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Abstract Alzheimer’s disease (AD) is a leading cause of dementia in the elderly. Mitogen-activated

protein kinase phosphatase 1 (MKP-1) plays a neuroprotective role in AD. However, the molecular mech-

anisms underlying the effects of MKP-1 on AD have not been extensively studied. MicroRNAs (miR-

NAs) regulate gene expression at the post-transcriptional level, thereby repressing mRNA translation.

Here, we reported that the microRNA-429-3p (miR-429-3p) was significantly increased in the brain of

APP23/PS45 AD model mice and N2AAPP AD model cells. We further found that miR-429-3p could
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Learning and memory;

Long-term potentiation
downregulate MKP-1 expression by directly binding to its 30-untranslated region (30 UTR). Inhibition
ofmiR-429-3p by its antagomir (A-miR-429) restored the expression of MKP-1 to a control level and conse-

quently reduced the amyloidogenic processing of APP and Ab accumulation. More importantly, intranasal

administration of A-miR-429 successfully ameliorated the deficits of hippocampal CA1 long-term potenti-

ation and spatial learning and memory in AD model mice by suppressing extracellular signal-regulated ki-

nase (ERK1/2)-mediated GluA1 hyperphosphorylation at Ser831 site, thereby increasing the surface

expression of GluA1-containing a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid receptors

(AMPARs). Together, these results demonstrate that inhibiting miR-429-3p to upregulate MKP-1 effectively

improves cognitive and synaptic functions in AD model mice, suggesting that miR-429/MKP-1 pathway

may be a novel therapeutic target for AD treatment.

ª 2024 The Authors. Published by Elsevier B.V. on behalf of Chinese Pharmaceutical Association and Institute

of Materia Medica, Chinese Academy of Medical Sciences. This is an open access article under the CC BY-NC-

ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Alzheimer’s disease (AD) is a progressive neurodegenerative
disease accompanied by cognitive impairment and is considered
the leading cause of dementia in the elderly1,2. However, the lack
of effective treatments for AD greatly burdens society and pa-
tients’ families3. Abnormal cleavage of amyloid-b (Ab) precursor
protein (APP) by b-secretase (BACE1) and g-secretase generates
Ab4e6, and the accumulation of Ab to form senile plaques in the
brain is the pathological hallmark of AD. In addition, recent
studies have discovered that APP can be cleaved at a novel
cleavage site termed h-site to produce CTF-h7,8. It is well docu-
mented that Ab exerts neurotoxic effects and disrupts synaptic
structure and functions including spine density decrease, synapse
loss and synaptic plasticity impairment9,10, which may result in
memory decline in AD.

Mitogen-activated protein kinase (MAPK) phosphatase 1
(MKP-1), a member of the MKP family, has recently been shown
to inactivate MAPK by dephosphorylating MAPK at the tyrosine
and threonine residues11,12. Previous studies have reported that
MKP-1 plays essential roles in neural cell development, survival
and death11,13. Recently, a study has shown that MKP-1 attenuates
apoptosis, oxidative stress and neuroinflammation induced by Ab
through hampering c-Jun N-terminal kinase (JNK) activity in
PC12 cells14, suggesting MKP-1 may exert a neuroprotective role
in AD. Indeed, our recent research has found that the expression of
MKP-1 is downregulated in the brain tissue of patients and AD
model mice, and further reports that upregulation of MKP-1
significantly inhibits the amyloidogenic processing of APP, re-
duces the senile plaque number and improves cognitive function15.
Although these findings suggest that MKP-1 plays a vital role in
AD pathogenesis, how upstream signaling regulates MKP-1
expression and the molecular mechanisms by which MKP-1
ameliorates AD remain unclear.

MicroRNAs (miRNAs) are small non-coding RNAs that exert
their biological functions by directly binding to the 30 UTR of the
mRNAs of protein-coding genes to regulate their expression at the
post-transcriptional level16e18. In the past decade, several miRNAs
that regulateMKP-1 have been reported. For example,miR-101 and
let-7b-5p directly target MKP-1 to modulate the activation of
MAPK and subsequent production of cytokines in response to in-
flammatory stimulation19,20. miR-200c plays a critical role in
diabetes-associated cardiac hypertrophy by regulating MKP-1
expression21. A recent report shows that miR-424 protects PC-
12 cells from hypoxia-induced injury by directly inhibiting MKP-1
expression22. However, little is known about the role of miRNAs in
regulating MKP-1 in central nervous system diseases such as AD.

In this study, we found that miR-429-3p is abnormally upre-
gulated in the brain of APP23/PS45 double transgenic AD model
mice and negatively regulates MKP-1 expression by directly tar-
geting its 30 UTR. Artificial inhibition of miR-429-3p not only
suppresses Ab generation and senile plaque formation but also
promotes the surface expression of GluA1-containing AMPARs
by regulating the phosphorylation status of GluA1 unit S831
site, thereby alleviating the deficits of synaptic plasticity and
spatial learning and memory in AD model mice. Therefore, our
results suggest that inhibition of miR-429-3p can reduce AD pa-
thology and improve cognitive function by targeting MKP-1.

2. Materials and methods

2.1. Animal

APP23/PS45 double transgenic mice and wild-type (WT) litter-
mates were housed in the experimental animal center of the
Children’s Hospital of Chongqing Medical University (Chongq-
ing, China). Mice were maintained at controlled temperature and
humidity under a 12-h lightedark cycle (lights on 7:00 a.me7:00
p.m.) and allowed free access to rodent chow and water. All an-
imal experiments were performed with allocation concealment,
randomization and blinding. All procedures were performed
following Chongqing Science and Technology Commission
guidelines for animal research and approved by the Animal Ethics
Committee of Chongqing’s Hospital of Chongqing Medical Uni-
versity. Every effort was made to minimize both the animal
suffering and the number of animals used.

2.2. Antibody and plasmids

C20 (1:1000) synthesized from GL Biochem Ltd. (Shanghai,
China) was used to detect APP and CTFs. Anti-MKP-1 (1:1000,
#35217), anti-HA-Tag (1:1000, #3724), anti-GluA1 S845
(1:1000, #8084), anti-BACE1 (1:1000, #5606), anti-GluA4 (1:1000,
#8070s), anti-p44/42 MAPK (ERK1/2) (1:1000, #4695) and anti-
Phospho-p44/42 MAPK (ERK1/2) (1:1000, #4370) antibodies were
purchased from CST (Boston, USA). Anti-b-actin (1:3000,
#A5411) antibody was obtained from Sigma (St. Louis, MO, USA).

http://creativecommons.org/licenses/by-nc-nd/4.0/
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Anti-GluA1 (1:500, ab109450), anti-GluA1 S831 (1:1000,
ab109464), anti-GluA2 (1:1000, ab133477), anti-GluA3 (1:1000,
ab40845), anti-GFAP (1:1000, ab279291), anti-NeuN (1:500,
ab104224), anti-PS1 (1:1000, ab76083) and anti-alpha sodium po-
tassium ATPs (ATPA1) (1:1000, ab7671) antibodies were pur-
chased from Abcam (Cambridge, Cambs, Britain). Anti-PSD95
antibody (1:1000, MAB1598) was purchased from Millipore
(Bedford, MA, USA). Anti-MKP-1 (1:100, #381573) antibody was
obtained from ZEN BIO (Chengdu, China) for immunofluores-
cence. Anti-GluA1 S831 (1:200, ZRB04823) antibody was pur-
chased from Sigma for immunofluorescence. Biotin anti-b-amyloid
antibody (clone 4G8) (1:200, #800705) was purchased from
BioLegend (San Diego, CA, USA). miRNAs mimics/antagomirs
and their scramble controls were purchased from RiboBio (RiboBio
Co., Ltd. Guangzhou, China). Mimics and antagomirs were used for
cell transfection, and antagomir (A-miR-429) or its scramble con-
trol (A-scramble) was used for intranasal administration in AD
model mice. GluA1 (tagged HA) plasmid was amplified from
human cDNA and inserted into pcDNA3.1. GluA1 S831D (tagged
HA) plasmid, GluA1 S831 phosphorylation mimic plasmid with the
S831 site mutated from serine to aspartic acid, was constructed by
homologous recombination. DNA fragments containing the ho-
mologous end sequence and HA tags were amplified from the
GluA1 plasmid using the following primers:

GluA1 S831D-F: 50CACAGCAAGACATCAACGAAGCCATA
CGGAC-30;

GluA1 S831D-R: 50CGTTGATGTCTTGCTGTGGGATCAAA
CAAAAA-30.

2.3. Intranasal administration

Two-month-old APP23/PS45 mice were intranasally delivered with
A-miR-429 (1 nmol) or its negative control (A-scramble) by
instilling 3 mL into each nostril every 2e3 min (a total of 6 doses).
The mouse was held for 20 s until the drug was completely inhaled.
The effectiveness of A-miR-429 in bypassing the braineblood
barrier was measured by immunofluorescence. Mice were sacrificed
at 24 and 48 h after intranasal administration of Cy3-labeled
A-miR-429, respectively. The brains were fixed in 4% para-
formaldehyde (PFA) for 48 h at 4 �C and then dehydrated with 30%
sucrose solution for 48 h. Subsequently, all brain tissues were
embedded with OCT at �80 �C. The Frozen brain tissues were cut
into 20-mm thicknesses and imaged under a confocal microscope.
Image J software calculated the area fraction occupied by CY3-
labeled A-miR-429 in red fluorescence. Cy3-labeled A-miR-429
could be detected in mouse brain 24 h (DG: 0.31 � 0.05,
P Z 0.002 vs. 0 h; CA3: 0.65 � 0.05, P Z 0.004 vs. 0 h; Cortex:
0.46 � 0.08, P Z 0.002 vs. 0 h; Supporting Information Fig. S3B)
or 48 h (DG: 0.12 � 0.01, P Z 0.377 vs. 0 h, P Z 0.019 vs. 24 h;
CA3: 0.31 � 0.09, P Z 0.292 vs. 0 h, P Z 0.038 vs. 24 h; Cortex:
0.30 � 0.04, PZ 0.044 vs. 0 h, PZ 0.184 vs. 24 h; Fig. S3B) after
intranasal administration of Cy3-labeled A-miR-429 or A-scramble.
Therefore, we chose to deliver A-miR-429 intranasally to mice
every two days to minimize the side effects of drug use. All mice
were administrated with drugs every two days for 2.5 months. Then,
behavioral and electrophysiological experiments were performed to
assess cognitive and synaptic functions.

2.4. Preparation of Ab oligomers

Solid powder of Ab42 peptide was purchased from GL Biochem
Ltd. (Shanghai, China). To promote oligomer formation, Ab42
powder (1 mg) was dissolved into 1 mL of hexafluoroisopropanol
(HFIP) (Sigma) and placed at room temperature for 1 h, then
incubated on ice for 5 min. Subsequently, HFIP was clearly
removed by vacuum. The peptide was resuspended to 5 mmol/L
with dimethylsulfoxide (DMSO), and diluted into 400 mmol/L
with Dulbecco’s modified Eagle’s media/F-12 and then incubated
at 4 �C for 48 h. The harvest supernatant was stored at �20 �C or
centrifuged at 12,000 rpm (RWD, Shenzhen, China) for 20 min
before use.

2.5. Cell culture and transfection

All cells were cultured at 37 �C in a 5% CO2 atmosphere. N2A
(murine neuroblastoma cells) cells were grown in 47% Opti-MEM
(Gibco, New York, USA) and 47% DMEM medium, containing
1% streptomycin and 5% fetal bovine serum (FBS). N2AAPP cells,
N2A stably expressing human Swedish mutant APP695 cells, were
cultured in DMEM containing 10% FBS and G418 (100 mg/mL).

To construct Mkp-1 knock-out (KO) stable cell lines, CRISPR/
Cas9 system was introduced. Briefly, a sgRNA targeting exon 1 of
Mkp-1 gene was designed using the CRISPR Design tool from
Zhang’s Lab23. pX458 plasmid cloned with sgRNA sequence using
oligos (oligo 1: CGCCAAGCGCGACGGCACCC, oligo 2:
GGGTGCCGTCGCGCTTGGCG) was transfected into N2AAPP

cells to generate Mkp-1 KO (Mkp-1�/�) cell lines. Twenty-four
hours after transfection, sgRNA/Cas9-positive cells were
screened by using puromycin. Puromycin-resistant cells were then
diluted and seeded as single cells in 96-well plates. Single cells
were expanded and DNA was extracted for PCR and sequencing
(Forward primer: 50-TCGCGGGCTCAGTGAAC-30, Reverse
primer: 50-ATACAAAGGTACATATTTTCTCATTAGCACC-30).
The protein level of MKP-1 was measured by Western blot
(Fig. 2I).

N2A or N2AAPP cells were seeded in the six-well plates or 10-
cm dishes until grown to 30%e40% confluence and then trans-
fected with miR-429-3p mimics/antagomir or GluA1-HA/GluA1
S831D-HA plasmids or their negative controls. The medium was
completely changed after 4e6 h of transfection, and the cells were
further cultured for 24e48 h.

Primarily cultured neurons were isolated from the hippocampus
and cortex of embryonic Days 16e19 (E16e19) fetal mice as
described previously24. In brief, the meninges-free cortex and
hippocampus were cut into small pieces and digested with 0.25%
trypsin-EDTA. After being digested into single-cell suspension,
neuronal cells were plated into a culture plate coated by poly-lysine
in DMEM with 10% FBS. After 4e6 h, the medium would be fully
replaced by Neurobasal containing 2% B27 supplement and
2 mmol/L glutamine. The medium was half-changed every 3 days.
Eight or nine days later, neurons were transfected with miR-429-3p
antagomir or its control antagomir. Six hours after transfection, the
medium was replaced with the fresh medium. Twenty-four hours
later, the cells were exposed to 10 mmol/L Ab42 for 24 h. Neurons
were used for electrophysiological recording or harvested for
Western blotting.

2.6. mRNA extraction and quantitative real-time PCR

Total mRNAs were extracted from tissues and cells using ice-cold
Biozol regent (Hangzhou Bori Technology Co., Ltd., China). The
total RNA concentration and purity were measured with a
spectrophotometer NanoDrop 2000 (Nanodrop Technologies,
Wilmington, DE, USA). For single-step synthesis of miRNA
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cDNA, the poly(A) polymerase was used to add the poly(A) tails
to the 30 ends of the miRNAs, and the poly(A) miRNAs were
reverse transcribed using M-MLV reverse transcriptase and unique
oligo (dT) adapter primer. Then, the cDNAs were analyzed by
quantitative real-time PCR using 2 � All-in-One qPCR Mix
(GeneCopoeia, USA) with the CFX Manager software detection
system (Bio-Rad, USA). For the first-strand cDNA synthesis of
mRNA, PrimeScript RT reagent Kit (TAKARA, Japan) was used
and quantitative RT-PCR was performed using SYBR FAST qPCR
Master (KAPA, USA). All primers of miRNAs and RNU6A (u6)
were purchased from GeneCopoeia Inc. (Rockville, MD, USA).
Primer sequences were as follows: Mkp-1 (Forward primer:
50-GTACATAAGTCCATCTGAC-30, Reverse primer: 50-GGTT
CTTCTAGGAGTAGACA-30); Gapdh (Forward primer: 50-AACT
GCTTAGCACCCCTGGC-30, Reverse primer: 50-ATGACCT TG
CCCACAGCCTT-30).

2.7. Membrane fractionation in cultured cells

According to the manufacture’s protocol, membrane proteins
were isolated from cultured cells using a membrane protein
extraction kit (Invent Biotechnologies, USA). Briefly, cells were
washed 3 times with PBS and resuspended with buffer A con-
taining protease inhibitor cocktail. After incubation in ice for
5 min and vortexing strongly for 10e30 s, the samples were
transferred to the columns and centrifuged at 16,000 � g (RWD,
Shenzhen, China) for 30 s at 4 �C. The columns were then dis-
carded, and the samples were centrifuged at 700 � g for 1 min to
obtain the supernatant, which was then centrifuged at 16,000 � g
for 20 min at 4 �C. The pellet was membrane fraction, and was
solubilized with minute denaturing protein solubilization reagent
(Invent, USA).

2.8. Synaptic fractionation in hippocampal tissues

The synaptic proteins from hippocampal tissue were isolated using
a synaptic protein extraction reagent (Thermo Fisher Scientific,
USA). Briefly, hippocampal tissues were homogenized with syn-
aptic protein extraction reagent containing the protease inhibitor
cocktail (Roche, Switzerland). Then the homogenate was centri-
fuged at 1200 � g for 10 min at 4 �C to obtain the supernatant,
which was then centrifuged at 15,000 � g for 20 min at 4 �C. The
sediments were the synaptic proteins, which were resuspended
with synaptic protein extraction reagent.

2.9. Luciferase activity assay

A dual luciferase reporter assay was performed in N2A and
N2AAPP cells, and the reporter plasmids were purchased from
Changsha Youze Biotechnology Co., Ltd. (Changsha, China). The
wild-type and mutant-type sequences of Mkp-1 30UTR were
synthesized and cloned into the dual-luciferase reporter plasmid
psiCHECK, which contains a firefly luciferase (Fluc) reference
gene and a Renilla luciferase (Rluc) reporter gene. For the lucif-
erase reporter assay, N2A or N2AAPP cells were cultured in 48-
well plates and co-transfected with the wild-type or mutant
Mkp-1 30UTR reporter plasmids and miRNA-429-3p mimics or
A-miR-429 or its negative controls with Lipofectamine 3000 ac-
cording to the manufacturer’s protocol. Forty-eight hours later, the
cells were harvested, and lysates were used for detecting Firefly
and Renilla luciferase activities with the dual luciferase reporter
assay kit (Promega, Wisconsin, USA) according to manufacturer’s
protocol.

2.10. Barnes maze test

The apparatus of the Barnes maze test includes a white circular
platform (0.75 m in diameter) with 18 holes (5 cm in diameter) in
the edges and an escape box under one of these holes. A CCD
camera records the tracking events, and an ANY-maze video
tracking system (Stoelting, USA) is used to analyze the records
and obtain latency and count of errors of finding the escape box.
The Barnes maze test contains three phases: an adaptive phase, an
acquisition phase and a probe test. In the adaptive phase (Day 0),
all mice were given 3 min to adapt to the maze before the
acquisition phase. During the acquisition phase (Days 1e5), mice
were trained in spatial learning tasks for 2 trials per day. In each
trial, mice were placed in the center of the platform and the la-
tency of entering the escape box was recorded. If the animal could
find and enter the escape box within 3 min, the animal would be
put back to its home cage. If the animal couldn’t find the escape
box or could find but didn’t enter the escape box within 3 min, it
would be gently guided to find and enter the box and stay 60 s
before being put back in its cage. Twenty-four hours after the last
learning trial, a probe test (Day 6) was performed with the escape
box moved away for 3 min.

2.11. Morris water maze test

The Morris water maze consisted of a circular stainless steel pool
(150 cm in diameter) filledwithwater (25� 1 �C)made opaquewith
nontoxic white paint. The pool was surrounded by light blue cur-
tains, and 3 distal visual cues were fixed to the curtains. The Morris
watermaze test contains three phases: an adaptive phase, acquisition
phase and probe test. Twenty-four hours before spatial training (Day
0), the mice were given 120 s to swim freely to adapt the maze.
During the acquisition phase (Days 1e5), all mice were trained in
spatial learning tasks for 4 trials per day. In each trail, micewere put
into water from 4 starting positions (NE, NW, SW, SE), facing the
pool water. A CCD was used to record the tracks of swim and the
latency to find the hidden platform submerged in 1 cm of opaque
water surface. During each trial, mice were allowed to swim until
they found the platform where they should stay for 20 s. If mice
failed to find the platform within 120 s, the mice would be guided to
the platform and stay for 20 s. Twenty-four hours after the training, a
probe test (Day 6) was performed from a novel drop point with the
hidden platform absent for 120 s.

2.12. Open field test

Mice were placed in the center of the open field, a clear plastic
box (42 cm � 42 cm � 42 cm), to freely explore for 10 min. The
total travel distance was recorded using the ANY-maze tracking
system (Stoelting, USA).

2.13. Tail-suspension test

Mice were suspended by their tails using medical tapes on the
metal hook of horizontal rails (45 cm above the floor) and
recorded for 5 min by ANY-maze tracking system (Stoelting,
USA). Latency to immobility and the total immobility time were
recorded.
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2.14. Elevated-plus maze test

The apparatus consists of two opposite open arms and two
opposite closed arms (20-cm-tall walls on the closed arms) ar-
ranged at right angles (each arm 30 cm). During the test, mice
were placed in the center of the maze that was elevated 70 cm
above the floor. The number of entries and time spent in the open
arms were recorded for 5 min by ANY-Maze Video Tracking
System (Stoelting, USA).

2.15. Western blot

The cells and brain tissues were lysed with lysis buffer and
incubated on ice for 20 min, and then homogenates were centri-
fuged (4 �C, 12,000 rpm, 20 min) to collect the supernatant.
Samples (30 mg for total protein and 15 mg for membrane or
synaptic fractionation) were boiled with the protein sample
loading buffer (Epizyme, Shanghai, China) at 95 �C for 10 min.
The samples were separated on 12.5% tris-glycine SDS-PAGE or
16% tris-tricine SDS-PAGE gels and then transferred onto poly-
vinylidene difluoride (PVDF) membranes (Bio-Rad, USA). After
blocking with 5% nonfat milk, the membranes were rinsed with
TBS and 0.1% Tween (TBST) for 5 min. Then, the membranes
were incubated in primary antibody overnight at 4 �C. The
membranes were washed with TBST 3 times, 5 min each time, and
then were incubated in secondary antibody for 1.5 h at room
temperature. The membranes were washed with TBST 3 times
again, 5 min each. After removing the TBST, the blot was
developed with Western ECL Substrate (Bio-Rad) and imaged
with BIO-RAD Imager System (USA). The gray values of West-
ern bands were analyzed quantitatively by Quantity One software.
An Odyssey Imaging System (Licor, USA) was introduced to
quantify fluorescence intensity when IRDye 800C secondary
antibody (1:5000, 926-32211, Licor, USA) and IRDye 680LT
secondary antibody (1:5000, 925-68020, Licor, USA) were used.

2.16. Immunohistochemistry and immunofluorescence

After the behavioral test, the mice were deeply anesthetized with
urethane. Half of the brain was fixed in freshly 4% PFA for 48 h at
4 �C, and then dehydrated by placing it into 30% sucrose for 48 h,
embedded with optimal cutting temperature compound (OCT) at
�80 �C. To detect the plaques, immunohistochemistry was per-
formed. In brief, the brains were sectioned into 30-mm brain slices
with Leica Cryostat (CM1850, Leica, Germany). To eliminate
residual peroxidase activity, the brain slices were incubated in 3%
H2O2 for 30 min. Subsequently, the slices were blocked with 10%
bovine serum albumin for 1 h and incubated 4G8 antibody over-
night at 4 �C. Every sixth slice with the same reference position
was mounted onto slides for staining. Immunocytochemical
staining was performed on floating sections. Plaques were detec-
ted by the ABC and DAB kit and all strained slides were scanned
using a whole-slide scanner (Olympus, Japan). Plaques were
quantitated, and the mean plaque count in the hippocampus was
recorded for each mouse as described previously25. The area of
senile plaque was calculated using Image J software.

To detect the expression of MKP-1 in the brain of mice, the
immunofluorescent assay was performed. The brains were
sectioned into 20-mm brain slices with Leica Cryostat. The slices
were washed with PBS three times for 5 min each and then
blocked with immunofluorescence sealing fluid for 1 h at room
temperature. Subsequently, the brain slices were incubated with
primary antibody at 4 �C overnight. After washing with PBST,
slices were incubated with goat anti-rabbit and goat anti-rabbit
secondary antibodies conjugated to Alexa Fluor dyes and DNA
strain 4,6-diamidino-2-phenylindole (DAPI). Then slices were
washed with PBS containing 0.05% Twen-20 and were mounted
on the slides with an antifade mounting medium. Immunofluo-
rescent images were acquired using a confocal microscope.

2.17. miRNAscope

The expression of miR-429-3p was investigated by using the
miRNAscope HD Detection Kit (Advanced Cell Diagnostics
[ACD], USA) according to the manufacturer’s protocol. In brief, a
20-mm-thick frozen section of mouse brain was pretreated and
hybridized with ZZ-probe (Probe-SR-mmu-miR-429-3p-S1,
ACD) targeting miR-429-3p for 2 h at 40 �C. The ZZ-pairs binding
miR-429-3p were detected by using six amplification steps before
visualized with Fat Red. Then DAPI was used to stain nucleic
acids. Images were acquired by using a confocal microscope.

2.18. Electrophysiological recording

The primary cultured neurons were used for electrophysiological
recordings between 10 and 12 days after plating. Cultured neurons
were transfected with A-miR-429 or A-scramble on Day 8 of
plating and treated with Ab (10 mmol/L) for 24 h before elec-
trophysiological recording. Whole cell patch-clamp recordings
were performed at room temperature using a HEKA EPC 10
amplifier (HEKA, Germany) and PatchMaster software (filtered at
3 kHz and sampled at 10 kHz). Whole-cell recording pipettes
(3e5 MU) were filled with a solution containing (mmol/L):
CsCL 140, HEPES10, Mg-ATP 4, QX-314 5, pH 7.2 and
290e295 mOsm. The cultured neurons were incubated in the
extracellular solution containing (mmol/L): NaCl 140, KCl 5.4,
HEPES 10, MgCl2 1.0, CaCl2 1.3, glucose 20, pH 7.4; osmolarity,
305e315 mOsm. For a recording of miniature excitatory post-
synaptic currents (mEPSCs), TTX (1 mmol/L) and PTX
(100 mmol/L) were added into extracellular solution to minimize
the activation of NMDAR and voltage-gated sodium channels,
respectively. mEPSC were recorded at a holding potential of
�70 mV. The frequency and amplitude of mEPSCs were quanti-
fied by Mini Analysis Program 6.0.3 (Synaptosoft Inc., Decatur,
GA, USA).

For long-term potentiation (LTP) recording, the field excitatory
postsynaptic potentials (fEPSPs) were made from the CA1 stratum
radiatum of the hippocampus in response to stimulation of the
Schaffer collateral/commissural pathway. In brief, mice were
deeply anesthetized with urethane (1.5 g/kg, i.p.) and cardiacally
perfused with artificial cerebral spinal fluid (ACSF) (in mmol/L:
NaCl 124, KCl 2.8, NaH2PO4.H2O 1.25, CaCl2 2.0, MgSO4 1.2,
Na-vitamin C 0.4, Na-lactate 2.0, Na-pyruvate 2.0 and D-glucose
10.0, pH Z 7.4). After decapitation, the brain was rapidly
removed and submerged in ice-cold ACSF oxygenated with 95%
O2 and 5% CO2. Then, brain slices were coronally sectioned
(400 mm) with vibratome (VT1200S, Leica Microsystems, Ban-
nockburn, IL, USA) and incubated in ACSF (95% O2 and 5%
CO2) for 2 h at 35 �C. A bipolar stimulating electrode was placed
at the Schaffer collaterals of dorsal hippocampus CA3 pyramidal
neurons, and a recording pipette filled with ASCF was placed at
the ipsilateral striatum radiatum of the hippocampal CA1 area.
Test EPSCs were evoked at a frequency of 0.05 Hz and at a
stimulus intensity adjusted to 50% of the maximal response. After
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a 30-min stable baseline, theta burst stimulation (TBS) was given
to induce LTP. TBS contained 2 trains of stimuli (at 20 s interval),
and each train contained 5 bursts (4 pulses at 100 Hz in each burst)
at an inter-burst interval of 200 ms.

2.19. Statistical analysis

All data were expressed as mean � standard error of mean (SEM)
and analyzed using SPSS. The training data of Barnes maze and
water maze were analyzed by a two-way between/within-subjects
factorial ANOVA, with drug treatment as the between-subjects
factor and training session (time) as the within-subjects factor. All
significant main effects and interactions were further analyzed
using Turkey’s comparisons. Other data were analyzed by a one-
way between-subjects factorial ANOVA or two-tailed student’s t
tests where appropriate. All experiments were performed three
times and the significance level was set at P < 0.05.

3. Results

3.1. The expression of miR-429-3p is abnormally increased and
inhibits MKP-1 expression by directly targeting MKP-1 in AD

Our recent study has reported that MKP-1 is downregulated in the
brain of AD model mice and in AD model cells15. We here first
confirmed that the protein levels of MKP-1 were reduced in the
cortex (n Z 5, 0.29 � 0.08, P Z 0.012 vs. WT; Supporting In-
formation Fig. S1A) and hippocampus (n Z 4, 0.59 � 0.10,
P Z 0.021 vs. WT; Fig. S1B) of APP/PS45 mice, and in N2AAPP

cells (n Z 10, 0.52 � 0.06, P Z 0.004 vs. N2A; Fig. S1C).
Growing evidence indicates that miRNAs negatively regulate gene
expression by binding to the 30UTR of mRNA to repress trans-
lation and/or degrade mRNA26. Mkp-1 contains a long 30UTR
(1875 nt), suggesting a possible negative regulation by miRNAs.
To understand the potential miRNAs in regulating MKP-1
expression, we performed a systematic analysis to predict Mkp-1
expression-related miRNAs by TargetScan, and several miRNAs
including miR-429-3p, miR-200b/c-3p, miR-101a/b-3p, miR-137-
3p, miR-152-3p, miR-92a-3p, miR-133a/b-3p and miR-133c were
predicted to target Mkp-1 (Supporting Information Fig. S2A). We
next performed qRT-PCR to measure the expression profile of
MKP-1 expression-related miRNAs in the brain of AD model
mice. We found that the miR-429-3p, miR-200b-3p and miR-200c-
3p were significantly higher in AD model mice compared with the
WT littermates (Fig. 1A). However, only an increase in miR-429-
3p (n Z 5e6, 1.78 � 0.15, P Z 0.026 vs. N2A; Fig. 1B), but not
in miR-200b-3p (n Z 3, 1.03 � 0.38, P Z 0.953 vs. N2A;
Fig. S2C) and miR-200c-3p (n Z 5, 1.66 � 0.38, P Z 0.159 vs.
N2A; Fig. S2D), was observed in N2AAPP cells compared with
N2A cells. An increase in miR-429-3p was also observed in pri-
marily cultured neurons treated with Ab42 (nZ 3e5, 2.38 � 0.38,
P Z 0.036 vs. Ctrl; Fig. 1C).

As shown in Fig. 1D, the level of miR-429-3p was significantly
elevated in the N2A cells transfected miR-429-3p (miR-429-3p
group: n Z 3, 385.59 � 88.66, P Z 0.012 vs. Scramble group,
Fig. 1D). To investigate whether Mkp-1 is the direct target of these
miRNAs, the luciferase reporter assay was performed. The results
showed that overexpression of miR-429-3p significantly inhibited
the reporter activity of WT Mkp-1 30 UTR (WT þ miR-429-3p:
n Z 3, 0.60 � 0.05, P Z 0.030 vs. WT þ Scramble; Mut þ miR-
429-3p: n Z 3, 1.01 � 0.13, P Z 0.520 vs. Mut þ Scramble;
Fig. 1E), but not mutant (Mut) Mkp-1 30 UTR in N2A cells.
Overexpression of miR-200b-3p (WT þ miR-200b-3p: n Z 5,
0.65 � 0.05, P Z 0.001 vs. WT þ Scramble; Mut þ miR-200b-
3p: nZ 5, 1.08 � 0.04, PZ 0.240 vs.Mut þ Scramble; Fig. S2E)
or miR-200c-3p (WT þ miR-200c-3p: n Z 5, 0.51 � 0.03,
P < 0.001 vs. WT þ Scramble; Mut þ miR-200c-3p: 0.98 � 0.01,
n Z 5, P Z 0.861 vs. Mut þ Scramble; Fig. S2F), similar to the
miR-429-3p, also inhibited the reporter activity of WT Mkp-1
30UTR. To elucidate whether these miRNAs can regulate the
protein level of MKP-1, we then transfected miRNA mimics into
N2A cells. The results showed that overexpression of miR-429-3p
(n Z 4, 0.68 � 0.02, P Z 0.023 vs. Scramble; Fig. 1G), but not
miR-200b-3p (n Z 6, 1.06 � 0.04, P Z 0.641 vs. Scramble;
Fig. S2G) or miR-200c-3p (n Z 6, 1.02 � 0.09, P Z 0.937 vs.
Scramble; Fig. S2H), significantly reduced the level of MKP-1
protein. Meanwhile, miR-429-3p did not alter Mkp-1 mRNA
level (n Z 3, 0.88 � 0.20, P Z 0.689 vs. Scramble; Fig. 1F) and
the sequence was highly conserved across species (Fig. S2B). To
further detect the role of these miRNAs in regulating MKP-1 in
AD, either antagomir of miRNA or antagomir-negative control
was transfected into the N2AAPP cells. The results showed that
antagomir of miR-429-3p (A-miR-429), which did not affect the
expression of miR-429-3p (n Z 5, 1.31 � 0.40, P Z 0.511 vs.
A-scramble; Fig. 1H), was able to upregulate MKP-1 protein
expression compared with its control (A-scramble) (n Z 4,
1.75 � 0.10, P Z 0.020 vs. A-scramble; Fig. 1I). However,
antagomirs of both miR-200b-3p (A-miR-200b: n Z 4,
1.11 � 0.26, P Z 0.719 vs. A-scramble; Fig. S2I) and miR-200c-
3p (A-miR-200c: n Z 4, 0.91 � 0.26, P Z 0.806 vs. A-scramble;
Fig. S2J) had no influence on MKP-1 protein expression.
Consistent with our previous findings, A-miR-429 markedly
increased the luciferase activity of WT Mkp-1 30UTR had reporter
to 1.49 � 0.11 (n Z 3, P Z 0.032 vs. WT þA-scramble; Fig. 1J),
but not Mut 30UTR (Mut þ A-miR-429: 1.05 � 0.16, P Z 0.552
vs. Mut þ A-scramble; Fig. 1J) in N2AAPP cells. Collectively,
although several miRNAs are predicted to directly target Mkp-1,
only miR-429-3p can directly target Mkp-1 mRNA to suppress its
translation. We therefore mainly focused on the possible role of
miR-429-3p in AD in the present study.

3.2. Inhibition of miR-429-3p reduces APP amyloidogenic
processing

To determine whether miR-429-3p affects APP processing, N2A
cells were transfected with miR-429-3p mimics. We found that
overexpression of miR-429-3p upregulated the protein levels of
APP (n Z 6, 1.63 � 0.19, P Z 0.041 vs. Scramble; Fig. 2A and
B) and PS1 (nZ 6, 1.46 � 0.14, PZ 0.025 vs. Scramble; Fig. 2A
and D), but did not affect the protein level of BACE1 (n Z 6,
1.04 � 0.17, P Z 0.851 vs. Scramble; Fig. 2A and C) in com-
parison with its scramble control. Then, the miR-429-3p antagomir
(A-miR-429) was transfected into the N2AAPP cells to further
assess the effect of miR-429-3p inhibition on APP processing in
AD. The efficiency of A-miR-429 transfection into N2AAPP cells
was indicated by the red fluorescence intensity (Cy3-A-miR-429:
34.34 � 8.53, n Z 3e4, P Z 0.034 vs. Ctrl; Supporting Infor-
mation Fig. S3A). The results showed that A-miR-429 transfection
downregulated the protein levels of APP (n Z 5, 0.74 � 0.08,
P Z 0.038 vs. A-scramble; Fig. 2E and F), BACE1 (n Z 6,
0.66 � 0.10, P Z 0.018 vs. A-scramble; Fig. 2E and G) and PS1
(n Z 6, 0.72 � 0.06, P Z 0.038 vs. A-scramble; Fig. 2E and H).
To further verify the effect of A-miR-429 in APP processing, we



Figure 1 The miR-429-3p is abnormally increased and inhibits MKP-1 expression by directly binding to Mkp-1 mRNA. (A) The expression of

several miRNAs targeting 30UTR of Mkp-1 in brain tissues of APP23/PS45 and WT mice (n Z 3e7). (B)e(C) The expressions of miR-429-3p in

N2A and N2AAPP cells (B), in primarily cultured neurons treated with Ab42 (10 mmol/L) for 24 h (C), and in N2A cells transfected with miR-429-

3p or its control scramble (D) (n Z 3e6). (E) Relative luciferase activity is assessed in the N2A cells co-transfected with miR-429-3p or its

control scramble and plasmids containing WT or mutant (Mut) 30UTR of Mkp-1 (n Z 3). (F)e(G) The expression of Mkp-1 mRNA (F) and

protein (G) is assessed in N2A cells transfected miR-429-3p or its scramble control (n Z 3e5). (H)e(I) The expression of miR-429-3p (H) and

MKP-1 protein (I) in N2A
APP cells transfected with A-miR-429 or A-scramble (n Z 4e5). (J) Relative luciferase activity is assessed in N2A

APP

cells co-transfected plasmids containing WTor mutant (Mut) 30UTR ofMkp-1 and A-miR-429 or its scramble control (nZ 3). Data are expressed

as mean � SEM. ns, not significant; *P < 0.05.
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constructed Mkp-1�/� cell lines in N2AAPP cells by CRISPR/Cas9
system (Fig. 2I). The results showed that A-miR-429 could not
change the protein levels of APP (n Z 4, 1.08 � 0.23, P Z 0.816
vs. A-scramble; Fig. 2J and K), BACE1 (n Z 5, 0.93 � 0.07,
P Z 0.675 vs. A-scramble; Fig. 2J and L), and PS1 (n Z 5,
1.04 � 0.15, P Z 0.873 vs. A-scramble; Fig. 2J and M) in
Mkp-1�/� cells.

To further elucidate the role of miR-429-3p in AD pathogenesis
in vivo, we generated Cy3-labeled A-miR-429, a chemically
modified stabilized antagomir complementary to miR-429-3p that
inhibits endogenous miR-429-3p function and can easily cross the
bloodebrain barrier (Fig. S3B). We first detected the effect of
A-miR-429 on the expression of miR-429-3p in AD model mice
by using miRNAscope assay. The results showed that the level of
miR-429-3p was increased, while A-miR-429 reduced its expres-
sion in AD model mice (Fig. 2N). The immunofluorescent im-
aging assay showed the protein level of MKP-1 was significantly
decreased in the neurons (Fig. 2O) rather than astrocytes
(Fig. S3C) of AD model mice, and inhibition of miR-429-3p by
A-miR-429 was able to rescue its expression. Similar to the
finding in N2AAPP cells, A-miR-429 treatment could restore the
expression of MKP-1 to control level in the brains of AD model
mice (n Z 4; AD þ A-scramble: 0.64 � 0.05, P Z 0.049 vs.
WT þA-scramble; AD þA-miR-429: 1.04 � 0.11, PZ 0.031 vs.
AD þ A-scramble, P Z 0.951 vs. WT þA-scramble; Fig. 2P and
Q). In addition, A-miR-429 treatment led to a marked reduction in
the levels of BACE1 (n Z 4; AD þ A-scramble: 1.69 � 0.07,
PZ 0.002 vs.WT þA-scramble; AD þ A-miR-429: 1.07 � 0.12,
P Z 0.004 vs. AD þ A-scramble, P Z 0.869 vs. WT þ A-
scramble; Fig. 2P and R) and CTF (n Z 8; AD þ A-scramble:
35.94 � 3.52, P < 0.001 vs. WT þ A-scramble; AD þ A-miR-
429: 24.34 � 3.11, P Z 0.017 vs. AD þ A-scramble, P < 0.001
vs. WT þ A-scramble; Fig. 2P and S), but not APP (n Z 4;
AD þ A-scramble: 2.04 � 0.10, P < 0.001 vs. WT þA-scramble;



Figure 2 Effects of miR-429-3p on APP amyloidogenic processing. (A)e(D) Protein levels of APP (B), BACE1 (C) and PS1 (D) in N2A cells

transfected with miR-429-3p or its scramble control (Scramble) (n Z 6). (E)e(H) The relative protein levels of APP (F), BACE1 (G) and PS1

(H) are assessed by Western blot in N2A
APP cells transfected with A-miR-429 or A-scramble (n Z 5e6). (I) Genomic DNA sequences of Mkp-1

locus in Mkp-1�/� N2AAPP cells, and the protein level of MKP-1 in WT and Mkp-1�/� cells (n Z 3). (J)e(M) The protein levels of APP (K),

BACE1 (L), and PS1 (M) inMkp-1�/� cells transfected with A-miR-429 or A-scramble (nZ 4e5). (N) The expression of miR-429-3p is assessed

by miRNAscope in the brain slices of APP23/PS45 mice treated with A-miR-429 or A-scramble, Scale bar, 100 mm. (O) Immunofluorescent

staining for MKP-1 (green) and neuronal marker NueN (red) in the different brain regions of APP23/PS45 mice treated with A-miR-429 or

A-scramble, Scale bar, 100 mm. (P)e(U) Protein levels of MKP-1 (Q), BACE1 (R), CTF (S), APP (T) and PS1 (U) in APP23/PS45 mice treated

with A-miR-429 or A-scramble (nZ 4e8). (V)e(X) The number (W) and the area (X) of senile plaques are detected by immunohistochemistry in

the hippocampus of APP23/PS45 mice treated with A-miR-429 or A-scramble (n Z 46e70 slices from 4 to 7 mice), Scale bar, 1 mm. Data are

expressed as mean � SEM. ns, not significant; *P < 0.05, **P < 0.01, ***P < 0.001.
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AD þ A-miR-429: 1.84 � 0.15, P Z 0.432 vs. AD þ A-scramble,
P Z 0.001 vs. WT þA-scramble; Fig. 2P and T) and PS1 (n Z 7;
AD þA-scramble: 1.69 � 0.14, PZ 0.030 vs.WT þA-scramble;
AD þ A-miR-429: 1.70 � 0.25, P Z 0.999 vs. AD þ A-scramble,
P Z 0.027 vs. WT þ A-scramble; Fig. 2P and U) in the brain of
AD model mice. To determine whether miR-429-3p affects the
AD-related neuropathologies, the formation of senile plaques was
examined. A-miR-429 treatment significantly reduced the number
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of senile plaques in the hippocampus of AD model mice
(WT þ A-scramble: n Z 70 slices from 5 mice; AD þ A-
scramble: n Z 46 slices from 4 mice, 34.80 � 1.57, P < 0.001 vs.
WT þA-scramble; AD þ A-miR-429: n Z 60 slices from 7 mice,
28.90 � 1.50, P Z 0.024 vs. AD þ A-scramble, P < 0.001 vs.
WT þ A-scramble; Fig. 2V and W). In addition to the number of
plaques, the senile plaque area was also significantly reduced in
the hippocampus of AD model mice treated with A-miR-429
(WT þ A-scramble: n Z 70 slices from 5 mice; AD þ A-
scramble: nZ 46 slices from 4 mice, 0.18� 0.01 mm2, P < 0.001
vs. WT þ A-scramble; AD þ A-miR-429: n Z 60 slices from 7
mice, 0.12 � 0.01 mm2, P Z 0.008 vs. AD þ A-scramble;
P < 0.001 vs. WT þ A-scramble; Fig. 2V and X). Collectively,
these results demonstrate that A-miR-429 inhibits APP amyloi-
dogenic processing and senile plaque formation in the APP23/
PS45 AD model mice.

3.3. Inhibition of miR-429-3p increases surface GluA1 through
decreasing GluA1 S831 hyperphosphorylation

Given that our recent study has documented that MKP-1 ame-
liorates the cognitive decline and synaptic plasticity in AD model
mice15, and AMPAR trafficking and distribution play critical roles
in mediating LTP25,27,28, we next wanted to detect the effect of
A-miR-429 on the expressions of AMPAR subunits including
GluA1, GluA2, GluA3 and GluA4. The results showed that
A-miR-429 did not affect the expressions of total GluA1 (n Z 7;
AD þA-scramble: 0.93 � 0.12, PZ 0.971 vs.WT þA-scramble;
AD þ A-miR-429: 1.45 � 0.30, P Z 0.257 vs. AD þ A-scramble,
P Z 0.359 vs. WT þA-scramble; Fig. 3A and B), GluA2 (n Z 7;
AD þA-scramble: 1.03 � 0.12, PZ 0.987 vs.WT þA-scramble;
AD þ A-miR-429: 0.97 � 0.12, P Z 0.947 vs. AD þ A-scramble,
P Z 0.987 vs. WT þ A-scramble; Fig. 3A and C), GluA3
(AD þ A-scramble: n Z 7, 1.07 � 0.15, P Z 0.909 vs.
WT þ A-scramble; AD þ A-miR-429: 1.21 � 0.11, n Z 7,
P Z 0.468 vs. WT þ A-scramble, P Z 0.718 vs. AD þ A-
scramble; Fig. 3A and D) and GluA4 (AD þ A-scramble: n Z 6,
1.27 � 0.42, PZ 0.852 vs.WT þA-scramble; AD þA-miR-429:
1.71 � 0.43, n Z 6, P Z 0.359 vs. WT þA-scramble, P Z 0.666
vs. AD þ A-scramble; Fig. 3A and E) in the total tissue lysates of
brain tissues collected from 4.5-month-old AD model mice.
However, the protein levels of GluA1 (n Z 6; AD þ A-scramble:
0.71 � 0.08, PZ 0.044 vs.WT þA-scramble; Fig. 3F and G) and
GluA2 (n Z 6; AD þ A-scramble: 0.63 � 0.07, P Z 0.024 vs.
WT þA-scramble; Fig. 3F and H) was markedly decreased in the
hippocampal synaptic fraction of AD mice compared with WT,
whereas A-miR-429 restored the protein expression of synaptic
GluA1 (n Z 6; AD þ A-miR-429: 1.01 � 0.09, P Z 0.038 vs.
AD þ A-scramble, P Z 0.943 vs. WT þA-scramble; Fig. 3F and
G, but not GluA2 (n Z 6; AD þ A-miR-429: 0.81 � 0.11,
P Z 0.250 vs. AD þ A-scramble, P Z 0.212 vs. WT þ A-
scramble; Fig. 3F and H), to WT level. Notably, the protein levels
of GluA3 (AD þ A-scramble: n Z 4, 1.07 � 0.06, P Z 0.854 vs.
WT þ A-scramble; AD þ A-miR-429: 1.26 � 0.10, n Z 4,
P Z 0.135 vs. WT þ A-scramble, P Z 0.291 vs. AD þ A-
scramble; Fig. 3F and I) and GluA4 (AD þ A-scramble: n Z 4,
1.00 � 0.14, PZ 1.000 vs.WT þA-scramble; AD þA-miR-429:
1.03 � 0.12, n Z 4, P Z 0.984 vs. WT þA-scramble, P Z 0.981
vs. AD þ A-scramble; Fig. 3F and J) in the hippocampal synaptic
fractions were no significant difference among three groups.

We next wanted to further determine the underlying mecha-
nism of A-miR-429-mediated increase in surface GluA1. As
phosphorylation at S831 and S845 residues of GluA1 plays a
crucial role in GluA1 trafficking29e31, we next examined the ef-
fect of A-miR-429 on GluA1 phosphorylation. The results showed
that elevated GluA1 S831 phosphorylation (pGluA1 S831) was
observed in 4.5-month-age AD model mice (n Z 7; AD þ A-
scramble: 1.63 � 0.24, P Z 0.031 vs. WT þA-scramble; Fig. 3K
and L) compared with WT mice, resulting in a significantly
increased the ratio of pGluA1 S831 and GluA1 (n Z 5; AD þ A-
scramble: 1.64 � 0.20, P Z 0.030 vs. WT þ A-scramble;
Fig. 3M). Importantly, A-miR-429 treatment could reduce the
level of pGluA1 S831 (n Z 7; AD þ A-miR-429: 1.01 � 0.20,
P Z 0.033 vs. AD þ A-scramble, P Z 0.986 vs. WT þ A-
scramble; Fig. 3K and L) and the ratio of pGluA1 S831 and
GluA1 (n Z 5; AD þ A-miR-429: 0.65 � 0.09, P Z 0.002 vs.
AD þ A-scramble, P Z 0.276 vs. WT þA-scramble; Fig. 3M) to
WT level. However, the phosphorylation of GluA1 S845 (pGluA1
S845) in AD model mice remained unchanged with or without
A-miR-429 treatment (n Z 6; AD þ A-scramble: 1.02 � 0.08,
PZ 0.992 vs.WT þA-scramble; AD þ A-miR-429: 0.85 � 0.07,
P Z 0.500 vs. AD þ A-scramble, P Z 0.571 vs. WT þ A-
scramble; Fig. 3K and N) compared with WT mice. The immu-
nofluorescent imaging data showed that the expression of GluA1
was no visible change among these three groups (Fig. 3O).
However, the expression of pGluA1 S831 was increased in the AD
model mice (AD þ A-scramble), compared with WT group
(WT þ A-scramble), and intranasal administration of A-miR-429
(AD þ A-miR-429) decreased pGluA1 S831 level compared with
its scramble (Fig. 3P), which was consistent with that of Western
blot. These findings demonstrate that pGluA1 S831 is enhanced in
AD model mice, and inhibition of miR-429-3p by A-miR-429
reduces pGluA1 S831 level.

However, previous studies have reported that pGluA1 S831 is
required for the GluA1 insertion into the postsynaptic membrane
during LTP30,32,33, but LTP is impaired in AD34,35. To clarify these
contradictory findings, the brain tissues from 1.5 to 12-month-old
AD model mice were collected to analyze the expression of
GluA1 and pGluA1 S831. We found that the protein expression of
GluA1 was increased in the brains of 3-month-old (n Z 4,
1.77 � 0.23, P Z 0.040 vs. WT; Fig. S4E and S4G) and was
decreased in 12-month-old (n Z 5, 0.45 � 0.10, P Z 0.011 vs.
WT; Fig. S4M and S4O) AD model mice, while it remained un-
changed in 1.5- (Fig. S4A and S4C), 4.5- (Fig. 3A and B) and
6-month-old (Fig. S4I and S4K) AD model mice compared with
WT mice, suggesting that GluA1 protein expression in AD
initially increased and then decreased with age (Fig. 3Q). The
protein level of pGluA1 S831 was reduced in the brain tissues of
1.5-month-old (n Z 5, 0.55 � 0.04, P Z 0.020 vs. WT;
Supporting Information Fig. S4A and S4B) AD model mice and
was increased in 4.5- (Fig. 3K and L) and 6-month-old (n Z 4,
1.16 � 0.06, P Z 0.043 vs. WT; Fig. S4I and S4J) mice, while
remained unchanged in 3- (Fig. S4E and S4F) and 12-month-old
(Fig. S4M and S4N) AD model mice compared with WT mice,
suggesting that pGluA1 S831 protein expression in AD initially
decreased and then increased with age (Fig. 3Q). The dynamic
changes of GluA1 and pGluA1 S831 led to a gradual increase in
the ratio of pGluA1 S831 and total GluA1 with the progression of
AD (1.5 months: n Z 5, 0.45 � 0.09, P Z 0.041 vs. WT;
3 months: n Z 4, 0.53 � 0.06, P Z 0.038 vs. WT; 6 months:
n Z 4, 1.37 � 0.10, P Z 0.025 vs. WT; 12 months: n Z 5,
3.00 � 0.70, P Z 0.045 vs. WT; Fig. S4D, S4H, S4L, S4P and
Fig. 3M). These data suggest that appropriate pGluA1 S831 may
promote GluA1 insertion into postsynapses in early stage of AD,



Figure 3 A-miR-429 increases the surface expression of GluA1 in APP23/PS45 mice. (A)e(J) Protein levels of total GluA1 (B), GluA2 (C),

GluA3 (D), GluA4 (E), synaptic GluA1 (G) and synaptic GluA2 (H), synaptic GluA3 (I), synaptic GluA4 (J) in APP23/PS45 mice treated with

A-miR-429 or A-scramble (n Z 4e7). (K)e(N) Protein levels of total pGluA1 S831 (L), the ratio of pGluA1 S831 and total GluA1 (M) and total

pGluA1 S845 (N) in APP23/PS45 mice treated with A-miR-429 or A-scramble (n Z 5e7). (O)e(P) Immunofluorescent staining for GluA1 and

pGluA1 S831 in APP23/PS45 mice treated with A-miR-429 or A-scramble. Scale bar, 100 mm. (Q) The relative levels of total GluA1, pGluA1

S831 and the ratio of pGluA1 S831 and total GluA1 in APP23/PS45 mice of different ages. (R)e(S) Protein levels of surface HA-tagged GluA1 in

N2A cells transfected with 1e16 mg of GluA1-HA or GluA1-S831D-HA plasmid (n Z 7). Data are expressed as mean � SEM. ns, not significant;

*P < 0.05, **P < 0.01.
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whereas excessive pGluA1 S831 may lead to GluA1-containing
AMPARs redistribution and reduce surface GluA1 in late stage
of AD. To further verify this hypothesis, we constructed a pGluA1
S831 mimic plasmid with the 831 site mutated from serine to
aspartic acid (GluA1 S831D). Then, 1e16 mg of HA-tagged
GluA1 or GluA1 S831D plasmid was individually transfected
into the N2A cells and the membrane GluA1 was detected. The
results showed that GluA1 in the membrane was increased in a
dose-dependent manner with increasing amount of GluA1 plasmid
transfected (Fig. 3R and S), whereas it showed an inverted-U
curve and peaked at 8 mg after transfection of GluA1 S831D
plasmid. Collectively, these results indicate that hyper-
phosphorylation at the S831 site of GluA1 may inhibit the surface
expression and trafficking of GluA1-containing AMPARs.

3.4. Inhibition of miR-429-3p reduces ERK1/2-mediated
hyperphosphorylation of GluA1 S831

Next, we wanted to determine what causes miR-429-3p-mediated
downregulation of MKP-1 to reduce the protein expression of
surface GluA1 in AD. In our recent study, we have reported that
ERK1/2 is abnormally hyperactivated in AD and overexpression
of MKP-1 could rescue the synaptic function by dephosphoryla-
tion and inactivation of ERK1/215. Thus, it is reasonable to
speculate that the hyperphosphorylation of GluA1 S831 may be
related to the hyperactivation of ERK1/2. We next detected the
protein expression of pERK1/2, and found that the level of
pERK1/2 was significantly higher in AD model mice than that in
WT mice (AD þ A-scramble: n Z 3, 1.53 � 0.06, P Z 0.024 vs.
WT þA-scramble; Fig. 4A), A-miR-429 could rescue the level of
pERK1/2 to the normal level (AD þ A-miR-429: n Z 3,
1.07 � 0.11, P Z 0.040 vs. AD þ A-scramble, P Z 0.713 vs.
WT þ A-scramble; Fig. 4A). The protein levels of total ERK1/2
were no significance among three groups (nZ 3; Fig. 4B). Similar
to the finding in the brain of AD model mice, the level of pGluA1
S831 was higher in N2AAPP cells than that in N2A cells (N2AAPP:
n Z 3e4, 2.19 � 0.11, P Z 0.002 vs. N2A; Fig. 4C). To deter-
mine whether ERK1/2 was involved in hyperphosphorylation of
GluA1 S831, we treated N2AAPP cells with U0126 (ab120241,
Abcam, 10 mmol/L), an ERK1/2 inhibitor. The results showed that
U0126 treatment significantly reduced the level of pGluA1 S831
(U0126: n Z 4, 0.26 � 0.08, P Z 0.016 vs. Ctrl; Fig. 4D) and
increased the surface expression of GluA1 (U0126: n Z 6,
1.54 � 0.14, P Z 0.028 vs. Ctrl, Fig. 4E). Given that MKP-1
could inactivate ERK1/2 15, we next investigated the effect of
MKP-1 on GluA1 S831 phosphorylation and surface expression
level. The results showed that overexpression of MKP-1 reduced
the levels of pERK1/2 (MKP-1: n Z 4, 0.56 � 0.14, P Z 0.044
vs. Ctrl; Fig. 4F) and pGluA1 S831 (MKP-1: n Z 3, 0.71 � 0.09,
P Z 0.047 vs. Ctrl; Fig. 4H), as well as upregulated the surface
GluA1 subunit of AMPAR (MKP-1: n Z 4, 1.69 � 0.22,
P Z 0.043 vs. Ctrl; Fig. 4I), but did not alter the protein level of
total ERK1/2 in N2AAPP cells (n Z 5; Fig. 4G). Similar to
overexpression of MKP-1, A-miR-429 treatment significantly
reduced pERK1/2 (A-miR-429: n Z 7, 0.70 � 0.06, P Z 0.045
vs. A-scramble; Fig. 4J) and pGluA1 S831 level (A-miR-429:
n Z 4, 0.49 � 0.10, P Z 0.048 vs. A-scramble; Fig. 4L), and
increased the surface level of GluA1 (A-miR-429: n Z 5,
2.27 � 0.44, P Z 0.036 vs. A-scramble; Fig. 4M) compared with
its scramble (A-scramble) in N2AAPP cells. The protein expression
of total ERK1/2 remained unchanged with or without A-miR-429
treatment (n Z 4; Fig. 4K). Collectively, these results suggest that
A-miR-429 could restore the surface level of GluA1-containing
AMPARs by inhibiting the hyperphosphorylation of GluA1
S831 through MKP-1eERK1/2 signaling pathway.

3.5. Inhibition of miR-429-3p reduces Ab-induced impairment
of synaptic transmission in primarily cultured neurons

The aforementioned results have demonstrated that inhibition of
miR-429-3p by A-miR-429 is able to promote GluA1 synaptic
localization in AD model mice. Next, we wanted to determine if
A-miR-429 can improve Ab-induced impairment of synaptic
transmission in primarily cultured neurons. The results showed
that the protein level of MKP-1 was decreased (AbþA-scramble:
n Z 6, 0.69 � 0.08, P Z 0.047 vs. A-scramble; Fig. 5A and B),
whereas blockade of miR-429-3p with A-miR-429 rescued the
level of MKP-1 (AbþA-miR-429: n Z 6, 1.01 � 0.05, P Z 0.039
vs. AbþA-scramble, PZ 0.930 vs. A-scramble; Fig. 5A and B) in
the primarily cultured neurons treated with Ab for 24 h. Consis-
tent with results in vivo, no difference in the protein levels of total
GluA1 and GluA2 was observed among these three groups
(Fig. 5A, C and D). However, membrane expression of GluA1
(AbþA-scramble: n Z 6, 0.58 � 0.05, P Z 0.006 vs.
A-scramble; Fig. 5E and F), but not GluA2 (Fig. 5E and G), was
significantly decreased in primarily cultured neurons subjected to
Ab treatment. Importantly, A-miR-429 treatment inhibited Ab-
induced decrease in membrane expression of GluA1 (AbþA-miR-
429: 0.90 � 0.08, P Z 0.027 vs. AbþA-scramble, P Z 0.463 vs.
A-scramble; Fig. 5E and F). Considering the critical function of
AMPAR in mediating basal synaptic transmission36, we next
recorded the mEPSCs using whole-cell voltage-clamp recordings
in the primarily cultured neurons. The results showed that Ab
treatment significantly decreased mEPSC amplitude (A-scramble:
n Z 7, 23.19 � 2.35 pA; AbþA-scramble: n Z 9,
16.84 � 1.01 pA, P Z 0.028 vs. A-scramble; Fig. 5H and I), but
did not alter mEPSC frequency (Fig. 5H and J). The decreased
mEPSCs amplitude induced by Ab was able to be fully restored by
A-miR-429 treatment (AbþA-miR-429: n Z 9, 22.11 � 2.12 pA,
P Z 0.049 vs. AbþA-scramble, P Z 0.692 vs. A-scramble;
Fig. 5H and I).

3.6. Inhibition of miR-429-3p reduces the impairments of
hippocampal LTP and spatial learning and memory in AD model
mice

Since above results suggest that inhibition of miR-429-3p by
A-miR-429 is able to increaseMKP-1-mediated surface GluA1 and
basal synaptic transmission in vitro, we next wanted to determine
whether A-miR-429 can improve synaptic plasticity and cognitive
functions in AD model mice. Two-month-old APP23/PS45 double
transgenetic AD model mice were intranasally administered with
A-miR-429 (1 nmol per mouse) or A-scramble every two days. Two
months later, hippocampal CA1 LTP and spatial learning and
memory were examined. The results showed that LTP in the hip-
pocampal CA1 region was significantly decreased in AD model
mice compared with theWTmice (WTþA-scramble: nZ 5 slices
from 5 mice, 154.21� 10.21% baseline; ADþA-scramble: nZ 8
slices from 4 mice, 109.35 � 4.64% baseline, P Z 0.001 vs.
WT þA-scramble; Fig. 6A and B). Importantly, inhibition of miR-
429-3p byA-miR-429 restored the impaired LTP toWT level in AD
model mice (AD � A-miR-429: n Z 5 slices from 4 mice,
134.65 � 8.79% baseline, P Z 0.026 vs. AD þ A-scramble,
P Z 0.106 vs.WT þA-scramble; Fig. 6A and B).



Figure 4 A-miR-429 increases the surface expression of GluA1 by inhibiting MKP-1eERK1/2-mediated hyperphosphorylation of GluA1

S831. (A, B) Protein levels of pERK1/2 (A) and ERK1/2 (B) in APP23/PS45 mice treated with A-miR-429 or A-scramble (n Z 3). (C) The

protein expression of total pGluA1 S831 in N2A and N2AAPP cells (n Z 3e4). (D, E) Protein levels of pGluA1 S831 (D) and surface GluA1

(E) in N2AAPP cells treated with U0126 (n Z 4e6). (F)e(I) Protein levels of pERK1/2 (F), total ERK1/2 (G), pGluA1 S831 (H) and surface

GluA1 (I) in N2AAPP cells transfected with Mkp-1 plasmid or its control (n Z 3e5). (J)e(M) Protein levels of pERK1/2 (J), total ERK1/2 (K),

pGluA1 S831 (L) and the surface GluA1 (M) in N2AAPP cells transfected with A-miR-429 or its A-scramble (n Z 3e6). Data are expressed as

mean � SEM. ns, not significant; *P < 0.05, **P < 0.01.
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To directly examine whether A-miR-429 could alleviate
cognitive impairments in AD model mice, the Barnes maze and
Morris water maze tests were introduced to measure the spatial
learning and memory. In Barnes maze test, the spatial learning
was markedly impaired in AD model mice (AD þ A-scramble:
n Z 12, P Z 0.001 vs. WT þ A-scramble; Fig. 6C and D),
compared with WT mice (WT þ A-scramble: n Z 16), as
reflected by a longer time to find the escape box during spatial
learning period. As expected, A-miR-429 treatment significantly
shortened the escape latency to the escape box, especially on Days
4 and 5 (Day 4: AD þ A-miR-429: 101.15 � 15.92, AD þ A-
scramble:143.29 � 14.29, P Z 0.049 vs. AD þ A-scramble,
P Z 0.056 vs. WT þ A-scramble; Day 5: AD þ A-miR-429:
72.94 � 16.40, AD þ A-scramble:139.25 � 11.21, P Z 0.001 vs.



Figure 5 A-miR-429 improves synaptic transmission by increasing the surface expression of GluA1 in primary neurons. (A)e(D) Protein

levels of MKP-1 (B), total GluA1 (C) and total GluA2 (D) in primarily cultured neurons transfected with A-miR-429 or A-scramble and treated

with 10 mmol/L Ab (nZ 6e8). (E)e(G) Protein levels of surface GluA1 (F) and surface GluA2 (G) in primarily cultured neurons transfected with

A-miR-429 or A-scramble and treated with Ab (10 mmol/L) (nZ 4e6). (H)e(J) The amplitude (I) and frequency (J) of mEPSCs are measured by

whole-cell recording in cultured neurons transfected with A-miR-429 or A-scramble and treated with Ab (10 mmol/L) (n Z 7e9). Data are

expressed as mean � SEM; *P < 0.05, **P < 0.01, ns, not significant.
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AD þ A-scramble, P Z 0.063 vs. WT þA-scramble; Fig. 6C and
D). Twenty-four hours after the last training, a long-term spatial
memory retrieval test with the escape box blocked was performed.
Compared to WT mice, AD mice showed decreased accuracy in
finding escape box (WT þA-scramble: 16.17 � 2.53%; AD þ A-
scramble: 4.43 � 1.70%, P Z 0.007 vs. WT þ A-scramble;
Fig. 6E), whereas A-miR-429 treatment restored the accuracy to
WT level (AD þ A-miR-429: 16.06 � 3.86%, P Z 0.985 vs.
WT þ A-scramble, P Z 0.022 vs. AD þ A-scramble; Fig. 6E).

To further evaluate the effect of A-miR-429 on amelioration of
memory deficits in AD model mice, we performed another
hippocampus-dependent learning and memory task, the Morris
water maze test. During the Morris water maze training, the
escape latency in AD model mice (AD þ A-scramble: n Z 11,
P < 0.001 vs. WT þA-scramble; Fig. 6F and G) was much longer
than those in WT mice (WT þ A-scramble: n Z 13). Consistent
with the results in Barnes test, A-miR-429 treatment significantly
lessened the escape latency in AD model mice (AD þA-miR-429:
nZ 11, PZ 0.051 vs.WT þA-scramble, pZ 0.048 vs. AD þA-
scramble; Fig. 6F and G). Twenty-four hours after the last training
trial, a probe test with the platform removed was performed to test
memory retention. The number of entries into the platform zone
was significantly reduced in the AD model mice compared to WT
(WT þA-scramble: 3.85 � 0.37; AD þ A-scramble: 1.64 � 0.39,
P < 0.001 vs. WT þ A-scramble; Fig. 6H), whereas A-miR-429
treatment increased the entries into the platform zone in AD
model mice (AD þ A-miR-429: 2.82 � 0.38, P Z 0.062 vs.
WT þA-scramble, PZ 0.040 vs. AD þ A-scramble; Fig. 6H). To
further determine the effects of A-miR-429 on other behaviors
besides spatial learning and memory, the open field test, tail-flick



Figure 6 A-miR-429 alleviates the impairments of hippocampus LTP and spatial learning and memory in APP23/PS45 mice. (A) Representative

fEPSP traces and plots of the normalized slopes of the fEPSP 5 min before and 55 min after TBS delivery. (B) The bar graphs of the average

percentage changes in the fEPSP slope 55e60 min after TBS delivery (n Z 5e8 slices from 4 to 5 mice). (C) Average heatmap during memory

retrieval in the Barnes maze test. (D) The latency to the escape box during spatial learning in the Barnes maze paradigm (n Z 11e16). (E) The

accuracy of finding the escape box during memory retrieval. (F) Average heatmap during memory retrieval in the Morris maze test. (G) The escape

latency for finding the hidden platform during spatial learning in the Morris maze paradigm (n Z 11e13). (H) The number of entries into the

platform zone during memory retrieval. Data are expressed as mean � SEM; *P < 0.05, **P < 0.01, ***P < 0.001, ns, not significant.
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test and elevated-plus maze test were introduced to measure the
locomotor activity and anxiety/depressive-like behaviors. Notably,
the results showed that both locomotor activity and anxiety/
depressive-like behaviors remained unchanged in AD model
mice treated with A-miR-429 or its control compared to WT mice
(Supporting Information Fig. S5).

Taken together, these results demonstrate that inhibition of
miR-429-3p by A-miR-429 ameliorates the hippocampal CA1 LTP
impairment and memory decline in AD model mice.

4. Discussion

Our recent report has found that MKP-1 is markedly down-
regulated, and genetic overexpression of MKP-1 is able to inhibit
the expression of both APP and BACE1 by inactivating the
extracellular signal-regulated kinase 1/2 (ERK1/2)/MAPK
signaling pathway, thereby reducing Ab production in AD model
mice15. However, the upstream signals leading to the down-
regulation of MKP-1 expression in AD are not very clear. In recent
years, a growing body of evidence has demonstrated that miRNAs,
a class of small non-coding RNAs w22 nucleotides in length,
perform their biological functions by inactivating specific gene
expression through either degradation of the target mRNA or direct
inhibition of translation37,38. Approximately 70% of known miR-
NAs are expressed in the human nervous system and are closely
related to neuronal development, learning and memory, synaptic
plasticity, neuroinflammation and so on39,40. Recent research
progress has shown that several miRNAs are aberrantly expressed
in patients with AD or AD mouse models41e43. Therefore, it is
reasonable to speculate that inhibition of miRNAs that directly bind
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to the MKP-1 may benefit AD. Several previous studies have
revealed that miR-101 regulates the innate immune responses of
macrophages to LPS19 and exerts proinflammatory effect44 through
targeting MKP-1, whereas we did not observe any difference in the
expression of miR-101 in the brain between APP23/PS45 double
transgenic mice and their littermate controls in the present study. It
has been reported that miR-429 is overexpressed in the hippo-
campus of 3xTg AD mouse model of AD45 and in the cerebral
cortex of APP/PS1 mouse model of AD46, while knockdown of
miR-429 attenuates Ab-induced cytotoxicity by targeting SOX2
and BCL2 in mouse cortical neurons46. Nonetheless, contradictory
reports challenge these findings. Liu and colleagues47 reported that
miR-429 is downregulated in the hippocampus of APP/PS1 trans-
genic mice compared with the WT controls and possibly targets the
30UTR of App. Given this controversy, it is essential to determine
the expression of miR-429 in different AD mouse models and cells
and its further potential mechanisms in AD. In this study, we found
that miR-429-3p was significantly upregulated in the hippocampus
of APP23/PS45 mouse model of AD and N2AAPP cells, and
directly targeted the 30 UTR of Mkp-1 and repressed its expression
(Fig. 1). Inhibition of miR-429-3p by its antagomir (A-miR-429)
succeeded in restoring MKP-1 expression to control level, thereby
reducing Ab generation by suppressing the expression of APP and
its secretases including BACE1 and PS1 (Fig. 2), suggesting that
miR-429-3p inhibition may play a neuroprotective role by directly
targeting MKP-1 in AD. Notably, we also found that in addition to
miR-429-3p, the expression of the miR-200 families such as miR-
200b-3p and miR-200c-3p was markedly upregulated in the mouse
model of AD, which was also contradictory in the previous re-
ports47. Although it binds directly to Mkp-1, miR-200b/c mimics or
antagomirs could not affect the expression of MKP-1 (Fig. S2).
Therefore, its underlying mechanisms need to be addressed in
future studies.

AD is an age-related neurodegenerative disease characterized
by progressive memory decline and cognitive dysfunction. Syn-
aptic plasticity, an activity-dependent adjustment in the efficacy
and strength of synaptic transmission between neurons, is widely
thought to contribute to learning and memory. It has been well
documented that Ab could disrupt excitatory synaptic trans-
mission that is mainly medicated by AMPARs, leading to
impairment of synaptic plasticity such as LTP9,48. It is generally
agreed that recruitment and retention of GluA1 and GluA2
AMPARs at synapses are critical for the induction and mainte-
nance of LTP25,49,50. Given that A-miR-429 is able to reduce Ab
generation by inhibiting the amyloidogenic processing of APP
(Fig. 2), it is reasonable to speculate that A-miR-429 may improve
hippocampal LTP through maintaining GluA1-GluA2 AMPARs at
the postsynapses. Indeed, we here found that synaptic amounts of
both GluA1 and GluA2 were significantly decreased in the hip-
pocampus of AD model mice compared to WT mice, while
A-miR-429 administration restored the expression of GluA1, but
not GluA2, to control level at the postsynapses (Fig. 3). In addition
to the amount of AMPARs, phosphorylation of two sites on the
GluA1 subunit, serine 831 (GluA1 S831) and serine 845 (GluA1
S845), recruits AMPARs to the synapse to potentiate AMPAR
ion channel function51,52. Mutations that disable both phosphor-
ylation sites increase AMPAR internalization53, and consequently
impair hippocampal CA1 LTP together with long-term retention
of spatial memory task30 as well as appetitive incentive learning54

in mice. Consistent with a previous report55, we found a marked
reduction in phosphorylation of GluA1 in the early stage of AD in
the present study (Fig. 3). Meanwhile, in line with our results
(Fig. 3), several lines of evidence also indicate that GluA1
phosphorylation on Ser831 (pGluA1 S831), but not GluA1
Ser845 (pGluA1 S845), is essential for LTP production56.
Although it is well studied that the phosphorylation of GluA1
S831 is mediated by Ca2þ/calmodulin-dependent protein kinase
II (CaMKII) or protein kinase C (PKC)57,58, Ras-ERK1/2
signaling is also thought to be crucial for AMPAR recruitment
to spines following LTP induction, as inhibition of Ras or ERK1/2
blocks phosphorylation of GluA1 and LTP production59. However,
ERK1/2 is hyperactivated in the late stage of AD, and inhibition of
ERK1/2 overactivation by MKP-1 can reverse memory decline in
AD model mice15. It is therefore reasonable to speculate that in
the late stage of AD, hyperactivated ERK1/2 leads to an excessive
increase in pGluA1 S831, which subsequently may induce
impairment of GluA1 trafficking and synaptic localization.
Indeed, we here report that the pGluA1 S831 was dramatically
increased in the brain of AD model mice, which can be restored
by A-miR-429 treatment (Fig. 3). We have found U0126, an
ERK1/2 inhibitor, could significantly decrease the level of phos-
phorylation of GluA1 S831 and promote the surface expression of
GluA1. More importantly, A-miR-429, as the regulator of MKP-1,
could devitalize ERK1/2 and reduce the phosphorylation level of
GluA1 S831, thereby increasing surface GluA1-containing
AMPARs in N2AAPP cells (Fig. 4). In addition to directly phos-
phorylating GluA1 at the S831 site, ERK1/2 may also activate
other kinases, such as PKC by inducing translocation of PKC to
the plasma membrane60. Similar to the hypophosphorylation of
GluA1 S831 inhibiting its trafficking and redistribution, hyper-
phosphorylation of GluA1 S831 can also disrupt its normal traf-
ficking process. For example, nitrosylation of GluA1 at cysteine
875 induces the phosphorylation of GluA1 on S831 site, leading to
endocytosis of the GluA1-containing AMPARs by increasing re-
ceptor binding to the AP2 protein of the endocytotic machin-
ery61,62. In addition, hyperphosphorylation of GluA1 S831 does
not affect AMPAR-trafficking-vesicle transport speed, but causes
more vesicles to pause63. Disruption of GluA1 phosphorylation,
especially at site of S83129,64,65, inhibits the increase in GluA1
number and GluA1 exocytosis frequency in both postsynaptic
and extrasynaptic membranes66. Combined with the latest
research advances, our results suggest that miR-429-3peMKP-
1eERK1/2-mediated hyperphosphorylation of GluA1 S831 dis-
rupts its normal trafficking, thereby reducing the surface expres-
sion of GluA1 in AD. However, whether GluA1 endocytosis is
increased or membrane insertion is decreased during this process,
and the underlying molecular mechanisms, need to be further
investigated in the future.

5. Conclusions

Our study demonstrates that the miR-429-3p/MKP-1 signaling
pathway plays a critical role in the pathogenesis of AD (Fig. 7). In
the present study, we found that age-dependent Ab production can
inhibit the expression of MKP-1 through miR-429-3p, which
promotes APP amyloidogenic processing and Ab aggregation
through the ERK1/2 signaling pathway. In turn, increased Ab may
further inhibit MKP-1 by increasing miR-429-3p, thereby forming
a circle. Although the specific mechanism of this circle formation
needs to be further explored, our findings show that inhibition of
miR-429-3p reduces the amyloidogenic processing of APP and
ameliorates synaptic and cognitive functions by upregulating
MKP-1 in a mouse model of AD. Thus, our study provides po-
tential therapeutics for treating the learning and memory deficits



Figure 7 Schematic illustration presumed the mechanism of miR-

429-3p in AD. miR-429-3p is significantly increased in AD and

downregulates the expression of MKP-1 through directly binding to its

30UTR, thereby resulting in overactivation of ERK1/2, which leads to

hyperphosphorylation of GluA1 S831. Hyperphosphorylation of

GluA1 S831 disrupts normal trafficking and distribution, resulting in a

reduction of surface GluA1-containing AMPARs, thereby disrupting

synaptic and cognitive functions.
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associated with both patients with AD and aged populations by
intranasal administration of A-miR-429.
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