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GLT1 protein expression in an indirect manner.

lates GLT1 protein expression.
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(Bacl(ground: Pathways involved in neuron-dependent GLT1 regulation in astrocytes remain to be characterized.
Results: Neuronal microRNA 124a can be transferred into astrocytes through neuronal exosomes and significantly increases

Conclusion: Neuronal exosomal miRNA 124a is able to regulate astroglial GLT1 expression.
Significance: We characterize a novel pathway in neuron-to-astrocyte communication and identify a microRNA that modu-
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Perisynaptic astrocytes express important glutamate trans-
porters, especially excitatory amino acid transporter 2 (EAAT2,
rodent analog GLT1) to regulate extracellular glutamate levels
and modulate synaptic activation. In this study, we investigated
an exciting new pathway, the exosome-mediated transfer of
microRNA (in particular, miR-124a), in neuron-to-astrocyte
signaling. Exosomes isolated from neuron-conditioned medium
contain abundant microRNAs and small RNAs. These exosomes
can be directly internalized into astrocytes and increase astro-
cyte miR-124a and GLT1 protein levels. Direct miR-124a trans-
fection also significantly and selectively increases protein (but
not mRNA) expression levels of GLT1 in cultured astrocytes.
Consistent with our in vitro findings, intrastriatal injection of
specific antisense against miR-124a into adult mice dramati-
cally reduces GLT1 protein expression and glutamate uptake
levels in striatum without reducing GLT1 mRNA levels. MiR-
124a-mediated regulation of GLT1 expression appears to be
indirect and is not mediated by its suppression of the putative
GLT1 inhibitory ligand ephrinA3. Moreover, miR-124a is selec-
tively reduced in the spinal cord tissue of end-stage SOD1 G93A
mice, the mouse model of ALS. Subsequent exogenous delivery
of miR-124a in vivo through stereotaxic injection significantly
prevents further pathological loss of GLT1 proteins, as deter-
mined by GLT1 immunoreactivity in SOD1 G93A mice.
Together, our study characterized a new neuron-to-astrocyte
communication pathway and identified miRNAs that modulate
GLT1 protein expression in astrocytes in vitro and in vivo.

Despite the important modulatory roles of astrocytes in syn-
aptic functions, the molecular regulation of the neuron-astro-
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cyte functional unit is largely undetermined. As one of the most
important astroglial functional synaptic proteins, excitatory
amino acid transporter 2 (EAAT2, rodent analog GLT1)
expression regulation has become an excellent model to under-
stand how neuronal signals coordinate astrocyte function at
synapses. EAAT2/GLT1 protein is expressed predominantly
and abundantly in astrocytes across the adult CNS (1, 2),
although GLT1 mRNA has also been detected in embryonic
neurons and a small subset of adult neurons (3, 4). Physiological
induction of GLT1 in astrocytes is strongly dependent upon
neuronal signals (5-7). Primary astrocytes maintained in cul-
ture express very low levels of GLT1 mRNA or protein. How-
ever, astrocytes cocultured with neurons or treated with neu-
ron-conditioned medium (NCM)? show a dramatic induction
in both mRNA and protein expression levels of GLT1 (7, 8). By
using a novel microfluidic culture platform, we have demon-
strated previously that presynaptic axonal signals are necessary
and sufficient for neuron-dependent transcriptional activation
of the EAAT2/GLT1 promoter (6).

In parallel with transcriptional regulation of EAAT2/GLT1
expression, translational regulation has also been implicated in
EAAT2/GLT1 protein expression. Multiple EAAT2/GLT1
mRNA transcripts have been identified in cultured astrocytes
and CNS tissue (9-11). These transcripts give rise to differen-
tial GLT1 protein isoforms that can form homomeric and het-
eromeric complexes (10). Differential translation efficiency
among EAAT2/GLT1 mRNA transcripts has also been found in
an immortalized astroglial cell line following treatment with
corticosterone or retinol (12). Interestingly, all these EAAT2/
GLT1 mRNA transcripts have a uniquely long 3" untranslated
region (UTR) (9.7kb) (3, 13), implicating potential 3'UTR-de-
pendent regulation, especially through microRNA-mediated
translational inhibition or mRNA degradation. In pathological
conditions, abnormal EAAT?2 splicing has been linked to the

3The abbreviations used are: NCM, neuron-conditioned medium; UTR,
untranslated region; miRNA, microRNA; PO, postnatal day 0; E20, embry-
onicday 20; A/S, antisense; QRT-PCR, quantitative RT-PCR; GFAP, glial fibril-
lary acidic protein; ANOVA, analysis of variance.
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pathogenesis of ALS (14), although it is inconclusive whether
aberrant EAAT?2 transcripts contribute to the reduced EAAT2
protein expression in ALS patients (15, 16). The exact mecha-
nisms of EAAT2/GLT1 translational regulation remain to be
investigated. A recent study has demonstrated that genetic
ablation of the neuronal EphA4 receptor results in a dramatic
increase in GLT1 protein (but not mRNA) levels in the hip-
pocampus (17), implicating a neuronal role in translational reg-
ulation of GLT1 expression.

MicroRNAs (miRNAs) are a class of non-coding RNAs with
a length of 20 -25 nucleotides that anneal their seed sequences
(nucleotides 2—8 at its 5’ end) to the complementary seed
match sequences located in the 3'UTR region of target mRNAs
(18, 19). Following a multistep maturation process, mature
miRNAs are incorporated into the RNA-induced silencing
complex and actively modulate gene expression by either inhib-
iting mRNA translation or inducing mRNA degradation in the
cell (20). Although miRNAs act mainly in a cell-autonomous
manner, accumulating evidence has recently suggested that
miRNAs can also be packed into vesicular structures known as
exosomes for intercellular signaling (21-24). Exosomes are 40-
to 100-nm membrane vesicles of endocytic origin secreted by
most cell types and contain various active biomolecules, includ-
ing mRNAs, proteins, lipids, and miRNAs (25-27). Exosomes
can be secreted into the extracellular space and then fused to
neighboring cells to release their contents, thus serving as a
novel intercellular genetic regulatory mechanism (23, 28, 29).
Exosome-mediated secretion of signals from neurons and their
regulatory effect on EAAT2/GLT1 expression is unknown.
Although CNS-specific miRNAs have been identified through
miRNA expression arrays (30), potential regulatory roles of
these miRNAs in the translational regulation of EAAT2/GLT1
expression have not yet been explored. In this study, we inves-
tigated the transfer of neuronal exosomal miRNA (especially
miR-124a) into astrocytes and miRNA-mediated translational
regulation of GLT1 protein expression.

EXPERIMENTAL PROCEDURES

Animals—FVB WT and SOD1G93A transgenic mice were
obtained from The Jackson Laboratory. The ephrinA3~ /'~
(knockout) mice were a kind gift of Dr. Elena B. Pasquale (Burn-
ham Institute for Medical Research, La Jolla, CA). The care and
treatment of animals in all procedures strictly followed the
National Institutes of Health Guide for the Care and Use of
Laboratory Animals and the Guidelines for the Use of Animals
in Neuroscience Research and the Tufts University IACUC.

Generation of GLT1 and EphrinA3 mRNA 3'UTR Luciferase
Reporter Constructs and Luciferase Assay—GLT1 mRNA
3'UTR luciferase reporter constructs were generated via PCR
using mouse genomic DNA as a template. PCR products were
cloned into the pmirGLO vector (Promega). As the GLT1
mRNA 3'UTR (NM_001077514.3) is 9.7 kb, five partially over-
lapping regions (~2 kb each, named 3'UTR-1 to 5) were sepa-
rately amplified and cloned to ensure that the entire 3'UTR was
assessed. Primer sequences used for amplification of GLT1
3'UTR were as follows: 3'UTR-1-F, 5" CCGGAGCTCGTAG-
TCGCCTATTCACTTTCA 3’; 3'UTR-1-R, 5" CCGGTCGA-
CGTAAGTAGATTTCTAGAGGGC 3'; 3'UTR-2-F, 5" GCC-
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GCTAGCCCTGGATCATAGGTGAGAATC 3'; 3'UTR-2-R,
5" CCGGTCGACGTTTATGAATAGATGAGAATG 3%
3'UTR-3-F, 5" GCCGAGCTCACTGTTGCCTGCTTTAG-
GGAG 3'; 3'UTR-3-R, 5" CCCGTCGACCTATACAGTAAT-
GCCTGGGTG 3'; 3'UTR-4-F, 5" CGGGTCGACGGAGATG-
GAATATCTCAAGGC 3'; 3'UTR-4-R, 5" CCCGTCGACCT-
GCTGAGCAGGGCTGCTGCC 3'; 3'UTR-5-F, 5" GGGGAG-
CTCGCAGAGTTCAAGTCAGATGGG 3’; and 3'UTR-5-R,
5" CCCGTCGACCAGAGATAATGGGATGTAGAG 3'. For
the ephrinA3 luciferase reporter construct, the ephrinA3
mRNA 3'UTR (NM_010108.1, 500 bp) was amplified, cloned
into the pmirGLO vector, and named ephrinA3 3'UTR-luci.
Primer sequences used for the amplification of ephrinA3
3'UTR were as follows: EphrinA3-3"UTR-F, 5" ATATATA-
TATGCTAGCTCTGCCCCTTCCTATGACA 3’ and Eph-
rinA3-3'UTR-R, 5 ATATATATATCTCGAGTGTGGGAG-
TGGAGGGAGA 3'. Reporter constructs were confirmed by
sequencing. Luciferase activity was measured 24 h after trans-
fection using the Dual-Glo luciferase kit (Promega). Coex-
pressed Renilla luciferase on the pmirGLO vector was used as
an internal control to normalize the firefly luciferase activity.

Cell Culture, Treatment, and Transfection—For cortical
astrocyte cultures, PO-P3 mouse pups were decapitated, and
cerebral cortices were removed and transferred into cold
Hanks’ balanced salt solution for dissection. Meninges were
stripped, and cortices were minced and placed into 0.05% tryp-
sin solution for 10 min in a 37 °C water bath. The enzymatic
reaction was stopped by addition of astrocyte culture medium
(DMEM supplemented with 10% fetal bovine serum and 1%
penicillin/streptomycin). The tissue was washed twice with
astrocyte medium and then dissociated gently by trituration
with a fire-polished Pasteur pipette. Dissociated cells were fil-
tered through a 70-um strainer to collect a clear astrocyte cell
suspension. For neuronal primary culture, cortical neuronal
cells were isolated from embryonic 14- to 16-day-old mouse
brains. The neuron culture medium was composed of neuro-
basal medium, 2% B27 neurobasal supplement, 2 mm gluta-
mine, 1% of 100X Glutamax, and 1% penicillin-streptomycin.
The brain dissociation procedure was similar to the astrocyte
isolation procedure described above. Freshly prepared neurons
were then plated on cell culture dishes (1-5 X 107 cells). Tetro-
dotoxin (final concentration 2 um) was added daily into the
neuronal cultures for 48 h to block neuronal activity. KCL (15
mM) was added into neuronal cultures for 24 h to depolarize
neurons. For mixed cultures, brains of E20-PO pups were dis-
sected and dissociated as described above. HEK293 cells were
maintained in DMEM supplemented with 10% FBS.

Primary astrocyte transfection in a 6-well plate with miR-
124a, miR-124a-A/S (antisense), or a mixture of miR-124a and
miR-124a-A/S (final concentration for all 25 nm) was per-
formed with Dharma FECT reagent (Thermo Fisher) following
the instructions of the manufacturer. Neuronal exosomes were
added into the miR-124a-A/S pretransfected astrocytes 72 h
following transfection. For HEK293 cell transfection, HEK293
cells that were seeded 1 X 10* cells/well in 96-well plates the
day prior to transfection were incubated with 0.1 ug of lucifer-
ase reporter construct alone, luciferase reporter construct with
25 nM miR-124a mimics, or luciferase reporter construct with
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miR-124a/miR-124a-A/S mimics (Thermo Scientific) using
Dharma FECT reagent. Mock-transfected cells were trans-
fected with the 3'UTR-free pmirGLO vector alone. Transfec-
tions were replicated five times in each of three independent
experiments.

Exosome Purification and EM Analysis—Exosomes were pre-
pared from NCM or astrocyte-conditioned medium from neu-
ronal or astrocyte primary culture as described previously (21).
Briefly, NCM or astrocyte-conditioned medium was collected
from cultures (1-2 X 107 cells) that were maintained for 5—8
days in vitro. NCM or astrocyte-conditioned medium was first
spun at 500 X g for 10 min to remove cell debris and then
underwent a 16,500 X g centrifugation step for 20 min. Finally,
exosomes were pelleted by ultracentrifugation at 100,000 X g
for 70 min. For in vitro astrocyte treatment experiments, exo-
somes were resuspended with astrocyte culture medium and
added into normal confluent or miR-124a-A/S pretransfected
astrocytes (72 h following transfection). Astrocytes were col-
lected 48 h following exosome treatment for immunoblot anal-
ysis. EM analysis of exosomes was performed in the Structural
Electron Microscopy Facility at the Boston University School of
Medicine.

Time-lapse Imaging—Freshly prepared neuronal exosomes
were labeled with PKH67 green fluorescent dye (Sigma)
according to the instructions of the manufacturer. Astrocytes
grown on a glass-bottomed dish were visualized under a Nikon
A1-R confocal scanning microscope. Fluorescence images were
obtained using an argon laser that excites PKH67 with 488nm
and the emission light passes through a 482/35nm band filter.
Images were acquired every 1 min for 60 min. After a 1-min
baseline acquisition, 50 ul of dye-labeled exosomes was applied,
and images were acquired for the following 59 min.

MiRNA Isolation, Detection, Quantification, and Synthesis—
MicroRNA was extracted from the exosome pellet following a
chloroform extraction procedure. Briefly, exosome pellets were
resuspended in 600 ul of RNase-free PBS buffer, and then 200
wl of chloroform was added. After vortexing for 20 s, the emul-
sion was kept at room temperature for 5 min before centrifuga-
tion at 12,000 rpm for 15 min at 4 °C. The aqueous phase was
collected carefully, mixed with an equal volume of isopropanol
(550 wl) and 3 pul of linear acrylamide (5 pg/ul), and then placed
at —20 °C overnight. To recover precipitated RNA, the prepa-
ration was centrifuged for 20 min at 12, 000 rpm at 4 °C. The
RNA pellet was washed with 70% ethanol and resuspended with
10 pl of RNase-free water. The quantity and quality of isolated
miRNA was determined using the Agilent BioAnalyzer with the
pico RNA kit according to the instructions of the manufacturer.
Total RNA (including miRNA) was isolated from primary
astrocyte or neuronal cultures with a similar chloroform
approach after lysing the cells with lysis buffer. The miRNA was
converted to cDNA using the TagMan MicroRNA reverse tran-
scription kit (Applied Biosystems) with specific primers for
miR-124a and control snoRNA202. The quantity of miR-124a
was measured by QRT-PCR using SYBR Green after a standard
curve was established via QRT-PCR on a synthesized miR-124a
oligo (5 UAAGGCACGCGGUGAAUGCC 3'). MiR-124a
double-stranded mimics were synthesized by Thermo Scien-
tific. Cy3-labeled miR-124a and scrambled RNA were synthe-
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sized by IDT DNA Technologies. Antisense miR-124a (5’
TGGCATTCACCGCGTGCCTTAA 3’) was synthesized by
Isis Pharmaceuticals, Inc. (Carlsbad, CA).

Immunoblot Analysis—The following antibodies were used
in immunoblot analysis: anti-GLT1 (1:2000, homemade), anti-
GLAST (1:100, homemade), anti-EAAC1 (1:100, homemade),
anti-Alix (1:100, BioLegend), anti-Tsgl01 (1:2000, Abcam),
anti-ephrinA3 (1:250, Invitrogen), anti-B-Actin (1:1000,
Sigma), anti-ALDH1L1 (1:1, NeuroMab), and anti-GFAP
(1:1000, Dako). Glutamate transporter immunoblots have often
shown monomer (62-kDa), dimer (120-kDa), and sometimes
multimer (250-kDa) bands (1, 2). All transporter bands were
included for quantification. Freshly dissected striatum tissue or
in vitro neuronal or astrocyte cultures were homogenized in
lysis buffer (Tris-HCI 20 mMm, NaCl 140 mm, EDTA 1 mm, SDS
0.1%, Triton 1% and glycerol 10%). Exosomes collected from
individual confluent 10-cm dishes (1-2 X 107 cells) were used
as individual samples for the immunoblot analysis. The total
protein amount was determined by Bradford protein assay
using the Gen 5 data analysis program. Two (striatum) or 50
(astrocyte cultures) ug of total cell lysate was loaded onto a
4-15% gradient SDS-PAGE gel. Separated proteins were trans-
ferred to a PVDF membrane for 1 h. The membrane was
blocked with 3% BSA in 1X TBST (Tris buffer saline with 0.1%
Tween 20) and then incubated with the appropriate primary
antibody overnight at 4 °C. The following day, the membrane
was exposed to HRP-conjugated goat anti-rabbit or anti-mouse
secondary antibody (1:2000) dissolved in 1X TBST. Signals
were visualized on CL-XPosureTM film by ECL Plus chemilu-
minescent substrate.

Preparation of Crude Synaptosomes and Glutamate Uptake
Assay—Glutamate uptake was performed with crude synapto-
some preparations from mouse striatum using the 0.32 M
sucrose centrifugation method (31). After total protein deter-
mination by Bradford assay (Bio-Rad), 1uCi L-*H glutamate
and 100 uM non-labeled glutamate were mixed with Na™
uptake buffer (total volume 275 pl) and then added into 25 ul of
each synaptosome sample in 96-well multiscreen HTS filter
plates (Millipore). After a 6-min incubation, uptake was termi-
nated by 5 min rapid cooling at 4 °C. Samples were then filtered
by the Steriflip vacuum filtration system (Millipore) and
washed 6X with ice-cold PBS while continuing to filter the sam-
ples. Each filtered 96-well membrane was excised and trans-
ferred for scintillation counting. Dihydrokainate (500 um) or
DL-threo-B-benzyloxyaspartic acid (500 um) was added into
appropriate wells in the uptake assay. The disintegration/mi-
nute value was normalized by total protein concentration and
converted to a fmol/ug/min unit.

Stereotaxic Delivery of Oligos in Vivo—For delivery of miR-
124ainto the spinal cord of SOD1G93A mice, SOD1G93A mice
(105 days old) were anesthetized with a mixture of ketamine/
xylazine (ketamine 95 mg/kg and xylazine 10 mg/kg). The spi-
nal cord was exposed by laminectomy of C5 and C6 as described
previously (32). Cy3-labeled miR-124a or scrambled miRNA (5
g/ ul) was stereotaxically injected bilaterally at the C5—6 level
(2 wl/injection). Each animal received a total of 4 ul of the
miRNA. Postoperative care included injections of buprenor-
phine according to the IACUC requirements. Animals were
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perfused 7 days after the stereotaxic injection of oligos. For
delivery of miR-124a-A/S into the striatum, a unilateral intras-
triatal injection of 2 ul containing vehicle, 100 ug (50 wg/ul) of
miR-124a-A/S, or control oligo was performed on adult FVB
mice 6 — 8 weeks old. Mice were sacrificed, and brain was freshly
sliced (1 mm) using a brain slicer 24 days following injection.
Striatum tissue was then carefully dissected out for immuno-
blot analysis.

Tissue Preparation and Immunostaining—Animals were
deeply anesthetized with a ketamine/xylazine mix and perfused
intracardially with 4% paraformaldehyde in PBS. The spinal
cords were dissected, postfixed in 4% paraformaldehyde over-
night at 4 °C, and then cryoprotected in PBS containing 30%
sucrose for 48 h. Cervical and lumbar segments of spinal cords
were embedded and frozen in the mounting medium. Coronal
sections (20 um) were taken with a cryostat at —20 °C and
mounted on glass slides. Prior to immunostaining, slides were
rinsed three times in 1X PBS. Sections were then treated with
blocking buffer (1% BSA, 5% goat serum, and 0.2% Triton X-100
in 1X PBS) for 20 min at room temperature. The primary anti-
bodies anti-GLT1 (rabbit 1:2000), GFAP (mouse, Calbiochem
IFO3L, 1:1000), and NeuN (mouse Millipore MAB377, 1:500)
were incubated overnight at 4 °C in blocking buffer. After wash-
ing three times in 1 X PBS, a corresponding secondary antibody
(anti-mouse IgG or anti-rabbit IgG, Alexa Fluor 488- or 633-
conjugated antibody, 1:2,000) was added for 90 min at room
temperature. The sections were rinsed three times in 1X PBS
before proceeding to the next antibody, repeating the same
sequence of incubation and rinsing steps for each one individ-
ually. Images were obtained with a confocal laser scanning
microscopy (A1R Nikon).

Data Analysis—For quantification of GLT1 immunoreactiv-
ity in vivo, individual astrocytes were circled using the GFAP
staining pattern to define the GLT1 staining within each indi-
vidual astrocyte. The average intensity of GLT1 immunoreac-
tivity in a selected area (individual astrocyte) was then
measured using Image] software. The intensity of GLT1 immu-
noreactivity in GFAP and miR-124a-Cy3-positive cells in the
cervical region was normalized using the intensity of GLT1
immunoreactivity in GFAP-positive cells in the lumbar cord in
each mouse. All the resulting raw data were graphed and plot-
ted in GraphPad 5 (GraphPad Software, La Jolla, CA). Unless
stated otherwise, all values are reported as mean * S.E., with n
indicating the number of replicates.

RESULTS

Cultured Primary Neurons Secrete Exosomes That Are
Enriched with Small RNA—Neurons are known to communi-
cate with neighboring cells through exocytosis-mediated
release of signals such as the activity-dependent release of neu-
rotransmitters. Secretion of exosomes has been observed pre-
viously from cultured primary neurons (33). We first isolated
exosomes through serial steps of centrifugation from NCM.
Isolated exosomes were negatively stained, and their represent-
ative EM image is shown in Fig. 1A. Several heavily stained
vesicle structures were found in the representative EM image,
suggesting the presence of abundant exosomes in NCM. Inter-
estingly, only smaller vesicles were found in astrocyte-condi-

7108 JOURNAL OF BIOLOGICAL CHEMISTRY

tioned medium (Fig. 1B). Subsequent immunoblot analysis of
the exosome homogenates detected the expression of Alix and
Tsgl01 (Fig. 1C), selective exosome markers (21, 34), in neuro-
nal and astroglial exosomes, respectively, which confirms the
EM analysis.

To determine whether neuronal exosomes contain
microRNA, total RNA was isolated from neuronal exosomes
and subjected to bioanalyzer pico analysis. As shown in Fig. 1D,
abundant miRNA and small RNA (smRNA) were found in neu-
ronal exosome preparations, indicated by the absorbance
peaks. As miR-124a (miRBase code mmu-miR-124) is one of
the most abundant miRNAs in the CNS and is highly expressed
in neurons (35, 36), we compared the expression levels of miR-
124a in neurons, neuronal exosomes, and astrocytes. Total
RNA was isolated from cultured primary astrocytes, primary
neurons, and neuronal exosome preparations. Although small
nucleolar RNA 202 (snoRNA 202) is often used as the endoge-
nous control to normalize input RNA concentration in QRT-
PCR, it is unclear whether snoRNA 202 is packed into exo-
somes, so we instead generated a miR-124a standard curve
using serially diluted synthesized miR-124a oligos with the
miR-124a-specific TagMan QRT-PCR kit (Applied Biosystems,
Carlsbad, CA). The absolute quantity of miR-124a from these
samples was then determined by comparing the threshold cycle
(Ct) value from the miR-124a QRT-PCR with the standard
curve. Cultured neurons and neuronal exosomes express com-
parably high levels of miR-124a, whereas only minimal miR-
124a levels were detected in cultured astrocytes (Fig. 1E). As
neuronal exocytosis is often associated with synaptic activity,
we next investigated whether neuronal activity is involved in
exosomal miR-124a secretion in neuronal cultures. Interest-
ingly, effective blockade of neuronal activity by tetrodotoxin (2
M) or increasing neuronal activity by KCL (15 mwm) treatment
both significantly increased exosomal miR-124a levels (Fig. 1F),
suggesting that exosomal miRNA secretion is not closely asso-
ciated with neuronal activity changes in vitro.

To further demonstrate whether neuronal exosomes can be
directly internalized into astrocytes, membranes of neuronal
exosomes were labeled with the lipophilic green fluorescent
reagent PKH67 (Sigma). PKH67-labeled exosomes were added
to primary astrocyte cultures grown on glass-bottomed dishes.
Time-lapse fluorescent microscopy images (1 scan/min for a
total of 60 min) were collected to monitor PKH67 fluorescence
in cultured astrocytes. As shown in Fig. 24, a gradual increase in
PKH67 fluorescence was found within the cultured astrocytes
starting 30 —40 min after addition of exosomes. The Dynamic
view (supplemental movie) of the time-lapse images also
revealed active movement of PKH-labeled puncta inside astro-
cytes (starting at 20 min) as a result of the internalized exosome
vesicles. Internalization of neuronal exosomes also significantly
increases miR-124a levels in cultured astrocytes (Fig. 2B).
Taken together, these results suggest that neuronal microRNA,
such as miR-124a, is packed into neuronal exosomes, which are
actively secreted and potentially serve as an intercellular signal.

Neuronal miR-124a Regulates GLTI1 Protein Expression in
Vitro—Previous sequencing and Northern blot analysis of
EAAT2/GLT1 transcripts found that the EAAT2/GLT1 mRNA
transcripts have a uniquely long 3'UTR (9.7 kb) (3, 13), making
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them potential targets for miRNA-mediated inhibition. As
miR-124a can be transferred from neurons to astrocytes
through exosomes, we investigated whether miR-124a regu-
lates GLT1 protein expression in astrocytes. Synthesized miR-
124a mimics (Thermo Scientific) were transfected directly into
cultured primary astrocytes. Surprisingly, direct transfection of
miR-124a significantly and consistently increases GLT1 pro-
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tein expression levels (Fig. 3, A and B). The miR-124a-induced
increase in GLT1 protein was completely blocked by cotrans-
fection of specific miR-124a antisense (miR-124a-A/S), con-
firming the specific up-regulation effect of miR-124a on GLT1
protein expression in cultured astrocytes. Although protein
expression of another astroglial glutamate transporter, GLAST,
was also slightly increased in astrocytes following miR-124a
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FIGURE 3. Neuronal miR-124a up-regulates astroglial GLT1 protein expression levels. A, expression of GLT1 protein levels in astrocyte cultures following
transfection of miR-124a. B, quantification of GLT1 expression levels following miR-124a transfection. n = 4-6. *, p < 0.05 from one-way ANOVA with
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miR-124a/miR-124a-A/S transfection. n = 5/experiment for three independent experiments

transfection (Fig. 3C), this increase was not specifically attenu-
ated by the co-transfected miR-124a-A/S (D), suggesting that
the slight GLAST increase is unlikely to be miR-124a-depen-
dent. These results indicate that miR-124a selectively affects
GLT1 protein expression in astrocytes. Interestingly, although
GLT1 protein is significantly increased, there is no significant
change in GLT1 mRNA levels following transfection of miR-
124a, miR-124a-A/S, or a mixture of miR-124a and miR-124a-
A/S (Fig. 3E).

MiRNA-mediated regulation of protein expression is mostly
through direct binding of miRNA to target mRNA transcripts
to either inhibit the mRNA translation or induce mRNA deg-
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radation (20). To determine whether miR-124a acts through
direct interaction with the GLT1 mRNA 3'UTR, a luciferase
reporter-based analysis was performed in HEK293 cells. The
3'UTR sequence (9.7 kb) of GLT1 mRNA was amplified in five
~2 kb fragments that were cloned individually downstream of
the luciferase reporter to serve as an artificial 3'UTR sequence
for the luciferase reporter. Potential modulation of miR-124a
on the GLT1 mRNA 3’UTR was assessed by the luciferase
activity changes. We observed no significant and specific
changes (Fig. 3F) in the luciferase activity of any GLT1 mRNA
3'UTR luciferase reporter following transfection of miR-124a
(or mixture of miR-124a/miR-124a-A/S), suggesting that miR-
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124a is unlikely to directly bind to the GLT1 mRNA 3'UTR and
modulate its translation/degradation. We also analyzed the
seed sequence of miR-124a using the TargetScan program (37)
and found no direct match with GLT1 mRNA transcripts.
These results indicate that the up-regulation effect of miR-124a
on GLT1 protein expression is likely to be indirect.

We next determined whether neuronal exosomes that con-
tain abundant miR-124a are sufficient to increase GLT1 expres-
sion. As shown in Fig. 44, direct application of neuronal exo-
somes to astrocyte cultures significantly increases GLT1
protein expression levels. Moreover, pretransfection of miR-
124a-A/S in astrocyte cultures attenuated neuronal exosome-
induced up-regulation of GLT1 (Fig. 4, B and C), suggesting
that miR-124a directly mediates the effect of neuronal exo-
somes in up-regulating GLT1 expression in astrocytes. Taken
together, these in vitro results show that neuronal exosome-
mediated transfer of miR-124a from neurons to astrocytes rep-
resents a new pathway in neuron-dependent GLT1 regulation.

MIRNA-dependent Translational Regulation of GLT1 Ex-
pression in Vivo—On the basis of these in vitro findings, we
examined the effect of miR-124a on GLT1 protein expression
invivo. Because miRNA unwinds to expose the active strand for
its specific recognition and binds to the target sequence once
incorporated into the RNA-induced silencing complex (20),
specific miRNA antisense can inhibit the function of miRNA by
binding to its active strand. Loss-of-function analysis of miR-
124a was performed using its specific antisense oligo. Specific
miR-124a antisense (miR-124a-A/S) oligos (2 ul, 50 ug/ul)
were injected intrastriatally into the brain of adult mice (P45-
60, n = 10/group). Mice were sacrificed 24 days following oligo
injection, and striata were sliced into 1-mm sections using a
brain matrix and blade. GLT1 protein expression levels were
examined by immunoblot analysis following antisense oligo
injection. Injection of scrambled oligos served as a control for
miR-124a-A/S. As shown in Fig. 54, in vivo injection of miR-
124a-A/S significantly reduced GLT1 protein expression levels,
consistent with the in vitro observation that miR-124a transfec-
tion increases GLT1 protein expression levels. Quantitative
analysis of the GLT1 immunoblot analysis further shows that
GLT1 protein levels decreased 55% following miR-124a-A/S
injection (Fig. 5B). Interestingly, there were no significant
changes in GLT1 mRNA levels following miR-124a-A/S injec-
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tion (Fig. 5C), suggesting that the regulatory effect of miR-124a
on GLT1 expression is at the translational level. These in vivo
and in vitro results provide strong and consistent evidence that
miR-124a has a significant role in regulating GLT1 protein
expression.

We also examined the effect of miR-124a-A/S on other glu-
tamate transporters in the CNS, including the astroglial GLAST
(human analog, excitatory amino acid transporter 1, EAAT1)
and neuronal EAAC1 (human analog, excitatory amino acid
transporter 3, EAAT3), neither of which has 3'UTR binding
sites for miR-124a according to the TargetScan program.
Immunoblot analyses of GLAST and EAAC1 showed that nei-
ther GLAST nor EAACI protein levels were altered following
miR-124a-A/S injection when compared with the control anti-
sense injection (Fig. 5, D—F). Expression of other astroglial spe-
cific proteins, including glial fibrillary acidic protein (GFAP)
and aldehyde dehydrogenase 1 member L1 (ALDH1L1) (38),
was not altered (Fig. 5A4) following miR-124a-A/S injection.
These results suggest that the effect of miR-124a on GLT1
expression is likely to be specific.

We next determined whether GLT1-mediated functional
glutamate uptake is altered following antisense injection. Crude
synaptosomes were prepared from mouse striatal brain slices
following miR-124a-A/S injection, and L-[*H] glutamate
uptake was measured by a scintillation counter. As shown in
Fig. 5G, miR-124a-A/S reduced functional glutamate uptake by
72% (from 75.3 to 21.1 pmol/mg) compared with control anti-
sense. Similarly, functional glutamate uptake was reduced sig-
nificantly (from 75.3 to 33.4 pmol/mg) in samples from the
control antisense injection in the presence of the GLT1-specific
inhibitor dihydrokainate. As GLT1 is the dominant glutamate
transporter in the mature CNS and is responsible for more than
half of the total glutamate uptake in control tissue, dramatic
decrease of glutamate uptake following miR-124a-A/S injec-
tion suggested that miR-124a-A/S significantly reduced GLT1-
dependent glutamate uptake, consistent with the GLT1 immu-
noblot analysis results above. In addition, similarly reduced
glutamate uptake levels in miR-124a-A/S injection alone or
dihydrokainate treatment confirmed that miR-124a-A/S-in-
duced decrease of glutamate uptake is indeed a consequence of
the reduction of GLT1 protein levels. Functional glutamate
uptake was almost completely abolished by adding the pan-
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glutamate transporter inhibitor TBOA to the reaction or by
removing Na™ in the reaction buffer (data not shown), confirm-
ing that the glutamate uptake measured by our assay was medi-
ated specifically by Na™-dependent glutamate transporters.
EphrinA3 Is Not the Downstream Target of miR-124a in
Astrocytes—Although miR-124a consistently up-regulates
GLT1 protein expression in vitro and in vivo, miR-124a is selec-
tively expressed in neurons, and its expression in astrocytes is
minimal (35, 36) (Fig. 1E). Our sequence and luciferase reporter
analysis results (Fig. 3F) also suggested that miR-124a is
unlikely to directly bind to the GLT1 mRNA 3'UTR. As intro-
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duction of exogenous miR-124a into cultured astrocytes is suf-
ficient to increase GLT1 protein (but not mRNA) levels, it is
likely that miR-124a acts on astroglial factors that are involved
in the translational regulation of GLT1 protein. Interestingly, a
recent study (17) found that deletion of the astroglial
ephrinA3 ligand increases GLT1 protein (but not mRNA)
expression levels, implicating its inhibitory role in GLT1
translational regulation. We first examined GLT1 expres-
sion levels in ephrinA3 ™/~ astrocytes. As shown in Fig. 6, A
and B, GLT1 protein (but not mRNA) expression levels were
significantly increased in the absence of ephrinA3 in astro-
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cytes, confirming that astroglial ephrinA3 negatively regu-
lates GLT1 protein expression.

We then tested whether miR-124a can reduce ephrinA3
expression, therefore suppressing its inhibitory effect on GLT1
protein expression. We performed the luciferase reporter assay
using the mouse ephrinA3 mRNA 3'UTR sequence. As shown
in Fig. 6C, direct transfection of miR-124a or a mixture of miR-
124a/miR-124a-A/S has no effect on the luciferase reporter
activity, suggesting that miR-124a does not modulate the
ephrinA3 3'UTR to suppress ephrinA3 mRNA translation. In
addition, a modest increase, but not decrease, of ephrinA3 pro-
tein expression was found in astrocytes following miR-124a
transfection (Fig. 6, D and E), confirming that miR-124a does
not suppress ephrinA3 expression in astrocytes. Therefore, it is
unlikely that ephrinA3 is a downstream target of miR-124a in
astrocytes. Although ephrinA3 negatively regulates GLT1 pro-
tein expression, our results suggest that the up-regulation of
miR-124a of GLT1 protein expression is not mediated by sup-
pression of ephrinA3.

Exogenously Delivered miR-124a Increases GLT1 Protein
Levels in the Spinal Cord of SOD1G93A Mice—GLT1 expres-
sion is highly dynamic under pathological conditions in vivo. In
particular, its expression is decreased significantly (40% to
100%) in the end stage of ALS patients or rodent models (39,
40). As miR-124a has a significant role in the translational reg-
ulation of GLT1 expression, we examined expression changes
of miR-124a in the spinal cord of SOD1G93A mice. Small RNAs
were prepared from spinal cord tissue from wild-type or
SOD1G93A mice at different stages (onset and end stages).
Expression levels of miR-124a were determined using TagMan
miRNA QRT-PCR. SnoRNA202 was used as the endogenous
control for normalizing RNA concentration. As shown in Fig.
7A, miR-124a expression is decreased significantly (40%) in the
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end stage of SOD1G93A mice compared with that in age-
matched control mice, whereas the miR-124a expression levels
are essentially unchanged at disease onset.

We also investigated the effect of miR-124a on GLT1 protein
expression in vivo by direct stereotaxic injection of miR-124a
oligo into the ventral gray matter of the spinal cord. Previous
studies have shown that synthesized small RNAs can be stable
in vivo for several weeks (41). We performed stereotaxic injec-
tions of Cy3-labeled miR-124a (bilateral, 10 ug/2 ul/injection)
into the ventral gray matter of cervical cord (C5-C6) of
SOD1G93A mice at P105 to examine the effect of miR-124a on
increasing GLT1 protein expression in vivo. We also injected
scrambled RNA as the oligo control. In SOD1G93A mice, loss
of GLT1 protein in lumbar or cervical cords generally follows
the disease progression pattern, which is first reduced in lum-
bar cord and then in cervical cord. On the basis of the lumbar
and cervical pathology, we decided to inject miR-124a into the
cervical cord at P105, the point at which the cervical pathology
is just beginning in SOD1G93A mice. This would allow up to a
2-week window to test the effect of injected miR-124a on GLT1
protein expression levels. During this 2-week window, GLT1
expression continues to decrease in deteriorating cervical cord,
which might be prevented or delayed by the injected miR-124a.
In addition, stereotaxic injection into the cervical cord is surgi-
cally less challenging than lumbar injection, making it more
feasible for efficient delivery of miR-124a into the right gray
matter area. Mice were sacrificed 7 days following Cy3-labeled
miR-124a and scrambled RNA injection. Abundant Cy3 fluo-
rescence signals were observed in the ventral gray matter of the
cervical cord (Fig. 7B). Cy3 fluorescence signals were enriched
in both neurons and astrocytes, indicated by the NeuN and
GFAP staining (yellow arrows, Fig. 7B). No apparent oligo-in-
duced toxicity was observed in the spinal cord sections, indi-
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cated by NeuN staining. Double immunostaining of GLT1 and
GFAP was performed to quantify the GLT1 immunoreactivity
changes in astrocytes following miR-124a injection. High mag-
nification (X60) confocal images were acquired, and the mean
GLT1 immunoreactivity was measured from individual astro-
cyte surface areas on the basis of the GFAP immunostaining
signals (Fig. 7C) in Image]J software. Progressive and severe loss
of GLT1 protein levels during the disease progression in
SOD1G93A spinal cord makes it more feasible to quantify
changes of GLT1 protein expression levels by its immunoreac-
tivity. Because the rate of disease progression and loss of GLT1
protein vary in individual SOD193A mouse, GLT1 immunore-
activity levels in the lumbar cord of each SOD1G93A mouse
were used as endogenous controls to normalize the base-line
differences in GLT1 protein levels in different SOD1G93A
mice. Using this approach, we found that miR-124a injection
resulted in a 30—40% increase in GLT1 protein levels in the
cervical cord compared with that in the age-matched control
(uninjected or scrambled RNA injected) SOD1G93A mice (Fig.
7D). These results directly demonstrate that exogenously deliv-
ered miR-124a is sufficient to increase GLT1 protein expres-
sion in vivo.

DISCUSSION

Despite the importance of EAAT2/GLT1 in both physiolog-
ical and pathological conditions, relatively little is known about
the regulation of EAAT2/GLT1 expression. Expression of
EAAT2/GLT1 is highly dynamic during development and in
pathophysiological conditions, which is likely to be delicately
regulated through differential pathways at multiple levels.
Although global disruption of astroglial miRNA biogenesis
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through selective deletion of Dicer in cerebellar astrocytes sig-
nificantly reduces GLT1 expression (42), specific miRNA-me-
diated regulation of GLT1 protein expression has not been
explored previously. Our results in this study unveiled a new
pathway in EAAT2/GLT1 expression regulation: through the
exosomal transfer of neuronal miR-124a into astrocytes (Fig. 8).
This study also provides the first direct evidence for the
miRNA-mediated translational regulation of EAAT2/GLT1
expression, opening a new frontier to understanding EAAT2/
GLT1 expression regulation.

Exosomes have been recently considered as a new mecha-
nism for intercellular communication (43). Various signal mol-
ecules, including thousands of proteins, lipids, and RNAs, have
been found in exosomes isolated from many mammalian cell
types and model organisms Caenorhabditis elegans (44) and
Drosophila (45). These exosomes are actively involved in many
(patho)physiological processes, including immune signaling
(46), development (44), cancer (47), and viral infections (48).
Exosome-mediated communication and physiological sig-
nificance in the CNS is largely unknown, although exosomes
have been found in neuronal and glial cultures (33, 34). This
study demonstrates that this exosome-mediated transfer of
microRNA and subsequent regulation of astroglial GLT1
expression represents an alternative communication pathway
from neurons to astrocytes in regulating astrocyte functions
(Fig. 8), apart from the synaptic release of glutamate from
excited neurons. The mechanisms for exosome release from
neurons are unclear at this point. We found no evidence that
neuronal activity is directly involved in regulating the release of
exosomes or miRNAs. In addition, we have also found that exo-
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some-like vesicles are secreted from cultured astrocytes.
Because astrocytes are known to release various signals to mod-
ulate synaptic/neuronal functions (49, 50) and survival (51, 52),
it is likely that astroglial exosomes may also play a modulatory
role in synaptic functions. The exact functions of astroglial exo-
somes remain to be investigated in the future. Given the poten-
tially diverse composition of signals in exosomes that have been
profiled previously, it is conceivable that neuronal or astroglial
exosomes also contain multiple signals and that exosome-me-
diated transfer of signals may play significant roles in mediating
neuron-to-astrocyte communication.

MicroRNA-dependent translational regulation is largely
cell-autonomous and is mainly mediated by its direct binding to
the target mRNA (20). Interestingly, although miR-124a con-
sistently up-regulates GLT1 protein expression in vitro and in
vivo, its effect on GLT1 protein expression is likely to be indi-
rect and is mediated through other astroglial factors. Although
a recent study has implicated an inhibitory role of astroglial
ephrinA3 in the translational regulation of GLT1 (17), we found
that miR-124a has no significant effect on ephrinA3 protein
expression levels or on ephrinA3 mRNA 3'UTR function (indi-
cated by a 3'UTR luciferase reporter assay, Fig. 6). Astroglial
factors and pathways, especially miRNAs that directly mediate
the action of miR-124a in GLT1 up-regulation in astrocytes,
remain to be characterized. In addition, although miR-124
appears to specifically and significantly up-regulate GLT1 pro-
tein expression in astrocytes, as a single miRNA usually modu-
lates translation expression of multiple target mRNAs, it is con-
ceivable that miR-124a can broadly modulate astroglial gene
expression. Characterization of the downstream targets of miR-
124a in astrocytes will then help identify astroglial genes that
are regulated by neuronal signals, like miR-124a. Ultimately,
this knowledge will increase our understanding how neuronal
signals coordinate astroglial functions at developing and
mature synapses.

Severe and selective reduction of EAAT2/GLT1 protein has
been observed in ALS patients and rodent models of ALS, pro-
moting excitotoxicity to motor neuron degeneration (40). Our
observation that exogenously delivered miR-124a is sufficient
to increase GLT1 protein expression in the spinal cord of
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SOD1G93A mice provides encouraging results that miR-124a
may hold potential for developing GLT1-based neuroprotec-
tive strategies for ALS. In addition, the selective reduction of
miR-124a, presumably as a result of the loss of neurons, may
provide a new biomarker for detecting early motor neuron loss
in ALS.

Opverall, this study explored a unique and novel regulatory
mechanism in neuron-to-astrocyte communication. It also
provides new insight into miRNA-mediated translational reg-
ulation of the key astroglial glutamate transporter EAAT2/
GLT1 in physiological and pathological conditions. Ultimately,
these results will increase our understanding of EAAT2/GLT1
expression regulation, which could facilitate the development
of drugs that up-regulate GLT1 expression in ALS.
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