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MicroRNA-1906, a Novel Regulator of Toll-Like Receptor 4,
Ameliorates Ischemic Injury after Experimental Stroke in Mice
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Toll-like receptor 4 (TLR4) is a proinflammatory cascade initiator in poststroke inflammation. In this study, miR-1906, a novel regulator
of TLR4, was identified via in silico analysis and microRNA profiling in male adult mice and its expression was then quantitated in the
ischemic hemisphere. We found miR-1906 to be significantly brain enriched in the ischemic hemisphere and even more drastically
enriched in the peri-infarct regions. Furthermore, in vitro experiments demonstrated that, during oxygen– glucose deprivation, miR-
1906 expression was increased in glial cells but decreased in neurons. Surprisingly, despite the augmentation of intracellular abundance,
miR-1906 expression in extracellular vesicles was decreased in astrocyte cell culture supernatants, suggesting reduced sources of miR-
1906 from glia to neurons. When exogenous miR-1906 was administered, decreased TLR4 protein expression was observed both in vitro
and in vivo. Using Cy3 labeling, exogenous miR-1906 uptake by astrocytes, microglia, and neurons was visualized directly in vivo.
Reduced infarct volumes and improved functional outcomes were observed in middle cerebral artery occlusion mice receiving miR-1906.
However, the protective effects of miR-1906 disappeared with the genetic knock-out of TLR4, suggesting that TLR4 is a major target of
miR-1906 through which the microRNA exerts its therapeutic effects.
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Introduction
Stroke is one of the most devastating and complicated neurolog-
ical disorders in the world (Moskowitz et al., 2010), accounting
for 11.8% of total deaths (American Heart Association, 2016).

Although 87% of all strokes are ischemic (American Heart Asso-
ciation, 2016), the current available therapeutic options against
acute ischemic stroke (AIS) are limited. The compelling disease
burden and paucity of therapeutic options underlies the urgency
to understand the mechanism of stroke (Eltzschig and Eckle,
2011) and to find novel potential therapeutic targets (Moskowitz
et al., 2010; Macrez et al., 2011).

Recent studies have revealed the critical involvement of im-
mune response in AIS (Iadecola and Anrather, 2011). Although
the CNS and immune system have been regarded as two distinct
entities for decades (Engelhardt and Ransohoff, 2005), accumu-
lating evidence has unveiled a mutual interaction between these
two systems (Chamorro et al., 2012; Fu et al., 2015). Inflamma-
tion plays a paradoxical role in AIS in that it is beneficial during
the recovery phase but deleterious during the acute phase (Engel-
hardt and Ransohoff, 2005; Eltzschig and Eckle, 2011; Iadecola
and Anrather, 2011; Macrez et al., 2011; Chamorro et al., 2012;
Xu and Jiang, 2014). Therefore, immune modulation during the
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Significance Statement

The current study identified miR-1906 as a novel specific regulator of Toll-like receptor 4 (TLR4) and depicted its distinct
expression patterns in different cerebral regions and cell types during ischemic attack. Therefore, the therapeutic supplementa-
tion of miR-1906 can be beneficial in the modulation of poststroke inflammation. Using Cy3 labeling, exogenous miR-1906
expression was visualized and shown to enter astrocytes, microglia, and neurons successfully in vivo. Supplemental therapeutic
miR-1906 resulted in reduced TLR4 expression and improved outcomes after middle cerebral artery occlusion in a mouse model,
but its neuroprotective function was TLR4 dependent, suggesting that TLR4 is a major target of miR-1906.
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acute phase is a promising therapeutic approach against aggra-
vating ischemic injuries (Fu et al., 2015).

Toll-like receptors (TLRs), a conserved family of pattern rec-
ognition receptors (PRRs), are first line sensors that trigger in-
flammatory cascades (Janssens and Beyaert, 2003; Molteni et al.,
2016). Immediately after blood flow cessation, dying and dead
cells in the ischemic territory release various danger signals that

are identified as danger-associated molecular patterns (DAMPs)
to initiate a subsequent inflammatory cascade via PRRs expressed
in resident brain cells (Chen and Nuñez, 2010), which leads to the
upregulation of proinflammatory molecules that further amplify
the inflammatory response, ultimately releasing more DAMPs
(Shi et al., 2003; Kono and Rock, 2008). TLR4 is an essential
sensor of endogenous DAMPs resulting from ischemia (Aru-
mugam et al., 2009) and is involved in the pathology of AIS
(Hakimizadeh et al., 2016). In genomic studies, the association
between TLR4 polymorphisms and the progression of atherogen-
esis in AIS is well established (Lin et al., 2005; Weinstein et al.,
2014). Preclinical studies further illustrated that genetic TLR4
knock-out (KO) was associated with improved outcomes after
AIS (Caso et al., 2007; Hyakkoku et al., 2010). TAK-242, a TLR4
antagonist, exhibited protective effects against AIS in a mouse
model (Hua et al., 2015). These findings suggest that TLR4 is
warranted as a potential therapeutic target in AIS.

MicroRNAs regulate �30% of genes in the neuronal network
(Ouyang et al., 2013; Samanta et al., 2016) and the abrupt cessa-
tion of cerebral blood flow dramatically alters microRNA expres-
sion within and beyond the brain, which has been demonstrated
in both preclinical studies (Jeyaseelan et al., 2008; Dharap et al.,
2009; Liu et al., 2010; Lusardi et al., 2014) and clinical observa-
tions (Tan et al., 2009; Sørensen et al., 2014). Experimental mi-
croRNA studies have ranged from their use as biomarkers to
functional regulators in the pathology of AIS (Liu et al., 2015; Ni
et al., 2015) and the long-term recovery process (Caballero-Garrido et
al., 2015; Li et al., 2015; Liu et al., 2017). Furthermore, the role of
microRNAs in poststroke immunomodulation was also reported in
recent studies (Li et al., 2017; Voloboueva et al., 2017). However,

the specific regulation of TLR4 by mi-
croRNAs after cerebral ischemia is not yet
fully understood. Based on the current know-
ledge of poststroke inflammation and
microRNA-based posttranscriptional regu-
lation, the current study focused on the
regulation of TLR4 in the brain at the mi-
croRNA level.

Materials and Methods
Animals. Male adult C57BL/10 mice weighing
23–25 g (8 –10 weeks old), female mice 16 –18 d
pregnant, pups within 24 h of birth, and male
TLR4 KO mice (TLR4lps-del, C57BL/10 back-
ground, J003752) weighing 23–25 g (8–10 weeks
old) were purchased from the Model Animal
Research Institute of Nanjing University (Nan-
jing, Jiangsu, China). All experimental proto-
cols were approved by the animal subject
review board of Jinling Hospital and were con-
ducted in accordance with recommendations
from the National Institutes of Health’s Guide
for the Care and Use of Laboratory Animals
(NIH Publications No. 8023, revised 2011).
Animals were allowed ad libitum access to food
and water and were housed in a 12 h light/dark
cycle at �25°C and a relative humidity of 65%.
All efforts were made to minimize the number

of animals killed and their suffering in the study.
Transient middle cerebral artery occlusion (MCAO). The MCAO pro-

cedure was performed as demonstrated previously (Wu et al., 2014). In
brief, mice were anesthetized with 2–3% isoflurane (RWD Life Science,
Shenzhen, China) and their body temperatures were maintained at
37.0 � 0.5°C with a heating pad. Their right middle cerebral arteries were
occluded with silicone-coated 6 – 0 nylon monofilaments. Blood flow

Figure 1. TLR4 KO reduced infarct volume and neurological deficits after MCAO. A, Successful ablation of TLR4 protein expres-
sion was confirmed by WB (n � 3). B, C, TLR4 KO led to better neurological function after MCAO. Among the sub-items of the
modified neurological severity score system, TLR4 KO mainly contributed to improved performance in the balance beam test ( p �
0.0012). The KO mice also showed lower total scores ( p � 0.0175). D, Representative images of coronal brain sections from sham
and MCAO mice in the WT and KO groups stained with TTC. E, Significantly decreased infarct areas were detected in the first, second,
and third sections ( p � 0.0228, 0.0146, and 0.0352, respectively). F, Infarct volume of total brain was also reduced in the KO group
( p � 0.0188). *p � 0.05 by Student’s t test, n � 4 – 8.

Table 1. MicroRNA-specific primers for reverse transcription

MicroRNAs Primers

miR-1906 GTCGTATCCAGTGCAGGGTCCGAGGTATTCGCACTGGATACGACAGCCCT
miR-125a-3p GTCGTATCCAGTGCAGGGTCCGAGGTATTCGCACTGGATACGACGGCTCCCA
miR-710 GTCGTATCCAGTGCAGGGTCCGAGGTATTCGCACTGGATACGACGGCTCCCA
miR-494-3p GTCGTATCCAGTGCAGGGTCCGAGGTATTCGCACTGGATACGACGAGGTTTC
miR-290-5p GTCGTATCCAGTGCAGGGTCCGAGGTATTCGCACTGGATACGACAAAGTGCC
miR-2861 GTCGTATCCAGTGCAGGGTCCGAGGTATTCGCACTGGATACGACCCGCCCGC
miR-7a-5p GTCGTATCCAGTGCAGGGTCCGAGGTATTCGCACTGGATACGACACAACAAA
miR-337-3p GTCGTATCCAGTGCAGGGTCCGAGGTATTCGCACTGGATACGACAAAGGCAT
miR-148b-3p GTCGTATCCAGTGCAGGGTCCGAGGTATTCGCACTGGATACGACACAAAGTT
miR-380-3p GTCGTATCCAGTGCAGGGTCCGAGGTATTCGCACTGGATACGACAAGATGTG
miR-1198a-5p GTCGTATCCAGTGCAGGGTCCGAGGTATTCGCACTGGATACGACCCAAGCCA
miR-199a-3p GTCGTATCCAGTGCAGGGTCCGAGGTATTCGCACTGGATACGACTAACCAAT
U6 GTCGTATCCAGTGCAGGGTCCGAGGTATTCGCACTGGATACGACAAAATA

Table 2. MicroRNA-specific forward primers for PCR

MicroRNAs Primers

miR-1906 TGCAGCAGCCTGAGGC
miR-125a-3p ACACTCCAGCTGGGACAGGTGAGGTTCTTG
miR-710 ACACTCCAGCTGGGCCAAGTCTTGGGGAGA
miR-494-3p ACACTCCAGCTGGGUGAAACAUACACGGGA
miR-290-5p ACACTCCAGCTGGGACTCAAACTATGGGGG
miR-2861 ACACTCCAGCTGGGGGGGCCTGGCGGC
miR-7a-5p ACACTCCAGCTGGGUGGAAGACUAGUGAUUU
miR-337-3p ACACTCCAGCTGGGUCAGCUCCUAUAUGAU
miR-148b-3p ACACTCCAGCTGGGUCAGUGCAUCACAGAA
miR-380-3p ACACTCCAGCTGGGTATGTAGTATGGTCCA
miR-1198a-5p ACACTCCAGCTGGGTATGTGTTCCTGGCTG
miR-199a-3p ACACTCCAGCTGGGACAGTAGTCTGCACAT
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Figure 2. Systematic screening and verification of TLR4-targeting microRNAs. A, Flowchart of the systematic screening process. B, Combination of in silico and microarray analyses was included
in subsequent experiments. From the TargetScan and miRanda databases, 144 and 226 microRNAs were retrieved as predicted regulators of TLR4 in mice, respectively. Significant alterations (fold
change �2, p � 0.01) in expression were identified in 114 microRNAs by microarray analysis after MCAO. The in silico and microarray analyses included 12 microRNAs. C, Among those 12, 6 were
increased and 6 were decreased after MCAO (n � 3). D, Expression levels of the 12 microRNAs as determined by PCR (n � 6). Four microRNAs (miR-1906, miR-337-3p, miR-148b-3p, and
miR-380-3p) showed significantly increased expression, although the latter 3 (miR-337-3p, miR-148b-3p, and miR-380-3p) were excluded because their PCR results conflicted with the microarray
results. Therefore, only miR-1906 ( p � 0.0156) was included in the subsequent studies. E, Repressed luciferase activity was associated with the miR-1906 agomir, but not the mismatch agomir, in
cells transfected with the TLR4 WT 3�-UTR mRNA sequence in the dual-luciferase reporter gene assay. No difference was observed in cells transfected with plasmids carrying the mutant TLR4 3�-UTR
mRNA sequence (n � 4, assayed in triplicate). F, miR-1906 seed sequence and the corresponding binding target in the 3�-UTR of TLR4. *p � 0.05 by Student’s t test, n � 4 – 8.
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reduced �70% of that at the baseline, as monitored by a laser Doppler
flowmeter (Perimed PF5000), was regarded as a successful occlusion. Rep-
erfusion was achieved by withdrawing the suture 90 min after occlusion.

Microarray analysis. Peri-infarct cortex tissues derived from the
MCAO and control groups (n � 3) were used for microarray analysis.
The integrity of each RNA sample was determined with an Agilent Tech-
nologies 2100 Bioanalyzer as recommended. MicroRNA profiling was
performed with the SurePrint G3 Mouse Unrestricted miRNA 8 � 60 K
Microarray (G4872A-046065; Agilent Technologies) as instructed by the
service provider. The microarray chip was designed based on Sanger
miRBase (release 19.0) and contained 1247 mouse microRNAs. The ac-
quired microarray images were analyzed with Feature Extraction soft-
ware version 10.7.1.1; GeneSpring GX software version 12.0 was used for
subsequent data analyses (both Agilent Technologies). Comparisons be-
tween groups were performed with two-tailed Student’s t tests and p �
0.01 and fold changes �2 were considered significant.

In situ hybridization. In situ hybridization was performed with a
microRNA in situ hybridization kit (Boster) following the manufactur-
er’s recommendations. In brief, frozen brain tissue sections mounted on

slides were fixed in 4% paraformaldehyde (PFA), pH 7.2–7.6, containing
1% diethyl pyrocarbonate and air-dried after washing. After being im-
mersed in methanol with 0.6% H2O2 for 30 min and prehybridized with
a prehybridization solution at 42°C for 4 h, the slides were incubated with
a microRNA probe overnight. After washing and blocking on the
second day, the slides were incubated with a biotin-labeled secondary
antibody at 37°C for 1 h. Signals were visualized sequentially by a
streptavidin– biotin complex, a biotin-peroxidase complex, and di-
aminobenzidinetetrahydrochloride (DAB) with an ImmPACT DAB
peroxidase substrate kit (Vector Laboratories). Finally, nuclei were
stained with hematoxylin (Sigma-Aldrich) and the slides were mounted
with neutral balsam-mounting medium after gradient ethanol and xy-
lene washes.

Cell culture. Cortical neurons were isolated from fetal mice of embry-
onic days 16 –18, whereas astrocytes and microglia were isolated from
neonatal pups within 24 h of birth. In brief, cortical tissues were digested
with 0.125% trypsin (Invitrogen), homogenized by pipetting, and
filtered with a 100 �m cell strainer (Biologix). The cells were then
centrifuged and resuspended in DMEM (Invitrogen) with 10% FBS

Figure 3. TLR4 and miR-1906 expression in major organs and the brain. A, B, TLR4 mRNA and protein levels in major organs relative to those in the brain as verified by PCR and WB. The TLR4 mRNA
levels were higher in heart ( p � 0.0003), spleen ( p � 0.0001), and lung ( p � 0.0001) tissue. The TLR4 protein levels in spleen ( p � 0.0280) and lung ( p � 0.0291) tisuse were higher than those
in the brain (Student’s t test, n � 6 for PCR, n � 4 for WB). C, miR-1906 levels in major organs relative to those in the brain. Compared with heart ( p � 0.0024), liver ( p � 0.0067), spleen ( p �
0.0039), lung ( p � 0.0024), kidney ( p � 0.0169), and muscle ( p � 0.0072) tissue, the brain showed significant miR-1906 enrichment (Student’s t test, n � 6). D, E, TLR4 mRNA and protein levels
in different regions of the brain relative to the cortex. F, miR-1906 levels in different regions of the brain. The TLR4 mRNA levels were significantly higher in the olfactory bulb than in the cortex ( p �
0.0001). No significant difference was detected between the cortex and other cerebral regions (Student’s t test, n � 6). Expression of the TLR4 protein (Student’s t test, n � 4) and miR-1906
(Student’s t test, n � 6) was statistically equivalent in each cerebral region compared with those in the cortex. *p � 0.05 by Student’s t test, n as indicated.
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(Invitrogen) and penicillin–streptomycin (In-
vitrogen). For neurons, cell suspensions were
seeded into six-well plates (106 cells/ml) and
their culture medium was replaced after 2 h
with Neurobasal medium (Invitrogen) con-
taining 1% L-glutamate and 2% B27. Astrocyte
and microglial cells were seeded in flasks
(Costar) coated with poly-L-lysine (Sigma-
Aldrich) to obtain mixed glial cultures. When
the glial cultures reached confluency for 3 d,
the flasks were shaken overnight at 200 rpm.
Adherent cells were reseeded in cell culture
dishes (Costar) to obtain astrocyte cultures
(Jang et al., 2013; Kim et al., 2016) and floating
cells were collected and seeded in six-well
plates to obtain microglia (Frei et al., 1986;
Giulian and Baker, 1986; Ganter et al., 1992).
Human embryonic kidney 293T cells were pur-
chased from Shanghai Institutes for Biological
Sciences (Shanghai, China) and cultured with
OPTI-MEM (Invitrogen) before, during, and af-
ter transfection.

Oxygen-glucose deprivation (OGD). OGD
was performed according to a previously estab-
lished protocol (Yang et al., 2015; Xu et al.,
2016). Briefly, the cells were transferred into a
sealed chamber flushed with 95% N2 and 5%
CO2, and the culture medium was then re-
placed with glucose-free DMEM (Invitrogen).
After 2 h for neurons and 8 h for glial cells (or
other specifically indicated time periods), the
cells were returned to their normal incubators
and initial culture media, thus allowing 24 h
reperfusion.

Real-time PCR. RNA extracted using TRIzol
reagent (Sigma-Aldrich) was reverse transcribed
into cDNA with the RevertAid First Strand
cDNA Synthesis Kit (Thermo Scientific), with
200 ng of mRNA used per sample. Specific
primers were designed for each microRNA for
microRNA reverse transcription (Table 1),
whereas oligo (dT) 18 was used for total mRNA
reverse transcription. PCR was performed
with UltraSYBR Mixture (CWBio) using the
Mx3000P Real-Time PCR System (Agilent
Technologies). The forward microRNA prim-
ers are listed in Table 2 and the other primers
are as follows: TLR4, 5�-AGTCAGAATGAG
GACTGGGTGAG-3� (forward), 5�-GTAGTG
AAGGCAGAGGTGAAAGC-3� (reverse); GAP
DH, 5�-CATGTTCGTCATGGGTGTGAAC-3�
(forward), 5�-CAGTCTTCTGGGTGGCAGTG
AT-3� (reverse); U6, 5�-GCTTCGGCAGCACA
TATACTAAAAT-3� (forward), 5�-CGCTTCAC
GAATTTGCGTGTCAT-3� (reverse); and the
common reverse primer shared by all microRNAs,
5�-CCAGTGCAGGGTCCGAGGT-3�.

Dual-luciferase reporter gene assay. Briefly,
293T cells were plated in 12-well plates (Co-
star) and cultured to 90 –95% confluence. Each
well was then cotransfected with 1 �g of a firefly
control vector (Promega) and 1 �g of a Renilla-tagged pGL3 promoter
vector (Promega) containing wild-type (WT) or mutant TLR4 3�-UTR
with Lipofectamine 2000 (Invitrogen). The miR-1906 agomir or the mis-
match agomir was added at a concentration of 100 nM. Cells were har-
vested after 48 h with Passive Lysis Buffer (Promega) and luminescence
was detected using a Dual-Luciferase Reporter Assay System (catalog
#E1910; Promega) with the GloMax-Multi	 Detection System (Promega).
The results are presented as the relative Renilla/firefly value.

RNA extraction from extracellular vesicles (EVs). Total RNA, including
miRNAs in exosomes and other EVs, was isolated from cell culture su-
pernatants with the exoRNeasy Serum/Plasma Maxi Kit (catalog #77064;
QIAGEN) according to the manufacturer’s instructions. Briefly, 40 ml of
serum-free cell culture medium was collected from astrocytes with
or without OGD. After prefiltration with syringe filters (catalog
#SLAA033SB; Millipore) and enrichment with Ultra-15 centrifugal
filter concentrators (catalog #UFC900324; Millipore), the supernatants

Figure 4. Spatiotemporal expression profile of miR-1906 and TLR4 after MCAO. A, miR-1906 levels in the peri-infarct area were
increased significantly (3.34-fold, p�0.0246) as early as 2 h after reperfusion, peaked in the fourth hour (10.54-fold, p�0.0001),
and remained high through 24 h of reperfusion. B, In the ischemic core, miR-1906 expression began to increase 4 h after reperfu-
sion (5.87-fold, p � 0.0032) and the elevation remained significant through 12 h of reperfusion. C, mRNA levels of TLR4 failed to
exhibit statistically significant increases in the peri-infarct area. D, In the ischemic core, the increase in TLR4 mRNA abundance
reached significance at 6 h of reperfusion (5.457-fold, p � 0.0257) and remained elevated up to 24 h (10.52-fold, p � 0.0456). E,
G, TLR4 protein levels were increased in the second hour of reperfusion in both the peri-infarct area (1.61-fold, p � 0.0279) and F,
H, the ischemic core (1.47-fold, p � 0.0331), but returned to normal levels 4 –24 h after reperfusion. *p � 0.05 by Student’s t test,
each sample was compared with the sham group, n � 6.
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were mixed with buffer XBP at a 1:1 ratio and loaded onto exoEasy spin
columns. After washing with XWP, the columns were transferred into
new collection tubes, and 700 �l of QIAzol was added to collect the
lysates by centrifugation. Then, 90 �l of chloroform was mixed with each
lysate sample and the samples were centrifuged at 12,000 � g for 15 min
at 4°C. After centrifugation, the samples were separated into three phases
and the upper phase was collected and mixed with two volumes of 100%
ethanol. The mixtures were then added to RNeasyMinElute spin col-
umns and washed with RWT and RPE. Finally, columns were transferred
into new collection tubes and 14 �l of RNase-free water was added to
collect the RNA.

Immunofluorescence staining. Cultured cells and 20-�m-thick frozen
sections were fixed with 4% PFA, pH 7.0, and sequentially immersed in
0.3% Triton X-100 (Sigma-Aldrich) and 0.5% skim milk before being
incubated in primary antibody overnight at 4°C. On the second day, the
slides were incubated in the dark with a secondary antibody for 2 h and
DAPI (Sigma-Aldrich) for 15 min. Images were acquired with a FluoView
FV10i confocal laser scanning microscope (Olympus) and the following
antibodies were used: anti-TLR4 (1:200, catalog #ab13556; Abcam), anti-
GFAP (1:200, catalog #ab4648; Abcam), anti-� III-tubulin (1:200, cata-
log #ab78078; Abcam), anti-Iba-1 (1:200, catalog #ab15690; Abcam),
anti-rabbit Alex Fluor 647-conjugated secondary antibody (1:200,
Cat#ab150063; Abcam), and anti-mouse Alex Fluor 488-conjugated sec-
ondary antibody (1:200, catalog #ab150109; Abcam).

Western blotting. Western blotting (WB) was performed as described
previously (Xie et al., 2015). In brief, brain tissues or cultured cells were
lysed in RIPA lysis buffer (Cell Signaling Technology) with 1 mM phenyl-
methanesulfonyl fluoride and protein concentrations were determined
using the BCA protein assay kit (Thermo Scientific). Equal amounts of
protein were loaded onto 7.5% SDS-PAGE gels for separation and then
transferred to polyvinylidenedifluoride membranes (Millipore). After
being blocked in 5% skim milk (Generay Biotech), the membranes were
incubated in primary antibodies (TLR4: 1:500, catalog #ab13556; Ab-
cam; �-actin: 1:1000, catalog #4970S; Cell Signaling Technology) at 4°C
overnight. An HRP-conjugated anti-rabbit secondary antibody (1:2000,
catalog #7074S; Cell Signaling Technology) and enhanced chemilumi-
nescence (Merck) were used to detect protein bands on the second day.

Intraventricular injection of the mismatch or miR-1906 agomirs. Under
isoflurane anesthesia, mice were placed in a stereotaxic frame (model
900; David Kopf Instruments) and the ventricle of each mouse was in-
jected with 5 �l of the mismatch or miR-1906 agomirs (100 nM; bregma:
0.8 mm, lateral: 1.5 mm, dorsoventral: 3.5 mm) at a speed of 1 �l every
5 min. The needle remained in place for 5 min after each injection.

Behavioral tests. After 24 h of reperfusion, the neurological functions
of the mice were assessed according to modified Neurological Severity
Scores (mNSS) (Chen et al., 2001). The mNSS were a composite scoring
system consisting of five neurological function sub-items: motor func-
tions (including tail raising test and gait evaluation), sensory functions
(including placing and proprioceptive tests), balancing functions (bal-
ance beam test), reflex functions (including pinna, corneal and startle
reflexes), and abnormal movements such as seizure. The total scores
ranged from 0 (no deficits) to 18 (maximal deficits) and higher scores
indicated worse neurological functions. Investigators blinded to the an-
imal groupings evaluated each animal and recorded their sub-item and
total scores.

Fluoro-Jade C staining (FJC). Following the manufacturer’s instruc-
tions (Millipore), frozen sections were immersed sequentially in a 1%
NaOH/80% ethanol solution, 70% ethanol, and a 0.06% potassium per-
manganate solution. The sections were then incubated with a 0.0001%
FJC working solution (Histo-Chem) for 15 min, followed by immersion
in xylene and mounting with neutral balsam-mounting medium.

Terminal deoxynucleotidyl transferase-mediated dUTP nick end labeling
(TUNEL). TUNEL staining was performed with the In Situ Cell Death
Detection Kit (Roche) according to the manufacturer’s instructions.
Slides were fixed with 4% PFA and immersed in 15% glacial acetic acid
for 2 min. They were then incubated sequentially with a reaction solution
(Roche) and converter (Roche). The signals were visualized using a
BCIP/NBT solution (Beyotime Biotechnology).

H&E staining. Frozen sections were fixed in methanol and immersed
in hematoxylin (Sigma-Aldrich) for 10 min. After sufficient washing, the
slides were immersed in 1% hydrochloric acid in ethanol for 10 s, imme-
diately followed by sufficient washing and immersion in 0.1% ammonia
for 1 h. The slides were then stained with an eosin staining solution

Figure 5. In situ hybridization illustrating miR-1906	 cells (arrows) around the ischemic boundary. Asterisks indicate the magnified areas on the right. A–C, Corresponding brain cortex from the
sham group. D–F, Peri-infarct area in the ischemic cortex. The ischemic boundary is indicated by the red dashed line. An accumulation of miR-1906	 cells was observed around the ischemic
boundary. G–I, Ischemic core of the ischemic cortex. Shrinkage of cells and nuclei was observed as a marker of cell death. Although miR-1906 was detected, it was less dense compared with
miR-1906	 cells observed in the peri-infarct area. Scale bars: A, D, G, 500 �m; B, E, H, 100 �m; C, F, I, 50 �m. n � 3.
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(Beyotime) for 1 min, gradient washed with ethanol and xylene, and
mounted with neutral balsam-mounting medium.

MRI. Under isoflurane-induced anesthesia, mice underwent MRI ex-
aminations using a 7.0 T MRI scanner (Bruker). Their heart and respi-
ration rates were monitored and their body temperatures were kept at
37.0 � 0.5°C with a heating pad during scanning. T2-weighted images
(T2-WIs) were acquired using a turboRARE-T2 sequence with the fol-
lowing parameters: repetition time/echo time � 2500/36.0 ms, field of
view � 2.00/1.80 cm, MTX 384 matrix size � 256 � 256, and slice
thickness � 0.5 mm (20 slices per animal). Parameters for diffusion

weight imaging (DWI) were as follows: repetition time/echo time �
5000/22.0 ms, field of view � 2.00/1.80 cm, MTX 128 matrix size �
256 � 256, and slice thickness � 0.5 mm (20 slices per animal, matching
T2-WI). The infarcts were identified by high signals acquired from
T2-WI and further verified by DWI.

2,3,5-triphenyltetrazolium chloride (TTC) staining. After the mice
were killed, their brains were immediately sectioned into consecutive
coronal slices of 1 mm thickness. The slices were incubated in 2%
TTC (Sigma-Aldrich) for 15 min at 37°C and then fixed in 4%
paraformaldehyde.

Figure 6. Discrepant miR-1906 expression in astrocytes, microglia, neurons, and EVs after OGD in vitro. A, In astrocytes, miR-1906 expression increased as the OGD duration extended and the
increase became statistically significant after 6 h (1.78-fold, p � 0.0395), 8 h (2.10-fold, p � 0.0045), and 10 h (4.29-fold, p � 0.0116) of OGD (n � 6). B, Propidium iodide–Hochest staining of
astrocytes at different time points of OGD. Because 10 hours of OGD led to excessive cell death, 8 h of OGD was used for subsequent experiments. C, In microglia, miR-1906 expression was increased
significantly after 8 h (3.49-fold, p � 0.0129) and 10 h (3.11-fold, p � 0.0001) of OGD (n � 6). D, After 10 h of OGD, most microglial cells were dead and nonadherent and were thus not suitable
for subsequent expreriments. Therefore, 8 h of OGD was also selected for subsequent experiments with microglial cells. E, In neurons, miR-1906 expression was decreased significantly after 0.5 h
(0.66-fold, p � 0.0058), 2 h (0.39-fold, p � 0.0016), and 2.5 h (0.31-fold, p � 0.0001) of OGD (n � 3). F, For neurons, 2 h of OGD was selected because 2.5 h of OGD led to a significantly reduced
number of cells. G, Abundance of miR-1906 in EVs was decreased in astrocyte cell culture supernatants after 8 h of OGD (0.01-fold, p � 0.0471, n � 5). *p � 0.05 by Student’s t test, each sample
was compared with the sham group, n as indicated. Scale bar, 50 �m.
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Infarct volume calculation. In both TTC staining and MRI, the relative
infarct volume was expressed as the percentage of noninfarcted volume
in the ischemic hemisphere relative to that in the contralateral hemi-
sphere (Caballero-Garrido et al., 2015). To calculate the noninfarcted
volume in the lesioned hemisphere (VL), intact areas in each slide were
summed and then multiplied by the distance between slides (1 mm for
TTC and 0.5 mm for MRI) and the volume of the contralateral hemi-
sphere (VC) was identified similarly. Therefore, the relative infarct vol-
ume was calculated as 100% � (VC 
 VL)/VC.

Statistics. Statistical analyses were performed with Prism software ver-
sion 6.0c (GraphPad) and SPSS version 24 (IBM), and all data are ex-
pressed as the mean � SE. Differences between groups were determined
with two-tailed Student’s t tests for comparisons between two groups or
by one-way ANOVA followed by Fisher’s least significant difference post
hoc tests for comparisons of more than two groups. Statistical signifi-
cance was determined as p � 0.05 unless otherwise stated.

Results
Identifying a novel TLR4 regulator
TLR4 exacerbates cerebral ischemic injury
Abolishment of TLR4 protein expression was verified in TLR4
KO mice by WB analysis (Fig. 1A). Both KO and WT mice were
subjected to 90 min of MCAO, followed by 24 h of reperfusion.
Compared with WT mice, the mNSS (Fig. 1B,C) and infarct

volumes of the TLR4 KO mice were reduced significantly (Fig.
1D–F).

microRNA profiling and verification: miR-1906 suppresses TLR4
To clarify TLR4 regulation at the microRNA level, microarray
profiling and in silico analysis were performed collaboratively
(Fig. 2A). The microarray results were cross-compared with po-
tential TLR4 microRNAs in the TargetScan (Lewis et al., 2005)
(http://www.targetscan.org) and miRanda (John et al., 2004)
(http://www.microrna.org) databases (Fig. 2B,C). After examin-
ing potential microRNAs by PCR, miR-1906 was identified as the
most likely regulator (Fig. 2D).

To determine whether miR-1906 could specifically recognize
the 3�-UTR of TLR4 mRNA, the dual-luciferase reporter gene
assay was performed. Vectors containing the Renilla luciferase
reporter gene and either WT or mutant 3�-UTR TLR4 mRNA
sequences were constructed and cotransfected with vectors car-
rying the firefly luciferase control reporter and the miR-1906 or
mismatch control agomirs into 273T cells. Administration of the
miR-1906 agomir decreased the luciferase activity of cells trans-
fected with WT TLR4 3�-UTR but not mutant 3�-UTR TLR4 (Fig.
2E,F).

Figure 7. The miR-1906 agomir suppressed TLR4 expression in astrocytes at the protein level, but not at the mRNA level in vitro. A, Intracellular abundance of miR-1906 increased drastically as
the miR-1906 agomir dosage increased to final concentrations of 50, 100, and 200 nM, respectively (compared with the control group, Student’s t test, n � 3). B, No TLR4 mRNA expression reduction
was observed at any of the tested concentrations (compared with the control group, Student’s t test, n � 4). C, D, TLR4 protein expression was decreased in astrocyte cultures receiving the miR-1906
agomir at final concentrations of 50, 100, and 200 nM (0.56-fold, p � 0.0299; 0.39-fold, p � 0.0445; and 0.34-fold, p � 0.0160, respectively; compared with the same dose of the mismatch control,
Student’s t test, n � 4). E, Colocalization of the TLR4 protein and the administered agomir was visualized by immunofluorescence with a confocal laser scanning microscope. Magnified views are
marked with dashed line boxes. Both the miR-1906 and mismatch agomirs could penetrate cultured astrocytes both under normal conditions and after 8 h of OGD. Under normal conditions,
diminished TLR4 signals were detected in astrocytes receiving the miR-1906 agomir compared with those receiving the mismatch agomir. In addition, cells with stronger miR-1906 agomir signals
showed less TLR4 signal than those with less miR-1906 agomir accumulation (arrows). After 8 h of OGD, the cells appeared injured and damaged, as marked by their shrunken and folded morphology.
Consistent with those in the normal condition, both the miR-1906 and mismatch agomirs accumulated in astrocytes despite OGD and the miR-1906 agomir was associated with decreased TLR4
signals. *p � 0.05, n as indicated.
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miR-1906 expression profile
Distributions of miR-1906 and TLR4
As shown in Figure 3, miR-1906 was enriched in the brain and
colocalized with TLR4 in all regions of healthy mouse brain
tissue. To characterize the temporal and regional alterations of
TLR4 and miR-1906 after cerebral ischemia, the ischemic
hemispheres of MCAO mouse models were collected and di-
vided into the peri-infarct area and ischemic core after 2, 4, 6,
12, and 24 h of reperfusion. The expression levels of miR-1906
(Fig. 4 A, B) and the TLR4 protein (Fig. 4E–H ) were increased
within a few hours after MCAO. TLR4 protein expression
peaked after the second hours of reperfusion before returning
to its normal level at the fourth hour despite the constant increase
of TLR4 mRNA (Fig. 4E–H). In contrast, the miR-1906 levels
began to elevate during the second hour of reperfusion,
peaked after 4 h, and then declined gradually, but remained
significantly higher than those of the sham group (Fig. 4 A, B).
The fact that TLR4 protein expression failed to correlate with
the augmentation of TLR4 mRNA expression indicated the
probable involvement of posttranscriptional regulation and a
possible role of miR-1906 as a regulator of TLR4 via transla-
tional repression.

Regarding regional alteration, the variation tendencies of
miR-1906 and TLR4 in the peri-infarct area (Fig. 4A,C,E,G) and
ischemic core (Fig. 4B,D,F,H) were generally consistent. How-
ever, TLR4 mRNA expression increased insignificantly in the

peri-infarct area (Fig. 4C) but dramatically in the ischemic core
(Fig. 4D), whereas miR-1906 expression tended to be increased
more significantly in the peri-infarct area (Fig. 4A) than in the
core (Fig. 4B). In addition, more miR-1906-positive cells were
observed surrounding the ischemic boundary (Fig. 5D–F) rather
than the ischemic core (Fig. 5G–I).

Conflicting expressional tendencies of miR-1906 across different
cell types
Because TLR4 is reportedly expressed in astrocytes, microglia,
and neurons (Artinian et al., 2002), these cells were isolated and
cultured in vitro to explore their miR-1906 expression profiles in
response to OGD. miR-1906 expression was increased signifi-
cantly in glial cells (Fig. 6A,C), but decreased in neurons (Fig.
6E), with OGD elongation being correlated with cell injury (Fig.
6B,D,F). In addition, after 10 h of OGD for glia and 2.5 h for
neurons, the cultured cells became nonadherent (Fig. 6B,D,F),
making subsequent experiments difficult. Therefore, an 8 h OGD
period for glia and a 2 h period for neurons were selected for
subsequent experiments. Total RNAs in exosomes and other EVs
were derived from astrocyte supernatants cultured with or with-
out OGD for 8 h to detect the levels of extracellular secreted
miR-1906. Despite the increased intracellular abundance (Fig.
6A), extracellular miR-1906 secretion decreased after ischemic
attack (Fig. 6G).

Figure 8. miR-1906 agomir suppressed TLR4 expression in microglia in vitro. A, Intracellular accumulation of miR-1906 increased drastically with increased miR-1906 agomir administration at
final concentrations of 50, 100, and 200 nM (compared with the control group, Student’s t test, n � 3). B, Significantly reduced TLR4 mRNA expression was observed only when the miR-1906 agomir
concentration reached 200 nM (0.72-fold, p � 0.0395, compared with the control group, Student’s t test, n � 4). C, D, TLR4 protein expression decreased at concentrations of 100 and 200 nM

(0.43-fold, p � 0.0242 and 0.50-fold, p � 0.0375, respectively; compared with the same dose of the mismatch control, Student’s t test, n � 4). E, Confocal laser scanning microscope confirmed that
the exogenous agomir entered microglia under both normal conditions and after 8 h of OGD in vitro. The overall TLR4 signal appeared stronger after OGD and the miR-1906 agomir was associated
with diminished TLR4 expression with or without OGD. *p � 0.05, n as indicated.
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Biological functions of exogenous
miR-1906
miR-1906 downregulates TLR4 via
translational repression: an in vitro study
Cultured astrocytes, microglia, and neu-
rons were administered different concen-
trations of the miR-1906 agomir (Figs. 7A,
8A, 9A). Among the tested dosages, 100 nM

resulted in an �50% reduction of TLR4
protein expression in all the cell types an-
alyzed (Figs. 7C,D, 8C,D, 9C,D). Alterna-
tively, the mRNA levels of TLR4 in
astrocytes and neurons failed to show
significant decreases with increasing dos-
age (Figs. 7B, 9B). Although TLR4 mRNA
expression decreased in microglia at the
200 nM concentration of the miR-1906
agomir (Fig. 8B), the TLR4 protein levels
began to decrease with only a 100 nM

concentration (Fig. 8C,D). These find-
ings indicated that miR-1906 functions
by translational repression rather than
mRNA degradation.

To confirm that the transfection and
function of miR-1906 was not nullified af-
ter ischemia, OGD was performed after miR-
1906 agomir transfection. As revealed by
immunofluorescence, the Cy3-labeled miR-
1906 or mismatch agomir colocalized
within astrocytes (Fig. 7E), microglia (Fig.

Figure 9. miR-1906 agomir suppressed TLR4 expression in neurons in vitro. A, Intracellular miR-1906 expression increased with increasing doses of the miR-1906 agomir (compared with the control group,
Student’s t test, n�3). B, No significant differences in TLR4 mRNA expression were observed among the tested dosages (compared with the control group, Student’s t test, n�4). C, D, TLR4 protein expression
was decreased in neurons receiving the miR-1906 agomir at final concentrations of 50, 100, and 200 nM (0.50-fold, p�0.0349; 0.44-fold, p�0.0440; and 0.32-fold, p�0.0058, respectively; compared with
the same dose of the mismatch control, Student’s t test, n�4). E, Both the miR-1906 and mismatch agomirs were able to penetrate cultured neurons in vitro under normal conditions and after OGD. Diminished
TLR4 signals were observed in cell cultures receiving the miR-1906 agomir. Neurons receiving the mismatch agomir exhibited more severely damaged overall appearances after OGD than those receiving the
miR-1906 agomir, mainly based on the integrity of axons and dendrites. Scale bar, 50 �m (upper scale bar), 10 �m (lower scale bar). *p � 0.05, n as indicated.

Figure 10. Biological functions of the exogenous miR-1906 agomir in vitro. A–C, Administration of the exogenous miR-1906
agomir resulted in increased intracellular miR-1906 levels, which were sustained after OGD in astrocytes ( p � 0.0418 and p �
0.0266), microglia ( p � 0.0260 and p � 0.0059), and neurons ( p � 0.0326 and p � 0.0273) as determined by comparing the
agomir and mismatch control groups in normal and OGD conditions, respectively. Student’s t test, n � 3. D, OGD resulted in
increased TLR4 protein expression in astrocytes, microglia, and neurons. Reduced protein levels were observed in astrocytes,
microglia, and neurons receiving the miR-1906 agomir in vivo. *p � 0.05, n as indicated.
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8E), and neurons (Fig. 9E). The levels of miR-1906 were further
verified by PCR (Fig. 10A–C) and elevated levels of miR-1906 were
detected in cells receiving the miR-1906 agomir with or without
subsequent OGD. Moreover, both WB (Fig. 10D) and immunoflu-
orescence (Figs. 7E, 8E, 9E) confirmed that the miR-1906 agomir
repressed TLR4 protein expression.

miR-1906 agomir accesses astrocytes, microglia, and neurons in vivo
To confirm that exogenous miR-1906 or the mismatch agomir
could penetrate different types of brain cells, immunofluores-
cence was used to visualize colocalization of the Cy3-labeled
agomir and relevant cell biomarkers. Cy3 was detected in the
astrocytes (Fig. 11), microglia (Fig. 12), and neurons (Fig. 13) of
WT and KO mice. Compared with WT mice receiving the mis-
match agomir, those receiving the miR-1906 agomir exhibited

significantly increased miR-1906 expression in their peri-infarct
areas (Fig. 14A) and ischemic cores (Fig. 14B). TLR4 expression
was consistently decreased in the ischemic cores and peri-
infarction areas of miR-1906 agomir-treated WT mice, whereas
TLR4 was obviously absent in KO mice (Fig. 14C,D). Similarly,
immunofluorescence illustrated repressed TLR4 fluorescence in
the astrocytes (Fig. 11), microglia (Fig. 12), and neurons (Fig. 13)
of WT mice receiving the miR-1906 agomir, whereas the signal
was absent in the KO group.

miR-1906 agomir alleviates ischemic injury in WT, but not
KO, mice
miR-1906 overexpression and the corresponding TLR4 protein re-
pression attenuated cerebral ischemic damage by reducing infarct
volumes macroscopically, as determined by MRI (Fig. 14E–H).

Figure 11. Both exogenous miR-1906 and the mismatch agomir penetrated astrocytes in WT and KO mice after MCAO, as illustrated by the colocalization of GFAP and Cy3 fluorescence.
TLR4 signals were diminished in WT mice receiving the miR-1906 agomir and were barely detectable in KO mice brain sections. Magnified views are marked with dashed line boxes.
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From a microscopic viewpoint, H&E staining showed alleviated
brain damage in WT mice after miR-1906 agomir injection (Fig.
15A). Furthermore, the FJC and TUNEL assays also showed miti-
gated neuron degeneration (Fig. 15B) and cell apoptosis (Fig. 15C)
in the miR-1906 agomir-treated group compared with WT mice
receiving the mismatch agomir, whereas no significant morpholog-
ical discrepancies were observed between the miR-1906 agomir-
treated and mismatch agomir-treated KO mice. Neurological
function was evaluated with an mNSS consisting of five sub-items
and alleviated functional deficits were observed in WT mice receiv-
ing the miR-1906 agomir (Fig. 15D,E). In comparing the functional
outcomes for each sub-item, investigators observed distinguishable
differences in the balance beam test (Fig. 15E). The balance beam test
required an animal to walk on a beam that was 1 inch wide, 4 feet

long, and suspended 3 feet above the floor. The test evaluated
sensorimotor integration and could therefore reflect complicated
behavioral deficits. However, the protective effects of the miR-
1906 agomir disappeared in the absence of the TLR4 protein in
KO mice (Figs. 14, 15).

miR-1906 regulates postischemia inflammation via targeting
TLR4 over time
The miR-1906 agomir and the antagomir altered TLR4 protein
expression in both the peri-infarct area and the ischemic core in a
time-dependent manner (Fig. 16A,B). In the mismatch control
group, TLR4 protein expression was increased by the second
hour of reperfusion and returned to baseline by the 24th hour. In
contrast to the mismatch group and the TLR4 time course de-

Figure 12. Colocalization of Iba-1 and Cy3 fluorescence demonstrated that miR-1906 and the mismatch agomir could access microglia in both WT and KO mice after MCAO. The overall intensity
of the TLR4 signal was decreased in WT mice receiving the miR-1906 agomir and was barely detectable in KO mice. Magnified views are marked with dashed line boxes.
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scribed above (Fig. 4), no significant decrease in TLR4 protein
expression was observed from the second through the 24th hour
of perfusion from the miR-1906 antagomir, suggesting that miR-
1906 inhibition reversed decreased TLR4 protein expression. In
addition, the miR-1906 agomir led to an overall inhibition of
TLR4 expression at each time point. Consistent with this, expres-
sion of the inflammation markers IL-1�, TNF-�, iNOS, and
MCP-1 was decreased in the peri-infarct area (Fig. 16C) and
IL-1� expression was reduced in the ischemic core (Fig. 16D).

Discussion
In the current study, we screened systematically and verified func-
tionally neuroprotective microRNAs that target TLR4. The major

findings were as follows. First, of 1247 microRNAs screened by mi-
croarray, miR-1906 was identified as a novel regulator of TLR4
immediately after cerebral ischemia. Second, altered expression of
miR-1906 and TLR4 were identified in the ischemic core and peri-
infarct area. Third, miR-1906 downregulates TLR4 protein expression
by repressing mRNA translation instead of mRNA degradation. Fi-
nally, the miR-1906 agomir ameliorates cerebral ischemic injury
and postischemic inflammation and reduces neurological deficits
after MCAO in vivo.

MicroRNAs react to cerebral ischemia immediately after isch-
emic attack and are actively involved in the modulation of post-
stroke inflammation (Ouyang et al., 2015). For example, the

Figure 13. Cy3 and�III-tubulin fluorescence were colocalized in WT and KO brain sections, indicating that both miR-1906 and the mismatch agomir were taken up by neurons in vivo. WT mice receiving the
miR-1906 agomir showed less TLR4 signal fluorescence and the fluorescence was barely detectable in KO mice. Magnified views are marked with dashed line boxes. Scale bars: 50�m (upper scale bar), 10�m
(lower scale bar).
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expression of miR-181, a crucial player in endoplasmic reticulum
stress, is altered as early as 1 h after MCAO (Ouyang et al., 2012).
Similarly, miR-424 is actively involved in oxidative stress after
cerebral ischemia and its expression is increased 1 h after MCAO
(Liu et al., 2015). In addition, Ni et al. (2015) demonstrated that
miR-let-7c-5p overexpression attenuates neuroinflammation in
the ischemic brain and is associated with better outcomes after
experimental stroke. Consistently, the current study also revealed
the therapeutic potential of microRNAs in targeting poststroke
inflammation by targeting TLR4, a critical receptor of the innate
immune system (Hakimizadeh et al., 2016). In the current study,
increased miR-1906 expression was detected within 2 h after rep-
erfusion and lasted for up to 24 h, which is consistent with the
initiation of poststroke inflammation that occurs within minutes
after ischemic onset and remains active for days (Ouyang, 2013;
Hakimizadeh et al., 2016). TLR4 plays a deleterious role during
the acute phase after cerebral ischemic attack. In a study per-
formed by Hyakkoku et al. (2010), acute cerebral ischemia was
induced in WT, TLR4 KO, TLR3 KO, and TLR9 KO mice from
C57BL/6 and BALB/c backgrounds. Reduced infarct volume and
less impaired neurological functions were observed only in TLR4
KO mice. Consistently, our current study also verified a detri-
mental function of TLR4 in the C57BL/10 strain and, based on
this finding, a systematic screening for potential TLR4 regulators
was conducted. With the combined results from microRNA pro-

filing and in silico analysis, miR-1906 was identified as a candidate
and was further verified with a dual-luciferase reporter gene as-
say. Furthermore, decreased TLR4 expression was observed with
exogenous miR-1906 administration in vitro and in vivo, demon-
strating its biological function in regulating TLR4.

Furthermore, the current study illustrated the miR-1906 ex-
pression profile with and without AIS. Under normal conditions,
miR-1906 was enriched in the brain, suggesting its indispensable
role in the CNS. In response to cerebral ischemic attack, miR-
1906 expression increased within hours after MCAO in both the
ischemic core and the peri-infarct area, especially in the latter.
The ischemic core and peri-infarct area undergo distinct biolog-
ical processes during focal cerebral ischemia: cells located in the
core are quickly destined for death, whereas those located in
the surrounding peri-infarct regions are potentially salvageable
(Boisserand et al., 2017; Ginsberg, 2016) and have therefore
emerged as a promising target for neuroprotective therapies
(Ouyang et al., 2013; Ouyang et al., 2015). Ouyang et al. (2012)
reported that miR-181a expression, a detrimental regulator in
AIS, is altered in opposite directions in the ischemic core and
peri-infarct areas: its expression is increased in the ischemic core
in which cells are destined to die, but decreased in the potentially
reversible peri-infarct tissue. Consistently, a relatively more dras-
tic upregulation of miR-1906, a protective microRNA, was ob-
served in the peri-infarct region in the current study, which

Figure 14. Biological functions of the miR-1906 agomir in vivo. The brains of the animals were divided into the peri-infarct region (A, C) and the ischemic core (B, D) 24 h after MCAO. In the
peri-infarct region (A), miR-1906 expression was increased significantly in WT ( p � 0.0209) and KO mice ( p � 0.0334), whereas miR-1906 augmentation reached marginal significance in the
ischemic core (WT: p � 0.0561, KO: p � 0.0599), which may have been due to severe cell death. Correspondingly, suppressed TLR4 protein expression was detected in the peri-infarct region (C) and
ischemic core (D) of WT animals subjected to miR-1906 injection. MRI scans were acquired using two MR sequences: T2 and DWI. Two representative images of different coronary slices were acquired
from one animal of each group, as the schematic indicates (E, F ). Compared with those receiving the mismatch agomir, WT mice receiving the miR-1906 agomir showed significantly decreased
infarct volume, as illustrated by T2 (E, G, p � 0.0043) and DWI (F, H, p � 0.0260), whereas no significant differences were observed in the KO animals (T2: p � 0.3049, DWI: p � 0.1630). *p � 0.05
by one-way ANOVA and Fisher’s least significant difference post hoc test, n � 4.
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probably also drives the fate of this region toward a favorable
outcome. Moreover, delivery of this microRNA was associated
with relatively more inflammatory marker suppression in the
peri-infarct region, suggesting its potential therapeutic value in
preserving peri-infarct tissue after ischemic attack.

In addition, the current study identified the regulation pattern
of miR-1906. Two mechanisms underlie the microRNA regula-
tion of their target mRNAs: translational repression and mRNA
destabilization (Guo et al., 2010). Between these two patterns,
mRNA destabilization explains �84% of all microRNA-mediated
protein reductions (Guo et al., 2010), whereas translational re-
pression acts more rapidly than mRNA destabilization (Eichhorn
et al., 2014). As a combined result, during the early phase of
microRNA expression alteration (during the first 5.7 h to be pre-
cise, as determined by Eichhorn et al., 2014), translational repres-
sion is dominant. Decreased protein expression recovers more
rapidly after translational repression because new transcription is
not necessary (Eichhorn et al., 2014). In the current study, ad-
ministration of the exogenous miR-1906 agomir led to reduced

TLR4 protein expression despite the TLR4 mRNA levels, suggest-
ing that miR-1906 regulates its target via translational repression
rather than mRNA destabilization. Therefore, because miR-1906
inflicts rapid inhibition and rapid recovery, it is suitable for im-
mune modulation during the acute phase, with less negative ef-
fects on long-term recovery.

Finally, the successful delivery of miR-1906 showed protective
effects against ischemic injuries. Elevated miR-1906 expression
was associated with inhibited inflammation marker expression,
reduced infarct volume, ameliorated tissue damage, and im-
proved neurological function. TLR4 is widely known to contrib-
ute to brain injury after AIS, mainly via initiating downstream
signaling cascades that induce the transcription of proinflamma-
tory genes (Caso et al., 2007; Tang et al., 2007; Brea et al., 2011).
However, TLR4 regulation by microRNAs and the therapeutic
implication of microRNA delivery is not fully understood. In the
current study, successful microRNA agomir administration was
visualized readily by fluorescent labeling. Moreover, instead of
using a viral-based delivery method, the current study used a

Figure 15. Tissue injury and neurological function evaluation. Alleviated brain tissue damage, marked by less vacuoles within the cortex, was elucidated with H&E staining (A). The ischemic
boarder line was marked with a dashed line manually based on the shrinking morphology of nuclei within the ischemic core. FJC staining (B) and the TUNEL assay (C) illustrated mitigated neuronal
degeneration and apoptosis in WT mice receiving the miR-1906 agomir relative to WT animals receiving the mismatch agomir, whereas overall neuronal degeneration and apoptosis were less severe
in the TLR4 KO groups regardless of which agomir was received. (D), Neurological deficit evaluations using mNSS demonstrated that the miR-1906 agomir was associated with improved functional
outcomes among WT animals ( p � 0.0390), but not KO animals ( p � 0.973) (E). Among the sub-items, a significant difference was found in the balance beam test scores ( p � 0.0001). *p � 0.05,
one-way ANOVA and Fisher’s least significant difference post hoc test, n � 4.
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cholesterol-modified microRNA agomir, which avoided safety
concerns related to viral-based strategies (Maegdefessel, 2014).
Because microRNAs usually have multiple targets (Ouyang et al.,
2012), TLR4 KO mice were used as negative controls to deter-
mine whether TLR4 was the key target of miR-1906. miR-1906
delivery became futile in the absence of TLR4, suggesting that
TLR4 is the major target of miR-1906 through which the
microRNA exerts its protective effects.

The main drawback of this study was that we focused exclu-
sively on the acute phase of experimental AIS and the effects of

miR-1906 in the latter phase were undefined. However, short-
term microRNA agomir administration is not expected to be
preserved for long periods of time (Caballero-Garrido et al.,
2015). Poststroke inflammation can be beneficial in the brain
tissue recovery process (Chamorro et al., 2012) and poststroke
systematic immunosuppression is also a major concern after AIS
(Meisel and Meisel, 2011). Therefore, further studies regarding
miR-1906 in the delayed phase are imperative for safety concerns
due to the immunomodulation nature of this microRNA. In ad-
dition, although the current study readily detected extracellular

Figure 16. Regulation of miR-1906 affected postischemia inflammation by targeting TLR4 in a time-dependent manner after MCAO. Intracerebroventricular delivery of the miR-1906 agomir and
the antagomir changed the time course of TLR4 protein expression in both the peri-infarct area (A) and the ischemic core (B). In the peri-infarct area, TLR4 expression was elevated significantly 2 h
after reperfusion ( p � 0.0011) and decreased significantly after 24 h ( p � 0.0304) in the mismatch control group, which was not observed in the group receiving the miR-1906 agomir or the
antagomir. The miR-1906 agomir inhibited TLR4 expression 2 h after reperfusion (mismatch vs agomir: p � 0.0231; agomir vs antagomor: p � 0.0149). Animals receiving the miR-1906 antagomir
showed increased TLR4 expression in the sham group (mismatch vs antagomir: p � 0.0399, agomir vs antagomor: p � 0.0449) and after 24 h of reperfusion compared with those receiving the
agomir ( p � 0.0068). In the ischemic core, animals receiving the mismatch control demonstrated significantly increased TLR4 expression 2 h after reperfusion (mismatch control group, sham vs 2 h:
p � 0.0024), which decreased after 24 h (mismatch control group, 2 h vs 24 h: p � 0.0005). A similar pattern was observed in the miR-1906 agomir group (sham vs 2 h: p � 0.0083; and marginal
significance between 2 h vs 24 h: p � 0.0056), but not in the miR-1906 antagomir group (sham vs 2 h: p � 0.0002; sham vs 24 h: p � 0.0022). Conversely, the miR-1906 agomir group showed
inhibited TLR4 expression in the sham group (mismatch vs agomir: p � 0.0343; agomir vs antagomir: p � 0.0310) and in the 2 h group (mismatch vs agomir: p � 0.0107; agomir vs antagomir: p �
0.0010). In addition, elevated levels of TLR4 were detected in the miR-1906 antagomir group 24 h after MCAO (mismatch vs antagomir: p � 0.0004; agomir vs antagomir: p � 0.0001).
C, D, Inflammatory marker expression was suppressed significantly in the peri-infarct area and ischemic core with miR-1906 administration. Among the markers, IL-1� ( p � 0.0112), TNF-� ( p �
0.0373), iNOS ( p � 0.0440), and MCP-1 ( p � 0.0460) expression were decreased in the peri-infarct area (D), whereas IL-1� expression ( p � 0.0318) was also reduced in the ischemic core (E). For
A and B: *p � 0.05, comparisons among groups receiving the same treatment (mismatch control, agomir or antagomir) at different time points; #p � 0.05, comparisons among groups receiving
different treatments at the same time point, one-way ANOVA and Fisher’s least significant difference post hoc test, n � 3. For C and D: *p � 0.05, Student’s t test, n � 4.
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miR-1906 using commercial kits (Qiagen), whether this
microRNA can be transferred between different cells via exo-
somes or other EVs remains unknown. Because exosome- or ex-
tracellular vesicle-mediated microRNA delivery are promising
drug delivery strategies (Ohno et al., 2016), further studies on
extracellular microRNAs are necessary for a comprehensive un-
derstanding of intercellular communication and novel drug de-
livery strategies. Finally, this study was restricted to mice, which
may not mimic human beings perfectly. In addition to the obvi-
ous distinction between species, the pathogenesis of AIS is re-
markably different in human cases. Therefore, despite the current
success of the microRNA-based treatment of hepatitis C virus
(Janssen et al., 2013), clinical applications of microRNA-based
strategies against AIS await further research.

Conclusions
In conclusion, our study identified miR-1906 as a novel regulator
of TLR4 and proved that administration of the miR-1906 agomir
to mice could ameliorate brain injury caused by experimental
stroke. However, a comprehensive understanding of miR-1906
and the therapeutic implications require additional studies.
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