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Abstract
After spinal cord injury (SCI), emergency treatment intervention can minimize tissue damage, which is closely related to the 
recovery of long-term function. Here, we examined whether the administration of a single dose of riluzole (6 mg/kg) imme-
diately after SCI was a critical window for the drug to exert its regulatory effect and limit long-term neurological deficits. 
The animals were sacrificed 1 day after administration for investigation of neuronal survival and a potential neuroinflam-
matory response, and sacrificed in the 6th week for assessment of neurological function. Riluzole applied in a single dose 
immediately post-SCI decreased the mRNA level of interleukin-1β at 6 h, reduced the destruction of neurons, and reduced 
the activation of microglia/macrophage M1 expression at day 1 post-SCI. Additionally, riluzole-treated rats showed higher 
expressions of interleukin-33 and its receptor ST2 in microglia/macrophages of the spinal cord than vehicle-treated rats, 
suggesting that this signaling pathway might be involved in microglia/macrophage-mediated inflammation. At 6 weeks, 
riluzole-treated rats exhibited higher motor function scores than vehicle-treated controls. In addition, riluzole-treated rats 
exhibited higher expression of GAP43 protein and shorter N1 peak latency and larger N1-P1 amplitude in motor-evoked 
potentials, compared to vehicle-treated rats. Together, these data suggested that early application of riluzole after SCI could 
be crucial for long-term functional recovery, so it may represent a promising therapeutic candidate within the critical thera-
peutic window for acute SCI.
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Introduction

Spinal cord injury (SCI) often causes functional disturbances 
in the sensory, motor, and autonomic nervous systems, and 
has become a social burden, with an increased global inci-
dence of SCI in recent years (Hall et al. 2019; James 2019). 
Secondary injury after SCI includes cell apoptosis, axonal 
degeneration, demyelination, and immune responses that are 
inseparable from the severity of neurological deficits (Fan 
et al. 2019). Although no effective therapy is available for 
this debilitating disorder, anti-inflammatory therapies have 
been suggested to reduce the neurological deficits caused 
by secondary injury after SCI (Kobashi et al. 2020). Recent 
studies suggested that early modulation of the microglia/
macrophage-mediated inflammatory response could be cru-
cial for the functional outcome (Bimbova et al. 2018; Lin 
et al. 2021).

Highlights   
• Riluzole immediately applied in a single dose post-spinal cord  
   injury (SCI), decreased the mRNA level of interleukin (IL)-1β  
   at 6 h, and reduced the destruction of neurons at day 1 post-SCI.
• At 6 weeks, riluzole-treated rats exhibited better neurological  
   function compared to vehicle-treated rats. This advantage may  
   have been due to riluzole intervention during the acute phase of  
   spinal cord injury.
• Anti-inflammatory effects may be another important mechanism  
   of riluzole, in addition to its well-described function of reducing  
   excitotoxicity by blocking glutamatergic neurotransmission.
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Microglia/macrophages play a central role in immune 
defense in the central nervous system (CNS) (Saijo and 
Glass 2011; Kobashi et al. 2020). After SCI, microglia/
macrophages are recruited to the injury site and pro-
duce pronounced inflammatory responses. Intriguingly, 
the mobilized microglia/macrophages exist in different 
functional phenotypes that play different roles in SCI 
(Kigerl et al. 2009). The “classic” M1 and “alternative” 
M2 phenotypes are the most studied and represent two 
generally opposite functions. M1 microglia/macrophages 
exert pro-inflammatory effects by recruiting inflammatory 
cells that produce cytokines such as interleukin (IL)-1β, 
tumor necrosis factor (TNF)-α, and IL-6 (Cherry et al. 
2014; Zhang et al. 2019). Conversely, M2 microglia/mac-
rophages are associated mainly with anti-inflammatory 
effects through the expression of transforming growth fac-
tor (TGF)- β, IL-10, and IL-13 (Cherry et al. 2014; Zhang 
et al. 2019). Emerging evidence suggests that inhibiting 
inflammation by modulating spinal microglia/macrophage 
polarization may have neuroprotective effects. For exam-
ple, baicalein (Lai et al. 2018), curcumin (Lee et al. 2019), 
fumaric acid (Cordaro et al. 2017), minocycline (Afshary 
et al. 2020), and melatonin (Zhang et al. 2019) have been 
shown to protect neuronal tissues from SCI by modulating 
microglia/macrophage polarization. Some physical thera-
pies such as aerobic exercise (Donia et al. 2019) and hypo-
thermia (Chevin et al. 2018) are also beneficial for SCI, 
possibly through similar mechanisms. Therefore, modula-
tion of the microglia/macrophage-mediated inflammatory 
response represents a promising strategy to protect against 
tissue damage in the acute phase of SCI.

One drug suggested for use in patients with SCI is 
riluzole, which was approved by the US Food and Drug 
Administration for treatment of amyotrophic lateral scle-
rosis. Recent studies showed that riluzole can be used 
not only to treat chronic neurodegenerative disorders, 
including Alzheimer disease and Parkinson’s disease, 
but also to limit CNS injury from cerebral ischemia and 
SCI (Nagoshi et al. 2015; Liu and Wang 2018). Although 
riluzole has entered phase IIB/III trials for SCI (Fehlings 
et  al. 2016), its mechanism of action is only partially 
understood. The classic mechanism of riluzole involves 
alleviating glutamate toxicity, which contributes to the 
secondary injury after SCI. Although increasing evidence 
shows that riluzole also exerts neuroprotection through 
anti-inflammatory effects (Karadimas et al. 2015; Jiang 
et al. 2016), our study focused on its application in the 
critical first moments after SCI, and verified whether the 
administration of a single dose of riluzole at this stage 
minimized secondary injury. The results showed that 
riluzole immediately applied in a single dose post-SCI 
suppressed the microglia/macrophage-mediated inflam-
matory response, reduced the destruction of neurons, and 

improved long-term neurological function. These results 
suggested that riluzole may represent a promising early 
therapeutic candidate to treat SCI.

Materials and Methods

Animals and Surgery for SCI

All procedures were implemented in accordance with the 
Institutional Animal Care and Use Committee of Capi-
tal Medical University (Beijing, China). A total of 109 
adult female Wistar rats (9-week-old, 220–240 g) were 
purchased for studies from the Vital River Laboratory Ani-
mal Technology Co., Ltd (Beijing, China), including seven 
rats that were excluded from further assessments due to 
death. In the first stage of our study, 48 rats were used to 
detect the expressions of IL-1β at 0.5 h pre-surgery and 6, 
12, 24 h after SCI. SCI rats were divided into two groups 
at 6, 12, and 24 h after surgery as follows: SCI + vehi-
cle and SCI + riluzole (n = 6/group). In the second stage, 
54 rats were randomly divided into three groups: Sham, 
SCI + vehicle, and SCI + riluzole (n = 18/group) for the 
detection of neuronal apoptosis and long-term motor func-
tion in SCI rats.

Rats were secured to the table after being anesthetized 
with a mixture of oxygen and isoflurane (1.5–2.0%). Fur 
over the surgical area was shaved and the skin disinfected. 
A dorsal midline incision was made at the T6 to T12 lev-
els, and the skin, subcutaneous tissue, and fascia were cut. 
The spinous processes were exposed by blunt dissection of 
the underlying muscle layers. The thoracic vertebrae at T9, 
T10, and T11 were excised to expose the spinal cord. The 
SCI model was generated by allowing a rod (height: 25 mm; 
weight: 10 g; diameter: 3 mm, Impactor Model III; Rutgers 
University, New Brunswick, NJ, USA) to fall onto the spinal 
cord. After injury, the muscles and skin were sutured under 
sterile conditions. SCI rats were administered an intraperito-
neal (i.p.) injection of 6 mg/kg riluzole or the same volume 
of vehicle immediately after surgery. Finally, the rats were 
kept warm with an electric blanket until they had fully recov-
ered from the anesthesia.

Animal Care

The rats were housed at a constant ambient temperature with 
a 12 h light–dark cycle and provided with food and water 
ad libitum. SCI rats were artificially urinated four times a 
day to prevent urinary tract infections and interventional 
bladder filling. The hind limbs of the rats were washed with 
saline, and the skin was dried with a hair dryer.
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Locomotion Assay

The Basso, Beattie, Bresnahan (BBB) (Basso et al. 1995) 
locomotor rating scale and inclined plane test (Rivlin and 
Tator 1977) were used to evaluate the functional recovery 
of rats on postoperative days 1, 3, 7, 14, 21, 28, 35, and 42. 
The BBB score is based on the animal’s foot placement, 
limb movement, gait, and coordination. A score of 21 is nor-
mal. For the evaluation of hind limb strength, we performed 
the inclined plane test. Animals were placed on an inclined 
plane, which was then angled until they could no longer 
maintain their footing. The time and angle were recorded. 
The test was repeated three times for each rat, and data were 
averaged for analysis.

Electrophysiological Evaluation

Motor evoked potentials (MEPs) were recorded to evalu-
ate the recovery of the motor systems after SCI. The MEPs 
test assay was performed as previously described (Xu et al. 
2017). Briefly, rats were anesthetized with gas mixtures of 
oxygen and isoflurane. Stimulator electrodes were inserted 
subcutaneously above the anterior fontanelle and the active 
recording electrodes were placed in each Achilles’ tendon 
for measurement of MEPs. The N1-P1 amplitude and N1 
peak latency were used to analyze the effect of neurological 
recovery.

Nissl Straining

On day 1 after surgery, rats were euthanized with a mixture 
of oxygen and isoflurane (1.5–2.0%), perfused with saline, 
and fixed with 4% paraformaldehyde. The spinal cord was 
then removed, fixed in 4% paraformaldehyde solution, and 
dehydrated in 30% sucrose for 3 days before being stored 
at 4 °C. Frozen spinal cords were cut into 20 µm sections 
with a microtome (CM1950; Leica, Wetzlar, Germany). 
According to the manufacturer’s instructions, we stained the 
sections with Nissl stain. Finally, we acquired brightfield 
images by light microscopy (Nikon, Tokyo, Japan).

Immunofluorescence

Frozen Sects. (20 mm) were permeabilized three times with 
phosphate-buffered saline/Tween 20 (PBST) for 15 min, 
blocked with 10% goat serum for 30 min, and incubated 
overnight with primary antibody to NeuN (ab104224, 1:200: 
Abcam, Cambridge, UK), cleaved caspase-3 (ab49822, 
1:200; Abcam), Iba I (01,919,741, 01,226,723, 1:100; 
Wako, Osaka, Japan), ST2 (ab25877, 1:100; Abcam), 
CD16 (ab109223, 1:100; Abcam), or CD206 (sc-58986, 
1:200; Santa Cruz Biotechnology, Santa Cruz, CA, USA). 
Subsequently, the sections were washed in PBST for 30 min 

and incubated with secondary antibody (A32723, A32754, 
1:100; Invitrogen, Carlsbad, CA, USA) for 8 h. Finally, sec-
tions were washed in PBST for 30 min and then incubated 
with 4′,6-diamidino-2-phenylindole for 30 s. The stained 
sections were analyzed in fields/sections with a confocal 
laser scanning microscope (Nikon).

Western Blot Analysis

Protein expressions of GAP-43 (8945, 1:1,000; Cell Sign-
aling Technology, Danvers, MA, USA), ST2 (ab25877, 
1:2,000; Abcam), IL-33 (ab207737, 1:2,000; Abcam), 
CD16 (ab109223, 1:2,000; Abcam), and CD206 (sc-58986, 
1:1,000; Santa Cruz Biotechnology) were determined in 
spinal cord homogenates by western blot analysis as previ-
ously described [25]. After the protein concentration was 
measured using bovine serum albumin, the proteins were 
separated by SDS-PAGE and then transferred onto a poly-
vinylidene difluoride membrane. Next, the membranes were 
blocked with 5% nonfat milk for 60 min and incubated with 
primary antibodies for 12 h at 4° C. Finally, the membranes 
were incubated with secondary antibody (A32723, A32754, 
1:5,000; Invitrogen) for 1 h, and images were acquired 
(BioSpectrum 515; LabMode, Borehamwood, UK). ImageJ 
(National Institutes of Health, Bethesda, MD, USA) was 
used to visualize the reaction products for quantifying pro-
tein expression.

Real‑Time PCR

Total RNA was extracted from spinal cord tissue with TRI-
zol reagent (Invitrogen), and cDNA was synthesized in 
accordance with the instructions (Tiangen Biotech, Beijing, 
China). We performed real-time PCR on a quantitative PCR 
system (Applied Biosystems 7500 Real-Time PCR System; 
Thermo Fisher Scientific, Waltham, MA, USA) under the 
following conditions: 95 °C for 5 min followed by 40 cycles 
of 95 °C for 15 s and 60 °C for 30 s. The relative expression 
levels of the target genes were normalized to that of the 
housekeeping gene, glyceraldehyde 3-phosphate dehydro-
genase. The expression levels of ST2, IL-33, CD16, CD32, 
CD86, CD206, iNOS, Arg1, IL-4, and TGF-β were calcu-
lated using the 2−∆∆CT method. The primer series are listed 
in Table 1.

Statistical Analysis

All data were analyzed using the Prism software, ver-
sion 8.4.2 (GraphPad, San Diego, CA, USA). We used 
Student’s t test to determine the statistical significance of 
the differences between SCI + vehicle, and SCI + riluzole. 
One-way analysis of variance and Tukey’s post hoc analy-
sis were used to compare data between multiple groups. 
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Two-way analysis of variance was used to analyze the 
difference in mRNA expression levels of IL-1β between 
SCI + vehicle and SCI + riluzole. Numerical data are 
shown as the mean ± SEM, and P < 0.05 was considered 
statistically significant.

Results

Riluzole Reduces the Release 
of the Pro‑inflammatory Cytokine Il‑1β After SCI 
(Short‑Term Results)

The activation of a neuroinflammatory response after SCI 
led to inflammatory mediators and inflammatory cells 
aggregating and infiltrating the injury center of spinal cord 
tissue. We tested whether a single dose of riluzole (6 mg/
kg; i.p.) decreased the expression of the pro-inflammatory 
cytokine IL-1β after SCI. Figure 1b shows a sharp increase 
of mRNA levels of IL-1β around the injury center at 6 h 
after SCI in the SCI + vehicle group, which remained 8.5-
fold higher than that in naive spinal cord (pre-surgery), 
followed by a rapid decrease within 24 h. Riluzole-treated 
rats exhibited lower mRNA levels of IL-1β in the injured 
spinal segment at 6 h after SCI, but remained 4.4-fold 
higher than that in the naive spinal.

Riluzole Increases the Expressions of IL‑33 and ST2 
in Microglia/Macrophages of the Spinal Cord After 
SCI (Short‑Term Results)

Immunostaining showed a higher percentage of double-
labeled ST2+/Iba I+ cells in riluzole-treated SCI rats than 
in vehicle-treated SCI rats (P < 0.01; Fig. 2a, f). Similarly, 
we found that SCI + riluzole rats exhibited significantly 
increased mRNA and protein levels of both IL-33 and ST2, 
compared with levels in SCI + vehicle rats (Fig. 2b–e, g). 
Collectively, these findings suggested that riluzole increased 
the expression of IL-33 and ST2 in spinal cord microglia/
macrophages of SCI rats.

Riluzole Inhibits Microglia/Macrophage M1 
Expression in SCI Rats (Short‑Term Results)

Compared with the vehicle-treated group, riluzole-treated 
rats showed lower mRNA levels of the M1-like mark-
ers, CD16, CD32, CD86, and iNOS, and a lower level of 
CD16 protein on day 1 post-SCI (Fig. 3c–e). Immunostain-
ing showed that CD16 immunoreactivity was decreased 
(P < 0.01, Fig. 3a, d) in the spinal cord of riluzole-treated 
rats, when compared with that in vehicle-treated rats. How-
ever, there was no statistical difference in the mRNA lev-
els of M2-like markers (CD16, CD32, CD86, and iNOS) 
(Fig. 3e) and the protein levels and immunoreactivities of 
CD206 between the riluzole-treated and vehicle-treated 
groups (Fig. 3b–d).

Riluzole Reduces Neuronal Loss After Acute SCI 
(Short‑Term Results)

Nissl staining showed that the percentage of surviving neu-
rons was higher in the spinal cord ventral horn of riluzole-
treated rats at day 1 post-SCI than in that of vehicle-treated 
rats (P < 0.01; Fig. 4a, d). Furthermore, we performed dou-
ble-immunofluorescence staining for cleaved-caspase-3 and 
NeuN (Fig. 4b). Compared with the vehicle-treated group, 
riluzole-treated rats showed a lower percentage of cleaved-
caspase-3 and NeuN double-labeled neurons (P < 0.01, 
Fig. 2e) in the spinal cord at day 1 post-SCI, suggesting less 
neuronal apoptosis.

Riluzole Promotes Recovery of Neurological 
Function After SCI (Long‑Term Results)

Riluzole improved functional restoration after SCI, as indi-
cated by higher scores in the inclined plane test and BBB 
assay (P < 0.001, Fig. 5h, i), suggesting that riluzole may 
improve long-term recovery of locomotion function after 
SCI. Western blot analysis showed that GAP43 expression 

Table 1   Primers for RT-PCR

Genes Primers (5′-3′)

ST2 Forward
Reverse

ATG​ATT​GGC​AAA​TGG​AGA​AT
TTC​TAG​ACC​CCA​GGA​TGT​TT

IL-33 Forward
Reverse

GTG​CAG​GAA​AGG​AAG​ACT​CG
TGG​CCT​CAC​CAT​AAG​AAA​GG

CD16 Forward
Reverse

GCA​TGC​TAC​TTA​CGG​TTT​CC
TGC​GAG​ATG​AGG​CTT​TTG​T

CD32 Forward
Reverse

AGC​TGC​TGT​CGC​TGG​AAT​
GGA​TGC​TTG​AGA​AGT​GAA​TAGG​

CD86 Forward
Reverse

TAG​GGA​TAA​CCA​GGC​TCT​AC
CGT​GGG​TGT​CTT​TTG​CTG​TA

CD206 Forward
Reverse

AGC​TGC​TGT​CGC​TGG​AAT​
GGA​TGC​TTG​AGA​AGT​GAA​TAGG​

iNOS Forward
Reverse

CAG​CAT​CCA​CGC​CAA​GAA​
CAA​CTC​GCT​CCA​AGA​TCC​CT

Arg1 Forward
Reverse

TGT​GGG​AAA​AGC​CAA​TGA​AC
GGT​GTC​AGC​GGA​GTG​TTG​

IL-4 Forward
Reverse

ACA​GGA​GAA​GGG​ACG​CCA​T
GAA​GCC​CTA​CAG​ACG​AGC​TCA​

TGF-β Forward
Reverse

AGG​CGG​TGC​TCG​CTT​TGT​A
ATT​GCG​TTG​TTG​CGG​TCC​

GAPDH Forward
Reverse

GCA​AGT​TCA​ACG​GCA​CAG​
GCC​AGT​AGA​CTC​CAC​GAC​AT

733Journal of Molecular Neuroscience  (2022) 72:730–740

1 3



was significantly higher in the riluzole-treated group than in 
the vehicle-treated group (P < 0.001, Fig. 5g). Furthermore, 
riluzole-treated SCI rats showed a shorter N1 peak latency 
(the first positive deflection) and longer N1-P1 amplitude 
compared to vehicle-treated rats (P < 0.001, Fig. 5b, c). 
These findings suggested that riluzole may promote recov-
ery of neurological function after SCI.

Discussion

Neuroinflammation is inseparable from the severity of neu-
rological deficits after SCI. IL-1β, a key pro-inflammatory 
factor in the CNS, is released only 2 h after SCI. It pro-
motes a large number of neutrophils to enter the CNS and 
the production and release of neurotoxic substances such as 

excitatory amino acids and free radicals, and triggers cal-
cium ion overload, all of which are considered to be the key 
factors in the destruction of spinal cord tissue. Our results 
showed that application of a single dose of riluzole in the 
critical first moments after SCI reduced the mRNA level 
of IL-1β in the injured spinal segment at 6 h after SCI, and 
improved long-term neurological function. These results 
showed that early application of riluzole after SCI could 
be crucial for the long-term functional recovery and it may 
represent a promising early therapeutic candidate for SCI.

The present study evaluated the short-term and long-
term results after a single application of riluzole. Siddiqui  
et  al. reported that the neuroinflammatory response  
after SCI induced neuronal apoptosis within a few hours 
(Siddiqui et  al. 2015). Caspase 3, a mediator of pro-
grammed cell death, is activated to cleaved caspase -3 

Fig. 1   Riluzole reduces the 
release of the pro-inflammatory 
cytokine, IL-1β, after SCI. a 
Molecular formula of riluzole. 
b A significant elevation of 
the mRNA level of IL-1β was 
noted 6 h after spinal cord 
injury (SCI). Riluzole applied 
in a single dose (6 mg/kg; 
intraperitoneally) immediately 
after the SCI decreased the 
mRNA level of IL-1β after 
6 h. Data are presented as the 
mean ± SEM, n = 6 per group, 
***P < 0.001: SCI + riluzole ver-
sus SCI + vehicle, and two-way 
analysis of variance. (c) The 
experimental design. (d) The 
SCI surgical procedure
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in apoptosis initiation (Zhang et al. 2019). NeuN is a 
neuron-specific nuclear protein. We performed double-
labeling for cleaved-caspase-3 and NeuN on the first 
day after SCI and found riluzole-treated rats showed a 
lower percentage of cleaved-caspase-3 and NeuN double-
labeled neurons, suggesting less neuronal apoptosis. In 
terms of long-term results, we detected the expression of 
the neurofilament marker GAP43, which participates in 
the growth of nerve cells and the formation of synapses 
(Carulli et al. 2004), and found it was higher in the spinal 
cord of riluzole-treated rats at 6 weeks post-SCI than in 
that of vehicle-treated rats. Meanwhile, riluzole-treated 
rats exhibited higher behavioral scores and shorter 
latency and larger amplitude in MEPs, compared with 
vehicle-treated rats. These results illustrated that admin-
istration of riluzole applied acutely after SCI improved 
long-term functional recovery in rats.

Riluzole is a sodium channel blocker with the advantage 
of being able to pass through the blood–brain barrier; and 
it has been shown to have therapeutic efficacy in multiple 
chronic neurodegenerative disorders, as well as acute CNS 
injuries (Nagoshi et al. 2015; Liu and Wang 2018). Scien-
tists have characterized the pharmacological mechanism of 
riluzole for more than 20 years, showing its neuroprotective 
effect was mainly achieved by inhibiting the excitatory neu-
rotoxicity of glutamate (Nagoshi et al. 2015). In recent years, 
emerging evidence suggested that riluzole also inhibited 
inflammatory responses after SCI, and improved neurological 
function (Nagoshi et al. 2015). In the present study, we also 
found that riluzole reduced the mRNA level of IL-1β after 
SCI, and that this effect may be associated with IL-33/ST2-
dependent microglial/macrophage infiltration. Our study sug-
gests that anti-inflammatory effects may be another impor-
tant mechanism of riluzole, in addition to its well-described 

Fig. 2   Riluzole increases the expressions of IL-33 and ST2 in micro-
glia/macrophages after acute spinal cord injury (SCI). a Representa-
tive images show double-immunostaining of Iba I and ST2 at 1 day 
after SCI (scale bar: 50  μm). b Representative western blots show 
protein expressions of IL-33 and ST2 in each group at 1  day after 
SCI. c Quantification of Iba I+/ST2+ double-labeled cells (percentage 

of total Iba I+ cells) in each group. d, e The mRNA levels of ST2 
and IL-33 in each group. f, g ST2 and IL-33 protein expression lev-
els in each group. Data are presented as the mean ± SEM, n = 6 per 
group (one-way analysis of variance). ***P < 0.001, SCI + vehicle ver-
sus sham; #P < 0.05; ##P < 0.01; ###P < 0.001, SCI + riluzole versus 
SCI + vehicle
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Fig. 3   Riluzole inhibits microglia/macrophage M1 expression in 
spinal cord injury (SCI) rats. a Representative images show double-
immunostaining of Iba I and CD16 in rats at 3 days after SCI (scale 
bar: 50  μm). b Double-immunostaining of Iba I and CD206 (scale 
bar: 50  μm). c Representative western blot shows expression of 
CD206 and CD16 at 3  days post-SCI. d Quantification of CD16+/
Iba I+ and CD206+/Iba I+ double-labeled cells (percentage of total 

Iba I+ cells), and CD16 and CD206 protein levels in each group. 
Glyceraldehyde 3-phosphate dehydrogenase was used as the load-
ing control. e The mRNA levels of CD16, CD32, CD86, iNOS, 
CD206, Arg-1, IL-4, and TGF-β in each group. Data are presented 
as the mean ± SEM, n = 6 per group. Student’s t test. **P < 0.01; 
***P < 0.001, SCI + riluzole versus SCI + vehicle

Fig. 4   Riluzole reduces neuronal 
loss after acute spinal cord injury 
(SCI). a Representative Nissl 
staining of sham, SCI + vehicle, 
and SCI + riluzole rats at 1 day 
after SCI (scale bar: 50 μm). 
b Representative images show 
double-immunostaining of 
cleaved-caspase-3 and NeuN 
in rats at 1 day after SCI (scale 
bar: 50 μm). c In this diagram of 
the ventral horn, the boxed area 
shows the region used for count-
ing neurons. d Quantification 
of the percentage of surviving 
neurons at 1 day post-SCI in 
each group. e Quantification of 
cleaved-caspase-3 + /NeuN +  
double-labeled cells (percentage 
of total NeuN + cells) in each 
group. Data are presented as the 
mean ± SEM, n = 6 per group 
(one-way analysis of variance). 
***P < 0.001, SCI + vehicle versus 
sham; ##P < 0.01, SCI + riluzole 
versus SCI + vehicle
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Fig. 5   Riluzole promotes recovery of neurological function at 
6 weeks post-spinal cord injury (SCI). a Schematic diagram of motor 
evoked potentials (one-way analysis of variance). b–c Quantification 
of the latency and amplitude of motor evoked potentials (MEPs). 
d–f Representative waveform of MEPS. g Western blot analysis of 
GAP43 protein expressions in each group (one-way analysis of vari-

ance). h–i Quantification of scores in the Basso, Beattie, Bresnahan 
test and inclined plane test from day 1 to week 6 after SCI, n = 6 
per group (Student’s t test). Data are presented as the mean ± SEM, 
n = 6 per group. ***P < 0.001, SCI + vehicle versus sham; ##P < 0.01, 
###P < 0.001, SCI + riluzole versus SCI + vehicle
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function of reducing excitotoxicity by blocking glutamatergic 
neurotransmission.

SCI often triggers widespread inflammation, which further 
leads to neuropathy accompanied by limited functional res-
toration (Oyinbo 2011; Mortazavi et al. 2015). Recent stud-
ies have highlighted the aggregation of pro-inflammatory 
mediators including, IL-1β, IL-6, and TNFα, which may 
interact with neuroglia, especially microglia, augmenting 
secondary injury and eventually leading to neurological defi-
cits (Bartholdi and Schwab 1997; Allison and Ditor 2015). 
Microglia are thought to have a central role in the immune  
response to SCI (Saijo and Glass 2011; Kobashi et  al.  
2020). The M1 microglial phenotype generally exerts pro-
inflammatory effects by recruiting inflammatory cells that 
produce cytokines and cause further neurological deficits 
(Cherry et al. 2014; Zhang et al. 2019). Conversely, M2 
microglia are mainly associated with anti-inflammatory, neu-
roprotective effects (Cherry et al. 2014; Zhang et al. 2019). 
Our previous studies have shown that riluzole reduced the 
expression of M1 and increased the expression of M2 on the 
7th day after SCI (Wu et al. 2020). In the present study, on the 
first day after SCI, we found that riluzole reduced the expres-
sion of M1, but did not increase the expression of M2. The 
above differences may be due to the different activation peaks  
of M1 and M2 microglia. In the 3–10 days after SCI, M2-type 
microglia gradually occupy the dominant position, phagocyt-
ize and clear the myelin sheath, promote the generation of new 
myelin sheath, and provide a more suitable microenvironment 
for neurons, so that the nervous system can be effectively pro-
tected (Gensel and Zhang 2015). However, M1 type microglia 
can be activated in the early stage of CNS injury, and produce 
a large number of inflammatory factors, causing damage to 
tissues (Gensel and Zhang 2015). Therefore, the difference 
in the expression of M1 microglia was detected on the first 
day after SCI. Riluzole-treated rats showed better long-term 
neurological function recovery, which was closely related to 
early reduction of M1 microglia expression, to reduce damage 
to neural tissue.

Although the regulation mechanism of microglia/ 
macrophage-mediated inflammatory response in the nervous 
system remains unclear, several critical signaling pathways 
may be involved. For example, lentivirus-mediated down-
regulation of α-synuclein promotes polarization toward 
an M2 phenotype, conferring immune defense in SCI rats 
(Zeng et al. 2019). Curcumin may inhibit STAT1 and STAT3 
activation and improve functional restoration after ischemic 
stroke (Qin et al. 2012; Liu et al. 2017). In addition, IL-33/
ST2 signaling is an important neuroprotective mechanism 
that naturally maintains beneficial microglial responses after 
injury (Yang et al. 2017). IL-33 is the nuclear “alarm” (i.e., 
immune activator) released after cell damage, and ST2 is a 
member of the IL-1 receptor family. Membrane-bound ST2 
(tST2), as one of the subtypes of ST2, forms a heterodimer  

with IL-1 receptor accessory protein and serves as a recep-
tor for IL-33 (Garlanda et al. 2013). In our study, riluzole-
treated SCI rats exhibited higher mRNA and protein levels 
of IL-33 and ST2 than did vehicle-treated SCI rats. Immuno-
fluorescence showed that in the spinal cord, riluzole-treated 
SCI rats had a higher percentage of double-labeled ST2 + /
Iba I + cells than did vehicle-treated rats. Iba I is a micro-
glia/macrophage-specific calcium-binding protein (Imai 
and Kohsaka 2002), and its double-labeling with ST2 can 
indicate the expression of ST2 in the microglia/macrophage. 
These data indicated that ST2 receptor expression in micro-
glia/macrophage was altered after riluzole intervention. We 
therefore speculate that riluzole-mediated modulation of 
microglia/macrophage may be associated with changes in 
expression of IL-33/ST2 in the spinal cord after SCI.

In summary, our study focused on the application 
of riluzole in the critical first moments after SCI. The 
results indicated that early application of riluzole after 
SCI suppressed the microglia/macrophage-mediated 
inflammatory response and improved long-term neuro-
logical function. Thus, riluzole may represent a promis-
ing therapeutic candidate within the critical therapeutic 
window for acute SCI.
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