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ABSTRACT

Local control of protein translation is a fundamental process for the regulation of synaptic plasticity. It has
been demonstrated that the local protein synthesis occurring in axons and dendrites can be shaped by
numerous mechanisms, including miRNA-mediated regulation. However, several aspects underlying this
regulatory process have not been elucidated yet.

Here we analyze the differential miRNA profile in cell bodies and neurites of primary hippocampal neurons
and find an enrichment of the precursor and mature forms of miR-218 in the neuritic projections. We show
that miR-218 abundance is regulated during hippocampal development and by chronic silencing or
activation of neuronal network. Overexpression and knockdown of miR-218 demonstrated that miR-218
targets the mRNA encoding the GIuA2 subunit of AMPA receptors and modulates its expression. At the
functional level, miR-218 overexpression increases glutamatergic synaptic transmission at both single
neuron and network levels. Our data demonstrate a key role for miR-218 in the regulation of AMPA-

mediated excitatory transmission and in the homeostatic regulation of synaptic plasticity.



INTRODUCTION

The mammalian brain constantly undergoes structural and functional modifications while interacting with
the external environment. The brain architecture can be modified by adjusting the number and the strength
of the synapses, a process called synaptic plasticity. Fine-tuning of protein turnover plays an essential role

to ensure the steady state level of specific proteins and to adjust the proteome to external signals [1,2].

A number of studies have revealed that the control of protein synthesis and degradation is strictly temporally
and spatially regulated [3]. Cumulative evidence has shown that mMRNAS can be targeted and translated in
specific subcellular areas to create functionally distinct domains independent of the perinuclear control of
MRNA translation [4-6]. mRNA targeting and local translation in dendrites and axons are particularly
important for highly polarized cells as neurons, because they avoid the ectopic expression of an active
protein while it is transported from the soma to neuronal processes and offer the possibility of a quick "on-
demand” local protein synthesis in response to external cues that affect growth, synapse formation and

plasticity [1,7]

Numerous studies have shown that a large fraction of the total transcriptome can be detected in dendrites,
where the machineries for both protein synthesis and protein degradation are also present, including
polyribosomes, ribosome binding proteins (RBPs), components of the ubiquitin proteasome system and

regulatory RNAs, such as microRNAs (miRNAs) [8-13]

MicroRNAs (miRNAs) are a large family of non—coding small RNAs that have emerged as key post-
transcriptional regulators of gene expression [14]. The evolutionarily conserved mechanism which gives
rise to mature miRNAs involves two ordered endonucleolytic cleavages by the RNase I11 enzymes Drosha
and Dicer. Following transcription, Drosha processes the primary miRNA transcript (pri-miRNA) into a
~60-100 nt hairpin structure termed precursor-miRNA (pre-miRNA) [15,16]. Following translocation to
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the cytoplasm, the pre-miRNA is cleaved by Dicer to generate a ~22-nt double-stranded miRNA that is

incorporated into the miRNA-induced silence complex RISC [17].

A number of studies have revealed that miRNAs are actively involved in the regulation of the expression
of synaptic proteins at the cell body level and miRNAs themselves are regulated by synaptic plasticity [18].
Moreover, miRNAs have been shown to regulate local protein synthesis at, or near, synapses [19-21].
Interestingly, mature miRNAs, pre-miRNAs and enzymes for miRNA biogenesis can be localized to
dendritic spines and the enrichment of miRNAs in axons, dendrites or in synaptosomes isolated from
specific brain areas has been reported [22-25]. However, several aspects of the local regulation of the

synaptic proteome and synaptic function by miRNAs have not been elucidated yet.

In this study, we investigated the expression of miRNAs and pre-miRNAs primarily enriched in axons and
dendrites and characterized their role in the regulation of local translation. To define the neuritic miRNA
profile, we mechanically separated neuronal cell bodies from processes and identified a subset of mMiIRNAS
enriched in neuronal processes, including miR-218. By using computational algorithms to predict the
physiological synaptic mMRNA targets, we found that miR-218, among its several synaptic mMRNA targets,
is directed to a conserved miRNA response element (MRE) in the 3° UTR of the GRIA2 gene that encodes
the GIUA2 subunit of AMPA-type glutamate receptors, whose mMRNA is targeted to dendrites [26]. Indeed,
overexpression of miR-218 in primary neurons was followed by upregulation of GIuA2 and a corresponding
boosting of excitatory synaptic transmission at both single neuron and network levels. Moreover, in primary
neurons, chronic deprivation of electrical activity increased, and chronic hyperactivity decreased, miR-218
expression, revealing a function for miR-218 in homeostatic synaptic responses. miR-218 thus emerges as

a novel candidate for miRNA-dependent regulation of synaptic strength and plasticity.

MATERIALS AND METHODS



Cell culture preparations. All experiments were carried out in accordance with the guidelines established
by the European Community Council (Directive 2010/63/EU of 22 September 2010) and were approved
by the Italian Ministry of Health. Primary hippocampal cultures were prepared from wild-type C57 BI16/J
mice (Charles River). All efforts were made to minimize suffering and to reduce the number of animals
used. Mice were sacrificed by CO; inhalation, and 18-day embryos (E18) were removed immediately by
cesarean section. Briefly, enzymatically dissociated hippocampal neurons were plated on 0.4 um pore PET
membrane filter inserts (Corning) or standard glass coated with polyethyleneimine (PEI) (0,1% in 50 mM
sodium borate buffer pH 7.4) (Sigma). Cells were plated at a density of 50,000 cells/cm? in Neurobasal-
Media supplemented with 2% B-27 supplement, 2 mM glutamine and antibiotics (Life Technologies). Cells
were allowed to grow at 37 °C, 5% CO2, 95% humidity for 14 days before harvesting. Neurons were treated
with bicuculline (BiC, 30 UM, Tocris), 4-aminopyridine (4-AP, 100 uM Sigma) and tetrodotoxin (TTX, 1
UM Tocris) for 48 hours before harvesting.

HEK293T were routinely cultured in IMDM, supplemented with 100 units/ml penicillin, 100 pg/ml
streptomycin (Invitrogen), glutamine and 10% heat inactivated FCS (Invitrogen). Cells were maintained at

37 °C in a humidified 5% CO; atmosphere.

Cell transfection and transduction. The mouse GluA2 3’-UTR was amplified from mouse hippocampal
cDNA. The UTR fragment was then inserted into pGL3 promoter vector in which Firefly luciferase
expression is driven through 3’UTR GluA2 sequence (Promega). Neurons were transfected through
electroporation using Mouse Neuron Nucleofector Kit and an Amaxa nucleofector device (program 0-003,
Lonza) before plating. For luciferase assay experiments, neurons were transfected with 3’UTR GluA2-
pGL3 promoter vector together with miR-218, miR-124 mimics, miR-218 inhibitor and scrambled
sequences (indicated in text as Scr) (Ambion) (Supplemental Table S1). The pRL-TK vector expressing
Renilla luciferase was cotrasfected to normalize for transfection efficiency (Promega). Forty-eight hours
after transfection, the luciferase activity was measured using a Dual-Luciferase Assay Kit (Promega)
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according to the manufacturer’s instructions. Luciferase measurements were performed with a Victor3-V
luminometer (PerkinElmer). The results were expressed as the ratio of pGL3 promoter vector over pRL-
TK. A version with a mutated miR-218 or mutated miR-124 MRE within the GluA2 3°’UTR was generated
with the QuikChange site-directed mutagenesis kit (Stratagene) using overlapping PCR (see Supplemental
Table S1 for primer sequences). The production of VSV-pseudotyped third-generation lentiviruses was
performed as previously described [27]. Lentiviral vectors expressing miR-218, miR-218 sponge (indicated
as anti-miR-218) or scrambled sequence were obtained by cloning human U6 promoter and small hairpin
RNA that overexpress miR-218 (miR-218, TTGTGCTTGATCTAACCATGT), inhibit miR-218
(ACATGGTTAGATCAAGCACAA) or scrambled sequences (Scr, GCAGTTATCACGTCTATGTTT)
into FG12 plasmid (Addgene). The expression levels were assessed by GFP fluorescence. Primary
hippocampal neurons were infected at 7 DIV at 10 multiplicity of infection. After 24 hrs, half of the medium

was replaced with fresh medium. All experiments were performed between 14 and 16 DIV.

Sample collection and RNA extraction. Media were aspirated and cell processes were washed in PBS and
rapidly separated from their cell bodies by scraping the bottom (neuritic fraction) and upper surface
(somatic fraction) with a rubber cell scraper in Trizol reagent (Life Technologies). Hippocampal tissues
were obtained from C57 BI6/J mice at the indicated ages and homogenized in Trizol reagent (Life

Technologies). Total RNA was extracted according to manufacturer’s instructions.

Tagman low-density array. Tagman low-density array (TLDA) was performed using TagMan® Array
Rodent MicroRNA A + B Cards Set v2.0 (Applied Biosystems, USA). Samples used were somatic and
neuritic fractions. Briefly, reverse transcription reaction was performed using rodent Megaplex™ RT
primers (Applied Biosystems), which contain a pool of 750 individual miRNA-specific primers, according
to the manufacturer’s instructions. Real-time quantitative PCR (RT-gPCR) was then carried out on an ABI
7900HT real-time PCR machine with the Micro Fluidic Card Block, using pre-defined TLDA thermal
cycling conditions. RT-gPCR data were analyzed using SDS 2.3 and RQ Manager Software (Applied
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Biosystems). To determine an accurate normalization factor for data analysis, we evaluated the expression
stability of various control genes with the GeNorm algorithm available in gBasePlus software (Biogazelle)
[28]. miR-877 and miR-719 were selected as reference genes. Heat map was generated using MeV TM4

software V 4.9 (http://www.tm4.orq).

Real-time PCR Analysis. Total RNA was retro-transcribed using the miScript SYBR Green PCR Kit
(Qiagen) and the SuperScript 11 First-Strand Synthesis System for mRNAs (Life Technologies) according
to the manufacturer’s instructions. Reactions were run on an ABI 7900HT real-time PCR machine. Relative
gene expression was determined using the 22T method [28]. GAPDH and HPRT1 were used as reference

genes. The list of primers used is provided in Supplemental Table 1.

miRNA Target prediction. Three software packages were applied for miRNA target prediction: Pita [29],
TargetScan [30] and PicTar [31]. We considered only targets predicted by all three algorithms. Gene
ontology analysis of miR-218 putative target genes was performed using David software

(https://david.ncifcrf.gov/)

Western bloting analysis. Cells were harvested and lysed in RIPA buffer (50 mM Tris-Cl pH 7.4, 150 mM
NaCl, 2 mM EDTA, NP-40 1% and SDS 0.1%) supplemented with protease inhibitors (complete EDTA-
free protease inhibitors, Roche Diagnostic). Equal amounts of proteins were separated by SDS-PAGE and
blotted onto nitrocellulose membranes (GE Healthcare). The following primary antibodies were used:
polyclonal rabbit anti-GluA2 C-terminal (AGC-005, Alomone); rabbit anti-Gapdh (2118, Cell Signaling),
rabbit anti-Actin (A2066, Sigma). Secondary antibodies were detected by chemiluminescence with the ECL
Western Blotting Detection System (GE Healthcare). Densitometric analysis was performed with Image J

software.


https://david.ncifcrf.gov/

Immunofluorescence Staining. Hippocampal neurons were fixed in phosphate-buffered saline (PBS)/4%
paraformaldehyde for 20 min at RT. Cells were permeabilized with 1% Triton X-100 for 5 min, blocked
with 2% bovine serum albumin in PBS/Tween 20 0.05%for 30 min at RT, and incubated with primary
antibodies in the same buffer for 45 min. The primary antibodies used were mouse anti-Synapsin | (clone
10.22, Millipore) and rabbit anti-GluA2 C-terminal (AGC-005, Alomone). After the primary incubation,
neurons were incubated for 45 min with the secondary antibodies in blocking buffer. Fluorescently
conjugated secondary antibodies were from Molecular Probes (Thermo-Fisher Scientific; Alexa Fluor 568,
A11036; Alexa Fluor 647, A21450). Image acquisitions were performed using a confocal microscope (SP8,
Leica Microsystems GmbH, Wetzlar, Germany) at 63x (1.4 NA) magnification. Z-stacks were acquired
every 300 nm; 10 fields/sample. Offline analysis was performed using the ImageJ software and the JACoP
plugin for colocalization studies. For each set of experiments, all images were acquired using identical
exposure settings. Values were normalized to the relative cell volume calculated on the basis of GFP

reporter gene intensity.

Miniature excitatory post-synaptic currents (mnEPSCs). Whole-cell patch-clamp recordings of AMPA-
mediated miniature EPSCs (mEPSCs) were obtained in the presence of tetrodotoxin (TTX, 1 uM). Patch
pipettes, prepared from thin borosilicate glass (Hilgenberg), were pulled and fire-polished to a final
resistance of 4-5 MQ when filled with standard internal solution. Neurons were infected at 7 DIV and
recorded at 14-18 DIV. mEPSCs were recorded from cultured pyramidal neurons, morphologically
identified by their teardrop-shaped somata and characteristic apical dendrite, using an Axon Multiclamp
700B/Digidatal440A system (Molecular Devices) and an upright BX51WI microscope (Olympus). Cells
were maintained in a standard external solution (Tyrode) containing (in mM): 140 NaCl, 2 CaCl;, 1 MgCly,
4 KCI, 10 glucose, and 10 HEPES (pH 7.3 with NaOH). Unless otherwise indicated, D-(—)-2-amino-5-
phosphonopentanoic acid (D-APV; 50 uM; Tocris), bicuculline methiodide (30 uM, Tocris) and ((2S)-3-
[[(1S)- 1-(3,4-Dichlorophenyl) ethyllamino-2-hydroxypropyl] (phenylmethyl) phosphinic acid
hydrochloride; CGP58845 hydrochloride; 5 uM), and TTX (300 nM) were added to the Tyrode external
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solution to block N-methyl-D-aspartate (NMDA) GABAARs, GABABRSs, and voltage gated Na* channels,
respectively. The standard internal solution contained (in mM): 126 K-gluconate, 4 NaCl, 1 MgSO4, 0.02
CaCly, 0.1 BAPTA, 15 glucose, 5 HEPES, 3 ATP, and 0.1 GTP (pH 7.2 with KOH). Experiments were
performed at 22-24 °C, and miniature EPSCs were acquired at 20 kHz sample frequency and filtered at
half the acquisition rate with an 8-pole low-pass Bessel filter. Recordings with leak currents > 100 pA or
access resistance > 20 MQ were discarded. The EPSCs analysis was performed using the Minianalysis
program (Synaptosoft, Leonia, NJ and the Prism software (GraphPad Software, Inc.). The amplitude and
frequency of mEPSCs were calculated using a peak detector function with a threshold amplitude set at 4

pA and a threshold area at 50 ms*pA.

Multielectrode array electrophysiology. Hippocampal neurons were plated onto 12-well MEA plates (768-
GL1-30Au200 from Axion BioSystems). Plates were incubated overnight with poly-L-lysine (0.1 mg/ml;
Sigma-Aldrich), washed three times with distilled water, dried and coated with laminin for 2 hrs.
Dissociated hippocampal neurons were plated at a final density of 80,000 neurons per well and maintained
at 37 °C in 5% CO,. Spontaneous network activity was recorded for 15 min at 14 DIV using the Axion
Biosystems Maestro MEA at 37 °C at 12.5 kHz sample frequency. A Butterworth band-pass filter (200-
3000 Hz) and an adaptive threshold spike detector set at 7x the standard deviation of the noise for each
channel were used during recordings. No spike sorting procedure was carried out. Electrodes were
considered as active if they had at least 5 spike/min [32]. Data were analyzed using NeuralMetric Tool 2.0.4
(Axion Biosystems). Bursts were detected using an interspike interval (I1SI) threshold algorithm for each
channel [33]. The algorithm relies on defining a burst as a collection of at least 5 spikes, each separated by
an IS1 <100 msec (ISI max). Network bursts were identified as a minimum number of 10 spikes on at least
25% of the electrodes with an ISl max of 100 ms were detected. The following parameters were used to
describe the electrical activity: firing rate normalized to the number of active electrodes (weighted firing

rate), overall bursting rate, bursting rate/electrode, burst duration, network burst rate and number of



spikes/burst. Acute application of 6-Cyano-7-nitroquinoxaline-2,3-dione (CNQX, 20 uM Tocris) was

performed to assess the specificity of the effects for glutamatergic transmission.

Data analysis. Results are presented as means + sem from 4 independent preparations. Normal distribution
of data was assessed using the D’ Agostino-Pearson’s normality test. To compare two normally distributed
sample groups, the unpaired Student's t-test was used. To compare more than two normally distributed
sample groups, one-way ANOVA was used, followed by the post-hoc tests (Bonferroni’s test). A value of
p<0.05 was considered significant. Statistical analysis was carried out using SigmaStat 13 (Systat

Software).

RESULTS
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Physically separated cell bodies and processes of cultured hippocampal neurons display a differential
miRNA profile

To identify miRNAs putatively involved in synaptic function, we isolated miRNAs enriched in neuronal
processes, where they could regulate the local translation of crucial mMRNA targets. To define the neuritic
miRNA profile, we used a mechanical approach to separate neuronal cell bodies from their processes
[34,35]. Dissociated hippocampal neurons were grown for 14 days on polyethylene tetraphthalate (PET)
membranes etched with 0.4 um pores. While neuronal cell bodies were constrained on the top surface of
the filters, neuronal processes (including axons and dendrites; hereafter indicated as neuritic fraction) could
extend through the pores and grow on the bottom surface of the membrane (Fig. 1A). To evaluate the purity
of somatic and neuritic fractions, we analyzed transcripts that are selectively enriched in either compartment
by gRT-PCR analysis. Somatically restricted transcripts, such as U6 small nuclear RNA (Rnu6) and
glyceraldehyde-3-phosphate dehydrogenase (GAPDH) were enriched in the somatic fraction, but not in the
neuritic counterpart [36-38]. Conversely, dendrite-specific transcripts, such as microtubule-associated
protein 2 (MAP2) and eukaryotic translation elongation factor 1 alpha 1 (EEF1A1) were enriched only in
the neuritic fraction, confirming the lack of somatic contamination during sample preparation (Fig. 1B)
[39].

To define the global miRNA profile in somatic and neuritic preparations of primary hippocampal neurons,
we analyzed the expression of mature miRNAs using the Tagman Low Density Quantitative Reverse
Transcription PCR arrays (TLDA RT-gPCR). Of 585 mature miRNAs that were profiled, 35% (216 of 585)
were expressed in the processes (cycle threshold, Ct <32). An unsupervised hierarchical clustering analysis
revealed 26 miRNAs differentially regulated between the two fractions (Fig. 1C). Of these, 18 miRNAs
were upregulated (at least 1.5-fold, p < 0.05) and 8 downregulated (at least 0.5-fold; p < 0.05) in the neuritic

compartment as compared to the somatic counterpart (Fig. 1C and Table S2).
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For synaptic compartments located at a distance from the cell body, it may in principle be convenient for a
miRNA-mediated regulation to be independent of de novo pri-miRNA synthesis at the cell body level. Such
independence can be achieved by using synaptically localized pools of pre-miRNAs that can be rapidly
processed on site into mature mMiRNAs when required [40]. To verify this possibility, we investigated the
expression of miRNA precursors (pre-miRs) for the most enriched and depleted miRNAs in the neuronal
processes. JRT-PCR analysis showed that 9 distinct pre-miRNAs were differently expressed between
neuritic and somatic fractions (Fig. 1D). Notably, pre-miR218-1, pre-miR335 and pre-miR376b were
highly expressed in the neuritic fraction, suggesting a possible involvement in the regulation of synaptic

plasticity (Fig. 1D).

Development and activity levels of hippocampal networks affect the expression of neurite-enriched
MiRNAs

Based on the expression levels of pre-miRNAs, we restricted our analysis to the most significantly
upregulated miRNAs. miRNAs involved in the regulation of synaptic transmission and plasticity are likely
to be expressed at high levels during synapse maturation. Thus, we assessed the pattern of expression of
mature and precursor miR-218, miR-335 and miR-376b by RT-qPCR analysis in the hippocampus at
various postnatal ages (P) ranging from 1 to 28 days, a temporal window in which intense synaptogenesis
occurs. miR-218 gradually increased with development, whereas miR-335 and miR-376b exhibited the
highest expression at P14 and then declined at P28 (Fig. 2A). Of note, we observed a parallel significant
increase of pre-miR-218-1 expression at P14 and P28, whereas pre-miR-335 and pre-miR-376b levels were
unchanged during postnatal development (Fig. 2A).

Next, we investigated whether miRNA expression was affected by changes of neural network activity. To
test this hypothesis, we applied either the Na" channel blocker tetrodotoxin (TTX) to chronically silence
firing activity or the combination of the GABAA receptor antagonist bicuculline and the K* channel blocker
4-aminopyridine (BiC/4-AP) to chronically boost neuronal activity. Remarkably, inhibition of spontaneous
activity following TTX treatment induced a strong increase in miR-218 expression, whereas miR-335 and
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miR376b exhibited a slight but not significant induction (Fig. 2B). On the contrary, sustained elevation of
synaptic activity with BiC/4-AP decreased miR-218 expression without affecting the level of expression of
miR-335 and miR-376b (Fig. 2B). Taken together, these results strongly suggest that miR-218 expression
is bidirectionally modulated by the level of network activity. Therefore, we choose to focus our study on
miR-218.

To identify protein-coding mRNA transcripts harboring miRNA response elements for miR-218 (miR-218
MRE), three bioinformatic programs for prediction analysis were used (PicTar, TargetScan and Pita)
[41,30,29]. All programs identified 159 putative target genes for miR-218 (Fig. 2C). Interestingly, 114 of
the 159 genes (~72%) are brain-expressed genes. Among those, gene ontology analysis revealed a
significant enrichment of genes related to synaptic function and plasticity (Fig. 2D).

Among these genes, we selected the gene encoding for GIuA2 receptor for representing a highly conserved
putative miR-218 target across species from Xenopus to human (Fig. 2E) and a key actor in synaptic
transmission. GIUA2 has a crucial role in fast excitatory transmission. Several studies have shown that
GIluA2 mRNA is expressed in the dendritic compartment and GIuA2 protein is locally synthesized and
regulated by miRNAs [26,42,43,21,44-48]. Thus, this subunit could be an ideal target for the miRNA-

mediated regulation of synaptic plasticity and focused on this target for further analysis.

miR-218 specifically targets the GIUA2 subunit of AMPA glutamate receptors

To determine whether miR-218 regulates GIuA2 mRNA translation, full length 3’UTR of GIuA2 was
cloned downstream of the firefly luciferase gene in a reporter vector (Fig. 3A). We first expressed it in
primary mouse hippocampal neurons together with the miR-218 mimic and measured the resulting
luciferase activity using co-transfected Renilla luciferase to monitor transfection efficiency. Notably, miR-
218 significantly increased the luciferase signal in a dose-dependent manner as compared to the scrambled

control (Scr; Fig. 3B).
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Similar results, albeit at lower concentrations, were obtained in cultured HEK293T cells that do not
endogenously express GIuA2 (Fig. S1A). To verify that the effect was not due to differences in luciferase
MRNA stability, we also analyzed luciferase mRNA levels by RT-qPCR and found no changes following
miR-218 expression (Fig. S2). Furthermore, overexpression of miR-218 inhibitor (anti-miR-218) resulted
in a significant reduction of luciferase signal compared to control conditions (Fig. 3C and Fig. S1B).
Previous studies have demonstrated the inhibitory effect of miR-124 on the GluA2-3’UTR [48,46,47]. We
therefore tested whether miR-218 could be able to counteract the effect of miR-124. Consistent with
previous reports, miR-124 caused a decrease in the luciferase activity of GluA2-3’UTR as compared to its
scrambled control. Interestingly, when both miR-124 and miR-218 were coexpressed in equimolar amounts,
we observed an antagonistic effect on GIluA2-3’UTR, indicating that the translation rate is strictly
dependent on the concentration ratio of the two miRNAs (Fig. 3D).

We next investigated whether the effect of the miR-218 mimic was mediated by the predicted site within
the GIuA2-3'UTR. Point mutations were introduced in the GluA 3’UTR sequence corresponding to miR-
218 MRE (mut-218). When coexpressed with mut-218, miR-218 did not affect the luciferase signal as
compared to Scr sample (Fig. 3D and Fig. S2B). Conversely, miR-124 could still provide inhibition of
GIuA2 translation of mutant miR-218 MRE, even in the presence of the miR-218 mimic (Fig. 3D).
Additionally, we coexpressed a mutated form of the GluA2-3’UTR for miR-124 MRE (mut124) along with
miR-218 or miR-124. miR-218 alone or together with miR-124 increased the rate of translation of GIuA
3’UTR reporter mutated for miR-124 MRE, whereas no significant differences were observed with the
miR-124 mimic as compared to it scrambled control (Scr) (Fig. 3D). Together, these results indicate that
miR-218 increases the translation of GIUA2 receptor and the effect depends on the direct binding to the
3’UTR.

We finally assessed the ability of miR-218 to modify endogenous GIUA2 expression in primary neurons.
We induced lentiviral-mediated overexpression or inhibition of miR-218 with a resulting transduction

efficiency over 85% as deducted by co-expression of the GFP reporter from the same vector (data not
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shown). A vector expressing a scrambled sequence was used as a control (Src) to assess the ability of miR-
218 to affect the abundance of GRIA2 mRNA. We found no effect of miR-218 on GRIA2 mRNA levels as
shown by gRT-PCR analysis, confirming that miR-218-dependent regulation did not change the
transcription rate or the GRIA2 transcript stability (Fig. 3E). On the contrary, consistent with the luciferase
assay data, the expression levels of GIUA2 protein were increased by overexpression and decreased by
inhibition of miR-218, as determined by western blotting on whole cell lysates, soma and neuritic

preparations (Fig. 3F).

miR-218 increases MEPSC amplitude and network activity in hippocampal neurons

To address whether miR-218-mediated regulation of GIuUA2 has any consequence on AMPA-R function,
we monitored GIuA2 expression at the synapse. To evaluate synaptic GIuA2 following miR-218
overexpression, we performed double-labeling for GIuA2 and the presynaptic marker synapsin I. In
accordance with the results obtained from Western blotting, we confirmed the miR-218-induced
upregulation of GIUA2 (Fig. 4A). Additionally, in miR-218-overexpressing neurons, the GIUR upregulation
was associated with an increased expression of synapsin | and an increased colocalization between GIuA2
and synapsin | (Fig. 4A)

To elucidate the physiological role of miR-218 in basal synaptic transmission mediated by AMPA
receptors, we recorded miniature excitatory postsynaptic currents (mEPSCs) in DIV14-16 low-density
hippocampal neurons overexpressing miR-218 or the scrambled sequence therefrom. In the analysis of
MEPSCs, the frequency depends on synaptic density and probability of spontaneous release, while the
amplitude reflects the quantal size that predominantly depends on the expression of postsynaptic receptors.
In accordance with the increase in GluA2 expression, miR218-infected neurons exhibited a significant
increase in MEPSC amplitude as compared to control conditions (Fig. 4A,B), in the absence of significant
changes in mEPSC frequency (Fig. 4C) or kinetics (Fig. 4D,E).

To address the impact of synaptic changes on the regulation of the overall network activity, primary neurons
overexpressing miR-218 or the scrambled sequence therefrom were plated at high density onto
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multielectrode array (MEA) chips and monitored at 14 DIV (Fig. 5A,B). Under these conditions,
hippocampal network develop electrical activity characterized by random spiking associated with isolated
bursts of action potentials that may diffuse to the whole network (network burst), as shown in the raster
plots of the spiking activity recorded over 30 sec from representative Scr- and miR-218-transduced neurons
(Fig. 5C). A significantly increased neuronal activity was present in neuronal networks overexpressing
miR-218 in comparison to those transduced with the scrambled control. Indeed, both the firing and the
bursting rates resulted significantly increased in miR-218-infected neurons, with a consistently higher
number of bursts per electrode and of spikes per burst and no significant change in the burst duration and
in the occurrence of network bursts (Fig. 5D). To ascertain whether the increase in network activity was
indeed caused by a strengthening of excitatory synapses promoted by miR-218, we challenged it by
performing recordings in the presence of the AMPA receptor inhibitor CNQX. Indeed, CNQX prevented
the miR-218 induced increases of network activity, which comparable to the levels of Scr infected neurons
(Fig. S3), indicating the synaptic source of the miR-218-induced increased network activity.

Together, our results indicate that miR-218 plays a positive role in the regulation of excitatory synaptic
transmission likely mediated by a local induction of GIUA2 expression at synaptic level that in turn increases

the overall electrical activity of the neuronal network.

16



DISCUSSION

It is well known that local control of protein synthesis is involved in the expression of several forms of
synaptic plasticity and a number of studies have reported the contribution of miRNAs to this process [18].
For instance, miR-132, miR-138, miR-124 and miR-9 regulate dendrite outgrowth and synapse formation;
miR-128 and miR-125 contribute to synaptic strength and excitability [18]. In this study, we identified a
set of 26 mature miRNAs and 9 precursor miRNAS that are significantly enriched in neuronal processes of
primary hippocampal neurons. miR-218 and its precursor pre-miR-218-1 showed a robust increase,
confirming previous results obtained in forebrain synaptosomes and hippocampal cultures [20]. Moreover,
chronic suppression of neuronal activity increases miR-218 expression and, conversely, chronic
hyperactivity reduces miR-218 expression, suggesting a role of miR-218 in the homeostatic regulation of
synaptic strength. Interestingly, in silico miR-218 target prediction identified a complex repertoire of
MRNAs associated with synaptic transmission and plasticity, including the transcript encoding for the

AMPA receptor subunit, GIUA2.

AMPA receptors are the principal transducers of fast excitatory transmission [49] and GIUAZ2 is a critical
subunit determining AMPA receptor properties, such as calcium permeability, single channel conductance
and rectification [50]. A large body of experimental evidence has shown that GIuA2 plays a role in synaptic
plasticity, as well as in learning and memory [51-54]. Interestingly, GIuA2 mRNA is not only localized in
the soma, but it is also targeted to dendrites, where it can be actively translated into functional receptor
subunits [55,26,42]. GIuUA2 subunit is extensively regulated at the transcriptional and translational level
[49]. GluA2 3°UTR harbors multiple putative MREs and its translation is downregulated by miRNAs such
as miR-181b and miR-124 [56,43,47,48]. Opposite to these miRNAs, we found that miR-218 enhances
GIuAZ2 translation by directly interacting with the 3’UTR of GluA2 leading to an increase of the expression
of the GIuA2 subunit of AMPA receptors. Consistent with this translational effect, we observed that miR-
218 levels positively controls excitatory synaptic strength by increasing the amplitude of single synaptic
currents through an increase of the quantum size. This effect is reflected, at the network level, by an increase
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in the overall activity of primary hippocampal cultures with an enhancement of their firing and bursting
behavior that is directly correlated with the strength and plasticity of excitatory synaptic transmission [57].
Of note, the regulation of miR-218 on GIuAZ2 translation is consistent with previous findings showing that
chronic inhibition of neuronal activity enhances, and hyperactivation decreases, GIuUA2 expression [58-62].
Additionally, several studies have reported that GluA2 receptors increase during postnatal development in
hippocampal neurons [63,64], in parallel with the observed developmental regulation expression of miR-
218.

We demonstrated a functional role for miR-218 in upregulating AMPA receptor-mediated transmission in
hippocampal cultures. An aspect of the study that needs more clarification is the mechanism by which miR-
218 enhances the translation of GIuAZ2. In the general view, binding of a miRNA to its target sequence leads
to mRNA destabilization and translational repression by a plethora of mechanisms [65]. Interference with
cap recognition, translational initiation, ribosomal subunit joining and accumulation in decay bodies (P-
bodies) have been described as key steps in miRNA-mediated downregulation of translation. However,
cumulative evidence has been collected showing that miRNAs are also capable of upregulating gene
expression in specific cell types and under particular cellular conditions. The first clue was obtained in liver
cells, where miR-122 was able to upregulate Hepatitis C Virus RNA [66]. Later studies confirmed that
miRNA pathways can activate translation in quiescent (GO phase) mammalian cells and immature Xenopus
oocytes [67,68]. Recent observations have revealed that RISC composition and mRNA sequence features
create a permissive or non permissive environment to stimulate target translation [69]. The presence or
absence of specific factors in the RISC complex affects the final output on gene expression. For instance,
GW182 is essential for translational repression. Downregulation of GW-182 leads to the incorporation of

FXR1 in the miRNP complex followed by miRNA-mediated gene activation [70].

In addition, sequence features of mRNA targets, mainly length of the poly(A) tail and presence of a 5
terminal oligopyrimidine tract, as well as the ability of miRNAs to compete with repressive pathways have
been proposed as alternative mechanisms to explain how a given miRNA can act bidirectionally as positive
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and negative regulator depending on the specific target [71]. Notably, miR-218 can act also as negative
regulator and several mMRNAS have been experimentally validated as genuine targets, including the RE-1
silencing transcription factor (REST)[72]. REST is a transcriptional repressor of GIuA2 and participates in
synaptic homeostasis by reducing the strength of excitatory synapses [73-76]. Thus, it is possible that miR-
218 exerts a concerted action on GIUA2 translation and AMPA receptor composition through a direct
stimulatory action on the 3’UTR of GluR2 mRNA and by an indirect inhibitory action on the 3’UTR of

REST mRNA that in turn relieves the REST-mediated inhibition of Gria2 transcription.

Taken together, our data extend the number of miRNAs involved in the regulation of AMPA receptor-
mediated transmission and add complexity to the mechanisms regulating synaptic plasticity. Future studies
may clarify the mechanism responsible for miR-218-mediated activation of GIuA2 and reveal the effects

of miR-218 on additional targets present at the synapse.
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FIGURE LEGENDS

Fig. 1. Neuronal cell bodies and processes of primary hippocampal neurons display a differential
mMiRNA profile.

(A) Schematic representation of the transwell system used for the mechanical separation of neurites and
somatic fractions in primary neuronal cultures. A transwell insert with a base made of microporous
membrane (pore size 0.4 um) separates the well into upper and lower compartments. (B) Real-time PCR
analysis of the transcript levels of U6, GAPDH, MAP2 and EEF1A1 in somatic and neuritic fractions.
CaMKIlIo was used as reference gene. Graph shows means + sem (n=4). (C) Heatmap shows differentially
expressed miRNAs between somatic and neuritic fractions in primary hippocampal neurons grown on
porous membranes at 14 DIV. A pseudocolor scale represents the level of miRNA expression (blue, low
expression; red, high expression). miR-877 and miR-719 were used as reference. (D) Real-time PCR
analysis of miRNA precursors that are either enriched or depleted in neuritic preparations with respect to
somatic fractions from hippocampal neurons at 14 DIV. All results are expressed as expression ratios
between neuritic somatic fractions and normalized to the miR-877 and miR-719 expression levels. Data are

means x sem (n=5). *p < 0.05, ** p < 0.01; unpaired Student’s t-test.

Fig. 2. Hippocampal development and network activity affect the expression of neurite-enriched
MiRNAs.

(A) Real time PCR analysis of mature (solid line) and precursor (dashed line) forms of miR-218, miR-335
and miR-376b in mouse hippocampal tissue at postnatal days 1,14 and 28. Data are represented as fold
changes with respect to the values of postnatal day 1 (means + sem, n=5). *p < 0.05, ** p < 0.01; one-way
ANOVA/Dunnett's tests versus P1. (B) Real-time PCR analysis of miR-218, miR-335 and miR-376b in 14
DIV hippocampal neurons grown on standard plates and subjected to either TTX (1 uM) or BIC/4-AP (30
MM and 100 uM, respectively) treatments for 48 hrs (means = sem, n = 5). * p < 0.05; one-way

ANOVA/Dunnett's tests versus control (CTR). GAPDH and HPRT1 were used as reference genes. (C)
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Venn diagram displaying the computationally predicted miR-218 target genes according to PicTar (green),
TargetScan (blue) and Pita (red). (D) Gene Ontology Biological Processes enriched for miR-218 targets
include synaptic transmission, regulation of synaptic plasticity, regulation of synapse maturation,
neurotransmitter release, GABA signaling pathway and regulation of membrane potential. The P values
were calculated using Benjamini-corrected modified Fisher’s exact test. (E) Evolutionarily conserved miR-

218 MRE in the 3’UTR of GluA2 in mammals, chicken and Xenopus. The seed sequence is shown in red.

Fig. 3. GIUA2 is a specific target of miR-218 in primary hippocampal neurons.

(A) Schematic of miRNA luciferase reporter plasmid, in which the full length 3’UTR of GluA2 is cloned
downstream of the Firefly luciferase gene under the control of CMV promoter. miR-124 (position 185-192)
and miR-218 (position 476-483) MREs are reported. In all experiments, the relative luciferase activity was
measured 48 hrs after electroporation, expressed as the ratio between Firefly and Renilla luciferase signals,
and normalized to the expression of control condition (Scr). (B) Luciferase expression to monitor the dose-

dependent effect of miR-218 mimic on 3’ UTR of GIuA2 in hippocampal neurons as compared to the

respective concentrations of scrambled miRNA (Scr). (C) Effect of the miR-218 inhibitor (anti-miR-218)

on the wild type form of Gria2 3" UTR in the presence of 80 nM miR-218. (D) Interaction of miR-218 and

miR-124 on the wild type form of Gria2 3’UTR or on its variants bearing mutations in the miR218 (mut218)
or miR-124 (mutl124) MREs. Graphs in B-D show means £ sem (n = 4). * p < 0.05, ** p < 0.01; one-way
ANOVA/Bonferroni’s tests. (E) Real time PCR analysis of GRIAZ transcript level in hippocampal neurons
after lentiviral-mediated expression or inhibition of miR-218 as compared to the scrambled sequence (Scr).
GAPDH and HPRT1 were used as reference genes. (F) Western blotting analysis of the GIuUA2 subunit in
primary hippocampal neurons grown on either standard plates (whole lysate) or porous membranes (soma
and neuritic fractions) after lentiviral-mediated expression or inhibition of miR-218 and compared to the
scrambled sequence (Scr). Gapdh or actin were used as loading control. Data are means + sem (n=4). *p

< 0.05, one-way ANOV A/Bonferroni’s tests.
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Fig. 4. Activity of excitatory synapses in primary hippocampal neurons after expression of miR-218.
(A) Left: Representative images of cultured hippocampal neurons double-stained for the presynaptic marker
synapsin | (red), GIuA2 (blue) and GFP reporter (grey), showing increased synaptic GIUA2 after
overexpression of miR-218 as compared to the scrambled sequence (Scr). Scale bars: 5 um. Right:
Quantification of the intensity of Synapsin | and GIuA2 immunoreactivities and extent of colocalization of
GIuA2 and synapsin | after overexpression of miR-218. Data are means + sem (n = 4)., (B) Representative
recordings of miniature excitatory postsynaptic currents (MEPSCs) in neurons expressing miR-218 (red
trace) or its scrambled sequence (black trace). (C,D) Mean (£ sem) and cumulative distribution of mEPSC
amplitude (C) and mEPSC frequency/inter-event interval (D) in neurons expressing either scrambled
(black) or miR-218 (red). (E,F) Mean (x sem) and cumulative distribution of mEPSC rise (E) and decay

(F) times. (n = 5 independent preparations). * p < 0.05, *** p < 0.001; unpaired Student’s t-test.

Fig. 5. Neuronal networks expressing miR-218 display increased excitability.

(A,B) Representative network electrical activity recorded from two adjacent microelectrodes (A) and
phase-contrast micrograph of primary neurons on MEA (B). (C) Raster plots of spiking activity recorded
over 30 s from neurons infected at 7 DIV with lentiviral vectors encoding either scrambled (black) or miR-
218 (red) and analyzed at 14 DIV. Each bar denotes a spike, each row an electrode. (D) Analysis of network
activity parameters. From left to right: weighted firing rate, overall bursting rate, bursting rate/electrode,
burst duration, network burst rate, spikes/burst measured in neuronal networks expressing either scrambled
(black bars) or miR-218 (red bars) at 14 DIV. Data are shown as means = sem (n=5 independent

preparations). * p < 0.05; Student’s t-test.

SUPPLEMENTAL FIGURES

Fig. S1. Specificity of the effects of miR-218 on GIuA2 3’ UTR in HEK293T cells.
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(A) Luciferase expression was used to monitor the dose-dependent effect of miR-218 mimic on GIluA2
3’UTR in HEK293T cells that do not endogenously express GluA2. Scr, scrambled miRNA control. (B)
Effect of miR-218 and miR-218 inhibitor (anti-miR-218) on the wild type and mutated forms of Gria2

3'UTR. Data are shown as means &+ sem (n=4). * p < 0.05, ** p <0.01; unpaired Student’s t-test.

Fig. S2. Luciferase mRNA is not affected by miR-218 overexpression.
Real time PCR analysis of luciferase transcript level in hippocampal neurons overexpressing miR-218

mimic as compared to the respective scrambled sequence (Scr). Data are shown as means + sem (n=4).

Fig. S3. The effects of miR-218 on network activity are mediated by an increase in AMPA
transmission. (A) Representative raster plots of the network electrical activity recorded in neurons
expressing scrambled sequence (black), miR-218 (red) or miR-218 (green) in presence of the specific
AMPA glutamate receptor inhibitor CNQX. (B) The overall activity of the network under the various
experimental conditions is expressed as the cumulative firing rates weighted on the number of active
electrodes (recorded over a period of 200 s and expressed in Hz). Data are shown as means + sem (n=3
independent preparations). * p < 0.05; ** p < 0.01; one-way ANOVA/Bonferroni's multiple comparison

test.
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