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Abstract

Recombinant tissue plasminogen activator (rt‐PA) is the first‐line drug for revascular-

ization in acute cerebral infarction (ACI) treatment. In this study, an improved rat

embolic middle cerebral artery occlusion model for ischaemic stroke was used and

the rats were killed on the first, third and seventh day after model establishment.

Increases in infarct volume were significantly less in the thrombolytic group than in

the conventional group at every time‐point. The microvascular density (MVD) in the

thrombolytic group was significantly higher than that in the conventional group at

every time‐point, especially on the seventh day. Increases in the expressions of neu-

ronal nitric‐oxide synthase (NOS) and caspase‐3 in the ischaemic region and in the

nitric oxide contents, malondialdehyde contents, and inducible NOS activities in

the cortex of infarct side were significantly less in the thrombolytic group than in

the conventional group. Furthermore, decreases in the superoxide dismutase activi-

ties in the thrombolytic group were significantly less than those in the conventional

group. In conclusion, thrombolytic rt‐PA therapy within a broadened therapeutic

window (6 hours) could significantly decrease the infarct volume after ACI, possibly

by increasing MVD in the ischaemic region, decreasing apoptotic molecule expres-

sion, and alleviating the oxidative stress response.
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1 | INTRODUCTION

Stroke, one of the most common diseases that affect human

health, is the second leading cause of mortality and the first

leading cause of disability in China.1 Recombinant tissue plasmino-

gen activator (rt‐PA) was first reported to be effective in the

treatment of acute cerebral infarction (ACI) patients in 1995.2 A

recent study showed that rt‐PA is still the first‐line drug for
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revascularization in ACI treatment.3 However, because of the limi-

tation of a 4.5 hours thrombolysis time window,4 most patients

do not have the opportunity to receive such therapy. Therefore,

effective measures in the treatment of acute ischaemic stroke are

needed.

In recent years, it has been reported that the thrombolysis of

ACI patients could be performed 6 hours after ACI.5 Recent study

demonstrated that thrombolytic therapy 3‐9 hours after ACI could

dramatically improve magnetic resonance imaging or computerized

tomography results as well as clinical outcome.6 However, the mech-

anism of thrombolytic therapy within a broadened therapeutic win-

dow is less obvious.

Neovascularization is a key player in ischaemic neural survival

after ACI,7 which is critical for the recovery of learning and mem-

ory abilities and for improved prognosis. Ischaemia and reperfusion

can lead to a significant increase in free radicals and lipid peroxi-

dation, thereby exacerbating brain damage.8-12 The excessive

release of nitric oxide (NO), an active gas free radical, could lead

to neuron damage.13 Malondialdehyde (MDA), the degradation

product of lipid peroxidation, also causes direct damage to the

brain.14 Superoxide dismutase (SOD), a critical antioxidant enzyme

in brain tissues, plays an important role in cerebral protection by

eliminating excessive intracellular free radicals.15 Therefore, these

molecules might be key regulators implicated in the effects of rt‐
PA on ACI.

In this study, we used an improved rat embolic middle cerebral

artery occlusion (MCAO) model to study the effects of thrombolytic

therapy with rt‐PA 6 hours after MCAO on infarct volume, microvas-

cular density (MVD), caspase‐3, nitric oxide , nitric‐oxide synthase

(NOS), MDA and SOD in the ischaemic region after ACI in an aim to

uncover the underlying mechanism of thrombolytic therapy within a

broadened therapeutic window and thus to provide a reliable theory

basis for the clinical treatment of ACI.

2 | MATERIALS AND METHODS

2.1 | Animals

This study was approved by the Ethics Committee of Shandong

Provincial Qianfoshan Hospital, China, and all experiments were per-

formed in accordance with the hospital's relevant guidelines and reg-

ulations.

One hundred and 62 adult male Sprague‐Dawley rats (320‐
350 g), aged 2 months, were provided by the Experimental Animal

Center, Shandong University of Traditional Chinese Medicine,

Jinan, China. All rats were housed in a temperature‐controlled
(22 ± 2°C) and humidity‐controlled (58%‐68%) room under an

8:16 hours light cycle. They were equally and randomly divided

into three groups (54 rats per group): the sham group, the con-

ventional group (i.e. the conventionally treated infarction group)

and the thrombolytic group (i.e. the infarction group treated with

rt‐PA 6 hours after ACI). Each group was further randomly and

equally divided into three subgroups (18 rats per group) depending

on the days after model establishment (first, third, or seventh

day).16-19

2.2 | Middle cerebral artery occlusion model

An improved rat MCAO model that was embolized by autologous

blood clots was established as follows: (a) Preparation of thrombus:

0.6 mL venous blood drawn from a caudal vein and 0.15 mL throm-

bin (200 U/mL) were mixed, quickly placed into PE50 tubes, and

allowed to set for 4 hours. The thrombus was cut into small emboli

(1 mm) and placed into PE50 tubes for backup. (b) Embolic MCAO

model establishment: The rats were first anaesthetized with an

intraperitoneal injection of 6% chloral hydrate (35 mg/100 g). A 2‐
cm‐long midline incision on the neck was made, and the right com-

mon carotid artery (CCA), external carotid artery (ECA), internal caro-

tid artery (ICA), occipital artery (OA), superior thyroid artery (STA)

and pterygopalatine artery (PPA) were then dissected. The OA, STA,

PPA and the distal end of ECA were ligatured, and the CCA and ICA

were temporarily clipped. A PE‐50 tube containing blood clots was

inserted into the proximal end of the ECA, and the microvascular

clips were then opened to allow the clot infusion (10‐12 emboli).

The clips of CCA were removed, and the incision was sutured. (c)

Intervention: The conventional group was intraperitoneally injected

with citicoline (500 mg/kg, once a day; Shandong Qilu Pharmaceuti-

cal Factory, Shandong, China) 24 hours after the MCAO20; the

thrombolytic group, on the basis of the above medications, was trea-

ted with an intravenous injection of rt‐PA (10 mg/kg) 6 hours after

the MCAO; the same procedures were performed in the sham group

except for no clot infusion and intravenous injection of the vehicle

saline. A grading scale of 0‐4 was performed to access the neurologi-

cal function deficit scale after model establishment, as previously

described21: 0—no obvious neurological function deficit; 1—mild

degree of neurological dysfunction (i.e. when raising the rat by its

tail, the contralateral forelimb cannot be fully extended); 2—moder-

ate degree of focal neurological dysfunction (i.e. rotate to the right

when walking); 3—severe degree of focal neurological dysfunction

(i.e. dump to the right when walking); 4—unable to walk or in coma.

Rats showing a score of 1‐3 were considered to be infarcted.

2.3 | 2,3,5‐triphenyl tetrazolium chloride staining

Six rats from each of above three groups were randomly selected

on the first, third, and seventh day after model establishment. The

rats were deeply anaesthetized and killed. The brains were rapidly

removed, coronally sectioned at 2 mm, and stained with 2% 2,3,5‐
triphenyl tetrazolium chloride (Sigma, San Louis, MO, USA) in 0.9%

saline for 30 minutes at 37°C in darkness. The slices were fixed in

10% neutral formalin overnight, and pictures were then taken

using a digital camera. Image analysis was performed with Image J

1.41 software. The infarct size was normalized for oedema. The

infarct volume for each brain was calculated as I% = (volume of

contralateral−normal volume of ipsilateral)/volume of the contralat-

eral brain.
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2.4 | Immunohistochemistry

Six rats from each of above three groups were randomly selected on

the first, third and seventh day after model establishment. The ani-

mals were killed and perfused with 0.9% saline followed by 4%

paraformaldehyde perfusion. The brains were rapidly removed, fixed

with 4% paraformaldehyde for 24 hours, and embedded in paraffin.

Continuous cryosections (3 μm) were made and examined by

immunohistochemistry according to the instructions of the manufac-

turer (Chinese Fir Golden Bridge Company, Beijing, China). The pri-

mary antibodies used were rabbit anti‐rat CD34 antibody (1:100,

ab81289; Abcam, Cambridge, MA, USA), anti‐nNOS antibody (1:100,

ab5586; Abcam), and anti‐caspase‐3 antibody (1:50, ab13847; Abcam).

The primary antibodies were detected with the anti‐rabbit biotinylated
secondary antibody (1:200, PK‐4001; Chinese Fir Golden Bridge Com-

pany). Phosphate‐buffered saline was used for negative control.

Diaminobenzidine was used to visualize the reaction.

The MVD, nNOS‐positive cells and caspase‐3‐positive cells of

the ischaemic region in the infarction group were observed under a

microscope (400 X). Five fields per slice were randomly selected for

the microvessel or positive cell number counting, and the mean

served as the MVD or the expression of nNOS or caspase‐3 of this

slice. The mean of microvessel or positive cell number count from all

the slices in one group served as the MVD, or expression of nNOS

or caspase‐3 of this group.

2.5 | Determination of nitric oxide and MDA
contents and iNOS and SOD activities

Six rats from each of above three groups were randomly selected on

the first, third and seventh day after model establishment. The ani-

mals were killed, and the brains were rapidly removed. The infarct‐
side cortexes were rapidly frozen in liquid nitrogen and then stored

at −80°C. The cortex tissue samples were homogenized in cold sal-

ine to make 10% homogenates. They were then centrifuged at 1248

g, and the supernatants were collected and stored at −80°C. Nitric

oxide and MDA contents and iNOS and SOD activities were mea-

sured according to the manufacturer's instructions using the nitric

oxide assay kit (A013‐2; Nanjing Jiancheng Biology Engineering Insti-

tute, Nanjing, China), MDA assay kit (TBA method) (A003‐1; Nanjing

Jiancheng Biology Engineering Institute), NOS typed assay kit (Color-

metric method) (A014‐1‐1; Nanjing Jiancheng Biology Engineering

Institute), and SOD assay kit (WST‐1 method) (A001‐3; Nanjing Jian-

cheng Biology Engineering Institute), respectively.

2.6 | Statistical analysis

All the statistical analyses were performed with SPSS. The data in

accordance with normal distribution and homogeneity of variance

were presented as mean ± SD. Data between the groups were anal-

ysed by one‐way analysis of variance, followed by Fisher's protected

least significant difference post‐hoc tests. Statistically significant dif-

ferences were defined as P < 0.05.

3 | RESULTS

3.1 | Thrombolysis decreased the infarct volume
after the MCAO

No obvious infarct region was observed in the sham group, and an

obvious infarct region, (white colour) was seen in the infarction

groups. The infarct volume was significantly higher in the conven-

tional group than in the sham group at every time‐point
(0.85 ± 0.031% vs 0.015 ± 0.00% on the 1st day; 0.92 ± 0.040% vs

0.008 ± 0.00% on the 3rd day; 0.93 ± 0.014% vs 0.0025 ± 0.00%

on the 7th day; all P < 0.05). Thrombolysis could potently decrease

the infarct volume at every time‐point relative to the conventional

group (0.55 ± 0.006% vs 0.85 ± 0.031% on the 1st day;

0.65 ± 0.013% vs 0.92 ± 0.040% on the 3rd day; 0.75 ± 0.024% vs

0.93 ± 0.014% on the 7th day; all P < 0.05) (Figure 1).

3.2 | Thrombolysis increased the MVD after the
MCAO

There were no changes in the MVD in the sham group at any time‐
point. The MVD expression in the infarction groups, especially the

thrombolytic group, was significantly elevated at every time‐point
(P < 0.05). Furthermore, the MVD expression was significantly

higher in the thrombolytic group than that in the conventional group

at all time‐points (P < 0.05), especially on the 7th day (P < 0.01)

(Figure 2).

F IGURE 1 Thrombolysis decreased the infarct volume after
middle cerebral artery occlusion. Upper: Quantification of infarct
volume obtained from 2,3,5‐triphenyl tetrazolium chloride (TTC)
staining in the sham group, conventional group and thrombolytic
group. * indicates P < 0.05. Lower: Representative images of TTC
staining in the above groups
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3.3 | Thrombolysis decreased the expression of
nNOS and caspase‐3 after the MCAO

The nNOS‐positive cells and caspase‐3‐positive cells were stained

with brown or tan. There were few positive cells in the sham group.

One day after the MACO, the expressions of nNOS and caspase‐3
in the ischaemic region were enhanced in the conventional group

compared with that of the sham group (P < 0.05). Furthermore, their

expression was decreased in the thrombolytic group compared with

the conventional group (P < 0.05). (Figure 3).

3.4 | Thrombolysis decreased the free radical
activities and increased SOD activities after the
MCAO

Nitric oxide and MDA contents and iNOS activities were potently

increased in the cortex of the infarct side relative to the sham group

at all time‐points (P < 0.05) and they were significantly decreased by

thrombolytic treatment compared with the conventional group

(P < 0.05). In contrast, the SOD activities were decreased in the cor-

tex of the infarct side relative to the sham group at all time‐points
(P < 0.05), and they were dramatically increased in the thrombolytic

group compared with the conventional group (P < 0.05). (Figures 4-7).

4 | DISCUSSION

Clinical practice has proved that the early thrombolysis of ACI could

dramatically improve the prognoses and life quality of patients. At

present, the intravenous infusion of rt‐PA within 3 h is the most effi-

cient therapy for ACI.22 However, the use of rt‐PA is limited by its

narrow therapeutic window. Therefore, the extent to which more

patients can benefit from thrombolytic therapy remains to be stud-

ied. A recent study demonstrated that the thrombolytic therapy

3‐9 hours after ACI could significantly improve the clinical outcome of

patients6; however, the underlying mechanism is largely unknown. In

our study, we used an improved rat embolic MCAO model and found

that rt‐PA treatment 6 hours after ACI could significantly decrease

infarct volume, which was consistent with previous studies.23

F IGURE 2 Thrombolysis increased the microvascular density
(MVD) after MCAO. Upper: Quantification of MVD obtained from
immunohistochemistry in the sham group, conventional group and
thrombolytic group. * indicates P < 0.05; ** indicates P < 0.01.
Lower: Representative images of MVD obtained from
immunohistochemistry in the conventional group and thrombolytic
group under a microscope (400X)

F IGURE 3 Thrombolysis decreased the expression of nNOS and
caspase‐3 after MCAO. Upper: Quantification of nNOS and caspase‐
3 expression obtained from immunohistochemistry in the sham
group, conventional group, and thrombolytic group. * indicates
P < 0.05. Lower: Representative images of nNOS and caspase‐3
expression obtained from immunohistochemistry in the above
groups under a microscope (400 X)

F IGURE 4 Thrombolysis decreased nitric‐oxide (NO) contents
after MCAO. Quantification of nitric oxide contents in the sham
group, conventional group and thrombolytic group. * indicates
P < 0.05
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Neovascularization is a key player in ischaemic neural survival

after ACI,7 which is critical for promoting the recovery of learning

and memory abilities and for improving prognosis. The improvement

of cerebral blood flow is directly related to the extent of microangio-

genesis. It has been reported that ischaemia could induce VEGF

expression in macrophages, astrocytes and neurons to promote neo-

vascularization, and thus increase the oxygen and blood supply for

infarct periphery and reduce the infarct size.23,24 Consistent with

these findings, our study showed that the MVD was significantly

enhanced after the MCAO, especially in the thrombolytic group. The

MVD in the thrombolytic group was significantly higher than that in

the conventional group at every time‐point (P < 0.05), especially on

the seventh day (P < 0.05). Taken together, these results indicate

that as the duration of hypoxia in the ischaemic region is extended,

the MVD is increased as a compensatory result and is further pro-

moted by thrombolysis.

In cerebral ischaemia‐reperfusion injury, oxidative stress is a

major mechanism that aggravates the brain damage.8-10 Ischaemia

and reperfusion can lead to a surge in free radicals, and the biosyn-

thesis of nitric oxide is a key player in the pathophysiological

response.13 Nitric oxide, synthesized by NOS from L‐arginine, is a

very active gas free radical. Three types of NOS in biological organ-

isms have been identified: nNOS, endothelial NOS (eNOS) and iNOS.

Nitric oxide plays an important role in message transmission and

neuroprotection in the central nervous system, but its excessive

release could lead to neuron damage. The neurotoxicity of nitric

oxide results mainly from its reaction with oxygen free radicals, thus

producing ONOO‐, NO2· and OH·. In addition, nNOS‐derived
endogenous nitric oxide has also been reported to play a detrimental

role in the process of cerebral ischaemia‐reperfusion.25 In the pre-

sent study, compared with the sham group, all of nitric oxide con-

tents and NOS expression and activities were significantly increased

in the infarct‐side cortexes at all time‐points (P < 0.05), and they

were significantly decreased by thrombolytic treatment compared

with the conventional group (P < 0.05), indicating that thrombolysis

with rt‐PA 6 hours after ACI still has clinical significance. A signifi-

cant finding is that no increase in mortality was found in elderly

patients with thrombolytic treatment 6 hours after stroke.26,27 Taken

together, these results suggest that thrombolysis 6 hours after ACI

could suppress nitric oxide‐induced oxidative stress injury and neuro-

toxicity to improve patient outcome.

In addition, ACI‐reperfusion leads to lipid peroxidation.11,12

MDA, the degradation product and the index of lipid peroxidation,

has a very strong biological toxicity and causes direct damage to the-

brain.14 SOD, a critical antioxidant enzyme in brain tissues, plays an

important role in cerebral protection by eliminating excessive intra-

cellular free radicals.15 Our results showed that the MDA contents

and SOD activities were significantly decreased and increased,

respectively, in the thrombolytic group at all time‐points compared

with the conventional group (P < 0.05). These results further support

our hypothesis that thrombolysis within 6 hours after ACI could sup-

press oxidative stress injury and neurotoxicity to improve patient

outcome.

Cerebral ischaemia was first reported to cause neural apoptosis

in 199028; since then, numerous studies have been conducted to

explore the underlying mechanisms and therapeutic treatments.

Recent studies have shown that cell apoptosis is a crucial part of

cerebral ischaemia and a major mechanism responsible for secondary

brain damage after cerebral ischaemia.29 Cerebral ischaemia induces

a rapid death in the cells of the ischaemic central region, and a

delayed death in the cells of the ischaemic penumbra region by

F IGURE 5 Thrombolysis decreased nitric-oxide activities after
MCAO. Quantification of iNOS activities in the sham group,
conventional group and thrombolytic group. * indicates P < 0.05

F IGURE 6 Thrombolysis decreased malondialdehyde (MDA)
contents after MCAO. Quantification of MDA contents in the sham
group, conventional group and thrombolytic group. * indicates
P < 0.05

F IGURE 7 Thrombolysis increased superoxide dismutase (SOD)
activities after MCAO. Quantification of SOD activities in the sham
group, conventional group, and thrombolytic group. * indicates
P < 0.05
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causing cell apoptosis.30 Cell apoptosis after cerebral ischaemia‐
reperfusion results from many factors. The activation of caspase‐3
could cause multiple gene changes that degrade and deactivate key

proteins of cytoplasm, the nucleus, and the cytoskeleton, leading to

irreversible cell apoptosis. Our findings showed that caspase‐3 was

activated in infarction groups, and its expression was decreased in

the thrombolytic group compared with in the conventional group

(P < 0.05), indicating that thrombolysis within 6 hours after ACI

could suppress apoptotic molecule expression to alleviate cell apop-

tosis, which was consistent with the previous studies showing the

beneficial role of rt‐PA in the control of neuronal death following

stroke.31,32

Acute cerebral infarction patients receiving thrombolytic treat-

ment are at risk of some complications, including neural and vascular

cell death, damage to the blood‐brain barrier, and intracerebral

haemorrhage. Intracerebral haemorrhage is the most dangerous com-

plication of thrombolysis, and its morbidity varies from 5% to 10%.33

In our study, the morbidity of intracerebral haemorrhage was 8.3%

in the thrombolytic group, indicating that there was no significant

difference when compared with previous studies.

There are several issues that need to be addressed. First, despite

the present study and some clinical studies have suggested the effi-

cacy and safety of thrombolysis beyond the therapeutic window of

4.5 hours,34 no change has been made in the officially approved

therapeutic window. In any case, it is still believed that the earlier

the treatment the larger the treatment benefits. Furthermore, some

recent clinical trials have shown the efficacy and safety of endovas-

cular treatment as a bridging therapy of thrombolysis in the treat-

ment of acute stroke.35,36 Therefore, future studies on clarifying the

underlying mechanisms behind the effect of reperfusion/revascular-

ization therapy on ACI should also take into account the thromboly-

sis treatment combined with endovascular therapy. Finally, there are

many different experimental models of cerebral ischaemia.37 Because

of the simplicity of the model, one model is insufficient to mimic all

the phenotypes of clinical patients. Therefore, it would be interesting

to perform the same analyses of this study using different experi-

mental models of cerebral ischaemia.

In conclusion, thrombolytic therapy with rt‐PA within a broad-

ened therapeutic window (6 hours) could significantly decrease the

infarct volume after ACI, possibly by increasing the MVD, by

decreasing the apoptotic molecule expression, and by decreasing

free radical activities and enhancing SOD activities to alleviate the

oxidative stress response in the ischaemic region. These findings

provide a reliable theory basis for the clinical treatment of ACI with

thrombolytic therapy within a broadened therapeutic window.
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