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The effects of apolipoprotein E genotype, a-synuclein deficiency, and sex
on brain synaptic and Alzheimer’s disease–related pathology
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Abstract Introduction: Alzheimer’s disease (AD) and synucleinopathies share common pathological mech-
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anisms. Apolipoprotein E4 (apoE4), the most prevalent genetic risk factor for AD, also increases the
risk for dementia in pure synucleinopathies. We presently examined the effects of a-synuclein defi-
ciency (a-syn2/2) and sex on apoE4-driven pathologies.
Methods: AD-related, synaptic, and vascular markers were analyzed in female and male a-syn2/2
and a-syn1/1 apoE4, apoE3, and apoE3/E4 mice.
Results: ApoE4 was hypolipidated, and this effect was unchanged by a-syn2/2 and sex. The levels
of synaptic markers were lower, and the levels of AD-related parameters were higher in female
a-syn2/2 apoE4 mice compared with the corresponding apoE3 mice. By comparison, apoE4 had
small effects on the AD parameters of male and female a-syn1/1 apoE4 mice.
Discussion: Although a-syn2/2 does not affect the upstream lipidation impairment of apoE4, it acts
as a “second hit” enhancer of the subsequent apoE4-driven pathologies.
� 2017 Tel Aviv University. Published by Elsevier Inc. on behalf of the Alzheimer’s Association.
This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/
licenses/by-nc-nd/4.0/).
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1. Introduction

The apolipoprotein E (APOE) gene, which codes for the
most prevalent brain lipoprotein, is associated with increased
risk for late-onset Alzheimer’s disease (AD) [1–3]. There are
three major alleles of APOE: ε2, ε3, and ε4, of which the ε4
allele is the strongest genetic risk factor for sporadic AD. The
frequency of APOE4 carriers in sporadic AD is in general
about 60%; it increases the risk for AD by lowering the age
of onset of the disease by 7 to 9 years per allele copy [2].
Although the association of apoE4 with AD is generally
observed throughout the globe, the quantitative association
between apoE4 and AD varies somewhat between regions
such that, for example, it is highest in northern Europe and
lowest in southern Europe and Asia [4,5]. The prevalence
of AD in apoE4 carriers is higher in females than in males
[6]; it is reduced by education [7] and can be modified by
thor. Tel.: 972-3-6409624; Fax: 972-3-6406356.

ichael@post.tau.ac.il

16/j.dadm.2017.08.003

l Aviv University. Published by Elsevier Inc. on behalf of the A

ativecommons.org/licenses/by-nc-nd/4.0/).
diet [8]. Taken together, these observations show that the
phenotypic expression of the apoE4 genotype is affected by
sex and genetic background and that it can be modulated
by environmental conditions.

Pathologically, apoE4 is associated in AD with impaired
synaptic plasticity [9] and with increased hippocampal
atrophy and loss of dendritic spines [10]. ApoE4 is also asso-
ciated with increased levels of neuritic plaques and neurofi-
brillary tangles [11,12]. In addition to these neuronal and
AD-related pathologies, apoE4 is associated with increased
vascular pathology in AD [13] and is a risk factor for
vascular diseases [14,15]. Although there is no consensus
in the field regarding the mechanisms underlying the
pathologic effects of apoE4, the field has benefited
tremendously from the development of several mouse
models that express key apoE4-related pathologies. One of
the most widely used models is targeted replacement (TR)
mice in which the mouse apoE is replaced by either human
apoE4 or its AD benign isoform, apoE3, both of which are
expressed under the control of the endogenous mouse
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apoE promoter [16]. These apoE4 mice have impaired
learning and memory, which are associated with neuronal
and synaptic pathology and the accumulation of amyloid
beta (Ab) and hyperphosphorylated tau in hippocampal neu-
rons [17,18]. Furthermore, like in AD, the brain and
cognitive effects of apoE4 in these mice are more
pronounced in females than in males [19] and can be modu-
lated by diet. ApoE4-driven vascular and cerebral blood flow
impairments have also been reported in the apoE4 mice [20],
but they have been studied less extensively.

The apoE4-TR mice, which were originally developed
more than 10 years ago by Sullivan [16], are now available
commercially from Taconic Laboratories (Germantown,
NY), where the apoE4 and apoE3 mice are kept as closed ho-
mozygous colonies.Oneof the drawbacks of prolongedmain-
tenance in closed colonies is that spontaneous genetic drift
could introduce differences between the colonies, which are
not related to their apoE genotype. We thus backcrossed the
Taconic apoE3 and apoE4mice to C57Bl mice. This was per-
formedbyusingC57Bl controlmice fromHarlan,whichwere
maintained in our animal facility (line C57Bl/6JOlaHsd). Af-
ter performing these backcrosses, we realized that the C57Bl
mice fromHarlan are a-synuclein deficient (a-syn2/2) [21],
which led to the formation of apoE3 and apoE4-TR mouse
colonies that were either deficient or haplodeficient for the
a-syn gene. To generate homogeneous colonies, we initiated
an inner-colony backcross, which resulted in the foundation
of a large breeding nucleus of apoE4 and apoE3 mice on a-
syn2/2 background. Thesemicewere then used to germinate
the apoE3 and apoE4-TR a-syn2/2 colonies.

The a-syn protein is a key player in the pathology of Par-
kinson’s disease (PD) [22], and apoE4 has also been reported
to be associatedwith PD andwith PD dementia [23]. Further-
more, a-syn deficiency was shown to increase the accumula-
tion of amyloid in a transgenic mouse model of AD [24], and
both a-syn and apoE4 share common lipid-related functions
[25,26]. However, the extent to which a-syn plays a role in
mediating the pathologic effects of apoE4 is not known.
Accordingly, the previous serendipitous course of events
now provides us with the means to study the possible role
of a-syn in mediating the pathologic effects of apoE4.

Hence, the overall objective of this study was to determine
the effects of a-syn deficiency on the neuronal and vascular
pathologic phenotypes of apoE4 in male and female mice.
This was pursued by using the previously mentioned
a-syn2/2 apoE4 and apoE3 mice and corresponding apoE3
and apoE4 a-syn1/1 mice, which were obtained by back-
crossing the apoE3 and apoE4 a-syn2/2 mice to a-syn1/
1 C57Bl mice (C57BL/6J RccHsd strain from Harlan).

2. Materials and methods

2.1. Mice

ApoE-TRmice, inwhich the endogenousmouse apoEwas
replaced by either human apoE3 or apoE4, were created by
gene targeting [27] and were purchased from Taconic
Laboratories (Germantown, NY). These mice were back-
crossed at Taconic for eight generations after their prepara-
tion. To minimize possible genetic drifting between the
apoE4 and apoE3mice, which were offspring of the homozy-
gous apoE4 and apoE3 mice generated by Taconic around
2001, they were further crossed by us with Harlan C57Bl/
6JOlaHsdmice,which unlike the standard Jackson laboratory
C57Bl/6J ApoEtm1.1(APOE*4)Adpmc mice (Jackson Labora-
tories, Bar Harbor, ME) turned out to be a-syn2/2. The re-
sulting mice were then crossbred to yield apoE4 and apoE3
homozygous mice on a-syn2/2 background. These were
then further crossed with control C57Bl a-syn1/1 mice
(Harlan C57BL/6J RccHsd) to produce apoE3 and apoE4-
TR mice, which were a-syn1/1. The homozygous apoE3
and apoE4 mice are referred to in the text as apoE3 and
apoE4 mice, whereas heterozygous mice obtained by the
breeding of these mice are denoted as apoE3/E4. The apoE
genotype of the mice was confirmed by polymerase chain re-
action (PCR) analysis [28]. All the experiments were per-
formed on 4-month-old male and female mice and were
approved by theTelAvivUniversityAnimalCareCommittee.
2.2. Immunohistochemistry and immunofluorescence
confocal microscopy

Mice were anesthetized with ketamine and xylazine and
perfused transcardially with phosphate-buffered saline.
Their brains were then removed and halved, and each hemi-
sphere was further processed for either histologic or
biochemical analysis, as previously described [18]. Free-
floating sections were immunostained with the following
primary antibodies (Abs): rabbit anti-collagen IV (1:1000,
Abcam); rabbit anti-synaptophysin (1:200, Santa Cruz); rab-
bit anti-glial fibrillary acidic protein (GFAP) (1:1000,
Sigma); rabbit anti-apoE receptor 2 (ApoER2, 1:1000,
kindly provided by Prof. Joachim Herz, UT Southwestern);
rabbit anti-Ab42 (1:500; Chemicon, Temecula, CA); rabbit
anti-202/205 phosphorylated tau (AT8, 1:200, Innoge-
netics); guinea-pig anti-vesicular glutamate transporter 1
(VGluT1) (1:2000; Millipore); and mouse anti-vesicular
GABA transporter (VGaT) (1:200, Synaptic Systems). The
Ab42 and AT8 diaminobenzidine (DAB)-immunostained
sections were viewed using a Zeiss light microscope (Axio-
skop, Oberkochen, Germany) interfaced with a charge-
coupled device (CCD) video camera (Kodak Megaplus,
Rochester, NY). Pictures of stained brains were obtained
at !10 magnification. GFAP, VGluT1, VGaT, ApoER2,
collagen IV, and synaptophysin staining were performed
using immunofluorescence staining. Immunofluorescence
was visualized using a confocal scanning laser microscope
(Zeiss, LSM 510). Images (!20 magnification
1024 ! 1024 pixels, 12 bit) were acquired by averaging
four scans. Analysis and quantification of the staining in
CA3 (in which the effects of the apoE genotype were previ-
ously shown to be most pronounced) [18] were performed
using the Image-Pro plus system for image analysis
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(v. 5.1, Media Cybernetics, Silver Spring, MD). The inten-
sities of DAB staining or immunofluorescence staining
were expressed as the percentage of the area stained, as pre-
viously described [28]. All images for each immunostaining
were obtained under identical conditions, and their quantita-
tive analyses were performed with no further handling.

2.3. Immunoblots

The hippocampus was rapidly removed from one freshly
excised hemisphere and stored frozen at 270�C until use.
Frozen hippocampi were thawed, homogenized with a
Teflon-glass homogenizer in cold Tris-buffered saline con-
taining a protease inhibitor mixture (P8340; Sigma) and a
phosphatase inhibitor mixture (P5726; Sigma), and then ali-
quoted and frozen at 270�C until use.

For apoE and a-syn sodium dodecyl sulfate (SDS)-
electrophoresis, the hippocampal homogenates were boiled
for 10 minutes with 0.5% SDS and immunoblotted as
described previously [28,29]. Gels were then transferred to
a nitrocellulose membrane and stained with goat anti-apoE
Ab (1:10,000; Millipore) and rabbit anti–a-syn Ab
(1:10,000; Abcam). The immunoblot bands were all visual-
ized using the enhanced chemiluminescence (ECL) sub-
strate (Pierce), after which their intensity was visualized
and quantified using ImageLab Inc Software (Bio-Rad,
CA). b-Tubulin levels (mouse anti-b-tubulin, 1:1000;
Sigma) were used as gel-loading controls and the results
are presented relative to the control apoE3 mice.

2.4. Assessment of apoE lipidation

Brain extracts were run on 4% to 16% gels purchased
from Novex in the NativePAGE Novex Bis-Tris Gel System
according to the manufacturer’s instructions and as previ-
ously described [30]. Gels were then transferred to polyviny-
lidene difluoride (PVDF) membranes and stained with goat
anti-apoE Ab (1:10,000; Millipore). The immunoblot bands
were all visualized using the ECL chemiluminescent sub-
strate (Pierce).

2.5. Quantitative reverse transcription PCR (qRT PCR)
analysis

qRT-PCR analysis was performed as described previ-
ously [31]. In brief, the hippocampus was rapidly excised
from one freshly removed hemisphere and stored frozen at
270�C until use. RNA was extracted from the tissue using
the EZ-RNA total RNA isolation kit (Biological Industries).
RNA was transformed into complementary DNA using the
High Capacity complementary DNA reverse transcription
kit (Applied Biosystems). TaqMan qRT-PCR assays were
conducted according to the manufacturer’s specifications
(Applied Biosystems). Oligonucleotides (probes) for Taq-
Man qRT-PCR were attached to 6-carboxyfluorescein at
the 50-end and a quencher dye at the 30-end. ApoE, a-syn,
synaptophysin, ApoER2, VGaT, and VGluT1 gene expres-
sion levels were determined using TaqMan qRT-PCR spe-
cific primers (Applied Biosystems, Foster City, CA, USA).
Analysis and quantification were conducted using the 7300
system software and compared with the expression of the
housekeeping HPRT-1 gene.

2.6. Novel object recognition test

This was performed as described previously [32]. In brief,
themicewere first placed in an arena (60! 60 cmwith 50 cm
walls) in the absence of objects, after which two identical ob-
jects were added. Twenty-four hours later, themicewere rein-
troduced to the arena in which one of the objects was replaced
by a novel one. The behavior of the mice was then monitored
using the EthoVision XT 11.5 program for 5 minutes, and the
time and number of visits that the mice paid to each of the ob-
jects were measured. The results are presented as the ratio in
the percentage of the number of visits to the novel object rela-
tive to the total number of visits to both new and old objects.

2.7. Statistical analysis

The experimental design consisted of three genotypes
(apoE3, apoE4, and apoE3/E4) and sex (male and female)
on the background of either a-syn1/1 or a-syn2/2. The re-
sults were analyzed using one-way analysis of variance (AN-
OVA) for the three apoE genotypes and two-wayANOVA for
the comparison of homozygous apoE3and apoE4males or fe-
males, with or without a-syn gene. The analysis was per-
formed using STATISTICA software (Version 8.0 StatSoft,
Inc, Tulsa, OK). Only after the ANOVA analysis retrieved
significant results, was further post hoc Tukey analysis per-
formed to test for individual effects, and these findings are de-
picted in the figures.Aminimumof two cohorts containing all
apoE isoforms were used for each condition (sex and a-syn
background); each group contained either five to nine or eight
to 10 mice. The histologic and biochemical results obtained
with the different cohorts were similar, and they are presented
jointly after normalization of each of the experiments relative
to the apoE3 control group. Similar results were obtained
when the cohorts were analyzed separately, and thus no
covariance was conducted. The histologic and biochemical
results obtained were normalized to the apoE3 control group.
3. Results

Immunoblot measurements revealed that the levels of
brain apoE were similar in the a-syn1/1 and a-syn2/2
mice and that, in accordance with previous observations,
they were lower in the apoE4 than in the apoE3 mice
(Fig. 1). Two-way ANOVA of these results revealed a signif-
icant effect of apoE genotype (P , .0001) in both males
(Fig. 1A) and females (Fig. 1B). Further post hoc analysis
revealed that the levels of apoE were significantly lower
in the apoE4 mice compared with the apoE3 mice
(P , .05 for a-syn2/2 and a-syn1/1 males, P � .02 for
a-syn2/2 and a-syn1/1 females). qRT-PCR analysis of



Fig. 1. The levels of apoE and a-syn in the hippocampus of apoE4 and apoE3-TR mice. Hippocampi of 4-month-old male and female apoE3 and apoE4 mice

with or without a-syn were excised, homogenized, and subjected to apoE and a-syn immunoblotting and qRT-PCR, as described in Section 2. Representative

apoE,a-syn, and loading standard b-tubulin bands ofa-syn–deficient or normala-synmales (A) and females (B) apoE3 (white bars) and apoE4 (black bars)mice

are presented. Quantitations of the apoE protein levels (mean6 SEM; n5 5 per group) are normalized relative to the a-syn2/2 apoE3mice of each sex. As can

be seen, the levels of apoE were higher in the apoE3 than the apoE4 mice, regardless of a-syn status or sex. qRT-PCRmeasurement of a-syn and apoE in males

(C) and females (D) show no difference in mRNA levels of a-syn and apoE between the different genotypes (mean6 SEM; n5 4 per group). Abbreviations:

apoE, apolipoprotein E; a-syn, a-synuclein; mRNA, messenger RNA; SEM, standard error of the mean. *P ,.05 for the effect of genotype on apoE levels.
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the apoE and a-syn gene levels shows no difference in gene
expression between apoE3 and apoE4 mice. As expected, a-
syn expression is null in the a-syn2/2 mice.

It has previously been shown that apoE4 is hypolipidated
relative to apoE3 and that the pathologic effects of apoE4
can be counteracted by treatments that reverse this hypolipi-
dation [30,33,34]. We therefore next examined the extent to
which this “upstream” effect of apoE4 is affected either by
sex or by a-syn deficiency. As can be seen in Fig. 2,
apoE4 mice present with lower molecular apoE species
compared with apoE3, in both females and males, and this
was not affected by the a-syn background.

The possibility that the secondary downstream effects of
apoE4 are affected by the presence or absence of a-syn was
next examined. This was pursued by focusing on AD and
neuronal-related parameters that have previously been
shown to be affected by apoE4 in the hippocampal CA3
area [18]. As shown in Fig. 3, the levels of the general pre-
synaptic marker synaptophysin and of the glutamatergic
and gabaergic presynaptic markers, VGluT1, and VGaT, as
well as those of the apoE receptor ApoER2, were signifi-
cantly downregulated in female apoE4 a-syn2/2 mice
compared with the corresponding apoE3 mice. The same
decrease was observed in apoE3/E4 heterozygous mice, sug-
gesting that the effects of apoE4 are already saturated in the
heterozygous mice. One-way ANOVA of these results re-
vealed a significant effect of genotype (P, .05 for synapto-
physin and VGaT and P , .005 for VGluT1 and ApoER2).
Further post hoc analysis revealed that the levels of these
markers were significantly lower in the apoE4 and apoE3/
E4 mice compared with the apoE3 mice (P � .05 for synap-
tophysin; P 5 .0001 for VGluT1; P � .05 for VGaT, and
P � .02 for ApoER2). Gene expression levels of these
neuronal and synaptic markers were analyzed using qRT-
PCR. As can be seen in Fig. 3E, no difference was observed
in gene expression levels between the apoE3 and apoE4 fe-
male mice, suggesting that the apoE4-driven effects are
apparent only on the protein level.



Fig. 2. The effects of apoE genotype and a-syn on the lipidation of apoE. Hippocampal homogenates of a-syn–deficient or normal a-syn apoE3 and apoE4male

(A) and female (B) mice were subjected to a blue native gel and stained with anti-apoE Ab as described in Section 2. Representative immunoblots of three mice

per group are presented. As can be seen, the apoE3mice, bothmale and female, contain higher levels of highmolecular weight apoE and this effect is maintained

independently of the presence or absence of a-syn. Abbreviations: Ab, antibody; apoE, apolipoprotein E; a-syn, a-synuclein.
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The effects of apoE4 on the AD hallmarks, Ab42, and hy-
perphosphorylated tau, as well as on the glial and vascular
markers GFAP and collagen IV, respectively, of female
a-syn2/2 mice are depicted in Fig. 4. As can be seen,
Fig. 3. The effects of apoE genotype on the levels of the synapticmarker synaptoph

apoE3, apoE4 homozygous, and apoE3/E4 heterozygous female mice were subject

VGaT (C), and anti-ApoER2 (D)Abs. Representative images (20!magnification)

and show reduced levels in both apoE4 and apoE3/E4 mice compared with apoE3

bars), apoE4mice (black bars), and apoE3/E4 (checkeredbars)were quantified by co

difference between apoE genotypes in the mRNA expression levels. The results sho

per group). Abbreviations: Abs, antibodies; apoE, apolipoprotein E; a-syn, a-synuc

the effect of genotype on the levels of the markers.
apoE4 was associated with increased accumulation of
Ab42 and AT8, as well as increased levels of GFAP positive
astrocytes in hippocampal CA3 neurons. One-way ANOVA
of these results revealed a significant effect of genotype
ysin, VGluT1, VGaT, andApoER2 in a-syn–deficient femalemice. Brains of

ed to histologic staining with anti-synaptophysin (A), anti-VGluT1 (B), anti-

of the CA3 hippocampal subfield are presented in the upper part of each panel

mice. The results (mean6 SEM; n5 7–10 per group) of apoE3 mice (white

mputerized image analysis. qRT-PCRof the synaptic parameters (E) showno

wn were all normalized relative to control apoE3mice (mean6 SEM; n5 4

lein; mRNA, messenger RNA; SEM, standard error of the mean. *P,.05 for



Fig. 4. The effects of apoE on the levels of Ab42, phosphorylated tau, glial, and vascular marker genotype in a-syn–deficient female mice. Brains of apoE3,

apoE4 homozygous, and apoE3/E4 heterozygous female mice were subjected to histologic staining with anti-Ab42 (A), anti-AT8 mAb (B), which specifically

recognizes the phosphorylated Ser202/Thr205 tau epitope, anti-GFAP (C), and anti-collagen IV (D) Abs. Representative images (10 !magnification) of the

CA3 hippocampal subfield are presented for Ab42, AT8, and GFAP, whereas the collagen IV staining and analysis were performed in the stratum lacunosum

molecular area of the hippocampus. The results (mean6 SEM; n5 7–10 per group) of apoE3mice (white bars), apoE4mice (black bars), and apoE3/E4 (check-

ered bars) were quantified by computerized image analysis as described in Section 2. As seen, the AD-related phenotypes of the apoE4mice, namely, high levels

of Ab42, tau phosphorylation, and the glial marker GFAP, are not present in the heterozygous mice. The results shown are normalized relative to control apoE3

mice. In contrast, the levels of the vascular marker collagen IVare reduced in both apoE4 and apoE3/E4 mice. Abbreviations: Abs, antibodies; apoE, apolipo-

protein E; a-syn, a-synuclein; SEM, standard error of the mean. *P �.05 for the effect of genotype on the levels of the markers.
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(P , .0001 for Ab42, P 5 .001 for AT8, and P 5 .05 for
GFAP). Further post hoc analysis revealed that the levels
of these markers were significantly higher in the apoE4
compared with the apoE3 and apoE3/E4 mice (P � .003
for Ab42, P � .007 for AT8, and P 5 .05 for GFAP). The
levels of the vascular marker, collagen IV, were also affected
by the apoE genotype in the female a-syn2/2 mice except
that its levels were reduced in the apoE4 mice, although not
significantly (Fig. 4D). Furthermore, unlike the synaptic-
related phenotypes (Fig. 3), the effects of apoE4 on the
AD parameters and on GFAP (Fig. 4A–C) in the apoE3/E4
heterozygote a-syn2/2 mice were in general intermediate
to those observed in the apoE4 and apoE3 homozygous
mice. The levels of collagen IV were similarly reduced in
the apoE4 and apoE3/E4 mice (Fig. 4D). Taken together,
these experiments show that the vascular and synaptic ef-
fects of apoE4 in the a-syn2/2mice (Figs. 3 and 4D) share
the same gene dose dependency and are already maximal in
the apoE3/E4 heterozygous mice, whereas the effects of
apoE4 on Ab42, tau, and GFAP are only partial under these
conditions. Complementary experiments using male apoE4
and apoE3 homozygous mice on a-syn2/2 background re-
vealed a similar apoE4 phenotype, except that the magnitude
of the effect was smaller and with greater variability.

The extent to which the expression of the apoE4 pheno-
type is affected by a-syn deficiency was next examined us-
ing female apoE4 and apoE3 mice on either a-syn1/1 or
a-syn2/2 background. As can be seen in Fig. 5, apoE4
had a much smaller effect in the female a-syn1/1 mice
than the apoE4 a-syn2/2 mice, when compared with the
corresponding apoE3 mice. Specifically, the difference in
the hippocampal levels of the AD-related phenotypes
Ab42 and AT8, as well as the synaptic and neuronal markers,
VGluT1 and ApoER2, between apoE4 and apoE3 mice was
less pronounce in the a-syn1/1 mice than that observed
with the mice on the a-syn2/2 background, suggesting
that apoE4 and a-syn ablation have a synergistic effect.

Finally, female apoE3 and apoE4 mice either expressing
a-syn or a-syn2/2were subjected to the novel object recog-
nition test, in which their tendency to approach a novel object
was measured. ApoE3 a-syn2/2 mice showed a preference
to the novel object, whereas the corresponding apoE4 mice
showed no such preference, suggesting their inability to
discriminate between old and new objects (Fig. 6). In
contrast, there was no significant effect of apoE genotype
on the performance of the corresponding a-syn1/1 female
mice in this test. Two-way ANOVA of these results revealed
a significant effect of genotype (P 5 .05). Further post
hoc analysis revealed that the apoE3 a-syn 2/2 made
significantly more visits to the novel object compared with
the corresponding apoE4 mice (P 5 .04).

Taken together, these results suggest that the effects of
apoE4 are accentuated by a-syn deficiency and that these ef-
fects are not mediated by direct effects on the apoE4 mole-
cule but rather by a second hit mechanism, which affects
downstream targets of apoE4.
4. Discussion

ApoE4 and apoE3-TR mice were used to investigate the
effects of a-syn deficiency and sex on the phenotypic expres-
sion of apoE4. This revealed that the hypolipidation of
apoE4 is not affected by a-syn deficiency and that it is the
same in female and male apoE4 mice. In contrast, the brain
pathological effects of apoE4, namely, reduced levels of the
synaptic markers, synaptophysin, VGluT1, VGaT, and of the



Fig. 5. The effects of apoE genotype on the levels of Ab42, phosphorylated tau, VGluT1, and ApoER2 in a-syn expressing and a-syn–deficient female mice.

Brains of apoE3 and apoE4 homozygous female mice that express normal levels of a-syn (left panel) or are a-syn–deficient (right panel) were subjected to

histologic staining with anti-Ab42, anti-AT8 mAb, which specifically recognizes the phosphorylated Ser202/Thr205 tau epitope, anti-VGluT1, and anti-

ApoER2Abs, as described in Section 2. The results (mean6 SEM; n5 5–9 per group) of apoE3mice (white bars) and apoE4 mice (black bars) were quantified

by computerized image analysis and are presented relative to the apoE3 mice of the corresponding a-syn background. This revealed that in a-syn1/1 mice,

unlike the a-syn2/2 mice, no statistically significant difference between apoE3 and apoE4 mice was observed. Abbreviations: Abs, antibodies; apoE, apoli-

poprotein E; a-syn, a-synuclein; SEM, standard error of the mean. *P ,.05 for the effect of genotype on the levels of the markers.
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apoE receptor ApoER2, as well as increased levels of the AD
hallmarks Ab42, and phosphorylated tau and the astrocytic
marker GFAP in hippocampal neurons were much more pro-
nounced in a-syn2/2 apoE4 mice than in corresponding
apoE4 a-syn1/1 mice. These effects were more pro-
nounced in homozygous a-syn2/2 apoE4 mice than in cor-
responding apoE3/E4 heterozygous mice and in female
more than in male mice. Taken together, these findings
show that a-syn deficiency does not affect the upstream
lipidation-related impairments of apoE4, but that it acts as
a “second hit” enhancer of the subsequent pathologic effects
of apoE4. The second hit hypothesis proposes that apoE4-
driven pathologies are exacerbated in the presence of addi-
tional risk factors or stressors, such as old age [35,36],
environmental factors [37,38], female sex [39,40], and
other genetic modulation [41]. In the present study, we sug-
gest a-syn deficiency as such a second hit. a-Syn absence on
its own is insufficient to exert the pathologic phenotypes
observed in our model, as indicated by several lines of
a-syn knockout mice that show only a very mild phenotype
[42–44], which could be attributed to functional redundancy
among a-syn, b-synuclein, and g-synuclein [45,46]. Thus,
the coexistence of apoE4 a-syn deficiency may bring to
light pathologic phenotypes that have been previously
undetected. Accordingly, it should be noted that recent
studies from our laboratory were performed using the
Harlan mice, namely, male apoE3 and apoE4 a-syn2/2,
and therefore the concept of the double-hit hypothesis is
relevant to them as well.
4.1. a-syn deficiency and apoE4

This apoE4-a-syn deficiency double-hit hypothesis
described previously could stem from multiple synergistic
mechanisms, such as impaired synaptic transmission, proin-
flammatory and phagocytic regulation, and lipid binding.

Although previous studies of a-syn2/2 mice are incon-
sistent with regard to neuropathologic or behavioral pheno-
types, further detailed analysis revealed aberrations in the
presynaptic function of these mice. Accordingly, a-syn defi-
ciency results in deficits in the nigrostriatal system and
impaired activity-dependent regulation of dopaminergic



Fig. 6. The effects of apoE genotype on performance of a-syn expressing

and a-syn–deficient female mice in the novel object recognition test.

ApoE3 and apoE4 homozygous female mice that are a-syn–deficient or ex-

press normal levels of a-syn were first exposed to two identical objects, fol-

lowed by a delay of 24 hours, after which the mice were exposed to an old

and a new object. The preference of the mice to the different objects was

monitored, as described in Section 2. The results obtained are depicted as

the percent of visits made to the novel object out of the total number of visits

to both familiar and novel objects. White bars correspond to apoE3 mice,

whereas black bars correspond to apoE4 mice (mean 6 SEM; n 5 10

mice). As seen, the a-syn–deficient apoE4 mice are unable to discriminate

between old and novel objects. Abbreviations: apoE, apolipoprotein E;

a-syn, a-synuclein; SEM, standard error of the mean. *P,.05 for the effect
of genotype.
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and nondopaminergic transmission [42], as well as the loss
of synaptic proteins, such as synaptotagmin, during aging
[47]. Furthermore, a-syn deficiency impairs the synaptic
response to repetitive stimulation, which was associated
with a marked reduction in the pool of reserve synaptic ves-
icles, specifically diminished mobilization of glutamate
from the reserve pools [48]. These findings and the observa-
tion that a-syn binds specifically to distinct presynaptic pro-
teins such as VAMP2/synaptobrevin and Rab3 suggest that
a-syn plays an important role in the maintenance and func-
tion of the nerve terminal and the release machinery [49].

Previous in vivo studies and corresponding cell culture
studies revealed that nerve terminals are particularly suscep-
tible to apoE4 [50,51]. Accordingly, the present findings that
the synaptic pathologic effects of apoE4 are specifically
enhanced by a-syn deficiency are very likely driven by an
interaction between apoE4 and a-syn deficiency, which
synergistically affects presynaptic mechanisms.

With regard to theAb accumulation, it has been shown that
amyloid plaques are increased in the absence of a-syn at old
age, suggesting that a-syn may serve as a chaperone helping
the cells to clear protein deposits [24]. This is consistent
with the accumulation of Ab42 presently observed in the
apoE4mice lackinga-syn,whichmaybe the synergistic result
of two faultyAb-clearancemechanisms. This in turnmay lead
to the hyperphosphorylation of tau either by apoE4-driven
mechanisms [52] or through the Ab peptide [53].

Another possiblemechanismof interactionbetweenapoEand
a-syn is based on their effects on microglial proinflammatory
activation. The lack of a-syn has been shown to affect the
morphology and activation ofmicroglia. Specifically,a-syn2/2
microglia have a vacuolar morphology with increased cytokine
secretion and decreased phagocytic ability [54], which has
been suggested tobemediatedviaa-syn–driven regulationofmi-
croglial secretory behavior and expression of a subset of lipid-
signaling–associated enzymes [55]. Proinflammatory pathways
have also been shown to be induced by apoE4. Specifically, the
proinflammatory PGE2 pathway was shown to be robustly acti-
vated in apoE4-TRmousemicroglia. Furthermore, the innate im-
mune suppressor, TREM2, showed highly decreased microglia
expression in apoE4 cells compared with apoE3 [56]. Together,
these data demonstrate that both a-syn absence and apoE4
contribute to proinflammatory activation of microglia, which
may in turn lead to neurotoxicity andneuronal impairment.How-
ever, preliminary results from our laboratory show no significant
difference in the levels of the microglial marker Iba1 between
apoE3 and apoE4 a-syn2/2mice (data not shown), suggesting
that this perhaps is not themainmechanism bywhich apoE4 and
a-syn exert their synergistic effect.

The lipid-protein interaction of both a-syn and apoE
plays an important role in their biological function. a-Syn
interacts with membranes and the binding strength is related
to the specificity of the lipid environment [25]. It has been
shown that a-syn gene ablation in astrocytes significantly ef-
fects cellular fatty acid incorporation, fractional distribution,
and esterification that are fatty acid dependent [57]. Because
apoE is the main brain lipid transporter [26] and the lipida-
tion of apoE4 is impaired relative to that of its AD benign
isoform apoE3 [31,33,34], it is possible that the presently
observed synergistic synaptic effects of apoE4 and a-syn
deficiency are lipid dependent and take place at the
membrane level. However, it cannot be excluded that the
effects of a-syn deficiency on the composition of fatty
acids in the membrane may affect the composition of the
apolipoprotein particle itself, thus suggesting a more direct
role of a-syn deficiency on the apoE4-driven pathologies.

Additional studies are required to better understand the
mechanisms underlying the cross talk between apoE4 and
a-syn.
4.2. Sex

The three greatest risk factors for AD are age, apoE4 geno-
type, and female sex [58]. The present findings thata-syn2/2
female mice have a more pronounced apoE4 phenotype than
the corresponding male mice is consistent with previous find-
ings that were observed with a-syn1/1 apoE4 mice [59,60],
suggesting that these apoE4-driven phenotypes are indepen-
dent of synuclein background status. These findings are also
in accordance with human studies, which revealed that the
apoE4-driven risk for AD is substantially higher in women
relative to men [6]. The fact that many of the apoE4 pathol-
ogies are synaptic is consistent with previous studies, showing
that presynaptic density in the dentate gyrus (DG) subsection
of the hippocampus is decreased only in female apoE4 mice,
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and that they also presentwith synapticmitochondrial damage
[61,62]. Although the finding that female sex and apoE4
interact is well established, the mechanism underlying it is
still unknown and remains to be determined [6].

4.3. Heterozygosity in a-syn2/2 mice

Similarly toAD, the presently observed effects of apoE4 in
the mice were allele dose dependent. Assessment of these re-
sults in the femalea-syn2/2mice,where the effects of apoE4
weremost pronounced, revealed differences in the apoE4gene
dosage dependency of the apoE4 phenotypes. Accordingly,
the AD-related phenotypes, namely, the accumulation of Ab
and hyperphosphorylated tau in hippocampal neurons, were
apparent in the apoE4 homozygous mice but not in the corre-
sponding apoE3/E4 heterozygous mice (Fig. 4). In contrast,
the effects of apoE4 levels on the neuronal presynaptic param-
eters, synaptophysin, VGluT1, VGaT, ApoER2, the glial
marker GFAP, and the vascular-related parameter, collagen
IV,were alreadymaximal in the apoE3/E4mice. Thepresently
observed allele dependency of the effect of apoE4 on Ab42 is
in accordance with a previous finding obtained in apoE !
APPmicewhere apoE4 homozygosity stimulates the accumu-
lation ofAb in the hippocampus, and this effect is abolished by
halving the levels of apoE4 [63]. Thefindings that the neuronal
parameters, but not tau and Ab42, are already maximal in the
apoE3/E4 mice could be because of differences in the apoE4-
dose response of these phenotypes. Alternatively, because
a-syn is a presynaptic protein, the increased susceptibility of
the synaptic parameters to apoE4 may be because of a defi-
ciency of this protein. Further studies are needed to unravel
the mechanisms underlying the difference in the apoE4 allele
dose dependency of the synaptic and AD hallmark-related
apoE4 phenotypes and the extent to which they are because
of the involvement of various molecular pathways.

4.4. Clinical implications

A link between apoE4, which is associated with earlier
onset of PD and a higher risk of dementia [64], and PD de-
mentia, which is associated with both a-syn and AD-type pa-
thologies [65], is now well recognized. This was initially
thought to be mediated via the interaction of apoE4 with
the AD-like pathologic aspects of PD dementia [66]. How-
ever, the recent report that apoE4 increases the risk for de-
mentia in pure synucleinopathies [67] suggests that a more
direct pathologic cross talk between apoE4 and a-syn oc-
curs. The molecular mechanisms underlying the role of
a-syn in synucleinopathies are not fully understood. There
is compelling evidence that the pathologic effects of a-syn
are produced via a gain-of-function toxic mechanism driven
by the aggregation of this molecule. It has, however, also
been suggested that loss of the normal physiological func-
tions of a-syn may play a critical role [45]. The present study
provides a model for studying the mechanisms underlying
loss-of-function–related effects of a-syn and apoE4. Inte-
grating these results with future double transgenic studies
using mice that express the human apoE isoforms together
with PD-related mutants of a-syn [68] will enable the
in vivo modeling of both the gain- and loss-of-function as-
pects of the interaction of a-syn with apoE4.

In conclusion, the present findings show that the patho-
logic effects of apoE4 in TR mice are accentuated by
a-syn deficiency and that the effects of apoE4 are gene
dose dependent and are more pronounced in females. These
findings have practical implications, in that they describe a
new apoE4 mouse model in which the pathologic effects
of apoE4 are robust and can be studied at a young age.
They also pave theway for future model studies of the mech-
anisms underlying the cross talk between apoE4 and a-syn
in PD and related synucleinopathies.
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RESEARCH IN CONTEXT

1. Systematic review: Apolipoprotein E4 (apoE4) is the
most prevalent genetic risk factor for Alzheimer’s dis-
ease (AD),whereasa-synuclein (a-syn) is a key player
in synucleinopathies. Because these diseases share
common pathologies, we presently examined the
extent to which a-syn affects the phenotypic expres-
sion of apoE4. Experiments using mice that express
apoE4 with or without a-syn revealed that the patho-
logic phenotype of apoE4, namely, its hypolipidated
state, was not affected by a-syn, but that a-syn defi-
ciency increased the associated neuropathologic ef-
fects of apoE4 when compared with apoE3.

2. Interpretation: These findings suggest that the trigger
for apoE4-mediated pathology, which is driven by
hypolipidation of apoE4, is not affected by a-syn
deficiency, which, however, serves as a downstream
second hit that amplifies the pathologic conse-
quences of apoE4.

3. Future directions: The a-syn and apoE4 interaction
will be further studied by crossing the apoE4 mice
with transgenic models of synucleinopathies ex-
pressing human, mutated, or truncated a-syn.



R. Bar et al. / Alzheimer’s & Dementia: Diagnosis, Assessment & Disease Monitoring 10 (2018) 1-1110
References

[1] Corder EH, Saunders AM, Strittmatter WJ, Schmechel DE,

Gaskell PC, Small GW, et al. Gene dose of apolipoprotein E type 4

allele and the risk of Alzheimer’s disease in late onset families. Sci-

ence 1993;261:921–3.

[2] Roses AD. Apolipoprotein E alleles as risk factors in Alzheimer’s dis-

ease. Annu Rev Med 1996;47:387–400.

[3] Saunders AM, Strittmatter WJ, Schmechel D, George-Hyslop PH,

Pericak-Vance MA, Joo SH, et al. Association of apolipoprotein E

allele epsilon 4 with late-onset familial and sporadic Alzheimer’s dis-

ease. Neurology 1993;43:1467–72.

[4] Ward A, Crean S, Mercaldi CJ, Collins JM, Boyd D, Cook MN, et al.

Prevalence of apolipoprotein E4 genotype and homozygotes (APOE

e4/4) among patients diagnosed with Alzheimer’s disease: a system-

atic review and meta-analysis. Neuroepidemiology 2012;38:1–17.

[5] Deiana L, Pes GM, Carru C, Errigo A, Pettinato S, Carcassi C, et al.

Lack of influence of apolipoprotein E4 on lipoprotein levels in the is-

land population of Sardinia. Eur J Clin Invest 1998;28:290–4.

[6] Ungar L, Altmann A, Greicius MD. Apolipoprotein E, gender, and

Alzheimer’s disease: an overlooked, but potent and promising interac-

tion. Brain Imaging Behav 2014;8:262–73.

[7] Garibotto V, Borroni B, Sorbi S, Cappa SF, Padovani A, Perani D. Ed-

ucation and occupation provide reserve in both ApoE epsilon4 carrier

and noncarrier patients with probable Alzheimer’s disease. Neurol Sci

2012;33:1037–42.

[8] Lane RM, Farlow MR. Lipid homeostasis and apolipoprotein E in the

development and progression of Alzheimer’s disease. J Lipid Res

2005;46:949–68.

[9] Arendt T, Schindler C, Bruckner MK, Eschrich K, Bigl V, Zedlick D,

et al. Plastic neuronal remodeling is impaired in patients with Alz-

heimer’s disease carrying apolipoprotein epsilon 4 allele. J Neurosci

1997;17:516–29.

[10] Ji Y, Gong Y, Gan W, Beach T, Holtzman DM, Wisniewski T. Apoli-

poprotein E isoform-specific regulation of dendritic spine morphology

in apolipoprotein E transgenic mice and Alzheimer’s disease patients.

Neuroscience 2003;122:305–15.

[11] Hansen LA, Galasko D, Samuel W, Xia Y, Chen X, Saitoh T. Apolipo-

protein-E epsilon-4 is associated with increased neurofibrillary pathol-

ogy in the Lewy body variant of Alzheimer’s disease. Neurosci Lett

1994;182:63–5.

[12] Schmechel DE, Saunders AM, Strittmatter WJ, Crain BJ, Hulette CM,

Joo SH, et al. Increased amyloid beta-peptide deposition in cerebral

cortex as a consequence of apolipoprotein E genotype in late-onset

Alzheimer disease. Proc Natl Acad Sci U S A 1993;90:9649–53.

[13] Olichney JM, Hansen LA, Lee JH, Hofstetter CR, Katzman R, Thal LJ.

Relationship between severe amyloid angiopathy, apolipoprotein E ge-

notype, and vascular lesions in Alzheimer’s disease. Ann NYAcad Sci

2000;903:138–43.

[14] Rohn TT. Is apolipoprotein E4 an important risk factor for vascular de-

mentia? Int J Clin Exp Pathol 2014;7:3504–11.

[15] Tai LM, Thomas R,Marottoli FM, Koster KP, Kanekiyo T,Morris AW,

et al. The role of APOE in cerebrovascular dysfunction. Acta Neuro-

pathol 2016;131:709–23.

[16] Sullivan PM, Mace BE, Maeda N, Schmechel DE. Marked regional

differences of brain human apolipoprotein E expression in targeted

replacement mice. Neuroscience 2004;124:725–33.

[17] Klein RC, Mace BE, Moore SD, Sullivan PM. Progressive loss of syn-

aptic integrity in human apolipoprotein E4 targeted replacement mice

and attenuationbyapolipoproteinE2.Neuroscience 2010;171:1265–72.

[18] Liraz O, Boehm-Cagan A, Michaelson DM. ApoE4 induces Abeta42,

tau, and neuronal pathology in the hippocampus of young targeted

replacement apoE4 mice. Mol Neurodegener 2013;8:16.

[19] Raber J, Bongers G, LeFevour A, ButtiniM,Mucke L. Androgens pro-

tect against apolipoprotein E4-induced cognitive deficits. J Neurosci

2002;22:5204–9.
[20] AlataW, Ye Y, St-Amour I, Vandal M, Calon F. Human apolipoprotein

E varepsilon4 expression impairs cerebral vascularization and blood-

brain barrier function in mice. J Cereb Blood Flow Metab 2015;

35:86–94.

[21] Asuni AA, Hilton K, Siskova Z, Lunnon K, Reynolds R, Perry VH,

et al. Alpha-synuclein deficiency in the C57BL/6JOlaHsd strain

does not modify disease progression in the ME7-model of prion dis-

ease. Neuroscience 2010;165:662–74.

[22] Dettmer U, Selkoe D, Bartels T. New insights into cellular alpha-

synuclein homeostasis in health and disease. Curr Opin Neurobiol

2016;36:15–22.

[23] Gao J, Huang X, Park Y, Liu R, Hollenbeck A, Schatzkin A, et al.

Apolipoprotein E genotypes and the risk of Parkinson disease. Neuro-

biol Aging 2011;32:2106.e1–6.

[24] Kallhoff V, Peethumnongsin E, Zheng H. Lack of alpha-synuclein in-

creases amyloid plaque accumulation in a transgenic mouse model of

Alzheimer’s disease. Mol Neurodegener 2007;2:6.

[25] Ouberai MM, Wang J, Swann MJ, Galvagnion C, Guilliams T,

Dobson CM, et al. Alpha-Synuclein senses lipid packing defects and

induces lateral expansion of lipids leading to membrane remodeling.

J Biol Chem 2013;288:20883–95.

[26] Mahley RW. Central nervous system lipoproteins: ApoE and regula-

tion of cholesterol metabolism. Arterioscler Thromb Vasc Biol 2016;

36:1305–15.

[27] Sullivan PM, Mezdour H, Aratani Y, Knouff C, Najib J,

Reddick RL, et al. Targeted replacement of the mouse apolipopro-

tein E gene with the common human APOE3 allele enhances diet-

induced hypercholesterolemia and atherosclerosis. J Biol Chem

1997;272:17972–80.

[28] Belinson H, Lev D, Masliah E, Michaelson DM. Activation of the am-

yloid cascade in apolipoprotein E4 transgenic mice induces lysosomal

activation and neurodegeneration resulting in marked cognitive defi-

cits. J Neurosci 2008;28:4690–701.

[29] Haas A, Liraz O, Michaelson DM. The effects of apolipoproteins E3

and E4 on the transforming growth factor-beta system in targeted

replacement mice. Neurodegener Dis 2012;10:41–5.

[30] Boehm-Cagan A, Bar R, Harats D, ShaishA, Levkovitz H, Bielicki JK,

et al. Differential effects of apoE4 and activation of ABCA1 on brain

and plasma lipoproteins. PLoS One 2016;11:e0166195.

[31] Boehm-Cagan A,Michaelson DM. Reversal of apoE4-driven brain pa-

thology and behavioral deficits by bexarotene. J Neurosci 2014;

34:7293–301.

[32] Salomon-Zimri S, Boehm-Cagan A, Liraz O, Michaelson DM. Hippo-

campus-related cognitive impairments in young apoE4 targeted

replacement mice. Neurodegener Dis 2014;13:86–92.

[33] Boehm-Cagan A, Bar R, Liraz O, Bielicki JK, Johansson JO,

Michaelson DM. ABCA1 agonist reverses the ApoE4-driven cognitive

and brain pathologies. J Alzheimers Dis 2016;54:1219–33.

[34] Hu J, Liu CC, Chen XF, Zhang YW, Xu H, Bu G. Opposing effects of

viral mediated brain expression of apolipoprotein E2 (apoE2) and

apoE4 on apoElipidation and Abeta metabolism in apoE4-targeted

replacement mice. Mol Neurodegener 2015;10:6.

[35] Corder EH, Ghebremedhin E, Taylor MG, Thal DR, Ohm TG,

Braak H. The biphasic relationship between regional brain senile pla-

que and neurofibrillary tangle distributions: modification by age, sex,

and APOE polymorphism. Ann N YAcad Sci 2004;1019:24–8.

[36] Matura S, Prvulovic D, Hartmann D, Scheibe M, Sepanski B, Butz M,

et al. Age-related effects of the apolipoprotein E gene on brain func-

tion. J Alzheimers Dis 2016;52:317–31.

[37] Moser VA, Pike CJ. Obesity accelerates Alzheimer-related pathology

in APOE4 but not APOE3 mice. eNeuro 2017;4.

[38] Baumgaertel J, Haussmann R, Gruschwitz A, Werner A, Osterrath A,

Lange J, et al. Education and genetic risk modulate hippocampal struc-

ture in Alzheimer’s disease. Aging Dis 2016;7:553–60.

[39] Payami H, Montee KR, Kaye JA, Bird TD, Yu CE,Wijsman EM, et al.

Alzheimer’s disease, apolipoprotein E4, and gender. JAMA 1994;

271:1316–7.

http://refhub.elsevier.com/S2352-8729(17)30050-7/sref1
http://refhub.elsevier.com/S2352-8729(17)30050-7/sref1
http://refhub.elsevier.com/S2352-8729(17)30050-7/sref1
http://refhub.elsevier.com/S2352-8729(17)30050-7/sref1
http://refhub.elsevier.com/S2352-8729(17)30050-7/sref2
http://refhub.elsevier.com/S2352-8729(17)30050-7/sref2
http://refhub.elsevier.com/S2352-8729(17)30050-7/sref3
http://refhub.elsevier.com/S2352-8729(17)30050-7/sref3
http://refhub.elsevier.com/S2352-8729(17)30050-7/sref3
http://refhub.elsevier.com/S2352-8729(17)30050-7/sref3
http://refhub.elsevier.com/S2352-8729(17)30050-7/sref4
http://refhub.elsevier.com/S2352-8729(17)30050-7/sref4
http://refhub.elsevier.com/S2352-8729(17)30050-7/sref4
http://refhub.elsevier.com/S2352-8729(17)30050-7/sref4
http://refhub.elsevier.com/S2352-8729(17)30050-7/sref5
http://refhub.elsevier.com/S2352-8729(17)30050-7/sref5
http://refhub.elsevier.com/S2352-8729(17)30050-7/sref5
http://refhub.elsevier.com/S2352-8729(17)30050-7/sref6
http://refhub.elsevier.com/S2352-8729(17)30050-7/sref6
http://refhub.elsevier.com/S2352-8729(17)30050-7/sref6
http://refhub.elsevier.com/S2352-8729(17)30050-7/sref7
http://refhub.elsevier.com/S2352-8729(17)30050-7/sref7
http://refhub.elsevier.com/S2352-8729(17)30050-7/sref7
http://refhub.elsevier.com/S2352-8729(17)30050-7/sref7
http://refhub.elsevier.com/S2352-8729(17)30050-7/sref8
http://refhub.elsevier.com/S2352-8729(17)30050-7/sref8
http://refhub.elsevier.com/S2352-8729(17)30050-7/sref8
http://refhub.elsevier.com/S2352-8729(17)30050-7/sref9
http://refhub.elsevier.com/S2352-8729(17)30050-7/sref9
http://refhub.elsevier.com/S2352-8729(17)30050-7/sref9
http://refhub.elsevier.com/S2352-8729(17)30050-7/sref9
http://refhub.elsevier.com/S2352-8729(17)30050-7/sref10
http://refhub.elsevier.com/S2352-8729(17)30050-7/sref10
http://refhub.elsevier.com/S2352-8729(17)30050-7/sref10
http://refhub.elsevier.com/S2352-8729(17)30050-7/sref10
http://refhub.elsevier.com/S2352-8729(17)30050-7/sref11
http://refhub.elsevier.com/S2352-8729(17)30050-7/sref11
http://refhub.elsevier.com/S2352-8729(17)30050-7/sref11
http://refhub.elsevier.com/S2352-8729(17)30050-7/sref11
http://refhub.elsevier.com/S2352-8729(17)30050-7/sref12
http://refhub.elsevier.com/S2352-8729(17)30050-7/sref12
http://refhub.elsevier.com/S2352-8729(17)30050-7/sref12
http://refhub.elsevier.com/S2352-8729(17)30050-7/sref12
http://refhub.elsevier.com/S2352-8729(17)30050-7/sref13
http://refhub.elsevier.com/S2352-8729(17)30050-7/sref13
http://refhub.elsevier.com/S2352-8729(17)30050-7/sref13
http://refhub.elsevier.com/S2352-8729(17)30050-7/sref13
http://refhub.elsevier.com/S2352-8729(17)30050-7/sref14
http://refhub.elsevier.com/S2352-8729(17)30050-7/sref14
http://refhub.elsevier.com/S2352-8729(17)30050-7/sref15
http://refhub.elsevier.com/S2352-8729(17)30050-7/sref15
http://refhub.elsevier.com/S2352-8729(17)30050-7/sref15
http://refhub.elsevier.com/S2352-8729(17)30050-7/sref16
http://refhub.elsevier.com/S2352-8729(17)30050-7/sref16
http://refhub.elsevier.com/S2352-8729(17)30050-7/sref16
http://refhub.elsevier.com/S2352-8729(17)30050-7/sref17
http://refhub.elsevier.com/S2352-8729(17)30050-7/sref17
http://refhub.elsevier.com/S2352-8729(17)30050-7/sref17
http://refhub.elsevier.com/S2352-8729(17)30050-7/sref18
http://refhub.elsevier.com/S2352-8729(17)30050-7/sref18
http://refhub.elsevier.com/S2352-8729(17)30050-7/sref18
http://refhub.elsevier.com/S2352-8729(17)30050-7/sref19
http://refhub.elsevier.com/S2352-8729(17)30050-7/sref19
http://refhub.elsevier.com/S2352-8729(17)30050-7/sref19
http://refhub.elsevier.com/S2352-8729(17)30050-7/sref20
http://refhub.elsevier.com/S2352-8729(17)30050-7/sref20
http://refhub.elsevier.com/S2352-8729(17)30050-7/sref20
http://refhub.elsevier.com/S2352-8729(17)30050-7/sref20
http://refhub.elsevier.com/S2352-8729(17)30050-7/sref21
http://refhub.elsevier.com/S2352-8729(17)30050-7/sref21
http://refhub.elsevier.com/S2352-8729(17)30050-7/sref21
http://refhub.elsevier.com/S2352-8729(17)30050-7/sref21
http://refhub.elsevier.com/S2352-8729(17)30050-7/sref22
http://refhub.elsevier.com/S2352-8729(17)30050-7/sref22
http://refhub.elsevier.com/S2352-8729(17)30050-7/sref22
http://refhub.elsevier.com/S2352-8729(17)30050-7/sref23
http://refhub.elsevier.com/S2352-8729(17)30050-7/sref23
http://refhub.elsevier.com/S2352-8729(17)30050-7/sref23
http://refhub.elsevier.com/S2352-8729(17)30050-7/sref24
http://refhub.elsevier.com/S2352-8729(17)30050-7/sref24
http://refhub.elsevier.com/S2352-8729(17)30050-7/sref24
http://refhub.elsevier.com/S2352-8729(17)30050-7/sref25
http://refhub.elsevier.com/S2352-8729(17)30050-7/sref25
http://refhub.elsevier.com/S2352-8729(17)30050-7/sref25
http://refhub.elsevier.com/S2352-8729(17)30050-7/sref25
http://refhub.elsevier.com/S2352-8729(17)30050-7/sref26
http://refhub.elsevier.com/S2352-8729(17)30050-7/sref26
http://refhub.elsevier.com/S2352-8729(17)30050-7/sref26
http://refhub.elsevier.com/S2352-8729(17)30050-7/sref27
http://refhub.elsevier.com/S2352-8729(17)30050-7/sref27
http://refhub.elsevier.com/S2352-8729(17)30050-7/sref27
http://refhub.elsevier.com/S2352-8729(17)30050-7/sref27
http://refhub.elsevier.com/S2352-8729(17)30050-7/sref27
http://refhub.elsevier.com/S2352-8729(17)30050-7/sref28
http://refhub.elsevier.com/S2352-8729(17)30050-7/sref28
http://refhub.elsevier.com/S2352-8729(17)30050-7/sref28
http://refhub.elsevier.com/S2352-8729(17)30050-7/sref28
http://refhub.elsevier.com/S2352-8729(17)30050-7/sref29
http://refhub.elsevier.com/S2352-8729(17)30050-7/sref29
http://refhub.elsevier.com/S2352-8729(17)30050-7/sref29
http://refhub.elsevier.com/S2352-8729(17)30050-7/sref30
http://refhub.elsevier.com/S2352-8729(17)30050-7/sref30
http://refhub.elsevier.com/S2352-8729(17)30050-7/sref30
http://refhub.elsevier.com/S2352-8729(17)30050-7/sref31
http://refhub.elsevier.com/S2352-8729(17)30050-7/sref31
http://refhub.elsevier.com/S2352-8729(17)30050-7/sref31
http://refhub.elsevier.com/S2352-8729(17)30050-7/sref32
http://refhub.elsevier.com/S2352-8729(17)30050-7/sref32
http://refhub.elsevier.com/S2352-8729(17)30050-7/sref32
http://refhub.elsevier.com/S2352-8729(17)30050-7/sref33
http://refhub.elsevier.com/S2352-8729(17)30050-7/sref33
http://refhub.elsevier.com/S2352-8729(17)30050-7/sref33
http://refhub.elsevier.com/S2352-8729(17)30050-7/sref34
http://refhub.elsevier.com/S2352-8729(17)30050-7/sref34
http://refhub.elsevier.com/S2352-8729(17)30050-7/sref34
http://refhub.elsevier.com/S2352-8729(17)30050-7/sref34
http://refhub.elsevier.com/S2352-8729(17)30050-7/sref35
http://refhub.elsevier.com/S2352-8729(17)30050-7/sref35
http://refhub.elsevier.com/S2352-8729(17)30050-7/sref35
http://refhub.elsevier.com/S2352-8729(17)30050-7/sref35
http://refhub.elsevier.com/S2352-8729(17)30050-7/sref36
http://refhub.elsevier.com/S2352-8729(17)30050-7/sref36
http://refhub.elsevier.com/S2352-8729(17)30050-7/sref36
http://refhub.elsevier.com/S2352-8729(17)30050-7/sref37
http://refhub.elsevier.com/S2352-8729(17)30050-7/sref37
http://refhub.elsevier.com/S2352-8729(17)30050-7/sref38
http://refhub.elsevier.com/S2352-8729(17)30050-7/sref38
http://refhub.elsevier.com/S2352-8729(17)30050-7/sref38
http://refhub.elsevier.com/S2352-8729(17)30050-7/sref39
http://refhub.elsevier.com/S2352-8729(17)30050-7/sref39
http://refhub.elsevier.com/S2352-8729(17)30050-7/sref39


R. Bar et al. / Alzheimer’s & Dementia: Diagnosis, Assessment & Disease Monitoring 10 (2018) 1-11 11
[40] Farrer LA, Cupples LA, Haines JL, Hyman B, Kukull WA, Mayeux R,

et al. Effects of age, sex, and ethnicity on the association between

apolipoprotein E genotype and Alzheimer disease. A meta-analysis.

APOE and Alzheimer Disease Meta Analysis Consortium. JAMA

1997;278:1349–56.

[41] Morgen K, Ramirez A, Frolich L, Tost H, Plichta MM, Kolsch H, et al.

Genetic interaction of PICALM and APOE is associated with brain at-

rophy and cognitive impairment in Alzheimer’s disease. Alzheimers

Dement 2014;10:S269–76.

[42] Abeliovich A, Schmitz Y, Farinas I, Choi-Lundberg D, Ho WH,

Castillo PE, et al. Mice lacking alpha-synuclein display functional

deficits in the nigrostriatal dopamine system. Neuron 2000;

25:239–52.

[43] Cabin DE, Shimazu K, Murphy D, Cole NB, Gottschalk W,

McIlwain KL, et al. Synaptic vesicle depletion correlates with attenu-

ated synaptic responses to prolonged repetitive stimulation in mice

lacking alpha-synuclein. J Neurosci 2002;22:8797–807.

[44] Tan EK, Chai A, Teo YY, Zhao Y, Tan C, Shen H, et al. Alpha-synu-

clein haplotypes implicated in risk of Parkinson’s disease. Neurology

2004;62:128–31.

[45] Benskey MJ, Perez RG, Manfredsson FP. The contribution of alpha

synuclein to neuronal survival and function—implications for Parkin-

son’s disease. J Neurochem 2016;137:331–59.

[46] Chandra S, Gallardo G, Fernandez-Chacon R, Schluter OM,

Sudhof TC. Alpha-synuclein cooperates with CSPalpha in preventing

neurodegeneration. Cell 2005;123:383–96.

[47] Al-Wandi A, Ninkina N, Millership S, Williamson SJ, Jones PA,

Buchman VL. Absence of alpha-synuclein affects dopamine meta-

bolism and synaptic markers in the striatum of aging mice. Neurobiol

Aging 2010;31:796–804.

[48] Gureviciene I, Gurevicius K, Tanila H. Role of alpha-synuclein in syn-

aptic glutamate release. Neurobiol Dis 2007;28:83–9.

[49] Chen RH, Wislet-Gendebien S, Samuel F, Visanji NP, Zhang G,

Marsilio D, et al. Alpha-Synuclein membrane association is regulated

by the Rab3a recycling machinery and presynaptic activity. J Biol

Chem 2013;288:7438–49.

[50] Teter B, Xu PT, Gilbert JR, Roses AD, GalaskoD, Cole GM. Defective

neuronal sprouting by human apolipoprotein E4 is a gain-of-negative

function. J Neurosci Res 2002;68:331–6.

[51] Sen A, Alkon DL, Nelson TJ. Apolipoprotein E3 (ApoE3) but not

ApoE4 protects against synaptic loss through increased expression

of protein kinase C epsilon. J Biol Chem 2012;287:15947–58.

[52] StrittmatterWJ, Saunders AM, GoedertM,Weisgraber KH, Dong LM,

Jakes R, et al. Isoform-specific interactions of apolipoprotein E with

microtubule-associated protein tau: implications for Alzheimer dis-

ease. Proc Natl Acad Sci U S A 1994;91:11183–6.

[53] Zheng WH, Bastianetto S, Mennicken F, Ma W, Kar S. Amyloid beta

peptide induces tau phosphorylation and loss of cholinergic neurons in

rat primary septal cultures. Neuroscience 2002;115:201–11.

[54] Austin SA, Floden AM, Murphy EJ, Combs CK. Alpha-synuclein

expression modulates microglial activation phenotype. J Neurosci

2006;26:10558–63.
[55] Austin SA, Rojanathammanee L, Golovko MY, Murphy EJ,

Combs CK. Lack of alpha-synuclein modulates microglial phenotype

in vitro. Neurochem Res 2011;36:994–1004.

[56] Li X, Montine KS, Keene CD, Montine TJ. Different mechanisms of

apolipoprotein E isoform-dependent modulation of prostaglandin E2

production and triggering receptor expressed on myeloid cells 2

(TREM2) expression after innate immune activation of microglia. FA-

SEB J 2015;29:1754–62.

[57] Castagnet PI, Golovko MY, Barcelo-Coblijn GC, Nussbaum RL,

Murphy EJ. Fatty acid incorporation is decreased in astrocytes

cultured from alpha-synuclein gene-ablated mice. J Neurochem

2005;94:839–49.

[58] Riedel BC, Thompson PM, Brinton RD. Age, APOE and sex: triad of

risk of Alzheimer’s disease. J Steroid Biochem Mol Biol 2016;

160:134–47.

[59] Raber J, Wong D, Buttini M, Orth M, Bellosta S, Pitas RE, et al.

Isoform-specific effects of human apolipoprotein E on brain func-

tion revealed in ApoE knockout mice: increased susceptibility of

females. Proc Natl Acad Sci U S A 1998;95:10914–9.

[60] Lei B, Mace B, Bellows ST, Sullivan PM, Vitek MP, Laskowitz DT,

et al. Interaction between sex and apolipoprotein e genetic background

in a murine model of intracerebral hemorrhage. Transl Stroke Res

2012;3:94–101.

[61] Rijpma A, Jansen D, Arnoldussen IA, Fang XT, Wiesmann M,

Mutsaers MP, et al. Sex differences in presynaptic density and neuro-

genesis in middle-aged ApoE4 and ApoE knockout mice. J Neurode-

gener Dis 2013;2013:531326.

[62] Shi L, DuX, ZhouH, Tao C, Liu Y,Meng F, et al. Cumulative effects of

the ApoE genotype and gender on the synaptic proteome and oxidative

stress in the mouse brain. Int J Neuropsychopharmacol 2014;

17:1863–79.

[63] Bien-Ly N, Gillespie AK,Walker D, Yoon SY, Huang Y. Reducing hu-

man apolipoprotein E levels attenuates age-dependent Abeta accumu-

lation in mutant human amyloid precursor protein transgenic mice. J

Neurosci 2012;32:4803–11.

[64] Pankratz N, Byder L, Halter C, Rudolph A, Shults CW, Conneally PM,

et al. Presence of an APOE4 allele results in significantly earlier onset

of Parkinson’s disease and a higher risk with dementia. Mov Disord

2006;21:45–9.

[65] Compta Y, Parkkinen L, O’Sullivan SS, Vandrovcova J, Holton JL,

Collins C, et al. Lewy- and Alzheimer-type pathologies in Parkinson’s

disease dementia: which is more important? Brain 2011;134(Pt

5):1493–505.

[66] Monsell SE, Besser LM, Heller KB, Checkoway H, Litvan I,

KukullWA.Clinical and pathologic presentation in Parkinson’s disease

by apolipoprotein e4 allele status. Parkinsonism Relat Disord 2014;

20:503–7.

[67] Tsuang D, Leverenz JB, Lopez OL, Hamilton RL, Bennett DA,

Schneider JA, et al. APOE epsilon4 increases risk for dementia in

pure synucleinopathies. JAMA Neurol 2013;70:223–8.

[68] Kahle PJ. Alpha-Synucleinopathy models and human neuropathology:

similarities and differences. Acta Neuropathol 2008;115:87–95.

http://refhub.elsevier.com/S2352-8729(17)30050-7/sref40
http://refhub.elsevier.com/S2352-8729(17)30050-7/sref40
http://refhub.elsevier.com/S2352-8729(17)30050-7/sref40
http://refhub.elsevier.com/S2352-8729(17)30050-7/sref40
http://refhub.elsevier.com/S2352-8729(17)30050-7/sref40
http://refhub.elsevier.com/S2352-8729(17)30050-7/sref41
http://refhub.elsevier.com/S2352-8729(17)30050-7/sref41
http://refhub.elsevier.com/S2352-8729(17)30050-7/sref41
http://refhub.elsevier.com/S2352-8729(17)30050-7/sref41
http://refhub.elsevier.com/S2352-8729(17)30050-7/sref42
http://refhub.elsevier.com/S2352-8729(17)30050-7/sref42
http://refhub.elsevier.com/S2352-8729(17)30050-7/sref42
http://refhub.elsevier.com/S2352-8729(17)30050-7/sref42
http://refhub.elsevier.com/S2352-8729(17)30050-7/sref43
http://refhub.elsevier.com/S2352-8729(17)30050-7/sref43
http://refhub.elsevier.com/S2352-8729(17)30050-7/sref43
http://refhub.elsevier.com/S2352-8729(17)30050-7/sref43
http://refhub.elsevier.com/S2352-8729(17)30050-7/sref44
http://refhub.elsevier.com/S2352-8729(17)30050-7/sref44
http://refhub.elsevier.com/S2352-8729(17)30050-7/sref44
http://refhub.elsevier.com/S2352-8729(17)30050-7/sref45
http://refhub.elsevier.com/S2352-8729(17)30050-7/sref45
http://refhub.elsevier.com/S2352-8729(17)30050-7/sref45
http://refhub.elsevier.com/S2352-8729(17)30050-7/sref46
http://refhub.elsevier.com/S2352-8729(17)30050-7/sref46
http://refhub.elsevier.com/S2352-8729(17)30050-7/sref46
http://refhub.elsevier.com/S2352-8729(17)30050-7/sref47
http://refhub.elsevier.com/S2352-8729(17)30050-7/sref47
http://refhub.elsevier.com/S2352-8729(17)30050-7/sref47
http://refhub.elsevier.com/S2352-8729(17)30050-7/sref47
http://refhub.elsevier.com/S2352-8729(17)30050-7/sref48
http://refhub.elsevier.com/S2352-8729(17)30050-7/sref48
http://refhub.elsevier.com/S2352-8729(17)30050-7/sref49
http://refhub.elsevier.com/S2352-8729(17)30050-7/sref49
http://refhub.elsevier.com/S2352-8729(17)30050-7/sref49
http://refhub.elsevier.com/S2352-8729(17)30050-7/sref49
http://refhub.elsevier.com/S2352-8729(17)30050-7/sref50
http://refhub.elsevier.com/S2352-8729(17)30050-7/sref50
http://refhub.elsevier.com/S2352-8729(17)30050-7/sref50
http://refhub.elsevier.com/S2352-8729(17)30050-7/sref51
http://refhub.elsevier.com/S2352-8729(17)30050-7/sref51
http://refhub.elsevier.com/S2352-8729(17)30050-7/sref51
http://refhub.elsevier.com/S2352-8729(17)30050-7/sref52
http://refhub.elsevier.com/S2352-8729(17)30050-7/sref52
http://refhub.elsevier.com/S2352-8729(17)30050-7/sref52
http://refhub.elsevier.com/S2352-8729(17)30050-7/sref52
http://refhub.elsevier.com/S2352-8729(17)30050-7/sref53
http://refhub.elsevier.com/S2352-8729(17)30050-7/sref53
http://refhub.elsevier.com/S2352-8729(17)30050-7/sref53
http://refhub.elsevier.com/S2352-8729(17)30050-7/sref54
http://refhub.elsevier.com/S2352-8729(17)30050-7/sref54
http://refhub.elsevier.com/S2352-8729(17)30050-7/sref54
http://refhub.elsevier.com/S2352-8729(17)30050-7/sref55
http://refhub.elsevier.com/S2352-8729(17)30050-7/sref55
http://refhub.elsevier.com/S2352-8729(17)30050-7/sref55
http://refhub.elsevier.com/S2352-8729(17)30050-7/sref56
http://refhub.elsevier.com/S2352-8729(17)30050-7/sref56
http://refhub.elsevier.com/S2352-8729(17)30050-7/sref56
http://refhub.elsevier.com/S2352-8729(17)30050-7/sref56
http://refhub.elsevier.com/S2352-8729(17)30050-7/sref56
http://refhub.elsevier.com/S2352-8729(17)30050-7/sref57
http://refhub.elsevier.com/S2352-8729(17)30050-7/sref57
http://refhub.elsevier.com/S2352-8729(17)30050-7/sref57
http://refhub.elsevier.com/S2352-8729(17)30050-7/sref57
http://refhub.elsevier.com/S2352-8729(17)30050-7/sref58
http://refhub.elsevier.com/S2352-8729(17)30050-7/sref58
http://refhub.elsevier.com/S2352-8729(17)30050-7/sref58
http://refhub.elsevier.com/S2352-8729(17)30050-7/sref59
http://refhub.elsevier.com/S2352-8729(17)30050-7/sref59
http://refhub.elsevier.com/S2352-8729(17)30050-7/sref59
http://refhub.elsevier.com/S2352-8729(17)30050-7/sref59
http://refhub.elsevier.com/S2352-8729(17)30050-7/sref60
http://refhub.elsevier.com/S2352-8729(17)30050-7/sref60
http://refhub.elsevier.com/S2352-8729(17)30050-7/sref60
http://refhub.elsevier.com/S2352-8729(17)30050-7/sref60
http://refhub.elsevier.com/S2352-8729(17)30050-7/sref61
http://refhub.elsevier.com/S2352-8729(17)30050-7/sref61
http://refhub.elsevier.com/S2352-8729(17)30050-7/sref61
http://refhub.elsevier.com/S2352-8729(17)30050-7/sref61
http://refhub.elsevier.com/S2352-8729(17)30050-7/sref62
http://refhub.elsevier.com/S2352-8729(17)30050-7/sref62
http://refhub.elsevier.com/S2352-8729(17)30050-7/sref62
http://refhub.elsevier.com/S2352-8729(17)30050-7/sref62
http://refhub.elsevier.com/S2352-8729(17)30050-7/sref63
http://refhub.elsevier.com/S2352-8729(17)30050-7/sref63
http://refhub.elsevier.com/S2352-8729(17)30050-7/sref63
http://refhub.elsevier.com/S2352-8729(17)30050-7/sref63
http://refhub.elsevier.com/S2352-8729(17)30050-7/sref64
http://refhub.elsevier.com/S2352-8729(17)30050-7/sref64
http://refhub.elsevier.com/S2352-8729(17)30050-7/sref64
http://refhub.elsevier.com/S2352-8729(17)30050-7/sref64
http://refhub.elsevier.com/S2352-8729(17)30050-7/sref65
http://refhub.elsevier.com/S2352-8729(17)30050-7/sref65
http://refhub.elsevier.com/S2352-8729(17)30050-7/sref65
http://refhub.elsevier.com/S2352-8729(17)30050-7/sref65
http://refhub.elsevier.com/S2352-8729(17)30050-7/sref66
http://refhub.elsevier.com/S2352-8729(17)30050-7/sref66
http://refhub.elsevier.com/S2352-8729(17)30050-7/sref66
http://refhub.elsevier.com/S2352-8729(17)30050-7/sref66
http://refhub.elsevier.com/S2352-8729(17)30050-7/sref67
http://refhub.elsevier.com/S2352-8729(17)30050-7/sref67
http://refhub.elsevier.com/S2352-8729(17)30050-7/sref67
http://refhub.elsevier.com/S2352-8729(17)30050-7/sref68
http://refhub.elsevier.com/S2352-8729(17)30050-7/sref68

	The effects of apolipoprotein E genotype, α-synuclein deficiency, and sex on brain synaptic and Alzheimer's disease–related ...
	1. Introduction
	2. Materials and methods
	2.1. Mice
	2.2. Immunohistochemistry and immunofluorescence confocal microscopy
	2.3. Immunoblots
	2.4. Assessment of apoE lipidation
	2.5. Quantitative reverse transcription PCR (qRT PCR) analysis
	2.6. Novel object recognition test
	2.7. Statistical analysis

	3. Results
	4. Discussion
	4.1. α-syn deficiency and apoE4
	4.2. Sex
	4.3. Heterozygosity in α-syn−/− mice
	4.4. Clinical implications

	Acknowledgments
	References




