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Abstract. Increasing evidence indicates that early brain injury 
(EBI) can contribute to poor outcomes following subarach‑
noid hemorrhage (SAH), and is associated with apoptosis. 
Cyclin‑dependent kinase  5  (Cdk5) is a key mediator of 
neuronal viability. The role of Cdk5 in several neurological 
disorders has been elucidated; however, its role in EBI after 
SAH remains unclear. The present study aimed to explore 
the involvement of Cdk5 in EBI after SAH. The expression 
levels of Cdk5, Cdk5 phosphorylated at Tyr15 (Cdk5‑pTyr15) 
and p25 (a Cdk5 activator) were assessed by western blotting, 
and the cell distribution of Cdk5 was demonstrated by double 
immunofluorescence. The expression levels of caspase‑3 
and cytochrome c were evaluated by western blotting to 
assess the severity of neuronal apoptosis. Nissl and TUNEL 
staining experiments were performed to observe the effects 
of roscovitine, a Cdk5 inhibitor, on EBI following SAH. The 
results indicated that the expression levels of Cdk5, p25 and 
Cdk5‑pTyr15 significantly increased in the rat temporal cortex 
following SAH. Immunofluorescence staining indicated that 
Cdk5 was expressed in the neurons and astrocytes of the rat 
cortex after SAH and that Cdk5 underwent nuclear translo‑
cation in neurons. Roscovitine administration effectively 
inhibited Cdk5 activation. In conclusion, roscovitine treatment 
significantly mitigated EBI and alleviated cerebral edema 
following SAH. These findings suggest that Cdk5 is an impor‑
tant target in SAH therapy.

Introduction

Subarachnoid hemorrhage (SAH) is frequently observed in 
severe diseases, and is associated with a high mortality ratio 

and high disability rate worldwide (1). The mortality rate from 
SAH is ~50% in population‑based studies in the USA with 
a trend towards gradual improvement (2,3). The majority of 
SAH‑related studies performed previously focused on cerebral 
vasospasm (CVS) following SAH. Several treatments, such as 
circulatory volume expansion, endothelin receptor antagonists 
and calcium antagonists, have been applied to prevent vaso‑
spasm; however, the reversal of CVS did not improve clinical 
outcomes following SAH (4).

Increasing numbers of clinical studies have reported that 
the majority of post‑SAH mortalities occur rapidly and are 
caused largely by early brain injury (EBI), which begins to 
develop within minutes after the initial bleeding started (5‑7). 
Mounting evidence shows that the alleviation of EBI increases 
neurological function and ameliorates cognitive deficits in 
experimental SAH (8,9). Therefore, EBI, which occurs within 
24‑72 h following SAH, may account for the abovementioned 
poor outcomes following SAH.

The molecular mechanism underlying EBI development 
after SAH is complex and involves cerebral edema, blood‑brain 
barrier (BBB) disruption or microvasculature dysfunction. 
Among the mechanisms aforementioned, apoptosis has been 
revealed to be an important player in EBI (10). Endothelial 
apoptosis has been revealed to cause BBB breakdown and 
consequently induce brain edema. Moreover, a study also 
revealed that neuronal apoptosis is an essential part of EBI 
following SAH (11), whereas inhibition of apoptosis has been 
demonstrated to exert protective effects against SAH, thereby 
decreasing mortality and improving neurological outcomes in 
SAH animal models (12).

Cyclin‑dependent kinase 5 (Cdk5), a proline‑directed 
serine‑threonine kinase, is highly expressed in cells of the 
nervous system (13). A previous study has demonstrated that 
Cdk5 is involved in balancing survival and apoptosis of neurons 
in the central nervous system (14). In contrast to canonical 
Cdk‑signaling, Cdk5 does not function in cell cycle regulation; 
Cdk5 is instead involved in cytoskeletal protein phosphoryla‑
tion, neurogenesis, cognition and neuronal survival in the brain 
under physiological conditions (15). Cdk5 is also activated by 
the non‑cyclin proteins p35 and p39, which are predominantly 
expressed in the CNS under physiological conditions (16). 
However, during neurotoxic stress, Cdk5 binds with p25 
(a Cdk5 activator), which triggers Cdk5 hyperactivation. 
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Aberrant Cdk5 activity leads to the hyperphosphorylation 
of several downstream substrates, contributing to cellular 
dysfunction and the development of neurological disease (17).

Previous studies have indicated that expression levels of 
Cdk5 and Cdk5 phosphorylated at Tyr15 (Cdk5‑pTyr15) in 
the human brain increased significantly after acute ischemic 
stroke, and that inhibition of Cdk5 significantly reduced infarct 
volumes on day 1 in animal stroke models (18‑20). However, 
the biological functions of Cdk5 in EBI after SAH are still 
unclear. Thus, the present study aimed to investigate the role 
of Cdk5 in EBI following SAH.

Materials and methods

Animal sourcing. In total, 138 male Sprague‑Dawley rats 
(weight, 250‑320 g; 6‑8 weeks) were purchased from Jinling 
Hospital (Nanjing, China). Rats were first acclimated to 
animal cabinets at 23±1˚C, with 100% fresh air, 50% humidity 
and free access to food and water under 12‑h light/dark 
cycles. All study protocols regarding surgical procedures and 
animal usage were approved by The Ethics Committee of 
the Affiliated Suqian Hospital of Xuzhou Medical University 
(Suqian, China) and conformed to the Guide for the Care and 
Use of Laboratory Animals (8th edition) by National Research 
Council (US) Committee (21).

Induction of experimental SAH. The prechiasmatic injection 
model of SAH was prepared by modifying some previous 
procedures (22‑24). Briefly, male Sprague‑Dawley rats were 
anesthetized via intraperitoneal injections of sodium pento‑
barbital (40 mg/kg). A midline scalp incision was made and 
a 1‑mm hole was created at a location 7.5‑8.0 mm above 
the bregma  (25). A pre‑chiasmatic cistern SAH injection 
model (25) was established by drawing 300 µl fresh autolo‑
gous arterial blood from the rat's femoral artery using insulin 
needles before drilling a 1‑mm hole above the bregma. The 
blood was slowly injected into the pre‑chiasmatic cistern via 
the hole, which was fed into the hole and then removed after 
blood was injected. After these steps, the rats were returned to 
their home cages and fed normally. The room temperature was 
set at 23±1˚C.

Experimental design. To analyze the expression levels of 
Cdk5, Cdk5‑pTyr15 and p25 after SAH, rats were randomly 
assigned into six groups in time course experiments: Sham 
(n=6), 6 h after SAH (n=6), 12 h after SAH (n=6), 1 day after 
SAH (n=6), 3 days after SAH (n=6) and 5 days after SAH 
(n=6). Immunofluorescence assay was used to determine the 
cellular localization of Cdk5 (Sham, n=6; 1 day after SAH, 
n=6). The rats in the sham group were injected with the same 
volume of 0.9% saline into the bregma hole with reference to 
procedures mentioned above.

To explore the role of Cdk5 following SAH, a total of 90 
rats were randomly assigned to four groups: i) A sham (20% 
PBS) group (n=24); ii) a SAH + vehicle group (n=24); iii) a 
SAH + roscovitine (50 µg) group (n=18); and iv) a SAH + 
roscovitine (100 µg) group (n=24). Roscovitine was adminis‑
tered at 30 min after blood injection in the SAH + roscovitine 
groups. The same volume of 20% physiological salt solution 
was simultaneously administered to the SAH + vehicle group. 

All rats were sacrificed on day 1 after SAH after injection 
with intraperitoneal injection of 1% sodium pentobarbital 
(150 mg/kg). Confirmation of rat death was confirmed when 
the heart stopped beating. Next, the rats were transcardially 
perfused with PBS via the left ventricle. After the blood clots 
were cleared from the brain tissues, the temporal lobe was 
dissected for further assays. The brain tissue samples (40 µm) 
reserved for western blotting were immediately frozen in 
‑80˚C liquid nitrogen, whereas those for the TUNEL and Nissl 
staining experiments were fixed with 10% neutral‑buffered 
formalin at 30˚C for 24 h.

Drug administration. Roscovitine, a Cdk5 inhibitor purchased 
from Santa Cruz Biotechnology, Inc., was dissolved in 20% 
dimethylsulfoxide (physiological salt solution). The induction 
of anesthesia was performed in a small induction chamber, 
where the flow of oxygen‑4% isoflurane is 2  l/min for 
3‑4.5 min. After 3 min, the foot was gently pinched with twee‑
zers at 30‑sec intervals to test the anesthesia state. Roscovitine 
(50 or 100 µg in 10 µl of 20% physiological salt solution) or 
the same volume of physiological salt solution was intracere‑
broventricularly administered into each rat at 30 min after 
sham injury or SAH during, which a new 1.0‑mm lateral hole 
at 1.5 mm behind the bregma was made, through which the 
drug was administered. The drug dose utilized in this study 
was selected based on a previous study using a traumatic brain 
injury model (26).

Western blotting. Brain tissues isolated from the temporal 
cortex were homogenized. The samples were subsequently 
diluted (1:1) in RIPA buffer (50 mM Tris‑HCl pH 7.2, 150 mM 
NaCl, 1% NP‑40, 0.1% SDS, 0.5% DOC, 1 mM PMSF, 25 mM 
MgCl2 and supplemented with a phosphatase inhibitor cock‑
tail) and boiled for ≥5 min at 100˚C. Protein concentration 
was estimated using the Bradford method (27). In total, 20 µg 
proteins were then separated by 10% SDS‑PAGE and trans‑
ferred onto a polyvinylidene fluoride membrane, which was 
blocked for 30 min in 5% non‑fat milk in 1X TBS‑0.1% Tween 
at 37˚C and then incubated with primary antibodies at 37˚C 
for Cdk5 (1:1,000, cat. no. ab40773; Abcam), Cdk5‑pTyr15 
(1:1,000; cat. no. AP55874PU‑N; OriGene Technologies, Inc.), 
p25 (1:1,000; cat. no. ab125653; Abcam) and β‑actin (1:1,000; 
cat. no. ab8226; Abcam) overnight. The membranes were then 
incubated with secondary antibodies [1:1,000; goat anti‑rabbit 
IgG H&L (HRP); cat. no. ab97051; Abcam] for 1 h at 37˚C 
and bands of blotted protein were visualized using enhanced 
chemiluminescence (Thermo Fisher Scientific, Inc.). All data 
was normalized to the corresponding expression level of 
β‑actin using ImageJ 1.8.0 (National Institutes of Health).

Immunofluorescence staining. Double immunofluorescence 
staining experiments were performed as per methods previously 
described by our laboratory (22). Before immunofluorescence 
staining, frozen temporal cortex tissue sections (6‑µm) were 
warmed at 26˚C for 30 min and fixed in ice‑cold acetone or 
other alternate 4% paraformaldehyde fixatives for 10 min. The 
sections were blocked in 5% FBS for 60 min and incubated 
with primary antibodies (Anti‑NeuN antibody‑Neuronal 
Marker; 1:100; cat. no. ab177487; Abcam; Anti‑GFAP anti‑
body; 1:100; cat. no. ab7260; Abcam; and Cdk5‑antibody; 1:50; 
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cat no sc‑6247; Santa Cruz Biotechnology, Inc.) for 1 h at room 
temperature. The sections were washed and incubated with 
appropriate secondary antibodies (Alexa Fluor® 594‑conju‑
gated goat anti‑rabbit IgG H&L; 1:300, cat. no. ab150080; 
Abcam; and Alexa Fluor® 488‑conjugated goat anti‑mouse 
IgG H&L; 1:300, cat. no. ab150113; Abcam) for 1 h at 26˚C. 
Cell nuclei were stained using 4‑diamidino‑2‑phenylindole 
(DAPI). Fluorescence microscopy was performed with a 
ZEISS HB050 inverted microscope (magnification, x40; 
Carl Zeiss AG) and six views of fields were processed using 
Image‑Pro Plus 7.0 (Media Cybernetics, Inc.).

Brain water content. After the rats were sacrificed, the 
cerebella were removed and brain hemispheres were dissected 
to determine the wet weights. Brain water content was 
determined using the following formula [(wet weight‑dry 
weight)/wet weight] x100%. The brains were fixed using 4% 
paraformaldehyde for 30 min at room temperature.

Nissl staining. The same portion of the temporal cortex was 
used from each rat for Nissl staining. After deparaffinization 
and rehydration, the slice was wash in 100% ethanol twice for 
10 min each, then twice 95% in ethanol for 10 min each. It 
was then washed in deionized H2O for 1 min with stirring. 
The slides were placed in a container and covered with 10 mM 
sodium citrate buffer, pH 6.0; or with 50 mM glycine‑HCl 
buffer (glycine: sc‑29096), pH 3.5, with 0.01% (w/v) EDTA 
(EDTA: sc‑29092) and heated at 95˚C for 10 min. The 6‑µm 
sections were stained with 1% toluidine blue for 2‑3 min at 
room temperature. The slices were rinsed with distilled water, 
and washed with 70, 95 and 100% ethanol for differentiation. 
Subsequently, the sections were dehydrated in an ascending 
xylene series and mounted using a light microscope (Leica 
DM750M; Leica Microsystems GmbH (x400 magnification) 
in six randomly selected sections were subsequently evaluated 
using a light microscope and surviving neurons in each section 
were averaged. The average number of surviving neurons 
across three sections was considered the number of surviving 
neurons for each sample. All analyses were performed by 
three pathologists with no knowledge of group assignments.

TUNEL staining. Apoptotic cells were detected using a TUNEL 
detection kit (QIA 33; Merck & Co., Inc.) using the protocol 
previously described (28). Briefly, after washing with PBS, the 
proteinase K (20 g/ml, Sigma‑Aldrich; Merck KGaA)‑digested 
tissues were incubated in 3% hydrogen peroxid‑PBS, following 
which they were incubated with TUNEL reaction fluid (Roche 
Diagnostics GmbH) for 1 h at 37˚C. The sections were then 
incubated with HRP‑conjugated anti‑digoxigenin antibodies 
(1:10,000; cat. no. ab6212; Abcam) for 2 h at room tempera‑
ture. In total, 0.05% DAB was adopted to stain the sections 
for 5‑10 min at room temperature, which were lightly coun‑
terstained with hematoxylin for 2 min at room temperature. 
Apoptotic cells were analyzed in six fields of view (magnifica‑
tion, x40) using a light microscope (Leica DM750M; Leica 
Microsystems GmbH) and were processed using Image‑Pro 
Plus 7.0 (Media Cybernetics, Inc.).

Neurological scores. Neurological scores were evaluated on day 1 
after SAH using the scoring method proposed by Garcia (29). 

The scoring system includes categories for spontaneous activity 
(0‑3), symmetry of movements (0‑3), symmetry of the forelimbs 
(0‑3) and the climbing ability on the cage wall (1‑3), as well as 
sensory scores, which were determined by assessing responses 
to touching of the vibrissae or the sides of the trunk (1‑3). All 
six individual scores were summed, and the value obtained was 
considered the neurological score for each rat.

Statistical analysis. Data are presented as means ± SEM 
and were analyzed with SPSS 17.0 (SPSS, Inc.). All the data 
apart from neurological score were compared using one‑way 
ANOVA with post hoc Tukey's test. Neurological score was 
analyzed using Kruskal‑Wallis with post hoc Dunn's Test. 
P<0.05 was considered to indicate a statistically significant 
difference.

Results

Western blotting results of Cdk5, Cdk5‑pTyr15 and p25 
expression. The sham group exhibited low expression levels 
of Cdk5 and Cdk5‑pTyr15 (Fig. 1A‑C). However, following 
SAH, Cdk5 and Cdk5‑pTyr15 expression level were signifi‑
cantly upregulated in the SAH group compared with those 
in the sham group. The expression of Cdk5 peaked on day 1, 
whereas Cdk5‑pTyr15 expression peaked at 12 h following 
SAH (P<0.01; Fig. 1B and C). The time course of p25 expres‑
sion was similar to those of Cdk5 and Cdk5‑pTyr15, where p25 
protein levels increased significantly and peaked on day 1 after 
SAH (P<0.01; Fig. 1D) in SAH group compared with those 
in the sham group. The protein ratio of Cdk5‑pTyr15/Cdk5 
expression is presented in Fig. 1E. Following SAH, the protein 
ratio of Cdk5‑pTyr15/Cdk5 expression were significantly 
regulated in the SAH group compared with those in the sham 
group, which peaked at 12 h following SAH (P<0.01; Fig. 1E).

Immunofluorescence staining of Cdk5 after SAH. Cdk5 
was colocalized with neuronal nuclei in the sham and SAH 
groups, suggesting that Cdk5 is expressed in both healthy and 
post‑SAH rat brain neurons. Following SAH, Cdk5 translo‑
cated to the nucleus in the SAH group but not in the sham 
group (Fig. 2). Cdk5 was weakly expressed in glial fibrillary 
acidic protein‑positive cells of the sham group; however, 
enhanced Cdk5 immunoreactivity was observed in the astro‑
cytes of the SAH group, demonstrating that Cdk5 is activated 
in astrocytes following SAH (Fig. 2).

Roscovitine decreases Cdk5‑pTyr15 expression. The 
SAH + roscovitine group exhibited significantly upregulated 
Cdk5‑pTyr15 expression in the temporal cortex on day 1 after 
SAH compared with the sham + vehicle group (P<0.01; Fig. 3). 
Moreover, treatment with roscovitine suppressed Cdk5‑pTyr15 
expression in a dose‑dependent manner in the SAH + roscovi‑
tine group, and treatment with high‑dose roscovitine (100 µg) 
significantly inhibited Cdk5‑pTyr15 expression in the SAH + 
roscovitine group compared with the SAH + vehicle group 
(P<0.01; Fig. 3).

Influence of roscovitine on brain edema and neurobehavioral 
deficits after SAH. SAH led to a significantly elevated level of 
brain water content in the SAH + vehicle group compared with 
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that in the sham + vehicle group. Roscovitine (50 µg) admin‑
istration failed to alleviate brain edema; however, roscovitine 
(100 µg) administration elicited a noticeable decrease in brain 
water content in the SAH + roscovitine (100 µg) group in 
contrast to the SAH + vehicle group (P<0.05; Fig. 4A). These 
findings indicated that roscovitine attenuated brain edema.

The SAH + vehicle group demonstrated significantly lower 
neurological scores compared with the sham + vehicle group; 
however, the rats that received roscovitine (100  µg) after 
SAH exhibited a significant increase in neurological scores 
compared with the SAH + vehicle group (P<0.05; Fig. 4B). 
However, no significant difference was revealed in neuro‑
logical behavior between the SAH + roscovitine (50 µg) and 
SAH + vehicle groups.

Roscovitine‑induced increases in neuronal survival after 
SAH. Nissl staining of the temporal cortex was performed to 
explore the neuroprotective effect of roscovitine. The sham + 
vehicle group exhibited neuronal cells with clear outline and 
compact structures and cytoplasm (Fig. 5A). After SAH, the 

majority of neurons were damaged and exhibited extensive 
degenerative changes. The neurons were sparsely arranged, 
appeared to have lost their integrity, and exhibited shrunken 
cytoplasm and swollen cell bodies (Fig. 5B‑D). However, 
roscovitine (100  µg) treatment significantly reduced the 
percentage of damaged neurons in the SAH + roscovitine 
(100 µg) group compared with that in the SAH + vehicle 
group (P<0.05; Fig. 5E).

SAH inhibits cortical neuronal apoptosis af ter SAH. 
The dose of 100 µg of roscovitine was selected for this 
experiment because it was determined to be most effective 
dose based on the results of the above‑described experi‑
ments. Few TUNEL‑positive neurons were found in the 
temporal cortex of the sham + vehicle group (Fig. 6A‑C). 
The SAH + vehicle group demonstrated a significantly 
increased percentage of apoptotic neurons compared with 
the sham + vehicle group; however, roscovitine treat‑
ment (100  µg) significantly reduced the percentage of 
TUNEL‑positive cells in the SAH + roscovitine (100 µg) 

Figure 1. Expression levels of Cdk5, Cdk5‑pTyr15 and p25 over time following SAH. (A) Representative autoradiograms of the expression levels of Cdk5, 
Cdk5‑pTyr15 and p25 in the temporal cortex following SAH. Quantitative analysis of the western blotting results; (B) Cdk5 protein levels significantly 
increased at 12 h and on day 1 after SAH; (C) Cdk5‑pTyr15 protein levels increased at 6 and 12 h and on day 1 after SAH; and (D) p25 protein levels increased 
on days 1 and 3 after SAH. (E) Quantified ratio of Cdk5‑pTyr15/Cdk5 expression. *P<0.05, **P<0.01 compared with the sham group. Cdk5, cyclin‑dependent 
kinase 5; Cdk5‑pTyr15, Cdk5 phosphorylated at Tyr15; SAH, subarachnoid hemorrhage.
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group compared with the SAH + vehicle group (Fig. 6D). 
These results indicated that roscovitine treatment alleviated 
neuronal apoptosis after SAH.

Effects of roscovitine on the expression of cytochrome  c 
and caspase‑3. Compared with the sham + vehicle group, 
the SAH + vehicle group displayed significantly increased 

Figure 2. Double‑immunofluorescence staining of Cdk5 after SAH. Cdk5 (green), NeuN (red) and GFAP (red) in the sham and day 1 post‑SAH groups; nuclei 
were counterstained with DAPI (blue). Overlapping images show that Cdk5 was expressed in neurons and astrocytes in both the sham and SAH groups. 
Cdk5 was mainly expressed in the neuronal cytoplasm in the sham group; however, Cdk5 translocated to the nucleus after SAH (white arrows). Moreover, 
enhanced Cdk5 immunoreactivity was detected in the astrocytes of the SAH group compared with those of the sham group after SAH (scale bars, 20 µm). 
Cdk5, cyclin‑dependent kinase 5; NeuN, neuronal nuclei; GFAP, glial fibrillary acidic protein; SAH, subarachnoid hemorrhage.

Figure 3. Effects of roscovitine on Cdk5‑pTyr15 expression. (A) Cdk5‑pTyr15 expression, as demonstrated by western blotting. (B) Quantitative western blot‑
ting results for Cdk5‑pTyr15/β-actin expression. (C) Quantitative western blotting results for Cdk5‑pTyr15/Cdk5. Roscovitine (100 µg) treatment significantly 
inhibited SAH‑induced Cdk5‑pTyr15 upregulation. **P<0.01 compared with the sham + vehicle group; ##P<0.01 compared with the SAH + vehicle group. 
Cdk5‑pTyr15. SAH, subarachnoid hemorrhage; Cdk5‑pTyr15, Cdk5 phosphorylated at Tyr15.
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expression levels of cytochrome c and caspase‑3 (P<0.05; 
Fig. 7A and B). However, cytochrome release and caspase‑3 
cleavage were both significantly decreased after roscovitine 
(100 µg) treatment in the SAH + roscovitine (100 µg) group 
compared with the SAH + vehicle group (Fig. 7A and B).

Discussion

The present study determined that SAH led to upregulation of 
the expression levels of Cdk5, p25 and Cdk5‑pTyr15 proteins. 
Immunofluorescence staining highlighted the expression of 
Cdk5 after SAH and that Cdk5 underwent nuclear transloca‑
tion in neurons. In addition, intracisternal administration 

of roscovitine effectively improved neurological function, 
reduced the number of apoptotic cells and alleviated brain 
edema. Furthermore, SAH induced the upregulation of the 
expression levels of cytochrome c and caspase‑3, whereas 
roscovitine treatment significantly reduced the expression 
of these proteins. Thus, the present study provided strong 
evidence that Cdk5 was an important participant in the devel‑
opment of EBI following SAH and may represent a focus for 
potential SAH treatment in the future.

Previous studies confirmed that Cdk5 is activated in 
several diseases of the nervous system, such as Alzheimer's 
disease (30), cerebral ischemia (31) and Parkinson's disease (32). 
One regulatory mechanism of Cdk5 kinase activity is the 

Figure 4. Effects of roscovitine on neurological scores and brain water content. (A) Brain water content was clearly elevated day 1 post after SAH. Roscovitine 
(100 µg) administration noticeably decreased brain water content after SAH. (B) Neurological scores of the rats decreased on day 1 following SAH. Treatment 
with roscovitine (100 µg) significantly improved neurological scores in the SAH + roscovitine group. n=6 in each group. *P<0.05 compared with the sham + 
vehicle group; #P<0.05 compared with the SAH + vehicle group; nsP>0.05 compared with the SAH + vehicle group. SAH, subarachnoid hemorrhage.

Figure 5. Effect of roscovitine on neuronal survival. Representative slides of Nissl staining in the temporal cortex of the (A) sham + vehicle, (B) SAH + vehicle, 
(C) SAH + roscovitine (50 µg) and (D) SAH + roscovitine (100 µg) groups. (E) SAH + vehicle group exhibited severe neuronal loss; however, roscovitine 
(100 µg) significantly increased the percentage of surviving neurons. n=6 in each group. Scale bars, 50 µm. *P<0.05 compared with the sham + vehicle group; 
#P<0.05 compared with the SAH + vehicle group; nsP>0.05 compared with the SAH + vehicle group. SAH, subarachnoid hemorrhage.
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phosphorylation of conserved residues (33). Phosphorylation 
of Tyr15 residue of Cdk5 has a stimulatory effect and increases 
Cdk5 kinase activity (14,34). In the present study, Cdk5 and 
Cdk5‑pTyr15 were significantly upregulated in the rat cortex 

following SAH, indicating that Cdk5 kinase activity was 
increased. In addition, as aberrant activation of Cdk5 requires 
the help of the activator protein p25 (35), the protein levels of 
p25 were investigated and it was revealed that p25 expression 

Figure 7. Western blotting results. (A) Cytochrome c and (B) cleaved caspase‑3 in the post‑SAH temporal cortex. Expression of cytochrome c and caspase‑3 
increased significantly on day 1 after SAH, and treatment with roscovitine (100 µg) significantly reduced the expression of these proteins. *P<0.05 compared 
with the sham + vehicle group; #P<0.05 compared with the SAH + vehicle group. SAH, subarachnoid hemorrhage.

Figure 6. TUNEL staining results. (A) Sham + vehicle, (B) SAH + vehicle, and (C) SAH + roscovitine (100 µg) groups. (D) Apoptotic index (percentage 
of apoptosis) was significantly greater in the SAH + vehicle group compared with the sham + vehicle group. Roscovitine treatment significantly decreased 
the post‑SAH apoptotic index. Scale bars, 50 µm. *P<0.05 compared with the sham + vehicle group; #P<0.05 compared with the SAH + vehicle group. 
SAH, subarachnoid hemorrhage.
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was elevated after SAH. p25 has a significantly longer half‑life 
compared with other proteins and can have deleterious effects 
in neurons (30,36). Increases in p25 protein expression can 
prolong Cdk5 activation. The current study provided evidence 
of Cdk5 activation in the rat brain after SAH.

A previous study suggested that Cdk5 is a regulator of 
various neuronal cell death cascades  (37). However, some 
studies have provided contradictory evidence indicating that 
Cdk5 provides neuroprotection in some conditions (38,39). 
Several studies have revealed that the influence of Cdk5 on cell 
death depended on its subcellular localization as opposed to its 
activity. These studies suggested that Cdk5 plays a pro‑survival 
role in the cytoplasm but participates in death signaling within 
the nucleus (40‑42). The present study suggested that Cdk5 
was mostly expressed in the cytoplasm in the sham group but 
translocated to the nucleus after SAH, indicating that Cdk5 
participates in neuronal cell death after SAH.

Brain edema has been described as an accurate predictor 
of EBI and an independent risk factor for unsatisfactory 
outcomes in patients with SAH (43). Edema increases the 
mass and ICP following SAH, which may lead to direct 
brain tissue damage and ultimately, herniation. Mounting 
evidence and data has demonstrated that apoptosis is 
strongly associated with the development of brain edema 
after SAH (44,45). Endothelial cell apoptosis causes BBB 
breakdown, thereby inducing brain edema. Moreover, 
neuronal apoptosis contributes to cytotoxic brain edema, 
resulting in subsequent neurological deficits  (46,47). To 
further elucidate the effects of Cdk5, the present study 
treated SAH rats with roscovitine, a selective inhibitor of 
Cdk5. As expected, roscovitine significantly alleviated 
brain edema after SAH. Furthermore, roscovitine also 
reduced the number of apoptotic cells and accelerated 
the recovery of neurological function following SAH. 
Therefore, it is concluded that the inhibition of Cdk5 allevi‑
ated brain edema and decreased neurobehavioral deficits by 
mitigating neuronal apoptosis following SAH.

Accumulating evidence indicates that apoptosis is an 
important intracellular pathway following SAH  (48,49). 
Although the precise mechanisms underlying apoptosis 
have not been fully elucidated, mitochondrial dysfunction 
has been demonstrated to be involved in apoptosis  (40). 
During apoptosis, the permeability of the outer mito‑
chondrial membrane increases, leading to the leakage 
of cytochrome c into the cytosol. Interaction between 
cytochrome c and Apaf‑1 facilitates the formation of an 
apoptosome and activates caspase‑3, leading to neuronal 
apoptosis (50). Cdk5 is involved in mitochondrial dysfunc‑
tion; it triggers mitochondrial fission and is an upstream 
regulator of the mitochondrial pathway  (51). Blocking 
Cdk5 activity prevents mitochondria from releasing cyto‑
chrome c and preserves mitochondrial integrity in injured 
neurons (52). The current study measured cytochrome c and 
caspase‑3 protein levels to further explore the mechanism 
by which roscovitine exerts its anti‑apoptotic effects. The 
results of the present study suggested that the expression 
of cytochrome c and caspase‑3 substantially increased 
after SAH, which confirmed the results of previous studies. 
However, treatment with roscovitine (100 µg) significantly 
decreased the expression levels of cytochrome c and 

caspase‑3, indicating that roscovitine attenuates neuronal 
apoptosis after SAH by inhibiting the expression levels of 
cytochrome c and caspase‑3, thereby reducing brain edema 
and restoring neurological function.

The present study has certain limitations. Roscovitine is not 
a specific inhibitor of Cdk5 because it also inhibits Cdc2 and 
Cdk2 (53). However, previous studies have revealed that Cdk5 
is expressed mainly in post‑mitotic neurons, whereas Cdc2 
and Cdk2 are expressed only at the embryonic stage (54,55). 
Furthermore, all Cdk activity other than Cdk5 activity is 
suppressed in mature neurons (56,57). Kinase activity cannot 
be directly measured, so the content of phosporylated‑cdk5 
was indirectly measured based on previous literature (58). 
Therefore, in conclusion, it is reasonable to speculate that the 
neuroprotective effects noted in this experiment occurred 
mainly through the inhibition of Cdk5 by roscovitine.

In summary, the results of the present study demon‑
strated that SAH significantly upregulated the expression 
levels of Cdk5, p25 and Cdk5‑pTyr15 and induced apparent 
EBI. Cdk5 inhibition by roscovitine protected neurons from 
apoptosis following SAH. Moreover, caspase‑3 and cyto‑
chrome c were closely associated with the anti‑apoptotic 
effects of roscovitine on the brain cells following experi‑
mental SAH. These data and results demonstrated that 
Cdk5 plays a role in EBI after SAH and provides support 
for the hypothesis that Cdk5 inhibitors can be developed as 
therapeutic agents for SAH.
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