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APOE4 exacerbates -synuclein pathology and related 
toxicity independent of amyloid
Na Zhao1, Olivia N. Attrebi1, Yingxue Ren2, Wenhui Qiao1, Berkiye Sonustun1, Yuka A. Martens1, 
Axel D. Meneses1, Fuyao Li1, Francis Shue1,3, Jiaying Zheng1,3, Alexandra J. Van Ingelgom1,  
Mary D. Davis1, Aishe Kurti1, Joshua A. Knight1, Cynthia Linares1, Yixing Chen1, 
Marion Delenclos1, Chia-Chen Liu1, John D. Fryer1,3, Yan W. Asmann2,  
Pamela J. McLean1,3, Dennis W. Dickson1,3, Owen A. Ross1,3, Guojun Bu1,3*

The apolipoprotein E (APOE) 4 allele is the strongest genetic risk factor for late-onset Alzheimer’s disease mainly 
by driving amyloid- pathology. Recently, APOE4 has also been found to be a genetic risk factor for Lewy body 
dementia (LBD), which includes dementia with Lewy bodies and Parkinson’s disease dementia. How APOE4 drives 
risk of LBD and whether it has a direct effect on -synuclein pathology are not clear. Here, we generated a mouse 
model of synucleinopathy using an adeno-associated virus gene delivery of -synuclein in human APOE-targeted 
replacement mice expressing APOE2, APOE3, or APOE4. We found that APOE4, but not APOE2 or APOE3, in-
creased -synuclein pathology, impaired behavioral performances, worsened neuronal and synaptic loss, and 
increased astrogliosis at 9 months of age. Transcriptomic profiling in APOE4-expressing -synuclein mice high-
lighted altered lipid and energy metabolism and synapse-related pathways. We also observed an effect of APOE4 
on -synuclein pathology in human postmortem brains with LBD and minimal amyloid pathology. Our data 
demonstrate a pathogenic role of APOE4 in exacerbating -synuclein pathology independent of amyloid, provid-
ing mechanistic insights into how APOE4 increases the risk of LBD.

INTRODUCTION
Dementia with Lewy bodies (DLB) is the second most common form 
of dementia after Alzheimer’s disease (AD) (1). Dementia also affects 
about 40% of patients with Parkinson’s disease (PD), which is termed 
PD dementia (PDD) (2). These two disorders are collectively referred 
to as Lewy body dementia (LBD). They differ in timing of cognitive 
deficits in relation to Parkinsonism, but otherwise, they share many 
clinical and pathological characteristics, in particular -synuclein 
pathology (3, 4). Although the genetic landscape of LBD is incom-
plete, the most replicated genetic risk factors are at the -synuclein 
(SNCA) and -glucocerebrosidase (GBA) loci (5, 6) and the 4 allele 
of the apolipoprotein E (APOE4) gene (7–12). Because APOE4 is also 
the strongest genetic risk factor for late-onset AD, likely by increasing 
brain amyloid burden (13–15), which is also found in most patients 
with LBD, it is difficult to know if APOE4 contributes to LBD patho-
genesis through an amyloid- (A)–dependent pathway or through 
other pathways.

LBD is pathologically characterized by neuronal inclusions, Lewy 
bodies, composed of aggregates of -synuclein and other proteins 
(16–18). In addition to Lewy bodies, the pathology of LBD is also 
characterized by abnormal accumulation of -synuclein in neuronal 
processes, referred to as Lewy neurites. The molecular mechanisms 
leading to neuronal -synuclein accumulation and neurodegenera-
tion remain unresolved. A pathogenic role for -synuclein is sup-
ported by the genetic evidence that both point mutations and genomic 
multiplications (duplications and triplications) of the -synuclein gene 
(SNCA) cause autosomal dominant familial forms of the LBD (19–23). 
Consequently, -synuclein transgenic mice harboring SNCA-A53T 

or SNCA-A30P mutations have been widely used to model LBD, 
limited by the fact that the mice do not consistently develop neuro-
degeneration (24). Brain overexpression of -synuclein with adeno- 
associated virus (AAV) provides an alternative approach to model 
the disease, in which -synuclein pathology is accompanied by neuro-
degeneration (25).

To analyze the association of APOE genotype on -synuclein pa-
thology and neurodegeneration in a model system that lacks amyloid, 
we overexpressed human wild-type -synuclein using AAV deliv-
ery of SNCA (26, 27) in mice expressing human APOE2, APOE3, or 
APOE4 that had been generated by targeted replacement (TR) meth-
ods (28). We found that APOE4-TR mice overexpressing human 
-synuclein (Syn-APOE4) had conformationally changed and phos-
phorylated pathogenic -synuclein, and presented behavioral ab-
normalities (memory and motor deficits), neuronal loss, synaptic loss, 
and astrogliosis. These effects were minimal or absent in Syn-APOE2 
and Syn-APOE3 mice. Transcriptomic profiling of Syn-APOE4 
mice revealed altered lipid and energy metabolism and down-regulated 
synaptic pathway, which might contribute to the more severe pheno-
types in these animals. In human postmortem brains affected by 
LBD with minimal amyloid pathology, we confirmed that -synuclein 
pathology was increased in APOE4 carriers compared with age- and 
sex- matched noncarriers.

RESULTS
APOE4 exacerbates -synuclein pathology in  
AAV–-synuclein mouse model
To generate a mouse model of synucleinopathy in the background 
of different human APOE genotypes, we injected AAV–-synuclein 
into both lateral ventricles of APOE2-TR, APOE3-TR, and APOE4-
TR pups at postnatal day 0 (27). High amount of human -synuclein 
expression was observed throughout the brain of Syn-APOE 
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mice as demonstrated by immunohistochemistry with an antibody 
specific to human -synuclein (fig. S1, A to C). These findings were 
consistent with previous reports using the same virus (27). Control 
brains injected with AAV–green fluorescent protein (GFP) exhibited 
GFP expression as expected (fig. S2, A and B) but no detectable hu-
man -synuclein (fig. S1A). There were no differences in the amount 
of human -synuclein expression in APOE2-TR, APOE3-TR, or 
APOE4-TR mice in specific brain regions including cerebral cortex, 
hippocampus, amygdala, thalamus, striatum, substantia nigra, and 
cerebellum (fig. S1, A to F). Expression of mRNA for human SNCA in 
cortical regions was confirmed by quantitative polymerase chain reac-
tion (qPCR), and no differences were detected among different APOE 
isoforms (fig. S3A). There were also no differences in mouse Snca 
mRNA and protein expression in any of the control and -synuclein–
expressing animals (fig. S3, B to D), suggesting that overexpression 
of human SNCA does not affect the expression of mouse endoge-
nous -synuclein.

To define pathologic -synuclein in these mice, we performed 
immunohistochemical staining with an antibody (5G4) that has 
been previously shown to be specific to conformationally changed 
pathogenic -synuclein species in LBD, but not control human post-
mortem brains (29, 30). We found more 5G4-positive -synuclein 
immunoreactivity in Syn-APOE4 mice compared to Syn-APOE2 
and Syn- APOE3 mice in the brain regions including the cerebral 
cortex, hippocampus, amygdala, thalamus, and the overall immuno-
reactivities in all these brain regions (Fig. 1, A and B). However, 
we did not observe difference of 5G4-positive -synuclein immuno-
reactivity in the region of substantia nigra (fig. S4). Phosphorylation 
of Ser129 of -synuclein (p-S129) is another characteristic of human 
synucleinopathies but minimal in normal brains (31). Consistently, 
Syn-APOE4 mice had more p-S129 immunoreactivity compared 
to Syn-APOE2 or Syn-APOE3 mice in both the cerebral cortex 
and hippocampus (fig. S5, A to C). The immunoreactivity of p-S129 
showed positive correlation with that of 5G4 (fig. S5, D and E), dem-
onstrating the consistency of detecting -synuclein pathology by 
these two markers. Collectively, these results suggest that APOE4 
selectively exacerbates -synuclein pathology in a mouse model 
devoid of amyloid pathology.

To further determine whether the solubility of -synuclein was 
affected, we sequentially extracted proteins from half of the brain 
using reassembly buffer (RAB; representing the nondetergent-soluble 
fraction), radioimmunoprecipitation assay (RIPA) buffer (represent-
ing the detergent-soluble fraction), and SDS lysis buffer (representing 
the detergent-insoluble fraction). We detected human -synuclein in 
all fractions of Syn-APOE mice by Western blotting (fig. S6A); how-
ever, there were no differences in the amount of -synuclein among 
APOE isoforms in the three fractions (fig. S6, B to D). We further 
validated -synuclein protein expression using an enzyme-linked 
immunosorbent assay (ELISA) that detects both mouse and human 
-synuclein (fig. S7). Total -synuclein was higher in all fractions of 
Syn-APOE mice compared to controls. In contrast, there were no 
differences in -synuclein amount with respect to the three APOE 
isoforms (fig. S7). This suggests that APOE does not affect solubility 
of -synuclein at 9 months of age.

APOE4 enhances behavioral deficits in AAV–-synuclein mice
To determine the effects of APOE isoforms on behavioral perform ance 
of Syn-APOE mice, we evaluated exploration and anxiety-related 
behaviors, learning and memory performance, as well as motor co-

ordination at 9 months of age. These types of behavior are impaired 
in human synucleinopathies and have been well characterized in 
mouse models (27, 32–34). In the open-field analysis (OFA), all the 
APOE-TR mice expressing human -synuclein displayed a decreased 
tendency to explore the center of the field (fig. S8A) but did not ex-
hibit hyperactivity as assessed by total distance traveled (fig. S8B) 
compared to controls. This reflects increased anxiety, which is a com-
mon feature of LBD. In the elevated plus maze (EPM) task, Syn-
APOE4 mice spent an increased amount of time in the open arms, 
whereas Syn-APOE2 and Syn-APOE3 mice did not (Fig. 2A), in-
dicating that Syn-APOE4 mice had aberrant exploratory behav-
ior and disinhibition. In a contextual fear conditioning paradigm, 
Syn-APOE4 mice had impairment in auditory cue–associated mem-
ory (Fig. 2C), with a trend for impairment in context-associated mem-
ory (Fig. 2B). These impairments were not detected in Syn-APOE2 
and Syn-APOE3 mice, reflecting a memory deficit specific to Syn- 
APOE4 mice. Balance and motor coordination were also assessed 
using hindlimb clasping scores, hangwire tests, and the accelerated 
rotarod tasks. In all tasks, Syn-APOE4 mice showed greater deficits. 
They had higher hindlimb clasping scores (Fig. 2D), decreased la-
tency to fall from the hangwire (Fig. 2E), increased number of falls 
from the hangwire within 2 min (Fig. 2F), and a decreased latency 
to fall from the accelerated rotating rod (Fig. 2G) compared to their 
controls. In contrast to Syn-APOE4 mice, Syn-APOE2 and Syn- 
APOE3 mice did not display these changes relative to their controls. 
To evaluate whether the impaired behavioral performance is related 
to the -synuclein pathology in the brain, we performed a correlation 
analysis between the behavioral parameters and the 5G4-positive 
-synuclein pathologies (total in Fig. 1B). We found a correlation be-
tween 5G4-positive -synuclein and behavioral performances, such 
as the EPM, the fear conditioning tests, the hangwire tests, and the 
hindlimb clasping tests (fig. S9). Together, our findings show that hu-
man -synuclein expression in the brain of APOE4-TR mice is detri-
mental to behavior, likely reflecting increased -synuclein pathology 
in APOE4-TR mice.

APOE4 induces neuronal and synaptic loss and drives 
astrogliosis in AAV–-synuclein mouse model
Postmortem studies have shown a substantial degree of neurode-
generation in LBD (35, 36). To evaluate potential neuronal loss in our 
AAV mouse models, we performed NeuN nuclei immunostaining. 
We observed an ~10% neuronal loss in Syn-APOE4 mice compared 
with their controls at 9 months of age but no neuronal loss in Syn-
APOE2 and Syn-APOE3 mice compared with their controls (Fig. 3, 
A and B). To determine whether there were synaptic abnormalities 
in Syn-APOE mice, we evaluated the expression of postsynaptic 
proteins, including the postsynaptic density protein 95 (PSD95), gluta-
mate receptor subtype 2 (GluR2), the subunit of -amino-3-hydroxy- 
5-methyl-4-isoxazolepropionic acid receptor (AMPAR), and the NR2A 
subunit of N-methyl-d-aspartate receptor (NMDAR). The expres-
sion of PSD95 (Fig. 3, C and D), GluR2 (Fig. 3, C and E), and NR2A 
(Fig. 3, C and F) was lower in Syn-APOE4 mice compared to their 
controls, but this was not observed in Syn-APOE2 and Syn-APOE3 
mice. Moreover, the correlation analysis revealed that the NeuN im-
munoreactivity was associated with the 5G4-positive -synuclein 
pathologies (fig. S10A). These results provide evidence for APOE4 
isoform-specific neurodegeneration in mice overexpressing hu-
man -synuclein. The considerable neuronal and synaptic loss in 
the APOE4-TR mice likely results from the more severe -synuclein 
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pathology, which, in turn, might contribute to the enhanced behav-
ioral deficits observed in these mice.

Several lines of evidence indicate that gliosis plays an important 
role in the neurodegenerative disorders (37, 38). We therefore exam-
ined gliosis using an astrocytic marker, glial fibrillary acidic protein 
(GFAP) (Fig. 4), and microglial marker, ionized calcium-binding 

adapter molecule 1 (IBA1) (fig. S11). Immunohistochemical stain-
ing revealed no difference in GFAP immunoreactivity in all mouse 
strains (Fig. 4, A and B). However, when we further quantified the 
expression of Gfap mRNA by qPCR and protein by Western blotting, 
both Gfap mRNA (Fig. 4C) and GFAP protein (Fig. 4, D and E) were 
increased in Syn-APOE4, but not in Syn-APOE2 or Syn-APOE3 

Fig. 1. Increased -synuclein pathology in Syn-APOE4 mice. Brain sections were prepared from Syn-APOE mice at 9 months of age. The conformationally changed 
pathogenic -synuclein was determined by immunohistochemical staining with 5G4 antibody. (A) Representative images are shown for the deposition of 5G4-positive 
pathogenic -synuclein in the brain regions of cerebral cortex, CA1 subfield of the hippocampus, amygdala, and thalamus from Syn-APOE2, Syn-APOE3, and Syn-
APOE4 mice. Scale bar, 100 m. (B) The immunoreactivity of 5G4 staining from different brain regions and the overall immunoreactivity from all these regions were 
evaluated and quantified by Aperio ImageScope (n = 14 to 21 mice per group, mixed gender). Data represent means ± SEM relative to the Syn-APOE2 mice. Kruskal-Wallis 
tests with Dunn’s multiple comparison tests were used. *P < 0.05; **P < 0.01; ***P < 0.001; N.S., not significant.
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mice when compared to their respective controls. Together, these re-
sults suggest that human -synuclein overexpression in APOE4 mice 
might induce astrogliosis. In contrast to GFAP, IBA1 immuno-
reactivity was reduced in all the Syn-APOE mice compared to their 
controls (fig. S11, A, B, and D), which might be due to the morpholog-
ical changes of the microglia or a potential toxic effect of -synuclein 
on microglia expression of this cell membrane antigen. We next as-
sessed the phagocytic phenotype of these microglia by evaluating 
CD68 immunohistochemical staining. We found increased CD68 
expression in Syn-APOE4 mice but not in Syn-APOE2 and Syn-
APOE3 mice (fig. S11, C and E). However, further correlation analysis 
revealed that neither GFAP nor CD68 immunoreactivity was correlated 
with 5G4-labeled -synuclein pathologies (figs. S10B and 11F), sug-
gesting that the activation of astrocyte and microglia in our mouse 
model might not be directly related to -synuclein pathology.

APOE4 alters the lipid and energy metabolism and  
synapse-related pathways in AAV–-synuclein mouse  
model identified by transcriptomic profiling
To further evaluate the impact of overexpressing human -synuclein 
on the molecular pathogenesis in APOE-TR mice, we performed tran-
scriptomic profiling of cortical samples from the controls (Ctrl-APOE) 
and Syn-APOE mice at 9 months of age. We first examined the 
differentially expressed genes (DEGs) between Ctrl and Syn mice 
with respect to APOE genotype. We found 79, 57, and 81 DEGs 
(Benjamini-Hochberg adjusted P < 0.05 and |fold change| ≥ 1.5) 
between Ctrl-APOE and Syn-APOE mice in the background of 
APOE2-TR, APOE3-TR, or APOE4-TR, respectively (Fig. 5, A to D). 
An unbiased hierarchical clustering analysis with these DEGs re-
vealed a clear separation between Ctrl and Syn groups for each 
APOE genotype, reflecting distinct transcriptomic signature changes 

Fig. 2. Impaired behavioral performances in Syn-APOE4 mice. Behavioral performance was assessed in Ctrl-APOE and Syn-APOE mice (n = 10 to 18 mice per group, 
mixed gender) at 9 months of age. (A) Exploratory behavior was evaluated in the EPM, and the ratios of the time spent in open arms to close arms are shown. (B and 
C) Fear conditioning test was used to examine associative memory. The percentage of time with freezing behavior in response to stimulus during contextual and cued 
tests is shown. (D) The hindlimb clasping test was performed to examine the motor coordination. The clasping scores are shown. (E and F) Hangwire tests were performed 
to evaluate muscle function and coordination. The latency of the first fall off and numbers of falls within 2 minutes were determined. (G) Rotarod performance tests were 
used to evaluate motor coordination and balance. The latency to fall off was assessed. Data are expressed as means ± SEM relative to their own Ctrl-APOE mice. Mann-Whitney 
U tests followed by Bonferroni correction for multiple comparisons were used. P values of <0.0167 were considered statistically significant. *P < 0.0167; **P < 0.01; 
***P < 0.001; ****P < 0.0001.
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after human -synuclein expression (fig. S12, A, C, and E). Pathway 
analyses of DEGs revealed that glycogen synthase activity was the top 
targeted pathway in APOE4-TR mice (fig. S12F). This pathway was 
also enriched by DEGs in APOE2-TR mice (fig. S12B), but not in 
APOE3-TR mice (fig. S12D). These findings suggest that -synuclein–
induced expression differences are affected by APOE genotype. We also 
queried whether there were common DEGs affected by -synuclein 
pathology in all three APOE genotypes. We found three genes that 
were differentially expressed in all Ctrl versus Syn comparisons: 
Ak7, Spata18, and Grp (Fig. 5E). Expression of these three genes was 
also validated by qPCR (Fig. 5, H to J).

To further investigate the similarity of -synuclein–induced gene 
expression changes in different APOE genotype background, we per-
formed transcriptome-wide scatterplots to evaluate potential correla-
tion of gene fold changes of Ctrl versus Syn in APOE4-TR mice and 
those of Ctrl versus Syn in APOE2-TR (Fig. 5F) or APOE3-TR mice 
(Fig. 5G). Our results showed that the gene fold changes were correlated 
between APOE4-TR mice and APOE2-TR or APOE3-TR mice after 
-synuclein overexpression, indicating a common transcriptomic sig-
nature driven by -synuclein in different APOE genotype backgrounds. 
Because distinct phenotypic changes were only found in Syn-APOE4 
mice, we next explored the specific genes and pathways that were 

altered by the APOE4-TR mice, but not in APOE2- and APOE3-TR 
mice after -synuclein overexpression. We identified a set of genes 
with different expression amounts between Ctrl and Syn in APOE4-
TR mice, but not in APOE2-TR or APOE3-TR mice (fold change > 
1.5; blue dots in Fig. 5, F and G). Subsequently, we performed a path-
way enrichment analysis. Regulation of lipid meta bolic processes 
(including phospholipid, ceramide, and sphingolipid) and glycogen 
synthase activity differed between APOE4 versus APOE2 mice or 
APOE4 versus APOE3 mice upon -synuclein overexpression (fig. S13, 
A and B). The expression of the key genes in each pathway was validated 
by qPCR, including Prkcd, Apoc1, Cry61 (lipid metabolic process, down- 
regulated in Syn-APOE4 mice; Fig. 5, K to M), Igf2 (up-regulated in 
Syn-APOE4 mice), and Ppp1r3g (glycogen synthase activity pathway, 
down-regulated in Syn-APOE4 mice; Fig. 5, N and O).

We identified the molecular networks that were affected by 
-synuclein in the brains of APOE4-TR mice using weighted gene 
coexpression network analyses (WGCNAs) (Fig. 6A). We identified 
three modules that were dysregulated in Ctrl-APOE4 compared with 
Syn-APOE4 mice. These included two down-regulated modules 
(turquoise and royalblue) and one up-regulated module (blue) in 
Syn-APOE4 mice compared to control mice (Fig. 6A). Enrichment 
analyses revealed impairment of cell communication, as well as 

Fig. 3. Neuronal and synaptic loss in Syn-APOE4 mice. Brain sections and RIPA lysates from Ctrl-APOE and Syn-APOE mice at 9 months of age were prepared. 
(A) Representative images are shown for the NeuN immunohistochemical staining. Scale bar, 2 mm. (B) The immunoreactivity of NeuN staining was evaluated and quan-
tified by Aperio ImageScope (n = 12 to 21 mice per group, mixed gender). (C) The postsynaptic markers in the cortical RIPA lysate from Ctrl-APOE and Syn-APOE mice 
were evaluated by Western blotting at 9 months of age (n = 6 mice per group, mixed gender). The amount of PSD95 (D), GluR2 (E), and NR2A (F) was quantified. Results 
were normalized to -actin expression. Data represent means ± SEM relative to their own Ctrl-APOE mice. Mann-Whitney U tests (B) and Student’s t tests (D to F) followed 
by Bonferroni correction for multiple comparisons were used. P values of <0.0167 were considered statistically significant. *P < 0.0167; **P < 0.01; ***P < 0.001.
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neuronal and synapse-related pathways in turquoise module genes 
(Fig. 6, B to D), and protein metabolism and social behavior pathways 
in royalblue module genes (Fig. 6, E to G). In addition, RNA binding–
related pathways were up-regulated in Syn-APOE4 mice compared 
to Ctrl-APOE4 mice (Fig. 6, H to J). These results highlight dysregu-
lation of neuronal and synapse-related pathways in Syn-APOE4 mice, 
consistent with increased -synuclein pathology, impaired behavioral 
performance, and neurodegeneration in these animals.

APOE4 associates with higher amount of -synuclein 
pathology in human LBD brains with minimal  
amyloid pathology
Building on the previous studies by ours (39) and other groups 
(10, 40, 41), demonstrating that APOE4 influences the risk of LBD 

independent of the amounts of AD pa-
thology, we further assessed whether 
APOE genotype influences the severity 
of -synuclein pathology in the brains of 
patients with LBD and minimal amyloid 
pathology using image analysis of brain 
sections immunostained for pathological 
-synuclein (p-S129 and 5G4). Consistent 
with findings from mouse models (Fig. 1 
and fig. S5), we found higher amount of 
p-S129 in LBD of APOE4 carriers com-
pared to those of age- and sex-matched 
noncarriers (Fig. 7, A and C). The expres-
sion of conformationally changed patho-
genic -synuclein detected by 5G4 was 
not different between carriers and non-
carriers (Fig. 7, B and D). The density of 
5G4-positive -synuclein positively cor-
related with p-S129 burden (Fig. 7E), 
suggesting a role of phosphorylation in 
-synuclein aggregates of patients with 
LBD. To evaluate whether the glial acti-
vation is related to -synuclein pathology 
in these human brains, we performed the 
GFAP and IBA1 immunohistochemical 
staining. We did not find any difference 
of GFAP or IBA1 immunoreactivities be-
tween APOE4 carriers and noncarriers 
(fig. S14, A to D). In addition, there was 
no correlation between p-S129–positive 
-synuclein and GFAP or IBA1 immuno-
reactivities (fig. S14, E and F), indicating 
that the glial activation is not associated 
with -synuclein pathology in this LBD 
brain with minimal amyloid pathology, 
which is consistent with the findings in 
our mouse models.

DISCUSSION
Although increasingly recognized as a 
genetic risk factor for LBD, whether and 
how APOE4 affects -synuclein pathol-
ogy and related toxicity and whether such 
effects depend on concurrent amyloid 

pathology are not known. To address this knowledge gap, we used 
-synuclein mouse models devoid of amyloid pathology on a back-
ground of human APOE2, APOE3, or APOE4. We found overall in-
creased -synuclein pathology, neurodegeneration, and astrogliosis, 
as well as behavioral deficits in Syn-APOE4 mice, which were not 
present or minimal in Syn-APOE2 and Syn-APOE3 mice. Mo-
lecular profiling studies revealed several candidate pathways, in-
cluding lipid and energy metabolism and synaptic pathways, which 
might contribute to enhanced toxicity of -synuclein in the setting 
of APOE4.

APOE4 is the strongest genetic risk factor for late-onset AD, and it 
has been found to be a consistent genetic risk factor for DLB (8–10) 
and PDD (10–12, 42). Both DLB and PDD can have concomitant 
Alzheimer-type pathology (4, 43). In addition, 30 to 40% of individuals 

Fig. 4. Astrogliosis in Syn-APOE4 mice. Brain sections, RNA, and RIPA lysates were prepared from Ctrl-APOE and 
Syn-APOE mice at 9 months of age. (A) Representative images are shown for the GFAP immunohistochemical stain-
ing. Scale bar, 2 mm. (B) The immunoreactivity of GFAP staining was evaluated by Aperio ImageScope (n = 12 to 
21 mice per group, mixed gender). (C) The mRNA expression of Gfap was determined by qPCR (n = 6 mice per group, 
mixed gender). (D and E) The GFAP expression in RIPA lysates was assessed by Western blot (n = 6 mice per group, 
mixed gender). The immunoblotting results were normalized to -actin expression. Data represent means ± SEM 
relative to Ctrl-APOE2 mice. Mann-Whitney U tests (B) and Student’s t tests (C to E) followed by Bonferroni correction 
for multiple comparisons were used. P values of <0.0167 were considered statistically significant. *P < 0.0167.

 at O
regon H

ealth S
cience U

niversity on M
arch 7, 2021

http://stm
.sciencem

ag.org/
D

ow
nloaded from

 

http://stm.sciencemag.org/


Zhao et al., Sci. Transl. Med. 12, eaay1809 (2020)     5 February 2020

S C I E N C E  T R A N S L A T I O N A L  M E D I C I N E  |  R E S E A R C H  A R T I C L E

7 of 15

with autopsy-confirmed AD also have Lewy bodies (44). As such, it is 
challenging to determine whether APOE4 contributes to -synuclein 
pathology directly or it is dependent on concurrent A pathology. 

We previously reported that APOE4 was associated with -synuclein 
pathology in LBD cases not only in those with medium or high AD 
pathology but also in those with low AD pathology (39), implying 

Fig. 5. Transcriptomic profiling of Syn-APOE mice. RNA sequencing (RNA-seq) was performed using the cortical brain region from Ctrl-APOE and Syn-APOE mice 
(n = 6 mice per group, mixed gender) at 9 months of age. (A to C) Volcano plots of differentially expressed genes (DEGs) identified between the Ctrl and Syn mice in 
APOE2-TR (A), APOE3-TR (B), and APOE4-TR mice (C) backgrounds. The blue dots denote down-regulated DEGs, and the red dots denote up-regulated DEGs [Benjamini- 
Hochberg adjusted P < 0.05 and |fold change (FC)| ≥ 1.5]. The black circles denote the genes with significant P values (Benjamini-Hochberg adjusted P < 0.05), but |fold 
change| values are less than 1.5, and the gray dots denote the genes without marked differences (Benjamini-Hochberg adjusted P ≥ 0.05). The gray dotted lines are the 
reference threshold for P value (0.05) and fold change (±1.5). (D) Numbers of DEGs in Ctrl versus Syn mice are shown. Blue or red bars represent significantly down- or 
up-regulated genes in each comparison. (E) Venn diagram shows the overlapped DEG in Ctrl versus Syn comparison among APOE2-TR, APOE3-TR, and APOE4-TR mice. 
(F and G) Transcriptome-wide scatterplots demonstrate the correlation of fold change in APOE4-TR mice (Ctrl versus Syn, x axis) and APOE2-TR mice [Ctrl versus Syn, 
y axis in (F)], or APOE4-TR mice (Ctrl versus Syn, x axis) and APOE3-TR mice [Ctrl versus Syn, y axis in (G)] for all genes (each gene corresponds to one point). The blue 
dots denote genes changed in APOE4-TR mice but not in APOE2-TR or APOE3-TR mice after -synuclein overexpression. (H to O) The key DEGs defined by RNA-seq were 
validated by qPCR. Data are expressed as means ± SEM relative to their own Ctrl-APOE mice. Student’s t tests followed by Bonferroni correction for multiple comparisons 
were used. P values of <0.0167 were considered statistically significant. *P < 0.0167; **P < 0.01; ***P < 0.001.
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that APOE4 may alter the risk of DLB and PDD through a direct ef-
fect on Lewy body pathology. A pure synucleinopathy animal model 
without the presence of amyloid offers an opportunity to study direct 
effects of APOE4 on -synuclein pathology. The dosage of SNCA has 
been known to be responsible for -synuclein pathology in humans and 
mouse models (22, 23). We thus overexpressed human -synuclein 
with viral delivery in humanized mouse models for each APOE allele 
(APOE2, APOE3, and APOE4). In these synucleinopathy mouse 
models, we observed not only more severe -synuclein pathology and 
neurodegeneration but also behavioral deficits in the presence of 
APOE4. In support of the validity of the findings from animal models, 
the burden of both p-S129 and conformationally changed (immuno-
reactive for 5G4 antibody) -synuclein as measured with digital micros-
copy and image analysis was greater in patients with LBD with minimal 
Alzheimer type pathology (Thal amyloid phase ≤ 1 and Braak neuro-
fibrillary tangle stage ≤ III) if they carried an APOE4 allele. Together, 
our results support a direct effect of APOE4 on -synuclein pathology 
and related toxicity, in addition to indirect effects of APOE4-associated 
Alzheimer pathology on -synuclein pathology.

APOE is primarily expressed by astrocytes in the brain, and it 
delivers cholesterol and other lipids to neurons through APOE re-
ceptors, including the low-density lipoprotein receptor (LDLR) and 
low-density lipoprotein receptor–related protein 1 (LRP1) (14). The 
three human APOE isoforms (APOE2, APOE3, and APOE4) differ 
from one another only at residues 112 and 158 (15); however, these 
single–amino acid polymorphisms substantially alter the structure 
and function of APOE, modulating its binding properties to both 
lipids and its receptors. It is worth noting that -synuclein is also a 
lipid-binding protein, and it has an apolipoprotein-like lipid-binding 
domain within its N terminus (45), a domain in which most of the 
coding region mutations that give rise to LBD are located (46).

There are various hypotheses on physiological functions of 
-synuclein, one of which is to bind to plasma membranes through 
its lipid-binding domain to maintain a synaptic vesicle reserve pool 
within presynaptic terminals, which promotes synaptic vesicle dock-
ing, release, and recycling (18). There is also evidence to suggest a 
direct role of -synuclein in brain lipid metabolism given that it is 
found in lipoprotein particles in cerebrospinal fluid (47, 48).

Fig. 6. WGCNA in Syn-APOE4 mice. (A) Modules associated with the comparison of Ctrl versus Syn in APOE4 mice (n = 6 mice per group). Numbers in the heatmap 
show the correlation coefficient. Modules with positive values (orange) indicate up-regulation in Syn compared to Ctrl mice; modules with negative values (blue) indi-
cate down-regulation. (B) Gene ontology (GO) term enrichment of the turquoise module using 4149 module genes. The orange dotted line indicates the threshold of 
significance (P = 0.05). (C) Network plot of the top 10 genes with the highest intramodular connectivity (hub genes) in the turquoise module. (D) Trajectory of the module 
eigengenes (MEs) in the turquoise module between Ctrl-APOE4 and Syn-APOE4 mice. (E) GO term enrichment of the royalblue module using 147 module genes. 
(F) Network plot of the top 10 hub genes in the royalblue module. (G) Trajectory of the MEs in the royalblue module between Ctrl-APOE4 and Syn-APOE4 mice. (H) GO 
term enrichment of the blue module using 4107 module genes. (I) Network plot of the top 10 hub genes in the blue module. (J) Trajectory of the MEs in the blue module 
between Ctrl-APOE4 and Syn-APOE4 mice. Student’s t tests were used. **P < 0.01.
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In our Syn-APOE4 models, we observed abnormal behaviors 
affecting memory and motor functions, as well as evidence of syn-
aptic loss and gliosis. Dysregulation of synapse-related pathways may 
indicate that physiological functions of -synuclein are more likely 
to be disrupted by the presence of APOE4. Alternatively, increased 
-synuclein pathology might be independent or synergistic with 
APOE4-related neurotoxicity. Molecular profiling of these models 
revealed that lipid metabolic pathways were impaired in Syn-APOE4 
mice. Because both -synuclein and APOE4 can bind to lipids, it is 
possible that APOE4 might compete with -synuclein for mem-
brane lipid binding and thus negatively affect synaptic function and 
lipid metabolism. As such, alterations in membrane and lipoprotein 
homeostasis associated with APOE4 might contribute to neuro-
toxicity of -synuclein in LBD. It is worth noting that APOE4 is 
associated with impairments in both peripheral (49) and central (50) 
lipid metabolism and that -synuclein is one of the few proteins 
associated with neurodegeneration that is also present in peripheral 
nervous system (51). Future studies should be directed to address-
ing how genotype-specific effects of APOE affect lipid homeostasis 
in LBD.

There is also evidence supporting a direct physical interaction 
between -synuclein and APOE (52–54), although more investiga-
tion is needed to address APOE isoform–specific effects and their 
relevance in human disease. It is generally agreed that intracellular 
aggregation of -synuclein plays a crucial role in the pathogenesis of 
LBD; however, a rapidly growing body of evidence suggests that small 
amounts of -synuclein are released from neurons by unconventional 
exocytosis and that this extracellular -synuclein pool may contrib-
ute to the pathogenesis of LBD, especially because it relates to spread-
ing or intercellular propagation of -synuclein (55). Because APOE 
is a naturally secreted protein that is readily detected in the extracel-
lular fluids at relatively high concentrations (56, 57), it is possible 
that APOE interacts with extracellular -synuclein, modulating its 
release, uptake, and clearance. Because APOE4 is a genetic risk fac-
tor for PDD, but not necessarily PD, it is tempting to speculate that 
effects of APOE4 manifest more in neocortex where AD and LBD 
pathologies are found, whereas it has minimal impact on subcortical 
or brainstem structures where Lewy pathology is predominant in PD. 
As such, APOE4 might modify spread of extracellular -synuclein 
to cortical regions. The exact mechanisms by which APOE isoforms 

Fig. 7. Increased -synuclein pathology in the human postmortem brains of APOE4 carriers with LBD and minimal AD type pathology. Human postmortem brain 
sections from LBD cases were prepared as described in Materials and Methods. The p-S129 phosphorylated -synuclein and conformationally changed pathogenic -synuclein 
were determined by immunohistochemical staining with pSyn#63 and 5G4 antibodies, respectively. Representative images are shown for the deposition of p-S129–positive 
(A) and 5G4-positive (B) pathogenic -synuclein in the superior temporal cortex of APOE4 carriers and noncarriers. Scale bars, 600 m (left) and 50 m (right) in both (A) 
and (B). The immunoreactivities of p-S129 staining (C) and 5G4 staining (D) were evaluated and quantified by Aperio ImageScope (n = 22 cases per group). Data represent 
means ± SEM relative to non-APOE4 carriers. Mann-Whitney U tests were used. *P < 0.05. (E) The correlation between p-S129 and 5G4 immunoreactivities in all the cases 
was determined by Spearman correlation tests. The black and purple circles represent non-APOE4 carriers and APOE4 carriers, respectively.
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differentially regulate -synuclein metabolism, aggregation, and toxic-
ity under normal and pathological conditions remain to be determined.

We found three genes affected by -synuclein pathology in all Syn- 
APOE mice, including Ak7, Spata18, and Grp. Ak7 encodes a mem-
ber of the adenylate kinase family. Adenylate kinase and downstream 
adenosine monophosphate (AMP) signaling act as an integrated meta-
bolic monitoring system that reads cellular energy states to tune and 
report signals to metabolic sensors (58). A recent study demonstrated 
that a mutation in AK7 is associated with hydrocephalus and a pri-
mary ciliary dyskinesia phenotype in chronic obstructive pulmonary 
disease (59); however, the exact biological function of Ak7 in the 
brain remains unclear. Spata18 is a p53-inducible gene that encodes 
mitochondria-eating protein (Mieap) in the mitochondrial matrix 
(60). Mieap is a key regulator of mitochondrial quality that mediates 
repair or degradation of unhealthy mitochondria in response to mito-
chondrial damage (60–62). In response to stress, Mieap is induced 
and translocates to the mitochondrial matrix in a reactive oxygen 
species–dependent manner (61), allowing lysosomal enzymes to move 
into the matrix and to degrade oxidatively damaged mitochondrial 
proteins. Gastrin-releasing peptide (GRP), encoded by Grp gene, is a 
mammalian neuropeptide that binds to the GRP receptor. Alterations 
in GRP or GRP receptor expression or function have been report-
ed in neurodegenerative disorders (63). The mechanisms of how 
these three genes and related pathways are linked to -synuclein ex-
pression are yet to be defined.

In addition to amyloid pathology in AD and -synuclein pathology 
in LBD, APOE4 has also been shown to affect other proteinopathies 
in neurodegenerative diseases. APOE4 has been shown to exacerbate 
neurodegeneration and neuroinflammation in a tau transgenic mouse 
model (64). APOE4 has been associated with increased TDP-43 pa-
thology independent of A in AD (65, 66). Most recently, APOE4 has 
been associated with lower age of onset of frontotemporal degenera-
tions and tauopathies independent of A (67). This growing evidence 
highlights the damaging effects of APOE4 in chronic neurodegen-
erative conditions, especially those linked to dementia.

Our study has several limitations. Although we demonstrate the 
effect of APOE4 on exacerbating -synuclein pathology in a model 
system and identified several potential pathways by transcriptomic 
profiling, the exact molecular mechanism driving the APOE4-specific 
effects is not clear. Next, although -synuclein pathology and neuro-
degeneration were observed using this AAV-mediated SNCA over-
expression mouse model, our model does not recapitulate all features 
of the human disease and pathology. For instance, CA2/3 is usually 
cited as the predominant site of hippocampal Lewy pathology, whereas 
CA1 is less affected in human LBD brains (68, 69). However, in our 
mouse model, the -synuclein pathology was mainly found in the CA1 
subregion of the hippocampus. In addition, the cognitive and psychiat-
ric changes in LBD are linked in a variety of ways to altera tions in mul-
tiple neurotransmitter systems including dopaminergic, serotonergic, 
noradrenergic, and cholinergic systems (70–72). However, it is unclear 
which deficits of neurotransmitter systems occur in our models and 
how APOE affects these pathways. Last, although beyond the scope of 
this current study, the interactive contribution of amyloid or tau pa-
thologies to the impact of APOE4 on pathologic -synuclein formation 
is not addressed in our study and needs further investigation.

In summary, our study supports a pathogenic role of APOE4 in 
promoting -synuclein pathology independent of amyloid pathology 
both in mouse models and in LBD. These findings provide insights 
into the role of APOE4 in -synuclein metabolism and aggregation 

in LBD that may guide future clinical trial designs and early preven-
tion strategies for LBD.

MATERIALS AND METHODS
Study design
This study aimed to investigate how APOE isoforms differentially 
modulate synucleinopathy using AAV-based -synuclein mouse 
model and human pathological analysis. To accomplish this, we ex-
pressed human wild-type -synuclein protein in human APOE-TR 
mouse by using AAV–-synuclein injection (Syn) into both cerebral 
ventricles of APOE-TR pups on postnatal day 0, with the AAV express-
ing GFP as a Ctrl. The mice were selected randomly for AAV-Syn 
or AAV-GFP injection. The effects of APOE isoforms on synuclein 
pathology, behavior, neuronal and synaptic integrity, gliosis, as well 
as transcriptomic signatures were assessed at 9 months of age. Tran-
scriptomic profiling was performed to address potential underlying 
pathways. To address human relevance, we analyzed -synuclein pa-
thology in LBD with respect to APOE4 genotype. Mice with differ-
ent APOE genotypes and AAV injection protocols were selected on 
the basis of available experimental tools and techniques used previ-
ously by our investigative team. Twelve to 21 mice per genotype per 
group were injected with AAV vectors and were used for behavioral 
tests and immunostaining. Six mice per genotype were randomly 
selected for biochemical analysis. Sample sizes were adequately pow-
ered to observe the effects on the basis of past experience (26, 73–76) 
and preliminary studies. Human subjects were chosen at random, 
matching for age and sex as closely as possible. The behavioral tests 
were conducted blinded to genotype and AAV transgene expression 
by experienced technicians. Immunohistochemistry, digital micros-
copy, and image analysis were performed blinded to genotype and 
AAV transgene expression. All the data collection and the quantifica-
tion were performed by investigators unaware of sample identities 
until unblinding for final interpretation of statistical results.

Animals
APOE-TR mice in which murine ApoE gene locus is replaced with 
human APOE 2/2, APOE 3/3, or APOE 4/4 gene were obtained 
from Taconic Laboratories, Rensselaer, NY (APOE2, model #1547; 
APOE3, model #1548; APOE4, model #1549). All mice were on 
C57BL/6 background. Animals were housed under controlled tem-
perature and lighting conditions and were given free access to food 
and water. All animal procedures were approved by the Mayo Clinic 
Institutional Animal Care and Use Committee and were in accordance 
with the National Institutes of Health Guide for the Care and Use of 
Laboratory Animals.

Intracerebroventricular viral injections in animals
Human -synuclein or GFP expression plasmids in AAV2/1 vectors 
(abbreviated as AAV-Syn and AAV-GFP, respectively) were pre-
pared as previously reported (27). Briefly, AAV serotype 2/1 vectors 
expressing full-length human wild-type -synuclein or GFP under the 
control of the cytomegalovirus enhancer/chicken -actin promoter 
were generated by plasmid triple transfection with helper plasmids 
in human embryonic kidney (HEK) 293T cells. Forty-eight hours 
later, cells were harvested and lysed in the presence of 0.5% sodium 
deoxycholate and benzonase (50 U/ml; Sigma-Aldrich) by freeze thaw-
ing, and the viruses were isolated using a discontinuous iodixanol 
gradient. The constructs were sequence-verified using ABI3730 with 
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BigDye chemistry following the manufacturer’s protocols (Applied 
Biosystems, Foster City). The genomic titer of each virus was deter-
mined by qPCR. APOE2-TR, APOE3-TR, and APOE4-TR pups at 
postnatal day 0 underwent intracerebroventricular injection with 
2 l of AAV-GFP or AAV-Syn into both hemispheres as aforemen-
tioned (26). Newborn pups were cryoanesthetized and subsequently 
placed on a cold metal plate. A 30-gauge needle was used to pierce the 
skull just posterior to bregma and 2 mm lateral to the midline, and 
AAV vector sample was injected into the lateral ventricles. The pups 
in each breeder were randomly selected to receive either AAV-GFP 
or AAV-Syn injections.

Behavioral tests
A behavioral battery consisting of OFA, EPM, contextual and cued 
fear conditioning (CFC) tests, hindlimb clasping tests, hangwire tests, 
and the rotarod tests were performed in 9-month-old Ctrl-APOE and 
Syn-APOE mice as described (26, 77–80). In OFA tests, mice were 
placed in the center of an open-field arena (40 cm × 40 cm × 30 cm, 
W × L × H). The total distance traveled, average speed, time mobile, 
and distance traveled in an imaginary “center” zone (20 cm × 20 cm) 
were measured. In the EPM tests, the entire maze was elevated 50 cm 
from the floor. Mice were tested by being placed in the center of the 
maze, facing an open arm, and their behavior was tracked for 5 min. 
The CFC tests were conducted in a sound-attenuating chamber with 
a grid floor capable of delivering an electric shock. Mice were initially 
placed into the chamber undisturbed for 2 min, during which the 
baseline freezing behavior was recorded. An 80-dB white noise served 
as the conditioned stimulus (CS) and was presented for 30 s. During 
the final 2 s of this noise, mice received a mild foot shock (0.5 mA), 
which served as the unconditioned stimulus (US). After 1 min, an-
other CS-US pair was presented. The mouse was removed 30 s after 
the second CS-US pair before being returned to their home cages. 
Twenty-four hours later, each mouse was returned to the test chamber 
and freezing behavior was recorded for 5 min (context test). For the 
auditory CS test, environmental and contextual cues were changed as 
described (26). The animals were placed in the apparatus for 3 min 
and then the auditory CS was presented, and freezing was recorded 
for another 3 min (cued test). Baseline freezing behavior obtained 
during training was subtracted from the context or cued tests to 
serve as a control for animal variability. For hindlimb clasping test, 
the mice were suspended by their tail and the extent of hindlimb 
clasping was observed for 30 s. If both hindlimbs were splayed out-
ward away from the abdomen with splayed toes, a score of 0 was 
given. If one hindlimb was retracted or both hindlimbs were partially 
retracted toward the abdomen without touching it and the toes were 
splayed, a score of 1 was assigned. If both hindlimbs were partially 
retracted toward the abdomen and were touching the abdomen with-
out touching each other, a score of 2 was given. If both hindlimbs 
were fully clasped and touching the abdomen, a score of 3 was assigned 
(79, 80). The balance and grip strength were evaluated with hangwire 
tests. Briefly, mice were hung upside down on a wire 50 cm above a 
mouse cage (78, 80). The time until the mouse fell off the wire and 
into the cage was recorded as latency to fall off. The mice were then 
put back on the wire, and the total numbers of fall off were recorded 
within 2 min of trial period. Mice that did not fall off within 2 min 
were removed and assigned a maximal time of 2 min (80). The rotarod 
tests were performed as previously reported (77), with mice given 
four trials per day for four consecutive days. Latency to fall off from 
the rotarod was averaged for each trial per day.

Tissue preparation
Mice were deeply anesthetized with isoflurane before transcardial 
perfusion with saline. The brain was removed and bisected along the 
midline. One half was drop-fixed in 10% neutral buffered formalin 
(Fisher Scientific) overnight at 4°C for histology, and the other half 
was snap-frozen in liquid nitrogen and stored at −80°C. For biochem-
ical analysis, the brain tissues were homogenized and lysed in RAB 
(100 mM MES, 1 mM EDTA, 0.5 mM MgSO4, 750 mM NaCl, 20 mM 
NaF, and 1 mM Na3VO4) (G-Biosciences), supplemented with pro-
tease inhibitor (cOmplete) and phosphatase inhibitor (PhosSTOP) 
(Roche). The samples were ultracentrifuged at 50,000g for 20 min 
at 4°C. The supernatants were collected as RAB-soluble fractions. 
The pellets were resuspended in RIPA (Fisher Scientific), supple-
mented with protease inhibitor (cOmplete) and phosphatase inhibi-
tor (PhosSTOP), and ultracentrifuged at 50,000g for 20 min at 4°C. 
The supernatants were collected as RIPA-soluble fractions. The pellets 
were resuspended and sonicated in 2% SDS buffer (Sigma-Aldrich) 
and then centrifuged at 50,000g for 20 min at 4°C. The supernatants 
were collected as SDS fractions. All fractions were stored at −80°C 
until they were used for Western blot and ELISA analysis.

Western blotting
Equal amounts of protein from the RAB, RIPA, and SDS fractions of 
homogenized tissue lysates were resolved by SDS–polyacrylamide gel 
electrophoresis and transferred to polyvinylidene difluoride mem-
branes. After the membranes were blocked, proteins of interest were 
detected with a primary antibody. The membrane was then probed 
with a horseradish peroxidase–conjugated secondary antibody and 
visualized using the Odyssey Infrared Imaging System (LI-COR). The 
following primary antibodies were used: anti-GluR2 (catalog no. 
MAB397, Millipore, 1:1000), anti-PSD95 (catalog no. 3450s, Cell 
Signaling Technology, 1:1000), anti-NR2A (catalog no. 05-901R, 
Millipore, 1:1000), anti–-synuclein (catalog no. 807801, BioLegend, 
1:1000), anti-APOE (catalog no. K74180B, Meridian Life Science, 
1:1000), anti-GFAP (catalog no. MAB360, Millipore, 1:1000), anti– 
-tubulin (catalog no. T8328, Sigma-Aldrich, 1:5000), and anti–- 
actin (catalog no. A2228, Sigma-Aldrich, 1:2000) antibodies.

-Synuclein ELISA
The -synuclein ELISA was carried out using a commercial ELISA kit 
(catalog no. AS-55550-H, AnaSpec) according to the manufacturer’s 
instructions. Briefly, 100 l of samples and 50 l of detection anti-
bodies were added into the antibody-coated plate and incubated for 
4 hours at room temperature. After washing, the plate was incubated 
with 100 l of 3,3’,5,5’-tetramethylbenzidine (TMB) for 10 min and 
50 l of the Stop Solution before colorimetric absorbance measure-
ments were taken at 450 nm using a Synergy HT plate reader (BioTek).

RNA sequencing
Quality control and normalization
Total RNA was isolated using TRIzol reagent (Qiagen) and RNeasy 
Mini Kit (Qiagen) and was subjected to deoxyribonuclease I digestion 
to remove contaminating genomic DNA. The mRNA samples were 
sequenced at Mayo Clinic using Illumina HiSeq 4000. Reads were 
mapped to the mouse genome mm10. The raw gene read counts, 
along with sequencing quality control, were generated using the Mayo 
Clinic RNA sequencing (RNA-seq) analytic pipeline: MAP-RSeq 
version 3.0.1 (81). Conditional quantile normalization (CQN) was per-
formed on raw gene counts to remove biases created by GC content 
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and technical variation, to adjust for gene length and library size dif-
ferences, and to obtain similar quantile-by-quantile distributions of 
gene expression across samples (82). On the basis of the bimodal dis-
tribution of the CQN-normalized and log2-transformed reads per 
kilobase per million (RPKM) gene expression values, genes with 
average log2 RPKM ≥2 in at least one group was considered to have 
expression above the detection threshold. Using this selection thresh-
old, 19,005 genes were included in downstream analyses.
Differential gene expression and pathway analysis
Differential gene expression analysis was performed using Partek 
Genomics Suite (Partek Inc.). On the basis of the source of variation 
analysis, sequence coverage, flowcell, and sex were main contributors 
to the variation of gene expression and thus were included as factors in 
the analysis of variance (ANOVA) model. The Benjamini-Hochberg 
procedure (Benjamini-Hochberg step-up procedure) was used to ad-
just for multiple testing. Pathway enrichment analyses were performed 
using MetaCore (Thomson Reuters) (version 6.25) and Ingenuity 
Pathway Analysis (Qiagen Inc.; www.qiagenbioinformatics.com/
products/ingenuitypathway-analysis).
Weighted gene coexpression network analysis
To identify groups of genes that are correlated with -synuclein 
overexpression, we performed WGCNA (83) using residual expres-
sion values calculated by adjusting for sequence coverage, flowcell, 
and sex, all of which contributed substantially to the variation of 
gene expression. WGCNA was performed for APOE4 datasets. 
Signed hybrid coexpression networks were built for all WGCNAs. 
On the basis of the relationships between power and scale inde-
pendence, the power of 10 was chosen for building scale-free to-
pology for all three datasets. We used hybrid dynamic tree cutting, 
a minimum module size of 60 genes, and a minimum height for 
merging modules at 0.4. To assess the correlation of modules with 
treatment, we defined Ctrl- APOE4 as 0 and Syn-APOE4 as 1. 
Modules significantly correlated with the treatment were annotated 
using R package anRichment (https://horvath.genetics.ucla.edu/
html/CoexpressionNetwork/GeneAnnotation/index.html). Selected 
networks were visualized using VisANT (84).

qPCR analysis
Reverse transcription of RNA was performed using iScript Reverse 
Transcription Supermix (Bio-Rad). Complementary DNA was added 
to a reaction mix (20-l final volume) containing gene-specific primers 
and SYBR Green Supermix (Bio-Rad). All samples were run in dupli-
cate and were analyzed with CFX96 Real-Time PCR Detection System 
(Bio-Rad). The relative gene expression was normalized to Gapdh 
expression and assessed using the 2−CT method. Primer sequences 
and information are as follows: Gapdh, 5′-AGGTCGGTGTGAACG-
GATTTG-3′ (forward) and 5′-TGTAGACCATGTAGTTGAGGTCA-3′ 
(reverse); Gfap, 5′-GCACTCAATACGAGGCAGTG-3′ (forward) and 
5′-GGCGATAGTCGTTAGCTTCG-3′ (reverse); Igf2, 5′-GTCGAT-
GTTGGTGCTTCTCATC-3′ (forward) and 5′-GGGTATCTGGG-
GAAGTCGT-3′ (reverse); Ppp1r3g, 5′-CTTTCACGGAGTGGCG-
TACCTT-3′ (forward) and 5′-AGGCACAGCGAGAAGTGGAAAC-3′ 
(reverse); human APOE, 5′-TGTCTGAGCAGGTGCAGGAG-3′ 
(forward) and 5′-TCCAGTTCCGATTTGTAGG-3′ (reverse); Prkcd, 
5′-GGAGCAAACCAGGGCAGACGGGCCTACTCT-3′ (forward) 
and 5′-GGGGTCCTCCTGTACGAAATGCTCATCGGC-5′ (reverse); 
Cyr61, 5′-CAGCTCACTGAAGAGGCTTC-3′ (forward) and 5′-GCGT-
GCAGAGGGTTGAAAAG-3′ (reverse); Spata18, Mm.PT.58.7498900 
[Integrated Device Technology (IDT), CA]; Ak7, Mm.PT.58.33384033 

(IDT); Grp, Mm.PT.58.41177438 (IDT); Snca, Mm.PT.58.8495900 (IDT); 
Human SNCA, Hs.PT.58.912923 (IDT); Apoc1, Mm.PT.58.10342960 
(IDT).

Human LBD postmortem brain -synuclein  
pathology analysis
The LBD brains were obtained from the Mayo Clinic Brain Bank for 
Neurodegenerative Disorders, which operates under procedures ap-
proved by the Mayo Clinic Institutional Review Board. The LBD brains 
were evaluated with standardized histopathological methods as de-
scribed (39). In this study, only LBD cases with minimal Alzheimer 
type pathology (Braak stages 0 to III and Thal phases 0 to 1) and known 
APOE genotype were included. Image analysis of p-S129 and con-
formationally changed -synuclein (5G4) immunostained sections 
included 22 cases of APOE4 carriers and 22 cases of age- and sex-
matched APOE4 noncarriers. Characteristics of the LBD cases are 
shown in table S1.

Histology and immunohistochemistry
The brain sample was fixed in 10% formalin and embedded in 
paraffin wax, sectioned in a coronal plane at 5-m thickness, and 
mounted on glass slides. Sections were collected from the same 
brain region for all the animals, and brain regions were confirmed 
under the microscope by comparing sections to images on the Allen 
Mouse Brain Atlas site (Allen Institute for Brain Science, 2004). 
The tissue sections were deparaffinized in xylene and rehydrated 
in a graded series of alcohols. Antigen retrieval was performed by 
steaming in distilled water for 30 min, and endogenous peroxidase 
activity was blocked by incubation in 0.03% hydrogen peroxide. 
Sections were then immuno stained using the Dako Autostainer and 
the Dako EnVision+ System, HRP. The stained slides were dehydrated, 
coverslipped, and scanned with the Aperio Slide Scanner (Aperio). 
The following primary antibodies were used: anti-GFAP (catalog 
no. Pu020-UP, BioGenex, 1:2500), anti-IBA1 (catalog no. 019-19741, 
Wako, 1:2500), anti-CD68 (catalog no. ab125212, Abcam, 1:2500), 
anti- NeuN (catalog no. MAB377, clone A60, Millipore, 1:5000), anti–
conformationally changed -synuclein (catalog no. MABN389, 
clone 5G4, Millipore, 1:10,000), anti– phosphorylated -synuclein 
(catalog no. 015-25191, #pSyn64, Wako, 1:10,000), and anti–total 
-synuclein (catalog no. 807801, BioLegend, 1:10,000). A technician 
blinded to genotype and AAV status performed immunohistochemical 
staining. Data collection and quantification of immuno reactivity were 
performed by another technician blindly.

Statistical analyses
All data were reported as means ± SEM (unless elsewise indicated). 
To ensure that results were valid in the presence of non-normal 
distributions or differing variances between groups, nonparametric 
Mann-Whitney U tests were used to compare outcomes between 
Ctrl and Syn mice separately for APOE2, APOE3, and APOE4 
groups, and Kruskal- Wallis tests with Dunn’s multiple comparison 
tests were used to compare outcomes among Syn-APOE2, Syn-
APOE3, and Syn-APOE4 groups. With the sample size n = 6, 
Student’s t tests were used to compare outcomes between Ctrl 
and Syn mice. All statistical tests were two-sided. In the captions 
of the figures, we reported the used statistical tests for each analysis, 
the numerosity of the experiments, and the significance levels. 
In the Supplementary Materials, the raw data with less than 20 samples 
are reported.
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Fig. S1. Widespread expression of human -synuclein protein in the brain of Syn-APOE mice.
Fig. S2. Widespread expression of GFP in the brain of Ctrl-APOE mice.
Fig. S3. Expression of human and mouse -synuclein in the brain of Ctrl-APOE and  
Syn-APOE mice.
Fig. S4. -Synuclein pathology in the substantia nigra region of Syn-APOE4 mice.
Fig. S5. Increased phosphorylated -synuclein in Syn-APOE4 mice.
Fig. S6. Solubility of human -synuclein in the brain of Ctrl-APOE and Syn-APOE mice.
Fig. S7. Solubility of total -synuclein in the brain of Ctrl-APOE and Syn-APOE mice.
Fig. S8. Behavioral abnormalities in Syn-APOE mice.
Fig. S9. Correlation of behavioral performances and -synuclein pathologies in  
Syn-APOE mice.
Fig. S10. Correlation of neurodegeneration and astrogliosis with -synuclein pathologies in 
Syn-APOE mice.
Fig. S11. Microglial marker expression in Syn-APOE mice.
Fig. S12. DEGs and related pathways between Ctrl-APOE and Syn-APOE mice in different 
APOE genetic backgrounds identified by transcriptomic profiling.
Fig. S13. Pathways specifically affected in APOE4-TR mice upon human -synuclein expression.
Fig. S14. Glia marker expression in human LBD brain.
Table S1. Patient characteristics for LBD cohort.
Data file S1. Raw data for all the figures where n < 20.
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