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INTRODUCTION

Subarachnoid hemorrhage (SAH) is one of the most common 
hemorrhagic cerebrovascular diseases associated with high 
morbidity and mortality. About 75%–80% of SAHs are caused 

by the rupture of intracranial aneurysms [1]. Early brain injury 
(EBI) is an early and important pathophysiological conse-
quence of SAH [2]. The disruption of the structural integrity of 
the blood-brain barrier (BBB) plays an essential role in EBI and 
has been found within hours after aneurysmal SAH; it causes a 
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Purpose: Microvascular endothelial integrity is important for maintaining the blood-brain barrier (BBB). However, subarach-
noid hemorrhage (SAH) disrupts this integrity, making the BBB dysfunctional—an important pathophysiological change af-
ter SAH. Angiopoietin-1 (Ang-1) and angiopoietin-2 (Ang-2) regulate microvascular permeability by balancing each other’s 
expression. 
Methods: This study investigated the dynamics of Ang-1 and Ang-2 expression after SAH and the protective effect of Ang-1 
on BBB functioning using an endovascular puncture model of rat SAH. The Ang-1 and Ang-2 expression in brain tissue was 
determined by immunohistochemistry. In addition, Western blotting was used to estimate Ang-1 and Ang-2 concentration 
and to compare them at 6–72 hours post-SAH cortex and hippocampus. Evans blue viability assay was used to evaluate BBB 
permeability, and neurological testing was implemented to evaluate neurological impairment during SAH. 
Results: It was found that following SAH, Ang-1 expression decreases and Ang-2 expression increases in the cortex, hippo-
campus, and microvessels. The Ang-1/Ang-2 ratio decreased as quickly as 6 hours after SAH and reached its lowest 1 day after 
SAH. Finally, it was found that exogenous Ang-1 reduces SAH-associated BBB leakage and improves neurological function in 
post-SAH rats. 
Conclusions: Our findings suggest that the equilibrium between Ang-1 and Ang-2 is broken in a period shortly after SAH, 
and the treatment of exogenous Ang-1 injection alleviates neurological dysfunctions through decreasing BBB destruction. 
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series of pathologic changes such as brain edema, thrombosis, 
inflammation and abnormal cerebral metabolism [3-5]. There-
fore, microvascular dysfunction and BBB destruction are con-
sidered to be the most feasible targets of SAH treatment [6].
 Endothelial cell stability is crucial for BBB integrity. These 
cells secrete angiopoietins —a protein family of endothelial 
growth factors that promotes angiogenesis. Angiopoietins regu-
late vascular homeostasis by binding to and activating the en-
dothelial Tie receptor tyrosine kinases [7]. Angiopoietin-1 
(Ang-1) binds to and phosphorylates Tie-2 receptor. Ang-1 
plays an important role in vascular-stabilization, endothelial 
cell maturation, adhesion, migration, and survival, and has anti-
inflammatory effects [8]. Angiopoietin-2 (Ang-2) also binds to 
Tie-2 but as an antagonist of Ang-1. Ang-2 mediates endotheli-
al cell death, disrupts vascularization, and increases vascular 
permeability, and has pro-inflammatory effects [9,10]. In the 
central nervous system, the high level of Ang-1 and low level of 
Ang-2 constitute a dynamic balance which is required to main-
tain BBB integrity by regulating endothelial Tie-2 phosphoryla-
tion level [11]. Recent in vitro studies have shown that Ang-1 
can reduce the destruction of the BBB [12]. Lower Ang-1 and 
higher Ang-2 levels have been found in the serum of SAH pa-
tients. The studies also associated a low Ang-1 to Ang-2 ratio 
with cerebral vasospasm (CVS) and delayed cerebral ischemia 
(DCI) prospectively [13]. All of this evidence suggests that a 
lower Ang-1 to Ang-2 ratio is a key process responsible for 
post-SAH BBB destabilization. Therefore, it has become very 
critical to understand the pathophysiological effects and mech-
anisms related to Ang-1 and Ang-2 activities and dynamics in 
the early course of SAH.
 This study hypothesizes that the Ang-1 and Ang-2 equilibri-
um is broken in the early period of SAH, and that the restora-
tion of this equilibrium through Ang-1 treatment can improve 
BBB stability and neurological functioning after SAH. 

MATERIALS AND METHODS 

Animals
A total of 150 male Sprague-Dawley rats weighing 250–300 g 
were purchased from the Laboratory Animal Center of Xi’an Ji-
aotong University and used for the study. The rats were housed 
in 12-hour light and dark cycles in a temperature and humidi-
ty- controlled environment, and they had free access to food 
and water. The rats were housed and handled in strict accor-
dance with National Institutes of Health’s and Xi’an Jiaotong 

University’s research animal care and use guidelines. All animal 
procedures were reviewed and approved by the Laboratory An-
imal Center of Xi’an Jiaotong University, which were formulat-
ed by the Ministry of Science and Technology of the People’s 
Republic of China.
 
Rat Endovascular Puncture Model 
SAH was induced by endovascular perforation technique as 
described by Bederson et al. [14]. A sharpened Prolene 3.0 su-
ture was introduced into the right external carotid artery and 
was advanced through the internal carotid artery. The common 
carotid artery was kept clamped near the junction of external 
and internal carotid arteries. The suture was further advanced 
into the intracranial internal carotid artery until resistance was 
felt and then it was pushed 3 mm further into the internal ca-
rotid artery near the middle cerebral artery bifurcation. The 
duration of endovascular occlusion was between 30 seconds 
and 2 minutes. Fig. 1B–E shows representative hemorrhages. 
The sham rats were operated on similarly; however, the bifurca-
tion of the internal carotid artery and middle cerebral artery 
was not punctured, and without hemorrhages in the subarach-
noid space (Fig. 1A).
 In the first set of experiments, 70 rats were randomly divided 
into 5 groups: sham-operated (n=20), 6-hour post SAH (n=10), 
1-day post SAH (n=20), 2-day post SAH (n=10), and 3-day  
post SAH (n=10). All sham-operated rats were euthanized on 
day 1. The SAH rats were euthanized at 6 hours. 1 day, 2 days, 
and 3 days after puncturing. At respective time points, 10 rats 
per group, including the sham-operated group, were euthanized 
and perfused with saline. The cerebral cortex and the hippo-
campus were collected from these perfused rats for Western 
blotting. The remaining 20 rats, 10 from 1-day post SAH group 
and 10 from the sham-operated group, were used for immuno-
histochemical staining. Their brains were washed in normal sa-
line solution and installed overnight at room temperature in 4% 
paraformaldehyde in 0.01M phosphate buffered saline. The tis-
sue blocks were then dehydrated with an ascending ethanol so-
lution series, cleared with xylene, and embedded in paraffin. 
The paraffin blocks were cut into transverse serial sections of 10-
µm thickness. Next, 5 sections containing the hippocampus and 
cortex were randomly taken from each perfused rat and mount-
ed on poly-L-lysine coated slides for immunohistochemical 
staining.
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Immunohistochemistry
Immunohistochemistry was performed to study Ang-1 and 
Ang-2 expression in post SAH hippocampuses and cortices. 
The sections were deparaffinized and rehydrated in graded 
concentrations of ethanol and finally in distilled water. The sec-
tions were incubated in 3% hydrogen peroxide for 5 minutes to 
block the endogenous peroxidase activity. To retrieve the hid-
den epitopes of Ang-1 and Ang-2 proteins, the sections were 
placed in 10-mmol/L citrate buffer (pH, 6.0), heated in a micro-
wave oven at 95˚C for 30 minutes, cooled at 25˚C for 20 min-
utes, and then rinsed in phosphate-buffered saline (PBS). The 
nonspecific protein binding was blocked by incubating the sec-
tions in 5% horse serum in PBS for 1hour at 25˚C. The sections 
were then probed with primary antibodies (anti-Ang-1, 1:1,000, 
Abcam, Cambridge, MA, USA; anti-Ang-2, 1:500, Abcam) 

overnight at 4˚C, followed by a 15-minute wash in PBS. The 
sections were then incubated in horseradish peroxidase (HRP)-
conjugated secondary antibody (1:500, Abgent) for 60 minutes 
at 25˚C. Diaminobenzidine was used as a chromogen, and he-
matoxylin as a counterstain.

Western Blot Analysis
Using a tissue homogenizer, the frozen tissue samples were sol-
ubilized in a RIPA buffer on ice. Sixty µg/lane of protein sam-
ples were separated in a sodium dodecyl sulfate–polyacryl-
amide gel (10% or 12% acrylamide gel) and electrotransferred 
onto polyvinylidine fluoride membranes. After 2 hours of incu-
bation in a blocking solution (5% nonfat milk in 20mM Tris–
HCl, 150mM NaCl, 0.1% Tris-buffered saline with Tween 20 
[TBST]), the membranes were blotted with primary antibodies 

Fig. 1. The ventral brain from a sham-operated rat (A) after 6 hours (B); 1 day (C); 2 days (D); and 3 days (E) after subarachnoid hem-
orrhage.
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against Ang-1 (1:30,000, Abcam, ab183701), Ang-2 (1:5,000, 
Abcam, ab155106), or b-actin (1:1,000, Beijing Biosynthesis 
Biotechnology, Beijing, China) overnight at 4˚C. After extensive 
rinsing with TBST buffer, the membranes were incubated with 
HRP-conjugated secondary antibodies. The antigen specific 
bands were detected using a chemiluminescence kit (Heliosense 
Biotechnologies Inc., Xiamen, China) and X-ray films (Helio-
sense Biotechnologies Inc.). Western blots were performed on 
at least 6independent experiments. After scanning the X-ray 
films, the density of the bands was analyzed with Quantity one 
software ver. 4.62 (Bio-Rad, Hercules, CA, USA).

Ang-1 Peptide Treatment
In the second set of experiments, 80 rats were randomly as-
signed to 4 groups: sham-operated (n=20), SAH (n=20), SAH 
+vehicle (n=20), and SAH+Ang-1 (n=20). The rats were oper-
ated on to induce SAH as described above. Immediately after 
inducing SAH, the rats were injected with Ang-1 peptide (Ab-
cam, ab109637) dissolved in distilled water at 100 µg/mL. The 
preliminary experiment demonstrated that the dose of 50 µg 
had a more significant effect than 20 µg on reducing the dam-
age of BBB after SAH, and it was a relatively safe dose for rats, 
so 50-µg peptide was injected through the tail vein in about 3 
minutes. Half of the rats from second set of experiments were 
euthanized and sacrificed for use of the brains for Evans Blue 
viability assay. The other half of the animals were subjected to 
neurological testing.

Evans Blue Extravasation
One day after SAH was induced, 10 rats were randomly selected 
from each experimental group of the second set of experiments 
for assessment of BBB vascular permeabilization using a modi-
fied Evans blue extravasation method. The rats were briefly 
anesthetized with an intraperitoneal injection of 10% chloral 
hydrate (0.35 mL/kg) and infused with 37˚C. Evans blue dye (2% 
in 0.9% normal saline, 4 mL/kg) via the right femoral vein 
which was injected for over 5 minutes. Two hours later, the rats 
were perfused with 300-mL saline to wash out any remaining 
dye in the blood vessels. The brains were then removed and cut 
into 2-mm-thick sections. The brain slices were weighed and 
immersed into formamide. The BBB permeability in the brain 
motor cortex tissue was spectrophotometrically evaluated by 
measuring the absorbance of Evans blue in the supernatant 
(OptiMax, Molecular Devices, Sunnyvale, CA, USA) at 610 nm.

Neurological Assessment
The rats from the second set of experiments were subjected to 
neurological assessment measured with a modified version of 
the method described by Sugawara et al. [15]. The animals were 
scored on spontaneous activity (score, 0–3), spontaneous 
movements of all limbs (score, 0–3), movements of forelimbs 
(score, 0–3), climbing the wall of a wire cage (score, 1–3), reac-
tion to touch on both sides of the trunk (score, 1–3), and re-
sponse to vibrissae touch (score, 1–3). The minimum neuro-
logical score in this method is 3 and the maximum is 18.

Statistical Analysis
For statistical analysis IBM SPSS Statistics ver. 19.0 (IBM Co., 
Armonk, NY, USA) was used. The data is presented as mean 
±standard deviation. Analysis of variance was used to compare 
multiple groups. The LSD tests were used for to compare the 
differences between the 2 groups. Either P<0.05 or P<0.01 was 
considered statistically significant.

RESULTS

General Observations
Twenty-five rats died during the course of the experiments, 
though none of the rats in the sham group died. Dead rats were 
excluded from further analysis. The expected decrease in postsur-
gical physical activity was noticed. Blood clots in the subarachnoid 
space 6 hours (Fig. 1B) and 1 day (Fig. 1C) post SAH were ob-
served. These clots were gradually absorbed with time (Fig. 1D, E).

Expression of Ang-1 and Ang-2 in Rat Brain After SAH
Immunohistochemistry was used to show the expression of 
Ang-1 and Ang-2 in the cerebral cortex, hippocampus, and mi-
crovascular endothelial. The distinct decrease in Ang-1 expres-
sion from the SAH group was observed in the cortex and hip-
pocampal CA1–CA2 regions Fig. 2D–F with the sham group 
Fig. 2A–C. The difference in Ang-1 expression in the microves-
sels is shown in Fig. 2C, F. The results also show that the level of 
Ang-2 expression in the cortex, hippocampus, and microvessels 
of the SAH group (Fig. 2J–L) was higher than that in the sham 
group (Fig. 2G–I).

Dynamics of the Ratio of Ang-1/Ang-2 Expression in the 
Cerebral Cortex and Hippocampus
The western blot analysis showed significant differences of Ang-
1 and Ang-2 in the SAH group compared with the sham groups. 
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Two contradictory trends emerged in Ang-1 and Ang-2 expres-
sion after SAH. The Ang-1 level decreased rapidly at 6 hours 
and reached its lowest 1 day after SAH in the cortex and hippo-
campus (Fig. 3A, B). On the other hand, the Western blot data 
indicated a significant increase in Ang-2 expression in the cere-
bral cortex and hippocampus until the expression reached a 
peak at 1 day after SAH (Fig. 3A, B).The decrease of the ratio 
appeared at 6 hours and reached its lowest point at 1 day after 
SAH. The lowest value was one-twentieth less than that of the 
sham group in the cortex (Fig. 3C). The trend in the hippocam-
pus was similar to that in the cortex, and the value of the low 
peak was only about one-ninth of that in the sham group (Fig. 
3D). For reflecting the BBB stabilization, it was confirmed that 
the Ang-1 to Ang-2 ratio was more sensitive.

Exogenous Ang-1 Repairs the Disrupted Blood-Brain 
Barrier and Improves Neurological Scores After SAH
The results so far suggest that the peak changes in Ang-1 and 

Ang-2 expression occur at one day post SAH. Based on this, an 
Evans blue extravasation was done at 1 day after SAH. The re-
sults show that vehicle did not affect SAH. Less Evans blue dye 
leaked in the SAH+ Ang-1 group than in the SAH + vehicle 
group (Fig. 4A). This indicates that the Ang-1 peptide either 
prevents the BBB from disintegrating post SAH or helps repair 
it. Neurological scores were recorded at 3 days after SAH as an 
important and direct indicator to evaluate the neurological 
prognosis. By means of analyzing the results of neurophysiolog-
ical testing, the rats had a significant neurological dysfunction 
after SAH. In addition, the therapy of Ang-1 injection succeed-
ed in reducing neurological deficits after SAH compared with 
the vehicle (Fig. 4B).

DISCUSSION

BBB dysfunction is one of the most significant events during 
EBI. It is associated with a series of pathophysiological process-
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es such as microclot formation, inflammation, decreased cere-
bral blood flow, and CVS after SAH [5]. This study reports two 
important findings. First, the dynamics of Ang-1 and Ang-2 
expression and imbalance after SAH were shown. Ang-1 ex-
pression started to decrease while the Ang-2 expression started 
to increase at 6 hours, and reached its low or high peak at 1 day 

after SAH. The ratio of Ang-1/Ang-2 dropped abruptly within 1 
day after SAH. Then the ratio rose slightly; however, it was still 
lower than normal. More importantly, through the exogenous 
Ang-1 therapy, the BBB leakage was controlled, which could be 
observed by the decline of Evans blue effusion. Neurological 
function was improved after Ang-1 injection in SAH rats.
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 According to our results, Ang-1 and Ang-2 have a crucial ef-
fect in the very early post SAH phase. This change might happen 
earlier than that of inflammatory factors such as tumor necrosis 
factor-α for which peak expression is at two days after SAH [16]. 
An in vivo study has shown that the intercellular junctions be-
tween endothelial cells became loose even before 6hours after 
SAH induction which results in BBB hyperpermeability [17]. 
This supports our hypothesis that the molecular mechanisms re-
sponsible for BBB disruption play a key role in SAH and might 
be a new therapeutic target for SAH-associated EBI.
 A number of previous research studies about microvascular 
dysfunction in SAH focused on vessel related molecules like 
VEGF [18]. However, the angiopoietin, another crucial factor 
for endothelial integrality, has largely been ignored. Tie-2 is a 
tyrosine kinases receptor which is mainly expressed at the en-
dothelial cell membranes. Ang-1 and Ang-2 are both the li-
gands of Tie-2 receptor, and compete each other to bind to Tie-
2 and have an opposing role in vascular stability. Ang-1 phos-
phorylates Tie-2 and induces vessel maturation, adhesion, mi-
gration, and survival. On the other hand, Ang-2 binds to but 
does not phosphorylate Tie-2, and results in vessel leakage [19]. 
Recent studies have found that angiopoietin/tie may regulate 
BBB permeability through tight junction protein mediated sta-
bilization of cell-cell junction in brain endothelial cells [12]. Al-
though there are many basic research studies of angiopoietins, 
the relationship of angiopoietins and SAH is very rarely stud-
ied. Our study reveals the functioning of Ang-1 and Ang-2, two 
important endothelial vessel-related molecules in pathophysio-
logic processes after SAH. However, the upstream mechanism 
of this imbalance between Ang-1 and Ang-2 is not clear. For 
the equilibrium between Ang-1 and Ang-2 to break in 6 hours 
after SAH, when most of the inflammatory factors did not ex-
press, complex relationships between Ang-1/Ang-2 and inflam-
mation exist. It can be speculated that the hemoglobin or he-
moglobin degradation products in subarachnoid space may be 
the one of the initiating factors.
 Besides disrupting the endothelial barrier, it has been proven 
that Ang-2 could promote neo-vascularization in conjunction 
with VEGF [20]. Therefore, inhibiting Ang-2 may obstruct 
neo-vascularization and increase the risk of delayed DCI. Ang-
1 is a physiological antagonist of Ang-2. However, it does not 
down-regulate the expression of Ang-2. This is the reason why 
injection of Ang-1 peptide to bring the equilibrium back during 
the very early phase after SAH was chosen instead of an artifi-
cial Ang-2 inhibition. Previous studies have shown that BBB 

permeability increased in the very early period after SAH [17]. 
To keep the early pathophysiological process intact, the time 
point of treatment was set at 0 minute after the operation.
 There are 2 main models of SAH for in vivo studies: the en-
dovascular perforation model and the double hemorrhage 
model. The first model has higher mortality than the second 
one. This study, however, chose the endovascular perforation 
model because it is similar to human SAH patients by simulat-
ing the rupture of intracranial aneurysms and induces more se-
vere pathophysiological changes [15,21].
 In conclusion, this study shows that the Ang-1 and Ang-2 
equilibrium breaks very early after SAH induction, and exoge-
nous Ang-1 can improve the BBB integrality and neurological 
impairment after SAH. The protective effect of Ang-1 in restor-
ing angiopoietin balance could be a potential therapeutic strat-
egy to prevent EBI for SAH patients.
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