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MicroRNAs (miRNAs) are an extensive class of small noncoding RNAs that
control posttranscriptional gene expression. miRNAs are highly expressed in
neurons where they play key roles during neuronal differentiation, synaptogen-
esis, and plasticity. It is also becoming increasingly evident that miRNAs have a
profound impact on higher cognitive functions and are involved in the etiology
of several neurological diseases and disorders. In this chapter, we summarize
our current knowledge of miRNA functions during neuronal development,
physiology, and dysfunction.
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I. Introduction
The brain is arguably the most complex organ system within our body,
with billions of nerve cells forming intricate networks via trillions of
specialized connections known as synapses. Nerve cells in the mammalian
brain are not a homogenous entity, but come in different flavors (excitatory,
inhibitory), and greatly vary in their morphological and functional proper-
ties depending on the specific brain area they are embedded in. Even
within a distinct brain area, for example, the hippocampus, dozens of
different neural subtypes are represented, each contributing in an essential
yet distinct way to information processing. Although the intricate circuits
formed by neurons undoubtedly lie at the heart of brain function, the
functional relevance of the other major cell type in the brain, the glial
cells, is increasingly being appreciated. Similar to neurons, glial cells also
display a high morphological and functional divergence, adding another
layer of complexity.

Considering all these facets, it is not surprising that the brain uses a
nested set of sophisticated mechanisms to regulate gene expression to
generate cellular diversity, maintain cellular identity, and specifically control
cellular function. On top of this, gene regulation in the brain requires a
series of special features that, for example, ensure the high degree of
compartmentalization of nerve cells and their morphological and functional
plasticity in response to changes in the environment. Therefore, gene
expression research is particularly intense in the neural system, and a
plethora of complex gene regulatory mechanisms, some of them unique to
neurons, have been discovered in the mammalian brain. These operate at
virtually all levels, including, but not limited to, epigenetic modifications of
DNA, mRNA transcription, splicing, transport, translation, and stability, as
well as posttranslational modifications of proteins. Less than 20 years ago,
microRNAs (miRNAs) entered the stage as posttranscriptional regulators of
gene expression, and they are now considered to regulate the expression of
up to 50% of all genes at the level of mRNA translation and/or stability. In
this chapter, we undertake the challenging task of summarizing our knowl-
edge of miRNA function in the nervous system, gleaned mostly from
research within the last 5 years, illustrating the wide variety of neural
processes, including neurogenesis, synapse development, plasticity and
neurological disorders, which are influenced in one way or the other by
miRNAs. From these examples, it is easy to appreciate that the brain is,
and will continue to be, a particularly rich source of miRNA-regulated
mechanisms that will also be instrumental in our understanding of the
gene regulatory processes underlying physiology and pathology in many
other systems.
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II. miRNAs in Neural Differentiation

The nervous system of vertebrates is composed of diverse cell types, most
of which are generated during embryonic development by a small number of
cells, namely, neural stem cells (NSCs). NSCs have the potential to self-renew
(proliferate) and differentiate into restricted lineages of cells (e.g., neurons and
glia). There are several types of NSCs that are produced at different times of
development in mammals: in the embryonic development, neuroepithelial cells
and radial glial cells; in the adult, B cells of the subventricular zone (SVZ) and
radial astrocytes of the dentate gyrus subgranular zone (SGZ) in the hippocam-
pus.1 All these cells have the potential to perform symmetrical divisions into
two daughter cells that maintain progenitor cell fate. However, as neurogenesis
proceeds, NSCs start to divide asymmetrically, and only one of the daughter
cells remains as a progenitor whereas the other becomes an intermediate
progenitor cell (IPC). IPCs, depending on the origin (from which type of
NSC), developmental stage, and location, will perform one or more terminal
divisions to form neurons or glial cells (oligodendrocytes, astrocytes). The
precise spatiotemporal regulation of NSC function during pre- and postnatal
development is achieved by an intricate network of gene regulatory events,
involving epigenetical, transcriptional, and posttranscriptional machinery.

miRNAs, key players of posttranscriptional gene regulation, have been
initially identified as regulators of developmental timing in Caenorhabditis
elegans, underlying their important role in cell fate decisions.2 Since then, it
has become apparent that miRNAs are also critically involved in the multiple
steps of neurogenesis and differentiation. In this section, we discuss (1) the
effect of Dicer inactivation for neural development; (2) the role of specific
miRNAs in neurogenesis; and (3) gliogenesis.
A. The Role of Dicer in Neural Development

A function of miRNAs during nervous system development in vivo has

initially been shown using constitutive Dicer knockout zebrafish. Owing to the
lack of functional Dicer, these animals are unable to process hairpin precursor
miRNAs into their mature counterparts. Dicer loss-of-function resulted, in
addition to abnormal morphogenesis during gastrulation, somitogenesis, and
heart development, in severe morphological malformations of the brain and
spinal cord.3 Intriguingly, the introduction of the miR-430 family of miRNAs
suppressed the brain-associated phenotypes in Dicer-deficient mutants, imply-
ing specific and important roles of miRNAs in the development of the brain.
Interestingly, early patterning and cell fate specification in the fish embryonic
nervous system were largely unaffected by the lack of miRNAs. However, the
normal neural differentiation, underlying brain morphogenesis, was dependent
on Dicer activity.



50 FIORE ET AL.
Unlike in zebrafish, the constitutive loss of Dicer in mice led to early
embryonic lethality, due to malfunctioning of stem cells. This suggests a role
for the miRNA pathway in maintaining the stem cell population.4 The Dicer
mutant embryos died (embryonic day 7.5) before the onset of neurogenesis
(E10), which made these animals unsuitable for investigating the role of
miRNAs later in neural development.

In order to determine the role of the miRNA pathway early in central
nervous system (CNS) development, particularly in NSC maintenance and
differentiation, several brain-specific conditional Dicer knockout mouse mod-
els have subsequently been generated. Thus, the selective ablation of Dicer in
neuroepithelial cells of the dorsal telencephalon—the embryonic brain struc-
ture that later develops into the cerebral cortex—at the onset of neurogenesis
had been performed.5,6 Although miRNA processing had been already im-
paired in neuroepithelial cells, these cells did not show detectable survival
defects. However, as soon as the neuroepithelial cells differentiated into a fate-
restricted NSC population, namely, radial glial cells, abundant cell death,
which was also evident in the newly formed neurons, was observed. As a result,
these mice displayed a dramatically hypotrophic cortex with defective layering,
as well as smaller and massively disorganized hippocampi. Consistent with
these studies, deletion of Dicer in the olfactory progenitor cells blocked their
terminal differentiation into the mature olfactory neurons, ultimately resulting
in cell death.7 Taken together, these observations support a critical function of
the miRNA pathway during neural differentiation, for example, the transition
fromNSCs to postmitotic neurons. This nicely fits with the theory that miRNAs
mainly confer precision and robustness to developmental processes.8

Intriguingly, the observations from specific deletion of Dicer in postmitotic
neurons led to conflicting results. Notably, the Dicer loss of function in excitato-
ry forebrain neurons,9 midbrain dopaminergic neurons,10 and cerebellar
Purkinje neurons11 caused widespread apoptosis. In contrast, Dicer null striatal
dopaminoceptive neurons12 and olfactory neurons7 did not show any signs of
cell death. It should be noted that, although dopaminoceptive neurons survived
over the life of the animal, their biological function had been perturbed. As a
result, these animals showed several phenotypes, including ataxia, reduced
brain size, and smaller neurons.12 The discrepancy in the observed results
may be due to a requirement of an miRNA pathway in the survival of some
neuron types but not others. Alternatively, the timing of Dicer removal may
determine whether neurons will undergo apoptosis or survive. Thus, early
removal of Dicer may lead to cell death, whereas later removal may result in
the other observed phenotypes, such as smaller neuron size,12 reduced dendrit-
ic branch elaboration, and increased spine length.9 These observations under-
score the important role of Dicer and miRNAs for normal functioning of
postmitotic neurons, which will be discussed in more depth in the next section.
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On a quick note, several recent findings challenge whether all the observed
phenotypes of Dicer null animals are due to depletion of mature miRNAs. It
has been proposed that Dicer is also required for the generation of some small
RNAs, such as snoRNAs,13 endo-siRNAs,14 noncanonical miRNAs, mirtrons,
and short hairpin miRNAs.15 Particularly, endo-siRNAs have been thought to
regulate gene expression posttranscriptionally in murine oocytes and embry-
onic stem cells (ESCs). In agreement with this, deletion of DGCR8, an RNA-
binding protein that is part of the pri-miRNA processing complex (‘‘micropro-
cessor’’), in mouse oocytes and ESCs did not recapitulate the Dicer null
phenotype.16,17 However, when DGCR8 and its enzymatic partner, Drosha,
have been deleted in different tissues, such as skin,18 cardiomyocytes,19 and T
cells,20 the phenotype appeared to be very similar to the corresponding Dicer
null tissues. These findings suggest that endo-siRNAs and/or other classes of
DGCR8/Drosha-independent, Dicer-dependent small RNAs may play less
important (if any) roles in somatic tissues. Therefore, the phenotypes observed
in mice with Dicer-deficient postmitotic neurons (or even neural progenitor
cells) might, indeed, mainly originate from direct or indirect loss of miRNAs.
B. The Role of Specific miRNAs in Neurogenesis

Despite the fact that knockout animals for miRNA biogenesis pathway

components (Dicer, DGCR8, Drosha) can provide us with valuable general
information in vivo, they are not useful to determine the impact of specific
miRNAs in the developing nervous system. In order to assess specific functions
of miRNAs, investigators first performed expression profiling of miRNAs
during the different stages of neural development in vitro (neuronal stem
cells–IPCs–mature neurons, and glial cells) and in vivo (during embryonic
and postnatal development). Data on miRNA expression in NSCs during
proliferation and maintenance have been reported.21–23 However, the func-
tional significance of these miRNAs for the maintenance of NSC identity awaits
further studies.

Most of the findings concentrate on the changes in miRNA expression
levels upon induction of NSC differentiation. With the onset of NSC differen-
tiation, the levels of many mature miRNAs are upregulated, including miR-9,
miR-124, miR-125, miR-128, and some of the let-7 family members.24–27
1. GLOBAL REGULATORS OF NEUROGENESIS: LET-7, MIR-9, AND MIR-124
Among the miRNAs whose expression is upregulated upon NSC differen-
tiation, let-7, miR-9, and miR-124 were identified to be expressed in all neuron
types investigated so far. This underscores that these miRNAs are essential
players to promote NSC differentiation into virtually all types of neurons
(Table I; Fig. 1).



TABLE I
LIST OF MICRORNAS INVOLVED IN NEURAL DEVELOPMENT AND THEIR MRNA TARGETS

MicroRNA Organism Function Target (s) References

lsy-6 Worm Chemosensory neuron differentiation COG-1 28
let-7 Rodent Promotes neuronal differentiation LIN28, TLX, HMGA 26,29,30

Rodent Neural tube closure MLIN41 31
miR-7 Fly Promotes photoreceptor cell differentiation YAN 32
miR-9 Fly Inhibits neuronal differentiation SENS 33

Zebrafish Promotes neuronal differentiation HER5, HER9 and FGF signaling pathway 34
Rodent Promotes neuronal differentiation FOXG1, TLX, STAT3, REST, FGF8, FGFR1 34–37
Human Promotes proliferation of early human

ESC-derived hNSCs
STMN1 38

miR-9* Rodent Promotes neuronal differentiation BAF53a, 39
Human cell line ? coREST 37

miR-17 Human cell line Inhibits neural differentiation ? 40
miR-124 Mouse Promotes neuronal differentiation SCP1, PTBP1, SOX9, DLX2, JAG1 BAF53a, 39,41–43
miR-125 Mouse Promotes neuronal differentiation GLI1, SMO, LIN28 26,44
miR-128 Human cell line Inhibits NSC proliferation BMI1 45
miR-133b Mouse Modulates maturation of dopaminergic

neurons
PITX3 10

miR-200 Mouse Promotes olfactory progenitor
differentiation

? 7

miR-206 Human cell line Promotes proliferation of oligodendrocyte
progenitor cells

TPPP 46

miR-219 Mouse Promotes oligodendrocyte differentiation SOX6, HES5, Zfp238/RP58 PDGFRa, FOXJ3 47,48
miR-273 Worm Chemosensory neuron differentiation DIE-1 28
miR-279 Fly Promotes neuronal differentiation Nerfin-1 49
miR-324-5p Mouse Promotes neuronal differentiation GLI1, SMO 44
miR-326 Mouse Promotes neuronal differentiation GLI1, SMO 44
miR-338 Mouse Promotes oligodendrocyte differentiation SOX6, HES5, Zfp238/RP58 47
miR-430 Zebrafish Neuronal morphogenesis ? 3
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FIG. 1. The role of miRNA at different stages of neuronal differentiation. The proliferation and
maintenance of NSCs are positively regulated by miR-9 and miR-17. On the other hand, neuronal
differentiation and maintenance of the mature neural state are enhanced by the activity of let-7,
miR-9, miR-124, and miR-125.
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The let-7 family of miRNAs was among the first to be identified and is well
conserved among the animal phyla. Currently, it is one of the most intensively
studied miRNA families that have been implicated in suppression of prolifera-
tion of different cancer cells.50 On the other hand, a role in NSC differentiation
has been proposed for let-7 as well.26,29–31,51,52 Although most of the let-7
family members are transcribed during early embryogenesis, no inhibitory
activity of let-7 is observed at this stage due to the lack of mature let-7.
LIN28, an RNA-binding pluripotency factor, has been identified as inhibitor
of pri- and pre-let-7 processing, thereby limiting the generation of mature
let-7.26,53,54 In cancer cell lines, it has been proposed that LIN28 may induce
urydilation and decay of pre-let7.55 The block of let-7 processing by LIN28 is
relieved at the onset of neurogenesis (E9.5), leading to the accumulation of
mature let-7. Intriguingly, it has been found that LIN28 mRNA can be targeted
by miR-125 and let-7. Therefore, let-7 and LIN28 are part of an autoinhibitory
feedback loop: the increase in miR-125 level may reduce expression of LIN28,
which in turn results in ‘‘leaky’’ expression of let-7, thereby completely inhibit-
ing the expression of Lin28 at the posttranscriptional level.

In contrast to the inhibitory action of LIN28, the TRIM-NHL protein
TRIM32 was found to enhance the activity of several miRNAs, including
let-7, by interacting with AGO1. As NSCs proceed with asymmetric divisions,
TRIM32 becomes polarized and accumulates in the daughter cell which will
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later differentiate into a neuron. On one hand, TRIM32 ubiquitinates and
degrades the proliferative factor c-Myc; on the other, it increases the activity
of let-7.52 Further, Zhao et al.30 and Nishino et al.29 showed that let-7b
regulates NSC proliferation and differentiation by targeting key stem cell
regulators such as TLX (also known as NR2E1) and HMGA2, respectively.
The transcription factors TLX and HMGA2 are essential for NSC proliferation
and self-renewal, and their downregulation by let-7 contributes to the cell cycle
arrest and subsequent differentiation into mature neurons.

miR-9 is another well-conserved miRNA that has been implicated in neural
development. In the Drosophila peripheral nervous system, each external
sensory organ develops from the division of a single sensory organ precursor
(SOP) cell. miR-9a inhibited neuronal fate in non-SOP cells, including those
that are adjacent to SOPs within proneural clusters, by downregulating
the proneuronal zinc-finger transcription factor SENS. The overexpression
of miR-9a resulted in severe loss of SOPs, whereas depletion of miR-9a
led to production of extra SOPs.33 This suggests that miR-9a may ensure the
generation of a precise number of neuronal precursor cells during neural
development.

Although miR-9 is also abundantly expressed in the developing nervous
system of vertebrates, it seems that there, in contrast to the fly, it acts as a
proneurogenic factor. For example, miR-9 in zebrafish has been proposed to
promote neurogenesis by suppressing the antineurogenic factors HER5 and
HER9. In addition, owing to inhibition of several components of the FGF
signaling pathway, miR-9 defines the boundaries of midbrain–hindbrain
boundary organizer activity in zebrafish.34 In rodents, miR-9 has been
implicated in differentiation of embryonic Cajal–Retzius cells, one of the first
neuron types generated from NSCs. The transcription factor FOXG1, which
promotes the proliferation of cortical progenitor cells and inhibits their
premature differentiation into Cajal–Retzius cells, has been identified as a
target of miR-9 in this scenario.35 Interestingly, cortical progenitor cells from
FOXG1þ/� heterozygous mice have similar FOXG1 expression levels (i.e., 50%
of that of the wild type) as the one from mice overexpressing miR-9, but these
cells do not show increased production of Cajal–Retzius cells. This may indi-
cate that miR-9 has additional targets, which in combination with FOXG1 give
rise to the observed differentiation phenotype.

Indeed, Zhao and colleagues identified the nuclear receptor TLX, an
essential regulator of NSC renewal, as a direct target of miR-9 in adult
NSCs.36 They showed that the overexpression of miR-9 in murine adult
NSCs undergoing retinoic acid induced terminal differentiation suppressed
TLX expression. These cells show reduced proliferation, which was accompa-
nied by increased differentiation and migration of the newborn neurons. The
observed phenotype was rescued by exogenous expression of miR-9-insensitive
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TLX in NSCs. In addition to being a direct target of miR-9, TLX also tran-
scriptionally inhibited miR-9 genes.36 Thus, in analogy to the let-7/Lin28
interaction, miR-9 and nuclear receptor TLX form a feedback regulatory
loop to regulate NSC proliferation and differentiation. It is important to note
that investigators could not observe alterations in cellular differentiation upon
knockdown of miR-9 using antisense RNA. Moreover, overexpression of miR-9
alone in cultured NSCs was not sufficient to induce neural differentiation.
Therefore, this represents another example where miRNAs act primarily by
fine-tuning gene expression programs.

In contrast to the findings suggesting an inhibitory role of miR-9 in NSC
proliferation,34–36 a recent study demonstrated that miR-9 promotes prolifera-
tion and impairs migration of early human ESC-derived human NSCs
(hNSCs).38 This effect was in part mediated by a direct target of miR-9,
stathmin—a key regulatory protein of microtubule dynamics. The difference
between this study and the one of Zhao et al.36 might be attributed to differ-
ences in the species examined (human vs. mouse), in stages of hNSCs (early vs.
adult neurogenesis), in origins of NSCs (ESCs vs. brain-derived), or in the
experimental approaches (loss of function vs. gain of function). Indeed, in the
study by Delaloy et al.38 the authors report that TLX expression is induced only
at the later stages of neural induction. Thus, the lack of TLX expression in early
hNSCs may explain why these two studies came to different conclusions.
However, the two studies raise the interesting possibility that miR-9 may act
as a regulatory switch at different stages of neuronal differentiation by inter-
acting with multiple target genes that are expressed in a temporal and region-
specific manner.

Another well-studied CNS-specific miRNA during neuronal development
is miR-124. The relatively extensive analysis of miR-124 function in brain
development carried out by many research groups suggests that miR-124 is a
key component in neuronal differentiation. Its cooperative action with other
neuron-specific factors ensures the complete transition of NSC into a mature
neuron.

Initial profiling studies demonstrate that the expression of this miRNA
increases during mouse brain development.24 Interestingly, overexpression of
miR-124 in HeLa cells (cervical cancer cell line) downregulated about 100
mRNAs and shifted the mRNA expression profile toward that of a neuron.56

Conversely, the inhibition of miR-124 activity with 20-O-methyl oligonucleo-
tides in mouse neurons resulted in the activation of nonneuronal mRNA
expression.57 In nonneuronal cells, including NSCs, neuron-specific gene ex-
pression is repressed by the transcriptional repressor REST (repressor ele-
ment1 silencing transcription factor, also called NRSF). REST is a zinc finger
protein that binds to a conserved 23-bp motif known as RE1 (repressor
element 1, also called NRSE) and mediates active repression via recruitment
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of histone deacetylases by its corepressors mSin3 and coREST. In addition to
repressing genes that are characteristic of the neuronal phenotype (such as ion
channels, synaptic vesicle proteins, and others), REST also represses brain-
specific miRNAs such as miR-9/9*, miR-132, and miR-124.57 The downregula-
tion of the REST protein by the proteasome pathway and repression of its
transcription by retinoic acid receptor complex remove the inhibitory block
from neuronal genes. Consequently, the level of miR-124 and miR-9/-9*
increases, which in turn represses nonneuronal transcripts, thereby facilitating
the switch from NSCs to differentiated neurons. It is interesting to note that
miR-9 and-9* have been shown to target REST and coREST in nonneuronal
cells (HEK293T), respectively.37 Whether the same mechanism is employed in
differentiating NSCs awaits further investigation.

To date, it has been shown that miR-124 targets several key factors involved
in the maintenance of nonneuronal gene expression.39,41–43 Among the factors
recruited by REST to repress neuronal genes, small C-terminal domain
phosphatase 1 (SCP1) has been shown to be crucial for the repression. Notably,
the overexpression of a dominant negative form of SCP1 promoted neurogen-
esis in P19 cells by blocking the antineural function of REST. Interestingly,
Visvanathan et al.41 showed that miR-124 posttranscriptionally repressed SCP1
in the developing spinal cord of chicken as well as P19 cells. This attenuated the
proliferation of neural progenitors and promoted their precocious
neurogenesis.

Another important target of miR-124 is the RNA-binding protein PTBP1.
PTBP1 is a global repressor of alternative pre-mRNA splicing and is expressed
primarily in nonneuronal cells. It binds to pyrimidine-rich sequences of pre-
mRNAs, which leads to the inhibition of splicing of nearby neuron-specific
alternative exons. This results either in expression of the canonical form of the
mRNA or in nonsense mediated decay of the incorrectly spliced neuronal
mRNA.42 Experiments carried out in vitro and in vivo have determined that
direct posttranscriptional repression of PTBP1 by miR-124 is essential for the
switch from nonneuronal mRNA splicing to neuronal lineage-specific splicing.

miR-124 (and miR-9*) have also been shown to regulate the components of
the ATP-dependent chromatin-remodeling complex, such as BAF (also called
mammalian SWI/SNF). The BAF chromatin remodeling complex has been
implicated in several neural developmental processes, including neural pro-
genitor proliferation and activity-dependent neurite outgrowth in postmitotic
neurons. The ability to switch different subunits of the BAF complex gives the
cell an opportunity to regulate the expression of specific genes at different
stages of development. Thus, neural-progenitor-specific BAF (npBAF) com-
plexes include the BAF53a subunit, which promotes neural progenitor prolif-
eration. Upon commitment to the neuronal cell fate, the level of miR-124 and
miR-9* increases, which in turn represses posttranscriptionally the BAF53a
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gene in postmitotic neurons.39 In mature neurons, this results in the replace-
ment of BAF53a by a homologous form—BAF53b—within neuron-specific
BAF (nBAF) complexes. The exogeneous expression of the BAF53a isoform
lacking miR-124 and miR-9* target sites disrupts dendritic morphogenesis of
mature neurons. In addition, expression of REST in postmitotic neurons leads
to derepression of BAF53a, indicating that REST-mediated repression of
miRNAs directs the essential switch of chromatin regulatory complexes.39

Most of the work in determining the function of miR-124 has been carried
out in cell cultures in vitro and during embryonal brain development in vivo. A
recent finding suggested that miR-124 is also an important regulator of the
temporal progression of adult neurogenesis in mice.43 In the adult mammalian
brain, the SVZ is the largest neurogenic niche. Interestingly, the knockdown of
endogenous miR-124 maintained purified SVZ stem cells as dividing precur-
sors. In agreement with previous reports, ectopic expression of miR-124 led to
precocious and increased neuron formation. Furthermore, they identified
several target genes (DLX1, JAG1, SOX9) of miR-124. Notably, the attenuating
effect of miR-124 on adult stem cell proliferation and differentiation into
neuroblasts was due to the downregulation of the transcription factor SOX9.
Thus, miR-124-mediated repression of SOX9 is important for progression
along the SVZ stem cell lineage to neurons.43 In a different study, overexpres-
sion of miR-124 in the E12.5 mouse lateral cortex was performed using in utero
electroporation. This procedure promoted neural progenitor transition from
the apical to the basal compartment and stimulated direct differentiation of
apical progenitors to postmitotic neurons, supporting most of the earlier
reports.58
2. SPECIFIC MODULATORS OF NEURONAL SUBTYPES
As illustrated above, most miRNAs characterized so far have a more
general impact on neural differentiation, for example, by promoting NSC
differentiation, and/or maintenance of mature neurons in many neuronal cell
types. To date, only a few reports on miRNA(s) involved in differentiation or
maturation of specific neuronal types exist.28,32,40,44,45,49,59 (Table I).

One of the most elegant mechanisms elucidated so far involves two specific
miRNAs, lsy-6 and miR-273, which promote cell-fate specification of chemo-
sensory neurons in C. elegans.59 In this nematode, chemosensory progenitor
neurons form two morphologically symmetric chemosensory neurons, ASE left
(ASEL) and ASE right (ASER), on the left and right lateral sides of the animal,
respectively. However, these neurons display different (asymmetric) expression
profiles of chemosensory genes, which are maintained by lsy-6 in ASEL and
miR-273 in ASER neurons. Notably, in ASEL neurons, lsy-6, whose expression
is positively regulated by the ASEL-specific transcription factor DIE-1,
represses translation of ASER-specific transcription factor COG-1. On the
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other hand, in ASER neurons, COG-1 positively regulates expression of
miR-273, which in turn posttranscriptionally downregulates die-1. Thus, both
miRNAs (lsy-6 and miR-273) and transcription factors (COG-1 and DIE-1)
form a double-negative feedback loop that maintains different neuronal fates.59

Another example of miRNA-dependent differentiation of specific neuronal
cells was described in Drosophila. It has been shown that, as photoreceptor
progenitors differentiate into mature photoreceptor cells, the expression of
progenitor-cell-specific transcription factor, YAN, decreases, whereas the levels
of miR-7 increase. Interestingly, it turned out that YAN and miR-7 form a
reciprocal negative feedback loop, which ensures their mutually exclusive
expression. Thus, in mature photoreceptor cells, the expression of miR-7 led
to downregulation of YAN, thereby stabilizing postmitotic cell phenotypes.32

Finally, in the vertebrate system, it has been proposed that miR-133b
regulates the maturation of midbrain dopaminergic neurons by controlling
the expression of paired-like homeodomain transcription factor PITX3 in
mice.10 In addition, mouse olfactory neurons were at least in part dependent
on miR-200 family miRNAs for their maturation.7
C. miRNAs in the Development of Glial Cells

The most abundant cell type in the mammalian CNS is the glial cell, which

provides essential structural and functional support for postmitotic neurons.
Although most of the initial work implicating miRNAs in the nervous system
has been focused around NSCs and postmitotic neurons, recent findings
indicate that miRNAs have in addition important roles in the distinct types of
glial cells found within the CNS.

miRNA profiling studies determined that rat oligodendrocyte progenitor
cells, which later differentiate onto mature oligodendrocytes, express the pre-
viously described abundant brain-enriched miRNA such as miR-9, miR-26a,
miR-124, miR-125b, miR-181b, and let-7 family. However, during differentia-
tion into mature oligodendrocytes, 23 miRNAs were downregulated, including
the neuron-specific miRNAs miR-9 and miR-124. Interestingly, the expression
level of 20 miRNAs such as miR-21, miR-152, miR-142–5p and -3p, mir-219,
miR-338, miR-339, and miR-378 was increased.60

Several studies have investigated the functional role of the miRNA pathway
in the oligodendrocyte differentiation using conditional Dicer inactivation in
mice.47,48,61,62 In the spinal cord, the development of oligodendrocytes occurs
late in embryonic development after the formation of motor neurons. The
analysis of Nestin-promoter-driven cre Dicer knockout mice, where Dicer is
removed starting from E17, provided initial in vivo evidence about the role of
miRNAs in oligodendrocyte development. The ablation of Dicer caused not
only a decreased expansion of the oligodendrocyte precursor pool but
also attenuated differentiation into mature oligodendrocytes in the E18.5
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spinal cord.61 Since these mutant mice are not viable owing to the loss of dicer
in the entire CNS, these effects are difficult to interpret. However, a recent
study supports some of the defects observed by Kawase-Koga et al.61 in
oligodendrocyte development. Specifically, the targeted ablation of dicer in
ventral spinal cord oligodendrocyte progenitors, using Olig-1-Cre mice,
resulted in suppression of oligodendrocyte expansion.63

In contrast to the above findings, two independent groups reported that
mice lacking Dicer1 (Olig-1, Olig-2, or CNP cre) specifically in oligodendro-
cyte lineage cells display severe defects in oligodendrocyte maturation without
any detrimental effects on the expansion of the oligodendrocyte progenitor
pool per se.47,48 In other words, oligodendrocyte neural progenitor cells
(oNPCs) with Dicer1 deletion undergo extensive proliferation without further
differentiation into mature oligodendrocytes. Differences between these two
studies and the former by Zheng et al.63 might be explained by the regional
differences in Olig-Cre gene expression and the different developmental stages
examined.

Zhao et al.47 identified that miR-219 and miR-338, which are induced in
differentiating oligodendrocytes, are essential for oligodendrocyte maturation.
Inhibition of these miRNAs in vitro (oNPC cultures) and in vivo (zebrafish)
resulted in a significant reduction of oligodendrocyte formation. On the other
hand, overexpression of miR-219 and mir-338 in embryonal chick spinal cord
and mouse cortex promoted precocious differentiation and maturation of
oligodendrocytes. In addition, transfection of miR-219 and miR-338 mimics
into oNPCs, derived from dicer knockout mice (Olig-1 cre), at least in part
rescued the differentiation defect. Two inhibitors of oNPC differentiation, the
transcription factors SOX6 and HES5, have been identified as targets of miR-
219 and miR-338. Moreover, Zfp238/RP58, which is required for cortical
neurogenesis, is also repressed by both miRNAs.47 In addition to miR-219
and miR-338, Dugas et al.48 found upregulation of miR-138 during oNPC
differentiation. Furthermore, they determined that the translation of PDGFRa
(positive regulator of cell proliferation) and FOXJ3 is inhibited by miR-219.
In summary, these two studies suggest that miR-219 and miR-338 control
oligodendrocyte maturation by negatively regulating both oligodendrocyte
differentiation inhibitors and proneuronal differentiation factors.

A different study suggests that miRNAs under some circumstances inhibit
rather than promote the differentiation of oNPC. Particularly, miR-206, which
is expressed in the oNPCs but not in mature oligodendrocytes, inhibits the
tubulin polymerization-promoting protein (TPPP). Since CG4 cells (an oligo-
dendrocyte progenitor cell line), overexpressing miR-206, showed reduced
differentiation into mature oligodendrocytes,46 this suggests that miR-206
inhibits oNPC differentiation. Although TPPP mRNA is present in neurons
and oligodendrocytes, TPPP protein accumulates only in glia cells. Concerning
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the underlying mechanism, it was suggested that, upon induction of oNPC
differentiation, the expression of miR-206 is downregulated, leading to a
removal of the translational block of the TPPP mRNA. This could at least in
part contribute to the acquisition of a mature oligodendrocyte phenotype.

The recent finding that small RNAs, particularly miRNAs, are important
regulators of posttranscriptional gene expression has added a new layer of
complexity in CNS development. miRNAs have been implicated in different
stages of neuronal development, including the maintenance of neuronal
progenitors, their differentiation into postmitotic neurons, and, subsequently,
the integration of postmitotic neurons into preexisting neural circuits. Based on
these studies, a main theme emerges whereby miRNAs mostly function
in cooperation with transcriptional and epigenetic factors to fine-tune gene
expression programs that allow cells (neural progenitor and differentiating
neurons) to switch from one developmental stage to another. So far, most of
the work has been performed either in vitro or in Dicer mutant mice. It will be
interesting to determine whether the knockout of specific miRNA(s) in a
specific spatiotemporal manner will validate most of these in vitro results. In
addition, revealing the key aspects of NSC renewal might give us insight for
future therapeutic interventions against neuropathological conditions.
III. miRNAs in Postmitotic Neurons

A postmitotic differentiated neuron has to confront the challenge of
embedding itself correctly in the neuronal network. Proper wiring and func-
tioning of this network is achieved thanks to the formation of trillions of
specialized junctions between axons and neuronal cell bodies and dendrites,
known as synapses. Thus synaptic function is essential for cognition, and
synaptic dysfunction is the hallmark of several neurological disorders.

During neuronal development, synapse formation occurs through a stereo-
typical multistage program. However, synaptic connections are not static struc-
tures. During both postnatal development and adult life, neuronal networks are
continuously rewired in response to sensory input. This process is known as
experience-dependent plasticity, and the morphological and functional changes
that occur during plasticity represent the basis of the brain’s capability to store
information while adapting to a changing environment. At the molecular level,
synaptic plasticity is carried out via the constant interplay between neuronal
activity and sophisticated programs of gene expression, which convert external
stimuli into long-lasting changes in synapse structure and function. These
changes often occur in a synapse-specific manner and are tightly spatially
regulated within the neuron. Spatial regulation of synaptic plasticity is, at
least in part, achieved because of the dendritic localization of a subset of
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mRNAs that code for important synaptic proteins. Thus, local control of mRNA
translation offers the neuron the possibility to react to external stimuli with
subcellular resolution, thereby enabling each synapse to respond autonomously
to neuronal activity.

miRNAs are highly expressed in postmitotic neurons both at times of
synapse development as well as in fully mature neurons. Their function as
posttranscriptional regulators of gene expression makes them excellent candi-
dates for controlling key aspects of synapse development and plasticity. So it
comes as no surprise that intense research efforts have been focused on
clarifying the role of miRNAs in compartmentalizing mRNA translation in
neurons, as well as on the regulation of miRNA expression and function by
neuronal activity. The importance of both these aspects of miRNA biology for
synaptic function is now supported by solid experimental evidence that will be
described in the next two sections. We will then summarize the current
knowledge of the involvement of specific miRNAs in the different stages of
synapse development and function (Table II).
TABLE II
LIST OF MICRORNAS INVOLVED IN FUNCTIONS OF POSTMITOTIC NEURONS AND THEIR MRNA TARGETS

Process MicroRNA Target gene and pathway References

Dendritic
growth and
arborization

miR-132 p250RhoGap, Rho signaling 64,65
miR-124 Rho signaling, indirect regulation of

CDC42
66

miR-125b ? 67
miR-134 PUM2, mRNA metabolism 68
miR-137 MIB1, proteasome-dependent

degradation
69

bantam ?, indirect regulation of AKT1 signaling 70
Synapse

formation
Let-7 Abrupt 71
miR-134 LIMK1, actin polymerization 72
miR-138 APT-1, palmitoylation 73
miR-132 p250RhoGap, rho signaling 67,74
miR-137 MIB1, proteasome-dependent

degradation
69

miR-125b NR2A, neurotransmitter receptor
composition

67

Synapse
physiology
and
plasticity

miR-134 CREB, activity-dependent transcription 75
miR-132 RFX4, circadian rhythm 76
miR-284 GLURA and GLURB, neurotransmitter

receptor function
77

miR-219 SCOP, circadian rhythm 76
miR-1 UNC-29, UNC-63, MEF2,

neurotransmitter receptor function
and activity dependent transcription

78
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A. Unique Features of miRNA in Postmitotic Neurons
1. COMPARTMENTALIZED EXPRESSION
Because of the established importance for dendritic protein synthesis in
some form of synaptic plasticity,79 the isolation of several miRNAs associated
with the translational machinery of postmitotic neurons80 immediately
suggested that the miRNAs pathway might operate locally within the neuron
to control the expression of key synaptic proteins at a subset of synapses. This
hypothesis found the first experimental support with the identification of
several proteins involved in the miRNA pathway in the synapto-dendritic
compartment in both vertebrate and invertebrate nervous systems. Specifically,
Dicer, the argonaute homologue EIF2C,81 Armitage and its mammalian ho-
mologueMOV10,82,83 and fragile X mental retardation protein (FMRP) 84 have
been all shown to be localized in dendrites. miR-134 has been the first func-
tionally characterized dendritic miRNA. miR-134 localizes in granules in close
proximity to dendritic spines in dissociated hippocampal neurons.72 Spines are
specialized actin-rich protrusions along the dendrites where the majority of
excitatory synapses are located; the effect of miR-134 on dendritic spines will
be described in further detail later. The repertoire of dendritic miRNAs has
been greatly expanded by profiling studies. These investigations analyzed the
small RNA content in preparations enriched in the synaptodendritic compart-
ment by either laser capture microdissection of dendrites isolated from primary
rat hippocampal neurons85 or biochemical isolation of synaptosomes, a
biological fraction of purified synaptic terminals from murine brain.73,86 So
far the list of dendritically enriched miRNAs includes more than 20 members.
However, a function within the dendritic compartment has been identified for
very few of them, namely miR-134, miR-138, and miR-132 that all regulate
spine size in hippocampal neurons (see below). One key unanswered issue in
the understanding of dendritic miRNA biology is how they reach their final
destination in the dendrites. Several models are conceivable (for review, see
Refs. 87,88), but none has been experimentally proven so far. Both miRNAs
and RISC proteins show a granular pattern within the neuronal processes and
share some components with the other ribonucleoprotein particles associated
with mRNA transport and repression in dendrites. Furthermore, neuronal
activity can alter the motility and composition of the miRNA-containing gran-
ules,81,84,89 suggesting that their transport and dynamics represent an impor-
tant additional layer of regulation of miRNA function in neurons.

The majority of miRNAs that show polarized expression in neurons have
been identified in dendrites. However, experimental evidence for miRNAs that
are either enriched in axons or exert their effect presynaptically is emerging.
Genetic models with disrupted miRNA biogenesis are consistent with a role of
miRNAs in axon. Both in Drosophila m. and mice, disruption of Dicer in
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olfactory neurons and retinal ganglion cells, respectively, leads to axonal path-
finding abnormalities.90,91 However, it remains to be determined whether these
defects arise from impaired biogenesis of specific axonal miRNAs. In the
invertebrate Aplysia, miR-124 is localized in the presynaptic neuron of the
sensory-motor synapse, where it regulates long-term facilitation (LTF), a form
of synaptic plasticity (see below).92 More recently, a number of miRNAs
specifically enriched in the distal axon of rat sympathetic neurons have been
isolated.93 Between these, miR-338 regulates energy metabolism in the axon by
controlling local translation of cytochrome c oxydase IV.94 It is very likely that
the list of miRNAs playing an important role in axonal development and
function will increase in the near future, as it has been the case for dendritic
miRNAs.
2. REGULATION BY NEURONAL ACTIVITY
Neuronal activity plays an essential role in shaping synaptic strength and
connectivity at all stages of neuronal development and function. A neuron
reacts to changes in synaptic transmission by modulating gene expression
programs, which in turn regulate important synaptic factors. Thus, it is not
surprising that neuronal activity has a profound impact on all aspects of miRNA
biogenesis and function (Fig. 2). A first layer of regulation occurs at the
transcriptional level. Increased synaptic signaling induces calcium influx into
the postsynaptic cells, which ultimately results in new gene transcription
regulated by activity-dependent transcription factors.95 Membrane depolariza-
tion and application of the neurotrophin BDNF (brain-derived neurotrophic
factor) activate transcription of the miR-132 gene in dissociated neurons in a
manner that depends on the well-known activity-regulated transcription factor
CREB (cAMP response element binding protein).64 Also, the transcription of
miR379–410 cluster—a conserved, large mammalian miRNAs cluster encom-
passing more than 40 miRNAs, among them miR-134—is induced by neuronal
activity upon activation of the transcription factor MEF2.68

Posttranscriptional regulation can further increase the complexity of the
mechanisms connecting neuronal activity to miRNA function. The molecular
mechanisms of regulated miRNA biogenesis have begun to be clarified in
nonneuronal tissues and cell lines and are described in detail elsewhere.96 It
is likely that similar mechanisms are operative also in neurons, and the effect of
neuronal activity on miRNAs biogenesis will surely be a field of exciting
research. It has already been shown that brain-specific adenosine-to-inosine
editing of the miR-376 family members can alter their silencing specificity.97

Two experimental observations suggest that processing of miRNA precursors is
regulated in neurons. The dendritic miR-138 is brain-specific, while its precur-
sor pre-miR-138 is ubiquitously expressed.98 This suggests that dicer-mediated
cleavage of the precursor is the regulated step in the biogenesis of this specific
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miRNA. Furthermore, in synaptosomes, activity-dependent calpain cleavage
induces release of Dicer from the postsynaptic density (an electron-dense
region at the membrane of a postsynaptic neuron where most neurotransmitter
receptor localizes) and stimulates its RNase activity.81 It remains to be experi-
mentally demonstrated that increased Dicer activity is associated with the
specific processing of dendritic miRNA precursors. Overall, it is becoming
clear that neurons are able to dynamically regulate the levels of mature
miRNAs. This is achieved not only by controlling their transcription but also
their stability. In the retina and in dissociated neurons, increased neuronal
activity accelerates turnover of several miRNAs, suggesting that miRNA levels
are controlled by a regulated decay mechanism in neuron.99
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Protein components of the RISC complex are also subject to regulation by
neuronal activity.

In Drosophila, increased synaptic transmission induced by an olfactory
learning paradigm leads to proteasomal-dependent degradation of the critical
RISC component Armitage. This in turn leads to increased translation of the
important plasticity gene CAMKII,82 a calcium/camodulin-dependent kinase.
A similar mechanism has also been observed in mammalian hippocampal
neurons where MOV10 is degraded after activation of the N-methyl
D-aspartate (NMDA) neurotransmitter receptors in an ubiquitin- and protea-
some-dependent fashion, which is followed by the translation of the two known
dendritic miRNA targets APT-1 and LIMK1 (see below).83 Importantly,
MOV10 degradation appeared to be restricted to activated synapses, in both
studies. Thus neurons appear to be able to regulate individual RISC complexes
in response to neuronal activity in a temporally and spatially restricted manner,
a capacity that is well suited to control the long-lasting potentiation of specific
synaptic connections that occurs during plasticity.
B. Functions of miRNA in Postmitotic Neurons
1. MIRNA’S ROLES DURING DENDRITOGENESIS
Inhibitory and excitatory inputs from neighboring neurons converge on
dendrites, which in turn transmit them to the soma. Thus the processing of
information transmitted by different synapses established by a neuron is
strongly influenced by the geometry of the dendritic tree. Unraveling the
mechanisms regulating growth and remodeling of the dendritic arbor is essen-
tial to understand the functioning of neuronal circuits.

Many examples illustrate the importance of miRNAs at all stages of den-
dritic development. The initial stage of dendritogenesis is controlled by intrin-
sic programs of gene expression that govern the sprouting and branching of
neurites. In dissociated, immature neuronal cultures, three miRNAs have been
shown to be necessary at this stage. miR-132 and -124 are both necessary and
sufficient to induce neurite outgrowth from primary cortical neurons and
differentiating P19 cells, respectively. Both miRNAs exert their effect by
decreasing the protein levels of members of the small rho GTPases family, a
class of important regulators of actin cytoskeleton dynamics. Specifically,
p250RhoGAP is downregulated by miR-132 and CDC42 by miR-124.64,66

In contrast, miR-137 inhibits dendritic morphogenesis in primary neurons
whereby the biologically significant target of miR-137 appears to be the ubi-
quitin ligase MIB1.69 The relevance of the miRNA pathway for dendritic
development has been confirmed in vivo by the use of different genetic
models. In Drosophila m., ectopic expression of the RISC associated proteins
FMR1 and ME31B reduces the complexity of the dendritic tree of sensory
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neurons.84 The same phenotype is observed when miR-124 is overexpressed,
suggesting that in vivo the levels of this miRNAmust be accurately regulated to
ensure proper development of neuronal processes. Interestingly, FMR1 and
miR-124 genetically interact, since the miR-124 gain-of-function phenotype is
partially rescued in FMR1 null mutants. The rescue is associated with de-
creased levels of mature miR-124 and accumulation of its precursor, suggesting
that FMR1 controls miR-124 activity by regulating its biogenesis.100 In mice,
conditional inactivation of Dicer in postmitotic neurons results in a variety of
abnormalities that include a severe reduction of the complexity of the dendritic
tree in the hippocampus.9 However, owing to the pleiotropic effects of Dicer
inactivation, it is difficult to determine whether the dendritic phenotypes are a
primary or secondary consequence of the absence of miRNAs in neurons.

After the initial outgrowth and branching of the neuronal processes, the
further remodeling of the dendritic tree is shaped by neuronal activity.
Increased neuronal activity induces CREB-dependent expression of
miR-132, which in turn is necessary for activity-dependent dendritogenesis in
dissociated and organotypic hippocampal cultures. Thus miR-132 is necessary
for dendritic outgrowth at multiple stages of dendritic development.65

Increased neuronal activity boosts the expression also of the of miR379–410
cluster. Independent inhibition of multiple members of the cluster, including
miR-134, prevents activity-dependent dendritogenesis but has no effect on the
dendritic complexity of unstimulated neurons. The RNA-binding protein
PUM2 is the key target of miR-134 in the context of activity-dependent
dendritogenesis.68 It is still unknown if other miRNAs from the miR379–410
cluster regulate activity-dependent dendritogenesis by targeting different com-
ponents of the PUM2 pathway or independent signaling cascades. The analysis
of mice that are haplo-insufficient for DCGR8, an essential component of the
microprocessor complex, is consistent with the finding that expression of
miRNAs belonging to the miR379–410 cluster is important for proper dendrite
development in vivo. Maturation of several members of the cluster is impaired
in DCGR8 mutant mice, and this correlates with reduced complexity of the
dendritic tree of pyramidal neurons in the hippocampus.101

The final steps of dendritic development require their correct targeting to
the synaptic partners and their maintenance in the receptive field of the neuron
(the area within a neuron where stimulation excites the cell) during organo-
genesis and plasticity. It has been shown that both processes require miRNA
activity. InDrosophila m., the highly stereotyped projections of the dendrites of
olfactory projection neurons are mistargeted in null mutants for the two
miRNA biogenesis enzymes, Pasha and Dicer. Interestingly, just the dendrites
of specific subsets of olfactory neurons were affected,90 suggesting the exis-
tence of an miRNA code contributing to the wiring of the nervous system.
Genetic analysis in Drosophila m. has shown that miRNAs are necessary not
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only for correct targeting but also to maintain coverage of the target area of
sensory neuron dendrites. The miRNA bantam expressed in epithelial cells
ensures that, during larval growth and development, sensory neuron dendrites
that target the epithelium grow proportionally to maintain their receptive
field.70
2. MIRNA ROLES IN SYNAPSE FORMATION AND MATURATION
A combination of studies in both invertebrate and vertebrate model sys-
tems has begun to shed some light on the role of the miRNA pathway during
synaptogenesis. In Drosophila, the RISC components AGO1 and FMR1 are
necessary for proper development of the neuromuscular junction (NMJ).
FMR1 null mutants and FMR1/AGO1 double heterozygous show ectopic
formation of synaptic boutons.102 Subsequently, a role for the LET-7 miRNA
family in the maturation of the fly NMJ has been revealed. Development of the
NMJ is severely delayed in LET-7 mutants, suggesting that these miRNAs do
not control the formation of the NMJ per se, but regulate its growth and
maturation.71 The discrepancy between the AGO1/FMR1 and the LET-7
phenotypes illustrates the difficulty of interpreting the results of genetic
approaches in which the function of the whole miRNA pathway is impaired.
First, most of the proteins involved in miRNA biogenesis and function have
also other roles that do not depend on miRNAs themselves. Second, since
miRNAs can control multiple aspects of the same biological process, complete
suppression of this pathway will only uncover the dominant phenotype which
could also be due to the synergistic effect of multiple miRNAs. Thus, to dissect
the role of miRNAs in any biological process, it is imperative to identify the
functions of individual miRNAs. Much progress in this direction has been
achieved in mammals using primary neuronal cultures and organotypic slices.
In dendrites of rat hippocampal neurons, miR-134 colocalizes with and
suppresses the translation of the mRNA coding for the cytoskeleton regulator
LIMK1. LIMK1 is a kinase that promotes actin polymerization, and the miR-
134/LimK1 interaction leads to a decrease in dendritic spine size.72 Interest-
ingly, miR-134 repression of LimK1 translation is reversible. BDNF, which is
released in response to synaptic transmission, can relieve the inhibition of
LimK1 expression by miR-134. Thus this interaction might be subjected to
regulation by neuronal activity and be relevant for plasticity since dendritic
spine size is a good indicator of synaptic strength.

The control of different signaling pathways that modulate actin dynamics in
spines seems to be a shared feature of the dendritic miRNAs that have been
functionally characterized so far. Using a functional screening approach,
miR-138 and miR-132 were identified as a positive and negative regulator of
spine growth, respectively, in cultured hippocampal neurons. miR-138 inhibi-
tion led to increased spine volume associated with enhanced amplitude of the
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miniature excitatory postsynaptic currents (mEPSC). miR-138 downregulates
expression of APT-1, an enzyme that catalyzes depalmitoylation of important
synaptic proteins, including the actin cytoskeleton regulator Ga12/13, an RhoA
regulator.73 Similar to its growth-promoting effect on dendrites, miR-132 is
necessary and sufficient for spinogenesis. Both in dissociated hippocampal
neuron and organotypic hippocampal slices, miR-132 inhibition decreased
spine density with a concomitant reduction in the frequency of mEPSC.67,74

Thus, similar to miR-134, miR-132 is necessary at multiple stages of postmitotic
neuronal development. However, in contrast to miR-134, which seems to have
different key targets depending on the biological process that it regulates,
miR-132 function in spinogenesis is again mediated by downregulation of
p250GAP, a GTPase-activating protein that regulates the actin cytoskeleton
via the Rac/PAK1 pathway.

Actin dynamics is not the only aspect of synapse formation and maturation
controlled by miRNAs.

miR-137 modulates the activity of the proteasome pathway by repressing
MIB1, which in turns leads to inhibition of spine development.69 Spine
development and mEPSC frequency are also impaired in hippocampal neu-
rons overexpressing miR-125b. One target of miR-125b is NR2A, a subunit of
the NMDA neurotransmitter receptors.67 However, it remains to be experi-
mentally demonstrated that NR2A is the key miR-125b target in the spinogen-
esis pathway.
3. MIRNA’S ROLES IN SYNAPSE PHYSIOLOGY AND PLASTICITY
miRNAs continue to play an important role in synapse physiology in the
adult nervous system, where their roles range from the control of the efficiency
of synaptic transmission to several forms of plasticity. The abundance and
subunit composition of neurotransmitter receptors is one of the major deter-
minants of synapse strength. Both of these aspects seem to be under the control
of miRNAs in invertebrate and vertebrate synapses. The regulation of NR2A by
miR-125b has already been mentioned above. At the fly NMJ, miR-284 con-
trols the abundance of the glutamate receptor subunits GLURA and
GLURB.77 In C. elegans, miR-1 fine-tunes the efficacy of synaptic transmission
at the NMJ through two mechanisms. First, miR-1 directly suppresses expres-
sion of two subunits of the acetylcholine receptors in the muscle, thus mod-
ulating the sensitivity of muscles to acetylcholine. Second, miR-1 also reduces
expression of the transcription factor MEF2. The miR-1/MEF2 interaction is
necessary to modulate a still-unknown retrograde signal that regulates neuro-
transmitter release on the presynaptic element of the NMJ.78

Since the long-lasting form of synaptic plasticity is dependent on protein
synthesis, it was just a matter of time before experimental data on miRNAs
regulating plasticity started to accumulate. The activity-dependent regulation
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of Armitage stability in Drosophila m. olfactory neurons has already been
described above. Importantly, mutation in both Armitage and Dicer leads to
impaired memory formation during olfactory learning due to the misregulated
translation of CaMKII.82 Successively, miR-124 was the first miRNA that was
shown to be necessary for a specific form of plasticity: LTF at the sensory-
motor synapse in the Aplysia. LTF is a form of synapse strengthening induced
by repeated application of the neurotransmitter serotonin on the sensory
neuron. miR-124 is expressed in the presynaptic neuron where it inhibits
expression of CREB1. miR-124 seems to act as an inhibitory signal for plasticity
at the sensory motor synapse, since the decrease of miR-124 activity is neces-
sary and sufficient for LTF induced by repeated application of serotonin.92

Regulation of the critical plasticity gene CREB by miRNAs is necessary for
some forms of synaptic plasticity also in mammalian CNS. CREB translation is
inhibited by miR-134, and, in vivo, overexpression of miR-134 impairs both
long-term potentiation (LTP; a form of synaptic plasticity) and memory forma-
tion in fear-related tests. A similar phenotype and decreased levels of the
CREB protein are also observed in brain-specific knockdown of SIRT-1.
SIRT-1 is a histone deacetylase that binds to a consensus sequence upstream
of the miR-134 gene and suppresses its expression, suggesting that SIRT-1
indirectly controls CREB levels via miR-134. Consistently, viral-mediated
inhibition of miR-134 rescues the phenotype observed upon SIRT-1 loss of
function, restoring CREB levels.75

Finally, two miRNAs have been shown to be necessary for proper function
of the circadian clock. Inhibition of miR-132 and miR-219 in the suprachias-
matic nucleus in the hypothalamus lengthens the circadian period and attenu-
ates the entraining effects of light, presumably by disregulating the expression
of two key clock genes.76

The development of a method to ectopically perturb in vivo the function of
a specific miRNA has been instrumental in this study. Once this approach is
applied to other miRNAs in parallel with gene targeting of brain specific
miRNAs, it is very likely that our knowledge about the regulation of plasticity
and cognitive functions by small RNAs will increase dramatically.
IV. The Roles of miRNA in Neurological Diseases

The possible involvement of miRNAs in initiating and/or mediating the
effects of neuropathological diseases and disorders is quite plausible because
of their omnipresent role in gene regulation. At present, numerous studies
have emerged illustrating the differential expression of miRNAs in several
regions of the CNS in a wide assortment of neuropathological conditions. In
this section, the neuropathological roles for miRNAs in neurodegenerative,
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neuropsychiatric, neurodevelopmental, and addictive conditions will be
covered. Upon examination of these studies, a general consideration on wheth-
er this dysfunction in miRNA expression is the cause or consequence of the
diseased state is greatly required.
A. The Role of miRNAs in Neurodegenerative Diseases
1. ALZHEIMER’S DISEASE
Alzheimer’s disease (AD) is caused by the series of proteolytic cleavages to
the cellular amyloid precursor protein (APP), first by the b-site APP-cleaving
enzyme 1 (BACE1) and then by gamma secretase (g secretase), to form
amyloid b (Ab). The accumulation of Ab is highly neurotoxic to healthy neurons
because of the aggregation of this molecule to form plaques that eventually
signal neuronal cell death. Common symptoms of AD include the loss of
memory, inability to think and concentrate, and other general cognitive dis-
abilities including the failure to recognize people and objects. AD most often
contributes to the death of the subject. A number of studies have reported on
the aberrant expression of miRNAs in various brain tissues affected by the
disease. Moreover, the differentially expressed miRNAs have the potential to
target key proteins and enzymes involved in the production of the Ab load,
notably BACE1 and APP.

miRNA expression studies on whole brains and specific subregions of the
brain affected by AD have been performed. One of the first studies to do so
showed the upregulation of miR-9 and miR-128 in AD hippocampus upon
comparison to age-matched control subjects.103 The potential for these two
miRNAs to target a wide array of target genes was suggested to contribute to
the neurodegenerative process. miR-107, on the other hand, has been shown to
be downregulated in the brains of patients with early stages of AD.104 Coinci-
dentally, BACE1 mRNA possesses at least one functional site for miR-107 in its
30UTR, suggesting a reciprocal relationship between the two. Expression
analysis of miRNAs in sporadic AD patients identified the miR-29 family as
being downregulated in the disease. Once again, the gene encoding BACE1
was a target.105 Indeed, upon further analysis of this relationship using in vitro
reporter assays, a significant correlation between the downregulation of miR-
29a/b and overexpression of BACE1 was identified. This reciprocal relationship
between the miRNA and target gene has the potential to increase the produc-
tion of APP in AD. Other miRNAs shown to target BACE1 include miR-298
and miR-328, which were found to display increased expression in the hippo-
campus in a mouse model of the disease.106 miR-101, which recognizes one of
two sites predicted for it in the 30UTR of APP, has been shown to regulate the
expression of this enzyme in both embryonic and postnatal primary hippocam-
pal cultures.107 Apart from directly targeting APP, miR-101 can also target the
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cyclooxygenase 2 (COX2) gene, the product of which has been implicated in
the synthesis of APP by contributing to the synthesis of prostaglandin E2
(PGE2). A concerted downregulation in the expression of APP and COX2
(and indirectly PGE2) by miR-101 has the potential to reduce the Ab load in
AD. Similarly, miRNAs of the miR-20a family (miR-20a, miR-17-5p, and miR-
106b) have also been shown to target APP.108 Nevertheless, only miR-106b was
significantly downregulated in sporadic cases of AD, but this change, however,
did not correspond to an increased Ab load.

Aberrantly expressed miRNAs can also contribute to more complex regu-
latory mechanisms involved in the pathobiology of the disease apart from
directly targeting the central proteins and enzymes involved in the etiology of
the disease. Many of these mechanisms maybe secondary in nature but,
nevertheless, their dysfunction can contribute to exacerbate the disease pro-
cess. In the cerebral cortex of an AD mouse model, miR-34a expression was
found to be highly elevated.109 A putative target of miR-34a is the Bcl2 gene
which serves a protective role in AD brains. Downregulation of BCL2 in AD,
potentially by the upregulation of miR-34a, can provide a mechanism by which
the ensuing pathobiology can progress unhindered. TGF-b’s (TGF-b1-3) are
cytokines that play important roles in the growth and survival of neurons.
Inhibiting the TGF-b pathway can increase the neurotoxicity induced by Ab.
The upregulated miR-106b in AD can target for repression TGF-b type II
receptor (TbR II), a high-affinity receptor for TGF-bs, which is also decreased
in the neurons of AD subjects.110 The reduced expression of TbR II corre-
lates with impairments in TGF-b signaling via SMAD proteins, together
favoring neuronal degeneration.110 The role of miR-146a expression in AD
has been noted.111,112 The expression of miR-146a in AD correlates with the
decrease in the expression of complement factor H (CFH) which is involved
in suppressing the immune and inflammatory responses in the brain. Unre-
strained neuroinflammation during AD can accelerate the degenerative state
through the amplification of the effects of proinflammatory molecules (cyto-
kines and chemokines). The identification of aberrant miR-146a expression in
AD is quite interesting, since this miRNA is a downstream effector molecule
of the transcription factor NF-kB that plays a central role in orchestrating
inflammatory responses and cell fate decisions.113 Additionally, miR-146a has
also been shown to be involved in inhibiting the expression of NF-kB through
a negative feedback mechanism, suggesting that this miRNA can be involved
in dampening the innate immune response.113 The apparent dual role of
miR-146a both as a positive and negative regulator of the innate immune
response not only reinforces the general pleiotrophic nature of miRNA–
mRNA interactions but also provides further insight into distinct molecular
mechanisms of the brain that are perturbed in AD and how they may
contribute to the pathobiology of the disease.
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Prion diseases are similar to AD in that both are associated with the
accumulation of a pathogenic fibrillar aggregate of their respective neurotoxic
forms. In prion diseases, neuronal cell death is caused by the misfolding of the
normal host encoded prion protein (PrPc) to an aberrant neurotoxic isoform
(PrPSc), which possesses the potential to self-replicate. Amongst neurodegen-
erative diseases, it maintains a unique status since it can possess sporadic,
genetic, and infectious etiologies. Differential expression of miRNAs has
been documented in brains of mouse and nonhuman primate models of the
disease.114,115 Although both studies identified unique subsets of differentially
expressed miRNAs and numerous disease-specific target genes for future
investigation, the upregulation of miR-342-3p was common to both. Addition-
ally, this miRNA was also upregulated in a human manifestation of the disease,
suggesting the potential for utilizing this miRNA as a biomarker of the disease
pathobiology. One miRNA that was upregulated in prion disease and also
consistently shown to be upregulated in the study of AD was miR-128.114

Aberrant expression of this miRNA and the cognate target genes that it
regulates may represent a general response to a neurodegenerative state.
2. PARKINSON’S DISEASE
Parkinson’s disease (PD) is characterized by the progressive neurodegen-
eration of dopaminergic neurons in the substantia nigra, and manifests in such
symptoms as tremors, rigidity, and bradykinesia. Initial establishment of possi-
ble role(s) for miRNAs in dopaminergic neurons was delineated through the
inability of embryonic stem cells (ESCs) to differentiate into midbrain dopa-
minergic neurons upon Dicer ablation, suggesting a general role for miRNAs in
the differentiation and survival of these cell types.10 Furthermore, a subtractive
microarray analysis which compared and contrasted miRNA expression in
normal human adult brain versus that of PD patients revealed the impaired
expression of miR-133b in diseased individuals. The reduced abundance of
miR-133b was also confirmed in Aphakia mice that are often used as model
organisms in the study of PD neuronal loss. A unique feature of this model
system is the genomic scarceness of the paired-like homeodomain 3 (PITX3)
gene, a transcription factor required for neuronal survival and normal motor
activity and, coincidentally, a target gene of miR-133b. Based on overexpres-
sion and inhibitory tests in vitro and in vivo, miR-133b was shown to regulate
Pitx3 and vice versa, essentially in a negative feedback loop consisting of the
miRNA and the target gene. A disruption of this feedback mechanism may
promote the multitude of symptoms associated with PD.10 It is worth noting
that, in another Dicer ablation study, specifically ablation in mouse dopamino-
ceptive neurons of the striatum, neuronal cell loss was not observed.12 Never-
theless, a wide range of phenotypes were evident, including ataxia, front and
hind limb clasping, reduced brain size, and smaller neurons, suggesting that
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probably neuronal dysfunction, and not just loss, contributes to disease patho-
biology. A polymorphism in the fibroblast growth factor (FGF20) gene at the
8p21.3-22 locus was previously identified as a risk factor for PD, which in turn
correlated with increased a-synuclein expression and the onset of PD.116

Moreover, upon careful inspection of the risk-factor locus on chromosome 8,
a single nucleotide polymorphism was identified within the 30UTR of FGF20
that specifically disrupted the binding potential of miR-433 and in the process
might permit unrestrained expression of the FGF20 gene.117

Specific mutations in the gene leucine-rich repeat kinase 2 (LRKK2) can
give rise to some cases of PD in humans, though the molecular mechanisms
that are involved are not yet clearly defined. A role for miRNAs in mediating
the molecular effects of the pathogenic LRRK2 has been identified and a
subsequent role in the PD neurodegenerative mechanism proposed.118 Specif-
ically, pathogenic LRRK2, which possesses increased kinase activity, was shown
to reduce miRNA expression. This reduction was primarily due to the associa-
tion of the pathogenic isoform with the RISC protein AGO1 as illustrated
through coimmunoprecipitation studies. The association is believed to destabi-
lize AGO1 interaction in the RISC. Furthermore, overexpression and down-
regulation of DCR1, another RISC component, suppressed and exacerbated
the neurodegenerative effects of the pathogenic isoform, respectively. Upon
examination of mRNA transcripts that are upregulated in response to the
general decrease in miRNA production, the prominence of the transcription
factor E2F1 was noted, as it has been previously implicated in PD. E2F1, in
general, interacts with differentiation-regulated transcription factor proteins,
such as DP. Together, their role in postmitotic neurons is to abort cell division
leading to cell death. In Drosophila model of PD (expressing the pathogenic
isoform of LRRK2), the expression of both proteins is upregulated; however,
suppressing the expression of these proteins preserved dopaminergic neurons
during the course of the disease. miRNA binding sites have been identified
within E2f1 (miR-184*) and Dp (let-7) 30UTRs.118 Overexpression of these
miRNAs in dopaminergic neurons of Drosophila partly rescued the phenotype
associated with the pathogenic LRRK2, whereas the contrary was true upon
knockdown of these miRNAs in wild-type flies. Taken together, the results
provide compelling evidence for the role of miRNAs in mutated LRKK2
mediated PD.
3. HUNTINGTON’S DISEASE
Phenotypic symptoms of Huntington’s disease (HD) include random and
uncontrollable movements as well as diminished cognitive and psychiatric
abilities. At the molecular level, HD is believed to be caused by the expansion
of the ‘‘CAG’’ trinucleotide in the Huntingtin (Htt) gene, resulting in the
degeneration of neurons, particularly those in the striatum. Moreover, the
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trinucleotide repeat in Htt prevents the sequestration of the REST factor in the
cytoplasm of neurons by the translated HTT, in the process enabling the
translocation of the protein to the nucleus where it binds to RE1 repressor
sequences upstream of target genes and promotes an overall downregulation in
gene expression. Several studies have drawn attention to the deregulation of
miRNAs in HD due to the aberrant function of REST. The expression of
miRNAs miR-9/9*, miR-29a/b, miR-124a, miR-132, miR-330, miR-17, miR-
196a, miR-222, miR-485, and miR-486 have all been shown to be downregu-
lated in HD patients and mouse models of the disease, in the process leading to
the upregulation of cognate target genes.37,119 For example, upregulation of the
Rho family GTPase-activating protein, p250GAP, due to a decrease in miR-132
levels, can negatively modulate dendritic plasticity.65 miR-9 and miR-9* also
target the REST complex (REST and coREST, respectively), suggesting the
potential for the existence of a double negative feedback mechanism on
miRNA expression.65 Intriguingly, apart from sequestering REST, wild-type
HTT has also been found to bind and stabilize interactions within the RISC
complex as it copurified with AGO2.120 Furthermore, wild-type HTT also
colocalized with AGO2 in P bodies. In contrast, the mutant version inhibits
the formation of such structures. Therefore, in HD, it appears that both the
expression and also the function of miRNAs may be compromised, leading to
aberrant target gene regulation.
4. MOTOR NEURON DISEASES (AMYOTROPHIC LATERAL SCLEROSIS AND

SPINAL MOTOR NEURON DISEASE)
Amyotrophic lateral sclerosis (ALS) is characterized by the progressive
degeneration of motor neurons that are involved in the control of muscle
movements. The symptoms of this disease include muscle atrophy, paralysis,
and subsequently death. In ALS, the skeletal muscle specific miR-206 has been
shown to sense motor neuron injury and/or loss and, in the process, ameliorate
the resulting muscle damage by promoting regeneration of neuromuscular
synapses.121 The expression of miR-206 was highly upregulated in a mouse
model of ALS, and upon knockdown of this miRNA, the symptoms of the
disease progressed at a much faster rate leading to death of the animal.
Similarly, in normal mice that have undergone sciatic nerve injury, leading to
the deinnervation of muscle, increase in the expression of miR-206 in muscle
fibers was apparent. Furthermore, by inhibiting the action of miR-206 in
normal mice, the response of the neuromuscular junction (NMJ) to nerve
injury was adversely affected via the formation of morphologically defective
NMJs. Some of the possible in vivo effects of miR-206 in muscle cells appear to
be mediated through the inhibition of histone deacetylase 4 (HDAC4).
HDAC4 is known to inhibit nerve reinnervation by blocking the expression of
fibroblast growth factor binding protein 1(FGFBP1), which is involved in
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potentiating the actions of a subset of fibroblast growth factor proteins
(FGF7,10,22) on distal motor neuron terminals. The suppression of HDAC4,
by miR-206, leads to the release of these fibroblast growth factors that promote
the interactions between nerve and muscle. Moreover, the role of miR-206 at
the injured NMJ appears to be very specific to adults only, as the loss of this
miRNA had no impact on uninjured embryos and also on young mice. In
general, miR-206 appears to possess a protective role in ALS where it preserves
the integrity and plasticity of the adult neuromuscular synapse.121

Another miRNA implicated in motor neuron diseases is miR-9, which has
been shown to be involved in the loss of spinal motor neurons (SMNs) leading
to spinal muscular atrophy.122 miR-9 was shown to be downregulated in SMNs
that had undergone targeted ablation of Dicer. Although a general deletion of
Dicer affects the biogenesis of a plethora of miRNAs, the decrease in the
expression of miR-9 is especially interesting, as it targets for posttranscriptional
gene silencing the heavy neurofilament (NEFH). NEFH has been previously
implicated in motor neuron diseases where perturbations in the coordinated
expression of this gene led to cytoskeletal defects of the axon. The increased
expression of NEFH in SMNs perturbs the fine neurofilament subunit stoichi-
ometry that exists between the light (NEFL), medium (NEFM), and NEFH.
B. The Role of miRNAs in Neuropsychiatric Disorders

Neuropsychiatric disorders encompass a heterogeneous collection of cog-

nitive and emotional disorders that have variable behavioral phenotypes and
are challenging to diagnose and universally difficult to treat. Common disor-
ders include schizophrenia (SZ), Tourette’s syndrome (TS), autism spectrum
disorders (ASDs), and various types of mood disorders. The exact molecular
underpinnings of neuropsychiatric disorders has been elusive but the current
hypothesis suggests that possible impairment of prominent biological pathways
that contribute to neuronal synaptic plasticity, vulnerability to aberrant stimuli,
and neurotrophic factor signaling may individually or concurrently contribute
to the etiology of various types of disorders. The multiple roles mediated by
miRNAs in gene regulation in the brain have rendered these molecules as
possible candidates for investigation into the genesis and progression of neu-
ropsychiatric disorders.
1. SCHIZOPHRENIA
SZ is characterized by cognitive deficits that influence a patient’s thoughts,
perceptions, speech, mood, and behaviors. Several different types of molecular
approaches have been used to identify and study the role ofmiRNAs in SZ. These
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can be divided into genetic variation studies and the subsequent extrapolation to
larger subset(s) of the population and differential miRNA expression studies to
document and to identify aberrantly expressed miRNAs in SZ.

One of the earliest genetic association studies involved the generation of a
mouse model with a hemizygous 1.3-Mb deficiency of a genomic region that is
syntenic to the 1.5-Mb region missing in the 22q11.2 microdeletion found in
many SZ patients.101 This region contains � 27 genes, including Di George
syndrome (DGS) critical region 8 (DGCR8), a partner of Drosha. These
animals showed behavioral alterations consistent with SZ, such as in locomotor
hyperactivity, anxiety-like behaviors and deficits in prepulse inhibition, cued
and contextual fear conditioning, and working memory. Microarray analysis of
the hippocampus and prefrontal cortex of these animals showed alterations in
the abundance levels of multiple genes, many of which have been previously
linked to synaptic plasticity and function. Expression levels of DGCR8 were
reduced, while no differences were seen in the expression levels of other
proteins involved in the processing of miRNAs. Upon further investigation
into the effect of this downregulation on miRNA processing, levels of pri-
miRNAs were found to be increased while mature miRNAs had decreased
levels, which was also confirmed in heterozygous knockout mice for Dgcr8. In
general, this study was one of the first to suggest a potential link between a
genetic alteration found in SZ patients, specifically the microdeletion, and an
overall dysfunction of miRNA-dependent mechanisms.

miR-130b, which is located in the 22q11.2 susceptibility locus for SZ and
targets the mRNA of MeCP2, has been investigated for possible genetic varia-
tion.123 Albeit a sequence variation was identified in the 50-upstream region of
this gene, specifically at potential binding sites for transcription factors, it did
not translate into statistically significant association with SZ upon extrapolation
of the study to a much larger population. miR-346, which is located in the intron
of glutamate receptor ionotrophic delta 1 (GRID1), has been the subject of a
genetic association study since the host gene has been identified as an SZ
susceptibility gene.124 Additionally, miR-346 also targets for posttranscriptional
regulation a large number of other SZ-related genes at a greater frequency than
other brain-expressed miRNAs. Although no variation was apparent in the
flanking regions surrounding miR-346 in a relatively small sample size, both
the miRNA and the host gene were downregulated in the dorsolateral-prefron-
tal cortex (DL-PFC) of SZ patients. Upon examination of 59 miRNA genes on
the X-chromosome, 9 were found to have genetic variation in either the
pre-miRNA or mature miRNA sequence (let-7f-2, miR-188, miR-18b/18b*,
miR-502, miR-510, miR-660, miR-325, miR-505, miR-509-3) in a set of SZ
subjects.125 Intriguingly, many of the target genes of these miRNAs are some
of the defining genes of the disorder (e.g., neuregulin 1 (NRG1), disrupted in
schizophrenia 1 (DISC1), regulator of G-protein signaling 4 (RGS4)). Analysis
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of genetic variants near or within 28 brain-expressedmiRNAs identified a single
nucleotide variation in miR-206 as being overrepresented, whereas a variation
in miR-198 was underrepresented, in SZ subjects of European ancestry.126 A
single nucleotide variation in the pre-miR-30e which can influence
the liberation of the mature form was identified among SZ subjects of
Chinese ancestry.127,128 Lastly, a ‘‘hot-spot’’ for SZ on the 8p21-23 locus hosts
six brain-expressed miRNAs (miR-124, miR-383, miR-320, miR-596, miR-597,
andmiR-598).129 It is not difficult to fathom that structural variants at this locus,
in the form of copy number variants (CNV), microdeletions, and/or microdu-
plications, can possibly lead to dysfunctions in miRNA expression and/or func-
tion with the potential to influence the phenotypes often associated with SZ.

Large-scale miRNA expression studies have been performed on postmor-
tem brain from human subjects afflicted with SZ.40,130–132 In these particular
studies, different regions of the affected brain were analyzed, different number
of miRNAs were assayed, and the size of the sampling groups (affected vs.
control) varied. The earliest of these studies examined the PFC (15 SZ cases vs.
21 control cases) and identified 15 downregulated and 1 upregulated miRNAs,
of which 4 (miR-26b, miR-30b, miR-29b, and miR-106b) of the downregulated
miRNAs were experimentally confirmed.130 Putative target genes of the four
confirmed downregulated miRNAs showed enrichment for signaling pathways
related to synaptic function. Upon examination of the superior temporal gyrus
(STG; seven SZ cases vs. seven control cases), two miRNAs (let-7g and miR-
181b) were confirmed.131 In particular, the target genes of miR-181b, upon
assignment of gene ontology categories, also exhibited significant enrichment
for synaptic function. Further analysis of the miRNA repertoire in SZ subjects
(17 SZ cases vs. 17 control cases in STG and 15 SZ cases vs. 15 control cases in
DL-PFC) showed differential expression in a large number of these molecules
in both types of tissue. Nevertheless, a prominent upregulation of miR-181b,
miR-219, and members of the miR-15 family was observed. Interestingly,
members of the miR-15 family also possess enrichment for target genes asso-
ciated with synaptic function.40 In the largest set of miRNAs evaluated to date
in SZ (PFC of 35 SZ subjects vs. 35 control cases), the aberrant expression of
only seven miRNAs was determined.132 Of the seven, three (miR-7, miR-132,
miR-212) have been previously implicated in SZ. Taken together, these studies
support a role for aberrantly expressed miRNAs in the regulation of genes with
the potential to modulate the phenotypes often associated with SZ.
2. TOURETTE’S SYNDROME
TS is characterized by chronic vocal and motor tics which can manifest in
behavioral abnormalities. A link between TS and miRNAs was proposed on the
basis of the work that examined the Slit and Trk-like 1 (SLITRK1) gene, which
is involved in neurite outgrowth and has also been implicated as a candidate
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gene in the disorder. Screening for mutations in the 30UTR of this gene in TS
patients identified a sequence variant in the binding site of miR-189 that was
absent in the much larger subset of control subjects.133 Moreover, the expres-
sion of SLITRK1 and miR-189 were found to overlap in many regions of the
brain that have been associated with TS. It is interesting to note that several
follow-up studies failed to segregate the genetic variation with TS patients,
suggesting that further work, with a much larger sample size, is imperative to
draw any further conclusions.
3. AUTISM SPECTRUM DISORDERS
ASDs are characterized by abnormalities in reciprocal social interactions,
language development and/or usage, and restricted interests, as well as by
repetitive behaviors. The aberrant expression of nine miRNAs was identified
in postmortem cerebellar cortex of individuals afflicted with the disorder.134

Some of the aberrantly expressed miRNAs target neurexin (NRX1) and
Shank3, two genes that have been strongly implicated in autism. It is interesting
to note that several other studies have also profiled the transcription of miR-
NAs in lymphoblasts derived from ASD subjects and have thereby identified
differentially expressed miRNAs, many with neurologically relevant target
genes.135,136 In general, the latter set of studies support the use of lymphoblast
cell lines as surrogate sources of miRNAs in the study of ASDs.
4. MOOD DISORDERS
The potential role of miRNAs in the modulation of various mood disorders
has been examined. Specifically, aberrant miRNA expression has been shown
in the postmortem DL-PFC of individuals clinically diagnosed with bipolar
disorder (BPD). Although many of the differentially expressed miRNAs were
also shared among SZ subjects, there was a distinct subgroup, consisting of
� 15 miRNAs, which were unique to the BPD subjects.132 Even though
miR-134 has not yet been identified as being significantly differentially
expressed in BPD, it has nonetheless been investigated as a potential biomark-
er of the disorder.137 Interestingly, the level of miR-134 in blood peripheral to
the CNS was lower in BPD patients at both the drug-treated and drug-free
stage than in healthy subjects. Furthermore, the level of miR-134 increased
upon drug treatment in comparison to BPD subjects who were not subjected to
treatment. From these results, it appears that the level of miR-134, in periph-
eral blood, has the potential to be a marker of the BPD, and that increases in
plasma levels may be associated with the success of the treatments.

In the case of anxiety disorders, such as panic disorder and obsessive
compulsive disorder (OCD), genetic association studies have been performed
in order to suggest a possible molecular role for miRNAs in the etiology of the
disorder. The neuronal plasticity gene, neurotrophin-3 receptor (NTRK1),
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which has been previously reported to play a key role in modulating anxiety-like
behavior in mouse models, was shown to possess variations in several miRNA-
binding sites in the 30UTR.138 Specifically, a nucleotide variation in the binding
site for the brain-expressed miR-485-3p was found to be associated with the
hording phenotype of OCD. Additionally, rare variants in the binding sites for
miR-765, miR-509, and miR-128 have also been identified in the 30UTR of this
gene. In the case of the latter two miRNAs, nucleotide variations in their respec-
tive binding sites within the 30UTR led to a significant recovery of NTRK1
expression.Within the serotonin receptor 1b (HTR1B), a common single nucleo-
tide variation (A!G) was shown to attenuate the regulatory potential of miR-
96.139 Given that Htr1b knockout mice display an aggressive phenotype, it was
postulated that this particular polymorphism would be related to a history of
aggression-related behavior in a study of human subjects. Upon examination of a
cohort of college students, it was apparent that those individuals homozygous for
the A-element displayedmore aggression-related conduct disorder behavior than
those possessing one or two copies of the genetic variation. Therefore, it is entirely
possible that this common polymorphism that attenuates the regulatory potential
of an miRNA may also reduce the prevalence of a behavioral phenotype.
5. THE EFFECT OF ANTIPSYCHOTICS AND PSYCHOTOMIMETICS ON

NEURONAL MIRNA EXPRESSION
Pharmacological agents that aid in the study and/or treatment of psychiatric
diseases have profound effects on miRNA expression, thus further suggesting a
role for miRNAs in modulating the molecular underpinnings of these
disorders. Chronic treatment of primary hippocampal cells with mood stabi-
lizers, lithium and valproic acid (VPA), resulted in 37 and 31 responsive
miRNAs, respectively, with nine miRNAs in common between the two regi-
mens. mir-34a, in particular, was downregulated in the presence of both types
of agents. A putative target of miR-34a is the metabotropic glutamate receptor
7 (GRM7), which showed elevated levels in the hippocampal regions of the
treated animals.140 GRM7 is an interesting candidate in the context of mood
stabilizers since mice lacking this gene show more risk-taking behavior com-
pared to control mice.141 Taken together, the results suggest that mood stabi-
lizers mediate some of their molecular effects through the regulation of
miRNAs, in this particular instance suppression of miR-34a expression.
A decrease in miR-34a abundance leads to an increase in GRM7 levels that
affect behavioral phenotypes, specifically dampening excessive behavioral
excitement that is associated with risk-taking behavior. In an alternate study,
mice that were acutely treated with the psychotomimetic dizolcipine, an
NMDA-receptor antagonist, displayed decreased expression of miR-219 in
the prefrontal cortex.142 Additionally, reduced expression of miR-219 can also
be observed in mice in which the expression of the critical NR1 subunit of the
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NMDA receptor has been ablated. The decrease in miR-219 expression by
dizolcipine was ablated upon pretreatment of cells with the antipsychotics
haloperidol and colzapine. A potential target gene of miR-219 is CAMKIIg, a
member of the calcium/calmodulin-dependent protein kinase family of
NMDA-receptor signaling molecules. Therefore, the upregulation of miR-
219 in several SZ miRNA expression studies suggest that the hypoactivity of
NMDA receptors may, in part, be due to the overexpression of this miRNA and
its effect on downstream target genes.
C. The Role of miRNAs in Neurodevelopmental
Disorders

Given the role for miRNAs in the differentiation and development of

neurons and also in mediating the putative functions of postmitotic neurons,
possible functions for miRNAs in mediating the etiology of neurodevelopmen-
tal disorders and the phenotypes associated with such disorders have been
postulated. Indeed, a role for miRNAs has been investigated in Down syn-
drome (DS), fragile X syndrome (FXS), Rett syndrome (RS), and Di George
Syndrome (DGS).
1. DOWN SYNDROME
Trisomy 21, commonly known asDS, is caused by a chromosomal abnormali-
ty inwhich there is a triplication of all, or a portion, of the human chromosome 21,
leading to an increase in the expression of this region by � 50% in many tissues.
How the general increase in the expression of human chromosome 21 leads to the
manifestation of DS phenotypes is still under intense scrutiny. Nevertheless, DS
is characterized by variable phenotypes, among them cognitive impairment(s),
congenital defects of the heart, craniofacial abnormalities, gastrointestinal
anomalies, leukemia, and AD. In humans, chromosome 21 contains genes for
five miRNAs (miR-99a, let-7c, miR-125b-2, miR-155, and miR-802).143 The
expression of these miRNAs was found to be increased in DS fetal hippocampus
samples as well as in fetal heart samples, consistent with the extra copy of
chromosome 21. Two of the upregulated miRNAs, miR-155 and miR-802, were
shown to target the gene encoding MeCP2, which is downregulated in DS brain
specimens from both humans and mice.144 In DS, the MeCP2 gene is a particu-
larly promising candidate for investigation since it plays an important role in
neurogenesis, a process that is dysfunctional in DS. Downstream targets of
MeCP2, CREB1 and MEF2C, which are underexpressed and overexpressed
byMeCP2 action, respectively, are also aberrantly expressed in the same samples.
Furthermore, in vivo silencing of miR-155 or miR-802 in Ts65Dn mice (trisomic
for miR-155 and miR-802) led to the reestablishment of the expression of
miRNAs, target genes, and also the downstream effector genes to nontrisomic
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21 levels. Taken together, these results suggest that perturbations in the cascade of
molecular signals, initiated as a result of chromosome 21 trisomy, may be
mediated by several of the upregulated miRNAs found within the vicinity of
chromosome 21.144
2. FRAGILE X SYNDROME
FXS is caused by the loss-of-function mutations in the gene encoding
FMR1, specifically by the expansion of the trinucleotide CGG in the 50UTR
region of the gene. The Fmr1 gene encodes the FMRP. FMRP, in general, is an
RNA-binding protein that acts as translational repressor in neurons. Pheno-
types of FXS are manifested in the forms of severe cognitive and intellectual
disabilities. Association of FMRP with the miRNA pathway was first illustrated
in extensive work done inDrosophila.66,84,100,145,146 In mammals, FMRP, Dicer,
and eIF2c2 have been found to be in association with each other in postsynaptic
densities.81 At these sites, it is suspected that the association operates in an
activity-dependent manner to regulate the proper translation of target mRNAs.
Specifically, FMRP association with its target genes may provide the initial
framework for targeting of the miRNA–RISC complex to the 30UTR and
subsequent translational repression. Additionally, the phosphorylation status
of FMRP appears to regulate the association with the miRNA machinery.147

Specific miRNAs have been found to be associated with FMRP in immu-
noprecipitates prepared from mouse brain.67 Interestingly, two of these
miRNAs (miR-125b and miR-132) had diverging effects on dendritic spines.
In dissociated hippocampal neurons, the overexpression of miR-125b gener-
ated long narrow spines that resulted in reduced mEPSC amplitude, whereas
the knockdown of this miRNA increased the average width of the dendritic
protrusions. The NMDA-receptor subunit, NR2A, was identified to be a
potential target gene of miR-125b. NR2A mRNA also interacts with FMRP,
suggesting that a complex of FMRP, miR-125b, and AGO1might be involved in
the regulation of NR2A mRNA. In contrast to the effects of miR-125b on
dendritic spines, overexpression of miR-132 increased dendritic protrusion
width and increased mEPSC amplitude, whereas the knockdown led to a
significant reduction of dendritic complexity. Taken together, these results
suggest that miRNAs may play central role(s) in the silencing of FMRP target
mRNAmolecules. Moreover, these results also provide an intriguing possibility
for altering miRNA abundance as a means of challenging the abnormal spine
phenotype associated with FXS.
3. RETT SYNDROME
RS is an X-linked neurodevelopmental disorder that primarily occurs in
females, with a prevalence of 1:12,500 births being affected by the age of 12.
Mutations in the gene encoding MeCP2 have been linked to symptoms
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associated with RS, thus underlining the importance of this gene in the
syndrome. Additionally, tight regulation of this gene in the brain is essential,
as both increases and decreases in its expression have been shown to lead to
marked neurodevelopmental defects associated with RS.148,149 Interestingly,
the 30UTR of MeCP2 possesses an miRNA recognition element (MRE) for
miR-132, a CREB pathway induced neuronal miRNA that is highly responsive
to BDNF treatment.64,65,74 Moreover, BDNF has emerged as a target of
MeCP2, especially during neuronal development.150 Taken together, these
observations suggest the existence of a possible homeostatic mechanism where-
by, as MeCP2 levels increase, so also the levels of BDNF, which in turn leads to
the induction of miR-132 that can repress the translation of MeCP2.151 Overall,
the specific role of miR-132 may be to fine-tune the expression status of
MeCP2 so as to keep the transcriptional corepressor at physiologically relevant
levels; perturbations in this fine balance may provide the impetus for the
symptoms associated with RS.
4. DI GEORGE SYNDROME
DGS is believed to be caused by a 3-Mb hemizygous deletion on chromo-
some 22 (22q11.2), which results in the loss of a subset of genes. Individuals
with DGS suffer from both behavioral and cognitive deficits including atten-
tion-deficit hyperactivity disorder (ADHD), OCD, and ASD. A putative gene
found within the deletion is Dgcr8, which is known for its intimate involvement
with miRNA processing by partnering with Drosha. Knockout animals lacking
DGCR8 have been shown to have a decreased abundance of mature miR-
NAs101 (also refer to the section on Schizophrenia). Based on this work, it is
tempting speculate that aberrant processing of miRNAs leading to altered
regulation of host target genes may provide an explanation for some of the
behavioral and cognitive phenotypes associated with DGS.
D. The Role of miRNAs in Addiction to Drugs of Abuse

The designation of addiction to drugs of abuse, such as alcohol, cocaine,

and nicotine, as a neurological disorder and/or disease is debatable. Neverthe-
less, the presence of characteristic signs and symptoms, as well as a progressive
course of affliction, clearly suggests that addiction has the potential to be
considered a pathology of the CNS. Long-term intake of various drugs of
abuse can lead to changes in neuroplasticity that manifests in an individual’s
decreased sensitivity and/or increased propensity for the abused drug.
However, the exact molecular mechanisms underlying these neuroadaptations
are far from clear. Therefore, the potential role of miRNAs in governing the
intricate molecular mechanisms of addiction must be considered. Although
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relatively new to the field of miRNA research, several pioneering works advo-
cate an essential role for miRNAs in governing the molecular mechanisms of
addiction to drugs of abuse.
1. COCAINE ADDICTION
The earliest evidence of a role for miRNAs in the modulation of
neuroplasticty in response to the psychostimulant cocaine documented the
upregulation of miR-181a and the downregulation of two other miRNAs,
let-7d and miR-124a, in addiction-relevant regions of the brain.152 Many of
the target genes of these miRNAs were recognized as playing central roles
in synaptic plasticity and also serving as putative genes in addiction-related
processes, suggesting the possibility that aberrant miRNA expression and
subsequent differential expression of target genes may contribute to the
altered neuroadaptations. Further evidence for potential miRNA involve-
ment in cocine addiction can also be gleaned from AGO2 deficiency in
DRD2-expressing neurons in rat models.153 Specific ablation of the Ago2
gene in these neurons leads to a decrease in the motivation of the animal to
self-administer cocaine. The decreased motivation, in part, may be attrib-
uted to a loss in a subset of miRNAs (approximately 23 miRNAs) that show
explicit expression patterns in DRD2 expressing neurons and are also highly
responsive to cocaine administration. Many of the target genes of these
miRNAs have the potential to regulate various facets of neuronal plasticity
that has the potential to define addiction to the drug. Although large-scale
identification of miRNAs with potential involvement in addiction-related
processes is imperative to narrow down the search for a subset of miRNAs,
these studies, however, do not identify a specific miRNA or set of miRNAs
and the mechanism(s) by which they may operate. Even so, a handful of
studies have emerged that do, in fact, identify probable mechanisms
mediated by miRNAs in addiction. One study, in particular, has identified
a differentially expressed miRNA that appears to alter the behavioral re-
sponse to cocaine, primarily by serving as a conduit between controlled and
uncontrolled drug-seeking behaviors. Specifically, the induction of miR-212
(and closely related miR-132 which is located on the same genomic region)
in the dorsal striatum of rats that were given extended access to the drug via
intravenous cocaine self-administration, amodel that closelymimics the bingeuse
of cocaine by humans, was found to limit the development of compulsive cocaine-
seeking behavioral response in such rats.154 In contrast, among animals with
extended access to the drug, however with blocked miR-212 expression, cocaine
seeking behavior flourished. Furthermore, among rats whose access to the drug
was restricted throughout the study, miR-212 induction was not at all apparent in
the dorsal striatum.154 A possible explanation that takes into consideration all
these unique observations may lie in the finding that miR-212 amplifies the
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activity of CREB and its crucial cofactor, Transducer of regulated CREB activity
(TORC).154 CREB activity, in turn, has been attributed to decrease the motiva-
tional responses to cocaine.The specificmolecularmechanismsbywhich thismay
occur involves the miR-212-mediated suppression of several putative target
genes, among them the gene encoding SPRED1. In turn, SPRED1 is known to
limit the activity of the small GTPase, RAF1, a central protein recognized in the
generation of the second messenger cyclic AMP by adenylyl cyclase. An increase
in RAF1 activity (due to the miRNA-mediated repression of the SPRED1 gene)
leads to greater production of cAMP, and ultimately to increased phosphorylation
and activity of CREB1. Interestingly, CREB is also a known transcriptional
activator of miR-212.64,65 Taken together, miR-212 and CREB–TORC are likely
to operate via a positive feedback loop, leading to a cessation in cocaine uptake as a
consequence of decreased motivational cues for the drug, most notably during
extended access conditions.154

An additional role for miR-212 and miR-132 in regulating the vulnerability
to cocaine addiction has also been identified, specifically in conjunction with
MeCP2.155 MeCP2 expression in the dorsal striatum is increased upon cocaine
administration in rats with extended access but not restricted access. MeCP2
expression, in turn, has been shown to negatively regulate the expression of
miR-212 and miR-132, which alleviates the miRNA-mediated repression of
BDNF.155 Increased BDNF expression in the dorsal striatum promotes the
increased sensitivity to the motivational properties of cocaine self-administra-
tion in rat models. Moreover, miR-212 and miR-132 also repress MeCP2
expression by a negative feedback loop.151,155 Nevertheless, it is unclear at
this time how cocaine stimulates MeCP2 expression, howMeCP2 regulates the
expression of these miRNAs, and whether there is a recognition element in the
MeCP2 transcript for these miRNAs. Delineating the complex interplay be-
tween MeCP2 and miR-212/132 in the dorsal striatum, also taking into consid-
eration how other factors influence this fine balance, is imperative prior to
assigning a role for miRNAs in mediating the vulnerability to compulsive
cocaine-seeking behaviors.
2. NICOTINE ADDICTION
Nicotine exposure on miRNA expression has been investigated in vitro in a
rodent neuronal cell line.156 Acute nicotine exposure led to the specific upre-
gulation of 11 miRNAs and the downregulation of 14 other miRNAs. Of the
differentially expressed miRNAs, several of the target genes regulated by
miR-140* are important for neuronal function. Of particular importance is
the target gene Dynamin-1 (DNM1), which encodes a large GTPase that
plays a central role in synaptic endocytosis. Additionally, by blocking the
recruitment of DNM1, LTD in the nucleus accumbens can be prevented.157
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The upregulation of miR-140* was shown to downregulate the expression of
the DNM1 gene, as shown by both a luciferase reporter assay and the mea-
surement of mRNA abundance. Overall, nicotine-induced miR-140*-mediated
regulation of DNM1 suggests a potential role for this miRNA in regulating
drug-induced neuronal plasticity.
3. ETHANOL ADDICTION
miRNA-mediated mechanisms have been implicated in ethanol addic-
tion. Specifically, miR-9 upregulation has been documented in primary
neuronal cells in response to ethanol exposure.158 miR-9, in turn, targets
for repression different mRNA splice variants of the main pore-forming a
subunit of the BK channel, a high-conductance calcium- and voltage-
dependent potassium channel. The various isoforms of the BK channel,
which show differing sensitivity to ethanol, enable a neuronal cell to be
‘‘plastic’’ and respond quickly to various environmental cues. Those BK
channel splice variants with high ethanol sensitivity were identified to
contain the MRE for miR-9 in their respective 30UTRs. Therefore, they
are more likely repressed by an increase in miR-9 expression. In contrast,
those variants with decreased sensitivity to ethanol lacked a complementary
recognition region for miR-9. Therefore, upon ethanol exposure, the ratio of
ethanol-sensitive to ethanol-tolerant variants in neuronal cells shifts toward
ethanol-tolerant. The loss of various ethanol-sensitive isoforms has the
potential to produce a molecular tolerance for ethanol. Moreover, this
mechanism also results in the regulation of additional miR-9 targets
relevant to alcohol abuse such as those important for synaptic plasticity,
circadian rhythm, and neurotransmitter release. Thus, one can envision
a model consisting of miRNA master switches, activated by alcohol, coordi-
nating an integrated and dynamic response pattern among a number of
downstream targets.
4. OPIOID ADDICTION
Opioid drugs, such as morphine, belong to a powerful class of analgesics
and antinociceptives that are used for the treatment of many forms of acute
and chronic pain. The m-opioid receptor (MOR) is the primary receptor that
is involved in mediating the analgesic and antinociceptive effects of opioids.
Several studies have emerged implicating a role for miRNAs in modulating
the function of opioids. One of the earliest evidences showed that the
30UTR of MOR contains a binding site for miR-23b. Subsequently, miR-
23b was shown to bind to this region via a K-box motif, in the process
excluding the association of the transcript with polysomes and arresting
protein production, without any overt effect on transcript abundance.159

Moreover, prolonged exposure to morphine was shown to increase the
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expression of miR-23b in neuronal cells, suggesting the possible occurrence
of an autoregulatory feedback mechanism on MOR expression leading to a
tolerance for the drug.160 A similar mechanism for the posttranscriptional
regulation of the MOR transcript by let-7 has also been postulated.161

Let-7, like miR-23b, is positively regulated by morphine and mediates the
translocation and sequestering of the MOR transcript to P bodies, leading
to translational repression without affecting transcript abundance.161 Spe-
cific agonists of MOR that are known to activate distinct signaling cascades
within the realm of opioids have been used to identify differentially
expressed miRNAs and their target genes.162,163 One miRNA identified in
this manner, miR-190, located in the intronic regions of the Talin2 gene,
showed decreased expression in response to fentanyl and limited response
to morphine. Although both opioids activate phosphorylated ERK, fentanyl
does so in a b-arrestin 2-dependent manner, leading to different subcellular
distribution of the phosphorylated product. The decrease in miR-190
expression, in response to fentanyl, was shown to alleviate the repression
of one of its target genes, NeuroD. In turn, NeuroD has the potential to
contribute to a wide array of neuronal processes by activating the transcrip-
tion of several protein products important in adult neurogenesis, axon
morphology, dendritic morphology, and synaptogenesis.
E. Concluding Remarks

Although significant research into miRNAs and their role in gene regu-

lation has been actively going on for several years, it is still considered very
much a budding field with numerous unanswered questions. Within the
context of neuropathological diseases and disorders, the primary conun-
drum lies in whether dysfunction of miRNA(s) is the cause or the conse-
quence of the pathological state. Furthermore, another layer of complexity
has been added as a result of the involvement of miRNAs in brain tumor
development and progression, where they have been shown to be fully
integrated into many of the key pathways of tumor pathogenesis. At this
conjuncture, it is quite premature, and also naive, to impose only one set of
restrictions to miRNAs. Nevertheless, emerging evidence linking miRNAs
to diseases and disorders of the CNS advocates the targeting of these
putative molecules as potential points of therapeutic intervention through
targeted in vivo overexpression or knockdown/knockout studies. A summary
of the miRNAs implicated in CNS diseases and disorders is presented in
Table III. Undoubtedly, additional research within this field will provide
further insights into how these essential molecules contribute to disease
pathobiology in the CNS.



TABLE III
LIST OF MIRNAS IMPLICATED IN NEUROPATHOLOGICAL DISEASES AND THEIR MRNA TARGETS

Neuropathological
state miRNA(s) Identified

Potential target gene(s) identified and other features that may
contribute to disease/disorder etiology References

Neurodegenerative diseases
Alzheimer’s disease

(AD)
miR-9", miR-128" Wide array of CNS genes are targets 103
miR-107# Identified in early stages of AD. BACE1 mRNA is a target gene. 104
miR-29 family# Identified in sporadic AD. BACE1 mRNA is a target gene 105
miR-298", miR-328" Expressed in hippocampus of mouse model of AD. BACE1 mRNA is

a target gene
106

miR-101 APP and Cox2 mRNA are target genes 107
miR-20a family APP mRNA is a target gene. MiR-106b, from the family,

downregulated in sporadic AD but does not correspond to
increased Ab load

108

miR-34a" Cerebral cortex of a mouse model of AD. BCL2 mRNA is a target
gene

109

miR-106b" TbR II mRNA is a target gene 110
miR-146a" CHF mRNA is a target gene. Also, operates in a negative feedback-

loop to repress NF-кB which has the potential to dampen the
innate immune response

103,112,113

miR-342-3p"; miR-128" MiR-342-3p common to several models of Prion disease. MiR-128"
also upregulated in several Alzheimer’s studies

114,115

Parkinson’s disease
(PD)

miR-133b# Pitx3 mRNA is a target gene. PITX3 also operates in a negative
feedback-loop on the expression of miR-133b

10

miR-433 A mutation in the 30UTR of the Fgf20 gene disrupts the miRNA
binding site

117

miR-184*#, let-7# Target E2f1 and Dp genes. Overexpression of these two genes in
postmitotic neurons leads to abortive cell division and eventually
cell death

118

(Continues)



TABLE III (Continued)

Neuropathological
state miRNA(s) Identified

Potential target gene(s) identified and other features that may
contribute to disease/disorder etiology References

Huntington’s disease
(HD)

miR-9/9*#, miR-29a/b#, miR-124a#, miR-132#,
miR-330#, miR-17#, miR-196a#, miR-222#,
miR-485#, miR-486#

Several putative target genes including p250GAP,
REST, coREST

37,119

Amyotrophic lateral
sclerosis (ALS)

miR-206" Targets HDAC4 mRNA 121

Spinal motor neuron
disease (SMN)

miR-9# Targets NEFH mRNA 122

Neuropsychiatric disorders
Schizophrenia (SZ) miR-130b Targets MeCP2 mRNA. Sequence variation identified in the 50

upstream region of this gene which may affect transcription factor
binding site

123

miR-346# Located in the intron of GRID1. Targets a large number of SZ related
genes

140

let-7f-2, miR-188, miR-18b/18b*, miR-502, miR-510,
miR-660, miR-325, miR-505, miR-509-3

Many of these miRNAs target the mRNA sequences of NRG1,
DISC1 and RGS4

125

miR-206, miR-198 Overrepresentation of a nucleotide variation in miR-206 and
underrepresentation of a nucleotide variation in miR-198 in SZ
subjects of European ancestry

126

miR-30e A nucleotide variation in the pre-miR form can affect the processing
of this miRNA in SZ subjects of Chinese ancestry

127,128

miR-124, miR-383, miR-320, miR-596, miR-597,
miR-598

These miRNAs are located on a SZ associated ‘‘hot-spot’’ on 8p21–23
locus

129

miR-26b#, miR-30b#, miR-29b#, miR-106b# Targets genes are primarily involved in synaptic functions 130
let-7g", miR-181b" Targets genes are primarily involved in synaptic functions 131
miR-181b, miR-219, members of the miR-15 family of

miRNAs
Members of the miR-15a family of miRNAs have an enrichment for
target genes associated with synaptic function

40

miR-34a, miR-132*, miR-132, miR-212, miR-544,
miR-7, miR-154*

One of the largest SZ case studies conducted. MiR-7, miR-132 and
miR-212 have been previously implicated in the disease process

132



Tourette’s syndrome
(TS)

miR-189 Targets SLITRK1 gene. Although, follow up studies have failed to
segregate the mutation with TS patients

133

Autism spectrum
disorders

� 9 miRNAs Many of the deregulated miRNAs target the SHANK3 and NRXN1
mRNA

134

Mood disorders miR-7, miR-154*, miR-504, miR-454*, miR-29a,
miR-520c-3p, miR-140-3p, miR-145*, miR-767-5p,
miR-22*, miR-145, miR-874, miR-133b, miR-154*,
miR-32, miR-573, miR-889

Many of the BPD-related miRNAs correlate with those miRNAs
identified to be differentially expressed in SZ

132

miR-134 Levels of this miRNA are lower in BPD cases and increases upon drug
treatment

137

miR-485-3p, miR-765, miR-509, miR-128 Variations in the binding site for these miRNAs in the 30UTR of the
mRNA of NTRK3 have been identified. Implications in OCD

138

miR-96 Targets HTR1B mRNA. Implicated in aggression-related behavior 139
Antipsychotics and

psychotomimetics
miR-34a# This miRNA is downregulated in response to lithium and valproic

acid. Targets the GRM7 mRNA
140

miR-219# This miRNA is downregulated in response to an NMDA antagonist.
Targets the CAMKIIg mRNA

142

Neurodevelopmental disorders
Down syndrome miR-99a#, let-7c#, miR-125b-2#, miR-155#, miR-802# Both miR-155 and miR-802 target the MeCP2 gene 143,144
Fragile X syndrome miR-125b, miR-132 Found to be associated with FMRP. MiR-125b can target the NR2A

mRNA
67

Rett syndrome miR-132 Targets the gene for MeCP2 via a homeostatic mechanism involving
BDNF

151

Di George syndrome General miRNA abundance Overall decrease in miRNA abundance as a consequence of the
deletion of Dgcr8

101

(Continues)
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Neuropathological
state miRNA(s) Identified

Potential target gene(s) identified and other features that may
contribute to disease/disorder etiology References

Addiction
Cocaine addiction miR-181a", miR-124# let-7d# Regulate various target genes leading to alteration in neuroplasticity

in response to cocaine
152

miR-476a, miR-544, miR-154, miR-467b, miR-500,
miR-186, miR-337-3p, miR-138, miR-369-3p,
miR-136, miR-7a, miR-137, miR-324-5p, miR-665,
miR-380-3p, miR-376a, miR-130a, miR-301b,
miR-148b, miR-488, miR-384-5p, miR-376c,
miR-181a

Downregulated in DRD2 expressing striatal neurons in which AGO2
is knocked out. These miRNAs are also enriched and/or
upregulated in DRD2-expressing neurons in response to cocaine
treatment

153

miR-212" (miR-132") Decreases motivational response to cocaine in rats with extended
access to the drug by amplifying CREB-TORC activity through the
targeting of the gene encoding SPRED1

154

miR-212# (miR-132#) Regulate and are also regulated by MeCP2. Decrease is believed to
increase the motivational response to cocaine in rats with extended
access

155

Nicotine addiction miR-140*" Targets DNM1 mRNA 156
Ethanol addiction miR-9" Targets the transcripts encoding BK channel splice variants with high

ethanol sensitivity
158

Opioid addiction miR-23b" Targets the m-opioid receptor (MOR) gene 159,160
miR-23b", let-7" Targets the MOR gene 161
miR-190# Located in the intron of Talin2, targets NeuroD mRNA. Responsive

to MOR against fentanyl
162,163
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