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Apolipoprotein E4 (APOE4) is the major genetic risk factor
for late-onset Alzheimer disease (AD), and early observa-
tions that apoE colocalizes with plaque amyloid-f (AB) in
human AD and in mouse models resulted in designation of
apoE as a pathologic chaperone that facilitates AP deposi-
tion."” However, APOE effects on AD pathophysiology are
multifactorial, and some are independent of AP, including
effects on tau pathology, plasticity, neuroinflammation, lipid
metabolism, mitochondrial function, and blood-brain bar-
rer.” In addition to colocalization in plaques,”* apoE
and AP also colocalize in brain parenchyma from aged
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PDAPP/TRE4 mice, a mouse model of AD named for the
platelet derived growth factor (PD) driven production of
amyloid precursor protein (APP) with targeted replacement
of mouse apoE with human apoE4 (TRE4).” ApoE and Ap
colocalize in cortical synaptic terminals in aged control, AD,
and aged TRE samples.® In this work, apoE 2/4 synapses
showed the highest levels of apoE and the lowest levels of
AP compared with apoE 3/3 and 4/4 terminals, consistent
with literature that implicates an apoE isoform in AP
clearance pathways.” "'

Uptake by the apoE receptors, low-density lipoprotein
receptor (LDLR) and LDLR-related protein 1 (LRP1),
makes an important contribution to Af clearance, and in the
brain these pathways operate in neurons, brain microvas-
culature, astrocytes, and microglia.12 For example, over-
expression of LDLR reduces AP deposition without
affecting amyloid precursor protein expression in multiple
mouse strains,'” and reduction of neuronal LRP1 in amyloid
precursor protein/presenilin 1 (PS1) mice increases brain A3
deposition.'* On the other hand, receptor-mediated clear-
ance of AP into neurons may lead to toxic accumula-
tions,''®  whereas internalization by  microglia,'’
endothelial cells,(’ or astrocytesI8 seems a more likely
pathway for uptake and degradation of AB."”

ApoE/AB complexes have been detected in human brain
extracts,”’ plasma,21 and cerebral spinal fluid,”> and some
key AB-dependent apoE effects on AD seem likely to result
from direct interactions between apoE and Af. However, the
variability arising from multiple detection methods has
greatly limited understanding of the role of complex forma-
tion in disease progression, as documented in recent re-
views.'>” An additional level of variability emerges from
the disparate factors that affect binding of apoE to A; these
include apoE isoform, apoE lipidation state, and aggregation
state of AB.'*** A reduction in detectable complex with
apoE4 has led to one hypothesis that apoE/A complex level
modulates A levels and that reduced lipidation of apoE re-
sults in reduced complex formation and increased AP accu-
mulation.””** Lipidation status is difficult to assess in vivo,
but apoE4 is generally believed to be less lipidated than
apoE3. This hypothesis is supported by experiments in mice
expressing five familial AD mutations (5XFAD) plus human
apoE isoforms™ and also by recent data showing that apoE4
reduces lipidation and enhances AP accumulation, whereas
apoE2 has the opposite effect.”” However, several studies
demonstrate that blocking the apoE/A interaction reduces
AB deposition,”® ** contradicting the role of the complexes
in A clearance and suggesting important therapeutic im-
plications of apoE/AB complex formation.

Given the promise of APOE-related therapeutics for
increasing clearance or reducing accumulation of A, it
is critical to understand the pathway(s) affected by in-
teractions between apoE and Af. On the basis of previous
data suggesting that apoE isoform affects apoE/A com-
plexes and AP clearance, and on our previous work showing
that apoE enhances uptake of AB into synaptosomes,”” the
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present studies examined the hypothesis that apoE receptors
mediate uptake of apoE/AP complex and lipids into the
synaptic compartment in cortical synapses of aged control
and AD samples. Multiple SDS-stable apoE/A complexes
were observed in human cortical synaptosomes, and com-
plex level was increased in AD samples. Using flow
cytometry analysis, we also demonstrate alterations in syn-
aptic lipids and pronounced accumulation of both apoE and
AP in LRP1- and LDLR-positive synaptosomes, consistent
with uptake of AP and apoE into the synaptic compartment
by these receptors. Experiments also showed that higher
synaptic AP was associated with apoE4.

Materials and Methods

Materials

The antibodies used in the present work are detailed in
Table 1.°°7" The dyes filipin and Nile red [SH-benzo(a)
phenoxazin-5-one, 9-(diethylamino)-7385-67-3] were pur-
chased from Sigma-Aldrich (St. Louis, MO).

Human Brain Specimens

Brain samples of parietal cortex (Brodmann areas A7, A39,
and A40) were obtained at autopsy from Alzheimer disease
research centers at University of California, Los Angeles,
University of California, Irvine, and University of Southern
California (Table 2). Samples were selected for each
experiment on the basis of the design and availability in the
bank, and neurologic controls were used interchangeably
with the aged cognitively normal controls. Table 2 lists the
total of unique cases (28 controls, 80 AD); some cases were
used for more than one experiment. As in a recent study,’”
cases were stratified into early (Braak stages II-1V) and
late (Braak stages V and VI) AD on the basis of Braak stage
because of the inherent dynamic range and long general use
of this staging system. Immediately on receipt, samples
(approximately 0.3 to 5 g) were minced in a 0.32 mol/L.
sucrose solution with protease inhibitors for cryopreserva-
tion of synaptic structure and membranes™ (2 mmol/L
EDTA, 2 mmol/L EGTA, 0.2 mmol/L phenylmethylsulfonyl
fluoride, 1 mmol/L Na pyrophosphate, 5 mmol/L NaF, and
10 mmol/L Tris), then stored at —70°C until homogeniza-
tion. The P-2 (crude synaptosome; synaptosome-enriched
fraction) was prepared as previously described”’; briefly,
tissue was homogenized in ice-cold buffer [0.32 mol/L su-
crose; 10 mmol/L Tris, pH 7.5; plus protease inhibitors
pepstatin (4 pg/mL), aprotinin (5 pg/mL), trypsin inhibitor
(20 pg/mL), EDTA (2 mmol/L), EGTA (2 mmol/L), phe-
nylmethylsulfonyl fluoride (0.2 mmol/L), and Leu-peptin
(4 pg/mL)]. The homogenate was first centrifuged at 1000
x g for 10 minutes; the resulting supernatant was centrifuged
at 10,000 x g for 20 minutes to obtain the crude synapto-
somal pellet. Aliquots of P-2 are routinely cryopreserved in
0.32 mol/L sucrose and banked at —70°C until the day of the

ajp.amjpathol.org m The American Journal of Pathology


http://ajp.amjpathol.org

Apolipoprotein E and Amyloid-f Complex

Table 1  Reagents
Antibody Antigen/epitope Supplier Host Reactivity
1064 AB peptide: N-terminal residues Kind gift of Greg Cole (Veterans Mouse Human, mouse
5to 17 Affairs Medical Center;
University of California)®
6E10 N-terminal residues 1 to 16 of AB BioLegend (San Diego, CA) Mouse Human
peptide
mO0C1 Fibrillar aggregates of amyloid-f Kind gift of Charles Glabe Rabbit Human
(University of California)®’
mO0C16 Fibrillar aggregates of amyloid-f Kind gift of Charles Glabe®’ Rabbit Human
mO0C23 Fibrillar aggregates of amyloid-f Kind gift of Charles Glabe®* Rabbit Human
m0C98 Fibrillar aggregates of amyloid-f Kind gift of Charles Glabe" Rabbit Human
Anti—PSD-95 PSD-95 Millipore (Temecula, CA) Mouse Human
antibody
Synaptophysin Synaptophysin Gene Tex (Irvine, CA) Rabbit Human, mouse,
antibody rat
SNAP-25 antibody SNAP-25 Santa Cruz Biotechnology Mouse Human, mouse
(SP12) sc-20038 (Dallas, TX)
Anti-apoE goat ApoE Calbiochem (Cambridge, MA) Goat Human, mouse,
pAb (178479) rat
E6D7 ApoE Abcam (Cambridge, MA) Mouse Human, mouse
EP1553Y LDLR Abcam Rabbit Human, mouse
EPR3724 LRP1 Abcam Rabbit Human, mouse,
rat, pig
Filipin (dye) Free cholesterol Sigma-Aldrich (St. Louis, MO) NA NA
Nile red (dye) Cholesterol esters Sigma-Aldrich NA NA

ApoE, apolipoprotein E; NA, not applicable; mOC, OC monoclonal; pAb, polyclonal antibody; postsynaptic density-95, PSD-95; SNAP-25, synaptosomal nerve-

associated protein 25.

experiment,”” at which time they were defrosted at 37°C,
resuspended in phosphate-buffered saline (PBS) with pro-
tease inhibitors, sonicated, and centrifuged for 4 minutes at
3380 x g. Supernatant was collected, and total protein
concentration was defined using the bicinchoninic acid
protein assay (Pierce, Waltham, MA).

Western Blot and Dot Blot Analysis

Human P-2 samples were separated by nonreducing gel elec-
trophoresis on 10% to 20% Tris-glycine gradient gels either
with or without reducing agent dithiothreitol. After transferring
to Immobilon-P membrane (Millipore, Burlington, MA),
Western blot analysis with primary anti-apoE (E6D7) or anti-
AP primary antibody (10G4 or 6E10) and secondary anti-
mouse horseradish peroxidase—conjugated IgG (Jackson

Immunoresearch, West Grove, PA) was performed. Before
immunolabeling, membranes were labeled with Ponceau S
(0.1% wi/v in acetic acid) to verify equal loading; only mem-
branes with equal loading were used for analysis. Immunola-
beled proteins were visualized by SuperSignal West Femto
maximum sensitivity substrate (Thermo Scientific, Rockford,
IL). Resulting films were scanned and quantified on a UVP 600
imaging system (BioSpectrum, Jena, Germany) using Vision-
Works software version 6.6A (VisionWorks, Upland, CA). For
dot blotting, 1 nL of each sample was pipetted onto a Whatman
nitrocellulose membrane (GE Healthcare, Chicago, IL). Mem-
branes were allowed to air dry and were subsequently blocked in
10% nonfat dry milk in Tris-buffered saline (TBS) containing
0.01% Tween 20 (TBS-T) for 1 hour at room temperature.
Membranes were then incubated 1:100 with OC monoclonal
(mOC) antibodies in 5% nonfat dried milk in TBS-T overnight

Table 2 Case Information for Human Samples

Variable Aged controls* Neurologic controls’ Early AD (Braak stage < IV) Late AD (Braak stage V or VI)
Cases, n 21 7 23 57

Age, yi . 85.3 £ 7.3 66.5 + 7.3 85 + 8.9 81.2 £ 12.3

PMI, hours* 6.9 + 3.7 8.1 £ 4.5 7.6 £ 3.0 6.2 £ 2.0

Female sex, % 48 75 57 38

APOE4 positive, n 5 2 8 28

*No dementia.

"Without AD pathology (spinocerebellar ataxia, Pick disease, vascular dementia, and Parkinson disease with dementia).

“Data are given as means =+ SD.
PMI, post-mortem interval.
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at4°C. After three 5-minute washes in TBS-T, membranes were
incubated with horseradish peroxidase—conjugated goat anti-
rabbit IgG (1:10,000 in 5% nonfat dried milk in TBS-T).
Membranes were then washed three times for 5 minutes in TBS-
T and visualized using enhanced chemiluminescence (GE
Healthcare). Images were obtained using a Nikon D700 (Nikon
Inc., Melville, NY) camera, as described previously.”’

Immunoprecipitation

Antibodies were covalently coupled to M-270 Epoxi
Dynabeads using a conjugation kit (14311D; Invitrogen,
Carlsbad, CA), according to manufacturer’s instructions.
P-2 samples were quickly thawed, centrifuged at 10,000 x g
for 10 minutes at 4°C to remove sucrose, homogenized in
PBS with protease and phosphatase inhibitor cocktail
(Thermo Scientific; v/w 1:9) using a pestle motor mixer
(30 seconds on ice), and then run through three freeze-thaw
cycles (3 minutes liquid nitrogen, 30 minutes thawing at
room temperature) with additional 30 seconds’ homogeni-
zation after each cycle. Samples were centrifuged at 840 x g
for 2 minutes at 4°C, and supernatants (P2-H) were
collected. Small volumes of each P2-H sample were set
aside for further Western blot analysis; the rest were equally
divided for immunoprecipitation (IP) with E6D7, 6E10, and
corresponding isotype control antibody conjugated Dyna-
beads. Specificity for the E6D7 antibody has been demon-
strated in apoE knockout mice.”* Samples were rotated with
the beads for 1 hour at 4°C, then placed on magnet, and
unbound flow throughs were collected; beads were washed
three times with PBS using magnet. P2-H, flow-through
samples, and beads were mixed with Tris-glycine sample
buffer with DDT and boiled for 10 minutes. Beads were
placed on magnet, and the fractions containing apoE/Af
complexes (IP) were collected. Samples were run using 10%
to 20% Tris-glycine SDS-PAGE gel and transferred to
polyvinylidene difluoride membrane. Membranes were
blocked with 3% milk and 5% bovine serum albumin for 1
hour at room temperature and probed with either goat anti-
apoE (178479; Calbiochem, Cambridge, MA) or mouse
anti-Af antibodies (BioLegend, San Diego, CA) at 4°C.
After washes, membranes were incubated with corre-
sponding horseradish peroxidase—conjugated secondary
antibodies for 1 hour at room temperature, SuperSignal
West Femto maximum sensitivity substrate was applied for
5 minutes, and images were taken using a UVP reading
system (BioSpectrum).

Immunolabeling and Lipid Dye Labeling

P-2 fractions were prepared from cryopreserved brain tissue, as
described previously””; cryopreserved in 0.32 mol/L buffered
sucrose solution; and stored at —80°C as aliquots. On the day
of the experiment, aliquots were quickly defrosted at 37°C and
P-2 pellets were collected by centrifugation. After fixation in
0.25% paraformaldehyde/PBS (1 hour at 4°C), and
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permeabilization in 0.2% Tween 20/PBS solution (15 minutes
at 37°C), the pellets were incubated with AP, apoE, synapto-
physin (SYP), synaptosomal nerve-associated protein 25,
PSD-95, LDLR, or LRPI1-specific antibodies and directly
labeled with Alexa 488 or Alexa 647 fluorochromes using
Zenon isotype-specific labeling kits (Thermo Fisher; 30 mi-
nutes at room temperature). Immunolabeled P-2 pellets were
washed with 0.2% Tween 20/PBS and resuspended in 500 puL
of PBS for flow cytometry analysis. Stock solutions were
prepared as 1 mg/mL solutions and stored in —20°C protected
from light; Nile red stock was made in dimethyl sulfoxide, and
filipin stock was prepared in 95% ethanol. On the day of the
experiments, the stock solutions were diluted 1:1000 in
Tris—hydrochloric acid, and 100 pL of this mixture was
incubated with P-2 aliquots for 30 minutes at room tempera-
ture, protected from light.

Image Stream Analysis

Synaptosome imaging was done in an ImageStream MarkII
multispectral imaging flow cytometer fitted with a 60x
microscope objective (Amnis Corp., Seattle, WA). A total
of 25,000 events were collected per sample. IDEAS soft-
ware version 6.1 (Luminex, Austin, TX) was used for
analyzing raw images. A compensation matrix was applied
to all of the data.

Flow Cytometry Analysis

Data were acquired using a BD-FACS Calibur analytical flow
cytometer (Becton-Dickinson, San Jose, CA), equipped with
argon 488-nm, helium-neon 635-nm, and helium-cadmium
325-nm lasers. Debris was excluded by establishing a size
threshold set on forward light scatter. A total of 10,000 par-
ticles were collected and analyzed for each sample; an addi-
tional 2000 AB-, LDLR-, LRP1-, SYP-, or PSD-95—positive
particles were collected for experiments investigating corre-
sponding subpopulations of synaptosomes. Alexa 488 and
Alexa 647 were detected by FL-1 and FL-4 channel photo-
multiplier tubes, respectively. Analysis was performed using
FCS Express software version 3 (DeNovo Software, Water-
loo, ON, Canada). Statistical comparisons used z-test unless
otherwise noted, and error bars represent SEM.

Results

SDS-Stable ApoE/AB Complex Is Markedly Increased in
AD Compared with Control Synaptosomes

Using different methods that include the appearance of
complex on Western blot analyses, several articles have
documented formation of SDS-stable apoE/Af complex
in vitro.°* We have also used co—enzyme-linked
immunosorbent assay to demonstrate isoform-mediated
changes in levels of soluble apoE/AB complex.”* Initial
experiments (Figure 1, A and B) used side-by-side Western
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Figure 1  SDS-stable apoE/AB complex is increased in AD compared with
control synaptosomes (P-2). A: Western blot (WB) analysis of nonreduced SDS-

B e C PAGE of P-2 samples from aged control and AD, with anti-AB antibody (10G4)
uAD P_;\?; Er Pénlg tr C‘Z’"I"PgT and anti-apoE antibody (D6E10;). B: Quantification of selected bands is shown.

60 . o " I ApoE C: Western blot analysis of coimmunoprecipitation. Top row: Anti-AB (10G4)

Z 50 35 ---* .- was used as capture and anti-apoE (E6D7) was used as detection. Bottom row:
g 40 IP: AB/ WB: ApoE IP: Iso/ WB: ApoE Anti-apoE (E6D7) was used as capture and anti-AB (10G4) was used as
§ 30 AD1 AD2 Control detection. Samples were run in SDS-PAGE in reduced conditions; for each of
}g i 10 P2 P FT P2 IPFTP-2 1P FT two AD cases, the original P-2 is illustrated (P-2; left lane) and compared with
“ — - '...;Aﬁ the amount of apoE/AB in complex [immunoprecipitation (IP); middle lane]
. IP: ApoE/ WB: A IP: Iso/ WB: AB and the amount of apoE/AB.remammg in the II? flow through (FT; right lane).
70% Y, % The control lane illustrates isotype control antibody used as capture for case

%, %, %, AD2; detection with apoE (E6D7; top right panel) and AB antibodies is shown

2 (10G4; bottom right panel); lanes compare signal in original P-2 (left), IP

blot analysis of SDS-PAGE with antibodies against Ap and
apoE. Western blot analysis of P-2 samples revealed
monomeric apoE at approximately 35 kDa and monomeric
A bands at approximately 8 kDa (Figure 1A), along with a
ladder of bands between 35 and 55 kDa. Localization of
approximately 40-kDa bands is strictly identical in the AB-
and apoE-probed Western blot analyses of both control and
AD samples and consistent with previously reported SDS-
stable apoE/AB complexes formed in vitro.””*" The series
of complex bands is approximately the size of a bound
SDS-stable AP dimer to apoE. Another series of potential
complex bands is approximately 52 kDa, approximately the
size of a bound SDS-stable tetramer. The laddering pattern
likely results from formation of complex with slightly
different sizes of Af; a ladder of SDS-stable AP oligomers
is commonly seen by us and others on Af} Western blot
analyses using multiple antibodies.”” ** The 40- and 52-
kDa complex bands with the a-Af antibody are similar in
controls and AD cases, although they are markedly
increased when labeled by the a-apoE antibody E6D7
(Figure 1B). On the basis of our published observations in
aged controls,” we hypothesize that this result may reflect
formation of apoE/A complex in aged control cases as part
of nonpathologic clearance versus accumulation in-
termediates. The higher level of apoE/A complex detected
with anti-apoE antibodies may also reflect the binding of
other proteins in the complex mixture to AP, hindering
binding of the AP but not the apoE antibody in the AD
cases. Quantification of the a-apoE blots showed a marked
increase in apoE complex groups and monomeric apoE in
AD compared with control synaptosomes, with increases
twofold or greater (P < 0.0005) (Figure 1B).
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(middle), and FT (right). n = 7 controls (A and B); n = 7 AD cases (A); n = 8
AD cases (B). ***P < 0.001 versus control (C).

For direct confirmation of complex formation in vivo, a
P-2 fraction was prepared from two AD cortex samples
(APOE 3/4) (Table 1), and coimmunoprecipitation was
performed first using anti-apoE as capture (E6D7) and anti-
A as detection (mouse; BioLegend) antibody. The reverse
strategy was also tested using anti-Af antibody (6E10) as
capture antibody and anti-apoE antibody (goat polyclonal
anti-apoE) as detection antibody (Figure 1C). Immunopre-
cipitated complex is clear with both o-Ap and o-apoE an-
tibodies (Figure 1C) for each antibody in each of two AD
cases; controls include the original P-2 sample and the flow
through. A substantial amount of apoE/AP complex is
detected in the flow through with the a-apoE antibody,
consistent with the results in Figure 1A showing more
complex detected with the a-apoE antibody, as discussed
above. Precipitation using isotype antibody control in place
of anti-apoE and anti-Af capture antibodies shows no
immunoprecipitation signal (Figure 1C); omission of the
primary antibody also showed no signal (data not shown).
Taken together, these results demonstrate that a considerable
amount of SDS-stable apoE/Af complex accumulates
within cortical synaptic terminals in AD.

The ApoE Receptor LRP1 Is Up-Regulated in AD
Synaptosomes

Confocal and electron microscopy has previously confirmed
flow cytometry results and the integrity of synaptosome
structures.’® Imaging flow cytometry is a novel technology
that produces an image of each cell/event acquired from a
sample. This instrument was used to confirm presynaptic
and post-synaptic elements of synaptosomes. Human
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Figure 2  Confirmation of presynaptic and
post-synaptic elements of synaptosomes. A:
Human cortical P-2 samples were immunola-

beled for the presynaptic vesicular protein
synaptophysin and the post-synaptic scaffold
protein postsynaptic density-95 (PSD-95).
Image is from an ImageStream multispectral
imaging flow cytometer, with 25,000 events
collected. B: Identically labeled samples
analyzed on a BD-FACS Calibur analytic flow
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cortical P-2 samples were immunolabeled for the presyn-
aptic vesicular protein SYP and the post-synaptic scaffold
protein PSD-95, and data were acquired from 25,000 par-
ticles. Consistent with previous flow cytometry results, the
images (Figure 2A) demonstrated that virtually all of the
particles imaged were spherical, were positive for SYP, and
had the expected size of approximately 1 pm; equivalent P-2
labeling for three independent presynaptic markers has
previously been demonstrated (synaptosomal nerve-
associated protein 25, syntaxin, and synaptophysin).’’
Most of the particles demonstrated little to no fluorescent
signal for the post-synaptic scaffold protein PSD-95
(Figure 2A), but a subpopulation of particles were labeled
for both presynaptic and post-synaptic markers (Figure 2A).
Because the instrument has a 60x objective compared with
the 100x objective of conventional confocal microscopy,
resolution is somewhat reduced. However, a fraction of the
dual-labeled population demonstrated a more intact and
spherical post-synaptic element (Figure 2A). Overall, the
images were in line with our previous characterizations of
human cortical synaptosomes, with >90% presynaptic and
approximately 20% positive for a post-synaptic element by
conventional flow cytometry, as previously published*® and
illustrated by representative dot plots (Figure 2B).

On the basis of the abundance of apoE, A, and apoE/A
complex in synaptosomes, two major apoE receptors,
LDLR and LRP1, both members of the core LDLR receptor
gene family previously shown to have brain apoE and A
levels, were next investigated.'”"’ Synaptosomes were
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immunolabeled with antibodies to each receptor using a
protocol for staining of intracellular antigens in which the P-2
is first lightly fixed and then permeabilized. Synapse-
associated labeling was quantified using flow cytometry,
with data collected from 10,000 particles/sample. The anal-
ysis gate was drawn on the basis of size standards and
included only particles between 0.75 and 1.5 pm; immuno-
labeling is plotted against forward scatter, which is propor-
tional to size. Representative plots illustrate the flow
cytometry analysis; SYP was used as a positive control
(Figure 3A) and illustrates the relative purity of synaptosomes
within the analysis size gate (approximately 90% positive).
Isotype-specific antibodies were used to determine back-
ground labeling (Figure 3B). Representative plots for LRP1
immunolabeling in a control versus AD sample are presented
(Figure 3, C and D); as shown in the aggregate data
(Figure 3E), LRP1 antibody labels approximately 14% of
synaptosomes in controls, which increases to approximately
24% in early AD (Braak stages ITto IV; P < 0.05) and remains
at approximately 24% in late AD (Braak stages V to VI;
P < 0.05). LDLR also trended upward in both early- and late-
stage AD cases, indicating compensatory up-regulation of
apoE receptors in AD synapses.

LRP1 and LDLR Receptors Are Not Exclusively Post-
Synaptic

Members of the LDLR family are well established as medi-
ators of A uptake and lysosomal trafficking and clearance in
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Figure 3  LRP1 is up-requlated in AD compared with control synap-
tosomes and localized to presynaptic and post-synaptic elements. A—D:
P-2 samples were immunolabeled with antibodies against LDLR and
LRP1, then analyzed by flow cytometry; dot plots from representative
samples demonstrate typical positive control (A) and background in the
presence of isotype control antibody (B), along with representative
immunolabeling for LRP1 in control (C) and AD samples (D). Fluores-
cence is plotted against forward scatter (FSC), which is proportional to
size. E: Aggregate data are shown for receptor-positive fraction. F and
G: Samples were dual labeled for LRP1, LDLR, and postsynaptic density-
95 (PSD-95); 2000 particles were collected for each sample. F—H:
Representative samples illustrate collection of LRP1 positives (F) and
PSD-95 immunofluorescence in LRP1 positives (G) and LDLR positives
(H). I and J: Representative samples illustrate presynaptic fraction in
samples dual labeled for synaptosomal nerve-associated protein 25
(SNAP-25) and LRP1 (I) and LDLR (J). Rectangular analysis gate defines
positive fraction on the basis of isotype control. Data are expressed as
means + SEM (E). n = 5 controls (E); n = 6 Braak stages II to IV (E);
n = 7 Braak stages V to VI (E). *P < 0.05 versus control.
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neurons, glial cells, and vascular endothelial cells. 2484 At

the same time, these receptors are known to interact with post-
synaptic scaffolding proteins and have well-established roles
in signaling,”’ " leading to a conclusion that LRPI and
LDLR are primarily post-synaptic.””>* Therefore, dual-
labeling experiments were performed with presynaptic and
post-synaptic proteins to investigate the synaptic location of
these apoE receptors. Cortical P-2 samples were dual labeled
for LDLR or LRPI1 and with the N-methyl-p-aspartate re-
ceptor scaffold PSD-95; flow cytometry data were collected
from the total population (10,000 particles) and from LDLR-
and LRP1-positive synaptosomes (2000 particles/sample).
When only LRP1 positives were collected, 66% of synapto-
somes in a representative dot plot were positive for PSD-95
(Figure 3, F and G); in the aggregate data, the mean was
63% =+ 5.6% in controls and 68% + 3.6% in AD synapto-
somes (data not shown). This result suggests that the
remaining approximately 35% of LRP1 positives are exclu-
sively presynaptic because our previous work has established
that approximately 95% of size-gated particles are synapto-
somes. *”7® A parallel experiment with collection of LDLR
positives revealed a similar degree of post-synaptic associa-
tion, with 59% = 8.0% and 65% =+ 7.6% positive for PSD-95
in control (data not shown) and a representative AD sample,
respectively (Figure 3H). Similar dual-labeling experiments
with each receptor and synaptosomal nerve—associated pro-
tein 25, followed by collection of LRP and LDLR positives,
confirms the localization of apoE receptors to synaptosomes,
with 85% and 87% positive for synaptosomal
nerve—associated protein 25, respectively (Figure 3, I and J).
Therefore, the two apoE receptors demonstrate both presyn-
aptic and post-synaptic localization in control and in AD
cortex. These results confirm previous results showing
physical association of most LRP1 and LDLR receptors with
post-synaptic scaffold proteins,”’ >*°"% and they indicate
that a smaller population of both receptors is exclusively
localized to the presynapse.

Free Cholesterol Is Increased and Esterified Cholesterol
Is Reduced in AD Synapses

A good deal of evidence indicates that lipid metabolism
modulates AP levels, and recently, several genes regulating
lipid metabolism have been implicated in AD.” Therefore,
flow cytometry was used to examine the levels of free and
esterified cholesterol in synaptosomes across disease stage
(Figure 4). The fluorescent polyene antibiotic filipin was
used to label free (unesterified) cholesterol,’”°! and the dye
Nile red was used to label esterified cholesterol [cholesterol
esters (CEs) and lipid droplets®’]. Representative dot plots
for the analysis are shown in Figure 4, A—C; an unstained
CE blank sample is shown (Figure 4A), along with repre-
sentative synaptosome labeling from a control case for CE
(Figure 4B) and for free cholesterol (Figure 4C). IgG-
labeled control samples are not needed because lipid la-
bels are dyes rather than antibodies. As expected, virtually
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Figure 4

Esterified cholesterol is reduced in AD compared with control synaptosomes. A—C: Representative samples illustrate flow cytometry analysis of

lipid labeling in cortical synaptosomes (A), background (B), Nile red (NR) [cholesterol esters (CEs)], and filipin (Fil) (free cholesterol; C). Fluorescence is
plotted against forward scatter (FSC), which is proportional to size, and 5000 particles were collected for each sample. D and E: Aggregate data are shown for
cholesterol esters (D) and free cholesterol (E); relative fluorescence unit (RFU) is plotted as thousands. Rectangular analysis gate defines positive fraction on
the basis of blank control. Data are expressed as means + SEM (D and E). n = 13 controls (D and E); n = 11 Braak stages II to IV (D and E); n = 28 Braak
stages V and VI (D and E). ****P < 0.0001 versus control (one-way analysis of variance).

all synaptosomes are brightly positive for both lipid dyes.
The aggregate data demonstrate that CE levels, presented as
relative fluorescence units, are lower in AD compared with
control synapses, with a progressive reduction observed
across disease stage [F(2,48) 941, P < 0.001]
(Figure 4D). The opposite trend is seen for free cholesterol,
where cholesterol shows progressive elevation with disease
stage (Figure 4E). This experiment used more samples (11
to 28 per group) to add power for detection of APOE-
mediated differences; however, no consistent lipid changes
were associated with APOE genotype (data not shown).
These results demonstrate that AD alters cholesterol ho-
meostasis in synaptic terminals, suggestive of reduced
cholesterol stores late in disease.

ApoE and AB Are Concentrated into LDLR- and
LRP1-Positive Synapses

On the basis of the high levels of SDS-stable apoE/AB
complex in synaptosomes and our previous demonstration
that AP is concentrated in apoE-positive synapses in both
human and rodent cortex,” we hypothesized that apoE/AB
complex enters terminals via apoE receptors. Parietal cortex
samples from aged control samples were dual labeled for
apoE and for LDLR or LRPI; flow cytometry data were
collected from the total population (10,000 particles) and
from LDLR- and LRPI1-positive synaptosomes (5000 par-
ticles/sample), to compare the apoE level in the total pop-
ulation with the level of apoE in synapses positive for apoE
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receptors. The analytic strategy is illustrated by the repre-
sentative dot plots of the same sample in Figure 5, A—C:
Figure 5A shows apoE level in the total population of
synaptosomes (14.19%), Figure 5B illustrates the acquisi-
tion of synaptosomes that are exclusively LDLR positive
(100%), and Figure 5C illustrates the enormous enrichment
of apoE in the LDLR-positive terminals (95.48%). A par-
allel experiment quantified AP in receptor-positive synap-
ses; the aggregate data are shown for apoE in Figure 5D and
for AB in Figure 5E. In control samples, the apoE antibody
labeled 21% of the total synaptosome population, and this
increased to 91% (P < 0.0001) in LRP1-positive synapses
and 91% in LDLR-positive synapses (P < 0.0001), indi-
cating a striking accumulation of apoE into synaptosomes
by both receptors. The apoE-positive fraction of synapto-
somes increased from 21% in control samples to 32% in AD
(P < 0.03) (Figure 5D), consistent with previous flow
cytometry results.’ In AD samples, accumulation of apoE in
receptor-positive synaptosomes was almost identical to that
seen in aged controls, increasing from 32% to 96%
(P < 0.0001) and to 93% (P < 0.0001), for LRP1 and
LDLR positives, respectively (Figure 5D). These results
suggest that both LDLR and LRP1 receptors mediate apoE
uptake into synaptic terminals, and that receptor-mediated
uptake of apoE and AP into terminals occurs in both con-
trol and AD synapses.

The parallel experiment with dual labeling for AB (10G4
antibody) with either LDLR or LRP1 demonstrated similar
results (Figure 5E). AP increased in the total synaptosome
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and LDLR in individual synaptosomes from AD
Fsc cortex. A—C: The analytic strategy is illustrated by
a representative sample dual labeled for apoE and
LDLR. Fluorescence is plotted against forward
scatter (FSC), which is proportional to size, and
2000 particles were collected for each sample. Dot
plots illustrate the size of the apoE-positive frac-

- tion in the total population of cortical synapto-

somes (A), the collection of receptor-positive

synaptosomes for the same sample (B), and the

enrichment of apoE in LDLR positives (C). D—G:

Aggregate data show the labeling of apoE in LRP
AD and LDLR positives for control and AD samples. D
and E: Size of the positive fraction. F and G:
Relative fluorescence unit (RFU) parameter, which
indicates per-terminal brightness of immunolabel-
ing. H and I: Lipid levels in apoE-receptor positives
using the same analytic strategy as above. The
level of cholesterol esters (CEs) in receptor posi-
tives is shown (Nile red; H), and the level of free
cholesterol (labeled by filipin) is shown (I). Rect-
angular analysis gate defines positive fraction on
the basis of isotype control. n = 6 control samples
(D—I); n = 5 AD samples (D—I). *P < 0.05,
**P < 0.01, ***P < 0.001, and ****P < 0.0001
versus control, unless otherwise indicated (t-test,
correlated samples).
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population from 19% positive in aged control samples to
53% (P < 0.001) in AD samples, and in aged control
samples, AP labeling increased to 87% in LRP1 positives
and to 63% (P < 0.0001 for each) in LDLR positives. In AD
samples, AP immunolabeling was increased to 96% in
LRP1 positives and to 84% (P < 0.0001 for each) in LDLR-
positive synaptosomes (Figure 5E). As a negative control,
glutamate vesicular transport 1 in the total synaptosome
population was quantified, and it was not enriched in either
LRP or LDLR positives (data not shown). The A level was
higher in LRP1 compared with LDLR receptor positives for
both control (P < 0.001) and AD synaptosomes (P < 0.005)
(Figure 5E), likely an indication of the rapid constitutive
recycling of LRP1 compared with LDLR receptors.'® Flow
cytometry quantifies both positive fraction and brightness of
fluorescence (relative fluorescence units) for each particle in
the analysis; fluorescence data for apoE showed elevated
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apoE levels in LRP1 (P < 0.03) compared with LDLR
positives (P < 0.002) (Figure 5F). Taken together, Figure 5,
E and F, is consistent with LRP1 having higher affinity or
volume for uptake of apoE/AP complex compared with
LDLR receptors. Fluorescence data for AR (Figure 5G)
confirm increased total A in AD compared with control
synapses, and also demonstrate markedly higher AP in both
LRP1-positive (P < 0.01) and LDLR-positive (P < 0.001)
populations compared with control, indicating A locali-
zation but not clearance in terminals positive for apoE re-
ceptors. These results show that both apoE and AP are
highly enriched in terminals positive for apoE receptors,
with higher levels of both apoE and A colocalized with
LRP1 compared with LDLR. More importantly, this
colocalization occurs in both AD and control synaptosomes,
consistent with apoE and Af uptake as a normal, clearance-
related function for synaptic apoE receptors. Taken together
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with the high levels of apoE/A complex in synapses shown
above (Figures | and 2), these results suggest that apoE/Af3
complex enters synapses via apoE receptors, but the AP is
cleared only in control (healthy) synapses.

The degree of apoE lipidation is critical for its function;
therefore, we next tested the hypothesis that uptake of
lipidated apoE/AP complex into synapses alters the level of
synaptic-free cholesterol and cholesterol esters. Using the
same dual-labeling design as above, synaptosomes were
labeled for LRP1 and LDLR, along with the lipid dyes
filipin (free cholesterol) and Nile red (cholesterol esters).
Flow cytometry data were collected from the total popu-
lation (10,000 particles) and from LDLR- and LRPI1-
positive  synaptosomes (5000 particles/sample), to
compare the total synaptic lipid level with the lipid in the
receptor-positive  synapses. In control synaptosomes,
cholesterol esters were increased to approximately the
same degree in LRP1 and LDLR positives (P < 0.01)
(Figure 5H), consistent with receptor-mediated uptake.
Cholesterol esters were also elevated in receptor positives
in AD; in AD synaptosomes, cholesterol esters were higher
in LDLR compared with LRP1 positives (P < 0.05). Free
cholesterol was increased in LDLR positives in control
synaptosomes (P < 0.05) (Figure 5I), but was not asso-
ciated with receptor positives in AD samples, suggesting
impaired lipidation of apoE in AD.

APOE4 Enhances AB Accumulation in Synapses

APOE4 is well established to increase AP deposition in
mouse models (E4 > E3 > E2),””°’ human pathology,*
and imaging studies,””® although the mechanisms are not
clear. Given the elevated synaptic A level in AD compared
with control cortex in previous results”***%" and
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Figure 6

APOE4 enhances AP accumulation in synapses. A: Flow

cytometry analysis of AP level (% positive) in cortical synaptosomes;
10,000 particles were analyzed for each sample. B—E: Dot blot assays of
conformation-selective OC monoclonal (mOC) antibodies; 1-ulL aliquots of
cortical P-2 samples were pipetted onto nitrocellulose and then probed
with mOC antibodies mOC1 (B), m0C16 (C), mOC23 (D), and m0OC98 (E).
n = 5 controls, E4~ (A); n = 3 controls, E4" (A); n = 7 AD cases, E4~

(A);

n = 14 AD cases, E4" (A); n = 8 E4~ and E4™ (B—E). *P < 0.05,

**P < 0.01, ***P < 0.001, and ****P < 0.0001.
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Figure 5E above, we hypothesized greater A} accumulation
in E4-containing synaptosomes and quantified Ap with flow
cytometry in aged control and AD cortical synaptosomes.
Synaptic Af accumulation was higher in both AD groups
compared with controls (P < 0.01) (Figure 6A) and
enhanced in the presence of apoE4 in both control and AD
synaptosomes (P < 0.001 and P < 0.01, respectively)
(Figure 6A). Dot blot immunolabeling of P-2 samples with a
series of 10 conformation-selective anti-Af antibodies®®
revealed E4-mediated increases with four antibodies for
fibrillar oligomers (mOC1, P < 0.0001; mOC16, P < 0.01;
mOC23, P < 0.01; mOC98, P < 0.05) (Figure 6, B—E).
Taken together with the results above, uptake of AP/apoE
complex into AD synaptic terminals results in buildup rather
than clearance of AP in this neuronal compartment, partic-
ularly in the presence of apoE4.

Discussion

APOE has long been implicated in AP clearance and
Ap-related toxicity and aggregation, but little clarity exists
regarding specific pathways, in particular the existence and
possible role of an apoE/AB complex and apoE receptors.
The present results show increased apoE/AB complex in AD
cortical synaptosomes and show localization of both LRP1
and LDLR to synaptic terminals. Synaptic LRP1 is
up-regulated in AD samples, and the storage form of
cholesterol was reduced overall in AD synapses. However,
dual-labeling experiments show that apoE and AP, along
with free and esterified cholesterol, are highly enriched in
individual terminals positive for apoE receptors and indicate
clearance of AP from aged control but not AD synapto-
somes. These results have important implications for
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pathways related to neuronal clearance versus accumulation
of AP within the synaptic compartment.

Isoform-dependent complex formation between apoE and
AP has long been hypothesized as a potential mechanism
affecting clearance versus aggregation of AB.”>*” However,
the degree to which complex formation occurs in human
disease has been controversial (eg, work by Verghese et al®’
found little evidence for complex formation in vitro using
hypothesized physiological molar ratios of apoE and Ap).
The apoE/Af interaction is technically difficult to assess,
varying with detection method and specific experimental
conditions.”> ApoE/AB complex level also depends on the
apoE isoform being studied, its lipidation status, and the
cellular compartment generating the apoE,'”*” which has
led to a literature filled with contradictions and in-
consistencies. As noted by Kanekiyo et al,'” the exact apoE
and AP concentrations and conformations occurring in brain
parenchyma are unclear. In the present experiments, the
difficulty of modeling conditions is minimized by the use of
cryopreserved AD tissue in which membranes and protein
concentrations and interactions are preserved.

The marked elevation of apoE/AB complex in AD syn-
aptosomes by Western blot analysis, observed in the present
results, appears contradictory to our previously published
results that soluble apoE/Af complex is reduced in AD and
by E4 compared with E3.”* However, sample preparation
for the two experiments was different; in the present results,
total P-2 pellets were sonicated and the mixture was loaded
into lanes. The previous data used a co—enzyme-linked
immunosorbent assay to quantify only soluble apoE/Af
complex in P-2 supernatant after extraction and ultracen-
trifugation. Therefore, the apoE/A3 complex in the present
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Figure 7  Proposed pathways for apoE and AR
complex interaction with synaptic apoE receptors.
Extracellular apoE/AB complex binds to presyn-
aptic LRP1 and LDLR receptors and is internalized
into endosomal/autophagic vesicles within the
terminal. In synaptic terminals from aged control
cortex, apoE/AB uptake does not enhance buildup
of AB. However, complex internalization enhances
AP accumulation in AD terminals; thus, apoE acts
as a pathologic chaperone. Most LRP1 and LDLR
are localized to post-synaptic sites, where they
colocalize with postsynaptic density-95 (PSD-95)
and N-methyl-p-aspartate (NMDA) receptors and
mediate multiple signaling functions that include
neurite outgrowth, trafficking of glutamate re-
ceptors, lipid metabolism, insulin signaling, and
antiapoptosis pathways. Post-synaptic signaling
complexes may also function in internalization
and clearance of ApB.

results represents total complex, including insoluble com-
plex that was deposited within AD synaptic terminals in
endosomes or other membranous structures. Intraterminal
deposition would be consistent with previous evidence
showing endocytic trafficking of A to lysosomes is a major
AB clearance pathway,’” and with evidence that AB labeling
has been shown to colocalize with cathepsin-D, a marker for
acidic organelles, in AD mice expressing human apoE iso-
forms.”' Indeed, previous electron microscopy studies
document abundant dense Ap-positive autophagic vesicles
in presynaptic terminals and dystrophic neurites.”” "
Considered together with the present result that apoE/Af
complex is increased in AD, the previous observation
showing reduced soluble complex in AD and in E4 carriers
would be expected as a reflection of a sink mechanism, in
the same way that cerebral spinal fluid and blood A levels
are reduced in AD.

APOE receptors are known to play an important role in
internalization of apoE, A, and apoE/A complex, and the
important role of APOE in AP clearance is thought to
largely depend on internalization and endocytic trafficking
via these receptors.””’° Receptors are known to be
expressed in neurons, astrocytes, microglia, and endothelial
cells*’; the present results add the synaptic compartment to
the list. LRP1-positive synaptosomes have higher levels of
apoE and AP per terminal compared with LDLR positives,
reflecting the known high transport capacity of LRP1.”” At
the same time, apoE and AP are highly enriched in both
receptor-positive populations, suggesting the operation of
both receptors in uptake of these two ligands in the synaptic
compartment. Virtually all LRP- and LDLR-positive ter-
minals contain apoE, which may indicate that essentially all
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synaptic apoE comes from the extracellular space, most
likely from astrocyte processes that envelope the bouton and
are necessary for synapse maintenance.’® On the other hand,
AP production is primarily neuronal, and AP production
might occur in the synaptic terminal because inhibition of
synaptic activity and endocytosis reduces A produc-
tion.””® However, the abundance of synaptosomal
apoE/AB complex and association of AP with apoE re-
ceptors suggest that, like apoE, much of the synaptic A3
comes from outside the synapse. LRP interacts with amyloid
precursor protein directly and by linkage with the adaptor
protein FE6S5, and is known to promote amyloid precursor
protein internalization and AB generation.®' " This inter-
action may also underlie the positive association between
LRP and synaptic AB. However, the striking enrichment of
AP and apoE in both LRP1- and LDLR-positive synapto-
somes and the high levels of apoE/AP complex are more
consistent with the well-known internalization and clearance
functions of both receptors (Figure 7).

An important question with respect to apoE receptors is
whether receptor-mediated uptake of AP into neurons pro-
motes toxic AP accumulation,'®’”” as  previously
shown.'”*** Our results suggest that apoE and AP are
internalized as a complex and cleared from control but not
AD synapses; LRP1 and LDLR uptake of A into synapses
therefore contributes to synaptic A accumulation in AD,
with apoE as a pathologic chaperone. Such a model is
entirely consistent with evidence that AP deposition is
reduced by antibodies that block apoE**~" or the apoE/AB
interaction,”® " and suggests the apoE/AB complex as a
potential therapeutic target.

Both LDLR and LRPI are known to colocalize with
N-methyl-p-aspartate receptor and other post-synaptic
proteins, and to possess signaling as well as endocytic
functions.”” >* For example, binding of tissue-type plas-
minogen activator or a2 macroglobulin to LRP1 trans-
activates tropomyosin receptor kinase receptor via Src
family kinase, resulting in neurite outgrowth, along with
regulation of cellular calcium levels via N-methyl-p-
aspartate receptors.57 The present results confirm previous
observations of post-synaptic localization,'®”® and also
indicate that a population of apoE receptors is presynap-
tic. Some studies suggest that LRP1 signaling and endo-
cytic functions are independent of each other.”’ Therefore,
taken together with our previous data showing apoE and
AB colocalization in synaptosomes,’ the present data
seem most consistent with a neuronal model in which a
separate population of receptors on the presynaptic ter-
minal mediates uptake of apoE and A into the lysosomal
pathway, with post-synaptic receptors mediating various
signaling pathways. However, it may be possible for
LRP1 signaling complexes interacting with the post-
synaptic scaffold to also function in endocytosis and
clearance of AP, and the present experiments do not
examine the localization of downstream pathways or
different cell types, such as astrocytes.
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A primary function of brain apoE is delivery of lipids,
vital for synaptic maintenance and repair,”>”” to neurons via
apoE receptors.'” For example, deletion of the apoE
receptor LRP1 results in global lipid deficits along with
spine degeneration and synapse loss.”* Free cholesterol is
loaded onto apoE by the ATP-binding cassette transporter
(ABCALI), and as the high-density lipoprotein particles
mature, they become spherical with a cholesterol ester core.
In the present work, control synaptosomes positive for apoE
receptors demonstrated a measurable increase in synaptic
cholesterol and cholesterol esters, consistent with uptake of
an apoE/AP complex along with its associated lipids. In
receptor-positive AD synaptosomes, apoE and AP accu-
mulation was not accompanied by increased cholesterol,
possibly indicating uptake of poorly lipidated apoE. A
relative lack of cholesterol in AD synapses might also be a
sign of altered membrane fluidity”” and Ap-induced syn-
aptic dysfunction. The elevated cholesterol esters in LDLR
positives in AD may indicate an LDLR-mediated compen-
satory up-regulation in cholesterol stores that only operates
in relatively healthy control synapses. The lipid alterations
observed herein are consistent with in vitro experiments
showing similar apoE-dependent cholesterol uptake in both
neurons and astrocytes.() ©

Notably, evidence suggests that the cellular distribution
of cholesterol is likely to be more important than the total
cholesterol level, and a delicate balance between membrane-
free cholesterol and cholesterol esters is regulated by the
enzyme that catalyzes CE formation, acyl—coenzyme
Alcholesterol acyltransferase (ACT).”” The CE storage
form exists as lipid droplets and represents approximately
1% of the total’®; the present results show a reduction in CE
across disease stage, consistent with work showing that A3
reduces cholesterol esterification.”” Our findings are also in
strong agreement with previous work showing age-related
memory deficits are induced when cholesterol esters are
reduced and free cholesterol is increased'®’; these authors
suggest that AP fibrils may bind to free cholesterol in the
membrane and attenuate the conversion of free to esterified
cholesterol. On the other hand, cholesterol esters were
increased in a lipidomic study of AD entorhinal cortex and
three mouse models,'”' highlighting the need for further
study of cholesterol distribution in specific compartments.

A complete understanding of the function and nature of
the apoE/APB complex is critical for improving AD thera-
pies, and it has relevance for multiple neurodegenerative
conditions. The present work used flow cytometry analysis
and cryopreserved AD samples to quantify apoE receptors
in the synaptic compartment and to examine associations
between apoE and its receptors, and with AB and lipid
levels. Our findings are consistent with a hypothesis that
apoE/A complex is transported into synaptic terminals via
apoE receptors and demonstrate the feasibility of accurately
measuring lipid levels in this compartment, making it
possible to examine other apoE receptors in future experi-
ments. The apoE receptors LRP1 and LDLR may enhance
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AP clearance in other cell types, such as astrocytes and
endothelial cells, but the present results suggest that apoE
receptors enhance AP accumulation in the neuronal syn-
aptic compartment in AD, an internalization role with
important implications for LRP1 and LDLR as therapeutic

strategies.
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