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Donepezil attenuates vascular dementia in rats through
increasing BDNF induced by reducing HDAC6 nuclear
translocation
Wen-xuan Jian1,2, Zhao Zhang3, Jia-hong Zhan1,2, Shi-feng Chu3, Ye Peng4, Ming Zhao5, Qi Wang1,2 and Nai-hong Chen1,3,4

Vascular dementia (VD) is the second most common dementia disease after Alzheimer’s diseases (AD) in the world. Donepezil is
used to treat mild to moderate AD, and it has been shown to treat cognitive impairment and memory deficits caused by VD.
However, the action mechanism of donepezil against VD has not been clarified. In this study, a bilateral common carotid artery
occlusion (BCCAO) model was established in rats to simulate the pathology of VD. Two weeks after the surgery, the rats were
administered donepezil (10 mg · kg−1 · d−1, ig) for 3 weeks, and then subjected to behavioral tests. We showed that donepezil
treatment significantly improved the performance of BCCAO rats in Morris Water Mazes test and Step-down test. Furthermore, we
showed that donepezil treatment significantly attenuated neurodegeneration and restored the synapse dendritic spines density in
cortex and hippocampus. We revealed that donepezil treatment significantly increased BDNF expression in cortex and
hippocampus. Interestingly, donepezil treatment significantly decreased nuclear translocation of HDAC6 and the binding between
HDAC6 and BDNF promoter IV in cortex, but not in the hippocampus. The attenuated neurodegeneration by donepezil in cortex
and hippocampus might due to the reduced ROS levels and increased phosphorylation of AMPK, whereas increased
phosphorylation of AKT was only detected in cortex. In conclusion, our results demonstrate that donepezil attenuates
neurodegeneration in cortex and hippocampus via increasing BDNF expression; the regulation of donepezil on HDAC6 occurred in
cortex, but not in the hippocampus. This study further clarifies the pharmacological mechanism of donepezil, while also emphasizes
the promising epigenetic regulation of HDAC6.
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INTRODUCTION
Vascular dementia (VD) is the second most common dementia-
related disease in the world after Alzheimer’s disease (AD) [1, 2].
The risks of VD increase with age, and the severity of VD depends
on injury to vessels and cerebral regions. Deficits in information
processing, trouble speaking or understanding, vision loss,
cognitive impairment, and memory loss are symptoms of VD [3].
There are no drugs specific for VD according to the FDA; however,
drugs used for AD have a certain efficacy on VD in the clinic [4].
Donepezil is an acetylcholinesterase inhibitor that is approved by
FDA for mild to moderate AD. However, the mechanism by which
donepezil attenuates VD is not fully understood. Therefore, the
further study of the mechanism of the protective effect of
donepezil against VD would be meaningful for understanding its
ability to treat VD and would provide theoretical reference for the
development and research of new drugs for VD.
Brain-derived neurotrophic factor (BDNF) is widely distributed in

the central nervous system (CNS) and it is an important

neurotrophic factor in the cerebrum. BDNF promotes synaptic
activity, increases synaptic plasticity, and protects against
neurodegeneration [3, 5, 6]. The transcription of BDNF is regulated
by several promoters, of which the BDNF promoter IV is a key
factor for neuronal activity [6]. BDNF is obviously reduced in the
cerebrum of AD and VD patients [7]. A clinical trial indicated that
VD patients treated with fluoxetine for 12 weeks exhibited better
MMSE scores than those of the placebo-treated patients, who
exhibited an increase in BDNF in the serum [8]. Therefore, BDNF is
considered a key target for VD therapy. In an in vivo model of AD,
donepezil mediated BDNF via BDNF/TRKB signaling [9]. Donepezil
also inhibited miR-206-3p and increased the expression of BDNF
[10], implying that donepezil improved AD in an epigenetic
manner. However, few studies have explained the manner in
which donepezil regulates BDNF in VD.
Histone deacetylases (HDACs) are a class of enzymes that alter

DNA. Recent studies have found changes in HDACs in neurode-
generative diseases [11]. The class II HDAC HDAC6 is related to
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neurodevelopmental and neurodegenerative diseases and is
upregulated in the cortex and hippocampus in AD patients [12].
In an in vivo study using an HDAC6 inhibitor, neuronal damage
caused by A-beta was attenuated [13]. However, studies on
HDAC6 in VD are still insufficient. In addition, it is possible to
explain the mechanism of the effect of donepezil on VD by
epigenetics.
According to the recent studies, BDNF is regulated by HDAC6

nuclear translocation. In AD, HDAC6 is translocated into the
nucleus and binds to the BDNF promoter, thus reducing the
expression of BDNF [14]. Our study aimed to determine whether
donepezil is able to regulate BDNF via HDAC6 nuclear transloca-
tion in VD to further clarify the pharmacological mechanism of
donepezil, to provide a deeper understanding of the donepezil-
mediated increase in the expression of BDNF, and to provide a
theoretical foundation for the development of drugs for VD.

MATERIALS AND METHODS
Animals
Male Sprague-Dawley rats weighing 250 ± 10 g were supplied by
SPF Laboratories (Beijing, China) and were housed in groups of
four per cage at a temperature of 23 ± 1 °C on a 12-h light–dark
cycle. Food and water were provided ad libitum. All experiments
were performed in accordance with the guidelines established by
the National Institutes of Health Guide for the Care and Use of
Laboratory Animals (NIH Publications No. 8023, revised 1978) and
were approved by the Animal Care Committee of the Peking
Union Medical College and Chinese Academy of Medical Sciences
(Beijing, China).

Surgical procedure
Bilateral common carotid artery occlusion (BCCAO) was estab-
lished to study the cognitive dysfunction and neurodegeneration
caused by chronic cerebral hypoperfusion (CCH). The BCCAO
surgery was performed as previously conducted in our laboratory
[1]. Thirty-two Sprague-Dawley rats were randomly divided into 2
groups, namely, the sham group (n= 8) and the BCCAO group
(n= 24). All rats were allowed to drink freely but were fasted for
12 h before surgery. Before surgery, each rat was anesthetized
with a mixture of 5% isoflurane and 95% oxygen in a covered tank.
During the operation, the rats were given continued anesthesia
with a mixture of 3% isoflurane and 97% oxygen through a
respiratory mask. In the BCCAO group, a 1.5- to 2-cm incision was
made in the epidermis along the cervical midline, and the muscles
were bluntly separated until the common carotid artery was
exposed. Two sections of the common carotid artery were ligated
with No. 0 silk thread, and the intermediate vessel was occluded
with an electric coagulator. The other side of common carotid
artery was treated similarly. After the wound was sutured, the rats
were given free access to water and food. The sham group
underwent the same operation as the BCCAO group, but the
common carotid artery was not ligated or blocked. Fifteen days
after surgery, the BCCAO group was randomly divided into the
BCCAO model group (n= 12) and the donepezil-treated group
(n= 12).

Drug administration and experimental design
Donepezil was purchased from Eisai (H20070181, Eisai, Suzhou,
China) and dissolved in 0.5% CMC-Na at a concentration of
1 mg/mL. The drug was administered orally once a day starting
2 weeks after the surgery (d 15). The donepezil-treated group
received 1mL/100 g donepezil-0.5% CMC-Na. The sham group
and BCCAO group received 1mL/100 g 0.5% CMC-Na. Behavioral
tests, including 7 days of the Morris water maze test (days 35–41)
and 2 days of the step-down test (days 43–44), were performed
3 weeks after drug administration (day 35). The timeline of the
experiment is shown in Fig. 1a.

Morris water maze test
The Morris water maze test was performed as previously
described. The water maze device was a black circular tank with
a diameter of 120 cm, a height of 50 cm, and a water depth of
~30 cm. A black platform with a diameter of 10 cm was placed in
the water maze with the top of the platform ~2 cm below the
water. The tank was divided into 4 equal parts (areas A–D) and the
platform area (area T) by a recording system (SMART Panlab,
Harvard Bioscience, Shanghai, China). The platform was located in
area A. In phase I, the training phase (day 35), each rat was gently
placed into the water maze in area C facing the tank wall for 90 s.
If the platform was not found during the training, the rat was
guided to the platform and kept there for 20 s for observation and
learning. During phase II, the latency to platform phase (days
36–40), each rat was gently placed into the water maze in area C
facing the tank wall and searched for the platform. The system
recorded the route of the rat in the maze. If the rat successfully
found the platform and stayed in area T for 2 s, the system
recorded the time. If the platform was not found within 90 s, the
time was recorded as 90 s, and the rat was guided to the platform
and kept there for 20 s for observation and learning. In phase III,
the platform-crossing phase (day 41), the platform was removed,
and each rat was gently placed into the water maze in area C. The
number of times the rat crossed area T in 90 s was recorded.
The learning ability and spatial memory ability of the rats were
evaluated based on the latency to find the platform and the
number of platform crossings.

Step-down test
The step-down test was performed with the YLS-17B apparatus
(Sansbio, Nanjing, China). In stage I, an insulated platform was
placed in the middle of the dark box, and each rat was placed on
the grid at the bottom of the dark box, which was electrified for
2 min at 50 V. If the SD rat failed to jump on the platform within
30 s, it was guided to the platform and kept there for 2 min. In
stage II, each rat was placed on the insulated platform, and the
grid was electrified for 2 min. The system automatically recorded
the number of shocks that the rats received. One electric shock
recorded as one error, and the working memory of the SD rats was
evaluated based on the number of errors.

Nissl staining and DHE staining
Rats were randomly selected, anaesthetized with chloral hydrate
(350 mg/kg, ip), and perfused with PBS and then 4% paraformal-
dehyde. The whole brain was removed after perfusion, fixed, and
preserved with 4% paraformaldehyde. The fixed brain tissue was
sent to Servicebio (Wuhan, China) for paraffin sectioning.
Nissl staining was completed by Servicebio. The tissue sections

were visualized with a light microscope and captured with Image
Pro Plus. The number of normal cells and Nissl-stained cells
was calculated using ImageJ Cell Counter. The percentage of
neurodegeneration was used to evaluate nerve damage. The
following formula was used: neurodegeneration percentage=
pathological neuronal cells/total cells in the cortex or hippocam-
pus in the field.
For DHE staining, after dewaxing and rehydration, tissue

sections were incubated for antigen retrieval for 10 min and then
incubated with dihydroethidium (100 μM, Molecular Probes,
Sigma, D7008) at room temperature for four hours in the dark.
The slides were rinsed three times with PBST, mounted with
glycerin, and coverslipped. The tissue sections were visualized
with a fluorescence microscope and captured with Image Pro Plus.
The IOD was measured by Image Pro Plus.

Golgi-Cox staining
Rats were randomly selected for Golgi-Cox staining. Golgi-Cox
staining was carried out with a HITO Golgi-Cox OptimStain™
Prekit, and the experiment was performed as described below.
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The rats were killed, and the whole brains were removed. After
washing with ddH2O, the whole brains were incubated in
solution 1 and 2 for two weeks and then solution 3 for 1 week.
Tissue sections (100-μm-thick) were prepared with a cryostat
microtome (Leica CM3050s). The tissue sections were stained
with solution 4 and 5, and the slices were mounted with neutral
balsam and coverslipped after dehydration. The tissue sections
were visualized with a light microscope and captured with Image
Pro Plus. ImageJ was used for nerve analysis. When selecting
cortical neural cells, we selected the same area as that used for
Nissl staining for dendritic spine photography. In the hippocam-
pus, hippocampal neural pyramidal cells were selected for
imaging. Dendrites without intersections and with a clean
background were selected for dendritic spine photography and
statistics.

Immunofluorescence
After dewaxing and rehydration, tissue sections were incubated
for antigen retrieval for 10 min and with Triton X-100 for 10 min.
The sections were blocked with 5% BSA, incubated in a humidified
chamber for 1 h at room temperature, and incubated with
antibodies against target proteins in a humidified chamber
overnight at 4 °C. The slides were rinsed three times with PBST
and incubated with immunofluorescence secondary antibodies
and Hoechst in the dark at room temperature for 2 h. The slides
were rinsed three times with PBST, mounted with glycerin, and
coverslipped. The tissue sections were visualized and captured
with a confocal microscope.
The following antibodies were used: HDAC6 (A11259, Abclonal),

Alexa FluorTM 488-conjugated donkey anti-rabbit IgG (H+ L)
(A21206, Invitrogen), and Hoechst 33342 solution (H342, Dojindo).

Fig. 1 Donepezil improved performance in the MWM test and step-down test in BCCAO rats. a The day of BCCAO surgery was regarded as
the first day of the experiment. Drugs were administered once a day beginning on d 15. Drug delivery and behavioral tests were performed in
the sham group (n= 8), BCCAO model group (n= 12), and donepezil-treated group (n= 12). The MWM test was carried out from days 35 to
41, and the step-down test was carried out from days 43 to 44. All rats were killed on day 45. The significance of the differences in platform
escape latency was analyzed by two-way ANOVA. The data are shown as the mean ± SEM. #P < 0.05 and ##P < 0.01, the model group vs the
sham group. *P < 0.05 and **P < 0.01, the model+ donepezil-treated group vs the model group. b The platform escape latency represented
the time for each rat to find the platform in phase II of the MWM test. c The number of platform crossings represented the number of times
each rat entered the platform zone in phase III of the MWM test. d The average speed represented the swimming speed of the rats in phase III
of the MWM test. e The number of errors was automatically evaluated by the system. An error was counted when a rat on the insulation
platform touched the grid and received an electric shock, and the total number of times that the rats received an electric shock in 2min
represented the number of errors. The significance of differences in platform escape latency was analyzed by two-way ANOVA, and the
significance of the rest of the data was analyzed by one-way ANOVA. The data are shown as the mean ± SEM. * P < 0.05 and **P < 0.01.
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Western blotting
Rats were killed, and the whole brains were removed. The cortex
and hippocampus were collected, and total protein was
extracted with RIPA lysis buffer. Nuclear proteins and cytosolic
proteins were extracted with a Nuclear-Cytosol Extraction Kit
(P1200, Applygen Technologies Inc, Beijing, China). The concen-
tration of total protein was measured by BCA assay. SDS-PAGE
gels (10% or 12%) was used for gel electrophoresis according to
the molecular weight of the target protein, and the proteins were
transferred to 0.45-μm PVDF membrane by wet electroblotting.
The protein bands were visualized and captured using an
ImageQuant LAS 4000 mini, and the integrated densities were
analyzed by ImageJ.
The following antibodies were used: p-AMPK (sc-101630, Santa

Cruz), AMPK (sc-19138, Santa Cruz), p-AKT (sc-33437, Santa Cruz),
AKT (sc-8312, Santa Cruz), BDNF (sc-546, Santa Cruz), HDAC6
(A11259, Abclonal), β-actin (AC037, Abclonal), and PCNA (sc-7907,
Santa Cruz).

Total mRNA extraction and qRT-PCR
Total mRNA was extracted with TRIzol, and the concentration of
total mRNA was measured with a NanoDrop 2000 spectrophot-
ometer. mRNA was reverse transcribed into cDNA with a reverse
transcription kit (TransScript II One-Step gDNA Removal and
cDNA Synthesis SuperMix, TransGen Biotech, Beijing, China).
The expression of the target gene was measured by qPCR, and
GAPDH as used as a reference. The primer sequences were as
following: BDNF (forward: 5′-GAAGCTCAACCGAAGAGCTAAA-3′,
reverse: 5′-AGCCTTCATGCAACCGAAGTA-3′) and GAPDH (forward:
5′-CTGGAAGATGGTGATGGGTT-3′, reverse: 5′-ATGACTCTACCCAC
GGCAAG-3′).

Chromatin Immunoprecipitation and PCR
Chromatin immunoprecipitation was performed with a CHIP assay
kit (P2078, Beyotime, Shanghai, China). The experiment was
performed as described below. The tissues were fully ground in
liquid nitrogen, 1% formaldehyde PBS solution was added, the
tissues were incubated at 37 °C for 10min, and the binding of
proteins and the genome was determined. Glycine solution was
added, the tissues were incubated at room temperature for 5 min
and centrifuged, and the tissue samples were collected. The
samples were centrifuged and washed with PMSF-PBS. The
samples were dissolved in lysis buffer containing PMSF and SDS
for 10 min on ice, and then the samples were sonicated. The
samples were centrifuged and dissolved in ChIP Dilution Buffer.
The input was removed, Protein A+ G Agarose/Salmon Sperm
DNA was added to the remainder, and the samples were mixed at
4 °C for 30 min. The samples were centrifuged, the supernatant
was collected, primary antibody was added, and the samples were
mixed at 4 °C overnight. Protein A+ G Agarose/Salmon Sperm
DNA was added, and the samples were mixed at 4 °C for 60min to
allow binding to the primary antibody complex. The samples were
centrifuged, the precipitate was washed and dissolved with TE,
and the genome bound to the primary antibody was obtained. A
DNA purification kit was used to purify the genomic samples for
PCR or qPCR detection.
Takara LA-Taq (RR02MA, TaKaRa Bio, Osaka, Japan) was used

for PCR amplification. The primers, which were used in a previous
study [15], were as follows: rat BDNF (rBDNF) promoter I (forward:
5′-ACGTCCGCTGGAGACCCTTAGT-3′, reverse: 5′-GGCAGCCTCTCT
GAGCCAGTTA-3′), rBDNF promoter III (forward: 5′-TAGGTGA
GAACCTGGGGCAA-3′, reverse: 5′-CTTGAGCTTCCCCAACCTCG-3′),
rBDNF promoter IV (forward: 5′-ATGCAATGCCCTGGAACGGAA-3′,
reverse: 5′-CGGTGAATGGGAAAGTGGGTGG-3′), and rBDNF pro-
moter VI (forward: 5′-CGCTGTCTGACCAATCGAAG-3′, reverse:
5′-GTTTCCTTCTCCAAGCCGGG-3′). The PCR amplification pro-
ducts were detected on a 1% agarose gel.

Statistical analysis
Each set of statistical data had three or more samples. All data are
expressed as the mean ± SEM. Statistical analyses were performed
using GraphPad Prism 5. Group comparisons were performed by
one-way ANOVA with Bonferroni’s multiple comparison test or
two-way ANOVA with Bonferroni’s multiple comparison test. P <
0.05 was considered significant.

RESULTS
Donepezil attenuated the cognitive impairment and memory
dysfunction of BCCAO rats
To investigate cognitive recovery induced by donepezil in CCH, we
evaluated learning and memory functions by analyzing escape
latency and the number of platform crossings in the MWM test. All
rats showed a progressive reduction in escape latency (Fig. 1b).
The escape latency of the sham group rats was statistically shorter
than that of the BCCAO model group rats from days 2–5 in phase II
of the MWM test (P < 0.05 from day 2). The escape latency of the
donepezil group was shorter than that of the BCCAO model group
from d 4 (P < 0.05 at day 4, P < 0.01 at day 5). We examined the
frequency of platform zone crossings in phase III of the MWM test
(Fig. 1c) and found that the BCCAO model group crossed the
platform zone less frequently than the sham group (P < 0.01).
Donepezil treatment increased the frequency compared with that
of the BCCAO model group (P < 0.01). There was no difference in
swimming speed (Fig. 1d) between all groups (P > 0.05), which
indicated that BCCAO did not impair motor ability. We next
examined working memory by the step-down test. The number of
electric shocks received by the rats was used as a measure of the
number of errors. In the step-down test (Fig. 1e), the BCCAO
model group showed a greater error frequency than the sham
group (P < 0.01), and donepezil-treated rats exhibited a reduced
error frequency compared with that of the BCCAO model group
(P < 0.05). Taken together, the results of the MWM test and step-
down test validated the establishment of cognitive impairment
and memory degeneration in the BCCAO model. Furthermore,
these results indicated that donepezil mitigated learning and
memory impairment caused by BCCAO.

Donepezil attenuated neurodegeneration caused by BCCAO and
increased BDNF expression in the cerebrum
Nissl staining was carried out to investigate neurodegeneration in
the cerebrum. Representative microphotographs of Nissl staining
are shown in Fig. 2a, c. The cortex was captured with a light
microscope with a ×100 lens (Fig. 2a), and the hippocampus was
captured with a light microscope with a ×200 lens (Fig. 2c).
Neuronal pathological changes, including disarrangement of
neurons, nuclear shrinkage, and dark staining of neuronal cells,
were observed in the cortex and hippocampus in the BCCAO
model group. Upon treatment with donepezil, neurodegeneration
was attenuated. We counted the total number of neuronal cells
and the number of pathological neuronal cells within the visual
field and analyzed the percentage of neurodegeneration. As
showed in Fig. 2b, d, BCCAO increased neurodegeneration
percentage in the cortex and hippocampus compared with that
in the sham group (both P < 0.01), while donepezil reduced the
neurodegeneration percentage compared with that in the BCCAO
group (both P < 0.01).
We next performed Golgi-Cox staining to examine dendritic

spine synapse density. Representative microphotographs of
dendritic spines in the cortex (Fig. 2e) and hippocampus (Fig. 2f)
were captured with a light microscope with a ×1000 oil lens. The
number of dendritic spines and lengths of the synapses were
recorded, and the dendritic spine density was analyzed. The
dendritic length and number of spines were determined by
ImageJ. The results showed a reduction in the number of dendritic
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spines density in the cortex and hippocampus in the BCCAO
model group compared with that in the sham group (both P <
0.01). Treatment with donepezil enhanced dendritic spine density
compared with that in the BCCAO group (both P < 0.01). Low-
magnification microscopic images are presented in the Supple-
mental Fig. 1a, b.
BDNF plays an important role in neuronal formation, protects

neuronal cells and maintains neuroplasticity [16]. We examined

the mRNA expression and protein expression of BDNF in
the cortex and hippocampus by qPCR and Western blotting.
As reflected in Fig. 2g, h, BCCAO reduced mRNA expression in
the cortex and hippocampus compared with that in the sham
group (both P < 0.01), while donepezil restored the expression of
BDNF mRNA (P < 0.01 in cortex, P < 0.05 in hippocampus). As
reflected in Fig. 2i, j, compared with the sham group, the BCCAO
model group had a pronounced reduction in the expression

Fig. 2 Donepezil attenuated neurodegeneration and increased the expression of BDNF. a Representative images of Nissl staining in the
cortex; scale bar= 100 μm. b The statistics of the percentage of neurodegeneration in the cortex. c Representative images of Nissl staining in
the hippocampus; scale bar= 50 μm. d The statistics of the percentage of neurodegeneration in the hippocampus. e, f Representative images
of Golgi-Cox staining of cortical dendrites (e) and hippocampal pyramidal dendrites (f). The histograms beside the images show the statistics
of dendritic spine density. g, h BDNF mRNA expression in the cortex (g) and hippocampus (h). GAPDH was used as a reference gene, and the
data were normalized to the mean of the sham group. i, j The Western blotting results of BDNF expression in the cortex (i) and hippocampus
(j). The histogram below the bands shows the statistics of the integrated density. β-Actin was used as a reference protein, and the protein
expression data were normalized to the mean of the sham group. Significance was analyzed by one-way ANOVA. The data are shown as the
mean ± SEM. *P < 0.05 and **P < 0.01.
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of BDNF in both the cortex and hippocampus (both P < 0.01).
In addition, donepezil treatment resulted in an enhancement
of BDNF expression (P < 0.01 in the cortex, P < 0.05 in the
hippocampus).

Donepezil reduced the nuclear translocation of HDAC6 in the
cortex
Although donepezil restored BDNF mRNA and protein expression
in the cortex and hippocampus, the previous results showed that
BDNF recovery in the cortex was greater than that in the
hippocampus, which implies difference in BDNF epigenetics. The
nuclear translocation of HDAC6 is a key step in mediating
the expression of BDNF in late onset AD [14]. To observe
the distribution of HDAC6 in the cortex and hippocampus, we
carried out immunofluorescence for HDAC6 and Hoechst.
Representative fluorescence microphotographs of the cortex
(Fig. 3a) and hippocampus (Fig. 3b) showed that BCCAO increased

the nuclear location of HDAC6, while donepezil reduced the level
of HDAC6 in the nucleus. To investigate the separation of HDAC6,
we next examined HDAC6 protein expression in the nucleus and
cytoplasm. Low-magnification microscopic images were pre-
sented in the Supplemental Fig. 1a, b. In the cortex, as shown in
Fig. 3c, BCCAO enhanced the level of HDAC6 in the nucleus
compared with that in the sham group (P < 0.05), and donepezil
decreased the level of HDAC6 in the nucleus compared with that
in BCCAO model group (P < 0.05). In the hippocampus, as shown
in Fig. 3e, BCCAO increased the level of HDAC6 in the nucleus
compared with that in the sham group (P < 0.05), and donepezil
decreased the level of HDAC6 in the nucleus compared with that
in the BCCAO model group; however, there was no significant
difference between the model group and donepezil group (P >
0.05). No significant difference in the cytoplasmic protein
expression of HDAC6 in the cortex (Fig. 3d) or hippocampus
(Fig. 3f) was detected (both P > 0.05).

Fig. 3 Donepezil decreased the nuclear translocation of HDAC6 in the cortex. a, b Immunofluorescence was carried out to investigate the
translocation of HDAC6. HDAC6 was labeled with green fluorescence, and nuclei were labeled with blue fluorescence by Hoechst. The white
line shows the margin of the nucleus; scale bar= 5 μm. c–f The Western blotting results of HDAC6. The histogram below the bands shows the
statistics of the integrated density. PNCA was used as a nuclear reference protein (c, e), and β-actin was used as a cytosolic reference protein
(d, f). Protein expression was normalized to the mean of the sham group. Significance was analyzed by one-way ANOVA. The data are shown
as the mean ± SEM. * P < 0.05.
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Donepezil regulated BDNF by reducing binding between HDAC6
and BDNF promoter IV
We previously indicated that donepezil increased BDNF expres-
sion in the cortex and hippocampus and that donepezil reduced
the nuclear translocation of HDAC6 in the cortex without obvious
changes in the hippocampus. To gain a deeper understanding of
the regulation of BDNF by donepezil through HDAC6, we carried
out ChIP to investigate the association between HDAC6 and BDNF
promoters. As shown in Fig. 4a, b, HDAC6-immunoprecipitated
and IgG-immunoprecipitated DNA were amplified by PCR against
the BDNF promoters P-I, P-III, P-IV, and P-VI. HDAC6 showed no
association with P-I or P-VI. P-III and P-IV were obviously associated
with HDAC6 in the BCCAO model group in the cortex and
hippocampus. P-III was associated with HDAC6 in the donepezil
group in the cortex and hippocampus. P-IV was associated with
HDAC6 in the donepezil group in the hippocampus, but no band
was detected in the cortex. The results of PCR indicated that
HDAC6 was associated with BDNF promoter III and BDNF
promoter IV. We performed qPCR to further investigate the
quantity of HDAC6 associated with BDNF promoter III and BDNF
promoter IV. In the cortex, as reflected in Fig. 4c, e, the fold
changes in BDNF promoter III and BDNF promoter IV were greater
in the BCCAO model group than in the sham group (both

P < 0.01). Treatment with donepezil reduced the level of BDNF
promoter IV compared with that in the BCCAO model group (P <
0.05) but did not change BDNF promoter III (P > 0.05). In the
hippocampus, as reflected in Fig. 4d, f, the levels of BDNF
promoter III and BDNF promoter IV were enhanced in the BCCAO
model group compared with the sham group (P-III: P < 0.05, P-IV:
P < 0.01). However, no significant difference in the associated of
HDAC6 with BDNF promoter IV was observed in hippocampus
upon treatment with donepezil (P > 0.05).

Donepezil reduced ROS and enhanced the phosphorylation of
AMPK and AKT in the cerebrum
Previous results have shown no evidence that donepezil regulates
BDNF via HDAC6 in the hippocampus. However, the mRNA and
protein expression of BDNF in the hippocampus was increased in
the donepezil group compared with the BCCAO model group, which
implies that donepezil regulates BDNF through other pathways in
the hippocampus. Oxidative stress is an important factor in
neurodegeneration, and reactive oxygen species (ROS) are the
main factors of oxidative stress. DHE can be oxidized by intracellular
ROS and be incorporated into chromosomal DNA to produce red
fluorescence [17]. The production of red fluorescence and the
fluorescence intensity represent the levels of ROS. Figure. 5a shows

Fig. 4 The association of HDAC6 with BDNF promoter IV was regulated by donepezil. a, b Agarose gel images showing the association
between HDAC6 and BDNF promoters P-I, P-III, P-IV, and P-VI. c–f qPCR analysis of BDNF promoter III and BDNF promoter IV binding to HDAC6
in the cortex and hippocampus. Significance was analyzed by one-way ANOVA. The data are shown as the mean ± SEM. *P < 0.05 and **P <
0.01.
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the representative fluorescence microphotographs of the cortex and
hippocampus. In the cortex and hippocampus, obvious red
fluorescence was detected in the model group, and donepezil
treatment weakened the fluorescence. As reflected in Fig. 5b, c,
compared with the sham group, the BCCAO group exhibited
increased ROS levels in the cortex and hippocampal (both P < 0.01).
Treatment with donepezil reduced ROS levels compared with those
in the BCCAO model group (both P < 0.01).
AMPK and AKT are essential enzymes for neuronal activity,

metabolism signaling pathways and the mediation of mitochon-
drial activity [18, 19]. We examined p-AMPK, AMPK, p-AKT, and

AKT protein expression in the cortex and hippocampus by
Western blotting. As reflected in Fig. 5d, f, in the cortex and
hippocampus, BCCAO reduced the p-AMPK/AMPK ratio (both
P < 0.01), and treatment with donepezil restored the level of
phosphorylation of AMPK (both P < 0.01). As shown in Fig. 5e, g,
a reduction in the p-AKT/AKT ratio was detected in the
cortex and hippocampus in the model group (both P < 0.01).
However, treatment with donepezil only recovered the phos-
phorylation of AKT in the cortex (P < 0.01), and no change in
the phosphorylation of AKT was detected in the hippocampus
(P > 0.05).

Fig. 5 Donepezil reduced ROS levels in BCCAO rats and activated AMPK and AKT in the cortex. a Representative images of DHE staining.
All the images in the same region were captured on the same day under the same conditions with a fluorescence microscope. In the cortex,
scale bar= 100 μm. In the hippocampus, scale bar= 50 μm. b, c ROS levels were measured based on fluorescence intensity and normalized to
the mean of the sham group. d–g The Western blotting results of the p-AMPK/AMPK and p-AKT/AKT ratios in the cortex and hippocampus.
β-Actin was used as a reference protein, and protein expression was normalized to the mean of the sham group. Significance was analyzed by
one-way ANOVA. The data are shown as the mean ± SEM. **P < 0.01.
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DISCUSSION
CCH has a high incidence in the elderly and is an important risk
factor for AD and VD [2]. Donepezil is an FDA-approved drug for
mild to severe Alzheimer’s disease. Donepezil is a classic
acetylcholinesterase inhibitor and can simultaneously increase
the expression of BDNF in the CNS, thus enhancing neuronal
activity and neuronal plasticity and protecting neuronal cells.
Previous studies have indicated that donepezil can regulate the
expression of BDNF by reducing miR-206-3p, a microRNA related
to BDNF, thus protecting AD transgenic mice [13]. However, in
other studies, donepezil was demonstrated to play a neuropro-
tective role via ROS [20], the AMPK and AKT pathways [21] and
other pathways. However, there has been no deeper investigation
into the regulation of BDNF by donepezil. Based on recent studies,
the expression of BDNF is regulated by the nuclear translocation
of HDACs. In pathological situations, large amounts of HDACs are
translocated to the nucleus. HDACs enter the nucleus and bind to
BDNF promoter IV, which hinders the translation of BDNF and thus
reduces the expression of BDNF in AD [14]. Therefore, we
hypothesized that the mechanism of VD therapy could be
explained by epigenetics. Our study aimed to investigate whether
donepezil mediates BDNF via the regulation of the translocation of
HDAC6 in VD.
BCCAO is a validated model for studying CCH. According to

studies of BCCAO, the acute phase (ischemia) occurs two to three
days after the operation, while the chronic phase (oligemia) occurs
eight weeks to three months after the operation. Previous studies
have indicated that four weeks after BCCAO, rats in the BCCAO
group, compared with rats in the sham group, show cognitive
impairment in the MWM test [22, 23]. In our study, donepezil was
administered two weeks after the operation, and the treatment
lasted for three weeks. Afer treatment, we evaluated cognitive
impairment by the MWM test and step-down test. The experi-
mental schedule simulated the early phase of vascular dementia
and treatment with donepezil for mild cognitive impairment. The
escape latency results showed that rats that underwent BCCAO
surgery showed a statistical difference compared with the sham
group from the 2nd day, indicating cognitive impairment in the
BCCAO group. The donepezil-treated group showed a statistical
difference compared with the BCCAO group from the 4th day,
implying that donepezil restored long-term memory in CCH. After
5 days of escape training, the donepezil group exhibited no
statistical difference compared with the sham group in the
number of platform crossings, which confirmed our belief that
donepezil recovered long-term memory. Working memory was
investigated by the step-down test. The results showed that the
working memory of the BCCAO model was impaired and that
donepezil improved working memory. The behaviors tests
indicated the potential efficacy of donepezil in restoring long-
term memory and attenuating working memory impairment.
The hippocampus is an important cerebral region responsible

for learning and memory [24]. However, recent studies have
indicated that the cortex also has functions in long-term memory
[25–27]. Thus, our study focused on the effects of donepezil in the
cortex and hippocampus in CCH. According to results of Nissl
staining, neurodegeneration was much more severe in the cortex
than in the hippocampus. Treatment with donepezil attenuated
neurodegeneration but failed to reverse neurodegeneration to the
normal level. Golgi-Cox staining was performed to observe
dendritic synapses. In our study, BCCAO decreased dendritic
synapse density in the cortex and hippocampus, and donepezil
restored the density to the level of that in the sham group. By
comparing the results of Nissl staining and Golgi-Cox staining, we
determined that donepezil was able to restore dendritic density to
a normal level; however, it did not completely protect against
neuronal degradation.
BDNF is a key factor in synaptic plasticity, and it can improve

neural activity. In our study, BCCAO impaired the production of

BDNF, and donepezil restored the mRNA and protein expression
of BDNF. The changes in BDNF were consistent with previous
results of studies on neurodegeneration, so we believe that the
regulation of BDNF by donepezil is a key factor in the attenuation
of neurodegeneration in VD. Interestingly, the extent of restora-
tion of BDNF expression in the cortex and hippocampus was not
the same. The restoration of BDNF mRNA expression in that cortex
was greater than that in the hippocampus (Supplemental Fig. 1c)
(P < 0.01). Although no statistical difference in BDNF protein
expression was detected between the cortex and hippocampus in
the donepezil-treated group (Supplemental Fig. 1d) (P > 0.05), the
mean level of BDNF protein expression was higher in the cortex.
This suggested that the difference in the regulation of BDNF by
donepezil in the cortex and hippocampus may occur at the
transcriptional and translational levels.
Previous studies have proven that the nuclear translocation of

HDAC6 can regulate the expression of BDNF [4, 14]. In our study,
the distribution of HDAC6 was detected by immunofluorescence.
BCCAO increased HDAC6 distribution in the nuclear area, while
donepezil attenuated HDAC6 expression in the nucleus. By
examining HDAC6 protein expression in the nucleus and
cytoplasm, we found that BCCAO enhanced HDAC6 levels in the
nucleus and that treatment with donepezil decreased the nuclear
expression of HDAC6 in the cortex but had no significant effect in
the hippocampus. We further extracted DNA precipitated with
HDAC6 by ChIP. The results indicated that BCCAO increased the
association of HDAC6 with BDNF promoter IV in the cortex and
hippocampus. Donepezil attenuated the binding of HDAC6 to
BDNF promoter IV in the cortex but had no significant effect in the
hippocampus. Taken together, these results suggested that
HDAC6 was translocated to the nucleus under the stress of CCH
and that HDAC6 in the nucleus bound to BDNF promoter IV and
eventually impeded the transcription of BDNF. Therefore, we
believe that the differences in BDNF expression in the cortex and
hippocampus were due to the different effects of donepezil on
HDAC6 nuclear translocation.
In spite of the inability of donepezil to attenuate HDAC6 nuclear

translocation, previous studies have showed that donepezil is able
to enhance the expression of BDNF in the hippocampus, which
convinced us that the regulation of BDNF by donepezil is not
limited to HDAC6. In our study, the DHE staining results showed
that donepezil attenuated ROS levels in the cortex and
hippocampus. In addition, donepezil also reversed the suppres-
sion of p-AMPK induced by BCCAO in the cortex and hippocam-
pus and the activation of p-AKT in the cortex. However, donepezil
failed to increase the p-AKT/AKT ratio in the hippocampus.
Previous studies have also indicated that p-AKT is decreased upon
the knockdown of HDAC6 [28], which implies that AKT is
associated with the regulation of HDAC6. However, further
investigation is needed to confirm the relationship between
HDAC6 nuclear translocation and p-AKT. The AMPK and AKT
pathways are classic pathways involved in neural activity and
energy metabolism. It has been proved that BDNF is also
mediated by ROS, AMPK, and AKT [20, 21], and thus we believe
that in CCH, donepezil regulates BDNF not only by mediating
HDAC6 nuclear translocation but also by reducing ROS levels and
activating neuronal activity and energy metabolism. It is also
worth noting that AMPK and AKT are not the only signaling
pathways associated with ROS [29]. In our experiment, the
expression of AMPK and AKT was detected to further confirm
the formation of ROS. However, whether donepezil can affect ROS
through other signaling pathways remains to be verified in future
experiments (Fig. 6).
By comparing the expression of BDNF in the cortex and

hippocampus, we found that the restoration of BDNF by donepezil
was weaker in the hippocampus than that in the cortex. Taken
together, the results suggested that donepezil was sensitive to
ROS and enzymes associated with neural activity and energy
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metabolism, such as AMPK and AKT, in the cortex. Donepezil was
given orally and entered the CNS through the blood. In BCCAO,
the bilateral common carotid arteries are permanently ligated, but
certain compensatory mechanisms, such as artery dilation, the
recruitment of nonperfused capillaries and angiogenesis, maintain
the blood supply to the cortex; however the blood supply to the
hippocampus is weakened. The disparity of the blood supply to
the cortex and hippocampus might explain why the cortex and
hippocampus were affected differently by donepezil. Taken
together, the results suggested that donepezil better reduced
HDAC6 nuclear translocation in the cortex than in the
hippocampus.
In our study, we discovered donepezil was able to attenuate

neurodegeneration in VD. In addition, it reduced ROS levels and
activated AMPK and AKT in the cerebrum. Interestingly, the effects
of donepezil in the cortex and hippocampus were not fully
consistent. In the cortex, donepezil reduced the nuclear transloca-
tion of HDAC6 and promoted the transcription of BDNF mRNA,
eventually increasing the expression of BDNF; however, this
process did not occur in the hippocampus, resulting in differences
in BDNF recovery in the cortex and hippocampus. We hypothesize
that in VD, the blood supply to different brain regions is different
and that the efficacy of donepezil is dependent on blood supply
to the cerebrum. For future drug development, increasing the

distribution of donepezil in different brain regions and combining
it with cerebrovasculoprotective drugs may improve the ther-
apeutic effect of donepezil in VD. We believe that increasing BDNF
via a reduction in the nuclear translocation of HDAC6 is a potential
target for VD drug development.

CONCLUSION
In conclusion, donepezil was able to reverse cognitive impairment
and memory dysfunction in VD. In the CNS, donepezil attenuated
neuronal loss and degradation and protected dendritic spine
synapses. Donepezil was able to reduce ROS levels and activated
the AMPK and AKT pathways in the cerebrum. Interestingly, in our
study, we discovered that donepezil enhanced the expression of
BDNF by attenuating HDAC6 nuclear translocation in the cortex,
but not in the hippocampus. In the hippocampus, donepezil was
able to reduce ROS levels and activate AMPK, as in the cortex. The
phosphorylation of AKT, which is regulated by HDAC6, was only
activated in the cortex. Taken together, our results suggested that
the effects of donepezil in the cortex and hippocampus in VD are
different. Donepezil decreased HDAC6 nuclear translocation and
increased BDNF expression in the cortex, but not in the
hippocampus. This suggested that the regulation of BDNF via
HDAC6 is a potential target for the treatment of VD.

Fig. 6 Donepezil protected neurons and restored BDNF expression in the cortex and hippocampus. In vascular dementia,
neurodegeneration, an increase in HDAC6 nuclear translocation, a reduction in dendritic synapse density, the suppression of AMPK and
AKT, and a decrease in BDNF were detected in neurons. Treatment with donepezil in VD improved neuronal activity, decreased HDAC6 nuclear
translocation in the cortex, restored dendritic synapse density, reduced ROS levels, activated AMPK, activated AKT in the cortex, and increased
BDNF expression. HDAC6 nuclear translocation was different in the cortex and hippocampus. In the cortex, donepezil decreased HDAC6
nuclear translocation, decreased the association of HDAC6 with BDNF promoter IV, promoted the transcription of BDNF mRNA, and increased
the expression of BDNF. Meanwhile, the activation of AMPK and AKT contributed to the increase in BDNF. In the hippocampus, donepezil did
not affect the nuclear translocation of HDAC6 or the association of HDAC6 with BDNF promoter IV and hindered the transcription of BDNF
mRNA. However, the activation of AMPK contributed to the expression of BDNF in the hippocampus.
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