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Abstract. MSK (mitogen‑ and stress‑activated protein kinase) 
proteins are a family of mitogen‑activated protein kinases. 
MSKs represent a novel type of pro‑survival genes, potentially 
enhancing the phosphorylation of Bcl2‑associated agonist of 
cell death. However, MSK's function and expression are poorly 
understood in the central nervous system. In the present study, 
a subarachnoid hemorrhage (SAH) model was established in 
SD rats and the expression of MSK1 in the brain subsequent 
to experimental SAH was investigated. In response to SAH, 
MSK1 mRNA and protein levels gradually declined, reaching 
the lowest point at 3 days, and increased thereafter. The expres-
sion of active caspase‑3 was negatively correlated with MSK1 
level. Colocalization and correlating changes in expression of 
MSK1 and active caspase‑3 at neurons and astrocytes indicated 
that MSK1 downregulation may contribute to SAH‑induced 
apoptosis, validating that MSK1 may be involved in the patho-
physiology of the brain cortex subsequent to SAH.

Introduction

Subarachnoid hemorrhage (SAH), typically caused by the 
rupture of an intracranial aneurysm, is a fatal disease with 
high associated morbidity and mortality rates (1). The annual 
incidence of SAH is ~22.5  cases per 100,000 population, 
according to a World Health Organization study (2). SAH has 
a mortality rate of 40‑50%, and the prognosis of survivors is 
poor (3,4). This is associated with a notable economic burden 
as 50% of SAH patients are <55 years old (5‑7). Experimental 
evidence supports the hypothesis that neurological deteriora-
tion and a poor outcome are a response to cerebral vasospasm 
subsequent to SAH (8). However, a number of patients undergo 
neurological deterioation without an accompanying vaso-
spasm and preventing vasospasm may not always improve the 
clinical outcome (9). There is research to suggest that delayed 
neuronal and astrocytic apoposis is an important contributor 
to a poor outcome in patients with SAH (10,11). The present 
study aimed to assess the factors responsible for this process 
and outline the associated future possibilities for the improve-
ment of SAH treatment.

MSK (mitogen‑ and stress‑activated protein kinase) 
proteins are a particularly interesting family of mitogen‑acti-
vated protein kinases. They were originally identified 
through their homology with the N‑terminal ribosomal S6 
kinase domain (12). MSK1 is a nuclear protein kinase with 
two kinase domains, including a C‑terminal kinase domain 
related to the Ca2+/calmodulin‑dependent protein kinase 
family and an N‑terminal kinase domain related to the AGC 
kinase family (13,14). It can be activated downstream of the 
mitogen‑activated protein kinase (MAPK) 2/1 or MAPK 11/14 
cascades with the phosphorylation of Thr581 in the C‑terminal 
kinase domain (15). Once activated, the N‑terminal domain 
phosphorylates a variety of substrates, including nuclear 
factor κB (NFκB), cAMP responsive element binding protein 
(CREB) (16), histone subunit H3, and high‑mobility group 
nucleosome binding domain 1 (HMGN1). The major role of 
MSKs in the CNS is to regulate the immediate early (IE) 
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genes, plasticate neuronal synapses and promote cytokine 
production. The number of identified MSK1 targets continues 
to increase (17). It was previously established that MSKs are 
a novel type of pro‑survival gene that enhances the phos-
phorylation of Bcl‑2‑associated death promoter (Bad) (18). 
Phosphorylation of Bad at Ser112 in response to growth factors 
or cytokines is a common mechanism for the promotion of 
cell survival; MSK1 knockdown was previously demonstrated 
to suppress Bad phosphorylation after calcium ionophore 
A23187 treatment in neuronal cells (18).

However, the function and expression of MSK1 in the 
central nervous system (CNS) have yet to be well‑characterized. 
It is established that MSK1 is highly expressed in the nervous 
system (19), but its function is not well understood. In the 
present study, the expression and distribution of MSK1 in the 
brain were examined following the experimental induction 
of SAH in rats. The study aimed to identify the physiological 
functions of MSK1 and the molecular mechanisms underlying 
lesion and repair in the CNS.

Materials and methods

Animals and surgical procedures. A total of 48 3‑months old 
male Sprague‑Dawley rats (280‑320 g) were used. Rats were 
kept in the laboratory's temperature of 20˚C and the humidity 
was 60%. The rats were raised with a 12‑h light/dark cycle and 
free access to water and food. The animals were anesthetized 
with 10% chloral hydrate and positioned in a stereotactic 
frame with their heads tilted ~30˚ downwards. A midline 
scalp incision was made in the neck and the atlanto‑occipital 
membrane was exposed subsequent to separating the muscle 
layers. The atlanto‑occipital membrane was punctured with 
a needle (Fig. 1), and 0.3 ml autologous arterial blood was 
injected into the cisterna magna with a squirt pump within 
10 min. A second injection of blood was performed with the 
same method following a days recovery. The control group 
were injected with 0.3 ml sterile saline. Rats had free access to 
water and food during recovery from anesthesia. The animals 
with induced SAH were randomly divided into five sub‑groups 
and sacrificed by decapitation on day 1, 3, 5, 7 or 14 post‑SAH, 
(n=6; Fig. 1). A further 6 rats with SAH were sacrificed with 
ventricle perfusion for immunohistochemical and immuno
fluorescence studies on day 3. An additional control group, 
sham animals (n=6), experienced the same surgery process 
without the injection into the cisterna magna. Sham group 
animals were then sacrificed 24 h after the sham operation. 
All rats were supplied by Taishan Medical University (Taian, 
China) and all surgical interventions and postoperative animal 
care were performed in accordance with the Guide for the Care 
and Use of Laboratory Animals (National Research Council, 
1996, USA) and were approved by the Ethics Committee of 
Animal Experiments of Taishan Medical University. All 
surgery was performed under 10% chloral hydrate and every 
effort was made to minimize suffering.

Western blotting. For western blot analysis, brain tissues 
were homogenized in lysis buffer (1% sodium deoxycholate, 
50  mmol/l Tris, 1% NP‑40, 1% Triton X‑100, 5  mmol/l 
EDTA, 1% SDS, 1 mmol/l phenylmethane sulfonyl fluoride, 
10 µg/ml aprotinin and 1 µg/ml leupeptin) and clarified by 

centrifuging at 14,000 x g for 15 min at 4˚C, from which the 
supernatant was collected. Then a BCA kit (Beyotime Institute 
of Biotechnology, Haimen, China) was used to determinate the 
protein concentration. Samples (80 µg/lane) were subjected 
to 10% SDS‑PAGE for 40 min at 70 V followed by 90 min 
at 120V and then transferred onto a PVDF membrane by a 
transfer apparatus at 180 mA for 2.5 h. The membrane was 
blocked with 5% skimmed milk for 2 h at 20˚C and then 
incubated with the appropriate primary antibodies (MSK1, 
ab81294, 1:200, Abcam, Cambridge, UK; active caspase‑3, 
ab49822, 1:200, Abcam; neuronal nuclear antigen, ab177487, 
1:100, Abcam; glial fibrillary acidic protein, sc‑71143, 1:100, 
Santa Cruz Biotechnology, Inc., Dallas, TX, USA) at 4˚C over-
night. The membrane was washed three times in TBST and 
incubated with goat‑anti‑rabbit (sc‑2030, 1:500, Santa Cruz 
Biotechnology, USA) or goat‑anti‑mouse IgG (sc‑2031, 1:500, 
Santa Cruz Biotechnology, USA) conjugated to horseradish 
peroxidase antibody for 2 h at room temperature. The blotted 
protein bands were developed with enhanced chemilumines-
cence reagent (Thermo Fisher Scientific, Inc.) exposed on 
X‑ray film. The relative density of each band compared with 
GADPH was estimated with Scion Image software version 
4.0.3.2 (Scion Corporation, Frederick, MD, USA).

Double immunofluorescence staining. Brain tissue was fixed 
with 4% paraformaldehyde for 3 h, then 20% saccharose solu-
tion for 2 days, then 30% sucrose solution for 2 days to remove 
water from the sample, all these procedures were performed at 
4˚C. Sections of 8 µm thickness were prepared and blocked with 
5% normal fetal bovine serumin in PBS containing 0.1% Triton 
X‑100 for 2 h. The slices were then incubated overnight at 4˚C 
with primary antibodies against MSK1 (cat. no., ab81294, 
1:200, Abcam); active caspase‑3 (cat. no., ab49822, 1:200); 
neuronal nuclear antigen (cat. no., ab177487, 1:100, Abcam); 
glial fibrillary acidic protein (cat. no., sc‑71,143, 1:100, Santa 
Cruz Biotechnology, Inc., Dallas, TX, USA). Subsequently, 
secondary antibodies goat‑anti‑rabbit IgG (cat. no., sc‑2030, 
1:500, Santa Cruz Biotechnology, Inc.) were added and incu-
bated for 2 h at room temperature in the dark. Following 3 
washes in PBS, the slides were observed under a fluorescence 
microscope (Leica Microsystems GmbH, Wetzlar, Germany). 
Negative controls omitted the primary antibodies.

Immunohistochemistry. Frozen cross‑sections (8 µm) were 
prepared and blocked with 5% fetal bovine serum (Gibco; 
Thermo Fisher Scientific, Inc.) in PBS for 2  h at room 
temperature. Then each of the sections was incubated with 
the anti‑MSK1 antibody (cat. no., ab81294, 1:200, Abcam) 
overnight at 4˚C followed by incubation in biotinylated Goat 
Anti‑Rat IgG Antibody (cat. no.,  BP‑9400, 1:500, Vector 
Laboratories, Inc., Burlingame, CA, USA). Staining was visu-
alized with 3,3'‑diaminobenzidine (DAB, Vector Laboratories, 
Inc.). Staining was visualized with 3,3'‑diaminobenzidine. 
Cells with strong or moderate brown staining were considered 
as positive.

Reverse transcription‑quantitative polymerase chain reaction 
(RT‑qPCR). TRIzol reagent (Takara Biotechnology Co., Ltd., 
Dalian, China) was used to isolate RNA from rat tissues and the 
concentration of RNA was measured with spectrophotometric 
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analysis (optical density at 260/280). Total RNA was reversely 
transcribed into cDNA using a 25‑µl mixture [Primer Mix 
(12 µl), 5xRT Reaction Buffer (5 µl), 25 mM dNTPs (1 µl), 
25 U/µl RNase Inhibitor (1 µl), 200 U/µl M‑MLV Rtase (1 µl), 
Oligo (dt) 18 (1 µl) and ddH2O (DNase‑free; 4 µl)] at 37˚C for 
60 min, 85˚C for 5 min and 4˚C for 5 min. cDNA was used 
as template for PCR (Prism 7300 Real‑Time PCR System, 
Applied Biosystems; Thermo Fisher Scientific, Inc., USA) and 
the mixture used for PCR included SYBR‑Green Mix (12.5 µl; 
Invitrogen; Thermo Fisher Scientific, Inc.), forward primer 
(0.5 µl), reverse primer (0.5 µl), ddH2O (9.5 µl) and cDNA (2 µl). 
PCR was performed under the following conditions: 95˚C for 
10 min; 30 cycles of 95˚C for 30 sec, 60˚C for 30 sec and 70˚C 
for 30 sec. Conventional PCR was performed with 4 µl cDNA, 
12.5 µl Taq MasterMix (CWBIO, Beijing, China), 1 µl of each 
forward and reverse primer (10 µM), and RNase‑free water to 
a final 25 µl. Conventional PCR amplification was performed 
with a PTC‑200 Peltier Thermal Cycler (MJ Research; Bio‑Rad 
Laboratories, Inc., Hercules, CA, USA). The following primers 
were used: MSK1 forward, 5'‑CCT​CAA​GAC​CCC​ATG​CTT​
CA‑3' and reverse, 5'‑ACT​TCT​GTC​ATG​GGA​CTG​GA‑3'; and 
GAPDH forward, 5'‑GAG​GCC​GGT​GCT​GAG​TAT​GT‑3' and 
reverse, 5'‑GGT​GGC​AGT​GAT​GGC​AT​GGA‑3'. GAPDH was 

used as an endogenous control and the 2‑∆∆Cq method was used 
to quantify relative mRNA expression (20).

Statistical analysis. At least three replicates were performed 
per condition in each experiment. All values are expressed 
as the mean ± standard error of the mean. SPSS version 21.0 
(IBM SPSS, Armonk, NY, USA) was used for statistical 
analysis of the data. The statistical significance of differences 
between groups was determined by the Kruskal‑Wallis test and 
Dunnett's multiple comparison test. P<0.05 was considered to 
indicate a statistically significant difference.

Results

Expression of MSK1 is reduced at the protein and mRNA levels 
following SAH. MSK1 exhibits a high‑level expression in the 
nervous system (18), however the function has not been well 
understood. Western blot analysis, immunohistochemistry, 
and conventional and quantitative PCR were performed in 
order to investigate the expression profiles of MSK1 in the 
cortex of rats following simulated SAH.

Western blot analysis at 1, 3, 5, 7 and 14 days demonstrated 
that the expression of MSK1 gradually reduced to a low point 
at 3 days after SAH, and recovered on day 5 onwards (P<0.05; 
Fig. 2). Immunohistochemical staining on cross sections of the 
rat brain also demonstrated the differential expression of MSK1 
between the control and SAH groups at 3 days. Abundant 

Figure 1. Autologous arterial blood was injected into the cisterna magna to 
simulate SAH. Representative images of a control rat brain and a rat brain 
harvested 3  days subsequent to SAH are included. SAH, subarachnoid 
hemorrhage. 

Figure 2. Western blot analysis of MSK1 in brains at various times subse-
quent to SAH. The expression of MSK1 in the cortex gradually reduced to 
a low at 3 days and recovered over the following days. MSK1, mitogen‑ and 
stress‑activated protein kinase 1; SAH, subarachnoid hemorrhage. Values are 
presented as the mean ± standard deviation of triplicate data. *P<0.05 and 
**P<0.01 vs. the control group. 
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Figure 5. Western blot analysis of the protein expression of active caspase‑3 
in rat cortexes at various times subsequent to SAH. The expression of active 
caspase‑3 was elevated subsequent to SAH, reaching a peak at 3 days, and 
was reduced over the following days. SAH, subarachnoid hemorrhage. Values 
are presented as the mean ± standard deviation of triplicate data. *P<0.05 and 
**P<0.01 vs. the control group.

Figure 3. Immunohistochemical staining of MSK1 in cross‑sections of rat brain. Low (x100) and high (x200) magnification views of cross‑sections stained 
with MSK1 antibody in the control and 3 day SAH groups. Abundant MSK1‑positive cells were detected in the control group and MSK1 was greatly reduced 
in the brain at 3 days following SAH. MSK1, mitogen‑ and stress‑activated protein kinase 1; SAH, subarachnoid hemorrhage. 

Figure 4. mRNA expression of MSK1 in rat cortexes at various times subse-
quent to SAH. (A) PCR analysis demonstrated the relatively high expression 
of MSK mRNA in the control group. The levels of MSK1 were reduced at all 
time points following SAH, reaching the minimum value at day 3. (B) There 
was no significant difference between the control, day 1 and day 14. Values 
are presented as the mean ± standard deviation of triplicate data. *P<0.05 and 
**P<0.01 vs. the control group.
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MSK1‑positive cells were detected in the control group, whereas 
MSK1 positivity was visibly reduced in the brain at 3 days after 
SAH (Fig. 3). MSK1 mRNA was reverse transcribed and the 
relative level was assessed with qPCR and conventional PCR. 
MSK1 mRNA was expressed at a relatively high level in the 
control group and was significantly decreased at 3 days in the 
SAH group. The expression level reached the lowest point at 
3 days after SAH, and recovered over the following days, similar 
to the western blot result (Fig. 4). The results indicated that 
MSK1 may be associated with SAH‑induced brain damage.

Detection of neuron and astrocyte apoptosis following SAH. 
Apoptosis serves a vital function in the control of cell numbers 
and removal of damaged cells. A critical step in the apoptosis 
process is the activation of caspases. The effect of MSK1 on 
the apoptosis of neurons and astrocytes in the CNS following 
SAH remains unclear.

A western blot analysis was performed to examine the 
expression of active caspase‑3 (Fig. 5). Its expression was grad-
ually elevated after SAH to a peak at 3 days (P<0.05), which 
was negatively associated with MSK1 expression (Fig. 2).

Figure 6. Double immunofluorescence staining. (A) Double immunofluorescence staining of MSK1, active caspase‑3 and NeuN in the rat cortex subsequent to 
SAH. Active caspase‑3 and NeuN were co‑localized in the brain at 3 days after SAH, indicating that neurons were undergoing apoptosis. MSK1 fluorescence 
overlapped with active caspase‑3 fluorescence. (B) Double immunofluorescence staining for active caspase‑3, GFAP, and MSK1 in the brain cortex following 
SAH. The co‑localization of active caspase‑3 with GFAP was demonstrated. The majority of reactive astrocytes were active caspase‑3 positive 3 days after 
SAH, indicating that astrocytes were undergoing apoptosis. There was co‑localization between active caspase‑3 and MSK1. Scale bars represent 20 µm. MSK1, 
mitogen‑ and stress‑activated protein kinase 1; NeuN, neuronal nuclear antigen; SAH, subarachnoid hemorrhage; GFAP, glial fibrillary acidic protein. 
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In order to examine the association between MSK1 and 
apoptotic neurons at 3 days following SAH, double immuno-
fluorescence staining for active caspase‑3 and MSK1 or NeuN 
was performed. Active caspase‑3 and NeuN were observed 
to co‑localize, suggesting that neurons were undergoing 
apoptosis. Furthermore, when MSK1 and active caspase‑3 
fluorescence images were merged, MSK1 and active caspase‑3 
appeared to frequently co‑localize (Fig. 6A).

To assess the association between MSK1 and apoptotic 
astrocytes, double immunofluorescence staining for GFAP or 
MSK1 and active caspase‑3 was performed. GFAP and active 
caspase‑3 immunoreactivity were observed in the cortex at 
day 3 post‑SAH. Double labeling revealed the co‑localization 
of active caspase‑3 with GFAP, suggesting that there were 
apoptotic astrocytes. Additionally, MSK1 expression was 
observed in a number of apoptotic astrocytes as evaluated 
by active caspase‑3 staining. MSK1 reactivity coincided with 
astrocyte apoptosis in adjacent serial sections (Fig. 6B). These 
data indicated that MSK1 may serve a role in the apoposis of 
neurons and astrocytes following SAH.

Discussion

SAH is accompanied by a number of complicated molecular 
mechanisms in the brain which may result in ongoing cellular 
damage, the formation of scar tissue and neurological dysfunc-
tion. Several events, including increased intracranial pressure, 
transient global ischemia and blood clots obstructing the cere-
bral vasculature, may be responsible for the development of 
brain damage following SAH (21,22). Experimental evidence 
supports that vasospasms induce neurological deterioration in 
the processes of secondary brain dysfunction (23,24). However, 
clinical evidence suggests that certain patients deteriorate 
neurologically without vasospasms subsequent to SAH and 
preventing vasospasms does not always improve the patient 
outcome (9). A possible reason is that other processes injure 
neurons following SAH. Previous reseach has revealed that the 
delayed apoposis of neurons and astrocytes may be an impor-
tant reason for a poor outcome in patients with SAH (10,11). 
The purpose of the present study was to identify if MSK1, a 
protein from a particularly interesting family of MAPKs, is 
associated with this process, and to outline future possibilities 
of for improving the treatment of patients subsequent to SAH.

MSK1 contains two kinase domains and can be activated 
in vivo downstream of the MAPK2/mitogen‑activated protein 
kinase 1 or MAPK11/14 cascades by the phosphorylation of 
Thr581, located within the C‑terminal kinase domain (15). 
Once activated, the N‑terminal domain phosphorylates 
substrates including NFκB, CREB, histone subunit H3, and 
HMGN1. In the present study, the dynamic changes to MSK1 
expression following SAH were investigated with a model 
of autologous blood injections. Double immunofluorescence 
staining revealed that MSK1 expression occurred in neurons 
and astrocytes at 3 days following SAH. These data correspond 
with the hypothesis that MSK1 is associated with the patho-
physiology of the CNS following SAH. Furthermore, it can 
be concluded that MSK1 might perform an important role the 
molecular mechanisms of brain damage subsequent to SAH.

MSKs regulate the IE genes, plasticate neuronal synapses 
and accommodate cytokine production. It was previously 

established that MSK1 represents a novel type of anti‑cell 
death gene, which may enhance the phosphorylation of 
Bcl2‑associated agonist of cell death (Bad) (25). The phos-
phorylation of Bad at Ser112 in response to growth factors 
or cytokines is a common mechanism for cell survival. The 
knockdown of MSK1 suppressed Bad phosphorylation subse-
quent to calcium ionophore A23187 treatment in neuronal cells 
in a previous study (18). In the present study, the expression of 
active caspase‑3, which can initiate and effect the process of 
apoptosis, was negatively correlated with MSK1. Double immu-
nofluorescence staining demonstrated that active caspase‑3 and 
NeuN were co‑localized in the rat brain at 3 days subsequent to 
SAH. Furthermore, MSK1 fluorescence overlapped with active 
caspase‑3 fluorescence. These data suggested that MSK1 may 
be associated with neuronal apoptosis subsequent to SAH. The 
detailed mechanisms for this require further study.

Astrocytes are one of the main types of cell that constitute 
the normal CNS parenchyma. CNS regeneration requires a 
largely astrocytic environment (26). However, the role of the 
astrocyte is under debate. Although astrocytes secrete impor-
tant growth factors for neurons and prevent damage signals from 
spreading throughout the brain, the role following CNS injury 
appears detrimental to neuronal survival, axonal outgrowth 
and remyelination, preventing repair processes (27‑29). The 
data of the present study revealed the co‑localization of 
MSK1/active caspase‑3 and GFAP/active caspase‑3 in the 
brains at 3 days subsequent to SAH. These data indicated that 
MSK1 may serve a function in the procedure of astrocytic 
apoposis subsequent to SAH. Though the same comments as 
the previous paragraph regarding neuronal death apply, the 
cause of astrocyte apoposis following SAH remains unknown.

In summary, the present study revealed, for the first time, 
the expression of MSK1 following SAH. The co‑localization 
and correlating changes in expression of MSK1/active 
caspase‑3 at neurons and astrocytes indicated that MSK1 
downregulation may contribute to SAH‑induced apoptosis. 
To further understand the effect of MSK1 in the diversity of 
responses that may occur subsequent to SAH is a challenge for 
future investigations.
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