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Apolipoprotein E3 (ApoE3) but Not ApoE4 Protects against
Synaptic Loss through Increased Expression of Protein

Kinase Ce
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Background: ApoE4 is a genetic risk factor for sporadic AD. PKC is involved in synaptogenesis and shows abnormalities in

aging and AD.

Results: ApoE3 (not apoE4), acting through LRP1, protects synapses against ASPD by inducing PKCe.
Conclusion: ApoE3 stimulates synaptogenesis and protection against ASPD by increasing PKCe synthesis.
Significance: ApoE3 may reduce the risk for AD by stimulating PKCe synthesis.

Synaptic loss is the earliest pathological change in Alzheimer
disease (AD) and is the pathological change most directly corre-
lated with the degree of dementia. ApoE4 is the major genetic
risk factor for the age-dependent form of AD, which accounts
for 95% of cases. Here we show that in synaptic networks formed
from primary hippocampal neurons in culture, apoE3, but not
apoE4, prevents the loss of synaptic networks produced by amy-
loid B oligomers (amylospheroids). Specific activators of PKCe,
such as 8-(2-(2-pentyl-cyclopropylmethyl)-cyclopropyl)-oc-
tanoic acid methyl ester and bryostatin 1, protected against syn-
aptic loss by amylospheroids, whereas PKCe inhibitors blocked
this synaptic protection and also blocked the protection by
apoE3. Blocking LRP1, an apoE receptor on the neuronal mem-
brane, also blocked the protection by apoE. ApoE3, but not
apoE4, induced the synthesis of PKCe mRNA and expression of
the PKCe protein. Amyloid f specifically blocked the expres-
sion of PKCe but had no effect on other isoforms. These results
suggest that protection against synaptic loss by apoE is mediated
by a novel intracellular PKCe pathway. This apoE pathway may
account for much of the protective effect of apoE and reduced
risk for the age-dependent form of AD. This finding supports
the potential efficacy of newly developed therapeutics for AD.

Alzheimer disease (AD)? is a progressive age-related neuro-
degenerative disease accompanied by synaptic failure and neu-
ronal loss in the brain. AD is characterized by accumulation of
extracellular amyloid plaques and hyperphosphorylated Tau
protein forming neurofibrillary tangles (1, 2). Several potential
risk genes for AD have also been identified. The most consistent
of these is apolipoprotein E (ApoE). ApoE exists in three major
variant forms: apoE2, apoE3, and apoE4. Individuals with two
apoE €4 alleles are at 3—10 times greater risk in developing AD
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compared with individuals with two copies of the apoE €3 allele
(3). ApoE also co-localizes with extracellular amyloid deposits.
Different variants of apoE interact differently with AB, with
apoE4 reported to stabilize toxic A oligomers (4), resulting in
isoform-specific clearance (5-7). It has been also reported
apoE4 modulates amyloid precursor protein recycling, result-
ing in increased A3 production (8).

However, apoE3 in the presence of cholesterol is also a potent
signal for synaptogenesis irrespective of any effect on AB. ApoE
in the brain is responsible for cholesterol transport from astro-
cytes to neurons. It acts by binding to neuronal receptors,
including VLDLR, apoER2, LDLR, and LRP-1 (low density lipo-
protein receptor-related protein 1) (5-6). Transgenic mice
expressing apoE4 in astrocytes exhibit impaired working mem-
ory (9) and impaired spatial memory (10) compared with mice
expressing apoE3. Moreover, in the presence of cholesterol,
apoE3 and apoE4 have different effects on neurite extension
(11). Dendritic spine density is lower in apoE4 transgenic mice
compared with apoE3 mice, indicating impaired synaptogen-
esis (12, 13). ApoE4 is less efficient than apoE3 in transporting
brain cholesterol (14) and is also less effective than apoE3 in
preventing apoptosis (15-16) and inducing synapse repair and
neuritic growth (7).

Expression of some of the PKC isozymes decreases with
aging (17). Neurotoxic A also impairs PKC function (18, 19).
These deficits in PKC may contribute to memory deficits in AD.
PKCa and PKCeregulate amyloid precursor protein processing
by the non-amyloidogenic pathway (20 -24), and deficiency in
these enzymes might lead to increased Af3 synthesis and accu-
mulation. Moreover, PKC activation results in enhancement of
synaptogenesis and may protect against neurodegeneration
(25, 26). The PKC activator DCPLA methyl ester (DCPLA-ME)
(Fig. 1E) is a derivative of DCPLA, which associates with the
PKC phosphatidylserine-binding site and specifically activates
PKCe (27, 28). Unlike diacylglycerol-binding PKC activators,
phosphatidylserine-binding activators produce little or no
down-regulation of PKC (29).

Previously, it was believed that A fibrillar aggregates found in
the plaques initiate neurodegeneration. However, recent findings
point to prefibrillar soluble A3 oligomers as responsible for synap-
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tic dysfunction (30). Various Af3 assemblies ranging from 10 to
>100 kDa have been isolated from AD brain (31). Different assem-
blies reported to be neurotoxic include protofibrils (32), AB-de-
rived diffusible ligands (ADDLSs) (33), nonamers and dodecamers
(AB*56) (34), globulomers (35), 15—20-mer A assemblies termed
AB-oligomers (36), and amylospheroids (ASPDs) (37, 38). ASPDs
were found to be unusually neurotoxic and were shown to activate
GSK-3p, the enzyme responsible for hyperphosphorylation of Tau
protein, thus making them potentially important in AD pathology.
Therefore, we investigated the role of apoE3 in protecting neurons
against AB3. We found that ASPDs cause neuronal toxicity and
synaptic loss at very low concentration at least in part by reducing
the level of PKCe. The PKCe activator DCPLA-ME protected neu-
rons from ASPD-induced damage and also restored PKCe levels.
Similarly, apoE3 also prevented cell death caused by ASPD by an
LRP-1-dependent mechanism, indicating a role for PKC in apoE
signaling.

EXPERIMENTAL PROCEDURES

Materials—Cell culture media were obtained from Invitro-
gen (F12K, Neurobasal, and B27) and K.D. Medical (minimum
Eagle’s medium). AB(1-42) was purchased from Anaspec (San
Jose, CA). Bryostatin 1 was purchased from Biomol Interna-
tional. DCPLA and DCPLA-ME were synthesized in our labo-
ratory following the method described earlier (28). Primary
antibodies (PKC-¢, B-actin, RACK1, synaptophysin, MAP-2,
and PSD-95) were obtained from Santa Cruz Biotechnology,
Inc. (Santa Cruz, CA). Anti-phospho-GSK-3B (Ser-9) and
GSK-3B were from Cell Signaling Technology, and anti-B-tu-
bulin was purchased from Millipore. All secondary antibodies
were purchased from Jackson ImmunoResearch Laboratories.
ApoE3, apoE4, PKCe translocation inhibitor (EAVSLKPT), and
bisindolylmaleimide I (Go 6850) were procured from EMD
Biosciences. All other reagents were purchased from
Sigma-Aldrich.

Transgenic Mice—ApoE target replacement mice were pur-
chased from Taconic Farms, Inc. In this strain (C57BL/6), the
endogenous murine apoE gene has been replaced with human
alleles of apoE3 (B6.129P2-Apoe!">APOE™3)MaeNg) or apoE4
(B6.129P2-Apoe!3APOE™MaeNg) - A]l experiments were per-
formed on age-matched male animals following an approved
protocol.

Cell Culture—Hippocampal neurons (NeuroPure, Genlan-
tis) from 18-day-old embryonic Sprague-Dawley rat brains
were plated on 24-well plates coated with poly-p-lysine (Sigma-
Aldrich) in neurobasal medium supplemented with B-27 con-
taining 0.5 uMm glutamine and 25 pum glutamate (Invitrogen).
The neuronal cells were grown under 5% CO, for 14 days in an
incubator maintained at 37 °C. All cell culture experiments
included the B27 supplement, which is a standard component
for neuronal cell culture, except for the experiment shown in
Fig. 2B.

Cells were treated with ASPD, apoE3, apoE4, or PKC activa-
tors for 20 h. ApoE (10 nm) and cholesterol (100 um) were added
separately. For inhibition assays with PKC inhibitor or LRP-1
antibody, cells were pretreated with the inhibitor or antibody
for 30 min.
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Preparation of Different AB Oligomers—ASPDs and Af
monomers were prepared following Noguchi et al. (37, 38).
Briefly, AB(1-42) was dissolved in 1,1,1,3,3,3-hexafluoro-2-
propanol and incubated overnight at 4 °C and then for 3 h at
37 °C. Finally, the dissolved A B(1-42) was lyophilized in 1.5-ml
polypropylene centrifuge tubes at 40 nmol/tube concentration.
For preparing the ASPDs, the lyophilized AB was dissolved in
phosphate-buffered saline (PBS) without Ca®>* or Mg>™" at less
than 50 um concentration and rotated for 14 h at 4 °C. After
incubation, the AB solution was purified using a 100-kDa
molecular mass cut-off filter (Amicon Ultra, Millipore), and the
high molecular weight fraction was saved to obtain the most
toxic ASPDs. ADDLs were produced as described previously
(33). AB(1-42) was solubilized at 5 mm in DMSO, diluted to
100 uMm in F-12 medium, and incubated at 4 °C for 24 h. The
solution was centrifuged at 14,000 X g for 10 min at 4 °C, and
the supernatant was used as ADDL.

Size Exclusion Chromatography—Size exclusion chromatog-
raphy was performed using an HPLC system (Shimadzu) con-
nected with a TSKgel Super SW2000 column (Supelco). Molec-
ular weight calibration was conducted using both high and low
molecular weight proteins. A assemblies were separated with
buffer containing 0.1 m Na,PO, and 0.1 M Na,SO, adjusted to
pH 6.65 with H;PO,, using a flow rate of 0.1 ml/min, with
absorbance being monitored at 280 nm.

Atomic Force Microscopy (AFM)—AFM was performed by
Polyinsight, LLC (Akron, OH). Samples were prepared by plac-
ing a small amount of the sample on freshly cleaved mica for a
specific amount of time, spinning the sample to remove excess
liquid, and then rinsing the sample with filtered, distilled water
while the sample was spinning. The sample was then dried
under a gentle stream of dry nitrogen before analysis with the
AFM. The prepared samples were analyzed with a Veeco
Instruments MultiMode AFM using an E scanner and a Nano-
scope IV controller. The microscope was operated in tapping
mode with height and phase images collected simultaneously.
Platinum-coated silicon cantilevers with a nominal resonance
frequency of 70 kHz (Olympus AC240TM ElectriLevers) were
used, with medium light tapping forces as characterized by a
0.80 set point reduction ratio.

Native Gel Analysis of ASPDs—Native gel analysis was per-
formed using 4 —20% gradient Tris-glycine gel (Invitrogen) and
Novex Tris-glycine native running buffer (Invitrogen) at 100 V
in 4°C. Gels were stained with Sypro Ruby Red stain
(Invitrogen).

Viability Assay—Viability of cells was measured by an MTT
assay (39). For the MTT assay, 3.2 X 10* primary hippocampal
neurons from 18-day-old embryonic Sprague-Dawley rat
brains were plated on each well of 24-well plates coated with
poly-D-lysine. After treatment, the cells were washed with 1X
PBS and were incubated with 200 ul of 1 mg/ml MTT solution
(Sigma) at 37 °C for 2 h. Then the MTT solution was removed,
and the cells were lysed with 200 ul of isopropyl alcohol con-
taining 0.04 M HCl and 160 mMm NaOH for 10 min. Finally,
absorbance was measured at 570 and 630 nm. All of the samples
were done in triplicate, and the data were represented as a per-
centage of control.
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PKC Assay—For measurement of PKC activation by
DCPLA-ME, activation of recombinant PKC«, PKCe, and
PKC5s (Cell Signaling Technology) was used. DCPLA-ME-
induced activation was measured in the absence of diacylg-
lycerol and phosphatidylserine as described earlier (27, 28,
40). Individual enzymes were incubated for 15 min at 37 °C
in the presence of 10 um histones, 4.89 mm CaCl,, 10 mm
MgCl,, 20 mum HEPES (pH 7.4), 0.8 mm EDTA, 4 mm EGTA,
4% glycerol, 8 ug/ml aprotinin, 8 pug/ml leupeptin, 2 mm
benzamidine, and 0.5 uCi of [y->*P]ATP. [**P]Phosphopro-
tein formation was measured by adsorption onto
phosphocellulose.

Immunofluorescence and Confocal Microscopy—Cells were
grown in two-chambered slides (Nunc) at low density. For
immunofluorescence staining, the cells were washed with PBS
(pH 7.4) and fixed with 4% paraformaldehyde for 4 min. Follow-
ing fixation, cells were blocked and permeabilized with 5%
serum and 0.3% Triton X-100 in 1X PBS for 30 min. Cells were
washed three times with 1X PBS and incubated with primary
antibodies for 1 h at 1:100 dilution. After the incubation, the
slides were again washed three times in 1X PBS and were incu-
bated with the FITC anti-mouse IgG and rhodamine anti-rabbit
IgG for 1 h at 1:400 dilution. Cells were further washed and
stained with DAPI (Thermo Scientific) to stain the nucleus.
Finally, the slides were washed and mounted in Pro Long Gold
antifade mounting solution (Invitrogen) and were viewed
under an LSM 710 Meta confocal microscope (Zeiss) at 350-,
490-, and 540-nm excitation and 470-, 525-, and 625-nm emis-
sion for DAPIL, FITC, and rhodamine, respectively. Six individ-
ual fields at 63X oil lens magnification were analyzed for the
mean fluorescence intensity in each channel.

Cell Lysis and Western Blot Analysis—Cells were harvested in
homogenizing buffer containing 10 mm Tris-HCl (pH 7.4), 1
mM phenylmethylsulfonyl fluoride (PMSF), 1 mm EGTA, 1 mm
EDTA, 50 mm NaF, and 20 um leupeptin and were lysed by
sonication. The homogenate was centrifuged at 100,000 X g for
15 min at 4 °C to obtain the cytosolic fraction (supernatant) and
membrane (pellet). The pellet was resuspended in the homog-
enizing buffer by sonication. For whole cell protein isolation
from primary neurons, the homogenizing buffer contained 1%
Triton X-100. Protein concentration was measured using the
Coomassie Plus (Bradford) protein assay kit (Pierce). Following
quantification, 20 ug of protein from each sample was sub-
jected to SDS-PAGE analysis in 4-20% gradient Tris-glycine
gels (Invitrogen). The separated protein was then transferred to
nitrocellulose membrane. The membrane was blocked with 5%
BSA at room temperature for 15 min and was incubated with
primary antibody overnight at 4 °C. After the incubation, it was
washed three times with TBS-T (Tris-buffered saline, Tween
20) and further incubated with alkaline phosphatase-conju-
gated secondary antibody (Jackson Immunoresearch Laborato-
ries) at 1:10,000 dilution for 45 min. The membrane was finally
washed 3 times with TBS-T and developed using the one-step
nitro blue tetrazolium-5-bromo-4-chloro-3-indolyl phosphate
substrate (Pierce). Blots were imaged in the ImageQuant RT-
ECL (GE Healthcare), and densitometric quantification was
performed using the IMAL software. For translocation assays,
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PKC activation was represented as the percentage of total pro-
tein in the membrane (membrane/(cytosol + membrane)).

Quantitative RT-PCR—RNA was isolated from the cells
using TRIzol reagent (Invitrogen) following the manufacturer’s
protocol. For quantitative RT-PCR, 500 ng of total RNA was
reverse transcribed using oligo(dT) and Superscript III (Invit-
rogen) at 50 °C for 1 h. RT-PCR of the cDNA product was
performed using a LightCycler 480 II (Roche Applied Science)
machine and LightCycler 480 SYBR Green 1 master mix follow-
ing the manufacturer’s protocol. Primers were as follows:
for PKCe, TGGCTGACCTTGGTGTTACTCC (forward) and
GCTGACTTGGATCGGTCGTCTT (reverse); for PKCg,
ACAACCTGGACAGAGTGAAACTC (forward) and CTTGA
TGGCGTACAGTTCCTCC (reverse); for PKCs, ACATT
CTGCGGCACTCCTGACT (forward)and CCGATGAGCATT
TCGTACAGGAG (reverse) (Origene, Rockville, MD); and
B-actin (Promega).

PKCe Knockdown Assay—PKCe knockdown was done using
29-mer shRNA constructs purchased from Origene. The
shRNA constructs were transfected to the primary neurons
using Lipofectamine 2000 (Invitrogen). Medium was changed
after 4 h of Lipofectamine treatment. PKC expression was
measured after 72 h of transfection.

Statistical Analysis—Each data point is the mean of 3—6 rep-
lications. Data are represented as mean * S.E. Statistical anal-
ysis was performed by Student’s ¢ test using GraphPad Prism 5
software with p < 0.05 considered statistically significant.

RESULTS

Production and Size Determination of ASPDs and ADDLs—
We prepared synthetic ASPDs from AB(1-42) monomers by
slowly rotating a 50 um solution of AB(1-42) for 14 h at 4°C,
following the method described by Noguchi et al. (38). ADDLs
were generated by the procedure described by Lambert et al. (33).
Before analyzing the toxicity of these ASPDs and ADDLs, we ver-
ified the size of 100-kDa retentates (ASPDs) and ADDLs by size
exclusion chromatography. We found that the size of these ASPDs
was ~175 kDa (ranging from 150 to 220 kDa) (Fig. 1A) when com-
pared with the size standards subjected to size exclusion chroma-
tography, whereas ADDLs showed peaks at 18, 16, and 8 kDa. This
was confirmed by static light scattering (488 nm), which showed
an average molecular weight of 151,400 = 4500. Native gel analysis
also showed that the ASPDs were in the range of 150220 kDa
(Fig. 1B). The number of AB monomers in an ASPD particle was
estimated by disassociating ASPD particles to monomers with
1,1,1,3,3,3-hexafluoro-2-propanol. The monomer concentration
was estimated by densitometric analysis of Sypro Ruby-stained
SDS-polyacrylamide gels. Analysis showed that the ASPD con-
tained ~23-32 A3 monomers. AFM analysis showed that the pre-
dominant species were ~8-10 nm in height (Fig. 1C), consistent
with the previous findings (37, 38).

Neurotoxic Effect of Different AB(1-42) Oligomers (ASPDs;
<100-kDa Filtrate of ASPD and ADDLs)—To assess the neu-
rotoxic effect of different sized oligomers, we treated rat pri-
mary hippocampal neurons with different concentrations of
these AB(1-42) species for 20 h. Viability of the treated cells
was assessed using the MTT assay. We found that A3 monomer
at 1 um concentration did not affect the viability of neurons
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FIGURE 1. Characterization and neurotoxic effect of different A assemblies. ASPDs, ADDLs, and monomeric AB were prepared as described under
“Experimental Procedures.” A, characterization of ASPD and AB monomers by size exclusion chromatography. ASPD showed a size in the range of 150-250
kDa. B, nondenaturing polyacrylamide electrophoresis of ASPDs. In denaturing gels containing SDS, the 150-200 kDa band is no longer visible (not shown). C,
AFM examination showed that ASPDs are structures ~10 nm in size. D, toxicity of different A forms on cultured primary rat hippocampal neurons after 20 h
estimated by the MTT assay. ASPDs represent the retentate from 100-kDa filtration, and oligomeric A represents the filtrate. Cells treated with 1 um AB
monomer showed no change in viability compared with the vehicle-treated control cells. ASPDs were the most toxic. E, structure of DCPLA methyl ester. Values
are mean = S.E. (error bars) (Student’s t test). *, p < 0.05; **, p < 0.005; ***, p < 0.0005.n = 6.

(97.6 £ 1.3%), whereas 1 um ADDL containing 12-mers to
monomers significantly decreased the rate of MTT reduction
(51.0 = 3.8%, p = 0.0013), indicating a loss of viability. ASPDs
caused a significant decrease in viability at 50 nm (57.1 = 4.9%,
p = 0.0028). The <100-kDa filtrate was significantly cytotoxic
at 50 nm but less toxic than intact ASPDs (Fig. 1D). Further, we
found that ASPD can cause significant loss of viability at con-
centrations as low as 5 nm. Thus, it can be concluded that the
ASPDs are the most toxic oligomeric species, and 50 nm ASPDs
causes damage equivalent to that from 1 um ADDLs or 1 um
<<100-kDea filtrate of ASPDs. We used a 50 nm concentration of
ASPDs in all further experiments.

ApoE3 + Cholesterol Protects against ASPD Toxicity—
ApoE3-containing lipoproteins are reported to protect neurons
from apoptosis (16) and to act as a signal for synaptogenesis.
Therefore, we studied the effect of apoE3 in the presence of cho-
lesterol on ASPD-treated cells. ApoE3 + cholesterol protected the
ASPD-treated neurons and provided 95.5 * 6.0% viability com-
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pared with 60.5 * 1.2% viability in ASPD-treated cells (p = 0.002).
ApoE3 or apoE4 alone was less effective, increasing viability to
85.9 + 3.0 and 82.9 * 2.6%, respectively. ApoE4 + cholesterol did
not protect against ASPD (Fig. 24). To eliminate possible effects
of the unsaturated fatty acids linoleic acid and linolenic acid,
which are components of the B27-supplemented culture
medium, we also measured the effects in the absence of B27
supplement. Under these conditions, apoE3 + cholesterol
still protected against ASPDs (80.6 = 2.0%, p = 0.005). The
combination of apoE3-cholesterol + PKCe activator DCPLA-ME
was the most effective (91.9 = 3.5% viability), whereas apoE3
alone had only a small effect (68.8 = 1.5% viability). ApoE4 or
apoE4 + cholesterol was also not protective in the absence of
B27 supplement. Only DCPLA-ME was found to be protective
(79.9 = 2.5%) (Fig. 2B). These results clearly show that apoE3
protects against A3 toxicity and requires cholesterol to be max-
imally effective. Further, we found that if the apoE receptor
LRP-1 is blocked by 30-min pretreatment with LRP-1 antibody
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FIGURE 2. Neuroprotective effect of apoE3. Rat hippocampal neurons were cultured in media (A) with B27 and (B) without B27 and treated with vehicle
(Control), ASPD (50 nm), and apoE3 (10 nm), apoE4 (10 nm), or cholesterol alone (100 um), apoE3 + cholesterol or apoE4 + cholesterol. C, apoE3 acts through
LRP-1 receptor. Blocking LRP-1 receptor with LRP-1 antibody or RAP prevented apoE3-induced neuroprotection against ASPD (experiments were done in the
presence of B27). Cell viability was measured using the MTT assay. Values are mean = S.E. (error bars). Asterisks indicate significance with respect to ASPD-

treated cells (Student’s t test). *, p < 0.05; **, p < 0.005; ***, p < 0.0005.n = 6.

or receptor-associated protein (RAP), DCPLA-ME and apoE3
+ cholesterol did not protect against ASPDs. These results
indicate that the protection involves LRP-1, suggesting an
intracellular mechanism.

Blocking the LRP-1 receptor using RAP reduced the pro-
tective effect of DCPLA-ME (Fig. 2C). LRP-1 antibody
showed a similar effect, but the effect was not statistically
significant.

ASPD Causes Synaptic Damage—To estimate the synaptic
damage caused by the ASPDs on primary hippocampal neu-
rons, we measured the expression of the presynaptic marker
synaptophysin and postsynaptic marker PSD-95 by immuno-
fluorescence staining. Expression levels were calculated as
change of percentage in mean fluorescence intensity compared
with the untreated cells. It was found that, compared with the
control, 50 nm ASPDs caused a ~40% decrease in synaptophy-
sin intensity (62.4 = 6.7%, p = 0.007), and 1 um ADDLSs caused
a 25% decrease (75.6 £ 4.8%, p = 0.033) (Fig. 3, A and Q).
PSD-95 expression also showed a 42% decrease in the ASPD-
treated cells (Fig. 3B). AB(1-42) monomer at 1 uM concentra-
tion did not change the expression of synaptophysin or PSD-95.
This indicates that ASPDs disrupt synaptic integrity even at
nanomolar concentrations.

ApoE3  Protects Synapses from ASPD-induced Damage—
ApoE3 + cholesterol prevented the loss of MAP-2 and synapto-
physin expression in ASPD-treated cells (Fig. 4). In ASPD +
apoE3 + cholesterol-treated cells, MAP-2 expression was
67.7 £ 7.4% compared with 44.9 = 3.6% in ASPD-treated
cells (p < 0.0001, n = 6). ApoE3, apoE4 alone, and apoE4 +
cholesterol did not show any significant change. Synaptophysin
expression in ASPD + apoE3 + cholesterol-treated cells
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increased to 81.6 £ 6.3% compared with 61.3 = 5.8% in cells
treated with ASPD alone (p = 0.022, n = 6) (Fig. 4). ApoE3 and
apoE4 alone showed no effect, whereas apoE4 + cholesterol
significantly decreased synaptophysin staining in ASPD-
treated cells, indicating that apoE3 + cholesterol prevents syn-
aptic loss induced by ASPD.

PKCe Activators Also Protect against ASPD-induced
Neurotoxicity—PKC activators are reported to provide neuropro-
tection against AB, possibly by activating TACE and AB-degrad-
ing enzymes, such as endothelin-converting enzyme, insulin-de-
grading enzyme, or neprilysin, or by stimulating synaptogenesis.
We tested the neuroprotective efficacy of bryostatin 1 (25, 28),
DCPLA (28), and the PKCe activator DCPLA-ME against ASPD-
induced cytotoxicity. DCPLA-ME activated PKCe but not PKCa
or PKCé. DCPLA-ME activated PKCe by almost 100% in the
0.01-10 uMm range, with maximum activation at 100 nm and 1 um
(Fig. 5A).

PKCe activators were neuroprotective against 20-h treat-
ment with ASPD. Primary neurons treated with 50 nm ASPD
showed 57.6 * 1.6% viability. Bryostatin 1(0.27 nm), DCPLA (10
M), and DCPLA-ME (100 nm) treatment restored the viability
to73.2 = 3.6% (p = 0.008, n = 6), 81.4 * 2.8% (p = 0.0009, n =
6), and 89.2 = 2.2% (p = 0.0002, n = 6), respectively (Fig. 5B),
indicating that the neuroprotection against A is mediated by
PKCe activation. DCPLA-ME-treated cells were 8 and 16%
more viable than DCPLA and bryostatin 1-treated cells. Thus,
DCPLA-ME provides better neuroprotection than DCPLA and
bryostatin 1.

DCPLA-ME Protects Neurons against ASPD-induced Synap-
tic Loss—Our next aim was to find out if DCPLA-ME also pro-
tected the neurons from synaptic loss caused by the ASPDs.
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FIGURE 3. ASPD-induced synaptic loss. A, confocal images of rat hippocam-
pal primary neurons. Cells grown on chambered slides were treated with
vehicle (Control), AB monomer (1 um), ADDLs (1 um), and 50 nm ASPD. Follow-
ing a 20-h incubation, cells were stained for PSD-95 and synaptophysin. The
first column represents the nucleus stained with DAPI (blue), the second col-
umn represents PSD-95 (green), the third column shows synaptophysin (red),
and the fourth column is the merged image. Mean fluorescence intensity is
expressed as a percentage of control (n = 6). Shown is a graphical represen-
tation of the expression level of PSD-95 (B) and synaptophysin (C). Values are
mean = S.E. (error bars) (Student'’s t test). *, p < 0.05; **, p < 0.005; *** p <
0.0005.

Primary neurons, treated and untreated, were immunostained
for MAP-2, synaptophysin, and PSD-95 to determine the syn-
aptic integrity. We found that the PSD-95 and synaptophysin
staining of the neurites decreased on ASPD treatment, whereas
DCPLA-ME treatment increased staining. DCPLA-ME treat-
ment increased the expression (mean fluorescence intensity) of
MAP-2 in ASPD-treated cells from 40.7 = 6.2% to 68.9 * 2.0%
(p = 0.0007, n = 5), synaptophysin from 63.3 = 3.8% to 87.5 *
3.8% (p = 0.0005, n = 5), and PSD-95 from 67.6 = 7.2% to
99.2 £ 11.3% (p = 0.02, n = 5) (Fig. 6A). These results suggest
that DCPLA-ME not only protected the ASPD cells from cell
death but also prevented the synaptic damage by increasing
expression of synaptophysin, PSD-95, and MAP-2 in the syn-
aptic networks. The expression of synaptophysin was con-
firmed by Western blot and showed that ASPD decreased the
expression by ~26% (73.3 = 3.3%, p = 0.0035, n = 3), and
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FIGURE 4. ApoE3 prevents synaptic damage. Cells grown on chambered
slides were treated with vehicle (Control), 50 nm ASPD, 50 nm ASPD + apoE3
(10 nm), 50 nm ASPD + apoE4 (10 nm), 50 nm ASPD + cholesterol (100 um), 50 nm
ASPD + apoE3 (10 nm) + cholesterol (100 um), or ASPD (50 nm) + apoE4 (10 nm)
+ cholesterol (100 um). Following a 20-h incubation, the cells were stained for
MAP-2 (A) and synaptophysin (B) as described under “Experimental Procedures.”
Mean fluorescence intensity is expressed as a percentage of control (n = 6).
ApoE3 + cholesterol prevented the synaptic loss caused by ASPD. ¥, significance
with respect to ASPD-treated cells. Error bars, S.E. *, p < 0.05.
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FIGURE 5. Neuroprotection by PKC activators (bryostatin 1, DCPLA, and
DCPLA-ME) against ASPD-induced toxicity. A, activation of PKCe by DCPLA-
ME. Purified PKCa, PKCe, and PKC8 were preincubated with DCPLA-ME for 5 min
at room temperature, and enzymatic activity was measured as described under
“Experimental Procedures.” B, cell viability was measured using the MTT assay
after PKC activator treatment in 50 nm ASPD-treated cultured primary rat hip-
pocampal neurons. Among the PKC activators, DCPLA-ME (100 nm) was the most
protective against ASPDs. Data represent mean = S.E. (error bars). Asterisks indi-
cate significance with respect to ASPD-treated cells (Student's t test). *, p < 0.05;
** < 0,005; **, p < 0.0005.n = 6.

DCPLA-ME treatment maintained the expression similar to
control (Fig. 6B).

ApoE3 + Cholesterol and DCPLA-ME Activate PKCe, Lead-
ing to Neuroprotection—ApoE3 + cholesterol increased both
PKCe protein level (Fig. 7A) and mRNA level (Fig. 84) by ~50%
in untreated primary neurons and restored normal levels of
PKCe in ASPD-treated neurons, whereas apoE4 had little or no
effect (Figs. 7A and 8B). Moreover, blocking the LRP-1 receptor
with LRP-1 antibody prevented the apoE3-induced PKCe
expression (Figs. 7A and 8B).
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FIGURE 6. DCPLA-ME protects against ASPD-induced synaptic loss. A, rat hippocampal primary neurons grown on chambered slides were treated with
vehicle (Control), 50 nm ASPD, 50 nm ASPD + 100 nm DCPLA-ME, and 50 nm ASPD + 100 nm DCPLA-ME + 5 um PKCe translocation inhibitor. PKCe inhibitor was
added 30 min before adding ASPD and DCPLA-ME. Following a 20-h incubation, cells were stained for MAP-2, PSD-95, and synaptophysin as described under
“Experimental Procedures.” Mean fluorescence intensity was calculated and was expressed as a percentage of control (n = 6). ASPD treatment produced a
marked decrease in stained neurite processes, whereas DCPLA-ME protected against synaptic loss. B, Western blot analysis of synaptophysin expression in
controland ASPD-, ASPD + DCPLA-ME-, and PKCe inhibitor + ASPD + DCPLA-ME-treated primary rat hippocampal neurons. Values are mean = S.E. (error bars)
(Student’s t test). *, p < 0.05; **, p < 0.005; ***, p < 0.0005.
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FIGURE 7. ApoE3 but not apoE4 induces PKCe and protects against neurotoxic ASPDs. A, left,immunoblot analysis of primary neurons treated with apoE3
(10 nm) + cholesterol (100 uMm), apoE4 (10 nm) + cholesterol (100 um), and LRP-1 antibody + apoE3-cholesterol. Right, 50 nm ASPD-treated primary neurons
treated with apoE3 + cholesterol (10 nm apoE3 and 100 um cholesterol) or apoE4 + cholesterol (10 nm apoE4 and 100 um cholesterol). B, PKC activation in
control, apoE3, and apoE4 transgenic mice. Data are mean = S.E. (error bars) of three independent experiments. *, significance with respect to control; #,
significance with respect to ASPD-treated cells (Student's t test). *, p < 0.05; **, p < 0.005; ***, p < 0.0005.

PKC Activation in ApoE Transgenic Mice—Mouse apoE cated by an increased percentage of total PKC in the particulate
behaves like human apoE3 (41). To compare the effects of fraction (28.6 = 1.1%, mean = S.E.), compared with transgenic
apoE3 and apoE4 on PKCe expression, we obtained transgenic = mice expressing human apoE4 (21.6 = 1.0%) or wild-type mice
mice expressing human apoE3 or apoE4. In mice expressing (23.5 = 0.5%) (Fig. 7B). These results are consistent with our
human apoE3, PKC was constitutively more activated, as indi- finding that human apoE3 induces PKCe but apoE4 does not.
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FIGURE 8. ASPD specifically down-regulates PKCe in primary rat hippocampal neurons. A, PKCe, PKCe, and PKC8 mRNA were quantified by quantitative
RT-PCRin control and ASPD-, apoE3 + cholesterol-,and ASPD + apoE3 + cholesterol-treated cells. Individual cDONA was amplified for PKCe and -actin, and the
PKCe signal was normalized to B-actin. PKCa and PKCS showed no significant change on ASPD or apoE3 + cholesterol treatment. ApoE3 blocked the
down-regulation by ASPD. B, RT-PCR shows that apoE4 has no effect on PKCe mRNA levels. C, RT-PCR shows that DCPLA-ME protects PKCe mRNA levels. D and
E,immunoblot analysis of primary neurons treated with apoE3 (10 nm) + cholesterol (100 um), DCPLA-ME (100 nm), PKCe inhibitor (5 um), or 50 nm ASPD. Data
are mean =* S.E. (error bars) of three independent experiments. *, significance with respect to control; #, significance with respect to ASPD-treated cells

(Student’s t test). *, p < 0.05; **, p < 0.005; ***, p < 0.0005.

In cultured primary rat hippocampal neurons, ASPDs
decreased PKCe mRNA by 40% as measured by RT-PCR (Fig.
8A). This effect was specific for PKCe, with only 20% inhibition
observed for PKCa and 10% inhibition observed for PKC3 (Fig.
8A). RT-PCR of cells exposed to apoE4 showed that apoE4 had
no effect (Fig. 8B). The inhibition of PKC mRNA synthesis by
ASPDs was counteracted by the PKC activator DCPLA-ME
(Fig. 8C). This protection was completely blocked by 5 um
PKCe translocation inhibitor EAVSLKPT (Fig. 8E; representa-
tive immunoblot shown in Fig. 8D).

To confirm whether apoE3 + cholesterol acts through PKCe,
we used RNA interference, a specific translocation inhibitor
(EAVSLKPT), and the PKC inhibitor bisindolylmaleimide I.
PKCe knockdown using PKCe shRNA did not impair the via-
bility of the cells, as measured by the MTT assay (Fig. 94).
Protein and mRNA levels of PKCe were decreased by ~60% in
the PKCe shRNA-treated cells compared with untreated, vec-
tor only, or scrambled shRNA-treated cells (Fig. 94). ApoE3 +
cholesterol and DCPLA-ME were not protective against ASPDs

15954 JOURNAL OF BIOLOGICAL CHEMISTRY

in either the PKCe knockdown or inhibitor-pretreated cells
(Fig. 9, Band C).

ApoE + Cholesterol and DCPLA-ME Inactivate GSK-3( in
ASPD-treated Primary Neurons—DCPLA-ME treatment of
ASPD-treated cells also restored the phosphorylation of the
Ser-9 residue of GSK-38 to normal levels, as evidenced by an
increased signal in anti-phospho-Ser-9 Western blots (Fig. 9, D
and E). Phosphorylation of the Ser-9 residue by PKC is known
to inhibit GSK-3B. Because GSK-38 is a key enzyme in the
production of hyperphosphorylated Tau protein, increasing
phosphorylation of GSK-38 at Ser-9 by PKC would also
enhance the neuroprotective effect of DCPLA-ME. ApoE3 also
increased phosphorylation of the Ser-9 residue, whereas block-
ing LRP-1 reversed the effect.

DISCUSSION

The primary role of apoE in brain is to transport cholesterol
from astrocytes to neurons, where it is required for synaptic
integrity and neuronal function (42). Cholesterol associated
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FIGURE 9. ApoE3 acts through PKCe. A, immunoblot analysis and viability of primary neurons after shRNA transfection. PKCe shRNA reduced the expression
of PKCe by 60% without significantly affecting the viability measured using the MTT assay. B, apoE3 and DCPLA-ME were not protective in neurons in which
PKCe was knocked down. C, apoE3 and DCPLA-ME were not protective with PKCe inhibitor added. D, inhibition of GSK-33 phosphorylation by ASPDs. Shown
is immunoblot analysis of phospho-GSK-33 (Ser-9) and total GSK-38 in total protein of rat hippocampal neurons treated with vehicle (Control), ASPD (50 nm),
ASPD + DCPLA-ME (100 nm), ASPD + DCPLA-ME + PKCe inhibitor (5 um), ASPD + apoE3 (10 nm) + cholesterol (100 um), and LRP-1 antibody + ASPD + apoE3
(10 nm) + cholesterol (100 um). E, phospho-GSK-3 3 expression was normalized against total GSK-38 expression. ASPD treatment decreased GSK-3 phospho-
rylation, whereas DCPLA-ME and apoE3 + cholesterol treatment increased it. Data are mean = S.E. (error bars) (Student’s t test). Asterisks indicate significance

with respect to ASPD-treated cells. *, p < 0.05; **, p < 0.005; ***, p < 0.0005.

with apoE-lipoprotein particles is secreted by astrocytes and is
essential for formation of mature synapses through functional
apoE receptors (43—44). It acts by enhancing the synapse’s
structural stability and controlling synaptic vesicle formation
and transport (42, 43) and axon growth (44).

There are several theories about the role of apoE in AD. One
theory is that a deficiency of apoE3 causes dysfunctional A
clearance. ApoE3 also has a signaling role through LRP-1 and
other receptors and indirectly inactivates GSK-33 by activating
PKC and PKB, which phosphorylate the Ser-9 residue. Differ-
ences have been reported in the biphasic activation-deactiva-
tion kinetics of GSK-3f by apoE3 and -4 (45). ApoE3-contain-
ing lipoproteins protect against apoptosis, whereas apoE4 is less
protective (15, 16). ApoE3 has also been reported to activate
neprilysin, an important AB-degrading protease (46).

We found that apoE3 in the presence of cholesterol protected
primary neurons against ASPD-induced cell death, whereas
apoE4 + cholesterol did not. ApoE3 or apoE4 without choles-
terol was protective in the presence of B27 supplement, but in
absence of B27 supplement, neither apoE3 nor apoE4 protected
against AB. This is consistent with previous reports that the
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effects of apoE isoforms are determined by their lipidation
state. For example, there is no difference in A3 binding between
the nonphysiological delipidated forms of apoE3 and apoE4,
but in the presence of cholesterol, apoE3 binds A with 2-3-
fold higher affinity than apoE4 (47-50). The effects of B27 sup-
plement could be due to the presence of linoleic acid, linolenic
acid, or other factors in the B27 supplement, which may facili-
tate the formation of intact lipoprotein particles. In the pres-
ence of cholesterol, apoE3 forms a stable structure that effi-
ciently transports cholesterol to the cell. ApoE3 may also
facilitate AB degradation by extracellular proteases, such as
insulin-degrading enzyme, or facilitate export of A from the
brain and its transport to the liver. Although apoE4 in the
presence of cholesterol is a less efficient transporter, it also
helps in stabilizing A3 oligomeric structures (4), thus poten-
tiating its toxicity. We found that apoE3 also prevents the
loss of synaptic proteins, confirming that apoE3 helps main-
tain synaptic integrity. ApoE3 acts through LRP-1, indicat-
ing that it acts intracellularly. Therefore, apoE must be act-
ing by some other mechanism instead of or in addition to
enhancing the clearance of Af.
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FIGURE 10. PKCe regulation in neuroprotection against ASPD. ASPD
reduces PKCe expression in rat hippocampal neurons and causes synaptic
loss. ASPD also dephosphorylates and activates GSK-33, which is responsible
for hyperphosphorylation of Tau protein, forming neurofibrillary tangles.
PKCe activators, such as DCPLA-ME, restore PKCe expression and prevent
AB-induced synaptic loss. Endogenous PKC activators, such as arachidonic
acid or Ca®* from neuronal signaling, would have a similar effect. ApoE3 +
cholesterol also protects against A induced neurotoxicity. LRP-1 antibody
and PKCe-specific inhibitors block the apoE3-mediated protection against
ASPD. ApoE3 bound to cholesterol acts through the PKCe signaling pathway
via LRP-1 to induce neuroprotection and synaptogenesis.

In apoE3 transgenic mice, PKCe was constitutively activated
compared with apoE4 or control mice, consistent with the find-
ing that human apoE3 induces PKCe but human apoE4 does
not. We also found that apoE3, but not apoE4, induces PKCe
transcription and increases PKCe levels in both control and
ASPD-treated cells. Blocking LRP-1 prevented apoE3 from
increasing PKCe expression. When PKCe was knocked down or
inhibited, apoE3 failed to protect the neurons against A. Thus,
apoE3 acts through PKCe and LRP-1 to induce neuroprotec-
tion and synaptogenesis (Fig. 10). This is consistent with the
finding that apoE binding to LRP-1 can prevent apoptosis by
inducing PKC-§, which inactivates GSK-3 (15, 16). Mehta et
al. (51) also showed that PKCe induces LDL receptor transcrip-
tion. This suggests that apoE may act through PKCe to induce
its own receptors.

It has been reported that soluble AB reduces the levels of
PKC isozymes (19) and down-regulates PKC by direct binding
(18). Pharmacological restoration of the impaired PKC func-
tion results in an enhanced memory capacity and synaptic
remodeling/repair and synaptogenesis and therefore repre-
sents a potentially important strategy for the treatment of
memory disorders, such as Alzheimer disease (25, 28, 52). Here
we showed that PKC activators protect against A toxicity.
DCPLA-ME, a new PKC activator that is specific for PKCe,
provides greater protection than DCPLA or bryostatin 1.
Therefore, PKCe is involved directly or indirectly in protection
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of neuronal survival against A 3. We also showed that PKCe was
reduced by 40% in the ASPD-treated cells, indicating that A3
not only inactivates PKC enzymatically, as observed previously
(23), but also blocks the synthesis of new PKC. Thus, our data
suggest that ASPDs could be more pathologically relevant than
other forms of A because ASPDs can inhibit PKC activation
and affect the cellular viability at nanomolar concentrations
compared with the micromolar concentration needed by
ADDLs.

PKCe is relatively brain-specific and is known to induce neu-
ritic outgrowth (53), maintain the synaptic structure (25-26),
and lower A levels by activating a-secretase-mediated amy-
loid precursor protein cleavage (24, 54) and activating AB deg-
radation by endothelin-converting enzyme (28). Therefore,
PKCe activators such as DCPLA-ME exhibit at least two mech-
anisms that are potentially useful in treating AD: inducing syn-
aptogenesis/repair and reducing Af3 levels. However, other
mechanisms cannot be ruled out. DCPLA has also been
reported to stimulate AMPA receptor exocytosis by inhibiting
protein phosphatase-1 (40) and to enhance synaptic vesicle sta-
bility and stimulate neurotransmitter release (55).

DCPLA-ME also prevented the loss of synaptophysin and
PSD-95 in ASPD-treated cells. Loss of synaptophysin by A3
indicates a loss of synaptic vesicles, which would impair synap-
tic plasticity and reduce long-term potentiation (56 -57). A
oligomers may act presynaptically, suppressing spontaneous
synaptic activity by inhibition of P/Q-type calcium current (58)
or by disrupting synaptic vesicle endocytosis (59). It is also
reported that inhibition of PKC signaling impairs synaptic plas-
ticity by disrupting synaptic vesicle recycling (60). These effects
are all consistent with a principal target of A3 being the disrup-
tion of synaptic integrity. Our results also show that ASPDs
activate GSK-33 and that a PKCe activator prevents the effect.
Conversely, apoE3 inhibited GSK-38 in a manner dependent
on the LRP-1 receptor. Interestingly, we found that blocking
the LRP-1 receptor using RAP also reduced the protective effect
of DCPLA-ME. This could be explained by facilitation of
DCPLA-ME uptake by LRP-1 or by low levels of endogenous
apoE3 + cholesterol or other inducers of PKC synthesis in the
medium. Another possibility is that AB may be imported
through LRP-1 as described by Fuentealba et al. (61), leading to
degradation of Af3 by PKC-activated proteases, such as endo-
thelin-converting enzyme (28). Our findings demonstrate the
importance of intracellular signaling in mediating the effects of
apoE and represent a novel mechanism by which apoE3 can
prevent synaptic damage independent of its effects on A clear-
ance. Activation of this pathway using PKCe activators or
LRP-1 agonists may have therapeutic value in protecting
against AB-induced synaptic loss.
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