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Abstract

The accumulation of neurotoxic amyloid-beta (AB) in the brain is a characteristic hallmark of
Alzheimer’s disease (AD). The blood-brain barrier (BBB) provides a large surface area and has
been shown to be an important mediator for removal of brain Ap. Both, the ABC transporter P-
glycoprotein (ABCB1/P-gp) and the receptor low-density lipoprotein receptor-related protein 1
(LRP1) have been implicated to play crucial roles in Ap efflux from brain. Here, with
immunoprecipitation experiments, co-immunostainings and dual inhibition of ABCB1/P-gp and
LRP1, we show that both proteins are functionally linked, mediating a concerted transcytosis of
AP through endothelial cells. Late-onset AD risk factor Phosphatidylinositol binding clathrin
assembly protein (PICALM) is associated with both ABCB1/P-gp and LRP1 representing a
functional link and guiding both proteins through the brain endothelium. Together, our results give
more mechanistic insight on Ap transport across the BBB and show that the functional interplay of
different clearance proteins is needed for the rapid removal of AP from the brain.
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1. Introduction

The accumulation of neurotoxic peptide beta-amyloid (AB) is a characteristic hallmark of
Alzheimer’s disease (AD) (Selkoe, 2001; Hardy, 2006; Aleksis et al., 2017). In the sporadic
form of AD, the production of A is not altered from healthy individuals. However, failures
in clearance mechanisms lead to an time-dependent accumulation of AP peptides (Bateman
et al., 2006; Mawuenyega et al., 2010). In the healthy brain, several highly efficient
clearance mechanisms normally exceed the removal of AR over its production (Tarasoff-
Conway et al., 2015; Storck and Pietrzik, 2017). The blood-brain barrier (BBB)-forming
capillaries in the central nervous system (CNS) contribute to a large part (up to 70%) to the
rapid removal of excessive brain A (Bell et al., 2009; Krohn et al., 2011; Tarasoff-Conway
etal., 2015; Storck et al., 2016). To date, several receptors (Deane et al., 2005; Bell et al.,
2007; Storck et al., 2016) and transporters (Kuhnke et al., 2007; Do et al., 2013; Elali and
Rivest, 2013; Pahnke et al., 2014; Dodacki et al., 2017) have been described that facilitate
the efflux across the BBB into the periphery, where Ap is then degraded by peripheral
organs (Shibata et al., 2000).

One of the most prominent receptors that transports Ap across the endothelium is low-
density lipoprotein receptor-related protein 1 (LRP1) (Shibata et al., 2000; Storck et al.,
2016). It is highly expressed in all functional elements of the so called neurovascular unit
that constitutes the BBB (Deane et al., 2009; Kanekiyo et al., 2012; Storck et al., 2016; Liu
et al., 2017). LRP1 has been described to rapidly remove soluble AB from the interstitial
fluid (ISF) by both endocytosis and lysosomal degradation or in the BBB, transcytosis
across cells. Due to its fast endocytosis rate compared to other members of the low-density
receptor (LDLR) family (Li et al., 2001), LRP1 is important for the rapid removal of AR
from brain. LRP1 is synthesized as a 600 kDa protein and cleaved by furin into two
subunits: 1) an extracellular N-terminal ligand-binding subunit (alpha-chain) which binds
more than 40 structurally diverse ligands; 2) the intracellular subunit which contains two
NPxY motifs and is important for adaptor protein binding, signaling and endocytosis
(Roebroek et al., 2006; Reekmans et al., 2010). The distal NPxYxxL motif plays distinct
roles in the functionality of LRPL. It has been shown that cells from mice carrying a knock-
in mutation in this sequence exhibit reduced internalization rates for LRP1 (Roebroek et al.,
2006; Pflanzner et al., 2010). Moreover, the NPxYxxL motif is crucial for basolateral sorting
of LRP1 in polarized epithelial cells (Marzolo et al., 2003). In human capillaries LRP1 has
been shown to be primarily expressed at the abluminal, brain-facing side of polarized
endothelial cells (Zhao et al., 2015). A recent study has found that LRP1 in endothelial cells
is associated with phosphatidylinositol binding clathrin assembly (PICALM) protein (Zhao
et al., 2015). Several genome-wide association studies have identified PICALM as a
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consistent link to AD (Harold et al., 2009; Jun et al., 2010; Kauwe et al., 2011; Lambert et
al., 2011; Lee et al., 2011; Piaceri et al., 2011; Ferrari et al., 2012; Kamboh et al., 2012;
Schnetz-Boutaud et al., 2012; Parikh et al., 2014; Xu et al., 2015). PICALM influences
clathrin—dependent endocytosis of the AB—LRP1 complex and therefore, affects A
clearance across the BBB by association with LRP1 after Ap internalization, directing LRP1
to the early endosome and sorting endosome, leading to AP transcytosis. It has been shown
that a reduction of PICALM expression aggravates Ap pathology in a mouse model by
reducing brain clearance of A (Zhao et al., 2015).

Another protein that mediates efflux of Ap across the BBB is the ABC transporter ABCB1
also known as P-glycoprotein (ABCB1/P-gp). ABCB1/P-pg is expressed at the luminal,
blood-facing side of the endothelium and normally prevents brain entry of xenobiotics from
the blood stream by its proposed flippase mechanism (Miller et al., 2008; Hartz et al., 2010;
Hartz et al., et al., 2016). The mechanism of ABCB1/P-gp in efflux of brain-derived A is
not fully understood. One reason is its luminal expression in the endothelium. Hence,
ABCB1/P-gp has no direct access to soluble Ap in the ISF. Another reason is the size and
charge distribution of Ap as most other ABCB1/P-gp substrates are much smaller
molecules. Therefore, the exact mechanism of action by which ABCB1/P-gp mediates the
efflux of brain derived Ap remains elusive. All proteins, LRP1, ABCB1/P-gp and PICLAM
have been linked to AD. PICALM reductions in brain endothelium in AD correlate with A
and AD neuropathology and cognitive impairment, LRP1 and ABCB1/P-gp are both
reduced in AD patients and loss of either reduces Ap transport across the BBB and
exacerbates cognitive impairments in mouse models (Kang et al., 2000; Shibata et al., 2000;
Cirrito et al., 2005; Zhao et al., 2015; Storck et al., 2016). Here, we show that in brain
endothelial cells these three proteins are functionally linked and that, in the brain-to-blood
transcytosis machinery, the functional interplay of all three proteins is needed for rapid AB
transport across the brain endothelium.

2. Materials and methods

2.1. Animals

All animal studies were conducted in compliance with European and German guidelines for
the care and use of laboratory animals and were approved by the Central Animal Facility of
the University of Mainz and the ethical committee on animal care and use of Rhineland-
Palatinate, Germany or approved by the Institutional Animal Care and Use Committee of the
University of Kentucky (protocol#: 2014-1233, PI: Hartz). They were carried out in strict
accordance with AAALAC regulations, the US Department of Agriculture Animal Welfare
Act, and the Guide for the Care and Use of Laboratory Animals of the NIH. Male, 10-12
week old CD-1 mice were purchased from Charles River Laboratories (Portage, MA, USA).
Animals were group-housed and kept under controlled environmental conditions (21 °C; 51—
62% relative humidity; 12-hour light/dark cycle) using an EcoFlo Allentown ventilation
system (Allentown Inc., Allentown, NJ, USA). Animals were monitored at least once a day
and had free access to tap water and Harlan Teklad Chow 2918 rodent feed (Harlan
Laboratories Inc., Indianapolis, IN, USA). After shipping, animals were allowed to
acclimate to their new environment for at least 7 days prior to experiments. Inducible, brain
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endothelial-specific LRP1 knockout (LrpZge™") and littermate control (LmZgg™™) mice
were used as described before (Storck et al., 2016). Generation of mice with inactive LRP1
(LRP1 NPxYxxL knock-in) has been described in detail before (Roebroek et al., 2006;
Reekmans et al., 2010; Pflanzner et al., 2011).

Reagents and antibodies

[1251]-AB1_42 was purchased from Phoenix Peptide, and [#C]-inulin was purchased from
PerkinElmer. PSC833 (Valspodar, SML0572), Cyclosporin A (30024), rabbit anti-Rab7
(R4779, WB: 3 pg/mL), rabbit anti-PICALM (HPA019053, WB: 1:250, IP: 3uL/sample,
ICC: 1:500), rabbit anti-p-actin (A2066, WB: 1:1000), HRP-conjugated goat anti-mouse
(A9169; WB: 1:5000), HRP-conjugated goat anti-rabbit (A5278, WB: 1:10,000) and HRP-
conjugated rabbit anti-goat (A5420, WB: 1:2000) were purchased from Sigma-Aldrich.
11E2 mouse anti-LRP1 was purified from hybridoma cell culture as described before
(Storck et al., 2016). Rabbit anti-LRP1 for immunohistochemistry (IHC) in isolated
capillaries was purchased from Abcam (ab92544; Cambridge, MA, USA). Polyclonal 1704
rabbit anti-LRP1 (WB: 1: 10,000, IP: 3 uL/sample, ICC: 1:2000) was generated as described
before (Pietrzik et al., 2002). H-241 rabbit anti-Mdr (sc-8313, WB: 1:1000, IP: 3 pL/sample
— detects MDR1&MDR3 mouse/rat/human), D11 mouse anti-Mdr1 (s¢55510, ICC: 1:100),
goat anti-Rab11 (sc-6565, WB: 1:200) were purchased from Santa Cruz Biotechnology.
Polyclonal rabbit anti RAB11A/B (15903-1-AP, IP: 3uL/sample, ICC: 1:500) was purchased
from Proteintech. Alexa-Fluor 546-conjugated goat anti-rabbit (A11010) and Alexa-Fluor
488-conjugated goat anti-mouse (A11001) for ICC were purchased from Thermo Fisher
Scientific. Alexa-Fluor 488-conjugated secondary IgG used for IHC was obtained from
Invitrogen (Carlsbad, CA, USA).

Isolation and culture of primary brain capillary endothelial cells

2.3.1. Mouse brain endothelial cells—Primary mouse brain capillary endothelial
cells were isolated from 10- to 12-week-old mice according to a standard protocol as
described previously (Pflanzner et al., 2011; Pflanzner et al., 2012; Storck et al., 2016). Cells
were plated on 24-well Transwell filters (pore size, 0.4 um; surface area, 33.6 mm?; Greiner
Bio-One) coated with collagen 1V/fibronectin (Sigma-Aldrich). Cultures were maintained in
DMEM supplemented with 20% plasma-derived bovine serum (First Link), 100 U/ml
penicillin (Gibco), 100 pg/ml streptomycin (Gibco), 2 mM I-glutamine (Gibco), 4 pg/ml
puromycin (Alexis), and 30 pg/ml endothelial cell growth supplement (Sigma-Aldrich) at 37
°C and 5% CO». Cells were cultured in the cellZscope device, in which transendothelial
electrical resistance (TEER) and capacitance were monitored over time. Puromycin was
withdrawn after 4 days in culture. When cells reached confluency and the capacitance was
around 1 pF/cm2, culture medium was removed and serum-free DMEM/Ham’s F12 (Gibco)
medium containing 1 mM I-glutamine, 100 U/ml penicillin, and 100 pg/ml streptomycin was
added. 550 nM hydrocortisone (Sigma-Aldrich) was supplemented to induce high TEER
(=80 Ohms/cm?). The following day transport studies were performed.

2.3.2. Porcine brain endothelial cells—Primary porcine brain endothelial cells were
isolated as described previously (Mahringer et al., 2009). Cells were plated in Earlés
medium 199 (FG0615, Biochrom) supplemented with 0.7 mM L-glutamine, 10 mg/ml
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penicillin/streptomycin and 10% FCS on 6 well (pore size, 0.4 um; surface area, 425.4 mm?;
Greiner Bio-One) and 24-well Transwell filters (pore size, 0.4 um; surface area, 33.6 mm?;
Greiner Bio-One) coated with collagen 1\VV/fibronectin (Sigma-Aldrich). Cells on 24-well
Transwell filters were cultured in the cellZscope device, in which TEER and capacitance
were monitored over time. Puromycin was withdrawn after 2 days in culture. When cells
reached confluency and the capacitance was around 1 pF/cm?, culture medium was removed
and serum-free DMEM/Ham’s F12 (Gibco) medium containing 0.7 mM L-glutamine, 100
U/ml penicillin, and 100 pg/ml streptomycin was added. 550 nM hydrocortisone (Sigma-
Aldrich) was supplemented to induce high TEER (=300 Ohms/cm?). The following day the
hydrocortisone-supplemented, serum-free media was changed; transport studies were
performed 48 h after serum starvation. To some cells 50 pM chloroquine was added 12 h
prior to transport studies to raise the intracellular pH and inhibit receptor-mediated transport
function.

2.4. Brain capillary isolation

For immunoblot analysis, capillaries were isolated using dextran gradient centrifugation
followed by sequential cell-strainer filtration as previously described (Storck et al., 2016).
First, mouse brains were harvested, forebrains were pooled, meninges were removed, and
the tissue was mechanically dissociated in ice-cold phosphate-buffered saline (PBS)
containing 2% fetal bovine serum (FBS) using a stainless steel razor blade followed by
vigorously pipetting. Dextran (70 kDa, Carl Roth) was subsequently added to yield a final
concentration of 16% and the samples were thoroughly mixed on ice. The samples were then
centrifuged at 6000g for 15 min. The microvessel-depleted brain (brain tissue minus
capillaries) remained on top of the dextran gradient. The capillary pellet located at the
bottom of the tubes was collected and sequentially filtered through a 100 pm and 45 um cell
strainer (BD Falcon). The capillaries remaining on top of the 45 um cell strainer were
collected in PBS and lysed for immunoblot analysis.

For IHC, Ap transport studies and ABCB1/P-gp transport assays brain capillaries were
isolated as described previously (Hartz et al., 2008). In brief, mice were euthanized by CO,
inhalation and then decapitated. Brains were removed, dissected, and homogenized in ice-
cold PBS buffer (2.7 mM KCI, 1.46 mM KHyPOy, 136.9 mM NaCl, 8.1 mM NayHPOy, 0.9
mM CaCl,, and 0.5 mM MgCls, supplemented with 5 mM p-glucose, 1 mM sodium
pyruvate, pH 7.4). Ficoll was added to a final concentration of 15%, and the homogenate
was centrifuged at 5800¢g for 15 min at 4 °C. After resuspending the pellet in 1% bovine
serum albumin (BSA) in PBS, the capillary suspension was passed over a glass bead
column. Capillaries adhering to the glass beads were collected by gentle agitation in 1%
BSA/PBS. Capillaries were washed with BSA-free PBS and used for experiments.

2.5. Transport assay in isolated capillaries

2.5.1. ABCB1/P-gp transport activity—To determine ABCB1/P-gp transport activity,
freshly isolated brain capillaries were incubated for 1 h at room temperature with the
fluorescent ABCB1/P-gp-specific substrate NBD-cyclosporin A (NBD-CSA, 2 uM in PBS
buffer) (Hartz et al., 2008). As before, specific, luminal NBD-CSA fluorescence was taken
as the difference between total luminal fluorescence and fluorescence in the presence of the
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ABCB1/P-gp-specific inhibitor PSC833 (5 pM) (Hartz et al., 2008) or 11E2 anti-LRP1
antibody (15 pug/mL) (Storck et al., 2016).

2.5.2. ABCB1/P-gp-mediated AR transport—For Ap-transport studies, isolated
capillaries were incubated for 1 h at room temperature with 5 uM HiLyte™-hAB1_s0
(AnaSpec, Fremont, CA, USA) in PBS buffer in the presence or absence of 5 pM PSC833 or
10 pM Cyclosporine A (CSA) and/or 15 ug/mL 11E2 anti-LRP1 antibody. For each
treatment, images of 7-10 capillaries were acquired by confocal microscopy Leica TCS SP5
confocal microscope with a 63 x 1.2 NA water immersion objective (Leica Instruments,
Wetzlar, Germany). Luminal fluorescence intensity was quantitated using Image J v.1.48v
(Wayne Rasbhand, NIH, USA).

2.6. In vitro transcytosis of [12°1] AB1_42

AP transcytosis across endothelial monolayers was studied in a standard transport model as
described before (Pflanzner et al., 2010; Pflanzner et al., 2011; Pflanzner et al., 2012; Storck
etal., 2016). [1251] AB1-42 (0.2 nM) and 1 pCi/ml [4C]-inulin, a marker for paracellular
diffusion, were added to serum-free media supplemented with 550 nM hydrocortisone and
40 mM HEPES and incubated at 37 °C. For pharmacological ABCB1/P-gp inhibition 5 uM
PSC833 or 10 uM CSA was added to the luminal compartment. For inhibition of LRP1 15
pg/mL 11E2 anti-LRP1 antibody was added to the abluminal compartment. To study blood-
to-brain transport, samples were taken from the luminal compartment after 60 min. To
investigate the amount of intact [1251] AB4_4, transported to the luminal side, TCA was
added to a final concentration of 8% and incubated for 10 min at 4 °C. Samples were then
centrifuged at 10,0004 for 10 min. Pellets (representing intact [1221] AB1-42) were counted
for [1251]. Transport of intact [1251] AB1-4, across the monolayer was calculated as AB1-42
transcytosis quotient (TQ) using the following formula: AB1-4> TQ = ([*2°1] - AB1-4>
luminal/[1251] — AB1-42 input)/([4C] - inulin acceptor/[14C] - inulin input). Probes were
counted on a Wallac Wizard2 2470 automatic y-counter (PerkinElmer) for [1251] or on a Tri-
Carb 2800 TR Liquid Scintillation Analyser (PerkinElmer) for [14C].

2.7. LRP1 immunostaining of mouse brain capillaries

Isolated brain capillaries were fixed with 3% paraformaldehyde/0.25% glutaraldehyde for 30
min at room temperature. After washing with PBS, capillaries were permeabilized with
0.5% Triton X-100 for 30 min and washed with PBS. Capillaries were blocked with 1%
BSA for 60 min and incubated overnight at 4 °C with a 1:500 dilution of monoclonal
antibody against LRP1 (ab92544; Abcam, Cambridge, MA, USA). After primary antibody
incubation, capillaries were washed and incubated with Alexa-Fluor 488-conjugated
secondary IgG (1:750, Invitrogen, Carlsbad, CA, USA) for 1 h at 37 °C. Nuclei were
counter-stained with 2 ug/ml DAPI. Negative controls for each treatment were processed
without primary antibody and showed negligible background fluorescence (data not shown).
Immunofluorescence was visualized by confocal microscopy (Zeiss LSM 710 inverted
confocal microscope, 40x 1.2NA water immersion objective, 488 nm line of argon laser,
Carl Zeiss Inc., Thornwood, NY, USA).
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2.8. Uptake of [125[]-AB1-4>

Internalization of [1221]-AB1-_4, was performed as previously described for LRP1 ligand
alpha-2 macroglobulin (Pflanzner et al., 2011). Briefly, confluent cells were blocked for 30
min with medium containing 4 pg/mL BSA and incubated for 1 h at 37 °C in medium
(supplemented with 1 mM Ca2*, 20 mM 4-(2-hydroxyethyl)-1-piper-azineethanesulfonic
acid (HEPES), 4 ug/mL BSA) plus 0.1 nM [1251]-AB14, in the presence of either 15 pg/ml
11E2 anti-LRP1 or 15 pg/ml unspecific mouse 1gG. Subsequently, cells were washed 5
times with ice-cold PBS. Remaining surface bound [12°1]-AB_4» was removed by two
washes with acidic PBS/HCI (pH 2) before cells were lysed in 0.2 N NaOH. TCA was added
to a final concentration of 50% and incubated for 10 min at 4 °C. Samples were then
centrifuged at 10,0004 for 10 min. Pellets (representing intact intracellular [12°1-AB1_47)
were counted on a Wallac Wizard2 2470 automatic y-counter (PerkinElmer) for [1251].

2.9. Cell culture of immortalized cell lines

bENd.3 cells (ATCC, Manassas, VA, USA) and wildtype (wt) or mouse embryonic
fibroblasts (MEF) deficient for LRP1 (LRP1~/") were described previously (Kang et al.,
2000; Pietrzik et al., 2002; Pflanzner et al., 2011; Meister et al., 2015) and cultured in
Dulbecco’s Modified Eagle Medium (DMEM; Gibco) high glucose medium containing 10%
fetal bovine serum and 100 U/ml penicillin/streptomycin (Gibco). For Ap stimulation
experiments, bend.3 cells were washed twice with PBS and stimulated with 1 nM AB1_4¢ in
serum-free media for 5 min at 37 °C. The same procedure was conducted for co-
immunocytochemistry of ABCB1/P-gp together with other proteins involved in A
transport.

2.10. Immunoprecipitation, cell lysis and immunoblot analysis

bENd.3 cells were grown on 150-mm dishes. For immunoprecipitation 3—4 confluent dishes
were lysed in 400uL CHAPS lysis buffer (50 mM Tris—Cl pH 7.5, 150 mM NacCl, 0.02%
NaN3, 0.5% CHAPS) supplemented with a cocktail proteinase inhibitors [PhosStop,
Complete, Roche Applied Science]). Homogenates were centrifuged for 20 min at 15,000g,
and the supernatant was collected. 3 pL of rabbit anti-PICALM (HPA019053), 3 pL of 1704
anti-LRP1 or 3 uL of rabbit anti-Mdr (sc-8313) antibody was added to the samples and
rotated at 4 °C overnight. 30 L of equilibrated ProteinA-beads (17-0618-01, GE
Healthcare) were added and rotated for 4 h at 4 °C. Beads were washed three times with
CHAPS lysis buffer and proteins were eluted with 15 uL 2x Roti-Load (Carl-Roth) for 5
min at 95 °C. Co-immunoprecipitated proteins were subjected to SDS-gel electrophoresis
using tris-glycine gels (BioRad) and transferred onto nitrocellulose membranes (Millipore)
and then blocked in 5% (w/v) skim milk in TBST (20 mM Tris, 137 mM NacCl, 0.1% [v/v]
Tween-20). Proteins were detected with antibodies described under 2.2. Chemiluminescence
signal detection was carried out using HRP-conjugated secondary antibodies and ELC assay
solutions (Millipore and Thermo Scientific Pierce) and LAS-3000 mini (Fujifilm). Western
blots signals were quantified using NIH ImageJ (version 1.44).

For immunoblot analysis of capillaries, isolated capillary fragments were solubilized in lysis
buffer (50 mM TrisOH, 150 mM NaCl, 0.02% [w/v] NaN3, 1% [v/v] Nonidet P-40
supplemented with a cocktail of phosphatase and proteinase inhibitors [PhosStop, Complete,
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Roche Applied Science]). Homogenates were centrifuged for 20 min at 15,000g, and the
supernatant was collected. 10 ug of capillary lysate was separated on 4-12% Bis-Tris gels
(NUPAGE™, Invitrogen) gels by SDS-PAGE, transferred onto nitrocellulose membranes
(Millipore)

2.11. Endocytosis assay of FITC-labeled human alpha-2-macroglobulin

The endocytosis assay was adapted from the procedure performed previously (Reekmans et
al., 2010). Briefly, subconfluent cells on cover slips were washed with PBS and pre-
incubated with fresh serum-free medium containing 0.2% BSA to block unspecific binding.
After 30 min the cells were then incubated for 1 h at 37 °C in fresh serum-free medium
containing 50 pg/ml FITC-labeled human alpha-2-macro-globulin (a2m, Biomac) in the
presence of 100 uM chloroquine (Sigma-Aldrich) to inhibit lysosomal activity and either 15
ug/mL unspecific mouse 19G, 15 pg/mL 11E2 anti-LRP1, 5 uM PCS833, or 10 uM CSA.
Cells were next washed three times with ice-cold PBS and the remaining surface bound
FITC-a 2 M was removed by incubating the cells for 2 min with PBS containing 10 U/ml
heparin on ice. Samples were embedded in Prolong Gold Antifade Reagent (Invitrogen),
dried overnight at room temperature, and analyzed with the confocal laser scanning
microscope LSM710 microscope (Zeiss) equipped with ZEN 2011 SP2 software.

2.12. Immunocytochemistry

bENd.3 cells were fixed in ice-cold methanol for 30 min. Unspecific binding sites were
blocked using a solution of 10% (v/v) goat serum and 1% (w/v) BSA in PBS and incubated
in primary antibody solution at 37 °C for 1 h, washed, and incubated at room temperature
with secondary antibodies for 90 min. Samples were embedded in Prolong Gold Antifade
Reagent (Invitrogen), dried overnight at room temperature, and analyzed with the confocal
laser scanning microscop LSM710 microscope (Zeiss) equipped with ZEN 2011 SP2
software.

3. Results

3.1. Lrpl knockout endothelial cells show decreased levels of ABCB1/P-glycoprotein

Recently, we developed mice that allow for tamoxifen-inducible deletion of LrpZ in brain
endothelial cells (LrpIge™") (Storck et al., 2016). In various /n vivoand in vitro
experiments we have shown that deletion of LspZ in the endothelium decreased the BBB-
mediated efflux of Ap about 50 percent as compared to LRP1-expressing wildtype
endothelium. A detailed analysis of transporter expression ex vivo in isolated capillaries
revealed that LspZ knockout endothelial cells showed about 60 percent reduction in
ABCB1/P-gp expression (Fig. 1A and B) compared to control (LroIge™ endothelial cells.
Vice versa, Cirrito and colleagues have shown previously that LRP1 expression is reduced in
isolated capillaries of global ABCB1/P-gp knockout mice (Cirrito et al., 2005). Therefore,
our results and studies from other groups suggest that the LRP1 receptor and the ABC
transporter ABCB1/P-gp are functionally linked and that knockout of either gene results in a
reduction of gene expression of the other.
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3.2. Specific ABCB1/P-gp inhibition has no effect on A transport when LRP1 is absent

or inactive

Since LRP1 and ABCB1/P-gp are both implicated in the efflux of Ap from brain, we aimed
to discriminate their individual roles in AP transport across the brain endothelium.
Therefore, we conducted /n vitro transport studies with radiolabeled Ap across primary
endothelial cells isolated from LrpZgg~~ and control mice. Confirming our previous
findings, AP transport was reduced in LrpI knockout endothelial cells (Fig. 2A).
Interestingly, pharmacological ABCB1/P-gp inhibition by PSC833, a specific ABCB1/P-gp
inhibitor, reduced Ap transport across control (LrpZgg ™" endothelial cells but had no
additional effect on AP transport across an Lrp1 knockout endothelial monolayer (Fig. 2A).
Pharmacological inhibition of ABCB1/P-gp by another ABCB1/P-gp substrate CSA showed
the same effect as PSC833 and inhibited AB transport across control (LrpZge™™) endothelial
cells but had no additional effect on A transport on LrpZ knockout endothelial cells (Fig.
2B).

In order to understand whether the effect on reduced A transport in LspI knockout
endothelial cells is due to LrpI deletion or a reduction in ABCB1/P-gp expression, we
repeated the A transport studies with endothelial cells isolated from mice carrying a knock-
in mutation in the NPxYxxL amino acid sequence of LrpI (Roebroek et al., 2006; Reekmans
et al., 2010). This knock-in mutation inactivates receptor endocytosis and therefore, inhibits
LRP1 transport function since the NPxYxxL sequence is important for LRP1 internalization.
Analysis of ABCB1/P-gp expression in capillaries isolated from LRP1 NPxYxxL knock-in
mice showed enhanced expression of ABCB1/P-gp compared to capillaries isolated from
control animals. Despite enhanced ABCB1/P-gp expression (Fig. 3A), LRP1 NPxYxxL
knock-in endothelial cells showed about 50 percent reduction in transport of [1251]-AB1_42
across an endothelial monolayer (Fig. 3B) similar to previous transport studies using the less
aggregation-prone isoform Ap1_49 (Pflanzner et al., 2011). Also in this setup,
pharmacological inhibition of ABCB1/P-gp showed about 50 percent reduction in A
transport across endothelial cells isolated from control mice but had no significant effect in
LRP1 NPxYxxL knock-in endothelial cells (Fig. 3).

3.3. The anti-LRP1 antibody 11E2, is a potent inhibitor for LRP1-mediated Ap transport
that does not interfere with ABCB1/P-gp function

As we realized that deciphering the individual roles of ABCB1/P-gp and LRP1 in A
transport using genetic LRP1 models is limited due to the changes in ABCB1/P-gp
expression upon LRP1 modulation, we aimed to inhibit LRP1 pharmacologically. Receptor-
associated protein (RAP) has widely been used to inhibit LRP1 function but its specificity
has been debated due to its binding capacity to other members of the LDLR family (Storck
and Pietrzik, 2017). Recently, we developed the monoclonal LRP1-antibody 11E2 that binds
to LRP1 N-terminus (Storck et al., 2016). Uptake studies of radiolabeled A in wild-type
mouse embryonic fibroblast (MEF) cells expressing LRP1 revealed that 11E2 monoclonal
anti-LRP1 antibody significantly decreased the uptake of AB (Fig. 4A) but had no
significant effect of Ap uptake in MEF cells deficient for Lrp1. (Fig. 4B). Next, we
determined ABCB1/P-gp transport activity in isolated brain capillaries by using an assay we
previously described (Hartz et al., 2010; Hartz et al., 2016; Hartz et al., 2017). In this assay,
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isolated brain capillaries are incubated with the fluorescent ABCB1/P-gp substrate NBD-
cyclosporin A (NBD-CSA, 2 uM) for 1 h to steady state. Capillaries are then imaged with a
confocal microscope followed by quantitative image analysis of NBD-CSA fluorescence in
the capillary lumen. In brain capillaries with low ABCB1/P-gp transport activity, less NBD-
CSA is transported into the capillary lumen compared to control capillaries, resulting in
lower luminal NBD-CSA fluorescence (Fig. 4C). Thus, luminal NBD-CSA fluorescence
levels is a measure for ABCB1/P-gp transport activity. Despite its effect of blocking LRP1-
mediated uptake of AP into wt MEF cells (Fig. 4A), and high LRP1 expression in isolated
capillaries from CD-31 mice (Fig. 4D + E) the 11E2 anti-LRP1 antibody did not have any
effect on the general function of ABCB1/P-gp activity as determined by an assay using
fluorescently labeled ABCB1/P-gp substrate NBD-CSA (Fig. 4C). These data indicate that
the monoclonal 11E2 anti-LRP1 antibody effectively blocked LRP1-mediated uptake of AP
but did not interfere with ABCB1/P-gp transport activity.

3.4. Dual inhibition of ABCB1/P-gp and LRP1 does not have an additive effect on Ap

transport

To exclude species-specific differences in the regulation of ABCB1/P-gp and LRP1 in mice
we additionally measured A transport across a porcine endothelial cell monolayer and in
isolated wildtype ex vivo mouse capillaries in the presence of LRP1 and/or ABCB1/P-gp
inhibitors. First, however, we verified that both ABCB1/P-gp PSC833 and CSA had no
effect on LRP1 function. We performed uptake studies of FITC-alpha-2-macroglobulin
(a2m), a specific LRP1 ligand, in the presence or absence of the inhibitors. Whereas 11E2
anti-LRP1 antibody almost completely blocked uptake of FITC-a2m into the cell (Fig. 5B),
neither PCS833 (Fig. 5C) nor CSA (Fig. 5D) showed any effect. This demonstrates that the
ABCB1/P-gp inhibitors do not affect the general function of LRP1.

Interestingly, in the Ap transport studies across a porcine endothelial cells and in isolated
mouse capillaries pharmacological inhibition of LRP1 using the 11E2 antibody showed the
same effect as ABCBL/P-gp inhibition using ABCB1/P-gp inhibitors PSC833 or CSA (Fig.
6). Moreover, simultaneous inhibition of ABCB1/P-gp and LRP1 did not have any additive
effect on AP transport (Fig. 6). One explanation for the lack of an additive effect of both
inhibitors could be the interaction of both receptors in intracellular endocytosis pathways. To
identify a common pathway, we treated cells with 50 uM chloroquine, which raises the
intracellular pH and prevents the disassociation of ligand-receptor complexes in intracellular
vesicles. This treatment indeed inhibited transport of Ap as expected (Fig. 6A) suggesting
that receptor-mediated transport processes are involved in transcytosis. Since chloroquine
treatment and inhibition of either ABCB1/P-gp or LRP1 had the same effect as simultaneous
inhibition of both proteins, we speculated that LRP1 and ABCB1/P-gp mediate a concerted
transport of Ap across murine and porcine brain endothelia.

3.5. PICALM links LRP1- and ABCB1/P-gp-mediated transport in endothelial cells

If LRP1 and ABCB1/P-gp mediate a concerted efflux of AP across brain endothelial cells,
the proteins have to interact or be present in a common intracellular vesicle. In order to study
the connection between ABCB1/P-gp and LRP1, we investigated whether we can co-
immunoprecipitate LRP1 and ABCB1/P-gp in immortalized brain endothelial cells bEnd.3
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and isolated brain capillaries. Using 1704, an anti-LRP1 antibody (Pietrzik et al., 2002), we
could immunoprecipitate LRP1. Also, ABCB1/P-gp was co-immunoprecipitated together
with LRP1 from bEnd.3 lysates (Fig. 7A + B) and isolated capillaries (Fig. 8). Vice versa,
we were able to co-immunoprecipitate LRP1 with an anti-ABCB1/P-gp antibody (Figs. 7B,
8) implicating that both proteins either interact directly or exist in a common cellular vesicle.
Previously, it has PICALM has been shown to regulate internalization of AB bound to LRP1.
PICALM knockdown mice show reduced A transport across the BBB and knockdown of
PICALM in human primary endothelial cells inhibits LRP1 internalization. Ap exposure
triggered the accumulation of LRP1 and PICALM in Rab11-positive vesicles. The authors
claim, that by facilitating LRP1 internalization, PICALM guides AB-trafficking to Rab5-
and Rab11-positive vesicles leading to Ap endothelial transcytosis (Zhao et al., 2015). The
effects of PICALM on LRP1 internalization are well characterized but our data suggested an
interplay of LRP1 and ABCB1/P-gp in Ap efflux through the endothelium. Previously, we
have shown that Ap triggers the internalization of ABCB1/P-gp from the cell membrane into
the cell (Hartz et al., 2016). We analyzed whether PICALM is also associated with
ABCB1/P-gp and might be involved in the trafficking of ABCB1/P-gp. Immunoprecipitation
of PICALM in the endothelial cell line bEnd.3 as well as in isolated capillaries from mice
revealed that PICALM is associated with LRP1 and Rab11 (Figs. 7C + 8A). Consistent with
previous findings, we found that PICALM is not associated with Rab7, a marker for the late
endosome that directs its cargo for lysosomal degradation (Fig. 6C) (Zhao et al., 2015).
Interestingly, we found that also the ABC transporter ABCB1/P-gp can be
immunoprecipitated together with PICALM in bENd.3 lysates (Fig. 7) and isolated
capillaries (Fig. 8B). This implicates that PICALM which mediates LRP1 endocytosis into
the cell and which is present in the cell membrane, in early endosomes and in sorting
endosomes, at some point, is also associated with ABCB1/P-gp. Sorting endosome marker
Rab11 was co-immunoprecipitated with both, LRP1 and P-pg (Figs. 7B + 8A) suggesting
that sorting endosomes may represent a vesicle where both LRP1 and ABCB1/P-gp are
present and where a potential transfer of A could take place.

Previously, we have shown that ABCB1/P-gp is internalized upon A exposure (Hartz et al.,
2016). In oder to verify our immunoprecipitation data and support our idea that LRP1 and
ABCB1/P-gp meet in the sorting endosome for AP transfer, we co-stained ABCB1/P-gp
together with LRP1, PICALM or Rab11 in cultivated bEnd.3 cells (Fig. 9) after treatment
with Ap for 5 min. We found that ABCB1/P-gp was highly expressed at the cell membrane
but also co-localized with LRP1 inside the cell. PICALM staining showed a punctual
staining pattern within bEnd.3 cells that could represent endocytoic vesicels. Moreover,
PICALM staining showed co-localization with ABCB1/P-gp staining inside the cell. Rab11
could be detected in structures that looked like small vesicles also co-localizing with
ABCB1/P-gp inside the cell. These data verified our immunoprecipitation data, showing that
ABCB1/P-gp interacts with LRP1, PICALM and Rab11 in brain endothelial cells.

As the study by Zhao and colleages showed an enhanced recruitment of LRP1 and PICALM
to Rab11-positive vesicles upon A exposure to endothelial cells, we investigated if this was
also the case for ABCB1/P-gp. Confirming previous results by Zhao and colleages, we
found that in endothelial cells, higher amounts of PICALM and LRP1 could be co-
immunoprecipitated with Rab11 upon exposure to 1 nM A for 5 min (Fig. 10). Moreover,
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also higher amounts of ABCB1/P-gp could be co-immunoprecipitated with Rab11 upon Af
exposure. As it has been shown that ACB transporters including ABCB1/P-gp in
intracellular vesicles remain active in their transport function (Eytan et al., 1997) our results
suggest that ABCB1/P-gp, along with PICALM and LRP1, is recruited to Rab11-positive
vesicles for the rapid clearance of Ap out of the cell. Conclusively, our results, for the first
time, show that LRP1 and ABCB1/P-gp are associated with each other inside the cell and
mediate a concerted transcytosis of A through brain endothelial cells. Moreover, our data
show that for the rapid transcytosis of A through the cells the function of both LRP1 and
ABCB1/P-gp is needed.

4. Discussion

Numerous studies have shown that transport across the BBB is an important elimination
route for the rapid removal of brain Ap (Shibata et al., 2000; Vogelgesang et al., 2004;
Cirrito et al., 2005; Hartz et al., 2010; Krohn et al., 2011; Storck et al., 2016). However, the
exact molecular mechanisms of AP transcytosis have not been fully understood. Both,
ABCB1/P-gp and LRP1 have been implicated to play a crucial role in the efflux of Ap
across the brain endothelium (Shibata et al., 2000; Vogelgesang et al., 2002; Vogelgesang et
al., 2004; Cirrito et al., 2005; Hartz et al., 2010; Storck et al., 2016). Several studies have
shown a downregulation of ABCB1/P-gp and LRP1 in brains and capillaries during aging
and in patients and mouse models of AD suggesting that both proteins are somehow linked
to AD pathology (Vogelgesang et al., 2002; Vogelgesang et al., 2004; Cirrito et al., 2005;
Hartz et al., 2010; Hartz et al., 2016; Storck et al., 2016). As ABCB1/P-gp is located at the
luminal, blood-facing side of the endothelium, it has always been questioned how the ABC
transporter gets access to brain-derived ApB. Here, we show that LRP1 is a partner of
ABCB1/P-pg providing abluminally-endocytosed AR, handing it over to ABCB1/P-gp
inside the cell for luminal efflux into blood. Our data furthermore indicate that the LRP1
receptor and the ABC transporter ABCB1/P-gp cannot mediate Ap efflux on their own but
need a mandatory molecular partner for Ap transcytosis. Both proteins are present in Rab11-
positive sorting endosomes where the potential transfer of Ap may take place (Figs. 7 + 8).
The exact intracellular molecular release of AR by LRP1 and mechanistic transfer to
ABCB1/P-gp is still elusive. Moreover, our data suggest that in brain endothelial cells, next
to a rapid LRP1-ABCB1/P-gp efflux machinery, other clearance mechanisms involving
other transporters and receptors do exist. Our studies show, that upon inhibition of both
LRP1 and ABCB1/P-gp, transport from the abluminal to the luminal compartment across an
primary brain endothelial monolayer /n vitrois inhibited but not completely abolished. Also,
previous studies from our groups have shown that in mice where LRP1 was deleted from
brain endothelial cells, which according to our new set of data is sufficient to block the
LRP1-ABCB1/P-gp efflux machinery, Ap peptides can be detected in the blood stream
suggesting additional clearance mechanisms from brain. The existence other clearance
mechanisms at the BBB has already been suggested by Bell et al. (2007) who in their studies
elegantly show that AB bound to Apolipoprotein J (APOJ) can be cleared via low-density
receptor-related protein-2 (LRP2) that is expressed in brain endothelial cells. If this LRP2/
APOJ-dependent clearance also needs a efflux transporter at the luminal side of the brain
endothelium (e. g. ABCB1/P-gp or other ABC transporters) remains to be studied in further
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detail. Also, other ABC transporter and SLC transporters have been shown to play a role in
AB clearance from brain (Krohn et al., 2011; Do et al., 2012; Dodacki et al., 2017) and/or
uptake of A from the periphery (Do et al., 2013). In future studies it will be interesting to
see whether these membrane transporters are also connected with each other or even have a
common functional partner in brain endothelial cells. An additional important regulator for
AP efflux seems to be the cytosolic protein PICALM that, in the case of LRP1/P-pg-
mediated clearance, appears to direct both LRP1- and ABCB1/P-gp-trafficking inside the
cell and is an intracellular molecular link between both proteins (Figs. 7-9). It has shown
before that PICALM takes over a central role in Ap blood-brain barrier transcytosis and
clearance: Picalm deficiency in mice diminished A clearance across the BBB and
accelerated AP pathology in a manner that was reversible by endothelial PICALM re-
expression. Using primary human brain endothelial monolayers, Zhao et al., elegantly
showed that PICALM regulated PICALM/clathrin-dependent internalization of Ap bound to
LRP1 inside the cells and guided A trafficking to Rab5 and Rab11. Whereas PICALM’s
role in LRP1 trafficking through the endothelial cell has been shown before (Zhao et al.,
2015), this is the first study to our knowledge that shows that PICALM is associated with
ABCB1/P-gp. Like LRP1 and P-pg, PICALM is highly expressed in brain microvessels
(Zhao et al., 2015) (more then 2-fold higher than in capillary-depleted brain homogenates)
suggesting an important role in protein trafficking in endothelial cells. Several case-
controlled genome wide association (GWAS) studies have repeatedly shown the association
between various PICALM loci and late onset AD (Harold et al., 2009; Jun et al., 2010;
Kauwe et al., et al., 2011; Lambert et al., 2011; Lee et al., 2011, Piaceri et al., 2011; Ferrari
et al., 2012; Kamboh et al., 2012; Schnetz-Boutaud et al., 2012; Parikh et al., 2014; Xu et
al., 2015). To date, several molecular pathways have been identified how PICALM
modulates AD pathology implicating that PICALM has different roles in A metabolism in
different cell types of the brain (Kanatsu et al., 2014; Xu et al., 2015; Zhao et al., 2015).
Collectively, our findings suggest that in brain endothelial cells PICALM seems to be
important for the rapid LRP1/ABCB1/P-gp-mediated AP efflux. As each of the three
proteins seem to play their own crucial role in rapid AP clearance from the brain, the
development of future therapeutic strategies that target the removal of excessive brain Ap
should, therefore, take into consideration that the functional interplay of different cellular
components may be necessary for the treatment or prevention of AD pathology.
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Fig. 1.
ABCB1/P-gp expression is decreased in LrpI knockout capillaries. (A) Representative

immunoblots of ABCB1/P-gp in ex vivo capillaries isolated from control (LrpZge™™ and
brain endothelial-specific Lrp1 knockout (LrpZgg~'") mice. An anti-B-actin immunoblot is
shown as a loading control. (B) Quantification of relative abundance of ABCB1/P-gp
expression of n = 5 independent experiments. For each isolation =3 mice per group were
used (mean + SEM). For statistical analyses, unpaired ftest was used. **£ < 0.01.
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Fig. 2.

No effect of ABCB1/P-gp inhibition on [1251] AB4_4, transcytosis across Lrp1 knockout
endothelial cells. [1251]-AB;_4, transport across LRP1 knockout (L7pZgg~'") and control
(Lrp1ge~™™ primary mouse brain capillary endothelial cell monolayer was studied in the
presence of 1 uCi/ml [*4C]-inulin to normalize for passive diffusion. Transcytosis was
analyzed in the brain-to-blood direction (abluminal to luminal) by measuring the dpm for
[14C]-inulin and the cpm for the TCA-precipitable [1221]-radioactivity. Transport rates were
normalized to transport rates of control LrpIge™ brain endothelial cells in the absence of
any inhibitors. Transport was studied at a physiological concentration of 0.1 nM [125]]-
AP1-42 and 5 UM PSC833 or 10 uM Cyclosporine A (CSA). Data represent mean = SEM of
n=18;n=21,n=n=27,n=17,n =11 from left to right of at least 2 independent
experiments. For statistical analyses, repeated-measures ANOVA followed by Bonferroni
multiple comparisons was used. ***P < 0.001.
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Fig. 3.

Dgspite enhanced ABCB1/P-gp expression in LRP1 NPxYxxL knock-in endothelial cells,
ABCB1/P-gp inhibition has no effect on [1251] AB1_4, transcytosis. (A) Immunoblot
analysis of ABCB1/P-gp in ex vivo capillaries isolated from control (LrpIgg™™,
endothelial-specific Lrp1 knockout (LrpIge™") and LRP1 NPxYxxL knock-in
(Lrp1ggNPXYXXL/INPXYxXLy mice. Representative result of n = 2 independent isolations with n
> 3 mice per group. Lysates were analyzed on the same Western blot but rearranged for
clearer presentation(B) [12°1]-AB1-4> transport across the primary mouse brain capillary
endothelial cell monolayer was studied in the presence of 1 pCi/ml [14C]-inulin to normalize
for passive diffusion. Transcytosis was analyzed in the brain-to-blood direction (abluminal
to luminal) by measuring the dpm for [24C]-inulin and the cpm for the TCA-precipitable
[1251] radioactivity. Transport rates were normalized to transport rates of LrpIge™ brain
endothelial cells in the absence of PSC833. Transport was studied at a physiological
concentration of 0.1 nM [1251]-AB1_45. Data represent mean + SEM of 7=12; n =20, n =
19, n = 14 from left to right of 3 independent experiments. For statistical analyses, repeated-
measures ANOVA followed by Bonferroni multiple comparisons was used. ***P< 0.001.
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Fig. 4.
11E2 anti-LRP1 antibody is a potent LRP1 inhibitor that does not interfere with ABCB1/P-

gp function. (A) 11E2 anti-LRP1 antibody reduces the uptake of 0.1 nM [1251] AB1—4, in wt
mouse embryonic fobroblasts (MEF wt) but (B) has no effect on the uptake of 0.1 nM [122]]
AB1-42 in Lrpi-defecient mouse embryonic fobroblasts (MEF LRP17/") results of (A) and
(B) represent the mean and SEM of n = 9 of one experiment. (C) 11E2 anti-LRP1 antibody
has no effect on ABCB1/P-gp function. For luminal NBD-CSA fluorescence, each data
point represents the mean value of 7 capillaries from a single preparation (pooled tissue from
30 CD-1 mice); variability is given by SEM bars. Units are arbitrary fluorescence units
(scale 0-255). (D) Immunofluorescent staining for LRP1 in isolated brain capillaries. Scale
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bar: 5 um. For statistical analyses, repeated-measures ANOVA followed by Bonferroni
multiple comparisons was used. **P< 0.01, ***P < 0.001.

Brain Behav Immun. Author manuscript; available in PMC 2020 December 18.

Page 22



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Storck et al. Page 23

+ 50 pg/ml FITC-a2m

unspecific IgG 11E2 anti-LRP1 PSC833 CSA

negative control,
without FITC-a2m

Fig. 5.
ABCB1/P-gp inhibitors PSC833 and CSA do not affect LRP1 function Uptake of FITC-

labeled alpha-macroglobulin (FITC-a2m) into LRP1-expressing CHO K1 cells. Cells were
incubated in the presence of 50 pg/ml FITC-a2m and 15 pg/mL unspecific 1gG (A), 15
pg/mL 11E2 anti-LRP1 (B), 5 uM PSC833 (C) or 10 uM Cyclosporine A (CSA) for 60 min,
washed, fixed and subjected to fluorescence detection. Negative control without FITC-a2m

(D).
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Fig. 6.

Si?nultaneous inhibition of LRP1 and ABCB1/P-gp has no additional effect on Ap1-4,
transcytosis. (A) Ap1-4p transport across a primary porcine brain endothelial monolayer
[1251]-AB -4, transport was studied in the presence of 1 uCi/ml [14C]-inulin to normalize for
passive diffusion. Transcytosis was analyzed in the brain-to-blood direction (abluminal to
luminal) by measuring the dpm for [14C]-inulin and the cpm for the TCA-precipitable [1251]
radioactivity. Transport rates were normalized to transport rates of untreated brain
endothelial cells. Transport was studied at a physiological concentration of 0.2 nM [123]]-
AB1-42. For ABCB1/P-gp Inhibition 5 uM PSC833 and for LRP1 inhibition 20 pg/mL 11E2
anti-LRP1 was used. Data represent mean + SEM of n=12; n =20, n =19, n = 14 from left
to right of two independent experiment. The chloroquine group represents data of n = 4 of
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one experiment. (B + C) AB1-42 transport in isolated capillaries. For luminal HiLyte™-
APB1-_42 fluorescence, each data point represents the mean value of 10 capillaries from a
single preparation (pooled tissue from 30 CD-1 mice); variability is given by SEM bars. For
ABCB1/P-gp Inhibition 5 uM PSC833 (B) or 10 uM Cyclosporine A (CSA) (C) and for
LRP1 inhibition 15 pg/mL 11E2 anti-LRP1 was used. Units are arbitrary fluorescence units
(scale 0-255). For statistical analyses, repeated-measures ANOVA followed by Bonferroni
multiple comparisons was used. **P < 0.01; ***P < 0.001.
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Co-immunoprecipitation of LRP1, ABCB1/P-gp and PICALM. (A and B) Co-

immunoprecipitation of LRP1 and ABCB1/P-gp in brain endothelial cell line bEnd.3 using

different antibodies. Rab11 can be co-immunoprecipitated with both ABCB1/P-gp and

LRP1. (C) Co-immunoprecipitation of PICALM and LRP1, ABCB1/P-gp, Rab11 but not

Rab7. Representative results of experiments done twice (A + B), Data shown from the

ABCB1/P-gp-IP (B) is the result of one experiment.
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Fig. 8.
Co-immunoprecipitation of LRP1, ABCB1/P-gp, PICALM and Rab11 from isolated

capillaries. (A + B) The three proteins LRP1, ABCB1/P-gp are associated with each other
and are present in Rab11-positive vesicles in isolated capillaries, Data shown is the result of
one experiment from capillaries isolated from 10 mice.
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Fig. 9.
Colocalization of ABCB1/P-gp with other proteins involved in Ap transport. ABCB1/P-gp

co-localizes with LRP1 (A), PICALM (B) and Rab11 (C) in bEnd.3 cells. Scale bar: 20 um.
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Fig. 10.

Co-immunoprecipitation of LRP1, ABCB1/P-gp and PICALM with Rab11 after A
stimulation. bEnd3 were stimulated with 1 nM AB1_4¢ for 5 min.
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