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Abstract

The APPSwe/PSEN1dE9 (APP/PS1) transgenic mouse model is an Alzheimer’s disease mouse model exhibiting symptoms of dementia,
and is commonly used to explore pathological changes in the development of Alzheimer’s disease. Previous clinical autopsy and imag-
ing studies suggest that Alzheimer’s disease patients have white matter and oligodendrocyte damage, but the underlying mechanisms of
these have not been revealed. Therefore, the present study used APP/PS1 mice to assess cognitive change, myelin loss, and corresponding
changes in oligodendrocytes, and to explore the underlying mechanisms. Morris water maze tests were performed to evaluate cognitive
change in APP/PS1 mice and normal C57BL/6 mice aged 3 and 6 months. Luxol fast blue staining of the corpus callosum and quantitative
reverse transcription-polymerase chain reaction (QRT-PCR) for myelin basic protein (MBP) mRNA were carried out to quantify myelin
damage. Immunohistochemistry staining for NG2 and qRT-PCR for monocarboxylic acid transporter 1 (MCT1) mRNA were conducted
to assess corresponding changes in oligodendrocytes. Our results demonstrate that compared with C57BL/6 mice, there was a downregu-
lation of MBP mRNA in APP/PS1 mice aged 3 months. This became more obvious in APP/PS1 mice aged 6 months accompanied by other
abnormalities such as prolonged escape latency in the Morris water maze test, shrinkage of the corpus callosum, upregulation of NG2-im-
munoreactive cells, and downregulation of MCT1 mRNA. These findings indicate that the involvement of early demyelination at 3 months
and the oligodendrocyte dysfunction at 6 months in APP/PS1 mice are in association with Alzheimer’s disease pathogenesis.
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Introduction

Alzheimer’s disease (AD) is characterized by progressive
cognitive decline and is the leading cause of dementia
(Akram et al., 2017; Hane et al., 2017). Early impairments in
memory and learning are the main clinical features of AD.
To date, amyloid B plaques and neurofibrillary tangles in
the AD brain gray matter have been considered the primary
pathogenic triggers (Hyman et al., 2012). However, anti-am-
yloid therapies have failed to show benefits in cognitive or
functional outcomes (Castello et al., 2014; Akram et al.,
2017), leaving the pathogenesis yet to be elucidated (Castello
etal., 2014).

In recent years, increasing evidence has suggested that de-
myelination is one of important components of AD (Sachdev
et al., 2013; Caso et al., 2016). Magnetic resonance imaging
studies have found that white matter lesions increase with
age (Thara et al., 2010; Amlien et al., 2014) and these lesions
show in the early stages of AD prior to the presence of clin-
ical symptoms (Selnes et al., 2012). Postmortem studies
have discovered myelin degeneration in brain tissue stain-
ing from frontal and temporal lobes (Ihara et al., 2010) and
widespread white matter damage in both the preclinical and
end stages of AD (de la Monte, 1989). These findings indi-
cate that white matter lesions might be crucial in AD patho-
genesis (Pietroboni et al., 2017). However, there have been
few animal model studies on demyelination. Therefore, the
present study aimed to assess myelin damage, and quantify
its severity, in 3- and 6-month-old APP/PS1 mice—an AD
mouse model.

It is known that oligodendrocytes play an important role
in myelin formation. The myelin damage detected in AD
raises the possibility that oligodendrocytes experience a
pathophysiological assault during the course of AD (Desai
et al,, 2010). A postmortem study reported that oligoden-
drocyte loss, together with reduced myelin density, axonal
loss and astrogliosis, are the main structural white matter
changes in the AD brain (Zhan et al.,, 2014). It remains un-
clear whether this oligodendrocyte loss is secondary to white
matter change or is a primary neuropathological event in-
dependent of myelin change. In the central nervous system,
chondroitin sulphate proteoglycan NG2 is mainly expressed
by the oligodendrocyte precursor cells. These NG2-labeled
cells proliferate and are believed to give rise to remyelinat-
ing oligodendrocytes in pathological conditions with myelin
damage (Kang et al., 2010). Recently, emerging evidence
showed that oligodendrocytes metabolically support neu-
rons through monocarboxylic acid transporter 1 (MCT1)
(Kang et al.,, 2013). Therefore, the present study aimed to
explore the underlying etiology of oligodendrocytes with
NG2 and MCT1 assessment in 3- and 6-month-old APP/
PS1 mice.

Materials and Methods

Animals

A total of 20 male APP/PS1 mice and 12 male C57BL/6 mice
were acquired from the Experimental Animal Center of

China Medical University, China [license No. SCXK (Liao)
2013-0001]. Mice were housed in cages and given a 12-hour
light/dark cycle with free access to water and food. All ex-
periments were approved by the Animal Care and Use Com-
mittee of the China Medical University (IACUC-2010888).
All the procedures were done under anesthesia, and all pos-
sible efforts were made to minimize suffering.

The mice were divided into four subgroups: The APP/PS1
3 group (APP/PS1 mice aged 3 months, n = 10), the APP/
PS1 6 group (APP/PS1 mice aged 6 months, n = 10), the
control 3 group (C57BL/6 mice aged 3 months, n = 6), and
the control 6 group (C57BL/6 mice aged 6 months, 7 = 6).

Morris water maze test

Working memory is a well modeled aspect of the memory
deficits in AD. The spatial working memory task of the Mor-
ris water maze test is the most widely employed one (Webster
et al., 2013). After one week of adaption, the Morris water
maze was performed to assess spatial learning and memory.
The Morris water maze was a circular tank (50 cm diameter
and 150 cm deep) filled with 20 cm of water made opaque
with the addition of 200 g powdered milk. The tank was di-
vided into four quadrants: northeast, southeast, southwest,
and northwest; and a circular platform 9 cm in diameter was
hidden 1 cm below the water level in the northeast quadrant.
On day 1, for adaption, mice swam freely in the pool with-
out the hidden platform in it. On days 2-4, mice underwent
four trials a day. With each trial mice were placed in the
tank facing the wall of each quadrant and allowed 60 sec-
onds to find the hidden platform. Those who failed to locate
the platform within 60 seconds were gently pushed towards
it and allowed to remain there for 10 seconds. On day 5,
after training, the platform was removed, and the mice were
placed in the water in a random quadrant and allowed 60
seconds to explore freely. Escape latencies (the swimming
time spent before finding the submerged platform) and
swimming route and time spent in the northeast quadrant
where the hidden platform was located were monitored by
a video tracking system (Chengdu Taimeng Tech. Chengdu,
China). In the retention phase of the Morris water maze test,
the ratio of swimming distance (swimming distance in the
target quadrant where the hidden platform had been placed)
against the total swimming distance of different groups was
calculated.

Tissue processing

Twenty-four hours after the Morris water maze test, mice
were deeply anesthetized with 1% sodium pentobarbital (1
mL/100 g body weight). For Luxol fast blue and immuno-
histochemistry staining, mice (APP/PS1 groups, n = 5 each;
control groups; n = 3 each) were perfused transcardially
with 4% paraformaldehyde. Brains were post-fixed in 4%
paraformaldehyde overnight at 4°C, imbedded in paraffin,
and sectioned 5 um thick with a microtome. Brain sections
were deparaffinied with xylene and rehydrated in a graded
alcohol series, prior to Luxol fast blue and immunohis-
tochemistry staining. For quantitative reverse transcrip-
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Table 1 Primers used for quantitative reverse transcription-polymerase chain reaction

Genes Species Primers sequence (5'-3") Product size (bp)
MBP Mouse Forward: CTA TAA ATC GGC TCA CAA GG 176
Reverse: AGG CGG TTA TAT TAA GAA GC
MCT1 Mouse Forward: AAA ATG CCA CCT GCG ATT GGA 172
Reverse: GCC TGA TTA AGT GGA GCC AGG
B-Actin Mouse Forward: ACT CTT CCA GCCTTCCTTC 171

Reverse: ATC TCC TTC TGC ATC CTG TC

MBP: Myelin basic protein; MCT1: monocarboxylic acid transporter 1.

tion-polymerase chain reaction (QRT-PCR) of myelin basic
protein (MBP) and MCT1 mRNA expression, mouse brains
(APP/PS1 groups, n = 5 each; control groups; n = 3 each)
were removed by cervical dislocation and the temporal lobes
dissected out on ice.

Luxol fast blue staining and immunohistochemistry
staining

The corpus callosum, the largest white matter structure in
the brain, consists of millions of axons that provide a large
connection between homologous cerebral cortical areas.

Therefore, Luxol fast blue staining of the corpus callosum
was performed to determine the degree of myelination after
tissue processing. Immunohistochemistry staining for NG2
was performed to assess oligodendrocyte change.

For corpus callosum Luxol fast blue staining, sections were
stained with Luxol fast blue solution (YuanMu, Shanghai,
China) at room temperature for 12-20 hours, rinsed with
95% ethanol and water, reacted with 1% lithium carbonate
solution for 15 seconds and 70% ethanol for 30 seconds, and
then rinsed in water. Counter staining with eosin was per-
formed as necessary.

For immunohistochemistry staining, sections were treated
with antigen retrieval buffer 0.4% Triton-X100 in phosphate
buffer for 20 minutes at 95°C. Sections were then treated with
3% H,0, in phosphate buffered saline for 10 minutes. After
blocking with 10% normal goat serum in phosphate buffered
saline for 30 minutes, sections were incubated with primary
NG2 antibodies 55027-1-AP (1:200; Proteintech, Rosemont,
IL, USA) overnight at 4°C. Following subsequently rinsed in
phosphate buffer, sections were incubated with secondary an-
tibodies SPN - 9001 (1:1000; ZSbio, Beijing, China). Finally, a
peroxidase ABC system (ZSbio) with diaminobenzidine as the
substrate was used to detect the antibody complex according
to the manufacturer’s instructions.

All samples were examined using a phase contrast micro-
scope, and images were obtained with a digital camera and
image-capturing software (Diagnostic, Frankfurt, Germany).
Images of sections through each anatomic region of inter-
est (corpus callosum or temporal lobe) were captured. The
corpus callosum intensity signals were divided by the corre-
sponding intensity signals of the background and presented
as the % optical density ratio. The number of NG2-immu-
noreactive cells was calculated in randomly sampled regions
and was presented as the ratio of the total number of cells in
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the same region. Data were analyzed using an image analysis
system (Image-Pro Plus v 6.0 image analysis software, Media
Cybernetics, Silver Spring, MD, USA).

qRT-PCR analysis

After tissue processing the MiniBEST Universal RNA Ex-
traction Kit (TaKaRa, Dalian, China) was used to extract
total RNA according to the manufacturer’s instructions.
The RNA concentration was determined by 260/280 nm ab-
sorbance using a Nanodrop Spectrophotometer (ND-1000,
Thermo Fisher Scientific, Waltham, MA, USA).

For reverse transcription, PrimeScript'™ RT Master Mix
(TaKaRa) was used according to the manufacturer’s recom-
mendation. Primers were designed using the Primer Express
software (TaKaRa) as shown in Table 1.

qRT-PCR was performed on an ABI 7500 Fast Real-Time
PCR System (Applied Biosystems, Foster City, CA, USA)
using the one-step SYBR Premix Ex Taq'™ II kit (TaKaRa)
in a total volume of 20 uL: 1 cycle of 95°C for 30 seconds, 40
cycles of 95°C for 3 seconds, 60°C for 30 seconds, and finally
1 cycle of 95°C for 15 seconds, 60°C for 60 seconds, and 95°C
for 15 seconds. B-actin was used as the reference gene (Desai
et al., 2009). Experiments were repeated in triplicates. The
average threshold cycle (Ct) and the comparative AACt were
automatically calculated. Relative quantification of the genes
was performed by determination of the n-fold differential
expression with the 2% method (Livak et al., 2001) and was
expressed as relative fold change compared to B-actin.

Statistical analysis

Results were expressed as the mean + standard deviations
(SD). Statistical analysis was performed by one-way analysis
of variance followed by the least significant difference post-
hoc test using SPSS 13.0 software (SPSS, Chicago, IL, USA).
A P value < 0.05 was considered to be statistically signifi-
cant, and P < 0.01 was deemed highly significant.

Results

Morris water maze test
The swimming route and the time spent on northeast quad-
rant, where the hidden platform was located, were digitally
monitored and are shown in Figure 1A.

In the acquisition phase (days 2-4) of the Morris water
maze test, the escape latency in all groups showed down-
ward trends with the training time (Figure 1B). Mice in the



Dong YX, Zhang HY, Li HY, Liu PH, Sui Y, Sun XH (2018) Association between Alzheimer’s disease pathogenesis and early demyelination and
oligodendrocyte dysfunction. Neural Regen Res 13(5):908-914. doi:10.4103/1673-5374.232486

APP/PS1 groups, particularly the APP/PS1 6 group, spent
longer reaching the hidden platform compared with their
age-matched controls.

In the retention phase (day 5) of the Morris water maze
test, the frequency that the mice crossed the former position
of the hidden platform was lower in the APP/PS1 groups,
especially in the APP/PS1 6 group, when compared with
that of their age-matched control groups. However, one-
way analysis of variance did not find differences between the
groups (data not shown).

We further calculated the ratio of the swimming distance
in the northeast quadrant, the former location of the hid-
den platform, with the total swimming distance. We found
that the ratios of the swimming distance in the northeast
quadrant in the APP/PS1 groups were lower than that of the
control groups (Figure 1C). Comparison between groups
revealed a significant deterioration between the APP/PS1 6
group and the control 6 group (P = 0.000), and an age-re-
lated deterioration between the APP/PS1 6 group and the
APP/PS1 3 group (P = 0.000), suggesting memory retention
disabilities. No significant differences were found between
the APP/PS1 3 group and the control 3 group.

Luxol fast blue staining

Myelin damage in the white matter was assessed using Luxol
fast blue staining to visualize the corpus callosum as shown in
Figure 2A and B. The intensity signals in the corpus callosum
were divided by the corresponding intensity signals of the
background and presented as the % optical density ratio (Zhou
et al,, 2013) (Figure 2C). Comparison between groups revealed
a significant myelin damage in the APP/PS1 6 group compared
with the control 6 group (P = 0.000) and the APP/PS1 3 group
(P =0.003), as well as an age-related myelin formation in the
control 6 group compared with the control 3 group (P = 0.000).
No significant differences were found between the APP/PS1 3
group and the control 3 group (P = 0.871).

Immunohistochemistry staining for NG2 and qRT-PCR
for MBP and MCT1

In the central nervous system, chondroitin sulphate pro-
teoglycan NG2 is mainly expressed by the oligodendrocyte
precursor cells. These NG2-labeled cells proliferate and are
believed to give rise to remyelinating oligodendrocytes in
pathological conditions with myelin damage (Kang et al,,
2010).

We performed immunohistochemistry staining for NG2
on the temporal lobe (Figure 3A). The number of the
NG2-immunoreactive cells was calculated in randomly sam-
pled regions and was presented as ratio of the total number
of cells in the same region (Figure 3B).

Immunohistochemistry staining showed a proliferation of
NG2 cells in the temporal cortices of APP/PSI mice. Com-
parisons between groups revealed a significant proliferation
of NG2 cells between the APP/PS1 6 group and the control 6
group (P = 0.007), and an age-related proliferation between
the APP/PS1 3 group and the APP/PS1 6 group (P = 0.013).
No differences were found between the APP/PS1 3 group

and the control 3 group (P = 0.866).

The qRT-PCR results showed that MBP mRNA expres-
sion in the temporal lobe reduced by approximately 27 % in
the APP/PSI1 3 group compared with the control 3 group (P
= 0.000), and reduced by approximately 38 % in the APP/
PS1 6 group compared with the control 6 group (P = 0.000)
(Figure 4A).

MCT1 qRT-PCR was performed to further assess metabolic
changes in oligodendrocytes and revealed that MCT1 mRNA
expression reduced by approximately 1% in the APP/PS1 3
group compared with the control 3 group (P = 0.428), and
reduced by approximately 77% in the APP/PS1 6 group com-
pared with the control 6 group (P = 0.000) (Figure 4B).

Discussion

Our study revealed cognitive deficits, corpus callosum
shrinkage, and oligodendrocyte disorder in APP/PS1 mice at
the age of 6 months. However, MBP mRNA downregulation
in temporal lobe tissue was observed as early as 3 months of
age.

The typical progression of AD starts with memory and
learning decline, followed by executive dysfunction, lan-
guage barriers, and finally cognitive deficits (Carmeli et al.,
2013). Similarly, in AD mouse models, cognitive deficits in
APP/PS1 mice in the Morris water maze spatial memory test
have been reported by 6 months of age, as well as impair-
ments in reference memory and associative learning (Web-
ster et al., 2014). In this study, impaired spatial memory in
the Morris water maze test appeared at 6 months of APP/
PS1 mice. Although cognitive deficits in APP/PS1 mice have
also been seen the spatial working memory in radial arm
water maze task as early as 3 months (Webster et al., 2014),
the present study failed to find spatial memory and learning
impairments in 3-month-old APP/PS1 mice.

According to convergent findings, myelin degradation
is an important component of AD (Zhan et al., 2014; Caso
et al., 2016; Hoy et al., 2017). Loss of myelin integrity in
AD patients has been found in both autopsy and imaging
studies (Carmeli et al., 2013; Sachdev et al., 2013; Agosta et
al., 2015; Zhan et al., 2015; Hoy et al., 2017; Sachdev et al.,
2017; Tascone et al., 2017). In this study, we chose to assess
myelin damage in the corpus collosum and temporal lobe
in AD mice model because these regions are vulnerable and
commonly involved in AD (Ting et al., 2015). Shrinkage of
the corpus collosum in 6-month-old APP/PS1 mice was ob-
served and is supported by another animal study of APPswe
mice at the ages of 12 and 15 months using diffusion tensor
imaging (Desai et al., 2009) and by longitudinal MRI studies
in AD patients (Weiler et al., 2015). Such morphological
changes in myelin tissue in other brain regions such as the
hippocampus have also been reported in APP/PS1 mice (Wu
et al., 2017), indicating persistent and widespread myelin
damage in AD progression. In the present study, a reduction
of MBP mRNA expression was discovered in APP/PS1 mice
aged 3 months when no spatial memory decline was found
in the Morris water maze test, and before morphological
changes in the corpus collosum, indicating that the loss of
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Figure 1 Morris water maze test of APP/PS1 mice and C57BL/6 mice aged 3 and 6 months.
(A) A typical swimming routine of APP/PS1 mouse in the retention phase of the Morris water maze test. (B) In the acquisition phase of the Morris
water maze test, the escape latency shortened in all groups. (C) In the retention phase of the Morris water maze test, the ratio of swimming distance
[swimming distance in the target quadrant (the former location of the hidden platform) against the total swimming distance of different groups]
was calculated. The ratio of the swimming distance of the 6-month APP/PS1 mice is much lower than that of 6-month C57BL/6 mice and 3-month
APP/PS1 mice. *kP < 0.01. Results are expressed as the mean + SD (APP/PS1 groups, n = 5 each; control groups, n = 3 each; one-way analysis of
variance followed by least significant difference post-hoc test).
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Figure 2 Luxol fast blue staining of the corpus callosum of APP/PS1 mice and C57BL/6 mice aged 3 and 6 months.

(A) Corpus callosum of a C57BL/6 mouse aged 3 months visualized by Luxol fast blue staining. Scale bars: 200 um, 100 um. (B) Examples of Luxol
fast blue staining of the corpus callosum of the different groups. Scale bar: 100 pm. (C) Intensity signals of CC of different groups divided by the
corresponding intensity signals of the background and presented as the % optical density ratio. The optical density ratio of CC (%) of 6-month
APP/PS1 mice is much lower than that of 6-month C57BL/6 mice and 3-month APP/PS1 mice. The optical density ratio of CC (%) of 3-month
C57BL/6 mice is lower than that of 6-month C57BL/6 mice. *P < 0.05, **P < 0.01. Results are expressed as the mean + SD (APP/PS1 groups, n =5
each; control groups, n = 3 each; one-way analysis of variance followed by the least significant difference post-hoc test). CC: Corpus callosum; Cg:
cingulate gyrus; dHC: dorsal hippocampal commissural.
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myelin integrity precedes the onset of cognitive impairment
(Zhan et al., 2015).

The white matter damage observed both in AD patients
and in AD mouse models inevitably leads to speculation
that alterations in oligodendrocytes may in part underlie the
white matter damage found in AD (Kang et al., 2010; Niel-
sen et al.,, 2013), particularly because oligodendrogenesis
continues throughout life, contributes to myelin formation
and remodeling, and therefore plays an important role in
learning and memory (El Waly et al., 2014). As oligodendro-
cytes arise from a large population of precursor cells defined
by expression of chondroitin sulfate proteoglycan NG2
(Kang et al., 2010), the present study performed immuno-
histochemistry staining for NG2.

In accordance with previous findings, the current study
observed a proliferation of NG2 cells in the temporal lobe
of APP/PS1 mice at the age of 6 months, indicating that
NG2 cells are mitotically active and exhibit enhanced pro-
liferation in response to acute demyelination in the central
nervous system (Reynolds et al., 2001). The upregulation of
NG2 cells has been reported with western blots analysis in
an even earlier phase of AD-like pathogenesis in APP/PS1
mice aged 2 months (Wu et al., 2017). The difference in the
timing of NG2 upregulation in this study may result from
the different methods used and different regions of interest
investigated. This enhanced proliferation of NG2 cells in
the present study appeared after myelin lesion onset, which
suggests that NG2 proliferation might be a secondary neuro-
pathological event to white matter change. Also, there might
exist other possible mechanisms, such as amyloid deposi-
tion, ischemic vascular changes, oxidative stress, and im-
mune-mediated damage, that underlie white matter damage,
and/or trigger aberrant oligodendrocyte responses (Sachdev
et al,, 2013). For example, in cerebral amyloid angiopathy,
the amyloid may induce ischemic injury to the white matter,
causing luminal stenosis and thrombosis, finally reducing
blood supply to the white matter (Weller et al., 1998), or by
poor clearance of soluble amyloid B peptides from the brain
parenchyma (Chalmers et al., 2005).

The upregulation of NG2 cells observed in the present study
may represent an increase in oligodendrogenesis to compen-
sate for oligodendrocyte loss found in AD patients (Nielsen
et al,, 2013). A recent study found that the lactate transport-
er-MCT1 in the central nervous system was highly enriched

Figure 4 Quantitative reverse transcription-
polymerase chain reaction of MBP and MCT1
expression at the mRNA level in the temporal
lobe of APP/PS1 mice and C57BL/6 mice aged 3
and 6 months.
(A) Relative expression of MBP mRNA in 3- and
6-month APP/PS1 mice (%). Control: B-Actin;
APP/PS1 3: the relative expression of MBP mRNA
in 3-month APP/PSI mice; APP/PS1 6: the relative
expression of MBP mRNA in 6-month APP/PS1
mice. (B) The relative expression of MCT1 mRNA
in 3- and 6-month APP/PS1 mice (%). Control:
B-Actin; APP/PS1 3: the relative expression of
f MCT1 mRNA in 3-month APP/PS1 mice; APP/
APPIPS16  PS1 6: the relative expression of MCT1 mRNA in
6-month APP/PS1 mice.

APP/PS13

within oligodendrocytes and disruption of MCT1 caused axon
damage and neuron loss in cell culture and animal models
(Lee et al., 2012). The present study is the first to assess MCT1
mRNA expression in AD mouse models and found a decrease
in MCT1 mRNA expression at the age of 6 months, coinciding
with an enhanced proliferation of NG2 cells.

Taken together, despite the continuous upregulation of
oligodendrocyte progenitors, there were reductions in my-
elin levels and failure of MCT1 expression by oligodendro-
cytes in the current study, indicating impaired maturation
of oligodendrocytes. The dysfunction of oligodendrocytes
as well as the early demyelination in APP/PS1 mice may
contribute to AD disease progression. The assessment of the
proliferation, apoptosis, and metabolic changes of oligoden-
drocytes is required in the future study to get better under-
standing of the pathogenesis of AD.
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