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Donepezil, a drug for Alzheimer’s disease, promotes
oligodendrocyte generation and remyelination
Xue Cui1, Yu-e Guo2,3, Jia-hui Fang1, Chang-jie Shi1, Na Suo2,3, Ru Zhang1 and Xin Xie1,2,4

Myelin sheaths play important roles in neuronal functions. In the central nervous system (CNS), the myelin is formed by
oligodendrocytes (OLs), which are differentiated from oligodendrocyte precursor cells (OPCs). In CNS demyelinating disorders such
as multiple sclerosis (MS), the myelin sheaths are damaged and the remyelination process is hindered. Small molecule drugs that
promote OPC to OL differentiation and remyelination may provide a new way to treat these demyelinating diseases. Here we report
that donepezil, an acetylcholinesterase inhibitor (AChEI) developed for the treatment of Alzheimer’s disease (AD), significantly
promotes OPC to OL differentiation. Interestingly, other AChEIs, including huperzine A, rivastigmine, and tacrine, have no such
effect, indicating that donepezil’s effect in promoting OPC differentiation is not dependent on the inhibition of AChE. Donepezil
also facilitates the formation of myelin sheaths in OPC–DRG neuron co-culture. More interestingly, donepezil also promotes the
repair of the myelin sheaths in vivo and provides significant therapeutic effect in a cuprizone-mediated demyelination animal
model. Donepezil is a drug that has been used to treat AD safely for many years; our findings suggest that it might be repurposed
to treat CNS demyelinating diseases such as MS by promoting OPC to OL differentiation and remyelination.
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INTRODUCTION
Oligodendrocytes (OLs), an important component of neuroglia,
form myelin sheaths that exert trophic and metabolic support to
encased axons in the central nervous system (CNS) [1, 2].
Myelinating OLs are generated from oligodendrocyte precursor
cells (OPCs) [3], which are characterized by the expression of
proteoglycan glial antigen 2 (NG2) and platelet derived growth
factor receptor alpha (PDGFRα). In contrast to most precursor cells,
OPCs are situated abundantly throughout the adult CNS and
retain the ability to generate new OLs to reform myelin that might
be lost with age or disease [4, 5]. In some neurodegenerative
diseases, such as multiple sclerosis, demyelination and axonal
damage disrupt the saltatory nerve conduction; moreover, the
failure to reform the myelin eventually leads to neurological
disability [6]. Extensive studies to date suggest that the failure of
remyelination is likely due to the loss of OLs in the lesions and the
failure of OL generation from OPCs [7–9]. It is therefore imperative
to develop treatments that target facilitating remyelination.
A number of small molecule compounds have been reported to

promote OPC to OL differentiation. Benztropine, an anticholinergic
drug used for the treatment of Parkinson’s disease (PD), has
recently been demonstrated to promote OPC to OL differentiation
and remyelination through direct antagonism of M1 and/or M3
muscarinic receptors [10]. Olesoxime, a compound that regulates

mitochondria function, has been found to accelerate OL matura-
tion in culture and increase remyelination in rodents [11, 12]. Our
previous studies also discovered that U50488, a kappa opioid
receptor agonist, and Vitamin C, promote OPC to OL differentia-
tion in vitro and remyelination in vivo [13, 14]. Using a similar
screening strategy [13, 14], we also identified that donepezil, a
drug used for Alzheimer’s disease (AD), significantly enhances OPC
to OL differentiation.
Donepezil is an acetylcholinesterase inhibitor (AChEI). Similar to

donepezil, several AChEIs, including huperzine A, rivastigmine,
tacrine, physostigmine, galantamine, and ganstigmine, are
approved to treat moderate AD by inhibiting the breakdown of
acetylcholine, a neurotransmitter associated with memory and
widely distributed in the CNS [15, 16]. Apart from blocking AChE,
donepezil has been reported to have other biological functions.
Donepezil may protect neurons via direct and indirect stimulation
of nicotinic acetylcholine receptors (nAChRs) against glutamate-
induced neurotoxicity [17, 18]. Direct binding to Sigma-1 receptor
might be involved in donepezil’s rescue effect on Aβ-caused
hippocampal long-term potentiation impairment [19]. Moreover, it
has been confirmed that donepezil alleviates the Lipopolysacchar-
ides (LPS)-induced inflammatory response and suppresses nuclear
translocation of nuclear factor-kappa B (NF-κB) in the murine
macrophage cell line RAW 264.7 [20]. However, whether donepezil
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or other AChEIs could affect OPC to OL differentiation or
myelination remains unclear.
We report that donepezil, but not other AChEIs, significantly

promotes OPC to OL differentiation. Donepezil also facilitates the
formation of myelin sheaths in OPC–DRG (dorsal root ganglion)
neuron co-culture. More interestingly, donepezil promotes the
repair of myelin sheaths in vivo and provides a significant
therapeutic effect in a cuprizone-mediated demyelination animal
model.

MATERIALS AND METHODS
Chemicals and reagents
Tacrine (9-amino-1,2,3,4-tetrahydroacridine hydrochloride
hydrate) and rivastigmine L-tartrate (C14H22N2O2·C4H6O6) were
generously supplied by Haiyan Zhang research group of Shanghai
Institute of Materia Medica, Chinese Academy of Sciences.
Donepezil hydrochloride monohydrate, paraformaldehyde
(PFA), bis(cyclohexanone)oxaldihydrazone (Cuprizone), Hoechst
33342, n-acetylcysteine, poly-DL-ornithine hydrobromide, laminin,
papain, L-cysteine, insulin, transferrin, progesterone, putrescine,
BSA, 5-fluoro-2′-deoxyuridine, and triiodothyronine (T3) were
purchased from Sigma-Aldrich (St. Louis, MO, USA). (−)-Huperzine
A was purchased from Selleck (Houston, USA). Rat tail collagen,
collagenase II, and dispase II were purchased from Roche (Basel,
Switzerland). Human PDGF-AA, human fibroblast growth factor-
basic (FGF2), and recombinant human EGF were obtained from
PeproTech EC (London, UK).

OPC differentiation from NPCs
All animal experiments were performed in accordance with
protocols approved by the Animal Care and Use Committee of
Tongji University. Neural progenitor cell (NPC)-derived OPCs were
generated by culture of cortical NPCs with OPC induction
conditions. Briefly, the cortices were removed from E14.5
embryonic mouse brain and mechanically dissociated into single
cells. The cells were then expanded in NPC medium (DMEM/F12
media (Gibco), 2% B27, 20 ng/mL EGF, and 20 ng/mL FGF2)
for 2 days until neurosphere formation. The neurospheres were
passaged every 2 days. All experiments were performed using
passage 3 (P3) NPCs. The neurospheres were dispersed into single-
cell suspensions by accutase (Millipore, SF006) digestion and were
split into OPC medium (DMEM/F12 media, 2% B27, 10 ng/mL
FGF2, and 20 ng/mL PDGF-AA) for 2 days to produce OPCs from
NPCs.

High-throughput screening
For the primary screening, the single-cell suspension of NPCs was
seeded at a density of 8000 cells per well onto 96-well plates
coated by poly-ornithine (5 μg/mL) and laminin (1 μg/mL). OPC
medium was used for 2 days, and the medium was subsequently
changed to basal medium (DMEM/F12 supplemented with 2%
B27) that contained various compounds with a final concentration
of 20 μM for an additional 4.5 days. Thyroid-hormone T3 (100 nM)
and DMSO (0.2%, v/v) were used as the positive and vehicle
controls, respectively, in each plate. The cells were then fixed with
4% PFA at room temperature and incubated with an anti-MBP
antibody (Abcam, ab7349) and a secondary antibody conjugated
to Alexa Fluor 488 (Thermo Fisher, A-11001). The nuclei were
stained with Hoechst 33342. Eleven images per well (representing
different locations in a single well) were captured, and the nuclei
and myelin basic protein (MBP)-positive cells were quantified
using the Operetta high content analysis system (PerkinElmer).

Immunofluorescence staining
Cells were fixed with 4% PFA in phosphate buffered saline (PBS)
for 15 min at room temperature. After being washed three times
with PBS, the cells were permeabilized and blocked with PBS that

contained 1% BSA and 0.1% Triton (for O4 staining, Triton was
omitted) for 30min at room temperature. The cells were
subsequently incubated with the corresponding primary anti-
bodies at 4 °C overnight. After washing, the cells were incubated
with the appropriate fluorescence-conjugated secondary antibo-
dies for 1 h at room temperature. Hoechst 33342 was used to
identify cell nuclei. The antibodies used in this assay are as follows:
anti-Nestin (Millipore, MAB353, 1:400), anti-PDGFRα (Cell signaling,
3164S, 1:200), anti-Olig2 (Millipore, AB9610, 1:200), anti-NG2
(Millipore, AB5320, 1:200), anti-MBP (Abcam, ab7349, 1:500), and
anti-NF-200 (Sigma, N4142 and N5389, 1:1000).

OPC–DRG neuron co-culture
DRG neurons isolated from postnatal (P5-P10) mice were
incubated in Hank’s balanced salt solution (HBSS) that contained
papain (3 U/mL) and L-cysteine (0.36 mg/mL) for 10min at 37 °C.
After removal of the papain solution, the DRG neurons were
further incubated in HBSS that contained collagenase II (100 U/mL)
and dispase II (2 U/mL) for 10 min at 37 °C. After thorough
washing, the dissociated DRG neurons were seeded at a density of
20 000 cells per well onto poly-D-lysine (500 μg/mL) and rat tail
collagen (25 μg/mL) coated 48-well plates and maintained in OL-
medium (DMEM, 2% B27, glutamax, 5 μg/mL insulin, 50 μg/mL
transferrin, 0.5% FBS, 0.2 μM progesterone, 100 μM putrescine, 0.1
mg/mL BSA, 100 U/mL penicillin, and 100 μg/mL streptomycin) for
9 days. 5-Fluoro-2′-deoxyuridine (10 μM) was added to remove
contaminating glia cells for the first 7 days. After 9 days, 30 000
OPCs isolated from neonatal mouse cortices with anti-AN2
microbeads (Miltenyi) were added per well to DRG neurons, and
the co-cultures were maintained for an additional 9 days in OL
medium that contained indicated drugs. The cultures were fixed
and stained with anti-NF-200 (Sigma, N4142), anti-MBP (Abcam,
ab7349). For cell imaging, ten pictures per well were obtained and
analyzed by the Operetta high content analysis system. Myelina-
tion was identified as neurites double positive for MBP and NF-200
staining.

Reverse transcription and PCR
Total RNA was extracted with TRIzol (Invitrogen) and was
subjected to reverse transcription with random hexamer primer
and Moloney murine leukemia virus reverse transcriptase (Pro-
mega). Realtime PCR was conducted in a LightCycler quantitative
PCR apparatus (Stratagene) using the FastStart Universal SYBR
Green Master (Rox). All gene expression results are expressed as
arbitrary units relative to β-actin expression. The primer sequences
used were as follows: PLP, forward 5′-TGCTCGGCTGTACCTGTGTA
CATT-3′ and reverse 5′-TACATTCTGGCA TCAGCGCAGAGA-3′; MBP,
forward 5′-TGACACCTCGAACACCACCTC-3′ and reverse 5′-CCT
TGAA TCCCTTGTGAGCC-3′; MAG, forward 5′-GGTGTTGAGGGAGG
CAGTTG-3′ and reverse 5′-CCTTGAATCCCTTGTGAGCC-3′; and
CNPase, forward 5′-TCCACGAGTGCAAGACGCTATTCA-3′ and
reverse 5′-TGTAAGCATCAGCGGACACCATCT-3′.

Western blot
NPC-derived OPCs and OLs were collected in lysis buffer (50 mM
Tris-HCl, 2% w/v SDS, 10% glycerol, 1% β-mercaptoethanol, and
0.01% bromophenyl blue (pH 6.8)) and boiled at 95–100 °C for 10
min. The samples were separated on SDS-PAGE and transferred
onto 0.2 μm polyvinylidene difluoride (PVDF, Millipore) mem-
branes. The membranes were first incubated in blocking buffer
(TBS with 0.05% Tween 20 and 5% nonfat milk) for 1 h at room
temperature and then incubated with a rabbit anti-GAPDH (CST,
1:10,000) or a rat anti-MBP (Abcam, ab7349, 1:1000) antibody
overnight at 4 °C. After thorough washing, the membranes were
incubated with the appropriate HRP-conjugated secondary anti-
bodies for 1 h at room temperature. After washing, immunoblot-
ting signals were visualized using Amersham ECL Plus Western
Blotting detection reagents (GE Healthcare).
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Cuprizone-induced demyelination mouse model
Female C57BL/6 mice (8 weeks) maintained in pathogen-free
conditions were fed with 0.2% (w/w) cuprizone (Sigma) mixed
with ground standard rodent chow. The cuprizone diet was
maintained for 5 weeks, following which the cuprizone-infused
feed was removed and the animals were given standard chow.
The mice were administered a daily intraperitoneal injection of
donepezil (1.5 and 5mg/kg) after cuprizone withdrawal. The
treatment lasted for 1–3 weeks. The animals were subsequently
anesthetized with 5% chloral hydrate and sacrificed. The brains
were carefully separated, paraffin-embedded, sectioned, and
stained for histopathological analysis.

Histology and immunofluorescent analysis
Paraffin-embedded coronal sections (5 μm) of the brains were
stained with Luxol fast blue (LFB, Sigma, S3382) for the analysis of
demyelination. Images were obtained, and quantitative image
analysis was performed using ImagePro software. The region of
interest corresponding to the corpus callosum was initially drawn
using the “irregular AOI” tool, and non-blue areas were then
counted within the lesion using the “count and measure objects”
tool. The percent of the demyelination area was calculated by the
ratio of the non-blue area to the total corpus callosum area. For
immunofluorescent analysis, paraffin-embedded coronal sections
of the brains were permeabilized and blocked with PBS that
contained 2% BSA and 0.3% Triton for 30 min at room
temperature, followed by incubation with a mouse anti-MBP
antibody (Abcam, ab7349, 1:500), a rabbit polyclonal anti-GST-pi
antibody (Millipore, AB5320, 1:200), or a rabbit anti-Olig2 antibody
(Millipore, AB9610, 1:200) at 4 °C overnight. After thorough
washing, the sections were stained with secondary antibodies
conjugated to Alexa Fluor 488 (Thermo Fisher, 1:1,000), and the
nuclei were stained with Hoechst 33342. Images were obtained
using an Olympus IX71 inverted fluorescent microscope, and
quantitative image analysis was performed using ImagePro
software.

Electron microscopy
Brains were isolated from 4% PFA perfused mice; the corpus
callosum was isolated and fixed in PBS that contained 2.5%
glutaraldehyde for 2 h. The corpus callosum was subsequently
washed, fixed in 1% osmium tetroxide, dehydrated in acetone,
and embedded in EPON. Then, 70-nm thin sagittal sections were
cut with a diamond knife and mounted on copper slot grids
coated with Formvar and stained with uranyl acetate and lead
citrate for examination on a JEM-1230 transmission electron
microscope. The G-ratios were analyzed in ImagePro, and
approximately 200 remyelinated axons were assessed for each
group.

Statistical analysis
Data were analyzed with GraphPad Prism software. For compar-
ison between two groups, statistical evaluation was performed by
two-tailed Student’s t-test or two-way analysis of variance was
used to assess the significance between treatment groups of the
cuprizone-induced mouse model of demyelination. For all
statistical tests, P values < 0.05 were considered statistically
significant. All error bars show the standard error of the mean
(SEM).

RESULTS
Generation of OLs from NPC-derived OPCs
We established a simple protocol to induce OL differentiation
from NPC-derived OPCs (Fig. 1a). Cortical neurospheres that
expressed nestin were generated from mouse E14.5 embryos,
which could be propagated and passaged in NPC medium that
contained bFGF and EGF (Fig. 1b). The NPCs were then cultured in

a single layer on poly-O-ornithine plus laminin-coated plates in
OPC medium supplemented with bFGF and PDGF-AA. After 2 days,
the majority of the cells were differentiated into OPCs, character-
ized by the expression of the platelet-derived growth factor
receptor α (PDGFRα), the proteoglycan NG2, and the OL-specific
transcription factor Olig2 (Fig. 1c). After the removal of the growth
factors, OPCs differentiated toward OLs, and the marker of mature
OLs, MBP, could be detected (Fig. 1d) after 4.5 days. T3, a well-
known inducer of OPC differentiation [21, 22], dose-dependently
enhanced the generation of MBP+ OLs (Fig. 1d, e).
Using this differentiation assay, we screened a small library that

contained many old drugs and pathway regulators. NPC-derived
OPCs were treated with vehicle (0.2%, v/v, DMSO), T3 (100 nM,
positive control), or various compounds (20 μM) for 4.5 days, and
the percent of MBP+ cells was subsequently used to evaluate the
efficacy of the compounds. Donepezil, an AChEI which is used to
treat AD, was found to increase the percent of MBP+ cells in the
primary screen (Fig. 2a). To confirm the result and evaluate the
best concentration of donepezil for OPC to OL differentiation,
NPC-derived OPCs were treated with various concentrations
(5–40 μM) of donepezil in differentiation medium. Donepezil was
found to promote OPC to OL differentiation, and the effect
plateaued at 20 μM (Fig. 2b, c).

Fig. 1 NPC-based differentiation assay to identify modulators of OL
differentiation and maturation. a Protocol for the generation of OLs
from cortical NPCs isolated from mouse E14.5 embryos. b Immuno-
fluorescent staining of the NPC marker Nestin in neurospheres. The
nuclei were stained with Hoechst 33342. c Immunofluorescent
staining of OPC markers, including PDGFRα, NG2, and Olig2, in NPC-
derived OPCs. The nuclei were stained with Hoechst 33342.
d Immunofluorescent staining of the OL marker MBP in OPCs
induced to differentiate toward OLs in the presence of various
concentrations of T3 for 4.5 days. e Dose-response of T3 in inducing
OPC to OL differentiation. Data are mean ± SEM (n= 3). Scale bars,
100 μm
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Donepezil, but not other AChEIs, promotes OPC to OL
differentiation
Donepezil is a selective AChEI that is widely used for the treatment
of AD. We wondered whether other AChEIs have similar effects on
OPC differentiation. Three AChEIs, including huperzine A, rivas-
tigmine, and tacrine, were tested in the OPC differentiation system
in doses that ranged from 5 to 40 μM. To our surprise, with the
exception of donepezil, these AChEIs did not increase the number
of MBP+ cells in all concentrations tested (Fig. 3a). Furthermore, q-
PCR analysis indicated only donepezil treatment induced an
increase of OL lineage genes, including CNPase, MAG, MBP, and
PLP, at the mRNA level (Fig. 3b). Moreover, the increased
expression of MBP protein by the treatment of donepezil was
further confirmed with Western blot analysis (Fig. 3c, d).
Collectively, donepezil, but not other AChEIs, promotes OPC to
OL differentiation, which suggests that donepezil’s effect in
promoting OPC differentiation is not dependent on the inhibition
of AChE.

Donepezil enhances myelination in OPC–DRG neuron co-culture
in vitro
Donepezil’s effect in promoting OPC to OL differentiation was
further assessed in primary OPCs. Mouse primary OPCs were
cultured in differentiation medium supplemented with various
concentrations of donepezil (2.5–20 μM) for 4 days and then fixed
and immunostained for MBP. The primary OPCs displayed a better
differentiation potential than the NPC-derived OPCs without

treatment (Fig. 4a, b vs. Fig. 2b, c, vehicle control). However,
donepezil could still significantly increase the percentage of
MBP+-OLs generated from the primary OPCs (Fig. 4a, b). Since
donepezil was so efficient in promoting the differentiation of
primary OPCs, we wondered whether it was as effective in
promoting myelin formation. To address this question, we set up
an in vitro myelination system by co-culturing DRG neurons
isolated from postnatal (P5–P10) mice with primary OPCs. The
effect of donepezil in promoting myelination was evaluated after
9 days of co-culture. Myelinated axons are positive for both the OL
marker MBP and the axon marker NF-200 (neurofilament-200 kDa).
Donepezil was found to increase the length of myelinated axons
in the co-culture, and the best effect was observed at 10 μM
(Fig. 4c, d).

Donepezil promotes remyelination in vivo
Cuprizone-induced demyelination in mice is a commonly used
animal model to investigate the demyelination and remyelination
processes [23, 24]. We subsequently examined the efficacy of
donepezil in enhancing remyelination in vivo in the cuprizone-
induced demyelination model. Adult female C57BL/6 mice were fed
a diet that contained 0.2% (w/w) cuprizone for 5 weeks, followed by

Fig. 2 Donepezil promotes OL differentiation from NPC-derived
OPCs. a Representative images from the initial screening. NPC-
derived OPCs were induced to differentiate toward OLs in the
presence of vehicle control (0.2% DMSO), donepezil (20 μM), and T3
(100 nM) for 4.5 days. Cells were then immunostained for MBP
(green) and Hoechst 33342 (blue). b NPC-derived OPCs were
induced to differentiate in the presence of various concentrations
of donepezil (5–40 μM) for 4.5 days. Representative images of MBP+

cells. c Quantification of the percentage of MBP+ cells presented in
b. Data are the mean ± SEM (n= 6), ***P < 0.001 vs. control (Student’s
t-test). Scale bars, 100 μm

Fig. 3 Comparison between donepezil and other AChEIs in inducing
OPC differentiation and myelin-related gene expression. a Statistical
analysis of MBP+ cells generated from NPC-derived OPCs treated
with various AChEIs, including donepezil, huperzine A, rivastigmine,
and tacrine, for 4.5 days. Data are representative of three
independent experiments, mean ± SEM (n= 6), **P < 0.01, ***P <
0.001 vs. control (Student’s t-test). b Realtime q-PCR analysis of
CNPase, myelin-associated glycoprotein (MAG), MBP, and proteolipid
protein (PLP) expression in cells cultured with various AChEIs (20
μM). The results were normalized to β-actin expression in the same
sample and then normalized to the control. Data are the mean ±
SEM (n= 3), **P < 0.01, ***P < 0.001 vs. control (Student’s t-test).
c Western blot analysis of MBP in NPC-derived OPCs treated with
various AChEIs (20 μM) for 4.5 days. d The level of MBP in c was
quantified and first normalized to GAPDH in the same sample and
then normalized to the control. Data are the mean ± SEM (n= 3),
*P < 0.1 vs. control (Student’s t-test)
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standard chow feeding with a daily intraperitoneal injection of
donepezil (1.5 or 5mg/kg) or vehicle for 1–3 weeks (Fig. 5a). The
myelin status in the corpus callosum region was measured by Luxol
fast blue staining. Five-week cuprizone treatment induced the
complete loss of myelin in the corpus callosum as indicated by the
loss of blue staining (Fig. 5b). After cuprizone removal, spontaneous
myelin repair could be gradually observed in the vehicle group, and
donepezil substantially accelerated the remyelination process,
particularly after a 2-week treatment (Fig. 5b, c). We further
investigated the degree of remyelination by immunofluorescent
staining of the mature OL markers MBP and GST-π in the corpus
callosum after a 2-week treatment with donepezil. Donepezil
significantly increased the MBP intensity and the number of GST-
π+ mature OLs in the corpus callosum compared with the vehicle
treatment (Fig. 6a–c). The Olig2+ OL-lineage cells were also
significantly increased in the corpus callosum region of the mice

treated with donepezil, while the PDGFRα+ OPCs were reduced in
the same region (Fig. 6d–f).
The myelin status was further investigated with electron

microscopy. The healthy naïve mice had a tightly wrapped myelin
sheath. The cuprizone diet for 5 weeks led to severe demyelina-
tion in the corpus callosum (Fig. 6g). Two weeks after cuprizone
withdrawal, the vehicle group showed significant spontaneous
remyelination, and the donepezil-treated animals had more
myelinated axons (Fig. 6g, h). The G-ratios (the ratio of the
diameter of a given axon and the diameter of the axon plus
myelin) of the remyelinated axons were evaluated. Donepezil not
only increased the number of myelinated axons (Fig. 6h) but also
reduced the G-ratio of the remyelinated axons (Fig. 6i), which
indicates a better recovery. Taken together, donepezil promotes
the generation of OLs and remyelination in the cuprizone-induced
demyelination mouse model.

Fig. 4 Donepezil enhances primary OPC differentiation and in vitro myelination of co-cultured axons. a Representative images of MBP+ cells
from primary OPCs cultured with various concentrations of donepezil (2.5–20 μM) for 4 days. Scale bars, 100 μm. b Quantification of the
percentage of MBP+ cells presented in a. Data are the mean ± SEM (n= 6), *P < 0.05, **P < 0.01 ***P < 0.001 vs. control (Student’s t-test).
c Primary OPCs were co-cultured with DRG-neurons and treated with vehicle or donepezil for 9 days. The cells were then fixed and stained for
MBP (oligodendrocytes, green) and NF-200 (neurofilament, red). Arrows indicate myelinated axons (double positive for NF-200 and MBP).
Scale bars, 100 μm. d Quantification of myelinated axons in OPC–DRG neuron co-cultures in the presence of various concentrations of
donepezil for 9 days. Data are the mean ± SEM (n= 3), *P < 0.05, **P < 0.01 vs. control (Student’s t-test)
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DISCUSSION
For a long time, donepezil has been used for the treatment of AD
with minimal side-effects because it is a reversible AChEI and
enhances the ACh level in the brain. However, an increasing
number of studies have suggested that donepezil has many other
pharmacological properties. Takada and colleagues have demon-
strated that donepezil protects rat cortical neurons against
glutamate neurotoxicity via α4β2- and α7-nAChRs, but not
mAChRs [17]. Donepezil also shows significant protection against
Aβ-induced apoptosis in a neuroblastoma cell line [25]. In addition
to its neuroprotective effects, donepezil has been demonstrated
to exert anti-inflammatory actions. Donepezil could suppress TNF-
α-mediated intracellular Ca2+ elevation and NO production
through the PI3K pathway in rodent microglia cells [26]. Donepezil
has also been confirmed to alleviate the LPS-induced inflamma-
tory response and suppress nuclear translocation of NF-κB in a
murine macrophage cell line [20]. Recent studies have shown that
donepezil could ameliorate clinical and pathological symptoms in
EAE (experimental autoimmune encephalomyelitis) mice by
reducing the permeability of the BBB (blood-brain barrier) [27].
In this study, donepezil is further demonstrated to promote OL
generation from NPC-derived OPCs or primary OPCs isolated from
the cerebral cortex, while other AChEIs do not have the same
effects. We also observed that donepezil treatment leads to a
significant increase in myelin formation in OPC–DRG neuron co-
culture in vitro and the cuprizone-induced demyelination model
in vivo.

The exact mechanism that underlies donepezil’s effect in
promoting OPC to OL differentiation remains unclear. Donepezil
has been reported to directly interact with the nAChRs via
complex mechanisms in an AChE-independent manner. Among
the diverse nAChRs, α4β2- and α7-nAChRs are the major types
distributed in the CNS, while α7-nAChR is particularly located in
the hippocampus and cerebral cortex [28, 29]. Donepezil has been
shown to upregulate nAChRs in cortex neurons [30]. Previous
reports have also demonstrated that nAChRs are expressed on
OPCs, but are not detectable after differentiation [31]. Moreover,
the nAChR antagonist mecamylamine can partially inhibit the
increase in the number of OLs following donepezil treatment [32].
These findings suggest that nAChRs might be involved in
donepezil-promoted OL differentiation. In addition, donepezil
has been found to protect against Aβ-induced neuronal cell death
by activating the PI3K pathway [33]. Moreover, the PI3K/Akt
pathway is also activated by myelinating factors, including
neuregulins, integrins, and IGF-1 [34–37]. It has been shown that
the expression of constitutively active AKT increases myelination
in mice [38]. Therefore, the PI3K/Akt pathway might also be
involved in donepezil-promoted OL differentiation.
In conclusion, this study demonstrates that donepezil can

significantly promote OPC to OL differentiation and stimulate
remyelination in a cuprizone-induced demyelination animal
model. Considering the safe use of donepezil in neurodegenera-
tive diseases, such as AD, for many years, it might be repurposed
to treat demyelinating diseases, such as MS.

Fig. 5 Donepezil enhances remyelination in vivo in cuprizone-induced demyelination model. a A diagram of cuprizone-induced
demyelination model and the administration of donepezil. Female adult C57BL/6 mice were fed a diet that contained 0.2% (w/w) cuprizone
for 5 weeks, followed by a normal diet and donepezil (1.5 or 5 mg/kg, intraperitoneal injection) treatment for 1, 2, or 3 weeks. b Representative
images of the corpus callosum region stained with Luxol fast blue after cuprizone and donepezil treatment. Scale bars, 100 μm. c Statistical
analysis of the myelinating areas in b. Data are the mean ± SEM (four mice per group; five sections from each mouse were analyzed); **P < 0.01
vs. vehicle (Student’s t-test)
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Fig. 6 Evaluation of remyelination in cuprizone model with fluorescence and electron microscopy. a Immunofluorescence staining of MBP
and GST-π in the corpus callosum isolated from cuprizone-fed mice treated with donepezil or vehicle for 2 weeks. Scale bars, 100 μm.
b, c Statistical analysis of the MBP intensity and the number of GST-π+ cells presented in a. Data are the mean ± SEM (four mice per group; five
sections from each mouse were analyzed), *P < 0.05, **P < 0.01, ***P < 0.001 vs. vehicle, Student’s t-test. d Immunofluorescence staining of Olig2
and PDGFRα in the corpus callosum isolated from cuprizone-fed mice treated with donepezil or vehicle for 2 weeks. Scale bars, 100 μm.
e, f Statistical analysis of the number of Olig2+ and PDGFRα+ cells presented in d. Data are the mean ± SEM (four mice per group; five sections
from each mouse were analyzed), *P < 0.05, **P < 0.01 vs. vehicle, Student’s t-test. g Representative electron microscopy images of the corpus
callosum region isolated from naïve mice, mice fed with cuprizone for 5 weeks, or cuprizone-fed mice treated with vehicle or donepezil (5 mg/
kg) for an additional 2 weeks after cuprizone withdrawal. Scale bars, 0.2 μm. h Quantification of the myelinated axons from g. Data are the
mean ± SEM (four mice per group; eight sections from each mouse were analyzed). **P < 0.01, ***P < 0.001 vs. cuprizone group, ##P < 0.01 vs.
vehicle group (one-way ANOVA followed by Tukey’s multiple comparison test). i Quantification of the G-ratios of the remyelinated axons in
g. Data are the mean ± SEM (n= 200; ~50 axons counted per mouse; four mice per group), ***P < 0.001 vs. vehicle group (Student’s t-test)
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