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Abstract MicroRNAS (miRNAs) have been suggested to

play important roles in the central nervous system during

development as well as disease. miRNAs appear to be

dysregulated in a number of neurodegenerative diseases,

developmental disorders, and as a result of stroke. Each

miRNA has the ability to regulate hundreds of messenger

RNA transcripts, both by causing degradation of the

mRNA and by inhibition of protein translation. Recent

findings suggest that it may eventually be possible to treat

some neurological disorders by restoring or inhibiting

miRNAs altered by disease pathology. Both viral delivery

and administration of modified oligonucleotides mimicking

or inhibiting specific miRNAs have been effective in model

systems. Artificial miRNAs have also been generated for

the repression of specific transcripts. Alteration of miRNA

expression by disease and insult also holds the potential for

improved diagnostic tools. Finally, miRNAs have been

shown to control cellular proliferation and specification,

suggesting that manipulation of miRNAs in cultured cells

could result in more convenient generation of pure cell

populations for transplantation.
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Introduction

MicroRNAs (miRNAs) are short (20–23 base pairs) single-

stranded RNAs, with sequences partially complementary to

one or more mRNAs, that play important roles in the post-

transcriptional regulation of gene expression (Carthew and

Sontheimer 2009). The molecular mechanisms by which

cells produce miRNAs, and how those miRNAs target

specific mRNAs to either cause degradation of the mRNA

or inhibit protein translation are reviewed in articles in this

issue of Neuromolecular Medicine. Increasing evidence

suggests that miRNAs are dysregulated in several neuro-

logical disorders. These small non-coding regulatory RNAs

may therefore provide opportunities for the diagnosis and

treatment of damaged and diseased nervous systems. The

developing and mature central nervous system (CNS)

expresses one of the richest diversities of miRNAs of any

tissue (Krichevsky et al. 2006; Miska et al. 2004; Sempere

et al. 2004; Smirnova et al. 2005; Baek et al. 2008;

Kapsimali et al. 2007). These miRNAs have already been

shown to contribute to cellular proliferation and specifi-

cation (Schwamborn et al. 2009; Zhao et al. 2009), and to

disease-relevant processes such as inflammation (Lukiw

et al. 2008; Dharap et al. 2009), in mammalian nervous

systems.

A potential drawback in the therapeutic use of miRNAs

in the nervous system is alteration of normal physiology in

addition to disease pathology due to the many potential

targets of a given miRNA. Endogenous miRNAs regulate

hundreds of targets by mRNA degradation or translational

repression of protein production (Lim et al. 2005; Baek

et al. 2008; Selbach et al. 2008). Since not all targets of a

particular miRNA are likely to be disease-related, any

therapeutic perturbation of miRNA expression will

likely have side-effects unrelated to the disease process.
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Endogenous miRNAs also appear to regulate different

transcripts with varying efficiency, and the effects of

expressing these miRNAs therapeutically will likely have

differential effects depending on the transcriptome of a

given cell population (Lim et al. 2005; Baek et al. 2008;

Selbach et al. 2008). Very few miRNA:mRNA target

pairings have been validated to date and only two studies

have made an attempt to examine the entire proteome and

transcriptome influenced by specific miRNAs in a cell

population (Baek et al. 2008; Selbach et al. 2008). Before

miRNAs are used therapeutically, the effects of over- or

under-expressing the miRNA should be examined in all

cell populations manipulated to avoid potentially unwanted

effects from the hundreds of target transcripts. Caution

should be used when using over-expression of miRNAs, as

an above physiological abundance of a miRNA could result

in binding to seed regions not normally targeted. Despite

this complexity, at least one study reported that miRNAs

can be manipulated in vivo over a long time-period with no

apparent negative side-effects (Elmén et al. 2008b).

Mechanisms of Manipulation and Delivery

Currently, one of the most promising methods of miRNA

manipulation has been the use and systemic delivery of

modified oligonucleotides. Both sense and antisense miR-

NAs and artificial miRNAs have all been employed in vivo

in mammalian systems with varying effects on target

mRNAs and cell and tissue functions. The most common

oligonucleotide modifications used in the manipulation of

miRNAs are locked nucleic acids (LNA), 20-O-methyl

modification, and phosphorothioate backbones. LNA and

20-O-methyl-modified oligonucleotides contain modifica-

tions (sugar modifications or the addition of a methylene

bridge), which result in increased stability of RNA

duplexes. LNA-modified oligonucleotides appear to be

more effective at binding miRNAs than oligonucleotides

containing 20-O-methyl modification (Elmén et al. 2008a).

LNA-modified oligonucleotides also dramatically improve

detection of miRNAs by both in situ hybridization and

northern blot (Várallyay et al. 2008; Silahtaroglu et al.

2007). Additional modification of oligonucleotides to

include a phosphorothioate backbone results in decreased

degradation by nucleases and increased membrane per-

meability. These modifications improve the effectiveness

of any oligonucleotide-based treatment and provide a

means to systemically express or inhibit miRNAs.

The approach of using antisense oligonucleotides to

bind and disrupt endogenous miRNAs, in some cases

dubbed ‘antagomirs’ or ‘antiMirs’, has been used in vivo in

several systems (Krützfeldt et al. 2005). Effective in vivo

knockdown using LNA and phosphorothioate modified

oligonucleotides has been demonstrated in mice and non-

human primates (Elmén et al. 2008a, b). Elmen and col-

leagues delivered LNA-modified oligonucleotides targeting

miR-122 intravenously and demonstrated a decrease in

circulating cholesterol levels lasting 7 weeks. Importantly,

no apparent toxicity was observed as a result of this

treatment. Systemic administration of modified oligonu-

cleotides through either intravenous injection or cerebro-

spinal fluid (CSF) infusion provides a relatively non-

invasive and apparently non-toxic means of harnessing

miRNAs for therapeutic benefit. Recently, ‘‘miRNA

sponges’’, custom-designed transcripts targeted to a spe-

cific miRNA, have been developed as a stable alternative to

antisense oligonucleotides and transfected in vitro (Ebert

et al. 2007). These sponges could also be delivered using

viral vectors to allow for stable inhibition of specific, dis-

ease-related miRNAs, and RNA sponges also have the

potential to inhibit entire families of miRNAs. The blood–

brain-barrier (BBB) represents a problem to any therapy

involving systemic delivery of oligonucleotides. One

solution involves the addition of a rabies-virus peptide that

allows oligonucleotides to cross the BBB and target neu-

rons (Kumar et al. 2007), however, other solutions maybe

required due to possible acquired immune responses to this

peptide.

More invasive, viral delivery of miRNAs, antisense

miRNAs and shRNAs (short hairpin RNAs) has been used

extensively in the study of miRNAs. Viral methods allow

for more precise spatially targeted therapies through tissue-

specific viral injections, potentially avoiding some of the

pitfalls of systemically delivered oligonucleotides. A

shRNA is a sequence of RNA that makes a tight hairpin

turn and is expressed from a DNA template and processed

by cellular enzymatic processing machinery into small

double-stranded RNAs that mediate RNA interference.

However, reports of toxicity resulting from viral shRNA

delivery have recently emerged (Grimm et al. 2006;

McBride et al. 2008). This toxicity has been observed to

cause cell death in both the striatum and cerebellum when

delivered using adeno-associated virus (AAV) (McBride

et al. 2008; Boudreau et al. 2009). Another group demon-

strated that nearly 50% of the AAV–shRNA vectors

(23/49) tested and delivered intravenously resulted in death

(Grimm et al. 2006). This morbidity appears to be depen-

dent on the design of shRNA, as other studies delivering

AAV–shRNA resulted in tissue damage, but not death

(McBride et al. 2008). The negative effects of using shR-

NAs as a therapeutic tool appear to result from the abun-

dance of shRNAs interfering with endogenous RNAi

processes by competing for components of the RISC

pathway (Castanotto et al. 2007; McBride et al. 2008). By

placing a miRNA or siRNA under a strong promoter, the

resulting abundance of the small interfering RNA
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overwhelms components of the RISC complex and disrupts

endogenous processes using the RISC complex. Although

shRNAs are effective at knockdown of specific genes, the

potential hazards and variability associated with shRNA

induced toxicity likely preclude its widespread therapeutic

use.

In three recent studies, the investigators created artificial

miRNAs by placing the inhibitory sequence within a 60–

70 bp pre-miRNA hairpin structure, also known as a

‘‘miRNA scaffold’’ (Castanotto et al. 2007; Boudreau et al.

2009; McBride et al. 2008). This approach resulted in

effective suppression of the target gene (huntingtin) with

no apparent toxicity (McBride et al. 2008). Artificial

miRNAs were found expressed in less abundance than

shRNAs and did not compete with endogenous miRNAs.

These studies demonstrate the use of endogenous miRNA

scaffolds in the construction of artificial miRNAs targeted

to specific genes is both safe and effective in animal

models.

Alteration of miRNAs in CNS Disease and Dysfunction

A number of reports have emerged showing neurological

disease-related perturbation of miRNAs (Wang et al.

2008a, b; Hébert et al. 2008; Kim et al. 2007; Johnson et al.

2008; Packer et al. 2008). These alterations in miRNA

expression may be a direct consequence of disease or may

occur as a result of the loss of a specific cell population

(Wang et al. 2008a, b; Kim et al. 2007). Altered expression

of miRNAs prior to the onset of or during the course of

disease pathology raises the possibility that expressing or

inhibiting specific miRNAs might ameliorate the disease

process and provide an effective treatment. Altered

expression of miRNAs has been observed in Alzheimer’s

disease (AD), Parkinson’s disease (PD), Huntington’s dis-

ease (HD), Tourette’s syndrome, and prion-induced neu-

rodegeneration (Cogswell et al. 2008; Faghihi et al. 2008;

Hébert et al. 2008; Packer et al. 2008; Saba et al. 2008;

Wang et al. 2008a, b) (Fig. 1). Other disease-related pro-

cesses, such as inflammation, also alter miRNA expression

and therapy might be mediated by manipulation of these

miRNAs as well (see Urbich et al. 2008; Sheedy and

O’Neill 2008 for reviews). Additionally, depression and

mental health disorders such as schizophrenia also appear

to involve changes in miRNA expression (Beveridge et al.

2008; Burmistrova et al. 2007; Perkins et al. 2007).

Increasing evidence suggests roles for miRNAs in the

pathology of AD, particularly with respect to the regulation

of beta-amyloid precursor protein-converting enzyme 1

(BACE1). Mouse models and human samples have all

implicated altered miRNA expression in the AD process

(Boissonneault et al. 2009; Wang et al. 2008a, b; Hébert

et al. 2008). Evidence suggests that dysregulation of

miRNAs plays a role in both inherited and sporadic forms

of AD (Hébert et al. 2008; Wang et al. 2008a). These

studies have largely found miRNAs involved in the regu-

lation of BACE1, a protein that cleaves amyloid precursor

protein (APP) resulting in an intermediate APP fragment

that can then be cleaved by gamma-secretase to generate

the amyloid beta-peptide (Mattson 2004). Additionally, in

vivo inhibition of BACE1 by siRNAs in a transgenic

mouse model resulted in improved pathology, suggesting a

promising therapeutic role for proper regulation of BACE1

in AD (Singer et al. 2005). In mouse models of AD, both

miR-298 and miR-328 repress BACE1 expression (Bois-

sonneault et al. 2009).

Three recent articles examined miRNA expression in

human AD tissue and found a number of miRNAs with

altered expression (Wang et al. 2008a; Hébert et al. 2008;

Lukiw et al. 2008). Wang and colleagues found an early

decrease in expression of miR-107 that correlates with

increased BACE1 expression and also validated this

interaction. Hébert and colleagues found miR-29a/b-1

expression is decreased in sporadic AD patients, and

demonstrated a decrease in BACE1 activity as a result of

miR-29a/b-1 expression. They also demonstrated that miR-

9 can regulate BACE1 expression and is altered in tissue

samples from brain regions affected by pathology in spo-

radic AD patients. Finally, Lukiw et al. found upregulation

of miR-146a in human AD brain tissue and validated an

interaction between miR-146a and complement factor H

(CFH) (Lukiw et al. 2008). This interaction suggests a role

for miR-146a in AD pathology-associated inflammation,

revealing the possibility that inhibition of miR-146a in vivo

could lead to a reduction in disease-related inflammation.

Screening for miRNAs in HD brain tissue samples has

demonstrated that expression of several miRNAs change

with disease progression in both mouse models of HD and

in human patients (Johnson et al. 2008; Packer et al. 2008).

These miRNAs include miR-9/9*, 29b, 124 and 132. The

role of miR-124 has been explored by several groups and

has a strong role in regulating neural fate (Conaco et al.

2006, Makeyev et al. 2007). Although miR-124 expression

results in a neuronal splicing pattern through the repression

of PTBP1, the overexpression and disruption of miR-124 in

the developing neural tube produced little perturbation of

neuronal fate and suggested a role in maintenance of

neuronal fate (Cao et al. 2007). The function of miR-9/9*

was further investigated using in vitro tools and shown to

regulate the REST complex through miR-9 repression of

REST and miR-9* repression of CoREST. It should be

noted that while Packer et al. demonstrated repression of

REST by miR-9 and Co-REST by miR-9*, this interaction

was not shown in HD tissue. In addition to the decrease

observed in HD tissue, these miRNAs are downstream of
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RE1 elements, suggesting that miR-9/9* and REST/Co-

REST function in a positive feedback loop. This is similar

to a feedback loop observed between miR-133b and Pitx3

(Kim et al. 2007) and may represent a general theme in

miRNA regulation that should be taken into consideration

when planning miRNA-based therapies (Tsang et al. 2007).

Disruption of miRNA binding sites could also result in

disease pathology, as is the case in PD. Wang and col-

leagues screened 729 families with PD patients and found a

disruption in the binding site of miR-433 in the 30 UTR of

the FGF20 gene (Wang et al. 2008b). Increased expression

of FGF20 has been correlated with increased alpha-syn-

uclein and this could result in cytotoxicity associated with

PD. This is strikingly similar to a reported case of a

mutation observed in Tourette’s syndrome, where the 30

UTR of the SLITRK1 gene resulting in lack of miR-189

being able to repress SLITRK1 (Abelson et al. 2005). In

these cases, it is possible that therapeutic repression of the

target gene, either with artificial miRNAs or with modified

oligonucleotides could have a therapeutic benefit. Another

report found a lack of miR-133b expression in PD patient

tissue when compared to controls (Kim et al. 2007).

Further investigation of miR-133b demonstrated that it

represses the transcription factor Pitx3 in a feedback loop

and is necessary for midbrain dopaminergic maturation and

function.

Mental health also appears to be influenced by miRNA

expression. Tissue from the temporal lobe of schizophrenia

patients has increased levels of miR-181b relative to control

tissue (Beveridge et al. 2008). In the latter study, VSNL1

and GRIA2 were also confirmed as repressed targets of

miR-181b in schizophrenia. In another study, lithium and

valproate, which are used to treat bipolar disorder, were

administered to adult rats through food followed by miRNA

expression profiling in the hippocampus. Expression of

several miRNAs, including miR-34a, 30c, 30c, 136, and

two members of the let-7 family, let-7b and let-7c, were

found altered by these treatments. (Zhou et al. 2009). This

study also demonstrated that miR-34a inhibits translation of

metabotropic glutamate receptor 7 (GRM7), suggesting that

miR-34a might mediate some of the effects of lithium and

valproate in the CNS. Additionally, miR-30a-5p has been

shown to inhibit BDNF in the prefrontal cortex (Mellios

et al. 2008). BDNF is believed to mediate the antidepressant

Fig. 1 Involvement of miRNAs in neurodegenerative pathologies. a
miR-9 is known to physiologically repress BACE1; miR-107 and

miR-29a/b-1 reciprocally repress BACE1. In Alzheimer’s disease,

levels of miR-9, miR-107, and miR-19a/b-1 are downregulated,

which results in increased BACE1 levels. In addition, miR-146 is

increased in Alzheimer’s disease, which causes its target, complement

factor H to be downregulated, which could result in complement-

mediated autoimmunity. b In Huntington disease patients, miR-9,

miR-9*, miR-124, and miR-132 are down-regulated; miR-9 and miR-

9* were shown to repress REST and CoREST, respectively. The latter

repress miR-9 and miR-9* in a positive feedback loop. The loss of

REST and CoREST repression results in neuronal cell loss and further

neurodegeneration in this disease. c In Parkinson’s disease, mutations

in the 30 UTR of two genes were found to prevent the binding of two

microRNAs: miR-433 for the FGF20 gene which was correlated with

increased alpha-synuclein, and miR-133b for the PITX3 gene, which

is important for midbrain dopaminergic maturation and function. d In

schizophrenia patients, miR-181b is upregulated and results in

increased repression of VSNL1 and GRIA2
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effects of treatments such as exercise and electroconvulsive

shock, and has other beneficial effects including neuropro-

tection and stimulation of hippocampal neurogenesis

(Mattson et al. 2004). Thus, increasing evidence suggests

that misregulation of miRNAs might be involved in mental

health disorders including depression, bipolar disorder, and

schizophrenia, raising the possibility that miRNA-based

treatments such as modified oligonucleotides might provide

effective treatment.

Taken together, these findings described above provide

evidence for the involvement of miRNAs in neurodegen-

eration and psychiatric disorders. Both alterations in

miRNA expression and disruption of miRNA mediated

repression by mutations in 30 UTRs have roles in neuro-

logical dysfunction. Manipulation of endogenous miRNAs

altered as a result of disease pathology or introduction of

artificial miRNAs, either through administration of oligo-

nucleotides or viral vector-based technology could provide

effective treatment for these conditions. Additionally, the

evidence that miRNAs mediate the effects of antidepres-

sants could provide new and more effective means for

treating depression and related illnesses.

miRNAs in Transplantation and Regenerative Medicine

In addition to neurodegenerative disease and psychiatric

disorders, miRNA-mediated therapy also has potential

benefit for ischemia and traumatic insults to the CNS. Two

studies have profiled miRNA expression using a middle

cerebral artery occlusion–reperfusion rat model of transient

focal ischemic stroke. Jeyaseelan and colleagues performed

a profiling study of miRNAs at two time-points post-

occlusion (24 and 48 h) and examined miRNA levels in

both brain and blood (Jeyaseelan et al. 2008). Unique

miRNAs were observed at both 24 and 48 h post-occlusion

and common miRNAs were observed between blood and

brain samples. These changes could play a role in the

infiltration of immune cells post-occlusion. A large number

of miRNAs assayed (20%) were observed to change at time

points between 3 h and 3 days, and expression of miRNAs

was also observed to change with reperfusion time (Dharap

et al. 2009). Dharap and colleagues also attempted to

reduce miR-145 expression using antisense oligonucleo-

tides and demonstrated an increase in SOD2, a neuropro-

tective antioxidant enzyme, but this increase resulted in

little therapeutic benefit. These two studies both reveal a

temporal component to post-ischemic miRNA expression

that was previously unknown. Another study demonstrated

the ability of oligonucleotide antisense delivery to manip-

ulate post-ischemia angiogenesis, presenting another

potential therapeutic target following CNS ischemia (van

Solingen et al. 2008).

Traumatic head and spinal cord injury are major causes

of morbidity and mortality, particularly in children and

young adults. In one study, a microarray platform was used

to examine changes in the expression of miRNAs in the

hippocampus at 3 and 24 h after controlled cortical impact

injury in a rat model of traumatic brain injury (Redell et al.

2009). Bioinformatic analysis of miRNAs significantly

altered by traumatic brain injury, and their predicted tar-

gets, revealed proteins involved in signal transduction,

transcriptional regulation, and cell proliferation and dif-

ferentiation. Traumatic injury may involve excitotoxic

damage to neurons and the potential use of miRNA tech-

nology to treat excitotoxic neuronal injury is also being

pursued. For example, lentiviral transduction of human

mesenchymal stem cells with anti-adenylate kinases cas-

settes resulted in increased production of adenosine by the

cells (Ren et al. 2007). The latter cells were then trans-

planted into the hippocampus of mice 1 week prior to

injection of the excitotoxin kainic acid into the amygdala.

Whereas epileptic seizures and death of hippocampal CA3

neurons occurred in mice transplanted with control cells,

seizures were suppressed and death of CA3 neurons pre-

vented in mice transplanted with the cells in which aden-

ylate kinase was inhibited by miRNA expression.

In addition to reducing inflammation and damage result-

ing from ischemia or trauma, in vitro transfection of miRNAs

could lead to improved generation of cells for transplantation.

miRNAs also present a tool for a more indirect therapeutic

benefit if used to improve the generation of cells for trans-

plantation. miRNAs function both at a general level, such as

regional specification and at a more precise cell population-

restricted level. Expression of miR-124, part of a family of

miRNAs regulated by REST, regulates an entire neuronal

alternative splicing pattern through the repression of PTBP1

(Conaco et al. 2006, Makeyev et al. 2007). Where expression

of miR-124 results in a more general neuronal identity, miR-

133b shows limited expression to midbrain dopaminergic

neurons and is necessary for midbrain dopaminergic fate

(Kim et al. 2007). Manipulation of the latter two and possibly

other relevant miRNAs in vitro could lead to improved

generation of cells for transplantation.

Developing endogenous repair strategies through

manipulation of miRNAs in vivo in neurogenic regions is

also a possibility. A large number of miRNAs have already

been identified as important for the regulation of cellular

proliferation in cancer cells (Croce and Calin 2005), and

some of those miRNAs may be relevant to neural stem

cells. In the adult CNS, two neurogenic niches with the

potential for endogenous cellular replacement exist, the

sub-granular zone (SGZ) of the hippocampal dentate gyrus

and the sub-ventricular zone (SVZ) (see Zhao et al. 2008

for a review). It is likely that miRNAs play important roles

in the regulation of proliferation, migration, specification,
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and integration of adult-born neurons and glial cells that

arise from neural stem cells. Recent findings have indeed

demonstrated roles for miRNAs in the behavior of neural

stem cells. Targeted ablation of Dicer in neural progenitor

cells in the embryonic mouse cerebral cortex had little

effect on the proliferation and survival of the progenitor

cells, and instead caused a dramatic suppression of neu-

ronal differentiation and apoptosis of newly generated

neurons (De Pietri Tonelli et al. 2008). By knocking down

and overexpressing specific miRNAs in mouse embryonic

stem cells, Krichevsky et al. (2006) showed that miR-124

and miR-9 regulate neural lineage differentiation. Further

understanding of the miRNAs involved in these processes

and advances in delivery methods for viruses or modified

oligonucleotides could lead to endogenous repair strategies

for neurodegenerative diseases such as AD, as well as head

and spinal cord injury and stroke.

miRNAs as Diagnostic Tools

Although largely unexplored, a possible use for miRNAs in

a clinical setting is the improvement of diagnosis. Studies

have examined the possibility of using blood and CSF to

screen for miRNA biomarkers of disease and injury. In one

case, multiple commonly altered miRNAs were found

between brain regions and blood in a rat model of transient

focal ischemic stroke (Jeyaseelan et al. 2008). Further work

needs to be done to examine the usefulness of these miR-

NAs as biomarkers for ischemia. This observation does

raise the possibility that miRNAs in blood could be used to

screen for other disease pathology.

In one study, samples from brain regions and CSF from

AD and control patients were compared (Cogswell et al.

2008). The miRNAs observed altered in AD patients CSF

did not correspond to miRNAs altered in the brain regions

examined, raising the possibility that the altered expression

might be related to an immune response or changes in

endothelial cell expression related to disease pathology. As

evidenced by miR-107, in some cases miRNA levels are

altered before pathology or symptoms of AD present,

raising the possibility that immune-related responses might

also be present early in the disease process. Even if these

miRNAs serve as an indirect indication of AD pathology,

screening for these miRNAs in patient CSF could represent

a substantial improvement in the diagnosis of AD.

Altered Gene Expression as a Cause

of Neurodegenerative Disorders

Emerging evidence suggests that the most common spo-

radic forms of AD and PD may result from increased

expression of genes encoding the beta-APP, tau (AD), and

alpha-synuclein (PD) (Singleton et al. 2004). Together with

age-related impairment of proteasomal degradation (Keller

et al. 2000; Hol et al. 2005), increased production of APP,

tau, and synuclein may result in the accumulation of these

pathogenic proteins within vulnerable neuronal popula-

tions. An early clue that pointed to increased production of

a pathogenic protein as being pivotal for a neurological

disorder came from studies of Down syndrome, a genetic

disorder resulting from triplication of chromosome 21. The

gene encoding APP is on chromosome 21, and essentially

all people with Down syndrome develop Abeta and tau

pathology that is virtually identical to that of AD. Data

from studies of trisomy 16 mice, a model of Down syn-

drome, suggest that increased APP expression is sufficient

to cause neuropathological changes similar to those of AD

(Cataldo et al. 2003; Salehi et al. 2006). The mutant

Huntingtin protein (Htt) also serves as another example of

gene disruption resulting in altered transcriptional profiles.

Mutant Htt results in decreased levels of BDNF and other

RE1 containing transcripts (Zuccato et al. 2007). Perhaps

the strongest evidence that increased expression of a dis-

ease-associated protein can cause a neurodegenerative

disorder comes from a study showing that triplication of

the alpha-synuclein gene locus causes PD in a family with

inherited PD (Singleton et al. 2003).

In light of the kinds of evidence described in the pre-

vious paragraph, therapeutic approaches aimed at reducing

the expression of alpha-synuclein, APP, and tau in neurons

are being increasingly pursued. Recent studies using cell

culture and animal models have demonstrated the ability to

express miRNAs in neurons using lentiviral vectors con-

figured to produce short hairpin RNAs. For example, the

DYT1 dystonia disease-linked protein torsinA was

knocked down in primary neuronal cultures using a

recombinant feline immunodeficiency virus or lentiviral

vectors expressing shRNAs (Gonzalez-Alegre et al. 2005;

Harper and Gonzalez-Alegre 2008). Lentiviral-mediated

RNA interference has also been used to suppress alpha-

synuclein levels in neurons in culture and in vivo in rat

brain (Sapru et al. 2006). Lentivirus-based gene therapies

for a range of diseases are at various stages of clinical

development (Cockrell and Kafri 2007), and we expect that

RNA interference-based therapies for neurodegenerative

disorders will eventually be tested.

Conclusion

Although miRNAs were first discovered in 1991 in inver-

tebrates, the study of CNS miRNAs in injury, disease, and

normal function is still in its infancy (Lee et al. 1993).

miRNAs appear altered in many neurodegenerative
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diseases and play important roles in many disease-related

processes, such as inflammation and oncogenesis. Further

understanding of the role of these miRNAs in normal and

disease physiology may lead to improved treatment.

Changes in miRNA expression that precede disease

pathology, such as the decrease in miR-107 that precedes

plaque formation in AD patients could provide improved

detection of difficult to diagnose diseases (Wang et al.

2008a). Manipulation of miRNAs in vitro could lead to

more efficient and effective transplantation therapies for

PD, HD, and other diseases.
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