
Experimental Neurology 362 (2023) 114344

Available online 2 February 2023
0014-4886/© 2023 Published by Elsevier Inc.

Research paper 

Brain region-specific myelinogenesis is not directly linked to amyloid-β in 
APP/PS1 transgenic mice 

Shuang-Ling Wu a,b,1, Bin Yu b,c,1, Yong-Jie Cheng b,d, Shu-Yu Ren b, Fei Wang b, Lan Xiao b,c, 
Jing-Fei Chen b,*, Feng Mei a,b,* 

a School of Medicine, Chongqing University, Chongqing 400030, China 
b Brain and Intelligence Research Key Laboratory of Chongqing Education Commission, Department of Histology and Embryology, Third Military Medical University 
(Army Medical University), Chongqing 400038, China 
c Department of Neurosurgery, 2nd Affiliated Hospital, Third Military Medical University (Army Medical University), Chongqing 400038, China 
d Department of Neurosurgery, 1st Affiliated Hospital, Third Military Medical University (Army Medical University), Chongqing 400038, China   

A R T I C L E  I N F O   

Keywords: 
OPC 
Oligodendroglia 
Myelination 
Oligodendrocyte 
Demyelination 

A B S T R A C T   

Alzheimer’s disease (AD) is characterized by aggregating amyloid beta-protein (Aβ). Recent evidence has shown 
that insufficient myelinogenesis contributes to AD-related functional deficits. However, it remains unclear 
whether Aβ, in either plaque or soluble form, could alter myelinogenesis in AD brains. By cell-lineage tracing and 
labeling, we found both myelinogenesis and Aβ deposits displayed a region-specific pattern in the 13-month-old 
APP/PS1 transgenic mouse brains. Aβ plaques cause focal demyelination, but only about 15% Aβ plaques are 
closely associated with newly formed myelin in the APP/PS1 brains. Further, the Aβ plaque total area and the 
amount of new myelin are not linearly correlated across different cortical regions, suggesting that Aβ plaques 
induce demyelination but may not exclusively trigger remyelination. To understand the role of soluble Aβ in 
regulating myelinogenesis, we chose to observe the visual system, wherein soluble Aβ is detectable but without 
the presence of Aβ plaques in the APP/PS1 retina, optic nerve, and optic tract. Interestingly, newly-formed 
myelin density was not significantly altered in the APP/PS1 optic nerves and optic tracts as compared to the 
wildtype controls, suggesting soluble Aβ probably does not change myelinogenesis. Further, treatment of purified 
oligodendrocyte precursor cells (OPCs) with soluble Aβ (oligomers) for 48 h did not change the cell densities of 
MBP positive cells and PDGFRα positive OPCs in vitro. Consistently, injection of soluble Aβ into the lateral 
ventricles did not alter myelinogenesis in the corpus callosum of NG2-CreErt; Tau-mGFP mice significantly. 
Together, these findings indicate that the region-dependent myelinogenesis in AD brains is not directly linked to 
Aβ, but rather probably a synergic result in adapting to AD pathology.   

1. Introduction 

Oligodendroglial cells and myelin undergo dynamic changes in 
Alzheimer’s disease (AD) brains (Ettle et al., 2016; Chen et al., 2021a; 
Chen et al., 2022). Recent evidence has shown that increased oligo-
dendrocyte precursor cell (OPC) proliferation and differentiation during 
the onset and progression of the disease (Behrendt et al., 2013; Ferreira 
et al., 2020). Remarkably, the newly generated oligodendrocytes (OLs) 
and myelin sheaths in the AD mouse brains may represent a regenerative 
mechanism against functional declines (Ferreira et al., 2020; Chen et al., 

2021a). Enhancing myelinogenesis in the AD mouse model by using 
either a transgenic or pharmaceutical approach can significantly rescue 
AD-related memory deficits and hippocampal dysfunctions (Chen et al., 
2021a; McNamara and Miron, 2021; Otto, 2021; Xu et al., 2021). These 
findings underscore the importance of oligodendroglial differentiation 
and myelination in the AD brains, but the mechanisms that drive mye-
linogenesis remain to be elusive. 

Amyloid-β (Aβ) is a hallmark of AD pathology. The amyloid cascade 
hypothesis proposes that Aβ accumulation is a predominant reason that 
causes AD-related pathogenesis and functional deficits (Hardy and 
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Higgins, 1992; Evin and Weidemann, 2002). Soluble Aβ (oligomers), 
such as the 42 amino acid form of amyloid β (Aβ1–42), is elevated in the 
AD brain, bloodstream, cerebrospinal fluid (CSF), and aqueous humor 
before the onset of disease (Gyure et al., 2001; Georganopoulou et al., 
2005; Lesné et al., 2013; Esparza et al., 2016). Studies have shown that 
soluble Aβ can pass blood brain barrier freely, and the increased level of 
soluble Aβ is considered as an early sign of AD (Niwa et al., 2000; Herzig 
et al., 2006; Jack Jr. et al., 2013). During disease progression, Aβ in the 
AD brain gradually aggregates as the forms of fibrils and senile plaques 
that continuously release soluble Aβ (Cruz et al., 1997). Numerous 
studies have shown that either soluble or plaque Aβ is neurotoxic and 
displays multiple detrimental effects on brain integrity, such as dis-
rupting synaptic connections, activating microglial cells and astrocytes. 
Multiple lines of evidence have shown that Aβ is closely related to the 
changes of myelin and oligodendroglial cells in AD brains. For example, 
Aβ plaques cause focal demyelination lesions, but it is unknown yet 
whether the demyelinating insults can initiate a regenerative response 
(Mitew et al., 2010). Several studies have examined the effects of Aβ 
oligomers on oligodendroglial differentiation and survival in vitro but 
yielded incompletely consistent results (Xu et al., 2001; Horiuchi et al., 
2012; Quintela-López et al., 2019). Therefore, it remains undefined 
howdoes Aβ change myelinogenesis in the AD brains. 

Here, by using NG2-CreErt; Tau-mGFP mouse line to label newly- 
generated myelin sheaths in APP/PS1 mice, we reported that myelino-
genesis and Aβ plaques in the APP/PS1 mice are brain-region dependent 
but not linearly correlated in the 13-month-old APP/PS1 brains after 
induction at the age of 6 months. Only about 15% of Aβ plaques were 
closely co-localized with newly generated myelin. To understand if 
soluble Aβ (Aβ oligomers) could change oligodendroglia differentiation, 
we examined the optic nerves and optic tracts wherein soluble Aβ but 
not Aβ plaques were detectable. Interestingly, myelinogenesis was not 
significantly altered in the optic nerve and optic tract, suggesting soluble 
Aβ may not change oligodendrocyte myelination. To examine this hy-
pothesis, we treated purified OPCs with soluble Aβ1–42, and the exposure 
to Aβ did not significantly alter the density of PDGFRα positive OPCs, O4 
positive pre-oligodendrocytes and MBP positive OLs in vitro. Consis-
tently, injection of Aβ oligomers into the lateral ventricles did not 
change the number of new myelin sheaths in the wildtype mouse brains. 
Together, our results indicate that Aβ is not directly linked to oligo-
dendroglial differentiation and myelination. 

2. Materials and methods 

2.1. Animals 

The C57BL/6 wild-type mice were purchased from the animal 
breeding center of Third Military Medical University. The NG2-CreERT 
line (Catalog #008538), the Tau-mGFP line (Catalog# 021162) and the 
mT/mG line (The Jackson Laboratory, Cat: 007676) were all purchased 
from Jackson Laboratory and were crossed to obtain NG2-CreERT; Tau- 
mGFP and NG2-CreERT; mT/mG mice. Then the APP/PS1 line 
(APPswe/PSEN1dE9, The Jackson Laboratory, Catalog# 034832) was 
crossed with the NG2-CreERT; Tau-mGFP line to generate APP/PS1; 
NG2-CreERT; Tau-mGFP and NG2-CreERT; Tau-mGFP mice as previ-
ously described (Wang et al., 2020; Chen et al., 2021a). PCR analysis of 
toe genomic DNA was used to distinguish different genotypes of all 
mouse lines with the respective primers. Male and female mice were 
used for all experiments, since there is no apparent gender bias in 
myelinogenesis. All animals in this study were cared for in accordance 
with an approved protocol from the Laboratory Animal Welfare and 
Ethics Committee of the Third Military Medical University 
(SYKX2017–0056). 

2.2. Administration of tamoxifen 

Tamoxifen (Sigma-Aldrich, Cat: T5648) was dissolved in corn oil at a 

concentration of 30 mg/ml. APP/PS1; NG2-CreERT; Tau-mGFP and 
NG2-CreERT; Tau-mGFP mice were administrated tamoxifen solution at 
a dose of 100 mg/kg per day by oral gavage for four consecutive days to 
induce recombination. 

2.3. Tissue preparation 

Mice were anesthetized with 1% pentobarbital. Then the mice were 
flushed with 0.01 M phosphate-buffered saline (PBS), followed by 4% 
cold paraformaldehyde (PFA) in 0.1 M phosphate buffer (PB) trans-
cardially. For brain and optic nerve tissue collection, brains and optic 
nerves were collected and post-fixed in 4% PFA in 0.1 M PB at 4 ◦C for 
24 h, followed by dehydration in 30% sucrose in 0.01 M PBS until 
submerged. Brains and optic nerves were embedded in optimal cutting 
temperature (OCT) compound (Sakura Finetek USA.Inc., 4583, USA) 
and cut into 10- or 20-μm thick sections respectively by cryostat 
microtome (Cyrostar NX50, Thermo Fisher, USA). For retina tissue 
collection, eyeballs were removed and post-fixed in 4% PFA in 0.1 M PB 
at 4 ◦C for 30 min immediately. The entire retina was gently dissected 
from the eyecup under a dissecting microscope and fixed on ice in 
anhydrous methanol for 30 min. 

2.4. Immunofluorescence staining 

For immunofluorescence staining, floating sections and fixed cov-
erslips were washed with 0.01 M PBS, blocked with 5% bovine serum 
albumin (BSA, Solarbio Science & Technology Co., Ltd., A8010, Beijing) 
and 0.5% Triton X-100 for 1 h at room temperature and then sequen-
tially incubated with primary antibodies overnight at 4 ◦C and the 
fluorescent-dye-conjugated secondary antibodies for 1 h at room tem-
perature. Primary antibodies include: rabbit anti-NG2 (1:500, Millipore, 
Cat: AB5320), goat anti-PDGFRα(1:500, R&D, Cat: AF1062), mouse 
anti-O4 (1:500, Sigma, Cat:O7139), rat anti-MBP (1:200, Millipore, Cat: 
MAB386), rabbit anti-Iba1(1:500, Wako, Cat: 019–19,741), mouse anti- 
β-Amyloid (1–16) (1:500, Biolegend, Cat:803007), goat anti-GFAP 
(1:500, Abcam, Cat: ab53554), rabbit anti-ASPA(1:500, Millipore, Cat: 
ABN1698), rabbit anti-Ki67 (1:500, Abcam, Cat:ab15580), guinea pig 
anti-PLP (1:500, Asis Biofarm, Cat: OB-PGP028–01). Appropriate Alexa 
Fluor-conjugated secondary antibodies were used (1:1000, Life Tech-
nologies). The nuclei were counterstained with DAPI at room 
temperature. 

2.5. Terminal deoxynucleotidyl transferase (TdT) dUTP Nick-End 
Labeling (TUNEL) assay 

The TUNEL assay kit (Roche, Cat:NO12156792910) was performed 
according to the manufacturer’s instructions. Briefly, the coverslips 
were washed three times with 0.01 M PBS after being fixed by 4% 
paraformaldehyde. Then adherent cells were incubated in per-
meabilization solution (0.1% Triton X-100 in 0.1% sodium citrate) for 2 
min on ice. Enzyme solution and label solution were mixed in a ratio of 
1:50 to obtain TUNEL reaction mixture. Incubating coverslips with 
TUNEL reaction mixture for 1 h at 37 ◦C in the dark. After washed with 
PBS, the nuclei were counterstained with DAPI at room temperature. 

2.6. Enzyme-linked immunosorbent assay (ELISA)for Aβ1–42 

15-month-old APP/PS1 mice were anesthetized with 1% pentobar-
bital, followed by an initial flush with 0.01 M PBS. Hippocampus, optic 
nerve and retina were removed from mice brain and lysed by 0.1 M PBS 
separately. The supernatant obtained by centrifugation of the lysates 
(5000 xg for 5 min) was used for subsequent experiments. The protein 
concentration was determined by BCA Assay Kit (Beyotime, Cat: 
P0010S). All sample were 40-fold diluted, then the ELISA kit (Cloud- 
Clone Crop, Cat: CEA946Hu) was performed according to the manu-
facturer’s instructions. 
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2.7. Primary OPC culture 

Immunopanning purification of OPCs was performed as previously 
described (Lee et al., 2013; Mei et al., 2014). Briefly, OPCs were sepa-
rated from 6 to 7 postnatal mouse cortex. Panning dishes were incubated 
with secondary and primary antibodies sequentially. After rinsing and 
incubating at room temperature with primary antibodies for Ran-2, 
GalC, and PDGFRα (1:500, R&D, AF1062), mouse brain cerebral hemi-
spheres were diced and dissociated using papain at 37 ◦C for 75 min. 
After trituration, cells were resuspended in a panning buffer and then 
incubated at room temperature sequentially on three immunopanning 
dishes: Ran-2 and GalC were used for negative selection before positive 
selection with goat anti-PDGFRα. The isolated OPCs were then cultured 
in DMEM (Invitrogen) medium supplemented with B27 (Invitrogen), N2 
(Invitrogen), penicillin-streptomycin (Invitrogen), N-acetylcysteine 
(Sigma-Aldrich), forskolin (Sigma-Aldrich) and 25 ng/ml of PDGF-AA 
(proliferation medium) on poly-D-lysine-coated coverslips (12 mm) in 
24-well plates for 24 h before change to the same medium with PDGF- 
AA omitted (differentiation medium) for 48 h. 

2.8. Aβ oligomer preparation 

Synthetic Aβ1–42 and reverse Aβ1–42 (GL Biochem Ltd., Shanghai) was 
prepared as established protocol (Balducci et al., 2010; Zhang et al., 
2019). Briefly, Aβ1–42 and reverse Aβ1–42 were dissolved in 1,1,1,3,3,3- 
hexafluoro-2-propanol HIFP(Sigma) and aliquoted to a mass of 0.1 mg 
per tube. Then their solutions were vacuum dried for 1 h to obtain 
lyophilized Aβ peptide. Lyophilized Aβ peptide was suspended in 
dimethyl sulfoxide (DMSO) and incubated overnight at 4 ◦C. The peptide 
suspension was diluted with differentiation medium in the absence of 
PDGF-AA to achieve the desired final concentrations before treatment. 

2.9. Aβ1–42 injection 

The Aβ1–42 and reverse Aβ1–42 oligomers were dissolved in DMSO to a 
concentration of 0.5 mg/ml (Kim et al., 2016). 8-month-old mice were 
injected with 0.5 μl using a Hamilton syringe at the speed of 0.05 μl/min 
into the left lateral ventricle at stereotaxic coordinates (X: 0.75; Y:-0.1; 
Z:-2.75, relative to Bregma). Neonatal mice were injected with 20 μl per 
day (0.5 mg/ml) intraperitoneally from postnatal P7 to P14 (Eisele et al., 
2010). 

2.10. Osmotic pump implantation 

The experiment was conducted according to a described protocol 
(Wang et al., 2021b). Osmotic pump kit with catheters (RWD, Cat: 1002 
W) was used to delivery lipids into the left lateral ventricle of 8-month- 
old mice. The osmotic pump was connected to a catheter, filled with 
100μl Aβ oligomer (0.05 mg/ml) or DMSO, then implanted subcutane-
ously following the manufacturer’s instructions. Brain infusion cannula, 
connected with the catheter was fixed on the surface of skull to reach 
lateral ventricle. The stereotaxic coordinates were used as previously 
described: X: 0.75; Y:-0.1; Z:-2.75, relative to Bregma. 

2.11. Images acquisition and quantification 

Fluorescent images were obtained by confocal laser-scanning mi-
croscope (Olympus, FV 3000, Shinjuku, Tokyo) or a spinning disk 
confocal super resolution microscope (Olympus, SpinSR10, Shinjuku, 
Tokyo) at appropriate excitation wavelengths. 3-D reconstruction im-
ages were created by using Imaris x64 software (Bitplane, Switzerland) 
(Fig. 2). To quantify Iba1, GFAP, PDGFRα, ASPA and NG2 positive cells, 
at least three representative fields (20×) were randomly acquired. To 
quantify MBP-positive areas and mGFP positive areas in mice brains, at 
least three representative fields were randomly acquired from each set of 
brain section (20×). For quantification in Fig. 2C, the area of single 

senile plaque is the Aβ + area (blue), the area covered by the cell body 
and process of the microglia corralling the senile plaque is the Iba1 area 
(red), and the distance between the boundary of the nearby area (green) 
and the boundary of the Iba1 area (red) is equal to the distance between 
the boundary of the Iba1 area (red) and the boundary of the Aβ + area 
(blue). For quantification in Fig. 2F, the presence of mGFP positive new 
myelin sheaths in the 200 μm diameter area, with the senile plaque as 
the center of the circle, is considered as Aβ w/ myelin. 20 myelin seg-
ments were counted as one mGFP. A circular area with a diameter of 
200 μm was drawn with this as the center of the circle, and the presence 
or absence of Aβ in it was measured. 

2.12. Statistical analysis 

Data were analyzed using SPSS software. All values are presented as 
the mean ± standard error of the mean (SEM). One-way ANOVA fol-
lowed by Tukey test was used for comparison among three groups, and 
two-tailed unpaired t-test was used for comparison among two groups. 
Chi-square test was used for correlation analysis. All statistical methods, 
significance analyses, exact n values and other relevant information for 
data comparison are described in the figure legends. Significance was 
reported as *p < 0.05, **p < 0.01 or ***p < 0.0001. 

3. Results 

3.1. Region-dependent myelinogenesis in the APP/PS1 mouse brains 

Recent studies have shown that OPC proliferation and differentiation 
are both elevated in the AD mouse models (Behrendt et al., 2013; Chen 
et al., 2021a). To characterize the pattern of myelinogenesis in AD, we 
crossed the APP/PS1 transgenic mouse with the NG2-CreERT; Tau- 
mGFP mouse line. Upon induction, the recombination occurs in the NG2 
positive cells (OPCs and pericytes). The membrane-bound GFP (mGFP) 
is selectively expressed in myelinating OLs, as it is under the control of 
the Tau promoter and the Tau expression is very low in OPCs and per-
icytes (Young et al., 2013; Wang et al., 2020). In support with this 
notion, our results indicated that the mGFP positive structures are 
exclusively co-colocalized with the PLP positive myelin sheaths but not 
with the NG2 positive OPCs and immature OLs (Supplemental Fig. 1A). 
After being treated with tamoxifen at the age of 7 months, a large 
amount of newly generated OLs and associated myelin sheaths (mGFP 
positive) can be visualized in the NG2-CreERT; Tau-mGFP at the age of 
13 months (Fig. 1A). The newly generated myelin sheaths displayed a 
region-dependent pattern (Fig. 1B-D). The mGFP positive new myelin 
was significantly increased in the APP/PS1 motor cortex, sensory cortex, 
and hippocampus as compared to the wildtype controls over the 6- 
month window (Fig. 1B-D). In contrast, the new myelin was not signif-
icantly altered in the auditory cortex and significantly decreased in the 
piriform cortex (Fig. 1B-D). To exclude the possibility that the brain 
region-dependent change of myelinogenesis is due to variable recom-
bination efficiency in OPCs, we used the NG2-CreERT; mTomato/mGFP 
mice, in which the mGFP expression can be visualized in OPCs upon 
induction (Supplemental Fig. 1). We calculate the ratio of mGFP and 
NG2 double positive cells in different cortical regions (Supplemental 
Fig. 1B). Our results indicated that about 85% NG2 positive OPCs co- 
expressed mGFP throughout all the cortex regions (Supplemental 
Fig. 1B), indicating consistent recombination efficiency driven by NG2- 
CreERT. Since OPC density is almost unaltered in AD brains, we spec-
ulated that OPCs may proliferate more quickly to replace the differen-
tiated OPCs (Chen et al., 2021a). By immunostaining for Ki67, we found 
that about 1–3% of PDGFRα+ positive cells co-express Ki67 in the 7- 
month old AD and wildtype mouse brains (Supplemental Fig. 2A). As 
expected, the rate of proliferative OPCs was significantly increased in 
the sensory cortex and hippocampus, the brain regions with enhanced 
myelinogenesis, as compared to the age-matched 7-month-old wildtype 
mice (Supplemental Fig. 2A). While the proliferative OPC density was 
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not significantly changed in the auditory or piriform cortex (Supple-
mental Fig. 2A). These results support the notion that OPCs increase 
proliferation in adapting to the enhanced myelinogenesis in the AD 
brains. The OPC differentiation is greatly inhibited in aged mouse brains 
(Wang et al., 2020). Consistently, we found the Ki67 positive cell density 
was significantly decreased in the 13-month old AD and wildtype brains 
as compared to 7-month old controls respectively (Supplemental 
Fig. 2B). In addition, we found neither the PDGFRα+ OPC density nor 
the proliferative rate of OPCs (PDGFRα+/Ki67+ cells) was significantly 
changed in the sensory and piriform cortex of 13-month old AD brains 
(Supplemental Fig. 2C, D), though the two brain regions displayed 

opposite degrees of myelinogenesis in the 7 + 6 month NG2-CreERT; 
Tau-mGFP AD brains (Fig. 1). This is probably due to an extremely 
low rate of OPC proliferation in the aged brains (Supplemental Fig. 2B). 
These findings indicated the region-dependent change of new myelin 
generation in the APP/PS1 mouse brains attributes largely to the altered 
OPC proliferation and differentiation. 

3.2. Absence of new myelin and OPCs within the core of Aβ deposits 

Previous studies have shown that Aβ deposits are one hallmark of 
AD-related pathological changes and also display a region-dependent 

Fig. 1. Region-specific myelinogenesis in the APP/PS1 mouse brains. 
(A) Schematic illustration showing the time course for tamoxifen induction and histology in the APP/PS1; NG2-CreERT; Tau-mGFP mice. 
(B–D) Confocal images of mGFP-positive myelin (gray) in the motor cortex (B), sensory cortex (C), hippocampus (D) of APP/PS1 mice and age-matched controls 
(NG2-CreERT; Tau-mGFP). Scale bars, 100 μm. 
(E-G) Quantification of mGFP-positive new myelin in the motor cortex, sensory cortex, hippocampus, auditory cortex and piriform cortex. n = 5–7 brains for each 
group; two-tailed unpaired t-tests were used. Error bars indicate mean ± SEM. *p < 0.05, **p < 0.01, and ***p < 0.0001. ns, not significant. 
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pattern (Chen et al., 2021a). In principle, Aβ plaques are more 
frequently detected in the cortex, hippocampus, and corpus callosum, 
where newly formed myelin density was also significantly increased 
(Fig. 1). It has been well documented that Aβ plaques cause focal 
demyelination in the AD brains (Brun and Englund, 1986; Mitew et al., 
2010; Migliaccio et al., 2012). Similarly, we found myelin basic protein 
(MBP) expression was exclusively diminished in the places where Aβ 
plaques were detected (Fig. 2A). As a reparative mechanism, adult OPCs 
are capable of sensing the demyelination lesions, migrating, prolifer-
ating and eventually differentiating into mature OLs in demyelination 
lesions (Mei et al., 2016a; Mei et al., 2016b). Noticeably, Aβ plaques 
were surrounded by Iba1 positive microglial cells with an amoeboid 
morphology with branched processes reaching towards the Aβ plaques 
in the APP/PS1 cortex (Fig. 2B). To define the Aβ plaque-associated 
myelin kinetics, we thus calculated new myelin densities in three 
different regions: (1) within Aβ plaques; (2) with activated microglial; 
(3) the nearby region without corralling microglia and Aβ (Fig. 2C). It is 
evident that very few mGFP new myelin was seen within the Aβ plaques 
where demyelination occurs (Fig. 2). Three-dimension (3D) recon-
struction assay further confirmed that new myelin sheaths were almost 
absent within Aβ plaques (Fig. 2C), suggesting that new myelin cannot 
be generated within the Aβ plaques after demyelination. Noticeably, the 
number of new myelin sheaths generated in the Iba1 positive area was 
not significantly different from the nearby area, suggesting activated 
microglia does not inhibit myelinogenesis (Fig. 2C). 

Regarding the absence of new myelin within the Aβ plaques, we next 
sought to understand if this is due to OPC changes. We did immuno-
staining for NG2 (OPCs) and Aβ plaques. We detected very few OPC cell 
bodies within the Aβ plaques while the NG2 positive OPCs nearby 
reached out the processes towards Aβ plaques (Fig. 2D). The 3D recon-
struction clearly revealed very few OPCs were present within the core of 
Aβ plaque (Fig. 2D), suggesting OPCs probably cannot survive or repo-
pulate within the Aβ plaques. These results indicate that Aβ plaques 
induce focal demyelination and inhibits myelinogenesis owing to, at 
least partially, the failure of OPC repopulation. 

3.3. Aβ deposits are not specifically correlated with myelinogenesis 

If the demyelination can trigger endogenous remyelination, it sounds 
reasonable that newly-formed myelin sheaths prefer to localize closely 
to Aβ plaques. We next wanted to know if the region-dependent myeli-
nogenesis is related to the distribution of Aβ deposits in the AD mice at 
the age of 13 months (Fig. 2E). We chose to analyze the correlation 
between myelin generation and Aβ deposition by calculating the total 
areas of mGFP positive new myelin and Aβ deposits in different cortical 
regions (Fig. 2E). We plotted the total area of mGFP positive new myelin 
(X-axis) of a given cortex region and the corresponding total Aβ plaque 
area (Y-axis) in the coordinate (Fig. 2E). We expected to see more new 
myelin sheaths in the brain regions with more abundant Aβ deposits, 
given that myelin regeneration is an intrinsic response to demyelination. 
Unexpectedly, our results indicated that the amount of mGFP positive 
new myelin is not linearly related to the total areas or numbers of Aβ 
deposits across different cortical regions (Fig. 2E). For example, the total 
amount of Aβ plaques was high in the auditory cortex but very few newly 
generated myelin was spotted. It seems that the amount of myelino-
genesis is not directly related to Aβ plaques but dependent on the brain 
regions in the AD mouse. Next, we wanted to know the percentage of Aβ 
plaques that are closely associated with (surrounded by) new myelin 
sheaths. Interestingly, only about 15% percent of Aβ plaques were sur-
rounded by new myelin. On the other hand, about only 10% of new 
myelin is co-existing with Aβ plaques (Fig. 2F). Since the Aβ plaque 
begins to emerge at the age of 4–5 months, we examined the relationship 
between myelinogenesis and Aβ deposition in 5-month-old APP/PS1; 
NG2-CreERT; Tau-mGFP mice (Supplemental Fig. 2E, F). Similarly, only 
about 11% percent of Aβ plaques were surrounded by new myelin 1 
month after induction at the age of 4 months. These results suggest that 

Aβ deposition and myelinogenesis are not spatiotemporally correlated, 
implying Aβ plaques cause demyelination and seemingly do not increase 
myelinogenesis in the AD mouse brain. Since Aβ plaques activate 
microglia, we next wanted to examine if this region-specific myelino-
genesis is related to the function of microglia somehow. We calculated 
the Iba1 positive microglia with myelin debris (MBP+) engulfed in the 
regions displaying different degrees of myelinogensis (Supplemental 
Fig. 2G). And our results indicated that the amount of microglia with 
engulfed myelin debris was not significantly different between the 
motor cortex and the piriform cortex (Supplemental Fig. 2G). These 
results suggest that the brain-region changes of myelin may not be 
related to the debris clearance functions by microglia. 

3.4. Absence of Aβ deposits in the visual pathway 

The Aβ plaques are considered as a source of soluble Aβ oligomers 
and the concentration of which is higher in the places that are closer to 
the cores in distance (Hyman et al., 1993; Cruz et al., 1997; Koffie et al., 
2009). Indeed, soluble Aβ (oligomers) is detectable in the brains at the 
early stage of AD, raising the possibility of soluble Aβ in regulating 
myelinogenesis. Admittedly, it is difficult to model an in vivo condition 
with solely the presence of soluble Aβ but not Aβ aggregation. We and 
others noticed the Aβ plaques distributed in a region-dependent manner 
and were absent in some brain regions. Previous studies have shown that 
Aβ plaque was not detected in the APP/PS1 retina (Sadun and Bassi, 
1990; Chidlow et al., 2017). We examined Aβ plaques in the visual 
system of 15-month old APP/PS1 mice. Our results indicated that Aβ 
deposits are extensively detected in the visual cortex but undetectable in 
the APP/PS1 optic nerve, and optic tract (Fig. 3B-H). It is evident that 
the Aβ plaques in the APP/PS1 visual cortex were surrounded by acti-
vated microglial cells and astrocytes (Fig. 3B). While, the cell density of 
neither Iba1 positive microglia nor the GFAP positive astrocytes was 
significantly changed in the retina and optic nerves in the 15-month 
APP/PS1 mice (Fig. 3D-H), indicating that retinal neurons and their 
axonal projections are exposed to soluble Aβ but not Aβ plaques (Sadun 
and Bassi, 1990; Chidlow et al., 2017). In support of this notion, a 
number of studies have shown that Aβ oligomers (Aβ1–42) are detectable 
in brain, CSF, and aqueous humor from the early stages of AD (Gong 
et al., 2003; Georganopoulou et al., 2005; Lesné et al., 2013; Kwak et al., 
2020). We also detected soluble Aβ1–42 in the hippocampus, optic nerve 
and retina of 15-month-old APP/PS1 mice by ELISA (Fig. 4A), con-
firming that the optic nerve and tract are ideal for examining whether 
soluble Aβ can alter myelinogenesis in vivo. 

3.5. Unaltered myelinogenesis in the optic nerve and optic tract 

We next examined new myelin generation by calculating the mGFP 
positive new myelin in the 13-month APP/PS1; NG2-CreErt; Tau-mGFP 
optic nerve and optic tract after induction at the age of 7 months 
(Fig. 4B). Newly generated myelin sheaths can be visualized in the optic 
nerves and optic tracts. Quantitative results indicated the amount of new 
myelin generation in the AD optic nerve and tracts were not significantly 
different from the age-matched wildtype controls (Fig. 4C, D). We did 
immunostaining for aspartoacylase (ASPA), a marker for labeling 
mature OL cell bodies. Quantitative results indicated the amount newly 
generated OL (ASPA/mGFP double-positive cell) were not significantly 
changed in optic tracts of APP/PS1 mice and age-matched wildtype 
controls (Fig. 4E). These results suggest that soluble Aβ exposure may 
not change myelinogenesis in the APP/PS1 CNS. 

3.6. Soluble Aβ does not change OPC differentiation in vitro and in vivo 

To further confirm the effect of soluble Aβ (oligomers) on oligo-
dendroglial differentiation and myelination, we next utilized OPC cul-
tures to examine if soluble Aβ1–42 oligomers can change OPC 
differentiation in vitro. The mouse OPCs were purified from the P6–7 
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mouse cortex by immunopanning and seeded on coverslips coated with 
L-polylysine. 48 h after seeding, the OPCs were treated with soluble 
Aβ1–42 oligomers, reverse Aβ1–42 oligomers at 1 μM, or vehicle for 48 h 
before being collected for immunostaining. We calculated the total cell 
number (DAPI positive), OPCs (PDGFRα positive), and OLs (MBP posi-
tive) on the coverslips (Fig. 5A). Our results indicated that the overall 
cell density and the PDGFRα or MBP positive cell density were not 
significantly altered after exposure to soluble Aβ oligomers or reverse Aβ 
oligomers as compared to the controls (Fig. 5B). The MBP+ cells dis-
played similar morphology and complexity among the three groups 
(Fig. 5B). To understand if there are changes of oligodendroglial cells at 
the intermediate stage of differentiation or undergoing apoptosis, we 
examined premature OLs by immunostaining for O4 and apoptotic cells 
by TdT-mediated dUTP nick end labeling (TUNEL) respectively. Neither 
O4 positive cell density nor TUNEL positive cell density was significantly 
changed by Aβ oligomers treatment (Fig. 5C, D). These results indicated 
that Aβ oligomers at 1 μM do not significantly alter the survival rate of 
OLs nor change OPC differentiation in vitro. To understand if Aβ oligo-
mers can change the differentiation and myelination of neonatal OPCs in 
vivo, we chose to inject Aβ oligomers intraperitoneal into P7 neonatal 
mice for 7 days (Supplemental Fig. 3A). Our results indicated that the 
exposure to Aβ oligomers did not change MBP positive myelin areas in 
the P14 brain (Supplemental Fig. 3B, C). 

To examine whether soluble Aβ can change OPC differentiation and 
myelination in vivo, we induced recombination one week prior to in-
jection soluble Aβ1–42 into the lateral ventricles of the 8-month-old NG2- 
CreERT; Tau-mGFP brains (Fig. 6). We chose to observed the new myelin 
formation in the cortex and corpus callosum, given active myelination in 
these two regions and that closely localized to ventricles. After one dose 
of injection into the ventricle, the mice were sacrificed two weeks after 
the injection (Fig. 6A), since newly formed myelin is detectable one 
week after induction(Chen et al., 2021b). The mGFP positive new 
myelin was observed in all the brain regions in the vehicle brains and we 
calculated the mGFP positive new myelin area and the average length of 
myelin sheaths in the cortex and corpus callosum (Fig. 6B, C). Our re-
sults indicated that neither the new myelin density nor the average 
myelin length of each OL was significantly altered in the Aβ-injected 
brains as compared to the vehicle controls (Fig. 6B, C). Because brain 
soluble Aβ can flows out and be cleared physiologically(Eisele et al., 
2010), we next implanted a osmotic pump to consecutively deliver Aβ 
oligomers into lateral ventricles for 2 weeks, and examined if consistent 
exposure to Aβ oligomers can change myelinogenesis in vivo. Consis-
tently, the mGFP positive new myelin area in the cortex and corpus 
callosum were not significantly changed between vehicle and Aβ olig-
omers groups (Fig. 6 D, E). These findings, combined with the in vitro 
result, suggest that soluble Aβ oligomers may not alter myelinogenesis 
significantly in the wildtype mouse brains. 

4. Discussion 

Our results indicated that myelinogenesis is brain-region dependent 
in the AD mouse brains. Aβ plaques cause focal demyelination but are 
unlikely trigger robust myelinogenesis. In addition, soluble Aβ does not 
change oligodendroglial differentiation and myelination both in vitro 
and in vivo. These results demonstrate that the myelinogenesis is not 
directly coupled with Aβ, but rather a synergic result in responsible to 
AD pathological changes. 

It has been well documented that Aβ plaques induce focal demye-
lination (Mitew et al., 2010). As an intrinsic mechanism to repair the 
demyelination lesions, adult OPCs are capable of repopulating within 
the demyelination lesions and differentiating into mature OLs (Kang 
et al., 2010; Mei et al., 2014). In the brain regions with increased 
myelinogenesis, it is evident that OPCs proliferate at a higher rate to 
maintain the population. However, we found OPCs are almost devoid 
within the core of Aβ plaques, suggesting the absence of OPCs and 
senescence-like changes may be the reason that dampens new myelin 
generation (Zhang et al., 2019). The reasons that oligodendroglial cells 
cannot survive within the Aβ plaques remain unclear yet. One possibility 
is that Aβ plaques are cytotoxic and may cause cell death (Xu et al., 
2001; Bero et al., 2012). A recent study has revealed that the turnover of 
myelin-related protein is impaired in the APP knock-in cortex and hip-
pocampus regions, suggesting compromised protein homeostasis may be 
involved in AD related myelin changes (Hark et al., 2021). Additionally, 
the activated microglial cells may induce focal inflammation and cause 
cell apoptosis or senescent changes by producing oxidative factors and 
cytokines (Hansen et al., 2018). Microglia engulf myelin debris and can 
change the OPC differentiation. Our results suggest the myelin debris 
engulfing function is not altered in different brain regions. Nevertheless, 
it remains possible that the heterogeneity of microglia in AD brains may 
contribute to myelin dynamics (Masuda et al., 2020; Wang, 2021). Be-
sides that, new myelin deposition is largely dependent on axon avail-
ability and acceptance. The AD-related pathology changes of axons may 
determine, at least partially, the place and amount of newly-formed 
myelin sheaths (Jawhar et al., 2012; Alobuia et al., 2013). These re-
sults demonstrate that Aβ plaques are a detrimental environment against 
oligodendroglial survival and new myelin generation, and the myeli-
nogenesis in AD brain can be influenced by various factors. 

Of note, new myelin sheaths can be generated around a portion of Aβ 
plaques (Chen et al., 2021a). It has been shown that the concentration of 
soluble Aβ is higher in the area that is closer to the Aβ plaques. Besides, 
myelinogenesis in the area without Aβ plaques is also greatly enhanced, 
raising the possibility that soluble Aβ probably could change oligoden-
droglial differentiation and myelination. Previous studies have shown 
that soluble Aβ may inhibit membrane sheet formation of OL or promote 
oligoendroglial differentiation and myelination by using purified OPCs 

Fig. 2. New myelin distribution around Aβ deposits. 
(A) Representative images and quantification of MBP (red) and Aβ (blue, arrows) in the 13-month APP/PS1 brains and magnified and heatmap images showing the 
MBP and Aβ gray value in the left subpanel. n = 12–13 Aβ plaques from 3 mice. Scale bars, 30 μm (left panels) and 20 μm (right panels). 
(B) Representative images showing mGFP (green), Iba1(red) and Aβ (blue) in the 13-month cortex of APP/PS1; NG2-CreERT; Tau-mGFP and magnified images 
showing the Aβ plaques (outlined area), Iba1 positive microglial cells and mGFP-positive myelin. Scale bars, 30 μm (left panels) and 20 μm (right panels). 
(C) Three-dimension reconstruction of Aβ (blue), Iba1+ microglia (red) and mGFP positive new myelin (green). Arrow indicating the myelin sheath within the Aβ 
plaque. Quantification of mGFP+ myelin in Aβ + area (blue), Iba1 area (red) and nearby area (green). One-way ANOVA followed by Bonferroni’s test was used for 
comparison among three groups. n = 17–18 Aβ plaques from 3 mice; Scale bars,15 μm; Two-tailed unpaired t-tests were used. Error bars indicate mean ± SEM. **p <
0.01, and ***p < 0.0001. 
(D) Confocal (left and middle images) and three-dimensional reconstruction photos (right image) of NG2-positive OPCs (red) and Aβ (blue) in the cortex of APP/PS1 
transgenic mice. Arrows indicating the Aβ plaques. Quantification of NG2-positive OPCs in the cortex and magnified images. n = 4–5 biologically independent mice 
for each group; Scale bars,30 μm(left panels) and 20 μm (right panels). Two-tailed unpaired t-tests were used. Error bars indicate mean ± SEM. *p < 0.05, **p < 0.01, 
and ***p < 0.0001. 
(E) Representative image showing mGFP positive new myelin (green) and Aβ (red) in the cortex of APP/PS1; NG2-CreERT; Tau-mGFP. Graph showing a correlation 
between the areas of new myelin (X-axis) and Aβ deposition (Y-axis). Scale bars,30 μm. n = 4–8 biologically independent mice for each group; two-tailed unpaired t- 
tests were used. Error bars indicate mean ± SEM. Chi-square test was used for correlation analysis. 
(F) Confocal images showing Aβ plaques without (Aβ w/o mGFP) or with (Aβ w/ myelin) mGFP positive new myelin, and mGFP positive myelin without Aβ (mGFP 
w/o Aβ). The average numbers of Aβ plaques were collected from 3 biologically independent mice. Scale bars,40 μm. (For interpretation of the references to colour in 
this figure legend, the reader is referred to the web version of this article.) 

S.-L. Wu et al.                                                                                                                                                                                                                                   



Experimental Neurology 362 (2023) 114344

8

Fig. 3. Aβ deposits and glia activation in the visual pathway. 
(A) Schematic illustration showing visual pathway including the retina, optic nerve, optic tract and visual cortex. 
(B-E) Representative images and quantification of Iba1 (B, C), GFAP (D, E) and Aβ in the visual cortex and retina of 15-month-old APP/PS1 transgenic mice and age- 
matched wild-type controls. Scale bars, 50 μm (B) and 30 μm(D). n = 12 brain sections (C), or 5–10 retina samples (D) from 3 biologically independent mice for each 
group. 
(F–H) Representative images and quantification of Iba1(green) and Aβ(red) in the optic nerve and optic tract of 15-month-old APP/PS1 transgenic mice and age- 
matched wild-type controls. n = 4 biologically independent mice (H left graph), or 16 optical nerve sections from 3 mice (H right graph) for each group. 
Two-tailed unpaired t-tests were used. Scale bars, 50 μm (G) and 30 μm (F). Error bars indicate mean ± SEM. ***p < 0.0001. ns, not significant. (For interpretation of 
the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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from rat optic nerve and brains (Horiuchi et al., 2012; Quintela-López 
et al., 2019). Interestingly, our results indicated that exposure to soluble 
Aβ oligomers for 48 h did not change the differentiation or survival of 
oligodendroglia in the cultures of purified OPCs from mouse cortex. The 
discrepancy of how does soluble Aβ change oligodendroglia differenti-
ation in cultures remains unclear from the current data set. It is possible 

that the differences of OPCs in either species or brain regions may 
contribute to the inconsistence. We used mouse OPCs purified from P6–7 
cortex to examine the effect of soluble Aβ on OPC differentiation. In line 
with this finding, injection of soluble Aβ to P7 neonatal mouse pups does 
not alter myelination at the age of P14. These results suggest that soluble 
Aβ may not alter OPC differentiation in vitro and in vivo. Injection of 

Fig. 4. Myelinogenesis in APP/PS1 visual pathway. 
(A) Concentration of soluble Aβ1–42 detected by 
ELISA assay kit. n = 3 biologically independent mice 
for each group. 
(B) Schematic illustration displaying the time course 
for tamoxifen induction and histology in the APP/ 
PS1; NG2-CreERT; Tau-mGFP mice. 
(C–D) Representative images and quantification of 
mGFP-positive myelin in the optic nerve and optic 
tract of APP/PS1 mice and littermate controls. Scale 
bars, 50 μm (C, left panels)，30 μm (C, right panels), 
500 μm (D, left panels) and 50 μm (D, right panels). n 
= 7–10 optic nerves (C), or 16 optic tracts (D) from 5 
mice for each group; two-tailed unpaired t-tests were 
used. 
(E) Representative images and quantification of 
mGFP (green), ASPA(red) and DAPI(blue) in the optic 
tract of 15-month-old APP/PS1 transgenic mice and 
age-matched wild-type controls. 
n = 10–16 optic tracts from 5 mice; two-tailed un-
paired t-tests were used. Scale bars, 10 μm. Error bars 
indicate mean ± SEM. ns, not significant.   
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soluble Aβ oligomers into the lateral ventricle nor exposure to soluble Aβ 
during early development did not change the myelinogenesis in adult or 
neonatal brains. These results collectively showed that short-term or 
consecutive exposure to soluble Aβ oligomers does not change oligo-
dendroglial differentiation and myelination in vitro and in vivo. 

To examine the effect of long-term exposure to soluble Aβ oligomers, 
we observed the myelinogenesis in the visual system, specifically the 

retina ganglion cells and their axonal projections into brains. We chose 
to observe visual system for three reasons: (1) soluble Aβ is can be 
detected in the AD brains, bloodstream, CSF, and aqueous humor and 
the concentration of soluble Aβ oligomers in the aqueous humor is 
positively related to the bloodstream and CSF (Esparza et al., 2016; 
Kwak et al., 2020); (2) only soluble Aβ but not Aβ plaques were detected 
in retina and optic nerves, excluding the effects of Aβ plaques (Sadun 

Fig. 5. Effect of soluble Aβ on purified OPC cultures. 
(A) Purified OPC culture were treated with vehicle, reverse Aβ oligomer (rAβ) or Aβ oligomer (Aβ) for 48h and immunostained for MBP (red), PDGFRα (green). 
Coverslips were counterstained for DAPI (blue). Scale bars, 100 μm. High magnification images with superimposed dotted line showing single MBP+ cell morphology 
(right panel). Scale bars, 5 μm. 
(B) Cell density of DAPI positive cells, MBP positive cells and PDGFRα positive cells and quantification of average area of MBP+ cells. n = 3–9 coverslips; One-way 
ANOVA followed by Tukey’s test was used for comparison among three groups. 
(C) Representative images and quantification of O4 positive cells. n = 3–9 coverslips; Scale bars, 50 μm. One-way ANOVA followed by Tukey’s test was used for 
comparison among three groups. 
(D) Representative images and quantification of TUNEL positive cells. White arrow indicates single TUNEL+ cell. High magnification images of single TUNEL+ cell 
(Bottom). n = 3–9 coverslips; One-way ANOVA followed by Tukey’s test was used for comparison among three groups. Error bars indicate mean ± SEM. ns, not 
significant. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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Fig. 6. Effect of soluble Aβ on myelinogenesis in the NG2-CreERT; Tau-mGFP brains. 
(A) Schematic diagram displaying the time course of tamoxifen (TMF) treatment, Aβ injection and histology. 
(B–C) Representative images and quantification of mGFP-positive myelin in the cortex and corpus callosum of Aβ oligomer and control mice. And the quantification 
of average length of myelin sheaths in the cortex. Scale bars,30 μm(B) and 50 μm(C). n = 5–9 biologically independent mice for each group; two-tailed unpaired t- 
tests were used. Error bars indicate mean ± SEM. ns, not significant. 
(D) Schematic illustration showing the time course for osmotic pump implantation and histology of the NG2-CreERT; Tau-mGFP mice. 
(E) Representative images and quantification of mGFP-positive myelin in the cortex and corpus callosum of Aβ oligomer and control mice. Scale bars, 30 μm (left) and 
20 μm (right). n = 3 biologically independent mice for each group; two-tailed unpaired t-tests were used. Error bars indicate mean ± SEM. ns, not significant. 
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and Bassi, 1990; Davies et al., 1995; Chidlow et al., 2017); (3) the visual 
system is going through a chronic AD process. In line with the in vitro 
results, we did not find a significant increase of mGFP positive new 
myelin in the optic nerve and optic tract, suggesting a chronic exposure 
of soluble Aβ does not change myelinogenesis in the AD brains. Thus, the 
mechanism underlying the region-dependent myelinogenesis remains 
unclear. There are numerous pathology changes going on in AD brain, 
such as neurofibrillary tangles and disrupted lipid metabolism (Bloom, 
2014; Wang et al., 2021a; Blanchard et al., 2022). It is possible the 
region-dependent myelinogenesis is a synergic result in responding to 
multiple AD-related pathology changes. 

Together, our results indicate that the brain-region dependent 
myelinogenesis in AD is not directly linked to Aβ plaques or soluble Aβ, 
but rather an intrinsic mechanism that responds to the complexity of AD- 
related pathology changes. 

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.expneurol.2023.114344. 
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