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Repetitive mild traumatic brain injury (rmTBI) is considered
to be an important risk factor for long-term neurodegenera-
tive disorders such as Alzheimer’s disease, which is character-
ized by b-amyloid abnormalities and impaired cognitive
function. Microglial exosomes have been reported to be
involved in the transportation, distribution, and clearance
of b-amyloid in Alzheimer’s disease. However, their impacts
on the development of neurodegeneration after rmTBI are
not yet known. The role of miRNAs in microglial exosomes
on regulating post-traumatic neurodegeneration was investi-
gated in the present study. We demonstrated that miR-124-
3p level in microglial exosomes from injured brain was
significantly altered in the acute, sub-acute, and chronic
phases after rmTBI. In in vitro experiments, microglial exo-
somes with upregulated miR-124-3p (EXO-124) alleviated
neurodegeneration in repetitive scratch-injured neurons.
The effects were exerted by miR-124-3p targeting Rela, an
inhibitory transcription factor of ApoE that promotes the
b-amyloid proteolytic breakdown, thereby inhibiting b-amy-
loid abnormalities. In mice with rmTBI, the intravenously in-
jected microglial exosomes were taken up by neurons in
injured brain. Besides, miR-124-3p in the exosomes was
transferred into hippocampal neurons and alleviated neuro-
degeneration by targeting the Rela/ApoE signaling pathway.
Consequently, EXO-124 treatments improved the cognitive
outcome after rmTBI, suggesting a promising therapeutic
strategy for future clinical translation.
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INTRODUCTION
Traumatic brain injury (TBI) is defined as a head injury suffered from
external physical force that induces brain function impairment. It is
the most common cause of mortality and disability in children and
young adults.1 More than 50 million people worldwide are affected
by a new TBI case annually, with an overall economic cost of about
US $406 billion.2 In addition, as a growing public health problem,
Molec
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TBI is estimated to become the third leading cause of disease burden
by 2020.3

The degree of brain damage and the symptomology are the criteria to
define mild, moderate, and severe TBI. Mild TBI, known as brain
concussion, is characterized by a neurological impairment in the
absence of structural damage and accounts for almost 70% of TBI
cases (upward of 40 million events) reported each year.4,5 Athletes
in full-contact sports, military personnel, and elderly people with
declined mobility are at high risk of exposure to repetitive mild TBI
(rmTBI).6,7 It could result in long-term neurodegenerative disorders,
including Alzheimer’s disease (AD), which is characterized by b-am-
yloid (Ab) abnormalities in injured brains and neurocognitive
impairments.8

The mechanism of Ab deposition in rmTBI has not been fully eluci-
dated. Some research has indicated that rmTBI could lead to axonal
injury that disrupts axonal transport and, thus, induce the accumula-
tion of amyloid precursor protein (APP), b-secretase, and g-secretase
in the axonal bulbs and result in the generation and secretion of Ab
from the swollen bulbs into brain parenchyma.9,10 In addition, Ab
formation after TBI is suggested to be closely related to vascular
dysfunction. Blood-brain barrier disruption, hypo-perfusion, and
ischemia after TBI may contribute to Ab abnormalities through acti-
vating b- and g-secretase.11 Furthermore, Ab abnormalities induced
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by these acute events after TBI play a significant role in secondary
brain injury cascades, including cerebrovascular damage, oxidative
stress, and endothelial cell dysfunction. The cascades could be exac-
erbated after repeated TBI and finally contribute to the development
of AD-like pathology and symptoms (post-traumatic neurodegener-
ation) in later life.11

The spread and clearance of Ab is another important factor that de-
termines the development of Ab abnormalities and the neurological
outcome in neurodegenerative diseases. Serving as the phagocytic
cells of the CNS, microglia are the first defensive immune cells of
brain and are responsible for Ab clearance.12 Recently, growing ev-
idence has shown that the microglial extracellular vesicles (EVs) are
involved in the transportation, distribution, and clearance of soluble
toxic Ab peptides in AD.13 Specifically, the EVs can be divided into
exosomes (30–100 nm) and microparticles/microvesicles (100–
1,000 nm) by size. They are formed and stored within their origin
cells and are released to interact with other cells via a specific recep-
tor at the cell surface or by mixing their cargos with cellular
contents after endocytosis. The cargos mainly include proteins
and nucleic acids, giving the EVs various types of biochemical
potential.14 For the microglial EVs, previous studies reported that
they could carry the soluble neurotoxic Ab species when the Ab
fibril forms under pathological conditions and activates the innate
immune receptor complex located on the cell surface of
microglia.12,15 On the one hand, the microglial EVs containing
Ab may be beneficial, as they could be endocytosed by other micro-
glia and transport Ab into lysosomes for degradation and clear-
ance.16 On the other hand, these EVs may also exert detrimental
effects by promoting the spread of Ab to surrounding cells, such
as neurons, when the microglia are overloaded with Ab.17–19 In
addition, the expression of Ab clearance genes could be downregu-
lated with the progression of AD in response to pro-inflammatory
cytokines produced by activated microglia.20,21 These studies sug-
gest that the beneficial/detrimental effects of microglial exosomes
are determined by the progressing stages of AD and are regulated
by various factors, such as inflammatory cytokines in the micro-
environment of injured brain.

As to rmTBI, the function and underlying mechanism of microglial
EVs on regulating Ab abnormalities and neurodegeneration are not
yet known. Clarifying this issue and identifying the factors that deter-
Figure 1. miRNA Microarray Analysis and qRT-PCR Validation for Microglial Ex
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mine the impact of microglial EVs in different stages of rmTBI are
crucial for exploring therapeutic methods. In our previous studies,
we have demonstrated the regulatory effect of M2 microglial exo-
somes on neuroinflammation after moderate TBI, and we have devel-
oped an rmTBI mouse model for further research.22,23 Based on these
studies, we designed this research to investigate the effects of micro-
RNAs (miRNAs) in microglial exosomes on regulating neurodegen-
eration after rmTBI. The results are expected to expand the previous
understanding of the function and mechanism of microglial exo-
somes in neurodegenerative diseases and open a new avenue of ther-
apeutic strategy for improving the cognitive outcome after rmTBI,
using miRNAs in manipulated microglial exosomes.

RESULTS
ThemiR-124-3p Level inMicroglial Exosomes from Injured Brain

Is Significantly Altered in Different Stages after rmTBI

To study the roles of microglial exosomal miRNAs in the pathological
changes after rmTBI, we developed and used an rmTBI mouse model
that produces clinically relevant symptomology, including chronic
neurodegeneration and cognitive dysfunction within 5–6 weeks
post-injury.22 The model did not induce macroscopic brain damage
and brain edema. However, the eosinophil neurons that indicate
neuronal inflammation could be observed in injured brain at 1 DPI
(day post-injury), suggesting that the repetitive mild brain injury
was successfully established (Figure 1A).22

The microglial exosomes were harvested from the mixed tissue of
bilateral cerebral cortex and hippocampus (Figure 1A) by ultracentri-
fugation at 1, 3, 7, 14, 21, 28, 35, and 42 DPI. The exosomes were iden-
tified by the transmission electron microscopy (TEM) scanning,
nanoparticle tracking analysis (NTA), and western blot. A represen-
tative TEM image shows that the precipitated particles were round in
shape and within a size range of 30–100 nm, and their peak diameter
was further detected to be 96 nm (Figure 1B). Although some precip-
itated particles were slightly larger than 100 nm in size, the character-
istic biomarkers for exosomes, including CD9, CD63, and CD81 were
all highly expressed in the precipitation (Figure 1C), indicating that
exosomes were the major component of the isolated EVs from rmTBI
mouse brains.

A miRNA microarray was then performed to acquire the time
profiling of miRNA levels in microglial exosomes after rmTBI
osomes Acquired from Mouse Brains of Different Time Points after rmTBI
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(for the heatmap, see Figure 1D; original data have been deposited
into the GEO database with the accession number GEO:
GSE133997). 3, 14, and 42 DPI were selected to represent, respec-
tively, the time points of acute phase, sub-acute phase, and chronic
phase after rmTBI. The results showed that 10 miRNAs had an
expression change of more than 2-fold (up- or downregulated),
with a p value of less than 0.05 at the 3 time points. Among
them, the expression changes of miR-124-3p were particularly
evident. Besides, miR-124-3p was the only miRNA that upregu-
lated at 3 and 14 DPI and downregulated (reversely expressed)
at 42 DPI, suggesting that its low expression in the chronic phase
after rmTBI may exert a reverse impact on neural pathology
compared with the acute and sub-acute phases (Figure 1E). Based
on these findings, we further verified the expression change of
miR-124-3p in microglial exosomes after rmTBI using qRT-PCR.
The miR-124-3p level was increased since 1 DPI, reached the
peak at 7–14 DPI, then gradually decreased to the baseline at 35
DPI, and finally dropped down to almost half below the baseline
at 42 DPI (Figure 1F). These results were consistent with those
of our previous findings with repeated moderate TBI.23 In addi-
tion, microglial exosomes have been proved to be effective in
attenuating ischemic brain injury and promoting neuronal survival
via miR-124-3p modulation.24 Therefore, we inferred that micro-
glial exosomal miR-124-3p can be a significant factor regulating
the pathological development after rmTBI.

Upregulated miR-124-3p in Microglia Promotes M2 Polarization

In Vitro

To investigate the function of microglial exosomal miR-124-3p on
neurodegeneration, miR-124-3p mimics were transfected into a
cultured BV2mousemicroglia cell line to acquiremicroglial exosomes
with upregulated miR-124-3p (EXO-124). We identified the cultured
microglia by immunofluorescence staining of Iba-1 (Figure 2A) and
confirmed that the transfection could increase miR-124-3p levels in
both the cells and their exosomes (Figures 2B and 2C).

Macrophages and microglia are generally divided into two types: clas-
sically activated (M1) and alternatively activated (M2). In most path-
ological conditions, theM1microglia is pro-inflammatory, but theM2
microglia is anti-inflammatory and neuroprotective. However, some
researchers have argued that the concept of M2microglia may expand
the scope of initially defined interleukin (IL)-4- and IL-13-activated
immunosuppressivemicroglia and lead to confusion in understanding
their functions.25 In addition, M1 and M2 microglia were also sug-
Figure 2. Upregulated miR-124-3p in Microglia Promotes M2 Polarization In Vi

Repetitive Scratch Injury

(A) Immunofluorescence staining of Iba-1 for identifying cultured microglia. Scale bar: 10

after miR-124-3p mimic transfection. (D) Quantitative data for microglia/macrophage su

dot spot of flow cytometry for microglia/macrophage subsets in cultured microglia after m

and M1 microglia, respectively. (F) Immunofluorescence staining of MAP-2 for identifyi

scratch and (H) second scratch under transmission light microscope. Scale bars: 50 mm.

in neurons after injury and EXO-124 treatment. n = 6 per group. The data are presented a

versus the control group.
gested to be only used as an in vitro classification.26 From this point
of view, we defined the M1 and M2 subsets in the present study as
in vitro pro-inflammatory and anti-inflammatory microglia and
selected the widely reported CD206 and CD86 to be the biomarkers
for M2 and M1 microglia, respectively. The impact of upregulated
miR-124-3p on microglial polarization that determines the subsets
of microglia was detected by flow cytometry. We found that the ratio
betweenM2 andM1microglia was increased after miR-124-3pmimic
transfection into cultured restingmicroglia (M0) (Figures 2D and 2E).
Therefore, upregulated miR-124-3p in microglia could promote the
anti-inflammatoryM2 polarization in vitro andmay exert a beneficial
effect on neighbor cells via their transferring by exosomes.

Microglial Exosomal miR-124-3p Alleviates Neurodegeneration

in Repetitively Injured Neurons

To study the impact of microglial exosomal miR-124-3p on neurode-
generation after rmTBI in vitro, we culturedanHT22mouse hippocam-
pal neuronal cell line identified by immunofluorescence staining of
microtubule-associated protein 2 (MAP-2) (Figure 2F), and performed
the repetitive scratch cell injury model. During the procedure, the
scratch wound could be observed clearly after each time of injury (Fig-
ures 2G and 2H). In addition, the CCK8 assay was performed to detect
the impact of repetitive scratch injury on the cell viability of neurons.
Utilizing highlywater-soluble tetrazolium salt, CCK8allows convenient
colorimetric assays determining the viable cell number with higher
sensitivity than that of the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenylte-
trazoliumbromide (MTT) assay. The results suggested that the cell pro-
liferation was sharply decreased after the two injuries and gradually
recovered to over 90% in 24 h post-injury, indicating that the repetitive
cell injurymodel was successfully established (Figure 2I). Furthermore,
the injured neurons were treated with unedited microglial exosomes or
EXO-124. We found that the miR-124-3p level in neurons was
increased after injury and could be further upregulated by treating
with EXO-124. Besides, no expression change was observed in the
injured neurons treated with unedited microglial exosomes (Figure 2J)

The development of neurodegeneration in repetitively injured neu-
rons after exosome treatment was evaluated by three aspects. (1) To
assess neurite outgrowth of injured neurons, the neurite branches
were labeled with the neuron-specific beta III-tubulin by immunoflu-
orescence staining (Figure 3A). We quantified the neurite branch
numbers and total neurite length under a microscope and found
that the repetitive injury induced a decrease of the branch numbers
and neurite length, while EXO-124 treatment reversed the change
tro, and EXO-124 Treatment Increases miR-124-3p Level in Neurons after

0 mm. (B and C) The altered miR-124-3p level in (B) microglia and (C) their exosomes

bsets in cultured microglia after miR-124-3p mimic transfection. (E) Representative

iR-124-3p mimic transfection. CD206 and CD86 are the selected biomarkers of M2

ng cultured neurons. Scale bar: 100 mm. (G and H) Cultured neurons after (G) first

(I) Cell viability of repetitive scratch-injured neurons. (J) The alteredmiR-124-3p level

s mean ± SD. ***p < 0.001 versus the I+EXO-124 group. ##p < 0.01 and ###p < 0.001
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(Figures 3B and 3C). In addition, hopping probe ion conductance mi-
croscopy (HPICM) continuous topological scanning was performed
to further observe the microscopic changes in injured neurons after
successive transfection ofmiR-124-3pmimics andmiR-124-3p inhib-
itor. It suggested that the branch numbers and neurite length of
injured neurons were restored by transfection with miR-124-3p
mimics for 12 h but decreased after transfection with miR-124-3p in-
hibitor for another 12 h (Figure 3D). From this, we could draw the
conclusion that EXO-124 treatment contributed to promoting neurite
outgrowth after cell injury via transferring miR-124-3p into neurons.
(2) To detect the expression of neuroprotective factors and neurode-
generative indicators, the expression levels of brain-derived neurotro-
phic factor (BDNF), neurogranin, andVILIP-1 in neurons after injury
and exosome treatment were quantified. BDNF is a member of the
neurotrophin family, which contributes to supporting the survival of
existing neurons, encouraging the growth and differentiation of
newborn neurons, and enhancing the synaptic plasticity. It is a classic
neuroprotective factor, as its disruption is considered to be a signifi-
cant risk factor for AD and age-related cognitive decline.27 Neurogra-
nin is a calmodulin-binding protein primarily expressed in dendritic
spines. It exerts a neuroprotective effect in the pathological develop-
ment of cerebral ischemia.28 As a postsynaptic protein, it also acts as
an indicator of mild TBI29 and AD.30,31 VILIP-1 is a neuron-specific
calcium sensor protein that modulates intracellular signaling path-
ways by directly or indirectly regulating the activity of adenylyl cyclase.
It has been identified to be a potential neurodegenerative biomarker
with an elevated level in ischemic stroke, TBI, and early-stage AD pa-
tients.32–34 Western blot results have shown that the repetitive injury
induced a decreased expression of BDNF and neurogranin and an
increased expression of VILIP-1 in neurons. In addition, these expres-
sion changes were reversed by EXO-124 treatment (Figures 3E and
3G), suggesting that the neurodegeneration led by repetitive injury
could be inhibited bymicroglial exosomalmiR-124-3p. (3) TheAb ab-
normalities were evaluated in injured neurons after exosome treat-
ment. Ab is the main component of the amyloid plaques (senile pla-
ques) that are found in the brain of AD patients. Its deposition also
occurs at an early age and at an accelerated rate in rmTBI patients,
which is associated with increased clinical and pathological severity.35

In addition, Ab is derived from its precursor protein, APP, and aggre-
gates to form soluble oligomers Ab1–40 and Ab1–42, which are toxic to
nerve cells.36 Therefore, the expression levels of APP and Ab in neu-
rons, and those of Ab1–40 and Ab1–42 in the culture medium, were as-
sessed. We found that all of their expressions were promoted after
Figure 3. Microglial Exosomal miR-124-3p Alleviates Neurodegeneration in Re

(A) Representative image of neurite branches detected by immunofluorescence staini

numbers after repetitive cell injury and exosome treatment. (C) Total neurite length after re

major findings of the HPICM topological continuous scanning in injured neurons. The

transfection with miR-124-3p mimics for 12 h but decreased after transfection with miR-

neurodegenerative indicators, including BDNF, neurogranin, and VILIP-1 in neurons afte

injury and exosome treatment. (G) Quantitative data of neuroprotective factors and neur

injury and exosome treatment. (H) Quantitative data of APP and Ab in neurons after injur

Ab1–42 in neuronal culture medium. n = 6 per group. The data are presented as mean
###p < 0.001 versus the control group.
injury and were suppressed after EXO-124 treatment (Figures 3F
and 3H–3J), indicating that the Ab abnormalities in neurons induced
by repetitive injury can be inhibited by microglial exosomal miR-124-
3p. Taken together, these results suggested that microglial exosomal
miR-124-3p could alleviate neurodegeneration in repetitive injured
neurons via their transfer by exosomes.

Microglial Exosomal miR-124-3p Alleviates Neurodegeneration

by Targeting the Rela/ApoE Signaling Pathway in Repetitively

Injured Neurons

To explore the mechanisms underlying the effects of miR-124-3p on
neurodegeneration, we first predicted the potential target genes of
miR-124-3p and picked out 22 genes related to the process of neuro-
degeneration or amyloid deposition using the OMIM database. A ge-
netic interaction network of miR-124-3p with these genes was built,
and we found that Rela is one of the core genes connected with other
genes in the network (Figure 4A). In addition, KEGG analysis for the
predicted miR-124-3p targeted genes was performed. It indicated that
Rela is the only gene that was involved in all the top three enriched
signaling pathways (the neurotrophin signaling pathway, focal adhe-
sion, and cyclic AMP [cAMP] signaling pathway) regulated by the 22
neurodegeneration-associated miR-124-3p targeted genes (Fig-
ure 4B). Furthermore, Rela has been widely reported to be involved
in regulating neuroinflammation in various pathological conditions.9

As neuroinflammation is a characteristic pathological change and an
important cause of neurodegeneration after rmTBI, we focused our
interest on studying the roles of Rela under the regulation of miR-
124-3p in the following experiments.

The expression level of Rela in neurons after injury and exosome
treatment was detected. We found that its expression was promoted
in injured neurons and was suppressed after EXO-124 treatment, sug-
gesting that miR-124-3p could inhibit Rela expression in injured
neurons (Figures 5A and 5B). After that, we acquired the potential
binding sites in miR-124-3p for Rela 30 UTR (Figure 5C) and
performed the luciferase reporter assay by co-transfecting cultured
neurons with the Rela 30 UTR constructs containing the putative
miR-124-3p binding sites with either miR-124-3p mimics or scram-
bled oligonucleotides. We found that miR-124-3p inhibited the lucif-
erase activity of the wild type (WT), but not the mutant type (Mut), of
30 UTR reporter constructs (Figure 5D). It indicated that miR-124-3p
could directly target Rela and downregulate its expression by binding
to the 30 UTR sites in neurons.
petitive Injured Neurons

ng of neuronal-specific beta III-tubulin. Scale bar: 100 mm. (B) The neurite branch

petitive cell injury and exosome treatment. (D) The schematic representation and the

neurite branch numbers and total neurite length of neurons could be restored by

124-3p inhibitor for another 12 h. (E) Immunoblotting of neuroprotective factors and

r injury and exosome treatment. (F) Immunoblotting of APP and Ab in neurons after

odegenerative indicators, including BDNF, neurogranin, and VILIP-1 in neurons after

y and exosome treatment. (I and J) The expression levels of soluble (I) Ab1–40 and (J)

± SD. **p < 0.01 and ***p < 0.001 versus the I+EXO-124 group. ##p < 0.01 and

Molecular Therapy Vol. 28 No 2 February 2020 509

http://www.moleculartherapy.org


Figure 4. Bioinformatics Analysis ofmiR-124-3p and Its

Downstream Targeted Genes

(A) The genetic interaction network of miR-124-3p built by

Biovista Vizit. There are 22 possible targeted genes of miR-

124-3p associated with neurodegeneration and amyloid

deposition. Rela is one of the core genes connected with

other genes in the network. (B) KEGG analysis for the pre-

dicted miR-124-3p targeted genes using Cytoscape soft-

ware. Note that Rela is the only gene that was involved in all

the top three enriched signaling pathways (neurotrophin

signaling pathway, focal adhesion, and cAMP signaling

pathway) regulated by the 22 neurodegeneration-associated

miR-124-3p targeted genes.
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The target genes of Rela were predicted using an online chromatin
immunoprecipitation sequencing (ChIP-seq) database, and those
that were related to the process of neurodegeneration or amyloid
deposition were further picked out. A qPCR microarray was then
performed to detect the mRNA expression levels of these neurode-
generation-related genes that are potentially targeted by Rela under
the regulation of miR-124-3p in injured neurons. The results sug-
gested that the expression of ApoE was altered most apparently
among the 26 genes by miR-124-3p mimics (Table 1). As ApoE is
a well-known gene that could enhance the proteolytic breakdown
of Ab in AD,37 we inferred that ApoE could regulate Ab abnormal-
ities in repetitively injured neurons under the regulation of miR-
124-3p and Rela.
510 Molecular Therapy Vol. 28 No 2 February 2020
To verify this hypothesis and clarify the mecha-
nism of exosomal miR-124-3p on alleviating neu-
rodegeneration, we first detected the level change
of ApoE in neurons after injury and exosome
treatment. We found that the expression of
ApoE was suppressed after injury and could be
promoted by EXO-124 treatment (Figures 5E
and 5F). In addition, the expression level of
ApoE in Rela-overexpressed (Rela+) neurons after
injury and EXO-124 treatment was also detected.
Compared with the unedited neurons, the Rela+

neurons showed a decreased expression of ApoE,
indicating that overexpression of Rela in injured
neurons could block the promoting effect of
miR-124-3p on ApoE expression. Besides, no dif-
ference in ApoE level was observed between the
unedited injured neurons and the Rela+ injured
neurons treated with EXO-124. It further sug-
gested that exosomal miR-124-3p promoted
ApoE expression mainly through targeting the
Rela/ApoE signaling pathway in injured neurons
(Figures 5G and 5H).

Based on these findings, we got the ApoE pro-
moter sequences from the ENCODES project
(Figure 5I) and performed the luciferase reporter
assay by co-transfecting cultured neurons with
the ApoE promoter reporter constructs and a Rela expression vector
or an empty vector. We found that the WT, but not the Mut, ApoE
reporter constructs showed a significant decrease of the luciferase
activity when co-transfected with Rela expression vector, suggesting
that Rela could inhibit the promoter activity of ApoE in neurons
(Figure 5J). Then, we performed the ChIP-PCR assay, in which sig-
nificant enrichment of Rela in the first intron of the ApoE gene was
observed in the neurons incubated with anti-FLAG tag or Rela anti-
body (Figure 5K). In addition, the sequences of the promoter-flank-
ing region of ApoE from mouse, human, and rat were aligned,
which showed obviously conserved nucleotides and consensus bind-
ing sites for Rela (Figure 5L). Taken together, these results suggested
that Rela could downregulate ApoE expression by targeting its



(legend on next page)

www.moleculartherapy.org

Molecular Therapy Vol. 28 No 2 February 2020 511

http://www.moleculartherapy.org


Molecular Therapy
binding sites in the first intron of ApoE as an inhibitory transcrip-
tion factor in neurons.

To further validate the regulative effect of miR-124-3p on neurode-
generation through the Rela/ApoE signaling pathway, we also de-
tected the expression levels of APP and Ab in unedited and Rela+

neurons after injury and EXO-124 treatment. We found that their
expression could be suppressed by EXO-124 treatment in unedited
injured neurons but not in the Rela+ injured neurons (Figures 5M
and 5N). Consequently, we could draw the conclusion that the inhib-
itory effect of microglial exosomal miR-124-3p on Ab abnormalities
and neurodegeneration in neurons was exerted by targeting the Rela/
ApoE signaling pathway.
Microglial Exosomes with Upregulated miR-124-3p Contribute

to Alleviating Neurodegeneration in rmTBIMice by Targeting the

Rela/ApoE Signaling Pathway in Hippocampal Neurons

To explore the therapeutic effects of EXO-124 on neurodegeneration
in rmTBI mice and further confirm the mechanism of microglial
exosomal miR-124-3p in vivo, we treated rmTBI mice with PKH26-
labeled EXO-124 at 35 DPI, when the endogenous microglial exoso-
mal miR-124-3p level decreased to the baseline after injury.
Specifically, the exosomes were intravenously injected via tail vein
at a dose of 3 � 1010 in 200 mL PBS per mouse.38

Although themice did lose bodyweight during the repetitive impacting
procedure, they rapidly regained spontaneous respiration, righting re-
flex, and the ability to ambulate after each time of injury. The body
weight gradually recovered before receiving treatment at 35 DPI, and
no difference was observed among the treatment groups after injury
(Figure S1). The immunofluorescence staining of injured brain at 42
DPI showed thatMAP-2 andPKH26were co-expressed in the neurons
of cerebral cortex and hippocampus, indicating that the intravenously
injected exosomes could be takenupby neurons (Figure 6A; Figure S2).
Besides, the glial fibrillary acidic protein (GFAP) (biomarker of astro-
cytes) andPKH26double-immunostained cells, aswell as the Iba-1 and
PKH26 double-immunostained cells, were observed in injured brain,
suggesting that the exosomes were also taken up by astrocytes and mi-
Figure 5. Microglial Exosomal miR-124-3p Inhibits Neurodegeneration by Targe

Expression and Inhibiting Ab Abnormalities
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croglia (Figure S3). Furthermore, the miR-124-3p level in the cerebral
cortex andhippocampus of rmTBImice at 42DPIwas increased signif-
icantly after EXO-124 treatment (Figure 6B). These results suggested
that the exogenous exosomal miR-124-3p had a satisfied in vivo trans-
fer efficacy in the chronic phase of rmTBI.

Based on these results, the expression levels of Rela, ApoE, APP, Ab,
Ab1–40, and Ab1–42 were determined in the hippocampus of rmTBI
mice. We found that the expression of Rela was promoted in rmTBI
mice and was inhibited after EXO-124 treatment. Besides, the
decreased expression of ApoE in rmTBI mice was restored after
EXO-124 treatment (Figures 6C and 6D). For Ab abnormality mea-
surement, the expression levels of APP, Ab, Ab1–40, and Ab1–42
were all increased in rmTBI mice and can be decreased by EXO-
124 treatment (Figures 6C and 6E–6G). These results were consistent
with the in vitro experiments, suggesting that microglial exosomal
miR-124-3p could alleviate neurodegeneration in rmTBI mice by tar-
geting the Rela/ApoE signaling pathway in hippocampal neurons.
Microglial Exosomes with Upregulated miR-124-3p Improve the

Cognitive Outcome after rmTBI

The cognitive outcome of rmTBI mice was evaluated by using the
Morris water maze (MWM) test and the novel object recognition
test. In the MWM test, the spatial acquisition trials were performed
during 43–46 DPI to test the spatial learning ability. Escape latency,
which represents the capability to navigate from a starting location
to a submerged platform, was gradually decreased in the testing pro-
cedure, indicating that a spatial memory was established (F = 709.31,
p < 0.001) (Figure 7A). The probe trials were conducted at 47 DPI to
test the retrograde referencememory, in whichmore time spent in the
goal quadrant indicates better memory. Compared with the sham
mice, the rmTBI mice showed prolonged escape latency in the spatial
acquisition trials and decreased time spent in the goal quadrant in the
probe trials. Besides, EXO-124 treatment could improve the impaired
performance, manifested by shortening the escape latency (F = 10.62,
p = 0.0057) and increasing the goal quadrant time (Figure 7B). As no
difference was observed in swimming speed among the groups, the
different performances of mice were not due to motor impairments
ting Rela, an Inhibitory Transcription Factor of ApoE, thus Promoting ApoE

d exosome treatment. (C) Schematic representation of the putative binding sites for
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Table 1. mRNA Expression Level of 26 Neurodegeneration-Related Genes

Potentially Targeted by Rela in Injured Neurons under the Regulation of

miR-124-3p

Gene Name

Fold Change

Injured versus Sham I+124 Mimics versus Injured

Agt1 0.89 1.04

Akt1 1.26 0.93

ApoE 0.23a 3.29a

Bcl2 0.87 1.01

Ccl2 0.68 1.06

Ccl20 0.36a 0.70

Ccnd1 1.05 0.95

Cd38 0.82 0.68

Cd40 0.87 0.71

Cxcl10 0.67 1.09

Fas 0.83 0.96

Hgf 1.52 0.66

Ifng 3.11a 2.75a

Mmp14 1.12 1.07

Mmp9 0.86 0.69

Myc 1.04 1.12

Ngb 1.02 1.03

Nos2 0.53 0.49a

Ppara 1.04 1.82

Ptgs2 0.95 1.30

Selp 3.21a 3.14a

Shh 1.05 0.78

Slc1a2 1.04 0.89

Tlr2 0.56 0.71

Trp53 1.16 1.25

Trp73 0.89 1.04

aIndicates fold change more than 2 or less than 0.5, with a p < 0.01.
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(Figure 7C). Therefore, EXO-124 treatment could improve the spatial
learning and memory abilities of rmTBI mice (Figure 7D). In the
novel object recognition test, the amount of time taken to explore
the new object provides an indicator for cognitive memory. We found
that the index of exploring time on the novel object over the total
exploring time was decreased in the rmTBI mice compared with
that in the sham mice. In addition, EXO-124 treatment improved
the index of exploring time on novel object, suggesting that it contrib-
uted to the recovery of cognitive function after rmTBI. Taken
together, these findings suggested that EXO-124 treatment can
improve the cognitive outcome of rmTBI mice.
DISCUSSION
With an increasing number of reported clinical cases, rmTBI-induced
long-term neurodegenerative disorder has raised wide attention in
recent years. Ab abnormalities are one of the characteristic patholog-
ical changes of post-traumatic neurodegeneration.8 However, unlike
that in AD, the mechanism underlying the development of Ab abnor-
malities in rmTBI has not been well elucidated. The present research
is the first report that focused on studying the effect and mechanism
of microglial exosomal miRNAs on regulating neurodegeneration af-
ter rmTBI through controlling Ab abnormalities. Our major discov-
eries are as follows: (1) the miR-124-3p level in microglial exosomes
from injured brain is significantly altered in the acute, sub-acute, and
chronic phases after rmTBI. (2) EXO-124 treatment for cultured neu-
rons after repetitive injury alleviates neurodegeneration by promoting
neurite outgrowth, regulating the expression of neurodegenerative in-
dicators, and inhibiting Ab abnormalities. (3) The impact of micro-
glial exosomal miR-124-3p is exerted by targeting Rela, an inhibitory
transcription factor of ApoE that promotes the Ab proteolytic break-
down, thereby inhibiting Ab abnormalities. (4) The microglial exo-
somes that were injected into rmTBI mice can be taken up by neurons
in injured brain. EXO-124 treatment contributes to alleviating neuro-
degeneration by targeting the Rela/ApoE signaling pathway in hippo-
campal neurons, thus improving the cognitive outcome of rmTBI
mice.

In previous studies of neurodegenerative diseases, the microglial exo-
somes have been described as a double-edged sword for the develop-
ment of Ab abnormalities and neurodegeneration.13 Take AD as an
example: the microglia activation has beneficial effects in the early
stage of AD, as it induces phagocytosis and Ab clearance with the
help of microglial exosomes. However, in the latter stage of AD, mi-
croglial exosomes exert detrimental effects on neurons, because they
contain and spread pro-IL-1b, caspase-1, and soluble toxic Ab pep-
tide in brain. Our findings confirm a similar viewpoint in rmTBI
from the perspective of miRNA regulation. We find that the expres-
sion level of miR-124-3p was increased in rmTBI mice brains since 1
DPI, reached the peak at 7–14 DPI, then gradually decreased to the
baseline at 35 DPI, and finally dropped down to almost half below
the baseline at 42 DPI. As miR-124-3p in microglial exosomes has
been proved to be beneficial for alleviating Ab abnormalities and neu-
rodegeneration, this suggested that an increased miR-124-3p level in
the acute phase (1–7 DPI) and sub-acute phase (14–28 DPI) of rmTBI
contributed to the beneficial impacts of microglial exosomes, while a
decreased miR-124-3p level in the chronic phase (42 DPI) of rmTBI
could lead to detrimental effects. From this aspect, keeping the over-
expression of miR-124-3p in microglia and their exosomes is a prom-
ising therapeutic strategy for rmTBI. Our designed EXO-124
treatment that contributes to alleviating neurodegeneration and
improving the cognitive outcome after rmTBI complies with this
theory.

miR-124-3p is a critical modulator of immunity and inflammation. It
is the most expressed miRNA in brain neural cells and is highly ex-
pressed in the immune cells and organs.39 miR-124-3p serves as a
universal regulator of macrophage polarization, which could switch
microglia from M0 or M1 to M2 subsets.40 In many cases, miR-
124-3p is induced by inflammatory signals and, in turn, functions
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Figure 6. Microglial Exosomes with Upregulated miR-124-3p Contribute to Alleviating Neurodegeneration in rmTBI Mice

(A) Immunofluorescence staining of neurons in the cerebral cortex (CC) and the hippocampus (HC) of rmTBI mice, taking up exogenous microglial exosomes. Note that the

intravenously injected exosomes are taken up by neurons (marked by co-expression of MAP-2 and PKH26) at 42 days post-injury (DPI). The immunostained areas in the white

box are shown with high magnification. The double immunostained cells are indicated by white arrows. Scale bars: 50 mm. (B) The altered miR-124-3p level in the CC and the

HC of rmTBI mice after exosome treatment at 42 DPI. (C) Immunoblotting of Rela, ApoE, APP, and Ab in the HC of rmTBI mice after exosome treatment at 42 DPI. (D)

Quantitative data of Rela and ApoE in the HC of rmTBI mice after exosome treatment at 42 DPI. (E) Quantitative data of APP and Ab in the HC of rmTBI mice after exosome

treatment at 42 DPI. (F andG) The expression levels of soluble (F) Ab1–40 and (G) Ab1–42 in brain extracts fromHC at 42DPI. n = 6 per group. The data are presented asmean ±

SD. *p < 0.05, **p < 0.01, and ***p < 0.001 versus the rmTBI+EXO-124 group; ##p < 0.01 and ###p < 0.001 versus the sham group.
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as a negative regulator to maintain homeostasis.39 Therefore, the
expression changes on miR-124-3p is considered as a biomarker for
neuroinflammation in neurological diseases.41,42 Of particular note,
chronic neural inflammation, which has been confirmed to contribute
to the development of post-traumatic neurodegeneration, can be
detected in rmTBI patients.43 In the present study, upregulated
miR-124-3p in microglia promotes their anti-inflammatory M2
polarization in vitro. Besides, the Rela gene, which is responsible for
encoding the p65 subunit of nuclear factor kB (NF-kB) that plays a
514 Molecular Therapy Vol. 28 No 2 February 2020
central role in activating inflammatory response,44 is also targeted
and inhibited by microglial exosomal miR-124-3p in injured neurons.
These results are consistent with our previous findings that the
increased miR-124-3p in microglial exosomes following TBI inhibits
neuronal inflammation.23 Furthermore, we find that intravenously
injected microglial exosomes could be taken up by astrocytes and mi-
croglia in addition to neurons in the injured brain. A recent report
indicated that mesenchymal-stem-cell (MSC)-derived exosomes
have therapeutic effects on ischemic stroke due to their regulative



Figure 7. Microglial Exosomes with Upregulated miR-124-3p Improve the Cognitive Outcome of rmTBI Mice

(A) The escape latency detected in the spatial acquisition trials (43–46 days post-injury [DPI]) of the Morris water maze (MWM) test. (B) The time spent in the goal quadrant

detected in the probe trials (47 DPI) of the MWM test. (C) The swimming speed of rmTBI mice in the MWM test. (D) The novel object recognition index of rmTBI mice detected

at 42 DPI. (E) The schematic illustration of the in vivo experiment. n = 10 per group. The data are presented as mean ± SEM in (A) and mean ± SD in (B)–(D). *p < 0.05 and

**p < 0.01 versus the I+EXO-124 group; ##p < 0.01 versus the control group.
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functions on the activation of astrocytes and microglia. It suggests
that exogenous MSC-derived exosomes might be taken up by these
cells, thus modulating the immunoinflammatory response in brain.45

From this, we infer that EXO-124 could also produce anti-inflamma-
tory effects after rmTBI via transferring into astrocytes and microglia.
The related mechanism will be studied further in our follow-up study.
Nevertheless, these findings further confirm our conclusion that miR-
124-3p in microglia and their exosomes could exert a protective effect
in injured brain after rmTBI.

The ApoE protein is expressed as three different isoforms resulting
from the different polymorphisms in the ApoE gene—designated as
ApoE2, ApoE3, and ApoE4—which are differed by single amino-
acid substitutions at residues 112 and 158.46 Their protective effects
on alleviating neuroinflammation and neurodegeneration are
different from each other, with a potency rank of ApoE2 >
ApoE3 > ApoE4.47 Despite the gene polymorphism, the ApoE pro-
teins suppress glial activation and inflammatory cytokine release
in vitro.48 These findings could also be extended to TBI, in which
the absence of endogenous ApoE exacerbates post-injury neuroin-
flammation, cerebral edema, and neurological deficiency.49 Besides,
ApoE enhances the proteolytic breakdown of Ab in AD and
rmTBI.37,50 As to the present study, the expression of ApoE in injured
neurons is promoted by microglial exosomal miR-124-3p via target-
ing Rela, which functions as an inhibitory transcription factor. In
rmTBI mice, EXO-124 treatment also promotes ApoE expression in
hippocampal neurons. Consequently, ApoE is an extraordinarily sig-
nificant gene for regulating Ab abnormalities in neurodegenerative
diseases.

In addition to the mechanism we clarified in this research, microglial
exosomes are involved in the pathological regulation of neurodegen-
erative diseases in several ways. First, microglial exosomes could be
released in response to WNT3A, which is a signaling factor that
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has been implicated in several neurodegenerative diseases, including
AD.51 Besides, microglial exosomes are also reported to aggravate AD
by contributing to the propagation of tau protein.52 In addition, the
release of exosomes from microglia is influenced by neurotransmit-
ters. Stimulation of the 5-hydroxytryptamine receptor on microglia
could lead to the release of exosomes containing an insulin-degrading
enzyme that targets Ab peptide.53 It explains the phenomenon that an
increased level of 5-hydroxytryptamine is associated with a decreased
level of Ab in brain tissue of AD.54 Therefore, future studies on the
roles of microglial exosomes in rmTBI could be designed to refer to
AD research.

This study is still limited in learning the pharmacokinetics and phar-
macodynamics parameters of EXO-124 treatment for rmTBI mice.
To address the questions, we are performing translational experi-
ments in rmTBI mice using EXO-124 treatment with different doses
and administration time. In addition, a series of studies on MSC-
derived exosomes for TBI treatment have been reported recently,
indicating that they could effectively improve the neurological
outcome by promoting endogenous angiogenesis and neurogenesis
while attenuating neural inflammation.55–57 Therefore, the therapeu-
tic effect of MSC-derived exosomes with upregulated miR-124-3p for
rmTBI will be evaluated and compared to that of microglial exosomes
in future studies.

In conclusion, our findings suggest that microglial exosomal miR-
124-3p contributes to alleviating neurodegeneration and improving
the cognitive outcome after rmTBI via transferring into neurons
and targeting the Rela/ApoE signaling pathway. Consequently,
EXO-124 treatment is a promising therapeutic strategy for rmTBI
with clinical application prospects.

MATERIALS AND METHODS
Adult male C57BL/6 mice (aged 12 weeks, weighing 20–25 g) were
purchased from the Chinese Academy of Military Science (Beijing,
China). All experimental procedures were performed in accordance
with the NIH Guide for the Care and Use of Laboratory Animals un-
der a protocol approved by the Tianjin Medical University Animal
Care and Use Committee. The mice were acclimated and housed
for 1 week before experiments.

CCI-Induced rmTBI Mouse Model

The rmTBI mouse model was conducted using our developed
method, which could lead to chronic neurodegeneration and cogni-
tive dysfunction within 5–6 weeks post-injury.22 Briefly, the mice
were subjected to closed-head injury after anesthesia with 4.6% iso-
flurane. A molded acrylic cast was designed to fix the mice and pro-
vide their heads with a 3.0-mm space below for acceleration and
deceleration beneath the point of impact. The mouse was secured
in the prone position on the acrylic cast with surgical tape across
the shoulders, which was installed on the stereotaxic device. After
shaving the head, a self-designed standard manufacturing concave
metal disc was adhered to the skull immediately caudal to bregma
as a helmet, in order to transmit the hitting power to the whole brain.
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Specifically, scalp incision was not performed to better stimulate the
injured procedure of rmTBI patients. The impounder tip of the injury
device (electronic controlled cortical impact [CCI] device, model 6.3,
American Instruments, Richmond, VA, USA) was then extended to
its full impact distance, positioned on the center of the disc surface,
and reset to induce an impact. It was discharged at 5.0 m/s with a
head displacement of 2.5 mm. After the impact, the mice were placed
in a well-ventilated cage at 37�C until they regained consciousness.
Repetitive injury was induced for a total of 4 times, with a 48-h inter-
val. Sham-operated mice underwent the same procedures except for
the impact. To determine the degree of brain injury, H&E staining
was performed on brain sections at 1 DPI.

Isolation of Microglial Exosomes from Injured Brain

The animals were sacrificed at 1, 3, 7, 14, 21, 28, 35, and 42 DPI by
transcardiac perfusion with PBS. To acquire the desired samples
from injured brain, we detached the bilateral cerebral cortex and hip-
pocampus, mixed them together, and incubated them with 3 mL Hi-
bernate-A cell culture medium (Thermo Fisher Scientific, Waltham,
MA, USA). The samples were digested by 20 U/mL papain (Solarbio,
Beijing, China) for 15 min at 37�C, and repeated blowing was per-
formed using a dropper to remove the tissue fragment. They were
then centrifuged at 2,000 � g for 10 min at 4�C and then spun again
at 10,000 � g for 30 min at 4�C to further remove the cell debris. The
supernatants were collected and filtered through a 0.22-mm filter
gauze (Millipore Sigma, Billerica, MA, USA) to sieve out dead cells
and large particles. After that, Total Exosome Isolation Reagent
(Thermo Fisher Scientific) was added to the supernatants at the pro-
portion of 1 mL supernatant to 500 mL reagent, and the samples were
incubated overnight at 4�C.

On the next day, the exosomes were harvested by ultracentrifugation.
First, the sample was ultracentrifuged at 100,000 � g for 70 min at
4�C. The supernatants were then removed, and the exosome pellets
were collected and re-suspended in 0.35 mL calcium- and magne-
sium-free Dulbecco’s PBS (Thermo Fisher Scientific). For isolation
of microglial exosomes, the samples were incubated with 1.5 mg rat
anti-mouse CD11b bitinylated antibody (Thermo Fisher Scientific)
in 50 mL 3% BSA for 60 min at room temperature. After that, they
were incubated with 10 mL Pierce Streptavidin Plus UltraLink Resin
(Thermo Fisher Scientific) in 40 mL 3% BSA for 30 min at room tem-
perature. Finally, the samples were centrifuged at 800 � g for 10 min
at 4�C. After removal of the supernatants, the microglial exosomes
could be stored at 4�C temporarily for subsequent experiments.58

Exosome Identification

For exosome identification, TEM (Hitachi HT7700, Tokyo, Japan)
scanning was performed to observe the morphology of precipitated
particles as we previously reported.23 Briefly, the isolated precipita-
tion from injured brain was diluted into distilled water (1 mg/mL)
and mixed with same amount of 4% paraformaldehyde (PFA).
20 mL of the sample was added onto a glow-discharged, carbon-coated
formvar film that attached to a metal specimen grid. The grid was
incubated with 50 mL 1% glutaraldehyde for 5 min at room
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temperature and washed with 100 mL distilled water for 8 times
(2 min each time). After drying for 30 min with filter papers, an equal
volume of 10% uranyl acetate was added to the grid for 5 min at room
temperature, 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.
Then, the excess solution was blotted off, and the sample was exam-
ined using the TEM. In addition, size distribution of the precipitated
particles was measured and analyzed using the Nanosight NS300
NTA System (Malvern Panalytical, Malvern, UK) according to the
manufacturer’s instructions. Biomarkers for exosomes, including
CD9, CD63 and CD81, were also detected by western blot for further
identification. To extract proteins in microglial exosomes, the exo-
somes were re-suspended in 100 mL 0.05 M glycine-HCl (pH 3.0)
and centrifuged at 4,000 � g for 10 min at 4�C. The supernatants
were then transferred to pre-chilled tubes that contained 25 mL 10%
BSA and 10 mL 1 M Tris-HCl (pH 8.0) and were mixed gently with
the addition of 365 mL M-PER Mammalian Protein Extraction Re-
agent (Thermo Fisher Scientific) containing protease and phospha-
tase inhibitors for 10 min.59 The samples could be stored at �80�C
for following protein detection.

miRNA Microarray Analysis

Microglial exosomes acquired from the injured brain were sent for
miRNA microarray analysis (OE Biotechnology, Shanghai, China).
Total RNA was quantified by the NanoDrop ND-2000 (Thermo
Fisher Scientific), and the RNA integrity was assessed using the Agi-
lent Bioanalyzer 2100 (Agilent Technologies, Santa Clara, CA, USA).
The sample labeling, microarray hybridization, and washing were
performed in accordance with the manufacturer’s standard protocols.
Briefly, total RNA was dephosphorylated, denaturated, and labeled
with cyanine-3-CTP. After purification, the labeled RNAs were hy-
bridized onto the microarray that contains 1,902 probes for mature
miRNA. Then, the arrays were scanned with the Agilent Scanner
G2505C (Agilent Technologies).

We selected 3, 14, and 42 DPI to represent, respectively, the time
points of acute phase, sub-acute phase, and chronic phase after
rmTBI. The miRNAs with level change of more than 2-fold (up- or
downregulated compared with the Sham group) at the 3 time points
(p < 0.01) were screened out, and qRT-PCR was performed to validate
the expression changes of miR-124-3p in injured brain after rmTBI.

Cell Culture of BV2 Microglia and miR-124-3p Mimic

Transfection

The BV2 mouse microglial cell line was obtained from Nankai Uni-
versity (Tianjin, China). The cells were seeded into 6-well plates at
the density of 5 � 105/cm2 and cultured in DMEM/F12 culture me-
dium containing 10% fetal bovine serum (FBS), 100 U/mL penicillin,
and 100 mg/mL streptomycin (GIBCO Laboratory, Grand Island,
NY, USA) at 37�C. The purity of cultured microglia was determined
by immunofluorescence staining of Iba-1 (a biomarker of microglia).

To investigate the function of miR-124-3p in microglial exosomes,
miR-124-3p mimics (sequences: 50-UAAGGCACGCGGUGAAUG
CCCA-30, GenePharma, Shanghai, China) were transfected into mi-
croglia as we previously described.60,61 Briefly, miR-124-3p mimics
were first diluted to 20 mM. 5 mL miR-21-3p mimic was then incu-
bated with an equal volume of Lipofectamine 3000 (Invitrogen, Carls-
bad, CA, USA) in 500 mL serum-free DMEM/F12 medium for 20 min
at room temperature. This transfect solution was added into the cul-
ture plates for 6 h of transfection, followed by replacing with the com-
plete DMEM/F12 medium. The miR-124-3p upregulated exosomes
were harvested from the culture medium 48 h later. To evaluate the
transfection efficacy, qRT-PCR was performed to detect the level
change of miR-124-3p in microglia and their exosomes.

Enrichment of Exosomes from Cultured Microglia

The culture medium of microglia was first collected into the 50-mL
polypropylene tube and centrifuged at 300 � g for 10 min at 4�C to
remove free cells. The supernatants were then transferred into a fresh
centrifuge tube, spun at 2,000 � g for 10 min at 4�C to remove cell
debris, and then spun again at 10,000� g for 30 min at 4�C to further
remove additional cell particles. After that, the supernatants were
filtered through a 0.22-mm filter gauze to sieve out dead cells and large
particles. Total Exosome Isolation Reagent was added to the superna-
tants at the proportion of 1 mL supernatant to 500 mL reagent. The
samples were mixed by vortexing and were incubated overnight at
4�C. On the next day, ultracentrifugation was performed at
100,000 � g for 70 min at 4�C. After removal of the supernatants,
the exosomes were stored at 4�C temporarily for further experiments.

Flow Cytometry

To study the impact of miR-124-3p on microglial polarization, flow
cytometry was performed to measure the ratio between M2 and M1
microglia in cultured cells after 24 h of miR-124-3p mimic transfec-
tion. Briefly, single-cell suspensions of microglia were co-stained for
CD206 (an M2 microglia biomarker) conjugated with allophycocya-
nin (APC) (0.5 mg per test; 141-708; Thermo Fisher Scientific) and
CD86 (an M1 microglia biomarker) conjugated with fluorescein iso-
thiocyanate (FITC) (1.0 mg per test; 105110; Thermo Fisher Scientific)
for 45min at room temperature following the manufacturer’s instruc-
tions. The samples were detected with the FACSAria III flow cytom-
eter (BD Biosciences, San Jose, CA, USA). Subsequent data analysis
was performed using FlowJo software v.7.6.1 (https://flowjo.com/).

Cell Culture of HT22 Hippocampal Neurons and Establishment

of Repetitive Scratch Injury Model

The HT22 mouse hippocampal neuronal cell line was obtained from
the Tianjin Cancer Institute (Tianjin, China). The cells were seeded
into 6-well plates pre-coated with poly-D-lysine (MilliporeSigma) at
the density of 5� 105 per well and cultured in the neurobasal medium
containing 10% FBS, 2% B27, and 1% glutamine (GIBCO Laboratory)
at 37�C. The purity of cultured neurons was determined by immuno-
fluorescence staining of MAP-2 (a biomarker of neuron).

To study the impact of microglial exosomes on neurons after rmTBI
in vitro, the repetitive scratch injury model was designed in which two
scratch injuries were conducted with a 12-h interval. The first injury
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was performed by scratching across the cell surface vertically with a
4-mm space between each line using a 10 mL pipette tip. The second
injury was performed using the same method but scratching horizon-
tally. After each scratch injury, the detached cells were removed by
washing with the neurobasal medium (GIBCO Laboratories).

The impact of repetitive scratch injury on the cell viability of neurons
was evaluated by CCK8 assay following the manufacturer’s instruc-
tions (Dojindo Laboratories, Tokyo, Japan). The measurements
were performed every 3 h from the first injury to 24 h after the second
injury. The result of optical density (OD) values, which represent the
number of viable cells, was detected with the Varioskan Flash Micro-
plate Reader (Thermo Fisher Scientific) at the wavelength of 450 nm.

Microglial Exosome Treatment for Cultured Neurons

The cultured neurons were randomly assigned into four groups: un-
injured neurons (control), injured neurons (injury), injured neurons
treated with unedited microglial exosome (I+EXO), and injured neu-
rons treated with EXO-124 (I+EXO-124). For exosome treatment, the
culture medium of neurons was replaced with the serum-free neuro-
basal medium right after the second scratch injury. Media containing
3� 108 microglial exosomes were then added to the culture plate.23,62

To evaluate the transfer efficacy of miR-124-3p via exosomes, qRT-
PCR was performed to detect the expression level of miR-124-3p in
neurons after 24 h.

Neurodegeneration Evaluation for Cultured Neurons after Injury

We evaluated neurodegeneration for repetitive injured neurons after
exosome treatment from three aspects: neurite outgrowth, expression
of degenerative indicators, and Ab abnormalities.

For neurite outgrowth detection, immunofluorescence staining of
neuronal-specific beta III-tubulin (also called Tuj1) was performed
at 24 h after injury and exosome treatment. Beta III-tubulin-positive
cells were digitized under a 20� objective using a 3-charge-coupled
device (CCD) color video camera (Sony DXC-970MD, Tokyo, Japan)
with an immunofluorescence microscope (Olympus IX81, Tokyo,
Japan). The numbers and total length of neurite branches were quan-
tified using the NIS-Elements BR Analysis System (Nikon, Tokyo,
Japan). At least 60 beta III-tubulin-positive cells, distributed in 9
random fields per well, and triple wells per group were measured.

To further investigate whether miR-124-3p could promote neurite
outgrowth, the injured neurons were transfected with miR-124-3p
mimics for 12 h and then were rinsed with PBS for 3 times and trans-
fected with miR-124-3p inhibitor (sequences: 50-GGCAUUCACCG
CGUGCCUUA-30, GenePharma) for another 12 h (for a schematic
representation, see Figure 3D). During the injury and transfecting
procedure, the changes on neuronal branches were observed contin-
uously using HPICM as previously described.23 Specifically, the neu-
rons for HPICM scanning were scratched crosswise, and the scanning
time was controlled within 24 h; otherwise, the cell viability will be
influenced by the scanning procedure. The HPICM was composed
with a sample scan head SH01 and an ICnano scanner controller
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(Ionscope, Melbourn, Cambridgeshire, UK). The SH01 with a nano-
pipette was placed on the inverted TiU microscope (Nikon). The
ICnano controller managed two 100-mm PIHera piezo nanoposi-
tioners (P-621.2C, Physik Instrumente, Karlsruhe, Germany) to con-
trol cell movement in the horizontal X-Y direction. In addition, a
25-mm LISA piezo nanopositioner (P-753.21C, Physik Instrumente)
was used to control vertical positioning and hopping of the probe.
The Axon Multi Clamp700B amplifier (Molecular Devices, Sunny-
vale, CA, USA) provided +200 mV of DC voltage between the
nanopipette electrode and the bath electrode and monitored the ion
current between the nanopipette tip and cell surface. When the nano-
pipette tip approached the neuron membrane, a 0.4% reduction of
reference DC currents was set to keep the pipette away from the
cell surface. The primary topography data were processed and
analyzed using SICM Image Viewer software (Ionscope).

For degenerative indicator measurement, the expression levels of
BDNF, neurogranin, and VILIP-1 in neurons were detected by west-
ern blot at 24 h after injury and exosome treatment.

Ab abnormalities are one of the characteristic pathological changes of
post-traumatic neurodegeneration.8 Thus, we detected the expression
levels of APP and Ab protein in neurons by western blot and
measured the soluble Ab1–40 and Ab1–42 levels in the culture medium
by ELISA (KMB3481 and KMB3441; Thermo Fisher Scientific) at
24 h after injury and exosome treatment.

Target Prediction of miR-124-3p and Bioinformatics Analysis

Target predication for miR-124-3p was carried out using TargetScan
(http://targetscan.org/), miRanda (http://www.microrna.org/
microrna/home.do) and miRDB (http://mirdb.org/miRDB/). The
intersection of the predicted genes from the three databases was
thus obtained, and those that related to the process of neurodegen-
eration or amyloid deposition were further picked out using the
OMIM database (https://www.omim.org/). The genetic interaction
network of miR-124-3p with these genes was built by Biovista Vizit
(https://biovista.com/vizit/#goviral). The KEGG analyses for miR-
124-3p targeted genes were performed using Cytoscape software
v.3.6.1 (https://cytoscape.org/).

Target genes of Rela (functions as a transcription factor) were pre-
dicted using the ChIP-Seq data from OmicsNet (https://www.
omicsnet.ca/OmicsNet/). The predicted genes that related to the pro-
cess of neurodegeneration or amyloid deposition were picked out us-
ing Ingenuity Pathway Analysis. Their mRNA expression levels were
then detected in uninjured, injured, and miR-124-3p mimic-trans-
fected injured neurons by qPCR microarray (Sheweisi Tech, Tianjin,
China).

Luciferase Reporter Assay

To verify whether miR-124-3p directly targeted Rela mRNA in neu-
rons, the luciferase reporter constructs were made by ligating the
Rela 30 UTR fragments containing the predicted miR-124-3p bind-
ing sites (TargetScan; http://www.targetscan.org/vert_71/) into a

http://targetscan.org/
http://www.microrna.org/microrna/home.do
http://www.microrna.org/microrna/home.do
http://mirdb.org/miRDB/
https://www.omim.org/
https://biovista.com/vizit/#goviral
https://cytoscape.org/
https://www.omicsnet.ca/OmicsNet/
https://www.omicsnet.ca/OmicsNet/
http://www.targetscan.org/vert_71/
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luciferase reporter vector, pGL-3.0 (Promega, Madison, WI, USA),
as we previously reported.23,63 Specifically, the Rela 30 UTR
fragments were amplified by PCR (primer sequences: forward,
50-TCTAGACGGTCCTTCAGTTTTTGTGC-30; reverse, 30-TCTA
GAAACAGCACACTAAACTACCACG-50) and were inserted into
the pGL-3.0 vector using the XbaI sites immediately downstream
of the luciferase coding sequence to generate the WT luciferase re-
porter. In addition, the Mut luciferase reporter was generated from
the WT by deleting the binding sites for miR-124-3p using the
KOD-Plus-Mutagenesis Kit (Toyobo, Osaka, Japan). For the
following reporter assay, the WT or Mut Rela-30 UTR was co-trans-
fected with 200 pmol miR-124-3p mimics or scrambled oligonucle-
otides (GenePharma) into neurons using Lipofectamine 3000.
After 48 h of incubation, the cells were harvested, and the luciferase
activity was measured using a dual-luciferase reporter system
(Promega, Madison, WI, USA) according to the manufacturer’s
instructions.

To determine whether Rela targets ApoE promoter in neurons, we got
the promoter sequences from the ENCODES project analyzed by the
UCSC Genome Browser (http://genome.ucsc.edu/cgi-bin/hgTables).
The sequences of the promoter-flanking region of ApoE from mouse,
human, and rat were then aligned byMulan (https://mulan.dcode.org/
) andClustalOmega (https://www.ebi.ac.uk/Tools/msa/clustalo/). The
ApoE promoter reporter constructs were made by ligating the DNA
fragments containing the predicted Rela binding sites in the ApoE
gene (PROMO, http://alggen.lsi.upc.es/cgi-bin/promo_v3/promo/
promoinit.cgi?dirDB=TF_8.3; GTRD, http://gtrd.biouml.org/), which
were amplified by PCR (primer sequences: forward, 50-GGTACC
CAAACCCATCGGGAGCCACC-30; reverse, 30-GAGCTCCCGAGT
TTTTTCGCCATAGG-50) into the pGL-3.0 promoter vector. The
corresponding Mut reporter that deleted Rela binding sites was
generated using the KOD-Plus-Mutagenesis Kit. For the following re-
porter assay, the WT or Mut ApoE reporter constructs were co-trans-
fected with a Rela expression vector or an empty vector (Youbio,
Changsha, China) into neurons using Lipofectamine 3000. After 6 h
of transfection, the cellmediumwas changed, and the luciferase activity
was detected at 48 h after transfection using a dual-luciferase reporter
system.

ChIP-PCR Assay

To verify whether Rela could directly target the ApoE gene as a tran-
scription factor, the ChIP-PCR assay was performed in two ways us-
ing the EZ-Magna ChIP G Kit (MilliporeSigma).

In the first experiment, the Rela expression vector (Youbio) was first
modified to be FLAG-tagged and transfected into cultured neurons.
After establishing a stable cell line of FLAG-tagged Rela overex-
pressed neurons, the cells were incubated with 1% PFA to cross-
link proteins with DNAs. Sonication was then performed to shear
the genomic DNAs to a length under 500 bp. For the immunoprecip-
itation step, approximately 5� 105 neurons were incubated with 2-mg
anti-FLAG tag antibody. A same amount of rabbit immunoglobulin G
(IgG) was used as the negative control.
In the second experiment, unedited neurons were directly incubated
with the primary antibody of Rela (1:1,000; 3670; CST; Danvers, MA,
USA) after the procedures of cross-link and sonication. The protein G
conjugated agarose beads were then used to mutually enrich the pro-
tein and DNA complexes. Rabbit IgG was used as the negative
control.

The immunoprecipitated chromatins acquired from the two experi-
ments were incubated in 5 M NaCl at 65�C overnight to reverse the
cross-links. On the next day, the pulled-down DNA fragments were
digested with proteinase K and were recovered by phenol/chloroform
extraction and ethanol precipitation. The precipitated DNAs were
then amplified (primer sequences: forward, 50-GGGTTACCTCCA
GGAAGGAG-30; reverse, 30-CATGAGGAGCCACAGTTTGA-50),
and enrichment was measured by qRT-PCR.

Analysis for the Function of the Rela/ApoE Signaling Pathway in

Neurodegeneration under miR-124-3p Regulation

To validate the regulative effect of miR-124-3p on neurodegenera-
tion through the Rela/ApoE signaling pathway, we detected the
expression levels of ApoE, APP, and Ab in three groups of neurons
at 24 h after injury and exosome treatment by western blot: (1) un-
edited neurons after injury, (2) unedited neurons after injury and
EXO-124 treatment, and (3) Rela+ neurons after injury and EXO-
124 treatment.

Microglial Exosome Treatment for rmTBI Mice

In our in vivo study (for a schematic illustration, see Figure 7E), the
mice were randomly assigned into four groups: sham mice,
rmTBI mice, rmTBI mice treated with unedited microglial
exosome (rmTBI+EXO), and rmTBI mice treated with EXO-124
(rmTBI+EXO-124). Before treatment, the exosomes were labeled us-
ing PKH26 Fluorescent Cell Linker Kits (MilliporeSigma) according
to the manufacturer’s protocol, and their numbers were counted us-
ing a qNano particle analyzer (Izon, Cambridge, MA, USA). The
PKH26-labeled microglial exosomes were then intravenously injected
into rmTBI mice via tail vein (3 � 1010 in 200 mL PBS per mouse) at
35 DPI.38 To examine the uptake of exosomes by neurons, astrocytes,
and microglia in injured brain, an immunofluorescence staining of
MAP-2, GFAP, and Iba-1 was performed separately on the brain sec-
tions of rmTBI+EXOmice at 42 DPI. In addition, qRT-PCR was per-
formed to detect the miR-124-3p level in injured brain at 42 DPI in
order to further evaluate the transfer efficacy of exogenous miR-
124-3p via exosomes.

Neurodegeneration Evaluation and Rela/ApoE Signaling

Pathway Detection for rmTBI Mice

To further confirm the regulative effect of microglial miR-124-3p on
neurodegeneration through the Rela/ApoE signaling pathway in vivo,
the expression levels of Rela, ApoE, APP, and Ab in the hippocampus
of rmTBI mice after exosome treatment were detected at 42 DPI by
western blot. In addition, soluble Ab1–40 and Ab1–42 levels in the brain
extracts of hippocampus were measured at 42 DPI by ELISA
(KMB3481 and KMB3441; Thermo Fisher Scientific).
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Tissue Preparation for In Vivo Sample Measurement

For immunofluorescence staining, the mice were sacrificed by trans-
cardiac perfusion with PBS followed by 2% PFA, 10% sodium period-
ate, and 2% 70 mM L-lysine. The brains were then dissected and
post-fixed in the same solution for 1 h and incubated in 30% sucrose
overnight. After fixation, they were embedded in the optimum cutting
temperature medium (Sakura, Torrance, CA, USA). Coronal
sectioning was performed on a cryostat, and the sections were stored
at �20�C.

For qRT-PCR, western blot, and ELISA, the mice were sacrificed by
transcardiac perfusion with only PBS. The bilateral cerebral cortex
was first acquired from the injured brain. The bilateral hippocampus
was then detached and mixed together. The brain tissue was stored in
liquid nitrogen for the following experiments.

Immunofluorescence Staining

The cell or brain sections were first fixed in 4% PFA for 15 min at
room temperature, followed by treating with 3% BSA for 30 min at
37�C to block nonspecific staining. They were then incubated over-
night at 4�Cwith primary antibodies: Iba-1 (1:200; ab178847; Abcam,
Cambridge, Cambridgeshire, UK), MAP-2 (1:200; ab32454; Abcam),
beta III-tubulin (1:200; ab78078; Abcam), and GFAP (1:100; ZA-
0117; ZSJB-BIO, Beijing, China). On the next day, the sections were
rinsed by PBS and incubated with the secondary antibody for 1 h at
room temperature. The nuclei were counterstained with DAPI.

Western Blot

SDS-PAGE and immunoblotting were performed as we previously
described.64 Briefly, 8% SDS-acrylamide gel was used for detecting
APP (1:1,000; ab12269; Abcam). 10% SDS-acrylamide gel was used
for detecting BDNF (1:1,000; ab223354; Abcam), Rela (1:1,000;
8242; Cell Signaling Technology), and ApoE (1:1,000; ab183597; Ab-
cam). 12% SDS-acrylamide gel was used for detecting CD9 (1:2,000;
ab92726; Abcam), CD63 (1:1,000; ab193349; Abcam), CD81
(1:1,000; 10037; CST), neurogranin (1:1,000; ab217672; Abcam),
VILIP-1 (1:1,000; ab187631; Abcam), and Ab (1:1,000; 15126;
CST). GAPDH (1:2,000; 2118; CST) and a-tubulin (1:1,000; 2144;
CST) were used as the internal control. For densitometry, the
ChemiDoc XRS+ Imaging System (Bio-Rad, Hercules, CA, USA)
was used. Measurement of mean pixel density of each band was con-
ducted using Quantity One software (Bio-Rad).

Real-Time qRT-PCR

Total RNA was isolated frommicroglial exosomes or cultured micro-
glia using the Total Exosome RNA and Protein Isolation Kit (Thermo
Fisher Scientific) or TRIzol Reagent (Thermo Fisher Scientific)
following the manufacturer’s instructions. The RNA concentration
was quantified by the NanoDrop ND-2000 (Thermo Fisher Scienti-
fic). Reverse transcription and qRT-PCR were performed using the
Hairpin-it miR-124-3p RT-PCR Quantitation Kit (GenePharma,
Shanghai, China) with corresponding primers (primer sequences:
forward, 50-TCTTTAAGGCACGCGGTG-30; reverse, 30-TATGGTT
TTGACGACTGTGTGAT-50) as we previously reported.65 For mi-
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croglial exosomal miR-124-3p detection, the synthetic miRNA Cae-
norhabditis elegans miR-39 (cel-miR-39; 5 fmol/mL; sequences:
50-UCACCGGGUGUAAAUCAGCUUG-30; GenePharma) was
added to the isolated RNAs and was used as an exogenous control.
For neuronal miR-124-3p detection, U6 was used as an internal con-
trol (primer sequences: forward, 50-CTCGCTTCGGCAGCACA-30;
reverse, 30-AACGCTTCACGAATTTGCGT-50). The cycle threshold
(Ct value) was detected by the CFX Connect Real-Time PCR Detec-
tion System (Bio-Rad). The data were analyzed using the 2�DDCt

formula.

Cognitive Outcome Evaluation

All neurofunctional tests were performed in the behavioral testing
room. A video-tracking system (Ethovision 3.0; Noldus Information
Technology, Wageningen, the Netherlands) was utilized to record the
whole procedure of animal activities in training and experimental
sessions.

The MWM test was performed on rmTBI mice at 43–47 DPI. For the
spatial acquisition trials, the mice were placed in a pool (105-cm
diameter) filled with room-temperature water and were allowed up
to 90 s to locate a submerged platform. Themice performed four trials
a day with a 30-min interval for 4 consecutive days (43–46 DPI). They
were introduced in varying quadrants (northwest, northeast, south-
west, and southeast) of the pool for each trial, but the location of
the platform was fixed. The latency—time to reach the platform—

was recorded. For the probe trials that were conducted at 47 DPI
(24 h after the last spatial acquisition trials), the platform was
removed, and the mice were allowed to swim freely for 60 s. The per-
centage of the time spent in the goal quadrant was calculated.

The novel object recognition test was performed on rmTBI mice at 42
DPI as previously reported.66,67 Briefly, the mice were allowed to
freely explore a 40-cm � 40-cm � 50-cm open-field box (Clever
Sys, Reston, VA, USA) for 10 min before the experiment. In the famil-
iarization session, the mice were allowed to freely explore two similar
objects. A stopwatch with two channels was used to record the time
spent exploring each object until 20 s of total exploration time or
10 min of the session time was reached. In the following test session
conducted 6 h later, one of the two objects was replaced by a novel
object, and the mice were allowed to explore them for 10 min. The
amount of time that the mice spent on exploring each object was re-
corded, and the index of exploring time on the novel object over the
total exploring time was calculated.

Statistical Analysis

All data were based on at least three independent experiments. Except
for the spatial acquisition trials of the MWM test, all data were ex-
pressed as mean ± SD and analyzed using one-way ANOVA followed
by least significant difference (LSD) post hoc analysis or Student’s t
test. The data of spatial acquisition trials were expressed as mean ±

SEM, which were analyzed using two-way ANOVA followed by
LSD post hoc analysis. A p value of less than 0.05 was considered
significant.
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