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Apolipoprotein E (APOE) ¢4 genotype is associated with increased cerebral amyloid beta (AB) deposition
in nondemented elderly and suggested to influence ApoE as well as Apo] (clusterin [Clu]) and ApoA1l
expression. We aimed to assess whether APOE affects early Alzheimer’s disease pathophysiology via
these apolipoproteins. Cerebrospinal fluid (CSF) ApoE, Clu, ApoA1, and CSF amyloid beta;_4> (Ap42) and
tau levels were assessed in 403 individuals with subjective cognitive decline and mild cognitive
impairment using enzyme-linked immunosorbent assay. Whether CSF apolipoprotein levels mediated
APOEe4 allele frequency effects on CSF AB42 and tau in nondemented elderly was investigated using
mediation analysis, with age- and gender-adjusted linear regression analyses. CSF ApoE mediated 48% of
the association between APOEe4 and CSF tau, whereas Clu and ApoA1l did not. In addition, CSF Clu
partially mediated the relation between CSF ApoE and tau (12%). CSF apolipoproteins did not mediate the
inverse relation between APOEe4 and CSF AB42, despite a strong association between the latter 2 bio-
markers. In summary, our findings suggest that ApoE and Clu are involved in AB-independent pathways
as part of the cascade leading to Alzheimer pathology.
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1. Introduction

Apolipoprotein E (APOE) €4 genotype is a major genetic risk factor
for Alzheimer’s disease (AD), associated with an earlier age of onset
of dementia (Corder et al., 1993). The APOE gene encodes for the
protein ApoE, which regulates lipid homeostasis in the brain and also
supports injury repair (Corder et al., 1993). In the central nervous
system, ApoE is primarily produced by astrocytes and microglia
(Pfrieger and Ungerer, 2011). The 3 ApoE isoforms (¢2, 3, and ¢4)
have different isoform-specific binding affinities for specific lipids
and amyloid beta (AB) (Frieden and Garai, 2012). APOEe4 carriers
have more cerebral amyloid deposition than subjects with an €3 or €2
isoform, and €4 carriership is associated with lower cerebrospinal
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fluid (CSF) amyloid beta;_42 (AP42) concentrations (Castellano et al.,
2011; Fagan et al., 2006; Prince et al., 2004). APOEe4 carriership may
increase the risk of AD via effects on Ap clearance, through effects on
either transport to the blood stream or glial cell uptake, or modu-
lation of AB-induced glial cell activation (Bu, 2009). On the other
hand, ApoE might influence AD pathophysiology also via AB-inde-
pendent mechanisms, including its anti-inflammatory properties, its
effects on alterations in neurovasculature, or the ApoE ¢4 isoform-
related deficits in cholesterol homeostasis, affecting synaptic integ-
rity and plasticity (Liu et al., 2013; Wolf et al., 2013).

With the lack of therapeutic options once a diagnosis of dementia
because of AD is made, predementia and preclinical stages of AD have
become a focus of research (Sperling et al., 2011). In nondemented
elderly APOEe4 carriership is associated with an increased prevalence
of amyloid positivity (Jansen et al., 2015). Patients with AD have
altered levels of ApoE in CSF and plasma compared with individuals
with normal cognition and mild cognitive impairment (MCI),
although no consensus has been reached whether higher or lower
ApoE levels are associated with AD (Gupta et al., 2011; Martinez-
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Morillo et al., 2014, Slooter et al., 1998; Taddei et al., 1997). In non-
demented elderly, altered CSF and plasma ApoE levels are associated
with an increased risk of AD, an effect most prominently observed in
APOEe4 carriers (Song et al., 2012; Thambisetty et al., 2010; van
Harten et al., 2017). Also for other apolipoproteins, namely apolipo-
protein A1 (ApoA1) and apolipoprotein ] (also referred to as clusterin
[Clu]), alterations in CSF and plasma levels have been associated with
anincreased risk of progression to dementia in nondemented elderly,
and in some studies these effects were more prominent in APOEe4
carriers too (Jongbloed et al., 2015; Saczynski et al., 2007; Schrijvers
et al.,, 2011; Slot et al., 2017; Song et al., 2012). Besides ApoE, Clu is
the main brain cholesterol transporter. In high density lipoproptein
(HDL) particles Clu colocalizes with ApoA1, the third most abundant
apolipoprotein in the central nervous system, and mainly involved in
the reverse cholesterol transport in peripheral tissues (Pfrieger and
Ungerer, 2011). Both Clu and ApoA1 have been suggested to affect
AB-deposition and clearance (Castellano et al., 2011; Demattos et al.,
2004; Merino-Zamorano et al., 2016; Verghese et al., 2013), and are
considered to have neuroprotective properties, whereas Clu has been
reported to be compensatory induced in response to low brain levels
of ApoE in APOEe4 carriers (Bertrand et al., 1995; Demattos et al,,
2004; Koldamova et al., 2001; Narayan et al., 2012; Paula-Lima
et al,, 2009; Wyatt et al., 2011).

To investigate whether APOE affects the early pathophysiology of
AD via apolipoproteins, we assessed whether the association be-
tween APOEe4 allele frequency and CSF AB42 and tau levels could be
explained by mediation of these associations by CSF ApoE, Clu, and
ApoA1 levels in nondemented elderly with subjective cognitive
decline (SCD) and MCI.

2. Materials and methods
2.1. Subjects

From the Amsterdam Dementia Cohort, we included 403 non-
demented patients with available CSFand a baseline diagnosis of SCD
(N=191) or MCI (N = 212) (Albert et al., 2011; Jessen et al., 2014). All
patients underwent a standardized dementia screening including
neuropsychological, physical, and neurologic examination as well as
laboratory tests, electroencephalography, and brain magnetic reso-
nance imaging in a memory clinic setting (Van Der Flier et al., 2014).
Diagnoses were made in a multidisciplinary consensus meeting.
Patients were labeled as having SCD when they presented with
memory complaints, but cognitive functioning was normal, and
criteria for MCI, dementia, or any other neurologic or psychiatric
disorder known to cause cognitive decline were not met (Jessen et al.,
2014). MCI was diagnosed according to Petersen’s criteria, and all
MCI patients fulfilled National Institue on Aging (NIA) at National
Institutes of Health (NIH) and the Alzheimer’s Association core
clinical criteria for MCI (Albert et al., 2011; Petersen et al., 1999).

2.2. Ethical procedures

The local medical ethics committee of the VU University Medical
Center Amsterdam approved the collection of data and biomaterial
from patients for research purposes. All patients gave written
informed consent for the use of their data and biomaterial for
research purposes. All research was conducted in accordance with
the Helsinki Declaration of 1975.

2.3. Biomarker measurements

2.3.1. APOE genotyping
APOE genotyping was performed after automated genomic DNA
isolation from 7 to 10 mL blood collected in ethylenediamine

tetraacetic acid blood. It was subjected to polymerase chain reac-
tion, checked for size and quantity using a QIAxcel DNA Fast
Analysis kit (Qiagen, Venlo, The Netherlands), and sequenced using
Sanger sequencing on an ABI130XL.

2.3.2. CSF AB42 and tau analyses

CSF analyses were performed at the Neurochemistry Laboratory
at the Department of Clinical Chemistry of the VU University
Medical Center Amsterdam. CSF was obtained by lumbar puncture
between the L3/L4 or L4/L5 intervertebral space by a 25-gauge
needle and collected in polypropylene tubes (Sarstedt, Num-
brecht, Germany). CSF (2.5 mL) was used for routine chemical an-
alyses such as erythrocyte count, and AP42, tau, and tau
phosphorylated at threonine 181 (ptau) were measured using
enzyme-linked immunosorbent assay (ELISA) (Innotest, Fujirebio,
Ghent, Belgium) (Mulder et al., 2010). CSF for biobanking was
centrifuged, aliquotted into 0.5 mL polypropylene vials (Sarstedt),
and stored at —80 °C until further analysis (Del Campo et al., 2012).

2.3.3. CSF apolipoprotein analyses

ApoAT1 concentrations in CSF were measured using a commer-
cial sandwich ELISA™RC kit for human ApoA1 (Mabtech AB, Nacka
Strand, Sweden; Cat. No. 3710-1HP-10), according to the manu-
facturer’s instructions. This assay uses ELISA strips precoated with
capture monoclonal antibody (HDL110), to which samples were
added. Captured ApoAl was detected by adding another bio-
tinylated ApoA1-specific monoclonal antibody (HDL44). Serial di-
lutions of purified human ApoA1 were used to prepare a standard
curve (range 0.1-100 ng/mL) to calculate concentrations in the
samples. CSF samples were tested at 1:1000 dilutions. Intra-assay
coefficients of variance (CVs) for CSF ApoAl results were on
average 4.0%. Interassay CVs (26 plates) were 13.0% and 9.1% for the
low and high ApoA1l plasma controls, respectively.

ApoE concentrations in CSF were measured using a commercial
sandwich ELISA (Mabtech AB; Cat. No. 3712-1H-20). Monoclonal
antibody (E276) was used to capture the ApoE present in the
samples. Captured ApoE was subsequently detected by another
biotinylated ApoE-specific monoclonal antibody (E887). Serial 3-
fold dilutions of recombinant ApoE3 in Assay buffer (Mabtech AB)
were used to prepare a standard curve ranging from 0.03 to 31.6 ng/
mL. CSF samples were diluted 1:2000 in Assay buffer. Intra-assay
CVs for CSF ApoE results were on average 3.0%. Interassay CVs (24
plates) were 10.3% and 10.4% for plasma high and low, respectively.

Clu concentrations in CSF were determined in a sandwich ELISA
using a combination of Clu-specific mouse monoclonal antibodies
(kindly provided by Dr Braesch-Andersen; Mabtech AB). Antibody
J29 was used to capture Clu in samples, and another, biotinylated
mouse monoclonal antibody, |84, for detection. Clu to prepare a
standard curve (range 0.11-285 ng/mL) was isolated by affinity
chromatography using Clu-specific monoclonal antibody G7
coupled to Sepharose 4B beads (Jongbloed et al., 2015). Dilutions of
standard and patient samples were prepared in Assay buffer
(Mabtech). The intra-assay CV was less than 5%. Interassay CV was
9.8%.

Detection of ApoA1, ApoE, and Clu in the ELISAs was visualized
on subsequent incubations with streptavidin-horseradish
peroxidase and 3,5,3',5'-tetramethylbenzidine (Sigma, Germany).

2.4. Statistical analyses

In this cross-sectional study data were analyzed using statistical
package for the social sciences for Macintosh, version 20 (IBM,
Armonk, NY, USA). Demographic features were compared based on
APOEe4 carriership, and diagnosis (SCD vs. MCI), using t tests or >
tests as appropriate. Before analyses all biomarkers were log-
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Fig. 1. Visual interpretation of the concept of mediation. X = independent variable, Y =
outcome variable, M = (possible) mediating variable. To evaluate possible mediation by
mediator M on the relation between X and Y, variables X and Y and variable X and
mediator M need to be significantly associated, otherwise one cannot speak of medi-
ation. a = association between variable X and M; b = association between mediator M
and Y, adjusted for variable X; ¢ = association between X and Y; ¢’ = association be-
tween X and Y, adjusted for mediator M. Mediation = c-c/, percentage of mediation =
(c-c")[c x 100.

transformed, because they did not have a normal distribution.
Subsequently, we transformed all biomarker values to z scores.
Associations between APOEe4 allele frequency, CSFAB42 and tau
levels, and CSF ApoE, Clu, and ApoA1l concentrations were investi-
gated using linear regression analyses, adjusted for age and gender.
Subsequently, we used mediation analyses to assess whether CSF
apolipoproteins influenced (mediated) the relation between
APOEe4 allele frequency and CSF AB42 and tau. Mediation analysis is
a method to evaluate the possible influence of mediator M on the
relation between independent variable (X) and outcome variable
(Y) (Baron and Kenny, 1986; Hayes, 2009; Mackinnon et al., 2007).
We used linear regression analysis, adjusted for age and gender, to
evaluate associations between independent variable X (APOEe4
allele frequency) and outcome variable Y (CSF AB42 or tau), this
direct association was referred to as relation c. Then we evaluated
associations between X and possible mediator M (i.e., CSF ApoE, Clu,
or ApoA1) (association X-M was referred to as association a), and
the association between M and Y adjusted for X (referred to as as-
sociation b). To evaluate possible mediation by mediator M on the
relation between X and Y, associations a, b, and ¢ need to be sig-
nificant, otherwise one cannot evaluate mediation. Finally, we
evaluated the amount of change in regression coefficient (direct
association X-Y (c)) adjusted for mediator M, resulting in the indi-
rect association X-Y (referred to as association c’). The mediation
effect was then calculated (c-c’) as well as the percentage of
mediation ((c-c’)/c x 100), which represents the amount by which

mediator M explains the relation between X and Y. See also Fig. 1 for
a visual representation of the mediation concept. With regards to
terminology we used the word mediate to indicate a statistical
mediation by mediator M on the relation between X and Y. This does
not automatically imply a causal relation, but does indicate a sta-
tistical influence of M on the association between X and Y.

Besides APOEe4 allele frequency, we took CSF ApoE as a starting
point and evaluated mediation of CSF Clu and ApoA on the asso-
ciation between CSF ApoE and CSF tau.

All analyses were adjusted for age and gender, p < 0.05 was
considered significant.

3. Results

3.1. Demographic features and CSF AD biomarker and
apolipoprotein levels

Table 1 shows the demographic features of the study partici-
pants. Distribution of APOEe4 allele frequency (0/1/2 alleles) was
203/142/58. On average patients were aged 64 + 9 years, with a
mean Mini-Mental State Examination of 27 4 2, and 166 (41%) were
female. APOEe4 carriers had lower CSF AB42, higher CSF tau, and
higher CSF ApoE levels (3.1 &+ 1.4 vs. 3.9 + 3.1, p = 0.000). CSF Clu
and ApoAT1 concentrations did not differ between APOEe4 carriers
and noncarriers. CSF ApoE, Clu, and ApoA1 were all associated with
age (respectively f = 0.18, p = 0.000; B = 0.26, p = 0.000; and B =
0.14, p = 0.006). There were no gender differences in CSF ApoE and
Clu levels, whereas ApoA1 levels were lower in female participants
(3.2 &+ 1.5 vs. 4.0 &+ 4.1, p = 0.000). Therefore, all analyses were
adjusted for age and gender.

3.2. Associations between APOEe4, CSF AB42, tau, and CSF
apolipoproteins

Table 2 shows associations between APOEe4 allele frequency,
CSF AB42, tau and CSF apolipoproteins. We assessed these relations
between APOEe4 allele frequency and CSF analytes using linear
regression analysis, adjusted for age and gender. Increased APOEe4
allele frequency was associated with lower CSF AB42 ( = —0.62,
p = 0.000), higher CSF tau (0.31, p = 0.000), and higher CSF ApoE
levels (0.41, p = 0.000), but not CSF Clu or ApoAl. Higher CSF tau
was associated with higher CSF ApoE (B = 0.44, p = 0.000) and
higher CSF Clu levels (f = 0.49, p = 0.000), but not ApoA1l. Mean-
while, CSF AB42 was not associated with any of the CSF apolipo-
proteins we measured. See Fig. 2 for scatterplots of associations
between CSF AB42 and tau, and CSF apolipoproteins.

Table 1

Demographic features of the study population of nondemented elderly (n = 403)
Variable All APOEe4 negative APOEe4 positive p SCD MCI p
N 403 203 200 191 212
Age (y) 64.0 + 9.1 63.3 £ 9.5 64.8 + 8.6 0.101 60.5 + 8.8 67.2 + 8.2 0.000
Gender, female 166 (41%) 73 (36%) 93 (47%) 0.034 75 (39%) 91 (43%) 0.479
MMSE 273 +£22 275+ 1.1 272 +23 0.087 282+ 1.6 265+24 0.000
APOEe4 positive 200 (50%) 74 (39%) 126 (63%) 0.000
APOEe4 allele frequency (0/1/2) 203/142/58 117/58/16 86/84/42 0.000
CSF Ap42 (ng/L) 728 + 281 843 + 268 611 + 243 0.000 841 + 248 626 + 270 0.000
CSF tau (ng/L) 407 + 318 340 + 245 475 + 365 0.000 289 + 203 513 + 362 0.000
CSF ApoE (mg/L) 35+15 31+ 14 3.9+ 3.1 0.000 33+14 37+15 0.000
CSF clusterin (mg/L) 9.1+34 9.2 +36 9.1 +£3.1 0.901 21+04 22 +04 0.181
CSF ApoA1l (mg/L) 3.7+33 3.7+43 3.6 +20 0.585 37+44 36+19 0.448

Demographic features of 403 nondemented participants with SCD (n = 191) or MCI (n = 212). Data are presented as the mean =+ standard deviation or n (%); t tests and 72 tests
were used to assess differences between APOEe4 carriers versus noncarriers, and between diagnoses (SCD vs. MCI).
Key: Ap42, amyloid beta;_4,; ApoAl, apolipoprotein Al; ApoE, apolipoprotein E; CSF, cerebrospinal fluid; MCI, mild cognitive impairment; MMSE, Mini-Mental State Ex-

amination; SCD, subjective cognitive decline.
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Table 2
Linear regression analyses between CSF analytes and APOEe4 allele frequency in nondemented elderly (n = 403)
Variable Group APOEe4 allele frequency (1/2/3/) CSF Ap42 CSF tau CSF ApoE CSF ApoJ (Clu) Age
CSF AB42 All —0.62, p = 0.000 —0.32, p = 0.000
SCD —-0.42, p = 0.000
MCI —0.65, p = 0.000
CSF tau All 0.31, p = 0.000 —0.30, p = 0.000 0.39, p = 0.000
SCD 0.11, p = 0.161 —0.07, p = 0.255
MCI 0.32, p = 0.000 —0.32, p = 0.000
CSF ApoE All 0.41, p = 0.000 —-0.05, p = 0.363 0.49, p = 0.000 0.18, p = 0.000
SCD 0.37, p = 0.001 —0.02, p = 0.805 0.65, p = 0.000
MCI 0.41, p = 0.000 —0.03, p = 0.955 0.44, p = 0.000
CSF Apo] (Clu) All —-0.03, p = 0.670 0.04, p = 0434 0.32, p = 0.000 0.42, p = 0.000 0.26, p = 0.000
SCD —0.15,p = 0.152 —0.06, p = 0.511 0.44, p = 0.000 0.38, p = 0.000
MCI 0.06, p = 0.494 0.10, p = 0.168 0.33, p = 0.000 0.48, p = 0.000
CSF ApoAl All 0.06, p = 0.406 0.04, p = 0428 0.07,p =0.219 0.08,p =0.124 0.37, p = 0.000 0.14, p = 0.006
SCD 0.13,p = 0.285 0.09, p = 0.323 —0.00, p = 0.974 0.05, p = 0.492 0.40, p = 0.000
MCI 0.02, p = 0.831 0.02, p = 0.804 0.12, p = 0.073 0.10, p = 0.104 0.35, p = 0.000

Overview of associations between CSF analytes and APOEe4 allele frequency in nondemented elderly (n = 403), subsequently stratified for diagnosis (SCD and MCI). All linear
regression analyses were adjusted for age and gender, results are displayed as  with p value. We also show unadjusted associations between age and CSF analytes.
Key: AB42, amyloid beta;_42; Apo, apolipoprotein; Clu, clusterin; CSF, cerebrospinal fluid; MCI, mild cognitive impairment; SCD, subjective cognitive decline.

Higher CSF Clu was associated with both higher CSF ApoE ( =
0.42, p = 0.000) and higher CSF ApoA1 (f = 0.37, p = 0.000), but

there was no relation between CSF ApoE and ApoAl. After stratifi-

cation for diagnosis (SCD or MCI) results remained essentially the
same, only the association between APOEe4 allele frequency and
CSF tau, and AP42 and CSF tau was not significant anymore in in-
dividuals with SCD (respectively 8 = 0.11, p = 0.161 and § = —0.07,

p = 0.255, see Table 2).
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3.3. Mediation analyses of CSF apolipoproteins on the relation
between APOEe4 allele frequency and CSF AB42 and tau

Then, we investigated mediation of CSF apolipoproteins using
linear regression analyses, adjusted for age and gender. The direct
association between APOEe4 allele frequency and CSF Af42
was —0.62 (c; p = 0.000). CSF ApoE, Clu, or ApoA1 did not mediate

this relation (see Fig. 3). For more detailed results of linear

.
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Fig. 2. Associations between CSF AB42, tau, and apolipoproteins. (A) Scatterplots of associations between CSF Ap42 and CSF ApoE, clusterin, and ApoA1, marked by APOEe4 status
(APOEe4 negative, ¢4 heterozygous or homozygous). (B) Scatterplots of associations between CSF tau and CSF ApoE, clusterin, and ApoA1, marked by APOEe4 status. Abbreviations:
AB42, amyloid beta;_42; ApoAl, apolipoprotein Al; ApoE, apolipoprotein E; CSF, cerebrospinal fluid.
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Direct effect
APOE €4 allele c=-.62**
freq (0/1/2) CSF Ap42
APOE €4 allele
freq (0/1/2) CSF Ap42
No mediation
CSF ApoE CSF clusterin CSF ApoA1

Fig. 3. No mediation by apolipoproteins of the association between APOEe4 allele
frequency and CSF AP42. Results displayed as standardized B, adjusted for age and
gender, “"p < 0.001. Abbreviations: AB42, amyloid-beta; 45; ApoA1, apolipoprotein Al;
ApoE, apolipoprotein E; ¢, association adjusted for age and gender; CSF, cerebrospinal
fluid; freq, frequency.

regression analyses used to evaluate mediation of CSF apolipopro-
teins see Supplementary Table A.

The direct association between APOEe4 allele frequency and CSF
tau was 0.31 (c; p = 0.000). This relation was partially mediated by
CSF ApoE (c’; B = 0.16, p = 0.000; c-¢' = 0.15, B ratio 48%, see Fig. 4).
CSF Clu or ApoA1 did not mediate the association between APOEe4
allele frequency and CSF tau.

Taking CSF ApoE as a starting point, the association between CSF
ApoE and CSF tau was 0.41 (c; standardized beta, p < 0.001). This
relation was partially mediated by CSF Clu (¢’; standardized beta =
0.36,p < 0.001; c-c’ = 0.05, B ratio 12%), but not by ApoA1, see Fig. 5.

After stratification for diagnosis (SCD vs. MCI) all results
remained essentially the same. Only the association used to eval-
uate mediation of CSF ApoE on the relation APOEe4 allele frequency
and CSF tau was not significant anymore, but results were still in the
same direction. For more detailed results after stratification for
diagnosis see Supplementary Table A.

4. Discussion

APOEe4 carriership is a major genetic risk factor for AD, but the
exact pathophysiological mechanisms eventually leading to AD

Direct effect

APOE €4 allele c=.31**

freq (0/1/2)

CSF tau

Mediation
c-c'=0.15 (48%)

CSF ApoE

APOE €4 allele c'=.16*
freq (0/1/2) GSEitau

No mediation

CSF clusterin CSF ApoA1

Fig. 4. Mediation (48%) by CSF ApoE of the association between APOEe4 allele fre-
quency and CSF tau. CSF clusterin and ApoAl do not mediate the association. Results
displayed as standardized B, adjusted for age and gender, "p < 0.05, “'p < 0.001. Ab-
breviations: ApoA1, apolipoprotein A1; ApoE, apolipoprotein E; c, association adjusted
for age and gender; ¢/, association adjusted for age, gender, and mediator; CSF, cere-
brospinal fluid; freq, frequency.

Direct effect

c=0.41**

CSF ApoE CSF tau

Mediation
c-c'=0.05 (12%)

CSF clusterin

CSF ApoE =30 CSF tau

No mediation
CSF ApoA1

Fig. 5. Mediation (12%) by CSF clusterin of the association between CSF ApoE and CSF
tau. Results displayed as standardized B, adjusted for age and gender, “p < 0.05, “p <
0.001. Abbreviations: ApoAl1, apolipoprotein A1; ApoE, apolipoprotein E; c, association
adjusted for age and gender; ¢/, association adjusted for age, gender, and mediator; CSF,
cerebrospinal fluid.

remain to be elucidated. To assess whether APOEe4 genotype exerts
its effect on AD pathology directly via ApoE levels or indirectly via
effects on levels of other apolipoproteins (Clu or ApoA1) that share
some of the lipid- and AB-carrier properties of ApoE, we examined
the mediating effects of these apolipoproteins in CSF of non-
demented elderly. We found that CSF ApoE levels partially
explained the relation between APOEe4 allele frequency and CSF
tau, and that CSF levels of apolipoprotein Clu mediated the asso-
ciation between CSF ApoE and tau. Contrary to our expectation, CSF
ApoE protein levels did not mediate the relation between APOEe4
allele frequency and CSF AB42, despite a strong association between
these latter 2 biomarkers.

Previous studies observed APOEe4 allele dose-dependent effects
on the risk of developing AD and amyloid plaque load in the brain,
with an inverse effect of APOEe4 allele frequency on CSF AB levels
(Fagan et al., 2006; Prince et al., 2004). Effects of APOEe4 may be
because of effects on clearance and degradation of A, as well as
effects on AB production (Jiang et al., 2008; Schmechel et al., 1993).
In line with previous research, we found a strong negative associ-
ation between APOEe4 allele frequency and CSF AB42 levels. How-
ever, the strong relation between APOEe4 and CSF AB42 levels could
not be explained by changes in CSF ApoE levels, despite the asso-
ciation of APOEe4 allele frequency with both CSF AB42 and CSF ApoE
levels in our cohort. The lack of association between CSF ApoE and
CSF AP42 levels we observed was in contrast to some studies
(Cruchaga et al., 2012; Fagan et al., 2000; LaDu et al., 2012) but not
to other studies (Martinez-Morillo et al., 2014; Toledo et al., 2014;
Verghese et al., 2013) studies.

We did find a dose-dependent effect of APOEe4 allele frequency
on CSF tau levels, for which CSF ApoE levels were a substantial
mediator. Clinical studies have reported associations between CSF
tau and CSF ApoE levels in patients with AD (Martinez-Morillo et al.,
2014; Molina et al., 1999), but direct effects of APOEe4 carriership on
tau in AD are less frequently studied than associations with Af.
In vitro the ApoE &4 isoform was found to induce tau hyper-
phosphorylation, whereas ApoE €3 increased the functional activity
of protein phosphatase 2, which dephosphorylates phosphorylated
tau in neurofibrillary tangles, suggesting opposite effects of €3 and
e4 isoforms on AD-related neuronal damage (Brecht et al., 2004).
Furthermore, ApoE ¢4 has been shown to interact with cytoskeletal
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Fig. 6. Overview of associations between APOE, CSF AB42, tau, and apolipoproteins, and hypothetical underlying pathologic alterations. (Solid lines) significant associations, (dashed
lines) hypothetical relations. Abbreviations: AB42, amyloid-beta;_4,; APOE, apolipoprotein E; CSF, cerebrospinal fluid.

proteins to form tangle-like structures containing phosphorylated
tau, and truncated ApoE e4 fragments might increase cytoskeletal
disruption and mitochondrial dysfunction and neurotoxicity
(Chang et al., 2005; Huang et al., 2001).

The lack of association between CSF ApoE and CSF AB42 levels in
our study, together with the mediation of CSF ApoE in the relation
between APOEe4 and tau, may suggest that the ApoE &4 isoform
influences neuronal damage, reflected by increased CSF tau levels,
indirectly via other mechanisms independent of AB. It has been
proposed that tau-related pathology, independent of AB, might
initiate and contribute to the pathogenesis of AD (Jack et al., 2013a,
b). Possible AB-independent pathways affecting the pathophysi-
ology of AD include the influence of APOE on inflammatory pro-
cesses, cerebrovascular changes, and lipid homeostasis and thereby
synaptic plasticity among others (Wolf et al., 2013). We theoreti-
cally evaluated these possible underlying mechanisms provoking
AD pathophysiology independent of A. First, innate immunity not
only maintains homeostasis in cerebro through clearance of aged
and obsolete proteins and cells but can also initiate neuronal
damage when not properly controlled (Keene et al., 2011). The ApoE
e4 isoform has reduced anti-inflammatory properties compared
with the other isoforms, which facilitates a proinflammatory
environment with increased levels of proinflammatory cytokines
tumor necrosis factor-o and interleukin-6 (Lynch et al., 2003; Zhu
et al., 2012), and increased microglial activation, which in turn
may facilitate neuronal damage (Keene et al., 2011; Zhu et al., 2012).

Second, cerebrovascular effects of ApoE include effects on
integrity of the blood-brain barrier (BBB), which is more impaired
in patients with AD carrying 1 or 2 APOEe4 alleles, and may
contribute to the disease via impaired AB clearance (Zipser et al.,
2007). Independent of AB, BBB dysfunction may affect the patho-
physiology of AD via impaired brain microcirculation, inducing
neuronal dysfunction and injury (Zlokovic, 2011). How ApoE is
involved in impaired vascular integrity and BBB dysfunction still

remains largely unknown. A likely scenario suggested that
expression of ApoE ¢4 can lead to activation of a proinflammatory
cyclophilin ~ A—nuclear factor-kB—matrix-metalloproteinase-9
pathway in pericytes, that results in BBB breakdown (Bell et al.,
2012), and ultimately to neuronal dysfunction. Taken together,
these studies suggest that independent of AB, ApoE might influence
vascular integrity early in AD pathogenesis.

A third AB-independent scenario beholds the influence of APOE
on lipid homeostasis. Cholesterol is a vital component of cell
membranes and maintaining lipid homeostasis is of great impor-
tance in the prevention of neurodegenerative diseases (Pfrieger and
Ungerer, 2011). ApoE-mediated lipid redistribution is indispensable
to the maintenance of synapse integrity and plasticity, both known
to be affected in AD (Poirier et al., 2014). ApoE is mainly produced
by astrocytes and microglia. Neuronal ApoE expression is upregu-
lated after neuronal damage, possibly to induce neuronal repair
(Aoki et al., 2003). The ApoE &4 isoform is thought to confer the risk
of AD via less effective lipidation and neuronal cholesterol delivery
(Bu, 2009), which may lead to impaired neuronal plasticity and
reduced neurogenesis, both involved in the pathogenesis of AD,
independent of AR (Wolf et al., 2013). Although the ApoE ¢4 isoform
is less efficient in lipid transport, other apolipoproteins, such as Clu,
may in turn be able to facilitate lipid transport and compensate for
the ApoE ¢4 isoform-associated loss in function. A graphical over-
view of associations and hypothetical underlying changes is pro-
vided in Fig. 6.

When we took the relationship between CSF ApoE and CSF tau as
a starting point, we found that this relation was partially mediated
(12%) by CSF Clu levels. A possible explanation is that Clu expression
is upregulated in response to neuronal damage, in our study re-
flected by higher Clu levels associated with higher tau. In a mouse
model overexpressing tau, Clu expression was found to be upre-
gulated in the brain, whereas intracellular Clu interacted with tau in
neurons (Zhou et al., 2013). However, in previous clinical studies we
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have observed a correlation between CSF tau and Clu levels not only
in nondemented patients frequenting our Alzheimer center
(Jongbloed et al., 2015) but also in nondemented Parkinson patients
and neurologically healthy control subjects (Van Dijk et al., 2013),
which suggests that Clu may be involved in physiological processes
as well. In the present study, we observed a relation between CSF Clu
and CSF tau, but no significant association between CSF Clu and CSF
AP42, whereas we did see a relation between CSF Clu and CSF Ap42
in MClI cases, but notin AD or SCD, before (Jongbloed et al., 2015). Clu
probably plays a physiological role in the clearance of AB42 toward
the CSF through complex formation. The difference in associations
between CSF Clu and CSF AB42 between our previous and present
studies may be because of the extent of Clu-Af complex formation
that may differ between health and disease, and may interfere with
CSF AP measurements (Ghiso et al., 1993), thus influencing associ-
ations between CSF Clu and CSF AP42 levels determined in ELISAs.
The composition of the nondemented elderly group in the present
study comprised MCI and also SCD cases, and thus more cases
without AD pathology. Moreover, the group size in the present study
was 8-fold larger, and adjusted for age and gender, which may all to
some extent have contributed to the observed differences in asso-
ciation between current and previous studies. Clu promotes neu-
roprotective or regenerative processes, including neurite outgrowth
and network complexity in reaction to neuronal damage, a capacity
thought to be impaired in the ApoE e4 isoform (Lidstrom et al., 1998;
Wicher et al., 2008). Because in brain homogenates of patients with
AD with APOEe4 carriership ApoE levels were lower and Clu higher, it
has been suggested that Clu substitutes ApoE when levels or func-
tional activity of ApoE is reduced (Bertrand et al., 1995). Such a
substitution of ApoE by Clu may explain the mediating effect of Clu
on the CSF ApoE and tau association.

Previous research indicated that ApoAl was of influence in
predementia stages of AD (Saczynski et al., 2007; Slot et al., 2017;
Song et al., 2012), but we found no mediating effect of CSF ApoA1l
on relations between APOEe4 carriership and CSF AB42 or tau. In our
study CSF ApoA1 was associated with CSF Clu, possibly because
both colocalize in HDL particles, but ApoA1 did not relate to either
CSF ApoE, AB, or tau levels. ApoAl and Clu both have neuro-
protective properties and may be upregulated in response to AB-
related AD pathology (Demattos et al., 2004; Paula-Lima et al.,
2009; Wyatt et al., 2011). However, although CSF Clu levels prob-
ably increase because of local production in cerebro, those of
ApoAl, which is mainly produced in the liver, probably increase
because of enhanced transport over the BBB (Stukas et al., 2014).
CSF or plasma ApoAl have not been previously reported to be
correlated with CSF or plasma AB42, but plasma ApoAT1 levels were
associated with plasma ABi_40 in cerebral amyloid angiopathy pa-
tients, and apoA1 was suggested to be a physiological transporter of
soluble AP at the peripheral level (Montafiola et al., 2016). This may
differ from the situation in the brain parenchyma as Clu facilitated
AP1—_40 efflux over the BBB in an in vitro model using mouse cerebral
capillary endothelial cells, whereas ApoAl did not (Merino-
Zamorano et al., 2016). In summary, further research is needed to
investigate the differential roles of these 2 apolipoproteins, both
with neuroprotective properties but with distinct roles in choles-
terol and presumably also AB transport.

Our findings suggest a differential role for ApoE and Clu in in-
dividuals with SCD and MCI with AD pathology, which are both
stages in which patients are not demented. Strengths of the study
include the large sample of nondemented elderly with CSF bio-
markers measured after stringent procedures and extensive stan-
dardized clinical investigation in a memory clinic setting. It is of
note that not all individuals with MCI, and even less with SCD,
eventually progress to dementia because of AD. Memory com-
plaints and cognitive deficits may have various other underlying

causes, such as vascular cognitive impairment and depression
among others (Mewton et al., 2014; Serra et al.,, 2013). Therefore,
evaluation of the observed mediation effects in relation to clinical
subtypes and follow up of clinical progression of participants may
be of much interest. Unfortunately, the limited sample size of
subsets and the lack of postmortem neuropathologic data review-
ing postmortem diagnoses did not allow such an evaluation. The
lack of individuals with dementia because of AD in our project can
be considered a limitation of this study, as we could not comprise
the apolipoproteins within the whole AD continuum. Either way,
evaluating nondemented patients may provide more information of
the role of apolipoproteins in preclinical and prodromal stages of
AD. Another limitation of the study includes the lack of experi-
mental evaluation of the proposed associations, generated by a
statistical approach using mediation analysis. Mediation analysis is
a useful tool to evaluate the influence of a certain “mediator” on a
proposed relationship. However, it does not imply a direction of the
relationship, nor does it imply a causal relation. Evaluation of var-
iables by mediation analysis is purely statistical and theoretical.
Therefore further experimental evaluation of the type and extent of
interaction between analytes, and also APOE genotype, is essential
to further understand their impact on AD pathophysiology.

In conclusion, in nondemented elderly, CSF ApoE and Clu
influenced the relation between APOEe4 allele frequency and CSF
tau, but not CSF AB42. These findings suggest that in predementia
stages of AD, APOEe4 genotype may contribute to the pathophysi-
ology of AD via AB-independent pathways as part of the cascade
leading to Alzheimer pathology.

Disclosure

R.S., MK, AH., WJ., EB,, and R.V,, report no disclosures. C.T.
serves on the advisory board of Fujirebio and Roche, performed
contract research for IBL, Shire, Boehringer, Roche, and Probiodrug,
and received lecture fees from Roche and Axon Neurosciences. P.S.
has received grant support for the institution Alzheimer Center, VU
University Medical Center from GE Healthcare and MERCK; he has
received speaker’s fees paid to the institution Alzheimer Center, VU
University Medical Center, from Lilly, GE Healthcare, and Roche.
W.E has received research funding and speaker honorarium from
Boehringer Ingelheim, all funds were paid to her institution the
Alzheimer Center, VU University Medical Center.

Acknowledgements

The authors would like to thank Mrs M. van der Wal and Mr J.A.
Heijst from the Neurochemistry Laboratory of the VUmc for their
expert technical support, and Dr S. Braesch-Andersen (Mabtech AB,
Nacka Strand, Sweden) for providing clusterin antibodies and
sharing apolipoprotein expertise.

Apolipoprotein measurements were funded with a grant from
the Willem Meindert de Hoop Stichting, The Netherlands. The
VUmc Alzheimer Center is supported by Alzheimer Nederland and
Stichting VUmc fonds. Dr Van der Flier received a grant from
Gieskes Strijbis Fonds to study subjective cognitive decline. The
clinical database structure was developed with funding from
Stichting Dioraphte. Research of the VUmc Alzheimer Center is part
of the neurodegeneration research program of Neuroscience
Amsterdam.

Appendix A. Supplementary data
Supplementary data associated with this article can be found, in

the online version, at https://doi.org/10.1016/j.neurobiolaging.2019.
02.017.


https://doi.org/10.1016/j.neurobiolaging.2019.02.017
https://doi.org/10.1016/j.neurobiolaging.2019.02.017

108 R.E.R. Slot et al. / Neurobiology of Aging 79 (2019) 101—109

References

Albert, M.S., DeKosky, S.T., Dickson, D., Dubois, B., Feldman, H.H., Fox, N.C., Gamst, A.,
Holtzman, D.M., Jagust, W.J., Petersen, R.C.,, Snyder, PJ., Carrillo, M.C,, Thies, B.,
Phelps, C.H., 2011. The diagnosis of mild cognitive impairment due to Alz-
heimer’s disease: recommendations from the National Institute on Aging-Alz-
heimer’s Association workgroups on diagnostic guidelines for Alzheimer’s
disease. Alzheimers Dement. 7, 270—279.

Aoki, K., Uchihara, T., Sanjo, N., Nakamura, A., Ikeda, K., Tsuchiya, K., Wakayama, Y.,
2003. Increased expression of neuronal apolipoprotein E in human brain with
cerebral infarction. Stroke 34, 875—880.

Baron, R.M., Kenny, D.A., 1986. The moderator-mediator variable distinction in social
psychological research: conceptual, strategic, and statistical considerations.
J. Pers. Soc. Psychol. 51, 1173—1182.

Bell, R.D., Winkler, E.A., Singh, I, Sagare, A.P,, Deane, R., Wu, Z., Holtzman, D.M.,
Betsholtz, C., Armulik, A., Sallstrom, J., Berk, B.C., Zlokovic, B.V., 2012. Apolipo-
protein E controls cerebrovascular integrity via cyclophilin A. Nature 485, 2—7.

Bertrand, P, Poirier, ], Oda, T., Finch, C.E., Pasinetti, G.M., 1995. Association of
apolipoprotein E genotype with brain levels of apolipoprotein E and apolipo-
protein J (clusterin) in Alzheimer disease. Brain Res. Mol. Brain Res. 33, 174—178.

Brecht, WJ., Harris, EM., Chang, S., Tesseur, I., Yu, G.Q., Xu, Q., Dee Fish, ]., Wyss-
Coray, T., Buttini, M., Mucke, L., Mahley, RW., Huang, Y., 2004. Neuron-specific
apolipoprotein e4 proteolysis is associated with increased tau phosphorylation
in brains of transgenic mice. J. Neurosci. 24, 2527—2534.

Bu, G., 2009. Apolipoprotein E and its receptors in Alzheimer’s disease: pathways,
pathogenesis and therapy. Nat. Rev. Neurosci. 10, 333—344.

Castellano, .M., Kim, J., Stewart, FR., Jiang, H., DeMattos, R.B., Patterson, B.W.,
Fagan, A.M., Moirris, J.C., Mawuenyega, K.G., Cruchaga, C., Goate, A.M.,, Bales, K.R.,
Paul, S.M., Bateman, RJ., Holtzman, D.M., 2011. Human apoE isoforms differ-
entially regulate brain amyloid-p peptide clearance. Sci. Transl. Med. 3, 89ra57.

Chang, S., Ma, T., Miranda, R.D., Balestra, M.E., Mahley, RW., Huang, Y., 2005. Lipid-
and receptor-binding regions of apolipoprotein E4 fragments act in concert to
cause mitochondrial dysfunction and neurotoxicity. Proc. Natl. Acad. Sci. U. S. A.
102, 18694—-18699.

Corder, E.H., Saunders, A.M., Strittmatter, W.J., Schmechel, D.E., Gaskell, P.C,
Small, G.W., Roses, A.D., Haines, J.L., Pericak-Vance, M.A., 1993. Gene dose of
apolipoprotein E type 4 allele and the risk of Alzheimer’s disease in late onset
families. Science 261, 921-923.

Cruchaga, C., Kauwe, ].S.K, Nowotny, P, Bales, K. Pickering, E.H., Mayo, K,
Bertelsen, S., Hinrichs, A., The Alzheimer’s Disease Neuroimaging Initiative,
Fagan, A.M., Holtzman, D.M., Morris, J.C., Goate, A.M., 2012. Cerebrospinal fluid
APOE levels: an endophenotype for genetic studies for Alzheimer's disease.
Hum. Mol. Genet. 21, 4558—4571.

Del Campo, M. Mollenhauer, B. Bertolotto, A., Engelborghs, S. Hampel, H.,
Simonsen, A.H., Kapaki, E., Kruse, N., Le Bastard, N., Lehmann, S., Molinuevo, J.L.,
Parnetti, L., Perret-Liaudet, A., Saez-Valero, J., Saka, E., Urbina, A., Van Mechelen, E.,
Verbeek, M.M,, Visser, PJ., Teunissen, C.E., 2012. Recommendations to standardize
preanalytical confounding factors in Alzheimer’s and Parkinson’s disease cere-
brospinal fluid biomarkers: an update. Biomark. Med. 6, 419—430.

Demattos, R.B., Cirrito, J.R., Parsadanian, M., May, P.C,, Dell, M.A.O., Taylor, J.W.,
Harmony, J.A.K., Aronow, B.J., Bales, K.R., Paul, S.M., Holtzman, D.M., 2004. ApoE
and clusterin cooperatively suppress amyloid beta levels and deposition: evi-
dence that ApoE regulates extracellular amyloid beta metabolism in vivo.
Neuron 41, 193—202.

Fagan, A.M., Younkin, LH., Morris, J.C, Fryer, ]J.D., Cole, T.G., Younkin, S.G.,
Holtzman, D.M., 2000. Differences in the AB40/AB42 ratio associated with ce-
rebrospinal fluid lipoproteins as a function of apolipoprotein E genotype. Ann.
Neurol. 48, 201-210.

Fagan, A.M., Mintun, M.A., Mach, R.H,, Lee, S.Y., Dence, C.S., Shah, A.R,, LaRossa, G.N.,
Spinner, M.L, Klunk, W.E., Mathis, C.A., DeKosky, S.T. Morris, ].C,
Holtzman, D.M., 2006. Inverse relation between in vivo amyloid imaging load
and cerebrospinal fluid AB4; in humans. Ann. Neurol. 59, 512—519.

Frieden, C., Garai, K., 2012. Structural differences between apoE3 and apoE4 may be
useful in developing therapeutic agents for Alzheimer’s disease. Proc. Natl.
Acad. Sci. U. S. A. 109, 8913—-8918.

Ghiso, J., Matsubara, E., Koudinov, A., Choi-Miura, N.H., Tomita, M., Wisniewski, T.,
Frangione, B., 1993. The cerebrospinal-fluid soluble form of Alzheimer’s amyloid
beta is complexed to SP-40,40 (apolipoprotein ]), an inhibitor of the comple-
ment membrane-attack complex. Biochem. J. 293, 27—30.

Gupta, V.B., Laws, S.M,, Villemagne, V.L, Ames, D., Bush, A, Ellis, KA., Lui, JK,
Masters, C., Rowe, C.C, Szoeke, C., Taddei, K., Martins, R.N., 2011. Plasma
apolipoprotein E and Alzheimer disease risk: the AIBL study of aging. Neurology
76, 1091-1098.

Hayes, A.F., 2009. Beyond Baron and Kenny: statistical mediation analysis in the
new millennium. Commun. Monogr. 76, 408—420.

Huang, Y., Liu, X.Q., Wyss-Coray, T., Brecht, WJ., Sanan, D.A., Mahley, R.W., 2001.
Apolipoprotein E fragments present in Alzheimer’s disease brains induce
neurofibrillary tangle-like intracellular inclusions in neurons. Proc. Natl. Acad.
Sci. U. S. A. 98, 8838—8843.

Jack, CR., Knopman, D.S., Jagust, W.,J., Petersen, R.C., Weiner, M.\W., Aisen, P.S.,
Shaw, L.M., Vemuri, P, Wiste, HJ., Weigand, S.D., Lesnick, T.G., Pankratz, V.S.,
Donohue, M.C., Trojanowski, ].Q., 2013a. Tracking pathophysiological processes
in Alzheimer’s disease: an updated hypothetical model of dynamic biomarkers.
Lancet Neurol. 12, 207—-216.

Jack, CR., Wiste, HJ., Weigand, S.D., Knopman, D.S., Lowe, V., Mielke, M.M.,
Jones, D.T,, Senjem, M.L.,, Gunter, J.L., Gregg, B.E., Pankratz, V.S., Petersen, R.C.,
2013b. Amyloid-first and neurodegeneration-first profiles characterize incident
amyloid PET positivity. Neurology 81, 1732—1740.

Jansen, WJ., Ossenkoppele, R., Knol, D.L., Tijms, B.M., Scheltens, P., Verhey, FR].,
Visser, PJ., Aalten, P, Aarsland, D., Alcolea, D., Alexander, M., Almdahl, LS.,
Arnold, S.E., Baldeiras, I., Barthel, H., van Berckel, B.N.M., Bibeau, K., Blennow, K.,
Brooks, D.J., van Buchem, M.A., Camus, V., Cavedo, E., Chen, K., Chetelat, G.,
Cohen, A.D., Drzezga, A., Engelborghs, S., Fagan, A.M., Fladby, T., Fleisher, A.S.,
van der Flier, W.M., Ford, L., Forster, S., Fortea, ]J., Foskett, N., Frederiksen, K.S.,
Freund-Levi, Y., Frisoni, G.B., Froelich, L., Gabryelewicz, T, Gill, KD.,
Gkatzima, 0., Gémez-Tortosa, E., Gordon, M.E, Grimmer, T., Hampel, H.,
Hausner, L., Hellwig, S., Herukka, S.-K., Hildebrandt, H., Ishihara, L., Ivanoiu, A.,
Jagust, WJ.,, Johannsen, P., Kandimalla, R., Kapaki, E., Klimkowicz-Mrowiec, A.,
Klunk, W.E., Kohler, S., Koglin, N., Kornhuber, J., Kramberger, M.G., Van Laere, K.,
Landau, S.M.,, Lee, D.Y., de Leon, M., Lisetti, V., Lle6, A., Madsen, K., Maier, W.,
Marcusson, J., Mattsson, N., de Mendonga, A., Meulenbroek, O., Meyer, P.T,,
Mintun, M.A., Mok, V., Molinuevo, ].L., Megllergdrd, H.M., Morris, J.C., Mroczko, B.,
Van der Mussele, S., Na, D.L, Newberg, A. Nordberg, A. Nordlund, A.,
Novak, G.P, Paraskevas, G.P., Parnetti, L., Perera, G., Peters, O., Popp, ],
Prabhakar, S., Rabinovici, G.D., Ramakers, I.H.G.B., Rami, L., Resende de
Oliveira, C., Rinne, J.O., Rodrigue, K.M., Rodriguez-Rodriguez, E., Roe, C.M.,,
Rot, U., Rowe, C.C,, Riither, E., Sabri, O., Sanchez-Juan, P,, Santana, I., Sarazin, M.,
Schréder, J., Schiitte, C., Seo, S.W., Soetewey, F., Soininen, H., Spiru, L., Struyfs, H.,
Teunissen, C.E., Tsolaki, M., Vandenberghe, R., Verbeek, M.M., Villemagne, V.L.,
Vos, SJ.B., van Waalwijk van Doorn, L|J.C., Waldemar, G., Wallin, A., Wallin, AK.,
Wiltfang, J., Wolk, D.A., Zboch, M., Zetterberg, H., 2015. Prevalence of cerebral
amyloid pathology in persons without dementia. JAMA 313, 1924.

Jessen, F., Amariglio, R.E., van Boxtel, M., Breteler, M., Ceccaldi, M., Chételat, G.,
Dubois, B., Dufouil, C,, Ellis, K. a, van der Flier, W.M., Glodzik, L., van Harten, A.C.,
de Leon, M.J., McHugh, P., Mielke, M.M., Molinuevo, J.L., Mosconi, L., Osorio, R.S.,
Perrotin, A., Petersen, R.C., Rabin, LA, Rami, L., Reisberg, B., Rentz, D.M.,,
Sachdev, PS., de la Sayette, V., Saykin, AJ., Scheltens, P., Shulman, M.B.,
Slavin, M.J,, Sperling, R.A., Stewart, R., Uspenskaya, O., Vellas, B., Visser, PJ.,
Wagner, M., 2014. A conceptual framework for research on subjective cognitive
decline in preclinical Alzheimer’s disease. Alzheimers Dement. 10, 844—852.

Jiang, Q., Lee, C.Y.D., Mandrekar, S., Wilkinson, B., Cramer, P., Zelcer, N., Mann, K.,
Lamb, B., Willson, T.M., Collins, ].L., Richardson, J.C., Smith, ].D., Comery, T.A.,
Riddell, D., Holtzman, D.M., Tontonoz, P., Landreth, G.E., 2008. ApoE promotes
the proteolytic degradation of Abeta. Neuron 58, 681—693.

Jongbloed, W., van Dijk, K.D., Mulder, S.D., van de Berg, W.D.J., Blankenstein, M.A.,
van der Flier, W., Veerhuis, R., 2015. Clusterin levels in plasma predict cognitive
decline and progression to Alzheimer’s disease. ]. Alzheimers Dis. 46,
1103—-1110.

Keene, C.D., Cudaback, E., Li, X., Montine, K.S., Montine, TJ., 2011. Apolipoprotein E
isoforms and regulation of the innate immune response in brain of patients
with Alzheimer’s disease. Curr. Opin. Neurobiol. 21, 920—928.

Koldamova, R.P, Lefterov, .M., Lefterova, M.L, Lazo, ].S., 2001. Apolipoprotein A-I
directly interacts with amyloid precursor protein and inhibits Abeta aggregation
and toxicity. Biochemistry 40, 3553—3560.

LaDu, MJ., Munson, G.W., Jungbauer, L., Getz, G.S., Reardon, C.A., Tai, LM, Yu, C,
2012. Preferential interactions between ApoE-containing lipoproteins and Af
revealed by a detection method that combines size exclusion chromatography
with non-reducing gel-shift. Biochim. Biophys. Acta 1821, 295—302.

Lidstrom, A.M., Bogdanovic, N., Hesse, C., Volkman, I, Davidsson, P., Blennow, K.,
1998. Clusterin (apolipoprotein J) protein levels are increased in hippocampus
and in frontal cortex in Alzheimer's disease. Exp. Neurol. 154, 511-521.

Liu, C.-C,, Kanekiyo, T., Xu, H., Bu, G., 2013. Apolipoprotein E and Alzheimer disease:
risk, mechanisms, and therapy. Nat. Rev. Neurol. 9, 106—118.

Lynch, J.R,, Tang, W., Wang, H., Vitek, M.P,, Bennett, E.R,, Sullivan, P.M., Warner, D.S.,
Laskowitz, D.T., 2003. APOE genotype and an ApoE-mimetic peptide modify the
systemic and central nervous system inflammatory response. J. Biol. Chem. 278,
48529—48533.

Mackinnon, D.P,, Fairchild, AJ., Fritz, M.S., 2007. Mediation analysis. Annu. Rev.
Psychol. 58, 593—614.

Martinez-Morillo, E., Hansson, O., Atagi, Y., Bu, G., Minthon, L., Diamandis, E.P.,
Nielsen, H.M., 2014. Total apolipoprotein E levels and specific isoform compo-
sition in cerebrospinal fluid and plasma from Alzheimer’s disease patients and
controls. Acta Neuropathol. 127, 633—643.

Merino-Zamorano, C., Fernandez-de Retana, S., Montanola, A., Batlle, A., Saint-Pol, J.,
Mysiorek, C., Gosselet, F., Montaner, ]., Hernandez-Guillamon, M., 2016. Mod-
ulation of amyloid-beta1-40 transport by ApoAl and Apo] across an in vitro
model of the blood-brain barrier. ]. Alzheimers. Dis. 53, 677—691.

Mewton, L., Sachdev, P, Anderson, T., Sunderland, M., Andrews, G., 2014. De-
mographic, clinical, and lifestyle correlates of subjective memory complaints in
the Australian population. Am. J. Geriatr. Psychiatry 22, 1222—1232.

Molina, L., Touchon, J., Herpe, M., Lefranc, D., Duplan, L., Cristol, ].P,, Sabatier, R.,
Vermersch, P., Pau, B., Mourton-Gilles, C., 1999. Tau and apo E in CSF: potential
aid for discriminating Alzheimer’s disease from other dementias. Neuroreport
10, 3491-3495.

Montafiola, A., de Retana, S.F, Lopez-Rueda, A., Merino-Zamorano, C., Penalba, A.,
Fernandez-Alvarez, P., Rodriguez-Luna, D., Malagelada, A. Pujadas, F.,
Montaner, ]., Hernandez-Guillamon, M., 2016. ApoA1l, ApoJ, and ApoE plasma
levels and genotype frequencies in cerebral amyloid angiopathy. Neuro-
molecular Med. 18, 99—108.


http://refhub.elsevier.com/S0197-4580(19)30067-3/sref1
http://refhub.elsevier.com/S0197-4580(19)30067-3/sref1
http://refhub.elsevier.com/S0197-4580(19)30067-3/sref1
http://refhub.elsevier.com/S0197-4580(19)30067-3/sref1
http://refhub.elsevier.com/S0197-4580(19)30067-3/sref1
http://refhub.elsevier.com/S0197-4580(19)30067-3/sref1
http://refhub.elsevier.com/S0197-4580(19)30067-3/sref1
http://refhub.elsevier.com/S0197-4580(19)30067-3/sref2
http://refhub.elsevier.com/S0197-4580(19)30067-3/sref2
http://refhub.elsevier.com/S0197-4580(19)30067-3/sref2
http://refhub.elsevier.com/S0197-4580(19)30067-3/sref2
http://refhub.elsevier.com/S0197-4580(19)30067-3/sref3
http://refhub.elsevier.com/S0197-4580(19)30067-3/sref3
http://refhub.elsevier.com/S0197-4580(19)30067-3/sref3
http://refhub.elsevier.com/S0197-4580(19)30067-3/sref3
http://refhub.elsevier.com/S0197-4580(19)30067-3/sref4
http://refhub.elsevier.com/S0197-4580(19)30067-3/sref4
http://refhub.elsevier.com/S0197-4580(19)30067-3/sref4
http://refhub.elsevier.com/S0197-4580(19)30067-3/sref4
http://refhub.elsevier.com/S0197-4580(19)30067-3/sref5
http://refhub.elsevier.com/S0197-4580(19)30067-3/sref5
http://refhub.elsevier.com/S0197-4580(19)30067-3/sref5
http://refhub.elsevier.com/S0197-4580(19)30067-3/sref5
http://refhub.elsevier.com/S0197-4580(19)30067-3/sref6
http://refhub.elsevier.com/S0197-4580(19)30067-3/sref6
http://refhub.elsevier.com/S0197-4580(19)30067-3/sref6
http://refhub.elsevier.com/S0197-4580(19)30067-3/sref6
http://refhub.elsevier.com/S0197-4580(19)30067-3/sref6
http://refhub.elsevier.com/S0197-4580(19)30067-3/sref7
http://refhub.elsevier.com/S0197-4580(19)30067-3/sref7
http://refhub.elsevier.com/S0197-4580(19)30067-3/sref7
http://refhub.elsevier.com/S0197-4580(19)30067-3/sref8
http://refhub.elsevier.com/S0197-4580(19)30067-3/sref8
http://refhub.elsevier.com/S0197-4580(19)30067-3/sref8
http://refhub.elsevier.com/S0197-4580(19)30067-3/sref8
http://refhub.elsevier.com/S0197-4580(19)30067-3/sref9
http://refhub.elsevier.com/S0197-4580(19)30067-3/sref9
http://refhub.elsevier.com/S0197-4580(19)30067-3/sref9
http://refhub.elsevier.com/S0197-4580(19)30067-3/sref9
http://refhub.elsevier.com/S0197-4580(19)30067-3/sref9
http://refhub.elsevier.com/S0197-4580(19)30067-3/sref10
http://refhub.elsevier.com/S0197-4580(19)30067-3/sref10
http://refhub.elsevier.com/S0197-4580(19)30067-3/sref10
http://refhub.elsevier.com/S0197-4580(19)30067-3/sref10
http://refhub.elsevier.com/S0197-4580(19)30067-3/sref10
http://refhub.elsevier.com/S0197-4580(19)30067-3/sref11
http://refhub.elsevier.com/S0197-4580(19)30067-3/sref11
http://refhub.elsevier.com/S0197-4580(19)30067-3/sref11
http://refhub.elsevier.com/S0197-4580(19)30067-3/sref11
http://refhub.elsevier.com/S0197-4580(19)30067-3/sref11
http://refhub.elsevier.com/S0197-4580(19)30067-3/sref11
http://refhub.elsevier.com/S0197-4580(19)30067-3/sref12
http://refhub.elsevier.com/S0197-4580(19)30067-3/sref12
http://refhub.elsevier.com/S0197-4580(19)30067-3/sref12
http://refhub.elsevier.com/S0197-4580(19)30067-3/sref12
http://refhub.elsevier.com/S0197-4580(19)30067-3/sref12
http://refhub.elsevier.com/S0197-4580(19)30067-3/sref12
http://refhub.elsevier.com/S0197-4580(19)30067-3/sref12
http://refhub.elsevier.com/S0197-4580(19)30067-3/sref13
http://refhub.elsevier.com/S0197-4580(19)30067-3/sref13
http://refhub.elsevier.com/S0197-4580(19)30067-3/sref13
http://refhub.elsevier.com/S0197-4580(19)30067-3/sref13
http://refhub.elsevier.com/S0197-4580(19)30067-3/sref13
http://refhub.elsevier.com/S0197-4580(19)30067-3/sref13
http://refhub.elsevier.com/S0197-4580(19)30067-3/sref14
http://refhub.elsevier.com/S0197-4580(19)30067-3/sref14
http://refhub.elsevier.com/S0197-4580(19)30067-3/sref14
http://refhub.elsevier.com/S0197-4580(19)30067-3/sref14
http://refhub.elsevier.com/S0197-4580(19)30067-3/sref14
http://refhub.elsevier.com/S0197-4580(19)30067-3/sref15
http://refhub.elsevier.com/S0197-4580(19)30067-3/sref15
http://refhub.elsevier.com/S0197-4580(19)30067-3/sref15
http://refhub.elsevier.com/S0197-4580(19)30067-3/sref15
http://refhub.elsevier.com/S0197-4580(19)30067-3/sref15
http://refhub.elsevier.com/S0197-4580(19)30067-3/sref15
http://refhub.elsevier.com/S0197-4580(19)30067-3/sref16
http://refhub.elsevier.com/S0197-4580(19)30067-3/sref16
http://refhub.elsevier.com/S0197-4580(19)30067-3/sref16
http://refhub.elsevier.com/S0197-4580(19)30067-3/sref16
http://refhub.elsevier.com/S0197-4580(19)30067-3/sref17
http://refhub.elsevier.com/S0197-4580(19)30067-3/sref17
http://refhub.elsevier.com/S0197-4580(19)30067-3/sref17
http://refhub.elsevier.com/S0197-4580(19)30067-3/sref17
http://refhub.elsevier.com/S0197-4580(19)30067-3/sref17
http://refhub.elsevier.com/S0197-4580(19)30067-3/sref18
http://refhub.elsevier.com/S0197-4580(19)30067-3/sref18
http://refhub.elsevier.com/S0197-4580(19)30067-3/sref18
http://refhub.elsevier.com/S0197-4580(19)30067-3/sref18
http://refhub.elsevier.com/S0197-4580(19)30067-3/sref18
http://refhub.elsevier.com/S0197-4580(19)30067-3/sref19
http://refhub.elsevier.com/S0197-4580(19)30067-3/sref19
http://refhub.elsevier.com/S0197-4580(19)30067-3/sref19
http://refhub.elsevier.com/S0197-4580(19)30067-3/sref20
http://refhub.elsevier.com/S0197-4580(19)30067-3/sref20
http://refhub.elsevier.com/S0197-4580(19)30067-3/sref20
http://refhub.elsevier.com/S0197-4580(19)30067-3/sref20
http://refhub.elsevier.com/S0197-4580(19)30067-3/sref20
http://refhub.elsevier.com/S0197-4580(19)30067-3/sref21
http://refhub.elsevier.com/S0197-4580(19)30067-3/sref21
http://refhub.elsevier.com/S0197-4580(19)30067-3/sref21
http://refhub.elsevier.com/S0197-4580(19)30067-3/sref21
http://refhub.elsevier.com/S0197-4580(19)30067-3/sref21
http://refhub.elsevier.com/S0197-4580(19)30067-3/sref21
http://refhub.elsevier.com/S0197-4580(19)30067-3/sref22
http://refhub.elsevier.com/S0197-4580(19)30067-3/sref22
http://refhub.elsevier.com/S0197-4580(19)30067-3/sref22
http://refhub.elsevier.com/S0197-4580(19)30067-3/sref22
http://refhub.elsevier.com/S0197-4580(19)30067-3/sref22
http://refhub.elsevier.com/S0197-4580(19)30067-3/sref23
http://refhub.elsevier.com/S0197-4580(19)30067-3/sref23
http://refhub.elsevier.com/S0197-4580(19)30067-3/sref23
http://refhub.elsevier.com/S0197-4580(19)30067-3/sref23
http://refhub.elsevier.com/S0197-4580(19)30067-3/sref23
http://refhub.elsevier.com/S0197-4580(19)30067-3/sref23
http://refhub.elsevier.com/S0197-4580(19)30067-3/sref23
http://refhub.elsevier.com/S0197-4580(19)30067-3/sref23
http://refhub.elsevier.com/S0197-4580(19)30067-3/sref23
http://refhub.elsevier.com/S0197-4580(19)30067-3/sref23
http://refhub.elsevier.com/S0197-4580(19)30067-3/sref23
http://refhub.elsevier.com/S0197-4580(19)30067-3/sref23
http://refhub.elsevier.com/S0197-4580(19)30067-3/sref23
http://refhub.elsevier.com/S0197-4580(19)30067-3/sref23
http://refhub.elsevier.com/S0197-4580(19)30067-3/sref23
http://refhub.elsevier.com/S0197-4580(19)30067-3/sref23
http://refhub.elsevier.com/S0197-4580(19)30067-3/sref23
http://refhub.elsevier.com/S0197-4580(19)30067-3/sref23
http://refhub.elsevier.com/S0197-4580(19)30067-3/sref23
http://refhub.elsevier.com/S0197-4580(19)30067-3/sref23
http://refhub.elsevier.com/S0197-4580(19)30067-3/sref23
http://refhub.elsevier.com/S0197-4580(19)30067-3/sref23
http://refhub.elsevier.com/S0197-4580(19)30067-3/sref23
http://refhub.elsevier.com/S0197-4580(19)30067-3/sref23
http://refhub.elsevier.com/S0197-4580(19)30067-3/sref24
http://refhub.elsevier.com/S0197-4580(19)30067-3/sref24
http://refhub.elsevier.com/S0197-4580(19)30067-3/sref24
http://refhub.elsevier.com/S0197-4580(19)30067-3/sref24
http://refhub.elsevier.com/S0197-4580(19)30067-3/sref24
http://refhub.elsevier.com/S0197-4580(19)30067-3/sref24
http://refhub.elsevier.com/S0197-4580(19)30067-3/sref24
http://refhub.elsevier.com/S0197-4580(19)30067-3/sref24
http://refhub.elsevier.com/S0197-4580(19)30067-3/sref24
http://refhub.elsevier.com/S0197-4580(19)30067-3/sref25
http://refhub.elsevier.com/S0197-4580(19)30067-3/sref25
http://refhub.elsevier.com/S0197-4580(19)30067-3/sref25
http://refhub.elsevier.com/S0197-4580(19)30067-3/sref25
http://refhub.elsevier.com/S0197-4580(19)30067-3/sref25
http://refhub.elsevier.com/S0197-4580(19)30067-3/sref26
http://refhub.elsevier.com/S0197-4580(19)30067-3/sref26
http://refhub.elsevier.com/S0197-4580(19)30067-3/sref26
http://refhub.elsevier.com/S0197-4580(19)30067-3/sref26
http://refhub.elsevier.com/S0197-4580(19)30067-3/sref26
http://refhub.elsevier.com/S0197-4580(19)30067-3/sref27
http://refhub.elsevier.com/S0197-4580(19)30067-3/sref27
http://refhub.elsevier.com/S0197-4580(19)30067-3/sref27
http://refhub.elsevier.com/S0197-4580(19)30067-3/sref27
http://refhub.elsevier.com/S0197-4580(19)30067-3/sref28
http://refhub.elsevier.com/S0197-4580(19)30067-3/sref28
http://refhub.elsevier.com/S0197-4580(19)30067-3/sref28
http://refhub.elsevier.com/S0197-4580(19)30067-3/sref28
http://refhub.elsevier.com/S0197-4580(19)30067-3/sref29
http://refhub.elsevier.com/S0197-4580(19)30067-3/sref29
http://refhub.elsevier.com/S0197-4580(19)30067-3/sref29
http://refhub.elsevier.com/S0197-4580(19)30067-3/sref29
http://refhub.elsevier.com/S0197-4580(19)30067-3/sref29
http://refhub.elsevier.com/S0197-4580(19)30067-3/sref30
http://refhub.elsevier.com/S0197-4580(19)30067-3/sref30
http://refhub.elsevier.com/S0197-4580(19)30067-3/sref30
http://refhub.elsevier.com/S0197-4580(19)30067-3/sref30
http://refhub.elsevier.com/S0197-4580(19)30067-3/sref31
http://refhub.elsevier.com/S0197-4580(19)30067-3/sref31
http://refhub.elsevier.com/S0197-4580(19)30067-3/sref31
http://refhub.elsevier.com/S0197-4580(19)30067-3/sref32
http://refhub.elsevier.com/S0197-4580(19)30067-3/sref32
http://refhub.elsevier.com/S0197-4580(19)30067-3/sref32
http://refhub.elsevier.com/S0197-4580(19)30067-3/sref32
http://refhub.elsevier.com/S0197-4580(19)30067-3/sref32
http://refhub.elsevier.com/S0197-4580(19)30067-3/sref33
http://refhub.elsevier.com/S0197-4580(19)30067-3/sref33
http://refhub.elsevier.com/S0197-4580(19)30067-3/sref33
http://refhub.elsevier.com/S0197-4580(19)30067-3/sref34
http://refhub.elsevier.com/S0197-4580(19)30067-3/sref34
http://refhub.elsevier.com/S0197-4580(19)30067-3/sref34
http://refhub.elsevier.com/S0197-4580(19)30067-3/sref34
http://refhub.elsevier.com/S0197-4580(19)30067-3/sref34
http://refhub.elsevier.com/S0197-4580(19)30067-3/sref35
http://refhub.elsevier.com/S0197-4580(19)30067-3/sref35
http://refhub.elsevier.com/S0197-4580(19)30067-3/sref35
http://refhub.elsevier.com/S0197-4580(19)30067-3/sref35
http://refhub.elsevier.com/S0197-4580(19)30067-3/sref35
http://refhub.elsevier.com/S0197-4580(19)30067-3/sref36
http://refhub.elsevier.com/S0197-4580(19)30067-3/sref36
http://refhub.elsevier.com/S0197-4580(19)30067-3/sref36
http://refhub.elsevier.com/S0197-4580(19)30067-3/sref36
http://refhub.elsevier.com/S0197-4580(19)30067-3/sref37
http://refhub.elsevier.com/S0197-4580(19)30067-3/sref37
http://refhub.elsevier.com/S0197-4580(19)30067-3/sref37
http://refhub.elsevier.com/S0197-4580(19)30067-3/sref37
http://refhub.elsevier.com/S0197-4580(19)30067-3/sref37
http://refhub.elsevier.com/S0197-4580(19)30067-3/sref38
http://refhub.elsevier.com/S0197-4580(19)30067-3/sref38
http://refhub.elsevier.com/S0197-4580(19)30067-3/sref38
http://refhub.elsevier.com/S0197-4580(19)30067-3/sref38
http://refhub.elsevier.com/S0197-4580(19)30067-3/sref38
http://refhub.elsevier.com/S0197-4580(19)30067-3/sref38

RE.R. Slot et al. / Neurobiology of Aging 79 (2019) 101—109 109

Mulder, C., Verwey, N.A., van der Flier, W.M., Bouwman, FH., Kok, A., van EIk, EJ.,
Scheltens, P., Blankenstein, M., 2010. Amyloid-beta(1-42), total tau, and phos-
phorylated tau as cerebrospinal fluid biomarkers for the diagnosis of Alzheimer
disease. Clin. Chem. 56, 248—253.

Narayan, P, Orte, A., Clarke, R.W., Bolognesi, B., Hook, S., Ganzinger, K.A., Meehan, S.,
Wilson, M.R., Dobson, C.M., Klenerman, D., 2012. The extracellular chaperone
clusterin sequesters oligomeric forms of the amyloid-f(1-40) peptide. Nat.
Struct. Mol. Biol. 19, 79—-83.

Paula-Lima, A.C., Tricerri, M.A. Brito-Moreira, ], Bomfim, T.R. Oliveira, EF,
Magdesian, M.H., Grinberg, L.T., Panizzutti, R., Ferreira, S.T., 2009. Human
apolipoprotein A-I binds amyloid-beta and prevents Abeta-induced neurotox-
icity. Int. . Biochem. Cell Biol. 41, 1361-1370.

Petersen, R.C., Smith, G.E., Waring, S.C,, Ivnik, RJ., Tangalos, E.G., Kokmen, E., 1999.
Mild cognitive impairment, clinical characterization and outcome. Arch. Neurol.
56, 303—309.

Pfrieger, EW., Ungerer, N., 2011. Cholesterol metabolism in neurons and astrocytes.
Prog. Lipid Res. 50, 357—371.

Poirier, J., Miron, ]., Picard, C., Gormley, P., Thérouc, L., Breitner, ]J., Dea, D., 2014.
Apolipoprotein E and lipid homeostasis in the etiology and treatment of spo-
radic Alzheimer’s disease. Neurobiol. Aging 35, S3—S10.

Prince, J., Zetterberg, H., Andreasen, N., Marcusson, J., Blennow, K., 2004. APOE
epsilon4 allele is associated with reduced cerebrospinal fluid levels of Abeta42.
Neurology 62, 2116—2118.

Saczynski, ].S., White, L., Peila, R.L., Rodriguez, B.L., Launer, L., 2007. The relation
between apolipoprotein A-I and dementia: the Honolulu-Asia aging study. Am.
J. Epidemiol. 165, 985—992.

Schmechel, D., Saunders, A.M., Strittmatter, W.J., Crain, B.J., Hulette, C.M., Joo, S.H.,
Pericak-Vance, M.A., Goldgaber, D., Roses, A.D., 1993. Increased amyloid beta-
peptide deposition in cerebral cortex as a consequence of apolipoprotein E
genotype in late-onset Alzheimer disease. Proc. Natl. Acad. Sci. U. S. A. 90,
9649—-9653.

Schrijvers, E.M., Koudstaal, PJ., Hofman, A., Breteler, M.M., 2011. Plasma clusterin
and the risk of Alzheimer disease. JAMA 305, 1322—1326.

Serra, L., Giulietti, G., Cercignani, M., Spano, B., Torso, M., Castelli, D., Perri, R.,
Fadda, L., Marra, C., Caltagirone, C., Bozzali, M., 2013. Mild cognitive
impairment: same identity for different entities. J. Alzheimers. Dis. 33,
1157-1165.

Slooter, AJ., de Knijff, P., Hofman, A., Cruts, M., Breteler, M.M., Van Broeckhoven, C.,
Havekes, L.M., van Duijn, C.M., 1998. Serum apolipoprotein E level is not
increased in Alzheimer’'s disease: the Rotterdam study. Neurosci. Lett. 248,
21-24.

Slot, RER., van Harten, A.C, Kester, M.L, Jongbloed, W. Bouwman, FEH.,
Teunissen, C.E., Scheltens, P., Veerhuis, R., van der Flier, W.M., 2017. Apolipo-
protein Al in cerebrospinal fluid and plasma and progression to Alzheimer’s
disease in non-demented elderly. J. Alzheimers Dis. 56, 687—697.

Song, F, Poljak, A., Crawford, ], Kochan, N.A,, Wen, W., Cameron, B., Lux, O.,
Brodaty, H., Mather, K., Smythe, G.A., Sachdev, P.S., 2012. Plasma apolipoprotein
levels are associated with cognitive status and decline in a community cohort of
older individuals. PLoS One 7, e34078.

Sperling, R.A., Aisen, P.S., Beckett, L.A., Bennett, D., Craft, S., Fagan, A.M., Iwatsubo, T.,
Jack, CR,, Kaye, ]., Montine, T.J., Park, D.C., Reiman, E.M., Rowe, C.C,, Siemers, E.,
Stern, Y., Yaffe, K., Carrillo, M.C,, Thies, B., Morrison-Bogorad, M., Wagster, M.V.,
Phelps, C.H., 2011. Toward defining the preclinical stages of Alzheimer’s disease:

recommendations from the National Institute on Aging and the Alzheimer’s
Association workgroup. Alzheimers Dement. 7, 280—292.

Stukas, S., Robert, ], Lee, M., Kulic, I, Carr, M., Tourigny, K., Fan, J., Namjoshi, D.,
Lemke, K., DeValle, N., Chan, ], Wilson, T, Wilkinson, A., Chapanian, R,
Kizhakkedathu, J.N., Cirrito, J.R., Oda, M.N., Wellington, C.L., 2014. Intravenously
injected human apolipoprotein A-I rapidly enters the central nervous system via
the choroid plexus. J. Am. Heart Assoc. 3, 1-18.

Taddei, K., Clarnette, R., Gandy, S.E., Martins, R.N., 1997. Increased plasma apolipo-
protein E (apoE) levels in Alzheimer’s disease. Neurosci. Lett. 223, 29—-32.
Thambisetty, M., Tripaldi, R., Riddoch-Contreras, J., Hye, A., An, Y., Campbell, ].,
Sojkova, J., Kinsey, A., Lynham, S., Zhou, Y., Ferruci, L., Wong, D.F,, Lovestone, S.,
Resnick, S.M., 2010. Proteome-based plasma markers of brain amyloid-beta
deposition in non-demented older individuals. J. Alzheimers Dis. 22,

1099—-1109.

Toledo, ].B., Da, X., Weiner, M.W., Wolk, D.A., Xie, S.X., Arnold, S.E., Davatzikos, C.,
Shaw, LM., Trojanowski, J.Q., For the Alzheimer’s Disease Neuroimaging
Initiative, 2014. CSF Apo-E levels associate with cognitive decline and MRI
changes. Acta Neuropathol. 127, 621-632.

Van Der Flier, W.M., Pijnenburg, Y.A., Prins, N., Lemstra, A.W., Bouwman, FH.,
Teunissen, C.E., van Berckel, B.N., Stam, C]J., Barkhof, F, Visser, PJ., van
Egmond, E., Scheltens, P, 2014. Optimizing patient care and research: the
Amsterdam dementia cohort. ]. Alzheimers Dis. 41, 313—327.

Van Dijk, K.D., Jongbloed, W., Heijst, J.A., Teunissen, C.E., Groenewegen, H].,
Berendse, H.W., van de Berg, W.D.]., Veerhuis, R., 2013. Cerebrospinal fluid and
plasma clusterin levels in Parkinson’s disease. Park. Relat. Disord. 19,
1079-1083.

van Harten, A.C., Jongbloed, W., Teunissen, C.E., Scheltens, P., Veerhuis, R., van der
Flier, W.M., 2017. CSF ApoE predicts clinical progression in non-demented APOE
e4 carriers. Neurobiol. Aging 57, 186—194.

Verghese, P.B., Castellano, J.M., Garai, K., Wang, Y., Jiang, H., Shah, A, Bu, G.,
Frieden, C., Holtzman, D.M., 2013. ApoE influences amyloid-p (AB) clearance
despite minimal apoE/AB association in physiological conditions. Proc. Natl.
Acad. Sci. U. S. A. 110, E1807—E1816.

Wicher, G., Fex-Svenningsen, A., Velsecchi, I, Charnay, Y., Aldskogius, H., 2008.
Extracellular clusterin promotes neuronal network complexity in vitro. Neu-
roreport 19, 1487—-1491.

Wolf, AB., Valla, J., By, G., Kim, J., Ladu, M., Reiman, E.M., Caselli, RJ., 2013.
Apolipoprotein E as a B-amyloid-independent factor in Alzheimer’s disease.
Alzheimers. Res. Ther. 5, 38.

Wyatt, A.R.,, Yerbury, ].J., Berghofer, P, Greguric, I, Katsifis, A., Dobson, C.M.,
Wilson, M.R,, 2011. Clusterin facilitates in vivo clearance of extracellular mis-
folded proteins. Cell. Mol. Life Sci 68, 3919—-3931.

Zhou, S., Wu, H,, Zeng, C., Xiong, X., Tang, S., Tang, Z., Sun, X., 2013. Apolipoprotein E
protects astrocytes from hypoxia and glutamate-induced apoptosis. FEBS Lett.
587, 254—258.

Zhu, Y., Nwabuisi-Heath, E., Dumanis, S.B., Tai, L.M., Yu, C., Rebeck, G.W., LaDu, M J.,
2012. APOE genotype alters glial activation and loss of synaptic markers in mice.
Glia 60, 559—5609.

Zipser, B.D., Johanson, C.E., Gonzalez, L., Berzin, T.M., Tavares, R., Hulette, C.M.,
Vitek, M.P., Hovanesian, V., Stopa, E.G., 2007. Microvascular injury and blood-
brain barrier leakage in Alzheimer’s disease. Neurobiol. Aging 28, 977—986.

Zlokovic, B.V., 2011. Neurovascular pathways to neurodegeneration in Alzheimer’ s
disease and other disorders. Nat. Rev. Neurosci. 12, 723—-738.


http://refhub.elsevier.com/S0197-4580(19)30067-3/sref39
http://refhub.elsevier.com/S0197-4580(19)30067-3/sref39
http://refhub.elsevier.com/S0197-4580(19)30067-3/sref39
http://refhub.elsevier.com/S0197-4580(19)30067-3/sref39
http://refhub.elsevier.com/S0197-4580(19)30067-3/sref39
http://refhub.elsevier.com/S0197-4580(19)30067-3/sref40
http://refhub.elsevier.com/S0197-4580(19)30067-3/sref40
http://refhub.elsevier.com/S0197-4580(19)30067-3/sref40
http://refhub.elsevier.com/S0197-4580(19)30067-3/sref40
http://refhub.elsevier.com/S0197-4580(19)30067-3/sref40
http://refhub.elsevier.com/S0197-4580(19)30067-3/sref41
http://refhub.elsevier.com/S0197-4580(19)30067-3/sref41
http://refhub.elsevier.com/S0197-4580(19)30067-3/sref41
http://refhub.elsevier.com/S0197-4580(19)30067-3/sref41
http://refhub.elsevier.com/S0197-4580(19)30067-3/sref41
http://refhub.elsevier.com/S0197-4580(19)30067-3/sref42
http://refhub.elsevier.com/S0197-4580(19)30067-3/sref42
http://refhub.elsevier.com/S0197-4580(19)30067-3/sref42
http://refhub.elsevier.com/S0197-4580(19)30067-3/sref42
http://refhub.elsevier.com/S0197-4580(19)30067-3/sref43
http://refhub.elsevier.com/S0197-4580(19)30067-3/sref43
http://refhub.elsevier.com/S0197-4580(19)30067-3/sref43
http://refhub.elsevier.com/S0197-4580(19)30067-3/sref44
http://refhub.elsevier.com/S0197-4580(19)30067-3/sref44
http://refhub.elsevier.com/S0197-4580(19)30067-3/sref44
http://refhub.elsevier.com/S0197-4580(19)30067-3/sref44
http://refhub.elsevier.com/S0197-4580(19)30067-3/sref45
http://refhub.elsevier.com/S0197-4580(19)30067-3/sref45
http://refhub.elsevier.com/S0197-4580(19)30067-3/sref45
http://refhub.elsevier.com/S0197-4580(19)30067-3/sref45
http://refhub.elsevier.com/S0197-4580(19)30067-3/sref46
http://refhub.elsevier.com/S0197-4580(19)30067-3/sref46
http://refhub.elsevier.com/S0197-4580(19)30067-3/sref46
http://refhub.elsevier.com/S0197-4580(19)30067-3/sref46
http://refhub.elsevier.com/S0197-4580(19)30067-3/sref47
http://refhub.elsevier.com/S0197-4580(19)30067-3/sref47
http://refhub.elsevier.com/S0197-4580(19)30067-3/sref47
http://refhub.elsevier.com/S0197-4580(19)30067-3/sref47
http://refhub.elsevier.com/S0197-4580(19)30067-3/sref47
http://refhub.elsevier.com/S0197-4580(19)30067-3/sref47
http://refhub.elsevier.com/S0197-4580(19)30067-3/sref48
http://refhub.elsevier.com/S0197-4580(19)30067-3/sref48
http://refhub.elsevier.com/S0197-4580(19)30067-3/sref48
http://refhub.elsevier.com/S0197-4580(19)30067-3/sref49
http://refhub.elsevier.com/S0197-4580(19)30067-3/sref49
http://refhub.elsevier.com/S0197-4580(19)30067-3/sref49
http://refhub.elsevier.com/S0197-4580(19)30067-3/sref49
http://refhub.elsevier.com/S0197-4580(19)30067-3/sref49
http://refhub.elsevier.com/S0197-4580(19)30067-3/sref50
http://refhub.elsevier.com/S0197-4580(19)30067-3/sref50
http://refhub.elsevier.com/S0197-4580(19)30067-3/sref50
http://refhub.elsevier.com/S0197-4580(19)30067-3/sref50
http://refhub.elsevier.com/S0197-4580(19)30067-3/sref50
http://refhub.elsevier.com/S0197-4580(19)30067-3/sref51
http://refhub.elsevier.com/S0197-4580(19)30067-3/sref51
http://refhub.elsevier.com/S0197-4580(19)30067-3/sref51
http://refhub.elsevier.com/S0197-4580(19)30067-3/sref51
http://refhub.elsevier.com/S0197-4580(19)30067-3/sref51
http://refhub.elsevier.com/S0197-4580(19)30067-3/sref52
http://refhub.elsevier.com/S0197-4580(19)30067-3/sref52
http://refhub.elsevier.com/S0197-4580(19)30067-3/sref52
http://refhub.elsevier.com/S0197-4580(19)30067-3/sref52
http://refhub.elsevier.com/S0197-4580(19)30067-3/sref53
http://refhub.elsevier.com/S0197-4580(19)30067-3/sref53
http://refhub.elsevier.com/S0197-4580(19)30067-3/sref53
http://refhub.elsevier.com/S0197-4580(19)30067-3/sref53
http://refhub.elsevier.com/S0197-4580(19)30067-3/sref53
http://refhub.elsevier.com/S0197-4580(19)30067-3/sref53
http://refhub.elsevier.com/S0197-4580(19)30067-3/sref53
http://refhub.elsevier.com/S0197-4580(19)30067-3/sref54
http://refhub.elsevier.com/S0197-4580(19)30067-3/sref54
http://refhub.elsevier.com/S0197-4580(19)30067-3/sref54
http://refhub.elsevier.com/S0197-4580(19)30067-3/sref54
http://refhub.elsevier.com/S0197-4580(19)30067-3/sref54
http://refhub.elsevier.com/S0197-4580(19)30067-3/sref54
http://refhub.elsevier.com/S0197-4580(19)30067-3/sref55
http://refhub.elsevier.com/S0197-4580(19)30067-3/sref55
http://refhub.elsevier.com/S0197-4580(19)30067-3/sref55
http://refhub.elsevier.com/S0197-4580(19)30067-3/sref56
http://refhub.elsevier.com/S0197-4580(19)30067-3/sref56
http://refhub.elsevier.com/S0197-4580(19)30067-3/sref56
http://refhub.elsevier.com/S0197-4580(19)30067-3/sref56
http://refhub.elsevier.com/S0197-4580(19)30067-3/sref56
http://refhub.elsevier.com/S0197-4580(19)30067-3/sref56
http://refhub.elsevier.com/S0197-4580(19)30067-3/sref57
http://refhub.elsevier.com/S0197-4580(19)30067-3/sref57
http://refhub.elsevier.com/S0197-4580(19)30067-3/sref57
http://refhub.elsevier.com/S0197-4580(19)30067-3/sref57
http://refhub.elsevier.com/S0197-4580(19)30067-3/sref57
http://refhub.elsevier.com/S0197-4580(19)30067-3/sref58
http://refhub.elsevier.com/S0197-4580(19)30067-3/sref58
http://refhub.elsevier.com/S0197-4580(19)30067-3/sref58
http://refhub.elsevier.com/S0197-4580(19)30067-3/sref58
http://refhub.elsevier.com/S0197-4580(19)30067-3/sref58
http://refhub.elsevier.com/S0197-4580(19)30067-3/sref59
http://refhub.elsevier.com/S0197-4580(19)30067-3/sref59
http://refhub.elsevier.com/S0197-4580(19)30067-3/sref59
http://refhub.elsevier.com/S0197-4580(19)30067-3/sref59
http://refhub.elsevier.com/S0197-4580(19)30067-3/sref59
http://refhub.elsevier.com/S0197-4580(19)30067-3/sref60
http://refhub.elsevier.com/S0197-4580(19)30067-3/sref60
http://refhub.elsevier.com/S0197-4580(19)30067-3/sref60
http://refhub.elsevier.com/S0197-4580(19)30067-3/sref60
http://refhub.elsevier.com/S0197-4580(19)30067-3/sref61
http://refhub.elsevier.com/S0197-4580(19)30067-3/sref61
http://refhub.elsevier.com/S0197-4580(19)30067-3/sref61
http://refhub.elsevier.com/S0197-4580(19)30067-3/sref61
http://refhub.elsevier.com/S0197-4580(19)30067-3/sref61
http://refhub.elsevier.com/S0197-4580(19)30067-3/sref62
http://refhub.elsevier.com/S0197-4580(19)30067-3/sref62
http://refhub.elsevier.com/S0197-4580(19)30067-3/sref62
http://refhub.elsevier.com/S0197-4580(19)30067-3/sref62
http://refhub.elsevier.com/S0197-4580(19)30067-3/sref63
http://refhub.elsevier.com/S0197-4580(19)30067-3/sref63
http://refhub.elsevier.com/S0197-4580(19)30067-3/sref63
http://refhub.elsevier.com/S0197-4580(19)30067-3/sref64
http://refhub.elsevier.com/S0197-4580(19)30067-3/sref64
http://refhub.elsevier.com/S0197-4580(19)30067-3/sref64
http://refhub.elsevier.com/S0197-4580(19)30067-3/sref64
http://refhub.elsevier.com/S0197-4580(19)30067-3/sref65
http://refhub.elsevier.com/S0197-4580(19)30067-3/sref65
http://refhub.elsevier.com/S0197-4580(19)30067-3/sref65
http://refhub.elsevier.com/S0197-4580(19)30067-3/sref65
http://refhub.elsevier.com/S0197-4580(19)30067-3/sref66
http://refhub.elsevier.com/S0197-4580(19)30067-3/sref66
http://refhub.elsevier.com/S0197-4580(19)30067-3/sref66
http://refhub.elsevier.com/S0197-4580(19)30067-3/sref66
http://refhub.elsevier.com/S0197-4580(19)30067-3/sref67
http://refhub.elsevier.com/S0197-4580(19)30067-3/sref67
http://refhub.elsevier.com/S0197-4580(19)30067-3/sref67
http://refhub.elsevier.com/S0197-4580(19)30067-3/sref67
http://refhub.elsevier.com/S0197-4580(19)30067-3/sref68
http://refhub.elsevier.com/S0197-4580(19)30067-3/sref68
http://refhub.elsevier.com/S0197-4580(19)30067-3/sref68

	ApoE and clusterin CSF levels influence associations between APOE genotype and changes in CSF tau, but not CSF Aβ42, levels ...
	1. Introduction
	2. Materials and methods
	2.1. Subjects
	2.2. Ethical procedures
	2.3. Biomarker measurements
	2.3.1. APOE genotyping
	2.3.2. CSF Aβ42 and tau analyses
	2.3.3. CSF apolipoprotein analyses

	2.4. Statistical analyses

	3. Results
	3.1. Demographic features and CSF AD biomarker and apolipoprotein levels
	3.2. Associations between APOEε4, CSF Aβ42, tau, and CSF apolipoproteins
	3.3. Mediation analyses of CSF apolipoproteins on the relation between APOEε4 allele frequency and CSF Aβ42 and tau

	4. Discussion
	Disclosure
	Acknowledgements
	Appendix A. Supplementary data
	References


