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Responses of microRNAs 124a and 223 following spinal cord injury
in mice
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Study design: We investigated microRNA (miRNA) expression after spinal cord injury (SCI) in mice.
Objectives: The recent discovery of miRNAs suggests a novel regulatory control over gene expression
during plant and animal development. MiRNAs are short noncoding RNAs that suppress the translation
of target genes by binding to their mRNAs, and play a central role in gene regulation in health and
disease. The purpose of this study was to examine miRNA expression after SCI.
Setting: Department of Orthopaedic Surgery, Graduate School of Biomedical Sciences, Hiroshima
University.
Methods: We examined the expression of miRNA (miR)-223 and miR-124a in a mouse model at 6 h,
12h, 1 day, 3 days and 7 days after SCI using quantitative PCR. The miRNA expression was confirmed
by in situ hybridization.
Results: Quantitative PCR revealed two peaks of miR-223 expression at 6 and 12h and 3 days after
SCI. MiR-124a expression decreased significantly from 1 day to 7 days after SCI. In situ hybridization
demonstrated the presence of miR-223 around the injured site. However, miR-124a, which was present
in the normal spinal cord, was not observed at the injured site.
Conclusion: Our results indicate a time-dependent expression pattern of miR-223 and miR-124a in a
mouse model of SCI. In this study, the time course of miRNA-223 expression may be related to
inflammatory responses after SCI, and the time course of decreased miR-124a expression may reflect
cell death.
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Introduction

Numerous studies have provided valuable information

concerning the detailed cellular mechanisms and conse-

quences of spinal cord injury (SCI). Progress continues in the

development of reparative interventions to enhance recov-

ery after experimental SCI. However, the spinal cord of adult

mammals has a limited capacity for regeneration following

injury.

The recent discovery of microRNAs (miRNAs) introduces a

novel type of regulatory control over gene expression during

plant and animal development.1 miRNAs are a family of 22-

nucleotide noncoding RNAs identified in organisms ranging

from nematodes to humans.1 Many miRNAs are evolutiona-

rily conserved across phyla, and regulate gene expression by

posttranscriptional gene repression. The miRNAs regulate

gene expression by binding to the 3-untranslated region of

the target messenger RNAs (mRNA), leading to translational

repression or mRNA degradation. Several miRNAs exhibit a

tissue-specific or developmental stage-specific expression

pattern and have been reported to be associated with human

diseases such as cancer and leukemia.2,3 Therapeutic trials

aimed at silencing miRNAs in vivo have been conducted.4

However, the expression of miRNAs in the spinal cord after

SCI has not been examined and may be related to damage or

renovation of the spinal cord. The purpose of the study was

to examine miRNA expression patterns specific for SCI.

Materials and methods

Animals

All the experimental research protocols were reviewed and

approved by the Hiroshima University ethical committee.
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Male C57BL/6 mice, approximately 8 weeks of age, were used

(n¼6 in each group). All experiments were performed

according to an institutionally approved protocol in accor-

dance with the National Institute of Health Guide for Care

and Use of Laboratory Animals.

Surgical procedures

All surgical procedures were performed under 2,2,2-tribro-

moethanol anesthesia (125mgkg�1 i.p., Avertin; Sigma-

Aldrich, St Louis, MO, USA) using an operating microscope

(Zeiss, Oberkochen, Germany). Laminectomy was carried out

at the 11th thoracic vertebral level leaving the dura intact.

Each animal was placed in a stereotaxic apparatus and

adjustable forceps were used to atraumatically grasp the

transverse process while keeping the spinal cord in a fixed

position. SCI was made at the level of T11–12 by compres-

sing the cord laterally from both sides for 10 s with a number

5 forceps (FONTAX, Lausanne, Switzerland) modified with a

spacer so that a 0.5mm space remained at maximal closure

(SCI group).5 Control mice received only a laminectomy

without any direct manipulation of the spinal cord (control

group). Spinal cords were removed at 6h, 12h, 1 day, 3 days

and 7 days after injury from SCI mice, and 12h after

laminectomy from control mice. Mice from both groups

were anesthetized with pentobarbital sodium (100mgkg�1

i.p) and perfused with cold saline. Spinal cords (the injured

site and 5mm on either side) were then harvested for RNA

isolation as described below. Three mice each from the 12h

SCI and control groups were anesthetized and transcardially

perfused with cold saline and 4% paraformaldehyde in

phosphate-buffered saline (PBS; pH 7.4). The spinal cords

were then removed, snap-frozen in liquid nitrogen and

stored at �80 1C until histological evaluation.

RNA isolation

Total RNA was extracted from spinal cords using TRIzol

regent (Invitrogen, Carlsbad, CA, USA) according to the

manufacturer’s instructions. The concentration and quality

of total RNA were measured by the UV absorbance at 260 and

280nm (A260/280) and checked by gel electrophoresis.

Equal amounts of RNA from each mouse were used for

miRNA array analysis and quantitative PCR verification.

MicroRNA microarray

A miRNA microarray (Invitrogen), containing probes for the

complete Sanger mirBASE 9.0, was used to screen RNA from

spinal cords of mice in both the SCI and control groups

killed 12h after injury or laminectomy, respectively. Each

total RNA sample was spiked with 1ml NCode Multi-Species

miRNA Microarray Controls (2 fmol ml�1), and poly(A) tailing

reactions were ligated to labeled DNA polymers using the

6� Alexa Fluor 3 (A3) or Alexa Fluor 5 (A5) Rapid Ligation

Mix according to the manufacturer’s protocol. The two

differentially labeled reactions were combined and the

volume was reduced by half in a SpeedVac Concentrator

(Thermo Scientific, Waltham, MA, USA). Bovine serum

albumin (50mgml�1) was then added to a total volume of

28.5 ml. The samples were incubated with 28.5 ml of 2�

Enhanced hybridization buffer at 65 1C for 10min and then

loaded onto NCode Multi-Species miRNA Microarrays V2.

The arrays were mounted with Maui Mixer SL chambers

(BioMicro Systems, Salt Lake City, UT, USA) and hybridized

overnight (16–20h) at 52 1C with constant mixing. The

arrays were washed, and then scanned with a GenePix 4000B

microarray scanner (Molecular Devices, Sunnyvale, CA,

USA). The scanned array images were annotated and

analyzed using the GenePix software and the .GAL files

containing the array list (NCode_v2_mmu_gal.Gal) for the

mouse samples.

Quantitative PCR verification of miRNA microarray results

Based on the results of the miRNA microarray, quantitative

PCR assays were performed using a TaqMan miRNA assay kit

(Applied Biosystems, Foster City, CA, USA) on RNA from the

spinal cords of SCI mice killed 6h, 12h, 1 day, 3 days and 7

days after injury (n¼6 each) and of control mice at each

time point after laminectomy (n¼6 each). Reverse transcrip-

tion reactions of mature miRNA contained a sample of total

RNA, 50nM stem-loop RT primer, 10� RT buffer, 100mM

each dNTPs, 50U ml�1 MultiScribe reverse transcriptase and

20Uml�1 RNase inhibitor. Reaction mixtures (15 ml) were

incubated in a thermal cycler (MJ mini Gradient Thermal

Cycler; Bio-Rad Laboratories, Hercules, CA, USA) for 30min

at 16 1C, 30min at 42 1C and 5min at 85 1C, and then

maintained at 4 1C.

Real-time PCR was performed with a thermal cycler in

10 ml PCR mixture containing 1.33 ml RT product, 2�
TaqMan Universal PCR Master Mix, 0.2 mM TaqMan probe,

15 mM forward primer and 0.7 mM reverse primer. All

reactions were incubated in triplicate in a 96-well plate at

95 1C for 10min, followed by 40 cycles of 95 1C for 15 s and

60 1C for 1min. The snoRNA-135 was used as a control to

normalize differences in total RNA levels in each sample. A

threshold cycle (Ct) was observed in the exponential phase of

amplification, and quantification of relative expression

levels was performed using standard curves for target genes

and the endogenous control. Geometric means were used to

calculate the DDCt values and were expressed as 2�DDCt. The

value of each control sample was set at 1 and was used to

calculate the relative expression changes in target genes.

Statistical analysis

The microarray data were analyzed according to the loop

design of Kerr and Churchill.6,7 The data of quantitative PCR

assays were analyzed statistically using unpaired t-test.

P-values less than 0.05 were considered statistically signifi-

cant.

In situ hybridization

Spinal cords were removed at 12h after surgery from each of

three mice in the SCI and control groups, embedded in

Tissue Freezing Medium (Triangle Biomedical Sciences,

Durham, NC, USA) for cryostat sectioning and sectioned at

8 mm. Each section was fixed in 4% paraformaldehyde for

10min at room temperature, washed 3 times in PBS for 3min

each and treated with 600 mg of proteinase K for 10min at
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room temperature. After treatment with 0.2% glycine-PBS

for 10min, sections were refixed in 4% paraformaldehyde for

10min, washed 3 times in PBS for 3min each and acetylated

with 0.25% acetic anhydride in 0.1M triethanolamine

hydrochloride for 10min. After washing in PBS for 30min,

sections were prehybridized for 1h at 65 1C with prehybri-

dization buffer (50% formamide and 5� saline sodium

citrate (SSC)). Hybridization with locked nucleic acid DIG-

labeled probes (EXIQON, VedBaek, Denmark) was carried out

overnight at 65 1C in hybridization buffer (50% formamide,

5� SSC, 5� Denhardt’s solution and 250 mgml�1 Baker’s

yeast tRNA). After hybridization, sections were washed in

5� SSC for 30min at 65 1C, 0.2� SSC for 2h at 65 1C and

0.2� SSC for 5min at room temperature. Blocking was

performed overnight at 4 1C with 4% horse serum and

alkaline phosphatase-conjugated Fab anti-DIG antibody

(Roche, Basel, Switzerland) in 1% sheep serum. Staining

was performed using 5-bromo-4-chloro-3-indolyl-phosphate

and nitroblue tetrazolium (Roche).

Results

Changes in expression of miRNAs following SCI

Using an miRNA-based array screening, we identified 10

differentially expressed miRNAs (5 decreased and 5

increased) in the SCI group compared with the control

group (Table 1).

Verification and time course of the expression of miR-223

and 124a

Based on the results of the miRNA microarray, we selected

one increasing and one decreasing miRNA for further study.

Quantitative PCR assays were performed for mmu-miR-223

and miR-124a. MiR-223 is thought to act in regulation of

granulocyte production and the inflammatory response,8

and thus, miR-223 may be associated with an inflammatory

reaction after SCI. MiR-124 has been reported to be expressed

specifically in the central nervous system, and is considered

to play a key role in the differentiation of progenitor cells to

mature neurons.9 Therefore, we selected these two miRNAs

for the quantitative PCR analysis. In the SCI group, the mean

values (mean±s.d. (range)) for mmu-miR-223 expression

were 4.58±4.45 (0.597–12.8) at 6h, 11.7±6.07 (6.38–22.7)

at 12h, 2.26±1.32 (1.03–4.30) at 1 day, 6.92±2.93 (2.08–

9.93) at 3 days and 3.70±3.40 (0.39–7.12) at 7 days after SCI.

Figure 1a clearly shows that the expression of miR-223 was

significantly increased at 6h (P¼0.0498), 12h (P¼0.001),

and 3 days (P¼0.003) after SCI compared with controls.

In the SCI group, the mean values for mmu-miR-124a

expression were 1.08±0.481 (0.493–1.62) at 6h, 0.534±

0.515 (0.0483–1.20) at 12h, 0.0792±0.0436 (0.0349–0.142)

at 1 day, 0.0940±0.0857 (0.00504–0.202) at 3 days and

0.0144±0.0159 (0.000379–0.0397) at 7 days (Figure 1b).

MiR-124a expression in the SCI group was significantly lower

than that in the controls, 24h after SCI (P¼0.007) and

thereafter (Po0.01).

In situ hybridization of miR-223 and 124a in spinal cord

MiR-223 expression was scarcely detected in the spinal cord

in the control group (Figure 2a) by in situ hybridization.

However, in the SCI group, miR-223 expression was present

in cells distributed around the injured site (Figures 2b and c).

The cells were round, with a diameter of approximately

10 mm. In contrast, miR-124a expression was identified in

cells distributed along the gray matter in the control group

Table 1 Results of miRNA microarray screening at 12 hours after SCI

miRNA ID Relative expression changes P-valuea

Increasing miRNAs
mmu-miR-1 1.887 0.0022
mmu-miR-133a 1.841 0.0021
mmu-miR-133b 1.805 0.0041
mmu-miR-223 2.405 0.0002
mmu-miR-451 2.337 0.0005

Decreasing miRNAs
mmu-miR-124a �1.546 0.0289
mmu-miR-129-3p �1.588 0.0189
mmu-miR-342 �1.541 0.0305
mmu-miR-495 �1.641 0.0158
mmu-miR-541 �1.484 0.0465

Abbreviation: miRNA, microRNA.
aPo0.05 is significantly different.

Figure 1 Summary of quantitative PCR analysis of the expression of
mature miR-223 and miR-124a. (a) The expression of miR-223 was
significantly increased at 6 and 12h after spinal cord injury (SCI),
only very slightly increased at 1 day, significantly increased again at 3
days and slightly increased at 7 days after SCI. (b) The expression of
miR-124a was significantly decreased at 1 day after SCI and
remained significantly lower than that in the control group there-
after. Error bars indicate standard deviation. *Po0.05 vs control,
**Po0.01 vs control (n¼6).
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(Figure 2d and e), and was not observed in the injured site

due to a loss of tissue in the SCI group (Figure 2f).

Discussion

Our results showed the time course of changes in the

expression of miR-223 and miR-124a, and the localization

of these single nucleotide polymorphisms following SCI.

Two peaks of miR-223 expression were revealed at 12h and 3

days after SCI. In contrast, miR-124a expression was

significantly decreased at 1 day through 7 days after SCI.

MiR-223 was identified around the injured site by in situ

hybridization. However, miR-124a, which was observed in

the normal spinal cord, was not observed at the injured site

in the SCI group.

MiR-223 was first identified bioinformatically, and was

characterized in the hematopoietic system, where it

is specifically expressed in the myeloid compartment.10

MiR-223 is thought to act as a regulator of granulocyte

production and the inflammatory response.8 However, its

function remains unclear. Injury to the spinal cord provokes

an inflammatory reaction that results initially in further

tissue damage. The mechanisms and time courses of

inflammation are well documented in animal models of

SCI.11 The response to trauma involves two significant waves

of cellular infiltration.12 In rats, neutrophils appear at the

primary lesion site at 4–6h after injury, peak in number at

12–24h and disappear within 5 days.13,14 Macrophages in

the injured spinal cord are derived from blood-borne

monocytes and resident microglia. Blood-borne monocyte/

macrophages infiltrate the lesion at 2 days after SCI in rats,

achieve their highest density at 5–7 days and persist for

weeks to months.11,14 The time course of miRNA-223

expression in this study is quite similar to those of

inflammation after SCI. Furthermore, the expression miR-

223 is localized just around the injured site. The cells that

express miR-223 were identified in the spinal cord by in situ

Figure 2 In situ hybridization for miR-223 and miR-124a. Asterisks and arrows indicate the site of spinal cord injury and the expression of
microRNAs (miRNAs), respectively. The right side of the figures is the cranial side and upper side of the figures is the dorsal side of the spinal
cord. Expression of miR-223 was not observed in the control group (a). However, it was observed in cells distributed around the injured site in
the spinal cord injury (SCI) group (b). The cells are round, with a diameter of approximately 10 mm (c). Expression of miR-124a was observed in
cells distributed along the gray matter in the control group (d, e). However, it was not observed in the injured site due to a loss of tissue in the
SCI group (f). Bars: 500 mm (a, b, d and f) and 50mm (c and e).
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hybridization as round and smaller than neural cells,

suggesting that they are inflammatory cells. The cells were

found at 12h after injury, and, therefore, they may be

neutrophils, particularly granulocytes. The increasing miR-

223 expression at 3 days after SCI also may relate to the

appearance of macrophages in the injured site, although we

did not fully characterize the cells in this study.

MiR-124 is expressed specifically in muscle and the central

nervous system, and is considered to play a key role in the

differentiation of progenitor cells to mature neurons.15 In

this study, miR-124a expression was identified in cells

distributed along the gray matter in the control and SCI

group, by in situ hybridization. Astrocytes exist in both

gray and white matter and oligodendrocyte exist only

in the white matter. Cells that express miR-124a were

identified in the gray matter only, suggesting that they are

neurons. Our data show a significant decrease in miR-124a

expression at 12h after SCI that persists at least until day 7.

Cell death after SCI results not only from the physical

trauma to the tissue, but also from secondary injury that

expands the damage to levels of the cord rostral and caudal

to the actual impact site. The inflammatory response is likely

to be an important factor in the development of secondary

damage.14 Secondary cell death has been reported to be

virtually complete at 12h.16 The time course of decreased

miR-124a expression seen in this study may reflect cell death

after SCI.

In this study, the miRNA-based array screening also shows

increased miR-1, miR-133a, miR-133b and miR-451 expres-

sions, and decreased miR-129-3p, miR-342, miR-495 and

miR-541 expressions. MiR-1 and miR-133 have distinct roles

in modulating skeletal and cardiac muscle proliferation and

differentiation.17 Furthermore, Ivey et al.18 demonstrated

that miR-1 and miR-133 may curtail the differentiation of

pluripotent cells into mature neurons, even as cells are

pushed toward that lineage by timed administration of

retinoic acid. Thus, these miRNAs may relate to neural

responses after SCI. Although the function of other miRNAs

could not be identified sufficiently, miR-451, miR-129 and

miR-342 are reported to relate to differentiation of blood

cells.19,20 Therefore, these miRNAs variations may appear as

responses after bleeding in the injured site.

Recently, several in vivo studies provided evidence suggest-

ing the potential therapeutic usefulness of silencing miRNA.4

Therefore, further functional analyses to define the precise

role of miRNAs in the pathogenesis of SCI may provide novel

attractive therapeutic tools for SCI that regulate miRNA

expression.
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