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Abstract: Traumatic brain injury (TBI) is a significant risk factor for neurodegenerative disorders, and
patients often experience varying degrees of motor impairment. MiR-137, a broadly conserved and
brain-enriched miRNA, is a key regulator in neural development and in various neurological diseases.
Following TBI, the expression of miR-137 is dramatically downregulated. However, whether miR-137
is a therapeutic target for TBI still remains unknown. Here, for the first time, we demonstrate that
intranasal administration of miR-137 agomir (a mimic) in the early stage (0-7 days) of TBI effectively
inhibits glial scar formation and improves neuronal survival, while early-stage administration of miR-
137 antagomir (an inhibitor) deteriorates motor impairment. This study elucidates the therapeutic
potential of miR-137 mimics in improving locomotor recovery following motor cortex injury.
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1. Introduction

As one of the leading causes of death around world, traumatic brain injury (TBI) in-
duces many types of neurodegenerative diseases accompanied by multiple disorders [1,2].
Locomotor deficiency induced by motor cortex injury is common among patients [3,4],
and many negative mechanisms are involved in the pathological process, including exci-
totoxicity, reactive oxygen species (ROS) production, inflammation, ionic imbalance and
apoptosis [5,6]. However, the molecular mechanisms underlying TBI-induced locomotor
deficiency are still not well known, presenting obstacles for clinical treatment design and
pharmaceutical interventions [7].

MicroRNAs are a type of non-coding RNA molecule that are formed by ~22 nucleotides
and involved in post-transcriptional regulation of gene expression. It has been proved that
microRNAs are essential for normal neuronal development, brain function and multiple
neuronal diseases [8,9]. As for TBI, it is well known that many microRNAs are dysregulated
and may serve as potential targets for the development of drugs and strategies for the
clinical treatment of TBI patients [10-13].

The broadly conserved microRNA miR-137 is highly expressed in the brain [14-16].
miR-137 is a key regulator in the proliferation and differentiation of neural stem/progenitor
cells (NSPCs) [17-21] as well as in the inflammatory response [22-24]. In stroke patients
as well as rodent stroke models, miR-137 is highly downregulated and accompanied by a
hyper-inflammatory response immediately after injury [9,22,25-27]. Moreover, miR-137
has been identified as a reliable biomarker of TBI [28,29]. However, whether miR-137 is a
therapeutic target for TBI remains to be investigated.

Here, we report that early-stage application of exogenous miR-137 agomir (Agomir-
137) dramatically repress gliogenesis and inflammatory responses, resulting in an improve-
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ment in neuronal survivability as well as motor recovery in mice with a motor cortex
stab injury.

2. Results
2.1. Temporal Expression and Exogenous Intervention of miR-137 Following M1 Lesion

To examine any changes in miR-137 expression levels in the motor cortex following
TBI, we chose 8-week-old male mice and performed needlestick injuries (NSIs) in the
left primary cortex (M1). qRT-PCR analysis demonstrated that the expression of mature
miR-137 was significantly downregulated in the motor cortex in the early stage (6 h to
7 d) of the M1 lesion (Figure 1A). At 14 days post injury (dpi), the miR-137 expression
level had recovered to the same level as that in the sham group (Figure 1A). Since miR-137
loss of function is a well-known mechanism underlying the onset of various neurological
diseases and intranasal administration of 1 nmol CY3-labeled Agomir-137 can be efficiently
delivered to neurons as well as other cells in the brain (Figure 1B), we speculate that early-
stage supplementation of miR-137 mimics might be a useful approach to protect against
M1 lesions.
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Figure 1. Temporal expression and intranasal administration of Agomir-137 following the M1
lesion. (A) Temporal changes in miR-137 expression level post M1 lesion according to RT-PCR. The
expression of miR-137 was dramatically decreased in the early stage of M1-NSI. Starting from 7dpi.
The expression level of miR-137 gradually recovered to a similar level to that in the sham control
group at 14 dpi. Data are presented as means == SEM. n = 4. * p < 0.05, ** p < 0.01, ** p < 0.001. n.s.,
non-significant. (B) Representative images of cerebral cortex from CY3-labeled Agomir-137-treated
mice on day 1 after intranasal delivery. The region within the white box (left panel) is shown in a
higher-magnification view in the right panel. Nuclei (DAPI*) and neurons (NeuN™) are stained blue
and green, respectively. (C) Experimental scheme of miR-137 intervention and functional assays.
After all mice received pre-training in behavioral tests, animals were then randomly divided into
sham and M1 lesion groups. Agomir-137, Antagomir-137 or scramble nucleotides was administrated
through the nasal route at 2, 4 and 6 dpi. FJC staining of brain sections was performed at 3 dpi. Gliosis
and qRT-PCR analyses were conducted using brain tissues at 7 dpi. Finally, mice were subjected to a
battery of behavioral tests at 28 and 90 dpi.



Int. J. Mol. Sci. 2023, 24, 17156 30f11

2.2. Early-Stage Delivery of Agomir-137 Improves Locomotor Function after M1 Lesion

Next, we tested whether exogenous intervention of miR-137 has an effect on mice with
M1 lesion. We intranasally delivered Agomir-137, Antagomir-137 or scramble molecules via
the nose-to-brain route to mice every other day at the early stage of M1 lesion (0-7 dpi) and
performed behavioral analysis as well as immunostaining at 28 and/or 90 dpi (Figure 1C).
The rotarod test, cylinder test and forepaw grip force test indicated that early-stage delivery
of Agomir-137 enhanced locomotor recovery, while early-stage delivery of Antagomir-
137 deteriorated locomotor impairments at 28 and 90 dpi (Figure 2A—C). Consistently,
early-stage supplementation of Agomir-137 increased but Antagomir-137 decreased the
number of neurons in the M1 region at 90 dpi (Figure 2D,E). These results demonstrate that
intranasal delivery of Agomir-137 at the early stage has effective therapeutic potential for
M1 lesions.
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Figure 2. Early-stage (0 to 7 dpi) treatment of Agomir-137 promoted locomotor recovery and
neuronal survival at 28 and 90 dpi. (A) Rotarod test showed that the mean time spent on ac-
celerated rotarod in the M1 lesion + Agomir-137 group was significantly longer than that in the
M1 lesion + Antagomir-137 and M1 lesion + Scramble groups at 28 and 90 dpi. n =7 mice in the
M1 lesion + Antagomir-miR-137 group; n = 8 mice in other groups. (B) Cylinder test showed that mice
in the M1 lesion + Agomir-137 group preferred to use the right (affected) forelimb when compared to
mice in the M1 lesion + Antagomir-137 or the M1 lesion + Scramble group at 28 and 90 dpi. n = 7 mice
in the M1 lesion + Antagomir-miR-137 group; n = 8 mice in every other group. (C) Grip strength of
the right (affected) forepaw showed a better recovery in the M1 lesion + Agomir-137 group than that
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Scramble

in the M1 lesion + Antagomir-137 or the M1 lesion + Scramble groups at 28 dpi and 90 dpi. n = 7 mice
in the M1 lesion + Antagomir-miR-137 group; n = 8 mice in every other group. (D,E) Representative
images (D) and quantification of NeuN immunostaining (E) showed that neuronal density was
significantly enhanced in the M1 lesion + Agomir-137 group compared to the M1 lesion + Scramble
group at 90 dpi. n = 16 brain sections from 4 mice per group. Scale bar, 100 um. Data are presented as
means + SEM. * p < 0.05, ** p < 0.01, *** p < 0.001.

2.3. Early-Stage Delivery of Agomir-137 Reduces Neural Apoptosis and Gliosis following M1 Lesion

To further explore the roles and mechanisms of Agomir-137 in locomotor recovery
and neuronal survival, we performed FJC, GFAP and Ibal immunostainings of M1 tissues
to determine whether Agomir-137 has an effect on neuronal apoptosis and hyperactive
gliosis in the early stage of an M1 lesion. As we expected, the number of FJC" cells was
significantly decreased in the M1 lesion + Agomir-137 group, while the number of FJC*
cells was dramatically increased in the M1 lesion + Antagomir-137 group compared to
that in the M1 lesion + Scramble group (Figure 3A,B), showing that Agomir-137 inhibited
neuronal apoptosis in early stage post TBL. Meanwhile, Agomir-137 treatment reduced the
number of both astrocytes (Figure 3C,D) and microglia/macrophages (Figure 3E,F) in the
M1 region at 7dpi, while gliosis was exacerbated in the M1 lesion + Antagomir-137 group,
indicating that Agomir-137 treatment repressed hyper-activated gliosis.
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Figure 3. Intranasal delivery of Agomir-137 inhibited neuronal apoptosis and gliosis in the early
stage of M1 lesion. (A,B) Representative images (A) and quantification (B) of FJC staining indicated
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that Agomir-137 inhibited neuronal apoptosis in M1 at 3 dpi. (C,D) Representative images (C) and
quantification (D) of GFAP and BrdU immunostainings demonstrated that astrogliosis was decreased
at 7 dpi in the M1 lesion + Agomir-137 group. (E,F) Representative images (E) and quantification
of Ibal immunostaining (F) indicated that the number of microglia/macrophages was dramatically
reduced at 7 dpi in M1 by Agomir-137 administration. Scale bars, 100 um. Data are presented as
means £ SEM. n = 16 brain sections from 4 mice per group. * p < 0.05, ** p < 0.01, *** p < 0.001.

2.4. Early-Stage Delivery of Agomir-137 Reduces the Expression of Pro-Inflammatory Genes

At the molecular level, we observed that Caspase3 and Bax decreased, but Bcl2 and Iap
(anti-apoptotic genes) had increased expression in M1 tissues in the M1 lesion + Agomir-137
group compared to the M1 lesion + Scramble group at 3 dpi (Figure 4A). Meanwhile, the
mRNA expression levels of pro-inflammatory factors (such as IL-1§3, IL-6 and TNF-) were
significantly repressed in M1 tissues in the M1 lesion + Agomir-137 group compared to
that in the M1 lesion + Scramble group at 3dpi (Figure 4B). On the contrary, Antagomir-137
treatment resulted in downregulation of Bcl2 and Iap (Figure 4A), as well as the upregulation
of Caspase3, Bax, IL-1§3, IL-6 and TNF-« (Figure 4A,B) compared to the M1 lesion + Scramble
group at 3dpi. These data suggested that early-stage delivery of Agomir-137 inhibited
neuronal apoptosis and gliosis through the repression of pathways of pro-apoptosis and
pro-inflammation after an M1 lesion.
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Figure 4. Early-stage delivery of Agomir-137 repressed the expression of pro-apoptotic and pro-
inflammatory genes following M1 lesion. (A) qRT-PCR analysis showed decreased expression of
pro-apoptotic genes (Caspase3 and Bax) and increased expression of anti-apoptotic genes (Bcl2 and
Iap) in M1 tissues in the M1 lesion + Agomir-137 group at 3 dpi. (B) qRT-PCR analysis indicated that
the expression of pro-inflammation factors was significantly decreased in M1 tissues in the M1 lesion
+ Agomir-137 group at 7 dpi. Data are presented as means & SEM. n = 4 mice per group, * p < 0.05,
**p <0.01, *** p <0.001.

3. Materials and Methods
3.1. Mice

C57BL/ 6] mice were obtained from the SPF (Beijing, China) Biotechnology Company
and maintained with a 12 h light/dark cycle. All animal procedures were approved by the
Animal Committee of the Institute of Zoology, Chinese Academy of Sciences (Approval
Code: 2020-008; Approval Date: 28 March 2020).
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3.2. Motor Cortex Stab Injury

Thirty-two mice (8 weeks old) in total were randomly divided into 4 groups (n = 8
per group), namely Sham + Scramble, M1 lesion + Scramble, M1 lesion + Antagomir-137
and M1 lesion + Agomir-137 groups. A primary motor cortex stab injury (M1 lesion) was
performed as previously described [30]. Briefly, 8-week-old male mice were anesthetized
and received needlestick injuries in the left primary cortex (M1) in a KOPF stereotaxic
apparatus. Three evenly spaced holes (0.9 mm in diameter) were drilled in the skull just
above the left M1 region to produce a traumatic lesion. Each hole was subjected to two
needlestick wounds with a 26 G syringe needle inserted 1.5 mm deep. The holes were
cleaned with a disposable alcohol swab and sealed with bone wax. For the sham treatment,
the same surgical procedures were performed only without a needlestick injury.

3.3. Intranasal Delivery of Agomir-137/Antagomir-137

Immediately after TBI, intranasal administration of Agomir-137, Antagomir-137 or
scramble (negative control) nucleotides (RIBO Biotech, Guangzhou, China) [31-33] was
performed. The nucleotides were dissolved in 24 uL. of RNase-free water to reach a final
concentration of 1 nM. The working drug solution was administered by pipette in 4 uL
drops (total of six fractions), alternating between each nostril every 2-3 min. Control mice
received equal dosages of scramble nucleotides (negative control). The intranasal delivery
was performed every other day for a total of 7 days post M1 lesion.

3.4. gRT-PCR

TRIzol reagent (Invitrogen, Carlsbad, CA, USA) was used for total RNA isolation. The
RNA quality of all samples met a 260/280 nm ratio >2.0 and 260/230 nm ratio in the range
of 2.0-2.2, as was assessed with the Thermo NanoDrop 2000 spectrophotometer. cDNA
reverse transcription (2 pg total RNA per sample) was performed using the Transcriptor
First Strand cDNA Synthesis Kit (TransGen Biotech, Beijing, China). cDNA was quantified
using the SYBR Green assay, and the relative gene expression levels were calculated by
using the AACt method. GAPDH was used as the internal control. The primers we used
for qRT-PCR are listed in Table 1.

Table 1. Primers used for qRT-PCR.

Gene Primer Sequence (5'-3')
R137 Forward CGCGCGTTATTGCTTAAGAATAC
MR- Reverse AGTGCAGGGTCCGAGGTATT
At Forward TGCACCACCAACTGCTTAG
ctin Reverse GGATGCAGGGATGATGTTC
INE Forward ACGGCATGGATCTCAAAGAC
o Reverse GTGGGTGAGGAGCACGTAGT
-1 Forward CAGGCAGGCAGTATCACTCA
Reverse TGTCCTCATCCTGGAAGGTC
Caspase3 Forward TGGTGATGAAGGGGTCATTTATG
P Reverse TTCGGCTTTCCAGTCAGACTC
1 Forward GTCGCTACCGTCGTGACTTC
Be Reverse CAGACATGCACCTACCCAGC
B Forward TGAAGACAGGGGCCTTTTTG
ax Reverse AATTCGCCGGAGACACTCG
L6 Forward ATGGATGCTACCAAACTGGAT
- Reverse TGAAGGACTCTGGCTTTGTCT
Tap Forward TGGGCACAGCTTATCTGGC

Reverse TGACTATGGTCAGAGTGTCGC
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3.5. Immunostaining

Mice perfusion was performed after anaesthetization. Cold-phosphate-buffered saline
(PBS) and 4% paraformaldehyde (PFA) in PBS (pH 7.4) were used for blood clearance and
tissue fixation, respectively. Brains were soaked in 4% PFA overnight for post-fixation
and in 30% sucrose for equilibration. Brain sections (40 um thick) were washed in PBS
and then soaked in blockage reagent (3% BSA, 0.3% Triton X-100 and 0.2% sodium in
PBS) for 1h at room temperature. Following incubation overnight with primary antibodies
at 4 °C, brain sections were washed with PBS and then incubated with the secondary
antibodies conjugated with Alexa Fluor 488 or 594 (1:500). The primary antibodies we
used were as follows: anti-GFAP (Proteintech, Rosemont, IL, USA; 16825-1-AP; 1:1000);
anti-Ibal (Wako, Richmond, VA, USA; #019-19741; 1:1000); and anti-NeuN (Millipore,
Hongkong, China; ABN78; 1:1000). Finally, sections were mounted on glass slides with
antifade mounting medium. Confocal images were captured using a ZEISS 710 confocal
laser-scanning microscope. Image analyses were performed using Image]J software v1.54d
(NIH, Bethesda, MD, USA).

3.6. Fluoro-Jade C Staining

Brains were sectioned into 30 pm thick portions for Fluoro-Jade C (FJC, a sensitive
and specific fluorescent marker of neuronal degeneration) staining. Brain sections were
rinsed in 80% ethanol containing 1% sodium hydroxide, 70% ethanol and distilled water
for penetration. Then, brain sections were incubated in 0.1% FJC solution in the dark for
20 min and mounted in mounting medium.

3.7. Behavioral Tests

Behavioral analysis was performed as previously described [30]. One mouse in the
M1 lesion + Antagomir-miR-137 group died before the start of behavioral tests. All the
other mice were transported to the behavioral facility 1d before the assays for acclimation.
All experimental instruments were cleaned using 70% ethanol between mice to avoid odor
disturbance. Behavioral videos were recorded and analyzed using the software Smart
V3.0.03 (Panlab, Barcelona, Spain).

Rotarod test. At the beginning, every mouse was allowed to remain stationary on
the spindle for 10 s at 0 rpm. The rotational speed was then slowly accelerated to 40 rpms
within 30s. The mouse remained on the spindle at 40 rpms until the 5 min test period
elapsed. Each mouse went through four trials with at least 30 min between trials.

Cylinder test. Every mouse was gently placed into a non-reflective plexiglass cylinder
(15cm in diameter, 35 cm high), and the number of paw-contacts with the cylinder wall
within 5 min was recorded with a digital camera. Every time a paw touched the cylinder
wall was recorded. The percentage of contralateral wall touches among total contralateral
and ipsilateral touches was calculated.

Forepaw grip strength test. Animals usually have progressive atrophy of the motor
cortices and degeneration of the corticospinal tracts after TBI [34]. Poor grip strength is a
cardinal feature of various animal models with an M1 injury [30,35,36]. To measure the grip
strength of a forepaw, the opposite forepaw was covered with an adhesive tape (2 x 2 cm),
and the mouse was held parallel to the bar of the grip strength meter. Once the unrestrained
forepaw reliably grasped the bar, the mouse was then gently pulled away from the device
by the base of the tail. The grip strength was measured five times for each forepaw with
an inter-trial rest period of 15 s and determined according to the mean maximum force
generated in five trials. The impairment of muscle force of an animal was evaluated by the
ratio of right/left forepaw grip strength.

3.8. Statistical Analysis

All statistical analyses were conducted using the software GraphPad Prism v7.2 (San
Diego, CA, USA). Datasets were analyzed for significance using a One-Way ANOVA with
Dunnett’s multiple comparisons test. Sample sizes are provided in the figure legends. All
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data are presented as mean £ SEM. When the p-value is less than 0.05, the results are
determined as statistically significant.

4. Discussion

TBI is a complex pathogenesis process which is caused by primary and secondary
injuries [37]. The primary injury happens immediately post TBI and causes tissue damage,
which is accompanied by neuronal cell death and hyper-activated gliosis. Neuroinflamma-
tion can cause an acute secondary injury phase that lasts days to months after the primary
injury [38,39]. Unfortunately, an anti-inflammatory agent which can improve TBI outcomes
in clinical trials is still lacking [40]. The present study elucidated the therapeutic potential
of Agomir-137 in the resolution of neuroinflammation and locomotor recovery after motor
cortex stab injury.

TBI induces increased levels of pro-inflammatory cytokines such as TNF-«, IL-1f3
and IL-6 [41-43] in the early stage of injury, causing progressive neurodegeneration [44].
Several studies have shown that miR-137 is an inflammation repressor under various
disease conditions. During rheumatoid arthritis (RA) pathogenesis, miR-137 is down-
regulated in association with the REST/mTOR axis, which is negatively correlated with
inflammatory factors [45]. In rat cartilage tissue of osteoarthritis, miR-137 is also downreg-
ulated, and its over-expression can reduce the inflammatory factors (TNF-c, IL-1f3, IL-6)
via downregulating the TCF4-AMPK/NF-«kB pathway [46]. In the mouse model of spinal
cord injury (SCI), CircRNA3616 upregulates TLR4 expression by sponging miR-137, and
CircRNA3616 knockdown attenuates neuroinflammation via the TLR4/NF-«kB pathway
after SCI [47]. Moreover, Gao and colleagues reported that miR-137 is downregulated and
its downstream target NeuroD1 is upregulated in mouse microglial BV2 cells under LPS
challenge, resulting in a higher expression of TNF-«, IL-1p and iNOS [48]. Consistent with
this, our study shows that early-stage delivery of Agomir-137 can effectively repress the
expression of pro-inflammatory factors, but the underlying molecular mechanisms remain
to be investigated in the future.

Focal brain lesions induce glial scar formation and neuronal death, and they are
present in 20~25% of all people who incur a TBI [49]. Immediately after injury, astrocytes
and microglia proliferate and intertwine to form a glial scar that separates from healthy
tissue [50,51]. Although the glial scar serves as a physical barrier to limit the detrimental
effects of fibrotic tissue and macrophages after the acute stage of brain injury, several
studies have suggested that a moderate reduction in the density without interrupting the
integrity of the glial scar improves axonal regeneration and functional recovery [52,53]. It
seems that our present study supports this hypothesis. Early-stage delivery of Agomir-137
reduces the cell densities of both microglia/macrophages and astrocytes, while motor
function is significantly improved in Agomir-137-treated mice after an M1 lesion. miR-137
is a well-known suppressor of cell proliferation, mainly by regulating the cell cycle and
enhancing differentiation of glioma stem cells via its downstream targets, such as Clcl12,
Cox2, Pdgfr, Sp1, Tef4 and /or Cdké [54]. We speculate that Agomir-137 may directly inhibit
the proliferation of glial cells following M1 injuries, but future studies are needed to test
this hypothesis and to identify the downstream targets that are responsible for regulating
glial scar formation.

It is worth noting that this study has several limitations. Firstly, despite of the im-
portant roles of miR-137 in neurogenesis, synaptic transmission and plasticity have been
experimentally elucidated under health and disease conditions [48,55-57]; thus, it would
be interesting to examine whether there is a potential benefit of Agomir-137 administration
in enhancing neurogenesis and synaptic plasticity after an M1 lesion. Secondly, since the
intranasal route not only transports drugs directly to the brain from the nasal cavity along
the olfactory and trigeminal nerves [58] but also delivers drugs to the blood circulation [59],
future works are needed to evaluate the systemic and CNS side-effects of Agomir-137.
Finally, as our M1 lesion model belongs to focal type of injury, additional experiments are
required to ascertain the therapeutic potential of Agomir-137 in the diffuse type of TBI.
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In summary, our findings, for the first time, implicate the therapeutic potential of
Agomir-137 in motor functional recovery after TBI. Given that miR-137 loss of function
is responsible for the pathogeneses of several neurodevelopmental and neuropsychiatric
disorders [60,61], it would be interesting to examine whether Agomir-137 administration is
also beneficial for the treatment of these devastating diseases.

Author Contributions: X.-T.L. and Z.-Q.T. conceived, designed and performed experiments. Z.-Q.T.
supervised the project and revised the manuscript. All authors have read and agreed to the published
version of the manuscript.

Funding: This research was funded by the Beijing Natural Science Foundation (7222116), the Strategic
Priority Research Program of the Chinese Academy of Sciences (XDA16010300), the National Science
Foundation of China (82201540/32170808 /82271428) and the Beijing Institute for Stem Cell and
Regenerative Medicine.

Institutional Review Board Statement: All animal experiments were approved by the Animal
Committee of the Institute of Zoology, Chinese Academy of Sciences (Approval Code: 2020-008;
Approval Date: 28 March 2020).

Informed Consent Statement: Not applicable.

Data Availability Statement: All datasets supporting the conclusions are included in the article.
Further enquiries on data and materials can be directed to the corresponding author.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  Ponsford, J.; Spitz, G.; Hicks, A.]. Highlights in traumatic brain injury research in 2021. Lancet Neurol. 2022, 21, 5-6. [CrossRef]
[PubMed]

2. Quaglio, G.; Gallucci, M.; Brand, H.; Dawood, A.; Cobello, F. Traumatic brain injury: A priority for public health policy. Lancet
Neurol. 2017, 16, 951-952. [CrossRef] [PubMed]

3.  Shoemaker, L.D.; Arlotta, P. Untangling the cortex: Advances in understanding specification and differentiation of corticospinal
motor neurons. BioEssays News Rev. Mol. Cell. Dev. Biol. 2010, 32, 197-206. [CrossRef] [PubMed]

4. Vasudevan, E.V,; Glass, R.N.; Packel, A.T. Effects of traumatic brain injury on locomotor adaptation. J. Neurol. Phys. Ther. NPT
2014, 38, 172-182. [CrossRef]

5. Quillinan, N.; Herson, P.S.; Traystman, R.J. Neuropathophysiology of Brain Injury. Anesthesiol. Clin. 2016, 34, 453—464. [CrossRef]
[PubMed]

6.  Brett, B.L.; Gardner, R.C.; Godbout, J.; Dams-O’Connor, K.; Keene, C.D. Traumatic Brain Injury and Risk of Neurodegenerative
Disorder. Biol. Psychiatry 2022, 91, 498-507. [CrossRef] [PubMed]

7. Rice, M.W,; Pandya, ].D.; Shear, D.A. Gut Microbiota as a Therapeutic Target to Ameliorate the Biochemical, Neuroanatomical,
and Behavioral Effects of Traumatic Brain Injuries. Front. Neurol. 2019, 10, 875. [CrossRef]

8.  Saraiva, C.; Esteves, M.; Bernardino, L. MicroRNA: Basic concepts and implications for regeneration and repair of neurodegenera-
tive diseases. Biochem. Pharmacol. 2017, 141, 118-131. [CrossRef]

9. Gugliandolo, A ; Silvestro, S.; Sindona, C.; Bramanti, P.; Mazzon, E. MiRNA: Involvement of the MAPK Pathway in Ischemic
Stroke. A Promising Therapeutic Target. Medicina 2021, 57, 1053. [CrossRef]

10. Atif, H.; Hicks, S.D. A Review of MicroRNA Biomarkers in Traumatic Brain Injury. J. Exp. Neurosci. 2019, 13, 1179069519832286.
[CrossRef]

11.  Pinchi, E.; Frati, P.; Arcangeli, M.; Volonnino, G.; Tomassi, R.; Santoro, P.; Cipolloni, L. MicroRNAs: The New Challenge for
Traumatic Brain Injury Diagnosis. Curr. Neuropharmacol. 2020, 18, 319-331. [CrossRef]

12.  Martinez, B.; Peplow, P.V. MicroRNAs as diagnostic markers and therapeutic targets for traumatic brain injury. Neural Regen. Res.
2017, 12, 1749-1761. [CrossRef] [PubMed]

13. Di Pietro, V.; Yakoub, K.M.; Scarpa, U.; Di Pietro, C.; Belli, A. MicroRNA Signature of Traumatic Brain Injury: From the Biomarker
Discovery to the Point-of-Care. Front. Neurol. 2018, 9, 429. [CrossRef]

14. Willemsen, M.H.; Valles, A.; Kirkels, L.A.; Mastebroek, M.; Olde Loohuis, N.; Kos, A.; Wissink-Lindhout, W.M.; de Brouwer,
A.P; Nillesen, W.M.; Pfundt, R.; et al. Chromosome 1p21.3 microdeletions comprising DPYD and MIR137 are associated with
intellectual disability. . Med. Genet. 2011, 48, 810-818. [CrossRef] [PubMed]

15. Lagos-Quintana, M.; Rauhut, R; Yalcin, A.; Meyer, J.; Lendeckel, W.; Tuschl, T. Identification of tissue-specific microRNAs from
mouse. Curr. Biol. 2002, 12, 735-739. [CrossRef]

16. Guella, I; Sequeira, A.; Rollins, B.; Morgan, L.; Torri, F; van Erp, T.G.; Myers, RM.; Barchas, J.D.; Schatzberg, A F.; Watson,

S.J.; et al. Analysis of miR-137 expression and rs1625579 in dorsolateral prefrontal cortex. J. Psychiatr. Res. 2013, 47, 1215-1221.
[CrossRef]


https://doi.org/10.1016/S1474-4422(21)00424-5
https://www.ncbi.nlm.nih.gov/pubmed/34942137
https://doi.org/10.1016/S1474-4422(17)30370-8
https://www.ncbi.nlm.nih.gov/pubmed/29122519
https://doi.org/10.1002/bies.200900114
https://www.ncbi.nlm.nih.gov/pubmed/20108227
https://doi.org/10.1097/NPT.0000000000000049
https://doi.org/10.1016/j.anclin.2016.04.011
https://www.ncbi.nlm.nih.gov/pubmed/27521191
https://doi.org/10.1016/j.biopsych.2021.05.025
https://www.ncbi.nlm.nih.gov/pubmed/34364650
https://doi.org/10.3389/fneur.2019.00875
https://doi.org/10.1016/j.bcp.2017.07.008
https://doi.org/10.3390/medicina57101053
https://doi.org/10.1177/1179069519832286
https://doi.org/10.2174/1570159X17666191113100808
https://doi.org/10.4103/1673-5374.219025
https://www.ncbi.nlm.nih.gov/pubmed/29239310
https://doi.org/10.3389/fneur.2018.00429
https://doi.org/10.1136/jmedgenet-2011-100294
https://www.ncbi.nlm.nih.gov/pubmed/22003227
https://doi.org/10.1016/S0960-9822(02)00809-6
https://doi.org/10.1016/j.jpsychires.2013.05.021

Int. J. Mol. Sci. 2023, 24, 17156 10 of 11

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

Sun, G.; Ye, P; Murai, K,; Lang, M.E;; Li, S.; Zhang, H.; Li, W.; Fu, C,; Yin, ].; Wang, A.; et al. miR-137 forms a regulatory loop with
nuclear receptor TLX and LSD1 in neural stem cells. Nat. Commun. 2011, 2, 529. [CrossRef] [PubMed]

Tomasello, U.; Klingler, E.; Niquille, M.; Mule, N.; Santinha, A.J.; de Vevey, L.; Prados, ].; Platt, R.].; Borrell, V.; Jabaudon, D.;
et al. miR-137 and miR-122, two outer subventricular zone non-coding RNAs, regulate basal progenitor expansion and neuronal
differentiation. Cell Rep. 2022, 38, 110381. [CrossRef]

Tamim, S.; Vo, D.T.; Uren, PJ.; Qiao, M.; Bindewald, E.; Kasprzak, W.K; Shapiro, B.A.; Nakaya, H.I.; Burns, S.C.; Araujo, PR,;
et al. Genomic analyses reveal broad impact of miR-137 on genes associated with malignant transformation and neuronal
differentiation in glioblastoma cells. PLoS ONE 2014, 9, e85591. [CrossRef]

Smrt, R.D.; Szulwach, K.E.; Pfeiffer, R.L.; Li, X.; Guo, W.; Pathania, M.; Teng, Z.Q.; Luo, Y.; Peng, J.; Bordey, A.; et al. MicroRNA
miR-137 regulates neuronal maturation by targeting ubiquitin ligase mind bomb-1. Stem Cells 2010, 28, 1060-1070. [CrossRef]
Channakkar, A.S.; Singh, T.; Pattnaik, B.; Gupta, K.; Seth, P.; Adlakha, Y.K. MiRNA-137-mediated modulation of mitochondrial
dynamics regulates human neural stem cell fate. Stem Cells 2020, 38, 683—697. [CrossRef] [PubMed]

Tian, R.; Wu, B.; Fu, C.; Guo, K. miR-137 prevents inflammatory response, oxidative stress, neuronal injury and cognitive
impairment via blockade of Src-mediated MAPK signaling pathway in ischemic stroke. Aging 2020, 12, 10873-10895. [CrossRef]
[PubMed]

Chen, F,; Zhang, L.; Wang, E.; Zhang, C.; Li, X. LncRNA GAS?5 regulates ischemic stroke as a competing endogenous RNA for
miR-137 to regulate the Notch1 signaling pathway. Biochem. Biophys. Res. Commun. 2018, 496, 184-190. [CrossRef] [PubMed]
Shi, E; Dong, Z.; Li, H.; Liu, X; Liu, H.; Dong, R. MicroRNA-137 protects neurons against ischemia/reperfusion injury through
regulation of the Notch signaling pathway. Exp. Cell Res. 2017, 352, 1-8. [CrossRef] [PubMed]

Giotta Lucifero, A.; Luzzi, S. Brain AVMs-Related microRNAs: Machine Learning Algorithm for Expression Profiles of Target
Genes. Brain Sci. 2022, 12, 1628. [CrossRef] [PubMed]

Tian, H.; Zhao, Y.; Du, C.; Zong, X.; Zhang, X.; Qiao, X. Expression of miR-210, miR-137, and miR-153 in Patients with Acute
Cerebral Infarction. BioMed Res. Int. 2021, 2021, 4464945. [CrossRef] [PubMed]

Zhang, M.; Ge, D.J.; Su, Z.; Qi, B. miR-137 alleviates focal cerebral ischemic injury in rats by regulating JAK1/STAT1 signaling
pathway. Hum. Exp. Toxicol. 2020, 39, 816-827. [CrossRef]

Meissner, L.; Gallozzi, M.; Balbi, M.; Schwarzmaier, S.; Tiedt, S.; Terpolilli, N.A.; Plesnila, N. Temporal Profile of MicroRNA
Expression in Contused Cortex after Traumatic Brain Injury in Mice. . Neurotrauma 2016, 33, 713-720. [CrossRef]

O’Connell, G.C.; Smothers, C.G.; Winkelman, C. Bioinformatic analysis of brain-specific miRNAs for identification of candidate
traumatic brain injury blood biomarkers. Brain Inj. 2020, 34, 965-974. [CrossRef]

Liu, X.T.; Liu, C.M.; Teng, Z.Q. Mouse model of voluntary movement deficits induced by needlestick injuries to the primary
motor cortex. J. Neurosci. Methods 2022, 365, 109380. [CrossRef]

Mai, H.; Fan, W.; Wang, Y.; Cai, Y; Li, X.; Chen, F; Chen, X,; Yang, ]J.; Tang, P.; Chen, H.; et al. Intranasal Administration of
miR-146a Agomir Rescued the Pathological Process and Cognitive Impairment in an AD Mouse Model. Mol. Ther. Nucleic Acids
2019, 18, 681-695. [CrossRef] [PubMed]

He, X.C; Wang, J.; Du, H.Z,; Liu, C.M.; Teng, Z.Q. Intranasal Administration of Agomir-let-7i Improves Cognitive Function in
Mice with Traumatic Brain Injury. Cells 2022, 11, 1348. [CrossRef] [PubMed]

Wang, ] X; Xiao, X.; He, X.C.; He, B.D.; Liu, C.M.; Teng, Z.Q. Agomir-331 Suppresses Reactive Gliosis and Neuroinflammation
after Traumatic Brain Injury. Cells 2023, 12, 2429. [CrossRef]

Wright, D.K,; Liu, S.; van der Poel, C.; McDonald, S.J.; Brady, R.D.; Taylor, L.; Yang, L.; Gardner, A.J.; Ordidge, R.; O'Brien, T.J.;
et al. Traumatic Brain Injury Results in Cellular, Structural and Functional Changes Resembling Motor Neuron Disease. Cereb.
Cortex 2017, 27, 4503-4515. [CrossRef] [PubMed]

Vaysse, L.; Conchou, F.; Demain, B.; Davoust, C.; Plas, B.; Ruggieri, C.; Benkaddour, M.; Simonetta-Moreau, M.; Loubinoux, L
Strength and fine dexterity recovery profiles after a primary motor cortex insult and effect of a neuronal cell graft. Behav. Neurosci.
2015, 129, 423-434. [CrossRef] [PubMed]

Gao, J.; Yao, M.; Zhang, W,; Yang, B.; Yuan, G.; Liu, ] X.; Zhang, Y. Panax notoginseng saponins alleviates inflammation induced
by microglial activation and protects against ischemic brain injury via inhibiting HIF-1ac/PKM2/STAT3 signaling. Biomed.
Pharmacother. 2022, 155, 113479. [CrossRef]

Robinson, C.P. Moderate and Severe Traumatic Brain Injury. Continuum 2021, 27, 1278-1300. [CrossRef] [PubMed]

Mostert, C.Q.B.; Singh, R.D.; Gerritsen, M.; Kompanje, E.].O.; Ribbers, G.M.; Peul, W.C.; van Dijck, J. Long-term outcome after
severe traumatic brain injury: A systematic literature review. Acta Neurochir. 2022, 164, 599-613. [CrossRef]

Nasr, LW.; Chun, Y.; Kannan, S. Neuroimmune responses in the developing brain following traumatic brain injury. Exp. Neurol.
2019, 320, 112957. [CrossRef] [PubMed]

Simon, D.W.; McGeachy, M.].; Bayir, H.; Clark, R.S.; Loane, D.].; Kochanek, P.M. The far-reaching scope of neuroinflammation
after traumatic brain injury. Nat. Rev. Neurol. 2017, 13, 171-191. [CrossRef]

Juengst, S.B.; Kumar, R.G.; Arenth, PM.; Wagner, A.K. Exploratory associations with tumor necrosis factor-«, disinhibition and
suicidal endorsement after traumatic brain injury. Brain Behav. Immun. 2014, 41, 134-143. [CrossRef] [PubMed]

Kumar, R.G.; Diamond, M.L.; Boles, J.A.; Berger, R.P; Tisherman, S.A.; Kochanek, PM.; Wagner, A.K. Acute CSF interleukin-6
trajectories after TBI: Associations with neuroinflammation, polytrauma, and outcome. Brain Behav. Immun. 2015, 45, 253-262.
[CrossRef] [PubMed]


https://doi.org/10.1038/ncomms1532
https://www.ncbi.nlm.nih.gov/pubmed/22068596
https://doi.org/10.1016/j.celrep.2022.110381
https://doi.org/10.1371/journal.pone.0085591
https://doi.org/10.1002/stem.431
https://doi.org/10.1002/stem.3155
https://www.ncbi.nlm.nih.gov/pubmed/32012382
https://doi.org/10.18632/aging.103301
https://www.ncbi.nlm.nih.gov/pubmed/32496209
https://doi.org/10.1016/j.bbrc.2018.01.022
https://www.ncbi.nlm.nih.gov/pubmed/29307821
https://doi.org/10.1016/j.yexcr.2017.01.015
https://www.ncbi.nlm.nih.gov/pubmed/28132879
https://doi.org/10.3390/brainsci12121628
https://www.ncbi.nlm.nih.gov/pubmed/36552089
https://doi.org/10.1155/2021/4464945
https://www.ncbi.nlm.nih.gov/pubmed/34901272
https://doi.org/10.1177/0960327119897103
https://doi.org/10.1089/neu.2015.4077
https://doi.org/10.1080/02699052.2020.1764102
https://doi.org/10.1016/j.jneumeth.2021.109380
https://doi.org/10.1016/j.omtn.2019.10.002
https://www.ncbi.nlm.nih.gov/pubmed/31707205
https://doi.org/10.3390/cells11081348
https://www.ncbi.nlm.nih.gov/pubmed/35456028
https://doi.org/10.3390/cells12202429
https://doi.org/10.1093/cercor/bhw254
https://www.ncbi.nlm.nih.gov/pubmed/27566977
https://doi.org/10.1037/bne0000067
https://www.ncbi.nlm.nih.gov/pubmed/26052792
https://doi.org/10.1016/j.biopha.2022.113479
https://doi.org/10.1212/CON.0000000000001036
https://www.ncbi.nlm.nih.gov/pubmed/34618760
https://doi.org/10.1007/s00701-021-05086-6
https://doi.org/10.1016/j.expneurol.2019.112957
https://www.ncbi.nlm.nih.gov/pubmed/31108085
https://doi.org/10.1038/nrneurol.2017.13
https://doi.org/10.1016/j.bbi.2014.05.020
https://www.ncbi.nlm.nih.gov/pubmed/24928066
https://doi.org/10.1016/j.bbi.2014.12.021
https://www.ncbi.nlm.nih.gov/pubmed/25555531

Int. J. Mol. Sci. 2023, 24, 17156 11 of 11

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

de Rivero Vaccari, J.P.; Lotocki, G.; Alonso, O.F,; Bramlett, H.M.; Dietrich, W.D.; Keane, R.W. Therapeutic neutralization of the
NLRP1 inflammasome reduces the innate immune response and improves histopathology after traumatic brain injury. J. Cereb.
Blood Flow Metab. 2009, 29, 1251-1261. [CrossRef] [PubMed]

Shi, K.; Zhang, J.; Dong, J.E; Shi, ED. Dissemination of brain inflammation in traumatic brain injury. Cell. Mol. Immunol. 2019, 16,
523-530. [CrossRef] [PubMed]

Sun, W.; Zhang, Y.; Wang, G. MicroRNA-137-mediated inhibition of lysine-specific demethylase-1 prevents against rheumatoid
arthritis in an association with the REST/mTOR axis. Mol. Pain 2021, 17, 17448069211041847. [CrossRef] [PubMed]

Wang, J.; Fang, L.; Ye, L.; Ma, S.; Huang, H.; Lan, X.; Ma, J. miR-137 targets the inhibition of TCF4 to reverse the progression of
osteoarthritis through the AMPK/NF-«B signaling pathway. Biosci. Rep. 2020, 40, BSR20200466. [CrossRef] [PubMed]

Wang, L.; Song, Z.; Zou, H.; Chen, H.; Hu, Y.; Li, X; Liu, J. CircRNA3616 knockdown attenuates inflammation and apoptosis in
spinal cord injury by inhibiting TLR4/NF-«B activity via sponging miR-137. Mol. Cell Biochem. 2023, 478, 329-341. [CrossRef]
Gao, F; Lei, J.; Zhang, Z.; Yang, Y.; You, H. Curcumin alleviates LPS-induced inflammation and oxidative stress in mouse
microglial BV2 cells by targeting miR-137-3p/NeuroD1. RSC Adv. 2019, 9, 38397-38406. [CrossRef]

Shandra, O.; Robel, S. Inducing Post-Traumatic Epilepsy in a Mouse Model of Repetitive Diffuse Traumatic Brain Injury. J. Vis.
Exp. 2020, 156, e60360. [CrossRef]

Burda, J.E.; Bernstein, A.M.; Sofroniew, M.V. Astrocyte roles in traumatic brain injury. Exp. Neurol. 2016, 275 Pt 3, 305-315.
[CrossRef]

Yang, T.; Dai, Y.; Chen, G.; Cui, S. Dissecting the Dual Role of the Glial Scar and Scar-Forming Astrocytes in Spinal Cord Injury.
Front. Cell. Neurosci. 2020, 14, 78. [CrossRef] [PubMed]

Rodriguez, J.P; Coulter, M.; Miotke, J.; Meyer, R.L.; Takemaru, K.; Levine, ].M. Abrogation of 3-catenin signaling in oligodendro-
cyte precursor cells reduces glial scarring and promotes axon regeneration after CNS injury. J. Neurosci. 2014, 34, 10285-10297.
[CrossRef] [PubMed]

Hesp, Z.C.; Yoseph, R.Y.; Suzuki, R.; Jukkola, P.; Wilson, C.; Nishiyama, A.; McTigue, D.M. Proliferating NG2-Cell-Dependent
Angiogenesis and Scar Formation Alter Axon Growth and Functional Recovery After Spinal Cord Injury in Mice. J. Neurosci.
2018, 38, 1366-1382. [CrossRef]

Wang, Y.; Chen, R.; Zhou, X.; Guo, R;; Yin, J.; Li, Y.; Ma, G. miR-137: A Novel Therapeutic Target for Human Glioma. Mol. Ther.
Nucleic Acids 2020, 21, 614-622. [CrossRef] [PubMed]

Mahmoudi, E.; Cairns, M.J]. MiR-137: An important player in neural development and neoplastic transformation. Mol. Psychiatry
2017, 22, 44-55. [CrossRef] [PubMed]

Cheng, Y.; Wang, Z.M.; Tan, W.; Wang, X.; Li, Y.; Bai, B.; Li, Y.; Zhang, S.F; Yan, H.L.; Chen, Z.L.; et al. Partial loss of psychiatric
risk gene Mirl137 in mice causes repetitive behavior and impairs sociability and learning via increased Pdel0a. Nat. Neurosci.
2018, 21, 1689-1703. [CrossRef] [PubMed]

Dai, J.; Xu, LJ.; Han, G.D.; Sun, H.L.; Zhu, G.T,; Jiang, H.T.; Yu, G.Y.; Tang, X.M. MiR-137 attenuates spinal cord injury by
modulating NEUROD4 through reducing inflammation and oxidative stress. Eur. Rev. Med. Pharmacol. Sci. 2018, 22, 1884-1890.
[CrossRef]

Crowe, T.P; Greenlee, M.H.W.; Kanthasamy, A.G.; Hsu, W.H. Mechanism of intranasal drug delivery directly to the brain. Life Sci.
2018, 195, 44-52. [CrossRef] [PubMed]

Keller, L.A.; Merkel, O.; Popp, A. Intranasal drug delivery: Opportunities and toxicologic challenges during drug development.
Drug Deliv. Transl. Res. 2022, 12, 735-757. [CrossRef]

Yan, H.L.; Sun, X.W.; Wang, Z.M; Liu, PP; Mi, TW,; Liu, C.; Wang, Y.Y,; He, X.C.; Du, H.Z,; Liu, C.M,; et al. MiR-137 Deficiency
Causes Anxiety-Like Behaviors in Mice. Front. Mol. Neurosci. 2019, 12, 260. [CrossRef]

Mi, TW,; Sun, X.W.; Wang, Z.M.; Wang, Y.Y.; He, X.C,; Liu, C.; Zhang, S.E; Du, H.Z; Liu, C.M.; Teng, Z.Q. Loss of MicroRNA-137
Impairs the Homeostasis of Potassium in Neurons via KCC2. Exp. Neurobiol. 2020, 29, 138-149. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1038/jcbfm.2009.46
https://www.ncbi.nlm.nih.gov/pubmed/19401709
https://doi.org/10.1038/s41423-019-0213-5
https://www.ncbi.nlm.nih.gov/pubmed/30846842
https://doi.org/10.1177/17448069211041847
https://www.ncbi.nlm.nih.gov/pubmed/34433333
https://doi.org/10.1042/BSR20200466
https://www.ncbi.nlm.nih.gov/pubmed/32432314
https://doi.org/10.1007/s11010-022-04509-x
https://doi.org/10.1039/C9RA07266G
https://doi.org/10.3791/60360
https://doi.org/10.1016/j.expneurol.2015.03.020
https://doi.org/10.3389/fncel.2020.00078
https://www.ncbi.nlm.nih.gov/pubmed/32317938
https://doi.org/10.1523/JNEUROSCI.4915-13.2014
https://www.ncbi.nlm.nih.gov/pubmed/25080590
https://doi.org/10.1523/JNEUROSCI.3953-16.2017
https://doi.org/10.1016/j.omtn.2020.06.028
https://www.ncbi.nlm.nih.gov/pubmed/32736290
https://doi.org/10.1038/mp.2016.150
https://www.ncbi.nlm.nih.gov/pubmed/27620842
https://doi.org/10.1038/s41593-018-0261-7
https://www.ncbi.nlm.nih.gov/pubmed/30397325
https://doi.org/10.26355/eurrev_201804_14709
https://doi.org/10.1016/j.lfs.2017.12.025
https://www.ncbi.nlm.nih.gov/pubmed/29277310
https://doi.org/10.1007/s13346-020-00891-5
https://doi.org/10.3389/fnmol.2019.00260
https://doi.org/10.5607/en19072
https://www.ncbi.nlm.nih.gov/pubmed/32408404

	Introduction 
	Results 
	Temporal Expression and Exogenous Intervention of miR-137 Following M1 Lesion 
	Early-Stage Delivery of Agomir-137 Improves Locomotor Function after M1 Lesion 
	Early-Stage Delivery of Agomir-137 Reduces Neural Apoptosis and Gliosis following M1 Lesion 
	Early-Stage Delivery of Agomir-137 Reduces the Expression of Pro-Inflammatory Genes 

	Materials and Methods 
	Mice 
	Motor Cortex Stab Injury 
	Intranasal Delivery of Agomir-137/Antagomir-137 
	qRT-PCR 
	Immunostaining 
	Fluoro-Jade C Staining 
	Behavioral Tests 
	Statistical Analysis 

	Discussion 
	References

