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Abstract
Mitogen- and stress-activated kinase (MSK) 1 is a nuclear serine/threonine kinase. In the central nervous system, it plays an important
role in regulating cell proliferation and neuronal survival; it is also involved in astrocyte inflammation and the inhibition of inflam-
matory cytokine production. However, its specific role in spinal cord injury is not clear. Here, we aimed to elucidate this role using an
in vivo animal model. In this study, we found that MSK1 is gradually decreased, starting 1 day after spinal cord injury and to its lowest
level 3 days post-injury, after which it gradually increased. To further investigate the possible function of MSK1 in spinal cord injury,
we interfered with its expression by utilizing a small interfering RNA (siRNA)-encoding lentivirus, which was injected into the injured
spinal cord to inhibit local expression. After MSK1 inhibition, we found that the expression of tumor necrosis factor (TNF)-α,
interleukin (IL)-6, and IL-1β were increased. Moreover, the expression of IL-10 was decreased. In addition, neuronal apoptotic cells
were increased significantly and expression of the apoptosis-related protein caspase-3 was also increased. Ultrastructural analysis of
nerve cells also revealed typical neuronal apoptosis and severe neuronal damage. Finally, we found that hindlimb motor function
decreased significantly with MSK1 knockdown. Therefore, our findings suggest that the inhibition of this protein promotes inflam-
matory responses and apoptosis and suppresses functional recovery after spinal cord injury.MSK1might thus play an important role in
repair after spinal cord injury by regulating inflammation and apoptosis.
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Introduction

Spinal cord injury (SCI) is the most serious complication of
spinal injury and often leads to severe dysfunction of the lower
extremities of the injured segment. Despite the clinical appli-
cation of drug intervention, surgical treatment, and modern
rehabilitation training, no ideal curative effect has been
achieved (Rouanet et al. 2017). The reason for this is the lack
of effective interventions for pathological changes that occur
after SCI, which include primary and secondary injury

(Saghazadeh and Rezaei 2017). Primary injury occurs imme-
diately after the initial injury and is irreversible. The patholog-
ical process includes demyelination of the spinal cord and
neuronal necrosis (Wang et al. 2017). Secondary injury is
the main cause of aggravated neurological dysfunction; in
contrast, it is reversible and can be regulated. The pathological
process for this includes microcirculatory disturbance, excit-
atory amino acid release, inflammatory reactions, apoptosis,
oxygen free radical damage, lipid peroxidation, and
astrogliosis (Ueno and Yamashita 2008). Secondary injury to
SCI involves multiple pathways such as the mitogen-activated
protein kinase (MAPK) signaling, which induces a cascade
that amplifies the inflammatory response, ultimately leading
to neuronal necrosis (Qu et al. 2012; Deak et al. 1998).
Mitogen- and stress-activated kinases (MSKs) 1 and 2 are
nuclear serine/threonine protein kinases that are downstream
of the extracellular regulated protein kinases (ERK)1/2 or p38
MAPK pathways (Arthur 2008). MSK1 is activated by ERK
and typically mediates the biological effects of growth factors,
peptide hormones, neurotransmitters, and cytokines (Cheng
et al. 2013). MSK1 is also activated by p38 and typically
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mediates responses to cellular inflammatory stimuli and stress
such as UV irradiation and oxidative stress (Zhu et al. 2014).
In addition, Toll-like receptors (TLRs) recognize pathogenic
microorganisms such as bacterial lipopolysaccharide (LPS)
and also activate MSK1 (Ananieva et al. 2008). This kinase
directly targets cAMP-response element binding protein
(CREB) (Simon et al. 2004; Kaiser et al. 2007) and nuclear
factor (NF)-κB p65 (Vermeulen et al. 2003), two important
transcription factors involved in the regulation of inflammato-
ry genes, thereby enhancing their transcriptional activity
(Vermeulen et al. 2009). MSK1 also phosphorylates histone
H3 (Kim et al. 2008) and transcription factor 1 (ATF1)
(Wiggin et al. 2002), which have a major role in the regulation
of specific subsets of immediate early genes (Arthur 2008).
MSK1 is widely involved in immune and inflammatory re-
sponses (Reyskens and Arthur 2016), plays an important role
in regulating cell proliferation and transformation, and regu-
lates synaptic plasticity, neuronal survival, neuronal matura-
tion, and developmental plasticity (Arthur 2008). Although
MSK1 is expressed in a variety of tissues, its level is high in
immune and neuronal cells. In the CNS (central nervous sys-
tem), MSK1 is involved in astrocyte inflammation and in-
hibits the production of inflammatory cytokines (Gong et al.
2013); moreover, it might be involved in the pathophysiology
of traumatic brain injury (TBI) (Ning et al. 2013). MSK1 was
also suggested to contribute to SAH (subarachnoid hemor-
rhage)-induced apoptosis (Ning et al. 2017). Further, recent
research has demonstrated its expression in the spinal cord (Li
et al. 2013), but its specific role in spinal cord injury is still not
clear. Therefore, in the present study, we used a recombinant
lentiviral vector to inhibit MSK1 expression in the injured
spinal cord to explore the possible effects of MSK1 downreg-
ulation on the inflammatory response, apoptosis, and motor
function after acute spinal cord injury.

Materials and Methods

Lentiviral Vector

The MSK1 small interfering RNA (MSK1-siRNA) recombi-
nant lentiviral vectors were purchased from and constructed
by Gene Pharma Co., Ltd. (Shanghai, China). Three shRNA
sequences that target the rat MSK1 sequence (GenBank
NM_001108048.1) were designed as follows: 5′-GCGT
TTCACAGAGCACGAAGT-3′ (KD1), 5′- GGAATGAG
CTCAGTAGCTAAA-3 ′ (KD2 ) , a n d 5 ′ -GCTC
CTTCCATCCTCTTCAAG-3′ (KD3). These lentiviral vec-
tors were generated by cotransfecting 293T cells with four
plasmids (vector plasmid, pGag/Pol(gag-pol plasmid), pRev
(rev plasmid), and pVSV-G4 (envelope plasmid pseudotyped
with glycoprotein of the vesicular stomatitis virus)). The vec-
tor plasmids were constructed with double-stranded DNA

formed by annealing the Oligo DNA target sequence with
the LV3 (pGLV3/H1/GFP+Puro) vector digested with EcoRI
and BamHI (see the Electronic Supplementary Material for
more details on the construction of lentivirus).

After transfection and culture for 72 h, the medium con-
taining lentiviral vectors was obtained and concentrated via
ultracentrifugation (4 °C, 20,000 rpm for 2 h). Then, the
lentiviral suspensions were transfected into 293T cells at dif-
ferent dilutions. The titer of vectors was determined by mea-
suring the number of fluorescent cells by fluorescence micros-
copy and combined with the lentiviral dilution ratio. The titers
of MSK1 siRNA lentiviral vectors were observed to be 0.9 ×
109 TU/mL, which was then diluted to 0.5 × 109 TU/mL. A
lentiviral vector that only expresses green fluorescent protein
(LV-GFP) was also generated as a negative control. The titer
was 0.5 × 109 TU/mL for LV-GFP.

Animal Model of Spinal Cord Injury

A total of 72 male Sprague–Dawley (SD) rats weighing 200–
250 g were purchased from SLAC Laboratory Animal Co.,
Ltd. (Shanghai, China). All animal studies were approved by
the Experimental Animal Ethics Committee of FujianMedical
University in China. All experimental procedures were per-
formed in accordance with the National Institutes of Health
guidelines for the Care and Use of Laboratory Animals. All
rats were anesthetized with 2% sodium pentobarbital
(30mg/kg, i.p.), and the spinal cord, which was approximately
1.0 cm long, was exposed by removing the T9 and T11 lam-
ina. NYU Impactor-III impactor (W.M. Keck, America) was
used to create a rat spinal cord injury model according to
Allen’s method (Allen 1911). T10 spinal cords were then im-
pacted by a heavy object (10 g in weight and 2.5 cm in height).
The successful injury model was evaluated according to the
spasm swing of the tail, spastic jitter of both lower limbs,
subdural congestion, and loss of hindlimb motor function.

Experimental Design

Experiment 1

Thirty male SD rats were randomly divided into normal group
(n = 5) and SCI group (n = 25). SCI was induced in rats in the
SCI group according to Allen’s method. For the normal group,
the rats did not do any treatment. Spinal cord tissue was col-
lected at 1, 3, 5, 7, and 14 days after SCI; each group of five
rats was used to detect the expression of MSK1 by western
blot assays.

Experiment 2

Forty-two male SD rats were randomly divided into the fol-
lowing groups with 14 rats in each group: SCI group (rats
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were subjected to SCI), LV-GFP group (SCI rats that received
a spinal cord injection of negative control lentivirus (0.5 ×
109 TU/mL), and LV-MSK1 group (SCI rats that received a
spinal cord injection of MSK1-siRNA lentivirus (0.5 ×
109 TU/mL). For the LV-GFP and LV-MSK1 groups, rats
were subjected to spinal cord injury, and then lentivirus was
immediately injected into the injured spinal cord. A total of
6 μL of lentivirus (approximately 3 × 106 TU MSK1-siRNA
or LV-GFP) solution was injected at two different locations
(3 μL each; 2.0 mm caudal and 2.0 mm rostral from the lesion
epicenter) at a depth of 0.8 mm using a 10-μL microinjector
according to the local intraspinal injection method (Hu et al.
2016; Tan et al. 2017). To promote lentiviral absorption, the
rate of injection was 1 μL/min, and the pipette was left in
place for at least 5 min to prevent leakage.

Cell Culture and Lentiviral Transduction

Well-differentiated PC12 cells induced by nerve growth factor
were obtained from the Cell Resource Center of Shanghai
Institutes for Biological Sciences, Chinese Academy of
Sciences (Shanghai, China). Well-differentiated PC12 cells
are widely used in vitro as a model to investigate neuronal
damage resulting from various hypoxia-related neurodegener-
ative disorders and spinal cord injury (Lin et al. 2016; Liu
et al. 2016; Pan et al. 2017; Goldshmit et al. 2018; Xu et al.
2018). Well-differentiated PC12 cells were cultured in RPMI-
1640 medium containing 10% heat-inactivated fetal bovine
serum at 37 °C in a humidified atmosphere with 5% CO2.
For further experiments, Well-differentiated PC12 cells were
seeded into 24-well plates at a density of 5 × 104 cells/mL.
Then, the lentivirus solution (MSK1-siRNA and LV-GFP)
was added at an MOI of 100. After 72 h of culture in the
original medium, the transduction efficiency was observed
with a fluorescence microscope. After 96 h, cells were har-
vested for protein extraction and subsequent western blotting
to assess the expression of MSK1. The most efficient recom-
binant MSK1-siRNA lentivirus was used for subsequent
studies.

Western Blot Analysis

To obtain samples for western blot analysis, 1.0-cm-long spi-
nal cord tissues containing the epicenter were quickly dissect-
ed at 7 days post-injury and snap frozen at − 80 °C until use.
The samples were cut into small pieces on ice, added to a
cocktail of RIPA lysis buffer with the protease inhibitor
PMSF, and homogenized with a glass homogenizer until fully
lysed. After determining the protein concentration with a BCA
protein assay kit (Beyotime, Shanghai, China), equivalent
amounts of protein were separated by 10–12% SDS-PAGE.
The proteins were transferred to PVDF membranes
(Millipore, USA) using a transfer apparatus at 110 V for 1 h.

The membrane was blocked with 5% nonfat milk at room
temperature for 1 h and incubated with primary antibodies
including anti-MSK1 (1:1000, Novus, USA), anti-TNF-α
(1:500, Abcam, USA), anti-IL-6 (1:1000, Abcam, USA),
anti-IL-10 (1:1000, Abcam, USA), anti-IL-1β (1:500,
Abcam, USA), anti-GAPDH (1:1000, CST, USA), and
anti-β-actin (1:1000, Santa Cruz, USA) at 4 °C overnight.
After washing with TBST, the membranes were incubated
with secondary goat anti-rabbit IgG-HRP antibody (1:3000,
Servicebio, Hubei, China) for 2 h at room temperature. The
supersensitive ECL Chemiluminescence Kit (Beyotime,
Shanghai, China) was used to expose images using a gel im-
aging system. Semi-quantitative analysis was performed using
Image J software.

Immunofluorescence Staining

At 7 days post-injury, rats were anesthetized and transcardially
perfused with physiological saline and 4% paraformaldehyde.
Spinal cords were rapidly isolated and post-fixed in 4% para-
formaldehyde for 8 h at 4 °C, which was followed by immer-
sion in phosphate buffer containing 30% sucrose until the
sample sank. The spinal cords were then embedded in OCT
solution, and 20-μm coronal spinal cord cryosections were
prepared.

For immunofluorescence double staining, we first added an
auto-fluorescent quencher to the sections to prevent autofluo-
rescence. Then, the sections were blocked with 10% normal
serum blocking solution, which was the same species as the
secondary antibody to avoid unspecific staining. The sections
were incubated at 4 °C overnight with the following primary
antibodies: rabbit anti-MSK1 (1:100, Novus, USA), rabbit
anti-caspase-3 (1:100, Abcam, USA), and mouse anti-
neuronal nuclei (NeuN) (1:100, Abcam, USA). After washing
in PBS, sections were incubated with an appropriate second-
ary antibody for 50 min at room temperature, including Cy3-
conjugated goat anti-rabbit IgG (1:300, Servicebio, Hubei,
China) and Alexa Fluor 488-conjugated goat anti-mouse
IgG secondary (1:400, Servicebio, Hubei, China) antibodies.
The nuclei were then stained with DAPI (Servicebio, Hubei,
China). The stained sections and the green auto-fluorescence
induced by the lentiviral vector were visualized with a fluo-
rescence microscope (Nikon, Tokyo, Japan).

TUNEL

TUNEL analysis was performed according to the instructions
of the fluorescent TUNEL kit (Roche, Basel, Switzerland).
The kit was based on FITC fluorescein labeling and positive
apoptotic nuclei appeared green by fluorescence microscopy.
The sections were then immersed in cold acetone for 10 min.
After washing with PBS (pH 7.4), the sections were incubated
with proteinase K working solution at 37 °C for 25 min and
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Broken membrane working solution at room temperature for
20 min. After being washed with PBS (pH 7.4), The mixture
of reagent 1 (TdT) and reagent 2 (dUTP) in a 1:9 ratio was
immense the sections for 2 h at 37 °C. The nuclei were stained
with DAPI at room temperature for 10 min. Images were
examined by a fluorescence microscopy (Nikon, Tokyo,
Japan). Positive cell counts and analysis were performed using
ImageJ software (1.51, NIH).

Transmission Electron Microscopy

At 14 days post-injury, rats were anesthetized and
transcardially perfused with physiological saline. Spinal cords
were rapidly isolated and post-fixed in 2.5% glutaraldehyde
for 4 h at 4 °C, and then transferred to 1% osmic acid for 2 h at
room temperature. After dehydration in increasing concentra-
tions of acetone, the tissues were embedded. Then, the sam-
ples were inserted into an embedding plate and placed into a
dry at 37 °C overnight, followed by 60 °C for 48 h. The spinal
cords were cut into 60–80-nm slices with an Ultrathin micro-
tome (Leica USA), and the sections were stained with 2%
saturated uranyl acetate solution and lead citrate overnight at
room temperature. Images were observed and collected using
a transmission electron microscope (Hitachi USA).

Evaluation of Motor Function

The hind limb motor function was assessed using the Basso,
Beattie, and Bresnahan (BBB) scores (Basso et al. 2009). The
main observation index was the activity and coordination of
hind limbs, tail, and posterior trunk. Rats were placed on a
wide platform and allowed free exercise for 5 min. All func-
tional scores were obtained at 1, 3, 5, 7, and 14 days after
operation by two individuals blinded to treatment. The aver-
age of the two scores was the final BBB score, to reduce score
error.

Statistical Analysis

Statistical analysis was performed using SPSS v19.0 software.
Data were expressed as the mean ± standard deviation (x ± s).
The mean of each group was compared by one-way ANOVA.
The LSD-t test was used for multiple comparisons. The test
level was α = 0.05.

Results

MSK1 Is Downregulated After SCI

We first examined the expression level of MSK1 at dif-
ferent time points after spinal cord injury (Fig. 1). We
found that the expression of MSK1 protein was gradually

decreased after SCI at 1 day post-injury, to its lowest level
at 3 days post-injury. However, after which it gradually
increased at 5 and 7 days post-injury, to reach normal
levels at 14 days after injury. The expression of MSK1
in the SCI group was significantly lower than that in the
normal group at 1, 2, 3, 5, and 7 days after injury
(P < 0.05).

The Expression of MSK1 Protein inWell-Differentiated
PC12 Cells Infected with Lentivirus

To verify interference efficiency, we infected well-
differentiated PC12 cells withMSK1 siRNA recombinant len-
tivirus. The differentiated PC12 cells exhibit preserved dopa-
minergic characteristics and spindle-shaped cell morphology
similar to neuronal cells. Well-differentiated PC12 cells are
widely used in vitro as a model to investigate neuronal dam-
age resulting from various hypoxia-related neurodegenerative
disorders.

Well-differentiated PC12 cells were transduced with
lentivirus and 72 h later, GFP expression was evaluated
using a fluorescence microscope. Results revealed that
compared with that in the NC group, a large amount of
green fluorescence was observed in the MSK1-siRNA1,
MSK1-siRNA2, MSK1-siRNA3, and LV-GFP groups
(Fig. 2). Approximately 80% of the cells were infected
with the recombinant lentiviral supernatant.

Ninety-six hours after well-differentiated PC12 cells
were infected with lentivirus, the expression of MSK1
protein was measured by western blotting, as shown in
Fig. 3. Expression in the MSK1-siRNA1, MSK1-
siRNA2, and MSK1-siRNA3 groups was significantly
lower than that in the NC and LV-GFP groups (all P <
0.05). There was no significant difference between the NC
and LV-GFP groups (P > 0.05). This indicated that the
constructed MSK1-siRNA lentiviral vector could success-
fully inhibit the expression of MSK1 in well-differentiated
PC12 cells. It is worth noting that the MSK1-siRNA2
lentivirus vector had the highest interference efficiency
compared with expression in the LV-GFP group.
Therefore, the MSK1-siRNA2 lentivirus vector was se-
lected for follow-up studies.

Lentiviral Injection into Injured Spinal Cords Inhibits
MSK1 Expression

Next, we injected MSK1 siRNA lentivirus suspensions into
contused spinal cords, using LV-GFP lentivirus as a control.
Fluorescence microscopy was employed to detect auto-
fluorescence emitted by GFP to assess the efficacy of
lentiviral gene delivery and western blotting was performed
to determine the expression of MSK1 protein 7 and 14 days
after the injection.
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Fluorescence microscopy showed that spontaneous green
fluorescence was observed in both LV-GFP and LV-MSK1
groups (Fig. 4a). Moreover, the green fluorescence conferred
by GFP colocalized with the red fluorescence mediated by
immunofluorescence staining of MSK1. This indicates that
MSK1 was expressed in the spinal cord and that it
colocalized with GFP. Immunofluorescence double staining
showed that MSK1 colocalized with NeuN (Fig. 4b).
Quantitative analysis showed that the number of MSK1+
NeuN-positive cells were decrease in the LV-MSK1 group
compare with that in LV-GFP group (P < 0.05) (Fig. 4c).
Additionally, at 7 and 14 days after the injection, MSK1
proteins expression in the LV-MSK1 group were significant-
ly lower than that in the SCI and LV-GFP groups (both
P < 0.05) (Fig. 4d, e). There was no significant difference
in the expression of MSK1 between the SCI and LV-GFP
groups (P > 0.05). These data provide evidence that
lentiviral injection can successfully transduce cells in the
spinal cord and inhibit MSK1 expression following SCI.

Inhibition of MSK1 Promotes Inflammation After SCI

To investigate whether MSK1 inhibition affects inflam-
mation, the expression of TNF-α, IL-6, IL-10, and IL-
1β was measured by western blotting. This showed that
the expression of TNF-α, IL-6, and IL-1β in the LV-
MSK1 group was significantly higher than that in the
SCI and LV-GFP groups (all P < 0.05; Fig. 5a–d). The
expression of IL-10 in the LV-MSK1 group was signifi-
cantly lower than that in SCI and LV-GFP groups (both
P < 0.05; Fig. 5e). There was no significant difference
between the SCI and LV-GFP groups (P > 0.05). These
data indicate that inhibition of MSK1 promotes
inflammation.

Inhibition of MSK1 Promotes Apoptosis After SCI

To investigate whether inhibition MSK1 affects apoptosis,
we employed immunofluorescence staining to detect the

Fig. 2 Fluorescence microscopy images showing the expression of green
fluorescent protein (GFP) in well-differentiated PC12 cells transfected
with recombinant lentivirus vector for 72 ;h. a Untreated with

lentivirus. b–e Transfection with LV-GFP, MSK1-siRNA1, MSK1-
siRNA2, and MSK1-siRNA3 lentiviral vectors

Fig. 1 Changes for MSK1 expression at various survival times following
SCI. a Representative western blot picture showing MSK1 expression
after SCI. b Quantitative analysis of relative expression of MSK1

protein for each time point. N denotes cortical extracts from normal
rats. The data are mean ± SD (n = 5, *P < 0.05 vs. normal groups)
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expression of the apoptosis-related protein caspase-3.
TUNEL staining were also performed to detect apoptosis,
whereas ultrastructural changes of spinal cord neurons
were observed by transmission electron microscopy
(TEM). Immunofluorescence double staining showed that
the number of NeuN+ caspase-3-positive cells in the LV-
MSK1 group was significantly higher than that in the LV-
GFP group (P < 0.05; Fig. 6a, c). In addition, TUNEL
staining showed that the number of TUNEL-positive cells
in the LV-MSK1 group was evidently increased compared
with that in the LV-GFP group (P < 0.05; Fig. 6b, d). TEM
revealed that in the normal spinal cord (Fig. 7a), neurons
exhibited intact structure, as shown by intact cell and nu-
clear membranes, uniform nuclear chromatin, regular my-
elin, dense lamellae, and regular mitochondria. In contrast,
in the SCI and LV-GFP groups (Fig. 7b, c), neurons exhib-
ited typical characteristics of apoptosis, such as condensed
nuclei, concentrated chromatin, wrinkled nuclear mem-
brane, irregular shape, and thin myelin. However, in the
LV-MSK1 group (Fig. 7d), neurons were found to have
severely damaged cell membranes, swollen mitochondria,
and structurally disrupted myelin with demyelination.
These results suggest that neurons suffered significant
damage and demonstrated that inhibition of MSK1 aggra-
vates apoptosis after SCI.

Inhibition of MSK1 Reduces Motor Functional
Recovery After SCI

To determine the effect of MSK1 inhibition on the recovery of
hindlimb motor function in rats, we evaluated by BBB scores.
This analysis is shown in Fig. 8. We found that the BBB
scores in the LV-MSK1 group were significantly lower than
those in the SCI and LV-GFP groups at 5, 7, and 14 days after
injury (P < 0.05). However, compared with those in the SCI
group, BBB scores in the LV-GFP group were not significant-
ly different at all the time points (P > 0.05). This indicates that
inhibition of MSK1 reduces hindlimb motor functional recov-
ery after SCI.

Discussion

In this study, we demonstrate that MSK1 was gradually de-
creased after SCI at 1 day post-injury, to its lowest level at
3 days post-injury. However, after this, it gradually increased
at 5 and 7 days post-injury, to reach normal levels at 14 days
after injury (Fig. 1). To further investigate the effect of MSK1
in SCI and its possible mechanism, we constructed an MSK1
siRNA recombinant lentivirus. This lentiviral vector is a viral
vector that has been derived from human immunodeficiency
virus-1 (HIV-1), which can efficiently integrate foreign genes
or exogenous shRNA into the host chromosome, thereby
achieving persistent expression of the desired sequence
(Olgun et al. 2018). Importantly, lentiviral vectors exhibit high
neurotropism, which is a requirement for their application in
the spinal cord (Tan et al. 2017).

To verify the interference efficiency of MSK1 siRNA re-
combinant lentivirus, well-differentiated PC12 cells were
transduced with lentiviruses expressing MSK1 siRNA or
LV-GFP (only expression of green fluorescent protein). The
differentiated PC12 cells exhibit preserved dopaminergic
characteristics and spindle-shaped cell morphology similar
to neuronal cells (Liu et al. 2016; Pan et al. 2017; Chen
et al. 2019). Moreover, well-differentiated PC12 cells are
widely used in vitro as a model to investigate neuronal dam-
age resulting from various hypoxia-related neurodegenerative
disorders and spinal cord injury (Lin et al. 2016; Liu et al.
2016; Pan et al. 2017; Goldshmit et al. 2018; Xu et al.
2018). Well-differentiated PC12 cells were transduced with
lentivirus and 72 h later, a large amount of green fluorescence
was observed in theMSK1-siRNA1, MSK1-siRNA2,MSK1-
siRNA3, and LV-GFP groups by fluorescence microscopy
(Fig. 2). This indicates that the constructed recombinant
lentiviral vectors can successfully infect well-differentiated
PC12 cells. Ninety-six hours after well-differentiated PC12
cells were infected with lentivirus, the expression of MSK1
protein in the MSK1-siRNA1, MSK1-siRNA2, and MSK1-
siRNA3 groups was significantly lower than that in the NC
and LV-GFP groups (all P < 0.05; Fig. 3). This indicated that
the constructed MSK1-siRNA lentiviral vector could

Fig. 3 The expression of MSK1
protein in well-
differentiated PC12 cells infected
with lentivirus after 96 h. a
Representative western blot
picture showing expression of
MSK1. b Quantitative analysis of
relative expression of MSK1
protein. The data are mean ± SD
(n = 3, *P < 0.05 vs. NC group,
#P < 0.05 vs. LV-GFP group,
aP > 0.05, vs. NC group)
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successfully inhibit the expression of MSK1 in PC12 cells. It
is worth noting that the MSK1-siRNA2 lentivirus vector had
the highest interference efficiency compared with expression
in the LV-GFP group. Therefore, the MSK1-siRNA2 lentivi-
rus vector was selected for follow-up studies.

Then, we injected the MSK1-siRNA2 lentivirus locally
into the spinal cords of rats. After 7 days post-injury, sponta-
neous green fluorescence was observed in both LV-GFP and
LV-MSK1 groups (Fig. 4a). Moreover, immunofluorescence
double staining showed that MSK1 colocalized with GFP and
NeuN (Fig. 4a, b). In our previous study, we found that MSK1

is colocalized with GFAP (Zhong, et al. 2018). Previous stud-
ies have also reported that MSK1 is colocalized with NeuN
and GFAP in brain and spinal cord tissue (Li et al. 2013; Ning
et al. 2013). NeuN is a marker of neurons, and GFAP is a
marker of astrocytes. Therefore, we believe that MSK1 was
expressed in neurons and astrocytes. The expression of
MSK1 at 7 and 14 days post-injury in the LV-MSK1 group
was significantly lower than that in the SCI and LV-GFP
groups by western blotting analysis (Fig. 4d, e). These results
showed that the MSK1 siRNA lentivirus could effectively
inhibit the expression of MSK1 in vitro and in vivo.

Fig. 4 Lentiviral injection into injured spinal cords inhibits MSK1
expression. a Representative image of green auto-fluorescent of GFP
(green) and immunofluorescence staining of MSK1 (red) in LV-GFP
and LV-MSK1 groups. b Immunofluorescence double staining of
MSK1 (red) sand NeuN (green) in LV-GFP and LV-MSK1 groups. c

Quantitative analysis of the number of MSK1+NeuN-positive cells in
LV-GFP and LV-MSK1 groups. d, e Western blot and quantitative of
relative expression of MSK1 protein in injured spinal cord 7 and 14 days
after lentiviral injection. The data are mean ± SD (n = 3, *P < 0.05 vs. LV-
GFP group, #P < 0.05 vs. SCI group)
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The inflammatory response is a critical molecular defense
mechanism of the innate immune system. Recent research
shows that neuroinflammation is a prominent feature of many
neurodegenerative diseases and is increasingly recognized as
an important pathophysiological mechanism of chronic neu-
rodegeneration following SCI (Faden et al. 2016). In SCI, the
immune barrier is impaired and immune cells invade, causing
a series of inflammatory reactions such as endothelial damage,
vascular permeability changes, edema, and inflammatory me-
diator release (Wang et al. 2016). Following the accumulation
of inflammatory mediators at the site of injury, necrosis, apo-
ptosis, and inflammation occur rapidly (Ottenweller et al.
2000). Certain inflammatory cytokines, such as TNF-α, IL-
6, IL-10, and IL-1β are important mediators of spinal cord
inflammation (Keane et al. 2006). This involves multiple sig-
naling pathways, which induce a cascade that amplifies the
inflammatory response, ultimately leading to neuronal necro-
sis (Qu et al. 2012; Deak et al. 1998). However, experiments
have shown that blocking various inflammatory cascades can
alleviate experimental SCI (Gonzalez et al. 2003; Cronin et al.
2008; Tian et al. 2009). During immune processes, MSK1 has
predominantly anti-inflammatory roles and helps to regulate
the production of the anti-inflammatory cytokine IL-10
(Reyskens and Arthur 2016). In macrophages, MSK1 is in-
volved in negative feedback pathways. It can affect the secre-
tion of TNF-α/IL-6/IL-1β by regulating IL-10, which is crit-
ical to prevent uncontrolled inflammation. (Ananieva et al.
2008). In a brain injury model induced by bacterial lipopoly-
saccharide in rats, MSK1 was also found to be involved in
astrocyte inflammation and inhibit the production of

inflammatory cytokines TNF-α, IL-6, and IL-1β (Gong
et al. 2013). Whether MSK1 is involved in the inflammatory
response after spinal cord injury and if it regulates the secre-
tion of inflammatory cytokines was not known. Therefore, in
this study, we determined the expression of proinflammatory
cytokines TNF-α, IL-6, and IL-1β and the anti-inflammatory
cytokine IL-10 in different groups by western blotting. We
found that after inhibiting the expression of MSK1 in the
spinal cord, the expression levels of TNF-α, IL-6, and IL-1β
were significantly increased (Fig. 5a–c) and the expression of
IL-10 was decreased (Fig. 5e). The balance between the in-
flammatory response and its resolution is maintained in part
by the activity of two transcription factors with opposite roles,
namely NF-κB and CREB (Huante-Mendoza et al. 2016).
Activation of NF-κB induces the expression of pro-
inflammatory markers (e.g., TNF-α, IL-6, IL-8, and COX-
2), whereas the activation of CREB leads to the expression
of cytokines that have an anti-inflammatory role (e.g., IL-4,
IL-10, and IL-13). CREB and NF-κB p65 are phosphorylated
by MSK1, thereby enhancing their transcriptional activity.
Therefore, we believe that MSK1 might participate in the
inflammatory response during spinal cord injury and regulate
the production of inflammatory cytokines by phosphorylating
NF-κB and CREB.

Apoptosis, also known as programmed cell death, might
play a pivotal role in secondary SCI (Emery et al. 1998). It can
be triggered by a variety of mechanisms including glutamate
excitotoxicity, free radical damage, cytokines, and inflamma-
tory damage (Lu et al. 2000). The apoptotic cascade is acti-
vated in neurons, oligodendrocytes, microglia, and astrocytes

Fig. 5 Inhibition of MSK1 promotes inflammation after SCI. a
Representative western blot picture showing the expression of TNF-α,
IL-6, IL-10, and IL-1β in the SCI, LV-GFP, and LV-MSK1 groups at
7 days post-injury. b–e Quantitative analysis of relative expression of

TNF-α, IL-6, IL-10, and IL-1β. The data are mean ± SD (n = 3,
*P < 0.05 vs. SCI group, #P < 0.05 vs. LV-GFP group, aP > 0.05, vs.
SCI group)
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(Dumont et al. 2001). In these cells, apoptosis induced by
caspase plays an important role in SCI (Springer et al.
1999). Studies have shown that MSK1 plays a decisive role
in apoptosis (Mellidis et al. 2014; Lang et al. 2015). Further, it
is associated with Mn2+-induced cell death in human B cells,
leading to caspase-3 activity and apoptosis (El Mchichi et al.
2007).

Caspases are well recognized as crucial apoptosis regula-
tors and are generally classified into two groups, specifically
the initiator caspases (including caspase-2, caspase-8, cas-
pase-9, and caspase-10) and executioner caspases (comprising
caspase-3, caspase-6, and caspase-7) (Yakovlev and Faden
2001; Eldadah and Faden 2009). Caspase-3, an effector cas-
pase, is activated by extrinsic and intrinsic apoptosis pathways
and its activation ultimately leads to cell death. (Slee et al.
2001; Samuel et al. 2006; Hashemi et al. 2018). A previous

study showed that the inhibition of p38 MAPK significantly
decreases the phosphorylation of MSK1, increases cleaved
caspase-3 expression, and abolishes neuroprotection upon
hypoxic post-conditioning (HPC) (Zhu et al. 2014). This in-
dicates that MSK1 might contribute to HPC-mediated neuro-
protection against transient global cerebral ischemia by regu-
lating the activation of caspase-3. MSK1 has also been sug-
gested to regulate cell-death-associated proteins and transla-
tion initiation. Bad (B cell lymphoma 2 (Bcl-2)-associated
death protein) is a member of the pro-apoptotic Bcl-2 family.
Knockdown of MSK1 was found to suppress Bad phosphor-
ylation after calcium ionophore (A23187) treatment in neuro-
nal cells (Clark et al. 2007). Recent research has also shown
that MSK1 might be involved in SAH and TBI-induced apo-
ptosis. (Ning et al. 2013, 2017). However, whether it is related
to neuronal apoptosis caused by SCI was not clear. In this

Fig. 6 Inhibition of MSK1 promotes apoptosis after SCI. a
Representative images of immunofluorescence double staining for
NeuN (red) and caspase-3 (green) at 7 days post-injury. b TUNEL assay
analysis of cell apoptosis in LV-GFP and LV-MSK1 group at 7 days post-

injury. c, d Quantitative estimation of the number of NeuN+ caspase-3-
and TUNEL-positive cells. The data are mean ± SD (n = 3, *P < 0.05 vs.
LV-GFP group)
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study, immunofluorescence double staining showed that that
the number of NeuN+ caspase-3-positive cells was significant-
ly higher than that in the LV-GFP group (Fig. 6a, c). In addi-
tion, TUNEL staining (Fig. 6b, d) indicated that the number of
TUNEL-positive cells in the LV-MSK1 group was evidently
increased compared with that in the LV-GFP group. Based on
transmission electron microscopy to observe the morphology
of nerve cells, injured spinal cords in the SCI, LV-GFP, and
LV-MSK1 groups, at 14 days post-injury (Fig. 7) showed
characteristics of neuronal apoptosis such as condensed nu-
clei, concentrated chromatin, wrinkled nuclear membrane, ir-
regularly shapes, and thin myelin, compared with that ob-
served in normal spinal cord tissue. However, in the LV-
MSK1 group, neurons exhibited severely damaged cell

membranes, swollen mitochondria, and structurally disrupted
myelin with demyelination. These data indicate that with
MSK1 inhibition, apoptosis is increased and neurons suffer
significant damage.

Moreover, wemeasured the movement of hind limbs in rats
based on BBB scores at 1, 3, 5, 7, and 14 days after SCI. The
scores at 5, 7, and 14 days post-injury in the LV-MSK1 group
were lower than those in the LV-GFP and SCI groups (Fig. 8).
Traumatic injury to the CNS results in a rapid inflammatory
response by the resident astrocytes, characterized primarily by
hypertrophy and proliferation, which results in the release of
inflammatory and cytotoxic substances (Myer et al. 2006).
Although inflammation is the physiological process through
which vascularized tissues respond to injury, the
overactivation of this process can lead to the excessive activa-
tion of astrocytes and the aggravation of neuronal necrosis
(Brambilla et al. 2005; Graeber et al. 2011). In severe cases,
this will eventually lead to the formation of glial scars around
the injury site and the secretion of a variety of neurotoxic
molecules, preventing post-injury neuronal repair and axonal
regeneration and ultimately resulting in worse clinical out-
come (Brambilla et al. 2005). In a previous study, we showed
that the inhibition of MSK1 promotes active astrocyte prolif-
eration (Zhong et al. 2018). MSK1 might also play a critical
role in the repair of SCI in rats by regulating the proliferation
of glial cells. In this study, after MSK1 inhibition, the expres-
sion of proinflammatory cytokines was significantly increased
and the expression of an anti-inflammatory cytokine was

Fig. 7 Ultrastructural analysis of
spinal neurons by transmission
electron microscopy (TEM) at
14 days post-injury. a Neurons in
normal spinal cord with intact cell
and nuclear membranes, uniform
nuclear chromatin, regular mye-
lin, and dense laminate. b, c
Neurons in the SCI and LV-GFP
group with typical characteristics
of apoptosis, such as condensed
nuclei, concentrated chromatin,
wrinkled nuclear membrane, ir-
regular shape, and thin myelin. d
Neurons in the LV-MSK1 group
with severely damaged cell
membranes and structurally
disrupted myelin with demyelin-
ation (N, nucleus; red arrow, my-
elin; black arrow, cell membrane.
Photomicrographs represent sam-
ples taken from three rats in each
group)

Fig. 8 Locomotor function assessment after SCI by BBB scoring.
Comparison of BBB score at 1, 3, 5, 7, and 14 days post-injury in indif-
ferent groups. The data are mean ± SD (n = 5, *P < 0.05 vs. SCI group,
#P < 0.05 vs. LV-GFP group)
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decreased. In addition, neuronal apoptotic cells were increased
significantly and ultrastructural analysis of nerve cells also
revealed severe neuronal damage. Mechanistically, on the
one hand, the inhibition of MSK1 promotes inflammatory
responses, leading to the formation of glial scars around the
injury site, preventing post-injury neuronal repair and axonal
regeneration. On the other hand, the inhibition of MSK1 pro-
motes neuronal apoptosis, resulting in a decrease in the num-
ber of spinal motor neurons at the site of injury. As a result,
hind limb movement in rats was obviously worse.

In conclusion, the results of this study indicate that the
constructed MSK1 siRNA recombinant lentivirus can be suc-
cessfully transduced into rat spinal cords and effectively in-
hibit the expression of MSK1. More importantly, inhibition of
MSK1 promotes inflammatory responses and apoptosis and
reduces functional recovery after SCI in rats. Therefore, our
findings provide evidence that MSK1might play an important
role in the repair of SCI by regulating inflammation and
apoptosis.
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