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Time-specific microRNA changes during spinal
motoneuron degeneration in adult rats following
unilateral brachial plexus root avulsion: ipsilateral
vs. contralateral changes
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Abstract

Background: Spinal root avulsion induces multiple pathophysiological events consisting of altered levels of specific
genes and proteins related to inflammation, apoptosis, and oxidative stress, which collectively result in the death of
the affected motoneurons. Recent studies have demonstrated that the gene changes involved in spinal cord injury
can be regulated by microRNAs, which are a class of short non-coding RNA molecules that repress target mRNAs
post-transcriptionally. With consideration for the time course of the avulsion-induced gene expression patterns
within dying motoneurons, we employed microarray analysis to determine whether and how microRNAs are
involved in the changes of gene expression induced by pathophysiological events in spinal cord motoneurons.

Results: The expression of a total of 3,361 miRNAs in the spinal cord of adult rats was identified. Unilateral root-
avulsion resulted in significant alterations in miRNA expression. In the ipsilateral half compared to the contralateral
half of the spinal cord, on the 3rd day after the injury, 55 miRNAs were upregulated, and 24 were downregulated,
and on the 14th day after the injury, 36 miRNAs were upregulated, and 23 were downregulated. The upregulation
of miR-146b-5p and miR-31a-3p and the downregulation of miR-324-3p and miR-484 were observed. Eleven of the
miRNAs, including miR-21-5p, demonstrated a sustained increase; however, only miR-466c-3p presented a sustained
decrease 3 and 14 days after the injury. More interestingly, 4 of the miRNAs, including miR-18a, were upregulated
on the 3rd day but were downregulated on the 14th day after injury.
Some of these miRNAs target inflammatory-response genes in the early stage of injury, and others target
neurotransmitter transport genes in the intermediate stages of injury. The altered miRNA expression pattern
suggests that the MAPK and calcium signaling pathways are consistently involved in the injury response.

Conclusions: This analysis may facilitate the understanding of the time-specific altered expression of a large set of
microRNAs in the spinal cord after brachial root avulsion.
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Background
Brachial root avulsion is a type of injury that leads to
motor function loss as a result of motoneuron degener-
ation. Previous studies have shown that avulsion-induced
motoneuron damage is propagated by a cascade of mo-
lecular and cellular events including changes in the ex-
pression of genes and the phosphorylation of signaling
molecules in cell death-related pathways [1-3]. Based on
the microarray analysis of the affected spinal cord after
root avulsion in previous studies, the downregulation of
genes required for promoting neuronal survival and
axonal regeneration and the upregulation of genes
involved in apoptosis and DNA damage were observed.
Furthermore, our recent studies showed that some
avulsion-induced genes, such as neuronal nitric oxide syn-
thase (nNOS), showed changes at the mRNA level that
were different from the changes at the protein levels [4,5],
whereas other changes, such as those in c-jun, were simi-
lar at the protein and mRNA levels [1,3]. However, the up-
stream and downstream molecular mechanisms of
avulsion-induced abnormal gene expression during moto-
neuron degeneration are still unclear and need to be stud-
ied further. MicroRNAs (miRNAs) are small non-coding
RNAs that are key determinants of mRNA stability [6].
miRNAs modulate protein expression levels by antagoniz-
ing mRNA translation and are powerful regulators of cel-
lular function [7]. Individual miRNAs target and block
hundreds of protein-coding genes [8] that regulate many
biological processes in neuronal lesions [9]. An increasing
number of studies have demonstrated that miRNAs in the
spinal cord are altered in a variety of motor neuron degen-
erative diseases and after spinal cord injury [8,10-12].
There is also emerging evidence that alterations in RNA
metabolism in the spinal cord are time-specific and may
be critical in the progression of avulsion-induced moto-
neuron degeneration [3,13]. However, little is known re-
garding the miRNA expression profile in the spinal cord
during avulsion-induced motoneuron degeneration. There-
fore, we hypothesize that the use of miRNAs may be an
ideal and potent method for determining the underlying
mechanism of avulsion-induced motoneuron death. In the
present study, we investigated the miRNA expression pat-
terns based on the time course of motoneuron death by
using microarray analysis followed by quantitative RT-
PCR confirmation. We chose two time points, 3 and
14 days after avulsion, when the RNA stability in the
spinal cord was lost and when motoneuron death began
to occur, respectively, to investigate the miRNA ex-
pression patterns. Furthermore, we focused on the
changes in the miRNA expression patterns in the ipsilat-
eral vs. contralateral halves of the affected spinal cord. We
employed bioinformatics analysis to determine the
functional roles of target genes regulated by altered miR-
NAs, which further suggested the effects of miRNA
dysregulation on the key processes of the brachial root
avulsion injury.

Results
MicroRNA expression profiling of the injured rat spinal
cord
In the present study, 3,361 miRNAs were expressed in
the cervical spinal cord of the adult rats. After normaliz-
ing the signal intensities for all miRNA expression levels,
miR-124-3p, miR-9a-3p, miR-34a-5p, miR-9a-5p, miR-
125b-5p, miR-let-7c-5p, miR-29a-3p, miR-23b-3p, miR-
451-5p, and miR-30c-5p were the miRNAs expressed at
the highest levels (Figure 1). In the rats with right bra-
chial plexus root avulsion, the miRNA expression pat-
terns of the ipsilateral spinal cord were significantly
changed compared to those in the contralateral cervical
spinal cord (Figure 2). Ventral combined with dorsal
root avulsion resulted in a sustained upregulation of 10
miRNAs, including miR-19b-3p, miR-20b-5p, miR-21-
5p, miR-27a-3p, miR-29b-3p, miR-106b-3p, miR-142-3p,
miR-322-5p, miR-352, and let-7a-5p (Figure 2E). Four of
the miRNAs, including miR-18a-3p, miR-293-3p, miR-
501-5p, and miR-672-3p, were upregulated on the 3rd
day but downregulated on the 14th day after the injury
(Figure 2E). Only miR-466c-3p was continuously down-
regulated on both the 3rd and 14th days after the injury
(Figure 2E). Furthermore, 40 of the miRNAs, including
miR-34b-3p, miR-25-3p, miR-126-5p, miR-142-5p, and
miR-324-5p, were only transiently upregulated (Figure 2A);
the other 23 miRNAs, including miR-34a-3p and miR-
324-5p, were transiently downregulated on the 3rd day
but returned to normal levels by the 14th day (Figure 2B).
On the 14th day after injury, 25 miRNAs, including miR-
31a-3p, miR-17-5p, miR-146b-5p, miR-154-3p, and miR-
363-3p, were upregulated (Figure 2C), and 18 miRNAs
were downregulated, including miR-433-3p and miR-496-
3p (Figure 2D).

Quantitative RT-PCR for miRNA
To validate the above microarray results, we used qRT-
PCR to confirm the expression levels of 6 miRNAs. The
qRT-PCR analysis confirmed that miR-146b-5p and miR-
31a-3p were significantly upregulated in the ipsilateral
spinal cord compared to the contralateral spinal cord on
the 14th day after injury (Figure 3A). The expression level
of miR-466c-3p was downregulated on both the 3rd and
the 14th days after injury (Figure 3B). The expression
levels of miR-376b-3p and miR-137-3p were downregu-
lated, but miR-144-3p was upregulated on the 14th day
compared to the 3rd day after injury (Figure 3C).

Bioinformatics analyses of the miRNA targets
According to the results of the miRNAs microarray ana-
lysis, the mechanism of the ventral combined with dorsal



Figure 1 MicroRNA expression profiles after ventral combined with dorsal root avulsion. Heat map generated from a selection of the 50
most highly expressed miRNAs with levels of intensity >30 in each rat that underwent an avulsion injury and were sacrificed 3 days and 14 days
after injury comparing the ipsilateral to the contralateral sides. Green color indicates a low relative expression level, and red indicates a high
relative expression level.
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root avulsion-induced changes in the miRNA expression
patterns were further explored by the Gene Ontology pro-
ject, which was used to evaluate the genes affected by the
upregulated and downregulated miRNAs both in the early
(the 3rd day) stage and in the intermediate stage (the 14th
day, when motoneuron death occurred) after the injury.
Based on a cluster analysis of the enriched biological
themes, the enrichment score is based on the mean value
of the log of the p-values (EASEscore) for the members in
that cluster. A cut-off value of 2.0 was used, which corre-
sponds to a p-value <0.01. Thus, a higher enrichment
score value indicates a low p-value and therefore indicates
that the cluster is significant [14]. The enriched clusters
(significantly regulated) related to the following processes
were observed on both the 3rd day and 14th day after ven-
tral combined with dorsal root avulsion: ion, amino acid
and protein transport; response to organic substances;
angiogenesis; cell migration; homeostatic processes; regu-
lation of catalytic activity, phosphorylation and protein
kinase cascades; activation of MAPK activity; regulation of
cell death and apoptosis; regulation of cell morphogenesis;
neuron projection development and axonogenesis; and
transmission of nerve impulses and synaptic transmission
(Additional file 1: Table S1 and Additional file 2: Table S2).
Enriched themes related to the inflammatory response in-
volved on the 3rd day after ventral combined with dorsal
root avulsion (Additional file 1: Table S1) and on the 14th
day after ventral combined with dorsal root avulsion in-
duced genes related to neurotransmitter transport and
the regulation of the I-kappaB kinase/NF-kappaB cas-
cade (Additional file 2: Table S2).
Additionally, we assessed these target genes with KEGG

terms. The pathways with p values < 0.05 are listed in
Tables 1 and 2. In total, 11 pathways were significantly
involved on both the 3rd and 14th days after injury, in-
cluding the MAPK, calcium and chemokine signaling
pathways (Tables 1 and 2). Apoptotic, p53 and T cell re-
ceptor signaling pathway responses on the 3rd day after



Figure 2 Significant expression changes in the microRNAs on the 3rd day and 14th day after injury. (A) miRNAs significantly upregulated
on the 3rd day. (B) miRNAs significantly downregulated on the 3rd day. (C) miRNAs significantly upregulated on the 14th day and (D) significantly
downregulated on the 14th day. (E) miRNAs that were consistently significantly changed on the 3rd day and the 14th day.
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Figure 3 Temporal expression profiles of selected microRNAs. The fold changes of the selected microRNAs by quantitative PCR (right
columns) compared with the corresponding microarray data (left columns). (A, B) The relative expression level on the ipsilateral side relative to
the contralateral side (C) and the expression on the 3rd day compared to the 14th day on the ipsilateral side. Bars represent the means ± standard
error of 3 independent experiments.

Table 1 Pathways identified by KEGG pathway analysis
on the 3rd day after ventral combined with dorsal root
avulsion

Pathway Count p-value

Calcium signaling pathway 33 3.11E-04

MAPK signaling pathway 43 4.35E-04

Amyotrophic lateral sclerosis (ALS) 15 8.53E-04

Adipocytokine signaling pathway 16 0.001076

Apoptosis 18 0.001945

PPAR signaling pathway 16 0.002004

Long-term depression 15 0.003117

Renal cell carcinoma 15 0.004136

Long-term potentiation 14 0.008307

Tight junction 22 0.008915

Fc gamma R-mediated phagocytosis 16 0.01576

Chemokine signaling pathway 26 0.015924

Neuroactive ligand-receptor interaction 36 0.018913

Cytokine-cytokine receptor interaction 28 0.027292

Glycerophospholipid metabolism 12 0.02741

Oocyte meiosis 18 0.0284

Ether lipid metabolism 8 0.035229

Gap junction 14 0.036906

p53 signaling pathway 12 0.041325

Natural killer cell mediated cytotoxicity 16 0.044603

Alzheimer's disease 27 0.044866

T cell receptor signaling pathway 17 0.046169

ABC transporters 9 0.049088
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injury (Table 1) were observed, whereas on the 14th day
after injury, the activation of the TGF-beta and GnRH sig-
naling pathways was observed (Table 2).
The predicted target genes of miR-484 and miR-324-

3p, which were downregulated on the 14th day, indicate
that they potentially targeted activating transcription fac-
tor 3 (ATF3), growth associated protein-43 (GAP43) and
c-jun (Figure 4A). Caspase-3 was a potential target of
the downregulated miR-376b-3p, calpain 2 was a poten-
tial target of the upregulated miR-199a-3p, and iNOS
was a potential target of downregulated miR-291a-5p
Table 2 Pathways identified by KEGG pathway analysis
on the 14th day after ventral combined with dorsal root
avulsion

Pathway Count p-value

MAPK signaling pathway 42 1.18E-03

Renal cell carcinoma 16 1.76E-03

Glycerophospholipid metabolism 14 4.85E-03

PPAR signaling pathway 15 0.006288011

Calcium signaling pathway 29 0.007027411

Gap junction 16 0.008668647

Long-term potentiation 14 0.009540218

Fc gamma R-mediated phagocytosis 16 0.018173645

Long-term depression 13 0.022920928

Pancreatic cancer 13 0.028323405

GnRH signaling pathway 16 0.031376205

TGF-beta signaling pathway 15 0.03163992

Chemokine signaling pathway 25 0.033529125

Colorectal cancer 14 0.041518293

Fatty acid metabolism 9 0.0419816

Leukocyte transendothelial migration 18 0.044056211



Figure 4 The potential targets of altered miRNAs following
avulsion. (A) Several genes are potential targets of altered miRNAs
on the 3rd day after avulsion. ATF3: activating transcription factor 3;
GAP-43: growth associated protein-43. (B) Several genes are potential
targets of altered miRNAs on the 14th day after ventral combined with
dorsal root avulsion. iNOS: inducible nitric oxide synthase.

Figure 5 The expression patterns of altered miRNA target genes in in
cells on the 14th day after ventral combined with dorsal root avulsion. A1, B1
increased expression of iNOS protein was revealed in injured spinal segments
(A1). More obviously, GFAP immunoreactivity was observed in the gray matte
bodies and short processes (B1). The ventral combined with dorsal root avuls
layer of the gray matter; (C) and showed a spider shape, larger cell bodies, an
of the Akt/PKB signaling pathway on the 14th day after ventral combined wit
expressed in the glial cells in the bilateral ventral horns. The caspase-3 immun
ventral horn motoneurons (H, I) J–O: Representative microphotographs of c-
ipsilateral ventral horn motoneurons (J, K). CREB protein was distributed in th
(N, O). However, the expression of ATF-3 was only observed inside the moton
microphotographs of calpain 2, nNOS and ChAT. Ventral combined with dors
in the ipsilateral ventral horn (P, Q). The induction of nNOS was observed on
with dorsal root avulsion resulted in the disappearance of ChAT in the ipsilate
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(Figure 4B). While miR-142-5p and miR-219-5p were up-
regulated on the 3rd day after ventral combined with dorsal
root avulsion, miR-17 and miR-199a-5p were upregulated
on the 14th day after ventral combined with dorsal root
avulsion and were predicted to target VGLUT1.
The expression patterns of altered miRNA-targeted genes
in injured spinal cord
Subsequently, immunohistochemistry and immunofluor-
escence analyses of target genes predicted by the altered
miRNAs were performed after ventral combined with
dorsal root avulsion (Figure 5). The activation of glial
cells in the spinal cord was revealed by the iNOS, GFAP,
and nestin immunoreactivity on the 14th day after ven-
tral combined with dorsal root avulsion (Figure 5A-C1).
The increased expression of iNOS protein was observed
in injured spinal segments (Figure 5A), especially the ip-
silateral half of the cervical spinal cord; most of the
iNOS-positive glial cells were distributed widely both in
jured spinal cord. A–C1: Representative microphotographs of the glial
, C1 shows the enlarged photographs of A, B, C, respectively. The
(A) and was widely distributed both in the gray and white matter
r of the ipsilateral ventral horns; (B) and was activated with larger cell
ion-induced nestin immunoreactivity was concentrated in the Rexed IX
d coarse and short processes (C1). D–I: Representative microphotographs
h dorsal root avulsion. Both Akt (D, E) and PI3K (F, G) were highly
oreactivity was remarkably induced within the cytoplasm of the ipsilateral
jun, ATF-3 and CREB. c-jun was highly expressed in the nuclei of the
e nuclei of both motoneurons and glial cells in the bilateral ventral horns
eurons of the ipsilateral ventral horns (L, M). P–U: Representative
al root avulsion resulted in a clear decrease in the expression of calpain-2
ly in the ipsilateral ventral horn motoneurons (R, S). Ventral combined
ral motoneurons (T, U). Scale bar = 100 μm.



Figure 6 Effect of ventral combined with dorsal root avulsion
on the survival rate of motoneurons in the C7 segment spinal
cord. Representative micrographs of ipsilateral C7 spinal cross-sections
showing the survival of motoneurons in the ventral horn on the 3rd
day post-injury (A-B) and on the 14th day post-injury (C-D). Cross-
sections of the spinal cord showing the lateral ventral horn region.
Neurons with a large soma and typical Nissl bodies within the dotted
line region were counted as surviving motoneurons. The numbers of
motoneurons in the contralateral side (A, C) and the lesion (B, D) sides
were counted under a 20x objective lens. Scale bar = 100 μm.
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the gray and white matter of the spinal cord (Figure 5A1).
More obviously, GFAP immunoreactivity was observed
in the gray matter of the ipsilateral ventral horns sur-
rounding the cell bodies of the motoneurons (Figure 5B).
The GFAP-positive astrocytes were activated with re-
markably larger cell bodies and short processes and were
distributed in the peripheral circle of the white matter of
the ipsilateral anterior and posterior funiculi (Figure 5B1).
The ventral combined with dorsal root avulsion-induced
nestin immunoreactivity within the spinal cord was con-
centrated in Rexed IX layer of the gray matter and in
the anterior and posterior funiculi, where the ventral
and dorsal roots were localized, respectively (Figure 5C).
Similarly, nestin-positive glial cells showed an excessively
activated state and were spider-shaped with larger cell
bodies and coarse and short processes in the ventral
horn containing the lesion and the superficial layer of
the dorsal horn (Figure 5C1). The Akt/PKB signaling
pathway was found to be involved in the glial activation
after ventral combined with dorsal root avulsion. Both
Akt (Figure 5D, 5E) and PI3K (Figure 5F, G) were highly
expressed in the glial cells in the bilateral ventral horns
of the injured spinal segment. The caspase-3 immunore-
activity was absent in the contralateral ventral horn mo-
toneurons (Figure 5H) but was remarkably induced
within the cytoplasm of the ipsilateral ventral horn mo-
toneurons (Figure 5I) on the 14th day after unilateral
root avulsion. Another member of the activating tran-
scription factors, c-jun, was also highly expressed in the
nuclei of the ipsilateral ventral horn motoneurons
(Figure 5J-K). The members of the activating transcrip-
tion factor/cAMP-responsive element binding protein
(ATF/CREB) family of transcription factors were induced
and were expressed in the nuclei of the cells in the
spinal cord (Figure 5L-O). The CREB protein was dis-
tributed in the nuclei of both motoneurons and glial
cells in the bilateral ventral horns (Figure 5N-O). How-
ever, the expression of ATF-3 was only observed within
the motoneurons of the ipsilateral ventral horns
(Figure 5L-M). Ventral combined with dorsal root avul-
sion led to the dysfunction of both enzymes and the
cytoskeletal reorganization of the injured motoneurons.
Ventral combined with dorsal root avulsion resulted in
a clear decrease in the expression of calpain-2, the
calcium-dependent protease (Figure 5P), in the ipsilat-
eral ventral horn (Figure 5Q). The obvious induction
of nNOS was observed only in the ipsilateral ventral
horn motoneurons (Figure 5R-S). In the contralateral
ventral horn motoneurons, the motoneuron marker
(ChAT, Figure 5T) was detected in the cytoplasm of
the motoneurons. Ventral combined with dorsal root
avulsion resulted in the disappearance of ChAT (Figure 5U)
in the ipsilateral motoneurons until the 14th day after the
injury.
The survival rate of motoneurons after ventral combined
with dorsal root avulsion
On the 3rd and 14th days after ventral combined with
dorsal root avulsion, the survival of the motoneurons in
both the ipsilateral and contralateral C7 ventral horns
was investigated in neutral red-stained slides. The quan-
titative results showed that the ipsilateral C7 ventral
horn contained 93.2 ± 3.12% as many surviving moto-
neurons as the contralateral C7 ventral horn on the 3rd
day (Figure 6A-B) and 69.08 ± 2.71% on the 14th day
(Figure 6C-D) after ventral combined with dorsal root
avulsion.

Discussion
Previous studies have demonstrated that in a spinal root
avulsion injury model, the up-regulation of neuronal ni-
tric oxide synthase (nNOS) coincides with the death of
spinal motoneurons [15,16], and the upregulation of
c-jun coincides with the regeneration of spinal motoneu-
rons [15,17]. Furthermore, the peak expression of nNOS
induced by ventral combined with dorsal root avulsion in
the ipsilateral ventral horn motoneurons occurred from
day 14 to day 21 [18,19], whereas the expression of c-jun
activated by ventral combined with dorsal root avulsion
peaked between 12 h and 3 d [19]. Given the time course
of gene changes and the death of motoneurons, 3 days
and 14 days were chosen as the time points for exploring
miRNA dysregulation after ventral combined with dorsal
root avulsion.
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We compared our results to published data from sev-
eral microarray studies of spinal cord injury. These com-
parisons revealed that the highly expressed miRNAs
from our study were also reported in the study by Timo
Brandenburger et al. [20]; they showed that miR-124, the
let-7 family and miR-34b-3p belonged to the group of
highly expressed miRNAs in the rat spinal cord. These
highly expressed miRNAs may be the result of the alter-
ation of different cell populations. This alteration could ex-
plain the down-regulation of the neuron-specific miRNA,
miR-124 [21]; similarly, astrocyte activation upon injury
might be a consequence of the up-regulation of miR-21
[22]. In addition, immune cell infiltration might be related
to the down-regulation of miR-181a expression [23].
We also observed good agreement between the

present results and the data from Nai-Kui Liu et al. [24]
in the miRNA expression pattern. Of the 30 miRNAs
they found upregulated in traumatic spinal cord injury,
miR-223, miR-214, miR-20b-5p, miR-17, miR-146a, miR-
199a-3p, miR-221-3p, miR-146b, and miR-145 were also
upregulated in our study, and among the 16 downregu-
lated miRNAs in traumatic spinal cord injury, miR-34a
and miR-338 were also downregulated after ventral com-
bined with dorsal root avulsion in our study.
Furthermore, we investigated gene expression on the

3rd day after ventral combined with dorsal root avulsion
reported in Yang's study [25], which showed decreased
expression of the genes that are known to facilitate neur-
onal survival and axonal regeneration. Based on our re-
search, miR-484, which was downregulated on the 3rd
day after ventral combined with dorsal root avulsion,
was shown to modulate axonal regeneration through the
target GAP-43 gene.
Brachial plexus avulsion also leads to severe intractable

neuropathic pain. When both the dorsal and ventral
roots are injured, reproducible pain-related behavior in
animal models of radiculopathy can be reproduced
[26-29]. We found that miR-21 and miR-221 were up-
regulated in the ipsilateral ventral horn after ventral
combined with dorsal root avulsion. This result is con-
sistent with the study by Bin Yu et al., who showed that
miR-21 and miR-221 were upregulated in the dorsal root
ganglia after resection of the sciatic nerve in rats [30].
The study by Yuuki Genda et al. also revealed that cer-
tain miRNAs, including miR-500, −221 and −21, were
related to neuropathic pain in a chronic constriction in-
jury rat model [31].
Furthermore, we also identified the target gene that is

related to neuropathic pain mediated by the altered miR-
NAs after ventral combined with dorsal root avulsion.
The predicted target gene of downregulated miR-291a-
5p was inducible nitric oxide synthase (iNOS). Subse-
quently, the expression of iNOS, GFAP and nestin were
detected in the spinal cord on the 14th day after ventral
combined with dorsal root avulsion. A C5-T1 ventral
combined with dorsal root avulsion injury results in the
significant activation of microglia and astrocytes in the
peripheral circle of the white matter of the ipsilateral an-
terior and posterior funiculi. Deafferentation clearly in-
fluenced the extent of microglial activity in the spinal
cord, most likely as a result of partial damage to the
spinal cord from ventral root avulsion combined with
dorsal root avulsion [29]. Microglial activation also oc-
curred in the contralateral spinal cord; D. J. Chew [29]
has attributed this effect to transneuronal collateral
mechanisms or ‘reactivity overspill’, which are the most
dominant hypotheses [32,33].
Some studies have reported that the dorsal root lesion

alone results in a series of gene changes including not
only astroglial and microglial reaction but also the loss
of vesicular glutamate transporter 1 (VGLUT1) inputs.
Dorsal root avulsion disrupted the primary afferents to the
spinal motoneurons, which resulted in glutamatergic in-
put lesions. Llewellyn-Smith IJ et al. showed that the tran-
section reduced the density of VGLUT1-immunoreactive
axons in sympathetic subnuclei [34]. The loss of VGLUT1
also occurred following dorsal rhizotomy [35]. In addition,
VGLUT1 immunoreactivity in the dorsal horn of the L6-
S1 of the spinal cord also decreased following lumbosacral
ventral root avulsion [36]. We propose that the dorsal root
avulsion-induced loss of VGLUT1 might also contribute
to the miRNA alterations in the present study. In the
present study, by using the miRWalk database, we deter-
mined that the following altered miRNAs target the
VGLUT1 gene: miR-142-5p, miR-219-5p, miR-17 and
miR-199a-5p. miR-142-5p and miRNA-219-5p, which
were upregulated on the 3rd day; and miR-17 and miR-
199a-5p, which were upregulated on the 14th day. The
upregulation of the above miRNAs might result in the
downregulation of VGLUT1 gene expression in the in-
jured spinal cord.
A single miRNA can act on various mRNAs, and an

mRNA can also be regulated by multiple miRNAs. Thus,
the significance of miRNA dysregulation could be better
understood by investigating the complex pathways in
which they are involved [37]. The biological analysis of
altered miRNAs revealed that the important themes that
were affected in both the early and intermediate stages
of the injury were related to cell death; synaptic trans-
mission; ion, amino acid and protein transport; regula-
tion of catalytic activity, phosphorylation and the protein
kinase cascade.
The data in the study by Marten Risling et al. [14] sug-

gest that the inflammatory response is more prominent
24 h after animals are subjected to avulsion. Our data
also suggest that the inflammatory response was more
prominent in the early stage of the injury and that the T
cell receptor signaling pathway was involved on the 3rd
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day after ventral combined with dorsal root avulsion. In
T lymphocytes, the serine/threonine kinase Akt (also
known as protein kinase B) (Akt/PKB) is activated upon
T-cell receptor activation or in response to an active
form of phosphatidylinositide (PI) 3-kinase [38]. Acti-
vated Akt/PKB then suppresses the generation of regula-
tory T cells [39]. However, immunofluorescence showed
that ventral combined with dorsal root avulsion induced
little change in the expression of Akt and PI3K in the
spinal segment and that both Akt and PI3K were highly
expressed in the glial cells in the bilateral ventral horns
of the injured spinal segment on the 14th day. More-
over, downstream of PI3K/Akt, caspase 3 was sub-
stantially increased in the cytoplasm of the ipsilateral
ventral horn motoneurons, consistent with neuronal
death [40]. The increase in caspase 3 was consistent
with its predicted miRNA, miR-376b-3p, which was
downregulated on the 14th day compared to the 3rd
day after avulsion.
The pathway most involved on the 14th day after in-

jury was the GnRH signaling pathway. The GnRH recep-
tor activates phospholipase C, which transmits its signal
to diacylglycerol (DAG) and inositol 1,4,5-trisphosphate
(IP3). Then, DAG activates the intracellular protein
kinase C (PKC) pathway, leading to the activation of
mitogen-activated protein kinases (MAPKs), and IP3
stimulates the release of intracellular calcium. Both the
MAPK and calcium signaling pathways were consistently
activated 3 or more days after injury. As members of the
MAPK family, ERK1/2 and JNK participate in neuronal
survival, regeneration, development and death [41-44].
ERK1/2 may involve the activation of CREB [45], which
was distributed in the nuclei of both motoneurons and
glial cells in the bilateral ventral horns. However, a
member of the ATF/CREB family of transcription fac-
tors, ATF3, was only observed in the nuclei of the moto-
neurons in the ipsilateral ventral horns. The present
study found that the downregulated miR-484 and miR-
324-3p on the 3rd day after injury potentially targeted
ATF3. Moreover, ATF-3 regulates transcription by bind-
ing to DNA sites as a homodimer or heterodimer with
Jun proteins [46]. Some studies have shown that ATF-3
enhanced c-Jun-mediated neurite formation in PC12
and Neuro-2a neuronal cell lines [47] and in NGF-
deprived neonatal superior cervical ganglion neurons
[48,49]. The phosphorylation of the AP-1 protein c-Jun
on Ser-63 and Ser-73 by JNK causes increased transcrip-
tional activity [50]. In addition, c-Jun is one of the earliest
and most consistent markers of neurons that respond to
nerve-fiber transection, and its expression can be related
to both degeneration and survival including target re-
innervation [42]. In our previous studies, we found altered
JNK/c-jun gene expression in avulsion-injured spinal cord
[1], and after ventral combined with dorsal root avulsion,
c-jun was highly expressed in the nuclei of the ipsilateral
ventral horn motoneurons. The predicted target genes fur-
ther illustrated that the avulsion-induced downregulation
of miR-324-3p might be the upstream molecular trigger of
the JNK/c-jun pathway because miR-324-3p negatively
modulates the c-jun gene.
Another pathway, the Ca2+/calmodulin dependent sig-

naling pathway, is involved in regulating synaptic plasti-
city and dendritic morphology [51] as well as the
pathological process of neuronal cell death [52,53]. Both
calpain and nNOS belong to Ca2+/calmodulin-dependent
enzymes [54]. Calpain has been implicated in neuronal in-
jury, and nNOS is proteolytically cleaved by calpain [55].
Although no miRNA in our study was predicted to target
nNOS, we found that the upregulated miR-199a-3p on the
14th day after injury potentially targeted calpain 2, and the
immunohistochemistry results showed that ventral com-
bined with dorsal root avulsion resulted in a clear decrease
in the expression of calpain 2. In addition, neurotransmit-
ter transport was observed on the 14th day after ventral
combined with dorsal root avulsion, and many previous
studies have shown that miRNAs may regulate specific
neurotransmitter systems [56]. For instance, the overex-
pression and knockdown of miR-181a in primary neurons
revealed the effectiveness of miR-181a in the regulation of
the GluR2 subunit of the AMPA receptor [57], a key fac-
tor in synaptic plasticity. Dopaminergic receptors can also
be regulated by miR-142-3p. Using deletion and site-
directed mutagenesis approaches, it was shown that the
post-transcriptional regulation of the D1 receptor is spe-
cifically mediated by miR-142-3p [58].
In addition, based on comparisons of the ipsilateral

ventral horn to the contralateral ventral horn on the 3rd
and 14th days after ventral combined with dorsal root
avulsion, the number of upregulated miRNAs decreased,
whereas the number of downregulated miRNAs re-
mained constant, unlike in some other studies. In contu-
sion SCI models in rats, as the injury response
progressed, the number of miRNAs that were downregu-
lated gradually increased, whereas the number of upreg-
ulated miRNAs did not change significantly [59]. A
similar conclusion was drawn by Strickland et al. [60],
who reported that the number of downregulated miR-
NAs was higher on day 14 than on day 4 post-injury.
These observed differences in miRNA expression be-
tween studies might be the result of different injury
types and severity. Because decreased gene expression
was greatest after severe injury [61], extravertebral ven-
tral root avulsion combined with dorsal root avulsion
limited the damage outside of the vertebral lamina, but
the damage was not as severe as central spinal cord in-
jury. Therefore, the extent of decreased miRNA expres-
sion induced by ventral combined with dorsal root
avulsion was not substantially altered.
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Conclusions
In the present study, we explored miRNA expression
profiles using a brachial ventral combined with dorsal
root avulsion injury model and described the pattern of
miRNA expression following spinal cord injury. The
miRNA expression changes in this study were consistent
with previous studies, although discrepancies existed.
The present data revealed previously unknown time-
specific alterations of a large set of miRNAs in the spinal
cord after ventral combined with dorsal root avulsion.
The altered miRNA target genes encode components in-
volved in inflammation at the beginning of injury and
MAPK and calcium signaling pathway components at
the start of motoneuron death. Our results indicate that
the alterations in miRNAs may contribute to the mech-
anism of injured motoneuron degeneration. The ma-
nipulation of the altered miRNAs before the start of
motoneuron death within 2 weeks in adult rats might be
a useful and reliable strategy for inhibiting the subse-
quent apoptosis and promoting axonal regenerative pro-
cesses in the treatment of brachial root avulsion.

Methods
Surgery
Adult male Sprague–Dawley rats (180–250 g) were ob-
tained from the Laboratory Animal Center of Sun Yat-sen
University. All surgical procedures were conducted asep-
tically in accordance with the Chinese National Health
and Medical Research Council (NHMRC) animal ethics
guidelines and approved by the Sun Yat-sen University
Animal Experimentation Ethics Committee. All rats had
free access to water and food. The root avulsion of the
right brachial plexus was performed according to the pro-
cedures described previously [13,18]. Briefly, animals were
anesthetized by intraperitoneal injections of 10% chloral
hydrate (350 mg/kg). In the supine position, the right bra-
chial plexus was exposed, and the right C5-8 and T1 spinal
nerve roots were isolated under a surgical microscope
[Chenghe microsurgical instruments factory, China].
Extra-vertebral ventral combined with dorsal root avulsion
was performed by pulling all of the dorsal and ventral
roots of each spinal nerve out with microhemostatic for-
ceps. The avulsed ventral and dorsal roots together with
the dorsal root ganglia were cut away from the distal ends
of the spinal nerves and confirmed under the microscope.
For the sham-operated group, the surgery was performed
until the isolation of the right C5-8 and T1 spinal nerve
root. Then, the surgical wound was sutured in layers.

Isolation of RNA from the C5-T1 spinal cord
The avulsion-treated and control rats were sacrificed on
the 3rd day or the 14th day after root avulsion. Under
the surgical microscope, the cervical spinal cords were
exposed, and the ipsilateral half of the spinal cord
segments were confirmed with a complete ventral and
dorsal root avulsion. Then, the C5 to T1 spinal segments
were removed and dissected into ipsilateral and contra-
lateral halves as quickly as possible [3]. Total RNA was
isolated using TRIzol (Invitrogen, China) and a miR-
Neasy mini kit (QIAGEN, China) according to the man-
ufacturer’s instructions.

MicroRNA array and data analysis
The procedures for the microarray analysis of miRNA
expression were described previously [59,60]. miRNA
expression profiling of the avulsion and sham spinal cords
were compared by using the miRCURY LNA Array (ver-
sion 11.0) system (Exiqon, Vedbaek, Denmark). Samples
were pooled in equal concentrations to eliminate outliers
and were compared to each avulsion and sham sample in-
dividually [60]. A total of 12 arrays were labeled with the
Exiqon miRCURY Hy3/Hy5 power labeling kit and hy-
bridized on the miRCURY LNA Array (version 11.0) sta-
tion. Scanning was performed with the Axon GenePix
4000B microarray scanner (Axon Instruments, Foster
City, CA, USA). GenePix pro version 6.0 (Axon) was used
to read image raw intensity. The intensity of the green sig-
nal was calculated after background subtraction, and repli-
cated spots on the same slide were averaged to obtain
median intensity. The median normalization method was
used to acquire normalized data (foreground minus back-
ground divided by median). The median was the 50th per-
centile of miRNA intensity and was >30 in all samples
after background correction. The threshold value for sig-
nificance used to define upregulation or downregulation
of miRNAs was a fold change >1.5. The miRNAs selected
for investigation in our study were further filtered based
on expression levels and previously published data [62].

MicroRNA-qPCR assay
The procedures of the microarray analysis of the miRNA
expression were described previously [59]. Microarray
data were validated using quantitative reverse transcrip-
tion PCR (qRT-PCR) for miRNAs based on the manu-
facturer’s protocol (TAKARA, China). The RNA samples
were converted to cDNA, and qRT-PCR was performed
using the following conditions: 95°C for 30 s and 40 cycles
of 95°C for 5 s and 60°C for 30 s using the iCycler iQ5 de-
tection system (Bio-Rad, Hercules, CA, USA). Forward
and reverse primers (TAKARA, China) for miR-146b-5p,
miR-466c-3p, miR-31a-3p, miR-137-3p, miR-376b-3p and
miR-144-3p were used for PCR amplification, and real-
time data were normalized using U6 RNA. Relative
miRNA expression was determined by calculating the
mean difference between the cycle thresholds of the
miRNA and the U6 control for each sample [Δcycle
threshold (ΔCT)] within each sample group (samples with
the same miRNA ID, time, and condition parameters) and
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expressed as -ΔCT for the relative change in expression.
Fold change in miRNA expression was determined by cal-
culating the difference between the mean ΔCTs of avul-
sion and the sham sample groups at the same time point
and spinal cord location (ΔΔCT) and was expressed as
fold-change (2-ΔΔCT) [60]. The difference in cycle thresh-
old change (−ΔΔCT; between injured subjects at 3 and
14 days post-injury, and the sham controls) was deter-
mined using Student’s two-tailed t-test, and the p value
was considered significant at 0.05.

Target prediction
Target prediction of altered miRNAs was performed by
using the miRWalk database (http://www.ma.uni-heidel-
berg.de/apps/zmf/mirwalk/), which is a comprehensive
database of miRNAs that contains predicted as well as
validated miRNA binding sites and information on all
known human, mouse and rat genes [63]. Statistically
significant miRNA-mRNA relationships were extracted
from the MiRWalk results using two criteria: an inde-
pendently calculated Poisson p-value <0.05 for multiple
binding sites in a predicted gene and identification by at
least three of the selected target prediction algorithms [4].

Immunohistochemistry and immunofluorescence
The target genes of the altered miRNAs were identified
in the cervical spinal cord of the ventral combined with
dorsal root avulsion-injured rats based on immunohisto-
chemistry (IHC) or immunofluorescence (IF) methods
using their antibodies in situ. The primary mouse anti-
calpain-2, mouse anti-iNOS, mouse anti-nestin, rabbit
anti-Caspase-3, mouse anti-nNOS, and rabbit anti-ATF-3
antibodies were purchased from Santa Cruz Biotechnol-
ogy (Dallas, Texas, USA); mouse anti-GFAP was from
Sigma (St. Louis, MO, USA), and rabbit anti-c-jun, rabbit
anti-PI3K, rabbit anti-Akt, and rabbit anti-Erk were pur-
chased from Cell Signaling (Danvers, MA, USA). Goat
anti-ChAT and mouse anti-NeuN were purchased from
Millipore Cooperation (Billerica, MA, USA). The second-
ary biotinylated anti-rabbit IgG antibodies were purchased
from Boster (Wuhan, China); anti-mouse IgG was pur-
chased from Millipore Cooperation (Billerica, MA, USA),
and FITC-conjugated anti-mouse IgG, TRITC-conjugated
anti-Rabbit IgG, and TRITC-conjugated anti-goat IgG
were purchased from Sigma (St. Louis, MO, USA). The
ABC reagents were purchased from Boster (Wuhan,
China). The IHC and IF procedures were performed ac-
cording to our previous publications [1,2,19]. Briefly, ani-
mals were deeply anesthetized with a lethal dose of chloral
hydrate and perfused trans-cardially with normal saline
followed by 4% paraformaldehyde in 0.1 M phosphate buf-
fer (PB, pH 7.4). After perfusion, the vertebral column was
dissected, and the spinal cord was removed. The C7-C8
spinal segments of each animal were removed, fixed by
immersion in 4% paraformaldehyde (4% PFA), and stored
in 30% (v/v) sucrose solution in PB overnight. Frozen
transverse sections (35 μm) were cut and collected in
0.01 M PBS. Every sixth section was used for iNOS, GFAP,
nestin, caspase-3, c-jun and calpain-2 IHC study or ATF-
3, nNOS, PI3K, Akt, ChAT and NeuN IF labeling. For
IHC staining, sections were washed three times with
0.01 M PBS for 10 min and incubated in 0.3% peroxide in
methanol (100%) at room temperature for 15 min to
quench endogenous peroxidase activity. After washing in
PBS, the sections were incubated in 3% BSA and 0.3% Tri-
ton X-100 in 0.01 M PBS at room temperature for 30 min
and incubated for 72 h at 4°C with the following primary
antibodies: anti-calpain-2 (1:500), anti-iNOS (1:1000),
anti-nestin (1:1000), anti-GFAP (1:3000), anti-caspase-3
(1:1000), or anti-c-jun (1:400). After washing in PBS, sec-
tions were incubated in the secondary antibodies of anti-
rabbit IgG (1:500) or anti-mouse IgG (1:500) at room
temperature for 2 h. Then, the sections were rinsed and
incubated with ABC reagents (1:500) at room temperature
for 45 min. The sections were then washed thoroughly
and incubated in 0.05% DAB and 0.01% H2O2 for 3–5 min
until a brown reaction product was observed. For IF label-
ing, sections were incubated in 3% BSA and 0.3% Triton
X-100 in 0.01 M PBS at room temperature for 30 min and
incubated with the following primary antibodies for 72 h
at 4°C: anti-nNOS (1:2000), anti-PI3K (1:400); anti-Akt
(1:400); anti-ChAT (1:500); and anti-NeuN or anti-ATF-3
(1:500). After washing in PBS, the sections were incubated
with FITC-conjugated anti-mouse IgG (1:200), TRITC-
conjugated anti-Rabbit IgG (1:400), or TRITC-conjugated
anti-goat IgG (1:400) at room temperature for 2 h in the
dark. After washing in PB, the sections were mounted on
glass slides, coverslips were applied with antifade mount-
ing media (50% glycerin in 0.5 M buffer bicarbonate,
pH 9.5), and samples were examined via fluorescence mi-
croscopy (Zeiss, USA). Control experiments included the
omission of the primary or secondary antibodies. Sham-
operated animals served as negative controls.

Bioinformatics of target genes
Lists of predicted target genes for the differentially
expressed miRNA families or clusters were uploaded to
the Database for Annotation, Visualization, and Inte-
grated Discovery (DAVID, http://david.abcc.ncifcrf.gov)
for the functional annotation and detection of enriched
functional-related gene groups, and enriched biological
themes, particularly GO terms [14], also provided the
pathway information.

Neutral red staining
Neutral red staining of the sections was performed with
1% neutral red (Sigma, St. Louis, MO, USA) for 2 h
followed by dehydration in ethanol. The images were

http://www.ma.uni-heidelberg.de/apps/zmf/mirwalk/
http://www.ma.uni-heidelberg.de/apps/zmf/mirwalk/
http://david.abcc.ncifcrf.gov
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captured using a digital camera attached to the micro-
scope (Olympus BX50, Japan) [3].

Motoneuron counting
Every third section of the C7 spinal segment from each
rat was used for neutral red staining. The number of
motoneurons was counted on both the intact sides and
the injured sides of each C7 spinal segment in neutral
red-stained sections by a researcher who was blinded to
the animal injury, as described previously [1,3,18,19]. To
determine the survival of the motoneurons, we counted
the neurons in the Rexed laminae IX in both contralat-
eral and ipsilateral ventral horns because both alpha and
gamma motor neurons in these laminae innervate the
skeletal muscles. In addition to the motor neurons, there
are many interneurons that were stained with neutral
red in the Rexed Laminae IX after ventral combined
with dorsal root avulsion. The contralateral side was
used as an internal control for each section to prevent
the influence of the interneurons in cell counting of the
motoneurons. According to our previous studies [18,64],
only those neurons with both their nucleolus in the nuclei
and their Nissl bodies in the cytoplasm that were stained
with neutral red were counted under a 20x objective lens.
The numbers of surviving motoneurons in the ipsilateral
ventral horn were expressed as percentages of the number
of surviving motoneurons in the contralateral ventral horn
of the same section in each rat [15,18], with three rats in
each subgroup in the present study.

Statistical analysis
All data reported represent at least 3 independent experi-
ments for n = 3 samples in each experiment. Data were
expressed as the means ± SD. Statistical analysis was per-
formed with Student’s two-tailed t-test (SPSS 16, SPSS Inc.,
Chicago, IL, USA). P < 0.05 was considered significant.

Additional files

Additional file 1: Table S1. The enriched clusters in avulsion vs. control
on the 3rd day post-injury; cluster analysis of regulated genes, employing
the Database for Annotation, Visualization, and Integrated Discovery
(DAVID). It was possible to group responding genes into functionally related
gene groups (GO – Gene Ontology search terms) and clusters of enriched
biological themes. The enrichment score is based on the mean value of
the − log of the p-values (EASEscore) for the members in that cluster. A cut-
off value of 2.0 was used, which corresponds to a p-value <0.01.

Additional file 2: Table S2. The enriched clusters in avulsion vs. control
on the 14th day post-injury.
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