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Abstract 

Ischemic stroke is a common cause of mortality and severe disability in human and currently lacks effective treatment. 
Neuronal activation and neuroinflammation are the major two causes of neuronal damage. However, little is known 
about the connection of these two phenomena. This study uses middle cerebral artery occlusion mouse model 
and chemogenetic techniques to study the underlying mechanisms of neuronal excitotoxicity and severe neuroin-
flammation after ischemic stroke. Chemogenetic inhibition of neuronal activity in ipsilesional M1 alleviates infarct area 
and neuroinflammation, and improves motor recovery in ischemia mice. This study identifies that ischemic challenge 
triggers neuron to produce unique small extracellular vesicles (EVs) to aberrantly activate adjacent neurons which 
enlarge the neuron damage range. Importantly, these EVs also drive microglia activation to exacerbate neuroinflam-
mation. Mechanistically, EVs from ischemia-evoked neuronal activity induce neuronal apoptosis and innate immune 
responses by transferring higher miR-100-5p to adjacent neuron and microglia. MiR-100-5p can bind to and activate 
TLR7 through  U18U19G20-motif, thereby activating NF-κB pathway. Furthermore, knock-down of miR-100-5p expres-
sion improves poststroke outcomes in mice. Taken together, this study suggests that the combination of inhibiting 
aberrant neuronal activity and the secretion of specific EVs-miRNAs may serve as novel methods for stroke treatment.
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Graphical Abstract

Background
Ischemic stroke due to insufficient blood supply to the 
brain caused by energy metabolism disorders, membrane 
depolarization, excitatory amino acids (such as glutamate 
and aspartic acid) massive release and ionic imbalance, 
resulting in rapid neuronal cell death in the ischemic 
core and the potential for progressive cell death in the 
penumbra [1]. In the acute phase after stroke, abnormal 
neuronal activity is considered to be an important factor 
leading to the formation and spread of infarction [2, 3]. 
During this acute phase of ischemia, cortical neuronal 
activation is required for somatosensory stimulation to 
trigger peri-infarct depolarizations [4]. Ischemic stroke, 
the depolarization of neurons and glial cells leads to 
the release of  K+ and glutamate from cells. The increase 
of extracellular  K+ and glutamate levels can stimu-
late the depolarization of cells in the penumbra around 
the infarct. This repeated depolarization is called peri-
infarct depolarization. Peri-infarct depolarization can 
trigger peri-infarct depolarization, causing the infarct 
core to expand to the penumbral region, leading to the 

enlargement of the infarct focus [5]. Microglia are major 
determinants of the peri-infarct environment and exert 
important effects upon the development of neuroinflam-
mation [6]. Manipulations of glial cells in the peri-infarct 
tissue have the potential to improve or impair functional 
recovery resulting from stroke. However, little is known 
regarding the connections between neuronal activation 
and neuroinflammation [7, 8].

Approaches involved with altering neuronal activity, 
such as anodal direct current stimulation or transcra-
nial magnetic stimulation, have been shown to enhance 
motor performance after stroke [9–11]. In rodent models 
of stroke, pharmacogenetic treatments, designer recep-
tors exclusively activated by designer drugs (DREADDs)-
based chemogenetic approach, and optogenetics that 
enhance neuronal activity in peri-infarct cortex adja-
cent to the stroke also promote motor recovery [12–14]. 
Moreover, acute inhibition within a subset of excitatory 
neurons with after ischemic stroke can prevent brain 
injury and improve functional outcomes in mice [7]. 
These data suggest that a distinct involvement of activity 
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within different neuronal subsets is critically involved in 
contributing to stroke pathogenesis. In this report, we 
first identify the state of excitability within different neu-
ronal subsets in the primary motor cortex (M1) follow-
ing stroke and then determine whether pharmacogenetic 
manipulations would be capable of modifying this neu-
ronal activity to restore functional recovery under condi-
tions of ischemia-induced stroke.

Small extracellular vesicles (EVs, 30–150 nm in diam-
eters) are secreted by almost all cell types involved in 
intercellular communication [15, 16]. EVs have a lipid 
bilayer structure, carrying biologically active molecules 
such as nucleic acids, proteins, and lipids, which can 
achieve material exchange between cells, which not only 
participate in the regulation of cell proliferation and sur-
vival, but also play an important role in signal transduc-
tion and cell communication [17]. In the central nervous 
system (CNS), EVs can be released from all cell types 
including microglia [18], astrocytes [19], and neurons 
[20], and participate in communication between neu-
rons and glial cells [21, 22]. Specifically, EVs derived from 
cultured neurons in  vitro can be internalized by micro-
glia [23] and neuron-derived EVs containing miR-21-5p 
promote proinflammatory activation of microglia and 
inhibit neurite outgrowth [23]. On the contrary, another 
study found that neuron-derived EVs promote functional 
behavioral recovery following injured spinal cord of mice 
by suppressing the activation of M1 microglia and A1 
astrocytes [24]. EVs derived from neuron can be inter-
nalized in microglia and suppress lipopolysaccharide 
(LPS)-induced microglia activation [25]. Results from a 
previous report have revealed that EVs can be released 
from cultured neurons in an activity-dependent man-
ner [26]. In stroke, the role of neuronal activity and even 
more so in EVs-miRNA as well as the underlying mecha-
nisms still remain elusive.

In this report, we tested our hypothesis that EVs 
released in response to ischemia-evoked neuronal activity 
may be relevant to mechanisms involved with poststroke 
microglial activation and neuronal injury. Our results 
revealed that in response to “ischemia-evoked neuronal 
activity”, EVs possessed aberrant expressions of specific 
miRNAs that can compromise cell survival and balance 
of the immune environment, as demonstrated under con-
ditions of both in vivo cerebral ischemia and in vitro oxy-
gen‐glucose‐deprivation/reoxygenation (OGD/R).

Material and methods
Ethics
All animal care and experimental procedures were con-
ducted in accordance with the guidance of the Care and 
Use of Laboratory Animals from the National Institutes 
of Health and were approved by the Laboratory Animal 

Ethics Committee of Shandong University (approval No. 
ECSBMSSDU2022-2–52). Participants who worked with 
the animal models were trained following Institutional 
Animal Care and Use Committee Guidebook rules to 
reduce the usage and mortality of experimental animals.

Surgery
Eight-week-old male C57BL/6 mice were purchased from 
Beijing Vital River Laboratory Animal Technology Co., 
Ltd. (Beijing, China).

Transient focal cerebral ischemia was induced by 
middle cerebral artery occlusion (MCAO), which was 
established as previously described [27]. After isoflu-
rane anesthesia (5% for induction; 1% for maintenance), 
the right middle cerebral artery was blocked by insert-
ing the monofilament (Rayworld Life Technology Co., 
Ltd., Shenzhen, China, MSMC21B120PK50) into the 
right internal carotid artery. The body temperature was 
sustained at 37  °C with a heated blanket throughout 
the procedure. Indicated time (30 min, 1 h or 2 h) after 
occlusion, reperfusion was allowed by removing mono-
filament. Unless otherwise indicated, the ischemic time 
was 2  h. In addition to inserting monofilament, Sham 
group went through the same process. The exclusion cri-
teria included mice showing no depressed signs or altera-
tion in movements after awakening from anesthesia. No 
significant adverse effects were observed in viral vector-
treated mice.

Models that meet the following criteria are considered 
successful: (1) Delayed or disappeared pain retraction in 
the opposite limb; (2) When hanging upside down, the 
opposite upper limb flexes towards the chest; (3) When 
walking, the body tilts or rotates to the opposite side; (4) 
Homer’s syndrome appear on the opposite side [28].

Stereotaxic surgery
DREADDs belong to a class of chemogenetically engi-
neered proteins that are based on G protein-coupled 
receptors. DREADDs can be activated or silenced by 
small molecule actuators such as clozapine-N-oxide 
(CNO). For the chemicalgenetics experiment, AAV9-
hSyn-HA-hM3(Gq)-IRES-mCitrine (hM3Dq, 9.04 ×  1013 
v.g/mL), AAV9-hSyn-HA-hM4(Gi)-IRES-mCitrine 
(hM4Di, 1.29 ×  1013 v.g/mL) were purchased from Shang-
hai Genechem Co., Ltd (Shanghai, China). The hM4Di is 
commonly used to inhibit neuronal activity. The hM3Dq 
is commonly used to increased neuronal activity. Vector 
injection Surgeries were performed under aseptic condi-
tions. Stereotaxic injections of purified high titer hM3Dq, 
or hM4Di were diluted with phosphate-buffered saline 
(PBS) and injected 2 ×  109  v.g/2  μL. To cover the entire 
M1, mice were microinjected in right hemisphere using 
the following coordinates: [from bregma: anteroposterior 
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(AP) + 1.0 mm, mediolateral (ML) + 1.5 mm, dorsoventral 
(DV) −1.0 mm)], using a 10 μL Hamilton syringe (Shang-
hai Gaoge Industry & Trade Co., Ltd., Shanghai, China). 
The injection speed was set at 0.2  μL/min. After each 
injection, the needle remained in situ for 5 min to mini-
mize backflow along the needle. Two weeks prior to sur-
gery, viral injection (hM4Di and hM3Dq) was performed 
under anesthesia.

To obtain direct evidence that miR-100-5p enriched 
EVs induced brain damage following stoke, PBS, EVs 
from normal neurons (referred to as Nor-N-EVs) or 
OGD/R-exposed neurons (referred to as OGD-N-EVs) 
were injected into the M1 by stereotactic injection. Here, 
we chose a milder form of stress (30  min occlusion) to 
better distinguish the miR-100-5p increase on brain 
damage.

For miR-100-5p functional loss experiments, miR-
100-5p antagomiR (miR-100-5panta) and control antag-
omiR  (controlanta) were purchased from Shanghai 
Genechem Co., Ltd (Shanghai, China). Vector injec-
tion Surgeries were performed under aseptic condi-
tions. Two days prior to MCAO, miR-100-5panta or 
 controlanta (100  pmol/2  μL) was dissolved in PBS and 
injected into the right intracerebroventricular (coordi-
nates: AP-0.3 mm, ML + 1.0 mm, and DV-3.0 mm). The 
solution was delivered at a rate of 0.2 μL/min. After each 
injection, the needle remained in situ for 5 min to mini-
mize backflow along the needle.

Chronic CNO injections
CNO was dissolved in dimethyl sulfoxide (DMSO) and 
then diluted in 0.9% saline to yield a final DMSO con-
centration of 0.5%. Saline solution for control injections 
also consisted of 0.5% DMSO. The intraperitoneal (i.p.) 
injection of CNO or Vehicle (1 mg/kg) was administered 
in conscious mice for 5 times. CNO or Vehicle (once 
every 24 h, 3 times in total) was injected intraperitoneally 
3  days before MCAO. The fourth injection of CNO or 
Vehicle was administered at 30 min before MCAO. The 
last injection of CNO or Vehicle was administered at 
23.5  h after MCAO. The chosen doses of CNO did not 
induce any behavioral signs of seizure activity (data not 
shown here). At 24 h post-surgery, the tissues were col-
lected for next experiment.

Regarding the activation method of CNO, we refer to 
previous studies to choose chronic CNO activation [12].

Behavioral assessment
Modified neurological severity score
The modified neurological severity score (mNSS) was 
used to evaluate neurological function [29]. The total 
score ranges from 0 to 18 points, and a higher score 

indicates a more severe neurological deficit. The mNSS 
test was performed 24 h after MCAO.

Negative geotaxis test
The negative geotaxis test was used to assess bilat-
eral asymmetry. Mice were placed in a standard posi-
tion, head downward, on an elevated 45° inclined board 
(15 cm × 30 cm) to turn 180° and crawl up the board [30]. 
When quitting the standard position, any leftward or 
rightward rotation was recorded. The test was conducted 
3 times per mouse, and the average time was obtained. 
A 60-s time out was used. Mice that fell or failed to turn 
were not counted.

Kondziella’s inverted screen test
The mouse was placed in the center of the wire mesh 
screen before the screen was rotated to an inverted posi-
tion slowly over 3 s, with the mouse’s head declining first. 
When the screen was stable and standing on all four legs, 
the timer was started. The time when the mouse fell off 
was noted, or the mouse was removed when the criterion 
time of 5 min maximum was reached.

The grid walking test
Grid walking test was performed to assess motor coor-
dination deficits after ischemic stroke. Each mouse was 
placed in the middle of a raised metal square-shaped 
frame grid unit and allowed to walk freely for 5  min. 
In the process of walking, the left foot stepped into the 
square, which was identified as foot slip. At rest, the grid 
was at the height of the left foot, which was also consid-
ered to be foot slip. The 75% ethanol was used to clean 
the grid after each trial. The camera (iPhone 12, USA) 
was placed 40  cm below the wire mesh to capture the 
number of foot slip. The collected videos were analyzed 
in slow motion (1/5 real-time speed) by experimenters 
who didn’t know about experimental grouping. Calcu-
late the left forelimb missed falls rate: footstep error = left 
forelimb missed falls times/(left forelimb missed falls 
times + left forelimb not missed falls times) × 100%. 
Before MCAO surgery, no obvious difference was 
observed all mice in grid walking test (data not shown).

Isolation and identification of EVs
We referred to previous studies to obtain EVs-depleted 
fetal bovine serum (FBS) using ultra-high speed cen-
trifugation [31]. The FBS was depleted of EVs by ultra-
centrifugation at 100,000 × g for 18 h at 4 °C. After that, 
filter the supernatant with 0.22  μm to obtain sterile 
EVs-depleted FBS. The extraction method for EVs from 
cell culture medium of PC12 cell (the neuronal cell line) 
was performed as previously described [32]. The detailed 
method for proposing Nor-N-EVs and OGD-N-EVs were 
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as follows: 5 ×  106 PC12 cells were inoculated with 20 mL 
of RPMI-1640 medium supplemented with 10% FBS, 1% 
penicillin–streptomycin in a T175  cm2 cell culture flasks, 
when the cell density reached 70%, the cells were cultured 
in EVs-depleted FBS-containing RPIM 1640 medium for 
12 h, and then 200 mL of medium was collected for EVs 
extraction by differential centrifugation at 4℃ as follows: 
300 × g for 10  min, 2,000 × g for 10  min, 10,000 × g for 
30  min, 100,000 × g for 70  min, 100,000 × g for 70  min, 
and then the pellet was resuspended in PBS, finally, Nor-
N-EVs were obtained.

The 5 ×  106 PC12 cells were inoculated with 20 mL of 
RPMI-1640 medium supplemented with 10% FBS, 1% 
penicillin–streptomycin in a T175  cm2 cell culture flasks. 
When the cell density reached 70%, the cells were cul-
tured in glucose-free RPIM 1640 medium under hypoxic 
conditions (1%  O2, 5%  CO2, and 94%  N2) for 6 h. The cells 
were then incubated under a humidified atmosphere con-
taining 5%  CO2 in EVs-depleted FBS-containing RPIM 
1640 medium with or without 20 µM GW4869 for 12 h, 
and 200  mL of medium was collected. OGD-N-EVs or 
OGD-N-EVs + GW4869 were finally obtained by follow-
ing the centrifugation steps of Nor-N-EVs.

Regarding the extraction of EVs from M1, a total of 
40 mice (5 mice in a pool, each group have 4 pool) were 
used to extract EVs for miRNA sequencing. The method 
for extraction of EVs from M1 was as follows: the M1 was 
chopped until homogenization, and the homogenate was 
placed in a test tube containing 2  mg/mL collagenase 
and 40 U/mL DNase I for 30 min at 37 °C. The homoge-
nate was filtered through 70  µm cell strainers and then 
centrifuged at 300 × g for 10  min, 2,000 × g for 10  min, 
10,000 × g for 30  min, 100,000 × g for 70  min, and then 
the pellet was resuspended in PBS and stored at − 80  °C 
until further experiments.

The extracted EVs were quantitatively analyzed 
using bicinchoninic acid assay and used for subsequent 
research.

To observe the morphology of the acquired EVs derived 
from neuron (N-EVs) in  vitro or brain tissue in  vivo 
(M1-EVs), transmission electron microscopy (TEM; 
Tecnai 12; Philips, Best, The Netherlands) and ZetaView 
(Particle Metrix, Germany) were used to evaluate the 
diameter distribution. Specific surface markers, including 
CD9, CD63 and Calnexin were also detected by Western 
blot.

MiRNA sequencing
The differentially expressed miRNA level in the M1-EVs 
was screened by Novogene Bioinformatics Technology 
Co. (Beijing, China). Total RNA detection, gene library 
construction, and HiSeq/MiSeq sequencing were car-
ried out according to the manufacturer’s instructions. To 

obtain miRNA profiles that differently distributed in EVs 
of Sham and MCAO, we set the fold change threshold of 
MCAO group at |log2 (Fold Change)|> 1 as compared 
to Sham group for further analysis. The differentially 
expressed miRNAs were determined using ANOVA.

EVs labeled with CD63 or PKH67
The pCMV-EGFP-CD63-Neo (CD63) plasmids were 
produced by Wuhan Miaoling biology science and tech-
nology co., ltd (Wuhan, China). The PC12 cells were 
transduced with the CD63 plasmid using Lipofectamine 
2000 (Invitrogen, Thermo Fisher Scientific, Grand Island, 
New York, USA) for 6 h, and then cultured for 48 h in 
RPMI-1640 medium supplemented with 10% FBS and 1% 
penicillin–streptomycin. After completion, RPMI 1640 
complete culture with 10% EVs-depleted FBS was used 
for 12 h before collecting the cell supernatant. EVs isola-
tion was performed as the above described. The purified 
EVs from normal neuron was referred to as Nor-N-EVs. 
Finally, CD63-labeled Nor-N-EVs were resuspended in 
PBS.

The PC12 cells were transduced with the CD63 plasmid 
using Lipofectamine 2000 for 6 h, and then cultured for 
48 h in RPMI-1640 medium supplemented with 10% FBS 
and 1% penicillin–streptomycin, and then RPMI 1640 
without-glucose medium was replaced and transferred 
to a three-gas incubator with 1%  O2, 5%  CO2 and 94% 
 N2 for 6 h. After completion, replaced RPMI 1640 com-
plete culture with 10% EVs-depleted FBS and incubated 
it in a normal incubator for 12  h before collecting the 
cell supernatant. The purified EVs from OGD/R-exposed 
neuron (referred to as OGD-N-EVs). CD63-labeled 
OGD-N-EVs were extracted by ultracentrifugation.

PKH67 (Sigma-Aldrich Co., St Louis, MO, USA) was 
used to mark the EVs according to the manufactur-
ers’ direction. Briefly, PKH67 dye (4 μL) was mixed into 
Diluent C (1  mL) to obtain the PKH67 solution. Then, 
PKH67 solution (1  mL) and diluent EVs (1  mL) were 
combined within centrifugation tube for 5  min, 2  mL 
1% bovine serum albumin was added to centrifugation 
tube to stop dyeing. Then, the mixture was ultracentri-
fuged (100,000 × g) for 70 min to obtain EVs precipitate, 
followed by washing again with PBS (100,000 × g) for 
70 min. Finally, PKH67-labeled EVs were resuspended in 
PBS. The PKH67-only was taken as a control to investi-
gate the uptake of EVs by recipient cells. The acquisition 
of PKH67-only is consistent with PKH67-labeled EVs, 
except for the absence of EVs.

Cell transfection
PC12 cells, BV-2 cells and primary cortical neurons were 
treated with miR-100-5p mimics (50  nM), miR-100-5p 
mutant (50 nM) or negative control (NC) (50 nM) using 
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Lipofectamine 2000 for 6  h, and then cultured for 48  h 
in complete medium to collect cells for subsequent 
research.

PC12 cells and BV-2 cells were treated with TLR7 
siRNA (50  nM) or Control siRNA (50  nM) using Lipo-
fectamine 2000 for 6 h, and then cultured for 48 h in com-
plete medium to collect cells for subsequent research.

PC12 cells and BV-2 cells were treated with NC 
(50  nM) + TLR7 siRNA (50  nM) or miR-100-5p mim-
ics (50 nM) + TLR7 siRNA (50 nM) using Lipofectamine 
2000 for 6  h, and then cultured for 48  h in complete 
medium to collect cells for subsequent research.

PC12 cells and primary cortical neurons were 
treated with pCMV-HA-hM3D(Gq)-EGFP-FRT-Hyg 
(hM3Dq)-plasmid (2 µg/mL) or pCMV-CMV-mCherry-
hM4D(Gi)-3 × HA-Puro (hM4Di)-plasmid (2  µg/mL) 
using Lipofectamine 2000 for 6 h, and then cultured for 
48 h in complete medium to collect cells for subsequent 
research.

Electrophysiology
Primary mouse cortical neurons were transfected with 
hM3Dq-plasmid or hM4Di-plasmid or miR-100-5p 
mimics or NC as described above. The firing of action 
potential in primary cortical neurons was recorded 
using perforated-cell recording in the current patch 
clamp mode. The data was acquired using HEKA EPC 10 
USB and analyzed with patch master software (HEKA). 
Pipettes were pulled with the micropipette puller (P-97, 
Sutter) with a resistance of 3-5MΩ. The bath solution 
contains (in mM): 130 NaCl, 2  CaCl2, 2  MgCl2, 5 KCl, 
10 HEPES, 10 glucose, and 10 sucrose, with pH = 7.4 
adjusted by NaOH and osmolarity of 310  mOsm. The 
pipette solution contains (in mM): 140  K-gluconate, 5 
HEPES, 0.5 EGTA, 2  MgCl2, 0.1  CaCl2, and 5  Na2-ATP, 
with pH = 7.2 adjusted by KOH and osmolarity of 
300  mOsm. Gramicidin (2.5  μg/mL) was used to perfo-
rate cell membranes in this study. All the cells were held 
at -60 mV initially if not specified.

Ca2+ concentration measurements
The concentration of intracellular  Ca2+ was measured by 
the Fura-2 AM (S1052, Beyotime Biotechnology, China, 
Shanghai) according to the manufacturer’s protocol. 
Fura-2 reagents (3  μM) were added to the cells, which 
were incubated for 30 min at 37 °C. They were then ana-
lyzed by a microplate reader at 340 nm and 380 nm, as 
previously described [33].

Fluorescence activated cell sorting of c‑Fos‑expressing 
neurons from brain tissue
Brains were rapidly extracted 6 h and 24 h after MCAO, 
M1 were cut in PBS containing 0.2% bovine serum 

albumin on ice. The tissue was digested with 0.25% 
trypsin to obtain single cells. Cell suspensions were pel-
leted and resuspended in PBS for sorting via fluorescence 
activated cell sorting (FACS) [34, 35]. The primary anti-
bodies: c-Fos (E-8) FITC antibody (sc-166940 FITC), 
CaMKIIα (G-1) Alexa Fluor 680 antibody (sc-5306 
AF680), GAD67 (F-6) PE antibody (sc-28376 PE) (Santa 
Cruz Biotechnology).

Immunoprecipitation assay
Immunoprecipitation (IP) assay was performed 
on HEK293T cells. Briefly, HEK293T cells trans-
fected with miR-100-5p (50  nM)/miR-100-5p mut 
 G6G20U7U18U19U21 → AAA AAA  (50  nM) and pCMV-
EGFP-TLR7-Neo (TLR7) plasmid (2  µg/mL) were 
harvested 48  h post-transfection and lysed in NP-40 
containing PMSF for 20  min on ice and centrifuged at 
12,000  rpm for 15  min at 4  °C. Cell lysate supernatant 
was incubated with TLR7 antibody or IgG antibody at 
4  °C overnight with rotation and then washed 4 times 
with NP-40 buffer. Then, the protein A + G beads were 
added to bond with antibody. The immunoprecipitated 
proteins with beads were centrifuged, washed three times 
with NP-40 buffer and analyzed by Western blot.

RNA immunoprecipitation assay
RNA immunoprecipitation (RIP) assay was used to deter-
mine the binding between TLR7 and miR-100-5p using 
Magna RIP™ RNA-Binding Protein Immunoprecipitation 
Kit (Gzscbio, Guangzhou, China). Briefly, HEK293T cells 
transfected with miR-100-5p (50  nM)/miR-100-5p mut 
 G6G20U7U18U19U21 → AAA AAA  (50 nM) and TLR7 plas-
mid (2 µg/mL) and the level of miR-100-5p was detected 
using qRT-PCR.

Statistical analysis
All data are presented as mean ± standard deviation (SD), 
and each experiment was performed in triplicate at least. 
Data analysis was performed using IBM SPSS statistics 
26.0 software. The Shapiro–wilk test was used to test 
whether the data conformed to the normal distribution. 
Normally distributed data were analyzed with the inde-
pendent samples t-test (2 groups) or one-way or two-way 
ANOVA followed by the Bonferroni multiple compari-
sons test (details in figure legends). If it did not conform 
to the normal distribution, the Mann–Whitney U test 
was used between the two groups, and the Kruskal–
Wallis test was used between multiple groups. Correla-
tion was measured using Pearson correlation analysis. 
Statistical graphs are generated using GraphPad Prism 
8.0.1. Statistical differences are presented at probability 
levels of *p < 0.05, **p < 0.01 and ***p < 0.001. All of the 
experiments were carried out in a blinded manner, and 
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experimenters were unaware of the treatment conditions 
and group assignment. Significant outliers were calcu-
lated using SPSS 26.0 software and were excluded from 
the statistical analysis.

The sample size was calculated in our pilot study to 
determine the smallest number of mice required to 
detect remarkable differences in the behavioral experi-
ment between Sham and MCAO group. Using a power 
analysis (http:// power andsa mples ize. com/ Calcu lators/), 
it has been estimated that a sample size of 3 (mNSS) and 
7 mice (negative geotaxis test) per group to detect a dif-
ference with a type I error (α) of 0.05, power of 0.8 and 
significance level of 0.05. Based on the above calculation, 
at last 6 mice were allocated to each experimental group 
to detect behavioral performance.

MCAO mice in vector injection surgeries were 
excluded from the analysis if their body weight was less 
than that of no vector injection surgeries at 8 weeks old. 
MCAO mice died before the end of the designated study 
period were excluded from the analysis. Total 10 MCAO 
mice were excluded from the study.

For other experiments, the numbers per group differed 
based on the type of assay. We utilized N = 4 for MiRNA 
sequencing, N = 3–6 depending on the type of biochemi-
cal analyses as indicated in each of the figure legends.

Results
Neuronal activity in the M1 was increased 
following ischemic stroke
At 6 h post-ischemic injury, cerebral blood flow within 
the ipsilateral hemisphere was significantly reduced in 
mice subjected to MCAO (Figure S1A). At 24  h post-
ischemic injury, MCAO mice displayed typical ischemia 
phenotypes including neurological deficits (Figure S1B-
E), cerebral infarction (Figure S1F), lung injury (Figure 
S1G) and neuronal apoptosis (Figure S2). The mice of 
MCAO group suffered more severe ischemia process 
(2  h of ischemia). The mortality of MCAO group was 
30% within 24  h reperfusion, 50% within 3  days reper-
fusion, 70% within 7  days reperfusion in the groups of 
MCAO (Figure S3A). Thus, we only observe the effect of 
inhibiting neuronal activation on brain damage at 2 h of 
ischemia following 24 h reperfusion.

To observe the long-term outcome of inhibition of neu-
ronal activation, the 1  h occlusion (a milder ischemia) 
was used to reduce unacceptably high mortality rates. 
The mortality of MCAO group (1  h of ischemia) was 0 
within 24 h reperfusion, 20% within 3 days reperfusion, 
40% within 7  days reperfusion in the groups of MCAO 
(Figure S3A). Notably, MCAO mice displayed cerebral 
infarction at 24  h after MCAO (1  h of ischemia) (Fig-
ure S3B). As expected, the mice with 1  h of ischemia 
with 24  h, 7  days and 14  days reperfusion exhibited 

sensorimotor deficits in a battery of behavioral tests 
after MCAO, including the mNSS, negative geotaxis test, 
Kondziella’s inverted screen test (Figure S3C-E). In con-
trast, hM4Di + MCAO + CNO mice exhibited a better 
neurological function at 24  h, 7  days, and 14  days after 
MCAO (Figure S3F-H).

As peri-infarct depolarizations are closely related with 
infarct formation and expansion, we first examined neu-
ronal activity via c-Fos expression within the ipsilateral 
M1 and ischemic core. In response to ischemic stroke, 
there were significant increases in the expression of c-Fos 
protein in M1 (p < 0.01) and ischemic core (p < 0.05) (Fig-
ure S4A) as well as in total number of c-Fos+ cells in the 
M1 (p < 0.05) and ischemic core (p < 0.05) (Figure S4B). 
To further explore the identity of the activated neurons 
after ischemia, we measured the excitatory neuronal 
marker calcium/calmodulin-dependent protein kinase II 
α (CaMKIIα) and the inhibitory neuronal marker gluta-
mate decarboxylase 67 (GAD67), which are co-expressed 
with c-Fos. As shown in Fig.  1A-B, the percentage of 
c-Fos+ cells in the M1 was significantly increased in the 
MCAO versus the Sham group (p < 0.001) as based on 
FACS. Importantly, the percentage of CaMKIIα+/c-Fos+ 
and  GAD67+/c-Fos+ neurons in the M1 were significantly 
increased at 6 h after ischemic stroke (p < 0.01, p < 0.001, 
respectively) (Fig. 1A, C), while the percentage of c-Fos+ 
cells, CaMKIIα+/c-Fos+ and  GAD67+/c-Fos+ neurons 
in M1 were all significantly increased (all p < 0.01) at 24 
h following MCAO (Figure S5). Consistent with FACS 
results, the fluorescent staining showed that the number 
of CaMKIIα+/c-Fos+ (p < 0.01) and  GAD67+/c-Fos+ neu-
rons (p < 0.01) in M1 was increased at 24 h after ischemic 
stroke (Fig.  1D). These results indicated that ischemic 
exposure significantly increased the activity of excitatory 
and inhibitory neurons in the M1.

To further assess the critical role of neuronal-activity in 
M1 following ischemic stroke, we expressed the human 
modified muscarinic type 4 DREADDs (hM4Di) or the 
human modified muscarinic type 3 DREADDs (hM3Dq) 
receptor in mice at 2 weeks prior to MCAO. These 
receptors were exclusively activated by designer drugs 
and were generated via hSyn promoter-driven adeno-
associated virus (AAV) infection (Fig. 1E–F). Consistent 
with the specificity of the hSyn promoter, the presence 
of the  mCitrine+ cell was confirmed in  MAP2+ neurons 
(Fig. 1G) but no co-expression of mCitrine was observed 
within microglia (Iba-1) (Figure S6). The ability for DRE-
ADDs to excite or inhibit neurons was then determined 
by examining changes in c-Fos expression following clo-
zapine-N-oxide (CNO) administration. Application of 
CNO increased neuronal activity of M1 compared with 
Vehicle, which was evidenced by increased proportion of 
c-Fos+hM3Dq+ neurons in  hM3Dq+ neurons (p < 0.05) 

http://powerandsamplesize.com/Calculators/
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Fig. 1 Chemogenetic inhibition of M1 neuronal activity after ischemic stroke. A An example of FACS sorting of c-Fos+ cells, CaMKIIα+/c-Fos+ 
neurons and  GAD67+/c-Fos+ neurons in M1 at 6 h after stroke. Sorting of c-Fos+ cells are located right (P3). Sorting of CaMKIIα+/c-Fos+ neurons 
(P4) or  GAD67+/c-Fos+ neurons (P5) are located in the top right quadrants, respectively. B Percentage of c-Fos+ cells by FACS. N = 3/group. C 
Percentage of CaMKIIα+/c-Fos+ neurons and  GAD67+/c-Fos+ neurons by FACS. N = 3/group. D Representative images and quantification of CaMKIIα+ 
or  GAD67+ cells colabeled with c-Fos+ cells in M1 of Sham and MCAO mice. N = 3/group. Scale bar = 25 μm. E Top: Schematic shows location 
of viral vector (AAV9-hSyn-HA-hM4(Gi)-IRES-mCitrine (hM4Di)) injections (green) in M1. Scale bar = 100 μm. Bottom: Representative imaging shows 
expression of the mCitrine tag around M1. Scale bar = 50 μm. F Experimental design. Two weeks prior to surgery, viral administration was performed 
under anesthesia. Viral vector contains the DREADDs transgene (hM4Di, AAV9-hSyn-HA-hM3(Dq)-IRES-mCitrine (hM3Dq)). The intraperitoneal (i.p.) 
injection of clozapine-N-oxide (CNO) (1 mg/kg body weight) or Vehicle was administered in conscious mice for 5 times. CNO or Vehicle (once 
every 24 h, 3 times in total) was injected intraperitoneally 3 d before MCAO. The fourth injection of CNO or Vehicle was administered at 30 min 
before MCAO. The last injection of CNO or Vehicle was administered at 23.5 h after MCAO. The chosen doses of CNO did not induce any behavioral 
signs of seizure activity. At 24 h post-surgery, the tissues were collected for next experiment. G hM4Di or hM3Dq (green, infected cell) in M1, 
co-localize with MAP2 staining (red) 15 d after virus infection. Scale bar = 25 μm. H Western blot measurements of c-Fos protein expression in M1 
and injury core of hM4Di + MCAO mice or hM3Dq + MCAO mice following Vehicle or CNO treatment at 24 h after stroke. The levels of c-Fos protein 
were quantitated by normalizing to β-actin. N = 4/group. All data are represented as mean ± SD. ** p < 0.01, *** p < 0.001 according to t-test in B-D. * 
p < 0.05 according to Kruskal–Wallis test in H (in M1). M1 primary motor cortex, M2 secondary motor cortex, TTC  2,3,5-triphenyltetrazolium chloride 
monohydrate, WB Western blot, IF Immunofluorescence staining, IHC Immunohistochemistry, HE Hematoxylin Eosin
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in M1 of Sham mice (Figure S7A). We also found that 
there was an increase in c-Fos lacking hM3Dq-mCitrine, 
suggesting that this excitation involved in the local con-
nectivity or circuit network activity. Moreover, CNO 
treatment decreased c-Fos+hM4Di+ neurons in  hM4Di+ 
neurons (p < 0.05) in the M1 of following MCAO (Fig-
ure S7B). Importantly, decreasing the activation of M1 
neurons with CNO in MCAO mice reduced the num-
ber of c-Fos+ cells (Figure S8B) and c-Fos protein levels 
(Fig. 1H) in the M1 (c-Fos+ cells number: p < 0.05; c-Fos 
protein: p < 0.05) and the number of c-Fos+ cells and the 
c-Fos protein levels in ischemic core showed a downward 
trend as compared with Vehicle (Figure S8C) (Fig.  1H). 
However, no changes were observed in the number 
of c-Fos+ cells and c-Fos protein levels between the 
hM3Dq + MCAO + CNO and hM3Dq + MCAO + Vehicle 
group (Fig. 1H, S8). These results indicated that neuronal 
activation or inactivation was preferentially induced 
in  hM3Dq+ or  hM4Di+ neurons in response to CNO 
administration.

Decreasing M1 neuronal activity rescued neurological 
impairment and brain infarct area after ischemic stroke 
in mice
Behavioral performance, including modified neuro-
logical severity score (mNSS), negative geotaxis test, 
Kondziella’s inverted screen test and grid-walking 
test, was measured at 24 h following ischemia. Motor 
control in all four tasks was impaired in the MCAO 
group (Figure S1B-E). As shown in Fig.  2A, neuro-
logical deficit scores of the hM4Di + MCAO + CNO 
group were significantly decreased as compared with 
that of the hM4Di + MCAO + Vehicle group (p < 0.01). 
In the negative geotaxis test, the time required 
for turning left or right was significantly reduced 
in the MCAO + hM4Di + CNO compared to the 
MCAO + hM4Di + Vehicle group (p < 0.01) (Fig. 2B). The 
hM4Di + MCAO + CNO group enhanced limb muscle 
strength, as indicated by increased latencies to fall off the 
wire mesh as compared to the hM4Di + MCAO + Vehicle 
group (p < 0.001) (Fig.  2C). There was also a significant 
reduction in right limb motor performance within the 
hM4Di + MCAO + CNO versus hM4Di + MCAO + Vehi-
cle group as assessed in the grid-walking test (p < 0.05) 
(Fig.  2D). However, no statistically differences were 
observed between the hM3Dq + MCAO + CNO and 
hM3Dq + MCAO + Vehicle group with regard to 
results obtained in the mNSS, negative geotaxis test, 
grid-walking test and Kondziella’s inverted screen test 
(Fig. 2A–D). Moreover, decreasing activation of M1 neu-
rons with CNO in MCAO mice reduced the infarct area 
(p < 0.001) (Fig.  2E–F) and apoptosis rate (M1: p < 0.01; 
Core: p < 0.001) (Fig.  2G–H), while, no statistically 

significant differences in infarct area and apoptosis rate 
were obtained between the hM3Dq + MCAO + CNO and 
hM3Dq + MCAO + Vehicle group (Fig. 2E–H). Relatively 
larger infarct area in MCAO mice may have created a 
ceiling effect (Fig. 2E), thus hM3Dq + CNO did not fur-
ther increase c-Fos expression, infarct area and apoptosis 
rate following ischemic stroke.

Moreover, hM4Di or hM3Dq treatments did not 
alter any potential toxicity to peripheral organs (heart, 
liver, kidney, spleen and lung) in these studies (Figure 
S9). It should be noted that hM4Di + CNO treatment 
improved ischemia-induced lung injury compared with 
hM4Di + Vehicle. These results suggested that decreas-
ing neuronal activity via CNO/hM4Di significantly sup-
pressed ischemia-induced behavioral impairments and 
infarct area.

Decreasing M1 neuronal activity inhibited microglia 
activation and inflammatory responses within the ischemic 
brain
Immunostaining for Iba-1, a microglia specific marker, 
was performed to assess the pathological changes of 
microglia within the ipsilateral hemisphere of MCAO 
mice. A significant increase in the number of Iba1-pos-
itive cells was observed in M1 (p < 0.001) (Fig.  3B) and 
the ischemic core (p < 0.05) (Figure S10A) of these mice. 
Decreasing neuronal activity via CNO/hM4Di treat-
ment in MCAO mice significantly reduced the number 
of Iba1-positive cells in the M1 (p < 0.1) (Fig.  3J) and 
ischemic core (p < 0.01) (Figure S10E) compared to that 
in the hM4Di + MCAO + Vehicle group. The microglial 
Sholl analysis was performed to assess the complexity 
and morphology of microglia. The microglial branching 
was measured using concentric circles in Sholl analysis. 
The MCAO mice displayed markedly decreased intersec-
tion numbers with the concentric circles in M1 (p < 0.05) 
(Fig.  3D). In contrast, decreasing neuronal activity via 
CNO/hM4Di treatment in MCAO mice significantly 
alleviated this decrease in the intersection numbers in 
the M1 compared to that in the hM4Di + MCAO + Vehi-
cle group (p < 0.01) (Fig. 3L). Consistent with these find-
ings, MCAO mice also showed an increase in microglial 
cell body area (p < 0.05) (Fig.  3E) and maximum branch 
length (p < 0.05) (Fig.  3F) in M1. Decreasing neuronal 
activity via CNO/hM4Di treatment in MCAO mice sig-
nificantly alleviated the area of the microglia cell body 
(p < 0.05) (Fig.  3M) and increased the maximum branch 
length (p < 0.05) (Fig. 3N) in the M1 compared to that in 
the hM4Di + MCAO + Vehicle group. In addition, CD68 
staining was used to label activated microglia [36]. A sig-
nificant increase in the number of CD68-positive cells 
was observed in M1 (p < 0.05) (Figure S11A) of these 
mice. Decreasing neuronal activity via CNO/hM4Di 
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treatment in MCAO mice significantly reduced the num-
ber of CD68-positive cells in the M1 (p < 0.001) (Figure 
S11B) compared to that in the hM4Di + MCAO + Vehicle 
group. Taken together, decreasing neuronal activity via 
CNO/hM4Di treatment alleviated the over-activation of 
microglia in the M1 of MCAO mice.

Results from our qRT-PCR assay revealed that mRNA 
expressions of the pro-inflammatory cytokines, including 
IL-1β, TNF-α and IL-6 were increased (IL-1β: p < 0.01, 
TNF-α: p < 0.01 and IL-6: p < 0.001), whereas Arg-1 lev-
els were decreased (p < 0.01) (Figure S12A) at 24 h after 

stroke. Decreasing neuronal activity via CNO/hM4Di 
in MCAO mice significantly down-regulated IL-1β and 
IL-6 mRNA levels (all p < 0.05), while Arg-1 mRNA lev-
els were upregulated (p < 0.05) compared to that obtained 
in the hM4Di + MCAO + Vehicle group (Figure S12C). 
Coincident with these cytokine mRNA changes, West-
ern blot assay results showed that a significant increase 
in protein expression of Iba-1, IL-1β and TNF-α in M1 
(all p < 0.05) (Fig. 3H) and ischemic core (Iba-1: p < 0.05, 
IL-1β: p < 0.01, TNF-α: p < 0.05) (Figure S10B) after 
stroke, whereas Arg-1 levels were decreased in the M1 

Fig. 2 Decreasing M1 neuronal activity rescued the neurological impairment and brain infarct area after ischemic stroke in mice. Neurological 
tests, including mNSS A (N = 7 for hM3Dq + MCAO + Vehicle group and hM3Dq + MCAO + CNO group, N = 10 for hM4Di + MCAO + Vehicle group 
and hM4Di + MCAO + CNO group), negative geotaxis test B (N = 10/group), Kondziella’s inverted screen test C (N = 7 for hM3Dq + MCAO + Vehicle 
group and hM3Dq + MCAO + CNO group; N = 10 for hM4Di + MCAO + Vehicle group and N = 8 for hM4Di + MCAO + CNO group), and grid-walking 
test D (N = 9 for hM3Dq + MCAO + Vehicle group, hM3Dq + MCAO + CNO group, and hM4Di + MCAO + Vehicle group, N = 8 for hM4Di + MCAO + CNO 
group). E Representative TTC staining of brain sections from hM3Dq + MCAO or hM4Di + MCAO mice following Vehicle or CNO treatment, the infarct 
area is shown in white. F Bar graph shows percentages of infarct area of indicated groups. N = 4/group. G Top: Representative TUNEL staining 
of brain sections from mice hM3Dq + MCAO or hM4Di + MCAO mice following Vehicle or CNO treatment. Scale bar = 1 mm. Bottom: Magnification 
of white frames in M1 and injury core. Scale bar = 100 μm. H Bar graph shows percentages of apoptosis rate of indicated groups. N = 4/group. All 
data are represented as mean ± SD.* p < 0.05, ** p < 0.01, *** p < 0.001 according to Kruskal–Wallis test in A –C. * p < 0.05, ** p < 0.01, *** p < 0.001 
according to two-way ANOVA followed by the Bonferroni’s post hoc test in D, F, H 
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(p < 0.05) (Fig.  3H) and ischemic core (p < 0.05) (Figure 
S10B). Importantly, hM4Di‐expressing mice treated with 
CNO showed significantly decreased protein expressions 
of Iba-1, IL-1β and TNF-α in the M1 (Iba-1: p < 0.05, 
IL-1β: p < 0.05, TNF-α: p < 0.01) (Fig.  3P) and ischemic 
core (IL-1β: p < 0.001, TNF-α: p < 0.05) (Figure S10F), and 
increased the levels of Arg-1 protein within M1 (p < 0.05) 
(Fig.  3F) and ischemic core (p < 0.05) (Figure S10F) ver-
sus that of Vehicle controls at 24 h after stroke. However, 
in these hM3Dq + MCAO mice, administration of CNO 
had no effect on microglia activation and pro-inflamma-
tory cytokine levels (Figure S10C-D, Figure S12B, Figure 

S13). These results suggested that decreasing activity via 
CNO/hM4Di significantly suppressed ischemia-induced 
neuroinflammation.

Aberrant neuronal activity altered the expression 
of EVs‑miRNA in M1 following ischemia stroke
EVs have been proposed to contribute to neuron-glia 
communication in various physiological processes of 
CNS [21, 22]. Accordingly, we first determined whether 
ischemia-evoked neuronal activity altered the expression 
of EVs-miRNAs in M1 following MCAO. We collected 
EVs from M1 at 24 h following ischemic stroke (referred 

Fig. 3 Decreasing M1 neuronal activity inhibited microglia activation and inflammatory response in M1 of the ischemic brain. A, I Representative 
immunofluorescent staining for Iba-1 in the M1 of indicated groups, Scale bar = 25 μm. B, J Bar graph shows the number of Iba-1+ cell of indicated 
groups, N = 4/group. C, K Representative images of  Iba1+ microglia and the Sholl analysis, the intersection number per radius over the distance 
from the cell body was displayed graphically in the curve. Scale bar = 10 μm. D–F, L–N The interactions, cell body area and maximum branch length 
were analyzed. N = 3/group. G, O Western blot measurements of Iba-1, IL-1β, TNF-α and Arg-1 protein levels in M1 of indicated groups. H, P The 
levels of Iba-1, IL-1β, TNF-α and Arg-1 were quantitated by normalizing to β-actin. N = 4/group. All data are represented as mean ± SD. * p < 0.05, ** 
p < 0.01, *** p < 0.001 according to t-test in A, H (IL-1β, TNF-α and Arg-1), D–F, J, L–N and P. * p < 0.05 according to Mann–Whitney U test in H (Iba-1)
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to as Sham-M1-EVs and MCAO-M1-EVs, respectively) 
(Fig.  4A). The Sham-M1-EVs and MCAO-M1-EVs were 
characterized by immunoblotting, TEM, and ZetaView 
(Fig.  4B–D) as indicated in the MISEV2018 [15]. Both 
EVs were similar with regard to their protein marker 
expressions (Fig.  4B), morphology (Fig.  4C) and sizes 
(Fig. 4D). The quantitative results of the number of EVs 
in the Sham-M1-EVs group and MCAO-M1-EVs group 
showed no significant difference (Fig.  4D). The EVs-
miRNA contents were analyzed with use of next-genera-
tion sequencing. Venn diagrams, as used for determining 
the number of miRNAs in EVs, revealed that Sham-M1-
EVs contained 533 miRNA and MCAO-M1-EVs con-
tains contained 558 miRNA, of which 469 were shared 
between the two groups (Fig. 4E). Among which 7 were 
upregulated and 14 downregulated in MCAO-M1-EVs 
versus Sham-M1-EVs (using at cut-off criteria of p < 0.01, 
Log2 Fold Change > 1) as illustrated in the volcano plot 
(Fig. 4F) and detailed in the heatmaps (Fig. 4G).

Among the identified M1-EVs miRNA, 365 identi-
fied miRNAs (59.1%) overlapped with the EVs miRNA 
of the Vesiclepedia database (http:// micro vesic les. 
org/) (Figure S14A). Moreover, the identified M1-EVs 
miRNA, 506 identified miRNAs (81.9%) overlapped 
with the miRNA of primary neuron EVs (neuron-
EVs) (SRA No. PRJNA814406) (Figure S14B). The pri-
mary neuron was treat with hSyn-hM3Dq + CNO 
or hSyn-hM3Dq + Vechile in the database (SRA No. 
PRJNA814406). And 339 miRNAs were detected across 
all group samples, including miR-100-5p (Figure S14C). 
Among them, miR-100-5p is the top 35 identified miR-
NAs in neuron-EVs (SRA No. PRJNA814406) data-
set (Figure S14D), and the top 20 identified miRNAs in 

M1-EVs in this study (Fig.  4H). We found that among 
which 7 were upregulated (including miR-100-5p, miR-
1298-5p, miR-148b-3p, miR-3068-3p, miR-340-5p, 
miR-9-3p and miR-9b-5p) and 14 downregulated in 
MCAO-M1-EVs versus Sham-M1-EVs (using at cut-
off criteria of p < 0.01, Log2 Fold Change > 1) as illus-
trated in the volcano plot (Fig.  4F) and detailed in the 
heatmaps (Fig. 4G). More importantly, among the top 7 
upregulated miRNAs, the top one differentially expressed 
miRNA, namely miR-100-5p, was shared between Sham-
M1-EVs and MCAO-M1-EVs (Fig.  4H). Following this 
analysis, miR-100-5p was selected for validation based on 
their abundance in EVs miRNA cargo in this study.

We further quantified miR-100-5p in M1-EVs or M1 
with qRT-PCR and found that miR-100-5p was signifi-
cantly upregulated in both M1-EVs (p < 0.01) and M1 
(p < 0.05) of MCAO mice (Fig.  4I). Pearson correlation 
analysis was performed to assess any possible relation-
ships among miR-100-5p levels within M1-EVs or M1 
and stroke severity. There was a significant correlation 
between miR-100-5p level of M1-EVs or M1 and infarct 
area (Figure S15A-B). In contrast, miR-100-3p was 
detected at much lower levels in both EVs, and no sig-
nificant difference was present between EVs in these two 
groups (Figure S15C-D).

Next, we examined whether ischemia-evoked neu-
ronal activity would change miR-100-5p expression in 
neurons as assessed in  vitro. To establish an ischemic 
model in vitro, PC12 cells were exposed to OGD/R, with 
our initial study addressing the issue of whether OGD/R 
exposure would evoke neuron activation. As c-Fos 
expression is rapidly and transiently induced by neu-
ronal activity in response to an elevation in intracellular 

(See figure on next page.)
Fig. 4 Neuronal activity altered the expression of EVs-miRNA in M1 following ischemia stroke. A Schematic of the EVs isolation method 
from the M1 of Sham and MCAO mice (referred to as Sham-M1-EVs and MCAO-M1-EVs). B Western blot analysis of brain lysate and associated 
EVs (Sham-M1-EVs and MCAO-M1-EVs) for identified specific EVs proteins, as well as common EVs (CD9, CD63) and non‐EVs (calnexin) protein 
markers. C Transmission electron microscopy (TEM) images of isolated Sham-M1-EVs and MCAO-M1-EVs. Scale bar = 50 nm. D Size distribution 
of the isolated Sham-M1-EVs and MCAO-M1-EVs determined using ZetaView. The quantity of Sham-M1-EVs group and MCAO-M1-EVs group were 
measured using ZetaView. N = 3/group. E EVs miRNA abundance analysis by next-generation sequencing. Venn diagrams of the number of miRNA 
in M1-derived EVs from Sham mice (referred to as Sham-M1-EVs) and MCAO mice (referred to as MCAO-M1-EVs). The number in the center refers 
to miRNAs with no specific expression in M1-EVs studied. F Volcano plot of differential miRNA expression. The black dots represent the miRNA 
with no significant difference, the red dots represent the significantly upregulated differential miRNA, and the green dots represent the significantly 
downregulated differential miRNA. Black arrow indicates miR-100-5p. G Heatmap displaying of differential miRNA expression. MiRNA expression 
is hierarchically clustered on the y-axis, and M1-EVs from Sham and MCAO mice are hierarchically clustered on the x-axis. High expression based 
on normalized Ct is shown in red and low expression in blue. H The top 20 abundant miRNA in Sham-M1-EVs and MCAO-M1-EVs are shown. I 
qRT-PCR measurements of miR-100-5p in Sham-M1-EVs and MCAO-M1-EVs (N = 3 pools within Sham-M1-EVs group, and MCAO-M1-EVs group, 
4 brains per pool), and M1 of Sham and MCAO mice (N = 4/group). J qRT-PCR measurements of miR-100-5p in Nor-N-EVs and OGD-N-EVs (N = 3/
group), and normal and OGD/R-exposed PC12 cells (N = 6 for Normal group and N = 5 for OGD/R group). K Primary neuron, microglia and astrocytes 
were exposed to OGD/R, the expression of miR-100-5p in cells were detected by qRT-PCR. N = 5 for Control group in primary neuron and N = 6 
for others group. L PC12 cells, BV-2 cells and fetal-derived normal human astrocytes (NHA) were exposed to OGD/R, the expression of miR-100-5p 
in cells were detected by qRT-PCR. N = 6/group. M BV-2 cells were incubated with OGD-N-EVs or OGD-N-EVs for 24 h, the expression of miR-100-5p 
in cells were detected by qRT-PCR. N = 4/group. All data are represented as mean ± SD. * p < 0.05, ** p < 0.01, *** p < 0.001 according to t-test in I (left), 
J, K (primary neuron) and L. * p < 0.05 according to Mann-Whitney U test in I (right) and M.

http://microvesicles.org/
http://microvesicles.org/
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 Ca2+ concentration, intracellular  Ca2+ concentrations 
and c-Fos expression were measured as a means to assess 
neuron activation following OGD/R exposure. In a pre-
liminary experiment, we found that a 6 h OGD exposure 
with reoxygenation for 3 or 12  h significantly increased 

c-Fos mRNA expression (all p < 0.05) in these cells (Fig-
ure S16A-B). In order to collect adequate levels of EVs 
from PC12 cells, we used a 6  h exposure of OGD and 
reoxygenation for 12 h (referred to as OGD/R) to simu-
late an ischemic-induced activation state of neurons in 

Fig. 4 (See legend on previous page.)
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subsequent experiments. We found that this OGD/R 
model resulted in increased levels of intracellular  Ca2+ 
(p < 0.05) as well as c-Fos protein expression (p < 0.05) 
(Figure S16C-E) and neuronal apoptosis (p < 0.001) (Fig-
ure S16F) in these PC12 cells. Importantly, OGD for 6 h 
and reoxygenation for 12  h remarkably increased miR-
100-5p expression in the cellular compartment of PC12 
cells (p < 0.05) (Figure S17). Moreover, OGD/R-exposed 
neuron also increased miR-100-5p in EVs (p < 0.05), in 
addition to increasing cellular miR-100-5p in PC12 cells 
(p < 0.01) (Fig. 4J, S17B).

We next assessed whether the source of miR-100-5p 
resided in neurons versus glia cells. The expression of 
miR-100-5p in glial cells was not affected by OGD/R 
stress, but the expression of miR-100-5p in neurons sig-
nificantly increased after OGD/R stress (Fig.  4K–L), 
suggesting that neurons might be the local source for 
miR-100-5p in response to ischemia stroke. To test this 
hypothesis, purified EVs from normal neurons (referred 
to as Nor-N-EVs) and OGD/R-exposed neurons (referred 
to as OGD-N-EVs) were collected. BV-2 cells were then 
treated in  vitro with OGD-N-EVs (which contained far 
greater levels of miR-100-5p levels than Nor-N-EVs), 
resulting in increased miR-100-5p levels in BV-2 cells 
(p < 0.05) (Fig.  4M). We speculated that with ischemia 
insult there would be an up-regulated of neuronal miR-
100-5p expression, leading to increased loading of miR-
100-5p into EVs. Based on a previous report, miR-100-5p 
was identified as a potent TLR7 activator and inducer 
of neuroinflammatory and neurodegenerative effects in 
LPS treated mice [37]. Here, we focused on the role of 
EVs-miR-100-5p upon neuronal activity within the M1 
and the accompanying neurotoxicity following ischemia 
stroke.

Aberrant neuronal activity‑releasing EVs led to microglia 
activation and neuron apoptosis in vitro
EVs are released from within cultured neurons in an 
activity-dependent manner [26] and can be internalized 
within microglia and suppress LPS-induced microglia 
activation [25]. Therefore, we next directed our atten-
tion to determine whether EVs from ischemia-evoked 
neuronal activity can contribute to neuron-microglia 
intercellular communication. The Nor-N-EVs and 
OGD-N-EVs were characterized by TEM, ZetaView and 
immunoblotting (Fig.  5A–C), which confirmed that the 
isolated particles were indeed EVs. Moreover, the quan-
titative results of the number of EVs in the Nor-N-EVs 
group and OGD-N-EVs group showed no significant dif-
ference (Fig. 5B). To verify the delivery of EVs to neuron 
or microglia, the plasmid encoding a CD63 EVs marker 
was transfected into PC12 cells (Fig. 5D, S18A), and then 
collected Nor-N-EVs and OGD-N-EVs (referred to as 

CD63-labeled Nor-N-EVs and CD63-labeled OGD-N-
EVs, respectively). The CD63-labeled EVs could accumu-
late in BV-2 and PC12 cells at 24 h following treatment 
(Fig. 5D). PKH67-labeled OGD-N-EVs also accumulated 
in primary microglia and primary neurons, as well as in 
BV-2 and PC12 cells at 24 h following treatment (Fig. 5E). 
After incubating neurons and microglia with PKH67-
only, few green fluorescence was observed in PC12 cells 
and BV-2 cells (Figure S19). Next, we aimed to deter-
mine whether N-EVs could render neuro-inflammation, 
BV-2 cells or primary microglia were pre-incubated with 
Nor-N-EVs (2 ×  1011 particles/mL, 50 μg) or OGD-N-EVs 
(2 ×  1011 particles/mL, 50  μg) for 24  h and then protein 
was extracted (Figure S18D). Results showed that OGD-
N-EVs treatment increased levels of IL-1β protein (all 
p < 0.05), while levels of Arg-1 protein were decreased 
(all p < 0.05) in BV-2 cells and primary microglia as com-
pared with that of Nor-N-EVs treatment (Fig. 5F–H). In 
contrast, Nor-N-EVs treatment did not affect IL-1β and 
Arg-1 protein levels in primary microglia (Fig.  5F, G) 
or BV-2 cells (Fig.  5F, H). In order to further verify the 
role of EVs, we used GW4869 to inhibit the secretion 
of EVs in PC12 cells. The results showed that the effect 
of OGD-N-EVs on BV2 cells was reversed by GW4869 
(IL-1β: p < 0.05,Arg-1: p < 0.05) (Figure S20C-D). Accord-
ingly, Nor-N-EVs and OGD-N-EVs exerted similar effects 
within BV-2 cells and primary microglia. As the transfec-
tion efficiency of primary microglia cells was relatively 
low, BV-2 cells were used in subsequent experiments. 
Doses of neuron-derived EVs (N-EVs) including 4 ×  1010 
particles/mL (10  μg), 2 ×  1011 particles/mL (50  μg) and 
4 ×  1011 particles/mL (100  μg) were selected based on 
data from our pilot study. The 2 ×  1011 particles/mL 
(50  μg) OGD-N-EVs produced the maximal proinflam-
matory effect in microglia (Figure S20A-B).

PC12 cells were pre-incubated with Nor-N-EVs or 
OGD-N-EVs (50  μg/mL) for 24  h and then exposed or 
not to OGD/R to assess effects upon cell viability. Com-
pared with Nor-N-EVs, OGD-N-EVs treatment induced 
cell apoptosis not only in normal PC12 cells (p < 0.001), 
but also in OGD/R-exposed PC12 cells (p < 0.001) (Figure 
S21). Collectively, these data indicated that EVs released 
by ischemia-evoked neuronal activity modulated micro-
glia activation and neuronal viability via autocrine or par-
acrine mechanisms.

EVs‑miR‑100‑5p secreted by ischemic neurons activate 
neurons and subsequent neuronal apoptosis
As noted above, the increased neuronal activity of neu-
ron was associated with miR-100-5p expression in 
neuron and neuron-derived EVs (Fig.  4J). Given these 
findings, we next investigated whether an up-regulation 
of miR-100-5p was similarly activity dependent. The 
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neuronal activity was stimulated via hM3Dq or hM4Di 
plasmid transfection. Results from microscopy imag-
ing demonstrated the expected localization of expressed 
hM3Dq or hM4Di plasmid within plasma membranes of 
transfected cells (Fig.  6A, S22A). Whole-cell recording 
of hM3Dq-transfected primary neurons indicated that 
the addition of CNO (10 µM) remarkably increased the 
firing frequency of action potentials (Fig.  6B). By con-
trast, 10 µM of CNO remarkably decreased the firing fre-
quency in hM4Di-plasmid transfected primary neurons 
(Figure S22B), results which substantiated the effective 
transfection efficacy of plasmid. Subsequently, intracellu-
lar changes in  Ca2+ and increased c-Fos expression were 
observed in hM3Dq plasmid transfected neurons after 
CNO treatment. The  Ca2+ fluorescent signal intensity 
and c-Fos expression within hM3Dq-plasmid-transfected 
neurons were remarkably enhanced after CNO treatment 

compared with that observed in Vehicle controls (p < 0.05, 
p < 0.05, respectively) (Fig. 6C–E). In addition, following 
CNO treatment, hM3Dq-plasmid-transfected neurons 
exhibited increased levels of miR-100-5p expression in 
PC12 cells (p < 0.05) (Fig. 6F).

PC12 cells were transiently transfected with FAM 
(green)‐tagged miR‐100‐5p and EVs were collected 
(referred as miR-100-5p-EVs) to culture with primary 
neurons and PC12 cells. MiR-100-5p-EVs (2 ×  1011 parti-
cles/mL, 50 μg) was then detected in these primary neu-
rons and PC12 cells (Figure S23A). PC12 cells were then 
pre-incubated with Nor-N-EVs (2 ×  1011 particles/mL, 
50 μg) or OGD-N-EVs (2 ×  1011 particles/mL, 50 μg) for 
24 h and miR-100-5p levels were assessed. We found that 
increased levels of miR-100-5p expression were observed 
in PC12 cells incubated with OGD-N-EVs, which were 
substantially greater than that in PC12 cells incubated 

Fig. 5 Neuronal activity-releasing EVs led to microglia activation in vitro. A TEM images of EVs from normal PC12 cells (referred to as Nor-N-EVs) 
and OGD/R-exposed PC12 cells (referred to as OGD-N-EVs). Scale bar = 50 nm. B The Size distribution and quantity of the isolated Nor-N-EVs 
and OGD-N-EVs were determined using ZetaView. N = 3/group. C Western blot analysis of Nor-N-EVs and OGD-N-EVs for identified specific EVs 
proteins, as well as common EVs (CD9, CD63) and non-EVs (Calnexin) protein markers. D Top: An in vitro experiment illustration for CD63 labeled EVs. 
Bottom: CD63 plasmid was transfected with PC12 cells for 48 h and then exposed OGD/R or not, finally collected EVs (referred to as CD63-labeled 
OGD-N-EVs and CD63-labeled Nor-N-EVs). The collected EVs incubated with BV-2 cells or PC12 cells for 24 h. Then staining with Iba-1 (red) or NeuN 
(red) and DAPI (blue). Scale bar = 20 μm. E Top: An in vitro experiment illustration for PKH67-labeled OGD-N-EVs. Bottom: PKH67-labeled OGD-N-EVs 
were engulfed by Iba-1 labeled primary microglia and BV-2 cells at 24 h following EVs treatment. PKH67-labeled OGD-N-EVs were engulfed by NeuN 
labeled primary neuron and PC12 cells at 24 h following EVs treatment. Scale bar = 50 μm. F Western blot measurements of IL-1β and Arg-1 
protein of BV-2 cells and primary microglia 24 h following Nor-N-EVs and OGD-N-EVs treatment. G The levels of IL-1β and Arg-1 of BV-2 cells were 
quantitated by normalizing to β-actin. N = 4/group. H The levels of IL-1β and Arg-1 of primary microglia were quantitated by normalizing to β-actin. 
N = 4/group. All data are represented as mean ± SD. * p < 0.05 according to one-way ANOVA followed by Bonferroni’s post hoc test
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Fig. 6 MiR-100-5p showed positive feedback of neuronal activity. A PC12 cells were transfected with hM3Dq plasmid for 48 h, then fixed and taken 
the images. Scale bar = 20 μm. B Primary neuron were transfected with the hM3Dq plasmid for 48 h, then 10 μM CNO was added to cell cultures, 
and the firing of action currents in primary neurons was recorded. C After PC12 cells were transfected with hM3Dq plasmid for 48 h, 3 μM CNO 
or the Vehicle control was added to detect calcium imaging by confocal microscopy. Scale bar = 50 μm. D After PC12 cells were transfected 
with hM3Dq plasmid for 48 h, 3 μM CNO or the Vehicle control was added to detect the intracellular  Ca2+ changes by microplate reader. N = 6/
group. E The level of c-Fos was measured 48 h following hM3Dq plasmid transfection with western blot. The levels of c-Fos were quantitated 
by normalizing to β-actin. N = 4/group. F The level of miR-100-5p in cells from hM3Dq plasmid transfection with PC12 cells. N = 4/group. G PC12 
cells were incubated with OGD-N-EVs or OGD-N-EVs for 24 h, the expression of miR-100-5p in PC12 cells were detected by qRT-PCR. N = 4/group. 
H The level of miR-100-5p in cells from miR-100-5p mimics (mimics) treatment with PC12 cells. I Primary neuron was transfected with the mimics 
or NC for 48 h, and the firing of action currents in primary neurons was recorded. N = 6/group. J After PC12 cells were transfected with miR-100-5p 
mimics (mimics) for 48 h, calcium imaging was detected by confocal microscopy. Scale bar = 50 μm. K  Ca2+ concentrations in PC12 cells were 
measured 48 h following miR-100-5p mimics (mimics) treatment with a microplate reader. N = 6/group. L The level of c-Fos mRNA was measured 
at 24 h following miR-100-5p mimics (mimics) treatment by qRT-PCR. N = 4/group. M The level of c-Fos was measured 48 h following miR-100-5p 
mimics (mimics) treatment with western blot. The levels of c-Fos were quantitated by normalizing to β-actin. N = 4/group. N After PC12 cells 
were transfected with hM4Di plasmid with/without OGD/R-exposure or miR-100-5p mimics (mimics) treatment, and then the calcium imaging 
was detected by confocal microscopy. Scale bar = 50 μm. O PC12 cells were transfected with hM4Di plasmid with/without OGD/R-exposure 
or miR-100-5p mimics (mimics) treatment, and then measured  Ca2+ concentrations by a microplate reader. N = 6/group. P CCK8 measurements 
of PC12 cell viability following 50 nM of miR-100-5p mimics (mimics) and its negative control (NC) treatment. N = 6/group. All data are represented 
as mean ± SD. * p < 0.05, ** p < 0.01, *** p < 0.001 according to t-test



Page 17 of 27Xin et al. Journal of Nanobiotechnology          (2024) 22:534  

with Nor-N-EVs (Fig.  6G). The presence of miR-100-5p 
within the lumen was investigated by RT-PCR. Nor-N-
EVs and OGD-N-EVs were digested with proteinase K 
alone, or following by RNase A digestion [30]. These 
treatments did not abolish the detection of miR-100-5p 
in EVs. In contrast, treatment of EVs preparations with 
detergent to lyse membrane vesicles (Triton-X-100) and 
RNase A digestion effectively abolished miR-100-5p 
presence in both EVs (Figure S23B), which indicated that 
extracellular miR-100-5p was primarily encased within a 
membrane rather than being directly released.

To assess the effect of miR-100-5p on neuronal activ-
ity, we transfected miR-100-5p mimics into PC12 cells 
(Fig. 6H). With this procedure, we found that miR-100-5p 
overexpression increased the firing frequency of action 
potentials (Fig.  6I), Ca2+ levels (p < 0.05) (Fig.  6J–K), 
c-Fos mRNA and protein expression (p < 0.01, p < 0.05, 
respectively) (Fig.  6L–M) in these PC12 cells. To fur-
ther evaluate the effect of OGD/R exposure or extracel-
lular miR-100-5p on neuronal activity, transfection of 
the hM4Di plasmid following OGD/R exposure or miR-
100-5p mimics-treatment upon neurons were deter-
mined in  vitro. The hM4Di-plasmid + CNO treatment 
suppressed the increases in  Ca2+ levels resulting from 
OGD/R exposure (p < 0.01) or miR-100-5p mimics treat-
ment (p < 0.05) in PC12 versus that observed in Vehicle 
control treatment (Fig. 6N–O). Exposure to miR-100-5p 
mimics led to a similar reduction in neuronal viability 
(Fig. 6P). These results provided evidence that increased 
neuronal activity promoted up-regulation of miR-100-5p 
in neurons and neuron-secreted EVs, while the transfer 
of miR-100-5p via EVs to local neurons promoted neu-
ronal activity and subsequent apoptosis.

EVs‑MiR‑100‑5p activated innate immune responses 
and neurotoxicity via its  U18U19G20‑containing motif 
and direct association with TLR7
To further substantiate that the biological activity of 
EVs-contain miR-100-5p from neurons via a paracrine 
mediator of neuron-microglia intercellular communica-
tion, culture media was collected from PC12 cells at 24 h 
after transfection with miR-100-5p-mimics (referred 
as miR-100-5p-EVs) or its negative control (referred as 
NC-EVs). As shown in Fig. 7A, fluorescently labeled miR-
100-5p-EVs (2 ×  1011 particles/mL, 50  μg) was detected 
in primary microglia and BV-2 cells following this 24  h 
incubation period. MiR-100-5p-EVs led to increased 
expressions of IL-1β (p < 0.01) and TNF-α (p < 0.05), while 
decreased Arg-1 (p < 0.05) expression was observed as 
compared to NC-EVs treated BV-2 cells (Fig.  7B). The 
miR-100-5p mimics or its NC were then used to treat 
BV-2 cells, with the result that these miR-100-5p mim-
ics led to an increased expression of IL-1β (p < 0.05) 

and TNF-α (p < 0.05), while decreased Arg-1 (p < 0.01) 
expression (Fig.  7C) in BV-2 cells. The results of these 
experiments suggested that regulation of inflammatory 
responses in microglia were mediated by the transfer 
of miR-100-5p as derived from neuron-EVs following 
ischemia insult.

Interestingly, miR-100-5p contains GU-rich sequence 
motifs of at least 4-nucleotides in length (shown within 
the shaded region in Fig. 7D), which has been previously 
described to be capable of inducing TLR7 signaling in 
mouse microglia and human-derived macrophages [37]. 
We found that both extracellular miR-100-5p (Figure 
S24) and miR-100-5p-EVs were co-localized with TLR7 
in microglia (Figure S25A) and that TLR7 was localized 
to endosomes of microglia (Figure S25B). In contrast, 
miR-100-5p-EVs and miR-100-5p mimics did not affect 
TLR7 expression levels in BV-2 cells (Fig. 7B and C).

TLR7, as expressed in murine microglia, can be acti-
vated by the sequence motif UUGU [38]. Accordingly, 
we then investigated the relative importance of each U or 
G in the miR-100-5p seed sequence and the necessity of 
the  U18U19G20U21 motif for miR-100-5p-induced IL-1β 
production, as achieved by individually mutating each 
U or G (shown in red markers in Fig.  7D). Our results 
revealed that  G6 → A or  U7 → A mutation in the seed 
sequence did not affect the expression of IL-1β (Fig. 7E). 
Moreover, either  U18 → A or  U19 → A or  G20 → A, but not 
 U21 → A, all within the motif, abrogated IL-1β production 
(Fig.  7D–E). As expected, all “U” and “G” mutations to 
“A” in the seed sequence and motif of miR-100-5p abol-
ished the role of miR-100-5p. These data suggested that 
the consecutive  U18,  U19 and  G20 within  U18U19G20U21 
motifs were absolutely essential for the ability of miR-
100-5p to activate IL-1β production. These findings were 
consistent with a recent report that the consecutive UU 
was important for synthetic small ssRNA binding to and 
activation of the crystal structure of TLR7 [39].

To demonstrate whether miR-100-5p exerted its 
effects through a physical interaction with TLR7. 
HEK293T cells were transfected with the miR-100-5p/
miR-100-5p mut  G6G20U7U18U19U21 → AAA AAA  and 
TLR7 plasmid. TLR7 was immunoprecipitated using a 
specific anti-TLR7 antibody (Fig. 7F) and western blot 
of TLR7 (Fig.  7G) showed an effective pulldown of 
TLR7 by anti-TLR7, but not by anti-IgG. Subsequent 
qRT-PCR analysis of the TLR7 immunoprecipitates 
showed that miR-100-5p was enriched in the immuno-
precipitates of TLR7 + miR-100-5p transfected cells but 
not in that of TLR7 + mut  G6G20U7U18U19U21 → AAA 
AAA  transfected cells (Fig.  7H). Overexpression of 
TLR7 with a plasmid transfection further aggravated 
miR-100-5p-induced IL-1β expression in HEK293T 
cells (p < 0.01) (Fig. 7I). In contrast, a down regulation 
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of TLR7 expression with siRNA suppressed IL-1β 
expression in BV-2 cells microglia (p < 0.05) (Fig.  7J), 
which could not be reversed with miR-100-5p mimics 
treatment (p > 0.05) (Fig. 7K). Together, these data sug-
gested that miR-100-5p up-regulated pro-inflammatory 
cytokine production by directly binding and activating 
TLR7.

Next, we examined whether extracellular miR-
100-5p or miR-100-5p-EVs entered neurons and 
localized to TLR7. Extracellular miR-100-5p (Figure 
S26) or miR-100-5p-EVs (Figure S27A) entered cells 
within 24  h of exposure and co-localized to TLR7 in 
primary neurons and PC12 cells. Consistent with 
results from previous studies [40], we found that TLR7 

Fig. 7 MiR-100-5p activated innate immune response and neurotoxicity via its  U18U19G20-containing motif and direct association with TLR7. 
A Top: Experimental design, PC12 cells were transfected with 50 nM NC or miR-100-5p mimics for 24 h, and collected EVs (referred as NC-EVs 
and miR-100-5p-EVs). Bottom: Primary microglia and BV-2 cells were incubated with miR-100-5p-EVs (5-Carboxyfluorescein, FAM) (green) for 24 h. 
Cells were then fixed and stained with Iba-1 (red). Scale bar = 25 μm. B Western blot measurements of IL-1β, TNF-α, Arg-1 and TLR7 protein of BV-2 
cells following NC-EVsand miR-100-5p-EVs treatment for 24 h. N = 4/group. C Western blot measurements of IL-1β, TNF-α, Arg-1 and TLR7 protein 
of BV-2 cells following 50 nM miR-100-5p mimics (mimics) and its negative control (NC) treatment for 48 h. The levels of IL-1β, TNF-α, Arg-1 and TLR7 
were quantitated by normalizing to β-actin. N = 4/group. D Nucleotide sequences of miR-100-5p and its various U/A and or G/A mutants. The 
 U18U19G20U21 motif sequence is highlighted in gray shade. The seed sequences are highlighted in blue shade. U/A and or G/A mutants are in red. 
E Western blot measurements of IL-1β protein of BV-2 cells following 50 nM of miR-100-5p or its various U/A and or G/A mutants treatment. N = 4/
group. F HEK293T cells were transfected with TLR7 plasmid (green) and with/without miR-100-5p-FAM (green). Scale bar = 20 μm. G Representative 
immunoprecipitation (IP) using anti-IgG or anti-TLR7 antibody in HEK293T cells followed by western blot for TLR7. H qRT-PCR analysis of miR-100-5p 
associated with TLR7. N = 4/group. I Western blot measurements of IL-1β of HEK293T cells following 50 nM of miR-100-5p mimics (mimics) with/
without TLR7 plasmid (2 µg/mL) transfection. The levels of IL-1β were quantitated by normalizing to β-actin. N = 4/group. J Expression of TLR7 
in BV-2 cells was knocked down via siRNA technology. TLR7 and IL-1β protein was measured with western blot. The levels of TLR7 and IL-1β were 
quantitated by normalizing to β-actin. N = 4/group. K BV-2 cells were transfected with TLR7 siRNA (50 nM) and miR-100-5p mimics (mimics) (50 nM) 
or its negative control (NC) for 48 h. The levels of IL-1β were investigated by western blot. The levels of IL-1β were quantitated by normalizing 
to β-actin. N = 4/group. All data are represented as mean ± SD. * p < 0.05, ** p < 0.01 according to t-test in B, C, E, H, J and K. * p < 0.05, ** p < 0.01, *** 
p < 0.001 according to one-way ANOVA followed by Bonferroni’s post hoc test in I
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was localized to the endosomes of neurons (Figure 
S27B). Exposure to miR-100-5p mimics led to a simi-
lar reduction in neuronal viability (Fig.  6L), however, 
as compared with the mimics group, neuronal viabil-
ity of the mut  G6G20U7U18U19U21 → AAA AAA  (mut) 
group was significantly increased (Figure S28A). A 
down regulation in the expression TLR7 with siRNA 
increased neuronal viability (p < 0.05), which could not 
be reversed by miR-100-5p mimics treatment (p > 0.05) 
(Figure S28B-D). Taken together, these findings indi-
cated that via EVs, miR-100-5p could enter microglia 
or neurons and located with TLR7. In addition, extra-
cellular miR-100-5p stimulated cytokine production 
and neurotoxicity by binding and activating TLR7 via 
its  U18U19G20-containing motif.

MiR‑100‑5p activated NF‑κB by TLR7 signaling in microglia 
and neuron
TLR7 ligations induce signal transduction which activate 
nuclear factor kappa beta (NF-kB) to result in the pro-
duction of proinflammatory cytokine and chemokines 
[41]. The issue of whether extracellular miR-100-5p acti-
vates NF-κB signaling by TLR7 was examined in our next 
series of experiments. At 24 h after stroke, p-NF-κB was 
remarkably increased (p < 0.05) (Fig. 8A), while decreas-
ing neuronal activity via CNO/hM4Di in MCAO mice 
significantly down-regulated these p-NF-κB levels 
(p < 0.05) (Fig.  8A). However, in hM3Dq + MCAO mice, 
CNO had no effect on altering p-NF-κB levels (Fig. 8A). 
Microglia was stimulated with miR-100-5p mimics or its 
NC for a period of 48 h. We found that miR-100-5p mim-
ics increased nucleus entry of NF-κB p65, as indicated by 
immunofluorescence (Fig.  8B). Immunoblotting of the 

Fig. 8 MiR-100-5p activated NF-κB via TLR7 signaling. A Western blot measurements of NF-κB and phosphorylated NF-κB (p-NF-κB) levels in the M1 
of each group. N = 4/group. B BV-2 cells were treated with 50 nM of miR-100-5p mimics (mimics) and its negative control (NC) for 48 h, then stained 
with NF-κB (red) and DAPI (blue). Scale bar = 20 μm. C BV-2 cells were treated with 50 nM of miR-100-5p mimics (mimics) and its negative control 
(NC) for 48 h. Then cells were lysed and tested for NF-κB and p-NF-κB. N = 4/group. D BV-2 cells were treated with 50 nM of miR-100-5p mimics 
(mimics) and its mutant for 48 h, cells were lysed and tested for NF-κB and p-NF-κB. N = 4/group. E Expression of TLR7 in BV-2 cells was knocked 
down via siRNA technology. Then, NF-κB and p-NF-κB protein were measured with western blot. The levels of NF-κB and p-NF-κB was quantitated 
by normalizing to β-actin. N = 4/group. F BV-2 cells were transfected with TLR7 siRNA (50 nM) and miR-100-5p mimics (mimics) (50 nM) or its 
negative control (NC) for 48 h. The levels of NF-κB and p-NF-κB were quantitated by normalizing to β-actin. N = 4/group. All data are represented 
as mean ± SD. * p < 0.05 according to t-test except D (mimics vs mut  U19-A). * p < 0.05 according to Mann–Whitney U test in D (mimics vs mut  U19-A)
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cell lysates revealed that a strong phosphorylation of p65 
was present following treatment with miR-100-5p mim-
ics in BV-2 cells (p < 0.05) (Fig.  8C). We also observed 
that  G6 → A or  U7 → A mutation in the seed sequence 
did not affect the expression of p-NF-κB (Fig. 8D), while, 
either  U18 → A or  U19 → A or  G20 → A, but not  U21 → A, all 
within the motif, failed to activate NF-κB. As expected, 
“U” and “G” mutations to “A” in the seed sequence and 
motif of miR-100-5p abolished the role of miR-100-5p 
(Fig. 8D). NF-κB activation appeared to be mediated via 
TLR7, as TLR7 siRNA microglia failed to respond to 
miR-100-5p mimics treatment (p > 0.05) (Fig. 8E–F).

Inhibiting miR‑100‑5p reversed neuroinflammation 
and improved neuronal function following ischemic stroke
To obtain direct evidence that miR-100-5p enriched EVs 
induced brain damage following stoke, PBS, Nor-N-EVs 
(2 ×  1010 particles/μL, 2 μL) or OGD-N-EVs (2 ×  1010 par-
ticles/μL, 2 μL) were injected into the M1 to demonstrate 
the hypothesis that miR-100-5p enriched EVs increased 
brain injury. We chose a milder form of stress (30  min 
occlusion) [42, 43] to better distinguish the hypothesized 
deleterious effects of miR-100-5p increasing on brain 
damage (Figure S29A). The result showed that treatment 
with OGD-N-EVs markedly increased expression of miR-
100-5p in the M1 at the time of surgery when compared 
to Nor-N-EVs (p < 0.01) (Figure S29B). The behavioral 
test results showed that the OGD-N-EVs treated mice 
showed a trend of worsening behavior compared to 
Nor-N-EVs treated mice in response to ischemic insult, 
including the mNSS, negative geotaxis test, Kondziella’s 
inverted screen test (Figure S29C-E). OGD-N-EVs led to 
a greater degree of infarct area as compared to Nor-N-
EVs treated mice (p < 0.05) (Figure S29F). However, only 
a single dose of OGD-N-EVs was applied in our experi-
ments, which is one of the reasons why there was no sig-
nificant difference in behavioral studies. Hence, future 
studies should be aimed at identifying the optimum dose 

of OGD-N-EVs delivery and its potential harmful effects 
in stroke in vivo.

Next, we examined the role of endogenous miR-100-5p 
in brain injury in vivo by knockdown of miR-100-5p with 
antagomiR. Mice received unilateral intracerebroven-
tricular stereotaxic microinjection of miR-100-5panta or 
 controlanta and were then subjected to stroke injury 48 h 
later (Fig. 9A). miR-100-5panta effectively knocked down 
miR-100-5p in the M1 and ischemic core of MCAO mice 
(Fig.  9B). Behavioral performance as measured at 24  h 
following ischemia indicated that neurological score was 
significantly reduced in the miR-100-5panta versus the 
 controlanta group (p < 0.01, Fig. 9C). Negative geotaxis test 
results showed that the times involved with turning left 
or right were significantly reduced in the miR-100-5panta 
group, as compared with the  controlanta group (p < 0.01, 
Fig. 9D). Mice within the miR-100-5panta group demon-
strated enhanced motor coordination as indicated by an 
increased latency to fall off the rotarod as compared to 
 controlanta group (p < 0.01) (Fig. 9E).

Mice treated with miR-100-5panta displayed reduced 
infarct area compared with miR-100-5panta group 
(p < 0.001) (Fig.  9F). TUNEL assay results revealed 
that there was a decrease in apoptotic cell numbers in 
the miR-100-5panta group (M1: p < 0.05; core: p < 0.01) 
(Fig.  9G). In addition, mice treated with miR-100-5panta 
displayed reduced the number of Iba-1+ cells compared 
with  controlanta group (M1: p < 0.001; core: p < 0.01) 
(Fig.  9H). The result of Sholl analysis showed that mice 
treated with miR-100-5panta increased the microglia 
intersection numbers (p < 0.05) (Fig.  9J), decreased the 
area of the microglia cell body (p < 0.05) (Fig.  9K), and 
increased the length of the longest branch compared 
with  controlanta group in M1 (p < 0.05) (Fig. 9L). In addi-
tion, the CD68 staining result showed that a significant 
decrease in the number of CD68-positive cells in M1 
(p < 0.05) (Figure S30) of miR-100-5panta group compare 
with  controlanta group. Taken together, inhibiting the 

Fig. 9 Knockdown of miR-100-5p by antagomiR could partially prevented stroke via reducing inflammation and improving organ function. A 
Experimental design. The mice were administered with miR-100-5p antagomiR (miR-100-5panta) (100 pmol) or the control antagomiR  (controlanta) 
via unilateral stereotaxic microinjection into intracerebroventricular 48 h prior to MCAO. Twenty-four hours after MCAO, the mice were behavioral 
studies, infarction, inflammation and apoptosis examination. i.c.v: intracerebroventricular. B Twenty-four hours after MCAO, miR-100-5p abundance 
was measured in M1 and core with qRT-PCR. N = 4/group. Neurological tests, including mNSS C, negative geotaxis test D, and Kondziella’s inverted 
screen test E were performed in MCAO mice following miR-100-5panta (100 pmol) or  controlanta pre-treatment. N = 8/group. F Representative 
TTC staining of brain sections from MCAO mice following miR-100-5panta or  controlanta pre-treatment, the infarct area is shown in white. Bar 
graph shows percentages of infarct area of indicated groups. N = 4/group. G Representative TUNEL staining of brain sections from MCAO mice 
following miR-100-5panta or  controlanta pre-treatment. Scale bar = 50 μm. Bar graph shows percentages of apoptosis rate of indicated groups. N = 4/
group. H Iba-1 staining of brain sections from MCAO mice following miR-100-5panta or  controlanta pre-treatment. Scale bar = 25 μm. Bar graph 
shows the number of Iba-1+ cell of indicated groups. N = 4/group. I Representative images of  Iba1+ microglia and the Sholl analysis, the intersection 
number per radius over the distance from the cell body was displayed graphically in the curve. Scale bar = 10 μm. J–L The interactions, cell body 
area and maximum branch length were analyzed. N = 3/group. All data are represented as mean ± SD. * p < 0.05, ** p < 0.01, *** p < 0.001 according 
to t-test except E. ** p < 0.01 according to Mann–Whitney U test in E

(See figure on next page.)
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Fig. 9 (See legend on previous page.)
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expression of miR-100-5p alleviated the over-activation 
of microglia in the M1 of MCAO mice. Neither miR-100-
5panta or  controlanta treatments had any effects on heart, 
liver, kidney and spleen, while an attenuation in MCAO-
induced lung injury was present in the miR-100-5panta 
versus the  controlanta (Figure S31).

Discussion
Our findings emphasized the significance of the 
increased excitatory and inhibitory neuronal activity 
in the ipsilesional M1, based on increasing in the num-
ber of CaMKIIα+/c-Fos+ and  GAD67+/c-Fos+ neurons 
after cerebral ischemia in mice. The hM4Di-DREADDs-
mediated inhibition of M1 neurons effectively alleviated 
infarct area and neuro-inflammation, along with improv-
ing motor performance in these ischemic mice. Mecha-
nistically, miR-100-5p, a highly enriched miRNA in the 
M1 and M1-EVs within ischemic mice, were highly cor-
related with stroke severity. EVs from OGD/R-exposed 
neurons also unregulated miR-100-5p expression and 
transferred miR-100-5p to microglia to promote acute 
inflammatory responses by binding to the nucleic acid 
sensor TLR7 via a  U18U19G20-containing motif-depend-
ent mechanism. Importantly, these EVs from OGD/R-
exposed neurons transferred miR-100-5p to adjacent 
neurons to further increase neuronal activity and apop-
tosis by positive feedback, while inhibiting miR-100-5p 
expression improved poststroke outcomes in MCAO 
mice. The results of this study suggested that the com-
bination of inhibiting aberrant neuronal activity along 
with the secretion of specific EVs-miRNAs might serve as 
novel method for stroke treatment.

Inhibition of M1 neuronal activity restored functional 
recovery following ischemia
Findings from a number of studies indicate that modu-
lating neuronal activity, such as that achieved using 
repetitive transcranial magnetic stimulation (rTMS) [44], 
epidural cortical stimulation [45] and transcranial direct 
current stimulation [11], have been shown to remap 
motor and sensory circuits, restore lost functions, and 
therefore improve the use of paretic limbs. For example, 
rTMS of ipsilesional M1 can enhance neural plasticity in 
the motor cortex of chronic stroke patients [44]. Thus, 
an understanding of neuronal activity in each specific 
phase and across regions involved with strokes would 
contribute greatly to our comprehension and treatments 
of stroke pathophysiology. Interestingly, c-Fos expression 
is found in OGD/R-exposed neurons in  vitro following 
rTMS treatment [46, 47] and the number of c-Fos+ cells 
in both affected and unaffected spinal motoneurons was 
significantly long-term elevated in stroke mice [48]. In 
rats subjected to cerebral ischemia reperfusion, c-Fos+ 

neurons were found in the hippocampus and cerebral 
cortex [49] and neuronal c-Fos levels were increased 
dramatically following experimentally-induced focal 
or global cerebral ischemia [50]. Based on the results 
of flow cytometry analysis and Western blot analysis, 
we observed similar effects in the current study. First, 
we showed that the number of CaMKIIα+/c-Fos+ and 
 GAD67+/c-Fos+ neurons remarkably increased within 
the ipsilesional M1, which were associated with increased 
levels of c-Fos expression in this region following stroke. 
Immediate early genes (IEGs) were induced by various 
forms of brain injury, and their induction was known to 
be a critical step in programmed cell death [51]. c-Fos 
(one of IEGs), specifically, was shown to be expressed in 
a subset of neurons that exhibited condensed chromatin, 
a hallmark of apoptotic or programmed cell death [52]. 
As shown in Figure S2 and S4, we can see a significant 
increase in cell apoptosis and c-Fos in the M1 and infarct 
core areas after MCAO. In addition, expression of c-Fos 
became the most widely used functional anatomical 
marker of activated neurons [53, 54].

Subsequently, we then addressed the issue of whether 
these ischemic-induced increases in M1 neuronal activ-
ity promoted brain damage and neuroinflammation in 
stroke, and whether pharmacogenetic blocking of this 
neuronal excitation would restore functional recovery. 
We found that an injection of CNO into mice express-
ing hM4Di in the M1 blocked c-Fos expression and 
c-Fos+/hM4Di+ neurons, demonstrating that this phar-
macogenetic manipulation was successful in decreas-
ing M1 neuronal activity. Further, we demonstrated 
that CNO injection into mice expressing hM4Di in the 
M1 prevented the neurological impairments and extent 
of brain infarct area following stroke. This capacity for 
prevention required a combination of hM4Di expres-
sion and CNO injection as brain damage was unaf-
fected in hM4Di + MCAO animals injected with the 
Vehicle. It was important to note that the injection of 
CNO in this experiment had no effect on brain injury 
in hM3Dq + MCAO mice. These results largely agreed 
with those of previous findings which had reported that 
an acute inhibition within a subset of excitatory neu-
rons after ischemic stroke could prevent brain injury and 
improve functional outcomes [7]. Previous studies selec-
tive and consecutive only stimulated excitatory neuron in 
rats [12]. As we found that the number of the CaMKIIα+/
c-Fos+ and  GAD67+/c-Fos+ neurons was remarkably 
increased in the ipsilesional M1 in our current study, we 
chose hSyn-hM4Di to modulate the activity of excitatory 
and inhibitory neurons in the M1 of MCAO mice. How-
ever, it has also been reported that a selective activation 
of glutamatergic neurons within the M1 promotes func-
tional recovery after ischemic stroke [12]. Results from a 
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recent study indicated that clozapine-induced excitatory 
chemogenetic neuromodulation sensory-parietal cortex 
with hSyn-hM3Dq enhanced motor recovery in a chronic 
capsular infarct model of stroke [55]. This discrepancy 
may be attributable to differences in methods used to 
induce stroke and species used. Factors such as the type 
and location of stroke (an acute infarct model of stroke 
as induced by MCAO for our studies versus a chronic 
capsular infarct model of stroke for Cho et al. [55]) may 
have contributed to the inconsistent results between the 
two studies. Moreover, these seemingly contradictory 
pathological changes might be due to the anatomical 
and functional heterogeneity of different (excitatory and 
inhibitory) neurons in M1. When exploring the role of 
neuronal activity, it is important to know how and why 
they are produced. If there are several different subsets 
of neurons leading to different cellular responses, it is 
essential to distinguish them when estimating the cer-
tain pathological changes following stroke. Consequently, 
further research is necessary to unravel the molecular 
mechanisms underlying the spatial and temporal patterns 
of neuronal activity and their associated pathological 
changes in cellular processes.

Accumulating evidence indicates that injured neurons 
can influence microglial activation and regulate micro-
glial function. Such activated microglia can produce a 
disruption of the blood brain barrier to affect neuronal 
survival via releasing a variety of pro-inflammatory 
cytokines and toxic substances [56]. Communications 
between neurons and microglia are bidirectional and 
often reciprocal, and it seems clear that such cellular 
interactions rely on the exchange of EVs [57]. For exam-
ple, microglia-derived EVs stimulate synaptic activity 
through induction of ceramide and sphingosine synthe-
sis [58]. Neuron-derived EVs have been shown to sup-
press the activation of M1 microglia and A1 astrocytes, 
which promotes functional behavioral recovery following 
spinal cord injury [24], In addition, neuron-derived EVs 
attenuate LPS-induced microglia activation [25]. In con-
trast, it has also been reported that neuron-derived EVs 
containing miR-21-5p promoted proinflammatory acti-
vation of microglia and inhibited neurite outgrowth [23]. 
Here, our current results indicated that small EVs derived 
from aberrant neuronal activity activated microglia and 
aggravated inflammation response, as wells as activated 
neurons in vitro. Importantly, OGD-N-EVs treated mice 
showed a trend of worsening behavior and exacerbated 
infracted area after ischemic insult in  vivo. Blocking 
neuronal activity with hM4Di + CNO significantly alle-
viated neuronal apoptosis and immune responses in the 
M1 and infracted core after ischemic stroke. Collectively, 
we speculated that EVs from aberrantly neuronal activity 
aggravated the pathophysiological processes of stroke, at 

least in part by inducing neuronal apoptosis and innate 
immune responses. Therefore, in the early stages of 
stroke, blocking of the resultant aberrant neuronal activ-
ity might serve as an effective intervention for the treat-
ment of ischemic stroke.

Aberrant neuronal activity altered the expression 
of EVs‑miRNA and in turn aggravated neuronal activity 
and microglial activation
MiRNAs have been recognized as playing a critical role 
in the interplay between neuron and glia cells through 
a variety of intracellular signaling pathways as well as 
through paracrine effects via EVs. Therefore, we next 
determined whether neuronal activity altered EVs-
miRNA. MiR-100-5p belongs to the miR-99 family, 
which consists of three members, miR-99a, miR-99b, and 
miR-100. It has been reported that the miR-99 family is 
involved in regulating cell survival, cell stress responses, 
proliferation, angiogenesis, DNA damage, and wound 
healing processes [59, 60]. MiR-100-5p is upregulated in 
the frontal gyrus and cerebellum of Alzheimer’s disease 
patients [61] and plays a predominant role in Aβ-induced 
neuronal pathologies [62]. In addition, miR-100-5p 
release from EVs has also been implicated in multiple 
inflammatory pathologies related to atherosclerosis [63], 
autoimmune dacryoadenitis [64], temporomandibular 
joint chondrocytes [65] and osteoarthritis [66]. Interest-
ingly, Thomas et  al. reported that miR-100-5p released 
from apoptotic cortical neurons contributed to micro-
glia activation and neuronal apoptosis [37]. However, 
whether miR-100-5p-rich EVs play a role in the interplay 
between neurons and glia cells as related to ischemia is 
not clear. In this study, increased levels of miR-100-5p 
were observed in the M1 of MCAO mice and OGD/R-
exposed neurons, as well as in EVs derived from M1 and 
OGD/R-exposed neurons. Increases in neuronal activ-
ity, as achieved with hM3Dq-plasmid + CNO, also pro-
moted miR-100-5p expression in neurons. Based on 
these findings, we speculated that ischemia-evoked neu-
ronal activity would upregulate miR-100-5p expression 
of neurons and, in this way, generated more miR-100-5p 
loading into EVs. We found that miR-100-5p-rich EVs 
can be transported into microglia and neurons, result-
ing in inflammatory responses and neuronal apoptosis 
as demonstrated in vitro. Overexpression of miR-100-5p 
within neurons further increased neuronal activity and 
apoptosis through a positive feedback loop and there 
existed a high correlation between the miR-100-5p lev-
els of M1-EVs or M1 and infarct area within the brain 
of MCAO mice. A loss of miR-100-5p function within 
ischemic mice improved their poststroke outcomes. Sim-
ilarly, recent findings from other investigators have also 
suggested that lower miR-100-5p levels in circulating EVs 
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appear to be related to improvements of patients with 
ischaemic stroke [67]. Taken together, these data support 
the hypothesis that miR-100-5p in EVs play an important 
role in stroke pathogenesis. Moreover, to the best of our 
knowledge our findings represented the first demonstra-
tion that EVs resulting from aberrant neuronal activity, 
possessed higher loading levels of miR-100-5p, which 
can elicit distinct downstream events (described below). 
Accordingly, manipulations involved in altering the com-
bination of miRNAs and neuron-derived EVs might pro-
vide a minimally invasive approach for the treatment of 
ischemic stroke.

MiR‑100‑5p directly activated the TLR signaling pathway
TLR is a pivotal component of host innate immune 
defense mechanisms and plays a critical role in CNS 
injury, not only by triggering inflammatory responses, 
but also by mediating cell autonomous damage [68]. 
Emerging evidence has been demonstrated that TLR, 
particularly endosomal TLR7, can be activated by miR-
NAs within the CNS [37, 69]. Mature miRNAs with 
GU-rich sequences also contribute to immune stimula-
tion by serving as physiological ligands for murine TLR7 
and human TLR8 [39]. As one example, extracellular let-
7b can serve as a potent activator of TLR7 signaling in 
neurons, leading to neurodegeneration [38]. Fabbri et al. 
reported that miRNAs can bind to human TLR8 and 
murine TLR7 and certain nucleotides in specific posi-
tions of the miRNA sequence affected the activation of 
TLR [70]. Extracellular miR-146a-5p acts as an innate 
immune effector driving acute inflammatory response by 
binding to the nucleic acid sensor TLR7 via a UU-con-
taining motif-dependent mechanism [69]. Interestingly, 
miR-100-5p can act as an endogenous TLR7 and acti-
vates microglia, but it lacks the interacting motif needed 
to activate the respective TLR7 [37]. Using a computer 
predictive algorithm and a series of single U/A and or 
G/A mutations in the miR-100-5p molecule, we identi-
fied an essential role for the successive  U18U19G20 in the 
 U18U19G20U21 motif for miR-100-5p-mediated cellular 
cytokine responses. Moreover, we demonstrated a physi-
cal association between miR-100-5p and TLR7 in cells 
expressing TLR7 and the necessity of TLR7 in miR-100-
5p-induced neurotoxicity in microglia and neuron. Our 
study showed that overexpression of miR-100-5p induced 
an increase in c-Fos expression in neurons, suggesting 
that miR-100-5p induces neuronal activation. The previ-
ous reported that c-Fos proteins were induced by TLR7 
activation in cultured neurons [71]. Combined with our 
study results, we found that miR-100-5p can bind to and 
activate TLR7 through  U18U19G20-motif, so we specu-
lated that miR-100-5p and its  U18U19G20-motif might 
induce c-Fos expression and neuron activation through 

binding and activating TLR7, ultimately leading to a 
decrease in neuronal activity.

Downstream mechanisms of TLR7 are known to 
involve the activation of NF-κB pathways [72]. The tran-
scription factor, NF-κB plays a critical role in inflamma-
tion, cell proliferation and cell apoptosis [73] and TLR7 
agonists are reported to induce NF-κB activation in mye-
loid cells [41]. Moreover, results from a recent study have 
revealed that activated TLR7 enhances the MyD88/NF‐
κB cascade in murine macrophages, ultimately leading 
to inflammation [74]. From our analysis, we found that 
there is an increased expression in p-NF-κB levels and 
NF-κB nuclear translocation in microglia following extra-
cellular miR-100-5p treatment. Findings from in  vitro 
model also showed that a TLR7 deficiency ameliorated 
miR-100-5p-mediated NF-κB levels and IL-1β produc-
tion. In addition, we found that hM4Di + CNO or miR-
100-5panta treatment improved ischemia-induced lung 
injury. Previous studies found that stroke-induced patho-
physiology can include increases in peripheral inflam-
mation, which greatly increases the risk of peripheral 
organ infection and aggravates organ damage [75–77]. 
NF-κB pathway is involved in the inhibition of stroke-
induced lung injury. For example, p-NF-κB in the mice 
lung was significantly increased after MCAO. Activation 
of the NF-κB pathway in lung was also suppressed after 
the degree of lung injury was relieved following a reduc-
tion in cerebral infarct volume [78]. Our study showed 
that neuroinflammation and p-NF-κB in the brain were 
significantly inhibited after hM4Di + CNO or miR-100-
5panta treatment. hM4Di + CNO or miR-100-5panta treat-
ment not only has a protective effect against brain injury 
but also improves lung injury. Through our results and 
previous studies, we hypothesized that this phenomenon 
might be due to improvements in lung immunosuppres-
sion after stroke remission, thus reducing infection in the 
lung. However, the precise mechanisms by which cer-
ebral ischemia affects lung immunity remain to be inves-
tigated. Altogether, extracellular miR-100-5p seemed to 
play an important role in innate immune cell activation 
via the TLR7-NF-κB signaling pathway.

The present study has a number limitations that may 
decrease some of its implications as related to stroke. 
First, for technical reasons we could not sort EVs from 
neurons in vivo and clarify their role in the brain. In this 
report, we used OGD/R-exposed neurons in  vitro to 
model ishemia-evoked neuronal activity and collected 
EVs from these neurons to investigate the resultant effects 
on brain immune responses as determined in vitro. Such 
an in  vitro analysis of OGD/R-exposed neurons may 
not fully replicate the changes observed in M1 neurons 
of MCAO mice. Consequently, the mechanisms of EVs 
and means through which they may modulate mciroglial 
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and neuronal function activity may differ between these 
in vitro versus in vivo models. Nonetheless, the data pre-
sented here establish models through which such modu-
latory mechanisms can be further investigated. Second, 
although at the acute time point selected in these experi-
ments, the microglial activition was mainly attributable 
to their responses of the brain injury itself, it may also be 
possible that EVs from ischemic-evoked neuronal activ-
ity can specifically affect microglial activation.Third, no 
in vivo experiments utilizing miR-100-5p knockout mice 
were performed. This deficit is mostly due to time con-
straints and resource scarcity of such mice that possess 
this neuron specific miR-100-5p deletion. Therefore, we 
used miR-100-5panta in mice as an approach to investigate 
this possibility. Fourth, in vitro experiments, we found no 
elevated expression of miR-100-5p in glia cells and pos-
tulated that neurons were the local source of miR-100-5p 
following ischemic stroke. However, in an in  vivo set-
ting this particular miRNA might also be derived from 
endothelial cells or infiltrating inflammatory cells. There-
fore, current research suggested that ischemic stroke 
might alter the composition of neuronal EVs, thereby 
exacerbating damage.

Conclusion
In the present study, we demonstrated that ischemic 
stroke was associated with increased neuronal activity 
in the M1 as determined using both in vivo and in vitro 
models. Aberrant neuronal activity generated unique 
small EVs which activated local neurons and microglia in 
response to ischemic stroke. EVs-miR-100-5p aggravated 
neurotoxicity via  U18U19G20-motif binding and activat-
ing TLR7/NF-κB signaling pathway after stroke. Based 
on these findings, the potential of using a combination 
of agents capable of inhibiting aberrant neuronal activ-
ity and the secretion of specific EVs-miRNAs may serve 
as a novel and efficacious protocols in the treatment of 
strokes.
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