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Abstract

Background: MicroRNAs (miRNAs) are small regulatory molecules that cause translational repression by base pairing with
target mRNAs. Cumulative evidence suggests that changes in miRNA expression may in part underlie the pathophysiology
and treatment of neuropsychiatric disorders, including major depressive disorder (MDD).

Methods: A miRNA expression assay that can simultaneously detect 423 rat miRNAs (miRBase v.17) was used to profile
the prefrontal cortex (PFC) of a genetic rat model of MDD (the Flinders Sensitive Line [FSL]) and the controls, the Flinders
Resistant Line (FRL). Gene expression data from the PFC of FSL/FRL animals (GEO accession no. GSE20388) were used to guide
mRNA target selection. Luciferase reporter assays were used to verify miRNA targets in vitro.

Results: We identified 23 miRNAs that were downregulated in the PFC of the FSL model compared with controls. Interestingly, one
of the identified miRNAs (miR-101b) is highly conserved between rat and human and was recently found to be downregulated in the
PFC of depressed suicide subjects. Using a combination of in silico and in vitro analyses, we found that miR-101b targets the neuronal
glutamate transporter SLC1A1 (also known as EAAC1 or EAAT3). Accordingly, both mRNA and protein levels of SLC1A1 were found to
be upregulated in the PFC of the FSL model.

Conclusions: Besides providing a list of novel miRNAs associated with depression-like states, this preclinical study replicated the
human association of miR-101 with depression. In addition, since one of the targets of miR-101b appears to be a glutamate transporter,
our preclinical data support the hypothesis of a glutamatergic dysregulation being implicated in the etiology of depression.
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Significance Statement

that act as glutamate receptor modulators.

MicroRNAs (miRNAs) are small non-coding RNA molecules that cause messenger RNA silencing. In the present study,
we found miRNA changes in an established rodent model of major depressive disorder (MDD). Interestingly, one of the
dysregulated miRNA (miR-101) was recently also identified as being affected in postmortem brain samples of human
MDD subjects. To further our understanding on miR-101b’s function, we used in vitro assays and found that it targets
the neuronal glutamate transporter SLC1A1 (also known as EAAC1 or EAAT3). These preclinical findings suggest a
glutamatergic dysregulation in MDD and support the literature showing efficacy of novel antidepressant compounds

)

Introduction

MicroRNAs (miRNAs) are a family of small, on average 22 nucle-
otides long, non-coding RNAs that regulate gene expression at
the posttranscriptional level (Winter et al., 2009). Most known
mammalian miRNAs are expressed in a tissue-specific man-
ner, cause translational repression, and can individually target
hundreds of genes (He and Hannon, 2004). A known mechanism,
through which miRNAs exert their repressive function, involves
their incorporation into the RNA-induced silencing complex
(RISC), which uses the miRNA’s seed region (nucleotides 2-8 at
the 5’ end of the miRNA) as a template for recognizing com-
plementary sites in the 3’ untranslated region (UTR) of target
mRNAs (Winter et al., 2009). The latter mRNA targeting by miR-
NAs leads to mRNA degradation, destabilization, or translational
inhibition (Winter et al., 2009).

The human genome codes for thousands of miRNAs (Londin et
al., 2015), and over 60% of protein-coding genes seem to have been
under selective pressure to maintain miRNA pairings (Friedman
et al., 2009). Not unexpectedly, miRNAs have been found to play
an important role in human diseases, including cancer, cardiovas-
cular disease, and other pathological conditions involving stress
responsive pathways (Mendell and Olson, 2012). Within the nerv-
ous system, miRNAs are thought to contribute to brain develop-
ment, neural function, and synaptic plasticity (Forero et al., 2010).
Dysregulation of specific miRNAs has been observed in both
patients and animal models of neuropsychiatric disorders, includ-
ing addiction, anxiety, autism, and schizophrenia (Forero et al,,
2010; Miller and Wahlestedt, 2010; Moreau et al., 2011; Chan and
Kocerha, 2012). A critical component necessary for miRNA biogen-
esis, Dicer1, has also been implicated in posttraumatic stress and
anxiolytic responses (Dias et al., 2014; Wingo et al., 2015).

With regard to major depressive disorder (MDD), the evi-
dence supporting a miRNA involvement in the pathophysiol-
ogy and the treatment of the disorder is increasing (Dwivedi,
2016). More specifically, genetic polymorphisms in different
miRNAs (e.g., miR-30e and miR-182) have been associated with
MDD (Saus et al., 2010; Xu et al., 2010). In addition, certain miR-
NAs (e.g., miR-16, miR-135, miR-335, and miR-1202) have been
found to contribute to the therapeutic action of antidepres-
sants, including that of selective serotonin re-uptake inhibitors,
tricyclics, and ketamine (Baudry et al., 2010; Launay et al., 2011;
O’Connor et al., 2013; Issler et al., 2014; Lopez et al., 2014; Li et al.,
2015). Separate studies also found that the expression levels of
a number of miRNAs were changed in blood samples (Bocchio-
Chiavetto et al., 2013; Fan et al., 2014) and fibroblasts (Garbett
et al.,, 2015) of patients with MDD. Finally, a miRNA expression
study that profiled the prefrontal cortex (PFC) of antidepressant-
free depressed suicide subjects found 21 downregulated miR-
NAs, including miR-101 (Smalheiser et al., 2012), and one study
showed increased miR-511 levels in basolateral amygdala from
depressed subjects (Yang et al., 2014).

In the present study, we used a well-established genetic rat
model of MDD (the Flinders Sensitive Line [FSL]) and its controls
(the Flinders Resistant Line [FRL]) to provide further insights
into a possible miRNA dysregulation in depression-like states.
FSL rats exhibit some key characteristics of MDD, including
anhedonia, emotional memory impairment, and psychomo-
tor retardation, all of which are reversed by antidepressant
treatment (Overstreet et al., 2005; Eriksson et al., 2012). At the
molecular level, FSL animals have reductions in levels of sero-
tonin receptors (Eriksson et al., 2012) and other key molecules
associated with MDD, including BDNF, NPY, and P11 (Melas
et al., 2012a, 2012b, 2013; Wei et al., 2015). The FSL also exhibits
a dysfunctional regulation of glutamate transmission and has
a reduction of both neuronal and glial glutamate receptors and
transporters (Eriksson et al., 2012; Gomez-Galan et al., 2013).
This is of relevance, given the accumulating evidence that sug-
gests an aberrant glutamatergic signaling in humans with MDD
(Sanacora et al., 2012) in combination with the promising role of
novel antidepressant compounds that act as glutamate receptor
modulators (Caddy et al., 2015).

Methods

Animals

Adult, 3-month-old, male FSL and FRL rats (n = 6-7/group) were
used for this study. The number of animals used for each experi-
ment is denoted in the respective methodological section or
figure legend. PFC regions and hippocampi of all animals were
dissected according to Glowinski and Iversen (1966) and immedi-
ately stored at -80°C until subsequent experimental analyses. All
experiments were approved by the Danish National Committee
for Ethics in Animal Experimentation and the Ethical Committee
for protection of animals at the Karolinska Institutet.

RNA Extraction and Reverse Transcription

Total RNA from the PFC and one hippocampus of each FSL/FRL
animal were extracted using the miRNA Universal Kit (Qiagen)
followed by treatment with DNase I (Qiagen) to digest con-
taminating DNA. Concentrations were determined using the
NanoDrop ND-1000 (NanoDrop Technologies Inc.). For miRNA
analyses, complementary DNA (cDNA) was synthesized using
the Universal cDNA Synthesis Kit II for RT-PCR (Exiqon) accord-
ing to the manufacturer’s protocol. UniSp6 RNA was spiked
in for monitoring conversion efficiency. For mRNA analyses,
cDNA was synthesized using the SuperScript III First-Strand
Synthesis System for RT-PCR (Invitrogen; Life Technologies)
according to the manufacturer’s protocol. cDNA and RNA sam-
ples were stored at -20°C and -80°C, respectively, until further
processing.



miRNA Profiling

The nCounter Rat miRNA Expression Assay (NanoString
Technologies, Inc.), which includes 423 rat miRNAs derived from
miRBase (version 17), was used to profile miRNA expression in
the PFC of FSL/FRL animals. In brief, 100ng of total RNA in 5 pL
(n =6 FSL, n = 6 FRL) was used for hybridizations of each miRNA
assay according to the manufacturer’s instructions. The miRNA
raw data were normalized for lane-to-lane variation using a
dilution series of 6 spike-in positive controls. The normalization
factor for each lane was calculated as follows: the sum of the 6
positive controls for a given lane, divided by the average sum
across lanes. The normalization factor was then multiplied by
the raw counts of each lane to produce a normalized value. The
background level of each lane was defined as 2 SD above the sig-
nal of the no-target sequence (negative) controls. We included a
miRNA probe in the subsequent analyses only if at least 5 of 6
samples, of either FSL or FRL, had levels above the background
value.

Gene Expression Microarray Data and Pathway Analysis

In a previous study, Blaveri et al. (2010) used 2 independent
cohorts of male FSL and FRL animals to conduct a genome-
wide mRNA expression profiling of the hippocampus and PFC.
For the purposes of their study, they used the Affymetrix Rat
Genome 230 2.0 GeneChips and deposited the microarray data
in the GEO microarray database (accession no. GSE20388). To
guide our selection of putative miRNA targets, we retrieved the
microarray PFC data sets and reprocessed them using a mixed
model ANOVA according to the initial publication (Blaveri et al.,
2010). Since we found a main downregulation of miRNAs in the
PFC of FSL animals, we further filtered the microarray probe-
set to include only the mRNAs that showed upregulation in the
FSL in both analyzed cohorts with a combined P value of < .05.
The filtered probe-sets were then imported into the Ingenuity
Pathway Analysis (IPA; Qiagen) for miRNA target predictions and
also for analyzing pathways, diseases, and biofunctions, includ-
ing molecular and cellular functions and physiological system
development and functions.

Coexpression Analysis

A miRNA coexpression analysis was performed based on the
method in Smalheiser et al. (2011) with a minor modification.
MiRNA pairs were filtered based on 3 criteria: (1) they showed
significant pairwise expression level correlations (r > 0.8) across
the individual rats in the FSL group; (2) the corresponding pair-
wise correlations in the FRL group were significantly less than
those in the FSL group (rFSL - rFRL > 0.8); and (3) the miRNA
pairs were not significantly negatively correlated in the FRL
group (rFRL > -0.8).

Validation of miRNAs and mRNA Expression Levels

Validation experiments of miRNA hits and measurements of puta-
tive mRNA targets, in the PFC of FSL/FRL animals, were performed
using quantitative real-time PCR (QRT-PCR). All gRT-PCR amplifi-
cations, as well as that in hippocampal cDNA, were performed in
triplicates using Power SYBR Green (Applied Biosystems) on an ABI
PRISM 7900 HT Sequence Detection System (Applied Biosystems),
with the following conditions: 95°C for 10 minutes, followed by 40
repeats of 95°C for 15 seconds (10 seconds for miRNA amplifica-
tion), 60°C for 1 minute, and a final dissociation stage to monitor
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amplification specificity. For miRNA expression analyses, LNA PCR
primers (Exigon) were used to amplify miRNAs of interest, and the
data were normalized to Rnu5g. For mRNA expression analyses,
conventional primers were used and data were normalized to 2
reference genes (Mff, mitochondrial fission factor; and Cdipt, CDP-
diacylglycerol--inositol 3-phosphatidyltransferase). Relative gene
expression quantifications were calculated usingthe gBase software
(version 1.3.4) (Hellemans et al., 2007). The tested genes and corre-
sponding primer pair sequences are listed in supplementary Table
1.

Protein Expression Levels

Protein expression levels of SLC1A1 (also known as EAACI,
EAATS3, or DCBXA), in the PFC of FSL/FRL animals, were quanti-
fied using Western blotting as previously described (Wei et al.,
2015). Primary antibody incubations were performed overnight
at 4°C with a mouse monoclonal anti-EAAT3 antibody (1:1000
dilution, ab78395; Abcam) and with a mouse monoclonal anti-
B-actin antibody (1:10,000 dilution, A5316; Sigma-Aldrich) as
loading control. Membranes were exposed to the Amersham
ECL Plus Western Blotting Detection reagent (GE Healthcare),
and immunoreactive bands were detected using the Amersham
Hyperfilm ECL (GE Healthcare). Optical densities were quantified
using the NIH Image] software (1.47 version). SLC1A1 protein
expression levels were normalized to the expression levels of
B-actin and the data were presented as relative quantifications.

In Vitro Verification of miRNA Targets

To examine whether SLC1A1 is a direct target of miR-101b,
we used LightSwitch 3’UTR luciferase reporter constructs
(SwitchGear Genomics). HEK 293 cells were co-transfected with
100ng of a human SLC1A1 GoClone 3’UTR reporter (5810654,
SwitchGear Genomics) and either 50nM of a miR-101b mimic or
50nM of a miRNA non-targeting control (Switchgear Genomics)
using DharmaFECT Duo transfection reagent (GE Dharmacon).
An empty vector (no 3'UTR; SwitchGear Genomics) was used as
a control. Luciferase activity was measured on a plate luminom-
eter 24 hours after transfection by adding 100 pL of LightSwitch
Assay Reagent (SwitcGear Genomics). In total, the experiment
was replicated 3 times with at least 3 biological replicates each
time.

Statistical Analyses

Data in the bar graphs are presented as mean values + 1 SEM.
The normal distribution of the data and the homogeneity of
variances were tested using the Shapiro-Wilk and Levene’s
tests, respectively. The miRNA expression levels of FSL vs FRL,
generated by the NanoString nCounter Rat miRNA assay, were
compared using the Mann-Whitney U-test. The difference of
miRNA expression levels, generated by RT-PCR, between FSL
and FRL was assessed using the 2-tailed Student’s t test if the
variances in FRL and FSL were equal or was otherwise assessed
using the Mann-Whitney U test. The difference in miRNA
expression variation between FSL vs. FRL was assessed by com-
paring the coefficients of variance of individual miRNAs using
Mann-Whitney U-test. The threshold for statistical signifi-
cance was set at P<.05. All analyses were performed using IBM
SPSS Statistics version 22 (IBM Corporation). Extreme values
are defined as potential outliers using box-plot function from
SPSS software that are denoted in the figure legends and were
excluded from the analyses.
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Results

Downregulation of miRNAs in the PFC of the FSL
Animals

To detect putative changes in miRNA expression in the PFC of
FSL (vs control FRL) animals, we used a miRNA expression assay
that enables multiplex detection of >400 rat miRNAs. After data
normalization, only 121 miRNAs were above the background
level in both rat strains, in agreement with the fact that most
miRNAs are expressed in a tissue-specific manner (He and
Hannon, 2004). We found a global miRNA expression decrease in
the FSL animals that is characterized by depression-like behav-
ior (supplementary Table 2). By plotting the relationship between
the standard deviations and the mean expression values across
all expressed miRNAs, we also observed that the miRNA expres-
sion in the FSL rats was significantly more variable compared
with control FRL (P<.001) (Figure 1). Using individual tests of
statistical significance, we identified 23 miRNAs with lower (at
least 30%) expression levels in the FSL rats (P<.05, Benjamini-
Hochberg False Discovery Rate < 0.22; for the full list of miR-
NAs, see supplementary Table 2). To validate these observations,
we selected 9 miRNAs that showed differential expression and
performed individual qRT-PCR experiments. The latter analyses
confirmed that all selected miRNAs had decreased expression
levels in the FSL, with 8 of the 9 miRNAs reaching statistical sig-
nificance (Figure 2). We also performed a coexpression analysis
and found that in total, 244 miRNA pairs had correlated expres-
sion levels only in the FSL group. Of those, 51 miRNAs were sig-
nificantly coexpressed with at least 3 other miRNAs in this set
(supplementary Table 3), including 7 of the 23 miRNAs that were
significantly decreased in the FSL. Several of these 51 miRNAs
belong to the let-7 miRNA family (let-7a, 7b, 7c, 7d, 7f, and 7i).
Some miRNAs (miR-125a-3p and miR-125a-5p, miR-125b-3p and
miR-125b-5p, rno-miR-3563-3p and miR-3563-5p) derive from
the same precursor miRNA.

Pathway Analyses and miRNA Target Predictions

Since miRNAs have been shown to correlate negatively
with levels of target mRNAs (Winter et al., 2009), the miRNA
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Figure 1. Plot of log, Mean vs log, Standard deviation based on the microRNA
(miRNA) assay expression levels in the prefrontal cortex (PFC) of the Flinders
Sensitive Line (FSL) vs control-Flinders Resistant Line (FRL) animals. MiRNA
expression in the FSL depression model showed significantly more variation
compared with controls. Polynomial (order = 2) fitting line was added to each
rat strain, with the FSL represented by the solid line and the control-FRL by the
dashed line.

downregulation observed in the FSL model may lead to an
upregulation of their mRNA targets. Among the 23 differen-
tially expressed miRNAs, 16 had information about targets in
IPA. In a previous study, Blaveri et al. (2010) used PFC regions of
the FSL/FRL model to conduct a genome-wide mRNA profiling
study. After retrieving the latter microarray dataset, we reana-
lyzed the data by focusing on the probe sets that showed a sig-
nificant upregulation (P<.05) in the FSL. Next, we tested for an
overlap between the latter mRNA candidates and the targets of
the 16 differentially expressed miRNAs using IPA. The analysis
revealed 1392 potential mRNA targets that were either predicted
in silico or had been experimentally observed (supplementary
Table 4). The core analysis in IPA suggested that the target genes
are involved in canonical pathways involved in protein ubig-
uitination, Ephrin receptor signaling, and Dopamine-DARPP32
signaling (Table 1). These genes were also associated with neu-
rological diseases, psychiatric and psychological disorders, and
monogenic disorders (Table 1).

Gene Expression Measurements of miR-101b Targets

The human homolog of one of the miRNAs that was confirmed
to be downregulated in the FSL, miR-101b, was found to be down-
regulated in the PFC of depressed suicide subjects (Smalheiser
et al.,, 2012). Therefore, miR-101b was considered to warrant
further examination. First, we tested if miR-101b showed differ-
ent expression levels in the hippocampus, another brain region
implicated in MDD, of the FSL/FRL model. We found that hip-
pocampal miR-101b expression levels were not different between
FSL and FRL (P=.86) (supplemental Figure 1). Further, there is
high conservation between the mature rat miR-101b and the
mature human miR-101, which share the same seed sequence
(Figure 3). A total of 248 genes were predicted to be miR-101b
targets (supplementary Table 5), among which 103 genes were
also part of the IPA pathway genes. From this list, we identified 8
genes that showed high conservation between human and rat in
their 3’'UTR and were also implicated in depression-related path-
ways in IPA (including glutamate, GR or GABA receptor signaling,
and NFR2-mediated oxidative stress response). The mRNA levels
of these 8 genes (Slclal, Gabrb2, Adcy5, Gclc, Pbrm1, Prkaal, Racl,
and Smardca4) were therefore measured in the PFC of the FSL/FRL
animals. We found that 2 genes, Slclal and Racl, showed signifi-
cantly increased mRNA levels in the FSL (Figure 4a), in line with
the decreased levels of miR-101b.

MiR-101b Targets SLC1A1 in Vitro and Correlates
Negatively with SLC1A1 Protein Levels in Vivo

Next, we chose to focus on SLC1A1 (also known as EAAC1 or
EAAT3), since it is a neuronal glutamate transporter that is
highly enriched in the cortex (Rothstein et al., 1994). In addition,
the FSL model is known to exhibit a dysfunctional regulation of
glutamate transmission (Gomez-Galan et al., 2013). It was there-
fore of interest to verify that the elevated mRNA levels of Slclal
in the FSL rats were due to a specific miR-101b targeting of the
Slclal 3'UTR. For this purpose, HEK 293 cells were transfected
with a luciferase reporter construct containing the human
SLC1A1 3’UTR, which contains the same sequence used for
miRNA seed complementarity as the rat Slclal 3'UTR (Figure 3).
There was a significant reduction in luciferase activity when the
SLC1A1-3'UTR luciferase construct was cotransfected with the
miR-101b mimic compared with the SLC1A1-3’'UTR luciferase
construct alone (P=.004) (Figure 4b) or when the SLC1A1-3'UTR
luciferase construct was cotransfected with a nontargeting
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Figure 2. The microRNA (miRNA) assay identified 23 miRNAs with lower expression levels in the prefrontal cortex (PFC) of the Flinders Sensitive Line (FSL) depression model
(supplementary Table 2), and we selected 9 of them for individual validation experiments. Eight of the 9 miRNAs reached statistical significance (miR-10a, P=.046; miR-101b,
P =.011; miR-107, P = .02; miR-124, P = .03; miR-125a, P = .048; miR-125b, P = .2; miR-133a, P = .03; miR-181a, P = .032, and miR-199a, P = .029). Data are presented as relative
quantifications (R.Q.) + SEM. Levels of Rnu5g were used as reference for normalization of mature miRNA expression levels (n = 6-7 animals/group; n = 1 outlier/group),'P < .05.

Table 1. Core Analysis Result from IPA

Top Pathways, Diseases, and Biofunction

P-Value/P-Value
Range

Top Canonical Pathways

Protein ubiquitination pathway

Ephrin receptor signaling

Dopamine-DARPP32 feedback in cAMP
signaling

Ephrin B signaling

Axonal guidance signaling

Top Diseases

Neurological disease

Psychological disorders

Skeletal and muscular disorders

Hereditary disorder

Molecular and Cellular Functions

Cellular assembly and organization

Cellular function and maintenance

Molecular transport

Protein trafficking

Posttranslational modification

Physiological System Development and Function

Organismal survival

Nervous system development and function

Tissue development

Behavior

Top Networks

Embryonic development, organismal
survival, cell death and survival

neurological disease, psychological
disorders, organismal injury and
abnormalities

free radical scavenging, small molecule
biochemistry, hereditary disorder

cellular assembly and organization, cellular
movement, nervous system development
and function

4.48E-13
8.56E-07
1.64E-06

3.26E-06
3.42E-06

3.19E-03 - 1.41E-16
2.72E-03 - 1.41E-16
2.72E-03 - 1.99E-16
2.97E-03 - 5.43E-16

3.26E-03 - 6.36E-24
3.26E-03 - 6.36E-24
2.72E-03 - 8.20E-18
5.89E-05 - 1.11E-16
3.31E-03 - 7.54E-16

9.34E-04 - 2.52E-14
3.22E-03 - 1.78E-13
3.28E-03 - 1.78E-13
3.28E-03 - 4.57E-08

Abbreviation: IPA, Ingenuity Pathway Analysis.

control (P=.034) (Figure 4b). The latter results supported the
notion of miR-101b directly targeting Slclal, in line with the
miR-101b downregulation and the elevated Slclal mRNA levels
observed in the PFC of the FSL. Finally, since mRNA levels do
not always correlate with protein levels (Vogel and Marcotte,
2012), we verified that SLC1A1 protein levels were also upregu-
lated in the PFC of the FSL rats compared with the FRL (P=.004)
(Figure 4c).

Discussion

There is evidence supporting the miRNA involvement in the
pathophysiology and the treatment of MDD (Dwivedi, 2016). In
this study, we used the FSL rat model of depression to provide
further insights into a possible miRNA dysregulation in depres-
sion-like states. By using a miRNA expression-profiling assay,
which covers >400 known miRNAs, we first observed that the
overall miRNA expression in the PFC of the FSL model was down-
regulated. This finding coincides with a recent human study that
showed a 17% global downregulation of miRNAs in the PFC of
depressed suicide subjects (Smalheiser et al., 2012). However, in
another rat model of depression, both up- and downregulation
of miRNA expression was observed, suggesting an exposure pro-
tocol and strain-specific miRNA expression difference (Dwivedi
et al,, 2015). In contrast, an increase in global miRNA expression
was observed in postmortem cortical regions of subjects with
schizophrenia, which was found to correlate with an increase in
the RNase III Drosha that is involved in the processing of miR-
NAs (Beveridge et al., 2010). Drosha has been shown to account
for widespread downregulation of miRNAs in cancer (Thomson
et al., 2006), and our data (Wei et al., 2016) show that the global
downregulation of miRNAs observed in the FSL model is also
associated with a basal reduction in Drosha levels.

Using individual tests of statistical significance, we identified
23 specific miRNAs that were decreased in the PFC of the FSL
model compared with controls. In general, miRNAs are known
to exert a translational repressive function that involves their
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Human SLC141-3’UTR 5% ‘ GUACUGUAI -3

Hsa-miR-101-3.1p 3 e AA GUCAAUAGUGUCAUJ};L(ILLIlJ ---------- 5’
Rat/mouse Slclal-3’UTR = 5°---- IUUAU GUACUGUA ---3
Rno-miR-101b-3p 3 e AA GUCG15|xl|.T1|XGUGU--(|3A|xI|JC|}A|x(|)‘1|H|I ---------- 5’

Mmu-miR-101b-3p

Figure 3. The sequences of the mature miR-101 and the 3’ untranslated region (UTR) of the SLC1A1 gene in human, rat, and mouse is shown. The mature miR-101
sequence is highly conserved between species, with only one nucleotide difference between human and rat/mouse (the nucleotide difference is underlined in the
human sequence). The target site in the 3-UTR of the SLC1A1 gene was predicted by TargetScan and shows that both the miR-101 seed region (5’-UACAGUAC-3’) and
the mRNA target site are conserved between human and rat/mouse.
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Figure 4. (a) From a list of >200 genes that were predicted to be miR-101b targets (supplementary Table 5), we identified 8 genes that showed high conservation between
human and rat in their 3’ untranslated region (UTR) and were also implicated in depression-related pathways. The mRNA expression of these 8 genes was quantified
in the prefrontal cortex (PFC) of the Flinders Sensitive Line (FSL) and control-Flinders Resistant Line (FRL) animals. Only Slclal and Racl mRNA levels were significantly
increased in the FSL compared with controls (Slclal: P = .001; Racl: P = .023; P-values of the other 6 genes >.2). (b) Luciferase activity was measured in HEK293 cells
transfected with either an empty vector (first bar; positive control), an SLC1A1-3'UTR luciferase construct (second bar), an SLC1A1-3'UTR luciferase construct cotrans-
fected with a nontargeting control (third bar; negative control), or an SLC1A1-3'UTR luciferase construct cotransfected with a miR-101b mimic (fourth bar). MiR-101b
significantly inhibited the luciferase activity of the reporter construct containing the 3’'UTR (fourth bar) compared with both SLC1A1 alone (second bar) and SLC1A1-
3'UTR cotransfected with a nontargeting control (third bar). (c) In line with the increased levels of Slclal mRNA, the FSL also showed increased protein levels of SLC1A1.
Representative immunoblotting images of SLC1A1 and B-actin (loading control) are shown below the graph. Data are presented as relative quantifications (R.Q.) + SEM.
Two reference genes (Cdipt and Mff) were used for normalization in 4a (n = 5-7 animals/group). *P < .05, *P < .01.
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incorporation into the RISC, which uses the miRNA'’s seed region
as a template for recognizing complementary sites in the 3’ UTR
of target mRNAs (Winter et al., 2009). When we tested for pre-
dicted mRNA targets of the significant miRNAs and analyzed the
data using pathway analysis software, we found that the puta-
tive target genes are involved in protein ubiquitination, Ephrin
receptor signaling, and Dopamine-DARPP32 signaling. Protein
ubiquitination is known to play an important role in neuronal
function (Tai and Schuman, 2008), Ephrin ligands and their
receptors regulate synapse formation and neuronal plasticity
(Klein, 2009), and Dopamine-DARPP32 is extensively involved
in intracellular signaling pathways and integrating dopaminer-
gic and glutamatergic signaling (Girault and Greengard, 2004).
Accordingly, the same genes were associated with both neuro-
logical and psychiatric disorders, for example MDD, in the path-
way analysis. However, besides the overall analysis of the miRNA
list, one specific miRNA (miR-101) was of particular interest,
since it was found to be downregulated in the PFC of depressed
suicide subjects (Smalheiser et al., 2012). Using a combination
of in silico and in vitro analyses, we found that miR-101 targets
the 3'UTR of the neuronal glutamate transporter SLC1A1 (also
known as EAAC1 or EAAT3). In agreement with this result, both
mRNA and protein levels of SLC1A1 were upregulated in the
PFC of the FSL model. Whereas decreased levels of SLC1A1 have
been previously reported in stress-induced offspring depression
(Zhang et al., 2013), this is to our knowledge the first report to
show elevated SLC1A1 levels in a depression-like state. Several
approaches have been successfully reported to manipulate
specific miRNA expression levels that provide possibilities for
future in vivo examination of miR-101b function in the FSL/FRL
model (Issler and Chen, 2015; Li et al., 2016).

In addition to having an important role in transporting glu-
tamate across neuronal membranes, SLC1A1 is also essential
for rapidly binding released glutamate to shape synaptic trans-
mission (Tzingounis and Wadiche, 2007). SLC1A1 has also been
found to interact with NMDA receptor subunits NR1, NR2A, and
NR2B (Waxman et al., 2007). Interestingly, in the FSL model,
NR2A and NR2B subunits are decreased in both the PFC and
the hippocampus (Eriksson et al., 2012), which may suggest a
novel coregulatory mechanism. Whereas the FSL animals dis-
play reductions in serotonin receptors (Eriksson et al., 2012),
an independent group recently also confirmed an aberrant glu-
tamatergic transmission in this model of depression (Gomez-
Galan et al., 2013). In the latter study, the authors examined
the hippocampal region of the FSL and found a dysfunctional
astrocytic glutamate regulation that was accompanied by a
downregulation of the glial glutamate transporter GLAST (also
known as EAAT1). Obviously, our finding of increased SLC1A1
(EAAT3) in the PFC may represent just one of many depression-
related glutamatergic and/or serotonergic genes that are being
targeted by our validated miRNAs. This is supported by the fact
that besides SLC1A1, one other gene that was confirmed to be
upregulated in the PFC of the FSL was Racl, which can be acti-
vated by serotonin through 5-HT2A receptor stimulation (Dai
et al.,, 2008) and is a confirmed miR-101 target (Lin et al., 2014).
RAC1 is a small Rho family GTPase that acts as a key regula-
tor of actin cytoskeletal dynamics. It plays an important role in
dendritic development and spinogenesis. Dysregulation of RAC1
has been associated with cognitive impairment, memory dis-
turbance, and neurodevelopmental disorders (Govek et al., 2005;
Martinez and Tejada-Simon, 2011; Stankiewicz and Linseman,
2014), which may support a role of RAC1 in the pathophysiologi-
cal process of depression. Taken together, these preclinical data
support the shift from a solely monoamine-centered hypothesis
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in the pathophysiology of depression to one that includes the
involvement of the glutamatergic system (Sanacora et al., 2012).

The traditional approach to identify compounds targeting
single molecules (usually receptors or their ligands) has been a
hinder for the development of effective psychiatric drugs, and
an approach targeting the defective components of an entire
biological pathway is likely more efficient. Therefore, compared
with single-target drugs, miRNAs possess an advantage that is
attributed to their pleiotropic nature, which allows them to indi-
vidually regulate hundreds of genes.

Supplementary Material

For supplementary material accompanying this paper, visit
http://www.ijnp.oxfordjournals.org/

Acknowledgments

We thank Dr. Andor Pivarcsi for helping with the experimental
design and granting agencies and funding sources reported in
the previous section for supporting and making this work pos-
sible. These funding sources had no involvement in the study
design, analyses, and interpretation of the data, or in the writ-
ing of the manuscript and the decision to submit the report for
publication.

This work was supported by the Karolinska Institutet’s Faculty
Funds, the Swedish Research Council (grant nos. 2010-3631 CL,
10414 AAM), the Fredrik and Ingrid Thuring’s Foundation, the
regional agreement on medical training and clinical research
(ALF) between the Stockholm County Council and Karolinska
Institutet, the Danish Medical Research Council (grant 11-
107897), and the Lundbeck foundation (grant R118-A11400), and
Aarhus University Research Foundation (eMOOD initiative).

Statement of Interest

None.

References

Baudry A, Mouillet-Richard S, Schneider B, Launay JM, Keller-
mann O (2010) miR-16 targets the serotonin transporter: a
new facet for adaptive responses to antidepressants. Science
329:1537-1541.

Beveridge NJ, Gardiner E, Carroll AP, Tooney PA, Cairns MJ (2010)
Schizophrenia is associated with an increase in cortical
microRNA biogenesis. Mol Psychiatry 15:1176-1189.

Blaveri E, Kelly F, Mallei A, Harris K, Taylor A, Reid J, Razzoli M,
Carboni L, Piubelli C, Musazzi L, Racagni G, Mathé A, Popoli
M, Domenici E, Bates S (2010) Expression profiling of a genetic
animal model of depression reveals novel molecular pathways
underlying depressive-like behaviours. PLoS One 5:€12596.

Bocchio-Chiavetto L, Maffioletti E, Bettinsoli P, Giovannini C,
Bignotti S, Tardito D, Corrada D, Milanesi L, Gennarelli M
(2013) Blood microRNA changes in depressed patients dur-
ing antidepressant treatment. Eur Neuropsychopharmacol
23:602-611.

Caddy C, Amit BH, McCloud TL, Rendell JM, Furukawa TA,
McShane R, Hawton K, Cipriani A (2015) Ketamine and other
glutamate receptor modulators for depression in adults.
Cochrane Database Syst Rev 9:CD011612.

Chan AW, Kocerha J (2012) The Path to microRNA Therapeutics
in Psychiatric and Neurodegenerative Disorders. Front Genet
3:82.


http://ijnp.oxfordjournals.org/lookup/suppl/doi:10.1093/ijnp/pyw069/-/DC1

8 | International Journal of Neuropsychopharmacology, 2016

Dai Y, Dudek NL, Patel TB, Muma NA (2008) Transglutaminase-
catalyzed transamidation: a novel mechanism for Racl acti-
vation by 5-hydroxytryptamine2A receptor stimulation. J
Pharmacol Exp Ther 326:153-162.

Dias C et al. (2014) beta-catenin mediates stress resilience
through Dicerl/microRNA regulation. Nature 516:51-55.

Dwivedi Y (2016) Pathogenetic and therapeutic applications of
microRNAs in major depressive disorder. Progress in neuro-
psychopharmacology & biological psychiatry 64:341-348.

DwivediY, Roy B, Lugli G, Rizavi H, Zhang H, Smalheiser NR (2015)
Chronic corticosterone-mediated dysregulation of microRNA
network in prefrontal cortex of rats: relevance to depression
pathophysiology. Translational psychiatry 5:€682.

Eriksson TM, Delagrange P, Spedding M, Popoli M, Mathé AA,
Ogren SO, Svenningsson P (2012) Emotional memory impair-
ments in a genetic rat model of depression: involvement
of 5-HT/MEK/Arc signaling in restoration. Mol Psychiatry
17:173-184.

Fan HM, Sun XY, Guo W, Zhong AF, Niu W, Zhao L, Dai YH, Guo ZM,
Zhang LY, Lu J (2014) Differential expression of microRNA in
peripheral blood mononuclear cells as specific biomarker for
major depressive disorder patients. ] Psychiatr Res 59:45-52.

Forero DA, van der Ven K, Callaerts P, Del-Favero J (2010) miRNA
genes and the brain: implications for psychiatric disorders.
Hum Mutat 31:1195-1204.

Friedman RC, Farh KK, Burge CB, Bartel DP (2009) Most mam-
malian mRNAs are conserved targets of microRNAs. Genome
Res 19:92-105.

Garbett KA, Vereczkei A, Kalman S, Brown JA, Taylor WD, Faludi
G, Korade Z, Shelton RC, Mirnics K (2015) Coordinated mes-
senger RNA/microRNA changes in fibroblasts of patients with
major depression. Biol Psychiatry 77:256-265.

Girault JA, Greengard P (2004) The neurobiology of dopamine
signaling. Arch Neurol 61:641-644.

Glowinski ], Iversen LL (1966) Regional studies of catecholamines
in the rat brain. I. The disposition of [3H]norepinephrine, [3H]
dopamine and [3H]dopa in various regions of the brain. ]
Neurochem 13:655-669.

Gomez-Galan M, De Bundel D, Van Eeckhaut A, Smolders I,
Lindskog M (2013) Dysfunctional astrocytic regulation of glu-
tamate transmission in a rat model of depression. Mol Psy-
chiatry 18:582-594.

Govek EE, Newey SE, Van Aelst L (2005) The role of the Rho
GTPases in neuronal development. Genes & development
19:1-49.

He L, Hannon GJ (2004) MicroRNAs: small RNAs with a big role in
gene regulation. Nat Rev Genet 5:522-531.

Hellemans J, Mortier G, De Paepe A, Speleman F, Vandesompele J
(2007) gBase relative quantification framework and software
for management and automated analysis of real-time quan-
titative PCR data. Genome Biol 8:R19.

Issler O, Chen A (2015) Determining the role of microRNAs in psy-
chiatric disorders. Nature reviews Neuroscience 16:201-212.

Issler O, Haramati S, Paul ED, Maeno H, Navon I, Zwang R, Gil S,
Mayberg HS, Dunlop BW, Menke A, Awatramani R, Binder EB,
Deneris ES, Lowry CA, Chen A (2014) MicroRNA 135 is essen-
tial for chronic stress resiliency, antidepressant efficacy, and
intact serotonergic activity. Neuron 83:344-360.

Klein R (2009) Bidirectional modulation of synaptic functions by
Eph/ephrin signaling. Nat Neurosci 12:15-20.

Launay JM, Mouillet-Richard S, Baudry A, Pietri M, Kellermann
O (2011) Raphe-mediated signals control the hippocampal
response to SRI antidepressants via miR-16. Translational
psychiatry 1:e56.

Li J, Meng H, Cao W, Qiu T (2015) MiR-335 is involved in major
depression disorder and antidepressant treatment through
targeting GRM4. Neuroscience letters 606:167-172.

LiY, Li S, Yan J, Wang D, Yin R, Zhao L, Zhu Y, Zhu X (2016) miR-
182 (microRNA-182) suppression in the hippocampus evokes
antidepressant-like effects in rats. Progress in neuro-psy-
chopharmacology & biological psychiatry 65:96-103.

Lin X, Guan H, Li H, Liu L, Liu J, Wei G, Huang Z, Liao Z, Li Y (2014)
miR-101 inhibits cell proliferation by targeting Rac1 in papil-
lary thyroid carcinoma. Biomed Rep 2:122-126.

Londin E, Loher P, Telonis AG, Quann K, Clark P, Jing Y, Hatzimi-
chael E, Kirino Y, Honda S, Lally M, Ramratnam B, Comstock
CE, Knudsen KE, Gomella L, Spaeth GL, Hark L, Katz L], Witkie-
wicz A, Rostami A, Jimenez SA, et al. (2015) Analysis of 13 cell
types reveals evidence for the expression of numerous novel
primate- and tissue-specific microRNAs. Proc Natl Acad Sci U
S A 112:E1106-1115.

Lopez JP,Lim R, Cruceanu C, Crapper L, Fasano C, Labonte B, Maus-
sion G, YangJP, YerkoV, Vigneault E, El Mestikawy S, Mechawar
N, Pavlidis P, Turecki G (2014) miR-1202 is a primate-specific
and brain-enriched microRNA involved in major depression
and antidepressant treatment. Nat Med 20:764-768.

Major Depressive Disorder Working Group of the Psychiatric GC
et al. (2013) A mega-analysis of genome-wide association stud-
ies for major depressive disorder. Mol Psychiatry 18:497-511.

Martinez LA, Tejada-Simon MV (2011) Pharmacological inactiva-
tion of the small GTPase Racl impairs long-term plasticity
in the mouse hippocampus. Neuropharmacology 61:305-312.

Melas PA, Mannervik M, Mathé AA, Lavebratt C (2012a) Neuro-
peptide Y: identification of a novel rat mRNA splice-variant
that is downregulated in the hippocampus and the prefrontal
cortex of a depression-like model. Peptides 35:49-55.

Melas PA, Rogdaki M, Lennartsson A, Bjork K, Qi H, Witasp A,
Werme M, Wegener G, Mathé AA, Svenningsson P, Lavebratt
C (2012b) Antidepressant treatment is associated with epige-
netic alterations in the promoter of P11 in a genetic model
of depression. The international journal of neuropsychophar-
macology / official scientific journal of the Collegium Interna-
tionale Neuropsychopharmacologicum 15:669-679.

Melas PA, Lennartsson A, Vakifahmetoglu-Norberg H, Wei Y,
Aberg E, Werme M, Rogdaki M, Mannervik M, Wegener G,
Brené S, Mathé AA, Lavebratt C (2013) Allele-specific program-
ming of Npy and epigenetic effects of physical activity in a
genetic model of depression. Translational psychiatry 3:e255.

Mendell JT, Olson EN (2012) MicroRNAs in stress signaling and
human disease. Cell 148:1172-1187.

Miller BH, Wahlestedt C (2010) MicroRNA dysregulation in psy-
chiatric disease. Brain Res 1338:89-99.

Moreau MP, Bruse SE, David-Rus R, Buyske S, Brzustowicz LM
(2011) Altered microRNA expression profiles in postmortem
brain samples from individuals with schizophrenia and bipo-
lar disorder. Biol Psychiatry 69:188-193.

O’Connor RM, Grenham S, Dinan TG, Cryan JF (2013) microR-
NAs as novel antidepressant targets: converging effects of
ketamine and electroconvulsive shock therapy in the rat
hippocampus. The international journal of neuropsychop-
harmacology / official scientific journal of the Collegium
Internationale Neuropsychopharmacologicum 16:1885-1892.

Overstreet DH, Friedman E, Mathé AA, Yadid G (2005) The Flin-
ders Sensitive Line rat: a selectively bred putative animal
model of depression. Neurosci Biobehav Rev 29:739-759.

Rothstein JD, Martin L, Levey Al, Dykes-Hoberg M, Jin L, Wu D,
Nash N, Kuncl RW (1994) Localization of neuronal and glial
glutamate transporters. Neuron 13:713-725.



Sanacora G, Treccani G, Popoli M (2012) Towards a glutamate hypoth-
esis of depression: an emerging frontier of neuropsychopharma-
cology for mood disorders. Neuropharmacology 62:63-77.

Saus E, Soria V, Escaramis G, Vivarelli F, Crespo JM, Kagerbauer
B, Menchon JM, Urretavizcaya M, Gratacos M, Estivill X (2010)
Genetic variants and abnormal processing of pre-miR-182, a
circadian clock modulator, in major depression patients with
late insomnia. Hum Mol Genet 19:4017-4025.

Smalheiser NR, Lugli G, Rizavi HS, Zhang H, Torvik VI, Pandey GN,
Davis JM, DwivediY (2011) MicroRNA expression in rat brain
exposed to repeated inescapable shock: differential altera-
tions in learned helplessness vs. non-learned helplessness.
The international journal of neuropsychopharmacology /
official scientific journal of the Collegium Internationale
Neuropsychopharmacologicum 14:1315-1325.

Smalheiser NR, Lugli G, Rizavi HS, Torvik VI, Turecki G, Dwivedi Y
(2012) MicroRNA expression is down-regulated and reorgan-
ized in prefrontal cortex of depressed suicide subjects. PLoS
One 7:€33201.

Stankiewicz TR, Linseman DA (2014) Rho family GTPases:
key players in neuronal development, neuronal survival,
and neurodegeneration. Frontiers in cellular neuroscience
8:314.

Tai HC, Schuman EM (2008) Ubiquitin, the proteasome and
protein degradation in neuronal function and dysfunction.
Nature reviews Neuroscience 9:826-838.

Thomson JM, Newman M, Parker JS, Morin-Kensicki EM, Wright
T, Hammond SM (2006) Extensive post-transcriptional regula-
tion of microRNAs and its implications for cancer. Genes &
development 20:2202-2207.

Tzingounis AV, Wadiche JI (2007) Glutamate transporters: con-
fining runaway excitation by shaping synaptic transmission.
Nature reviews Neuroscience 8:935-947.

Vogel C, Marcotte EM (2012) Insights into the regulation of pro-
tein abundance from proteomic and transcriptomic analyses.
Nat Rev Genet 13:227-232.

Weietal. | 9

Waxman EA, Baconguis I, Lynch DR, Robinson MB (2007)
N-methyl-D-aspartate receptor-dependent regulation of the
glutamate transporter excitatory amino acid carrier 1. J Biol
Chem 282:17594-17607.

Wei YB, Liu Jj, Villaescusa JC, Aberg E, Brené S, Wegener G, Mathé
AA, Lavebratt C (2016) Elevation of I16 is associated with dis-
turbed let-7 biogenesis in a genetic model of depression.
Transl Psychiatry 6:e869.

Wei Y, Melas PA, Wegener G, Mathé AA, Lavebratt C (2015) Anti-
depressant-like effect of sodium butyrate is associated with
an increase in TET1 and in 5-hydroxymethylation levels in
the Bdnf gene. The international journal of neuropsychop-
harmacology / official scientific journal of the Collegium
Internationale Neuropsychopharmacologicum 18.

Wingo AP, Almli LM, Stevens J], Klengel T, Uddin M, Li Y, Bus-
tamante AC, Lori A, Koen N, Stein D], Smith AK, Aiello AE,
Koenen KC, Wildman DE, Galea S, Bradley B, Binder EB, Jin P,
Gibson G, Ressler KJ (2015) DICER1 and microRNA regulation
in post-traumatic stress disorder with comorbid depression.
Nat Commun 6:10106.

Winter J, Jung S, Keller S, Gregory RI, Diederichs S (2009) Many
roads to maturity: microRNA biogenesis pathways and their
regulation. Nat Cell Biol 11:228-234.

XuY,Liu H, LiF, Sun N, Ren, Liu Z, Cao X, WangY, Liu P, Zhang K
(2010) A polymorphism in the microRNA-30e precursor asso-
ciated with major depressive disorder risk and P300 wave-
form. J Affect Disord 127:332-336.

Yang X, Yang Q, Wang X, Luo C, Wan, Li ], Liu K, Zhou M, Zhang
C (2014) MicroRNA expression profile and functional analysis
reveal that miR-206 is a critical novel gene for the expression
of BDNF induced by ketamine. Neuromolecular medicine
16:594-605.

Zhang XH, Jia N, Zhao XY, Tang GK, Guan LX, Wang D, Sun HL, Li
H, Zhu ZL (2013) Involvement of pGluR1, EAAT2 and EAAT3
in offspring depression induced by prenatal stress. Neurosci-
ence 250:333-341.



