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Abstract

Background and Purpose—Since tozasertib is neuroprotective for injured optic nerve, this 

study is intended to test whether tozasertib reduces early brain injury after subarachnoid 

hemorrhage (SAH) in a rat model.

Methods—One hundred fifty-five (155) male Sprague-Dawley rats were randomly subjected to 

endovascular perforation model of SAH and sham group. SAH grade, neurological score, and 

brain water content were measured at 24 and 72 hours after SAH. Dual leucine zipper kinase 

(DLK) and its downstream factors, JNK-interacting protein 3 (JIP3), MA2K7, p-JNK/JNK (c-Jun 

N-terminal kinase), and apoptosis related proteins cleaved caspase-3 (CC-3), Bim, Bcl-2, and 

cleaved caspase-9 (CC-9) were analyzed by western blot at 24 hours after SAH. Apoptotic cells 

were detected by terminal deoxynucleotid transferase-deoxyuridine triphosphate (dUTP) nick end 

labeling (TUNEL). DLK small interfering RNA (siRNA), JIP3 siRNA and MA2K7 siRNA, the 

JNK, p38MAPK, and MEK inhibitors SP600125, SB203580, and PD98059 were used for 

intervention.

Results—Tozasertib reduced neuronal apoptosis, attenuated brain edema and improved 

neurobehavioral deficits 24 and 72 hours after SAH. At 24 hours After SAH, DLK/JIP3/

MA2K7/p-JNK/CC-3 expressions were elevated markedly and tozasertib reduced DLK, 

MA2K7/p-JNK/CC-3 expressions but enhanced JIP3 expression. In the presence of tozasertib, 

DLK/JIP3/MA2K7 siRNA and SP600125, SB203580 and PD98059 deteriorated the 

neurobehavioral deficits, brain edema and increased the expression of CC-3. SAH potentiated the 
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expression of Bim, CC-9, and CC-3 but reduced Bcl-2, while tozasertib reduced expression of 

Bim, CC-9, and CC-3 but enhanced Bcl-2.

Conclusions—Tozasertib reduced neuronal apoptosis and improved outcome possibly via DLK/

JIP3/MA2K7/JNK pathways after SAH.

Keywords

subarachnoid hemorrhage; early brain injury; tozasertib; DLK; apoptosis

1. Introduction

Subarachnoid hemorrhage (SAH) is a deadly stroke subtype with high mortality and 

morbidity (Etminan, 2015; Grunwald et al., 2014). Cerebral vasospasm, hydrocephalus and 

early brain injury are regarded as the major complications after SAH (Chen et al., 2013a; 

Hasegawa et al., 2015). Early brain injury starts from the onset of SAH and lasts up to 72 

hours (Kusaka et al., 2004; Suwatcharangkoon et al., 2015). One of the major pathological 

changes of early brain injury is neuronal apoptosis (Caner et al., 2012). Therefore, 

prevention and reduction of apoptosis may be a target for intervention and treatment for 

early brain injury.

Tozasertib is a molecular-targeted compound and it has been used in the treatment of chronic 

myelogenous leukemia and different tumors in clinical trials (Harrington et al., 2004; Huang 

et al., 2008). Tozasertib improved the survival of injured retinal ganglion cells (RGCs) 

possibly by inhibition of dual leucine zipper kinase (DLK/MA3K12) (Ferraris et al., 2013). 

DLK belongs to mitogen-activated protein kinase kinase kinase (MA3K) family. There are 

studies demonstrated that DLK has participated in apoptosis and neuronal degeneration as 

well as neural development (Chen et al., 2008; Ghosh et al., 2011).

However, the potential effect of tozasertib for early brain injury after SAH has not been 

investigated. In this study, we examined the effect and mechanisms of tozasertib on 

neurological outcomes after SAH in a rat model.

2. Materials and Methods

2.1. Experimental Animals

All experimental procedures were designed and conducted in accordance with the National 

Institutes of Health Guide for the care and use of laboratory animals and were approved by 

the Institutional Animal Care and Use Committee (IACUC) of Loma Linda University. Two 

hundred sixteen (216) male Sprague-Dawley rats (280–350g in weight; Harlan, Indianapolis, 

IN) were used in sham and SAH groups. All rats were resided in a light and temperature-

controlled room with sufficient food and water.

2.2. SAH Model and Study Design

SAH model was executed by endovascular perforation for the induction of SAH as 

previously described (Song et al., 2015; Zhan et al., 2015). Briefly, rats were deeply 

anesthetized by isoflurane. Anesthesia was maintained with 3% isoflurane in 70%/30% 
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medical air/oxygen. A 4-0 nylon suture with a sharp tip was plugged in the left internal 

carotid artery and propelled until resistance was felt at the bifurcation of the anterior and 

middle cerebral artery. Then, inserting the suture an extra 3mm to puncture the middle 

cerebral artery. The suture was promptly retracted to allow blood reperfusion in internal 

carotid artery, leaded to SAH. Sham rats received the same procedures without the vessel 

perforation.

All rats were randomly assigned to the following studies:

(1) Outcome study: Sham group (n=14), SAH group (n=12), SAH+vehicle group 

(n=15), SAH+tozasertib (1μg) group (n=18), SAH+tozasertib (5μg) group (n=15); 

(2) Mechanism study: Sham group (n=6), SAH+vehicle group (n=7), SAH

+tozasertib group (n=7), SAH+tozasertib+vehicle group (n=12), SAH+tozasertib

+scramble siRNA group (n=13), SAH+tozasertib+DLK siRNA group (n=15), SAH

+tozasertib+JIP3 siRNA group (n=13), SAH+tozasertib+MA2K7 siRNA group 

(n=14), SAH+tozasertib+vehicle group (n=13), SAH+tozasertib+SP600125 group 

(n=14), SAH+tozasertib+SB203580 group (n=15), SAH+tozasertib+PD98059 

group (n=13).

2.3. SAH Grade

After euthanasia and removing the rat’s brain, the base of the brain was photographed 

immediately and divided into six predetermined areas as previously described (Sugawara et 

al., 2008). Basing on the amount of blood, each area was given a score from 0 to 3. All area 

scores were added as the total SAH grade (maximum SAH grade=18). Fifteen rats with mild 

SAH whose SAH grades ≤7 were excluded from the study.

2.4. Neurological Score

At 24 hours after SAH, neurological function was evaluated with blinded fashion by the 

modified Garcia score (Garcia et al., 1995) and beam balance test (Chen et al., 2013b). The 

modified Garcia score included six subtests accessing the animal’s spontaneous activity. 

Each subtest was given a score from 0 to 3, and the total score reflected the neurological 

function (maximum score =18). For the beam balance test, rats were arranged to walk on a 

15 mm-wide wooden beam for 1 minute. The score ranged from 0 to 4 was determined by 

the walking distance. The average score of three consecutive tests was calculated. Higher 

scores represented better neurological function.

2.5. Brain Water Content

At 24 hours after SAH, the left hemisphere, right hemisphere, cerebellum, and brain stem 

were separated swiftly, and each part was immediately weighed (wet weight). After 

dehydration in 105°C for 72 hours, brain part was weighed again (dry weight). The 

percentage of water content was calculated as (wet weight–dry weight)/wet weight (Liu et 

al., 2014).
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2.6. Intracerebroventricular Injection Administration

Intracerebroventricular injection administration was executed as previously described (Chen 

et al., 2015; Tang et al., 2015). Briefly, rats were laid in a stereotaxic apparatus under 2.5% 

isoflurane anesthesia. The 10 μL needle of Hamilton syringe (Microliter 701; Hamilton 

Company, Reno, NV) was plugged through a burr hole into the left lateral ventricle. 

Intracerebroventricular administration was conducted by a microinfusion pump (Harvard 

Apparatus, Holliston, MA) at a rate of 0.5μL/minute. Followings were the reagents of 

intracerebroventricular injection administration: (1) SiRNA: sterile phosphate buffered 

saline (PBS) 5μL served as siRNA and scramble siRNA vehicle control. All siRNA (500 

pmol/5μL, Santa Cruz Biotechnology, Santa Cruz, CA) were injected at 24 hours before 

SAH production.

DLK siRNA:

a. sense, GCUCAGGCGAGAGCAAGCUUUAGAA, antisense, 

UUCUAAAGCUUGCUCUCGCCUGAGC;

b. sense, CCCUCAUGUUGCAACUAGAACUCAA, antisense, 

UUGAGUUCUAGUUGCAACAUGAGGG;

c. sense, CCAAUAGUGUCCUGCAGCUACAUGA, antisense, 

UCAUGUAGCUGCAGGACACUAUUGG;

JIP3 siRNA:

a. sense, AGCGUCCCACCUCUCUGAAUGUCUU, antisense, 

AAGACAUUCAGAGAGGUGGGACGCU;

b. sense, UGGCAGUUCUUUAGCCGCCUCUUCA, antisense, 

UGAAGAGGCGGCUAAAGAACUGCCA;

c. sense, CAGCUGGCUUUAGCCAGCGUCGCAA, antisense, 

UUGCGACGCUGGCUAAAGCCAGCUG;

MA2K7 siRNA:

a. sense, CCUUGUUCACACCUCGCAGTT, antisense, 

CUGCGAGGUGUGAACAAGGTT;

b. sense, GGATCGACCTCAACCTGGATAT, antisense, 

CCAGCGTTATCAGGCAGAAATC;

c. sense, CCCTACATTGTTCAGTGCTTTG, antisense, 

CAGTGCTTTGGTACCTTCATCA.

(2) Tozasertib (1μg/5μg, BioVision, Milpitas, CA) was dissolved by 5μL PBS (5μL 

PBS served as the vehicle control). Tozasertib was injected at 2 hours after SAH.

(3) JNK, p38MAPK, and MEK inhibitors SP600125, SB203580, and PD98059 (10 

pmol, Santa Cruz Biotechnology, Santa Cruz, CA) were dissolved by 5μL PBS (Tu 

et al., 2015; Wei et al., 2015; Yatsushige et al., 2008) (5μL PBS served as the 

vehicle control). Those inhibitors were injected at 20 min before SAH.
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2.7. TUNEL Staining

For double staining of NeuN and terminal deoxynucleotid transferase-deoxyuridine 

triphosphate (dUTP) nick end labeling (TUNEL), a TUNEL kit (In situ Cell Death Detection 

Kit, Fluorescein, Roche, Mannheim, Germany) was used after the slices were incubated with 

anti-NeuN primary antibody and Texas Red-conjugated secondary antibody. For quantitative 

analyses, TUNEL-positive neurons were counted in the left cortex-facing blood clots (4 

different areas in 500×500 μm grids) by a blinded investigator. Data were expressed as 

cells/mm (Topkoru et al., 2013).

2.8. Western Blot

The cerebral cortex tissues that facing blood clots were collected at 24 hours after SAH. 

Western blot was performed as described previously (Li et al., 2014). Primary antibodies 

used in western bolt were DLK (Santa Cruz Biotechnology, Santa Cruz, CA), JIP3 

(MyBioSource, San Diego, CA), MA2K7 (MyBioSource, San Diego, CA), p-JNK (Santa 

Cruz Biotechnology, Santa Cruz, CA), JNK (Santa Cruz Biotechnology, Santa Cruz, CA), 

cleaved caspase-3 (CC-3, Cell Signaling Technology, Danvers, MA), actin (Santa Cruz 

Biotechnology, Santa Cruz, CA), Bim (Santa Cruz Biotechnology, Santa Cruz, CA), Bcl-2 

(Cell Signaling Technology, Danvers, MA) and cleaved caspase-9 (CC-9, Millipore, 

Billerica, MA).

2.9. Statistical Analysis

Data are expressed as mean ±SD. Statistical significance was verified with analysis of 

variance, followed by Tukey test for multiple comparisons. The probability levels p<0.05 

were considered statistically significant. The analysis of mortality was done with χ2 test. 

Nonparametric analysis of variance was used for categorical variables.

3. Results

3.1. SAH Grade

Mean SAH severity scores were measured at 24 hours in survived SAH rats, and the mean 

SAH grading was 12.5 ± 2.2. There was no significant difference in the severity scores 

across groups.

3.2. Mortality Rates

Mortality rates were as follows: Sham, 0% (0 of 20); SAH, 0% (0 of 12); SAH+vehicle, 9% 

(2 of 22); SAH+tozasertib (1ug), 20% (5 of 25); SAH+tozasertib (5ug), 20% (3 of 15); SAH

+ tozasertib +vehicle, 0% (0 of 12); SAH+ tozasertib +scramble siRNA, 8% (1 of 13); SAH

+ tozasertib +DLK siRNA, 7% (1 of 15); SAH+ tozasertib +JIP3 siRNA, 8% (1 of 13); SAH

+ tozasertib +MA2K7 siRNA, 14% (2 of 14); SAH+ tozasertib +vehicle, 8% (1 of 13); SAH

+ tozasertib +SP600125, 14% (2 of 14); SAH+ tozasertib +SB203580, 20% (3 of 15); SAH+ 

tozasertib +PD98059, 8% (1 of 13). No statistical significances were identified among 

groups (p>0.05).
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3.3. Effects of tozasertib on neurobehavioral deficits and brain edema after SAH

Two dosage of tozasertib(1μg/5μg) were injected into the left ventricle at 2 hours after SAH 

surgery. The neurological scores and brain water content were measured at 24 hours and 72 

hours after SAH.

At 24 hours after SAH, tozasertib (1μg) significantly improved the modified Garcia score 

(p<0.05; Fig. 1. A) and the beam balance score (p<0.05; Fig. 1. C). Tozasertib (1μg) 

decreased brain water content in left and right hemispheres of the brain (p<0.05; Fig. 1. E). 

Tozasertib (5μg) only significantly decreased the brain water content in left hemispheres of 

the brain (p<0.05; Fig. 1. E), but did not significantly improved the modified Garcia score 

and beam balance score (p>0.05; Fig. 1. A. C).

At 72 hours after SAH, tozasertib (1μg) significantly improved the modified Garcia score 

(p<0.05; Fig. 1. B), but not the beam balance score (p>0.05; Fig. 1. D). Tozasertib (5μg) did 

significantly improved the modified Garcia score and beam balance score (p>0.05; Fig. 1. B. 

D). Tozasertib (1μg/5μg) decreased the brain water content in left and right hemispheres of 

the brain (p<0.05; Fig. 1. F).

3.4. Effects of tozasertib on neuronal apoptosis after SAH

Since the above mentioned results indicated that the low dosage of tozasertib (1μg) was 

more effective on neurobehavioral score and brain water content, we decided to use the low 

dosage for the following studies.

Immunofluorescence staining showed the increased number of TUNEL and NeuN double-

stained cells (TUNEL+neurons) in the left cortex after SAH when compared to the sham 

group (p<0.05; Fig. 2). Tozasertib (1μg) reduced the number of TUNEL+neurons cells in the 

left cortex when compared to the SAH+vehicle group at 24 hours after SAH (p<0.05; Fig. 

2).

3.5. Effects of tozasertib on DLK, JIP3, MA2K7, p-JNK/JNK, and CC-3 expression at 24 
hours after SAH

In SAH+vehicle group, the DLK and its downstream proteins were increased when 

compared to the sham group (p<0.05; Fig. 3. A. B. C. D. E. F). Tozasertib (1μg) reduced the 

expression of DLK, MA2K7, p-JNK and CC-3 when compared with SAH+vehicle group 

(p<0.05; Fig. 3. A. B. D. E. F), while JIP3 expression was significantly increased compared 

to SAH+vehicle group (p<0.05; Fig. 3. A. C).

3.6. Effect of DLK/JIP3/MA2K7 siRNA on the effect of tozasertib on neurobehavioral 
deficits, brain edema and CC-3 at 24 hours after SAH

Tozasertib improved the modified Garcia score (p<0.05; Fig. 1. A) and the beam balance 

score (p<0.05; Fig. 1. C) at 24 hours after SAH, and the above mentioned effects of 

tozasertib were reduced by DLK siRNA (p<0.05, Fig. 4. A, B). The alleviating effect of 

tozasertib on brain edema was also reduced by DLK siRNA in left and right hemispheres of 

the brain. JIP3 siRNA only decreased the above mentioned effect in left hemispheres of the 

brain (p<0.05, Fig. 4. C). Tozasertib reduced the level of CC-3 and the effects of tozasertib 
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were countered by DLK/JIP3, and slightly by MA2K7 siRNA in the left cortex after SAH 

(p<0.05; Fig. 4. D). DLK/JIP3/MA2K7 siRNA was administered 24 hours before SAH and 

tozasertib (1μg) was used 2 hours after SAH.

3.7. Effect of JNK/p38MAPK/MEK inhibitors on the effect of tozasertib on neurobehavioral 
deficits, brain edema and CC-3 at 24 hours after SAH

In addition to the above-described siRNAs, the JNK, p38MAPK and MEK inhibitors 

SP600125, SB203580, and PD98059 were administered at 20 min before SAH, and 

tozasertib was administered at 2 hours after SAH. The improved effects of tozasertib on 

modified Garcia and beam balance score were significantly inhibited by JNK/p38MAPK 

inhibitors without MEK inhibitors (p<0.05, Fig. 5. A, B). The alleviating effect of tozasertib 

on brain edema in left and right hemispheres of the brain were significantly inhibited by 

JNK/p38MAPK inhibitors without MEK inhibitors (p<0.05, Fig. 5. C). Tozasertib reduced 

the level of CC-3 and the effects of tozasertib were significantly countered by JNK and 

p38MAPK inhibitors SP600125, SB203580, and slightly by and MEK inhibitor PD98059 in 

the left cortex (p<0.05; Fig. 5. D).

3.8 Effect of tozasertib on other apoptosis factors at 24 hours after SAH

In SAH+vehicle group, the levels of Bim, CC-9 and CC-3 were increased and Bcl-2 

decreased when compared to sham group (p<0.05; Fig. 6). Tozasertib (1μg) reduced the 

levels of Bim, CC-9 and CC-3 and increased Bcl-2 (p<0.05; Fig. 6).

4. Discussion

Tozasertib, also called VX-680 or MK-0457, is an inhibitor of aurora kinases and some other 

kinases (Tyler et al., 2007). Tozasertib has been tentatively used to treat cancer/tumor 

patients by facilitating apoptotic activity (Harrington et al., 2004; Michaelis et al., 2014). 

Welsbie et al. reported that tozasertib may be neuroprotective in rat optic nerve transection. 

Low dosage of tozasertib (1μM/L) improved cultured RGCs survival (Welsbie et al., 2013). 

In this study, we observed that tozasertib reduced TUNEL positive neurons, decreased brain 

edema and improved neurobehavioral function after SAH. The effects of tozasertib seemed 

mediated by DLK/JIP3/MA2K7/JNK pathways. DLK/JIP3/MA2K7 siRNA and JNK, 

p38MAPK and MEK inhibitors SP600125, SB203580, and PD98059 all countered the effect 

of tozasertib on the neurobehavioral deficits, brain edema and levels of CC-3. In addition, 

tozasertib reduced the levels of Bim, CC-9 and enhanced Bcl-2.

Although DLK protein distributed extensively in the rat brain, it was detected predominantly 

in neurons in the adult rat cortex (Mata et al., 1996; Merritt et al., 1999). Several studies 

demonstrated that DLK regulated multiple pathophysiological processes, related to neural 

development, axon degeneration and apoptosis (Bloom et al., 2007; Ghosh et al., 2011; Hirai 

et al., 2011; Hirai et al., 2006; Hirai et al., 2002; Itoh et al., 2011). DLK combined with JIP3 

to form a signaling complex which activates MA2K7 and p-JNK (Ghosh et al., 2011; Merritt 

et al., 1999). The expression of DLK was increased after optic nerve transaction and down-

regulation of DLK improved the survival and function of RGCs in vitro and in vivo in rats 

(Watkins et al., 2013; Welsbie et al., 2013). However, DLK and its downstream factors seem 
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detrimental in early brain injury after SAH since DLK/JIP3/MA2K7/JNK expression were 

all increased and tozasertib reduced the expression of DLK, MA2K7, and p-JNK. Tozasertib 

also reduced Bim, CC-9, CC-3 expressions and TUNEL positive neurons in cerebral cortex 

after SAH.

Since p-JNK expression was increased after SAH and reduced by tozasertib, we tested the 

role of JNK, p38MAPK and MEK in apoptotic cell death (Bai et al., 2015; Chang et al., 

2003; Feng et al., 2015). In the presence of tozasertib after SAH, inhibition of JNK and 

p38MAPK deteriorated neurobehavioral deficits, brain edema and enhanced CC-3 levels 

substantially. MEK inhibitor also slightly deteriorated neurobehavioral deficits and brain 

edema, but significantly elevated the level of CC-3. Those observations indicate that 

tozasertib reduced apoptosis may be mediated by JNK, p38 and MEK pathways.

In general, apoptosis is consisted by two phases, initiation and execution. The intrinsic 

(mitochondrial) and extrinsic (death receptors) pathways represented the canonical routes of 

caspase activation during the initiation phase (Krantic et al., 2007). As a marker protein of 

cellular apoptosis, CC-3 can be activated by the intrinsic or extrinsic pathway. Since 

neuronal apoptosis has been reported after SAH (Cahill et al., 2006), our observations of 

TUNEL positive cells and CC-3 elevation are consistent with published literature. 

Considering SAH is an acute onset of bleeding stress disorder, it is speculated that the 

intrinsic pathway may contribute to neuronal apoptosis. Therefore, the expressions of Bim, 

Bcl-2 and CC-9 which represented intrinsic pathway of apoptosis were examined in this 

study. We have observed that SAH potentiated the levels of Bim and CC-9 and reduced 

Bcl-2, and tozasertib reduced Bim and CC-9 but enhanced Bcl-2 and reduced TUNEL 

positive cells. However, this study does not rule out the potential participation of extrinsic 

pathways in neuronal cell death after SAH.

Even though our data showed that tozasertib decreased DLK and reduced TUNEL positive 

neuronal cells. But we cannot rule out that tozasertib may reduce neuronal apoptosis by 

other signal pathways entirely different from DLK/JIP3/MA2K7/JNK pathway. Since DLK/

JIP3/MA2K7 siRNA knocked down DLK, JIP3 and MA2K7 expression and countered the 

positive effect of tozasertib on neurobehavioral deficits, brain edema and CC-3, it is likely 

that DLK/JIP3/MA2K7 participated in the anti-apoptotic effect of tozasertib. It has been 

suggested that DLK is a member of MA3K family and MA2K7 belongs to MA2K family, 

and both activate the subsequent downstream JNK (a member of MAK family) (Tedeschi 

and Bradke, 2013). Therefore, we tested JNK and its associated pathways. Interestingly, the 

JNK inhibitor SP600125 and p38MAPK inhibitor SB203580 markedly countered the 

inhibitory action of tozasertib on neurobehavioral deficits, brain edema and CC-3. In 

addition, even though our data demonstrated that tozasertib is effective in the reduction of 

apoptosis and improved neurological functions, these observations were made in a rat model 

of SAH, and the potential toxicity has not been clarified, even though we did not observed 

any apparent toxicity after tozasertib treatment. The molecular weight of tozasertib is 464 

which may not be to pass the blood-brain barrier. In this study we used 

intracerebroventricular injection and other translatable means of administering tozasertib 

need to be developed and tested.
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Overall, tozasertib is effective to reduce neuronal death, decrease brain edema, and improve 

neurological function, and has potentials to attenuate early brain injury after SAH. The 

neuroprotective effect of tozasertib may be mediated by DLK/JIP3/MA2K7/JNK pathways 

and these observations may provide new avenues for treatment of SAH patients.
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Highlights

Subarachnoid hemorrhage caused brain edema and blood-brain barrier rupture 

in a rat model.

Tozasertib reduced these brain injuries and improved neurological function.

The mechanisms of Tozasertib may be mediated by dual leucine zipper kinase 

(DLK) which belongs to mitogen-activated protein kinase kinase family.

The downstream signaling for Tozasertib in subarachnoid hemorrhage may be 

related to JIP3, MA2K7, JNK and Caspase-3.

Tozasertib is a molecular-targeted compound and used in clinical trials for 

keukimia and therefore is translatable.
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Fig. 1. 
The effect of tozasertib on the neurobehavioral function and brain edema at 24 and 72 hours 

after SAH. At 24 hours after SAH: A, when compare with Sham group, SAH reduced 

modified Garcia score and tozasertib at lower (1μg) but not higher (5μg) concentration 

improved neurological function. C, When compare with Sham, SAH reduced beam balance 

score and tozasertib at lower (1μg) but not higher (5μg) concentration improved beam 

balance score. E, SAH increased brain water content and tozasertib at both low (1μg) and 

high (5μg) concentrations reduced brain water content, but tozasertib (5μg) failed to 

significantly reduced brain water content in right hemisphere.

At 72 hours after SAH: B, When compare with Sham group, SAH reduced modified Garcia 

score and tozasertib at lower (1μg) but not higher (5μg) concentrations improved 

neurological function. D, When compare with Sham, SAH reduced beam balance score and 

tozasertib at lower (1μg) and higher (5μg) concentrations failed to improve beam balance 
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score. F, SAH increased brain water content and tozasertib at both low (1μg) and high (5μg) 

concentrations reduced brain water content. *p<0.05 vs sham, #p<0.05 vs SAH/SAH

+vehicle.
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Fig. 2. 
Tozasertib reduced TUNEL positive neurons at 24 hours after SAH. A. Representative 

immunofluorescence staining showed TUNEL and NeuN double-stained cells (TUNEL

+neurons) of the left cortex in sham, SAH+vehicle, and SAH+tozasertib (1μg) groups. B. 

More TUNEL positive neurons are observed in vehicle treated animals and tozasertib (1μg) 

decreased the number of TUNEL-positive cells. Scale bar, 30 μm. *p<0.05 vs sham, #p<0.05 

vs SAH+vehicle.
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Fig. 3. 
Effects of tozasertib on the expression of DLK/JIP3/MA2K7/p-JNK/CC-3 in the left cortex 

at 24 hours after SAH. A, Representative western blots. B, C, D, E, F, Quantitative analysis 

of DLK, JIP3, MA2K7, p-JNK, and CC-3.*p<0.05 vs sham, #p<0.05 vs SAH+vehicle.
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Fig. 4. 
Effects of DLK/JIP3/MA2K7 siRNA on the inhibitory action of tozasertib on 

neurobehavioral deficits, brain edema and CC-3 at 24 hours after SAH. A, B, DLK siRNA 

significantly attenuated the positive effects of tozasertib on modified Garcia and beam 

balance score. The JIP3/MA2K7 siRNA did not significantly attenuate above effects. C, 
DLK siRNA countered the positive effects of tozasertib on brain edema in left and right 

hemispheres of the brain. JIP3 siRNA only countered the above mentioned effect of 

tozasertib in left hemispheres of the brain. The MA2K7 siRNA did not significantly 

attenuate above mentioned effects. D, DLK, JIP3 and MA2K7 siRNA countered the 

inhibitory effect of tozasertib on CC-3 expression in the left cortex. Top, Representative 

western blots. Bottom, Quantitative analysis of CC-3. *p<0.05 vs SAH+tozasertib

+vehicle/SAH+tozasertib+scramble siRNA.
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Fig. 5. 
Effects of JNK/p38MAPK/MEK inhibitors SP600125, SB203580, and PD98059, 

respectively, on the inhibitory action of tozasertib on neurobehavioral deficits, brain edema 

and CC-3 at 24 hours after SAH. A, B, JNK/p38MAPK inhibitors significantly inhibited the 

positive effects of tozasertib on modified Garcia and beam balance score. The MEK 

inhibitor did not significantly inhibit above mentioned effects. C, JNK/p38MAPK inhibitors 

obviously inhibited the positive effects of tozasertib on brain edema in left and right 

hemispheres of the brain. The MEK inhibitor did not obviously inhibit above mentioned 

effects. D, In the presence of tozasertib and after SAH, CC-3 level was reduced by 

tozasertib. JNK/p38MAPK/MEK inhibitors countered the inhibitory effect of tozasertib on 

CC-3 expression in the left cortex. Top, Representative western blots. Bottom, Quantitative 

analysis of CC-3. *p<0.05 vs SAH+tozasertib+vehicle, #p > 0.05 vs SAH+tozasertib

+SP600125/SAH+tozasertib+SB203580.
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Fig. 6. 
Effect of tozasertib on other apoptosis factors in the left cortex at 24 hours after SAH. A, 
Representative western blots. B, C, D, E, Quantitative analysis of Bim, Bcl-2, CC-9, 

CC-3.*p<0.05 vs sham, #p<0.05 vs SAH+vehicle.
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