
Most psychiatric disorders display a strong genetic 
component, but heritability by itself can only partially 
explain an individual’s risk of developing a mental 
disorder1–3. Only a few specific gene mutations have 
been directly linked to increased susceptibility for such 
conditions4,5. Moreover, epidemiological studies have 
reported associations between environmental factors — 
mainly exposure to psychological or physiological stress-
ors — and psychiatric morbidity6–9. For example, stress 
in utero or during early life may programme the brain to 
become more vulnerable to particular psychiatric dis-
orders, whereas stress in adolescence or later in adult-
hood may trigger the onset of such disorders10–12. Thus, a 
complex interaction between genetic pre disposition and 
environmental factors is suggested to be at the root of 
mental disorders.

Environmental factors can, through epigenetic 
mechanisms, induce changes in gene expression levels 
that might mediate the onset of a disease without alter-
ing the DNA sequence13,14 (FIG. 1). These mechanisms 
include histone modification, DNA methylation and 
post-transcriptional regulation by non-coding RNAs 
such as microRNAs (mi RNAs), which are the focus of 
this Review. Elucidating the role of epigenetic processes 
in mediating CNS functions may promote a better 
understanding of the pathophysiology and neurobiol-
ogy of psychiatric disorders and could thereby promote 
much-needed breakthroughs in the development of 
new drug targets and biomarkers for these illnesses.

Since the discovery of mi RNAs, descriptions of 
novel mi RNAs and their widespread role in biologi-
cal processes have accumulated, and this has revealed 
mi RNAs to be a prevalent mode of post-transcriptional 

regulation of gene expression15. Each miRNA can regu-
late up to hundreds of downstream targets. Collectively, 
mi RNAs are predicted to regulate more than half of all 
protein-coding genes and to affect many cellular pro-
cesses in health and disease16. Much is already known 
about miRNA biogenesis17 and function15,18,19 (BOX 1); 
briefly, a mature single-stranded miRNA, of about 22 
nucleotides, is incorporated into a silencing complex, 
and this induces translational repression or destabiliza-
tion of the target mRNA. mi RNAs can act as an ‘expres-
sion switch’ and block the expression of their target 
genes15. In such cases, a mutually exclusive expression 
pattern of the silencing miRNA and its target genes is 
often observed, as is commonly reported in develop-
mental studies. Alternatively, mi RNAs can act as ‘fine-
tuners’ of the expression levels of their target genes, as 
observed when they are co-expressed along with their 
target genes — a phenomenon that is often reported in 
adult tissues15,20. Indeed, adult brain mi RNAs function 
as endogenous ‘hubs’ for the fine-tuning of target gene 
expression and thereby affect the structure and function 
of neuronal networks.

Neuroscience research has primarily focused on mi-
RNAs in the context of development (reviewed in REF. 21), 
neurodegenerative disorders (reviewed in REFS 22–24) 
and synaptic plasticity (reviewed in REFS 25–27). In this 
Review, we focus on the role of mi RNAs in the regulation 
of behaviour, emotion and cognition, specifically in psy-
chiatric disorders, in which this regulation is disturbed. 
This is the first era of the study of miRNA biology in psy-
chiatry. Data are rapidly accumulating regarding mi RNAs 
as mediators of the onset, susceptibility, diagnosis and 
treatment of mental disorders.

Epigenetic mechanisms
Molecular mechanisms leading 
to changes in gene expression 
levels that are not due to 
variations in the DNA 
sequence.
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Abstract | Recent studies have revealed that patients with psychiatric disorders have altered 
microRNA (miRNA) expression profiles in the circulation and brain. Furthermore, animal 
studies have shown that manipulating the levels of particular mi RNAs in the brain can alter 
behaviour. Here, we review recent studies in humans, animal models, cellular systems and 
bioinformatics that have advanced our understanding of the contribution of brain mi RNAs to 
the regulation of behaviour in the context of psychiatric conditions. These studies highlight 
the potential of miRNA levels to be used in the diagnosis of psychiatric disorders and suggest 
that brain mi RNAs could become novel treatment targets for psychiatric disorders.
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Copy number variations
(CNVs). Genetic variations in 
which large areas in the 
genome are deleted or 
duplicated.

Single-nucleotide 
polymorphisms
(SNPs). Common genetic 
variations occurring in one 
base pair.

Seed match sequences
Short sequences within the 
3ʹuntranslated region of a 
target gene (seed match 
sequence) that are 
complementary to sequences 
within a microRNA (the seed 
sequence); the seed and seed 
match sequences direct the 
specificity of the miRNA–target 
gene interactions. 

Genome-wide association 
study
(GWAS). A study that 
correlates common genetic 
variations in the entire human 
genome with a specific disease.

Experimental approaches
Studies on the role of mi RNAs in psychiatric disorders 
have collected data from human patients, animal models 
of these disorders and cellular systems, and have used 
various approaches. Some approaches are unique to the 
study of mi RNAs, whereas others are modifications of 
research techniques that are used to study protein-coding 
genes28. Some procedures are common to human, rodent 
and cellular studies, whereas others are unique to one 
type of model.

Expression profiles of miRNAs are often analysed 
using high-throughput methods (reviewed in REF. 29). 
Bioinformatics analysis is used to identify specific 
miRNA–target gene interactions. In vitro assays are often 
carried out to confirm the predicted interactions and to 
provide an in-depth understanding of miRNA-related 
molecular mechanisms. Furthermore, mouse models are 
used to test causal effects of alteration of specific miRNA 
expression levels on mouse behaviour, physiology and 
gene expression.

By and large, studies combining several approaches 
and using different models provide the greatest validity. 
So far, only a few comprehensive studies of mi RNAs in 
psychiatric disorders have been carried out; most miRNA 
studies in this context have been limited to a single level 
of analysis. Below, we discuss the pros and cons of the 
common approaches that have been used in these inves-
tigations (TABLE 1). We also highlight specific studies that 
used broader approaches to gain insights into the role of 
a specific miRNA in psychiatric disorders (TABLE 2).

Human studies
Genetic association studies. Several studies have 
reported chromosomal deletions, insertions, dupli-
cations or copy number variations (CNVs) in regions 
encoding miRNA biogenesis-related proteins or spe-
cific mi RNAs that are associated with susceptibility to 
psychiatric disorders. Furthermore, single-nucleotide 
polymorphisms (SNPs) in miRNA biogenesis-related 
genes, in specific miRNA-encoding genomic loci or 
in seed match sequences of target-gene 3ʹ untranslated 
regions (UTRs) have been associated with an increased 
risk for psychiatric disorders30,31. Such variations in 
miRNA biogenesis-related genes can alter the expres-
sion levels of a large subset of mi RNAs, whereas varia-
tion in specific miRNA-encoding genes can alter their 
expression level or affect the strength of miRNA–target 
interactions32 (FIG. 2). Data from such genetic associa-
tion studies might have important diagnostic implica-
tions; however, the findings are usually of a correlative 
nature and therefore lack causal evidence. Detailed vali-
dation experiments should be carried out, confirming 
whether the identified variations affect miRNA expression 
levels or miRNA–target interactions.

A representative example of a SNP in an miRNA 
gene that has been linked to a psychiatric disorder is the 
rs1625579 SNP in miR-137. A comprehensive genome-
wide association study (GWAS) involving 40,000 indi-
viduals showed that rs1625579, which is found within 
the putative primary miR-137 (pri-miR-137) transcript 
(BOX 1), is associated with an increased risk of schizophre-
nia33. Notably, the risk allele (T) is far more commonly 
found in the general population (with about 80% fre-
quency) than the alternative, minor allele (G)34. A small 
post-mortem study showed that healthy controls that 
were homozygous for the risk allele had lower levels of 
mature miR-137 in the prefrontal cortex than did indi-
viduals with other genotypes35, suggesting that this SNP 
affects miR-137 expression levels.

Interestingly, miR-137 had been suggested to have a 
role in neurogenesis36 and neuronal maturation37 before 
it was linked to schizophrenia. Since this schizophrenia 
GWAS, several follow-up studies involving large numbers 
of individuals have been conducted (reviewed in REF. 38). 
The results were replicated39 and suggest that the risk-
allele carriers who have schizophrenia are a subgroup of 
patients with fewer positive and more negative symptoms 
of the disorder than patients who do not carry the risk 
allele40,41. In addition, individuals with schizophrenia who 
are homozygous for the risk allele have an earlier onset 
of illness and a more pronounced disruption in brain 
structure (reduced white-matter integrity throughout the 
brain, smaller hippocampi and larger lateral ventricles)42. 
Furthermore, functional MRI (fMRI) studies have shown 
that the pri-miR-137 genotype influences the activity of 
the posterior right medial frontal gyrus during a cogni-
tive task43 and affects fronto-amygdala and dorsolateral 
prefrontal–hippocampal functional connectivity during 
emotional tasks44 and in the resting state45, respectively.

Other studies have identified putative miR-137 target 
genes that might play a part in schizophrenia by over-
expressing miR-137 in vitro and profiling the resulting 

Figure 1 | A working hypothesis of the aetiology of psychiatric disorders. A 
combination of genetic factors (including polymorphisms, gene deletions or insertions, 
gene amplification and gene translocation) and environmental factors (mainly stress) 
may lead to a predisposition for the development of psychiatric disorders. Epigenetic 
mechanisms mediate the effect of the environment on gene expression. Altered gene 
expression caused by genetic and epigenetic mechanisms modifies brain structure and 
function and, in doing so, facilitates the occurrence of psychiatric disorders. MicroRNAs 
are one of several mechanisms through which environmental factors may influence gene 
expression and subsequent behaviour and physiology.
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mRNA expression pattern46,47. Interestingly, four of the 
hits that were identified in the GWAS that linked the pri-
miR-137 SNP to schizophrenia are predicted to be targets 
of miR-137. Indeed, in vitro luciferase assays confirmed 
that miR-137 interacts with CSMD1 (CUB and Sushi 
multiple domains 1), WBP1L (WW domain binding pro-
tein 1-like; also known as C10ORF26), CACNA1C (cal-
cium channel, voltage-dependent, L type, α1C subunit) 
and TCF4 (transcription factor 4)48. In addition, two fur-
ther schizophrenia-related targets of miR-137 were identi-
fied and validated in vitro: ZNF804A (zinc-finger protein 
804A)49 and RORA (RAR-related orphan receptor A)50.

More post-mortem and in vitro studies are needed to 
confirm that the rs1625579 SNP directly affects the expres-
sion level of miR-137. In addition, assessing the effects of 
this SNP in vivo in mice carrying the different genotypes, 
or by experimentally modifying miR-137 expression lev-
els, can shed light on the role of this SNP and miR-137 
target genes in schizophrenia-like behaviours.

Post-mortem studies. The miRNA expression profiles 
in specific brain sites — obtained post-mortem from 
patients with psychiatric disorders — can be character-
ized using high-throughput techniques. Such screens are 
possible owing to the long half-life and relatively low sen-
sitivity to degradation of mi RNAs compared with longer 
RNA molecules51. This approach reveals that several 
psychiatric disorders have characteristic miRNA expres-
sion profiles, which suggests that altered miRNA levels 
might contribute to the pathophysiology of these disor-
ders. The strongest caveat of this approach is its correla-
tive nature; that is, the altered miRNA profile observed 
in the patient’s brain tissue at death does not necessarily 
reflect a causal role for a particular miRNA in the disease. 
Indeed, the profile might reflect secondary effects of other 
alterations associated with a specific pathology or medi-
cal treatment. It should be noted that high-throughput 
platforms for miRNA profiling are not only expensive but 
also error prone; therefore, their results require additional 

Box 1 | MicroRNA biogenesis, mode of activity and nomenclature

In most cases, microRNA (miRNA) genes are transcribed by RNA polymerase II and RNA polymerase III into primary 
miRNA transcripts (pri-miRNA)107. Pri-mi RNAs are either transcribed from dedicated genes or processed from introns of 
other genes as individual mi RNAs or miRNA clusters, and they form distinctive secondary hairpin structures (see the 
figure). This pri-miRNA is then cleaved by a microprocessor complex that contains Drosha (also known as ribonuclease 3) 
and the microprocessor complex subunit DiGeorge syndrome critical region 8 (DGCR8)108 (see the figure). Drosha 
cleaves the 5ʹ and 3ʹ arms of the pri-miRNA hairpin, whereas DGCR8 directly interacts with and stabilizes the pri-miRNA 
and serves as a molecular ruler to determine the precise cleavage site. Following cleavage of the RNA molecule, its size 
is reduced to 70–110 nucleotides in length and it is referred to as precursor miRNA (pre-miRNA). After nuclear 
processing, the pre-miRNA is exported to the cytoplasm by exportin 5 (XPO5) in a complex with RAS-related nuclear 
protein (RAN)–GTP109. The pre-miRNA is then cleaved by Dicer to generate a ~22-nucleotide miRNA duplex. Following 
Dicer-mediated cleavage, Dicer and its interaction-domain protein TAR RNA binding protein (TRBP; also known as 
TARBP2) dissociate from the miRNA duplex to form the active 
RNA-induced silencing complex (RISC) that performs gene silencing. 
The double-stranded duplex needs to be separated into the 
functional guide strand (which is complementary to the target mRNA) 
and the passenger strand (which is subsequently degraded). The 
functional strand of the mature miRNA is loaded into the RISC 
complex together with Argonaute 2 (AGO2)110. Only one strand is 
usually incorporated into the RISC, and it guides the complex to 
target the 3ʹ untranslated region (3ʹ UTR) of the mRNAs to inhibit 
their translation or promote their degradation. The specificity of 
mi RNAs to their target mRNAs is canonically determined by 
base-pairing of a 6–8-nucleotide sequence in the 5ʹ end of the mature 
miRNA (known as the seed sequence) to a complementary seed 
match sequence in the 3ʹ UTR end of the target gene15,69.

Thousands of mi RNAs across different species have been 
identified, and a nomenclature system has therefore been 
adopted111. Briefly, the numbering of newly identified miRNA genes 
is sequential and is attached to the prefix ‘mir’ followed by a dash 
(for example, mir-135). The uncapitalized ‘mir’ refers to the 
pre-miRNA and the capitalized ‘miR’ refers to the mature form. 
mi RNAs with closely related mature sequences are annotated with 
lower case letters to show their similar structure (for example, 
miR-135a and miR-135b). Distinct precursor sequences and genomic 
loci that express identical mature sequences are indicated with an 
additional number (for example, miR-135a1 and miR-135a2). mi RNAs 
should also be preceded by the annotation for the species they are 
observed in (for example, hsa-miR-135 in Homo sapiens). mi RNAs 
originating from the 3ʹ end or 5ʹ end are denoted with a ‘-3p’ or ‘-5p’ 
suffix, respectively (for example, miR-135-3p and miR-135-5p). For 
more information on the nomenclature of miRNA passenger and 
guide strands, see the miRBase nomenclature guide. ORF, open 
reading frame.
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experimental validation29. Furthermore, subsequent bio-
informatics analysis is required to identify potential target 
genes that might be regulated by the mi RNAs found in 
the screen.

Some recent examples of comprehensive studies 
using this approach have involved post-mortem tis-
sue analysis of patients with major depression disor-
der (MDD). One study revealed that, compared with 
controls, patients with MDD showed downregulation 
of miR-1202 in prefrontal cortex tissue52. This finding 
was replicated in two independent cohorts, which in 
addition showed that antidepressant treatment and 
co-morbidity with anxiety disorders attenuated the 
downregulation of this miRNA in the MDD group52. 
miR-1202 is primate specific and is enriched in the 
brain52, which supports its possible role in mediating 
higher brain functions that may be affected in MDD. 
Bioinformatics analysis followed by in vitro studies 
suggested that GRM4 (glutamate receptor, metabo-
tropic 4) is a relevant target gene of miR-1202 (REF. 52). 
Another study reported downregulation of miR-135 
levels in the serotonergic raphe nucleus of individuals 
with MDD who had committed suicide53. This study 
aimed to elucidate the role of miR-135 as a regulator of 
serotonin (5-hydroxytryptamine)-related anxiety and 
depression phenotypes and showed — using mouse 
models and in vitro experiments — that miR-135 tar-
gets both the transcript encoding the serotonin trans-
porter (SERT; also known as the sodium-dependent 
serotonin transporter and SLC6A4) and the transcript 
encoding 5-hydroxytryptamine receptor 1A (HTR1A; 
also known as 5HT1A)53. The use of post-mortem 
tissue to identify mi RNAs with a possible role in psy-
chiatric disorders can be a good starting point for a 
top-down approach study (as exemplified in REF. 52) or 
as a means of validating findings from rodent models 
(a bottom-up approach, as reported in REF. 53). Either 
way, such data are of great importance, especially given 

the substantial limitation of current animal models 
for psychiatric disorders, which present weak validity 
and poor predictive power for drug efficacy in human 
disease54.

Studies of circulating mi RNAs. mi RNAs can be detected 
in blood cells, plasma and serum (particularly in mem-
brane vesicles, exosomes or bound to proteins). The 
mechanism by which mi RNAs enter the circulation 
is only partially understood. Evidence suggests that 
mi RNAs may be released by passive leakage from cells 
that undergo apoptosis or necrosis, or that they may be 
actively secreted from living cells through lipid struc-
tures (such as exosomes, shedding vesicles or apoptotic 
bodies) or protein–miRNA complexes (containing, for 
example, high-density lipoproteins, Argonaute 2 (AGO2) 
or nucleo phosmin 1)55–57 (reviewed in REFS 58,59).

The detection of mi RNAs in body fluids may not only 
provide insights into the pathological and physiological 
state of the originating cells but also suggest an intrigu-
ing hormone-like role for these molecules as secreted 
gene regulator factors. Evidence is accumulating for a 
role of secreted mi RNAs in intercellular crosstalk and 
for horizontal transfer of mi RNAs59,60. The possibility 
that circulating mi RNAs might influence the function 
of adjacent neuronal populations or other neuronal 
populations at a distance is exciting. Nevertheless, fur-
ther investigation is required to determine the cellular 
mechanisms responsible for the packaging of specific 
mi RNAs into secreted vesicles or with RNA-binding 
proteins, the cellular specificity in miRNA secretion and 
uptake, the trigger for miRNA release from neurons and 
the way that mi RNAs are functionally incorporated into 
target cells.

Certain mi RNAs in the blood have been proposed as 
potential biomarkers to aid the diagnosis of various dis-
orders and to evaluate treatment response. To date, most 
studies of mi RNAs in the blood have primarily reported 

Table 1 | Comparing available approaches for studying the role of mi RNAs in psychiatric disorders

Approach Experimental methods Strengths Weaknesses

High-throughput screens of 
miRNA expression profiles

• miRNA microarrays
• RNA sequencing
• Real-time PCR

Comprehensive Expensive and 
error prone

Testing regulation of the 
expression of a specific miRNA

• Real-time PCR
• In situ hybridization

Sensitive and 
inexpensive

Low throughput

Bioinformatic predictions of 
miRNA–target interactions

Various web-based algorithms Cheap Error prone

In vitro miRNA–target 
interaction assay

Luciferase reporter assay Cheap and causal 
design

Artificial

Association between DNA 
polymorphism and psychiatric 
conditions

• DNA sequencing
• Real-time PCR

Inexpensive Correlative

Mouse models expressing 
altered levels of miRNA

• Mutating miRNA biogenesis genes
• Transgenic mice overexpressing or 

underexpressing specific mi RNAs
• Virus-mediated site-specific manipulation 

of miRNA levels
• Pharmacological administration of miRNA 

mimics or miRNA inhibitors

Causal design Time 
consuming and 
expensive

miRNA, microRNA.
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correlations between circulating miRNA levels and dis-
ease states such as different types of cancers61 and diabe-
tes62, but there is increasing evidence of altered patterns 
of circulating mi RNAs being associated with psychiatric 
disorders (reviewed in REF. 63).

Notably, the use of mi RNAs as potential biomark-
ers has been investigated in MDD. Owing to the high 
prevalence of the disorder, the delay before antidepres-
sant treatments become effective, the low drug-response 
rates and the risk of suicide associated with MDD, there 
is an immense need for effective biomarkers for diag-
nosis and antidepressant treatment efficacy in MDD. 
Potential biomarkers include miR-1202 (described 
above), which was found to be downregulated in post-
mortem brain tissue from individuals with MDD52. The 
same study further reported that levels of miR-1202 in 
the blood could be used to distinguish between selec-
tive serotonin reuptake inhibitor (SSRI) responders and 
non-responders; specifically, miR-1202 levels are ini-
tially lower in responders than in non-responders and 
are upregulated on drug administration in the former 
but not in the latter52. This suggests that miR-1202 levels 
in the circulation could be used to assess the appropriate 
antidepressant treatment for a given patient. A recent 
study showed that levels of miR-135a were also lower 
in the blood of individuals with depression and were 
increased after treatment in another cohort of patients 
with this disorder53.

Replication studies using bigger cohorts are needed to 
verify the validity of these findings and to identify addi-
tional relevant mi RNAs. Taken together, MDD diagnosis 
and response to antidepressant drugs may be reflected 
in the ‘fingerprint’ of circulating mi RNAs, which could 
potentially be used in the clinic for diagnosis and treat-
ment assignment. In addition, these findings, along 
with earlier data on miR-16 (REF. 64) and many correla-
tive studies (reviewed in REFS 31,65,66), suggest that the 

mode of action of antidepressants is mediated, at least 
partially, by mi RNAs. However, it should be noted that 
the normal individual variance of these levels in the 
healthy population needs to be determined before cir-
culating miRNA levels in patients can serve as a useful 
biomarker.

Alternatively, patient-derived stable cell lines — for 
example, lymphoblast lines generated from blood lym-
phocytes — can be generated from blood samples col-
lected from patients with psychiatric disorders. These 
cells represent the ‘genetic landscape’ of the patient’s 
disorder, and studying their miRNA expression profile 
before and in response to treatment can indicate potential 
mi RNAs that are relevant to the disorder. Furthermore, 
the miRNA expression profiles of patient-derived cell 
lines can potentially serve as tools for screening responses 
to drugs as part of a personalized medicine approach. An 
important limitation of this approach is that generating a 
cell line may itself change the cells’ epigenetic landscape 
in a way that is not necessarily relevant to the disorder. 
Therefore, until this caveat is further investigated, altera-
tions in miRNA expression profiles detected in cell lines 
from patients cannot be considered to be a primary factor 
that contributes to the pathophysiology of a particular 
psychiatric disorder.

Rodent models
Profiling miRNA levels. Animal models provide an 
opportunity to take a ‘snapshot’ of miRNA expression 
patterns in specific brain sites and correlate them with 
various behaviours. Alterations in miRNA expression 
profiles that have been identified in rodent models of 
psychiatric disorders could suggest specific mi RNAs 
that are involved in the development of these condi-
tions or that could be targeted for the treatment of 
these disorders. Some of the studies that have identi-
fied such changes have used genetic mouse models of 

Table 2 | Examples of miRNA-mediated effects that may be relevant to psychiatric disorders

miRNA Suggested effects Relevant target genes Associated brain area Refs

miR-1202 Predicts response to 
antidepressants

GRM4 PFC 52

miR-128 Promotes fear extinction Arpp21 PFC 95

miR-134 Inhibits fear learning Creb and Bdnf Hippocampus 119

miR-135 Mediates antidepressant action Sert and Htr1a Raphe nucleus 53

miR-16 Mediates antidepressant action Sert Raphe nucleus and locus 
coeruleus

64

miR-182 Inhibits fear learning Rac1 and Cttn Lateral amygdala 120

miR-212 Inhibits drug seeking Mecp2 Dorsal striatum 97,121

miR-219 Promotes schizophrenia-like 
behaviours

Camk2g PFC 122

miR-34 Inhibits stress-induced anxiety Crfr1 Central amygdala 81

miR-124, let-7d 
and miR-181a

Modulate cocaine-conditioned 
place preference

Bdnf and Drd3 Nucleus accumbens 123,124

Arpp21, cyclic AMP-regulated phosphoprotein, 21 kDa; Bdnf, brain-derived neurotrophic factor; Camk2g, calcium/calmodulin-
dependent protein kinase IIg; Creb, cyclic AMP-responsive element-binding protein; Crfr1, corticotropin-releasing factor 
receptor 1; Cttn, cortactin; Drd3, dopamine receptor D3; GRM4, glutamate receptor, metabotropic 4; Htr1a, 5-hydroxytryptamine 
receptor 1A; Mecp2, methyl CpG-binding protein 2; miRNA, microRNA; PFC, prefrontal cortex; Rac1, Ras-related C3 botulinum 
toxin substrate 1; Sert, serotonin transporter.
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AGO2 immunoprecipitation
A method for co-isolation of 
mRNA and microRNA (miRNA) 
from cells or tissues that are 
associated with the 
Argonaute 2 (AGO2) protein; it 
allows ‘capturing’ of active 
miRNA–target (mRNA) 
interactions under specific 
experimental conditions. 

a disorder, whereas others have used environmental 
manipulations, such as different paradigms of stress, 
behavioural tasks or different pharmacological treat-
ments that induce particular behaviours that are asso-
ciated with a psychiatric disorder. Although these 
approaches are appealing, any changes that are found 
in the levels of specific mi RNAs in such models are 
correlative and may not reflect a primary causal role 
for the miRNA in the pathology of interest. In addi-
tion, such miRNA profiling does not link specific target 
genes to the mi RNAs modified: confirming any genetic 

links would require further bioinformatics and experi-
mental work. Isolating mi RNAs bound to mRNAs by 
AGO2 immunoprecipitation and subsequent profiling 
of both types of transcripts can provide more relevant 
information regarding the active miRNA–target interac-
tions in the examined tissue67–69.

The in-depth study of specific miRNA–target inter-
actions at specific brain sites, in specific cell types or in 
specific circuits has proved to be informative, but a lot 
more needs to be done to assess the functions of sets 
of different mi RNAs; such sets are routinely reported 
in miRNA profiling following genetic or environmen-
tal manipulations. An example of the use of miRNA 
profile screens in a genetic model of a neurodevelop-
mental disorder comes from a study of methyl CpG-
binding protein 2 (Mecp2)-knockout mice70. Mutations 
in MECP2 are the main cause of Rett syndrome and 
are associated with autism71. The expression profiles of 
mi RNAs in the cerebellum of Mecp2-knockout mice 
revealed downregulation of a subset of mi RNAs, along 
with altered chromatin methylation of the promoter 
regions of some of these mi RNAs70. Furthermore, 
some of these mi RNAs targeted brain-derived neuro-
trophic factor (Bdnf) mRNA in vitro, which has been 
associated with Rett syndrome as well70. These find-
ings are in accordance with data from an earlier study 
that reported that miR-132 targets Mecp2 in vitro and 
is downregulated in the cortex of Mecp2-knockout 
mice72. Converging evidence thus suggests a role for a 
regulatory loop between BDNF, miR-132 and MeCP2 
in Rett syndrome and perhaps also in autism spectrum 
disorders.

Expression profiles can also be used to assess the 
effects of environmental factors on miRNA expression. 
For example, recent studies on transgenerational effects of 
stress in mice showed that offspring of a stressed parent 
have altered behaviour and epigenetic modifications in 
the brain, even though they were not directly exposed to 
stress (reviewed in REF. 73). A study showed that pater-
nal exposure to chronic variable stress in mice altered 
the activity of the hypothalamic–pituitary–adrenal axis, 
as well as mRNA and miRNA expression in the para-
ventricular nucleus of the hypothalamus and the bed 
nucleus of the stria terminalis in the adult offspring74. 
The sperm of the stressed father also showed changes in 
miRNA expression, and the authors suggested that this 
potentially mediated the altered phenotype in their off-
spring74. Similarly, another study showed that exposure 
to maternal separation increased anxiety and depres-
sion-like behaviour, altered blood glucose and insulin 
levels and modified sperm, hippocampal and hypotha-
lamic RNA levels — including miRNA profiles — in 
male mice75. Furthermore, injecting sperm miRNA from 
a stressed male into oocytes fertilized by non-stressed 
parents caused the stress-induced phenotype to appear 
in the offspring, which showed altered metabolism and 
behaviour that were similar to those observed in the 
stressed father75. These findings demonstrate the inherit-
ance of acquired traits through mi RNAs, thus providing 
a possible molecular mechanism for transgenerational 
behavioural plasticity.

Figure 2 | MicroRNA-related genetic variations that may be associated with 
psychiatric disorders. a | Single-nucleotide polymorphisms (SNPs) in primary 
microRNA (pri-mi RNAs) transcripts, precursor mi RNAs (pre-mi RNAs), mature mi RNAs or 
other regulatory genomic sites, such as transcription factor binding sites, can alter the 
expression levels of particular mi RNAs. Alternatively, SNPs within the mature miRNA 
seed sequence or 3ʹ untranslated region (UTR) of the target gene can strengthen or 
weaken the interaction between an miRNA and its target, and thereby lead to 
decreased or increased levels, respectively, of the protein encoded by the target gene. 
Furthermore, such variation can create new miRNA-related regulatory interplays by 
creating new seed match sequences that may lead to new miRNA binding sites. Finally, 
SNPs in the coding region or in regulatory sequences of miRNA biosynthesis genes can 
alter the expression level of mi RNAs and thereby shift the expression of the entire 
miRNA population32. b | Chromosomal modification can lead to deletion or duplication 
of miRNA-encoding genes and thus decrease or increase, respectively, the levels of the 
miRNA. This will modulate the expression levels of the target genes of such mi RNAs 
accordingly. Similarly, deletion or duplication of genes that are involved in miRNA 
biogenesis can modify the entire population of mi RNAs that rely on that specific gene 
for their production.
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Transgenerational effects
Phenotype changes in the 
offspring that are caused by 
parental exposure to 
environmental factors.

Manipulating the miRNA biogenesis machinery. In the 
early days of miRNA research, a common approach was 
to test the effects on mouse phenotypes of manipulat-
ing key enzymes from the miRNA biogenesis pathway 
(BOX 1). For example, knocking out Dicer1 or Ago2 in a 
specific brain area or cell type — thereby ablating most 
of the cellular miRNA functions — is useful as a proof of 
concept for revealing the involvement of mi RNAs in spe-
cific biological processes. However, using this approach in 
the nervous system led to neuronal cell death in most of 
these studies, especially when the relevant genetic deletion 
was induced during embryonic development76–80. This 
suggests that abolishing the entire miRNA population is 
too broad an approach for the investigation of the role of 
mi RNAs in neurons. Nevertheless, there are reports on 
neuronal survival following Dicer depletion in the adult 
brain81–83. Currently, milder and more specific approaches 
are used, such as manipulating the expression levels of 
specific mi RNAs (see below).

A substantial body of data has accumulated link-
ing the genetic deletion of the miRNA biogenesis gene 
DiGeorge syndrome critical region gene 8 (DGCR8) 
(BOX 1) with schizophrenia. Microdeletion of the human 
22q11.2 locus, which contains DGCR8, leads to a genetic 
syndrome that is associated with a high risk of devel-
oping emotional difficulties and schizophrenia84. A 
subsequent study of a mouse model with an equivalent 
DNA microdeletion (Df(16)A+/− mice) suggested that 
impaired miRNA processing might have a role in this 
syndrome85. The Df(16)A+/− mice had reduced levels of 
mature mi RNAs in the brain and showed schizophrenia-
associated behaviours such as hyperactivity, decreased 
sensorimotor gating and working memory deficits85. One 
of the genes lost in this microdeletion is Dgcr8; hence, 
the authors hypothesized that Dgcr8 haploinsufficiency 
caused the phenotype.

The downregulation of mi RNAs found in Df(16)A+/− 
mice is in line with a study reporting reduced miRNA 
levels in the prefrontal cortex of patients with schizo-
phrenia post-mortem86. However, two other independ-
ent studies reported evidence of increased miRNA 
biogenesis in post-mortem brains from patients with 
schizophrenia compared with control brains: one study87 
found increased miRNA and Dicer mRNA expression in 
the dorsolateral prefrontal cortex, and the other88 found 
increased levels of mi RNAs and Dgcr8 mRNA expres-
sion in the superior temporal gyrus and the dorsolateral 
prefrontal cortex. These conflicting results might be 
explained by the fact that cases of schizophrenia that are 
associated with the microdeletion of 22q11.2 account for 
only 1–2% of the patient population84,89.

Mice with Dcgr8 haploinsufficiency (Dcgr8+/− mice) 
showed a reduction in miRNA expression levels, have a 
behavioural phenotype similar to that of Df(16)A+/− mice, 
and exhibit morphological and functional changes in neu-
rons85. There are reports that Dcgr8+/− mice have fewer 
spines and lower dendritic complexity85, increased long-
term potentiation90 and reduced adult neurogenesis in 
the hippocampus91. Furthermore, the Dcgr8+/− mice have 
fewer neurons, and these neurons have small spines92, 
reduced dendritic complexity and altered electrical 

properties of pyramidal frontal neurons93 in the cortex. 
Furthermore, Dcgr8 haploinsufficiency is likely to 
affect other 22q11.2 genes, such as the gene encoding 
miR-185, to produce the deficits associated with 22q11.2 
microdeletion. Accordingly, miR-185 is downregulated 
in Df(16)A+/− mice, and overexpression of miR-185 in 
Df(16)A+/− mice rescues their schizophrenia-related 
aberrant neuronal morphology phenotype94.

Manipulating specific miRNA expression levels. Several 
approaches are available for inducing constitutive or 
transient changes in miRNA levels with different degrees 
of spatiotemporal resolution (FIG. 3). Germline trans-
genic approaches include generating loss-of-function 
mutations in specific miRNA genes in mice (that is, 
knockout mice) and generating gain-of-function muta-
tions in mice (that is, miRNA-overexpressing mice) in 
a constitutive, conditional or inducible manner. These 
models might be associated with developmental com-
pensatory changes but benefit from high reproducibility. 
Alternative approaches involve stereotaxic injections of 
either recombinant viruses or modified nucleic acids 
that induce constitutive or transient effects on miRNA 
function, respectively. These approaches provide high 
spatial resolution but suffer from low reproducibility.

Site-specific infusion of an miRNA and an anti-
miRNA was used in a study64 that investigated the 
mechanisms through which miR-16 targets the tran-
script encoding SERT and mediates the activity of SSRIs. 
miR-16 was demonstrated to be expressed at higher 
levels in noradrenergic cells than in serotonergic cells, 
and reduced levels of miR-16 in noradrenergic neurons 
caused de novo SERT expression64. Chronic treatment 
with an SSRI in mice increased miR-16 levels in sero-
tonergic raphe nuclei, which reduced SERT expression. 
Interestingly, raphe exposed to SSRIs released the neuro-
trophic factor S100β, which acts on noradrenergic cells of 
the locus coeruleus. Decreasing levels of miR-16 caused 
the S100β factor to turn on the expression of serotonergic 
functions in noradrenergic neurons64. 

Viral manipulation of specific miRNA levels was used 
in a study that investigated the role of miR-128b in fear 
extinction specifically in the infralimbic prefrontal cor-
tex95. Lentiviral overexpression and ‘sponge’ knockdown 
of miR-128b in the infralimbic prefrontal cortex facili-
tated and inhibited fear extinction in mice, respectively. 
The authors suggested several target genes of miR-128, 
which were validated in in vitro assays. Interestingly, the 
sequence encoding the pre-miR-128 precursor is embed-
ded within an intron of ARPP21 (cyclic AMP-regulated 
phosphoprotein, 21 kDa; also known as RCS), and the 
miR-128–Arpp21 interaction potentially modulates fear 
extinction95.

In vitro assays. The ‘gold standard’ for confirming an 
interaction between an miRNA and a putative target gene 
is an in vitro luciferase assay. To this end, the 3ʹ UTR of 
the mRNA of the target gene is sub-cloned downstream 
to a luciferase reporter gene. The construct is then intro-
duced into cells with the miRNA that is predicted to tar-
get it, and the amount of light produced by the luciferase 
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enzyme catalysing its substrate is measured. A reduction 
in light output is interpreted as repression of luciferase 
activity that is induced by the miRNA. If mutating the 
seed match sequence in the 3ʹ UTR abolishes the repres-
sion, it can be concluded that direct miRNA–target inter-
action occurs in vitro. This conclusion can be confirmed 
by identifying a negative correlation between the level 
of an miRNA and its target gene in response to treat-
ments in vitro, or by detecting a decrease or an increase 
in expression of the target gene when the miRNA is over-
expressed or downregulated, respectively. Additionally, 
in vitro studies may be useful for in-depth investigations 
of, for example, the signalling pathways upstream or 
downstream of a specific miRNA in a cellular model for 
the pathology of interest. Alternatively, primary neuronal 
cultures from specific brain regions or cell types can be 
generated from miRNA-related rodent models for psy-
chiatric disorders, such as mouse lines with altered levels 
of a specific miRNA. Such culture studies can help inves-
tigators to identify any alterations in molecular, physio-
logical and structural properties of neurons in response 
to manipulation of miRNA pathways.

In vitro experiments in miRNA studies are often 
informative and are a relatively quick way to test results 
that are obtained using other methods (such as animal 
models, described above). However, one must remember 
that these are artificial, reductionist set-ups, and results 
obtained ‘in the dish’ should be validated in higher levels 
of analysis, especially if they pertain to complex disorders 
such as psychiatric disorders.

A study on the role of mi RNAs in mediating stress-
induced anxiety81 provides an example of the use of 
in vitro methods (in addition to in vivo approaches). The 
study showed that, in adult mice, acute stress changed 
the miRNA expression profile in the amygdala; notably, 
the authors found a prominent upregulation in miR-34 
expression. In a separate experiment, virus-mediated  
overexpression of miR-34 in the amygdala prevented 
stress-induced anxiety. In vitro luciferase reporter assays 
confirmed the bioinformatics-informed prediction that 
miR-34 interacts with corticotropin-releasing hormone 
receptor 1 (Crfr1) mRNA81. In a mouse neuroblastoma 
cell line that endogenously expresses CRFR1, transfec-
tion with a miR-34-overexpressing virus resulted in a 
decreased response of CRFR1 to its ligand CRF, sug-
gesting that miR-34 functionally regulates the molecular 
machinery of the response to stress81. This miRNA–target 
interaction was recently confirmed96.

A study on the role of miR-212 in cocaine intake97 pro-
vides an example of using in vitro methods to analyse the 
signalling pathways downstream of an miRNA. First, an 
miRNA screen of rat dorsal striatum following prolonged 
cocaine access revealed upregulation of miR-212. Second, 
virus-mediated overexpression of miR-212 in the dorsal 
striatum in vivo decreased the motivation to consume 
cocaine, whereas administration of miR-212 antagonists 
had the opposite effect. Subsequent in vitro experiments 
in HEK (human embryonic kidney) cells demonstrated 
that miR-212 increases cAMP-responsive element-binding 
protein (CREB) signalling via RAF1 and the co-activator 
CREB-regulated transcription co-activator 1 (CRTC1; also 

Figure 3 | Approaches for manipulating specific brain microRNA expression levels 
and function. a | Germline transgenic approaches include the generation of knockout 
(KO), overexpression (OE) or knockdown (KD) mouse lines for a specific microRNA 
(miRNA) or miRNA target gene. Such inheritable genetic manipulations are performed on 
mouse embryos using various approaches. Systemic manipulation of miRNA genes can be 
performed by generating, for example, a developmental KO mouse model; however, such 
models are associated with developmental compensatory changes and lack brain-area 
spatial specificity. These limitations can be overcome when using conditional KO mice for 
a specific miRNA that are generated using genetic systems such as Cre–loxP. In these 
models, for example, mice can be engineered to have a precursor miRNA (pre-miRNA) 
gene between loxP sites so that when they are crossbred with mice expressing 
Cre-recombinase under the control of a site- or cell-type-specific promoter, a conditional 
KO of that miRNA occurs only in the subset of cells expressing Cre-recombinase. To 
better control the temporal onset of the genetic manipulation, one can use inducible 
Cre-recombinase mouse lines or the Tet-ON–Tet-OFF systems. Alternatively, such 
approaches can be used to manipulate a protein-coding gene that is the target of a 
specific miRNA, thus providing information about the potential reciprocal interaction of 
the gene and miRNA. For example, establishing a transgenic mouse model that carries a 
mutation in a seed match sequence of a specific miRNA located in the 3ʹ untranslated 
region of the target transcript can provide in vivo proof of an interaction between the 
miRNA and the target gene. Germline transgenic approaches that use homologous 
recombination to ‘knock in’ a DNA fragment (through the injection of DNA into mouse 
embryos) are laborious, expensive and time-intensive; however, newer genome- 
engineering methods — such as CRISPR (clustered regularly interspaced short 
palindromic repeat)–Cas (CRISPR-associated protein) systems112–114 or TALENs 
(transcription activator-like effector nucleases)115–117 — can shorten this procedure.  
b | Stereotaxic site-specific approaches can be used to manipulate specific brain mi RNAs 
in a process that involves either modified nucleic acids or recombinant viruses that 
induce, respectively, transient or constitutive effects on miRNA function. These 
approaches include intracerebroventricular or site-specific administration of 
oligo nucleotide sequences that either overexpress the miRNA of interest (by introducing 
an miRNA mimic) or knock down the level of the relevant miRNA (by expressing a 
complementary ‘antisense’ oligonucleotide sequence of the mature miRNA (an 
‘antagomir’)). Another alternative process, which blocks the effect of the mi RNAs of 
interest, is the admin istration to the brain of oligonucleotide sequences containing 
multiple repeats of the miRNA-specific seed sequence (‘sponge’). When constitutive 
changes in the expression levels of the miRNA are required, a viral approach is used and 
the relevant brain area is stereotactically injected with lentiviruses (LVs) or adeno- 
associated viruses (AAVs) that are designed to knock down or overexpress the specific 
miRNA. The pinnacle of miRNA manipulation is the combination of viral approaches with 
transgenic mouse models in order to obtain improved spatiotemporal CNS specificity118.
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known as TORC1). Furthermore, virus-mediated overex-
pression of CRTC1 in rat striatum had effects on cocaine 
self-administration that were similar to those of miR-212 
overexpression97. Thus, using in vitro tools along with 
in vitro manipulations provided comprehensive insights 
into the role of miR-212 in cocaine intake.

Bioinformatics
Various bioinformatics tools are available that can be 
applied to miRNA data. These include algorithms for the 
prediction of miRNA–target gene interactions, compara-
tive genomics data on miRNA conservations, tools for 
the discovery of new mi RNAs and databases containing 
the results of miRNA expression-pattern screens. In some 
of the studies described above, bioinformatics was used 
to analyse results from high-throughput screens, mainly 
to generate target predictions for mi RNAs that are dif-
ferentially expressed in humans with a psychiatric disor-
der or in mouse or cellular models of these conditions. 
A less frequent but important use for bioinformatics is 
to predict which mi RNAs might target protein-coding 
genes that have been associated with psychiatric disor-
ders64. In addition, bioinformatics approaches have been 
used to assess whether polymorphisms98,99 or CNVs100,101 
that have been associated with specific disorders influ-
ence the expression levels or activity of specific miRNA 
pathways. These in silico approaches are generally quick 
and cheap. However, one should keep in mind that algo-
rithm-based predictions are error prone and may lead to 
both false-positive and false-negative results. Moreover, 
the predictions are algorithm specific, and the overlap 
in the results generated by different algorithms is often 
small. Therefore, the results obtained from bioinformatic 
approaches require ‘wet’ validations.

Bioinformatics approaches were used both to iden-
tify miRNA–target interactions associated with schizo-
phrenia and to assign miR-185 targets to subcellular 
domains in the study mentioned above94. This study 
identified upregulation of an uncharacterized non-
coding RNA (2310044H10Rik) in the brain of Df(16)
A+/− mice. Bioinformatics analysis, which involves the 
cross-referencing of several prediction algorithms, iden-
tified miR-185, within the 22q11.2 microdeletion region, 
as a putative regulator of this transcript94. Subsequent 
in vitro experiments confirmed that there was a strong 
interaction between miR-185 and the transcript (which 
the authors named miRNA target of the 22q11.2 micro-
deletion (Mirta22))94. Mirta22 is neuron specific and is 
enriched in Golgi-related structures, similarly to several 
other miR-185 putative targets, as revealed by bioin-
formatic functional annotation clustering analysis94. 
Dysregulation of Golgi-related genes can affect subcel-
lular trafficking and secretion, which is necessary for 
the establishment and maintenance of neuronal con-
nections. Spine and dendrite formation were indeed 
disrupted in Df(16)A+/− mice, and this effect could be 
reversed by overexpression of miR-185 or downregula-
tion of Mirta22 levels94. Thus, combining genetic, in vivo 
and in vitro experiments with bioinformatics analysis 
has provided new insights into the pathophysiology of 
this syndromic form of schizophrenia.

Open questions and future directions
This Review of the first era of research on the role of 
mi RNAs in psychiatric disorders has identified several 
subjects that require further study. First, not much is 
known regarding the molecular mechanisms mediating 
the changes in miRNA levels observed in models of these 
disorders. This contrasts with the situation in, for exam-
ple, cancer research, in which altered miRNA promoter 
methylation patterns have been found to explain some of 
the modified expression patterns of mi RNAs associated 
with cancers (reviewed in REF. 102).

Second, many studies are limited to identifying one 
miRNA–target interaction in a single brain site in a spe-
cific disorder. Extending studies to other brain areas 
and neuronal circuits, to multiple target genes and to 
the molecular pathways associated with the miRNA of 
interest will provide more insights into the role of the 
miRNA in the disorder.

Third, there is a need for a comprehensive map of 
the spatiotemporal expression profile of endogenous 
mi RNAs in the developing and adult brain, in specific 
cell types, in subcellular fractions (such as in synapto-
somes), in health and in various psychiatric conditions. 
Such knowledge is crucial to expand our understanding 
of the possible behavioural and physiological functions 
of these mi RNAs. Some systematic efforts have been 
made to profile miRNA expression patterns in humans, 
mice and other organisms across tissues (see the Swiss 
Institute of Bioinformatics’ smirnaDB database, for 
example), in the developing human103 and zebrafish104 
brain, and in part of the adult mouse brain67. Creating 
an atlas of mouse and human miRNA expression profiles 
equivalent to the mRNA Allen Brain Atlas would be very 
informative.

Fourth, there is evidence that mi RNAs can mediate 
the effects of prenatal stress on the sexually dimorphic 
organization of the brain105. This suggests that research 
is needed to explore the role of mi RNAs in sex differ-
ences in normal and pathological behaviours, as well as 
their possible involvement in mediating the sex differ-
ences in the prevalence of several psychiatric diseases 
(such as increased risk for depression and anxiety in 
women, and for autism in men). Another area of inter-
est that is relatively unexplored concerns the possible 
involvement of mi RNAs in mediating individual differ-
ences related to resiliency or susceptibility to psychiatric 
disorders83.

Many studies measure the effects of mi RNAs on the 
expression of their target gene at the transcript level only 
or use methods with low sensitivity to small changes in 
protein levels, such as western blotting. Using a more 
sensitive and broader analysis method, such as mass 
spectrometry proteomics106, can provide a wider view 
on the role of specific mi RNAs in the regulation of the 
functional form of their multiple target genes.

The roles of mi RNAs in several types of psychiatric 
disorders have not been examined yet. We did not find 
any reports on the role of mi RNAs in eating disorders, 
sexual dysfunction, somatic symptoms or personality 
disorders — perhaps this situation is due to the relatively 
limited animal models for some these conditions.
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The availability of high-throughput methods has 
flooded the literature with lists of mi RNAs that are 
altered in various models of psychiatric disorders. 
There is often little overlap between the results of stud-
ies from different laboratories, suggesting that system-
atic meta-analyses are much needed. Such comparisons 
may identify which mi RNAs are associated with specific 
disorders. Some specific mi RNAs are found again and 

again in screen results from models of different disor-
ders. This suggests that these mi RNAs might play a part 
in basic neuronal functions that are impaired in several 
disorders, such as synaptic plasticity. Alternatively, such 
mi RNAs might be part of an endophenotype that is com-
mon to several disorders. Combining systems biology 
and computational approaches with experimental ‘wet’ 
studies can help to reveal such mi RNAs.

Concluding remarks
mi RNAs are emerging as pivotal modulators of normal 
and pathological behaviours. The fact that more than 
half of the protein-coding genes are predicted to be 
regulated by mi RNAs and that each miRNA can regu-
late hundreds of different genes positions these mol-
ecules as possible ‘master regulators’ of many cellular 
processes. Furthermore, an miRNA can regulate the 
expression of several genes within a specific biologi-
cal or cellular pathway. These unique features, together 
with rapidly increasing experimental data, are encour-
aging scientists to study the role of mi RNAs in the 
regulation of different psychopathologies. Additionally, 
the possible involvement of miRNAs in different psychi-
atric disorders is further supported by the established 
role of mi RNAs in brain development, the fact that 
some psychiatric disorders have a neurodevelopmental 
origin and the realization that most psychopathologies 
probably involve mutations in multiple genes.

The accumulating evidence presented in this Review 
suggests that mi RNAs may function through several 
mechanisms to regulate behaviour. The expression level 
of some mi RNAs changes following certain behavioural 
or pharmacological challenges, thus facilitating a sub-
sequent change in the expression of target genes, which 
are putatively needed in order to direct certain behav-
ioural outcomes. It is also possible that mi RNAs can 
serve as ‘buffers’ to keep levels of their protein targets 
stable and to avoid them being upregulated to patho-
logical levels in response to a challenge. Shedding light 
on the role of mi RNAs in psychopathologies could lead 
to a better understanding of the molecular pathways 
disrupted in these disorders and possibly promote the 
much needed development of new therapeutic and 
diagnostic approaches (FIG. 4).

Figure 4 | Using microRNA biology in psychiatry for diagnostics or 
therapeutics. MicroRNA (miRNA)-related analysis might be used as non-invasive 
biomarkers in psychiatry for diagnostic purposes. Genetic analysis of single-nucleotide 
polymorphisms (SNPs) or chromosomal modifications, such as DNA duplication or 
deletion, in miRNA-related genes that are associated with a psychiatric disorder could 
be used for diagnostics, as well as the selection and adjustment of treatments. In 
addition, levels of specific mi RNAs could be measured in the circulating fluids, such as in 
different fractions of the blood, and used for diagnosis and monitoring of response to 
treatment. Manipulating specific miRNA levels might have potential in the treatment of 
psychiatric disorders. Viral vectors such as adeno-associated viruses (AAVs) could be 
used to overexpress or knock down a specific miRNA. Alternatively, drugs containing 
synthetic miRNA mimics or oligonucleotides designed to reduce the level of a specific 
miRNA (such as antagomirs or miRNA sponges) could be developed.
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