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Abstract

Synapses are functional units of the nervous system, through which information is transferred
between neurons. The development and activity-dependent modification of synapses require
temporally and spatially controlled modulation of gene expression. microRNAs (miRNAs) have
emerged as essential regulators of gene expression. They are small non-coding RNASs that regulate
mRNA stability and translation by interacting with the 3" untranslated region (3" UTR) of
mRNAs. miRNAs are located to neuronal processes to regulate protein synthesis locally and their
expression is regulated by synaptic activity. This article reviews recent findings on the role of
miRNASs in synapse development and synaptic plasticity.

Introduction

The development and physiological activities of the nervous system are shaped by the
genome and refined by epigenetic mechanisms. microRNAs (miRNAS), a type of small non-
coding RNAs, play key roles in the epigenetic, post-transcriptional regulation of gene
expression. mMiRNAs are generated in three-steps: (1) the transcription of miRNA genes into
primary miRNAs (pri-miRNASs); (2) the cleavage of pri-miRNAs into precursor miRNAs
(pre-miRNAS) by the nuclear RNase 111 Drosha; (3) the cleavage of pre-miRNAS into
miRNA duplexes (MiRNA:miRNA¥*) by the cytoplasmic RNase 111 Dicer [1]. Mature
miRNAs are integrated into the RNA-induced silencing complex (RISC) where they bind to
the 3" untranslated region (UTR) of mMRNAs to destabilize mRNAs or inhibit translation [1].

Since the discovery of the first miRNA, Lin-4 in C. elegans[2,3], > 2000 miRNAs have
been identified and most of them are expressed in the brain [4]. miRNAS have been
implicated in various cellular activities including cell proliferation, differentiation,
migration, development, death, etc. Accumulating evidence indicates that in the nervous
system, miRNAs play a pivotal role in the regulation of synapses. This review focuses on
recent work on the functions of miRNASs in synapse development and synaptic plasticity.
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MiRNAs are produced and act near synapses

The majority of mammalian synapses are formed between elaborate dendrites and long
axons, both of which extend considerate distances from the soma. The long distances pose
great challenges for neurons to supply remote synapses with structural and signaling
molecules. Local protein synthesis near synapses, therefore, is an effective way to timely and
spatially control synaptic compositions. Like MRNAs and polyribosomes, miRNAs are
constituents of dendrites, axons and dendritic spines [5]. Using subcellular fractionation,
Lugli G et al. found a large number of miRNAs in synaptic fractions, including
synaptoneurosomes (enriched for dendritic spines), synaptosomes (predominately comprised
of axon terminals with adherent postsynaptic densities) and postsynaptic densities [5].
Moreover, a subset of these miRNAs is expressed at higher levels in synaptic fractions than
in the whole cell lysate [5]. Synaptoneurosomes prepared from the rat nucleus accumbens
also contain miRNAs [6], but miRNAs enriched in synaptoneurosomes prepared from the
nucleus accumbens and the forebrain are different, indicative of a region-specificity of
synaptic miRNAs. miRNAs are also present in the axons of rat superior cervical ganglion
neurons and in the developing axons of mouse dorsal root ganglion neurons [7,8]. Consistent
with the subcellular fractionation experiment, miRNAs are detected in dendrites, dendritic
spines, synapses, and axons by in situ hybridization [8-13].

Not only mature miRNAs, pre-miRNAs and Dicer are also located to dendrites and axons
[5,14-16], and pre-miRNAs can be cleaved into mature miRNAS near synapses [9,10,15,16].
Current data indicate that NMDA receptors regulate the processing of dendritic pre-
miRNAs, but little is known about the underlying mechanism [9,10,15]. A proposed model
is that NMDA receptor opening and Ca2+ influx upon synaptic excitation lead to proteolysis
and activation of Dicer, which is inactive at the resting state [15]. This model, however, has
yet to be experimentally proved. How do miRNAs and pre-miRNAs reach distal synapses?
Only pre-miR-134 transportation has been delineated till now. Pre-miR-134 is targeted to
dendrites by the DEAH-box helicase DHX36 which binds to its terminal loop [16]. The
DHX36-binding site in pre-miR-134, however, is not present in the terminal loops of other
dendritic pre-miRNAsS, suggesting that the transport mechanism is pre-miRNA specific.
Mature miRNAs in neuronal processes can derive from local pre-miRNAs, and can also
come from direct delivery from the soma, but dendritic or axonal targeting of mature
miRNAs has not been experimentally demonstrated. Given the short length of mature
mMiRNAs, it is less likely that they are targeted to dendrites, axons and synapses through
RNA-binding proteins. An advantage of having pre-miRNAs and Dicer in neuronal
processes is that pre-miRNAs can be rapidly converted to mature miRNAs locally when
needed, therefore serving as a stock of mature miRNAs and a means of localizing specific
miRNAs to subcellular structures. What do miRNAs do in neuronal processes? Current data
indicate that miRNAs near synapses mainly modulate translation in a neural activity-
dependent manner, and the underlying mechanism has been unfolded for several miRNAs.
At resting synapses, miR-138 sequesters the Lyplal mRNA in RISC to prevent it from being
accessible to polysomes [17]. Upon NMDA receptor activation, the RISC component
MOV10 is degraded, leading to the release of Lyplal mRNAs from miR-138 sequestration
and subsequent translation [17]. miR-129 competes with the RNA-binding protein HuD for
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binding to mMRNAs encoding the dendritic voltage-gated potassium channel Kv1.1 [18]. HuD
is stabilized when mTORC1 (an activity-regulated kinase) is inactivated, thereby promoting
Kv1.1 mRNA translation by displacing miR-129 [18]. miR-125a inhibits PSD-95 mRNA
translation by forming a complex with phospho-FMRP and AGO2 on the PSD-95 mRNA,
but this inhibitory complex is disassembled upon FMRP depohosphorylation by mGIuR
activation [19]. Repression of the AMPA receptor subunit GIuAl translation by miR-501-3p
in dendrites is enhanced by NMDA receptor activation during the induction of long-term
synaptic depression (LTD) [9]. In these examples, the mMRNAs whose translation is locally
regulated by miRNAs reside in dendrites and synapses. In addition to these mMRNAS, next
generation sequencing has identified >2500 mRNAs in dendrites [20]. It is likely that
miRNAs regulate the translation of many of these dendritic MRNAs. Activity-dependent
regulation of local translation by miRNAs can exert noticeable effect on dendritic spines and
synaptic plasticity [9,10,13].

MiRNAS in synaptic transmission and synaptic plasticity

The fact that at least 30% human genes are targeted by miRNAs [21] underscores the
importance of mMiRNAs in gene expression regulation. Global attenuation of miRNA
biogenesis or miRNA activity has considerable effects on synapses. In heterozygous Dgcr8
(a component of the microprocessor complex cleaving pri-miRNAs into pre-miRNAS)
knockout mice, although basal synaptic transmission is intact, 50 Hz stimulation-induced
synaptic depression is enhanced and the initial phase of LTP is impaired in the prefrontal
cortex [22], but LTP in the hippocampus is increased [23]. Inactivation of Dicerl in
hippocampal excitatory neurons causes increases in dendritic spine length, neural
excitability, and post-tetanic potentiation [24-26]. Lower RISC activity following
knockdown of Ncoa3, a transcriptional co-activator promoting the transcription of Ago2 (a
core component of RISC) results in decreases in the volume of dendritic spines and the
amplitude of miniature excitatory postsynaptic currents (mEPSC) [27].

The diversity of genes that each miRNA targets to predicts that different miRNAs have
distinct functions. Hence, experiments perturbing only one miRNA at one time have been
conducted to tease out individual miRNAs' functions. Such experiments found that several
miRNAs including miR-125b, miR-223, miR-137, and miR-146a-5p influence the size of
postsynaptic responses by controlling the abundance of postsynaptic glutamate receptors.
miR-125b regulates expression of the NMDA receptor subunit GIUN2A, and its
overexpression in hippocampal neurons causes a decrease in mEPSC amplitude [28].
miR-223 targets the NMDA receptor subunit GIuN2B and the AMPA receptor subunit
GIuA2 [29]. In the hippocampus of miR-223 knockout mice, the mEPSC amplitude is
increased and the decay time of NMDA receptor-mediated mEPSCs is prolonged [29].
miR-137 represses expression of the AMPA receptor subunit GIuA1 to control AMPA
receptor-mediated synaptic currents and the number of functional synapses [30].
miR-146a-5p does not directly target glutamate receptors, but controls the number of AMPA
receptors in synapses and synaptic transmission by targeting the microtubule-associated
protein 1B which modulates AMPA receptor endocytosis [31].
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miRNAs also target signaling and presynaptic proteins. For example, miR-188 regulates
dendritic spine number and mEPSC frequency in hippocampal neurons by targeting the
semaphorin-3F receptor Nrp-2 [32]; Drosophila miR-1000 suppresses synaptic glutamate
release by targeting the vesicular glutamate transporter (Vglut) [33]; and in addition to
GluA1, miR-137 also targets proteins in the synaptic vesicle release machinery including
complexin-1, N-thylmaleimide-sensitive fusion protein (Nsf) and synaptotagmin-1 to reduce
the number of synaptic vesicles proximal to the release site, and frequency facilitation at the
mossy fiber-CA3 synapse [34]. miR-132 is also found to modulate synapse number and
mEPSCs [28,35,36], but the underlying mechanism is obscure. These findings indicate that
miRNAS tune synaptic transmission by targeting the structural and signaling proteins of
synapses, and that some miRNAs have both presynaptic and postsynaptic targets.

In addition to basal synaptic transmission, miRNAs have been implicated in various forms of
protein synthesis-dependent synaptic plasticity. These miRNAs often change their
abundance in response to synaptic stimulation. Among them, miR-26a and miR-384-5p are
downregulated in NMDA receptor-dependent LTP to increase the expression of their
common target ribosomal S6 kinase 3 (RSK3, a translational regulator), and the resulting
translational enhancement is required for long-lasting LTP [13]; miR-124 and miR-22 are
reduced in 5-HT induced long-term facilitation (LTF) in Aplysia, leading to increases in the
transcription factor CREB and the translational regulator cytoplasmic polyadenylating
element binding protein (CPEB), two proteins required to maintain LTF [12,37]; miR-124 is
increased by neuronal inhibition to repress GIuA2 expression, thereby promoting the
expression of calcium-permeable AMPA receptors for homeostatic synaptic plasticity [38];
miR-137 is increased by the mGIluR1 agonist DHPG to mediate LTD [30].

Some miRNAs contribute to multiple forms of synaptic plasticity, possibly via different
targets. In addition to regulating 5-HT induced LTF and homeostatic synaptic plasticity,
miR-124 inhibits NMDA receptor-dependent LTP by controlling Zif268 translation, and
knockdown of miR-124 restores LTP in EPAC (an exchange protein directly activated by
cAMP) knockout mice [39]. While miR-137 mediates mGIluR-dependent LTD [30], it
inhibits the induction of mossy fiber LTP in the hippocampus [34]. miR-132 overexpression
inhibits both LTP and carbachol-induced LTD in the perirhinal cortex [40], and deleting
miR-132 and miR-212 in mice causes aberrant theta burst-induced LTP [41].

mMiRNAs in the morphogenesis and structural plasticity of neurons

In addition to synaptic function, numerous studies show that miRNASs regulate the
development and plasticity of neuronal structures. Neurons need miRNAs to develop and
maintain dendrites, axons and dendritic spines. In Ncoa3 knockdown neurons which have a
low RISC activity, dendrites become more complex and bear smaller dendritic spines [27].
Deletion of Dicerl in the adult mouse forebrain shifts dendritic arborization towards distal
dendrites and elongates dendritic spines [25]. Specific miRNAs involved in neuronal
morphogenesis have begun to be recognized. miR-29a/b (by targeting the actin nucleation
factor Arpc3) inhibits the conversion of filopodia into mature dendritic spines [42]; miR-125
promotes the formation of long and thin dendritic protrusions [28]; miR-185 is required for
spine formation and dendritic branching and growth [43]; miR-134 (by targeting Limk1),
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let-7, miR-22, and miR-124 constrain spine width [11,28]; miR-138 (by targeting the
depalmitoylation enzyme APT1) inhibits spine volume [44]; and miR-134 increases activity-
dependent dendritic complexity by targeting the translational repressor Pumilio2 [45].
miR-132 and miR-181 appear to participate in general neuronal morphogenesis, as miR-132
promotes the extension of DRG neuron axons by targeting the Ras GTPase activator Rasal,
increases dendritic length and induces spine formation by targeting p250GAP, and widens
dendritic protrusions [8,35,36], while miR-181 promotes spine formation and attenuates
dendritic branching and axonal outgrowth [46].

The number and size of dendritic spines and synapses change not only during development,
but also during synaptic plasticity. LTP is accompanied by spine enlargement and formation
of new spines, spine shrinkage and elimination are often observed in LTD, and homeostatic
synaptic scaling is also associated with elimination or formation of spines and synapses.
Translation has been implicated in the long-lasting spine remodeling associated with LTP
and LTD requires [10,13], and miRNAs are shown to be key regulators of this process.
Using time-lapse imaging of live hippocampal neurons, several miRNAs are found to
contribute to the structural plasticity of dendritic spines associated with LTP and LTD. In
NMDA receptor-dependent LTP,miR-384-5p is involved in the initiation of spine
enlargement, and miR-26a is responsible for maintaining the size of dendritic spines after
they become larger [13]. In NMDA receptor-dependent LTD, miR-191 inhibits spine
elimination and long-lasting spine shrinkage by repressing the expression of tropomodulin-2
which promotes actin depolymerization, while miR-135 promotes spine remodeling by
reducing the expression of complexinl/2 to inhibit AMPA receptor exocytosis [10]. The
elimination of spines and synapses occurring in homeostatic synaptic depression is
dependent on miRNAs including miR-485 and miR-134, both of which are upregulated by
neural activity [47,48]. The function of miR-485 in homeostatic synaptic scaling is conferred
by its target the presynaptic protein SV2A, while Pumilio-2 is the responsible target of
miR-134 [47,48].

MiRNAS in memory

Synaptic plasticity is a cellular mechanism through which the brain encodes and stores
information. Synaptic plasticity, therefore, subserves cognitive functions such as learning
and memory. In line with their involvement in synaptic plasticity, miRNAs have been
recognized as key players in the formation and retrieval of memory. This is first
demonstrated in conditional Dicerl knockout mice which have massive miRNA loss in
forebrain excitatory neurons. These mice exhibit enhanced hippocampus-dependent spatial
memory in the Morris water maze test and fear memory in the trace and the contextual fear
conditioning test [25,26]. Since then, the importance of miRNAs in memory has been
confirmed by experiments perturbing individual miRNAs. Using miRNA sponges to inhibit
miRNAs in the mouse hippocampus, it is shown that while miR-124 restricts, miR-9 and
miR-34 maintain the capacity of spatial learning in the Morris water maze test [49].
miR-132 overexpression in mouse forebrain excitatory neurons impairs novel object
recognition memory [50], and overexpressing miR-137 in the dentate gyrus impairs
contextual fear memory [34].
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Learning can change miRNA abundance, and numerous studies have demonstrated that
regulating miRNA expression is necessary for memory formation. Fear-extinction learning
in mice leads to increased expression of miR-128b in the infralimbic prefrontal cortex to
facilitate the transition from retrieving original fear memory to forming a fear-extinction
memory [51]. miR-92 is increased by contextual fear conditioning in the mouse
hippocampus to promote contextual fear memory [52]. miR-182 expression is suppressed in
the rat amygdala by auditory fear conditioning to support the formation of long-term
auditory fear memory [53]. miR-33 in the mouse hippocampus is elevated by contextual fear
conditioning to modulate the encoding and retrieval of state-dependent fear [54]. miRNAs in
the miR-183/96/182 cluster of mice increase after training with an object recognition task
through a protein phosphatase PP1-dependent enhancement of pre-miRNA production [55].
This increase in miRNAs leads to downregulation of the histone deacetylase HDAC9,
thereby permitting the formation of long-term object memory [55]. In honeybees, miR-932
is increased by an associative olfactory learning paradigm to regulate long-term memory
recall [56].

Concluding remarks

miRNAs in neurons not only modulate translation in the soma as in other types of cells, but
also are integral components of the local translational machinery in dendrites and axons.
miRNAs target a wide variety of synaptic proteins and translational regulators to fine-tune
their expression levels. Mounting evidence indicates that miRNA-mediated mechanisms are
essential to establish appropriate synapse number and spine morphology, to adjust synaptic
strength and dendritic spines during synaptic plasticity, and to create a permissive cellular
environment for cognitive activities.

The number of mammalian miRNAs is in thousands now and still growing. Altering one
miRNA at one time is commonly used to study miRNAs as it allows for a clean inspection
of individual miRNAs' functions. However, this approach is low throughput so that only a
handful of miRNAs have been functionally characterized. Also, since one gene can be
targeted by multiple miRNAs, and neural activity usually alters many miRNAs concurrently,
technologies capable of manipulating multiple miRNAs at the same time, in the same cell
are needed to obtain a comprehensive picture of the miRNA functionality. Future research is
also needed to investigate such questions as how miRNAs are targeted to and regulated in
neuronal processes, in particular axons, and why the functions of miRNAs are brain region
specific.
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Highlights
1. miRNAs and RISC are located near synapses
miRNAs regulate local protein synthesis in dendrites and axons

miRNAs play important roles in synapse development and synaptic plasticity

& w N

miRNAs are essential for learning and memory
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Figure 1.
miRNAs are localized in dendrites and axons, and can regulate synapse development and

synaptic plasticity locally. Pri-miRNAS are transcribed as long transcripts in the nucleus, and
then processed into pre-miRNAs by Drosha and DGCR8. Pre-miRNAs, which form hairpin
structures, are cleaved by Dicer to generate mature miRNAs. The pre-miRNAs and mature
miRNAs are located in dendrites and axons, and enriched in synaptic fractions. Mature
miRNAs are loaded into RISC to regulate gene expression post-transcriptionally, thereby
influencing synapse development, synaptic plasticity, and cognition.
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Figure 2.
miRNAs are regulated by neural activity. Neural activity-dependent Drosophila miR-1000

regulates glutamate release by targeting Vglut in axons. In dendrites, NMDAR regulates
miR-129 (targeting Kv1.1), miR-138 (targeting Lyplal), and miR-501-3p (targeting GluA1l);
mGIuR regulates miR-125a (targeting PSD95), miR-125b (targeting GIuUN2A), and miR-137
(targeting GIuAl); TTX and APV increase miR-124 which suppresses GluA2; miR-223
regulates GluA2 and GIuN2B to prevent neuronal excitotoxicity.
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Summary of miRNAs including their functions and targets that are discussed in this review.

miRNA Target Function Species studied | Reference
miR-1000 VGlut glutamate release, apoptosis Drosophila Verma, P, et al., (2015)
miR-124 NA NMDAR-LTP, spatial learning Rodent Yang, Y., etal., (2012)
long-term synaptic facilitation in Rajasethupathy, P, et al.
miR-124 CREB sensory-motor synapse Aplysia (2009)
calcium-permeable AMPARs and
miR-124 GluA2 homeostatic plasticity Rodent Hou, Q., et al. (2015)
Malmevik, J., et al.
miR-124,-9,-34 NA spatial learning and working memory Rodent (2016)
dendritic spine density and dendritic Muddashetty, R.S., et al.
miR-125a PSD-95 branch Rodent (2011)
miR-125b GIuN2A dendritic spine morphology Rodent Edbauer, D., et al., (2010)
miR-128b RCS fear extinction Rodent Lin, Q. etal., (2011)
dendrtic regulation of Voltage-gated Sosanya, N. M., et al.
miR-129 Kv1l.1 potassium channel Kv1.1 expression Rodent (2013)
Wayman, G. A, etal.
synaptic transmission, dendritic spine (2008), Impey, S., et al.
miR-132 p250GAP formation and dendrite morphogenesis Rodent (2010)
LTP and LTD in perirhinal cortex, short-
miR-132 NA term recognition memory Rodent Scott, H. L., et al. (2012)
Lambert, T.J., et al.,
miR-132 NA short-term synaptic plasticity Rodent (2010)
Hancock, M.L,, etal.,
miR-132 Rasal dorsal root ganglion axon growth Rodent (2014)
basal synaptic transmission and LTP in
miR-132/212 NA hippocampus and neocortex Rodent Remenyi, J., et al. (2013)
dendritic morphology, homeostatic Fiore, R., et al. (2009;
miR-134 Pumilio-2 synapse elimination Rodent 2014)
hippocampal dendtic spine Schratt, G. M., et al.
miR-134 Limk1 morphogenesis Rodent (2006)
miR-134 CREB LTP and contexual fear memory Rodent Gao, J., et al. (2010)
AMPAR-mediated synaptic Olde Loohuis, N. F., et al.
miR-137 GluAl transmission, mGIuR-LTD Rodent (2015)
presynaptic vesicle release, mossy fiber
miR-137 synaptotagmi n-1 LTP, contextual fear memory Rodent, human Siegert, S., et al. (2015)
morphology of dendritic spines in
miR-138 APT1 hippocampal neurons Rodent Siegel, G., et al. (2009)
AMPAR-mediated synaptic
transmission, AMPA receptor Chen, Y. L.and C. K.
miR-146a-5p Maplb endocytosis Rodent Shen (2013)
miR-181C NA neurite sprouting and synaptogenesis Rodent Kos, A., etal. (2016)
amygdala-dependent long-term memory Griggs, E. M, etal.
miR-182 cortactin, Racl formation Rodent (2013)
Woldemichael, B.T., et
miR-183/96/182 HDAC9 long-term object memory Rodent al., (2016)
miR-185 NA dendrtic spine morphology Rodent Xu, B., etal. (2013)
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miRNA Target Function Species studied | Reference
dendritic spine density, synaptic
miR-188-5p neuropilin-2 transmission, Rodent Lee, K., etal. (2012)
NMDAR-LTD and the associated
miR-191, miR-135 Tmod2, Cplx1/2 dendritic spine remodeling Rodent Hu, Z., et al. (2014)
long-term synaptic facilitation in
miR-22 CPEB sensory-motor synapse Aplysia Fiumara, F., et al. (2015)
Harraz, M.M., et al.
miR-223 GIuN2B and GIuA2 mEPSC, contexual fear memory Rodent (2012)
NMDAR-LTP and the associated
miR-26a, miR-384-5p | RSK3 dendritic spine remodeling Rodent Gu, Q. H., etal. (2015)
miR-29a/b Arpc3 dendritic spine morphology Rodent Lippi, G., etal. (2011)
Jovasevic, V., etal.,
miR-33 NA contextual fear memory Rodent (2015)
homoestatic plasticity, dendritic spine
miR-485 SV2A density, synaptic transmission Rodent Cohen, J. E., etal. (2011)
dendritic AMPAR expression, dendritic
miR-501-3p GluAl spine remodeling during NMDAR-LTD Rodent Hu, Z., et al. (2015)
contextual fear memory, dendritic spine
miR-92 KCC2, CPEB3, MEF2D | density Rodent Vetere, G., et al. (2014)
long term memory recall, but not
memory acquisition during olfactory Cristino, A. S., et al.
miR-932 Act5C learning Honeybee (2014)
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