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Abstract. – OBJECTIVE: The purpose of this 
study was to investigate role of inhibition of mi-
croRNA-34a (miR-34a) in neural damage and re-
pair after spinal cord injury, and to explore the 
underlying mechanism. 

MATERIALS AND METHODS: In BV2 microg-
lia, we conducted classical activation using lipo-
polysaccharide (LPS) and pre-treatment using 
miR-34a mimics. The expressions of miR-34a, 
Notch 1, and Jagged 1 were detected by quan-
titative Real Time-Polymerase Chain Reaction 
(qRT-PCR). Moreover, the protein expressions 
of inflammatory microglia markers were evalu-
ated by Western blotting. In vivo, SCI model was 
successfully established in rats. Subsequently, 
the expression levels of miR-34a, Notch 1, and 
Jagged 1 levels within 1 week were measured 
by qRT-PCR. Meanwhile, protein expressions of 
inflammatory mediators were determined by en-
zyme-linked immunosorbent assay (ELISA) as-
say. Immunofluorescence was conducted to dis-
play the activation degree of microglia and re-
sidual neural structure. Furthermore, locomo-
tor function recovery was estimated using BBB 
rating scale. 

RESULTS: Compared with the only LPS-ac-
tivated group, pre-treatment of miR-34a mim-
ics significantly decreased the expressions of 
Notch 1 and Jagged 1. Similarly, the protein ex-
pressions of CD11b and iNOS were significant-
ly down-regulated. In vivo, the levels of Notch 1 
and Jagged 1 within 1 week increased signifi-
cantly, while miR-34a was negatively regulated 
following spinal cord injury (SCI). Furthermore, 
the contents of interleukin-1 beta (IL-1β) and IL-
6 were reduced with the treatment of miR-34a 
mimics when compared with SCI group. With 
the treatment of miR-34a, the number of inflam-
matory microglia decreased significantly, and 
the remaining neural structure was similarly im-
proved. In addition, locomotor function recovery 
of hindlimbs in rats was significantly ameliorat-
ed after the administration of miR-34a mimics. 

CONCLUSIONS: Increase of miR-34a sup-
presses neuronal apoptosis and alleviates mi-
croglia inflammation by negatively targeting the 
Notch pathway, thereby improving neural recov-
ery and locomotor function.
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Introduction

Spinal cord injury (SCI) is a traumatic disease 
of the central nervous system (CNS), with high 
incidence, disability, and mortality1,2. After a pri-
mary injury caused by fracture and compression, 
a series of pathophysiological alterations further 
aggravate SCI, including secondary inflamma-
tory reaction, tissue hypoxia, neuronal necrosis 
and apoptosis, as well as local inhibitory micro-
environment3. This may eventually lead to severe 
sensory and locomotor dysfunction. Inflammato-
ry response after SCI is mainly regulated by cy-
tokines, chemokines, reactive oxygen species, as 
well as second messengers secreted by CNS-acti-
vated glial cells and peripheral immune cells2,4-6. 
It is the result of combined action of immune, 
biochemical, and pathophysiological processes. 
The severity of SCI depends on the mechanism 
of primary injury and the pathological process of 
secondary injury7,8. Therefore, it is of great signif-
icance to explore the pathophysiological changes 
after SCI for the research and repair of SCI. 

MicroRNAs (miRNAs) are single-strand-
ed, non-coding RNAs with 20-24 nucleotides 
in length. They can regulate protein expression 
at the epigenetic level9-11. MiRNAs are initially 
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transcribed from genomic DNA, mainly in the 
form of primary miRNA transcripts by RNA 
polymerase II12,13. The function and role of miR-
NAs in human diseases still need to be fur-
ther elucidated. However, in recent years, several 
studies14-16 have shown that miRNAs can serve as 
a brand-new drug target. Hu et al17 inhibited the 
expression of miR-21 in neurons through miR-21 
antagonists. They have found that this treatment 
leads to decreased recovery of hind-limb motor 
function, increased range of injured sites, and 
reduced range of normal tissues in rats. Bhalala 
et al18 overexpressed miR-21 through transgene in 
mouse astrocytes. Their results have demonstrat-
ed that overexpression of miR-21 in astrocytes 
reduces hypertrophy response to SCI. Similar to 
miR-21, an increased expression of miR-486 was 
detected 7 days after SCI in the contusion model. 
Jee et al19 have shown that injection of miR-486 
into spinal cords of healthy mice reduces motor 
function and increases neuronal death. However, 
the exact function of miR-34a in SCI has not been 
fully elucidated. Currently, some researches have 
indicated that miR-34a plays an anti-inflamma-
tory role in macrophage. Meanwhile, miR-34a 
regulates the differentiation of neural stem cells 
by regulating the expression of synaptic and au-
tophagic proteins. Therefore, we speculated that 
miR-34a might be a potential therapy target of 
SCI. The aim of the current report was to explore 
the therapeutic effect of miR-34a on SCI and to 
elucidate its potential underlying mechanism.

Materials and Methods

Microglia Culture and Treatment
BV2 microglia line was obtained from Xuchang 

Central Hospital Laboratory. BV2 microglia were 
cultured in Dulbecco’s Modified Eagle’s Medi-
um (DMEM; Thermo Fisher Scientific, Waltham, 
MA, USA) containing 10% fetal bovine serum 
(FBS; Gibco, Rockville, MD, USA) and 1% strep-
tomycin and penicillin. When the density of 
microglia reached 90%, miR-34a mimics were 
transfected into microglia. Subsequently, 100 ng/
mL lipopolysaccharide (LPS) was used to ac-
tivate an inflammatory response in microglia. 
After 24 h, total RNA and protein were extracted 
for use.

Animals and Grouping
A total of 96 female Sprague Dawley (SD) rats 

were enrolled in this study to establish the SCI 

model. All rats were at the age of 6-8 week and 
weight of 200-220 g. The breeding environment 
was controlled at 22-25°C, with 55-65% humidity 
and 12 h/12 h circadian cycle. All rats were given 
free access to conventional food and water. Sub-
sequently, the rats were randomly divided into 
three groups, including Sham group, SCI group, 
and miR-34a group. Rats in Sham group only 
received laminectomy. Rats in SCI group were 
injected with the same amount of normal saline 
intrathecally. Meanwhile, rats in miR-34a group 
were injected with miR-34a mimics intrathecally. 
This research was approved by the Animal Ethics 
Committee of Xuchang Central Hospital Animal 
Center.

Operative Procedure and Treatment
Rats were anesthetized with 10 % paraformal-

dehyde at a dose of 0.8 ml. After skin preparation 
and immobilization, back skin and muscles were 
cut to expose the lamina. Then, we striped the 
upper lamina of the spinal cord. ALLEN bump 
equipment (10 g × 5 cm) was used to damage 
spinal cord tissues. Spinal cord hemorrhage and 
delayed extension of hindlimbs and tail swing 
in rats indicated successful SCI modeling. Next, 
miR-34a mimics was intrathecally injected into 
rats of the miR-34a group. The incision was su-
tured and the skin was sterilized again. Auxiliary 
urination was conducted twice a day until the 
urination reflex recovered.

Western Blotting 
Total protein in microglia and spinal cord 

tissues were extracted on ice using a total pro-
tein extraction kit containing protease inhibitors 
and phosphatase inhibitors. After centrifugation 
(13000 rpm, 10 min) at 4°C, the supernatant pu-
rified protein was obtained. The concentration of 
proteins was determined by double Bicinchoninic 
Acid (BCA) method (Pierce, Rockford, IL, USA). 
Subsequently, the proteins were separated by 
10% sodium dodecyl sulfate-polyacrylamide gel 
electrophoresis (SDS-PAGE) and transferred on-
to polyvinylidene difluoride (PVDF) membranes 
(Millipore, Billerica, MA, USA) on ice. 5% 
non-fatty milk was prepared with Tris-Buffered 
Saline and Tween-20 (TBST) to block non-spe-
cific antigen for 1h at room temperature. After 
washing 3 times with TBST, the membranes 
were incubated with primary antibodies (iNOS, 
Abcam, Cambridge, MA, USA, Rabbit, 1:250; 
CD11b, Abcam, Cambridge, MA, USA, Rabbit, 
1:1000; PARP-1, Abcam, Cambridge, MA, USA, 
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Rabbit, 1:1000; Drp-1, Abcam, Cambridge, MA, 
USA, Rabbit, 1:1000; glyceraldehyde 3-phosphate 
dehydrogenase (GAPDH), Proteintech, Rose-
mont, IL, USA, 1:10000) at 4°C overnight. On 
the next day, the membranes were incubated 
with corresponding secondary antibody (Goat 
Anti-Rabbit IgG, YiFeiXue Biotechnology, Nan-
jing, China, 1:3000) at room temperature for 
1h. Immuno-reactive bands were visualized us-
ing enhanced chemiluminescence (ECL; Pierce, 
Rockford, IL, USA) on an exposure machine.

Quantitative Real Time-Polymerase 
Chain Reaction (qRT-PCR)

1 mL TRIzol (Invitrogen, Carlsbad, CA, 
USA) was added to spinal cord tissues drop-wise 
and homogenized after shearing. The nucleic 
acid-protein complex was completely separated 
after 5 min of incubation at room temperature. 
0.5 mL TRIzol was added to microglia, followed 
by shanking on an ice shaker for 10 min. Subse-
quently, 0.2 mL chloroform was added and the 
tubes were violently shaken for 15 s, followed 
by incubation at room temperature for 3 min. 
The mixture was then centrifuged for 15 min at 
10000 RPM and 4°C. The upper water phase was 
collected, and isopropyl alcohol was added. Next, 
the mixture was vibrated and incubated at room 
temperature for 10 min. After centrifugation for 
10 min (10000 RPM, 4°C), RNA precipitation 
was collected and the supernatant was discarded. 
After washing RNA precipitation with 75% eth-
anol, the mixture was centrifuged (10000 RPM, 
4°C) for 5 min. The supernatant was removed 
and 30 μL RNase free water was added to dis-
solve it. RNA concentrations were measured by 
NanoDrop to determine absorbances at 260 nm, 
230 nm, and 280 nm, respectively. If A260/A280 
was between 1.8 and 2.0, the quality of RNA was 
considered to be standard and could be used in 
subsequent experiments.

MRNA quantitative analysis was achieved 
using Prism 7300 Sequence Detection System 
(Applied Biosystems, Foster City, CA, USA). A 
25 μL reaction system was prepared, including 
SYBR Green (12.5 μL), 10 Μm of primers (0.5 
mL each from the stock), 10.5 μL of water, and 
0.5 μL of the template. Specific PCR conditions 
were as follows: denaturation at 95°C for 10 
min; 40 cycles of denaturation at 95°C for 15 s; 
annealing at 60°C for 30 s and extension at 72°C 
for 30 s. Glyceraldehyde 3-phosphate dehydro-
genase (GAPDH) was used as an internal refer-
ence. Comparative threshold cycle (Ct) method, 

namely the 2-ΔΔCt method, was used to calcu-
late relative expression level. Primer sequences 
used in this study were as follows: Notch 1, F: 
5’-CGGAGGAGCTTAACTCACTTACTC-3’, R: 
5’-CGATAGGAAGATGTCCGAGA-3’; miR-34a, 
F: 5’-GCCTGTAAGCATCCATCGACTG-3’, R: 
5’-AGGTTGCATGTAGTGCGTCCG-3’; Jagged 
1, F: 5’-ACCGCAGCATGGCATTTACAA-3’, R: 
5’-CGATAGATAAGCGACAATTC-3’; GAPDH: 
F: 5’-CGCTCTCTGCTCCTCCTGTTC-3’, R: 
5’-ATCCGTTGACTCCGACCTTCAC-3’.

Enzyme Linked Immunosorbent Assay
Spinal cord tissues samples were first tak-

en from rats. An appropriate amount of phos-
phate-buffered saline (PBS) was added to clean 
the tissues. Then, the mixture was homogenized 
and centrifuged for 10 min to collect the su-
pernatant. Standard product wells were set on 
96-well plates, and standard products of different 
concentrations were successively added. Samples 
to be tested were added into the corresponding 
wells, followed by sealing with sealing films 
and incubation at room temperature for 30 min. 
Next, the liquid was discarded, and each well was 
filled with washing solution for 30 s (repeat for 5 
times). Subsequently, enzyme standard reagent 
was added into each well, except blank wells. The 
colorant was added to each well and incubated in 
dark for 15 min. The termination solution was 
added to terminate the reaction. Absorbance (OD 
value) of each well at the wavelength of 450 nm 
was measured by zeroing in the blank hole. With 
the concentration of standard product as abscissa 
and OD value as ordinate, the standard curve was 
drawn to calculate the concentration of samples.

Immunofluorescence
Spinal cord tissue samples were placed in 4% 

paraformaldehyde for 24 h of immobilization. 
Subsequently, the samples were dehydrated under 
different concentration ethyl alcohol solutions, 
embedded in paraffin, and cut into 5-μm sections 
with a rotary microtome. After deparaffinage 
and antigen repair, bovine serum albumin (BSA) 
was utilized to block non-specific combination 
at room temperature for 1 h. After washing with 
PBS, the sections were incubated with prima-
ry antibodies (IBA-1, Abcam, Cambridge, MA, 
USA, Rabbit, 1:300; CD11b, Abcam, Cambridge, 
MA, USA, Rabbit,1:400; NF 200, Cell Signaling 
Technology Danvers, MA, USA, Rabbit, 1:200; 
caspase-3, Cell Signaling Technology Danvers, 
MA, USA, Rabbit, 1:400) at 4°C overnight. On 
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the next day, the sections were incubated with 
fluorescent secondary antibodies for 2 h in the 
dark, followed by washing again. 4’,6-diamidi-
no-2-phenylindole (DAPI) Fluoromount-G was 
utilized to stain the nucleus and seal the sections 
for 5 min. Finally, the sections were visualized 
using a fluorescence microscope.

Behavioral Assessment
Basso-Beattie-Bresnahan (BBB) locomotor 

rating scale was used to evaluate the recovery of 
locomotor coordination function of hind-limbs 
within four weeks after SCI in rats. Two blinded 
experimenters scored the rats on a scale of 0 to 
21 as they observed their movements in an open 
field. The evaluation was conducted at 1, 3, 7, 14, 
21, and 28 days after SCI modeling, respectively.

Statistical Analysis
Statistical Product and Service Solutions 

(SPSS) 16.0 (SPSS Inc., Chicago, IL, USA) sta-
tistical software was used for all statistical anal-
ysis. Measurement data were expressed as χ±s. 
The t-test was used to compare the difference 
between the two groups. Single-factor analysis 
of variance (ANOVA) was used to compare the 
differences among groups with different concen-
trations. Least Significant Difference (LSD) test 
or Student-Newman-Keuls (SNK) test was used 
for pairwise comparison under the condition of 
homogeneity of variance. p<0.05 was considered 
statistically significant. All experiments were re-
peated for 3 times.

Results

MiR-34a Reduces Glial Inflammation by 
Inhibiting Notch Pathway

In vitro, we first used miR-34a mimics transfec-
tion and LPS activation to explore the role of miR-
34a in microglial inflammatory activation. During 
24 h of LPS treatment, we detected the expression 
of inflammation biomarkers in microglia at the 
protein level. Microglial inflammatory activation 
contributed to the overexpression of induced-nitric 
oxide synthase (iNOS) and CD11b, which were 
considered as inflammatory microglia markers. 
However, administration of miR-34a mimics could 
reverse the accumulation of inflammation. This 
displayed that iNOS and CD11b were significant-
ly reduced when compared with the only LPS 
activated group (Figure 1A). Subsequently, we 
further detected the miR-34a affected signaling 
pathway by qRT-PCR. The results demonstrated 
that activated microglia significantly up-regulated 
the expressions of Notch1 and its ligand Jagged1. 
Meanwhile, activation of Notch pathway accel-
erated the activation of microglia and infiltration 
in inflammatory cells. After LPS stimulation, the 
expression of Notch1 and Jagged1 increased re-
markably in microglia. However, administration of 
miR-34a mimics reversed the abnormal reduction 
of miR-34a in SCI tissues, which also suppressed 
the Notch pathway through down-regulating the 
expressions of Notch1 and Jagged1 (Figure 1B). 
Therefore, miR-34a could suppress microglia in-
flammation by down-regulating the Notch path-
way in vitro.

Figure 1. MiR-34a reduces glial inflammation by inhibiting Notch pathway. A, Protein expressions of iNOS and CD11b in NC, 
LPS, and miR-34a+LPS group. B, Changes in the mRNA expressions of miR-34a, Notch 1, and Jagged 1.
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MiR-34a Inhibited Notch Pathway 
and Limited Inflammatory Progress
 Following SCI In Vivo

In SCI modeled rats, we detected the degree of 
miR-34a transcription and Notch pathway expres-
sion at the RNA level. Down-regulation of miR-
34a at post-SCI was accompanied by the decrease 
of Notch pathway. However, intradural injection 
of miR-34a mimics rescued the SCI-induced de-
crease of miR-34a. Meanwhile, overexpression 
of Notch pathway was modified (Figure 2A). 
Besides, we measured the expressions of inflam-
matory markers, including interleukin-1 beta (IL-
1β), interleukin-6 (IL-6) and monocyte chemoat-
tractant protein-1 (MCP-1). In response to SCI, 
the levels of inflammatory mediators were sig-
nificantly elevated at 2 days following the injury. 
However, excessive expression of inflammation 
could aggravate neural damage and negatively 
modulate the recovery of the injury site. MiR-34a 
administration effectively dominated the delivery 
of inflammatory mediators at 2 days post-SCI 
(Figure 2B). Furthermore, immunofluorescence 
results showed inflammatory microglia expres-

sion in the injured site. Meanwhile, a decreased 
number of inflammatory microglia was observed 
in the spinal cord of miR-34a mimics treated rats 
(Figure 2C). These results illustrated that miR-
34a was positively regulated in the progression 
of glial inflammatory in the acute inflammatory 
phase following SCI.

Treatment of MiR-34a Modified Nervous 
Lesion Through Inhibiting Apoptosis

Neural renovation shows an absolute advan-
tage in functional recovery. Ensuring the survival 
of damaged neurons and promoting axon regener-
ation in the lesion site are critical to neurological 
function. In this study, we measured the expres-
sion of apoptotic-related proteins to estimate the 
effect of miR-34a on apoptosis progression at 7 
days after SCI. Poly ADP-ribose polymerase-1 
(PARP-1) and Dynamin-related protein-1 (Drp-
1) were detected to determine the curative effect 
of miR-34a treatment in anti-apoptosis. The re-
sults displayed that the decrease of PARP-1 was 
significantly remedied via injection of miR-34a 

Figure 2. MiR-34a inhibited Notch pathway and limited inflammatory progress following SCI in vivo. A, RNA levels of miR-
34a, Notch 1, and Jagged 1 in Sham, SCI, miR-34a group during one week after SCI. B, Contents of IL-1 β, IL-6, and MCP-1 
in lesion at 2 days following SCI. C, Positive-inflammatory microglia immunofluorescence of CD11b (green) and IBA-1 (red) 
co-staining (magnification × 20).
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mimics when compared with SCI group. Inverse-
ly, the expression of Drp-1 was markedly reduced 
in miR-34a mimic group due to the inhibition of 
apoptosis. Moreover, co-staining of NF-200 and 
caspase-3 reflected the expression of neuro-fila-
ments and the degree of apoptosis (Figure 3A). 
According to the results of immunofluorescence, 
the number of neuro-filaments in miR-34a mim-
ics injected rats was remarkably higher than that 
of SCI rats. In addition, the caspase-3 level was 
remarkably down-regulated when compared with 
SCI group (Figure 3B). All these results indicated 
that the function of miR-34a contributed to the 
anti-apoptotic effect and neuro-structural salvage 
following SCI.

Locomotor Function Recovery was 
Mended in SCI Rats Owing to 
Administration of MiR-34a

All rats underwent SCI were assessed by 
BBB rating scale. Two blinded investigators 
scored the locomotor capacity of rats in an open 
field during four weeks at post-SCI. The results 
revealed that locomotor recovery of rats varied 
hardly and at low score at the first 3 days after 
injury. The therapeutic effect of miR-34a was 
exhibited at motor function distinction until 
the 7th day after SCI. Statistically significant 
differences were observed between SCI group 
and miR-34a mimic group at 28 days (Figure 
4). These findings suggested that miR-34a ther-
apy ultimately repaired SCI-induced locomotor 
function drawback in rats.

Discussion

The microenvironment of spinal cord tissues 
after SCI is critical for neurocyte survival and 
axon regeneration20. Primary injury provokes 
vascular changes and inflammatory stimulation 
in the injury site. Meanwhile, secondary damage 
aggravates lesion degree and area on the base 
of biological cascades21,22. Vasogenic inflamma-
tory cells get through the disrupted vascular 

Figure 3. Treatment of miR-34a modified nervous lesion through inhibiting apoptosis. A, Protein expressions of PARP-1 and 
Drp-1 in lesion at 7 days after SCI. B, Apoptosis degree and neural construction immunofluorescence of NF 200 (green), and 
caspase-3 (red) co-staining (magnification × 20).

Figure 4. Locomotor function recovery was mended in 
SCI rat owing to administration of miR-34a. The recovery 
of motor function detected by BBB rating scores for 4 weeks 
at post-SCI.
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wall to the injury site and induce inflammatory 
response owing to primary injury23. Continuous 
irritation of inflammation progress contributes to 
the activation and proliferation of microglia and 
hypertrophy, as well as accumulation of astro-
cytes24. Inflammation-induced formation of glial 
scar goes against space for axon regeneration, 
which inhibits molecules secreted by glial scar 
impede neuro-structural rehabilitation25,26. Be-
sides, inflammation aggravates neuron damage 
and mediates the launch of cell apoptosis27. Cur-
rent studies have demonstrated that inflammation 
has a profound influence on the development of 
SCI. Notch signaling pathway is an important 
signal transduction pathway that controls cell 
fate through interactions with adjacent cells28,29. 
In the central nervous system, both resting and 
activated microglia express molecules related to 
the Notch pathway. Meanwhile, activated mi-
croglia up-regulates the expression of Notch1 
and its ligand Jagged130. In addition, activation 
of Notch pathway may accelerate the activation 
of microglia and the infiltration of inflammatory 
cells31. In this study, the expression of Notch1 
increased significantly after LPS stimulation in 
microglia. Blocking the Notch1 pathway reduced 
the expressions of IL-1, IL-6, iNOS, and other 
pro-inflammatory factors32. In the present re-
port, we found that miR-34a was significantly 
down-regulated after SCI. Meanwhile, we veri-
fied the anti-inflammatory effect of miR-34a in-
hibiting notch pathway by up-regulation of miR-
34a expression. In addition, miR-34a reduced 
the degree of apoptosis in damaged regional 
tissues, preserved the effective number of neu-
rons and axons, and promoted the recovery of 
locomotor function. The anti-inflammatory and 
neuro-protective effects of miR-34a promoted 
the recovery of neural function after SCI. This 
exerted important research value in improving 
the regulation of the microenvironment in injury 
sites. This discovery also opened a new horizon 
for the treatment of nerve injury, and improved 
the mechanism and regulatory pathway of miR-
NA in neuro-traumatic diseases.

Conclusions

The above data showed that miR-34a suppress-
es neuronal apoptosis and alleviates microglia 
inflammation by negatively targeting the Notch 
pathway, thereby improving neural recovery and 
locomotor function.
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