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Abstract

integrity as possible treatments for AD.

The ApoE €4 allele (APOEe4) is a major genetic risk factor for sporadic Alzheimer’s disease (AD) and is linked to demy-
elination and cognitive decline. However, its effects on the lipid transporters apolipoprotein E (ApoE) and fatty
acid-binding protein 7 (Fabp7), which are crucial for the maintenance of myelin in white matter (WM) during the pro-
gression of AD remain underexplored. To evaluate the effects of APOEe4 on Apok, Fabp7 and myelin in the WM

of the frontal cortex (FC), we examined individuals carrying one €4 allele that came to autopsy with a premortem
clinical diagnosis of no cognitive impairment (NCl), mild cognitive impairment (MCl) and mild to moderate AD
compared with non-carrier counterparts. ApoE, Fabp7 and Olig2 immunostaining was used to visualize cells, whereas
myelin basic protein (MBP) immunocytochemistry and luxol fast blue (LFB) histochemistry of myelin in the WM

of the FC were combined with quantitative morphometry. We observed increased numbers of ApoE-positive astro-
cytes in the WM of both NCl and MCI APOEe4 carriers compared with non-carriers, whereas Fabp7-positive cells

were elevated only in AD. Conversely, Olig2 cell counts and MBP immunostaining decreased in MCl APOEe4 carriers
compared to non-carriers, while LFB levels were higher in NCI APOEe4 carriers compared to non-carriers. Although
no correlations were found between ApoE, Fabp7, and cognitive status, LFB measurements were positively correlated
with perceptual speed, global cognition, and visuospatial scores in APOEe4 carriers across clinical groups. The present
findings suggest that the g4 allele compromises FC myelin homeostasis by disrupting the lipid transporters Apok,
Fabp7 and myelination early in the onset of AD. These data support targeting cellular components related to WM
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Background

The apolipoprotein E €4 allele (APOEe4) is the most
significant genetic risk factor for Alzheimer’s disease
(AD) and is correlated with a dose-dependent increase
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in disease onset and cognitive decline [1-4]. Individu-
als carrying a single ApoE €4 allele have a three-to-four-
fold increase while those with two alleles have an eight
to 12-fold increase in the risk of AD compared to one &4
allele and individuals heterozygous for APOEe4 may rep-
resent a distinct genetic subtype of AD [5]. The APOE
gene encodes the ApoE protein, a 34 kDa lipidic trans-
porter, comprising 299 amino acid residues that exist
in 3 polymorphic alleles: €2, €3, and e4 resulting in six
genotypes (APOEe2¢2, €2¢€3, €3¢3, €2¢e4, €3¢e4, and eded).
The effects of ApoE isoforms, despite their variation of
only two amino acid residues at positions 112 and 158
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(APOEe2: Cys112/Cys158; APOEe3: Cys112/Argl58;
APOEe4: Argll12/Argl58) [6] on the pathogenesis of
AD remain under investigated. The frequency and effect
of ApoE alleles vary with age and ethnicity [1-4]. In this
regard, the APOEe3 allele is more common than the €2
allele in Caucasian populations and the latter has been
described as a protective genetic factor for AD [7, 8].
The €4 allele is associated with approximately 65-75% of
sporadic AD [9, 10], resulting in different effects between
AD APOEe4 carriers [11, 12]. Structural magnetic reso-
nance imaging (MRI) demonstrated that individuals car-
rying the APOEe4 allele exhibit accelerated hippocampal
volume loss in early life and accelerated cortical atro-
phy during midlife [13]. Positron emission tomography
(PET) imaging revealed that APOEe4 correlated with
increased amyloid-p (AP) deposition rates and the wide-
spread cortical accumulation of AP in patients with AD
[14]. However, APOEe4 does not affect APP processing
in humanized ApoE targeted-replacement mice [15].
APOEe4 accelerates the breakdown of the blood—brain
barrier, which is associated with reactive gliosis inde-
pendent of AP pathology in animal models of AD [16,
17]. Despite the influence of APOEe4 on various neu-
ropathological features of AD, its effect on white matter
(WM) integrity in those carrying the €4 allele during the
clinical onset of AD remains a significant knowledge gap
[11].

ApoE protein is secreted by astrocytes and less so by
microglia, oligodendrocytes, and neurons under stress
[18-22]. In WM, ApoE is lipidated to meet the lipid
demands of oligodendrocytes, including cholesterol,
phospholipids, sphingolipids, and glucosylceramides,
which are essential for assembling and maintaining the
multilayered membrane of the myelin sheath. These
lipids act through lipidation, which occurs either within
oligodendrocytes or via transport from astrocytes [18, 23,
24]. During aging, oligodendrocytes become less capable
of synthesizing fatty acids (FAs) and lipids, leading to
an increase in lipid transport from astrocytes to main-
tain myelin integrity, which are more vulnerable during
pathological conditions [23, 25, 26]. Age-related decline
in regeneration hinders myelin debris clearance, caus-
ing inflammation and impaired remyelination, which can
be restored by stimulating cholesterol transport [27]. In
the aging rodent brain single-cell RNA sequencing from
white and/or grey matter revealed white matter-asso-
ciated microglia (WAMs), which contain components
of the genetic signature for disease-associated micro-
glia (DAM) consisting of the activation of genes impli-
cated in phagocytic activity and lipid metabolism [28]. In
aged mice, WAMs appear to be produced in an APOE-
independent pathway, whereas the generation of micro-
glia expressing DAM and WAM expression signatures
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require APOE function in rodent AD models suggesting
that differences in brain environment affect the genetics
of microglia.

Recent findings suggest that glial fatty acid binding
protein 7 (Fabp7), a myelin-fatty acid (FA) related trans-
porter involved in the uptake, transport, metabolism,
and storage of fatty acids, is primarily expressed in astro-
cytes, but also plays a key role in myelin lipid synthesis in
the developing and mature brain [29]. Fabp7, the major
isoform expressed in oligodendrocyte progenitor cells
(OPCs) is upregulated in gray matter astrocytes sur-
rounding AP plaques, suggesting a neuroinflammatory
role in AD [30-32]. Interestingly, myelin loss together
with oligodendrocyte impairment occurs decades prior
to the onset of cognitive symptoms or the presence of A
and tau lesions in AD [33-35]. Diffusion tensor imaging
has revealed microstructural damage to WM in healthy
adults carrying the APOEe4 allele [36—39], which dis-
rupts cholesterol binding leading to aberrant deposition
of oligodendrocytes and reduced myelination compared
to APOEe4 non-carriers, due to decreased lipid transport
between these cells [7, 40]. There is also a loss of oligo-
dendrocytes in the FC of APOEe4 carriers compared to
non-carriers in sporadic and familial AD [41] suggesting
that APOEe4 disrupts myelin homeostasis highlighting
the importance of myelin-preserving proteins including
lipid transporters during the onset of AD. Therefore, lipid
transporters, ApoE and Fabp?7, likely play a major role in
the assembly and maintenance of myelin during aging
and pathological disorders [42, 43].

The present study evaluated the cellular expression of
the lipid transporters ApoE and Fabp7 as well as myelin
within the WM of FC in heterozygous APOEe4 carri-
ers compared with non-carriers who at time of death
received a premortem clinical diagnoses of no cognitive
impairment (NCI), mild cognitive impairment (MCI) and
mild to moderate AD. This approach differs from other
studies that base AD progression upon Braak tau stag-
ing scores [41], which have shown inconsistent correla-
tions with clinical stages of dementia [44, 45]. Currently,
no studies have examined lipid protein alterations in the
WM in the prodromal stage of AD. Understanding the
mechanisms by which myelin maintenance is compro-
mised in APOEe4 carriers could reveal novel biomarkers
and therapeutic interventions for AD.

Materials and methods

Subjects

In this study, individuals were randomly selected on
the basis of the last premortem clinical diagnosis of
no cognitive impairment (NCI, n=26), mild cognitive
impairment (MCI, n=22), and mild to moderate AD
(AD, n=22) from participants of the Rush Religious
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Orders Study (RROS) cohort as part of our ongoing
NIA funded program project grant (PO1AG014449).
Cases selection was not based upon postmortem Braak
stage, which can range from stage II-V within cases
with a premortem clinical diagnosis of NCI, MCI and
AD from the RROS [44-46] and other clinical cohorts
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[47, 48]. We divided each clinical group by geno-
type; (APOEe3e3) APOEe4 non-carriers (Table 1) and
(APOEe3e4) APOEe4 carriers (Table 2). The Human
Research Committees of Rush University Medical
Center and Dignity Health approved this study and
written informed consent for research and brain

Table 1 Demographic, cognitive, and neuropathological data by clinical group for APOEe4 non-carriers

NCI (n=15) MCl (n=12) AD (n=11) P-value Groupwise comparison

Age at death 86.43+£5.81 88.42+4.79 91.40+£2.65 0.06 Na
[78,95] [79,96] [87,95]

Education 18.39+4.38 17.68+3.60 17.27+3.55 0.77 Na
[10,27] [10,20] [9,21]

Sex (M/F) 9/6 4/8 3/8 0.19 Na

MMSE 28.19+1.36 26.17£2.80 1645+7.23 0.003 NCI>MCI>AD
[25,30] [19,30] [2,27]

GCS 0.11+£0.36 -0.50+042 -1.40£0.81 <0.001 NCI>AD
[-0.54,0.87] [-0.95, 0.40] [-2.56,0.08]

Episodic memory 0.45+£0.48 -045+0.79 -1.60+£1.37 <0.001 NCI>AD
[-0.40, 1.30] [-1.46,1.31] [-3.69,0.67]

Semantic memory 0.02+£0.56 -025+047 -1.06+0.77 0.01 NCI>AD
[-1.44,0.77] [-1.13,047] [-2.39,0.07]

Working memory —0.07+0.66 -0.51+£046 -1.08+1.07 0.07 Na
[-1.01,0.55] [-1.03,0.39] [-2.77,0.57]

Perceptual speed -042+0.64 —1.02+0.75 -1.96+0.86 0.001 NCI>AD
[(-1.63,0.87] [-2.28,0.24] [-3.38,-0.64]

Visuospatial 0.05+0.67 -0.56+0.77 -0.69+0.60 0.09 Na
[-1.00, 1.78] [-2.42,044] [-1.56,0.30]

Post-morteminterval 591+142 5.83+233 455+147 0.12 Na
[3,8] [2,11] [2,7]

Brain weight at autopsy 1,169.47 £159.33 1,185.92+13845 1,100.30+£83.29 0.32 Na
[943, 1488] [990, 1480] [950, 1245]

Braak stage 0.15 Na

0-ll 4 2 2

-1V 10 9 4

V-VI 1 1 5

CERAD 0.27 Na

No AD 2 3 1

Possible AD 2 2 1

Probable AD 9 5 3

Definite AD 2 2 6

NIA reagan diagnosis 0.09 Na

Not AD 0 0 0

Low likelihood 2 5 2

Intermediate likelihood 5 6 5

High likelihood 4 1 4

A score 3[0-3] 3 [2-5] 3 [0-5]

B score 2[1-3] 2[1-3] 2[1-3]

Cscore 2[0-3] 2[0-3] 3[0-3]

TDP-43 0[0-1] 0[0-1] 2 [0-3]
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Table 2 Demographic, cognitive, and neuropathological data by clinical group for APOEe4 Carriers

NCl(n=11) MCI(n=10) AD (n=11) P-value Groupwise comparison

Age at death 85.60+6.66 88.35+532 87.14+5.89 0.70 Na
[70, 93] [79,98] [76,87]

Education 1945+3.14 19.10+3.81 19.27+£3.90 0.95 Na
[14,24] [12,25] [12,26]

Sex (M/F) 6/5 5/5 3/8 0.39 Na

MMSE 28.09+0.94 26.50+2.32 1836+6.77 <0.001 NCI>MCI>AD
[27,30] [12,25] [4,28]

GCS 0.30+0.24 -0.56+047 -1.86+0.76 <0.001 NCI>MCl, AD
[-0.07,0.76] [-1.56,0.02] [-3.49,-0.95]

Episodic memory 0.58+0.42 -0.69+0.82 —2.25+1.00 <0.001 NCI>MCl, AD
[-0.01,1.31] [-2.70,0.18] [-3.91,-0.88]

Semantic memory 0.21+£0.36 -0.23+046 -1.54+1.13 <0.001 NCI>AD
[-0.23,1.02] [-1.21,0.36] [-3.91,-0.10]

Working memory 0.24+0.79 -048+0.51 -1.17+0.85 0.001 NCI>AD
[-0.89, 1.78] [-1.25,-0.23] [-3.23,-0.09]

Perceptual speed -0.34+0.57 —1.08+0.68 —2.10+0.81 <0.001 NCI>AD
[-1.11,0.77] [-2.46,-0.04] [-2.96, -0.54]

Visuospatial 0.29+£0.50 -025+052 -132+052 <0.001 NCI, MCI>AD
[-0.32,1.02] [-0.98, 0.86] [-2.58,-0.86]

Post-mortem interval 10.99+£5.98 6.62+£5.72 5.54£225 0.05 Na
[3,20] [1,20] [1.50,8.17]

Brain weight at autopsy 1,262.45+141.41 1,218.00+165.04 1,198.18+157.52 0.58 Na
[963, 1460] [890, 1450] [1044, 1460]

Braak stage 0.16 Na

O-ll 3 1 1

-1V 8 5 3

V-VI 0 4 8

CERAD 0.64 Na

No AD 2 2 2

Possible AD 3 2 0

Probable AD 3 4 4

Definite AD 3 2 5

NIA reagan diagnosis 0.06 Na

Not AD 0 0 2

Low likelihood 4 5 1

Intermediate likelihood 7 3 4

High likelihood 0 2 4

A score 4[0-5] 4[3-5] 4[3-5]

B score 2[0-2] 2[1-3] 3[1-3]

Cscore 21[0-3] 2[0-3] 312,3]

TDP-43 0[0-3] 0[0-3] 2[0-3]

autopsy was obtained from the participants or their clinical and neuropathological criteria for NCI, MCI,

family/guardians. and AD were reported previously [21, 49-52]. Briefly,
after a review of the clinical data and examination of the
Clinical and neuropathological evaluation participants, clinical diagnoses were made by a board-

Tables 1 and 2 show the demographic, clinical and neu-  certified neurologist with expertise in gerontology. The
ropathological characteristics of the cases examined. The neurologist reviewed the medical history, medication
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use, neurologic examination information, results of
cognitive performance testing, and the neuropsycholo-
gist’s opinion of cognitive impairment and the presence
of dementia. Each participant was evaluated in his/her
home, emphasizing clinically relevant findings. The AD
diagnosis of dementia followed the recommendations of
the joint working group of the National Institute of Neu-
rological and Communicative Disorders and the Stroke
and the Alzheimer’s disease and Related Disorders Asso-
ciation (NINCDS/ADRDA) [53]. The clinical classifica-
tion of mild cognitive impairment, used in the present
study is compatible with that used by many others in the
field to describe those persons who are not cognitively
normal, but do not meet the accepted criteria for demen-
tia [54—59]. Here, MCI was defined as a person rated as
impaired on neuropsychological testing by the neuropsy-
chologist but who was not found to have dementia by
the examining neurologist. The average time from the
last clinical evaluation to death was~ 8 months. Clinical
neuropsychological tests included the Mini-Mental State
Examination, global cognitive score, composite z-score
compiled from 19 cognitive tests, and z-scores from
episodic memory, semantic memory, working memory,
perceptual speed, and visuospatial tests. Postmortem
neuropathology was performed as reported previously
[49, 50, 52, 60], which included Braak staging [61], NIA-
Reagan criteria [62], and the Consortium to Establish a
Registry for Alzheimer’s disease (CERAD) [63]. These
cases were also evaluated for transactive response DNA-
binding protein 43 kDa (TDP-43) inclusions [64] and
assigned ABC criteria [54]. A board-certified neuro-
pathologist excluded cases with other pathologies (e.g.,
cerebral amyloid angiopathy, vascular dementia, demen-
tia with Lewy bodies, hippocampal sclerosis, Parkinson’s
disease, large strokes, and individuals treated with acetyl-
cholinesterase inhibitors).

Immunohistochemistry

Two 8-pum-thick paraffin-embedded FC (Brodmann’s
area 10, BA10) sections were processed for immunocy-
tochemistry. Sections were pretreated with either citric
acid (pH=6) for 10 min for antigen retrieval for APOE
(Goat anti-APOE, [1:6000], Ab947, Millipore), MBP
(Rat anti-MBDP, [1:500], Ab7349, Abcam), Fabp7 (Rabbit
anti-Fap7, [1:500], PA5-24949, Thermo Fisher Scientific),
AT8 (mouse anti-Phospho-Tau (Ser202, Thr205), [1:100],
Thermo Fisher Scientific). Antigen retrieval consisting
of 80% formic acid for 15 min following citric acid treat-
ment was performed prior to Olig2 antibody [Rabbit anti-
Olig2 (1:100), Ab109186, Abcam] incubation, whereas
tissue was only pretreated with 80% formic acid for
10 min prior to treatment with the 6E10 antigen (Mouse
anti-beta-Amyloid 1-16, [1:500], 803002, BioLegend).
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Sections were then incubated over night with primary
antibodies at room temperature (RT) in a tris-buffered
saline (TBS)/0.25% Triton X-100/1% goat serum solu-
tion. After several washes in TBS, tissues were incubated
for 1 h with a goat anti-rabbit/anti-rat biotinylated sec-
ondary antibody, incubated in Vectastain ABC kit (1 h)
(Vector Labs, Burlingame, CA) and developed in a solu-
tion consisting of acetate-imidazole buffer containing
0.05% 3,3’-diaminobenzidine tetrahydrochloride (DAB,
Sigma, MO). Immunocytochemical controls consisted
of the omission of the primary antibody, which resulted
in an absence of immunoreactivity [65]. The specificity
of the ApoE antibody was determined by western blot
(WB), which reacts with the ApoE isoforms E2, E3, and
E4 (RRID: AB_2258475) according to the manufacturer’s
instructions. The MBP antibody was generated against
a recombinant fragment of amino acids 82-87 (DEN-
PVV) (RRID: AB 305869) by the manufacturer. Fabp7
was raised against a KLH-conjugated synthetic peptide
spanning amino acids 104-132 from the C-terminal
region of human Fabp7. Antibody specificity for Olig2
(RRID: AB_10861310) and Fabp7 (RRID: AB_2542449)
was reported by the manufacturer. The 6E10 antibody is
a purified anti-Ap mouse monoclonal antibody (1-16)
raised against the epitope within amino acids 3-8 of
human Af (BioLegend, 803003; RRID: AB_2564652).
The anti-phospho-tau mouse monoclonal (Invitrogen,
MN1020, RRID: AB_223647, clone AT8) recognizes the
phosphatase epitope Ser202/Thr205 of PHF-tau. The
manufacturer reported the antibody specificity for these
last two antibodies. The variability in the number of cases
per experiment is due to limited tissue availability for
some of the samples.

Immunofluorescence

Eight-um-thick paraffin-embedded FC sections were
deparaffinized and pretreated with either citric acid
(pH=6) for 10 min followed by treatment with 80%
formic acid for 15 min for ApoE, GFAP and Fabp7
for antigen retrieval. Sections were double or triple
labeled with either a rabbit anti-GFAP (Z0334, Dako,
RRID:AB_10013382), 1:500 dilution or a mouse anti-
GFAP [1:50 dilution] monoclonal antibody, unconju-
gated, clone GA5, 3670S (Cell Signaling Technology,
RRID:AB_561049), Ibal (Rabbit anti-Ibal [1:50], 019—
19741, FUJIFILM Wako Pure Chemical Corporation,
RRID:AB_839504), Fabp7 (Rabbit anti-Fap7 [1:50], PA5-
24949, Thermo Fisher Scientific, RRID:AB_2542449)
or Olig2 (Rabbit anti-Olig2 [1:50], AB109186, Abcam,
RRID:AB_10861310) together with an ApoE (Goat anti-
ApoE [1:500], Ab947, Millipore, RRID:AB_305869) anti-
body overnight. The appropriate secondary antibodies
were applied (Cy2-donkey anti-mouse IgG for GFAP,
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Cy3-donkey anti-goat I1gG for ApoE and Cy5-donkey
anti-rabbit IgG for Fabp7, Ibal, GFAP and Olig2 [1:200],
Jackson Immuno-research). Autofluorescence was
blocked with autofluorescence Eliminator Reagent (Mil-
lipore, Burlington, MA) and sections were cover-slipped
with aqueous mounting media (Thermo Scientific). Dual
and triple immunofluorescence were visualized and
images were acquired using a Revolve Fluorescent Micro-
scope (Echo Laboratories, San Diego, CA, USA) with
excitation filters 405 for Cy2 (emission green; pseudo-
colored red) and 489 for Cy3 (emission red; pseudo-
colored blue) [65]. Immunofluorescent controls consisted
of the omission of each primary antibody, which resulted
in an absence of immunoreactivity.

Luxol fast blue histochemistry

Eight-um-thick paraffin-embedded FC sections were
washed in absolute ethanol for 5 min, incubated in a
solution containing luxol fast blue (LFB) dissolved in
95% ethanol at 60 °C overnight, rinsed in 70% ethanol
followed by distilled water and differentiated in a 0.05%
Li,CO; solution for 30 s. Sections were transferred into
70% ethanol, rinsed in distilled water and cover-slipped
using DPX (Electron Microscopy Sciences, Hatfield, PA).

Quantitation of ApoE, Fabp7, Olig2-positive cells

and phosphorylated AT8 positive cells and 6E10 positive
plaques

We marked 10 WM regions of interest (ROIs) per slide
at 1X magnification from two FC sections from both
APOEe4 non-carriers and APOEe4 carriers in cases with
a premortem clinical diagnosis of NCI, MCI, and AD and
counted ApoE, Fabp7, and Olig2-positive cells. For AT8
positive cells or 6E10 labeled plaques we marked 5 ROIs
per slide. Directly below each marked ROI we counted
ApoE, Fabp7, and Olig2-positive cells within the WM
and AT8 positive cells or 6E10 positive plaques within
both GM and WM at 40 X magnification before moving
to the next area avoiding overlapping regions. All images
and counts were performed using a Nikon Eclipse 80i
coupled with NIS-Elements Imaging software (Nikon
Americas Inc., NY). Counts stratified by clinical group
and APOEe4 status are shown in Table S1 [65]. Counts
were performed by an investigator blinded to clinical,
pathological and genotype to ensure unbiased analysis.

Quantification of white matter MBP, LFB, and cellular ApoE

optical density values

We performed optical density (OD) measurements of cel-
lular ApoE, MBP immunoreactivity and LFB histochem-
istry in 10 selected ROIs within a 0.14 mm? area of WM
in two FC sections from NCI, MCI, and AD APOEe4
non-carriers and APOEe4 carriers. Densitometry
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measurements of MBP and LEB labeling were performed
within the entire ROL Each OD value was automatically
analyzed in grayscale and background OD values were
subtracted from the measurements of MBP, LFB, and
ApoE. All images and OD values were performed with
the aid of a Nikon Eclipse 80i coupled with NIS-Elements
Imaging software (Nikon Americas Inc., NY). OD values
stratified by clinical group and APOEe4 status are shown
in Table S1 [65]. ApoE-positive cells within a ROI were
manually outlined at 40X magnification. OD measure-
ments were also performed blinded to clinical, pathologi-
cal and genotype to ensure unbiased analysis.

Statistical analysis

Analysis across clinical groups Sidakwas performed using
the Mann—-Whitney, Kruskal-Wallis, chi-square, and
Wilcoxon signed-rank tests followed by Conover—Inman,
Holm-Sid4k, Tukey and Dunn’s post hoc tests for multi-
ple comparisons and Spearman rank for correlations. A
false discovery rate was used to adjust for multiple com-
parisons between correlations. Linear regression models
were used to evaluate the association between independ-
ent variables (APOEe4 carrier status, ApoE, Olig 2 and
Fabp7 cell counts) and the dependent variables (LFB
and MBP ODs). Statistical significance was set at p<0.05
(two-tailed) and the data were graphically represented
with aid of GraphPad Prism 9 (GraphPad Software, San
Diego, CA, USA).

Results

Subject characteristics

Demographic, clinical, and neuropathological character-
istics of the 70 cases are summarized in Table 1 (APOEe4
non-carriers) and Table 2 (APOEe4 carriers). There
were no significant differences in age, years of educa-
tion, sex, postmortem interval (PMI), brain weight, Braak
scores, CERAD, NIA Reagan diagnosis independent of
genotype. The NIA-AA ABC scores and the percentage
of cases displaying pathological TDP-43 were similar
between clinical groups in both genotypes (Tables 1 and
2). The similarity of the deposition of AP seen in the NCI
and MCI cases, suggests that the former were presum-
ably in the progression to AD. MMSE was significantly
lower in AD compared to both NCI and MCI groups in
both genotypes (Kruskal-Wallis followed by a Dunn’s
test: NCI>MCI>AD, p=0.003 APOEe4 non-carriers
and p<0.001 APOEe4 carriers). Semantic memory and
perceptual speed scores were reduced in AD compared
to NCI independent of genotype (Kruskal-Wallis fol-
lowed by a Dunn’s test: NCI>AD, p<0.001). Working
memory and visuospatial scores were comparable across
clinical groups in APOEe4 carriers but significantly
lower in AD compared to NCI in APOEe4 non-carriers
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Fig. 1 FCWM Apok positive cells in NCI, MCl, and AD APOEe4 carriers
and non-carriers. Low magnification images of ApoE reactivity

in the WM (dashed lines) of APOEe3 (A-C) and APOE<4 (G-I)

carriers. Higher magnification images of ApoE positive cells in WM
displaying an astrocyte phenotype in the APOEe3 (D-F) and APOEe4
(J-L) groups. Statistical analysis revealed a significant increase

in the number (M) of ApoE positive cells in NCl and MCl APOEe4
carriers compared with non-carriers and in OD ApoE values (N) in AD
APOEe4 carriers compared with non-carriers (NCI3/3 n=10, MCI3/3
n=11,AD3/3n=11,NCI3/4n=11,MCI3/4n=11,AD3/4 n=12).
Boxed insects show high magnification images of ApoE positive cells
(arrows). Scale bar in =250 um and applies to panels A-C, G-1. Scale
barin L=25 um and inset=10 um applies to panels (D-F, J-L). Data
shown in scatter plot and bar graphs are presented as mean £ SEM.
Statistical significance was determined using the Kruskal-Wallis
followed by a Dunn'’s test for comparisons across clinical groups

and Mann-Whitney test for comparisons between carriers

and non-carriers within each clinical group. Significance levels (¥)
were set at: *p<0.05, *p <0.01, **p <0.001. GM grey matter, WM
white matter

(Kruskal-Wallis followed by a Dunn’s test: NCI>AD,
p<0.001 APOEe4 carriers). Global cognition and epi-
sodic memory scores were significantly lower in AD com-
pared to NCI APOEe4 non-carriers but were lower in
MCI compared to NCI APOEe4 carriers (Kruskal-Wallis
followed by a Dunn’s test: NCI>AD, p<0.001 APOEe4
non-carriers, NCI>MCI, AD p<0.001 APOEe4 carri-
ers). Finally, age of death for APOEe4 carriers was signifi-
cantly lower than APOEe4 non-carriers in the AD cohort
(Mann—Whitney test: NCI 3/3 >NCI 3/4, p=0.03).

FC ApoE-immunostaining in APOE€4 non-carriers

and carriers during disease progression
ApoE-immunolabeled cells in the WM displayed a
star-shaped morphology with numerous ramified pro-
cesses extending outwardly characteristic of astro-
cytes across clinical groups. In the WM, we observed a
few lightly labeled ApoE-positive cells in NCI and MCI
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APOEe4 non-carriers (Fig. 1A, B, D, E). Although there
was a trend toward an increase in ApoE-positive cells
in AD compared with NCI and MCI within APOEe4
non-carriers (Fig. 1C, F), statistical analysis showed no
significant differences (Fig. 1J). In the APOEe4 carri-
ers, ApoE labeled cells displayed greater immunoreac-
tive, size, number, and extent of processes (Fig. 1G-L)
across clinical groups compared to APOEe4 non-carriers.
Quantitation revealed significantly greater numbers of
ApoE-positive cells in NCI and MCI APOEe4 carriers
compared to non-carriers (Fig. 1J) (Mann—Whitney test:
NCI3/3<NCI3/4, p=0.01, MCI3/3 < MCI3/4, p<0.0001).
Although the number of ApoE-positive cells was similar
between AD APQOEe4 carriers and non-carriers, OD val-
ues of ApoE immunostaining were significantly greater
in APOEe4 carriers (Fig. 1K) (Mann—Whitney test:
AD3/3<AD3/4, p=0.01).

FC Fabp7-immunostaining in APOE€4 non-carriers

and carriers during disease progression

Fabp7-positive cells were small, rounded, or oval shaped
with thin often elongated branches displaying a ’spi-
dery’ appearance with multiple fine extensions extend-
ing in various directions, resembling oligodendrocyte
precursor cells (OPCs) [29] (Fig. 2A-L). The number
of Fabp7-positive cells decreased significantly in the
WM of AD compared to NCI APOEe4 non-carriers
(Table S1, Kruskal-Wallis followed by a Dunn’s test:
NCI3/3>AD3/3, p=0.017) (Fig. 2A-F, M). By contrast,
there was no difference in cell number of APOEe4 car-
riers across clinical groups. A between genotype analysis
of AD APOEe4 carriers revealed a significantly greater
number of Fabp7-positive cells compared to non-
carriers (Fig. 2F, L, M. Table S1, Mann—Whitney test:
AD3/3<AD3/4, p=0.02).

Fabp7 and ApoE dual labeling in FC white matter

of APOEe4 non-carriers and carriers with AD
Immunostaining showed that ApoE-positive cells exhib-
ited an astrocytic phenotype in 85% of the cases exam-
ined. However, we observed variability in the phenotype
of ApoE-positive cells in the remaining 15% of cases. In
contrast, all Fabp7-positive cells revealed exhibited a
phenotype distinct from astrocytes. To identify these
cells more accurately, we performed triple and double
staining of ApoE and Fabp7 with glial markers in selected
samples.

To identify these cells more accurately, we performed
triple and double staining of ApoE and Fabp7 with glial
markers in selected samples. ApoE-positive astrocytes
were co-labeled with glial fibrillary acidic protein (GFAP)
confirming an astrocytic phenotype (Fig. 3A, B, G, H) in
85% of the cases. ApoE positive but GFAP-negative cells
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Fig.2 FCWM Fabp?7 positive cells in NCI, MCl, and AD APOEe4 carriers and non-carriers. A-L Low magnification images of Fabp7 reactivity

in the WM (dashed lines) of APOEe3 (A—C) and APOEe4 (G-I) carriers. Higher power images of WM Fabp?7 immunoreactive cells in APOEe3 (D-F)
and APOEe4 (J-L) carriers displaying a small, rounded, or oval-shaped morphology with thin processes like that seen in oligodendrocytes precursor
cells in all clinical groups. Insets show higher power images of Fabp7 positive cells (arrows) in each panel. Scale bar in low magnification images
=250 um applies to panels (A-C, G-I). High power magnification images scale bar in L=25 um and inset=10 um applies to panels (D-F, J-L).

M Quantification revealed a significant reduction in AD compared to NCI in APOEe4 non-carriers, that remained stable in carriers (NCI3/3 n=10,
MCI3/3n=11,AD3/3n=11,NCI3/4n=11, MCI3/4 n=9, AD3/4 n=11). Data shown in the bar graph is presented as mean + SEM. Statistical
significance was determined using the Kruskal-Wallis followed by a Dunn’s test for comparisons across clinical groups and Mann-Whitney test

for comparisons between carriers and non-carriers within each clinical group. Significance levels (*) were set at: *p < 0.05, **p < 0.01, ***p < 0.001. GM

grey matter, WM white matter

co-localized with the ionized calcium-binding adaptor
molecule 1 (Ibal), a well-established marker of micro-
glia/macrophages (Fig. 3C, D, [, J), and with the oligo-
dendrocyte marker oligodendrocytes transcription factor
2 (Olig2) (Fig. 3E, F, K, L) in both genotypes. Although
ApoE-immunolabeled cells co-localized with Fabp7, a
putative astrocyte marker, none of the latter co-localized
with GFAP (Fig. 3M-T) [66] in the WM of both geno-
types, suggesting a non-astrocyte phenotype.

FC Olig2-immunostaining in FC white matter in APOEe4
non-carriers and APOEe4 carriers during disease
progression

We counted oligodendrocyte cell (Olig2 positive) num-
ber in the FC WM of APOEe4 carriers and APOEe4
non-carriers during the progression of AD. The number
of Olig2 positive nuclei was significantly decreased in
AD compared to NCI APOEe4 non-carriers (Fig. 4D-F,
M, Table S1, Kruskal-Wallis followed by a Dunn’s test:

NCI> AD, p=0.03). By contrast, no changes in the num-
ber of Olig2 positive nuclei were observed in APOEe4
carriers. However, a reduced number of Olig2-positive
cells was observed only in MCI APOEe4 carriers com-
pared to APOEe4 non-carriers (Fig. 4E, K, M, Table S1,
Mann-Whitney test: MCI3/3 < MCI3/4, p=0.02).

Quantitation of OD in MBP immunostaining and LFB
histochemistry

We analyzed OD values of MBP and LFB, in FC WM of
APOQOEe4 carriers and APOEe4 non-carriers during the
progression of AD. The MBP antibody detects a protein
that binds to the multilayered axonal membrane formed
by oligodendrocytes, while LFB reflects lipids in the mye-
lin of the WM (Fig. 5A—C). OD measurements of MBP
revealed a significant increase in MCI compared to NCI
and AD within the APOEe4 non-carrier group (Fig. 5D—
F, B, Table S1, Kruskal-Wallis followed by a Dunn’s
test: MCI>NCI, AD, p=0.002), which was not seen in
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Fig. 3 FCWM ApokE and Fabp?7 positive cells colocalize with different glial cell markers in AD carriers and non-carriers. Double-immunofluorescence
images showing ApoE reactive cells (red) (A, G), (C, 1), (E, K) that colocalize with the astrocytic glial fibrillar acidic protein (GFAP; blue) (B, H),

the microglial ionized calcium-binding adaptor molecule 1 (Iba1; green) (C, D), and the oligodendrocyte marker, oligodendrocyte transcription
factor 2 (Olig2; green) (F, L). Note that not all Iba1 and Olig2 positive cells express ApoE. Scale bar in A-L=10 puM. Triple-immunofluorescent showing
single Fabp?7 (blue) (M-Q), ApoE (red) (N-R), GFAP (green) (0O-S) cells and merged images (pink and yellow) (P, T). Insets show higher magnification
images of Fabp7, ApoE and GFAP positive cells (white arrows). Note the consistent co-localization of GFAP and ApoE, while Fabp7 colocalizes

only with ApoE. Scale bar in panel P, T=25 um and inset=10 um

APOEe4 carriers across clinical groups (Fig. 5G-I, P). A
clinical group analysis revealed that MCI APOEe4 non-
carriers presented greater MBP OD values than APOEe4
carriers (Fig. 5E, H, P. Table S1, Mann—Whitney test:
MCI3/3 > MCI3/4, p=0.0008).

OD values of LFB were significantly higher in MCI
compared to NCI and AD in APOEe4 non-carriers
(Fig. 5]-L, Q, Table S1, Kruskal-Wallis followed by a
Dunn’s test: MCI>NCI, AD, p=0.04). However, there
was a significant decrease in LFB OD values in AD
compared to NCI among APOEe4 carriers (Fig. 5M-0O,
Q, Table S1, Kruskal-Wallis followed by a Dunn’s test:
NCI>AD, p=0.004). NCI APOEe4 carriers had sig-
nificantly greater LFB OD values compared to APOEe4

non-carriers (Fig. 5], M, Q, Table S1, Mann—Whitney
test: NCI3/3>NCI3/4, p=0.01). Although LFB histo-
chemistry is an excellent marker to visualize myelin and
lipid composition of myelin sheaths, it does not provide
information related to myelin metabolism or the degree
or type of lipidation in myelin. To answer this question,
more advanced technologies would be required such as
mass spectrometry.

Phosphorylated tau and plaque count in FC white and grey
matter in APOE€4 non-carriers and APOEe4 carriers

during disease progression

We evaluated the number of phosphorylated tau-pos-
itive cells (AT8) and APP/AB-positive plaques in both
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Fig.4 FCWM Olig2 positive cells in NCI, MCl, and AD APOEe4 carriers
and non-carriers. A-L Low magnification images of Olig2 (purple)
reactivity in the WM (dashed lines) in APOEe3 (A-C) and APOEe4
(G-1) carriers. Higher power images of WM Olig2 immunoreactive
cells in APOEe3 (D-F) and APOEe4 (J-L) WM displaying a small
oval-shaped morphology in all clinical and genotype groups.

Boxed insects show high power images of Olig2 positive cells

in each panel (e.g. arrows in L). Scale bar in |=250 um and applies

to panels A-C, G-1. Scale bar in L=25 um and inset=10 um

applies to panels (D-F, J-L). M Quantification revealed a significant
decrease in Olig2-positive nuclei in AD compared to NCl in APOEe4
non-carriers and in MCl carriers compared to non-carriers (NCI3/3
n=11,MCI3/3n=10,AD3/3 n=9,NCI3/4 n=9, MCI3/4 n=9, AD3/4
n=9). Data shown in bar graph is presented as mean £ SEM. Statistical
significance was determined using the Kruskal-Wallis followed

by a Dunn’s test for comparisons across clinical groups and Mann-
Whitney test for comparisons between carriers and non-carriers
within each clinical group. Significance levels (*) were set at: *p < 0.05,
**p<0.01, **p <0.001. GM grey matter, WM white matter

GM and WM of the FC. Qualitative analysis found that
virtually all APP/AP lesions were diffuse plaques across
clinical groups in the GM, except for a higher prevalence
of neuritic plaques in AD APOEe4 carriers and APOEe4
non-carriers. By contrast, only a few plaques were seen
in the WM. Quantitative analysis revealed no significant
differences in APP/AB-positive plaque number in AD
compared to MCI and NCI in APOEe4 non-carriers in
WM. The qualitative evaluation of tau pathology in these
cases found that AT8-positive cells were absent in 83%
(25 of 30) of the cases examined, both in WM and GM.
Although no tau pathology was observed in the GM of
MCI APOEe4 carriers, statistical analysis revealed a sig-
nificant increase in AT8-positive cells in the GM of AD
compared to MCI in APOEe4 carriers (see Table S2,
Kruskal-Wallis followed by Dunn’s test: MCI<AD,
p=0.01). The increase in tau pathology is because of the
remaining five cases four were in the AD APOEe4 carrier

group.
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Associations of cell counts and OD measurements

with cognitive performance and neuropathological criteria
Applying linear regression models that included APOEe4
carrier status, we found a significant association between
Olig2 cell counts and LFB OD (p<0.001), but not MBP
OD (p=0.06) (see Table S3). We also performed a Spear-
man correlation analysis to assess whether the num-
bers of ApoE, Fabp7, and Olig2-positive cells, as well
as OD measurements of MBP and LFB, were associ-
ated with each other (see Table S4) and/or with either
cognitive performance or neuropathological criteria in
both APOEe4 carriers and APOEe4 non-carriers (see
Table S5). There was no statistical relationship between
ApoE and Fabp7-positive cell numbers in WM, inde-
pendent of genotype (Fig. 6A, B). Fabp7-positive cells
correlated only with Olig2 in APOEe4 non-carriers
(Fig. 6C, D, Spearman r=-0.58, p=0.001). Regarding
cognitive parameters, LFB OD measures positively cor-
related with global cognition in APOEe4 carriers but not
in APOEe4 non-carriers (Fig. 6E, F, Spearman r=0.55,
p=0.003). ApoE cell counts correlated with CERAD
(Table S5, Spearman correlation r=0.52, p=0.003) and
NIA-Reagan criteria (Table S5, Spearman correlation
r=0.58, p=0.0007) but not Braak stage, while Fabp7 only
positively correlated with CERAD in APOEe4 non-carri-
ers (Table S5, Spearman correlation r=0.56, p=0.002).

Discussion

Although the €4 allele of ApoE is linked to WM abnor-
malities, its effects on cell types related to myelination
during the onset of AD are not well defined. The present
immunohistochemical analysis revealed that the major-
ity of cells containing cytoplasmic ApoE were astrocytes
within the WM of the FC (area B10) [19]. By contrast,
cytoplasmic ApoE immunostaining was observed to a
lesser degree in other myelin related cell types, includ-
ing microglia, oligodendrocytes and Fabp7-positive
cells, which resembled OPCs in both genotypes [67].
We observed an increase in the number of WM ApoE-
positive astrocytes in NCI and MCI in APOEe4 carriers
compared to APOEe4 non-carriers, suggesting that an
increase in ApoE protein accumulation in the cytoplasm
of astrocytes is linked to the €4 allele. A review of the lit-
erature failed to reveal studies linking ApoEe4-containing
cell types or protein levels with ApoE allele status within
the WM including the FC. A study revealed ApoE in ves-
sel walls, astrocytes and oligodendrocytes and linked
ApoE immunostaining to age-related WM abnormalities
in humans [68]. In AD, ApoE-positive astrocytes have
been reported to surround AP plaques in the tempo-
ral lobe and animal models indicate a crucial role in the
deposition and accumulation of plaques. [32, 69, 70], sug-
gesting a neuroinflammatory astrocytic response to this
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images of myelin basic protein (MBP; brown) (A) and luxol fast blue (LFB) (B) staining showing the location of the WM (dashed lines) in the FC.

C Schematic drawing showing the location of oligodendrocyte (Olig2), MBP and LFB during the formation of the myelin sheath (created

with BioRender). Higher magnification images of MBP immunostaining (D-1I) and LFB histochemistry (J-0) in APOEe3 and APOEe4 carriers. Note
the increase in MBP reactivity in the MCl APOEe3 case (E), in LFB staining in NCI MCI non-carriers (K) and NCI APOEe4 carrier (M). Scale bar in |

and O=25 um applies (D-0). (P) Statistical analysis revealed significantly higher OD measures of MBP in MCl compared to NCl and AD APOEe4
non-carriers (NCI3/3n=11, MCI3/3n=11,AD3/3 n=10,NCI3/4n=11, MCI3/4 n=9, AD3/4 n=11). (Q) Quantitation of LFB revealed significantly
greater levels in MCl non-carriers than NCl and AD non-carriers, while NCl carries showed higher levels than NCI non-carriers. (NCI3/3 n=11, MCI3/3
n=11,AD3/3n=10,NCI3/4n=11, MCI3/4 n=9, AD3/4 n=11). Data shown in bar graphs are presented as mean + SEM. Statistical significance

was determined by Kruskal-Wallis followed by a Dunn'’s test for comparisons across clinical groups and Mann-Whitney test for comparisons
between carriers and non-carriers within each clinical group. Significance levels are indicated as follows: *p <0.05, **p < 0.01, ***p < 0.001
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Fig. 6 Correlations between optical density, cell counts and cognitive variables. Linear regression graphs display correlations between Fabp?7
and ApoE-positive cells in the WM for APOEe4 carriers (A) and APOEe4 non-carriers (B), between Fabp7 and Olig2-positive cells in APOEe4 carriers
(C) and APOEe4 non-carriers (D) and between LFB optical density and global cognition scores in APOEe4 carriers (E) and APOEe4 non-carriers (F).
Significant correlations were observed only between Fabp7 and Olig2 in APOEe4 non-carriers and LFB optical density and global cognition scores

in APOE€4 carriers

protein. Alterations in astrocytic functionality, including
impaired cholesterol accumulation and dysfunction in
the secretion of the ApoE protein, occur when APOEe3
is converted to APOEe4 in iPSC-derived astrocytes
[71, 72]. Perhaps, the functional consequences of these
impairments interrupt the transport of astrocyte-derived
lipids to oligodendrocytes altering axonal myelination
[72] resulting in reduced axonal signal transmission
[73], likely playing a role in impaired cognition. Here, we
found that cognitive impairment was more pronounced
in MCI and AD APOEe4 carriers compared to APOEe4
non-carriers (data not shown). This aligns with previous
studies indicating greater cognitive decline and an earlier
onset of symptoms in individuals carrying the €4 allele
[74].

Like ApoE, Fabp7 is an intracellular protein essential
for fatty acid (FA) uptake, transport, metabolism, stor-
age and its loss disrupt lipid homeostasis in the brain
[75]. Compared to non-plaque brain regions, astrocytes
surrounding AP plaques also exhibit increased Fabp7
staining in the cortical gray matter in AD [31]. Here,
we observed that the number of Fabp7-positive cells in
WM decreased in APOEe4 non-carriers during dis-
ease progression but remained stable in APOEe4 car-
riers. The lack of a reduction in Fabp7-positive cells in
AD APOEe4 carriers compared to APOEe4 non-carri-
ers requires further investigation, given the detrimental
effects of the €4 allele on myelination [29, 76]. One pos-
sible explanation for the preserved levels of this protein

in APOEe4 carriers is that they require higher levels of
FAs than non-carriers to maintain myelin integrity dur-
ing disease progression. Fabp7 exhibits a strong affin-
ity for docosahexaenoic acid (DHA), the predominant
omega-3 polyunsaturated fatty acid (w3-PUFA) in brain,
while also binding with various FA derivatives, including
endocannabinoids [77-79]. APOEe4 affects the metabo-
lism of w3-PUFAs, which are needed to control proin-
flammatory states [80], while transcriptomic analyses
reported no effect of the ApoE genotype on Fabp7 tran-
script levels in iPSC cerebral organoids derived from AD
patients [81]. The disconnect between these findings is
likely related to the fact that organoids exist in an envi-
ronment that does not reflect that found in the AD brain.
Although Fabp?7 is associated with an astrocytic inflam-
matory phenotype near A plaques, we found no colocal-
ization between Fabp7 and GFAP in the WM. However,
we found a strong correlation between Olig2 and Fabp7-
positive cell number among APOEe4 non-carriers. Inter-
estingly, Fabp7 is also expressed in radial glia-like cells
and oligodendrocyte precursor cells (OPC) [82, 83].
Since OPCs give rise to mature oligodendrocytes, which
exhibit a morphology more like OPCs than to astrocytes
[29], we suggest that WM Fabp7-positive cells are OPCs.
However, the precise role(s) that Fabp7 and ApoE play
in lipid processing and the development of AD pathol-
ogy remains a major knowledge gap. Recent reports
indicate that APOE risk variants in human induced iPS
cell-derived microglia (iMG) induce cellular organelles



Moreno-Rodriguez et al. Journal of Neuroinflammation (2025) 22:25

containing lipid droplets (LDs), that are involved in lipid
storage, energy regulation and lipid metabolism in micro-
glia (i.e., lipid-droplet-accumulating microglia, LDAM),
which are more prevalent in APOEe4/4 AD than control
brain [84]. Although Fabp7 plays a key role in the forma-
tion and accumulation of LDs by accelerating the uptake
and transport of fatty acids by regulating cellular lipid
metabolism [31], its role in the formation of AD pathol-
ogy remains unclear. However, treatment of primary hip-
pocampal astrocyte cultures with AP fragment 25-35
(AP25-35) induces Fabp7 upregulation and increased
expression in AD APP/PS1 transgenic mice [31]. An
upregulation of Fabp7 produces an NF-kB-driven inflam-
matory response in induced astrocytes [85]. A recent
study demonstrated that Fabp7 protects astrocytes from
reactive oxygen species (ROS) toxicity through the for-
mation of LDs suggesting a link between Fabp7, lipid
homeostasis, and neurodegenerative disorders, including
AD [85]. The role that Fabp7 and APOE play in the for-
mation of LDs in AD requires continued investigation.

Here we report a decrease in Olig2 positive cells
between groups within the APOEe4 non-carriers as
described in both AD and animal models of this disease
[72, 86, 87]. In the MCI APOEe4 carriers, the number
of oligodendrocytes is lower than APOEe4 non-carri-
ers, suggesting an early cellular demyelinating response
associated with the €4 allele. Following demyelination,
OPCs differentiate, establish contacts with myelination-
permissive axons and maintain myelin structure [88, 89].
Reports indicate that ApoE4 disrupts the maturation of
OPCs into oligodendrocytes, which have been shown
to be necessary for myelin sheath formation in hAPOE4
mice [72]. Interestingly, in patients with multiple sclero-
sis remyelination has been suggested to fail due to OPCs
becoming quiescent and are not able to differentiate [90].
Perhaps similar effects occur in APOEe4 carriers because
disrupted lipid transport from astrocytes to oligodendro-
cytes results in impaired differentiation and subsequent
degeneration of oligodendrocytes.

With respect to myelin status, APOEe4 non-carriers
displayed elevated levels of MBP and LFB in MCI com-
pared to NCI and AD individuals, which coincided
with stable numbers of oligodendrocytes. In contrast,
upregulation of MBP was not observed in MCI APOEe4
carriers, indicating that the €4 allele affects MBP pro-
duction early in the disease process. Interestingly, viral-
induced demyelination in mice trigger an upregulation
of MBP mRNA synthesis following an inflammatory glial
response [91], which does not occur in MCI APOEe4 car-
riers. We previously reported an increase in the number
of WM astrocytes and microglia in MCI, suggesting an
early inflammatory response during the preclinical stage
of AD [65, 92]. Here, we suggest that an increase in MBP
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in APOEe4 non-carriers is an example of a putative com-
pensatory response to early inflammation associated with
the maintenance of myelin in the aged brain. In contrast,
APOEg4 carriers may lack the ability to produce a similar
MBP response needed to maintain myelin sheath integ-
rity, including the production of lipids necessary for neu-
rotransmission during the onset of AD [93] despite an
increase in the number of WM astrocytes and microglia
reported in the preclinical stage of AD [65, 92]. Addition-
ally, the strong correlation between MBP levels and cog-
nitive status in MCI and AD underscore the importance
of increasing MBP levels to support cognitive function in
the prodromal stage of AD in APOEe4 carriers [74].

Finally, APOEe4 carriers in the NCI group exhibited
greater LFB staining but stable MBP levels, suggest-
ing that the €4 allele affects lipids involved in myelin
metabolism in the non-demented aged brain [94, 95].
In addition, we found that LFB levels in APOEe4 carri-
ers correlated with cognitive performance across clinical
groups, suggesting that high myelin lipid levels preserve
cognition, particularly in APOEe4e4 allele carriers [96].
Perhaps maintaining lipid function has the potential to
sustain cognition in advanced age even in the context of
AD pathology [97].

A limitation of this study is its cross-sectional
approach, which limits the ability to establish causal
relationships between APOEe4, lipid transporters and
myelin status over time. Therefore, performing longi-
tudinal studies would provide a better understanding
of the role that proteins related to myelination play in
the onset of cognitive decline during the progression
of AD. The AD cohort we examined lacked cases het-
erogeneous for APOEe4. It remains to be determined
whether e4/e4 individuals would display greater WM
lipid dysfunction compared to €3/e4 cases. A meth-
odological caveat of this study is the inability to more
accurately define the cell types labeled with ApoE in
the WM during disease progression. Future co-staining
experiments combined with more detailed quantitation
are planned to address this issue. Although APOEe4
transgenic mice may be useful to evaluate some mecha-
nistic questions based upon the present findings, the
absence of an animal model that truly replicates pro-
dromal AD hinders preclinical behavioral investiga-
tions. Although we are aware that data derived from
human tissue clinical pathological investigations are
correlative, the findings provided here are needed to
develop novel animal models to investigate the role
that APOEe4 plays in the pathobiology of WM dysfunc-
tion in AD. Future studies aimed at identifying specific
lipids that change in the WM within other areas of the
neo and limbic cortex, particularly the medial tempo-
ral lobe memory circuit as well as which glial cell types
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are most involved in lipid induced pathologies during
disease progression in APOEe4 carriers versus APOEe4
non-carriers is warranted.

In summary, the number of WM ApoE-positive cells
was greater in NCI and MCI, while Fabp7-positive cells
increased only in AD. Olig2 cell counts and MBP immu-
nostaining were lower in MCI APOEe4 carriers com-
pared to APOEe4 non-carriers, while LFB levels were
greater in NCI APOEe4 carriers compared to APOEe4
non-carriers. Correlational analysis revealed no asso-
ciation between ApoE and Fabp7-positive cells, whereas
LFB values were positively correlated with global cog-
nitive performance in APOEe4 carriers across clinical
groups. Overall, our findings suggest that the APOEe4
allele compromises myelin by disrupting ApoE and
Fabp7, key lipid transporters, which play a role in the
maintenance of myelination in the WM, at least in the FC
during the onset of AD. The present finding suggests that
targeting myelin lipid metabolism is a potential therapeu-
tic strategy for managing cognitive impairment early in
AD, particularly in APOEe4 carriers.
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