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Traumatic brain injury (TBI) produces a series of pathological processes. Recent studies have indicated that au-
tophagy pathway is persistently activated after TBI, which may lead to deterioration of nerve injury. Our pre-
liminary work found miR-21-5p was upregulated in both in vivo and in vitro TBI models. MicroRNAs (miRNAs)
could be loaded into exosomes to perform cell-to-cell interactions. This research aimed to evaluate the ther-
apeutic effect of neuron-derived exosomes enriched with miR-21-5p on the TBI in vitro and to further explore
the possible mechanisms.

Brain extracts harvested from an rTBI mouse model were added to cultured HT-22 neurons to imitate the mi-
croenvironment of injured brain on in vitro cultured cells. Ultracentrifugation was performed to isolate exo-
somes. Transmission electron microscopy and Nano sight technology were used to examine exosomes. An in
vitro model of TBI was established to study the effect of exosomal miR-21-5p on nerve injury and on neuronal
autophagy regulation.

The expression of miR-21-5p was increased in exosomes derived from HT-22 neurons after treatment with rTBI
mouse brain extracts. Autophagy was activated in HT-22 neurons after scratch injury. Exosomal miR-21-5p pro-
duced a protective effect by suppressing autophagy in a TBI model in vitro. MiR-21-5p could directly target the
Rab11a 3’UTR region to reduce its translation and further suppressed Rab11a-mediated neuronal autophagy.
The levels of miR-21-5p in neuronal exosomes increased from the acute to the chronic phase of TBI. Neuronal
exosomes enriched with miR-21-5p can inhibit the activity of neuronal autophagy by targeting Rab11a, thus
attenuating trauma-induced, autophagy-mediated nerve injury in vitro.
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Background

Traumatic brain injury (TBI) is one of the most common causes
of mortality and morbidity worldwide, which makes it an im-
portant medical, public health, and societal problem [1,2].
More than 50 million people are newly diagnosed with TBI in-
ternationally each year and approximately half of the world’s
population will have experience one or more TBIs during their
lifetime [3-5].

TBI produces a complex series of pathological processes,
which can be mainly divided into 2 stages. The primary in-
sult is mainly caused by external impact, and leads to acute
pathological changes, including brain contusions, intracerebral
hemorrhage, and axonal shearing. The secondary pathological
changes, including oxidative stress, Ca** overload, mitochon-
dria injury, glutamate excitotoxicity, and neuroinflammation,
leads to the further damage of nerve function [6,7]. In recent
years, there have been more and more studies focus on the
various molecular events after TBI. Autophagy is an evolution-
arily conserved homeostatic process in which parts of the cy-
toplasm are fused within multi-membraned vesicles termed
autophagosomes and then delivered to lysosomes for degra-
dation [8,9]. Increased evidence suggests that autophagy plays
an important role in the pathophysiologic process of both ex-
perimental and clinical TBI [10-13]. Recent studies indicated
that autophagy pathway is persistently activated after TBI,
which may lead to deterioration of nerve injury [14-17]. These
findings suggest that the targeting trauma-induced neuronal
autophagy might be a potential therapeutic method for the
treatment of TBI.

MicroRNAs (miRNAs) are a class of single-stranded, non-coding
endogenous RNA molecules that play important roles in the
regulation of gene expression at post-transcription level [18].
Emerging evidences suggested dysregulation miRNAs were
observed in TBI models [19-21]. Our preliminary work found
that miR-21-5p was upregulated both in the brain cortex af-
ter TBI and cultured neurons after scratch injury [22-26].
MiR-21-5p has also been reported that it could regulate autoph-
agy in the pathological processes of several diseases [27-30].
Bioinformatics analysis found Rab11a, which was involved
in both early and late stages of autophagy, might be a tar-
get of miR-21-5p. These findings indicate that the expression
of miR-21-5p may play vital roles in suppression autophagy.

Exosomes are small bioactive vesicles (40-100 nm) secreted by
various cells, that can interact with other cells at the cell surface
via a specific receptor or by mixing of their cargos with cellular
contents after endocytosis. Proteins and nucleic acids can be
loaded as cargos into exosomes, and can be transferred into
target cells to perform cell-to-cell interactions and therefore
affect many physiological and pathological processes [31,32].
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Recent studies of exosomes have focused on their miRNA reg-
ulatory function in TBI [33]. In our previous study, we found for
the first time that the miR-21-5p levels in the brain could in-
crease after TBI, which could contribute to improving the neu-
rological outcome of TBI [24-26]. But the specific mechanism
of this process remains unclear. Based on these findings, we
designed this research to evaluate the therapeutic effect of
neuron-derived exosomal miR-21-5p on the TBI in vitro and to
further explore the possible mechanisms of neuronal autoph-
agy regulation induced by exosomal miR-21-5p.

Material and Methods

All experimental procedures were performed in accordance with
the Guide for the Care and Use of Laboratory Animals (National
Institutes of Health, Bethesda, MD, USA) and approved by the
Tianjin Medical University Animal Care and Use Committee.

Controlled cortical impact-induced rTBI model

To clarify the role of neuronal exosomes on neurological out-
come after TBI, we used an rTBI model, which has been shown
to induce obvious neurological impairments [34,35]. Adult male
C57BL/6 mice (age: 10-12 weeks, weight: 20-25 g) were pur-
chased from the Chinese Academy of Military Science (Beijing,
China). The mice were anesthetized with 4.6% isoflurane and
positioned in a stereotaxic frame by using ear bars. After
a midline scalp incision, a 3.0-mm craniotomy was performed
centrally over the right parietal bone. The impounder tip of
the injury device (eCCl, model 6.3; American Instruments,
Richmond, VA, USA) was then extended to its full impact dis-
tance, positioned on the surface of the exposed dura mater,
and reset to affect its surface.

The impact parameters were set at a velocity of 3.6 m/s and
a deformation depth of 1.2 mm. Repetitive impact was per-
formed for 4 times with 24-hour intervals [34]. Those mice with
dural hernia were excluded from the group [22]. After each
injury, the incision was stitched with interrupted 6-0 silk su-
tures and the mice were then placed in a well-heated cage at
37°C until they recovered consciousness. Mice from the control
group experienced the same procedures except for the impact.

Preparation of brain extracts

To obtain the brain extracts after rTBI, the mice were eutha-
nized by transcardiac perfusion with cold phosphate-buffered
saline (PBS) at 3, 7, 14, or 21 days after the last brain injury
(n=6 mice per group) [36]. The injured brains were dissected
and isolated on ice. Brain tissue was homogenized by adding
neurobasal medium containing 2% B27 and 1% glutamine
(Thermo Fisher Scientific) at a concentration of 100 mg/mL.
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The homogenate was centrifuged at 12 000 g for 20 minutes at
4°C. The supernatant from brain tissue extracts was collected
and stored at -80°C.

HT-22 cell line culture and treatment with rTBI brain
extracts

HT-22 neurons were obtained from China Infrastructure of
Cell Line Resources (Beijing, China). For the experiments, cells
were cultured in DMEM/F12 culture medium containing 10%
fetal bovine serum (FBS), 100 U/mL penicillin, and 100 mg/mL
streptomycin (Thermo Fisher Scientific) in a 37°C incubator
with 5% CO2. The purity of cultured cell was determined via
immunofluorescence staining for microtubule-associated pro-
tein 2 (MAP-2).

HT-22 cells were then washed twice with PBS and cultured in
neurobasal medium before treatment with the brain extracts.
The brain extracts from rTBI or control group was added to the
culture medium at a ratio of 1: 10 (extracts/culture medium).
After 24-hour treatment, culture medium containing the brain
extracts was removed, and the cells were washed with PBS
twice to avoid any interference of FBS on the exosomes. HT-22
cells were cultured for another 48 hours in serum-free neuro-
basal medium before subsequent isolation of exosomes [36].

Exosome isolation, characterization, labelling and uptake

To isolate exosomes from the HT-22 cells, the cell culture su-
pernatant was collected into 50 mL polypropylene tubes, and
centrifuged at 300 g for 10 minutes to remove the free cells,
2000 g for 10 minutes to remove cell debris, 10 000g for
30 minutes to further remove the cell particles. Then it was
filtered to remove dead cells and particles larger than 200 nm
through a 0.22 mm filter (Millipore-Sigma). After that, an ul-
tracentrifugation was performed at 100 000 g for 70 minutes
to collect the exosomes. The supernatant was discarded, and
the precipitates were stored for further experiments. All the
above operations were completed at 4°C.

In order to identify the isolated exosomes, transmission elec-
tron microscopy (TEM, HT7700; Hitachi, Tokyo, Japan) was
used measure the shape and size of particles in the precipi-
tates. Exosomes from HT-22 cells were resuspended and the
procedure of TEM observation was detailed previously [35].
Moreover, size distribution of HT-22 neuron derived exosomes
was analyzed by using Nano sight technology (Particle Metrix,
Meerbusch, Germany) according to the manufacturer’s proto-
cols. The specific biomarkers for exosomes like CD9 and CD63,
were detected by western blot analysis.

Exosomes were labelled with PKH67 dye (Sigma-Aldrich), ac-
cording to the manufacturer’s instructions. In brief, exosome
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suspension in diluent C was mixed with 4 pL PKH67 and in-
cubated for 10 minutes at room temperature. Then 20 mL
chilled PBS was added to stop the labelling reaction. Labelled
exosomes were ultra-centrifuged at 100 000 g for 70 minutes,
washed with PBS, ultra-centrifuged again at 100 000 g and
the precipitates were resuspended in PBS.

The uptake was performed by incubating HT-22 cell cultures
with 100 pL of exosome solutions in a humid chamber for
12 hours (37°C, 5% CO2). A confocal microscope was per-
formed to identify the uptake of exosomes.

Model of traumatic brain injury in vitro

Traumatic axonal injury is a consistent component of TBI, and it
has been recognized as a major pathology of TBI [37]. To study
the impact of traumatic injury on neurons in vitro, a scratch in-
jury model was performed as we reported [25]. By using a 10 mL
pipette tip, cultured HT22 neurons were scratched across the
cell surface vertically and horizontally with a 4 mm space be-
tween each line, and floated cells were washed away by culture
medium. This scratch injury was used in TBI model for neurons
in vitro, since scratch injury activated the primary damage of
neurons and then affect the entire neurons.

Target prediction and luciferase reporter assay

For the dysregulated miR-21-5p, target predication was per-
formed with Target Scan (http://www.targetscan.org/). To iden-
tify whether miR-21-5p directly targeted Rab11la mRNA in
HT22 neurons, luciferase reporter assay was performed [38].
Luciferase reporter constructs were made by ligating 3'UTR
fragments of Rabl11a containing the predicted binding sites
(TargetScan, http://www.targetscan.org/cgi-bin/targetscan/
mmu_71/view_gene.cgi?rs=ENSMUST00000169058.2&tax
id=10090&members=&showcnc=0&shownc=0&showncf1=&
showncf2=&subset=1#miR-21-5p) into the luciferase reporter
vector pGL3. Briefly, the fragment was amplified by poly-
merase chain reaction (PCR) from mouse genomic DNA. The
pGL3-Rab11a-3’UTR construct was then inserted into the pGL3
control vector containing SV40 promoter (Promega, Madison,
WI, USA), using Xbal enzyme. Additionally, the mutant type
(Mut) of luciferase reporter was generated by deleting the
original binding site for miR-21-5p.

For the luciferase assay, HT22 neurons were cultured in 96-
well plates. The wild type (WT) or mutant (Mut) Rab11a-3’UTR
was co-transfected with 200 pmol miR-21-5p mimic or
scrambled oligonucleotides (Gene Pharma) in neurons with
Lipofectamine-3000. After incubated for 48 hours, the cells
were harvested and the luciferase activity was detected with
a dual-luciferase reporter system (Promega, Madison, W, USA)
according to the manufacturer’s protocols.
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Transfection of the HT-22 neurons

To study the role of miR-21-5p, miR-21-5p mimic and neg-
ative control (NC) mimic (Gene Pharma, Shanghai, China)
were transfected into HT-22 neurons as previously described
(Table 1) [25,39]. Briefly, the miR-21-5p mimic or NC mimic
was diluted to an accurate concentration of 20 mM. After that,
5 mL miR-21-5p mimic or NC mimic were mixed with 5 mL
Lipofectamine-3000 (Thermo Fisher Scientific) in 500 mL serum-
free DMEM/F12 and incubated for 20 minutes at room temper-
ature. This transfection solution was washed twice with PBS
and then added to the culture plates. After 48 hours of trans-
fection, the neurons were prepared for the further experiment.

To further clarify the effect of miR-21-5p on autophagy through
targeting Rab11a, a recombinant vector that overexpresses
Rab1l1la was used (GenePharma, Shanghai, China), and for spe-
cific gene knockdown on Rab11a mRNA, the vectors of siRNA
targeting Rab11a (si-Rab11a) or scramble siRNA Control (si-Con-
trol) was used (GenePharma, Shanghai, China) (Table 1). They
were transfected into HT22 neurons with Lipofectamine-3000
as described above.

Immunofluorescence staining

To identify the cultured cells and measure the autophagy
levels, immunofluorescence staining was performed. The
cells were fixed in 4% paraformaldehyde for 15 minutes at
room temperature. Then cells were treated with 3% bovine
serum albumin (BSA) for 30 minutes at 37°C to block non-
specific staining. They were incubated overnight at 4°C with
primary antibodies: MAP-2 at 1: 200 (Abcam, Cambridge,

Table 1. Sequences of miR-21-5p mimic and Rab11a siRNA.

miR-21-5p mimic UAGCUUAUCAGCUGAUGUUGA

Control siRNA UUCUCCGAACGUGUCACGUTT

Table 2. List of the primer sequence for quantitative RT-PCR.
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United Kingdom), LC3 at 1: 200 (Cell Signaling Technology,
Danvers, MA, USA). The next day, they were rinsed with PBS,
and then incubated for 1 hour at room temperature with sec-
ondary antibodies. The nuclei were counterstained with DAPI
(4’,6-diamidino-2-phenylindole, Abcam). Then the cells were
evaluated under an OLYMPUS microscope (cellSens system)
and an OLYMPUS confocal microscope (FV 1200).

Real time PCR

Total RNA was extracted from the cultured parental and treated
HT-22 neurons, neuronal exosomes with TRIzol reagent (Thermo
Fisher Scientific). The RNA concentration and quality were evalu-
ated by Nanodrop Spectrophotometer (ND-2000; Thermo Fisher
Scientific). cDNA generation and quantitative real-time (RT)-PCR
were performed with the Hairpin-it miR-21-5p/mRNA RT-PCR
Quantitation kit (Gene Pharma) with corresponding primers
(Table 2) according to the manufacturer’s protocols. U6 served
as the internal control for miR-21-5p, and GAPDH was used
as the internal control for Rab11a. The Ct was acquired using
the CFX Connect RT-PCR system (Bio-Rad, Hercules, CA, USA).
The data were analyzed with the 2% formula.

Western blot analysis

The Western blot analysis was performed at 24 hours after
scratch injury and other treatments. An 8% SDS acrylamide
gel was used for detecting Rab11a (1: 1000; Cell Signaling
Technology). SDS-polyacrylamide gel (10%) was used for de-
tecting Beclin-1 at 1: 1000 and P62 at 1: 1000; both from
Cell Signaling Technology, SDS-polyacrylamide gels (12%)
were used for detecting CD9 at 1: 2000, CD63 at 1: 1000,
both from Abcam; and cleaved caspase-3 at 1: 1000, Bcl-2 at
1: 1000, LC3B at 1: 1000, and Rab11a at 1: 1000, all from Cell
Signaling Technology. B-Actin at 1: 1000 from Cell Signaling
Technology was used as the internal control. For densitometry,
the ChemiDoc XRS+ Imaging System (Bio-Rad) was used.
Measurement of mean pixel density of each band was per-
formed with Quantity One software (Bio-Rad). The informa-
tion of the antibodies mentioned above are detailed in Table 3.

Primer sequence, 5’-3’

miR-21-5p ACGTTGTGTAGCTTATCAGACTG AATGGTTGTTCTCCACACTCTC

e crcGaTTCGGCAGCACA AACGCTTCACGAATTTGCGT
CRablla CCTGGTCCCACAGATACCAC CTCAGACCTGGGAMATGGAC
CeaH GCCAAGGCTGTGGGCAAGGT TCTCCAGGCGGCACGCAGA
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Table 3. List of the antibodies.
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Antibody Manufacturer Catalogue Application Dilution
LC3B CST 3868 IF 1: 200
""""" MAP2  Abam  ApS32  F L2200
""""" e  Abam  Ab92726  WBQ5kDa) 12000
""""" e Abam  Abl93349  WB(6kpa)  1:1000
""""" 8 cT 388  WB(1416kpa) 11000
""""" P cT 23214  wB(2kb) 11000
""""" Becln-1  cT 4122 WB(OKP) 11000
""""" Cleaved Caspase3 ~ cST 962 WB(1%Da) 11000
""""" B2 cT 3498  WB(6kba) 11000
""""" Batm  cT 3700  WB@5kpa  1:1000
""""" Rablta ~  cT 2413 WB(5kD)) 11000

IF — immunofluorescence staining; WB — Western blotting.
Statistical analysis

All data represent the results of at least 3 independent ex-
periments and are expressed as means * standard deviation
(SD). Statistical comparisons were performed using one-way
ANOVA followed by least-significant difference post hoc anal-
yses or Student’s t-tests. P values less than 0.05 were con-
sidered significant.

Result

The expression of miR-21-5p were increased in HT-22
neurons and their exosomes after treatment with rTBI
mouse brain extracts

In order to detect the expression of miR-21-5p in neuronal
exosomes after TBI, we first cultured HT-22 cells — a common
mouse hippocampal neuron cell line. Pure HT-22 neurons
were characterized by immunofluorescence staining for MAP-2
(Figure 1A, 1B), following which an rTBI mouse model was pre-
pared. Cultured HT-22 cells were treated with extracts of the
injured brain tissue at 3, 7, 14, and 21 days after the last brain
injury. In order to identify the exosomes produced by HT-22
neurons, we isolated the neuron-generated particles from su-
pernatants of the culture medium. TEM was used to observe
the isolated exosomes, which were found double membrane
particles ranging from 40-100 nm in size (Figure 1C). By using
Nano Sight technology, the particle diameter was found to be
heterogeneous, and that the peak diameter was 80.0+0.7 nm
(Figure 1D). Moreover, the expression of CD9 and CD63 were
abundant in the particles (Figure 1E). These results indicated
that these particles were mainly composed of exosomes. Total
RNA was then extracted from HT-22 cells and their exosomes,

and the expression of miR-21-5p was detected by RT-PCR.
Results showed that the expression of miR-21-5p were in-
creased in both HT-22 neurons and neuronal exosomes from
all rTBI groups (Figure 1F, 1G).

Neuronal autophagy was upregulated in the TBI models
in vitro

To clarify the role of autophagy in TBI pathology, scratch-injury
was used in cultured HT22 neurons., following which they
served as in vitro models of TBI (Figure 2A). Expressions of LC3,
P62, and Beclin-1 were detected by using western blot analyses
in HT-22 neurons after injury. Results showed that, compared
with the sham group, there was an increase in the expressions
of LC3 and Beclin-1 and a decrease in the expression of P62
in the injured neurons (Figure 2B, 2C). Immunofluorescence
staining also revealed that LC3 was highly expressed in the in-
jured group (Figure 2D, 2E). This indicated that scratch injury
can upregulate neuronal autophagy. Regulation of the acti-
vated neuronal autophagy might be a way to protect neurons
from trauma-induced injury.

Exosomes from miR-21-5p-overexpressing HT-22 neurons
inhibited scratch injury-induced neuronal autophagy and
exerted a protective effect in vitro

To determine the effects of miR-21-5p-overexpressing HT-22
neurons and their exosomes on nerve injury and neuronal au-
tophagy after TBI in vitro, neuron apoptosis and autophagy were
evaluated. We first transfected miR-21-5p mimics into the cul-
tured HT-22 neurons. Transfection efficiency of miR-21-5p was
identified by RT-PCR, miR-21-5p levels were significantly upreg-
ulated following transfection (Figure 3A). The injured neurons
were then co-cultured with miR-21-5p-overexpressing neurons,
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Figure 1. Identification of exosomes and expression of miR-21-5p in HT-22 neurons and their exosomes after treatment with rTBI
mouse brain extracts. (A) Cultured HT-22 neurons under the transmission light microscope. (B) Immunofluorescence staining
for MAP-2 to identify neurons. (C) TEM image of exosomes isolated from the HT-22 neuron culture medium. The exosomes
presented a round shape and double-layer membrane, with a size range of 40-100 nm. (D) The size distribution of the
neuron-derived particles determined by Nano sight technology. The peak diameter of the particles was 80.8 + 1.9 nm.

(E) Immunoblot analysis showed that expressions of CD9 and CD63 were higher in the neuron-derived particles (par) than
in the supernatant (sup), suggesting that these particles were mainly composed of exosomes. (F, G) Real-time PCR results
reconfirmed that expression of miR-21-5p were upregulated in both HT-22 neurons and neuronal exosomes from all

rTBI groups (n=6/group). *** P<0.001 versus control group. rTBI — repetitive traumatic brain injury; MAP-2 — microtubule-
associated protein 2; TEM — transmission electron microscopy

or with miR-21-5p-overexpressing neurons conditioned with
GW4869, which inhibits the generation of exosomes. We mea-
sured levels of LC3, Beclin-1, P62, cleaved caspase-3, and Bcl-2
via western blot analysis, and further examined LC3 levels via
immunofluorescence staining. Result suggested that expres-
sions of apoptosis mediators (cleaved caspase-3 and Bcl-2)
were increased in the injury group, and were significantly at-
tenuated in the co-cultured group (Figure 3B, 3C). Moreover,
increases in autophagy-related proteins (LC3, Beclin-1) and de-
crease in P62 expression in the injury group were remarkably
attenuated by co-culture treatment (Figure 3D-3G). Similarly,
results of immunofluorescence staining also suggested that LC3
was more highly expressed in the injury group, and was de-
creased by co-culture treatment. These results suggested that
co-culture of injured neurons with miR-21-5p-overexpressing
neurons might inhibit trauma-induced autophagy and exert
protective effects to the injured neurons. However, compared
with the co-culture group, changes in protein levels of LC3,
Beclin-1, P62, cleaved caspase-3, and Bcl-2 were alleviated fol-
lowing GW4869 treatment, indicating that an exosome inhibitor

may reverse the inhibition of autophagy and the protective
effects induced by co-culture with miR-21-5p-overexpressing
neurons (Figure 3B-3G).

In order to confirm that exosomes can be transferred among
the neurons, isolated exosomes were labeled with PKH67 and
incubated with HT-22 neurons. Immunofluorescence staining
experiments showed that the labeled exosomes were trans-
ferred into the HT-22 neurons (Figure 3H). All these results indi-
cate that a co-culture with miR-21-5p-overexpressing neurons
produces a protective effect by suppressing neuronal autoph-
agy in scratch-injured neurons. These effects were probably
achieved via neuronal exosomes.

Exosomal miR-21-5p inhibited the neuronal autophagy by
increasing miR-21-5p expression in the injured neurons

RT-PCR analyses showed that the expression of miR-21-5p
was increased in exosomes harvested from miR-21-5p mimics
transfected HT-22 neurons (Figure 4A). To clarify the effect
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Figure 2. (A-E) Neuronal autophagy was upregulated in the TBI models in vitro. (A) Cultured HT22 neurons with a scratch injury
under the transmission light microscope. (B, C) Immunoblot analysis showed that LC3 11/l and Beclin-1 expressions were
upregulated in cultured HT22 neurons after scratch injury, while P62 expression was downregulated after scratch injury.
(D) Immunofluorescence staining showed upregulation of LC3 puncta in HT22 neurons after scratch injury. ** P<0.01,
*** P<0.001 versus control group. TBI — traumatic brain injury.

of exosomal miR-21-5p on scratch injury-induced neuronal
autophagy, the injured neurons were treated with normal
exosomes or miR-21-5p-overexpressing exosomes. Results
found that scratch injury increased miR-21-5p expression in
neurons, and that such expression was significantly upreg-
ulated following treatment with miR-21-5p-overexpressing
exosomes. There was no significant change in miR-21-5p ex-
pression in injured neurons following treatment with normal
exosomes (Figure 4B). Then the neuronal autophagy-related
proteins including LC3, Beclin-1, and P62 were measured
by western bolt analysis. Results demonstrated that treat-
ment with neuronal exosomes decreased the level of LC3 and
Beclin-1 while increasing the level of P62, especially in miR-
21-5p-overexpressing exosomes treated group (Figure 4C-4F).
These data suggested that suppression effect of autophagy in
injured neurons was mainly caused by exosomal miR-21-5p.

MiR-21-5p targeted Rab11a via repressing translation in
HT-22 neurons

To evaluate the mechanism underlying the suppression of
scratch injury-induced neuronal autophagy by miR-21-5p, po-
tential target molecule was predicted by using bioinformatics
analysis (http://www.targetscan.org/). Results showed that
Rab11a, a protein associated with the process of autophagy,
may be a target of miR-21-5p (Figure 5A). Then a dual-luciferase
reporter assay was performed to identify whether miR-21-5p
could directly target the 3’UTR of Rab11a mRNA. The fragment
of the 3’UTR of Rablla mRNA containing the putative miR-
21-5p binding site or its mutant 3’'UTR was cloned into lucif-
erase reporter vector pGL3 to construct pGL3-Rab11a-3’UTR
WT or pGL3-Rab11a-3’UTR Mut, and then co-transfected with
miR-21-5p mimics or scrambled oligonucleotides into HT-22
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Figure 3. Exosomes from miR-21-5p-overexpressing HT-22 neurons inhibited scratch injury-induced neuronal autophagy and exerted
a protective effect in vitro. (A) Real-time PCR analyses showed that miR-21-5p levels were significantly upregulated in the
cultured HT-22 neurons after transfection with an miR-21-5p mimic. (B, C) Immunoblot analysis showed that expressions
of apoptosis-related proteins (cleaved caspase 3, Bcl-2) were increased in the scratch-injured neurons, and were reduced
after co-cultured with miR-21-5p-overexpressing neurons. This inhibitory effect was alleviated by GW4869 treatment.

(D, E) Immunoblot analysis of autophagy-related proteins (LC3, P62, Beclin-1) revealed that autophagy was inducted in

the cultured neurons after scratch injury and was inhibited after co-cultured with miR-21-5p-overexpressing neurons.

This inhibitory effect was alleviated by GW4869 treatment. (F, G) Immunofluorescence staining showed upregulation

of LC3 puncta in HT22 neurons after scratch injury, which decreased after treatment with co-cultured with miR-21-5p-
overexpressing neurons. Similarly, the inhibitory effect was alleviated by GW4869 treatment. (H) Immunofluorescence
staining revealed that the labeled exosomes were taken into neurons. *** P<0.001 versus control group; ## P<0.001 versus
injury group; & P<0.05, & P<0.01,%4&P < 0.001 versus co-culture group.
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Figure 4. Exosomal miR-21-5p inhibited the neuronal autophagy by increasing miR-21-5p expression in the injured neurons. (A) Real-
time PCR showed that expression of miR-21-5p was increased in exosomes harvested from miR-21-5p mimics transfected
HT-22 neurons. (B) Real-time PCR showed that miR-21-5p expression was increased in HT22 neurons after scratch injury,
and further increasing significantly after treatment with miR-21-5p-overexpressing exosomes. (C-F) Immunoblot analysis
of autophagy-related proteins (LC3, P62, Beclin-1) showed that autophagy was induced in the cultured HT-22 neurons after
scratch injury. Activation of autophagy was inhibited by neuronal exosomes, especially miR-21-5p-overexpressing exosomes.
** P<0.01, *** P<0.001 versus control group; # P<0.01, ##* P<0.001 versus injury group; & P<0.05, & P<0.01 versus injury+

Exo-21* group.

neurons (Figure 5B). Results suggested that relative luciferase
activity was remarkably downregulated in the neurons co-trans-
fected with pGL3-Rab11a-3’UTR WT with miR-21-5p, while no
difference was found in the neurons co-transfected with pGL3-
Rab11a-3’UTR Mut with miR-21-5p, compared with the relative
luciferase activity observed in the control group (Figure 5C).
All of the data revealed that miR-21-5p can directly target the
3’UTR of Rab11a.

To further identify the effect of miR-21-5p on Rab11a expres-
sion, we respectively transfected miR-21-5p mimic and nega-
tive control mimic into HT22 neurons. Overexpression of miR-
21-5p remarkably suppress the protein expression of Rab11a,
and no apparent difference was observed in the negative con-
trol mimic group, relative to the levels observed in injury group
(Figure 5D, 5E). Moreover, there were no obvious changes in
levels of Rab11a mRNA expression among the injury group
and transfected groups (Figure 5F). The result indicated that
miR-21-5p suppressed the translation of Rab11a, rather than

its transcription. In addition, we also examined the expression
of autophagy-related proteins to evaluate the direct effect of
miR-21-5p on autophagy in injured neurons. As expected, our
results indicated that autophagy was inhibited in injured neu-
rons transfected with the miR-21-5p mimic, except the nega-
tive control mimic group (Figure 5G, 5H). These results dem-
onstrated that miR-21-5p had induced autophagy inhibition in
the injured neurons, possibly by targeting Rab11a.

Overexpression of miR-21-5p mainly suppressed Rab11a-
mediated neuronal autophagy

To further clarify the contribution of Rab11a to the suppres-
sion of neuronal autophagy, a functional rescue experiment
was carried out by overexpressing Rabl1la in injured HT-22
neurons. MiR-21-5p mimic and Rab11a overexpression plas-
mid were co-transfected into the neurons prior to scratch-in-
jury. Moreover, we also transfected si-Rab11a and si-negative
control into the HT-22 neurons. Western blot analyses showed
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Figure 5. miR-21-5p targeted Rab11a via repressing translation in HT-22 neurons. (A) The potential binding sites for miR-21-5p in the
Rabl1la 3’UTR, which were predicted by using bioinformatics analysis (http://www.targetscan.org/). (B) The WT (Rabl1la WT
3’UTR) and mutant type (Rab11a mut 3’UTR) luciferase reporter constructs exhibited intact and mutated seed sequences
(underlined), respectively, in the miR-21-5p binding site. (C) The relative luciferase activity of the WT and mut reporter
constructs, which were co-transfected with either the miR-21-5p mimic or scrambled oligonucleotides. Data indicated that
miR-21-5p inhibited the luciferase activity of the WT, but not the mut type. (D, E) Immunoblot analysis showed that Rab11a
expression was upregulated in the cultured HT22 neurons after scratch injury. Overexpression of miR-21-5p suppressed
the protein expression of Rab11a, and no apparent difference was observed in I+ NC mimic group, relative to the levels
observed in injury group. (F) No obvious differences in Rab11a mRNA expression were observed among the injury group and
transfected groups. (G, H) Immunoblot analysis of autophagy-related proteins (LC3, P62, Beclin-1) showed that neuronal
autophagy was inhibited in the I+miR-21-5p mimic group, and no apparent difference was observed in the I+ NC mimic
group, relative to the levels observed in injury group. *** P<0.001 versus control group; # P<0.01, ## P<0.001 versus injury
group. WT — wild-type; Mut — mutant-type; NC — negative control.
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Figure 6. Overexpression of miR-21-5p mainly suppressed Rab11a-mediated neuronal autophagy. (A, B) Immunoblot analysis showed
that overexpression of Rab11a reversed the miR-21-5p-induced inhibition of Rab11a, and that silencing of Rab11a by siRNA
suppressed Rab11a expression in the scratch-injured neurons. (C-F) Overexpression of Rab11a blocked miR-21-5p-induced
inhibition of neuronal autophagy, and silencing of Rab11a by siRNA mimicked the effects of miR-21-5p in the scratch-
injured neurons. ** P<0.01, *** P<0.001 versus miR-21-5p+vector group; ** P<0.01, ### P<0.001 versus NC+vector group.

NC - negative control.

that overexpression of miR-21-5p suppressed Rablla pro-
tein expression, and co-transfection of Rabl1a overexpres-
sion plasmid reversed this inhibitory effect (Figure 6A, 6B). In
addition, normal neuronal expression of Rab11a was silenced
by si-Rabl1a (Figure 6A, 6B). More importantly, our results
demonstrated that the inhibitory effects of miR-21-5p over-
expression on autophagic activation were remarkably blocked

by Rab11a overexpression, and that silencing of Rab11a via
SiRNA mimicked the effects of miR-21-5p in scratch injured
neurons (Figure 6C-6F). These data indicated that Rab11a, as
the target of miR-21-5p, plays a pivotal role in the process of
scratch injury-induced neuronal autophagy.
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Discussion

In this study, we confirmed that miR-21-5p levels in neuronal
exosomes increase from the acute to chronic phase of TBI at
first. Then we investigated whether neuronal exosomes en-
riched with miR-21-5p have a protective effect on a TBI model
in vitro and we also explored the possible mechanism. The re-
sults showed as follows: i) neuronal autophagy was activated
in the HT-22 neurons after scratch injury; ii) exosomes from
miR-21-5p-overexpressing HT-22 neurons significantly allevi-
ated nerve injury by suppressing autophagy in TBI model in
vitro; iii) miR-21-5p loaded as a cargo in the exosomes plays
the key role in the inhibition of neuronal autophagy; iv) miR-
21-5p could specifically binds with the 3’UTR of Rab11a mRNA
to modulate its translation; v) the functional rescue experi-
ment showed the overexpression of Rab11a abrogated the in-
hibition effect of miR-21-5p on neuronal autophagy post-TBI,
suggesting that upregulated miR-21-5p mainly suppressed
Rab11la-mediated neuronal autophagy. Taken together, our re-
sults indicated that neuron derived exosomal miR-21-5p may
represent a therapeutic target for intervention in TBI-induced
neuronal autophagy.

Exosomes are extracellular micro-vesicles that play impor-
tant roles in intercellular communication by transporting
functional cargos such as RNA, lipids, and proteins from one
cell to another [40]. In the central nervous system (CNS), exo-
somes have been proved to be released from different types of
cells, such as neurons, astrocytes, microglia, and oligodendro-
cytes [41-45]. Accumulating evidence demonstrates that exo-
somes in the central nervous system exert a number of roles,
such as intercellular communication, maintenance of myelin-
ation, synaptic plasticity, trophic support of neurons and so
on, suggesting they take part in pathologic changes in many
CNS disorders [32,42,44,46,47]. Neuron derived exosome is
a type of the exosomes derived from CNS, it has been reported
to have a utility as diagnostic biomarkers in Alzheimer disease
(AD), frontotemporal dementia, and dementia with lewy bod-
ies [48-51]. Recent studies suggest that neuron derived exo-
somes may play a vital role in the clearance of AB. Neuronal
exosomes can receive APP from early endosomes after cleav-
age into AP peptides, which may then be secreted from the
cells in exosomes [52,53]. Other studies report that neuronal
exosomes may transmit AP and tau to neighboring cells and
other brain regions, causing the propagation of these toxic car-
gos [48,54,55]. These findings indicate neuronal exosome as
a promising therapeutic target of Alzheimer disease. Although
neuronal exosomes have been studied in chronic neurologic
diseases, especially in neurodegenerative diseases, little at-
tention has been paid to their functions in acute neurologic
diseases, such as TBI.
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Therefore, we focused on studying the impact of miRNAs
loaded in the neuron derived exosomes on injured neurons in
the present study. Using the rTBI mouse model, we harvested
the brain extracts, which were added to the cultured HT-22
neurons, to imitate the microenvironment of injured brain on
in vitro cultured cells. Thus, the neuronal exosomes under TBI
condition could be separately collected from brain-derived exo-
somes for further investigation of their roles in TBI. We con-
firmed that miR-21-5p levels are increased in exosomes re-
leased from HT-22 neurons exposed to TBI brain extracts at
3,7, 14, and 21 days after the last brain injury. MiR-21-5p has
been proved to act as a protective role in several diseases of
the CNS [27,30,56]. In our previous work, we identified that
the level of miR-21-5p in brain was increased after TBI [26].
Our previous studies also suggested that miR-21-5p could con-
tribute to improving the nerve injury and neurologic outcome
of TBI both in vivo and in vitro [24,25]. Moreover, we found
miR-21-5p may alleviate blood-brain barrier damage in brain
microvascular endothelial cells [22]. In this present study, we
confirmed that miR-21-5p exert an anti-apoptosis effect on
scratch injured neurons via their transfer by neuronal exo-
somes. Thus, these results suggested that the increased miR-
21-5p in neuronal exosomes confer a neuroprotective effect
in TBI models in vitro.

Autophagy is a self-catabolic process for the degradation of
superfluous or aberrant cytoplasmic components, representing
an essential cell survival mechanism. Autophagy has been con-
firmed to be critical for various biological activities. Recent stud-
ies have suggested that neuronal autophagy is significantly
activated in response to trauma and participate in the patho-
physiological processes of TBI [14,16,17,57]. However, the role
of neuronal autophagy in the pathological process of TBI re-
mains uncertain. Previous studies suggested that trauma in-
duced neuronal autophagy as a protective process at early stage
after TBI, autophagic activation may eliminate aberrant cellular
components and protect neurons against from trauma-induced
injury [14,58]. More recent reports have suggested that dys-
regulated autophagy is associated with neuronal death, in-
hibition of excessive autophagy can attenuate brain injury
and improve neurological outcomes after TBI [12,33]. A se-
ries of microRNAs have been proved involving in the different
autophagy cascades by acting on different targets [59-61].
Emerging studies demonstrated the possible relationship be-
tween miR-21 and autophagy in different diseases. It was re-
ported that miR-21 may promote the proliferation, migration
and invasion of NSCLC A549 cells by regulating autophagy ac-
tivity of NSCLC A549 cells [62]. Another study indicated miR-21
promoted ECM degradation through inhibiting autophagy in
human degenerated NP cells [63]. Furthermore, treatment with
antimiR-21 could promote the autophagy activation and in-
crease chemosensitivity of leukemia cells [64]. In the present
study, we first identified that miR-21-5p-overexpressing HT-22
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neurons could suppress scratch injury-induced neuronal au-
tophagy. Then we proved that neuron derived exosomal miR-
21-5p play the key role in the inhibition of neuronal autophagy,
thus exert neuroprotective effect in scratch injured neurons.
These findings indicate that increased miR-21-5p expression
in neuron derived exosomes may inhibit neuronal autophagy
and influence the pathological progression of TBI.

Furthermore, by using bioinformatics analysis, Rabl1a was
found to be a potential target gene of miR-21-5p. Rab GTPases,
including more than 60 members in the human genome, serve
as multifaceted organizers in almost all membrane and vesicle
trafficking processes [65]. Rab11 was a member of Rab GTPases
family. Recent studies found that Rab11 was involved in both
early and late stages of autophagy and play an important role
in the maturation process of autophagosomes [66-68]. It was
reported that Rab11, involving in the interaction between mul-
tivesicular bodies and autophagic pathway, was required for
autophagosome in K652 cells [69]. Several studies revealed
that recycling endosomes (RE) might be a membrane source
for autophagosome formation and Rab11 was thought to take
part in vesicle trafficking from REs to the sites of autophago-
some formation [70,71]. Another study suggested that Rab11
may promote the fusion of endosomes and autophagosomes
by removing Hook from mature late endosomes [72]. Rab11a,
a member of Rab11 subfamily, has been shown to be critical
to the process of autophagy. One recent report indicated that
Rab11la-positive membrane was a primary direct platform for
canonical autophagosome formation, loss of Rab11a impaired
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Rablla-mediated neuronal autophagy signaling by targeting
Rab11a, thus attenuating trauma-induced, autophagy-medi-
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