
Thinking about RNA? MicroRNAs in the brain

Christian Barbato Æ Corinna Giorgi Æ
Caterina Catalanotto Æ Carlo Cogoni

Received: 11 April 2008 / Accepted: 5 June 2008 / Published online: 1 August 2008

� Springer Science+Business Media, LLC 2008

Abstract MicroRNAs (miRNAs) are a recently discov-

ered class of small RNA molecules implicated in a wide

range of diverse gene regulatory mechanisms. Interest-

ingly, numerous miRNAs are expressed in a spatially and

temporally controlled manner in the nervous system. This

suggests that gene regulation networks based on miRNA

activities may be particularly relevant in neurons. Recent

studies show the involvement of RNA-mediated gene

silencing in neurogenesis, neural differentiation, synaptic

plasticity, and neurologic and psychiatric diseases. This

review focuses on the roles of miRNAs in the gene regu-

lation of the nervous system.

Introduction

One of the most fascinating properties of the mammalian

brain is its complexity. Neurons respond to numerous

stimuli, both functional and developmental, by changing

their gene expression patterns. Transcriptional and post-

transcriptional gene regulation mechanisms underlying

development, plasticity, and networking thus might

participate in the establishment and maintenance of such

complexity. MicroRNAs (miRNAs) are short regulatory

RNAs that modulate gene expression at the post-tran-

scriptional level by inhibiting translation of target mRNAs.

Multiple studies suggest that miRNAs are fine-regulators of

several biological processes and notably contribute to

organisms’ complexity. MicroRNAs are expressed at

different levels and in a tissue-specific manner. Bioinfor-

matics tools predict hundreds of mRNA targets for each

miRNA, suggesting that many genes are subject to miR-

NA-mediated regulation. This is being confirmed by

increasing efforts to identify the specific targets of miR-

NAs; while before it was thought that around 30% of

human genes were targeted by miRNAs, now this number

appears to be underestimated. miRNAs are involved in the

control of neuronal fate specification and differentiation,

dendritic spine development, synaptic plasticity, and local

protein synthesis. Possibly as a consequence of these

multiple roles, miRNA involvement has been reported also

in neurologic diseases such as Parkinson’s and Alzhei-

mer’s, as well as in several neurologic pathologies,

including Tourette and Fragile X syndromes and brain

tumors. In this review we discuss the recent studies in this

exciting field with respect to development, synaptic plas-

ticity, and nervous system diseases.

MicroRNA-mediated gene silencing: an overview

MicroRNAs are noncoding single-stranded RNA mole-

cules, approximately 22 nucleotides long, encoded in the

genomes of invertebrates, plants, and vertebrates. The first

two miRNAs to be discovered were lin-4 and let-7 in

Caenorhabditis elegans, which regulate expression of

lin-14 and lin-28 mRNAs, respectively, and are required
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for larval developmental timing (Lee et al. 1993; Olsen and

Ambros 1999; Reinhart et al. 2000). Since then, miRNAs

have been observed in many contexts including their

function in numerous regulatory pathways, deserving the

attention they are now receiving. MicroRNA genes repre-

sent about 1–2% of the known eukaryotic genomes.

Computational predictions suggest that each miRNA can

target more than 200 transcripts and that a single mRNA

can be regulated by multiple miRNAs (Lindow and

Gorodkin 2007). This suggests that miRNAs and their

targets are part of complex regulatory circuitries. With the

exception of miRNAs located within Alu-repetitive ele-

ments, transcribed by RNA polymerase III, miRNAs are

always transcribed by RNA polymerase II (Rodriguez et al.

2004). The initial transcript, or ‘‘primary miRNA’’ (pri-

miRNA), can be hundreds to thousands nucleotides long

and, as any other PolII transcript, undergoes capping and

polyadenylation (Lee et al. 2003). The mature miRNA is

part of a 60-80-nucleotide stem-loop structure contained

within the pri-miRNA. The first step in miRNA biogenesis

occurs in the nucleus and requires the excision of this

hairpin structure by a complex called Microprocessor. This

complex contains the RNAseIII-like Drosha enzyme and

the RNA binding protein DGCR8/Pasha (Gregory et al.

2004). The excised hairpin, now called pre-miRNA, is

exported to the cytoplasm by a protein heterodimer con-

sisting of the transport factor Exportin-5 and its cofactor

Ran (Bohnsack et al. 2004). Once exported, the pre-miR-

NA is then processed by another RNaseIII enzyme called

Dicer. This endonuclease removes the loop region of the

hairpin, releasing the mature miRNA:miRNA* duplex.

Dicer interacts with several RNA binding proteins such as

TRBP and PACT, which are not essential for its cleavage

activity but are important for miRNA stability and loading

of the effector complex RISC (RNA-induced silencing

complex) (Chendrimada et al. 2005; Lee et al. 2006).

During the assembly of the RISC complex with the miR-

NA, only one strand of the duplex is loaded, whereas the

complementary miRNA* strand is removed and degraded

(Kim 2005). The mature miRNA is now ready to direct its

activity on a target mRNA by binding miRNA responsive

elements usually located in the 30UTR of the transcript.

This association may result in either cleavage or transla-

tional repression of the target mRNA, depending on the

degree of base-pairing between the miRNA and the

responsive element. Perfect complementarity generally

results in cleavage, whereas imperfect base-pairing leads to

translational repression (Meister and Tuschl 2004). These

alternative effects might also reflect differences in the

biochemical composition of the RISC complex associated

to each specific miRNA:mRNA duplex (Hock et al. 2007).

The exact composition of the RISC complex is actually

unknown. All biochemical purifications performed so far

have revealed the presence of at least one member of the

Argonaute family of proteins (Ago), suggesting that these

proteins are a key component of the ribonucleprotein

complex RISC. Argonaute proteins are highly basic pro-

teins that contain four domains: the N-terminal, PAZ, Mid,

and PIWI domains (Hutvagner and Simard 2008). The PAZ

domain binds the single-stranded 30 end of miRNAs. The

three-dimensional structure of the PIWI domain resembles

that of the RNAse H enzyme. However, only certain Ago

proteins such as mammalian Ago2 retain a functional cat-

alytic motif (Asp-Asp-His) and may perform the

endonuclease activity. Finally, a motif (named MC) has

been identified within the Mid domain of Ago proteins,

bearing significant similarity to the translation initiation

factor eIF4E cap-binding domain. Recently, this motif has

been shown to play a role in miRNA-mediated translational

repression (Kiriakidou et al. 2007).

The mechanism of miRNA-mediated gene regulation

remains contentious. However, artificial tethering of Ago

proteins to the 30UTR of a reporter mRNA is sufficient to

induce its translational repression, suggesting that the role

of miRNAs is to guide the deposition of the RISC complex

on a specific site of the target mRNA (Pillai et al. 2004).

Several mechanisms of miRNA-mediated translational

regulation have been proposed, including (1) interference

with the initiation step of translation, (2) repression at

postinitiation steps, and (3) rapid degradation of target

mRNAs.

Interference with initiation step of translation

The first evidence suggesting an involvement in the ini-

tiation step of translation is the observation that the

presence of miRNAs shifts the target mRNAs from active

polysomes to lighter sucrose gradient fractions, containing

translationally inactive mRNA ribonucleoprotein particles

(mRNP) (Pillai et al. 2005). Several strategies have been

proposed to explain this effect. The MC domain of Ago

proteins may compete with eIF4E in binding to the

mRNAs 50 cap structure, an essential first step in 43S

initiation complex assembly (Humphreys et al. 2005;

Kiriakidou et al. 2007). Analogous competition between

RISC and the cap-binding complex EIF4F was recently

reported in an in vitro study using mouse cell-free

extracts (Mathonnet et al. 2007). Alternatively, it has been

proposed that Ago proteins may directly recruit the

translational repressor eIF6 on target mRNAs; this factor

competes with the small ribosomal subunit in binding the

large subunit, thereby blocking mature ribosome assembly

(Chendrimada et al. 2007). Similar inhibition of mature

ribosome formation was also observed in a study utilizing

a D. melanogaster cell-free system (Thermann and Hentze

2007).
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Repression at postinitiation steps

Several lines of evidence support instead the idea that

miRNA might repress translation subsequently to the ini-

tiation step. First, early studies in C. elegans and later in

mammalian cells showed that both miRNAs and Ago

proteins cofractionate with polyribosomes in sucrose gra-

dients (Olsen and Ambros 1999). Moreover, some report

that IRES-dependent translational initiation can also be

repressed by miRNAs, suggesting that miRNAs inhibit

translation at a step downstream of cap recognition. It has

been proposed that during elongation, the RISC complex

may induce a rapid ribosome ‘‘drop-off’’ from its mRNA

target (Maroney et al. 2006; Petersen et al. 2006). Recently,

it has also been suggested that the RISC complex may

interact with an unknown protease able to degrade the

nascent polypeptide chain cotranslationally (Nottrott et al.

2006).

Rapid degradation of target mRNAs

A recent study also supports the hypothesis that miRNAs

could regulate target mRNAs’ expression by affecting their

stability. This could occur via an endonucleolitic pathway

in case of perfect complementarity between the miRNA

and its target, and also by recruiting deadenylating and

decapping enzymes to the mRNAs (Behm-Ansmant et al.

2006; Yekta et al. 2004). It is interesting to note that sev-

eral proteins required for miRNA activity, such as GW182/

TNRC6A, the DCP1/DCP2 decapping complex, CAF1/

CCR4/NOT deadenylation complex, and RCK/P54, accu-

mulate in cytoplasmic foci called ‘‘processing bodies’’ (P-

bodies) (Behm-Ansmant et al. 2006; Chu and Rana, 2006;

Rehwinkel et al. 2005). These are cytoplasmic sites where

mRNAs are thought to be either degraded or temporarily

stored in a translationally silenced state. The current model

is that miRNA-mediated silencing of its mRNA targets

may occur by inducing their relocation to the P-bodies

(Eulalio et al. 2007). The RISC complex acts to control

mRNA molecules’ translation within the complex frame-

work of other 30UTR binding regulatory proteins. The

destiny of a transcript therefore will be determined by the

coordinated contribution of these multiple effectors

(Bhattacharyya et al. 2006; Jing et al. 2005; Kedde et al.

2007; Vasudevan et al. 2007). An example of this crosstalk

is offered by the AU-rich-element binding protein HuR.

Bhattacharyya et al. (2006) recently showed that under

stress conditions HuR binding to the 30UTR releases the

mRNA from miRNA-mediated repression by inducing its

relocation from P-bodies to the cytoplasm. miRNA-medi-

ated post-transcriptional regulation is also likely influenced

by the presence of tissue-specific factors. In neurons, for

example, the RISC complex has been shown to cooperate

with FMRP (Fragile X Mental Retardation Protein 1) and

to functionally respond to neuronal stimuli (Caudy et al.

2002; Ishizuka et al. 2002; Jin et al. 2004). The interplay

between miRNAs’ basic mechanism of action and the

cellular environment in which they act is therefore extre-

mely important to understanding their function.

MicroRNAs in brain: neuronal development and

differentiation

The bewildering diversity of neurons, including their dis-

tribution in specific functional areas and complex synaptic

circuitry, is determined during development and differen-

tiation and is achieved by multiple levels of gene

regulation. In the last few years, microRNAs have emerged

as important players in post-transcriptional regulation in

the brain. A major advancement in understanding how

miRNAs are involved in this phenomenon comes from

studies on miRNA expression profiles. Several analyses

have shown spatially and/or temporally restricted distri-

bution of miRNAs, suggesting that they might be fine-

tuning neuronal gene expression (Bak et al. 2008; Hohjoh

and Fukushima 2007; Johnston and Hobert 2003; Kim et al.

2004; Krichevsky et al. 2003, 2006; Lagos-Quintana et al.

2002; Miska et al. 2004; Sempere et al. 2004; Smirnova

et al. 2005; Wheeler et al. 2006; Wienholds et al. 2005).

Genetic analyses in zebrafish that addressed the role of the

Dicer enzyme have suggested the engagement of miRNAs

in neural development. Maternal-zygotic dicer mutant

embryos showed altered patterns of brain morphogenesis

and neuronal differentiation caused by a failure in the

production of mature microRNAs. These developmental

brain defects were partially rescued by injection of miR-

430 into the mutant fish, a miRNA family expressed at the

onset of zygotic transcription and required for embryonic

morphogenesis and clearance of maternal mRNAs (Giral-

dez et al. 2005). This suggests that the developmental

defect is mainly due to the impairment in miR-430 bio-

synthesis. Is Dicer involved in neurodevelopment also in

mammals? To date, this question remains unresolved given

that Dicer-deficient mice die at embryonic day 7.5, before

neurulation (Bernstein et al. 2003). However, when Dicer

activity was conditionally knocked down in mouse Pur-

kinje cells (Schaefer et al. 2007) and dopaminergic neurons

(Kim et al. 2007), progressive death of neuronal cells was

observed. In addition, it has been shown that during mat-

uration of cultured rat cerebellar granule neurons, Dicer

expression was upregulated and that Dicer levels increase

during differentiation of hippocampal neurons in vitro

(Barbato et al. 2007). These data suggest that miRNAs are

involved in differentiation and maintenance of neuronal

identity in the mature nervous system.
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In C. elegans, specific miRNA involvement in neuronal

fate specification was described for two chemosensory

neurons, ASE left (ASEL) and ASE right (ASER), in which

the expression of different chemoreceptors gives rise to

functional diversity between the two neuronal populations.

The neuronal identity of ASEL and ASER and the orga-

nization of left-right asymmetry in the ASE neurons

(Chang et al. 2004; Johnston and Hobert 2003; Johnston

et al. 2005) is maintained by a feedback loop involving

miRNAs and transcription factors. In particular, the miR-

NAs lsy-6 and miR-273 downregulate translation of the

transcriptional repressor Cog-1 and the transcriptional

activator Die-1, respectively. Concomitantly, Die-1 indu-

ces expression of the lsy6 miRNA. ASEL-specific gene

expression patterns are due to lsy6-mediated repression of

Cog-1 expression. In ASER neurons, activity of miR-273

blocks expression of Die-1, and consequently transcription

of lsy6, thereby allowing Cog-1 expression. Overall, the

asymmetry in ASE neurons reflects differential expression

of miRNAs, which in turn drives Cog-1 expression in

opposite directions, determining expression of genes

specific for the left-right asymmetry (Hobert 2006).

In mammals, many miRNAs specifically expressed or

enriched in brain tissues have been identified. During dif-

ferentiation of P19 embryonic carcinoma cells into neurons

after retinoic acid treatment, several miRNAs such as

let-7a, miR-218, and miR-125 were upregulated (Sempere

et al. 2004). miR-125 was later shown to modulate the

stability and translation of Lin28 mRNA, an important

transcription factor involved in P19 differentiation (Wu

and Belasco 2005). Other noteworthy examples of a role of

miRNAs in establishing and maintaining cell identity

originate from studies in which mouse embryonic stem

(ES) cell neural differentiation was induced (Krichevsky

et al. 2006). The expression profile of miRNAs in these

neural precursors revealed that several miRNAs are coin-

duced during differentiation of neuronal cell and

astrocytes. The miRNA profile obtained with these cellular

models of neurogenesis in vitro correlated visibly with

embryonic neurogenesis in vivo, suggesting that specific

neuronal miRNAs are important players in mammalian

brain development (Krichevsky et al. 2006). In particular,

miR-9 and miR-124 affect the neuron-to-astroglia ratio

during neural lineage differentiation. Transfections of

miRNA duplexes (miR-124, miR-9, miR-125, and miR-22)

in progenitor neurons decrease the number of cells

expressing glia-specific markers (glial fibrillary acidic

protein, GFAP) while increasing the number of neurons.

Conversely, inhibition of miRNAs by use of 20-O-methyl

antisense oligonucleotides induces reduction of cells

expressing neuron-specific marker Tuj1 (Krichevsky et al.

2006). Finally, profiling experiments were performed to

define temporal expression of miRNAs in mouse brain. The

neuron-specific miR-124, miR-125, and miR-128 accumu-

lated in parallel to neuronal maturation, whereas miR-23 and

miR-29 were expressed in astrocytes and at low levels dur-

ing embryonic development (Smirnova et al. 2005).

Following these studies, experiments have been performed

to address the specific function of these neuronal miRNAs

during development and differentiation of the nervous sys-

tem. In this framework, the best studied neuronal miRNA is

miR-124, which constitutes 25–50% of total miRNAs from

brain tissue (Johnston and Hobert 2003) and is extensively

involved in silencing non-neuronal genes, thereby control-

ling the neuronal identity. Overexpression of miR-124 in

HeLa cells induces downregulation of more than 100 non-

neuronal mRNAs, producing a neuron-like expression pro-

file and suggesting that it plays a role in neuronal

differentiation (Conaco et al. 2006; Lim et al. 2005). In

cortical neurons, several non-neuronal mRNA transcripts

increase upon miR-124 knockdown (Conaco et al. 2006),

and during chicken spinal cord development miR-124 is

necessary for the preservation of neuronal identity (Visva-

nathan et al. 2007). REST (RE1 silencing transcription

factor) is a transcriptional repressor of neural genes in non-

neuronal tissues, including miR-124 (Conaco et al. 2006).

Decreased level of REST together with increased miR-124

expression leads to the terminal differentiation of neuronal

cells (Visvanathan et al. 2007). Moreover, miR-124 down-

regulates REST activity by silencing non-neuronal mRNAs,

including the small C-terminal domain phosphatase-1

(SCP1), an activator of REST, involved in the antineural

REST pathway (Visvanathan et al. 2007). Overall, in non-

neuronal cells and neuronal precursors, REST and SCP1

repress the expression of miR-124 and other neuronal genes,

which are derepressed during neural differentiation (Vis-

vanathan et al. 2007; Wu and Xie 2006). Another gene

controlled by miR-124 is the polypyrimidine tract-binding

protein PTB, an important splicing regulator. During neu-

ronal differentiation PTB expression is substituted by that of

its neuronal homolog nPTB. This switch has substantial

consequences on the splicing patterns of genes involved in

neuronal functions. MiR-124 inhibits PTB expression, thus

favoring the neuronal-specific splicing activity of nPTB

(Makeyev et al. 2007). The connection between RNA

silencing (miR-124) and splicing (PTB/nPTB) was con-

firmed by reciprocal expression analyses of these genes in

several differentiated and nondifferentiated neuronal areas

(Makeyev et al. 2007), shedding light on a new chapter of

neuronal gene expression regulation. On the other hand,

nPTB is regulated directly by miR-133, a muscle-enriched

miRNA, during muscle development, mirroring the exam-

ple of miR-124 in the nervous system (Boutz et al. 2007).

Recently, a miRNA-guided RNA silencing pathway was

linked to differentiation of dopaminergic neurons (DN).

MiR-133b, specifically expressed in mammalian midbrain

544 C. Barbato et al.: MicroRNAs in the brain

123



DN, regulates their maturation by modulating the tran-

scription factor Pitx3 through a negative feedback circuit in

which Pitx3 induces the transcription of miR-133b (Kim

et al. 2007). Overexpression of miR-133b in primary

embryonic rat midbrain cultures represses dopaminergic

differentiation, whereas its inhibition by 20-O-methyl

antisense oligonucleotides leads to an increase in DNs.

Moreover, reduced expression of miR-133b is associated

with neurodegeneration of DN in Parkinson’s disease, as

described below.

The data reported here seem to indicate that miRNAs

contribute to define specific pathways of neuronal differ-

entiation and development by coordinating the appropriate

gene expression patterns. However, the complex compo-

sition of the brain and the nervous system, containing

several neuronal and glial istotypes, while representing its

main biological characteristic is also the principal obstacle

for a correct tissue dissection. This is especially true in

postmortem human brains. For these reasons, the source of

neural tissues, together with the microrarray platforms and

the RNA isolation techniques used, needs to be carefully

considered in the interpretation of these data. The identi-

fication of miRNAs’ physiologic target genes should

therefore be a primary approach to reveal the specific

contribution of microRNAs to neural development, dif-

ferentiation, and function.

Potential roles of miRNAs in synaptic plasticity

Enduring changes in neural circuits are at the core of brain

activities such as learning and memory and rely on long-

lasting changes in synaptic efficacy. It is now believed that

long-term modification of synapses requires local translation

of key molecular synaptic constituents (Sutton and Schuman

2005). Synaptically localized protein synthesis makes nec-

essary the corresponding mRNAs to be transported in the

dendritic compartment and for their translational activation

to be site specific. While little is known of how translation at

synapses is regulated, it is generally thought that dendritic

mRNAs are transported in a translationally silenced state

within multiribonucleoprotein complexes called ‘‘ neuronal

RNA granules’’ (Kiebler and Bassell 2006).

Signaling pathways have been described in dendrites

that control general synaptic protein synthesis at the level

of translation initiation and elongation via phosphorylation

of the cap binding protein eIF4E and of the elongation

factor eEF2. However, how is differential expression of

specific dendritic mRNA achieved? Few proteins have

been identified that could confer such specificity. One is

the zipcode-binding-protein ZBP1, required for both den-

dritic targeting and translational repression of b-actin

mRNA (Huttelmaier et al. 2005).

Another prominent example of a translational repressor

involved in dendritic mRNA expression is the Fragile X

protein, FMRP. Silencing of the Fmr1 gene leads to the

Fragile X syndrome (FX), one of the most common forms

of mental retardation. The disease leads to a broad set of

neurologic symptoms and is characterized by abnormalities

in the structural development of dendritic spines (Pena-

garikano et al. 2007). The current view is that FMRP acts

as translational repressor of a subset of dendritic mRNAs

and that the disease is caused by deregulated expression of

its target mRNAs at synapses, as shown by translational

profiles of FX patients and of Fmr1 knockout mice (Van-

derklish and Edelman 2005). Indeed, transcripts that are

controlled by FMRP activity have been identified by

microarray analyses and encode factors that are required

for synaptic plasticity and development. The mechanism

underlying the translational control exerted by FMRP is yet

unclear and recent reports seem to indicate that it might act

in concert with miRNAs to specifically target and silence

dendritic mRNAs (Fiore et al. 2008).

Evidence for the participation of miRNAs in synaptic

expression of mRNAs was first observed in Drosophila

melanogaster. Two initial studies (Caudy et al. 2002; Ish-

izuka et al. 2002) found that dFmr1, the Drosophila

ortholog of mammalian fragile X protein, interacts with the

RNA interference machinery, in particular with Argonaute

2. Following this lead, the Warren laboratory investigated

further the interactors of FMRP in mammalian cells finding

that it associates with endogenous miRNAs and with

mammalian AGO1 (Jin et al. 2004). They then performed

genetic studies in Drosophila to find that Ago1 depletion

suppresses dFrm1 overexpression phenotype, and that a

trans-heterozygote for both AGO1 and dFmrp1 shows an

even more pronounced synaptic overgrowth phenotype

than the dFmr1 null mutant. This indicates that AGO1 is

possibly a limiting factor in dFmr1 function in synapto-

genesis and suggests that microRNAs might mediate the

FMR1 role in the silencing of neuronal mRNAs.

A recent study addressing the composition of neuronal

granules in Drosophila also points in this same direction.

Microscopy analyses of endogenously and exogenously

expressed proteins in Drosophila motor neurons reveal an

interesting overlap in the composition of neuronal granules

and P-bodies, the somatic sites of mRNA degradation, and

the function of miRNAs (Barbee et al. 2006; Hillebrand

et al. 2007). The authors also show how a core P-body

factor, Me31B, participates in the translational repression

driven by FMRP and miRNAs.

The presence of translational repressors characteristic of

somatic P-bodies in FMRP-containing neuronal granules

suggests that these classes of granules are similar not only

in composition but also in function (Anderson and

Kedersha 2006; Kiebler and Bassell 2006). It also implies
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that in concert with FMRP-mediated translational control,

expression of mRNAs transported in neuronal granules

might be modulated via additional mechanisms character-

istic of P-bodies, such as microRNAs and mRNA

degradation pathways like the Nonsense Mediated Decay

(NMD). Indeed, essential NMD factors such as eIF4AIII

and Upf1 were found to colocalize with FMRP in the

somatodendritic compartment of mammalian neurons, and

to regulate stability and expression of Arc mRNA, an

important dendritic transcript involved in synaptic plas-

ticity (Giorgi et al. 2007).

More direct evidence of a link between miRNA function

and synaptic plasticity in Drosophila was recently reported

by Kunes’ laboratory (Ashraf et al. 2006). In this study, the

authors started by showing that the 30UTR of CaMKII

mRNA, an mRNA involved in synaptic plasticity, is suffi-

cient to drive the activity-dependent dendritic localization

and synaptic translation of a reporter EYFP construct, under

conditions that produce long-term memory. Putative miR-

NA binding sites are present in the 30UTR of CaMKII, as

well as in the 30UTR of the transcripts coding for Staufen

and Kinesin-Heavy Chain, two dendritic granule-associated

proteins. To test whether these mRNAs are the targets of

miRNA-silencing activity, their expression levels were

assayed in brains from mutants of the RISC pathway. The

results were that synaptic translation of CaMKII increases

in dicer-, armitage-, and aubergine-mutant brains, indicat-

ing that this mRNA is indeed subject to a RISC-mediated

translational repression. Armitage also seems to affect the

expression levels of both Staufen and Kinesin-Heavy

Chain. Furthermore, this study suggests an elegant modu-

lation of armitage-driven repression of CaMKII expression

in response to neural activity. Synaptic activation induces a

decrease in the levels or Armitage protein and a corre-

spondent increase in CaMKII abundance. The decrease in

Armitage protein is shown to be due to the activity of the

proteasome which is known to act at the synaptic level to

contribute in modulating synaptic protein content (Bingol

and Schuman 2005, 2006). Overall, Ashraf et al. (2006)

propose a novel and intriguing regulatory mechanism

whereby CaMKII translational repression is driven by

miRNAs and in turn is relieved by activity-dependent pro-

teasome-mediated degradation of Armitage.

Around the same time, an important step forward was

made in linking miRNA function to synaptic development

and plasticity in mammalian neurons (Schratt et al. 2006).

Schratt et al. found that the microRNA miR-134 is local-

ized in dendrites of mouse cultured hippocampal neurons,

close to synapsin-positive puncta. Its overexpression cau-

ses a significant decrease in dendritic spine size, and

conversely its depletion via 20-O-methyl antisense oligo-

nucleotides leads to a small increase in spine volume. This

indicates that miR-134 plays a role in spine morphogenesis

and potentially in plasticity. Still, what are the downstream

effectors that mediate such activity? Scanning for potential

targets of miR-134, the authors found corresponding

binding sites in the 30UTR of the mRNA encoding the Lim-

domain-containing protein kinase 1 (Limk1). This protein

is a particularly good candidate in mediating miR-134

activity since it is controlled by BDNF and is involved in

actin filament dynamics, a key step in the cytoskeletal

modification of spines associated with plasticity. Colocal-

ization experiments with exogenously expressed miR-134

and Limk1 mRNA 30UTR successfully showed that this

miRNA and its putative target are present in the same

dendritic granules and their association requires an intact

binding site for miR-134. In addition, expression of a

luciferase reporter gene fused to Limk1 30UTR is down-

regulated by miR-134 overexpression and upregulated upon

its depletion mediated by 20-O-methyl antisense oligonu-

cleotides. The positive effect of miR-134 depletion on

Limk1 mRNA expression was also observed on the

endogenous transcript, suggesting that Limk1 mRNA is

indeed silenced by miR-134 in vivo. The authors then

tested whether the spine size defects caused by miR-134

overexpression were due to deregulation of Limk1

expression. If this were the case, then coexpression of a

Limk1 mRNA with a mutated binding site for miR-134

should be able to rescue the defect in spine morphology.

Indeed, a rescue was observed when the miR-134-insensi-

tive mutant Limk1 mRNA was transfected in cells

overexpressing miR-134, while a much milder rescue

resulted from expression of wild-type Limk1 transcript.

Similar to what was indicated by Kunes’ laboratory (Ashraf

et al. 2006), in this case neuronal activation also intervenes

to put a brake on miRNA-mediated silencing. Schratt et al.

(2006) show how miR-134 repression of Limk1 translation

is relieved upon BDNF stimulation of synaptic activity.

This was demonstrated by monitoring the effects of BDNF

treatment on the translation of a Limk1 30UTR luciferase

reporter mRNA carrying a wild-type or mutated miR-134

responsive site in cortical neurons. In transfected neurons

with wild-type Limk1 30UTR, BDNF induces the transla-

tion of the reporter mRNA. When cortical neurons were

transfected with mutated Limk1 30UTR, BDNF treatment

did not affect the reporter gene translation.

The studies reported here, while preliminary, indicate

that miRNAs have the potential to contribute to the fine-

tuning of synaptic protein synthesis and plasticity by

modulating expression of dendritic mRNAs (Fig. 1). Evi-

dence for direct involvement of specific miRNAs and the

identification of their target mRNAs is still very limited,

and further investigation is needed to demonstrate a con-

tribution of miRNA activity in establishing long-term

synaptic modifications in mammals. However, miRNAs

can represent an important mechanism for the modulation
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of synaptic plasticity, given the specificity they offer in

regulating the target mRNAs. An interesting aspect arising

from these initial studies is the likely interplay between

miRNA-mediated regulation and other mechanisms of

gene expression that act at the synapse. In addition to their

involvement in FMRP translational control, it will be

interesting to study potential coupling of the function of

miRNAs with other aspects of dendritic mRNA regulation,

such as mRNA localization, decay, and protein degrada-

tion, and how these different pathways coordinate in

orchestrating protein expression at synapses.

MicroRNA and nervous system diseases

MicroRNAs have been implicated in several neurologic

disorders, including gliomas, polyglutamine expansions,

Parkinson’s and Alzheimer’s diseases, and the Tourette and

Fragile X syndromes. From a biomedical point of view, the

discovery of the association between miRNA deregulation

and nervous system diseases has generated a novel area of

research, mainly on mental and psychiatric illnesses.

Recently, an intriguing mechanism of miRNA involve-

ment in human diseases has emerged from a study on

single-nucleotide polymorphisms (SNP). Sequence variants

of a candidate gene on chromosome 13q31.1, named

SLITRK1 (Slit and Trk-like 1), were identified in patients

with Tourette syndrome (TS), a neurologic disorder that

leads to behavioral abnormalities and characterized by

motor and vocal tics. The TS variant named var321, found

in two unrelated patients, is located in the 30UTR of

SLITRK1 mRNA, within the binding site for miR-189

(Abelson et al. 2005). This mutation positively affects the

interaction of SLITRK1 mRNA and miR-189, leading to a

more stringent repression of SLITRK1 expression.

Involvement of miRNA-mediated repression in TS is fur-

ther supported by the observed coincident expression

profile of SLITRK1 mRNA and miR-189 in brain areas
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?
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mTOR

CaMKII

CaMKII

AAA dendritic mRNA

CSIR/ANRimnoisserper lanoitalsnart

proteasome
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dendritic protein
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AAA

AAA
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Inactive synapse Active synapse Translational activation

Fig. 1 Model of the role of miRNAs in synaptic plasticity. The

model depicted here summarizes two pathways recently proposed

where miRNAs modulate synaptic protein synthesis and plasticity.

The mechanism unveiled by Schratt et al. (2006) in mammalian

neurons is illustrated in the top part of the neuronal dendrite and

spines. Here, Limk1 mRNA is subject to miR-134-mediated repres-

sion. Conceivably, this repression might begin in the soma prior to

dendritic transport. Upon synaptic activation, induced by BDNF

treatment, the authors observe translational derepression of Limk1
mRNA and an increase in spine size. How synaptic activity might

release Limk1 mRNA from miR-134 repression is unclear. Possibly,

BDNF could induce translational activation via the mTOR pathway

and inactivation of the miRNA/RISC complex. The mechanism

proposed by Ashraf et al. (2006) in Drosophila neurons is depicted in

the bottom part of the neuronal dendrite and spines. Here, miRNAs

are required for the translational silencing of several neuronal

mRNAs important for synaptic protein synthesis, including mRNAs

encoding CaMKII, Staufen, and Kinesin Heavy Chain. Patterns of

synaptic activity that induce long-term memory trigger localized

proteasome-mediated degradation of Armitage (RISC) and conse-

quent release of the translational repression guided by miRNAs at the

synapse
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affected in TS patients carrying var321 (Abelson et al.

2005).

The biochemical mechanisms underlying the Fragile X

syndrome have been mentioned previously. Recent analyses

in Drosophila and mammals indicate that FMRP and

miRNAs cooperate in repressing dendritic mRNA expres-

sion, as discussed above. Considering that translational

deregulation of dendritic proteins is suggested to be the

underlying defect in the insurgence of this disorder, FMRP-

associated miRNAs might likely play a role in FX. None-

theless, evidence of direct participation of miRNAs in the

insurgence or development of the FX syndrome is still

lacking. Huntington’s disease, as well as many spinocere-

bellar ataxias, is a neurodegenerative disease caused by a

CAG trinucleotide repeat expansion. It was demonstrated

that the upregulation of the miRNA bantam modulates the

degeneration induced by polyQ protein Ataxin-3, a gene

mutated in spinocerebellar ataxia type 3 (SCA3) (Bilen et al.

2006). Moreover, mutations in the Dicer enzyme, which

prevent the maturation of all miRNAs, increase the polyQ

toxicity in both Drosophila and HeLa cells, conferring a

neuroprotective role to miRNAs in these neurodegenerative

diseases (Bilen et al. 2006). In another study, conditional

Purkinje (PK) cell-specific ablation of Dicer leads to PK cell

death. Deficiency in Dicer is associated with progressive

loss of miRNAs, followed by neurodegeneration and cell

death, indicating an involvement of miRNAs in cerebellar

neurodegeneration (Schaefer et al. 2007).

MicroRNAs are also thought to be involved in other

neurodegenerative diseases such as Parkinson’s and

Alzheimer’s. Reduced expression of miR-133b in dopami-

nergic neurons in Parkinson’s patients has been previously

mentioned (Kim et al. 2007). However, to define the miR-

133b mechanism of action, it will be necessary to identify

relevant mRNA targets in these neuronal cell types.

Alzheimer’s disease (AD) is a neurodegenerative dis-

order characterized by the accumulation of dense plaques

and neurofibrillary tangles in the brain, resulting in pro-

gressive dementia. In AD brains, a role for miRNAs has

not been established yet. Recently, the expression profiles

of a subset of 12 miRNAs in the AD hippocampus were

compared with those of nondemented controls and fetal

brain. The results indicate that miR-9 is upregulated in both

fetal and AD hippocampus, miR-128a increases in AD but

not in fetus or non-emented controls, and miR-125b shows

a tendency to accumulate in AD (Lukiw 2007). A more

recent work on miRNAs and AD indicates that miR-107

could be a regulator of b-site amyloid precursor protein

cleaving enzyme 1 (BACE1). BACE1 mRNA levels have a

tendency to increase as miR-107 levels decrease in the

progression of AD. The coordinated application of miRNA

profiling, microarrays, bioinformatics predictions, in situ

hybridization, and biochemical validations indicate that

miR-107 may be involved in accelerated disease progres-

sion through regulation of BACE1 (Wang et al. 2008).

These studies suggest that miRNAs may be important for

neuronal survival in the context of human neurodegenera-

tive diseases. They also represent an incentive to identify

the miRNAs involved in such pathologies and the biolog-

ical pathways affected, thus shedding light on the

molecular and cellular bases of human pathology.

Importantly, the severe psychiatric disorder schizophre-

nia might be associated with altered miRNA expression

profiles. In postmortem prefrontal cortex from schizophre-

nia patients, several miRNAs were found expressed at lower

levels (Perkins et al. 2007). Interestingly, genetic variants of

the brain-expressed miR-206 and miR-198 were associated

with the schizophrenia disorder (Hansen et al. 2007).

Several studies on the involvement of miRNAs in can-

cers have unveiled an important role of miRNA in this

pathology, including brain tumors. MicroRNAs can act both

as tumor suppressors and oncogenes (Esquela-Kerscher and

Slack 2006). Glioblastomas (GBM) are the most malignant

and lethal of all brain tumors. MiR-21 was highly expressed

in GBMs, functioning as an oncogenic and anti-apoptotic

factor (Chan et al. 2005), while it was expressed at basal

levels in other brain tumors and in normal brains. MiR-21

silencing in a glioblastoma context increases the apoptotic

versus viable cells ratio, suggesting an anti-apoptotic role

for this miRNA (Chan et al. 2005). In several tumors miR-

21 overexpression was demonstrated and it was included in

the microRNA expression signature of human solid tumors

(Volinia et al. 2006), becoming a potential target in glio-

blastoma therapy (Mathupala et al. 2006).

Conclusions

In the past few years, it has become clear that miRNAs are

important players in the regulation of different aspects of

neuronal cell biology, including development, neurogene-

sis, and synaptic plasticity. The increasing efficiency and

sensitivity of miRNA quantification methods such as deep-

sequencing techniques is expected to produce detailed

miRNA expression maps for specific brain regions and

neuron subtypes. This will certainly constitute the basis of

identifying candidate miRNAs involved in distinct neuro-

nal phenomena and also in neurologic diseases (Table 1).

However, a proper functional characterization of these

miRNA candidates will likely require a massive effort,

using loss-of-function approaches.

Although the elucidation of the role of individual

miRNAs is surely important in understanding the role of

miRNAs in processes like synaptic plasticity, it also

appears crucial to define the biochemical mechanisms that

modulate the activity of the RISC complex itself. For
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instance, it has been proposed that synaptic activation may

release RISC-mediated translational repression. However,

as yet, very little is known about the transduction pathway

that links the synaptic activity and RISC functionality.

Another essential but not widely appreciated aspect is how

the miRNA machinery interacts with translational ‘‘envi-

ronments’’ that are cell-specific. For instance, the presence

of particular translation modulators may dramatically alter

the activity of RISC, as in the case of FXR1 (Vasudevan

et al. 2007) which appears to turn RISC from a repressor

into an activator of mRNA translation.

The computational identification of microRNA targets

and the validation of miRNA-target interactions represent

fundamental steps tin revealing the contribution of microR-

NAs to neural functions. To date, the prediction of miRNA

targets by computational approaches is based mainly on

miRNAs’ complementarity to their target mRNAs, and

several web-based or non-web-based computer software

programs are used to this purpose (Lindow and Gorodkin

2007; Sethupathy et al. 2006; Yoon and De Micheli 2006).

A major effort will be needed to define the role of the

RNA-mediated gene-silencing machinery in neurons, the

neuronal miRNA targets, and specific components of

RISC, which are relevant in brain development, function,

and disease.
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