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Abstract
White matter degradation in the frontal lobe is one of the earliest

detectable changes in aging and Alzheimer disease. The e4 allele of

apolipoprotein E (APOE4) is strongly associated with such myelin

pathology but the underlying cellular mechanisms remain obscure.

We hypothesized that, as a lipid transporter, APOE4 directly triggers

pathology in the cholesterol-rich myelin sheath independent of AD

pathology. To test this, we performed immunohistochemistry on

brain tissues from healthy controls, sporadic, and familial Alzheimer

disease subjects. While myelin basic protein expression was largely

unchanged, in frontal cortex the number of oligodendrocytes (OLs)

was significantly reduced in APOE4 brains independent of their

Braak stage or NIA-RI criteria. This high vulnerability of OLs was

confirmed in humanized APOE3 or APOE4 transgenic mice. A grad-

ual decline of OL numbers was found in the aging brain without as-

sociated neuronal loss. Importantly, the application of lipidated

human APOE4, but not APOE3, proteins significantly reduced the

formation of myelinating OL in primary cell culture derived from

Apoe-knockout mice, especially in cholesterol-depleted conditions.

Our findings suggest that the disruption of myelination in APOE4

carriers may represent a direct OL pathology, rather than an indirect

consequence of amyloid plaque formation or neuronal loss.
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INTRODUCTION
Extensive myelination in the frontal lobe is a prominent

but late-maturing feature of the primate brain (1). Ironically,
while the slow maturation process means that the frontal lobe
white matter (WM) is not fully developed until well into the
fourth decade of human life, frontal lobe WM is also one of
the earliest structures to be lost during normal aging (2–6).
The loss of myelin content is significant enough to be tracked
by diffusion tensor imaging (DTI) (7–9), and such imaging
studies have shown that the microstructural integrity of WM
in most cerebral cortex regions, particularly in the frontal
lobe, regresses with age even in healthy individuals. The im-
portance of these changes is underscored by the additional
finding that the loss of WM integrity exhibits a close relation-
ship with declines in cognitive performance including mem-
ory, speed of processing, and reaction time (10–13). Not
surprisingly, therefore, the natural loss of WM is significantly
accelerated in individuals with cognitive impairment and spo-
radic Alzheimer disease (sAD) (3, 14, 15).

Apolipoprotein E is the strongest and most prevalent ge-
netic risk factor for sAD (16). Based largely on the amyloid
cascade hypothesis, the traditional view of the linkage be-
tween APOE and the risk of sAD centers on the role of the
APOE protein as a carrier of the beta-amyloid (Ab) peptide.
While this idea has face validity, many amyloid-independent
cellular mechanisms can equally well explain the linkage (17).
The major role of APOE in the brain is to serve as the lipid
carrier for cholesterol transport between astrocytes and other
brain cell types. This raises the possibility that APOE may be
essential for the formation and degradation of myelination.
Myelin is one of the most lipid- and cholesterol-rich cellular
structures in the human body and a high cholesterol content is
a prerequisite for the maturation of the myelin-making oligo-
dendrocyte (OL) (18–20). During aging, the OL population
becomes less capable of intrinsic cholesterol synthesis. This
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makes an OL increasingly reliant on lipids transported from
astrocytes (21, 22), and increases the importance of APOE as
a cholesterol carrier. Due to its high lipid binding affinity, the
e4 allele of apolipoprotein E (APOE4) is less effective than
the more common APOE3 allele to transport lipids between
brain cells (17). Given these observations, there is likely a cor-
relation between the observed loss of myelin in Alzheimer dis-
ease and an individual’s APOE4 genotype (23–26).

In Alzheimer disease, the earliest myelin loss happens at
least a decade before the onset of cognitive symptoms or path-
ological deposition of misfolded proteins. Based on this tim-
ing, we and others have hypothesized that loss of myelin
integrity is one of the initiating events of sAD (3, 14, 27).
While attractive as a hypothesis given the abundant neuroim-
aging evidence (28, 29), the cell biology that might connect
APOE and myelin remains unknown, especially the mecha-
nisms underlying the high vulnerability of WM microstructure
observed in APOE4 carriers (23–26, 28, 29). We have recently
shown that the dementia-associated loss of OLs, particularly
mature OLs (mOL), is independent of amyloid plaque deposi-
tion (30). In the current report, we further segregate the patho-
genic effects of APOE4 and amyloid plaque deposition on OL
population in a well-characterized cohort of sporadic and fa-
milial Alzheimer disease (fAD). We find that APOE4 exerts
intrinsic effects on the cell biology of the OL population that
in turn contribute to the WM abnormalities found in sAD. Fur-
ther, in vitro cell culture models, as well as in vivo studies
with humanized mice carrying the human APOE3 or APOE4
gene in place of the endogenous mouse Apoe gene, provide ad-
ditional evidence that the APOE4 protein is directly detrimen-
tal to OLs, especially myelinating OLs. The data further
suggest that these effects are independent of both amyloid pla-
ques and neuronal loss.

MATERIALS AND METHODS

Human Postmortem Brain Tissues
A cohort of formalin-fixed paraffin-embedded postmor-

tem tissues from sAD (mean age¼ 83.0 years, n¼ 18), fAD
(mean age¼ 50.3 years, n¼ 7) and age-matched healthy con-
trols (NC, mean age¼ 78.0 years, n¼ 9) were kindly provided
by Alzheimer’s Disease Research Center (ADRC) Neuropa-
thology Core at University of Pittsburgh with approvals from
the Committee for Oversight of Research and Clinical Train-
ing Involving Decedents at University of Pittsburgh. The study
of human tissue is also approved by the Institutional Review
Board at The Hong Kong Polytechnic University (PolyU)—
IRB (HSEARS20190809001). The basic neuropathology of
all cases was characterized and classified by Braak staging
(31) and Institute on Aging and Reagan Institute (NIA-RI) di-
agnosis criteria (32).

Animal Subjects
Homozygous hAPOE3 (RBRC03390, B6; 129-

Apoe<tm>/3SfuRbrc) and hAPOE4 (RBRC03418 B6; 129-
Apoe<tm(APOE4)Sfu>/SfuRbrc) knock-in mice were obtained
from RIKEN BioResource Research Center, Japan; Apoe-
knockout mice (Apoe-KO; Apoe�/�; Apoetm1Unc) were

obtained from The Jackson Laboratory (Bar Harbor, ME).
These mice were originally developed by Shinobu Fujita at
the Mitsubishi Kagaku Institute of Life Sciences (33), and
backcrossed to C57BL/6 background. In both strains, the
mouse Apoe gene locus flanking part of exon 2, the entire
exon 3 and most of the exon 4 is replaced by a human APOE3
or APOE4 cDNA with a floxed neomycin cassette. The colo-
nies were maintained by crossing heterozygotes. In all cases,
wild-type mice generated in these crosses served as controls.
All animals were housed in a temperature- and humidity-
controlled environment on a 12-hour light/dark cycle with
food and water ad libitum. All mice were kept and cared for at
Centralized Animal Facilities at The Hong Kong Polytechnic
University (PolyU) in compliance with the Ordinance and The
Code of Practice for Care and Use of Animals for Experimen-
tal Purposes of Hong Kong. All animal experiments and analy-
sis were approved and Animal Subjects Ethics Sub-
Committee at PolyU. All experiments involving animals were
performed under a valid license from the Department of
Health in Hong Kong.

To isolate brain tissues, animals were deeply anesthe-
tized by Avertin (1.25% tribromoethanol, 375 mg/kg, intraper-
itoneal, Sigma-Aldrich, St. Louis, MO) before transcardial
perfusion with phosphate buffered saline (PBS) using a peri-
staltic pump. The whole brain was isolated by dissection. The
left hemisphere was snap frozen for protein analysis and the
right hemisphere was fixed by immersion in paraformalde-
hyde (4%, for 24 hours at 4�C). The brain tissue was then cryo-
preserved in PBS-sucrose (30% w/v for at least 48 hours at
4�C) and then embedded for cryosectioning in the sagittal
plane at 10 lm, beginning at the midline. All sections were
mounted on glass slides, dried, and kept at�80�C until use.

APOE Genotyping
APOE genotyping was performed after the completion

of the histology studies. The genomic DNA from the postmor-
tem human brain tissue was genotyped for APOE alleles E2,
E3 or E4 using SYBR green-based real time polymerase chain
reaction (PCR) as described by Calero et al (34, 35). All PCR-
based APOE genotyping was further validated by immunohis-
tochemistry using a specific monoclonal mouse antibody
against the human APOE4 protein (Clone 4E4, MABN43,
Millipore, Temecula, CA [36, 37]; 1:1000, antigen retrieval:
ER1 solution, 20 minutes) as well as a rabbit monoclonal anti-
body against human APOE4 (Clone EPR24181-64, ab279714,
Abcam, Cambridge, UK; 1:1000, antigen retrieval: ER2 solu-
tion, 20 minutes) on a Leica fully automated BOND-RX Mul-
tiplex tissue stainer with BOND Polymer Refine Detection Kit
(Leica Biosystems, Lincolnshire, IL). The slides were
reviewed and graded by 3 independent experimenters blinded
to the case identity. In automated clinical immunoassay for
APOE4, the use of clone 4E4 antibody demonstrated a sensi-
tivity of �100%, specificity of �94.8%, and an accuracy
�97.4% (36, 37). The specificity of each APOE4 antibody
was verified against human APOE3 (rhAPOE3, #4699-100
BioVision, Waltham, MA) and recombinant human APOE4
(rhAPOE4, #4696-100, BioVision) by immunoblotting.
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Conventional Immunohistochemistry
Paraffin sections of human frontal cortex, cerebellar cor-

tex, brainstem, and hippocampus were examined. All tissues
slides were incubated for 1 hour at 60�C prior to deparaffiniza-
tion with xylene for 10 minutes followed by routine rehydra-
tion steps. Antigen retrieval was performed on the rehydrated
tissues using basic Tris-EDTA buffer (10 mM Tris Base,
1 mM EDTA solution, 0.05% Tween 20, pH 9.0) at 100�C in a
water bath for 30 minutes. After quenching the residual perox-
idase activity with 3% H2O2, the specimens were blocked with
normal donkey serum for 30 minutes and then the primary
antibodies. The primary antibody, either myelin basic protein
(MBP) (SMI-99P, 1:1000 Covance/BioLegend, San Diego,
CA), Olig2 (MABN50, 1:300 Millipore), APC (Clone CC1,
MABC200, 1:300, Millipore) or myelin regulatory factor
(MyRF) (ABN45, 1:300, Millipore), was placed on the tissue
overnight at 4�C. The sections were then washed and incu-
bated with the corresponding secondary antibody of the DAB-
based detection kits (VectaStain Elite ABC HRP Kit; DAB
Peroxidase HRP Substrate Kit, Vector Laboratories, Burlin-
game, CA) according to the manufacturer’s protocol. All sec-
tions were counter stained with Meyer hematoxylin,
coverslipped, imaged on an upright microscope (BX53 with
DP80 camera, Olympus, Tokyo, Japan), and scanned with a
Leica Aperio CS2 digital pathology slide scanner (Leica
Microsystems, Hong Kong SAR). To quantify the MBP stain-
ing, the overall myelin fiber intensity and subcortical WM
area in the frontal cortex, whole slide images were quantified
with QuPath software (38). For quantifications of cellular anti-
gens, images with an area of 688.6 � 518.5mm were acquired
with a 20� objective. At least 10 random fields in the gray
matter (GM) and WM of the frontal cortex were taken per
case and analyzed by ImageJ (National Institute of Health, Be-
thesda, MD). The minimum of 1% area of the entire formalin-
fixed paraffin-embedded postmortem specimen was sampled
for each GM or WM sample (>3.57 mm2).

Immunohistochemistry-Immunofluorescence
For mouse brain tissue, the washed sections were

blocked with normal donkey serum (10%) in PBS containing
Triton X-100 (0.3%, 1 hour, room temperature). Then tissues
were incubated with specific primary antibodies overnight at
4�C. Following PBS washings, secondary antibodies conju-
gated with Alexa Fluor 488, 555 or 647 fluorochromes were
applied to the section (Thermo Fisher Scientific, Waltham,
MA) at room temperature for 1 hour. All nuclei were counter-
stained with 40,6-diamidino-2-phenylindole (DAPI, Thermo
Fisher Scientific) before mounting in Hydromount (National
Diagnostics, Atlanta, GA) with coverslips. All tissue sections
were examined on an upright microscope (BX53 with DP80
camera, Olympus) equipped with an X-Cite 120Q fluores-
cence illuminator and corresponding filters (Excelitas Tech-
nologies, Waltham, MA).

OL Cell Culture
For primary OL cultures, postnatal day 2 (P2) to P6

mouse pups were sacrificed by decapitation under deep hypo-

thermal anesthesia, and brains extracted from the skull (39–
41). After removal of the cerebellum and olfactory bulbs, all
meninges were removed under a microscope. The whole cere-
brum was then mechanically dissociated by fine scissors, and
enzymatically dissociated by trypsin (0.25%, 30 minutes,
37�C, Gibco, Thermo Fisher Scientific). The neutralized cell
suspension was filtered through a cell strainer with a 40 lm
pore size. The suspension was then centrifuged (220 g,
5 minutes) with cell pellet resuspended and transferred to a
dish coated with BSL1 (1:500, L1100, Vector Laboratories) to
remove any isolectin B4þmicroglia. The resulting suspension,
consisting primarily of a mixture of OL and astrocytes, was
collected. For astrocyte culture, this suspension was placed on
a 10 cm poly-L-lysine coated dish with complete DMEM. For
OL culture, the cells plated on poly-L-lysine coated 60-mm
culture dishes in growth medium composed of DMEM/F12
(Gibco, Thermo Fisher Scientific), normal horse serum
([NHS], 1% v/v, Thermo Fisher Scientific) and N2 supplement
(bovine serum albumin [70 lg/mL], insulin [5 lg/mL], human
transferrin [5 lg/mL], putrescine [1.6 lg/mL], progesterone
[60 ng/mL], sodium selenite [5 ng/mL], and L-thyroxine
[400 ng/mL], all from Sigma-Aldrich). Platelet-derived
growth factor-AA ([PDGF], 10 ng/mL, Sigma-Aldrich), NT3
(1 ng/mL, Peprotech, East Windsor, NJ), and CNTF (10 ng/
mL, Peprotech, NJ) were added to stimulate OL progenitor
cell (OPC) proliferation. After 5 days of expansion, the OPCs
were plated on coated 12 mm glass coverslips (50 000 cells
each). To differentiate OPCs into mOLs, the cells were in-
duced to differentiate for 7 days using 34 ng/mL triiodothyro-
nine (T3) in the absence of growth factors, and at reduced
NHS (0.1%) concentration. To study the effects of hAPOE,
cholesterol and lipid transport on OLs, Lovastatin (3-hydroxy-
3-methyl-glutaryl-coenzyme A reductase inhibitor, #1530,
Tocris, Minneapolis, MN), with or without the addition of re-
combinant human APOE3 (rhAPOE3, #4699-100 BioVision)
and recombinant human APOE4 (rhAPOE4, #4696-100, Bio-
Vision). To study lipidated rhAPOE3 and rhAPOE4, the re-
combinant proteins (4mg/mL) were incubated normal horse
serum (final concentration 0.1% v/v), which contains high
cholesterol-rich lipids, for 30 minutes before application to the
cultures. The use of cell culture serum to lipidated APOE pro-
teins is an effective approach to test cholesterol transport, as
reported recently (42). To study the effects of rhAPOE, the
cells were fixed by 4% paraformaldehyde in PBS after 7 days
in differentiation conditions for immunocytochemistry.

Immunocytochemistry
Cells were fixed with paraformaldehyde (4%, Sigma-

Aldrich) for 20 minutes after washing with PBS. The cell
membrane was permeabilized by 0.3% Triton X-100 contain-
ing normal donkey serum (5%) in PBS for 30 minutes. Primary
antibodies against MAG (MAB1567, 1:500, Millipore), MBP
(78896S, 1:500, Cell Signaling Technology, Danvers, MA),
and Olig2 (Alexa fluor-488 conjugated, MABN50A4 1:500,
Millipore) were applied sequentially followed by PBS washes
and corresponding secondary antibodies conjugated with
Alexa fluor-555 or -647. Samples without incubation with pri-
mary antibodies served as negative controls. The coverslips
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were then imaged on a Nikon Ni-U Microscope equipped with
DS-Qi2 monochrome camera and a pE-4000 white LED Illu-
minator with blue (Ex: 380/55), green (Ex: 470/30), red (Ex:
557/35), and far-red (Ex: 620/60) filters using a Nikon Plan
Apo k 20� Objective (N.A. 0.75, R.I. 1.0). To quantify, 5
images from random fields on each of 2 coverslips were cap-
tured from each specimen with Nikon NIS elements software
(Nikon Instruments, Melville, NY). Each image covering an
area of 0.778 mm2 with an average of 1000 cells per image
were analyzed by QuPath.

Immunoblotting
The left neocortex of each mouse brain tissue was used

for extraction of proteins with RIPA buffer (radioimmunopre-
cipitation assay buffer, Millipore) supplemented with phos-
phatase and protease inhibitors (Roche, Hong Kong SAR).
The protein concentrations were quantified with Bio-Rad Pro-
tein Assay (Bio-Rad, Hercules, CA). Normalized amounts of
sample (20–50 lg proteins per lane) were electrophoresed on a
12% SDS-polyacrylamide gels and blotted to PVDF mem-
branes. All nonspecific antibody binding was blocked by 5%
nonfat milk. Primary antibody against MBP (SMI-99P,
1:3000, Covance/BioLegend), MOG (MAB5680, 1:3000,
Millipore), MAG (MAB1567, 1:3000, Millipore), human
APOE (Clone EP1374Y, ab52607, 1:500, Abcam), human
APOE4 (Clone 4E4, MABN43, 1:500, Millipore), and
GAPDH (Loading control, ab8245, 1:10 000, Abcam) were
then applied. The probed membranes were incubated with
horseradish peroxidase-linked secondary immunoglobulins
(Cell Signaling Technology) before development with chemi-
luminescent substrates (SuperSignal West Pico or Dura,
Thermo Fisher Scientific). The chemiluminescent signals
were detected by medical grade films. The films were scanned
for quantification using ImageJ.

Statistics
In each animal and cell culture studies, at least 3 inde-

pendent experiments were conducted. All data in graphs are
presented as mean value 6 standard errors of the mean. In hu-
man tissue and animal experiments, unpaired t-tests were per-
formed for comparisons between pairs. To test the differences
of a single variable with equal variances, one-way analysis of
variance (ANOVA) followed by Tukey post hoc tests were
performed for comparisons between 3 or more groups in the
human tissue and animal study (43). To test the smallest possi-
ble differences of 2 variables among groups in the cell culture,
a two-way ANOVA was conducted followed by Fisher least
significant difference (LSD) test. For testing differences in 3
independent groups (k¼ 3), Fisher LSD allows the computa-
tion of the smallest significant difference between 2 groups
with a high power with little effects on Type I error (44–46).
All statistical analyses were performed using GraphPad Prism
software version 9.00 (GraphPad Software Inc., San Diego,
CA). The statistical significance level was set as p< 0.05.

RESULTS

Intracortical Myelin Area Is Reduced With
Increasing Braak Stage but Not With APOE4
Genotype

We first investigated whether APOE4-mediated micro-
structural myelin changes were reflected histologically in
postmortem human brain samples (Fig. 1A). This cohort in-
cluded healthy controls (subjects with no cognitive deficit at
death—NC) and subjects who had died with sAD or fAD. Re-
gardless of clinical diagnosis, disease progression was evalu-
ated by Braak staging (neurofibrillary tangle based) and NIA-
RI diagnosis criteria (neurofibrillary tangle and neuritic plaque
based). The APOE status was determined with PCR followed
by histological confirmation using 2 APOE4-specific antibod-
ies (Clone 4E4 and Clone EPR24181-64, Supplementary Data
Fig. S1). The specificity of the 2 antibodies was validated by
in-house testing using recombinant human APOE3 and
APOE4 peptides (Supplementary Data Fig. S2). The Braak
staging, NIA-RI-based diagnosis, and APOE4 genotype for
each case are described in Table. The percentage of APOE4
carrier in Braak III-IV sAD, Braak V-VI sAD, Braak V-VI
fAD were 55% (5/9), 33% (3/9), and 28% (2/7), respectively,
and was 22% (2/9) in NC group (Table) and only 1 case was
homozygous. The gross histology of all specimens revealed a
well-demarcated cortical WM and GM with no significant dif-
ference in cortical thickness among Braak stages or APOE ge-
notype (Fig. 1A, B). As anticipated from previous studies,
immunohistochemistry of MBP revealed a significant reduc-
tion of intracortical myelin in advanced cases (Braak V-VI—
sAD and fAD) (Fig. 1C). On the other hand, we found no dif-
ference in MBP signal intensity in APOE4 carriers (Fig. 1B,
C, right panels). The myeloarchitecture of the cortex was dis-
rupted in specimens at advanced Braak stages (myeloarchitec-
tural map; see [47]). We found that the light and dark bands of
MBP staining were more torsional in their trajectory in severe
sAD cases and were often distorted by abundant amyloid pla-
ques or extracellular neurofibrillary tangles in fAD (Fig. 1D).
Despite these morphological changes, the MBP signal inten-
sity of the stained myelin fibers in the GM showed no differen-
ces among Braak stages nor with APOE4 status (Fig. 1E, F).
We did, however, find a small but significant reduction of
MBP signal intensity in cortical WM in advanced sAD cases;
no such change was found in APOE4 carriers. At high magni-
fication, the difference between NC, sAD, and fAD was clear
especially in the thin and skewed fibers between cortical mye-
lin layer 4–5 in the AD specimens (Fig. 1G). In fAD, the thick-
ness and alignment of the myelin fibers were similar to NC,
but the myelin fiber bundles were noticeably bent by the mis-
folded proteins that could be amyloid aggregations or extracel-
lular neurofibrillary tangles, which appear as empty spaces in
the micrograph.

Intracortical OLs Are Highly Vulnerable to
APOE4 Status but Not Braak Stage

The overall density of the OL population was then eval-
uated by immunostaining with the OL-specific transcription
factor, Olig2. In frontal cortex, the Olig2þ population showed
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FIGURE 1. Myelin basic protein-expressing fibers are reduced in sAD frontal cortex independent of APOE4 status. (A)
Representative low-power micrograph of MBP immunohistochemistry on postmortem human frontal cortices from NC, sAD, and
fAD. Braak stage of NFT or NIA-RI of NFT þ NP are indicated on top left, APOE4 carrier status on top right; thicknesses of the GM
and WM regions are indicated by rectangles. (B) No differences in the cortical GM thickness among groups by Braak stage or
APOE4 status in sAD cohorts. (C) Myelinated (MBPþ) areas of the GM are reduced in sAD and fAD with advanced Braak stages
but are unaffected by APOE4 status in sAD. (D) Representative mid-power images of the cortical GM showing the 6 layers of
myeloarchitecture (M1-6) (47). (E) No differences in the MBP intensity among groups by Braak stage or APOE4 status. (F) MBP
intensity was reduced in sAD and fAD with Braak stage progression but unaffected by APOE4 status. (G) High magnification
between myelin layer 4-5. Strong, aligned, and organized MBPþ myelin fibers were found in NC. The alignment and
organization of MBPþ fibers arrangements were disrupted in sAD; aligned fibers were deflected by amyloid plaques or
extracellular neurofibrillary tangles (asterisks) in fAD. Statistical analyses by one-way ANOVA among groups with Tukey post hoc
test, or unpaired t-test for pairwise comparison (*p<0.05).
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little change with Braak stage progression with high variations
especially in the WM (Fig. 2A). By contrast, Olig2þ cell den-
sity was significantly reduced in APOE4 carriers. While the
effect was evident in GM (56% reduction) it was even stronger
in WM (82% reduction—Fig. 2B). The numbers of cells in the
Olig2þ subpopulation of mOLs were quantified based on their
expression of the CC1 myelin marker. We found a significant
reduction in CC1þ cells in sAD at Braak III-IV compared to
NC. The variability in Braak V-VI was substantial and may
have obscured this difference (Fig. 2C, D). In APOE4 carriers,
the numbers of CC1þ mOLs, like the number of Olig2þ cells,
were significantly reduced. In this case, however, the reduc-
tion seen in GM (58%) was nearly identical to that found in

WM (51%) (Fig. 2D). MyRF is the master transcription factor
that regulates the expression of key myelin genes. When found
in the nucleus of an mOL, it can be used as a marker of an ac-
tively myelinating OL (48, 49). In cortical GM, unlike the situ-
ation with Olig2 and CC1, the MyRFþ mOL population was
significantly reduced with disease progression (Braak stage),
and the APOE genotype was without effect (Fig. 2E, F). No
significant changes in the density of MyRFþ mOL were
found. Next, we asked if the effects of APOE4 on the OL pop-
ulation were found in other brain regions of the same sub-
jects—cerebellum, brainstem, and hippocampus. While
cerebellum demonstrated a significant reduction of the Olig2þ

OL population with Braak stages greater than II, the other

TABLE. Demographic and Neuropathology Details of Human Postmortem Tissues

Case Age

Group

Sex APOE4

Carrier

Braak

Staging

(NFT)

NIA-RI Dx Crite-

ria (NFTþNP)

PMI

(hours)

Age-matching normal controls (NC)

NC1 86–90 M � II N/A 3

NC2 81–85 M � I Low likelihood 5

NC3 71–75 M � II N/A 4.5

NC4 86–90 M � II Low likelihood 7

NC5 61–65 M � N/A N/A 6.5

NC6 76–80 M þ II N/A 6

NC7 76–80 F � II Low likelihood 10.5

NC8 71–75 M � I N/A 4.5

NC9 76–80 M þ II N/A 14

Sporadic Alzheimer disease (sAD)

sAD1 86–90 M þ III Intermediate 9

sAD2 86–90 F þ IV Intermediate 6

sAD3 91–95 M � III Intermediate 6

sAD4 76–80 M þ IV Intermediate 2

sAD5 86–90 M þ IV Intermediate 4

sAD6 81–85 M � IV Intermediate 12

sAD7 76–80 M þ IV Intermediate 15

sAD8 86–90 M � IV Intermediate 4

sAD9 76–80 M � IV Intermediate 2

sAD1 86–90 M � VI High likelihood 3

sAD2 71–75 M þ VI High likelihood 4

sAD3 76–80 F � VI High likelihood 4

sAD4 76–80 F � VI High likelihood 7.5

sAD5 81–85 M � VI High likelihood 7

sAD6 86–90 M � V High likelihood 2

sAD7 81–85 M þ VI High likelihood 4

sAD8 81–85 F þ VI High likelihood 2

sAD9 76–80 F � VI High likelihood 3

Familial Alzheimer disease (fAD)

fAD1 46–50 F � VI High likelihood 10

fAD2 46–50 F � VI High likelihood 18

fAD3 51–55 M � V High likelihood 3

fAD4 51–55 M þ VI High likelihood No record

fAD5 46–50 F � VI High likelihood 6

fAD6 46–50 F � VI High likelihood 6

fAD7 56–60 F þ VI High likelihood 9

Braak, Braak & Braak staging (31); NIA-RI, routine AD diagnosis by National Institute on Aging and Reagan Institute criteria (32); NFT, neurofibrillary tangle; NP, neuritic pla-
que; N/A, not applicable or detectable; þ, APOE4 Carrier; �, APOE4 noncarrier; PMI, postmortem interval.
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FIGURE 2. Oligodendrocytes are vulnerable to APOE4 status but not Braak stage in frontal cortex. (A–F) Representative
micrographs and quantifications of immunohistochemistry of OL in GM and WM of the frontal cortex among NC, sAD, and fAD
cases. (A, B) Total OL populations were visualized and quantified by Olig2þ cell staining (brown). No reduction was found
among sAD and fAD of all Braak stages, but significant reductions of Olig2þ OLs in both GM and WM were found in APOE4
carriers among sAD cases. (C, D) The mOL populations were visualized and quantified by CC1þ cell staining (brown). A
significant reduction was only found in sAD at Braak III-IV but not in Braak V-IV or in fAD groups. A significant reduction of CC1þ

mOLs was also found in APOE4 carriers in sAD in both GM and WM. (E, F) Mature and actively myelinating OL populations were
visualized and quantified by MyRFþ cell staining (brown). A significant reduction was only found in the fAD group; no differences
were found in the APOE4 carriers of the sAD group. (G) In the cerebellum, brainstem, and hippocampus, no significant changes
of Olig2þ OLs were found in any groups classified by Braak stages or APOE4 status. The only exception was a significant reduction
in the cerebellum of sAD groups. Statistical analysis by one-way ANOVA among groups with Tukey post hoc, or unpaired t-test
between 2 groups (*p<0.05, **p<0.01, ****p<0.0001, p value as indicated).
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regions showed only a trend in this direction. A similar trend
was found among the APOE4 carriers but none of the reduc-
tions was statistically significant (Fig. 2G).

Human APOE Depletes OLs, but Not Myelin
Fibers in the Aging Mouse Brain

We next examined transgenic knock-in mice expressing
the human APOE3 or APOE4 allele in place of the endoge-
nous mouse Apoe gene (33). hAPOE3 and hAPOE4 mice have
been well characterized with respect to their altered choles-
terol metabolism and blood brain barrier dysfunctions (33,
50–53). The altered expression of APOE in these 2 knock-in
strains was first confirmed by immunoblotting using an anti-
body specific to human APOE (clone EP1374Y) and an anti-
body specific to human APOE4 isoform (clone 4E4) on mouse
brain tissue lysates (Fig. 3A). At the predicted size of 34 kDa,
a clear band of human APOE and human APOE4 was detected
in all humanized strains (left) and hAPOE4 strain (right), re-
spectively, with no detectable signals found in WT. The anti-
gen specificity of clone 4E4 and EP1374Y was further
confirmed against the recombinant human APOE3 and
APOE4 peptides as well as a mouse IgG control, as shown in
Supplementary Data Figure S2.

As a significant neuropathology is observed in the den-
tate gyrus of hAPOE4 mice as early as 6 months (54), we first
asked whether the expression of human APOE4 protein
exerted deleterious effects on OL and myelin fibers at younger
ages. Using NeuN as a neuronal marker, we observed no de-
crease in neuronal density in neocortex of Apoe-KO, hAPOE3,
or hAPOE4 relative to WT in mice ranging from 1 to 6 months
of age (Fig. 3B, C). Myelin fiber density was also constant
among all transgenic strains. In the neocortex (GM) and cor-
pus callosum (WM), hAPOE4 genotype was not correlated
with a reduction of MBP protein expression. In all genotypes,
MBP immunostaining intensity increased in neocortex but de-
creased in corpus callosum from 1 to 6 months of age
(Fig. 3D, F). The lack of change in the immunolabeling of my-
elin proteins, including MBP, MAG, and MOG in the neocor-
tex of hAPOE3 and hAPOE4 mice was confirmed by Western
blot (Fig. 3E, G). In contrast to the constancy of myelin pro-
teins, we observed an age-dependent change in the OL popula-
tion of neocortex (Fig. 3H–J), and corpus callosum (Fig. 3K–
M). In the neocortex, we observed a gradual reduction of the
number of Olig2þ of all mice by 6 months. In the neocortex,
the density of total OLs (Olig2þ) was reduced in hAPOE4
mice, even though the reduction did not reach statistical signif-
icance (Fig. 3I). By contrast, the number of myelinating CC1þ

mOLs increased in both Apoe-KO and WT mice between 1
and 6 months but remained relatively constant in hAPOE3 and
hAPOE4 (Fig. 3J). The reduction in the density of CC1þ

mOLs was observed in both humanized transgenic mice but
was statistically significant only in hAPOE4 neocortex at
6 months. In the corpus callosum, the number of Olig2þ OLs
increased in both Apoe-KO and WT mice but declined in
hAPOE3 and hAPOE4 (Fig. 3M). An age-dependent increase
in CC1þ mOLs in corpus callosum was found in all strains up
to 6 months of age in Apoe-KO and WT mice. In both
hAPOE3 and hAPOE4 corpus callosum, CC1þ mOLs num-

bers declined after 3 months, but the reduction did not reach
statistical significance (Fig. 3M). Despite the reduced density,
no apparent apoptotic Olig2þ OLs or CC1þ mOLs with
pyknotic nuclei were observed in hAPOE4 mice. To ask if the
lower mOL density in hAPOE4 mice led to reduced myelina-
tion in a more advanced stage, the neocortex and corpus callo-
sum were histologically examined at 12 months (Fig. 4A). No
difference in MBP myelinated area across neocortex and cor-
pus callosum was detected between hAPOE3 and hAPOE4
mice. The myelinated area was similarly unchanged in the
subregions of the neocortex (frontal, somatomotor, retrosple-
nial cortices) and corpus callosum (genu, splenium, and the as-
sociated fornix) as shown in Figure 4B, C.

Exogenous Human APOE4 Is Detrimental to
mOLs In Vitro

The concordance of the histological findings in human
and mouse tissues suggested that APOE4 status was more sig-
nificant than the more traditional pathognomonic measures of
Alzheimer disease with respect to the effect on the OL popula-
tion. To test our central hypothesis that APOE4-associated
WM pathology is the immediate consequence of disrupted
lipid metabolism in OL, we studied the effects of human
APOE protein applied directly to primary cultures of OL de-
rived from different transgenic mouse models in neuron-free
microenvironments. Immunocytochemistry revealed that the
primary OL culture derived from homozygous hAPOE3 and
hAPOE4 mice exhibited no significant differences in the den-
sity of Olig2þ population, nor its state of maturation (MBPþ

cells—Fig. 5A, B). This observation suggested that endoge-
nous expression of hAPOE4 has no negative impact on the
phenotype of OL-lineage cells in vitro. We then investigated
the effects of APOE4 in cholesterol-depleted conditions using
Apoe-KO-derived primary OL culture supplemented with
Lovastatin (HMG-CoA inhibitor, 2.5mM) with or without lipi-
dated recombinant human APOE3 or APOE4 (rhAPOE3; rhA-
POE4—Fig. 5C). Lovastatin significantly compromised the
formation of MBPþ mOL as well as the MBPþ myelinated
area in all conditions (Control, �55.5%; rhAPOE3, �64.3%;
rhAPOE4 �48.5%, Fig. 5D, E). Lovastatin also significantly
reduced the MAGþ area, but not the percentage of MAGþ

mOL (Fig. 5D, F). Importantly, the application of rhAPOE4
throughout the differentiation period reduced the formation of
MBPþ mOL and MAGþ mOL by 59.4% and 47.9% respec-
tively, and reduced MBPþ myelinated area by 70.6%, relative
to control. Such deleterious effects were not observed after
rhAPOE3 treatment alone (Fig. 5E, F). Among all measure-
ments, the lowest numbers of MBPþ- and MAGþ-mOL were
found with rhAPOE4 treatment following Lovastatin-
mediated cholesterol depletion. To investigate if lipidated
rhAPOE4 exert a gain-of-toxicity effect selectively on the
mOL formation or in the entire OL lineage, the density of
Olig2þ population was quantified (Fig. 5G). While Lovastatin
mediated significant reduction of Olig2 population, rhAPOE4,
but not rhAPOE3, reduced Olig2þ OLs by 15.1% in the ab-
sence of such cholesterol depletion. Furthermore, morphologi-
cal analysis of the Olig2þ nuclei showed that rhAPOE4, but
not rhAPOE3, significantly reduced the nuclear size (area in
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FIGURE 3. Age-dependent reduction of OLs but not myelin protein expression in hAPOE3 and hAPOE4 mouse models in vivo.
(A) The expression of human total APOE and specific APOE4 protein in hAPOE4 mice was demonstrated by the detection by
Clone EP1374Y (left) and Clone 4E4 (right) at 34 kDa, respectively (n¼3). Note that the bands above 50 kDa represent mouse
IgG heavy chain in mouse brain tissue. For details, see Supplementary Data Figure S2. (B) Representative image of NeuNþ
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mm2) both in both nonmyelinating Olig2þ OL and myelinating
mOL population (Fig. 5H).

DISCUSSION
The loss of myelin content, myelinated tract integrity,

and intracortical myelin fibers in the frontal lobe are fre-
quently reported in neuroimaging studies of normal aging,
with accelerated decline in sAD (10–13, 23–26, 28, 29). The
current study helps to forge links between these systems-level
changes and the cell biology of the aging and Alzheimer dis-
ease brain. We report that all stages of the OL lineage, up to
and including the mOL population, are highly vulnerable to
APOE4 status, but minimally affected by the extent of Braak
stages. In contrast, the total intracortical myelin area is slightly
reduced with advancing Braak stage but appears to be inde-
pendent of APOE4 genotype. The lack of correlation between
the decline of OL population and the extent of plaque and tan-
gle pathology is consistent with our earlier report (30). Here,
the postmortem human data suggested that the OL population
is indeed more vulnerable to APOE4 genotype than the classic
AD pathology.

The longitudinal study of OL in the mouse brain vali-
dates and extends the human data. The myelination of human
frontal cortex is said to follow an inverted U-shape, peaking at
roughly 40 years of age (4). In mouse cortex, a hint of this tem-
poral pattern was observed in the number of Olig2þ cells, al-
beit the peak appears a younger relative age than would be
expected from the human imaging data. This temporal discor-
dance is likely explained by the fact that the 2 datasets are
measuring different stages of OL development. Indeed, in con-
trast to the Olig2þ data that measures the total number of cells
in the lineage, the mature CC1þ OL number continues to in-
crease throughout the time period examined. One interpreta-
tion of these data is that the formation of new OPCs slows or
stops with age, even as the existing population of precursors
diminishes as they differentiate into mOL in support of the on-
going maturation of the nervous system. This model of the ag-
ing OL population is supported by the finding that, as in
human brain, the overall level of myelin basic protein expres-
sion remains relatively constant in the aging mouse brain. The

OL population in the humanized APOE transgenics initially
attains normal numbers of both Olig2þ and CC1þ cells, which
argues against a developmental defect. Yet an age-related de-
crease is seen in both precursors and mOLs suggesting that it
is the maintenance of the myelinating population that is com-
promised by the replacement of mouse Apoe with human
APOE. As the myelin sheath is continuously rejuvenated by
the differentiation of OPCs after the degradation of mOLs (55,
56), we speculate that the gradual depletion of OPC subjects
the mOL to an elevated demand for lipids in order to maintain
normal levels of myelination. The unmet demands of lipids
are likely part of the reasons for the observed compromise in
myelin tract integrity in APOE4 carriers (27). At the tissue
level, the density of myelin fibers remains unchanged in hu-
man APOE4 carriers and hAPOE4 mice despite the OL loss,
but rhAPOE4 clearly reduced the size of myelin sheet forma-
tion per mOL in cell culture. It is plausible that while the unal-
tered myelin fiber density in human and mouse brain is found
using classic MBP-based immunohistochemistry, an underly-
ing shift of lipid content within the myelin sheath may occur
in these fibers. Such biochemical change may result in the
compromised myelin tract integrity commonly found in
APOE4 carriers (28). Recently, the use of high-throughput
shotgun lipidomic analytics revealed an age-dependent alter-
nation of lipid content in the corpus callosum of Apoe-defi-
cient mice (57). While the present study suggests that APOE4
inhibits myelin formation in OLs, the possible effects of
APOE4 on the lipid composition of myelin sheath generated
by the sabotaged OLs warrants further investigation.

APOE4 is the strongest genetic risk factor for sAD and
the ability of the APOE protein to carry the Ab peptide has
tied this lipid transport protein closely with the amyloid cas-
cade hypothesis. However, in the fAD tissue, despite the re-
markable disruption of intracortical myelin fibers by heavy
amyloid plaque or extracellular neurofibrillary deposition, we
found minimal reduction in the overall density of Olig2þ cells.
This suggests that the vulnerability of OL is independent of
amyloid plaques. This argument is strengthened by the data
from the hAPOE mice, which produce no amyloid plaques un-
less crossed with a transgenic strain carrying human amyloid

FIGURE 3. Continued
(magenta) cortical neurons among transgenic animals at 6 months. (C) The NeuNþ neuron population increases with age, but
no significant differences were found between the neocortex of WT, Apoe�/�, hAPOE3, and hAPOE4 mice from 1 to 6 months.
(D) Representative images of MBP in the neocortex (anterior cingulate) and corpus callosum (Genu) in WT, hAPOE3, and
hAPOE4 mice at 6 months. (E) The immunoreactivity of the MBP signal increased in the neocortex but decreased in the corpus
callosum among all mice from 1 to 6 months but no statistical differences were detected among the strains. Bar chart shows
comparison at 6 months. (F) Consistent levels of myelin protein expression in the neocortex were confirmed by immunoblotting
against MBP, MAG, and MOG with GAPDH as the loading control. (G) No statistical differences in myelin protein expression in
the neocortex were detected between strains. (H) Representative images of Olig2þ OLs (red) and CC1þ mOLs in neocortex
among all strains. (I, J) An age-dependent change of (I) total OL population (Olig2þ) and (J) mOL population (CC1þ) in
neocortex between 1 and 6 months. The numbers of CC1þ mOLs but not Olig2þ OLs were only significantly reduced in hAPOE4
at 6 months (bar chart). (K) Representative images of Olig2þ OLs (red) and CC1þmOLs in corpus callosum among all strains. (L,
M) There was an age-dependent change of total OL population (Olig2þ) and mOL population (CC1þ) in corpus callosum
between 1 and 6 months. The numbers of Olig2þ OLs but not CC1þ mOLs were significantly reduced in hAPOE4 at 6 months
(Bar Chart). Statistical analysis by one-way ANOVA among groups with Tukey post hoc, or unpaired t-test between 2 groups
(*p<0.05, **p<0.01, p value as indicated). Each time point contains at least 2 male and 2 female subjects with n¼4–6. No
gender difference was found among all analyses.
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precursor protein (51). The reduction of the OL population in
hAPOE4 mice amid unaltered myelin density is likely the di-
rect consequence of the defective physiological function of
the human APOE4 protein. We also note that, unlike an earlier
study on a similar strain of human APOE knock-in mice (54,
58), we found no signs of neurodegeneration in mice as old as
6 months of age. Although it is unknown whether silent neuro-
nal pathology, such as synaptic loss, aberrant cell cycle re-
entry or cellular senescence, occurs at this stage, our finding
suggests that APOE4-associated OL reduction is initiated
prior to noticeable neuronal loss.

APOE protein is a well-known carrier that moves cho-
lesterol and other lipids through the aqueous environment of
the brain parenchyma, but this transport function is sabotaged
by the amino acid changes of the APOE4 protein (17). Myelin
is one of the most lipid-rich structures in the human brain. The
data presented here lead us to hypothesize that APOE4-associ-
ated WM pathology is a more or less direct consequence of
disrupted lipid metabolism. The construction of the myelin
sheath requires abundant fatty acids and cholesterol that are
normally synthesized by the OLs themselves (22, 59). With
age, however, lipid synthesis in the OL declines, making it re-
liant on astrocyte-derived lipids to build and maintain normal
levels of myelin (21). In primary OL culture, endogenous ex-
pression of human APOE3 or APOE4 in lieu of mouse Apoe

has no effect on OL behavior. Yet, in the absence of endoge-
nous APOE (Apoe�/�), or in the presence of Lovastatin-
mediated cholesterol-depletion, the addition of exogeneous
lipidated human APOE4, but not APOE3 protein significantly
compromised the formation of myelin. As reflected by the nu-
clear morphology analysis of OL in vitro, the reduced nuclear
size by rhAPOE4 may be reflective of ongoing OL cell death
process as in reports on neurodegenerative diseases (60, 61).

Taken together these data provide evidence that the neg-
ative effects of human APOE4 on OL function are due to its
defective ability to transport lipids Indeed, APOE receptors
such as low-density lipoprotein receptor (LDLR) and LDLR-
related protein 1 (LRP1) are expressed by OLs. Furthermore,
the deletion of LRP1 was shown to promote OL formation
in vivo (62, 63). Our findings are consistent with these reports
and suggested that APOE is crucial for OL maturation. It is
conceivable that a complex relationship between human
APOE isoforms and their receptor such as LRP1 may exist
and impact on myelination in the aging brain. The critical na-
ture of an adequate supply of lipids during myelination is also
well illustrated by the strong upregulation of cholesterol syn-
thesis gene pathway in experimental demyelination models
(64), and rare genetic diseases with lipid metabolism dysfunc-
tions (65). While it is plausible that age-related myelin degra-
dation in human brain is a secondary event that follows

FIGURE 4. MBP-expressing myelin fibers remain unchanged at 12 months in hAPOE4. (A) Representative micrographs of MBP
immunohistochemistry on the cerebrum of hAPO3 (above) and hAPOE4þ/þ (bottom) mice at 12 months. No observable
abnormality was found. (B, C) Quantification of MBPþ myelinated area across the neocortex and corpus callosum was refined to
subregions as denoted in the illustration on top right, but no significant differences were found. Whole Cx, average neocortex;
FCx, frontal cortex; MCx, somatomotor cortex; RSCx, retrosplenial cortex; Whole CC, average corpus callosum.
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misfolded protein aggregation and neurofibrillary tangle for-
mation during the aging process (14), our findings offer an al-
ternative explanation, namely, that the APOE-associated
effects on OL are related to its impact on lipid transport. The
deleterious effect of APOE4 on OL lipid metabolism may lead
to a higher burden of oxidative stress (66, 67) and subsequent
DNA double strand break formation, ultimately leading to
their demise (30, 68, 69).

Recently, activity-dependent myelin plasticity has been
linked to memory formation (70–72). Experimentally en-

hanced myelination was also shown to restore or halt cognitive
decline in a classic AD mouse model (73). These findings res-
onate with early neuroimaging findings of myelin loss in sAD
brain and the tenets of the “Myelination-Hypothesis” as an ex-
planation of the cognitive decline (2, 3, 74–81). Our findings
offer a mechanistic link between the imaging results and the
biochemistry of lipid transport. Coupled with genomic injury
in OL (30, 69), the lack of membrane components may serve
as a feed-forward amplification that offers a potential cellular
mechanism for the myelin pathology in AD.

FIGURE 5. Recombinant human APOE4 protein exert direct deleterious effects on myelin-forming OL cell lines. (A)
Representative image of immunocytochemistry on primary OL cell cultures at 7 DIV derived from homozygous hAPOE3 and
hAPOE4 animals after differentiation at DIV 7 with MBP (green), Olig2 (red), and DAPI (blue). (B) Quantification revealed no
differences in the formation of myelinating (MBPþ) in OL endogenously expressing hAPOE3 or hAPOE4. (C) Flowchart of
experimental design to test the effects of lipidated rhAPOE3 and rhAPOE4 on OL differentiation in the absence of murine Apoe
and intrinsic cholesterol supply. (D) Representative images of primary OL cell cultures at 7 DIV derived from Apoe�/�mouse.
Apoe�/� OPC (Olig2, red) undergo full differentiation and form myelinating OL expressing MBP (blue) and MAG (green).
However, the formation of MBPþ and MAGþ was attenuated in the presence of Lovastatin-mediated cholesterol depletion as well
as the addition of lipidated recombinant human APOE4 (rhAPOE4). (E) The MBPþ mOL density and its myelinated area were
significantly reduced by Lovastatin and/or rhAPOE4 treatment. (F) The MAGþ mOL density and its myelinated area was also
significantly reduced by Lovastatin and/or rhAPOE4 treatment, but not rhAPOE3 addition. (G) Quantifications of all Olig2þ

nuclei showed that Lovastatin significantly reduced the OL population. In the absence of Lovastatin, rhAPOE4 was associated
with the lowest number of Olig2þ cells. (H) rhAPOE4 alone was also associated with a significantly reduced nuclear size among
nonmyelinating Olig2þ OLs (left, at least 1664 cells analyzed per group) and fully differentiated MAG/MBPþ mOLs (right, at least
326 cells analyzed per group) in control conditions from 4 independent experiments. Statistical analysis by two-way ANOVA
among groups with Fisher least significant difference test between pairs (*p<0.05, **p<0.01, ***p<0.001; ****p<0.0001,
n¼4 per group).
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Conclusion
Both in vivo and in vitro evidence support the conclu-

sion that human APOE4 renders the OL population intrinsi-
cally susceptible to degeneration. This APOE4-associated OL
degeneration is not secondary to amyloid deposition or to neu-
ronal loss, but rather is closely related to problems associated
with defective lipid transport. It is conceivable that APOE4-
associated OL abnormalities may result in the shifts of lipid-
protein composition in the myelin sheath and silent neuronal
pathology, such as aberrant cell cycle re-entry or synaptic loss.
These APOE4 related events on myelin hypothesis at bio-
chemistry and molecular level remain unexplored in the pre-
sent study but warrants further investigations.
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