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MicroRNAs (miRNAs) are small, noncoding RNAs that posttranscriptionally regulate gene expression in many tissues. Although a
number of brain-enriched miRNAs have been identified, only a few specific miRNAs have been revealed as critical regulators of synaptic
plasticity, learning, and memory. miR-9-5p/3p are brain-enriched miRNAs known to regulate development and their changes have been
implicated in several neurological disorders, yet their role in mature neurons in mice is largely unknown. Here, we report that inhibition
of miR-9-3p, but not miR-9-5p, impaired hippocampal long-term potentiation (LTP) without affecting basal synaptic transmission.
Moreover, inhibition of miR-9-3p in the hippocampus resulted in learning and memory deficits. Furthermore, miR-9-3p inhibition
increased the expression of the LTP-related genes Dmd and SAP97, the expression levels of which are negatively correlated with LTP.
These results suggest that miR-9-3p-mediated gene regulation plays important roles in synaptic plasticity and hippocampus-dependent
memory.
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Introduction
Long-term memory formation requires de novo synthesis of
mRNAs and proteins (Martin et al., 2000). Gene expression can

be regulated at multiple stages such as transcriptional initiation,
posttranscription, and translational levels. Recent studies have
shown that microRNAs (miRNAs) posttranscriptionally regulate
gene expression (Bartel, 2004; He and Hannon, 2004). miRNAs
are short nucleotides (�22 nt) regulating the stability and trans-
lation of target mRNAs via complementary binding to 3�-
untranslated regions (3� UTRs), which fine-tunes the expression
of various target genes and orchestrates diverse biological pro-
cesses, including proliferation, development, metabolism, apo-
ptosis, and cell fate decision (Bartel, 2004; He and Hannon, 2004;
Marcuzzo et al., 2015). There is emerging evidence suggesting
that miRNAs play essential roles in synaptic plasticity and mem-
ory in both invertebrates and vertebrates (Schratt, 2009). For
example, forebrain-specific disruption of Dicer1, a key RNase III
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Significance Statement

Despite the abundant expression of the brain-specific microRNA miR-9-5p/3p in both proliferating and postmitotic neurons,
most functional studies have focused on their role in neuronal development. Here, we examined the role of miR-9-5p/3p in adult
brain and found that miR-9-3p, but not miR-9-5p, has a critical role in hippocampal synaptic plasticity and memory. Moreover, we
identified in vivo binding targets of miR-9-3p that are involved in the regulation of long-term potentiation. Our study provides the
very first evidence for the critical role of miR-9-3p in synaptic plasticity and memory in the adult mouse.
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enzyme for miRNA biogenesis, affected the expression of a set of
brain-specific miRNAs and improved performance in learning
and memory tasks in adult mice (Konopka et al., 2010). miR-134,
which is specifically expressed in the brain, was shown to regulate
the size of dendritic spines, excitatory synaptic transmission, and
synaptic plasticity (Schratt et al., 2006; Gao et al., 2010). The role
of another brain-specific miRNA, miR-124, was studied in the
marine snail Aplysia californica (Rajasethupathy et al., 2009). It is
exclusively expressed in the sensory neuron and regulates
serotonin-mediated synaptic plasticity through the regulation of
CREB (Rajasethupathy et al., 2009). In addition to these miRNAs,
several miRNAs are reported to be highly enriched in the brain
(Sempere et al., 2004), but their roles in synaptic plasticity, learn-
ing, and memory are still largely unknown.

A single miR-9 precursor produces two mature miRNAs,
miR-9-5p and miR-9-3p, which are abundantly expressed in both
developing and adult brain (Yuva-Aydemir et al., 2011). miR-
9-5p is evolutionarily highly conserved across vertebrate species
and shows brain-specific expression (Sempere et al., 2004; He et
al., 2012). miR-9-5p was shown to be involved in neurogenesis
(Krichevsky et al., 2006; Leucht et al., 2008; Shibata et al., 2011),
proliferation and differentiation of neural progenitor cells (Zhao
et al., 2009; Delaloy et al., 2010), and axon development (Otaegi
et al., 2011; Dajas-Bailador et al., 2012). The complementary
strand miR-9-3p was also suggested to be involved in neural de-
velopment (Yoo et al., 2009; Yoo et al., 2011; Wei et al., 2013).
Moreover, the expression levels of miR-9-3p are decreased in
neurodegenerative diseases such as Huntington’s and Alzhei-
mer’s disease (Cogswell et al., 2008; Packer et al., 2008). Interest-
ingly, the seed sequence of miR-9-3p is identical to that of the
invertebrate-specific miRNAs miR-4 and miR-79, which implies
the functional importance of miR-9-3p across the species (Lai et
al., 2004). However, the role of miR-9-5p/3p in the adult brain,
especially in synaptic plasticity and memory, remains to be
elucidated.

In the present study, we demonstrate that miR-9-3p, but not
miR-9-5p, is crucially involved in hippocampal synaptic plastic-
ity and memory. Inhibition of miR-9-3p activity using a compet-
itive inhibitor impaired hippocampal long-term potentiation
(LTP) and hippocampus-dependent memory. Furthermore,
miR-9-3p inhibition altered the expression of LTP-related genes,
suggesting that miR-9-3p-mediated gene regulation is critical for
synaptic plasticity and memory.

Materials and Methods
Mice. Male C57BL/6N mice were used for all experiments. The electro-
physiology and behavioral experiments used 4- to 5-week-old and
8-week-old mice, respectively, purchased from Orient Bio. Animals were
housed on a 12/12 h light/dark cycle in standard laboratory cages with ad
libitum access to food and water and were cared for in accordance with
the regulations and guidelines of Institutional Animal Care and Use
Committees of Seoul National University.

Construction of sponge plasmid and adeno-associated virus (AAV) pro-
duction. Oligonucleotides (Integrated DNA Technologies) containing six
bulged binding sites for miR-9-3p and seven bulged binding sites for
miR-9-5p were subcloned into pEGFP-C1 with BglII and HinDIII.
EGFP-miR-9-3p and EGFP-miR-9-5p sponge was subcloned into an
AAV vector with the human synapsin promoter (hSYN) using NheI and
HindIII. For the EGFP-CXCR4 control sponge, a CMV-d2EGFP-
CXCR4 plasmid was purchased from Addgene (plasmid 21967) and sub-
cloned into a pEGFP-C1 vector and then an AAV vector in the same
manner as the EGFP-miR-9-3p sponge. The EGFP-CXCR4 control
sponge has seven bulged binding sites for artificial miRNA based on a
sequence from the CXCR4 gene. AAVs expressing each sponge were

produced as described previously (Choi et al., 2014). Briefly, human
embryonic kidney (HEK)-293T cells were transfected with an AAV vec-
tor expressing each sponge, AAV2/1, and pAdDeltaF6 using calcium
phosphate. AAVs were harvested and purified using an iodixanol (Axis-
Shield) gradient.

Stereotaxic virus injection. Mice were deeply anesthetized with a ket-
amine/xylazine mixture and mounted in a stereotaxic apparatus (Stoelt-
ing). Their eyes were protected by ophthalmic gel. The virus was injected
using a 33-gauge metal needle (Plastics One) connected to a 10 �l Ham-
ilton syringe at a rate of 0.1 �l/min. After the injection, the needle was left
for an additional 7 min before withdrawal. For 3-week-old male mice, 0.5
�l of virus was injected into the CA1 [stereotaxic coordinates: �1.9 mm
anteroposterior (AP), �1.25 mm mediolateral (ML), �1.5 mm dorso-
ventral (DV)]. For 8-week-old mice, two sites in the CA1 of both hip-
pocampi were targeted 0.5 �l of virus injected into each site (site one:
�1.6 mm AP, �1.3 mm ML, �1.6 mm DV; site two: �2.3 AP, �2.0 mm
ML, �1.7 mm DV).

Immunohistochemistry. The AAV-miR-9-3p or AAV-control sponge-
infused mice were perfused with 4% paraformaldehyde (PFA) in PBS.
The brains were removed and kept in 4% PFA overnight at 4°C. Brains
were sectioned with a cryostat at a thickness of 40 �m. Sections were
incubated in a blocking solution (2% goat serum, 0.2% Triton X-100 in
PBS) for 1 h and then incubated with the NeuN (1:1000; Millipore)
antibody in the blocking solution overnight at 4°C. Sections were then
incubated with anti-mouse Alexa Fluor 555 IgG (1:300; Invitrogen) in
blocking solution for 2 h at room temperature (RT). Sections were then
imaged with a fluorescent microscope (IX51; Olympus).

Target gene prediction of brain-enriched miRNAs. To predict the target
genes of miR-9-3p in the mouse hippocampus, a series of bioinformatics
analyses were performed. Among the putative candidates genes predicted
by TargetScan version 6.2, the top 25% were selected based on the con-
text � score (Garcia et al., 2011) and genes with only 6mer sites in their
3� UTRs were removed. To identify genes with highly conserved target
sequences, target sequences including �1 nucleotide were removed with
a �0.5 PhyloP conservation score (phyloP60way, mm10, UCSC genome
browser, http://genome.ucsc.edu; Kent et al., 2002). After further remov-
ing genes in which mRNA expression in the mouse hippocampus did not
fall in the top 10,000 highly expressed genes, the target genes of brain-
enriched miRNAs were obtained. Next, gene ontology and network anal-
ysis was performed using Ingenuity Pathway Analysis (QIAGEN) to
identify the number of genes with functional annotations related to ex-
citatory synapses, LTP, and learning and memory (see Fig. 5A). Among
the target genes of miR-9-3p, genes with loss or gain of function that
induced any changes in LTP were obtained by searching previously pub-
lished literature and �1 PhyloP conservation scores. Seven final target
genes of miR-9-3p were obtained (see Table 1).

Luciferase assay. To validate the miR-9-3p target genes, the 3� UTR was
cloned from each of the putative target genes downstream of the firefly
luciferase coding region in modified pGL3 luciferase reporter vectors
(pGL3-UC). The following primers were used for cloning: Dmd, forward
5�-GCCGTGTAAT TCTAGA GACGGGCTGAAATGTCTAA-3�, reverse
5�-TATCCCGCGG GAATTC CACTTTAATACTTGATGGTTAT-3�;
SAP97, forward 5�-GCCGTGTAAT TCTAGA ATGCAAAATTGTAAAA-
3�, reverse 5�-TATCCCGCGG GAATTC ACTAAATCACTGATTA-3�;
Myh10, forward 5�-GCCGTGTAAT TCTAGA CATTCAGTGACAG-
CAAATCA-3�, reverse 5�-TATCCCGCGG GAATTC ACAGCCAGTA-
CAATTCATAC-3�; Stargazin, forward 5�-GCCGTGTAAT TCTAGA
TAATAAGTGAATTTAC-3�, reverse 5�-TATCCCGCGG GAATTC TT-
GTCTTTACAAGTTC-3�; Lrrtm1, forward 5�-GCCGTGTAAT TCTAGA
CAGCGGGCACCAGGACT-3�, reverse 5�-TATCCCGCGG GAATTC
GATTATGGGGTGGGGTTTT-3�; Cdh2, forward 5�-GCCGTGTAAT
TCTAGA ACGGCAGGACGGACTTG-3�, reverse 5�-TATCCCGCGG
GAATTC GCGTATCACATTTAACTTTC-3�; Ppp3r1, forward 5�-GC-
CGTGTAAT TCTAGA ACAAGAAAGTATCTATATATACA-3�, reverse
5�-TATCCCGCGG GAATTC GTGAAATAAAAGTAAGGATGG-3�. The
vector was a generous gift from Dr. V. Narry Kim (Seoul National Univer-
sity). The mutation of target sequence was produced by mutagenesis kit
(Enzynomics). HEK-293T cells were transfected in 12-well plates with 300
ng of firefly luciferase reporter, 200 ng of pcDNA3-renila luciferase, and a 20
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nM concentration of the synthetic miRNA duplexes or negative control du-
plexes (Bioneer) using Lipofectamine 2000 (Invitrogen). Dual-Glo luciferase
assays (Promega) were performed 24 h after transfection according to the
manufacturer’s instructions. To generate the miR-9-5p/3p expression con-
struct, the miR-9-3p gene was amplified from the genomic locus of mouse
miR-9-3p and cloned into a pcDNA3 vector (Invitrogen).

Electrophysiology. Animals (4- to 5-week-old male mice) were deeply
anesthetized with isoflurane, decapitated, and coronal hippocampal
slices (300 �m thick) were prepared using a vibratome (VT1200S; Leica).
Slices were allowed to recover for at least 1 h in a recovery chamber at RT
with oxygenated artificial CSF (ACSF) containing the following (in mM):
124 NaCl, 2.5 KCl, 1 NaH2PO4, 25 NaHCO3, 10 glucose, 2 CaCl2, and 2
MgSO4. After recovery, the CA3 region was removed from the slice and
the remaining hippocampal tissue was transferred to a recording cham-
ber and maintained at RT with oxygenated ACSF. For experiments that
examine LTP and basal synaptic properties, the patch-clamp recording
pipettes (3�5 M	) were filled with an internal solution containing the
following (in mM): 145 K-gluconate, 5 NaCl, 10 HEPES, 1 MgCl2, 0.2
EGTA, 2 MgATP, and 0.1 Na3GTP, 280 –300 mOsm adjust to pH 7.2 with
KOH. Picrotoxin (100 �M) was added to the ACSF to block the GABA-
R-mediated currents. EPSCs were evoked at 0.05 Hz and three successive
EPSCs were averaged and expressed relative to the normalized baseline.
Because the LTP was measured using whole-cell recording, the baseline
responses were only recorded for 5 min to minimize the washout effect.
To induce theta-burst LTP, theta-burst stimulations (TBS; five trains of
burst with four pulses at 100 Hz at a 200 ms interval) were repeated four
times at 10 s intervals. For experiments measuring long-term depression
(LTD) and NMDAR-mediated currents, internal solution containing the
following (in mM): 130 CsMeSO4, 5 NaCl, 10 HEPES, 1 MgCl2, 0.5
EGTA, 4 MgATP, 0.3 Na3GTP, 5 QX-314, 280 –300 mOsm adjusted to
pH 7.2 with CsOH was used. LTD was induced with a 1 Hz, 5 min train of
stimulation at �40 mV in the presence of picrotoxin (100 �M). To mea-
sure NMDAR-mediated currents, CNQX (20 �M) and picrotoxin (100
�M) were added to the ACSF. The input– output relationship of NMDA-
receptor-mediated EPSC was recorded at �30 mV. Experiments measur-
ing miniature EPSCs (mEPSCs) and spontaneous EPSCs (sEPSCs) were
performed with internal solution containing the following (in mM): 100
Cs-gluconate, 5 NaCl, 10 HEPES, 10 EGTA, 20 TEA-Cl, 3 QX-314, 4
MgATP, and 0.3 Na3GTP, 280 –300 mOsm pH adjusted to 7.2 with
CsOH. Both mEPSCs and sEPSCs were recorded in the presence of pi-
crotoxin (100 �M). For the mIPSC and sIPSC recordings, an internal
solution containing the following (in mM): 145 KCl, 5 NaCl, 10 HEPES,
10 EGTA, 10 QX-314, 4 MgATP, and 0.3 Na3GTP 280 –300 mOsm pH
adjusted to 7.2 with KOH was used. Both mIPSCs and sIPSCs were
recorded in the presence of kynurenic acid (2 �M). For the mEPSC and
mIPSC recordings, 1 �M tetrodotoxin was added. Hippocampal neurons
were voltage-clamped at �70 mV using an Axopatch 200B (Molecular
Devices). Only cells with a change in access resistance �20% were in-
cluded in the analysis. AAV-GFP-sponge expression was confirmed by a
cooled CCD camera (ProgRes MF cool; Jenoptik) and fluorescence mi-
croscope (BX51WI; Olympus). The MiniAnalysis program (Synap-
tosoft) was used for mEPSC, sEPSC, mIPSC, and sIPSC analysis.

Morris water maze. The water maze was made of an opaque gray Plexi-
glas, 140 cm in diameter and 100 cm in height. The maze was filled with
water (22–23°C) to a depth of 30 cm. The water was kept opaque by
adding a small amount of white paint. The hidden platform (a circle 10
cm in diameter) was placed at the center of the target quadrant and
submerged �1.5 cm below the surface of the water. For acquisition of
spatial memory, mice were placed in water and trained to find the hidden
platform. The training consisted of 4 60 s trials per day for 5 consecutive
days. The starting point was randomized for the four trials so that they
were equally distributed among the four maze quadrants. If the mice
failed to find the platform within 60 s, they were guided manually to the
platform by an experimenter and allowed to remain on the platform for
20 s. When the mice found and mounted on the platform, they were
allowed to remain on the platform for 20 s. The intertrial interval (ITI)
was 60 s between trials. The probe trial was performed on day 6 to
measure spatial memory, which consisted of free swimming (60 s) with-

out the platform. For the probe test, mice were placed in the center
of the maze.

Object location memory task. The object location memory task was
performed as described previously (Lee et al., 2014). All experiments
were performed under dim light. Each mouse was handled for 5 min per
day for 4 consecutive days. For habituation, mice were exposed to the
arena, an acrylic box (33 
 33 
 30 cm), for 15 min for 2 d without
the objects. A black, triangle-shaped sticker was placed on one side of the
arena to provide a visual anchor. During the training session, mice were
allowed to explore two identical objects for 10 min. For the test session,
24 h after training, one of the objects was placed at the same location as
the training session (nondisplaced object), but the other was moved to a
new location (displaced object) and then mice were placed back into the
arena for 5 min. Switching the placement of the objects was randomly
counterbalanced. Training and test sessions of the task were recorded
with a digital camera placed above the arena. The exploration time was
manually counted to be the amount of time the mice spent sniffing or
exploring the object within 1 cm of the object. The discrimination index
was calculated as ([displaced object exploration time/total object explo-
ration time] 
 100). All sessions of the task and analysis were performed
blindly. Mice that showed �65% preference for any object during the
training session were excluded from the analysis.

Trace fear conditioning. Trace fear conditioning was performed as de-
scribed previously (Lim et al., 2014). White noise (15 s, 3 kHz, 75 dB) was
used as the conditioned stimulus (CS) and electrical foot shock (0.5 s, 0.5
mA) was used as the unconditioned stimulus (US). For trace training,
mice were exposed to the conditioning chamber for 60 s and subjected to
seven CS-trace–US–ITI trials (trace, 30 s; ITI, 210 s). The next day, mice
were exposed to the novel context, which was changed to octagonal walls,
a different grid, vanilla scent, and red light. The memory test consisted of
a 60 s acclimation period followed by seven CS-ITI trials (ITI, 210 s). All
behavioral tests were performed in the conventional conditioning cham-
ber and analyzed by the FreezeFrame system (Coulbourn Instruments).

Open-field task. Mice were allowed to explore the arena, an opaque
white box (40 
 40 
 40 cm), under dim light. The movement of each
mouse in the central (within 10 
 10 cm and 20 
 20 cm) and peripheral
area was recorded for 10 min. All data were recorded and analyzed with
EthoVision 3.1 (Noldus).

Elevated zero maze task. The elevated zero maze is a modified version of
the elevated plus maze that avoids the ambiguity of time spent in the
central square of the elevated plus maze. The maze was made of white
Plexiglas. Two opposite open and closed quadrants (15 cm walls enclosed
two opposing closed quadrants) were placed on circular platform (50 cm
diameter, 5 cm width). The platform was elevated 65 cm above ground
level. Mice were placed in the center of the closed quadrants and the time
spent in each quadrant was recorded for 5 min under fluorescent lights
with EthoVision 3.1 (Noldus) software.

Western blots. The expression of the AAV-miR-9-3p, AAV-miR-
9-5p or AAV-control sponge was confirmed by fluorescence micros-
copy and only the CA1 regions expressing EGFP were collected and
frozen in liquid nitrogen for Western blot analysis. Samples were
homogenized using the TissueLyser LT (QIAGEN) with homogeni-
zation buffer (320 mM sucrose, 10 mM HEPES, pH 7.4) containing
protease inhibitor mixture (Roche). The homogenized suspension
was centrifuged at 1000 
 g for 10 min at 4°C. The supernatant was
centrifuged at 12,000 
 g for 20 min at 4°C to obtain the pellet (the
crude synaptosomal membrane). The pellet was resuspended in RIPA
buffer (20 mM HEPES, 0.15 mM NaCl, 1% Triton X-100, 1% sodium
deoxycholate, 1% SDS, 1 mM dithiothreitol, pH 7.5) containing pro-
tease inhibitor mixture, followed by rotation (1 h, 4°C) and centrifu-
gation (10,000 
 g 15 min, 4°C). The supernatant was collected and
its protein level was measured by a BCA protein assay (Pierce). Equal
amounts of protein were subjected to SDS-PAGE and Western blots
with the following antibodies: Dmd (1:200, sc-73592; Santa Cruz
Biotechnology), SAP97 (1:1000, 75-030; Neuromab), and pan-
cadherin (1:20,000, sc-59876; Santa Cruz Biotechnology).
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Results
Inhibition of miR-9-3p impairs LTP
LTP at the hippocampal Shaffer collateral-CA1 (SC-CA1)
synapses is thought to be a key mechanism underlying hip-
pocampus-dependent long-term memory (Bliss and Col-
lingridge, 1993; Lee, 2014). We investigated the role of endoge-
nous miR-9-5p/3p in LTP at the SC-CA1 synapses using the
miRNA sponge, which consists of a transcript containing multi-
ple tandem miRNA-binding sites and works as a competitive
decoy target for the endogenous miRNA (Ebert et al., 2007).

First, we designed an miR-9-3p sponge expressing the EGFP
genes with 3� UTR containing six bulged miR-9-3p-binding sites.
A sponge construct containing the EGFP genes with 3� UTR con-
taining seven bulged artificial miRNA-binding sites that are not
target sequences of any known miRNA was used as a control. To
validate the efficacy of miRNA sponges, we performed a lu-
ciferase assay in HEK-293T cells. miR-9-3p sensor expresses fire-
fly luciferase, which can be regulated via the miRNA target
sequence in its 3� UTR. Among three genetic loci encoding miR-
9-5p/3p in mammals (miR-9-1, miR-9-2, and miR-9-3), we
cloned miR-9-2 due to its most abundant expression in mouse
brain (Shibata et al., 2011). Overexpression of miR-9-2 reduced
the activity of the firefly luciferase, which was reversed by
cotransfection of miR-9-3p sponge (n � 5 per group, one-way
ANOVA, F(2,12) � 86, p � 0.0001; Fig. 1A). These data show
clearly that the miR-9-3p sponge suppresses the activity of miR-
9-3p. We generated AAV vectors encoding the miR-9-3p sponge
and the control sponge under the control of synapsin promoter
(Fig. 1B), which were stably expressed in dorsal hippocampus
(Fig. 1C). Then, we investigated the role of miR-9-3p in hip-
pocampal LTP using AAV-miRNA sponge. Two weeks after in-
jection of the AAV-miRNA sponges into the dorsal CA1 region of
hippocampus, we performed whole-cell patch-clamp recordings.
miR-9-3p sponge expression significantly reduced the level of
theta-burst-induced LTP compared with the control sponge or
naive group (Fig. 1D). Statistical analysis of the EPSC amplitude
of the last 5 min of recording showed significant impairment of
LTP in miR-9-3p sponge-expressing group (last 5 min of record-
ing: control, n � 6 cells from 3 mice; miR-9-3p, n � 9 cells from
6 mice; naive, n � 7 cells from 5 mice; one-way ANOVA, F(2,19) �
9.514, p � 0.0014; Tukey’s multiple-comparison test, control vs
miR-9-3p, miR-9-3p vs naive, p � 0.01; Fig. 1E). In addition to LTP,
we also investigated whether miR-9-3p sponge expression affects
LTD in the CA3–CA1 synapse of the hippocampus (Fig. 1F). We
found that inhibition of miR-9-3p has no significant effect on LTD
(last 5 min of recording, control, n � 9 cells from 4 mice, miR-9-3p,
n � 7 cells from 3 mice, unpaired two-tailed t test, t(14) � 0.6813, p �
0.5068; Fig. 1G). Next, we examined the role of miR-9-5p in hip-
pocampal LTP. Luciferase assay confirmed that miR-9-5p sponge
inhibited miR-9-5p activity (n � 4 per group, one-way ANOVA,
F(2,9) � 376.2, p � 0.0001; Fig. 2A). Unlike miR-9-3p, inhibition of
miR-9-5p had no effect on the level of theta-burst LTP (last 5 min of
recording, control, n � 12 cells from 7 mice, miR-9-5p, n � 14 cells
from 6 mice, unpaired two-tailed t test, t(24) � 0.8454, p � 0.4062;
Fig. 2B,C), demonstrating that only miR-9-3p, not miR-9-5p, is
involved in hippocampal LTP.

Inhibition of miR-9-3p does not affect membrane excitability
and basal synaptic transmission
We examined the effect of blocking miR-9-3p activity on intrinsic
membrane excitability. Action potentials were measured after
applying step current pulses in CA1 pyramidal neurons. There
were no significant differences in the number of action potentials

between groups, suggesting that miR-9-3p sponge expression
does not affect the membrane excitability (n � 6 cells from 3 mice
per group, two-way ANOVA, F(4,45) � 0.11, p � 0.9786; Fig. 3A).
Next, we examined basal synaptic strength and presynaptic trans-
mission by measuring the input– output relationship and paired-
pulse facilitation ratio, respectively. We found that inhibition of
miR-9-3p affect neither the input– output relationship nor the
paired-pulse facilitation ratios (input– output relationship, con-
trol, n � 8 from 3 mice, miR-9-3p, n � 6 from 3 mice, naive, n �
7 from 3 mice, two-way ANOVA, F(12,126) � 0.07, p � 1.0000;
paired-pulse facilitation ratios, n � 6 cells from 3 mice per group,
two-way ANOVA, F(8,75) � 0.29, p � 0.9680; Fig. 3B,C). We also
measured sEPSCs, sIPSCs, mEPSCs, and mIPSCs to test whether
blocking miR-9-3p activity affects excitatory or inhibitory synap-
tic transmission in CA1 pyramidal neurons. However, we found
that the frequencies and amplitudes of sEPSCs, sIPSCs, mEPSCs,
and mIPSCs were comparable among neurons expressing miR-
9-3p sponge or control sponge, suggesting that inhibition of miR-
9-3p activity has no effect on excitatory and inhibitory synaptic
transmission (sEPSC, control, n � 6 cells from 3 mice, miR-9-3p,
n � 11 cells from 5 mice; mEPSC, control, n � 7 cells from 3
mice, miR-9-3p, n � 9 from 5 mice; sIPSC, control, n � 10 cells
from 5 mice, miR-9-3p, n � 9 cells from 4 mice; mIPSC, control,
n � 11 cells from 5 mice, miR-9-3p, n � 6 cells from 4 mice; Fig.
3D–I). In addition, we investigated whether the miR-9-3p
sponge expression affects NMDA receptor function, which is
known to be critical for LTP induction (Collingridge et al., 1983;
Tsien et al., 1996). We found that inhibition of miR-9-3p did not
affect the input– output relationship (control, n � 8 cells from 3
mice, miR-9-3p, n � 11 cells from 4 mice; two-way ANOVA,
F(5,102) � 0.4, p � 0.8482; Fig. 3J) and I–V plot (control, n � 11
cells from 3 mice, miR-9-3p, n � 12 cells from 4 mice; two-way
ANOVA, F(6,147) � 0.11, p � 0.995; Fig. 3K) of NMDA receptor-
mediated EPSC in the presence of CNQX, suggesting that block-
ing miR-9-3p does not affect NMDA receptor function.

Inhibition of miR-9-3p activity impairs
hippocampus-dependent memory
Next, we examined the behavioral effects of inhibiting miR-9-3p
activity via AAV-miRNA sponge infection in the dorsal CA1 re-
gion of the adult mouse hippocampus. We first tested mice in the
Morris water maze task to examine hippocampus-dependent
spatial memory. Control or miR-9-3p sponge-expressing mice
showed similar escape latencies during the training sessions (con-
trol, n � 9 mice, miR-9-3p, n � 10 mice, repeated-measures
two-way ANOVA, the effect of sponge, F(1,68) � 0.15, p � 0.7062;
Fig. 4A). However, in the probe test in which the platform is
removed from the pool, miR-9-3p sponge-expressing mice spent
significantly less time in the target quadrant than the control
sponge-expressing mice (two-way ANOVA, sponge 
 quadrant,
F(3,68) � 4.44, p � 0.0066; Bonferroni’s post test, target quadrant,
control vs miR-9-3p, p � 0.05; Fig. 4B,C), suggesting that block-
ing miR-9-3p activity impairs spatial memory. Second, the mice
were examined in the object-location recognition task, which
exploits the innate nature of mice to explore spatially novel ob-
jects and is known to be hippocampus dependent (Oliveira et al.,
2010). The miR-9-3p sponge-expressing mice failed to recognize
the displaced object, whereas the control sponge-expressing mice
showed a significant preference for the displaced object (control,
n � 8 mice, one-sample paired t test, t(7) � 4.069, p � 0.0048;
miR-9-3p, n � 9 mice, one-sample paired t test, t(8) � 0.9769, p �
0.3572; Fig. 4D). Finally, we examined the effect of miR-9-3p
inhibition on fear memory in trace fear-conditioning task, a
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more demanding hippocampus-dependent behavioral learning
paradigm requiring temporal processing and attention (Huerta
et al., 2000; Zhao et al., 2005; Lim et al., 2014). Control and
miR-9-3p sponge-expressing mice displayed similar freezing lev-

els during the trace fear-conditioning training sessions (control,
n � 20 mice, miR-9-3p, n � 19 mice, repeated-measures two-
way ANOVA, sponge 
 day, F(7,259) � 0.72, p � 0.656; Fig. 4E).
When trace memory was measured 24 h after trace fear condi-

Figure 1. AAV-miR-9-3p sponge-mediated miR-9-3p inhibition blocks hippocampal LTP. A, Luciferase assay showing that the miR-9-3p sponge specifically suppresses the activity of miR-9-3p (*p�0.05,
***p�0.001, n�5 per group, Tukey’s multiple-comparisons test after significant 1-way ANOVA). The expression of miR-9-2, a genetic locus encoding miR-9-5p/3p, inhibited the expression of the miR-9-3p
sensor, which rescued by cotransfection of the miR-9-3p sponge. B, Schematic diagrams of AAV-miR-9-3p-sponge. Six bulged miR-9-3p-binding sites were contained in the 3� UTR of the EGFP gene. C,
Representative fluorescence images showing EGFP expression in hippocampus 4 weeks after injection of AAV-miR-sponge. Scale bar, 300 �m. D, Theta-burst LTP recordings were significantly impaired in
miR-9-3p sponge-expressing neurons. E, Summary graph representing the average EPSC amplitudes of the last 5 min of recording in naive, control sponge, and miR-9-3p sponge groups (last 5 min of recording,
control, n � 6 cells from 3 mice, miR-9-3p, n � 9 cells from 6 mice, naive, n � 7 cells from 5 mice, **p � 0.01, Tukey’s multiple-comparisons test after 1-way ANOVA). F, Hippocampal LTD was comparable
between control and miR-9-5p sponge-expressing neurons. G, Summary graph representing the average EPSC amplitudes of the last 5 min recording in control sponge and miR-9-3p sponge groups (last 5 min
of recording, control, n � 9 cells from 4 mice, miR-9-3p, n � 7 cells from 3 mice, unpaired two-tailed t test, t(14) � 0.6813, p � 0.5068). Data are mean � SEM.
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tioning, however, the miR-9-3p sponge group showed signifi-
cantly less freezing compared with the control sponge group
during test sessions (control, n � 20 mice, miR-9-3p, n � 19
mice, repeated-measures two-way ANOVA, sponge 
 day,
F(7,259) � 2.02, p � 0.0526; last 4 test sessions, sessions 4 –7,
unpaired two-tailed t test, t(6) � 2.998, p � 0.0241; Fig. 4F,G).
AAV-miR-9-3p-expressing mice showed significantly impaired
memory in all of three different hippocampus-dependent tasks.
These results clearly indicate that miR-9-3p has a critical role in
hippocampus-dependent memory. Importantly, miR-9-3p
sponge expression did not alter either anxiety level or locomotor
activity (Fig. 4H–J).

miR-9-3p suppresses the expression of LTP-related genes
Combining results from the electrophysiological and behavioral
experiments strongly suggest that miR-9-3p has a critical role in
regulating gene expression related to LTP and memory. To iden-
tify molecular targets of miR-9-3p, we performed a series of
bioinformatic analyses (Fig. 5A). We first predicted 998 tentative
target genes of miR-9-3p using TargetScan algorithm. Among the
predicted targets, mRNAs harboring evolutionarily conserved
miR-9-3p target sequence (224 genes) and expressed in the hip-
pocampus (172 genes) were subjected to the Ingenuity Pathway
Analysis to identify the genes with functional annotations related
to LTP and memory. We found seven genes as final candidate
target genes of miR-9-3p (Table 1). A comprehensive literature
search also revealed that the gain or loss of function of each
candidate target gene affects LTP (see Table 1, LTP change by
gene manipulation).

We validated that miR-9-3p suppresses the expression of
luciferase reporter constructs containing the 3� UTRs of can-
didate target genes in in vitro luciferase assays [n � 4 – 6 for
each group, two-way ANOVA, miR-9-3p 
 mutation; Dmd,
F(1,20) � 5.91, p � 0.0245; SAP97, F(1,20) � 9.59, p � 0.0057;
Stg, F(1,20) � 14.97, p � 0.001; Myh10, F(1,20) � 31.39, p �
0.0001; Cdh2, F(1,12) � 8.95, p � 0.0112; Lrrtm1, F(1,12) � 27.5,
p � 0.0002; Ppp3r1, F(1,12) � 7.06, p � 0.0209; Bonferroni’s
post tests, 3� UTR (wt) � control siRNA versus 3� UTR (wt) �
miR-9-3p, **p � 0.01, ***p � 0.001; Fig. 5 B, C]. For six of the
seven candidate target genes, miR-9-3p suppressed the trans-

lation of luciferase reporter. The mutation of target sequence
within 3� UTRs diminished the effect of miR-9-3p, indicating
the specific binding of miR-9-3p to the 3� UTR of candidate
target genes.

Dmd and SAP97 are novel molecular targets of miR-9-3p
Based on the role of miRNAs in translational repression, inhibi-
tion of miR-9-3p via miRNA sponge should increase the expres-
sion of target gene. The increased expression level of target gene
may impair hippocampal LTP. Therefore, we hypothesized that
the genuine targets of miR-9-3p were negatively correlated with
LTP. Among the seven candidate target genes, Dmd (also known
as dystrophin) and SAP97 (also known as Dlg1) showed negative
correlation with LTP. Therefore, we focused on Dmd and SAP97
as molecular targets of miR-9-3p.

Bioinformatic analysis identified that both Dmd and SAP97
3� UTRs contain a highly conserved miR-9-3p target sequence
(Fig. 6A,D). To validate whether Dmd and SAP97 are genuine
targets of miR-9-3p in vivo, we expressed control and miR-9-3p
sponge in the dorsal CA1 region for 4 weeks and performed West-
ern blots with only the CA1 regions expressing EGFP. We con-
firmed that the protein levels of Dmd and SAP97 in the
hippocampus were significantly increased by inhibiting miR-
9-3p (Dmd, control, 100.0 � 14.0%, n � 7 hippocampi, miR-9-
3p, 156.2 � 14.9%, n � 8 hippocampi, unpaired two-tailed t test,
t(13) � 2.724, p � 0.0173; SAP97, control, 100.0 � 1.2%, n � 5
hippocampi, miR-9-3p, 125.2 � 7.8%, n � 4 hippocampi, un-
paired two-tailed t test, t(7) � 3.606, p � 0.0087; Fig. 6B,E).
Conversely, inhibition of miR-9-5p did not alter the protein lev-
els of Dmd and SAP97 (Dmd, control, 100.0 � 12.4%, n � 4
hippocampi, miR-9-5p, 112.1 � 18.6%, n � 4 hippocampi, un-
paired two-tailed t test, t(6) � 0.5428, p � 0.6068; SAP97, control,
100.0 � 4.1%, n � 4 hippocampi, miR-9-5p, 100.2 � 11.2%, n �
4 hippocampi, unpaired two-tailed t test, t(6) � 0.01657, p �
0.9873; Fig. 6C,F), suggesting that miR-9-3p specifically regu-
lates the expression of Dmd and SAP97. Together, our results
suggest that miR-9-3p regulates LTP and memory by maintain-
ing optimal expression levels of LTP-related genes such as Dmd
and SAP97.

Figure 2. AAV-miR-9-5p sponge-mediated miR-9-5p inhibition has no effect on hippocampal LTP. A, Luciferase assay showing that the miR-9-5p sponge specifically suppresses the activity of
miR-9-5p (***p � 0.001, n � 4 per group, Tukey’s multiple-comparisons test after significant 1-way ANOVA). B, Theta-burst LTP was comparable between control and miR-9-5p sponge.
C, Summary graph represents the average EPSC amplitudes of the last 5 min recording in control and miR-9-5p sponge groups (control, n � 12 cells from 7 mice, miR-9-5p, n � 14 cells from 6 mice,
unpaired 2-tailed t test, t(24) � 0.8454, p � 0.4062). Data are mean � SEM.
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Discussion
Our results demonstrate that miR-9-3p is critically involved in
hippocampal LTP and long-term memory. The miR-9-5p/3p
gene is ancient in evolution and well conserved. Drosophila has
five genes corresponding to miR-9-5p/3p and most vertebrate
species have several copies of this gene, which implies the func-
tional importance of miR-9-5p/3p (Wheeler et al., 2009). So far,
most of functional studies on miR-9 have highlighted their roles
in neuronal development (Leucht et al., 2008; Otaegi et al., 2011;

Shibata et al., 2011; Dajas-Bailador et al., 2012). For example,
miR-9-2/miR-9-3 double knock-out mice in which both miR-
9-5p and miR-9-3p are reduced showed defects in neurogenesis
and abnormal telencephalic structures (Shibata et al., 2011).
However, miR-9-5p and miR-9-3p are abundantly expressed, not
only in neural progenitors, but also in postmitotic neurons
(Yuva-Aydemir et al., 2011; Liu et al., 2012). Interestingly, the
miR-9 level was shown to be decreased in the postmortem brains
of Huntington’s disease patients (Packer et al., 2008) and Alzhei-

Figure 3. AAV-miR sponge-mediated inhibition of miR-9-3p activity has no effects on basal synaptic properties and NMDAR-mediated synaptic transmission. A, Number of action potentials
generated by current injection (n � 6 for each group). B, Input– output relationship (n � 7, naive; n � 8, control sponge; n � 6, miR-9-3p sponge). C, Paired-pulse ratio at the indicated
interstimulus intervals (n � 6 for each group). D–F, sEPSCs and mEPSCs from CA1 pyramidal neurons expressing control sponge or miR-9-3p sponge. D, Representative sEPSC recording traces. Scale
bars, 25 pA and 200 ms. Graphs show sEPSC (n � 6, control sponge; n � 11, miR-9-3p sponge) and mEPSC (n � 7, control sponge; n � 9, miR-9-3p sponge) frequency (E) and amplitude (F ). G–I,
sIPSCs and mIPSCs from CA1 pyramidal neurons expressing control sponge or miR-9-3p sponge. G, Representative sIPSC recording traces. Scale bars, 50 pA and 200 ms. Graphs show sIPSC (n � 10,
control sponge; n � 9, miR-9-3p sponge) and mIPSC (n � 11, control sponge; n � 6, miR-9-3p sponge) frequency (H ) and amplitude (I ). J, Input– output relationship of NMDAR-mediated EPSCs
(n � 8, control sponge; n � 11, miR-9-3p sponge). K, NMDAR-mediated I–V plot (n � 11, control sponge; n � 12, miR-9-3p sponge). Data are mean � SEM.
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mer’s disease patients (Cogswell et al., 2008), suggesting that
miR-9 might be involved in normal brain functions in adults.
Recently, Giusti et al. (2014) showed that inhibition of miR-9-5p
using sponge technique impairs dendritic growth and excitatory
synaptic transmission. Interestingly, the miR-9-3p sponge had
no effect on dendritic growth of cultured neurons (Giusti et al.,
2014), which is consistent with our finding that the miR-9-3p
sponge did not affect basal synaptic transmission.

miR-9-3p was shown to control the transition from neural
progenitor to postmitotic neurons by switching the chromatin
remodeling complexes from neural-progenitor-specific BAF
(npBAF) to neuron-specific BAF. Furthermore, suppressing
miR-9-3p activity in postmitotic neurons induced the expres-
sion of BAF53a, which is an npBAF (Yoo et al., 2009; Yoo et al.,
2011), suggesting that miR-9-3p is critical for neuronal differ-
entiation. In the present study, we provide the first evidence
for the adult function of miR-9-3p in mammalian brain using

multiple approaches. First, we used an AAV sponge vector to
inhibit miR-9-3p in vivo and confirmed that miR-9-3p is crit-
ical for LTP, but not for LTD induction. Second, we showed
that inhibition of miR-9-3p in vivo impairs hippocampus-
dependent memory in multiple behavioral tasks. Finally, we
showed that miR-9-3p, but not miR-9-5p, suppresses the ex-
pression of the well known LTP-related genes Dmd and
SAP97. It is interesting that the expression levels of Dmd and
SAP97 have been shown to be negatively correlated with the
LTP level. Dmd-deficient mice showed enhanced LTP (Vail-
lend et al., 2004) and SAP97 overexpression impaired LTP
(Nakagawa et al., 2004; Li et al., 2011).

Absence or mutation in Dmd gene causes membrane insta-
bility in muscles, thereby inducing Duchenne muscular dys-
trophy (DMD), the symptoms of which are severe muscle
degradation and progressive muscular weakness. In addition
to the features of DMD in skeletal muscle, DMD patients also

Figure 4. Inhibition of miR-9-3p activity impairs hippocampus-dependent memories. A–C, AAV-miR-9-3p sponge-expressing mice showed impaired spatial memory in the Morris water maze
test (n �9, AAV-control sponge; n �10, AAV-miR-9-3p sponge). Escape latencies to the platform were similar in control and miR-9-3p sponge groups (repeated-measures 2-way ANOVA, the effect
of sponge, F(1,68) � 0.15, p � 0.7062) (A). Probe test examining time spent in the target quadrant on day 6 showed significant spatial memory deficits in miR-9-3p sponge group (2-way ANOVA,
sponge 
 quadrant, F(3,68) � 4.44, p � 0.0066; Bonferroni’s post tests, *p � 0.05) (B). C, Representative images showing the swimming traces of mice during the probe trial. Dashed circle
indicates the location of removed platform. D, Object location memory was significantly impaired in the miR-9-3p sponge group (n � 8, AAV-control sponge; n � 9, AAV-miR-9-3p sponge,
1-sample paired t test, **p � 0.01). The percentage preference for the displaced objects in the testing session is reported and the dotted line indicates chance (50%) preference. E–G, Trace fear
conditioning was impaired in the miR-9-3p sponge group (n � 20, AAV-control sponge; n � 19, AAV-miR-9-3p sponge). The average freezing duration during training sessions was similar in
control and miR-9-3p sponge groups (repeated-measures 2-way ANOVA, sponge 
 day, F(7,259) � 0.72, p � 0.6560) (E). Average freezing duration during testing sessions (repeated-measures
2-way ANOVA, sponge 
 day, F(7,259) � 2.02, p � 0.0526) (F ). Average freezing duration during testing sessions 4 –7 (unpaired 2-tailed t test, *p � 0.05) (G). H–J, Basal anxiety level and
locomotor activity were intact in both AAV-sponge groups. The elevated zero maze test (n � 10, control sponge; n � 11, miR-9-3p sponge) (H ). Open-field test (n � 10, control sponge, n � 11,
miR-9-3p sponge) (I, J ). Data are mean � SEM.
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show nonprogressive cognitive impairments, which implies
critical roles of Dmd in brain. The animal model of DMD, the
mdx mouse, showed impairment of memory consolidation in
certain behavior tasks (Sicinski et al., 1989; Muntoni et al.,
1991; Vaillend et al., 1995; Vaillend et al., 2004), supporting
the importance of Dmd in cognitive function. Although it
remains unknown whether the miR-9-3p level is altered in
DMD patients, our finding showing downregulation of Dmd
by miR-9-3p may provide new insights for the development of
treatments for cognitive impairment in DMD patients.

SAP97 is the only member of PSD-95-like membrane associ-
ated guanylate kinases (PSD-MAGUKs) that binds directly to the
C-terminus of GluA1 and is involved in AMPA receptor
(AMPAR) trafficking (Leonard et al., 1998; Cai et al., 2002). For
example, Nash et al. (2010) showed that the SAP97–myosin VI
complex plays a critical role in trafficking of AMPARs to syn-
apses; however, its role in excitatory synaptic transmission and
AMPAR trafficking is controversial. Some researchers have re-
ported that overexpressing SAP97 enhances mEPSC frequency or
evoked EPSC amplitude (Rumbaugh et al., 2003; Nakagawa et al.,

Figure 5. miR-9-3p regulates the expression of LTP-related genes. A, Flow chart of bioinformatic analyses. The TargetScan algorithm predicted tentative target genes of miR-9-3p. Further analyses were
performed based on evolutionary conservation of miR-9-3p target sequence and reliable expression in hippocampus. Finally, seven candidate target genes were identified via Ingenuity Pathway Analysis.
Numbers in parentheses indicate the number of counted target genes via each bioinformatics analysis. B, Schematic diagrams of the reporter constructs used for the luciferase assays. C, miR-9-3p suppresses the
expression of the luciferase reporters containing the 3�UTRs of selected LTP-related genes [n�4 – 6 for each group, 2-way ANOVA, miR-9-3p
mutation; Dmd, F(1,20) �5.91, p�0.0245; SAP97, F(1,20) �
9.59, p�0.0057; Stg, F(1,20) �14.97, p�0.001; Myh10, F(1,20) �31.39, p�0.0001; Cdh2, F(1,12) �8.95, p�0.0112; Lrrtm1, F(1,12) �27.5, p�0.0002; Ppp3r1, F(1,12) �7.06, p�0.0209; Bonferroni’s
post tests, 3� UTR (wt) � control siRNA versus 3� UTR (wt) � miR-9-3p, **p � 0.01, ***p � 0.001]. Data are mean � SEM.

Table 1. List of final candidate target genes of miR-9-3p

Gene symbol RefSeq ID Description Typea Context� score Min PhyloPb

LTP change by gene manipulation

Reference(s)Gain of function Loss of function

Dmd NM_007868 Dystrophin, muscular dystrophy 7 mer-m8,
7 mer-m8

�0.2611 1.42, 1.45 ND 1 (Vaillend et al., 1999, 2004)

Dlg1 (SAP97) NM_001252435 Discs, large homolog 1 7 mer-m8 �0.19174 1.95 2 Not affected (Nakagawa et al., 2004;
Howard et al., 2010;
Li et al., 2011)

Myh10 NM_175260 Myosin, heavy polypeptide 10,
non-muscle

8 mer �0.181 3.25 ND (Rex et al., 2010)

Cacng2
(Stargazin)

NM_007583 Calcium channel, voltage-dependent,
gamma subunit 2

8 mer �0.18095 3.36 Serine 9 phosphorylation-dependent
bidirectional synaptic plasticity

(Tomita et al., 2005)

Lrrtm1 NM_028880 Leucine rich repeat transmembrane
neuronal 1

7 mer-m8 �0.17026 1.53 ND 2 (Soler-Llavina et al., 2013)

Cdh2 NM_007664 Cadherin 2 7 mer-A1,
7 mer-A1

�0.16819 1.20, 4.29 ND 2 (Tang et al., 1998;
Bozdagi et al., 2000)

Ppp3r1 NM_024459 Protein phosphatase 3,
regulatory subunit B, alpha isoform
(calcineurin B, type I)

7 mer-A1 �0.13017 2.84 ND Threshold shift (Zeng et al., 2001)

aType of mirna target sequences depending on seed matching (Bartel, 2009).
bMinimum PhyloP conservation score of target sequences.

ND, Not determined.
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2004), whereas others have shown that overexpressing SAP97 has
no effect (Schnell et al., 2002; Schlüter et al., 2006). The effects of
SAP97 overexpression on synaptic transmission seem to be
influenced by many factors, such as isoforms of SAP97 (Schlüter
et al., 2006; Waites et al., 2009), compensation with other PSD-
MAGUKs (Schlüter et al., 2006; Howard et al., 2010), or mature-
ness of synapse (Howard et al., 2010). In the present study, SAP97
was increased by miR-9-3p inhibition, but we could not detect
any changes in excitatory synaptic transmission (Fig. 2). This
result is consistent with a previous result showing no effect of
SAP97 overexpression on synaptic transmission in mature neu-
rons (Howard et al., 2010). Conversely, the effect of overexpress-
ing SAP97 on LTP is clear: when pairing-LTP or chemical LTP
stimulus was given, SAP97 overexpressed neurons showed LTP
deficits (Nakagawa et al., 2004; Li et al., 2011), which is consistent
with our LTP results. Furthermore, we showed that miR-9-3p
inhibition did not affect NMDAR function, suggesting that miR-
9-3p is involved in LTP induction, very likely through regulating
AMPAR trafficking. Depending on the stimulation paradigms,
LTP can be divided into two forms: a PKA and protein-synthesis-
dependent form and a PKA and protein-synthesis-independent
form (Park et al., 2016). The induction of PKA-sensitive LTP
requires multiple episodes of stimuli with proper interepisode
intervals (Woo et al., 2003; Kim et al., 2010; Park et al., 2014; Park
et al., 2016). In our experiments, LTP was induced by TBS with
relatively short intervals, which may not be sensitive to protein
synthesis and PKA inhibitors. Considering that miRNAs regulate
protein translation, it would be of interest to determine whether

miR-9-3p is also involved in the protein-synthesis-dependent
form of LTP.

In conclusion, our results demonstrate the critical role of
miR-9-3p in the normal adult mouse brain; miR-9-3p was shown
to have functions beyond regulating neuronal differentiation and
dendritic development. In addition, our study may provide an
insight into understanding the molecular etiology of cognitive
disorders in which the expression of miR-9-5p/3p is downregu-
lated, such as Huntington’s disease and Alzheimer’s disease.
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