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Abstract

In our recent study, we observed consistent increases in miR-124-3p levels in exosomes derived from cultured BV2 micro-
glia which was treated with repetitive traumatic brain injury (rTBI) mouse model brain extracts. To clarify the mechanisms
underlying increases in microglia-derived exosomal miR-124-3p and their role in regulating neuronal autophagy after TBI, we
investigated the impact of exosomal miR-124-3p on neuronal autophagy in scratch-injured HT22 neurons and rTBI mice. We
harvested injured brain extracts from rTBI mice at 3 to 21 days post injury (DPI) for the treatment of cultured BV2 microglia
in vitro. We observed significant induction of autophagy following TBI in vitro, and that inhibition of activated neuronal
autophagy could protect against trauma-induced injury. Our results indicated that co-culture of injured HT22 neurons with
miR-124-3p overexpressing BV2 microglia exerted a protective effect by inhibiting neuronal autophagy in scratch-injured
neurons. Further research revealed that these effects were achieved mainly via upregulation of exosomal miR-124-3p, and
that Focal adhesion kinase family-interacting protein of 200 kDa (FIP200) plays a key role in trauma-induced autophagy.
Injection of exosomes into the vena caudalis in in vivo experiments revealed that exosomal miR-124-3p was associated
with decreases in the modified neurological severity score (mNSS) and improvements in Morris water maze (MWM) test
results in r'TBI mice. Altogether, our results indicate that increased miR-124-3p in microglial exosomes following TBI may
inhibit neuronal autophagy and protect against nerve injury via their transfer into neurons. Thus, treatment with microglial
exosomes enriched with miR-124-3p may represent a novel therapeutic strategy for the treatment of nerve injury after TBI.
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Introduction

Traumatic brain injury (TBI) is a leading cause of death
and disability worldwide, making it a significant medi-
cal, public health, and societal concern [1, 2]. More than
50 million people are newly diagnosed with TBI inter-
nationally each year, with an estimated global economic
cost of $US400 billion. Nearly half of the world’s popu-
lation will have experienced one or more TBIs in their
lifetime [3]. Road traffic incidents, falls, and violence are
the most common causes of TBI [4, 5]. Considering the
rapid modernization of society, increases in the number of
older adults in the population, and continued warfare, the
incidence of TBI increases rapidly each year. Indeed, TBI
has been ranked among the top three specific neurological
conditions accounting for neurodisability globally, both at
present and in projections up to 2030 [6].

TBl initiates a complex series of pathological reactions,
which can be mainly divided into two stages. The pri-
mary insult is mainly caused by external impact, leading
to acute pathological changes including brain contusions,
intracerebral hemorrhage, and axonal shearing. Second-
ary pathological changes—which include oxidative stress,
Ca”* overload, mitochondrial injury, glutamate excitotox-
icity, and neuroinflammation—Iead to further deterioration
of nerve function [7, 8]. Despite the remarkable progress
in pathology, there are still no evidence-based therapeutic
methods for controlling nerve damage following TBI [9],
and the molecular events occurring following TBI remain
to be fully elucidated.

Autophagy is an evolutionarily conserved homeostatic
process in which parts of the cytoplasm are fused within
multi-membraned vesicles termed autophagosomes, fol-
lowing which they are delivered to lysosomes for degrada-
tion [10, 11]. Strikingly, increasing evidence has indicated
that neuronal autophagy is involved in the pathophysiology
of both experimental and clinical TBI [12, 13]. Recent
studies and our preliminary work have supported the
notion that the autophagy pathway is persistently activated
after TBI, which may lead to neurological dysfunction
including motor, sensory, learning, and memory impair-
ments [14—18]. Such findings indicate that suppression
of neuronal autophagy may represent a novel therapeutic
intervention for TBI.

MicroRNAs (miRNAs) are a class of small, non-
coding endogenous RNA molecules that regulate a wide
variety of gene expression at the post-transcription level
by binding to the complementary seed sequences in the
3'-untranslated regions (3'UTRs) of target mRNAs, lead-
ing to mRNA degradation or translational repression [19].
Numerous studies have confirmed that miRNAs play an
important role in the pathological processes of different
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diseases, and accumulating evidence has suggested that
miRNA dysregulation can be observed in both in vivo and
in vitro TBI models [20-22]. Since 2009, our research
team has investigated the roles of and mechanisms under-
lying miRNA function in TBI, demonstrating the involve-
ment of different miRNAs in regulating various cellu-
lar processes after TBI, including neuronal apoptosis,
angiogenesis, the immune—inflammatory response, and
blood—brain barrier (BBB) permeability [23-27]. Signifi-
cantly, an increasing number of miRNAs have been char-
acterized to modulate the major cascades of autophagy,
including autophagy induction, vesicle nucleation, vesi-
cle elongation, autophagosome formation, autophagosome
retrieval, fusion of the autophagosome to a lysosome/
endosome, autolysosome formation, and autolysosome
cargo degradation by targeting important molecular com-
plexes or components for autophagy [28-30]. However,
the role of miRNAs in TBI-induced neuronal autophagy
and the contribution of this process to nerve injury after
TBI remain to be further elucidated.

Exosomes are small bioactive vesicles (40-100 nm)
secreted by various cells in vitro and in vivo under both
physiological and pathological conditions. They 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 miRNAs can be loaded as cargos
into exosomes, and are transferred into target cells by fusing
exosomes with live cells to finish the cell-to-cell transmis-
sion of biological information, thereby affecting numerous
physiological and pathological processes [31]. Moreover,
exosomes are convenient for long-term storage and can
easily cross the BBB while protecting their enveloped mol-
ecules via their bilayer lipid structure [32, 33]. Microglia,
the resident immune cells in the brain, play a key role in
maintaining homeostasis in the brain. In our previous study,
we used a rTBI mouse model and harvested the injured
brain extracts from the acute to the chronic phase of TBI to
treat cultured BV2 microglia in vitro. Then we conducted a
miRNA microarray analysis, observing for the first time that
miR-124-3p levels in microglial exosomes increased most
apparently in the miRNAs. Further research demonstrated
that such increases contribute to neurite outgrowth via the
transfer of miR-124-3p into neurons, and are associated with
improvements in neurological outcomes in rTBI mice [9].
Nonetheless, the specific mechanisms underlying this pro-
cess remain unclear.

These observations suggest that increases in miR-124-3p
in microglial exosomes play a key role in regulating vari-
ous pathological processes after TBI, which may include
neuronal autophagy. Based on these findings, the present
study aimed to clarify whether microglia-derived exo-
somal miR-124-3p plays a protective role by regulating
neuronal autophagy after TBI, and to further explore the
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potential mechanisms underlying the regulation of neuronal
autophagy by microglia-derived exosomal miR-124-3p. The
results of this study are expected to provide insight into the
development of novel therapeutic strategies for regulating
autophagy after TBI using miRNA-manipulated microglial
exosomes.

Materials 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 (CCl)-Induced rTBI Model

TBI is mostly caused by external mechanical forces clini-
cally, and CCI-induced TBI model simulates this mecha-
nism very well. Outcomes associated with TBI induced by
CCI are consistent with those associated with brain injury in
humans, including deficit s in spatial learning and memory,
recognition memory, a variety of motor functions and so on
[34]. Besides, CCI-induced TBI model has been shown to
produce many clinically relevant pathophysiological changes
including primary and secondary neuronal death, changes
in hippocampal and subventricular zone cell proliferation
disruption of the blood-brain-barrier, and evidence of oxida-
tive stress and inflammation [35]. These features make CCI
induced TBI model one of the most widely used models in
TBI research. In order to clarify the impact of microglial
exosomes on neurological outcomes following TBI, we uti-
lized a CCI-induced rTBI model, which has been shown
to induce obvious neurological impairments [9, 36]. Adult
male C57BL/6 mice (age: 10-12 weeks, weight: 20-25 g)
were purchased from the Chinese Academy of Military Sci-
ence (Beijing, China). The mice were anesthetized with
4.6% isoflurane and then positioned in a stereotaxic frame
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 (eCCI, model
6.3; American Instruments, Richmond, VA, USA) was then
extended to its full impact distance, positioned on the sur-
face 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
performed four times at 24-h intervals [36]. Any mice with a
herniation of the dura mater were eliminated from the group
[37]. After each injury, the incision was stitched with inter-
rupted 60 silk sutures, and the mice were then placed in a
well-heated cage at 37 °C until recovery of consciousness.
Mice from the control group underwent the same procedures

except for cortical impact. Soaked soft mouse food was pre-
pared for the mice that had undergone surgery.

Preparation of Brain Extracts

To prepare the brain extracts, mice were anesthetized and
euthanized via transcardiac perfusion with cold PBS at 3,7,
14, or 21 d after the last brain injury (n=6 animals per time
point) [38]. The injured hemispheres of the brain were dis-
sected and isolated on ice. Brain tissue from each time point
was homogenized by adding neurobasal medium containing
2% B27 and 1% glutamine (Thermo Fisher Scientific) at a
concentration of 100 mg/ml. The homogenate was centri-
fuged at 12,000 g for 20 min at 4 °C. The supernatant from
brain tissue extracts was collected and stored at — 80 °C.

BV2 Microglia Culture and Treatment with rTBI Brain
Extracts

BV2 microglial cells were purchased from China Infrastruc-
ture of Cell Line Resources (Beijing, China). For the experi-
ments, cells were seeded into 6-well plates at a density of
5% 10%/cm?, following which they were cultured in DMEM/
F12 culture medium containing 10% FBS, 100 U/ml penicil-
lin, and 0.1 mg/ml streptomycin (Thermo Fisher Scientific)
at 37 °C. Pure BV2 microglia were identified via immuno-
fluorescence staining for Iba-1. Microglia were then washed
twice with PBS and cultured in neurobasal medium prior to
treatment with the brain extracts. The brain extracts from
r'TBI or control mice were added to the culture medium at a
ratio of 1:10 (extracts/culture medium). After 24 h of treat-
ment, the culture medium containing the brain extracts was
removed, and the microglia were washed twice with PBS
to avoid any interference of FBS on the exosomes. Micro-
glia were cultured for another 48 h in serum-free neurobasal
medium before subsequent isolation of exosomes [38].

Microglial Exosome Isolation, Identification,
and Labeling

In order to isolate microglial exosomes, the supernatant
of the microglia culture medium was collected into 50-ml
polypropylene tubes and centrifuged at 300 g for 10 min
at 4 °C to remove the free cells. The supernatant was then
transferred into a fresh centrifuge tube and was centrifuged
at 2000 g for 10 min at 4 °C to remove cell debris, follow-
ing which it was centrifuged again at 10,000 g for 30 min at
4 °C to further remove the cell particles. Then, the super-
natant was filtered to remove dead cells and particles larger
than 200 nm using a 0.22 mm filter (Millipore-Sigma).
Next, ultracentrifugation was performed at 100,000 g for
70 min at 4 °C to collect the exosomes. The supernatant
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was discarded, and the precipitates were stored at 4 °C for
further experiments.

To identify microglial exosomes, transmission electron
microscopy (TEM, HT7700; Hitachi, Tokyo, Japan) was
used to observe the shape and size of particles in the precipi-
tates. Briefly, the precipitates were diluted in distilled water
(1 mg/ml) and mixed with same amount of 4% paraformal-
dehyde. Twenty microliters of each sample were placed on
a glow-discharged, carbon-coated formvar film attached to
a metal specimen grid. The grid was incubated for 5 min
with 50 ml 1% glutaraldehyde at room temperature, and
washed eight times with 100 ml distilled water (2 min each
time). After it was dried for 30 min, an equal volume of 10%
uranyl acetate was added to the grid for 5 min at room tem-
perature, followed by 50 ml methyl cellulose-uranyl acetate
(5 ml 4% uranyl acetate and 45 ml 2% methyl cellulose) for
10 min at 4 °C. The samples were then dried and examined
via TEM after blotting the redundant solution. Moreover,
the size distribution of particles in the pellets was measured
and analyzed using Nano Sight (Particle Metrix, Meerbusch,
Germany), in accordance with the manufacturer’s protocol.
Western blot analyses were used to examine levels of the
exosome biomarkers CD9 and CD63.

Exosomes were labeled with PKH67 dye (Sigma-
Aldrich), in accordance with the manufacturer’s instructions.
Briefly, an exosome suspension in diluent C was mixed with
4 pL PKH67 and incubated for 10 min at room temperature.
Then, 20 ml of chilled PBS was added to stop the labe-
ling reaction. Labeled exosomes were ultra-centrifuged at
100,000 g for 70 min, washed with PBS, and ultra-centri-
fuged again at 100,000 g, following which the precipitates
were resuspended in PBS.

Transfection of miR-124-3p Mimic and Inhibitor

To investigate the role of miR-124-3p, an miR-124-3p mimic
and inhibitor (Gene Pharma, Shanghai, China) were trans-
fected into microglia and neurons as previously described
(Table 1) [27, 39]. Briefly, the miR-124-3p mimic or inhibi-
tor was diluted to an accurate concentration of 20 mM. Then,
5 ml miR-124-3p mimic or inhibitor was mixed with 5 ml
Lipofectamine-3000 (Thermo Fisher Scientific) in 500 ml
serum-free DMEM/F12 and incubated for 20 min at room
temperature. This transfection solution was washed twice

with PBS and then added to the culture plates. After 48 h
of transfection, the microglia or neurons were prepared for
subsequent experiments. To evaluate transfection efficacy,
real-time PCR was performed to detect the change in level
of miR-124-3p in microglia and their exosomes.

HT22 Cell Culture Studies and Establishment
of a Neuronal Scratch-Injury Model

Since hippocampal neurons are more easily to be injured
in TBI, a mouse hippocampal neuron cell line HT22 was
used in this study. HT22 cell does not express cholinergic
and glutamate receptors like mature hippocampal neurons
in vivo. HT22 cells were purchased from China Infrastruc-
ture of Cell Line Resources (Beijing, China). Cells were cul-
tured in DMEM/F12 culture medium containing 10% FBS,
100 U/ml penicillin, and 100 mg/ml streptomycin (Thermo
Fisher Scientific) in a 37 °C incubator with 5% CO,. The
purity of cultured HT22 neurons was determined via immu-
nofluorescence staining for microtubule-associated protein
2 (MAP-2).

To investigate the impact of traumatic injury on neu-
rons in vitro, a scratch-injury was developed as previously
described [27]. Using a 10-ml pipette tip, cultured HT22
neurons were scratched across the cell surface vertically
and horizontally with a 4-mm space between each line, and
floated cells were washed away using culture medium.

Target Prediction and Luciferase Reporter Assay

For the dysregulated miR-124-3p, target predictions were
made using Target Scan (https://www.targetscan.org/).

A luciferase reporter assay was performed to clarify
whether miR-124-3p directly targeted FIP200 (rblccl)
mRNA in HT22 neurons [40]. Luciferase reporter con-
structs were made by ligating FIP200 3'UTR fragments
containing the predicted binding sites (TargetScan, https
://lwww.targetscan.org/cgi-bin/targetscan/vert_71/view_
gene.cgi?rs=ENST00000025008.5&taxid=9606&showc
nc=0&shownc=0&shownc_nc=&showncfl=&shown
cf2=&subset=1#miR-124-3p.1) into the luciferase reporter
vector pGL3. Briefly, the fragment was amplified from
mouse genomic DNA via PCR. The pGL3-FIP200-3'UTR
construct was then inserted into the pGL3 control vector

Table 1 List of the primer
sequence for quantitative

Primer sequence, 5'-3’

RT-PCR Gene Forward Reverse
miR-124-3p TCTTTAAGGCACGCGGTG TATGGTTTTGACGACTGTGTGAT
U6 CTCGCTTCGGCAGCACA AACGCTTCACGAATTTGCGT
FIP200 CAGGTTCTGGTGGTCAATGG AGCCTTGGTGCTGAAGATGT
GAPDH GCCAAGGCTGTGGGCAAGGT TCTCCAGGCGGCACGCAGA
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containing SV40 promoter (Promega, Madison, WI, USA),
using Xbal enzyme. In addition, a mutant type (Mut) lucif-
erase reporter was generated by deleting the original binding
site for miR-124-3p.

For the reporter assay, HT22 neurons were cultured in
96-well plates. Wild-type (WT) or Mut FIP200-3'UTR was
co-transfected with 200 pmol miR-124-3p mimic or scram-
bled oligonucleotides (Gene Pharma) in neurons using Lipo-
fectamine-3000. After incubation for 48 h, the cells were
harvested, and the luciferase activity was detected using a
dual-luciferase reporter system (Promega, Madison, WI,
USA), in accordance with the manufacturer’s protocol.

Lentivirus Transfection and RNA Interference (RNAi)

To demonstrate the precise effect of miR-124-3p on
autophagy signaling by targeting FIP200, a recombinant
lentiviral vector that overexpresses FIP200 was used. For
specific gene knockdown on FIP200 mRNA, the lentivi-
ral particles of siRNA targeting FIP200 (si-FIP200) or a
scrambled siRNA Control (si-Control) was introduced into
the lentiviral vector (GenePharma, Shanghai, China). They
were transfected into HT22 neurons in accordance with the
manufacturer’s instructions. And the expression levels of
FIP200 were detected by Western blot analysis after 72 h.

In Vitro HT22 Neuron Cultures, Treatment,
and Grouping Methods

In order to investigate the level of autophagy activation fol-
lowing TBI and its effect on nerve injury, HT22 neurons
were divided into three groups: normal cells (Control),
scratch-injury treatment (Injury), scratch-injury + chlo-
roquine (CQ) treatment (Injury + CQ). CQ was prepared
in 3-mM stocks prior to use, respectively, and diluted in
medium to the indicated final concentrations. HT22 cells
were treated with CQ (30 pM) for 48 h. The other groups
were supplemented with an equal amount of PBS as a con-
trol. After 24 h incubation, cell detection was performed as
described later.

We then investigated the effect of microglial exosomes
with overexpression of miR-124-3p on nerve injury
after TBI. A co-culture was established by plating HT22
cells and microglia in a Transwell permeable sup-
port system (0.4 pm pore size, Corning, NY, USA). The
miR-124-3p-upregulated microglia were seeded onto
the upper chamber (UC) of the Transwell system, while
scratch-injured neurons were seeded onto the lower cham-
ber (LC). The exosome inhibitor, GW4869, was used to
inhibit exosome release. The neurons were divided into
four groups: normal cells (Control), scratch-injury treat-
ment (Injury), scratch-injury + miR-124-3p-upregulated
micoglia co-culture (Injury + co-culture), scratch-injury

treatment + miR-124-3p-upregulated microglial exo-
some + GW4869 (Injury + co-culture + GW4869). The cells
were further incubated for 24 h prior to the experiment.

To confirm the role of miR-124-3p from microglial
exosomes on neuronal autophagy, we divided neurons into
four groups: normal cells (Control), scratch-injury treat-
ment (Injury), scratch-injury + miR-124-3p-upregulated
microglial exosome treatment (Injury + Exo-124"), scratch-
injury + microglial exosome treatment (Injury + Exo). The
cells were further incubated for 24 h prior to the experiment.

To investigate the specific mechanisms underlying
increases in miR-124-3p transfer to neurons and their effects
on FIP200 and autophagy after TBI, we divided neurons
into five groups: normal cells (Control), scratch-injury treat-
ment (Injury), scratch-injury + miR-124-3p mimic treat-
ment (Injury + miR-124 mimic), scratch-injury + negative
control (NC) mimic treatment (TBI+ NC mimic), scratch-
injury + miR-124-3p inhibitor treatment (Injury + miR-
124 inhibitor), scratch-injury + NC inhibitor treatment
(Injury + NC inhibitor). The cells were further incubated
for 24 h after injury.

We then investigated the contribution of FIP200 to the
anti-autophagy effect of miR-124-3p in TBI models in vitro.
A functional rescue experiment was performed, and scratch-
injured neurons were divided into four groups: Lentiviral
miR-124-3p mimic + lentiviral vector treatment (miR-
124-3p + Vector), lentiviral miR-124-3p mimic + lentiviral
vector with FIP200 overexpression (miR-124-3p + FIP200),
normal cells + lentiviral vector (NC + Vector), normal
cells + lentiviral vector with si-FIP200 (NC + si-FIP200).
LV-FIP200 and LV-si-FIP200 were transfected into neurons
48 h before injury, and the neurons were further cultured for
24 h after injury.

Immunofluorescence Staining

Immunofluorescence staining was performed to identify
the cultured cells and measure levels of autophagy. The
cells were fixed in 4% PFA for 15 min at room tempera-
ture, following which they were treated with 3% BSA for
30 min at 37 °C to block nonspecific staining. They were
then incubated overnight at 4 °C with primary antibodies:
Iba-1 (1:200), MAP-2 (1:200) (both from Abcam, Cam-
bridge, United Kingdom), LC3 (1:100) (from Cell Signal-
ing Technology, Danvers, MA, USA). The next day, they
were rinsed with PBS, following which they were incubated
with secondary antibodies for 1 h at room temperature. The
nuclei were counterstained with DAPI (Abcam). The cells
were then evaluated under an Olympus microscope (cellSens
system) and an Olympus confocal microscope (FV 1200).
To confirm the neuronal uptake of exosomes, BV2
microglia derived exosomes were labeled with the dye
PKH67. Then, the labeled exosomes were added to the
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HT?22 neurons and incubated at 37 °C for 12 h, follow-
ing which immunofluorescence staining for MAP-2 was
performed.

In Vivo Neurological Outcome assay

To clarify the impact of miR-124-3p overexpression in
microglial exosomes on neurological outcomes after
TBI, several in vivo experiments were performed. The
mice were randomly divided into five groups: sham sur-
gery (Control), rTBI+PBS (rTBI), rTBI + untransfected
microglial exosomes (rTBI+ EXO), rTBI+ miR-124-3p-
upregulated microglial exosomes (r'TBI+EXO0-124%), and
rTBI+ miR-124-3p-downregulated microglial exosomes
(rTBI+ EXO-1247). First, an miR-124-3p mimic/inhibi-
tor was transfected into cultured microglia with Lipo-
fectamine-3000. Then, exosomes generated from these
miR-124-3p-upregulated or -downregulated cells or non-
transfected microglia were harvested and intravenously
injected via tail vein into rTBI mice (30 pg total protein
of exosome precipitate in 200 pl PBS/mouse) at 1 h after
the first impact [41].

As previously described, post-traumatic neurological
impairments were assessed using the modified neurologi-
cal severity score (mNSS), which is based on the results of
motor, sensory, reflex, and balance tests [25, 42]. Tests were
conducted by an observer who was blinded to the experi-
mental conditions and treatments. Tests were performed
before injury and at 1, 3, 7, 14, and 21 DPI to study the effect
of different treatments on neurological function. Neurologi-
cal function was graded on a scale of 0-18, where a total
score of 18 points indicates severe neurological impairment
and a score of 0 indicates normal performance.

The Morris water maze (MWM) test was used to evalu-
ate spatial learning and memory after TBI, as previously
described [24, 43]. The spatial acquisition trial was per-
formed in the daylight period at 21-25 DPI, and the refer-
ence memory probe trial was conducted 24 h after the last
spatial acquisition training (26 DPI). The experiment was
monitored using a tracking system (Ethovision 3.0; Noldus
Information Technology, Wageningen, The Netherlands) to
record the latency to reach the platform, as well as the time
spent in the goal quadrant.

In addition, the rotarod test was used to evaluate tran-
sient motor deficits in different rTBI mouse groups [44]. The
rotarod (Ugo Basile, Comerio, Italy) test was performed in
accelerating rotational mode (440 rpm) 1 day prior to the
first impact, Mice first underwent a training trial for at least
200 s, following which five trials were performed at 1, 3, 7,
14, and 21 DPI. The average latency to fall from the rotating
rod (rotarod latency) was recorded, and mice unable to grasp
the rod were assigned a latency of O s.
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Real-Time PCR

Total RNA was extracted from cultured microglia, micro-
glial exosomes, cultured parental and treated neurons, and
the injured hemispheres using Trizol reagent (Thermo
Fisher Scientific). The RNA concentration and quality were
evaluated using a Nanodrop Spectrophotometer (ND-2000;
Thermo Fisher Scientific). Furthermore, cDNA generation
and quantitative RT-PCR were performed using the Hair-
pin-it miR-124-3p/mRNA RT-PCR Quantitation kit (Gene
Pharma) with corresponding primers (Table 2), in accord-
ance with the manufacturer’s protocols. U6 served as the
internal control for miR-124-3p, and GAPDH was used as
the internal control for FIP200. The Ct was acquired using
the CFX Connect RT-PCR system (Bio-Rad, Hercules, CA
USA). The data were analyzed using the 2724 formula.

Western Blot Analysis

Western blot analyses were performed at 24 h after scratch
injury and other treatments. An 8% SDS acrylamide gel
was used to detect FIP200 (1:1000; CST). SDS—polyacryla-
mide gels (10%) were used to detect Beclin-1 (1:1000;
CST) and P62 (1:1000; CST). SDS—polyacrylamide
gels (12%) were used to detect CD9 (1:2000) and CD63
(1:1000; both from Abcam Inc.), as well as cleaved caspase
3 (1:1000), Bcl-2 (1:1000), and LC3B (1:1000) (all from
Cell Signaling Technology). p-Actin (1:1000; Cell Sign-
aling Technology) was used as the internal control. The
ChemiDoc XRS +1Imaging System (Bio-Rad) was used
for densitometry. The mean pixel density of each band was
measured using Quantity One software (Bio-Rad). Detailed
antibody information is presented in Table 3.

Statistical Analysis

All data represent the results of at least three independ-
ent experiments (biologically repeated) and are expressed
as means + SD, except for the data from the spatial acqui-
sition trials of the MWM test, which are expressed as
means + SEM. Data from the spatial acquisition trials of the
MWM test and mNSS were analyzed using repeated-meas-
ures analyses of variance (ANOVA). Other statistical com-
parisons were performed using one-way ANOVA followed

Table 2 Sequences of miR-124-3p mimics/inhibitor

MiR-124-3P Sense (5'-3")

miR-124-3p mimics UAAGGCACGCGGUGAAUGCC
Negative control UUCUCCGAACGUGUCACGUTT
miR-124-3p inhibitor GGCAUUCACCGCGUGCCUUA

MircoRNA inhibitor N.C CAGUACUUUUGUGUAGUACAA
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Table 3 List of the antibodies

Antibody Manufacturer Catalogue Application Dilution
LC3B CST 3868 IF 1:100
MAP-2 Abcam Ab5392 IF 1:200
Ibal Abcam Ab5076 IF 1:200
CD9 Abcam Ab92726 WB (25kDa) 1:2000
CD63 Abcam Ab193349 WB (26 kDa) 1:1000
P62 CST 23214 WB (62 kDa) 1:1000
Beclin-1 CST 4122 WB (60 kDa) 1:1000
Cleaved Cas- CST 9662 WB (19 kDa)  1:1000
pase3
Bcl-2 CST 3498 WB (26 kDa)  1:1000
B-Actin CST 3700 WB (45 kDa) 1:1000
LC3B CST 3868 WB 1:1000
(14,16 kDa)
FIP200 CST 12436 WB (200 kDa) 1:1000

by least-significant difference post hoc analyses or Student’s
t-tests. P values less than 0.05 were considered significant.

Results

Levels of miR-124-3p Expression were Increased
in BV2 Microglia and Their Exosomes After
Treatment with rTBI Mouse Brain Extracts

In order to determine the level of miR-124-3p expression
in microglial exosomes after TBI, we first cultured BV2
cells—a common, commercially available mouse micro-
glial cell line. Pure BV2 microglia were identified via
immunofluorescence staining for Iba-1 (Fig. 1a, b), follow-
ing which an rTBI mouse model was prepared. Cultured
microglia were treated with extracts of the injured brain tis-
sue at 3, 7, 14, and 21 DPI. To characterize the exosomes
produced by microglia, we isolated the microglia-generated
particles from supernatants of the culture medium. TEM
was performed to observe the collected exosomes, which
were round particles with a double membrane ranging from
40 to 100 nm in size (Fig. 1c). Nano Sight analysis further
revealed that particle diameter was heterogeneous, and that
the peak diameter was 80.0+0.7 nm (Fig. 1d, e). In addition,
Western blot analyses revealed abundant expression of CD9
and CD63 (Fig. 1f). Our results indicated that these parti-
cles were mainly composed of exosomes. Total RNA was
then extracted from microglia and their exosomes, and the
level of miR-124-3p expression was detected via real-time
PCR. Our results reconfirmed that miR-124-3p levels were
upregulated in both microglia and microglial exosomes from
all rTBI groups (Fig. 1g, h).

Inhibition of Activated Neuronal Autophagy
Protected Against Trauma-Induced Injury In Vitro

To further investigate the role of autophagy in TBI pathol-
ogy, scratch-injury experiments were performed using cul-
tured HT22 neurons. Pure HT22 neurons were identified via
immunofluorescence staining for MAP-2, following which
they served as in vitro models of TBI (Fig. 2a—c). Western
blot analyses were performed to detect LC3-II/1, P62, Bec-
lin-1, cleaved caspase 3, and Bcl-2 expression in neurons
after scratch injury. Our findings indicated that TBI led to
an increase in neuronal levels of LC3, Beclin-1, cleaved
caspase 3, and Bcl-2, as well as decreases in levels of P62
(Fig. 2d-i). Immunofluorescence staining revealed that
LC3, a well-established marker of autophagy, was highly
expressed in the injured neurons (Fig. 2j, k). These results
suggest that scratch injury can activate neuronal autophagy
and lead to neuronal apoptosis.

To further clarify whether inhibition of neuronal
autophagy can protect against trauma-induced injury, the
injured neurons were treated with CQ, a commonly used
inhibitor of autophagy. We then measured levels of LC3,
cleaved caspase 3, and Bcl-2 via Western blot analysis, and
further examined LC3 levels via immunofluorescence stain-
ing. Our results indicated that levels of cleaved caspase 3
and Bcl-2 were lower in the CQ-treated group than in the
injury group, while levels of LC3 were higher (Fig. 2d, e,
h-k). Taken together, these results clearly demonstrate that
autophagy is significantly induced following TBI in vitro.
Furthermore, induction of autophagy following TBI may be
responsible for neuronal damage, and inhibition of activated
neuronal autophagy may protect against trauma-induced
injury.

Exosomes from miR-124-3p-Overexpressing
Microglia Exerted a Protective Effect in Injured
Neurons by Inhibiting Neuronal Autophagy

To identify the effects of miR-124-3p-overexpressing
BV2 microglia and their exosomes on neuronal autophagy
after TBI in vitro, we developed a scratch-injury model
using cultured pure HT22 neurons. We first transfected an
miR-124-3p mimic into the cultured microglia. Real-time
PCR revealed that miR-124-3p levels were significantly
upregulated following transfection (Fig. 3a). Then, the
injured neurons were co-cultured with miR-124-3p-over-
expressing microglia, or with miR-124-3p-overexpress-
ing microglia conditioned with GW4869, which inhibits
the generation of exosomes (Fig. 3b). Trauma-induced
increases in autophagy-related proteins (LC3, Beclin-1)
were significantly attenuated by microglia treatment,
which also significantly increased P62 expression (Fig. 3c,
d). In addition, increases in levels of apoptosis mediators
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Fig. 1 Identification of BV2 microglial exosomes and levels of miR-
124-3p expression in BV2 microglia and their exosomes after treat-
ment with extracts of the rTBI mouse brain tissue at 3, 7, 14, and 21
DPI. a Cultured BV2 microglia under the transmission light micro-
scope. b Immunofluorescence staining for Iba-1 to identify micro-
glia, revealing a pure culture. ¢ TEM image of exosomes isolated
from the microglia culture medium. The exosomes exhibited a round
shape and double-layer membrane, with a size range of 40-100 nm.
d, e Nano Sight analysis revealed that the diameter of the particles
was heterogeneous, and that the peak diameter was 80.0+0.7 nm.

(cleaved caspase 3 and Bcl-2) in the injury group were
significantly attenuated in the co-cultured group (Fig. 3e,
f). These results indicate that co-culture of neurons with
miR-124-3p-overexpressing microglia may suppress
trauma-induced autophagy and exert protective effects
in injured neurons. In contrast, following GW4869 treat-
ment, changes in protein levels of LC3, Beclin-1, P62,
cleaved caspase 3, and Bcl-2 were alleviated, indicating
that an exosome inhibitor may reverse the inhibition of
autophagy and the protective effects induced by co-culture
of neurons with miR-124-3p-overexpressing microglia

@ Springer

Control 3d

f Western blot analysis revealed that CD9 and CD63 were more
highly expressed in the microglia-generated particles (par) than in
the microglial supernatant (sup), indicating that these particles were
mainly composed of exosomes. g, h Real-time PCR results recon-
firmed that miR-124-3p levels were upregulated in both microglia and
microglial exosomes from all rTBI groups (n=6 mice/time point).
Data were expressed as mean+SD; N=3 for Nano Sight, N=3 for
Western blot, N=3 for Real-time PCR. ***P <0.001 versus control
group. rTBI repetitive traumatic brain injury, TEM transmission elec-
tron microscopy

(Fig. 3c—f). Furthermore, to demonstrate that microglia-
derived exosomes can enter neurons, exosomes isolated
from the cultured microglia were labeled with PKH67
and incubated with neurons. Immunofluorescence stain-
ing experiments revealed that the labeled exosomes were
taken into the neurons (Fig. 3g). Taken together, these
findings suggest that co-culture of injured neurons with
miR-124-3p-overexpressing microglia exerts a protective
effect by inhibiting neuronal autophagy in scratch-injured
neurons. These effects were likely achieved via microglial
exosomes.
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Microglia-Derived Exosomal miR-124-3p Inhibited
the Activation of Neuronal Autophagy by Increasing
miR-124-3p Expression in the Injured Neurons

Real-time PCR analyses revealed that exosomes harvested
from BV2 microglia transfected with an miR-124-3p mimic
exhibited increases in miR-124-3p levels (Fig. 4a). To dem-
onstrate the impact of exosomal miR-124-3p on neuronal
autophagy induced by trauma injury in neurons, the scratch-
injured neurons were treated with normal exosomes or miR-
124-3p-overexpressing exosomes. Real-time PCR analysis
revealed that scratch injury increased levels of miR-124-3p
expression in neurons, and that such expression was remark-
ably upregulated following treatment with miR-124-3p-over-
expressing exosomes. However, no significant changes in
miR-124-3p expression were observed in injured neurons
treated with normal exosomes (Fig. 4b). We then measured
neuronal expression of autophagy-related proteins includ-
ing LC3, Beclin-1, and P62 following injury and exosome
treatment. Our data demonstrated that treatment with micro-
glial exosomes inhibited the expression of LC3 and Bec-
lin-1 while promoting the expression of P62, especially in
neurons treated with miR-124-3p-overexpressing exosomes
(Fig. 4c—f). These results indicated that inhibition of acti-
vated neuronal autophagy in the injured neurons was due to
microglia-derived exosomal miR-124-3p.

miR-124-3p Targeted FIP200 and Suppressed
Activated Neuronal Autophagy in Injured Neurons

To explore the mechanism underlying the suppression of
trauma-induced neuronal autophagy by miR-124-3p, we pre-
dicted the potential target genes of miR-124-3p using bioin-
formatics analysis (https://www.targetscan.org/). Our results
indicated that the 3' UTR of FIP200 mRNA has unique
complementary binding sites for miR-124-3p, indicating
that FIP200 may be a target of miR-124-3p (Fig. 5a). To
identify whether miR-124-3p could directly target the 3"UTR
of FIP200 mRNA, we performed a dual-luciferase reporter
assay. The fragment of the 3'UTR of FIP200 mRNA contain-
ing the putative miR-124-3p binding site or its mutant 3'UTR
was cloned into luciferase reporter vector pGL3 to construct
pGL3-FIP200-3'UTR WT or pGL3-FIP200-3'UTR Mut, and
then co-transfected with miR-124-3p mimics or scrambled
oligonucleotides into neurons (Fig. 5b). Our results indicated
that relative luciferase activity was significantly decreased
in the neurons co-transfected with pGL3-FIP200-3'UTR
WT with miR-124-3p, whereas no apparent difference was
observed in the neurons co-transfected with pGL3-FIP200-
3'UTR Mut with miR-124-3p, relative to levels observed in
the control group (Fig. 5c). These findings confirmed that
miR-124-3p can specifically target and suppress the 3'UTR
of FIP200.

To further confirm the effect of miR-124-3p on FIP200
expression in the injured neurons, we respectively trans-
fected an miR-124-3p mimic, miR-124-3p inhibitor, nega-
tive control mimic, and inhibitor directly into cultured
HT22 neurons. Overexpression of miR-124-3p signifi-
cantly decreased the protein expression of FIP200, while
low expression of miR-124-3p produced the opposite result
(Fig. 5d, e). However, among these transfected groups,
there were no obvious changes in levels of FIP200 mRNA
expression (Fig. 5f). These results suggest that miR-124-3p
mainly suppress the translation of FIP200, rather than its
transcription. In addition, we examined the expression of
autophagy-related proteins to evaluate the direct effect of
miR-124-3p on autophagy in injured neurons. As expected,
our results indicated that autophagy was inhibited in injured
neurons transfected with the miR-124-3p mimic, while it
was slightly enhanced in injured neurons transfected with
the miR-124-3p inhibitor (Fig. 5g, h). These results demon-
strated that miR124-3p had induced autophagy inhibition in
the injured neurons, possibly by targeting FIP200.

Overexpression of miR-124-3p Mainly Suppressed
FIP200-Mediated Autophagy in Injured Neurons

To further demonstrate the contribution of FIP200 to
the inhibition of neuronal autophagy, a functional rescue
experiment was performed by overexpressing FIP200 in
injured neurons. LV-FIP200 and LV-miR-124-3p were co-
transfected into the neurons prior to scratch-injury. In addi-
tion, we transfected LV-si-FIP200 and an LV-si-negative
control into the neurons, respectively. Western blot analy-
ses revealed that overexpression of miR-124-3p inhibited
FIP200 protein expression, and that co-transfection of LV-
FIP200 reversed this inhibitory effect (Fig. 6a, b). Moreo-
ver, neuronal expression of FIP200 was silenced by LV-
si-FIP200 (Fig. 6a, b). Furthermore, our results indicated
that the inhibitory effects of miR-124-3p overexpression on
autophagic activation were significantly blocked by FIP200
overexpression, and that silencing of FIP200 via siRNA
mimicked the effects of miR-124-3p in neurons subjected
to scratch injury (Fig. 6¢—f). These findings further verified
that overexpression of FIP200 can eliminate the inhibitory
effects of miR-124-3p on autophagy. These results suggest
that FIP200, as the target of miR-124-3p, plays a key role in
trauma-induced autophagy and may promote neuroprotective
effects in the injured neurons.

Overexpression of miR-124-3p in Microglial
Exosomes Ameliorated TBI-Induced Neurological
Outcomes In Vivo

To clarify the impact of miR-124-3p overexpression in
microglial exosomes on TBI-induced neurological outcomes
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«Fig.2 Neuronal autophagy was significantly induced after TBI
in vitro, and inhibition of activated neuronal autophagy protected
against trauma-induced injury. a Cultured HT22 neurons under the
transmission light microscope. b Cultured HT22 neurons with a
scratch injury under the transmission light microscope. ¢ Immuno-
fluorescence staining for MAP-2 to identify HT22 neurons, reveal-
ing a pure culture. d, e Western blot analysis revealed that LC3 II/I
expression was upregulated in cultured HT22 neurons after scratch
injury, further increasing following treatment with CQ. f, g Beclin-1
expression was upregulated after scratch injury and downregulated
after treatment with CQ, while P62 expression was downregulated
after scratch injury and upregulated after treatment with CQ. h, i
Western blot analysis revealed that cleaved caspase 3 and Bcl-2 levels
were increased in the scratch-injured neurons, although CQ treatment
attenuated such increases. j, k Immunofluorescence staining revealed
upregulation of LC3 puncta in HT22 neurons after scratch injury,
which increased further after treatment with CQ. Data were expressed
as mean+SD; N=4-5 for Western blot, N=3 for Immunofluo-
rescence staining. **P<0.01, ***P<0.001 versus control group;
#P<0.05, " P<0.001 versus injury group. TBI traumatic brain
injury, MAP-2 microtubule-associated protein 2, CQ chloroquine

in vivo, mice were subjected to various behavioral tests
(mNSS, rotarod test, MWM test). The mNSS test was per-
formed from 1 to 21 DPI, in order to evaluate long-term
neurological function. Our results indicated that, in the rTBI
group, the recovery of mNSS began at 3 DPI and continued
until 21 DPI. Furthermore, mNSS was significantly lower
in the r'TBI + miR-124-3p-upregulated microglial exosomes
(rTBI+EXO-124") group and significantly higher in the
rTBI + miR-124-3p-downregulated microglial exosomes
(rTBI+EXO-1247) group at 7, 14, and 21 DPI than scores
observed in the rTBI group (Fig. 7a). The rotarod test was
used to evaluate motor performance. After 4 weeks, con-
trol animals exhibited improvements in rotarod test perfor-
mance, while rTBI animals exhibited noticeable impair-
ments. In addition, when compared with the rTBI group, the
rTBI+ Exo-124" group exhibited significant improvements
in rotarod test performance, while the opposite results were
observed in the rTBI+ Exo-124" group, at 7, 14, and 21
DPI. (Fig. 7b). Furthermore, in the spatial navigation tri-
als of the MWM test, escape latency gradually decreased
from 21 to 25 DPI, indicating that spatial memory had been
established. Probe trials were performed at 26 DPI to exam-
ine retrograde reference memory, where more time spent in
the goal quadrant demonstrates better memory. Our results
indicated that rTBI led to obvious neurological impair-
ments, reflected by increased escape latency and decreased
time spent in the goal quadrant. When compared with the
rTBI group, the rTBI + Exo-124" group exhibited decreased
escape latency and increased time spent in the goal quadrant,
while the opposite results were observed in the rTBI+ Exo-
124~ group (Fig. 7c, d). Taken together, these results demon-
strated that treatment with miR-124-3p-upregulated micro-
glial exosomes can ameliorate TBI-induced neurological
outcomes.

Discussion

In the present study, we reconfirmed that there was a con-
sistent increase in miR-124-3p levels in exosomes derived
from cultured BV2 microglia which was treated with rTBI
mouse model brain extracts. Furthermore, our results
demonstrated that microglial exosomes enriched with
miR-124-3p may exert protective effects in both in vivo
and in vitro models of TBI: Increases in miR-124-3p in
microglial exosomes significantly reduced neuronal injury
by suppressing scratch injury-induced autophagy in HT22
neurons. Moreover, such increases improved neurologi-
cal outcomes in rTBI mice. Further research revealed that
miR-124-3p specifically binds with the 3'UTR of FIP200
mRNA to modulate its translation. As FIP200 is a key
protein of the autophagy signaling pathway, this result
sheds light on the molecular mechanisms underlying anti-
autophagy induced by miR-124-3p. Finally, our results
indicate that miR-124-3p may represent a therapeutic tar-
get for intervention in TBI-induced neuronal autophagy.
A summary diagram that relates the different strands of
the experiment and explains the inter-relationship between
the different experiments is provided in Fig. 8. Indeed,
our findings may aid in the development of novel thera-
peutic strategies for TBI via intravenous administration of
miRNA-manipulated microglial exosomes.

Exosomes are endogenous micro-vesicles that play
pivotal roles in intercellular signaling by transporting
functional cargos such as RNA, lipids, and proteins from
one cell to another [45]. In the central nervous system,
the comprehensive connection between neurons and glia
(including microglia, the immune cells of the brain) takes
advantage of secreted exosomes, which mediate intercel-
lular communication over long distances [46]. Emerging
evidence supports a critical role for exosomes in mediating
complex and coordinated communication among micro-
glia and neurons, suggesting that they regulate patho-
logic changes in various neurological disorders [47—-49].
Microglia-derived exosomes have been reported to harbor
contents similar to those of exosomes originating from
B-cells and dendritic cells, consistent with their roles
in the immune system [50]. Microglial exosomes may
physiologically modulate neuronal synaptic activity by
promoting neuronal production of ceramide and sphin-
gosine [51]. In addition, microglial exosomes can stim-
ulate type-1 cannabinoid receptors (CB1) expressed by
GABAergic neurons and inhibit presynaptic transmission
by carrying N-arachidonoylethanolamine on their surface
[52]. Recent studies have reported that recombinant treat-
ment of primary microglia increases exosome secretion
via a GSK3-independent mechanism, and in turn stimu-
lates the release of exosomes containing Wnt3 [53]. This
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discovery indicates that microglial exosomes regulate the
pathologic development of diseases such as Alzheimer’s
disease (AD), since the Wnt signaling pathway is closely
related to the development of neurodegenerative diseases.
In addition, microglial exosomes have been proven to pro-
mote amyloid clearance in AD models by increasing the
activity of exosome-associated insulin degrading enzyme
(IDE), a zinc metallopeptidase known to efficiently
degrade amyloid-f protein (Af) [54]. Moreover, recent
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studies have demonstrated that microglial exosomes play
a role in tau dissemination, reporting that a certain pro-
portion of tau is released from neurons via exosomes in
AD [55]. Accumulating evidence has indicated that micro-
glial exosomes also take part in other CNS diseases, such
as infection and neuroinflammation. Our previous study
was the first to report that there was a consistent increase
in miR-124-3p levels in exosomes derived from cultured
BV2 microglia which was treated with rTBI mouse model
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Fig.4 Microglia derived exosomal miR-124-3p inhibited the activa-
tion of neuronal autophagy by increasing miR-124-3p expression
in the injured neurons. a Real-time PCR revealed that miR-124-3p
expression was significantly upregulated in microglial exosomes after
transfection with an miR-124-3p mimic. b Real-time PCR revealed
that miR-124-3p expression was upregulated in HT22 neurons after
scratch injury, further increasing significantly after treatment with
miR-124-3p-overexpressing exosomes. ¢, d, e, f Western blot analy-

brain extracts. Further research demonstrated that micro-
glial exosomes enriched with miR-124-3p can contribute
to neurite outgrowth via its transfer into neurons, and that
such increases are associated with improved neurologi-
cal outcomes in rTBI mice [9]. Therefore, in the present
study, we focused on the precise mechanisms underlying
this process.

Autophagy is a self-catabolic process for the degra-
dation of superfluous or aberrant cytoplasmic compo-
nents, representing an essential cell survival mechanism.
Autophagy has been confirmed to be critical for various
biological activities. Several recent studies have demon-
strated that autophagy is significantly induced after TBI
[15-18]. However, the role of TBI-induced neuronal
autophagy remains controversial. Some early studies
proposed that TBI induced neuronal autophagy may be
responsible for eliminating aberrant cellular components
and maintaining cellular homeostasis, thus serving as a
protective mechanism [17, 56]. More recent reports have
suggested that inhibition of excessive autophagy can
attenuate brain injury and improve neurological outcomes
post-TBI [12—15, 57]. Previous studies have consistently

sis of autophagy-related proteins (LC3, P62, Beclin-1) revealed that
autophagy was induced in the cultured neurons after scratch injury.
Activation of autophagy was inhibited by microglial exosomes,
especially miR-124-3p-overexpressing exosomes. Data were
expressed as mean+SD; N=3 for Real-time PCR, N=5 for West-
ern blot. **P<0.01, ***P <0.001 versus control group; #P<0.01,
###p <0.001 versus injury group; P <0.05 versus I+Exo 124" group

reported that microRNAs can regulate autophagy by act-
ing on different targets involved in the major autophagy
cascades, which include autophagy induction, vesicle
nucleation, vesicle elongation, retrieval, fusion, autolyso-
some cargo degradation, and various signaling pathways
related to autophagy cascades [28, 58-60]. For instance,
growth signals, energy status, genotoxic stress, hypoxic
stress, endoplasmic reticulum (ER) stress, and reactive
oxygen species (ROS) elicit a series of signaling pathways
that initiate or repress autophagy [61-64]. In our previous
work, we observed that miR-124-3p levels increase from
the acute to chronic phase of TBI [9]. Other studies have
reported that decreased miR-124-3p expression promotes
the progression of breast cancer in human cells mainly by
targeting beclin-1 [65]. Furthermore, loss of miR-124-3p
may accelerate autophagy and promote the activation of
cell survival networks in the aggressive mesenchymal sub-
type of KRAS mutant non-small cell lung cancer (NSCLC)
[66]. These findings indicate that increased miR-124-3p
expression in microglia-derived exosomes may inhibit
TBI-induced autophagy and influence the pathological
progression of TBI.
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Based on these findings, we focused our efforts on explor-
ing the impact of miR-124-3p on TBI-induced autophagy,
in order to reveal the protective effects of microglial
exosomes on neuronal injury after TBI. In this study, we
used brain extracts harvested from rTBI model mice, which
were then added to cultured BV2 microglia to imitate the
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microenvironment of TBI in vitro. Exosomes can act as
mediators for cross-talk between cells, such as microglia
and neurons, and are carriers for functional miRNA delivery
[48]. We reconfirmed that miR-124-3p levels are increased
in exosomes released from microglia exposed to TBI brain
extracts at 3, 7, 14, and 21 DPL. It is worth mentioning that a
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«Fig.5 miR-124-3p targeted FIP200 and suppressed activation of
neuronal autophagy in injured neurons. a Schematic representation
of the potential binding sites for miR-124-3p in the FIP200 3'UTR,
which were obtained using publicly available algorithms. b The
WT (FIP200 WT 3'UTR) and mutant type [FIP200 mutant (mut)
3'UTR] luciferase reporter constructs exhibited intact and mutated
seed sequences (underlined), respectively, in the miR-124-3p bind-
ing site. ¢ The relative luciferase activity of the WT and mut reporter
constructs, which were co-transfected with either the miR-124-3p
mimic or scrambled oligonucleotides. Data are presented as the ratio
of luciferase activity from the scrambled oligonucleotides versus
miR-124-3p mimic-transfected HT22 neurons. Our findings indicate
that miR-124-3p inhibited the luciferase activity of the WT, but not
the mut type, 3'UTR reporter construct. Furthermore, miR-124-3p
directly targeted FIP200 and downregulated its expression by binding
to the 3'UTR sites. d, e Western blot analysis revealed that FIP200
expression was upregulated in the cultured HT22 neurons after
scratch injury. When compared with the injury group, expression of
FIP200 was inhibited in the I+ miR-124 mimic group and increased
in the I+ miR-124 inhibitor group. f FIP200 mRNA levels in neurons
were determined via real-time PCR in different groups. No obvious
differences in FIP200 mRNA expression were observed among the
transfected groups. g, h Western blot analysis of autophagy-related
proteins (LC3, P62, Beclin-1) revealed that trauma-induced neu-
ronal autophagy was inhibited in the I+miR-124 mimic group and
promoted in I+miR-124 inhibitor group. Data were expressed as
mean+SD; N=3 for Relative luciferase activity, N=4-5 for West-
ern blot, N=3 for Real-time PCR. ***P <0.001 versus control group;
#p<0.01, #PpP<0.001 versus injury group; 24P <0.001 versus
I+miR-124 mimic group. WT wild-type

recent study demonstrated that there was a chronic downreg-
ulation of miR-124-3p after brain injury [67]. Different brain
injury models (rats with severe TBI induced by lateral fluid-
percussion injury and status epilepticus induced by electrical
amygdala stimulation) and different test samples (dentate
gyrus) might be reasons for the difference between this study
and our research results. More importantly, they focused on
the chronic phase (3 months) after brain injury, which was
also quite different from the time point we selected for detec-
tion. Accumulating evidence demonstrates that miR-124-3p
may play a protective role in several diseases of the CNS.
Such studies have reported that miR-124-3p induces neuro-
protection and functional improvement after focal cerebral
ischemia [68] and may act as target for AD by regulating
BACEI], leading to neuroprotective effects [69]. Another
study revealed that miR-124-3p plays a neuroprotective role
in a 6-hydroxydopamine-induced cell model of Parkinson’s
Disease (PD) via the regulation of ANAXS [70]. One recent
report suggested that miR-124-3p functions as a protector
of dopaminergic neurons during PD via the modulation
of cell apoptosis and autophagy by regulating the AMPK/
mTOR pathway [71]. Our early studies also indicated that
miR-124-3p exerts protective effects in neurons post-TBI. In
accordance with these previous findings, our present results
demonstrate that inhibition of neuronal autophagy using CQ
can protect injured neurons in vitro. Further results revealed
that miR-124-3p-enriched microglial exosomes are taken up

by neurons, resulting in inhibition of autophagic activity.
Thus, these results suggest that the increased miR-124-3p in
microglial exosomes can be transferred to the injured neu-
rons to regulate excessive neuronal autophagy, thereby exert-
ing protective effects against neuronal injury following TBI.

FIP200 encodes an evolutionarily conserved protein char-
acterized by a large coiled-coil region containing a leucine
zipper motif, which is also known as retinoblastoma coiled
coil protein 1 (RB1CC1) [65]. Previous studies have reported
that FIP200 can interact with and regulate the activity of sev-
eral different proteins involved in proliferation, apoptosis,
and cell cycle progression [72, 73]. Recent studies have also
demonstrated that FIP200, which is a crucial component of
the ULK complex, plays an important role in the regulation
of autophagy in mammalian cells [28]. The ULK complex—
which is composed of ULK1, ULK2, ATG13, ATG101,
and FIP200—is critical for autophagosome formation [30].
Therefore, autophagy activation is closely related to cellular
levels of FIP200. However, few studies have investigated the
role of FIP200 in pathological disease processing, mainly
focusing on oncology. In the present study, we identified
FIP200 as a potential target gene of miR-124-3p using bio-
informatics analysis. We subsequently confirmed that miR-
124-3p binds directly to the 3'UTR region of FIP200 mRNA
via a luciferase reporter assay. Notably, overexpression of
FIP200 via lentivirus abrogated the neuroprotective effects
of miR-124-3p on neuronal injury post-TBI, further support-
ing the notion that miR-124-3p protects against TBI-induced
neuronal injury by suppressing FIP200-mediated neuronal
autophagy. Altogether, these findings suggest that increased
levels of miR-124-3p in microglial exosomes can be trans-
ferred to the injured neurons to regulate excessive neuronal
autophagy by suppressing FIP200, thereby exerting protec-
tive effects against neuronal injury post-TBI.

In future studies, we intend to demonstrate the specific
mechanisms underlying the protective effects induced by
increases in miR-124-3p in microglial exosomes against
nerve injury in vivo, and to clarify whether these mecha-
nisms are also associated with the inhibition of autophagy.
We further intend to examine the effects of exosomes on
various cell types in nervous system diseases, including
TBI. Future studies should also aim to clarify whether the
same mechanisms protect against nerve injury caused by
other types of nervous system diseases. Our current work
mainly focuses on the microglial exosomes enriched with
miR-124-3p and their protective effect on injured neurons, it
is speculated that exosomes derived from other types of cells
may have similar effects, such as neurons, astrocytes and so
on. A series of studies on mesenchymal stem cell (MSC)-
derived exosomes for TBI treatment have been reported
recently, indicating that they could improve the neurologic
outcome by promoting endogenous angiogenesis and neu-
rogenesis [74, 75]. It can be inferred that up-regulating the
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miR-124-3p level in MSC-derived exosomes might be a  effects. However, in order to facilitate clinical application
therapeutic approach for TBI. But these speculations still ~ and to prevent degradation of miRNAs by RNase, gene
need to be further verified. In addition, our previous study  delivery tools like exosomes are necessary.

proved that transfection of miR-124-3p mimic alone to In conclusion, our results demonstrate that miR-124-3p
injured neurons could also provide the same neuroprotective  levels in microglial exosomes increase from the acute to
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Fig.7 Overexpression of miR-124-3p in microglial exosomes ame-
liorated TBI-induced neurological outcomes in vivo. The neuro-
logical function of rTBI mice was evaluated using a mNSS, b the
rotarod test, and ¢, d the MWM test. a Results for the mNSS test
indicated that miR-124-3p mimic (or inhibitor) treatment decreased
(or increased) neurological scores from 7 to 21 DPI. b Rotarod test
results indicated that miR-124-3p mimic (or inhibitor) treatment
increased (or decreased) the rotarod latency from 7 to 21 DPL ¢, d
Escape latency for the spatial acquisition trial was shortened, and

chronic phase of TBI. Furthermore, our findings indicate
that microglial exosomes enriched with miR-124-3p can
inhibit the activity of FIP200-mediated neuronal autophagy
signaling by targeting FIP200, thus attenuating trauma-
induced, autophagy-mediated nerve injury in vitro (Fig. 9).
Our study also suggests that treatment with microglial

- rTBI+Exo-124-
-+ rTBI+Exo-124+
-6~ rTBI+Exo

== rTBI
3504 -©- Control

300
2504

200
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150+
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50- .

304

20
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time spent in the goal quadrant for the probe trial was improved by
miR-124-3p mimic treatment, whereas the opposite results were
observed following miR-124-3p inhibitor treatment. n=6-8mice/
group. Data were expressed as mean+SD a, b, d or mean+SEM c;
N=3 independent experiments. *P <0.05, **P<0.01 versus rTBI
group. rTBI repetitive traumatic brain injury, mNSS modified Neu-
rological Severity Score, MWM Morris water maze, DPI days post
injury

exosomes enriched with miR-124-3p represents a promising
therapeutic strategy for the treatment of nerve injury after
TBI. Microglial exosomes manipulated with miRNA may
thus represent a novel therapy for TBI and other neurologic
diseases.
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o A d BV2 microglia (Fig.1 a, b) were treated with rTBI mouse
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B Isolation and identification of BV2 microglial exosomes
* (Fig. 1c-f)

miR-124-3p were upregulated in microglia and microglial
* exosomes from rTBI groups (Fig. 1g, h)

A Inhibition of activated neuronal autophagy alleviated nerve

= apoptosis after scratch injury (Fig. 2d-k)

Microglia derived exosomal miR-
124-3p protected against trauma-
induced nerve injury by inhibiting
the activation of autophagy in vitro

Exosomes from miR-124-3p-overexpressing microglia protected
* injured neurons by inhibiting autophagy (Fig. 3a-g)

C Microglia derived exosomal miR-124-3p inhibited the activation
* of neuronal autophagy in the injured neurons (Fig. 4a-f) )

FIP200 was predicvted to be a target of miR-124-3p, and it was
* identified by luciferase reporter assay (Fig. 5a-c)

Overexpression of miR-124-3p
mainly suppressed FIP200-

mediated autophagy in injured
neurons L

- A Exosomal miR-124-3p treatment decreased mNSS of rTBI mice
* from 7 to 21 DPI (Fig . 7a)

B Exosomal miR-124-3p treatment improved the rotarod latency
* of rTBI mice from 7 to 21 DPI (Fig . 7b)

B By targeting FIP200, miR124-3p inhibited the activation of
* neuronal autophagy in the injured neurons (Fig. 5d-h, Fig. 6)

Overexpression of miR-124-3p in
microglial exosomes ameliorated
TBl-induced neurological
outcomes in vivo

C Exosomal miR-124-3p treatment ameliorated the MWM test
* results of rTBI mice (Fig . 7c, d)

Fig.8 Summary diagram of different strands of the experiment
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Fig.9 Schematic illustration of the mechanism underlying the effects of microglia-derived exosomal miR-124-3p on neuronal autophagy after
TBI. TBI traumatic brain injury
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