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Abstract

Objective—Apolipoprotein E (apoE), a major cholesterol carrier in the brain, is associated with a
strong risk for Alzheimer’s disease. Compared to the risky APOE4 gene allele, the effects of the
protective APOE2 gene allele are vastly understudied, and thus, need to be further clarified.

Methods—We reviewed National Alzheimer’s Coordinating Center (NACC) clinical records and
performed preclinical experiments using human apoE-targeted replacement (apoE-TR) mice,
which do not show amyloid pathology.

Results—Clinically, the APOEZallele was associated with less cognitive decline during aging.
This effect was also seen in subjects with little amyloid pathology, or after adjusting for
Alzheimer’s disease-related pathologies. In animal studies, aged apoE2-TR mice also exhibited
preserved memory function in the water maze tests. Regardless, apoE2-TR mice showed similar or
greater age-related changes in synaptic loss, neuroinflammation and oxidative stress compared to
apoE3- or apoE4-TR mice. Interestingly, apoE concentrations in the cortex, hippocampus, plasma
and cerebrospinal fluid (CSF) were positively correlated with memory performance across apoE
isoforms, where apoE2-TR mice had higher apoE levels. Moreover, apoE2-TR mice exhibited the
lowest levels of cholesterol in the cortex, in spite of higher levels in CSF and plasma. These
cholesterol levels were associated with apoE levels and memory performance across apoE
isoforms.

Interpretation—APOEZ is associated with less cognitive decline during aging. This can occur
independently of age-related synaptic/neuroinflammatory changes and amyloid accumulation.
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Higher levels of apoE and associated cholesterol metabolism in APOEZ carriers might contribute
to this protective effect.

INTRODUCTION

Alzheimer’s disease (AD) is an increasingly prevalent, age-related neurodegenerative
disease associated with cognitive decline. Epidemiological studies have shown that the e4
allele of the apolipoprotein E gene (APOE4) is a strong genetic risk factor for sporadic late-
onset AD, while the APOE 2 allele (APOEZ) is a protective factor. Compared to the
common APOE e3 allele (APOES3), one APOE4 allele increases AD risk by 3—4 fold,
whereas one APOEZ2allele reduces risk by approximately half.1 ApoE forms lipoprotein
particles and regulates lipid transport. In the central nervous system, apoE is mainly
produced by astrocytes and plays a critical role in supplying cholesterol and other lipids to
neurons.2 While apoE isoforms can directly affect the accumulation of amyloid-p (Ap), a
peptide believed to play a central role in AD pathogenesis, increasing evidence has
demonstrated that apoE isoforms also contribute to cognitive decline through AB-
independent pathways by regulating neuronal cholesterol metabolism, synaptic function, and
neuroinflammation.l 2

Several clinical studies have also shown that APOEZ protects against cognitive decline in
elderly people not diagnosed with dementia, while APOE4 exacerbates it.3-® However, such
protective effects of APOEZ on cognitive performance have not been fully understood,
compared to the deleterious effects of APOE4. Indeed, the number of clinical studies
investigating the protective effects of APOEZ on cognitive decline in elderly people are
much fewer than those of risky APOE4, likely due to lower frequency (e.g., ~8% of
Caucasian population) and relatively milder effect of the APOEZallele.” Moreover, despite
the general notion that APOEZis associated with longevity and reduced AR neuropathology,
controversies still exist regarding the effects of APOEZ on brain activity, synaptic integrity,
neuroinflammation, as well as AD neuropathology, making it more difficult to understand
how APOEZ protects against age-related cognitive decline and AD.’

Analyses of knock-in mouse models expressing each human apoE isoform under the control
of the mouse endogenous promoter (targeted replacement or “TR” mice) have provided
valuable knowledge regarding the effects of each apoE isoform on the metabolism of apoE
itself, lipids and AB as well as synaptic/cognitive function.8-18 However, similar to clinical
studies, the number of studies focusing on the effects of apoE2 is far fewer compared to
apoE4, and especially, it is scarcely addressed how apoE2 affects cognitive function in these
mouse models.

To close the gap in our knowledge regarding APOE2-mediated effects on cognitive function,
we reviewed the clinical records of a large number of subjects enrolled by National
Alzheimer’s Coordinating Center (NACC). Furthermore, we also assessed spatial memory
performance, synaptic and neuroinflammatory changes, and brain lipid metabolism in
apoE2-, apoE3- and apoE4-TR mice at different ages to clarify the effects of apoE2 on
cognitive function in these animal models in the absence of amyloid pathology.
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MATERIALS AND METHODS

Human clinical data

Animals

The clinical data at NACC, which were collected by the 34 past and present Alzheimer’s
Disease Centers (ADCs) from September 2005 to November 2014 as the longitudinal
Uniform Data Set!9, were assessed in this study. NACC subjects are regarded as a referral-
based or volunteer case series, and the majority of them are consisted of Caucasians (~83%
of total subjects) and then black or African Americans (~10%). This cumulative database
contains clinical evaluations and neuropathology data when available, of non-demented and
demented subjects. To assess the effects of APOE genotype on the risk of cognitive decline
during aging, we restricted our analysis to 21,531 subjects who were genotyped for APOE
(Table 1). To maintain mutually exclusive groups, 338 subjects who had APOE e2/e4
genotype were excluded from all analyses.® 20 Of the 2,750 subjects who had
neuropathology data available, minimal amyloid cases were defined as having “no
neocortical neuritic plaques (the Consortium to Establish a Registry for AD (CERAD)
neuritic plaque score = 0) and no or sparse diffuse plaques (CERAD diffuse plaque score =0
or 1)”. In 294 subjects whom only neuritic plaque evaluation was available, minimal
amyloid cases were defined as having “no neocortical neuritic plaques (CERAD neuritic
plaque score = 0)”. 492 cases were defined as minimal amyloid cases (18.3%, Table 1).

Human apoE TR mice expressing human apoE2, apoE3, or apoE4, under the control of the
mouse apoE promoter®: 9 on a pure C57BL/6J background were purchased from Taconic. All
cohorts from this study were generated from homozygous breeding pairs, group housed
without enrichment structures in a specific pathogen-free environment in ventilated cages,
and used for experiments according to the standards established by the Mayo Clinic
Institutional Animal Care and Use Committee. We tested young and old groups of both
sexes (Table 2). Mice were euthanized and tissues were collected within one month of the
behavior test for biochemical and histochemical studies.

Water maze test

Hippocampus-dependent learning and memory function was investigated with the water
maze test as described previously with some modification.?! The test was conducted in a
circular pool filled with water adjusted to ambient temperature. In the hidden platform
training, a transparent platform was submerged 1.5 cm below water level. The water tank
was located in a test room in which there were many external cues. The position of the cues
remained unchanged throughout the water-maze task. A camera fixed on the ceiling of the
room was used to track the movement with ANY-maze software (Stoelting). In the hidden-
platform training, the mice were given two trials (one session) on the first day and four trials
(two sessions) on each of the following four days. The intertrial interval was approximately
10 minutes and the intersession interval was 2 hours. During each trial, the mice were
released from four pseudo-randomly assigned starting points and allowed to swim for 60
seconds. After mounting the platform, the animals were allowed to remain there for 10
seconds, and were then placed in a holding cage with a heating lamp until the start of the
next trial. If a mouse was unable to find the platform within 60 seconds, it was guided to the
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platform and allowed to rest on the platform for 10 seconds. Probe tests were performed 24
hours and 72 hours after the last hidden-platform training. In the probe tests, the hidden
platform was removed and the animal was released from the opposite quadrant and allowed
to swim freely for 60 seconds. Mice that did not swim and remained in the original area
during the initial 40 seconds of the first probe test were excluded from further data analysis
(~1% of total mice). In the visible-platform test, performed after the last probe test on the
same day, the platform was elevated above the water surface. The mice were given three
trials with an intertrial interval of 1 hour. All experiments were conducted at approximately
the same time each day. For aged groups, a pretraining session was carried out one day
before hidden-platform training, in which animals were given 60 seconds of free swimming
without the platform, to remove any mice that were unable to swim. The number of excluded
mice was similar and not significantly different among apoE isoforms (Table 2).

Tissue harvest and sample preparation

After fasting for 4 hours, mice were anesthetized with xylazine and ketamine (20 and 100
mg/Kkg, respectively). CSF and blood were collected from the cisterna magna compartment
and femoral vein, respectively, according to the previously described method.2? After
transcardial perfusion with PBS, the brain was collected, and divided along the sagittal
plane, and the right hemisphere was stored at —80°C until biochemical analysis. The left
hemisphere was fixed with 4% paraformaldehyde overnight, dropped through 30% sucrose
solution overnight, embedded in OCT compound (Tissue-Tek), and stored at —80°C until
histological analysis. For biochemical analysis, tissues were homogenized by polytron
homogenizer (KINEMATICA) at a ratio of 20 ml/g wet-weight brain in ice-cold TBS or
RIPA lysis buffer (Millipore) plus 0.1% SDS, complete protease inhibitors and PhosSTOP
phosphatase inhibitors (Roche). Such a detergent-rich lysis buffer has been shown to inhibit
apoE oligomerization and fully release the lipid-bound apoE epitopes which if not exposed,
may hamper accurate detection of apoE levels by immunoassay.12 After centrifugation at
100,000 g for 1 hour at 4°C, the supernatant was collected and used for biochemical
analysis.

ELISA and other biochemical assays

Levels of apoE, postsynaptic density 95 (PSD95), and glial fibrillary acidic protein (GFAP)
were determined by ELISAs as previously described.23 Levels of CD11b were determined
by ELISA using a mouse monoclonal M1/70 capture antibody (R&D Systems) and biotin-
conjugated mouse monoclonal 5C6 antibody (AbD Serotec). Recombinant mouse CD11b
proteins (R&D Systems) were used as standards. Levels of tumor necrosis factor a (TNFa)
and interleukin-1p (IL1p) were determined by commercial ELISA kit (R&D Systems).
Colorimetric quantification was performed on a Synergy HT plate reader (BioTek) using
horseradish peroxidase (HRP)-linked streptavidin (Vector) or Poly-HRP 40 streptavidin
(Fitzgerald) and 3,3",5,5 -tetramethylbenzidine substrate (Sigma). Levels of total
cholesterol, glutamate, and malondialdehyde (MDA) were determined by enzymatic assays,
according to the manufacture’s instructions (Life Technologies or Wako: total cholesterol
and glutamate, Oxford Biomedical Research: MDA). Western blot analysis was performed
according to previously-described procedures with some modifications.?! In brief, RIPA
brain lysate mixed with 4x Laemmli Sample Buffer (BIO-RAD) were run on the NUPAGE
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electrophoresis system (Life Technologies). Immunoreactive bands were detected and
quantified using Odyssey Infrared Imaging system (LI-COR Biosciences). Antibodies
against synaptophysin (mouse, Merck), N-methyl-D-aspartate receptor 1 (NMDARY, rabbit,
Merck), vesicular glutamate transporter type 1 (vGlutl, mouse, Merck), glutamic acid
decarboxylase 67 (GAD67, mouse, Merck), phospho-tau (AT8, pSer202+Thr205, Thermo
Scientific) and glutaminase (rabbit, Abcam) were used.

Quantitative real-time PCR

Total RNA was purified from brain cortical area of female mice by Direct-zol RNA miniprep
(Zymo Research), eluted in nuclease-free water (Ambion) and stored at —80°C. Reverse
transcription was performed using SuperScript 111 First-Strand Synthesis System (Life
Technologies). Real-time PCR was conducted with Universal SYBR Green Supermix (Bio-
Rad) using an iCycler thermocycler (Bio-Rad) to detect levels of the corresponding Sirt3
(NAD-dependent deacetylase sirtuin-3, mitochondrial), mitochondrial transcription factor A
(TFAM) and B-actin (Qiagen). The following primers were used: Sirt3 forward primer,
GAGCGGCCTCTACAGCAA, and reverse primer, GGAAGTAGTGAGTGACATTGGG.
TFAM forward primer, AACACCCAGATGCAAAACTTTCA, and reverse primer,
GACTTGGAGTTAGCTGCTCTTT. B-actin forward primer,
AGTGTGACGTTGACATCCGTA, and reverse primer, GCCAGAGCAGTAATCTCCTTC
(Integrated DNA technologies). The relative levels of expression were quantified and
analyzed by Bio-Rad iCycler iQ software (Bio-Rad). Relative mRNA levels were calculated
by AACt method with B-actin used as an internal control for each specific gene
amplification.

Shotgun Lipidomics analysis of brain lipids

Shotgun lipidomic analysis of lipids was performed as described previously.24 25 Lipids
were extracted from each dissected brain cortical area of male mice by the modified Bligh
and Dyer method. A triple-quadrupole mass spectrometer (Thermo Scientific) equipped with
a NanoMate device (Advion) and Xcalibur system was utilized to analyze lipids (Thermo
Scientific). All tandem mass spectrometry analyses were automatically acquired by a
customized sequence operated under Xcalibur software. Internal standards for quantification
of individual molecular species of other lipid classes were added to each brain tissue sample.

Statistical analysis

To assess the risk of cognitive decline during aging in NACC cohort, we used a COX
proportional hazard model with sex, years of education, and APOE genotypes as covariates,
the date of birth as the time of origin, and the age of onset of cognitive decline as the time of
event. We used the NACC variable “NACCAGED?” to define the age of onset of cognitive
decline, which was determined by clinicians after consulting with medical records, direct
observation and subject/informant report. When NACC recorded a different value at multiple
visits within the same subjects, we used the record at their last visit (0.43% of total subjects).
Subjects whose age of cognitive decline was unknown were eliminated from the analysis,
where most of them had already been cognitively impaired at their initial visit (1.06% of
total subjects), while others declined during their follow-up visits (0.20% of total subjects).
Subjects who did not show any cognitive decline at their last visit were right-censored
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(33.7% of total subjects). Effects of covariates in each model reported in this study are
summarized in Supplementary Table 1-3. Hazard ratio (HR) and 95% confidence interval
(CI) for APOE genotypes are reported. To confirm findings from the COX proportional
hazard model in subjects with minimal amyloid pathology, a logistic regression model for
the presence of cognitive impairment was performed by adjusting for sex, years of
education, age at death, and the duration between age at the last cognitive test and age at
death. We used “NACCAGED” or another NACC variable “NACCUDSD”, which described
cognitive status (Normal cognition, impaired but not mild cognitive impairment (MCI), MCI
or dementia), to define the presence/absence of cognitive impairment until their last visit.
Effects of APOE genotype on the presence of cognitive impairment trended to be similar in
the presence/absence of age at death as a covariant in the model, which acted in the opposite
direction to what would be generally expected (Supplementary Table 4&5). Effects of APOE
genotype on Clinical Dementia Rating (CDR) sum of boxes, and memory score were
analyzed using a multivariable linear regression model adjusting for sex, years of education,
age at the last cognitive test, the duration between age at the last cognitive test and age at
death, CERAD scores of amyloid plaques (diffuse plaques and neuritic plaques), Braak
neurofibrillary tangle stage, and the presence/absence of vascular pathology. Effects of
APOE genotype and other covariates were consistent whether only neuritic plaques or both
diffuse plaques and neuritic plagues were included as amyloid plaques in multivariable
linear regression models reported in this study (Supplementary Table 6&7). Tukey-Kramer
test was conducted to assess the difference of adjusted mean of cognitive scores among
APOE genotypes. In all analyses, the observed effects of APOE genotype were similar with
or without considering the racial/ethnic differences (data not shown).

In animal studies engaging one-way ANOVA (probe test of the water maze, and some
biochemical assays), post-hoc Tukey-Kramer test was conducted to assess the effects of each
apoE isoform when the main effect of apoE isoform was present (p < 0.05). When the main
effect of apoE isoform was present (p < 0.05) in animal studies engaging repeated-measures
one-way ANOVA (hidden- & visible-platform training of the water maze), post-hoc Tukey-
Kramer test was conducted to assess the effects of each apoE isoform across all training/test
if the interaction between apoE isoform and training/test was not significant, or within each
training/test if the interaction between apoE isoform and training/test was significant (p <
0.05). To assess the effects of age and apoE isoform together, two-way ANOVA was
conducted. Then, post-hoc Tukey-Kramer test was performed to see the effects of each apoE
isoform when the main effect of apoE isoforms was significant (p < 0.05), but the interaction
between age and apoE isoform was not significant. In the presence of significant interaction
between age and apoE isoform (o < 0.05), post-hoc Bonferroni test was conducted to see the
effects of age within each apoE isoform, while post-hoc Tukey-Kramer test was conducted
to see the effects of each apoE isoform within the old age group. To assess the association
between cognitive score and levels of the particular molecules, Pearson correlation test was
conducted.

All statistical analyses were performed by JMP (version 10.0.0, SAS Institute Inc.). P-value,
F-value and/or effect size (77 = SSeffect / SStotal (SS = Sum of Squares)) are reported in
ANOVA analyses. P-value less than 0.05 was considered significant.
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APOE2 is clinically associated with a lower risk of cognitive decline during aging
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We first analyzed NACC clinical records to investigate how APOE genotypes affect the risk
of cognitive decline during aging. As expected from the previous report,2 there was a
significant interaction between sex and APOE genotype (p < 0.001): Indeed, these effects
were stronger in females than males (HR for APOE4vs. APOE3in male = 1.52, 95% CI =
1.45-1.60, p< 0.001; HR for APOE4vs. APOE3in female = 1.88, 95% CI = 1.79-1.98, p<
0.001; HR for APOE2vs. APOE3in male = 0.86, 95% CI = 0.79-0.95, p=0.002; HR for
APOE2vs. APOE3in female = 0.79, 95% CI = 0.72-0.86, p< 0.001). However, as these
trends were similar across males and females, we combined effects from both sexes for
further analyses. Compared to control APOE3homozygous subjects, APOE4 accelerated
cognitive decline (HR = 1.70, 95% CI = 1.64-1.76, p < 0.001), while APOEZ subjects were
protected from cognitive decline (HR = 0.83, 95% CI = 0.77-0.88, p< 0.001) (Fig. 1A &
Supplementary Table 1). Of note, there were allele dose-dependent effects; APOEZand
APOE4homozygous tended to have stronger effects than heterozygous APOEZ APOE3 and
APOES3IAPOE4 subjects, respectively (Fig. 1B & Supplementary Table 2). Moreover, a
retrospective approach using a postmortem cohort in which amyloid pathology was
histologically minimal showed that these APOE genotype-dependent effects appeared to be
independent of Ap accumulation. Specifically, APOEZwas protective compared to APOE3
as well as APOE4 (HR for APOE2vs. APOE3=0.68, 95% CI = 0.51-0.89, p=0.005; HR
for APOE2vs. APOE4=0.51, 95% CI = 0.34-0.77, p< 0.001; Fig. 1C & Supplementary
Table 3). These trends persisted even when adjusted for difference in subtle amyloid
pathology (i.e., negative or sparse diffuse plaques) (data not shown) or in the logistic
regression models for the presence of cognitive impairment (Supplementary Table 4&5). To
assess whether the amyloid-independent effects of APOE on cognitive decline would be
observed irrespective of the absence/presence of dementia, we further assessed the effects of
APOE genotype on cognitive decline scores (CDR sum of boxes (SOB), and CDR memory)
in all pathologically-assessed subjects by adjusting for amyloid accumulation as well as tau
and vascular pathology. As we observed the trend that the effects of APOEZwere more
evident in elderly individuals, we restricted subjects whose age was above 70 years old at
death. In this multivariable regression analysis, the effect of APOE genotype was significant
(effects of APOE genotype on CDR SOB and CER memory: p < 0.001; effects of covariates
were also summarized in Supplementary Table 6), and APOEZ carriers were protected from
cognitive decline (APOE2vs. APOES3: p=0.049; APOE2vs. APOE4: p< 0.001; Fig. 1D)
as well as memory decline (APOE2vs. APOE3: p=0.017; APOE2vs. APOE4.: p< 0.001;
Fig. 1E), compared to APOE3 and APOEA4 carriers. Together, these results show strong
association of APOE genotypes with cognitive decline during aging, in particular by
demonstrating that APOEZ2 s associated with a lower risk of cognitive decline, including
memory dysfunction, independently of AR accumulation.

Aged APOE2 mice preserves spatial memory function

To further investigate the effects of APOE genotype on cognitive function, we employed
knock-in animal models that express each human apoE isoform under the control of mouse
endogenous promoter known as apoE-targeted replacement (apoE-TR) (Table 2). These
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mice do not have detectable AP deposition (data not shown). Spatial memory function at a
young age was assessed by the water maze test, a commonly used test for rodent spatial
learning and memory. During the hidden-platform training, all young apoE-TR mice
exhibited robust learning, as shown in the distance traveled to reach the hidden platform, but
no differences were observed among the three apoE isoforms (effects of training: F=33.2, p
< 0.001; effects of APOE genotype: F= 1.3, p=0.293; APOE genotype x Training: F= 1.8,
p=0.085; Fig. 2A). Likewise, in the visible platform test, all young groups performed well,
indicating that no differences existed in visual functions. However, apoE4-TR mice
performed poorly at the first phase of the visible platform test, perhaps due to emotional
disturbances in these mice (effects of test: F=31.3, p< 0.001; effects of APOE genotype: F
=2.3, p=0.109; APOE genotype x Test: F= 3.5, p=0.009; Fig. 2B). In probe tests
performed at 24 hours and 72 hours after the last hidden-platform training, all groups of
young mice stayed longer in the target quadrant compared to other quadrants (p < 0.001).
Also, no differences existed in the latencies to reach the target quadrant when compared
across apoE isoforms (Fig. 2C & D). Thus, all young groups showed good memory retention
in the probe tests.

In contrast to the memory function in young mice, old apoE-TR mice showed marked
differences in spatial learning and memory. At old age, apoE4-TR mice showed significantly
impaired learning ability (p < 0.01) compared to apoE2- and apoE3-TR mice (effects of
training: F=23.8, p<0.001; effects of APOE genotype: F=6.2, p=0.004; APOE genotype
X Training: F=1.5, p=0.177; Fig. 2E). Similar to young mice, old apoE4-TR mice
performed poorly at the initial session of the visible platform test, while all groups
performed well at the later sessions of this test (effects of training: £=9.7, p<0.001; effects
of APOE genotype: F= 3.4, p=0.041; APOE genotype x Training: F£= 3.0, p=0.023; Fig.
2F), indicating that no differences exist in visual function. During the first probe test at 24
hours, poor memory performance was observed in apoE4-TR mice: their time spent in the
target quadrant was comparable to a non-target quadrant and was also significantly less than
that of apoE2-TR and apoE3-TR mice (Fig. 2G). During the second probe test at 72 hours,
only apoE2-TR mice showed good memory retention: they stayed longer in the target
quadrant compared to all other non-target quadrants (p < 0.001) as well as compared to
apoE3-TR and apoE4-TR mice (Fig. 2H). Importantly, while this performance in the second
probe test by old apoE2-TR mice was comparable with young mice, both apoE3- and
apoE4-TR showed poor performance at old age, as shown in the weak or non-significant
difference between their time spent in the target quadrant and non-target quadrants (Fig.
2H). Such poor performance was also confirmed by the direct comparison between young
and old mice. When data was stratified by gender, we still observed similar effects of apoE2
and apoE4 in both sexes, though the effects of apoE2 were more evident in female mice than
male mice (data not shown). These results using animal models are generally consistent with
human clinical data, indicating that APOEZ2 genotype is protective against, whereas APOE4
genotype accelerates, cognitive decline during aging compared to APOES3 genotype.

Age- and apoE-dependent synaptic, neuroinflammatory, and oxidative changes

To address the mechanisms underlying the effects of apoE isoforms on cognitive function in
these apoE-TR mice, we assessed the age-and apoE isoform-dependent changes in markers
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of synaptic integrity, neuroinflammation, and oxidative stress. We hypothesized that apoE2-
TR mice might show less age-dependent changes in molecules involved in memory function
while apoE4-TR mice exacerbate them, or, alternatively, apoE isoform-dependent
differences at old age might help with maintaining memory function in apoE2-TR mice.
Levels of PSD95, a marker of post-synaptic terminals, were significantly decreased in the
cortex and hippocampus of old mice, compared to young mice, regardless of apoE isoforms
(0 <0.001). Although a weak interaction between age and apoE isoform was observed in
cortical PSD95 levels (cortical PSD95: p = 0.038, hippocampal PSD95: p = 0.036), there
was no tendency to support the apoE-isoform dependent effects on memory function at old
age (Fig. 3A&D). Levels of an astrocyte marker GFAP and a microglia marker CD11b
generally showed age-dependent increases in the cortex of all mice regardless of apoE
isoforms (p < 0.001). A significant interaction (p = 0.011) between age and apoE isoform
observed in GFAP levels that were generally higher in aged apoE2- and apoE4-TR mice than
apoE3-TR mice (Fig. 3B), while CD11b levels were not changed (Fig. 3C). Hippocampal
GFAP and CD11b levels also showed similar age-dependent increases regardless of apoE
isoforms (p < 0.001), and GFAP levels were higher in apoE2-TR mice compared to apoE3-
TR mice (Fig. 3E&F). IL1p and TNFa levels were consistently increased in the cortex of
aged apoE-TR mice (p < 0.001), but there were no significant interactions between age and
apoE isoform. Moreover, the levels of these proinflammatory cytokines tended to be
increased in apoE2-TR mice, compared to those in apoE3-TR and apoE4-TR mice (effects
of apoE isoform on IL1B: F=13.3, p<0.001, 77 = 0.11; effects of apoE isoform on TNFa.:
F=4.7, p=0.010, 77 = 0.05; Fig. 3G&H). Levels of malodialdehyde (MDA), an indicator
of lipid peroxidation, were also increased in aged mice compared to young mice,
irrespective of apoE isoforms. While a significant interaction existed between age and apoE
isoform (p=0.010), MDA levels in apoE2-TR and apoE4-TR mice were lower than that of
apoE3-TR mice at old age (Fig. 3I). We also determined the levels of hippocampal
synaptophysin, a marker of pre-synaptic terminals, and specific synaptic proteins, vGlut1,
NMDARL, and GADG67 across apoE isoforms at old age by Western blotting, but did not
find difference in the levels of these proteins (Fig. 4A-E). Furthermore, we measured the
levels of hyper-phosphorylated tau, glutamine, and glutaminase, all of which have been
implicated in cognitive function, and found that apoE isoform did not have specific effects
on the levels of these molecules (Fig. 4A&F-H). Interestingly, expression of Sirt3 and
TFAM, regulators of mitochondrial oxidative stress, were generally decreased in aged mice
across all isoforms (TFAM: p< 0.001), though apoE3-TR mice did not have a obvious age-
dependent decrease in Sirt3 levels (Fig. 41&J). Taken together, these results suggest that
memory function preservation in apoE2-TR mice was not mediated by age- and apoE-
dependent changes of synaptic integrity, neuroinflammation and oxidative stress.

Correlation of brain apoE levels with memory function in aged apoE-TR mice

When apoE levels in cortex, hippocampus, CSF and plasma from aged apoE-TR mice were
assessed by ELISA, they tended to be significantly higher in apoE2-TR mice, followed by
apoE3-TR, and then apoE4-TR mice (effects of apoE isoform on apoE levels in cortex: F=
65.7, p<0.001, 77 = 0.69; in hippocampus: F= 256.3, p< 0.001, 72 = 0.87; in CSF: F=
13.0, p< 0.001, 77 = 0.32; in plasma: F= 137.5, p< 0.001, 77 = 0.83; Fig. 5A-D),
consistent with a previous report.12 While apoE levels in cortex, hippocampus, CSF and
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plasma were correlated with one another in aged apoE-TR mice across apoE isoforms (Fig.
5E-G), apoE levels in each compartment positively associated with memory retention during
the water maze probe test (Fig. 5H-J & data not shown). Of note, these significant,
consistent associations of apoE with memory score were observed only in aged mice but not
young mice. On the other hand, associations of these memory scores with markers of
synaptic integrity, neuroinflammation and oxidative stress measured across all individual
mice were relatively weaker than that of apoE levels (data not shown). Thus, these results
imply that higher apoE levels associated with apoE2 are beneficial for better memory
performances at old age independently of synaptic integrity, neuroinflammation and
oxidative stress.

Lower cortical cholesterol levels correlate with better memory function in aged apoE-TR

mice

As apoE is a major apolipoprotein regulating brain metabolism of cholesterol and other
lipids, we also assessed potential changes in the levels of cholesterol and other lipids in the
cortex of these mice at old age by shotgun lipidomic analysis (Fig. 6A). Although we did not
detect differences in the levels of most classes of lipids, levels of cholesterols and lyso-
cardiolipin showed significant changes (effects of apoE isoform on cholesterol: F=8.7, p=
0.009, 77 = 0.69; effects of apoE isoform on lyso-cardiolipin: £=11.8, p=0.003, 77 = 0.72;
Fig. 6B&C). Interestingly, cholesterol levels were significantly lower in apoE2-TR mice and
showed inverse associations with memory scores in the water maze test (Fig. 6D). Of note,
cortical cholesterol levels negatively correlated with apoE levels in brain (r=-0.81, p=
0.009; Fig. 6E) as well as CSF (r=-0.67, p=0.025; Fig. 6F), suggesting that higher apoE
levels are involved in lowering cholesterol levels in the brains of apoE2-TR mice. We also
analyzed cholesterol levels in CSF and plasma from young and old apoE-TR mice.
Interestingly, CSF cholesterol levels were decreased in old mice (p < 0.001), suggesting that
cholesterol metabolism in the brain was altered in an age-dependent manner. However, CSF
cholesterol levels tended to be higher in apoE2-TR mice, compared to apoE3- and apoE4-
TR mice, which was opposite of the trend in cortical cholesterol levels (Fig. 6G). Plasma
cholesterol levels showed similar trends of increase in apoE2-TR mice, and a significant
interaction existed between age and apoE isoform (p = 0.020), where cholesterol levels were
decreased in aged apoE4-TR mice, but tended to be increased in aged apoE2-TR mice,
compared to young mice (Fig. 6H). While CSF cholesterol did not correlate with plasma
cholesterol levels (Fig. 61), a strong positive association between apoE and cholesterol levels
in CSF was observed (r=0.81, p< 0.001; Fig. 6J), indicating that cholesterol metabolism in
CSF was significantly regulated by apoE. Interestingly, CSF cholesterol was mildly but
significantly associated with the water maze memory score (Fig. 6K). Plasma cholesterol
was also associated with memory score (Fig. 6L). Taken together, these results indicate that
cholesterol metabolism linked to apoE metabolism might also contribute to the apoE
isoform-dependent differences in cognitive decline during aging.

DISCUSSION

Based on our analyses of NACC clinical records and apoE-TR mouse models, we provide
evidence that APOEZ can protect against cognitive decline during aging independently of
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AP accumulation. Animal studies further showed that this effect is also independent of age-
related synaptic and neuroinflammatory changes. Interestingly, the levels of both apoE and
cholesterol in mouse brains were associated with memory function across apoE isoforms at
old age. These results provide important implications for how APOEZ protects against age-
related cognitive decline as well as AD, in which apoE-cholesterol metabolism plays a
central role.

Consistent with previous studies3-6, our results indicate that the effects of APOE genotype
on cognitive function become apparent in an age-dependent manner. Such APOE genotype
effects include those against memory function deficits,3 4 8 whereas these effects may not
be remarkable until middle or early elderly age.2”- 28 We also demonstrated the protective
effects of homozygous APOEZ alleles, which are susceptible to type 11l
hyperlipoproteinemia, while previous studies missed assessing it probably due to the low
frequency of APOEZallele.”- 2% More importantly, we found that effects of APOE genotype
on cognitive decline were observed in subjects with little amyloid pathology. Recently, by
reviewing NACC records, Serrano-Pozo et al., concluded that APOEZ effects on easing
cognitive decline in AD patients were mediated by reducing AD neuropathology. Such
alternative conclusion from their study might be derived from differences in subjects (pure
AD or MCI subjects, age at death over 50 years old, and not including cognitively intact
subjects (CDR SOB = 0)) or statistical models (treating AD neuropathology as simple binary
variables in the linear regression for the mediation analysis).3? As we also observed APOE2
protective effects in cognitively impaired subjects, its effects on cognition are unlikely
driven by cognitively normal individuals (Supplementary Table 8&9). Though few clinical
studies had formerly investigated the relationship between AD neuropathology and cognitive
decline mediated by APOEZ, Berlau et al. observed that APOEZ was associated with intact
cognition despite increased AD neuropathology in the oldest old subjects, and an amyloid
imaging study performed by Kantarci et al., reported similar protective effects in APOEZ2
carriers with amyloid accumulation.20: 31, Together with our findings, these results indicate
that APOEZhas AD neuropathology-independent protective effects on cognitive decline
during aging, perhaps in addition to its dependent effects.

To our knowledge, this is the first report demonstrating the protective effects of APOEZon
cognitive decline in animal models. Although a recent study by Siegel et al. assessed the
effects of APOEZ on age-related cognitive decline, including memory function, in old apoE-
TR mice, they did not observe significant differences.1® One possibility is that old mice
employed in their study span a broad age spectrum (14 — 22 months old). Moreover, we
found prominent APOE genotype-dependent effects in the delayed probe test, but few
studies have examined this. In fact, a study by Andrews-Zwilling et al. observed that
impairment of memory retention in apoE4-TR mice at 16 months old appeared only in
delayed probe test.1

It remains to be clarified how potential changes in synaptic/neuronal integrity or
inflammation associated with APOEZ could contribute to cognitive function or AD risk.
Brain imaging studies using functional MRI showed cognitively normal healthy carriers of
APOEZhad the same direction of changes in brain activity at rest or during tasks as APOE4
carriers compared to APOE3 carriers, and similar effects were seen on white matter
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integrity,32 33 although Suri et al. recently reported contradictory results.34 Young apoE-TR
mice also displayed reduced long-term potentiation (LTP) and shorter dendritic length in
apoE2-TR, which are comparable to apoE4-TR mice.1”: 18 Further, similar to the
proinflammatory function associated with APOE4, APOEZ s also associated with
promoting inflammatory responses.35=37 We also observed synaptic changes across apoE
isoforms, which were not associated with cognitive performance, and increased GFAP and
proinflammatory cytokine levels in apoE2-TR mice. Although Love et al. observed small but
significantly higher levels of PSD95 levels in the superior temporal cortex from normal
individuals with APOEZ (17.6% mean difference, 95% CI = 1.5 — 33.4, p = 0.03, adjusted to
APOE3 controls),38 we did not observe such difference in the cortex and hippocampus of
apoE-TR mice. Importantly, the memory performance in aged apoE2-TR mice was
significantly preserved, despite age-dependent synaptic loss and neuroinflammatory
changes. While preserved memory function in elderly APOEZ carriers was also shown in
several clinical studies,* 8 age-associated neurodegenerative changes can occur in elderly
subjects regardless of retained memory function.29: 31 39 Taken together, our results suggest
the protective effects of APOEZ2on memory decline are independent of both age- and apoE
isoform-dependent changes of synaptic/neuronal integrity and neuroinflammation.

Recent clinical studies, including a meta-analysis, showed that lower apoE levels in plasma
were associated with increased risk of developing AD.4%: 41 Though controversies exist,
another clinical study showed a negative correlation of CSF apoE levels with the increased
risk of AD and its related pathology.42 Our animal study clearly presents significant positive
correlations between spatial learning memory and apoE levels in plasma, CSF and brain
tissues from aged apoE-TR mice across all isoforms, although we could not detect such
significant correlations when analyzed within each individual isoform (data not shown),
likely because of small sample numbers and experimental limitations to assess mouse
memory function. Indeed, a major obstacle in animal cognitive tasks is the within-group
variation in the test performance, which the procedure of experiment itself can affect.43 44
Alternatively, apoE levels might not fully represent the levels of cholesterol-lipidated forms
of apoE, although apoE and cholesterol levels in CSF are positively correlated.*®> Such
possibility is corroborated by several studies indicating that the lipidation status of apoE has
a greater impact on apoE function than apoE levels per se.%6: 47 Thus, the levels of lipidated-
apoE in brain soluble or CSF fraction might have more clear correlation with memory scores
even within each APOE genotype.

While cholesterol is a critical component of the brain, in particular in neuronal membranes,
it remains to be clarified how cholesterol contributes to cognitive function and cognitive
decline during aging. /n vitro experiments have shown that the cholesterol supply to neurons
through astrocyte-produced apoE is essential for synaptogenesis.#® Though controversies
exist, brain cholesterol is thought to be reduced in an age-dependent manner, suggesting that
cognitive decline during aging is accompanied with brain cholesterol loss.#% 50 Adverse
events associated with the use of cholesterol lowering statins on cognitive function have also
been shown in elderly people.>! However, there is conflicting evidence showing that
reduction of cholesterol levels in aged neurons can increase signaling potency through
receptor clustering at lipid rafts, and promote cell survival under stress conditions.4% 52 |n
addition, increases in cholesterol in neurons also promote amyloid-p accumulation and AD-
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related abnormal pathologies.>3: 54 Interestingly, Oikawa et al. demonstrated that cholesterol
levels in cortical synapses were decreased in APOEZ carriers without amyloid pathology,
compared to APOE3 carriers in aged non-demented individuals.>® We have also found the
reduced cortical cholesterol levels in apoE2-TR mice compared to apoE3- and apoE4-TR
mice, although cholesterol levels in CSF and plasma were significantly increased in apoE2-
TR mice consistent with their apoE levels. These results suggest that intracellular and
extracellular cholesterol levels are oppositely regulated by apoE levels and/or isoforms;
higher apoE levels associated with APOEZ in extracellular space may lead to more abundant
cholesterol loading to apoE2/lipoprotein particles, resulting in less cell-associated
cholesterol but more extracellular cholesterol, which might be in equilibrium with CSF
cholesterol. As CSF cholesterol levels were decreased at old age (Fig. 6G), such cholesterol
turnover required for maintaining cognitive function might be disturbed during aging. Of
note, apoE-cholesterol uptake into cells through the LRP1/HSPG pathway, presumably a
major pathway in neurons, is not different among apoE isoforms, although apoE2 uptake via
the LDLR pathway is substantially decreased.? 22 Thus, further studies investigating how
APOEZ2 uniquely affects cholesterol levels in specific compartments, such as myelin sheets,
neuronal synapses or glial cells might provide additional insight into how APOEZ-associated
cholesterol metabolism contributes to maintaining cognitive function during aging.

A potential limitation of our study, in particular our animal experiments, is that we did not
utilize multiple corrections for analyzing across several molecules or multiple correlations.
Importantly, however, the P-values in most of our results that were used to draw the main
conclusion were generally very strong (p < 0.001) Regarding brain/CSF cholesterol levels
and their relationship with memory scores where P-values were not strong (Fig. 6), these
findings might need to be cautiously interpreted, and further study would be warranted to
verify our observations.

In summary, our results provide direct evidence that apoE2 can protect against cognitive
decline during aging independently of age-related synaptic and neuroinflammatory changes
or Ap accumulation. Moreover, our results suggest that this protective effect might be
mediated through regulating apoE-cholesterol metabolism. In terms of therapeutic
implication, it warrants additional investigation into whether targeting the apoE-cholesterol
pathway by pharmaceutical treatments can prevent cognitive decline during aging
independently of AB accumulation,®® and how such effects are further influenced by APOE
genotype.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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APOE? eases cognitive decline during aging. (A-C) Survival plot for the onset of cognitive
decline in subjects categorized by APOE genotype carrier status (A), and individual APOE
allele genotypes (B) are shown (n=20,485). Effects of APOE genotype carrier status on the
survival plot for the onset of cognitive decline in subjects with minimal amyloid pathology
(n=479) (C). The inset shows the COX regression hazard ratio with 95% confidence interval.
E2 represents people with APOEZIAPOEZ or APOEZIAPOE3 allele, while E4 represents
people with APOE4APOE4 or APOE3 APOE4 allele. (D-E) Effects of APOE genotype on
CDR sum of boxes (SOB) score (D), and CDR memory score (E) in elderly subjects (above
70 years old at death, n=2,163) by adjusting for sex, years of education, age at cognitive test,
duration between age at cognitive test and age at death, CERAD scores of diffuse plaques
and neuritic plaques, Braak stage of neurofibrillary tangles, and presence/absence of
vascular pathology. Data are presented as adjusted mean + standard error of the mean.
*p<0.05, **p<0.01, ***p<0.001; compared across apoE isoforms, by Tukey-Kramer test.
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Fig. 2.
Aged apoE2-TR mice possess preserved spatial learning memory. (A-D) Spatial learning

and memory assessed by the water maze test in young apoE-TR mice. Distance traveled to
platform in hidden-platform training (A) and visible-platform test (B), time spent in each
quadrant at the first probe test (24 hours after the last hidden-platform training, C) and the
second probe test (72 hours after the last hidden-platform training, D) are shown (n = 24-29/
group). (E-H) Spatial learning and memory assessed by the water maze test in old apoE-TR
mice. Distance traveled to platform in hidden-platform training (E) and visible-platform test
(F), time spent in each quadrant at the first probe test (24 hours after the last hidden-platform
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training, G) and the second probe test (72 hours after the last hidden-platform training, H)
are shown (n = 17-22/ group). Data are presented as mean * standard error of the mean.
“Target” indicates the area where the platform was constantly located in the hidden-platform
test. *p<0.05, **p<0.01, ***p<0.001; compared across apoE isoforms, or #p<0.05,
##p<0.01, " p<0.001; compared with the target quadrant within each apoE isoform, by
repeated-measures one-way ANOVA (hidden- & visible-platform training) or one-way
ANOVA (probe test) with post-hoc Tukey-Kramer test. N.S.; not significant
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Age- and apoE isoform-dependent synaptic/neuroinflammatory/oxidative changes. PSD95
levels assessed by ELISA are compared between young and old mice with each apoE
isoform or across apoE isoforms at old age in cortical area (CX, A) and hippocampal area
(HP, D) (n=22-29/group). Levels of cortical GFAP (C), hippocampal GFAP (E), cortical
CD11b (D), hippocampal CD11b (F), cortical IL1B (G), and cortical TNFa (H) assessed by
ELISA are compared between young and old mice with each apoE isoform or across apoE
isoforms at old age (n=22-29/group). (I) MDA levels assessed by TBARS assay are
compared between young and old mice with each apoE isoform or across apoE isoforms at
old age in cortical area (n=19-22/group). Data are presented as mean + standard error of the
mean. #p<0.05, # p<0.01, ##p<0.001; compared with young mice, or *p<0.05, **p<0.01,
***n<0.001; compared across apoE isoforms at old age, by two-way ANOVA with post-hoc
test (see Materials and Methods). P-values above each graph represent the main effects of
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age and apoE isoform, and the interaction between age and apoE isoform. N.S.; not
significant
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Fig. 4.
ApoE isoform-dependent changes of specific synaptic markers, molecules related to

cognitive function, and regulators of mitochondrial oxidative stress. Densitometric analysis
of Western blots (A) of levels of (B) synaptophysin, (C) vGlutl, (D) NMDAR1, (E) GAD67,
(F) phosphorylated tau, and (G) glutaminase, in hippocampus are compared among aged
apoE-TR mice by normalizing with B-actin levels (n=6/group, 3 male plus 3 female/each
group). (H) Levels of cortical glutamate, assessed by enzymatic assay, are compared among
aged apoE-TR mice (n=17-22/group). Levels of Sirt3 mRNA (1), and TFAM mRNA (J)
assessed by real-time PCR are compared between young and old mice with each apoE
isoform in the cortical area (n=5/group, all female). Data are presented as mean + standard
error of the mean. #p<0.05, # p<0.01, ##p<0.001; compared with young mice, or *p<0.05;
compared across apoE isoforms at old age, by two-way ANOVA with post-hoc test (see
Materials and Methods; 1&J) or one-way ANOVA with post-hoc Tukey-Kramer test (B—H).
P-values above each graph (I1&J) represent the main effects of age and apoE isoform, and the
interaction between age and apoE isoform. N.S.; not significant
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Fig. 5.

ApoE levels and correlation with memory function in aged apoE-TR mice. (A-D) ApoE
levels in cortical areas (CX, A), hippocampus (HP, B), CSF (C) and plasma (D) assessed by
ELISA are compared among apoE-TR mice at old age (n=15-27/group). Data are presented
as mean + standard error of the mean. ApoE levels in hippocampus are plotted against apoE
levels in cortex (E), CSF (F) and plasma (G). ApoE levels in hippocampus (H&I) and CSF
(J) are plotted against the percent of time spent in target quadrant at the probe test 24 hours
(H) or 72 hours (1&J) after the last hidden-platform training of the water maze test. *p<0.05,
**<0.01, ***p<0.001; by one-way ANOVA with post-hoc Tukey-Kramer test (A-D).
Correlation coefficient (7), 95% CI of 1, and p-value were acquired by Pearson correlation
test (E-J). N.S.; not significant
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Fig. 6.

Cholesterol levels correlated with memory and apoE levels in aged mice. (A) Lipidomics
analysis of individual lipid levels in the cortex of aged apoE-TR mice. (B-C) Levels of
cholesterol (B) and lyso-cardiolipin (C) in cortex (CX) are compared among apoE-TR mice
at old age (n=4/group, except for cholesterol level, in which n=4/apoE2- & apoE3-TR mice,
n=3/apoE4-TR mice). (D-F) Cholesterol levels in cortex are plotted against the percent of
time spent in target quadrant at the probe test 24 hours after the last hidden-platform training
(D), and apoE levels in the hippocampus (HP, E) and CSF (F). (G-H) Cholesterol levels in
CSF (G) and plasma (H) are compared between young and old mice with each apoE
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isoform, or across apoE isoforms at old age (n=5-11/group for CSF cholesterol, n=16-27/
group for plasma cholesterol). (I-L) CSF cholesterol levels (1-K) or plasma cholesterol
levels (L) are plotted against, (1) plasma cholesterol levels, (J) CSF apoE levels, and (K&L)
percent of time spent in target quadrant at the probe test 24 hours after the last hidden-
platform training. Data are presented as mean + standard error of the mean. PE =
phosphatidylethanolamine, CL = cardiolipin, Pl = phosphatidylinositol, SM =
sphingomyelin, PC = phosphatidylcholine, PA = phosphatidic acids, CBS = cerebroside, PG
= phosphatidylglycerol, PS = phosphatidylserine, TG = triglycerides, FA = fatty acid, CHO
= cholesterol, CER = ceramide, ST = sulfatide, LPC = lyso-phosphatidylcholine, LCL =
lyso-cardiolipin. # p<0.01, ##p<0.001; compared with young mice, or *p<0.05, **p<0.01,
***n<0.001; compared across apoE isoforms at old age, by two-way ANOVA with post-hoc
test (see Materials and Methods; G&H) ) or one-way ANOVA with post-hoc Tukey-Kramer
test (B&C). Correlation coefficient (1), 95%CI of 7, and p-value were acquired by Pearson
correlation test (D—F & I-L). N.S.; not significant
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Table 2
Characteristics of apoE-TR mice used in this study
E2 E3 E4 p-value

Young cohort No. 29 26 26 —
Female No. (%) 15 (51.7) 12 (46.2) 14 (53.8) 0.857

Water maze tested No. (removed) 29 (0) 26 (0) 26 (0) —
Age at sacrifice, mo 7.3+0.7[6.3-7.9] 7.6+0.2[7.4-7.8] 7.2+0.3[6.6-7.5] 0.015
Male body weight, gram 28.7+2.1[25.9-33.1] | 29.5+2.7[22.2-33.4] | 30.5+2.8[25.3-34.9] | 0.217
Female body weight, gram 24.7+25[21.7-28.9] | 21.9+1.9[19.4-24.7] | 23.5+1.7 [21.2-27.1] 0.006

Old cohort No. 29 22 29 —
Female No. (%) 10 (34.5) 9 (40.9) 14 (48.3) 0.565
Water maze tested No. (removed) 24 (2) 22 (4) 19 (2) 0.584
Age at sacrifice, mo 229+1.0[21.3-24.7] | 22.7+0.9[21.7-245] | 23.1+0.9 [22.2-25.0] 0.467
Male body weight, gram 31.7 £2.3[27-36.9] 33.2+3.4[28.6-38.4] | 33.8+2.2[30.4-37.9] 0.793
Female body weight, gram 25.1+3.4[19.3-30.0] | 25.9+3.8[22.6-33.7] | 25.5+3.1[17.8-29.3] | 0.898

For continuous data, values are mean + SD [range].

p-value are from one way ANOVA (continuous data) or Chi-square test (categorical value).

WM = water maze
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