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Demyelination takes Place Prior to Neuronal Damage
following Intracerebroventricular Injection of Amyloid-Beta
Oligomer (AβO)
Mao Zhang, Jie Zhang, Weiwei Zhang, Zhongxiang Yao†

ABSTRACT
Amyloid-beta (Aβ) peptide, commonly associated with Alzheimer’s disease (AD), is known as
a threat to neurons. However, the effect of Aβ peptide on myelin and oligodendrocytes (OLs)
hasn’t been exclusively discussed. In this study, a low concentration of amyloid-beta oligomer
(AβO) was intracerebroventricularly injected to mice at the 2nd week. Body weight and motor
coordination of mice were monitored during 8 weeks. Thioflavin-S (Th-S) staining, cresyl
violet staining and immunostaining were supplied to assess Aβ deposits, neuronal damage,
myelin disruption and activation of inflammatory glias following AβO injection. To identify the
underlying cause of AβO-induced demyelination, AβO was administrated to oligodendrocyte
precursor cells (OPCs) in vitro. In addition, OPCs can differentiate into myelinating cells---OLs. It showed that AβO not only suppressed the increase of body weight, but also resulted
in the dysfunction of motor coordination in mice. Besides, neuronal damage was found
in hippocampus, corpus callosum (CC) and cortex at the 8th week, but not at the 3rd week.
Especially, neurofilament loss in the CC was developed until the 8th week, while demyelination
was developed as early as the 3rd week. About other glias, AβO simply increased the amounts
of astrocytes and microglias at the 8th week, but had no effect on them at the 3rd week. In
vitro, AβO induced the decrease of oligodendrocyte amount and restriction of myelin basic
protein (MBP)+ membrane areas. This study proves that demyelination develops earlier than
neuronal damage under AβO attack. Furthermore, it is supposed that the early detriment of
AβO in myelin may further endanger neurons, and AβO-induced injury of OLs may facilitate
this process. Relatively, the improvement of AβO-induced myelin damage at the early stage
and the promotion of OLs may alleviate neuronal impairment, especially in AD.
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Introduction
Myelin was first understood to enable ‘saltatory’
impulse propagation in axons more than 60
years ago, and this function is a key concept of
neurophysiology [1]. Also, myelin is essential
to establish connectivity in growing brain and
higher-order cognitive functions, through which
synchronized information can be transferred
across neuronal system [2]. Besides, myelin
integrity is crucial for the physiology of central
nervous system (CNS), and required for longterm integrity and survival of axons [3]. Indeed,
intact myelin can not only increase the resistance
(and lower the capacitance) of axonal membranes,
but also communicate with axons [4-6]. As an
example, myelination can be enhanced in response
to electrical excitation and activity-dependent
molecular cascades. This reaction can protect the
axons from damage, and significantly increase the
speed of nerve impulse transmission [2,7].
In a study of Alzheimer’s disease (AD),
dystrophic neurites associated with amyloid-beta
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(Aβ) plaques was found to be demyelinated in
cortical grey matter, and such plaque-associated
demyelination was supposed to impair the
function of cortex [8]. Actually, demylination
was reported 20 years ago in a patient who
suffered from memory and constructive apraxia
[9]. Moreover, demyelination is boosted by Aβ
peptide in AD-afflicted human brains [10-12].
Again, it was suggested that Aβ peptide may play
a crucial role in the pathogenesis of white matter,
according to the findings from T1-weighted
magnetic resonance imaging (MRI) [13]. Also,
in sporadic and preclinical AD cases, a focal
demyelination and loss of oligodendrocytes (OLs)
were found to be associated with Aβ plaque cores
[14]. This association was further confirmed in an
AD mouse model----APPSwe/PS1M146L (APP/PS1)
mice [15]. In the triple transgenic mouse model
of AD (3xTg-AD), it not only harbors three ADrelated genetic loci: human presenilin-1 M146V
(PS1M146V), human APPswe, and human tauP301L,
but also develops Aβ plaques and neurofibrillary
tangle-like pathology in a progressive and
age-dependent manner [16]. Particularly, Aβ
plaques, augmented by PS1 mutation, can
induce oligodendrocyte dysfunction in 3xTgAD mouse model [17]. Especially, significant
alterations were observed in overall myelination
patterns at time point preceding the appearance
of amyloid and tau pathology in 3xTg-AD
mouse model [18]. Otherwise, the inducer of
overall change in myelin hasn’t been identified.
Besides, this appearance was simply identified in
AD mouse model, but not observed in wild type
mice. Therefore, it might be necessary to explore
the direct reaction of myelin to Aβ attack in wild
type mice in vivo.
Chronic demyelination can induce neuronal
impairment, which subsequently leads to severe
and permanent disability of the CNS [19]. Thus,
fast restoration of myelin (remyelination) is
crucial for circumventing demyelination-caused
pathologies [20]. Implantation of exogenous
remyelinating cells has been considered as a
potential strategy for remyelination [21,22].
In addition, upon transplantation, isolated
oligodendrocyte progenitors migrate throughout
the injured white matter tracts, and then largely
promote their remyelination [23]. Unfortunately,
Aβ peptide can induce dysfunction and death of
OLs both in vivo and in vitro [17,18,24]. Also,
amyloid-beta oligomer (AβO) is toxic to neuronal
cells and instigates neuronal damage in AD [25,26].
Especially, AβO may impair myelin integrity [8]
which is essential for motor coordination [27].
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Besides, the function of motor coordination
is normally assessed by Rota-rod test [28,29].
Meanwhile, hippocampus and cortex are brain
areas that mainly function in learning and
memory [30]. Also, the impairment of corpus
callosum (CC) was found to be associated with
cognitive and learning dysfunction [31,32].
Therefore, to clearly reveal the underlying
relation between Aβ-induced demyelination
and neuronal damage, we chiefly assessed
body weight, motor coordination via Rotarod test, neuronal amounts in hippocampus
and cortex, and neurofilament integrity in the
CC following AβO injection. To identify a
possible time lag existed between demyelination
and neuronal damage, myelin basic protein
(MBP) and neurofilament 200 (NF200) were
double stained at the 3rd week and the 8th week
respectively. Besides, the activation of astrocytes
and microglias was additionally evaluated. At
last, to explore the toxicity of AβO in OLs,
oligodendrocyte precursor cells (OPCs) were
administrated by AβO in vitro. Then, the amount
of mature OLs and MBP+ membrane expansion
were further assessed.
Subjects and Methods
 Subjects

To check the effect of AβO on neurons, myelin
and inflammatory glias in vivo, AβO was
administrated to 6-week-old C57BL/6 wild type
mice by intracerebroventricular injection. In
vitro, AβO was added to the cultured OPCs to
identify its effect on cell amount and expansion
of cell membrane. Besides, OPCs were purified
from mixed cells using neonatal SpragueDawley rats. All animals were purchased from
the Experimental Animal Center of the Third
Military Medical University. Thirty C57BL/6
mice weighing 18.26 ± 0.31g were randomly
divided into three groups (n=10/group).
Similarly, cultured OPCs were grouped into
three (n=5/group). The groups were named as
control, sham and AβO groups.
All experiments in this study were performed
in accordance with the Regulations for
the Administration of Affairs Concerning
Experimental Animals approved by the State
Council of People’s Republic of China. All
animal experiments were approved by the
Animal Ethical and Experimental Committee
of the Army Medical University (Chongqing,
Permit No. 201104) in accordance with their
rules and regulations. All surgery was performed
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under pentobarbital sodium anesthesia, and all
efforts were made to minimize suffering.
 Reagents and Antibodies

Aβ1-42 (Sigma, St. Louis, MO, USA),
1,1,1,3,3,3-hexafluoroisopropanol
(HFIP;
Santa Cruz, California, USA) and dimethyl
sulfoxide (DMSO; Sigma, St. Louis, MO, USA)
was applied to prepare stoke solution of Aβ.
Phosphate buffered saline (PBS, pH 8.5) was used
to dilute stoke solution in order to produce AβO.
Further, western blot was applied to evaluate the
success of AβO generation. Sodium dodecyl
sulfate polyacrylamide gel electrophoresis (SDSPAGE; Beyotime, Nanjing, Jiangsu, China),
polyvinylidene fluoride membranes (PVDF;
Merck Millipore, Darmstadt, Germany), trisbuffered saline (TBS; Beyotime, Nanjing,
Jiangsu, China), tris-buffered saline containing
0.1% tween 20 (TBST; Beyotime, Nanjing,
Jiangsu, China), anti-amyloid oligomer
antibody (Abcam, Cambridge, UK), horseradish
peroxidase conjugated secondary anti-rabbit
antibody (Zhongshan, Beijing, China) and
chemiluminescence ECL kit (Invitrogen,
Carlsbad, California, USA) were used in this
experiment. In vivo, thioflavin-S (Th-S; Sigma,
St. Louis, MO, USA) was applied to identify the
deposit of AβO in brain. Moreover, cresyl violet
(Santa Cruz, California, USA) was used to stain
neurons in hippocampus. Neuronal amount in
cortex and neurofilament integrity in the CC
were further checked by immunostaining.
Dulbecco’s modified eagle media/nutrient
mixture
F-12
(DMEM/F12;
Hyclone,
Logan, Utah, USA), fetal bovine serum (FBS;
Hyclone, Logan, Utah, USA ), N2-supplement
(Invitrogen, Carlsbad, California, USA),
deoxyribonuclease (DNase; Sigma, St. Louis,
MO, USA), insulin (Sigma, St. Louis, MO,
USA) and poly-D-lysine (PDL; Sigma, St. Louis,
MO, USA) were used to purify OPCs. N-acetylL-cysteine (Amresco, Solon, OH, USA) and
triiodothyronine (Sigma, St. Louis, MO, USA)
were applied to oligodendrocyte precursor cell
(OPC) differentiation.
1% albumin from bovine serum (BSA; Sigma,
St. Louis, MO, USA) in 0.4% Triton X-100
(Sigma, St. Louis, MO, USA) was used as
blocking buffer. Primary antibodies, including
goat anti-myelin basic protein (anti-MBP;
Santa Cruz, California, USA), rabbit antineurofilament 200 (anti-NF200; Sigma, St.
Louis, MO, USA), rabbit anti-neuronal nuclei
(anti-Neu N; Abcam, Cambridge, UK), mouse
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anti-glial fibrillary acidic protein (anti-GFAP;
Sigma, St. Louis, MO, USA), rabbit anti-allograft
inflammatory factor 1 (anti-AIF-1; Invitrogen,
Carlsbad, California, USA), rabbit anti-neuronglia antigen 2 (anti-NG2; Merck Millipore,
Darmstadt, Germany), and rabbit anti-antigen
of oligodendrocyte-type-2 astrocyte progenitor
cell (anti-A2B5; Merck Millipore, Darmstadt,
Germany) were used for immunostaining.
Anti-goat fluorescein isothiocyanate (FITC;
Invitrogen, Carlsbad, California, USA) or antirabbit Cy3 labeled secondary antibodies (Merck
Millipore, Darmstadt, Germany) were used for
immunofluorescent staining. Nuclei were labeled
by 4’,6-diamidino-2-phenylindole (DAPI;
Sigma, St. Louis, MO, USA). Alternatively,
biotinylated anti-rabbit or anti-mouse secondary
antibodies (Vector Laboratories, Burlingame,
CA, USA) and 3,3-diaminobenzadine (DAB,
Zhongshan, Beijing, China) were used for
immunohistochemistry. Nuclei were labeled by
haematoxylin (Zhongshan, Beijing, China).
 AβO
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preparation and identification

mice were weighed every day at 12:00. The
daily weight was recorded to subtract the initial
weight, and the deviation is defined as relative
weight. Rota-rod test was applied to monitor
motor coordination and balance of mice every
other day during 8 weeks. In detail, 3 trials were
applied at 13∶00 for 3 consecutive days before
Rota-rod test began. The mice were placed on
a rotating cylinder (YLS-4C, Biowill co, Ltd,
China), speed of which was accelerated from 5
to 40 revolutions per minute (rpm) and then
kept at 40 rpm. The trial was considered finish
once mouse fell off or gripped rungs and spun
for two continuous circles [38]. All mice were
evaluated on the Rota-rod three times a day. The
time animals stayed on the cylinder was recorded
and defined as maintain time. Besides, the longer
of maintain time represents the better motor
coordination and balance of mice [27,38].
 AβO

injection and Thioflavin-S staining

To get the model of AD [39], we supplied an
intracerebroventricular injection of AβO as
previously described by Balducci et al [40].
During the experiment, mice in the AβO
group were injected with AβO (3 μl/3 min)
at the concentration of 50 μM into the right
lateral ventricle at stereotaxic coordinates:
anteroposterior (AP) relative to bregma, −1.0
mm; lateral (L) to midline, 1.3 mm; ventral (V)
from the skull surface, −2.0 mm [37]. The time
point of injection is the 2nd week (the 14th day).
Simultaneously, mice in the sham group were
injected with the same amount of PBS (3 μl/3
min) using an identical manner. Additionally,
mice in the control group weren’t subjected any
management (Figure 1a).

In the AβO group, Aβ1-42 was used to generate
AβO. In detail, Aβ1-42 was dissolved in HFIP
to a final concentration of 1 mg/ml at 37 °C for
3 days, and then vacuum dried for 1 h. Until the
generation of aliquoted peptides, DMSO was
used to dissolve them to a final concentration
of 1 mM. Subsequently, the stock was directly
diluted into PBS (pH 8.5) to 50 μM and
incubated at 4 °C for 24 h to generate AβO. The
preparation of AβO is according to Chormy et
al [33], and the success of AβO production was
further assessed by western blot, characterized
as Sebollela et al and Teng Wang et al [34,35].
In addition, PBS, used in the sham group, was
subjected same manufacture as AβO preparation.
To evaluate the success of AβO generation in
vitro, we applied western blot to quantify AβO
levels in the AβO group and the sham group,
using an antibody targeting AβO peptides [36].
As results showed, AβO is successfully produced
in the AβO group, and its molecular weight
ranges from 30 to 100 KDa which is consistent
with the study of Olivier Nicole et al [37].
Moreover, the OD value of immunoblot in the
AβO group is comparatively higher than that of
the sham group (83333 ± 11590 vs. 0 ± 0) (n=3,
**p<0.01) (Supplementary data 1).

To identify AβO deposits in the brain,
Thioflavin-S (Th-S) was used to stain brain
sections of mice at the 2nd day after injection. Th-S
staining was carried out in sections mounted on
gelatin-coated slices as previously described [41].
After dehydration in ethanol batteries, slices
were incubated in distilled water for 10 min and
then immersed in the Th-S solution (0.1% Th-S
in 70% ethanol) for 8 min. Then, slices were
washed twice in 70% ethanol for 30 seconds
and cover-slipped. Th-S burden was observed
by a fluorescence microscope (Olympus, Tokyo,
Japan) (Figure 1b).

 Weighing and Rota-rod test

 Culture

General condition of mice was assessed by
monitoring their body weight and carrying out
Rota-rod test during 8 weeks. More specifically,

OPCs were propagated by the method from
Jianqin Niu [42]. Briefly, the brains of P1～P3
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of oligodendrocyte precursor cells
in vitro and AβO treatment
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Figure 1: Body weight and motor coordination of mice are suppressed by amyloid-beta oligomer (AβO). (a) Mice from control, sham and AβO groups
were administrated differently. The control group wasn’t given any administration during whole of 8 weeks. Phosphate buffered saline (PBS) and AβO were
intracerebroventricularly injected to mice in the sham group and the AβO group respectively at the 2nd week (the 14th day). The mark of “#” represents that
5 mice from each group were randomly chosen to identify the change of myelin and neurofilaments in corpus callosum (CC) at the 3rd week. Moreover, the
results were analyzed at length in figure 3. At the 8th week, all of the mice were used for further observation in the aspect of myelin and neurofilaments,
revealed in figure 4. (b) Thioflavin-S (Th-S) staining was supplied to confirm the success of AβO injection, and one of AβO deposits was pointed by arrowhead.
(c) The change of relative weight was recorded during 8 weeks. At the 8th week, an increase of relative weight was found both in the control group and the
sham group, and there are no significant differences between these two groups (n=5; p>0.05). Otherwise, AβO results in the decrease of relative weight at the
8th week in comparison with the control group (n=5; **p<0.01) and the sham group (n=5; **p<0.01). (d) To assess motor coordination of mice in each group,
maintain time that mice kept their balance on a high-speed rod was recorded. There are no differences between the control group and the sham group (n=5;
p>0.05). Besides, maintain time of the AβO group is significantly decreased at the 2nd week. Although a stable level is reached at the 8th week, it is still lower
than those of the control group (n=5; **p<0.01) and the sham group (n=5; **p<0.01). Scale bar: B: 100μm.

Sprague-Dawley rats were used for mixed cell
culture using mixed medium (DMEM/F12 +
10% FBS) for 5 days. Then, in order to get large
quantity of OPCs, the mixed cells were cultured
in OPC-proliferation medium (DMEM/F12
+ 15% B104-conditioned medium + 1% N2supplement) for another 5～7 days. Moreover,
the cells were incubated with OPC-isolation
medium (DMEM/F12 + 0.01% EDTA + 0.2
mg/mL DNase + 5 mg/mL insulin) for 15-30
min at 37°C and centrifuged (1000 r/min, 106g)
for 5 min. To get purified OPCs, the pellets
(morphology of OPCs) were suspended with
the OPC-proliferation medium and seeded into
T-25 flasks coated with PDL for propagation.
The cells can be induced to differentiation by
transferring medium into OPC-differentiation
medium (DMEM/F12 + 1% N2-supplement

+5 mg/mL N-acetyl-L-cysteine + 15 nmol/L
triiodothyronine + 1% FBS +5 mg/mL insulin).
All experiments were carried out using cells
from the first passage. The ingredients of OPC
mediums are listed in Table 1. To assess AβOinduced quantitative and morphological changes
of OLs, 500 μL of single-cell suspension was
plated into 24-well plates with coated glass
cover slips and incubated in OPC-proliferation
medium for 12h. Cells were then divided into
three groups and given different administrations.
The control group was incubated only with
OPC-differentiation
medium.
According
to Horiuchi et al [43], AβO at the final
concentration of 10 μM was additionally added
to OPCs in the AβO group. Relatively, equal
volume of PBS was added to cells in the sham
group. OPCs were cultured for another 4 days
1774
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Table 1: Medium ingredients.
Medium
Mixed Medium
OPC-proliferation Medium
OPC-isolation Medium
OPC-inoculation Medium
OPC-differentiation Medium

Ingredients of Medium
DMEM/F12 + 10% FBS
DMEM/F12 + 15% B104 Supernatant +1% N2
DMEM/F12 + 0.01% EDTA + 0.2mg/mL DNase + 5μg/mL insulin
50% OPC-proliferation + 50% Mixed Medium
DMEM/F12 + 1% N2 + 5 mg/mL N-acetyl-L-cystine +15 nmol/L T3 +1% FBS + 5μg/mL insulin

with a complete change of medium and drugs
every other day. At last, cells on glass cover slips
were fixed with 4% paraformaldehyde (PFA) for
immuocytochemistry (ICC).
 Tissue

staining

processing and cresyl violet

Mice were anesthetized by intraperitoneal
(IP) injection with 1% sodium pentobarbital.
Then, mice were quickly transcardially perfused
with 37 °C PBS followed by a slow perfusion
with Zamboni’s fixative for tissue fixation.
Brain tissues were postfixed overnight at 4°C
in Zamboni’s fixative and then stored in 30%
sucrose at 4°C for cryoprotection. Coronal
sections (20μm) were obtained using a cryostat
(Leica Camera AG, Solms, Germany) and
collected in Zamboni’s fixative.
Sections from bregma -2.18 to -2.3 mm (n=5/
group) were used for 1% cresyl violet staining.
After 3-min staining of cresyl violet, sections
were differentiated in acetic acid ethanol for 5
seconds. Then, the sections were covered with
resin (Sigma, St. Louis, MO, USA). The number
of intact pyramidal cells per mm length of
hippocampal CA1 and CA3 in both hemispheres
was calculated. The results are expressed as the
average number of cells within each frame per
section.
 Immunofluroscence,

Immunohistochemistry, Morphometric
Analysis and Quantification
Frozen brain samples were coronally sectioned
from bregma +1.1 to +0.5 mm. Sections were
incubated with 1% BSA in 0.4% Triton X-100
for 30 min at 37 °C, and then incubated overnight
at 4 °C with goat anti-MBP (1:200) or rabbit
anti-NF200 (1:200) antibodies, followed by
FITC- or Cy3-conjugated secondary antibodies
(1:500). Similarly, Cells were incubated with
rabbit anti-NG2 (1:200), rabbit anti-A2B5
(1:100) or goat anti-MBP (1:200) antibodies
respectively, followed by FITC- or Cy3-labeled
secondary antibodies (1:500). For negative
controls, incubation with primary antibodies
was replaced by PBS. Nuclear counter stain was
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carried out using DAPI.
Free-floating sections from bregma +1.1 to +0.5
mm were incubated with primary antibodies,
including rabbit anti-Neu N (1:100), mouse
anti-GFAP (1:100) and rabbit anti-AIF-1
(1:200) antibodies, at 4 °C overnight. Following
15 min wash in PBS, sections were incubated
with biotinylated anti-rabbit or anti-mouse
secondary antibodies, and colored by DAB.
Nuclei were carried out using haematoxylin.
The immunoreactivity was determined at 200×
magnifications on a fluorescence microscope
(Olympus, Tokyo, Japan) and a confocal
laser-scanning microscope (Olympus, Tokyo,
Japan). The total number of immunopositive
cells per section was calculated in three noncontiguous sections (every 5th section) of the
brain, and at least nine representative fields were
randomly acquired at 200× magnification [44].
Morphometric analysis of OLs was performed
using the Sholl analysis on the Pro Plus image
analysis system by using standard concentric
circles to evaluate the diameter and area of
oligodendroglia [45]. Briefly, the program
superimposes a grid of five concentric circles with
increasing radii on an oligodendrocyte cell body,
and then measures the number of intersections
and the membrane expansion generated by OLs
with each circle. At least nine representative fields
were randomly acquired at 400× magnifications
from each group performed in triplicate.
 Statistical Analysis

The data are expressed as the mean ± standard
deviation (SD). The body weight and maintain
time that mice stayed on cylinder in Rotarod test were analyzed using the Friedman
Test. The data from immunofluroscence and
immunohistochemistry were analyzed using oneway analysis of variance (ANOVA). The result of
western blot was quantified by Image J software
(NIH). Statistical analyses were performed using
Prism 6 (GraphPad Prism Software Inc., La
Jolla, CA, USA). The image-pro plus 6.0 (IPP
6.0) software was used to quantify photographs.
Differences are considered statistical significance
at a value of *p < 0.05 and **p < 0.01.
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Results
 Body

weight and motor coordination of
mice are suppressed by AβO

During 8 weeks, mice were tested for body
weight and motor coordination. Relative weights
of mice in the control group and the sham group
are gradually increased from the beginning to
the 8th week, which are increased by 7.9 ± 1.2
g and 7.5 ± 0.9 g at the 8th week respectively.
Meanwhile, relative weight of the AβO group
is gradually increased from the beginning and
then obviously decreased at the 1st day after
AβO injection. Next, it is gradually increased
from the 3rd week to the 8th week following a
transient drop. At the 8th week, relative weight
of the AβO group is still decreased by 0.6 ±
0.3 g in comparison with the initial level (0.0 ±
0.0). There are no differences in relative weights
between the control group and the sham group
at the 8th week (n=5; p>0.05). However, relative
weight of the AβO group is less than those of
the control group (n=5; **p<0.01) and the
sham group (n=5; **p<0.01) at the 8th week
(Figure 1c).
Rota-rod test is widely applied to check motor
coordination of mice. The time that mice
maintained their balance on the accelerating
and high-speed cylinder was recorded. Mice
in the control group and the sham group kept
their balance well and seldom gripped the rungs.
Moreover, the range of maintain time during
8 weeks varies from 144.53 ± 1.10 s to 160.73
± 0.81 s in the control group, and varies from
144.23 ± 1.36 s to 162.17 ± 0.76 s in the sham
group. In particular, averages of maintain times
are 155.20 ± 0.83 s in the control group and
151.90 ± 0.03 s in the sham group during 8
weeks. Otherwise, maintain time of the AβO
group is decreased from the initial level (143.33
± 1.53 s) to 95.00 ± 1.00 s at the 1st day after
AβO treatment, which is continuously decreased
and then reaches 78.33 ± 0.58 s at the 5th week.
Gradually, maintain time is slightly increased
from the 5th week (78.33 ± 0.58 s) to the 8th week
(101.16 ± 0.78 s). No differences were found
between the control group and the sham group
at the 8th week (n=5; p>0.05), maintain times
of which are both longer than that of the AβO
group (n=5; **p<0.01) (Figure 1d).

that take parts in learning and memory [27]
were observed in the aspect of neuronal amount.
Also, integrity of neurofilaments was further
evaluated by immunofluorescent staining in the
CC. Afterwards, AβO results in neuronal loss
and neurofilament disruption at the 8th week,
analyzed by cell counting and optical density
(OD) value. Obviously, neuronal damage can
be found in hippocampus, CC and cortex.
Specifically, cresyl violet-stained sections in the
control group and the sham group are evenly
stained light blue, and there are regularly shaped
cell bodies in hippocampal CA1 and CA3. The
amounts of surviving neurons are 103.00 ±
6.56 /100μm2 (the control group) vs. 101.33 ±
10.80 /100μm2 (the sham group) in CA1 and
92.33 ± 4.93 /100μm2 (the control group) vs.
87.33 ± 8.08 /100μm2 (the sham group) in CA3
respectively (Figure 2a). However, many neurons
in CA1 and CA3 are damaged in the AβO group,
showing irregularly aligned or shrunken somata
and pyknotic nuclei. The surviving neurons in
CA1 and CA3 are decreased to 76.00 ± 6.24
/100μm2 and 65.00 ± 7.80 /100μm2 in the AβO
group. In comparison with the control group,
there are no differences of neuronal amounts in
the sham group (n=5; p>0.05), while a marked
loss of neurons was found in the AβO group
(n=5; *p<0.05) (Figure 2a).
NF200-positive neurofilaments in the CC are
intact in the control group and the sham group,
showing continuous neuronal fibers and similar
OD values (9697.0 ± 620.0 vs. 10459.0 ±
1123.3) (n=5; p>0.05) (Figure 2b). However,
AβO leads to discontinuity and impairment of
neurofilaments in the CC. Besides, there are
differences in the OD values between the AβO
group and the control group (5398.3 ± 379.0 vs.
9697.0 ± 620.0) (n=5; *p<0.05) (Figure 2b).
Neurons were labeled by Neu N and calculated by
cell counting. Moreover, there are no differences
between the control group and the sham group
in neuronal amounts (104 ± 11 /100μm2 vs. 99 ±
21 /100μm2) (n=5; p>0.05). In contrast, there is
a decrease of neuronal amount in the AβO group
when compared with the control group (57 ± 12
/100μm2 vs. 104 ± 11/100μm2) (n=5; *p<0.05)
(Figure 2b).

 AβO-induced

takes place prior to
neuronal damage and the activation of
astrocytes and microglias

To explore possible cognitive impairment
resulted from AβO, hippocampus and cortex

To explore the effect of AβO on myelin and its
possible endangerment to neurofilaments, MBP
and NF200 were double stained in the CC. As

neuronal damage spreads in
hippocampus, corpus callosum and cortex
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Figure 2: Neurons in hippocampus, corpus callosum (CC) and cortex are damaged by amyloid-beta oligomer (AβO) at the 8th week. (a) Hippocampal
neurons were stained by cresyl violet. Similar amounts of neurons were found in the control group and the sham group at the 8th week (n=5; p>0.05).
Otherwise, there is a decrease of neuronal amount in the AβO group when compared with the control group at the 8th week (n=5; *p<0.05). (b) Neuronal
axons in the CC and neurons in cortex were labeled by neurofilament 200 (NF200) and neuronal nuclei (Neu N) respectively. Intact and continuous
neurofilaments in the CC were found both in the control group and the sham group, showing no differences in optical density (OD) values (n=5;
p>0.05). Conversely, AβO results in the disruption of neurofilaments, and there are obvious differences in OD values between the control group and
the AβO group (n=5; *p<0.05). Neurons, labeled by Neu N, are regularly arranged in the control group and the sham group, and no differences in
neuronal amounts were found between these two groups (n=5; p>0.05). All the same, there is an obvious loss of neuronal amount in the AβO group in
comparison with the control group (n=5; *p<0.05). Scale bars: A: 100μm, 50μm; B: 50μm, 25μm.

results showed, myelin and neurofilaments are
intact in the control group and the sham group
both at the 3rd week and the 8th week. However,
unparallel changes of myelin and neurofilaments
are found in the AβO group. Demyelination
takes place both at the 3rd week and the 8th week,
while neurofilament loss is developed just at the
8th week (Figures 3 and 4).
Specifically, there are no differences in the OD
values of MBP and NF200 at the 3rd week
between the control group and the sham group
(n=5; p>0.05): the OD values of MBP and
NF200 are 13299.2 ± 2014.5 and 11165.2 ±
2592.9 in the control group; the OD values of
MBP and NF200 are 11962.3 ± 1561.3 and
10817.6 ± 3116.9 in the sham group. Notably,
AβO results in the downregulation of MBP
at the 3rd week in comparison with that of the
control group (9116.8 ± 1204.8 vs. 13299.2 ±
2014.5) (n=5; *p<0.05) (Figure 3). Otherwise,
neurofilaments are not obviously disrupted
by AβO at the 3rd week, showing the similar
expression of NF200 as the control group
(10265.3 ± 987.9 vs.11165.2 ± 2592.9) (n=5;
p>0.05) (Figure 3).
1777

Neuropsychiatry (London) (2018) 8(6)

At the 8th week, similar OD values of MBP and
NF200 were found in the control group and
the sham group (n=5; p>0.05): the OD values
of MBP and NF200 are 13411.0 ± 692.0 and
9697.0 ± 613.6 in the control group; the OD
values of MBP and MF200 are 11642.3 ± 572.4
and 10459.3 ± 1123.3 in the sham group. In
addition, there still exist differences in MBP
expressions between the AβO group and the
control group at the 8th week (7716.3 ± 653.7
vs. 13411.0 ± 692.0) (n=5; *p<0.05) (Figure
4). Importantly, the expression of NF200
is downregulated in the AβO group when
compared with that of the control group at the
8th week (5398.3 ± 397.0 vs. 9697 ± 613.6)
(n=5; *p<0.05) (Figure 4).
Demyelinating neurons are fragile to the
menace from inflammation. To identify
whether inflammation was stimulated after AβO
treatment, activated astrocytes and microglias
were statistically evaluated both at the 3rd week
and the 8th week (Figure 5). Glial fibrillary acidic
protein (GFAP) and allograft inflammatory
factor 1 (AIF-1) were used to label astrocytes and
microglias respectively.
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Figure 3: Amyloid-beta oligomer (AβO)-induced demyelination occurs at the 3rd week in corpus callosum (CC). (a) Through double staining of myelin basic
protein (MBP, green) and neurofilament 200 (NF200, red), it showed that AβO leads to demyelination, but does not induce obviously neurofilament loss at
the 3rd week, as arrowheads pointed. (b) At the 3rd week, there are no differences in MBP and NF200 expressions between the control group and the sham
group (n=5; p>0.05). However, AβO leads to the downregulation of MBP expression in comparison with the control group (n=5; *p<0.05). Besides, there are no
differences in NF200 expression between the AβO group and the control group (n=5; p>0.05). Scale bars: A: 50μm; B: 50μm.

Figure 4: Amyloid-beta oligomer (AβO) disrupts integrities of myelin and neurofilaments at the 8th week in corpus callosum (CC). (a) Myelin basic protein (MBP,
green) and neurofilament 200 (NF200, red) were double labeled to check myelin and neurofilaments in the CC at the 8th week. As arrowheads pointed, AβO
not only induces myelin disruption, but also leads to neurofilament loss. (b) Statistically, no differences were found between the control group and the sham
group in expressions of MBP and NF200 (n=5; p>0.05). Otherwise, both of MBP and NF200 expressions are downregulated in the AβO group when compared
with the control group (n=5; *p<0.05). Scale bars: A: 50μm; B: 50μm.

At the 3rd week, there are no differences of
GFAP and AIF-1 expressions among the control
group, the sham group and the AβO group
(n=5; *p>0.05) (Figure 5a). Statistically, the
quantities of GFAP+ and AIF-1+ cells are 32.00
± 6.24 /100μm2 and 10.00 ± 2.00 /100μm2 in
the control group, which have no differences
with those of the sham group (31.33 ± 11.01
/100μm2 and 12.67 ± 3.21 /100μm2) (n=5;
p>0.05) (Figure 5b). Also, no differences were
found between the control group and the AβO
group in the amounts of GFAP+ and AIF-1+ cells,

which are 32.00 ± 6.24 /100μm2 and 10.00 ±
2.00 /100μm2 in the control group vs. 30.00 ±
9.17 /100μm2 and 12.00 ± 2.65 /100μm2 in the
AβO group (n=5; p>0.05) (Figure 5b).
At the 8th week, in comparison with the control
group, there is an obvious increase of GFAP
and AIF-1 expressions in the AβO group (n=5;
*p<0.05), and a subtle change of GFAP and
AIF-1 expressions in the sham group (n=5;
p>0.05) (Figure 5c). In statistic, the numbers
of GFAP+ and AIF-1+ cells in the AβO group
are 57.00 ± 13.53 /100μm2 and 25.67 ± 6.66
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Figure 5: Amounts of astrocytes and microglias are increased at the 8th week, but not at the 3rd week. Glial fibrillary acidic protein (GFAP) and allograft
inflammatory factor 1 (AIF-1) were used to label astrocytes and microgilas respectively. (a) At the 3rd week, there are no changes of GFAP and AIF-1
expressions among control, sham and AβO groups. (b) Statistically, the amounts of GFAP+ and AIF-1+ cells have no differences in control, sham and
AβO groups. (c) At the 8th week, there is an obvious increase of GFAP and AIF-1 expressions in the AβO group when compared with the control group.
(d) In statistic, the quantities of GFAP+ and AIF-1+ cells in the AβO group are more than those of the control group (n=5; *p<0.05). Likewise, there are no
differences in the amounts of GFAP+ and AIF-1+ cells between the control group and the sham group (n=5; p>0.05). Scale bar: A: 25μm.

/100μm2, which are more than those of the
control group (33.67 ± 5.69 /100μm2 and 12.33
± 5.86 /100μm2) (n=5; *p<0.05) (Figure 5d).
Besides, the quantities of GFAP+ cells and AIF1+ cells are 34.25 ± 11.50 /100μm2 and 12.67
± 2.08 /100μm2 in the sham group vs. 33.67 ±
5.69 /100μm2 and 12.33 ± 5.86 /100μm2 in the
control group. It shows no differences between
these two groups (n=5; p>0.05) (Figure 5d).
 The

Amount of oligodendrocytes and MBP+
membrane areas are retarded by AβO in vitro
OPCs were purified from mixed cells in
vitro, undergoing the stages of proliferation,
prematuration and maturation, and then
subjected to immunofluorescent staining (Figure
6a). What’s more, the OPCs, labeled by neuronglia antigen 2 (NG2), display small and ellipse
cell bodies. Typically premature OLs which
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have symmetrical bipolar or tri-polar processes
were labeled by antigen of oligodendrocytetype-2 astrocyte progenitor cell (A2B5). OLs
were labeled by MBP, showing netlike processes
(Figure 6a). At mature stage, the amount and
morphology of OLs were checked in control,
sham and AβO groups via labeling MBP (Figure
6b). The amount of OLs in the AβO group is
28 ± 9 /100μm2, which is less than that of the
control group (39 ± 11 /100μm2) (n=5; *p<0.05).
Otherwise, no significant differences exist
between the control group (39 ± 11 /100μm2)
and the sham group (41 ± 13 /100μm2) (n=5;
p>0.05) (Figure 6c). Morphometric and
quantitative analysis, performed on the expansion
of MBP+ membrane area, clearly demonstrates
that MBP+ membrane areas and sheet formation
were weakened by AβO. Specifically, the
normalized area of the AβO group is 13667 ±
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4690 μm2, which is less than that of the control
group (19000 ± 5377 μm2) (n=5; *p<0.05).
Alternatively, no differences were found between
the control group (19000 ± 5377 μm2) and the
sham group (21000 ± 5141 μm2) (n=5; p>0.05)
(Figure 6b, d).
Discussion
Aggregation of Aβ into oligomers, fibrils, and
plaques plays a role in molecular pathogenesis
of AD [46,47]. Again, AβO contributes to the
disruption of synapses and neurotransmission,
progressive neuronal death, memory impairment
and cognitive disturbances [48-50]. In a

Research

novel model, Aβ acts as a trigger of cellular
events, which not only leads to dementia with
tau, but also mediates AD-related synaptic
deficits [51,52]. Apparently, AβO may play
an indispensable role in the progression of
AD, while pre-existing studies mainly focus
on its detriment to neurons. For instance, Aβ
accumulation was proved to suppress synaptic
transmission and plasticity in vivo [53-55], and
refrain the survival of hippocampal neurons
in vitro [56-58]. Similarily, in our study, it
proves that intracerebroventricular injection of
AβO not only suppresses the body weight and
motor coordination of mice, but also induces
neuronal damage in hippocampus, CC and

Figure 6: Amyloid-beta oligomer (AβO) inhibits the amount and membrane expansion of oligodendrocytes (OLs) in vitro. (a) Cultured oligodendrocyte
precursor cells (OPCs) were purified from mixed cells in vitro. Generally, OPCs get through the stage of premature OLs, and then gradually differentiate into
mature OLs. The morphologies of oligodendroglia lineage cells cultured in vitro at each stage were captured and shown in the figure. Again, immunofluorescent
staining of oligodendrocyte markers at each stage was applied to identify the cell purity. As neuron-glia antigen 2 (NG2) labeled, the morphology of OPCs
is compact and round. Premature OLs, labeled by antigen of oligodendrocyte-type-2 astrocyte progenitor cell (A2B5), display bipolar or tri-polar processes.
Furthermore, mature OLs, labeled by myelin basic protein (MBP), are surrounded by amounts of processes. (b) To assess the effect of AβO on OLs (differentiated
from OPCs) in vitro, OLs were labeled by MBP in control, sham and AβO groups. What’s more, the amount of OLs and MBP+ membrane areas were calculated
in these three groups. (c) Based on statistical analysis, the amount of MBP+ cells is decreased in the AβO group when compared with the control group (n=5;
*p<0.05). Moreover, similar amounts of MBP+ cells are found in the control group and the sham group (n=5; p>0.05). (d) Membrane sheet area of MBP+ cells
was quantified, and a reduction of MBP expansion membrane was found in the AβO group in comparison with the control group (n=5; *p<0.05). Meanwhile,
there are no differences in MBP+ membrane areas between the control group and the sham group (n=5; p>0.05). Scale bar: 25μm.
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cortex in vivo. Accordingly, AβO can lead to
neuronal impairment, and then induce neuronal
dysfunction in AD. More than this, Aβ plaques
were found to be related with early demyelination
and oligodendrocyte impairment [16,17,39].
However, the direct effect of Aβ on myelin hasn’t
been extensively explored, and requires further
study. Especially, this effect might facilitate
neuronal damage under Aβ attack.
Furthermore, we found that behavioral
performance of mice becomes abnormal at the
1st day after AβO injection, while demyelination
takes place after 1 week following AβO injection.
This interesting phenomenon rightly testifies that
behavioral abnormality is an acute and transient
reaction of animals to AβO [59,60], while the
impairment of AβO in myelin is a complicated
process that requires a little more time [14].
Besides, deficits of behavioral performance may
be a stress reaction to extraneous AβO injection,
which can be affected by various factors such
as changes of surroundings and body weight
[61]. About AβO-induced demyelination,
it is usually a consequence of a direct insult
targeted at OLs [62], and its main pathologies
are genetic abnormalities (leukodystrophies) and
inflammatory damages [63,64]. Thus, detectable
demyelination may require more time, and differ
from rapid changes of signaling pathways. As an
example, PI3K/Akt/GSK3 and MAPK/ERK1/2
pathways can be rapidly activated and detected
early following AβO injection [65,66]. Moreover,
related compensatory mechanisms may exist in
the process of demyelination, one of which is
repair function of OLs in myelin disruption. It
was reported that OLs can generate new myelin
in a few hours in vivo [67]. Therefore, obvious
demyelination may occur later than behavioral
abnormality after AβO treatment.
Injured myelin in vulnerable late-myelinating
regions can release oligodendrocyte- and myelinassociated irons to promote Aβ oligomerization
and exacerbate neuronal impairment [68].
Moreover, demyelination was recognized as
a contributor of cognitive impairment in AD
[12,69,70]. As neuroimaging showed, there
is a greater loss of intact myelin developed in
AD patients in comparison with controls [71].
Moreover, the loss of intact myelin precedes the
onset of cognitive impairment [72]. Especially,
myelin loss and degraded myelin vesicles, found
in the white matter of AD brains, may be a threat
to neuronal circuitry and cognitive function [73].
Also, it showed that Aβ administration depresses
hippocampal long-term potentiation (LTP)
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[74]. Particularly, MBP, a specific marker of
myelin, was previously nominated as a novel Aβ
chaperone protein, which can potently inhibit
Aβ fibril assembly in vitro [75]. Furthermore,
the absence of MBP, e.g. demyelination,
can promote neuroinflammation and glial
activation, and this effect may speed up neuronal
damage [76,77]. Based on these observations,
it seems that myelin injury can facilitate the
endangerment of Aβ to neurons, but still lacking
sufficient evidences. Meanwhile, in our study,
it reveals that AβO-induced demyelination
takes place prior to axonal degeneration, and
the disrupted myelin may further interact with
the activation of inflammatory cells (astrocytes
and microglias) in vivo. As a result, neuronal
axons become more vulnerable to AβO in vivo.
Therefore, it suggested that neural dysfunction
may be directly resulted from neuronal toxicity
of Aβ, and also indirectly facilitated by Aβinduced myelin loss.
Furthermore, myelin loss can be repaired
by OPCs which can rapidly and efficiently
promote axonal remyelination [23]. In
particular, OPCs can not only aid in restoring
strong
electrochemical
communication
between synapses, but also in preventing
axonal degeneration [29,78,79]. Besides, early
pathology of OLs (differentiated from OPCs) in
AD mice may be a novel therapeutic target [80].
Actually, in preclinical and presymptomatic AD,
the loss and dysfunction of oligodendrocyte
lineage cells are deemed the cause of longlasting demyelination [81-83]. In vitro, Aβ not
only leads to mitochondrial dysfunction and
DNA fragmentation of OLs [84,85], but also
disturbs myelin formation of OLs [86]. Hence,
to reveal the underlying cause of Aβ-induced
demyelination, we supplied AβO administration
to the cultured OPCs in vitro. As a result, AβO
reduces the amount of OLs (differentiated from
OPCs), and also restricts membrane expansion
of OLs. So, it suggested that early demyelination
and impairment of OLs may facilitate and
accelerate neuronal impairment under AβO
attack.
Actually, OLs can also metabolically support
axons in energy supplement other than forming
myelin around axons [87]. In particular, a
metabolic cycle may exist in OLs, astrocytes
and neurons [88], and OLs are quite sensitive
to energy depletion [89,90]. Besides, the
metabolic support of neurons can be facilitated
by lactate shuttle from OLs to axons [91,92].
As an energy metabolite, lactate is transported
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by monocarboxylate transporter (MCT) family,
and three members of them (MCT1, MCT2
and MCT4) are expressed in the brain [93,94].
MCT1 is specifically expressed in OLs and its
expression is highly associated with neuronal
growth [44,95]. Thus, it suggested that AβO
may impede lactate shuttle between OLs and
neurons via disturbing MCT1 expression.
Again, AβO can lead to the incapability of
OLs in remyelination. As a result, neuronal
axons become more vulnerable to AβO injury.
More than this, AβO has a directly toxic effect
on OPCs, which can suppress the proliferation of
OPCs, decrease the quantity of OLs and further
restrict membrane expansion of OLs. As a result,
the intact of myelin is disrupted, which leads to the
exposure of neuronal axons to AβO, aggravating
neuronal damage under AβO attack (Figure 7).
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Here, this study primarily reveals that AβO results
in the decrease of body weight and dysfunction
of motor coordination in vivo. Then, it further
identifies that AβO induces neuronal damage
in brain areas including hippocampus, CC and
cortex. Most importantly, this study recognizes
that AβO can induce myelin impairment at an
early stage, and early demyelination may be a
contributor to axonal degeneration. In addition,
as previous studies found [76,77], inflammatory
cells (astrocytes and microglias) are activated as
well. In particular, AβO-induced demyelination
may be mainly contributed by the toxic effect of
AβO on myelinating cells----OLs. As our results
showed, AβO actually reduces oligodendrocyte
amount and restricts membrane expansion of
OLs (differentiated from OPCs) in vitro. Thus, it
suggested that myelin loss can accelerate neuronal

Figure 7: Early demyelination may exacerbate neuronal damage under AβO attack. This effect may be related with the suppression of AβO in OLs.
Demyelination takes place prior to neuronal damage following AβO administration, and this early demeylination makes neurons largely expose to AβO.
Consequently, neurons become more vulnerable to AβO attack. Furthermore, AβO-induced damage of OLs may contribute to the long-lasting demyelination.
More specifically, AβO may inhibit the proliferation of OPCs, decrease the amount of OLs, and also restrict membrane expansion of OLs. Through these effects,
OLs become incapable to facilitate remyelinaiton. In combination with previous studies [95,96], the underlying mechanism of AβO-induced neuronal damage
may also associate with MCT1 expression in OLs. More specifically, AβO may suppress MCT1 expression of OLs, which can disturb lactate shuttle between OLs
and neurons, leading to energy deficiency of neurons. “↓” represents “from one stage to the next stage”, “⊥” stands for “suppression”.
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damage when facing AβO endangerment. What’s
more, this process may be facilitated by the AβOinduced impairment of OLs. Furthermore, the
changing trend in the amounts of neural cells,
observed in this study, is parallel to that of AD
post-mortem human brains: the amounts of OLs
and neurons are decreased and astrocyte amount
is increased [96].
Based on these evidences, this study mainly
explains the possible association between the
early demyelination and neuronal damage, and
provides a new insight that timely restoration
of myelin and promotion of OLs may benefit
AβO-induced neuronal damage, especially
in AD. Otherwise, in current work, we just
observed the phenomenon of AβO-induced
early demylination and later neuronal injury, and
AβO-induced impairment of OLs in vitro. But,
this study hasn’t directly and deeply checked
the direct and protective role of promoting
remyelination and oligodendrocyte survival in
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