCEC use to deplete decreased cholesterol levels and biosynthesis upon

simvastatin treatment.
5.1.2. Cholesterol storage

Also ACAT, catalyzing intracellular cholesterol esterification, has been linked to
amyloidogenesis in several studies. Increasing CE levels enhances AP release from
cells, whereas pharmacological inhibition of ACAT-1 was shown to reduce intracellular
CE levels and AP release [129, 194]. ACAT-1 inhibition decreased plaque burden in APP
mice by reducing secretion and increasing clearance of AB [195]. During the present
study, ACAT-1 mRNA levels were unaffected by the agonists used. In contrast, ACAT-2
mRNA levels were up- (simvastatin), down- (oxysterols) or un-regulated (TO,

cholesterol) and did not clearly correlate with the induction of either a pro- or anti-
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amyloidogenic pBCEC phenotype. Therefore, we are currently unable to draw firm

conclusions about the role of ACAT in APP processing in pBCEC.
5.1.3. Cholesterol efflux

Increased LXR/ABCA1/apoA-I dependent cholesterol efflux (Fig. 3D) from pBCEC is
most probably a protective pathway preventing accumulation of toxic concentrations
of cholesterol [76]. The LXR/ABCA1l/apoE axis in brain is now considered as a
promising therapeutic target in AD [196]. In line, a crucial role of ABCA1 has been
suggested in plaque formation, since lack of ABCA1 protein leads to enhanced A
deposition in APP23/ABCA1/ mice [197]. In agreement, our data demonstrate a
reduction in intracellular AB deposits under conditions of LXR-mediated ABCA1 up-
regulation. In contrast and despite of down-regulated ABCA1 expression (an event
mediated by SREBP-2; [172]) intracellular AB oligomer formation was still reduced in

response to BCEC treatment with simvastatin.
5.1.4. PKC action on APP secretion

Already in the 1990’s Buxbaum et al. reported that APP processing is sensitive to
regulators of protein-phosphorylation, e.g. PKC activators decreased APP processing
via the amyloidogenic pathway [198]. More recent data point towards a role of PKC in
the cellular trafficking of APP [199] and highlight modulating effects of oxysterol-

action on protein kinase activity and APP processing [176].

To clarify if PKC also takes part in APP processing at the BBB we examined effects of
PKC activation on APPa secretion in pBCEC. Indeed we observed a drastically increased
sAPPa secretion from BCEC incubated with ionomycin (a PKC activator) compared to
control cells. Enhanced sAPPa secretion from pBCEC might be explained by the
findings of Pangrsic et. al, that ionomycin stimulates exocytic cargo release (e.g. ATP
release from cultured astrocytes) [200]. Furthermore we found that addition of 240H-
C reversed this effect. Our data are in line with those found in primary cortical neurons
[176] and emphasize that APP processing in BCEC is (at least in part) regulated by PKC

and can be modulated by the action of oxysterols.
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5.2. Investigation of BBB-derived (apo) lipoproteins and AB

turnover at the BBB

5.2.1. ApoA-I stimulates sAPPa secretion from pBCEC

Previous studies of our group highlight that pBCEC actively synthesize HDL-like
particles containing apoA-I [76]. In addition, within this study we found that apoA-I
treatment of pBCEC significantly increased sAPPa secretion as compared to control
cells. The underlying mechanism for enhanced sAPPa secretion is not known at
present, however, one could speculate that interaction of apoA-l with APP may induce
its increased formation/release, since apoA-l has been reported to interact with at
least one extracellular domain of APP [201]. Alternatively (or in addition), the presence
of apoA-lI may activate PKC signaling [202, 203]in pBCEC and thereby induce the
release of neuroprotective sAPPa at the BBB (see above). It is perhaps plausible that
enhanced release of sAPPa upon apoA-| stimulation in BCEC could contribute to the
extenuating effects of apoA-I overexpression on neurodegenerative symptoms in AD

mouse models [177, 204].
5.2.2. Apolipoprotein profiles in pBCEC

Another aim of the present in vitro study was to characterize the (apo)lipoprotein
profile in pBCEC supernatants. We found that pBCEC express and secrete significant
amounts of apoA-l and apol. Previous results of our group showed that HDL-like
particles (that contain apoA-I) are formed at the basolateral side of the in vitro BBB
model [76]. Our new findings suggest that pBCEC can also form lipoprotein particles
that contain apolJ or possibly both apoJ and apoA-I as it has been described for a small
fraction of plasma-derived small and lipid-poor apol-containing HDL particles [205]
and lipoprotein particles containing apoJ have been also found in hepatocytes and
astrocytes [93, 206]. However, the majority of pBCEC-derived apol) was detected in

density fraction 1 and 3 under all conditions explored. These findings are partly in line
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with those of De Silva et al. and suggest that apoJ may associate with VLDL, LDL and
HDL; [207].

Apol or clusterin is involved in many processes, e.g. cholesterol efflux [95], inhibition
of complement activation [208], and was shown to bind AB in vivo and in vitro [209,
210]. Soluble plasma AB (sAB) is mainly complexed with apolJ [209] and is found in HDL
[206], HDL; and VHDL [211]. ApolJ—sAB.40—complexes can bind to microvessels and can
be transported from blood-to brain in vivo [51]. Since AB binding to apoE depends on
the lipidation status of the apolipoprotein [212], and BCEC secrete lipid-rich apoJ,
similar mechanisms could occur in microvascular endothelial cells forming the BBB.

Future studies should further investigate this interesting question.

During this study we observed increased intracellular apol protein levels in pBCEC
treated with 240H-C in parallel to decreased apol secretion and gene expression.
Since apol is no reported LXR target gene the effects of 240H-C on apol expression
might also be independent of LXR activation. The decreased secretion and gene
expression of apoJ may represent a feed-back regulatory mechanism due to increased
intracellular apol) protein levels. TO also decreased apo J secretion and gene
expression in pBCEC. However, there is no data on intracellular apol levels in this cell
type treated with TO or 270H-C until so far. Similar results (for both synthetic and
non-synthetic LXR ligands) would suggest LXR-dependent regulation of apoJ expression
in pBCEC Future experiments should address this issue. The finding that both
cholesterol and simvastatin altered apol secretion and gene expression in BCEC
indicates that altered cholesterol homeostasis might also influence apol expression at

the BBB.

During this study we could show that the pattern of distribution of apoJ and APP in
(lipoprotein) density fractions over-lapped and that apoJ and APP/AB physically
interact. We speculate that intracellular apoJ and extracellular apoJ and/or HDL-like
particles formed by pBCEC could be transport shuttles for brain-derived and
endogenously (in BCEC) synthesized AP and be involved in the clearance of excess AB

across the BBB. Future studies will address these questions.
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5.2.3. Transport of AB peptide across the BBB in vitro

The maintenance of cerebral Ap homeostasis involves AB clearance and uptake across
the BBB, processes in which several cellular receptors and transporters are reported to
be involved [213] in addition to the presently best described candidates, LRP1 and
RAGE [214]. During this study we addressed the questions if time-dependent transport
of AB peptide can be measured using the in vitro Transwell model of the BBB and if

known and/or novel AB-binding candidates are expressed in pBCEC.

In our initial experiments, radiolabeled AP;4 was added to either the apical
(mimicking the blood side) or the basolateral side (simulating the brain side) of pBCEC
grown on Transwell filters (BBB in vitro model) on and AP transport to the other
compartment was monitored over-time. A time-dependent transport of ABi.49 from
both apical to basolateral and vice versa was observed, that seemed to be enhanced

after LXR activation by using its endogenous ligand 240H-C.

During this study we found that APP and apoA-I/apoJ expression in lipoprotein density
fractions over-lapped and that addition of apoA-l to the culture medium of pBCEC
enhances non-amyloidogenic processing of APP. We therefore speculate that HDL-like
particles (containing apoA-l and/or apol) could be AB-transport vehicles and thus
investigated transport of radiolabeled apoA-l in our Transwell system. Interestingly

also apoA-I was transported into both directions across the cellular model of the BBB.

To characterize novel receptors involved in the AB transport observed, we performed
FACS analyses to monitor fluorescently labeled AR uptake by BW transductants (B—
lymphocytes which over-express certain types of scavenger receptors). This allowed us
to detect two promising candidates, namely scavenger receptor expressed on
endothelial cells (SREC-I) and scavenger receptor Al (SR-Al). Reduced AB binding and
uptake in SREC-I overexpressing BW cells in the presence of fucoidan and inhibiting
SREC-I antibody further approved the involvement of SREC-I in AR binding in BW cells.
In pBCEC only SREC-I was expressed and fucoidan significantly inhibited AP uptake by
pBCEC. In contrast to BW cells, AB binding in pBCEC in the presence of SREC-I antibody

did not change.
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Our results suggest SREC-I as a new candidate-receptor for AR at the BBB. Although
RNAi and further antibody inhibition experiments in pBCEC are crucial to further

strengthen this hypothesis.

Data of the present study revealed that cerebrovascular endothelial cells actively
contribute to cerebral APP/AB synthesis. Dysfunctional cerebrovascular cholesterol
and/or APP homeostasis might therefore contribute to the pathogenesis of AD.
Pharmacological modulation of cellular lipoprotein, cholesterol and isoprenoid
metabolism could contribute to redirect APP synthesis and processing by
cerebromicrovascular endothelial cells towards the beneficial, non-amyloidogenic
pathway. In particular cerebrovascular LXRs may represent promising targets for such
intervention strategies, due to their ability to modulate cholesterol and lipoprotein

metabolism, APP processing, and inflammatory gene expression at the BBB.
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