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Abstract Recent findings indicate an isoform-specific
role for apolipoprotein E (apoE) in the elimination of beta-
amyloid (AB) from the brain. ApoE is closely associated
with various lipoprotein receptors, which contribute to A
brain removal via metabolic clearance or transit across the
blood-brain barrier (BBB). These receptors are subject to
ectodomain shedding at the cell surface, which alters
endocytic transport and mitigates AP elimination. To fur-
ther understand the manner in which apoE influences A
brain clearance, these studies investigated the effect of
apoE on lipoprotein receptor shedding. Consistent with
prior reports, we observed an increased shedding of the
low-density lipoprotein receptor (LDLR) and the LDLR-
related protein 1 (LRP1) following AP exposure in human
brain endothelial cells. When AP was co-treated with each
apoE isoform, there was a reduction in AB-induced shed-
ding with apoE2 and apoE3, while lipoprotein receptor
shedding in the presence of apoE4 remained increased.
Likewise, intracranial administration of AP to apoE-tar-
geted replacement mice (expressing the human apoE iso-
forms) resulted in an isoform-dependent effect on
lipoprotein receptor shedding in the brain (apoE4 >
apoE3 > apoE2). Moreover, these results show a strong
inverse correlation with our prior work in apoE transgenic
mice in which apoE4 animals showed reduced A clear-
ance across the BBB compared to apoE3 animals. Based on
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these results, apoE4 appears less efficient than other apoE
isoforms in regulating lipoprotein receptor shedding, which
may explain the differential effects of these isoforms in
removing AP from the brain.
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Blood-brain barrier - Beta-amyloid

Introduction

Alzheimer’s disease (AD) is an age-related condition, which
affects approximately 36 million people worldwide (Gilbert
2013). This neurodegenerative process is characterized by a
progressive deterioration in memory, executive function, and
behavior (Reitz 2012) accompanied by selective neuronal
degeneration and synaptic loss in the hippocampus, amygdala,
and temporal neocortex (Serrano-Pozo et al. 2011). The key
pathological hallmarks of AD include the formation of neu-
rofibrillary tangles and the deposition of beta-amyloid pro-
teins (AP) in the brain and cerebrovasculature (Citron 2010).
While the exact pathogenesis is unknown, the major toxic
agent in AD is thought to be AP (Gilbert 2013), which accu-
mulates in the brain and leads to neuronal cell death and
ultimately dementia (Armstrong 2009; Reitz 2012). Mounting
evidence now suggests the excessive accumulation of A in
AD is the result of impaired A clearance from the brain
(Castellano et al. 2011; Mawuenyega et al. 2010). Further-
more, studies in mouse models of AD have indicated that
lowering A levels in the brain can minimize neurodegener-
ation and slow cognitive decline (Boche et al. 2005). Thus,
targeting clearance-related pathways may prove most effec-
tive in attenuating AP accumulation in the AD brain.

One explanation for the attenuated clearance in AD is
dysfunctional AP transport at the blood-brain barrier (BBB).
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The low-density lipoprotein receptor (LDLR) and the
LDLR-related protein 1 (LRP1) are two BBB receptors that
contribute to the brain-to-blood elimination of AP (Castel-
lano et al. 2012; Deane et al. 2009). In addition to the
transmembrane protein that transports molecules across the
brain endothelium, these lipoprotein receptors also exist in a
soluble form (Rebeck et al. 2006). The soluble receptor is
generated via proteolytic cleavage at an extracellular region
close to the cell surface, a process called ectodomain
shedding (Begg et al. 2004; Etique et al. 2013; Selvais et al.
2010). When the soluble receptor is released from the cel-
lular membrane, it retains the ability to bind ligands in the
extracellular space (Grimsley et al. 1998; Quinn et al. 1997),
but loses its functional capacity to internalize or transcytose
ligands intracellularly (Rebeck et al. 2006; Selvais et al.
2010). It is believed the soluble receptor operates in a
dominant negative fashion by attenuating the interaction
between ligands and the membrane-associated receptor,
thereby modulating endocytic activity and cell signaling
(Etique et al. 2013; Rebeck et al. 2006).

While lipoprotein receptors interact with an array of
ligands, one of the more closely associated is apolipopro-
tein E (apoE), which exists as three isoforms in humans
(apoE2, apoE3, and apoE4). Numerous studies have
acknowledged that possession of the apoE4 allele repre-
sents the strongest genetic risk factor for late-onset AD
(Kim et al. 2009; Zhong and Weisgraber 2009). Our prior
studies (Bachmeier et al. 2013) and the work of others
indicate that when apoE is bound to AP, the BBB transport
of AP is dramatically attenuated (Bell et al. 2007; Deane
et al. 2008; Martel et al. 1997). However, when apoE is not
bound to AP, apoE appears to have a supportive role in A
BBB clearance that is isoform-specific (Bachmeier et al.
2013). Along these lines, recent findings have suggested
that apoE3 may promote AP clearance across the blood—
cerebrospinal fluid barrier via the choroid plexus (Ruzali
et al. 2012). As lipoprotein receptor shedding in the brain
(and the BBB in particular) can be a major determinant in
AP elimination, these studies investigated the influence of
apoE on lipoprotein receptor shedding to further elucidate
the role of apoE in AP removal from the brain.

Methods
Materials

Primary human brain microvascular endothelial cells
(HBMEQC) and associated culture reagents were purchased
from Sciencell Research Laboratories (Carlsbad, CA,
USA). Fibronectin, dextran (64,000-76,000 mol wt), and
Hanks’ balanced salt solution (HBSS) were purchased from
Sigma Chemical Co (St. Louis, MO, USA). DMEM/F-12

(Dulbecco’s Modified Eagle Medium/Nutrient Mixture
F-12) and unlabeled human AB(1-42) were purchased from
Invitrogen Corp (Carlsbad, CA, USA). The enzyme-linked
immunosorbent assay (ELISA) kits for LRP1 and LDLR
were purchased from Cedarlane Labs (Burlington, NC,
USA). The ELISA for human apoE was purchased from
MBL International (Woburn, MA, USA).

Animals

All animals (male mice 4-6 months of age) were pur-
chased from Taconic Farms (Germantown, NY, USA) and
allowed to adapt to the vivarium for 2 weeks prior to any
experimental procedures. Mice were singly housed in a
temperature and humidity-controlled room on a 12-h light/
dark cycle with free access to food and water. The apoE-
targeted replacement (apoE-TR) mice were created by gene
targeting and carry one of the three human alleles (APOE2,
APOES3, or APOE4) in place of the endogenous murine
apoE gene (Sullivan et al. 1997). These mice retain the
endogenous regulatory sequences required for apoE pro-
duction and express the human apoE protein at physio-
logical levels. The apoE knockout (apoE KO) mice were
generated through disruption of the murine apoE gene,
which results in a complete absence of the endogenous
mouse apoE protein (Piedrahita et al. 1992). The wild-type
mice were of the same background (C57BL/6) as the
transgenic apoE animals described above. All experimental
protocols involving animals were approved by the Institu-
tional Animal Care and Use Committee of the Roskamp
Institute, Inc.

AP Peptides

Using a standard process to limit aggregation, the AP
peptides used in each of the studies were solubilized in
1,1,1,3,3,3-hexafluoro-2-propanol (HFIP) to acquire a
monomeric/dimeric sample and minimize the formation of
B-sheet structures as we previously described (Bachmeier
et al. 2010).

ApoE Isoforms

Dr. Mary Jo LaDu (University of Illinois at Chicago)
kindly provided the mixed glial cultures. Cortical glial
cultures were prepared from apoE-TR mice (apoE2-TR,
apoE3-TR, or apoE4-TR) as previously described (Manelli
et al. 2007). Briefly, dissected cortices from 1- to 2-day-old
neonatal apoE-TR pups were dissociated by trypsinization
and filtered sequentially through 100- and 40-pm cell
strainers. Cells were plated in 150-cm? flasks (~ 1% brains
per flask), and the medium (DMEM/F12 containing 10 %
fetal bovine serum, 2 mM L-glutamine, and 1 % penicillin/
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streptomycin) was changed every 3-5 days (Fan et al.
2011; Manelli et al. 2007). On day 10, confluent cultures
were trypsinized and passaged into 75-cm” flasks
(1 x 150 cm? flask into 4 x 75 cm? flasks). Upon con-
fluency, cells were washed with serum-free media and
incubated with serum-free media for 72 h (Fan et al. 2011).
Glial-conditioned media (GCM) were collected and cen-
trifuged at 1,000g for 3 min to remove any residual cells.
The GCM were concentrated (10x) using the Vivaspin-15
centrifugal concentrator with a molecular weight cutoff of
10,000 kDa (Sartorius Mechatronics Corp., Bohemia, NY,
USA). The resulting concentrate was analyzed for apoE
content using a human apoE ELISA as per the manufac-
turer’s instructions and stored at —20 °C until further use.

Antibodies

Polyclonal rabbit LRP1 antibody recognizing the 85 kDa
C-terminal subunit (LRP-85) and polyclonal rabbit laminin
(Sigma Chemical Co., St. Louis, MO, USA), monoclonal
rabbit synaptophysin (Cell Signaling Technology, Inc.,
Danvers, MA, USA), and mouse monoclonal anti-actin,
clone C4 (EMD Millipore Corp., Billerica, MA, USA).

Human Brain Endothelial Cell Culture

HBMEC were seeded at 50,000 cells/cm? onto fibronectin-
coated 6-well plates as previously described (Bachmeier
et al. 2010). At approximately 80 % confluency, the cells
were treated with various concentrations (0.1, 0.2, 1, 2, and
10 uM) of AP(1-42) and incubated for 48 h at 37 °C.
Similarly, for the apoE studies, HBMEC cells were treated
with each apoE isoform (25 ng/ml) in the presence or
absence of 2 uM AP(1-42) and incubated for 48 h at
37 °C. It was recently determined that the average con-
centration of apoE found in the brain interstitial fluid (ISF)
of the same apoE transgenic animals used in the current
study is 25 ng/ml (Ulrich et al. 2013). While the concen-
tration of apoE is reported to be much greater in cerebro-
spinal fluid (5-10 pg/ml) (Bekris et al. 2008; Wahrle et al.
2007; Yamauchi et al. 1999), these studies used the con-
centration found in the ISF, as this is most relevant in
studying the brain microvasculature. Following each
treatment period, the extracellular media were collected
and the cell monolayer was washed with ice-cold PBS. Cell
lysates were collected using lysis buffer consisting of
M-PER reagent (Pierce Biotechnology, Rockford, IL,
USA) supplemented with phenylmethanesulfonyl fluoride
(1 mM) and Halt protease and phosphatase inhibitor
cocktail (Thermo Scientific, Waltham, MA, USA). Cellular
toxicity in the HBMEC was assessed via the extracellular
media using a lactate dehydrogenase (LDH) detection
assay (Roche Applied Science, Indianapolis, IN, USA).

@ Springer

Intracerebral AP(1-42) Injections

Stereotaxic intracranial injections of AP were performed
as previously described (Paris et al. 2011). Briefly, male
mice (4-6 months of age) were anesthetized via inhalation
using a 4 % isoflurane/oxygen mix. While under anes-
thesia, the mice were injected bilaterally with 3 pl of
vehicle (DMSO) or 1 mM human AP(1-42) into the
caudate putamen of each hemisphere of the brain (0.5 mm
anterior to the bregma, 2 mm lateral to the midline, and
3 mm below the surface of the skull). Ten minutes after
the second intracerebral injection, the mice were euthan-
atized. In addition, to determine the effect, if any, of the
vehicle or the intracranial injection itself on lipoprotein
receptor levels, we examined a group of age-matched
naive mice (i.e., no intracerebral injection). Upon killing,
all mouse brains were collected (minus the cerebellum)
and the outer vessels and meninges were removed using a
dry cotton swab (Coisne et al. 2005). All tissue samples
were immediately snap frozen in liquid nitrogen and
stored at —80 °C.

Isolation of Brain Fractions

The cerebrovasculature and parenchyma from mouse brain
tissue were isolated using a modified protocol (Triguero
et al. 1990). As above, fresh mouse brains were collected
(minus the cerebellum) and the outer vessels and menin-
ges were removed using a dry cotton swab (Coisne et al.
2005). The mouse brains were pooled and minced with a
blade prior to being ground with 6-8 passes of a Teflon
pestle in a glass Dounce homogenizer (Erickson et al.
2012). Brain material was homogenized in fivefold excess
of ice-cold HBSS containing 10 mM HEPES (Coisne
et al. 2005). A sample of the brain homogenate was col-
lected as a representation of the whole brain (Mitchell
et al. 2011). An equal volume of 40 % dextran solution
was added to the brain homogenate for a final concen-
tration of 20 % dextran (Erickson et al. 2012) and
immediately centrifuged at 6,000g for 15 min at 4 °C
(Fryer et al. 2003). This procedure results in a pellet at the
bottom of the container (cerebrovasculature) and a com-
pact mass at the top of the solution (parenchyma) sepa-
rated by a clear dextran interface (soluble fraction). The
cerebrovascular pellet was washed with ice-cold HBSS
and resuspended in lysis buffer. The parenchyma was
collected in HBSS, centrifuged at 6,000g for 10 min at
4 °C, and the resulting pellet resuspended in lysis buffer.
Finally, the dextran supernatant was added to an equal
volume of HBSS and centrifuged at 6,000g for 5 min at
4 °C to pellet any remaining cellular material. The
supernatant was collected, and all samples were stored at
—80 °C until analysis.
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Lipoprotein Receptor Analysis

For the in vitro studies, extracellular media samples and
cell lysates were analyzed by ELISA for human LRP1 and
human LDLR as per the manufacturer’s instructions. Pro-
tein expression levels in the extracellular media were
expressed as ng of LRP1 or LDLR per ml of media. For the
in vivo samples, the cerebrovasculature, parenchyma, and
soluble brain fraction were analyzed by ELISA for mouse
LRP1 and mouse LDLR as per the manufacturer’s
instructions and normalized to total protein content using
the bicinchoninic acid (BCA) protein assay (Thermo Sci-
entific, Waltham, MA, USA). Protein expression levels
were expressed as ng of LRP1 or LDLR per mg protein for
brain tissue and ng/ml for the soluble brain fraction.

Immunoblotting

The efficiency of the cerebrovascular isolation was assessed
by light microscopy and immunoblotting using LRP-85
(marker for the membrane-bound subunit of LRP1), laminin
(brain blood vessel marker), and synaptophysin (neuronal
marker). Samples were examined for total protein content
using the BCA protein assay. Brain supernatants were
denatured by boiling in Laemmli Buffer (Bio-Rad, Hercules,
CA, USA) and loaded (100 pg of total protein) onto a Cri-
terion 4-20 % Tris—HCI gradient gel (Bio-Rad, Hercules,
CA, USA). Migration transpired in 10x Tris/Glycine/SDS
(Bio-Rad, Hercules, CA, USA) electrophoresis buffer dilu-
ted in deionized water using 50-130 V over a 2-h period.
Following migration, electrotransfer of 10x Tris/Glycine
(Bio-Rad, Hercules, CA, USA) electrophoresis buffer and
20 % HPLC grade methanol in deionized water to an Im-
mun-Blot PVDF (polyvinylidene fluoride) membrane
occurred overnight at 4 °C and 90 mA. The membrane was
blocked in 5 % Blotting-Grade Blocker (nonfat dry milk) for
1 h (Bio-Rad, Hercules, CA, USA) and then immunoprobed
with antibodies for LRP-85 (1:500), laminin (1:800), syn-
aptophysin (1:2,000), and the housekeeping protein actin
(1:1,000) in 5 % Blotting-Grade Blocker overnight. The
membrane was washed with deionized water and exposed to
HRP-linked secondary (1:1,000) antibody (Cell Signaling
Technology, Inc., Danvers, MA, USA) for 1 h. Following a
30-min wash in deionized water, the membrane was
revealed using SuperSignal West Femto Maximum Sensi-
tivity Substrate (Thermo Scientific, Waltham, MA, USA)
and exposed with a Bio-Rad ChemiDoc XRS molecular
imager (Bio-Rad, Hercules, CA, USA).

Statistics

Statistical analyses were performed using an ANOVA and
Bonferroni post hoc test.
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Fig. 1 Appearance of extracellular soluble. a LRP1 or b LDLR in
human brain endothelial cells (HBMECs) upon treatment with
APB(1-42). HBMEC were exposed to various concentrations (0.1,
0.2, 1, 2, and 10 uM) of human AP(1-42) for 48 h at 37 °C.
Following the treatment period, the extracellular media were
collected and analyzed for LRP1 or LDLR content by ELISA. Values
represent mean + SEM (n = 3) and are expressed as ng of LRP1 or
LDLR per ml of media. *P < 0.05 compared to control as determined
by ANOVA and Bonferroni post hoc test

Results

Lipoprotein Receptor Shedding in Human Brain
Endothelial Cells

To determine the effect of AP exposure on lipoprotein
receptor shedding in the BBB, human brain endothelial
cells were treated with 2 uM AB(1-42) for 48 h and the
extracellular media subsequently probed for soluble LRP1
and LDLR. A concentration-dependent increase in the
appearance of LRP1 and LDLR in the media was observed
upon exposure to AB(1-42). Moreover, AP concentrations
>2 UM resulted in a statistically significant increase
(approximately twofold at 2 pM) in lipoprotein receptor
shedding compared to control conditions (Fig. 1). Addi-
tionally, cellular toxicity was monitored using a LDH

@ Springer



Neuromol Med (2014) 16:686-696

690
*
A 1.40
*
1
1.20 * J_
€ 100 .
=
2
= 080 T -
-
o
o
—1  0.60 .
<
E
3 0.40 —
(2
0.20 A 1
0.00
control apoE2 apoE3 apoE4  AB(1-42) apoE2 apoE3 apoE4
(25 ng/ml) (25 ng/ml) (25 ng/ml)  2uM (25 ng/ml) (25 ng/ml) (25 ng/ml)
+2uM AB(1-42)
B 2 =
*
20
* ——
18 1
€ 16 1
B) *
£ 14 1
[an 12 — | 7—.L 1 |
3 ]
| 10 — 1 1 1 H
<
el 8 T ! — — —
=2
[ I | I I -
» 6
4 4 ! — — —
2 ! — — —
0

control apoE2 apoE3 apoE4  AB(1-42) apoE2 apoE3 apoE4
(25 ng/ml) (25 ng/ml) (25 ng/ml)  2pM (25 ng/ml) (25 ng/ml) (25 ng/ml)

+2uM AB(1-42)

Fig. 2 Appearance of extracellular soluble. a LRP1 or b LDLR in
human brain endothelial cells (HBMEC) in the presence of AB(1-42),
apoE isoforms, or combinations thereof. HBMEC were treated with
human AB(1-42) (2 uM) and/or each apoE isoform (25 ng/ml) for
48 h at 37 °C. Following the treatment period, the extracellular media
were collected and analyzed for LRP1 or LDLR content by ELISA.
Values represent mean £ SEM (n = 3) and are expressed as ng of
LRP1 or LDLR per ml of media. *P < 0.05 compared to control.
*P < 0.05 comparing apoE4 in the presence of A versus apoE2 or
apoE3 in the presence of AP, as indicated on the graph. Statistics
determined by ANOVA and Bonferroni post hoc test

detection assay, and there was no difference in LDH levels
between control and Ap-treated conditions (data not
shown). The influence of apoE on lipoprotein receptor
shedding was also examined in brain endothelial cells. For
the most part, treatment with each apoE isoform alone
demonstrated a modest increase in extracellular lipoprotein
receptor levels compared to control conditions, though
these values did not reach statistical significance and this
effect was only around half of that produced with AP alone
(Fig. 2). For LDLR specifically, the differences between
apoE isoforms were obvious, with a rank order of
apoE2 < apoE3 < apoE4 (Fig. 2b). Of these, only apoE4
treatment significantly altered LDLR levels (2.5-fold) from
those observed under control conditions (Fig. 2b). For the
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combination studies, co-treatment of apoE2 or apoE3 with
AP mitigated the effect of AP on lipoprotein receptor
shedding, reducing the levels in the media (at least for
LRP1) to the baseline observed with each isoform alone
(Fig. 2a). In contrast, apoE4 treatment did not alter Af-
induced lipoprotein receptor shedding as soluble LRP1
(Fig. 2a) and soluble LDLR (Fig. 2b) levels in the extra-
cellular media were the same as those seen with A insult
alone. Importantly, for both lipoprotein receptors, the
shedding levels in the media were significantly lower when
apoE2 or apoE3 was administered with AP in comparison
with apoE4 with AP (approximately a 1.6-fold difference).
In addition, lipoprotein receptor expression was examined
in the cell lysates, and no statistically significant difference
was observed between any of the treatment groups (data
not shown).

Lipoprotein Receptor Levels In Vivo

As a complement to the in vitro studies, brain lipoprotein
receptor levels were evaluated in various brain fractions
of apoE transgenic animals following acute intracerebral
AP insult. While subtle variations in soluble LRP1 and
LDLR levels in the parenchyma (data not shown) and
cerebrovasculature (Fig. 3) between apoE genotypes were
apparent, there was no obvious trend and none of the
values in these brain fractions were statistically different.
While we did not observe demonstrable differences in
lipoprotein receptor expression levels in the parenchyma
and cerebrovasculature, the soluble brain fraction revealed
both AP treatment- and apoE genotype-dependent differ-
ences in lipoprotein receptor levels. Under control con-
ditions, the soluble brain levels of both LRP1 (Fig. 4a)
and LDLR (Fig. 4b) varied across apoE genotype with a
rank order of apoE2 < apoE3 < apoE4. Specifically, sol-
uble lipoprotein receptor levels in apoE4 brains were
significantly greater (twofold) than that observed in apoE2
or apoE3 animals. Moreover, in every genotype, soluble
brain lipoprotein receptor levels increased upon AP insult
(especially for LRP1) compared to vehicle, with a rank
order of apoE2 < apoE3 < apoE4 < apoE KO = wild-
type (Fig. 4). The most dramatic change was observed in
the wild-type mice where soluble brain lipoprotein
receptor levels were approximately sixfold higher in the
Ap-treated animals compared to vehicle (Fig. 4). Addi-
tionally, soluble brain lipoprotein receptor levels were
examined in naive mice (i.e., no intracerebral injection),
and no significant differences were observed in these
animals compared to the intracerebral vehicle-injected
group (data not shown), indicating exposure to the vehicle
or the intracranial injection itself does not appreciably
impact the soluble levels of these proteins.
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Fig. 3 Expression of a LRP1 and b LDLR in cerebrovasculature
isolated from apoE transgenic mice. Human AB(1-42) or vehicle was
intracranially administered to male mice (4-6-month old). Ten
minutes after the intracerebral injection, the brains were collected
and various brain fractions were isolated. LRP1 or LDLR levels in the
cerebrovasculature were determined using an ELISA and normalized
to total protein content using the BCA protein assay. Values represent
mean = SEM (n = 6 animals) and are expressed as ng of LRPI or
LDLR per mg protein. No comparisons reached statistical signifi-
cance as determined by ANOVA and Bonferroni post hoc test

Brain Fraction Isolation

To assess the efficiency of our method to isolate various
fractions of the brain, each of the resulting brain fractions
was probed with specific protein markers (Fig. 5). Since
lipoprotein receptors are the focus of these studies, the
presence of the C-terminal subunit of LRP1 (LRP-85) was
examined in each brain fraction. LRP-85 contains the
transmembrane and cytoplasmic domains of LRP1 and is
associated with the cellular membrane prior to and following
ectodomain shedding of the soluble receptor. The membra-
nous LRP-85 was present in each of the cellular brain
fractions (homogenate, parenchyma, and vasculature),
which is expected as LRP1 is expressed in neurons (Bu et al.
1994) and cerebrovascular cells such as pericytes (Wilhel-
mus et al. 2007) and brain endothelia (Shibata et al. 2000).
Furthermore, LRP-85 was not detected in the soluble protein
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Fig. 4 Levels of a LRP1 and b LDLR in the soluble brain fraction of
apoE transgenic mice. Human AB(1-42) or vehicle was intracranially
administered to male mice (4—6-month old). Ten minutes after the
intracerebral injection, the brains were collected and various brain
fractions were isolated. LRP1 or LDLR levels in the soluble brain
fraction were determined using an ELISA. Values represent
mean = SEM (n = 6 animals) and are expressed as ng of LRP1 or
LDLR per ml of soluble brain material. *P < 0.05 comparing apoE4
to apoE2 or apoE3 for the respective control and AB(1-42) groups as
determined by ANOVA and Bonferroni post hoc test

fraction, indicating the soluble layer is devoid of cell-asso-
ciated material. A neuronal marker (synaptophysin) and a
blood vessel marker (laminin) were also examined in each
brain fraction. Synaptophysin was present in each of the
cellular fractions and not in the soluble preparation. While
there were detectable levels of synaptophysin in the vascu-
lature, these levels were considerably lower than those found
in the parenchymal fraction. Laminin, on the other hand,
was only detected in the vascular preparation, indicating all
of the blood vessel components of the brain were confined to
this fraction during the isolation process. Lastly, we
employed a prototypical housekeeping protein (actin) and
found similar levels in each fraction with the exception of
the soluble layer, which is expected as this fraction consists
only of soluble (noncell-associated) protein and would thus
contain lower actin levels than the cell-based preparations
(i.e., homogenate, parenchyma, and vasculature).

@ Springer



692

Neuromol Med (2014) 16:686-696

homogenate parenchyma vasculature soluble

LRP-85 | —— N —— |
synaptophysin -— e Gy — — |
laminin | |
actin | — |

Fig. 5 Western blot analysis of brain fractions isolated from wild-
type mice. Brain fractions from wild-type male mice (4—6-month old)
were examined for the presence of LRP-85 (marker for the
membrane-bound subunit of LRP1), laminin (brain blood vessel
marker), synaptophysin (neuronal marker), and the housekeeping
protein actin. Samples were collected from the brain fractions of three
naive (i.e., no intracerebral injection) wild-type mice and loaded into
separate lanes of the gel

Discussion

Prior reporting has indicated AP clearance from the brain is
differentially regulated by the type of apoE isoform
expressed (Castellano et al. 2011). Multiple studies,
including our own (Bachmeier et al. 2013), have demon-
strated an isoform-specific disruption of AP transit across
the BBB when AP is complexed with apoE (Bell et al.
2007; Deane et al. 2008; Martel et al. 1997). In addition, it
has been proposed that soluble apoE (i.e., not bound to AB)
can support AP clearance across the BBB in an isoform-
dependent manner (Bachmeier et al. 2013). In line with
this, recent findings suggest apoE3 may promote AP
clearance across the blood—cerebrospinal fluid barrier in
the choroid plexus as well (Ruzali et al. 2012). Despite the
close association of apoE with lipoprotein receptors (Bu
2009; Zaiou et al. 2000), the manner in which apoE iso-
forms influence lipoprotein receptors and impact AP
clearance from the brain is not entirely understood. To
determine whether the effects of apoE on brain A removal
are due to lipoprotein receptor quantity, we examined the
expression of these receptors in both the parenchyma and
cerebrovasculature isolated from the brains of apoE trans-
genic animals. While several studies have investigated the
correlation between apoE and LRP1 expression in the brain
(Akram et al. 2012; Arelin et al. 2002; Qiu et al. 2001;
Shinohara et al. 2013), few have done so in relation to apoE
genotype or isolated brain vasculature. Of those that have
LRP1 mRNA levels in whole brain homogenate were
found to be different between genotypes in apoE transgenic
animals (Kajiwara et al. 2010). At the protein level, in
control and AD human brains, apoE genotype was not
associated with significant variations in LRP1 in the frontal
and occipital cortices or the meningeal blood vessels
(Ruzali et al. 2012). Likewise, in our examination of
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lipoprotein receptor levels in the parenchyma and isolated
brain vasculature of apoE transgenic mice, we did not
observe substantial differences between apoE genotypes in
LRP1 or LDLR protein expression. Thus, at least at the
protein level in these apoE transgenic animals, it does not
appear that alterations in lipoprotein expression are driving
the isoform-specific effects of apoE on AP elimination
from the brain.

Having observed a lack of variation in the lipoprotein
expression among the apoE genotypes, we investigated the
role of apoE in lipoprotein receptor processing, i.e., ecto-
domain shedding. When the soluble receptor is released
from the cell following proteolysis, it is no longer involved
in endocytic cellular transport (Rebeck et al. 2006; Selvais
et al. 2010), which impairs AP clearance across the BBB.
Lipoprotein receptor shedding has been shown to be
induced by inflammation (Begg et al. 2004; Gorovoy et al.
2010), acute respiratory distress (Wygrecka et al. 2011),
and exposure to AB(1-42) (Liu et al. 2009). In the current
studies, treatment with AP(1-42) resulted in a dose-
dependent increase of lipoprotein receptor shedding in
brain endothelial cells. In these same cells, we also
examined the effect of each apoE isoform on lipoprotein
receptor shedding and observed a modest increase upon
apoE treatment. However, only apoE4 treatment resulted in
shedding levels that were significantly greater than control
(at least for LDLR), and the extent of shedding in the
presence of apoE, regardless of isoform, was lower than
that observed for AP. Importantly, there were no differ-
ences in lipoprotein receptor levels in the cell lysates
between treatment groups indicating lipoprotein receptor
expression changes are not driving the observed effects of
AP and apoE in vitro, which is consistent with the in vivo
findings discussed above. Our observation of increased
lipoprotein receptor shedding in the presence of apoE is
similar to prior work in which apoE binding to apoE
receptors caused an increase in the release of the extra-
cellular domain (Hoe and Rebeck 2005). Also, proteolysis
of apoE receptors has been shown to be promoted by other
ligands such as o2-macroglobulin and reelin (Hoe and
Rebeck 2005), indicating some degree of receptor shedding
is common with many ligands upon lipoprotein receptor
binding, though the degree to which this occurs may vary
between ligands. In the current studies, when the apoE
isoforms were co-treated with A in brain endothelial cells,
Ap-induced shedding in the presence of apoE2 and apoE3
was significantly lower than with apoE4. While apoE
appears to play a role in the lipoprotein receptor shedding
process (one that is isoform-specific), it is unclear whether
apoE is simply less able to induce receptor shedding than
other ligands (e.g., AB), or if apoE (apoE2 and apoE3 in
particular) is meant to provide some protection to the
lipoprotein receptor under certain conditions. Of note, a
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general protective role for apoE has been reported using a
variety of experimental paradigms, and like our observa-
tions, these studies found apoE4 to be less adept than
apoE3 in exerting a protective function (Buttini et al. 1999;
Hayashi et al. 2007; Sen et al. 2012).

To complement our in vitro findings, we investigated
lipoprotein receptor shedding in vivo by examining the
soluble brain fraction in apoE transgenic animals. As prior
reporting (Liu et al. 2009) and our in vitro studies dem-
onstrate lipoprotein receptor shedding is induced by AP
exposure, these in vivo studies also included an AP para-
digm by administering AP via stereotaxic intracranial
injection. Examination of the soluble fraction of the brain
revealed substantial differences in lipoprotein receptor
levels across apoE genotypes after AP insult. For mice
administered vehicle intracerebrally, we observed differ-
ences in lipoprotein receptor shedding between apoE iso-
forms, similar to that found in vitro for apoE treatment
alone (i.e., no AP exposure). Thus, even in the absence of
AP insult, the degree of receptor shedding at baseline
appears higher for apoE4 versus apoE2 or apoE3. In
comparing the wild-type mice and the apoE KO animals,
murine apoE does not appear to have a role in LRPI
shedding at baseline or in response to AP, while at the
same time suppressing basal LDLR shedding levels. Con-
sistent with the above in vitro studies, intracranial exposure
to AP exacerbated receptor shedding in all genotypes
with a rank order of wt=apoE KO > apoE4 >
apoE3 > apoE2. Not only were the baseline shedding
levels for apoE2 and apoE3 significantly lower than apoE4,
but these two isoforms appear to offer more protection
against AP insult as the degree of receptor shedding fol-
lowing intracerebral AP exposure was not nearly as
extensive as that observed in the other genotypes (apoE4,
apoE KO, and wt), especially for LDLR.

As mentioned above, the greatest degree of shedding
was observed in the wild-type and apoE knockout animals,
suggesting the presence of apoE (in particular human
apoE) provides some protection to lipoprotein receptors
from AB-induced shedding. This apparent protection pro-
vides rationale for reports that an absence of apoE alto-
gether leads to reduced AP brain clearance (Shibata et al.
2000) and increased AP levels in the brain (DeMattos et al.
2004; Dodart et al. 2002). In the in vitro studies, apoE4 did
not attenuate AP-induced lipoprotein receptor shedding as
it did in the in vivo studies. This may be due to differences
in cell type. The in vitro studies investigated lipoprotein
receptor shedding exclusively in brain endothelial cells,
while the in vivo studies examined lipoprotein receptor
shedding in the soluble fraction of the entire brain. Thus,
any lipoprotein receptor-expressing cell in the brain could
have contributed to the soluble receptor levels we
observed. This would include cells such as neurons
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Fig. 6 Correlation between brain lipoprotein receptor shedding and
AP clearance across the BBB in apoE transgenic mice. LRP1 and
LDLR levels in the soluble fraction of the brain were plotted versus
the appearance of AP in the plasma (i.e., Ap BBB clearance)
following intracerebral AP administration (LRP1, R? = 0.94; LDLR,
R? = 0.96). The AP BBB clearance data were derived from our
previously published work (Bachmeier et al. 2013). Values represent
the mean of six animals for each genotype. P < 0.05 for both LRP1
and LDLR as determined by Pearson’s correlation

(Kanekiyo et al. 2013), pericytes (Wilhelmus et al. 2007),
smooth muscle cells (Kanekiyo et al. 2012), astrocytes
(Basak et al. 2012; Koistinaho et al. 2004), and microglia
(Lee and Landreth 2010) involved in metabolic A clear-
ance. The dynamics of apoE4 in these cells may differ from
brain endothelial cells, which might explain the discrep-
ancy between the in vitro and in vivo studies. Moreover, it
is important to note that altered lipoprotein receptor
shedding by apoE in any of these cell types would likely
contribute to AP accumulation in the AD brain. Overall, it
is clear from both the in vitro and in vivo studies that an
apoE isoform-specific effect exists such that lipoprotein
receptor shedding is more prevalent in the presence of
apoE4 than with apoE2 or apoE3.

In correlating lipoprotein receptor shedding (in the
current studies) with BBB-mediated AP clearance (from
our prior work) (Bachmeier et al. 2013), there is a strong
inverse relationship (P < 0.05, Pearson’s correlation) for
both lipoprotein receptors (LRP1 and LDLR) that is apoE
genotype-specific (Fig. 6). Based on these data, AP clear-
ance across the BBB appears to be at least partially med-
iated by lipoprotein receptor shedding, a process that is
differentially regulated by the apoE isoforms. Receptor
shedding not only depletes the population of endocytic
transporters available for BBB clearance, but increases the
concentration of soluble receptors in the extracellular
space, which can bind AP (among other ligands) and
extend its half-life in the brain. At this stage, it is uncertain
how apoE can alter AB-induced shedding. One explanation
is that apoE directly binds to AP, preventing AP from
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accessing the lipoprotein receptors. However, a recent
study determined apoE does not readily bind soluble A in
physiological fluids, but instead acts through a shared
receptor (e.g., LRP1) to influence AP brain removal
(Verghese et al. 2013), a revelation that coincides with the
findings of the current study and our prior work (Bach-
meier et al. 2013). Alternatively, upon interacting with the
lipoprotein receptor, apoE may promote AP endocytosis
through cooperative binding or by inducing a conforma-
tional change in the receptor. Further exploration is nec-
essary to understand the nature and consequence of these
interactions.

Conclusion

Our previous findings and the work of others indicate an
isoform-specific role for apoE in the elimination of AP from
the brain (Bachmeier et al. 2013; Castellano et al. 2011).
The present studies indicate that apoE influences lipoprotein
receptor shedding, a process that may explain the impact of
apoE on AP brain BBB clearance, as increased shedding is
associated with a loss of endocytic transport function
(Rebeck et al. 2006; Selvais et al. 2010). Furthermore, the
observed effect on shedding is apoE isoform-specific as both
our in vitro and in vivo studies showed increased lipoprotein
receptor shedding in the presence of apoE4, compared with
apoE2 or apoE3, under basal conditions and following A3
insult. Thus, apoE4 appears less efficient than other apoE
isoforms in regulating lipoprotein receptor shedding, which
culminates in reduced A elimination from the brain. These
studies further our understanding of the relationship between
apoE and lipoprotein receptors and provide rationale for the
increased AP brain burden in apoE4 transgenic animals
(Bales et al. 2009; Holtzman et al. 2000) and AD patients
carrying the apoE4 allele (Bogdanovic et al. 2002; Schme-
chel et al. 1993). Moving forward, as our group (Kennelly
et al. 2012) and others (Risner et al. 2006; Salloway et al.
2009) have observed that apoE4 carriers are often less
responsive to therapeutic intervention than apoE4 noncarri-
ers, new AD treatment modalities targeting this process
could be particularly beneficial to individuals with this
genotype.
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