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Abstract

MicroRNA-124 (miR-124) is abundantly expressed in neurons in the mammalian central ner-
vous system, and plays critical roles in the regulation of gene expression during embryonic
neurogenesis and postnatal neural differentiation. However, the expression profile of miR-124
after spinal cord injury and the underlying regulatory mechanisms are not well understood.
In the present study, we examined the expression of miR-124 in mouse brain and spinal cord
after spinal cord injury using in situ hybridization. Furthermore, the expression of miR-124 was
examined with quantitative RT-PCR at 1, 3 and 7 days after spinal cord injury. The miR-124
expression in neurons at the site of injury was evaluated by in situ hybridization combined with
NeuN immunohistochemical staining. The miR-124 was mainly expressed in neurons through-
out the brain and spinal cord. The expression of miR-124 in neurons significantly decreased
within 7 days after spinal cord injury. Some of the neurons in the peri-lesion area were NeuN"/
miR-124". Moreover, the neurons distal to the peri-lesion site were NeuN‘/miR-124". These
findings indicate that miR-124 expression in neurons is reduced after spinal cord injury, and may
reflect the severity of spinal cord injury.
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Introduction

Spinal cord injury is a traumatic event with a poor progno-
sis affecting mobility and resulting in early mortality. Cur-
rent understanding of the mechanisms underlying spinal
cord injury is limited, and traditional therapeutic methods
lack a molecular approach to prevent the loss of sensory
function and paralysis (Strickland et al., 2011). Investiga-
tors have previously reported that altered gene expression
plays a major role in the pathogenesis of secondary spinal
cord injury (Bareyre et al., 2003; De et al., 2005), but there
is limited knowledge of the regulatory networks that con-
trol gene expression.

A novel class of tiny RNA molecules, microRNAs, are in-
volved in the regulation of mRNA stability and translation,
heterochromatin formation, genome rearrangement and
gene regulation (Gu et al., 2014). MicroRNA-124 (miR-124)
is the most abundant microRNA in the adult mammalian
brain, accounting for 25-48% of all brain microRNAs (Do-
eppner et al., 2013). The sequence of mature miR-124 is
highly conserved from worm to human, and the number of
predicted potential target genes for miR-124 exceed 1,000

(Lewis et al., 2005). miR-124 is present at undetectable or
very low levels in neural progenitors, but is highly expressed
in differentiating and mature neurons (Deo et al., 2006).

In this study, we examined the expression of miR-124 in
mature neurons throughout the central nervous system by
in situ hybridization (ISH). We found that miR-124 expres-
sion significantly decreased after spinal cord injury in the
crush model using quantitative RT-PCR. ISH combined with
NeuN immunohistochemistry (IHC) revealed that miR-124
was significantly downregulated in neurons in the peri-le-
sion area, but not in the distal grey matter of the spinal cord.
These results suggest that the absence of miR-124 in neurons
might reflect cellular damage after spinal cord injury.

Materials and Methods

Experimental animals

A total of 45 adult male C57BL/6 mice, aged 6-8 weeks,
weighing 22-29 g (Shanghai Laboratory Animal Center,
Shanghai, China) were used in this study. All mice were
housed in a specific pathogen-free environment at the an-
imal facility of the Institute of Neurosciences, the Fourth

1147



Zhao'Y, et al. / Neural Regeneration Research. 2015;10(7):1147-1152.

Figure 1 MicroRNA-124 (miR-124) expression in the central nervous system of adult mice (in situ hybridization, B51 microscope).

The miR-124 was mainly distributed in grey matter regions where neurons are located, such as the olfactory bulbs, cerebral cortex, basal nuclei,
hippocampal pyramidal cell layer, and cerebellar cortex. (A-E) The expression of miR-124 in the olfactory bulbs (A), basal ganglia and basal fore-
brain (B), hippocampal region (C), cerebellum (D), and spinal cord (E). Panels A-E are representative sections hybridized with the antisense oligo-
nucleotide probe against miR-124. (F) Spinal cord sections were hybridized with the sense oligonucleotide probe for miR-124 as negative control. (G)
Higher magnification of panel E showing miR-124 signal (blue color) located in the cytoplasm of neurons (arrows) in the grey matter of the spinal
cord. (H) Higher magnification of panel F showing lack of signal using the sense probe for miR-124 in the grey matter of the spinal cord. GI: Glo-
merular layer; EPL: external plexiform layer of the olfactory bulb; IPL internal plexiform layer of the olfactory bulb; GrA: granule cell layer of the
accessory olfactory bulb; Ctx: cerebral cortex; Cpu: caudate putamen; Pir: piriform cortex; cc: corpus callosum; aca: anterior commissure, anterior;

LV: lateral ventricle; Hip: hippocampus; DG: dentate gyrus; 3V: 3" ventricle; Cbm: cerebellum; 4V: 4™ ventricle; CC: central canal.

Military Medical University of Chinese PLA (Xi’an, Shaanxi
Province, China; animal license No. 130003). All procedures
were approved by the Animal Care and Use Committee of the
Fourth Military Medical University of Chinese PLA in China.

Animal grouping

The 45 mice were randomly divided into three groups. Three
mice comprised the ISH group for miR-124 ISH staining
and six comprised the spinal cord injury ISH/IHC group
for miR-124 ISH in combination with NeuN IHC on day 7
after spinal cord injury. The remaining 36 mice with spinal
cord injury constituted the PCR group for assessing miR-124
expression. These mice were randomly divided into sham
operation and 1, 3 and 7 days after injury groups, with nine
mice in each group.

Spinal cord crush injury
All animal surgical procedures were performed under sodium
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pentobarbital anesthesia (50 mg/kg, intraperitoneally; Sig-
ma Aldrich, St. Louis, MO, USA) using a Leica M651 MSD
surgical microscope (Leica, Wetzlar, Germany). A graded
crush spinal cord injury model was established with forceps
(Plemel et al., 2008). Briefly, laminectomy was carried out at
the Ty ,, vertebral level, leaving the dura intact. Each mouse
was subjected to 20-second spinal cord crush at the level of
T, by compressing the cord laterally from both sides with
#5 forceps (66 Vision Medical Apparatus Co., Ltd., Suzhou,
Jiangsu Province, China). The spinal cord was compressed at
an interval of 0.25 mm to produce severe injury (Plemel et
al., 2008). A successful procedure resulted in paralysis of the
lower limbs. The surgical procedure was performed in the
ISH/THC and PCR groups after spinal cord injury. The mice
were sacrificed at 1, 3 and 7 days after spinal cord injury
(Nakanishi et al., 2010). The sham operation group received
an identical treatment, including exposure, laminectomy
and placement of the forceps around the spinal cord, but no
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Figure 2 Quantitative RT-PCR analysis of the relative expression levels of microRNA-124 (miR-124) and microRNA-21 (miR-21) after spinal
cord injury.

The expression of miR-124 was significantly decreased within the first 7 days after spinal cord injury. In comparison, the expression of miR-21 was sig-
nificantly increased after spinal cord injury. (A) The relative expression of miR-124 on days 1, 3 and 7 after spinal cord injury. (B) The relative expres-
sion of miR-21 on days 1, 3 and 7 after spinal cord injury. U6 was used as the internal reference standard. Data are expressed as the mean + SEM. The
differences were compared with one-way analysis of variance and Scheffe’s post hoc test. * P < 0.05; **P < 0.01, vs. sham operation group. d: Day(s).

Figure 3 MicroRNA-124 (miR-124) expression in the damaged spinal cord (in situ hybridization (ISH)/immunohistochemistry).

The ISH miR-124-positive signal was distributed in the neuronal cytoplasm. In the peri-lesion areas, there were many neurons positive for NeuN,
but negative for miR-124. (A) Representative images of miR-124-positive cells in the spinal cord as shown by ISH. (B) Representative images of
NeuN-positive neurons in the spinal cord (arrowheads) as shown by immunohistochemistry. (C) Representative images of NeuN-positive neurons
(dark brown) showing the miR-124 ISH signal. (D) miR-124 and NeuN displayed distinct expression patterns in the damaged spinal cord section. “*”
Area distal to the focal site of injury; “**” the focal site of injury. (E) Higher magnification of the boxed area in panel D showing NeuN-positive
neurons positive for miR-124 (arrowheads, black) or negative for miR-124 (arrows, brown).
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crush injury was inflicted.

RNA extraction and quantitative RT-PCR

Mice were sacrificed at 1, 3 and 7 days after spinal cord inju-
ry with an overdose of 1% pentobarbital sodium intraperito-
neal injection. An 8-mm spinal cord segment (including the
site of injury and 4 mm on either side) was removed quickly
for RNA isolation. Mice in the sham operation group were
sacrificed 1 day after operation.

Spinal cord total RNA was extracted using TRIzol reagent
(Invitrogen, Carlsbad, CA, USA) according to the manufac-
turer’s instructions. The concentration and quality of RNA
were evaluated by measuring UV optical density at 260 and
280 nm (260/280) and checked by gel electrophoresis. Equal
amounts of RNA were used for quantitative RT-PCR.

Quantitative RT-PCR was performed using the NCode™
EXPRESS SYBR GreenER™ microRNA quantitative RT-PCR
Kit (Invitrogen). Poly(A) tailing and RT reactions consisted
of 4 uL 5 X reaction mix, 2 pL 10 X SuperScript enzyme mix
and 200 ng total RNA in a final volume of 20 pL. 1 uL of the
RT product was transferred into a PCR reaction mixture
consisting of 10 pL Express SYBR green quantitative RT-
PCR SuperMix, 0.4 pL microRNA-specific forward primer
(10 uM) and 0.4 pL universal quantitative PCR primer
(10 pM) in a final volume of 20 pL. PCR cycling param-
eters were 95°C for 2 minutes, then 40 cycles of 95°C for
15 seconds and 60°C for 1 minute, performed in a CFX96
Real-Time PCR System (Bio-Rad, Hercules, CA, USA). The
miR-124 forward primer sequence of 18 bp was 5-TAA GGC
ACG CGG TGA ATG-3' (Ho et al., 2014). U6 was used as the
internal reference standard. Normalized expression was cal-
culated using the comparative Ct method, and fold change
was derived from the equation 27**“' for each microRNA
(Kim et al., 2012).

Preparation of digoxigenin-labeled RNA probes

A mirVana miRNA Probe Construction Kit (Ambion, Aus-
tin, Texas, USA) and a digoxigenin RNA Labeling Kit (SP6/
T7; Roche, Basel, Switzerland) were used to construct di-
goxigenin-UTP-labeled RNA probes. The antisense probe for
miR-124 was 5'-TAA GGC ACG CGG TGA ATG CCC CTG
TCT C-3' and the sense probe for miR-124 was 5'-CCG TAA
GTG GCG CAC GGA ATC CTG TCT C-3". Briefly, dsDNA
transcription was carried out by hybridizing the DNA oligo-
nucleotide to the T7 promoter primer at 70°C for 5 minutes,
and then at room temperature for 5 minutes. Extension was
performed by incubating with exo-Klenow DNA polymerase
and dANTP Mix at 37°C for 30 minutes. The templates were
mixed with T7 RNA polymerase and 10 X NTP labeling
mixture, and then incubated at 37°C for 2 hours. Then, 2 pL
DNase I was added and incubated at 37°C for 30 minutes to
remove the DNA templates. The digoxigenin-labeled RNA
transcript was stored at —20°C.

Tissue preparation and ISH
The mice were anesthetized and perfused transcardially with
cold 4% paraformaldehyde in PBS for 10 minutes. Brain and
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spinal cord from normal adult C57BL/6 mice were removed
and post-fixed in the same fixative for 4 hours at 4°C. The
damaged spinal cord segment taken 7 days post-injury was
carefully dissected out and post-fixed in the same fixative for
4 hours at 4°C. Then, all the samples were immersed in 20%
sucrose-PBS at 4°C until they sank to the bottom of the con-
tainer. Tissues were prepared for cryostat sectioning, with
three animals from each group used for analysis.

For ISH, sections were washed twice in PBS for 5 minutes
each and treated with 100 mM glycine-PBS twice for 5 min-
utes each. After Triton X-100 treatment (0.3%, v/v) for 15
minutes, sections were washed twice in PBS for 5 minutes
each. Then sections were treated with 1 pg/mL proteinase K
for 30 minutes at 37°C and re-fixed in 4% paraformaldehyde
for 5 minutes. After washing in PBS for 10 minutes, sections
were acetylated with 0.25% acetic anhydride in 0.1 M trieth-
anolamine hydrochloride for 10 minutes. Then, sections
were prehybridized for 30 minutes at 37°C in prehybridiza-
tion buffer (50% formamide and 4 x SSC). Hybridization
was performed at 42°C overnight in 200 pL hybridization
buffer containing 50 ng digoxigenin-labeled probe. The next
day, sections were washed twice in 2 x SSC at 37°C for 15
minutes each and then washed twice with 1 x SSC at 37°C for
15 minutes each on a bath shaker. For signal development,
sections were incubated with blocking solution (Roche, Basel,
Switzerland) for 30 minutes at room temperature, and then
incubated with alkaline phosphatase-conjugated Fab anti-di-
goxigenin antibody (Roche) for 30 minutes. NBT/BCIP solu-
tion (Roche) was incubated with the sections in the dark for
16 hours, and reactions were stopped with PBS washing.

ISH combined with IHC

After ISH for miR-124, the sections were washed with PBS
three times and treated with blocking buffer (1% bovine
serum albumin + 0.3% Triton X-100) for 1 hour at room
temperature. Then, biotinylated mouse anti-NeuN mono-
clonal antibody (1:1,000; Chemicon, Billerica, MA, USA)
was incubated with the sections at 4°C overnight. The next
day, sections were washed with PBS and incubated with avi-
din-peroxidase (1:500; Sigma-Aldrich) for 1 hour at room
temperature. Finally, the signals were developed with 3,3'-di-
aminobenzidene tetrahydrochloride until the dark brown re-
action product was visible under the B51 microscope (Olym-
pus, Tokyo, Japan).

Statistical analysis

Data were analyzed using SPSS 10.0 software (SPSS, Chica-
go, IL, USA) and were expressed as the mean + SEM. Data
were compared by one-way analysis of variance and Scheffe’s
post hoc test. P < 0.05 was considered to indicate a significant
difference.

Results

Expression pattern of miR-124 in adult mouse brain and
spinal cord

ISH with an RNA oligonucleotide probe complementary
to miR-124 (antisense probe) was performed to assess ex-



Zhao'Y, et al. / Neural Regeneration Research. 2015;10(7):1147-1152.

pression levels of miR-124 throughout the central nervous
system of adult mice (Figure 1A-E, G). miR-124 was mainly
distributed in the grey matter, where neurons are located,
such as the olfactory bulbs (Figure 1A), cerebral cortex (Fig-
ure 1B, C), basal nuclei, hippocampal pyramidal cell layer
(Figure 1C), and cerebellar cortex (Figure 1D) and the grey
matter of the spinal cord (Figure 1E, G). Cells in white mat-
ter regions, such as the corpus callosum and white matter of
the spinal cord, were negative for miR-124 by ISH (Figure
1B-D). Under the same hybridization conditions, the sense
probe for miR-124 generated no signal (Figure 1F, H), indi-
cating that the antisense probe is specific for miR-124.

Temporal expression profile of miR-124 after spinal cord
injury

We examined the expression of miR-124 at 1, 3 and 7 days
after spinal cord injury using quantitative RT-PCR analysis
with SYBR Green probes. In the PCR group, the expression
of miR-124 was significantly decreased at 1 day compared
with the sham operation group (P < 0.05; Figure 2A). The
expression of miR-124 was also significantly decreased at 3
and 7 days compared with the sham operation group (P <
0.01; Figure 2A). The expression of miR-21, used as a pos-
itive control (Liu et al., 2009), was significantly increased
between 1 and 7 days post-injury compared with the sham
operation group (P < 0.01; Figure 2B).

Loss of miR-124 expression in neurons in the peri-lesion
area after spinal cord injury

Although previous ISH studies have examined the expres-
sion pattern of miR-124 after spinal cord injury (Nakanishi
et al., 2010), the expression of miR-124 in neurons after
spinal cord injury remains unclear. To clarify the changes in
expression of miR-124 in neurons after spinal cord injury,
ISH was combined with NeuN IHC 7 days post-injury in the
ISH/THC group. The ISH signal for miR-124, visible as small
blue dots, was distributed in the cytoplasm (Figure 3A), and
the brown NeuN IHC signal was localized in the cytoplasm
(Figure 3B). When the miR-124 and NeuN labeling was
combined, double-positive cells appeared dark brown, and
the dark blue dots could still be detected under an oil-im-
mersion lens (Figure 3C).

At the center of the site of injury, miR-124 and NeuN
signals were undetectable (Figure 3D). In areas distal to the
peri-lesion area, all neurons were miR-124 and NeuN dou-
ble-positive, in which blue and brown colors overlapped to
result in a dark brown color (Figure 3C, E). In the peri-lesion
areas that were adjacent to the center of the site of injury,
there were many neurons positive for NeuN, but negative for
miR-124 (Figure 3D, E). This suggests that there is a loss of
neuronal miR-124 expression 7 days after spinal cord injury.

Discussion

MicroRNAs are ~22-nucleotide noncoding RNAs, derived
from genome-encoded stem-loop precursors (Thum, 2014),
and they play critical roles in the posttranscriptional regu-
lation of gene expression by repressing translation and/or

by destabilizing target mRNAs (Bartel, 2004; Leopold et al.,
2014). An individual microRNA can down-regulate hun-
dreds of mRNA targets by interacting with partially com-
plementary sequences within their 3" untranslated regions
(Vella et al., 2005), and comparative genomics analyses have
predicted that a third of all human genes are potential mi-
croRNA targets (Lim et al., 2005).

Several brain-specific/enriched microRNAs have been
reported to play important roles in physiological and patho-
logical processes in the brain (Cao et al., 2006; Courts et
al., 2013). Among these, miR-124 is the most abundantly
expressed in the adult mammalian brain (Doeppner et al.,
2013). The expression of miR-124 increases during brain
development (Krichevsky et al., 2006; Xu et al., 2012), and
it promotes a neural-like phenotype by decreasing the levels
of hundreds of non-neuronal transcripts (Lim et al., 2005).
In non-neural cells and neural progenitors, a transcriptional
repressor, RE1 silencing transcription factor, inhibits miR-
124 expression (Conaco et al., 2006; Bitel et al., 2010). As
progenitors differentiate into mature neurons, RE1 silencing
transcription factor no longer represses miR-124 expression
(Conaco et al.,, 2006). miR-124 also directly targets small
C-terminal domain phosphatase 1 to induce neurogenesis
during embryonic development of the central nervous sys-
tem (Visvanathan et al., 2007). In adult mouse brain, miR-
124 enhances neural maturation by targeting the SRY-box
transcription factor Sox9 in the subventricular zone (Cheng
et al., 2009). Moreover, miR-124 directly represses polypy-
rimidine tract binding protein 1, an RNA binding protein,
which leads to increased expression of polypyrimidine tract
binding protein 2 and correct alternative mRNA splicing
that is necessary for the transition from a non-neuronal to a
neuronal phenotype (Makeyev et al., 2007).

Recently, a number of studies have shown that the ex-
pression of several microRNAs related to neural plasticity,
repair, apoptosis and neuroinflammation change after spinal
cord injury (Liu et al., 2010; Izumi et al., 2011). miR-124
was demonstrated by microarray assay to be significantly
down-regulated in the site of injury in a mouse spinal cord
contusion model, and quantitative RT-PCR analysis revealed
that miR-124 expression decreased 7—14 days after spinal
cord injury (Liu et al., 2009; Nakanishi et al., 2010). Using
ISH, Nakanishi and colleagues observed miR-124 expression
only in the control group. Expression was absent at the site
of injury due to tissue loss in the spinal cord injury group
(Nakanishi et al., 2010).

In the present study, miR-124 was found to be continu-
ously down-regulated after spinal cord injury in mice by
quantitative RT-PCR. We combined ISH with IHC to specif-
ically evaluate miR-124 expression in neurons. We showed
that there was a lack of miR-124 and NeuN staining in the
peri-lesion area. Distal to the peri-lesion area, all neurons
were miR-124/NeuN double positive. These results are con-
sistent with previous studies showing that miR-124 is neural
specific and is mainly expressed in differentiated neurons
(Lagos-Quintana et al., 2002; Deo et al., 2006). In the peri-le-
sion areas, there were numerous neurons positive for NeuN,
but negative for miR-124. This indicates that NeuN-positive
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neurons in the peri-lesion area lose miR-124 expression after
spinal cord injury. In our previous study, we found that there
was a pale ischemic zone (peri-lesion area) surrounding the
center of the site of injury in the contused spinal cord, in
which a few remaining neurons have weakly-stained or ab-
sent Nissl bodies (Shen et al., 2009). The cellular impact of
neuronal loss of miR-124 expression after spinal cord injury
remains unknown, but the loss of expression appears to be
a response to the tissue damage. We hypothesize that the
neuronal loss of miR-124 expression may reflect the state of
tissue damage after spinal cord injury.
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