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INTRODUCTION

Intracerebral hemorrhage (ICH) is a common and 
often fatal stroke subtype. Primary ICH accounts for 
approximately 8–14% of all strokes in Western coun-
tries (Brown et al. 1996), and a considerably higher 
proportion in populations of China, Korea, and Japan 
(Lo et al. 1994, Yang et al. 2004). Indeed, the 30-day 
mortality rate is about 50%, and neurological recovery 
in survivors is often poor (Giroud et al. 1991, Fogelholm 
et al. 1992, Broderick et al. 1994). However, currently 
there is no medical therapy available for these patients 
except for blood pressure reduction and neurosurgical 
evacuation of the hematoma (Mendelow et al. 2005, 
Qureshi et al. 2005).

Angiogenesis, which refers to the expansion or 
remodeling of pre-existing blood vessels (Ward and 
Dumont 2002), is a fundamental requirement for 
organ development and differentiation during 
embryogenesis as well as for wound healing and 
reproductive functions in the adult (Folkman 1995). 
The molecular events governing angiogenesis are 
complex and involve multiple families of proteins 
and receptors, including the vascular endothelial 
growth factor (VEGF) family (Veikkola and Alitalo 
1999) and the angiopoietin (Ang) family (Ward and 
Dumont 2002). In contrast to VEGF, which stimu-
lates endothelial cell migration and promotes cell 
survival and proliferation, Ang-1 does not appear to 
stimulate cell proliferation (Davis et al. 1996) but 
does play a crucial role in mediating reciprocal inter-
actions between the endothelium and surrounding 
matrix and in causing maturation and stabilization of 
vessels (Suri et al. 1996).
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Recent studies have proved that in the central ner-
vous system Ang-1 and endothelial-specific receptor 
tyrosine kinase Tie-2 were observed to be involved 
in a wide variety of disorders, ranging from vascular 
malformations and brain tumors to cerebral ischemia 
(Zhang 2002, Harrigan 2003, Nourhaghighi et al. 
2003, Ardelt et al. 2005, Hohenstein et al. 2005, 
Ward et al. 2007). However, so far there have been 
no reports about the expression of Ang-1/Tie-2 fol-
lowing ICH. Accordingly, the purpose of our present 
work is to evaluate whether the expression of Ang-1 
and its receptor Tie-2 is altered in rat brains with 
collagenase-induced ICH, which might widen our 
understanding in mechanisms of rehabilitation after 
the stroke.

METHODS

Animal preparation

Studies were carried out on adult male Sprague-
Dawley rats (250–300 g, 8–10 weeks of age) obtained 
from the Experimental Animal Science Center of 
Central South University, which were housed under 
identical conditions (room temperature 25°C, 12 h 
light-dark cycle) and allowed free access to food and 
water. The experimental protocol was performed under 
compliance with guidelines of Central South University 
and the National Institutes of Health Guide for the 
Care and Use of Laboratory Animals (NIH Publications 
No. 80-23). Rats were randomly assigned to sham-
operated control group (n=8, per time point) and ICH 
group (n=8, per time point). 

Collagenase-induced intracerebral hemorrhage 

The intracerebral hemorrhage was induced accord-
ing to Rosenberg and coauthors (1990). After fasting 
for a night, animals were anesthetized with chloral 
hydrate (400 mg/kg) intraperitoneally, then fixed on 
a stereotactic frame (STOELTING) pronely. Following 
a scalp incision, a small cranial burr was drilled near 
the right coronal suture 3.2 mm lateral to the midline. 
0.5 U bacterial collagenase (type VII, Sigma) in 2.5 
μl 0.9% sterile saline was injected into right globus 
pallidus (1.4 mm posterior and 3.2 mm lateral to 
bregma, 5.6 mm ventral to cortical surface) with 
a 5-μl Hamilton syringe for over 5 minutes, with the 
needle left there for 5 minutes afterwards. The bone 

hole was sealed with bone wax allowing for subse-
quent intracranial pressure elevations due to the hem-
orrhage, the scalp wound was sutured, and each ani-
mal was placed in a warm box to recover. For the 
sham group, 2.5 μl 0.9% sterile saline instead of the 
collagenase in saline was injected to the same site. 
During the procedure, rectum temperature was moni-
tored and maintained at 37.5°C with a feedback con-
trolled heating pad.

Specimen preparation

The randomly chosen animals from the two groups 
were deeply anesthetized with chloral hydrate 
(800 mg/‌kg) at 2 days, 4 days, 7 days, 14 days, 21days, 
28 days postoperation. For histological assessment, 
animals (n=3, per time point) were transcardially per-
fused with 0.9% saline followed by 250 ml ice-cold 
4% paraformaldehyde in 0.1 M phosphate buffer 
(pH=7.4). The removed brains were post-fixed in the 
same fixative for 2 hours, then transferred to 20%, 
30% sucrose in 0.1 M phosphate buffer (pH=7.4) 
sequentially at 4°C until sinking. Brains were cut for 
30 μm coronal sections at −20°C with a cryostat (Leica 
CM1900, Germany), some of which were collected in 
0.01 M phosphate buffer saline (pH=7.4) and stored at 
4°C. For reverse transcription-polymerase chain reac-
tion (RT-PCR), rats (n=5, per time point) were killed 
by decapitation, the brains were immediately removed 
and the tissues in striatum adjacent to the hematoma 
and without the needle track were dissected and frozen 
at −196°C in liquid nitrogen.

Immunohistochemistry

Sections were brought to room temperature, and 
incubated in 3% H2O2 in methanol for 15 minutes. 
After washing three times in PBS for 5 minutes each, 
nonspecific binding was blocked in 5% bovine serum 
albumin (BSA, Sigma. USA) for 1 hour at 37°C. 
Sections were not washed, incubated with goat anti-
Ang-1 (1:70, Santa Cruz Biotech, USA) or goat anti-
Tie-2 (1:70, Santa Cruz Biotech, USA) overnight at 
4°C, then with a biotinylated anti-goat IgG (1:100) for 
1 hour. Color development was performed with 
a  Vectastain ABC kit (Vector Laboratories, USA) 
according to the vendor´s protocol. For negative con-
trol, 1% BSA was used instead of the primary anti-
body.
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Reverse Transcription-Polymerase Chain 
Reaction RT-PCR

RNA and cDNA preparation

Total RNA from the border of the hematoma was 
extracted using TRIzol Reagent following the manu-
facturer’s instructions (Invitrogen, USA). RNA was 
resuspended in diethypyrocarbonate-treated water. 
Samples were then extracted with phenol-choroform 
and precipitated with ethanol. Reverse transcription 
was performed on 2 μg of total RNA using 1 μg/μl 
oligo(dT)18 (1 μl), 10 mM dNTPMix (2 μl), RNase 
inhibitor (1 μl) and 200 u/μl M-MuLV-Reverse 
Transcriptase (1 μl) at 70°C for 5 minutes, at 37°C for 
5 minutes, at 42°C for 60 minutes and at 70°C for 
10 minutes consecutively following the manufacturer’s 
instructions (Fermentas, CA) and then, cDNA was 
stored at −20°C. 

Polymerase chain reaction

Polymerase chain reaction primer sequences were 
chosen from published document as listed in Table І 
(Lin et al. 2000). In brief, polymerase chain reaction 
was carried out in a final volume of 25 μl containing 
2 μl cDNA, 2.5 μl 10× PCR buffer, 0.5 μl rTaq, 2 μl of 
each primer and 16 μl diethypyrocarbonate-treated 
water, the mixture was incubated in a thermal cycler 
(Tenchne TC-512, UK) for 31 cycles using the follow-
ing profile: 94°C for 7 minutes, then repeat cycles of 
94°C for 45 seconds, 55°C for 45 seconds, and 72°C 
for 90 seconds. Samples were then incubated at 
72°C for 7 minutes and cooled to 4°C. Each set of PCR 
reactions included control samples run without RNA or 

in which the RT step was omitted to ensure that PCR 
products resulted from amplification from the analyzed 
mRNA rather than genomic PDNA. In the experiment 
we also used rat β-actin as an internal standard. 
Polymerase chain reaction products were electrophore-
sed using 1× TBE buffer on 2% agarose gel containing 
ethidium bromide. Semi-quantitation of bands was 
accomplished by using a computer-assisted Tanon 
GIS-2020 Analysis System (Tanon Co. China). 
Measurements were normalized to the optical density 
of the β-actin band. 

Statistical analysis

Data were expressed as means ± standard deviation 
(SD). Analysis of variance (ANOVA) followed by 
Student-Newman-Keuls’ post-hoc test was used to 
compare means.

RESULTS

The spatial distribution of Ang-1 and Tie-2 after 
ICH

To examine in which brain areas the expression of 
Ang-1 and Tie-2 was changed, immunohistochemistry 
was used. The immunopositive vessels could be observed 
only occasionally in sham-control rats, as well as after 
ICH in the hemisphere contralateral to the injury, or in 
the ipsilateral cortex to the clot. Some Ang-1 or Tie-2 
positive dilated vessels appeared at basal ganglion 
around the hematoma from 2 days to 7 days after ICH 
induction; thereafter, positive vessels extended into the 
clot (Fig. 1). The observation was obtained from the 3 
animals of either group at each time point.

Table І

Gene primer sequence (5’-3’) product (bp)

Ang-1

Tie-2

β-actin

Forward
Reverse
Forward
Reverse
Forward
Reverse

GAAAATTATACTCAGTGGCTGGAAAAA
TTCTAGGATTTTATGCTCTAATAAACT
ATTGACGTGAAGATCAAGAATGCCACC
ATCCGGATTGTTTTTGGCCTTCCTGTT
CGTTGACATCCGTAAAGAC
TGGAAGGTGGACAGTGAG

330

375

201

Primers for Reverse Transcription-Polymerase Chain Reaction
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RT-PCR assay of Ang-1 and Tie-2 mRNA 

As it is demonstrated by immunohistochemistry that 
the expression of Ang-1 and Tie-2 was changed pre-
dominantly around the hematoma, we evaluated the 
alteration of Ang-1 and Tie-2 mRNA at the basal gan-
glion ipsilateral to ICH by RT-PCR. In sham-operated 
rats, no Ang-1 or Tie-2 mRNA signal was detected. 
However, Ang-1 and Tie-2 mRNA signals could be 
detected at 2 days after ICH, then the levels continued 
to increase notably from 7 days till 28 days (Fig. 2).

DISCUSSION

Intracerebral hemorrhage (ICH) may lead to severe 
reduction of blood supply and hypoxia in the affected 
region resulting from the compression by hematoma 

(Klein et al. 1986, Mendelow 1993, Belayev et al. 
2003, Kim-Han et al. 2006). Studies have proved that 
hypoxia may induce angiogenesis (Kaur et al. 2005), 
and our recent observations have also demonstrated 
that ICH could induce angiogenesis in the perihema-
tomal tissue, and that the new-born vessels extended 
into the clot approximately after 7 days (Tang et al. 
2007). In the present study, histological observation 
showed that Ang-1 and Tie-2 was primarily expressed 
in enlarged vessels after the stroke, and that the posi-
tive vessels appeared in the hematoma after 14 days. 
Since it was reported by several groups that Ang-1 
and Tie-2 could mediate angiogenesis in ischemic 
stroke (Lin et al. 2000, Harrigan 2003), our data sug-
gest that Ang-1 and Tie-2 might also have a close 
relationship with angiogenesis in the rat brains fol-
lowing ICH. Moreover, it was reported also that nitric 

Fig. 1. The spatial distribution of Ang-1 and Tie-2 after ICH. After ICH induction, few Ang-1(A) or Tie-2 (D) positive slim 
vessels (arrow) could be observed at the basal ganglion contralateral to the clot, but some Ang-1(B) or Tie-2 (E) positive 
dilated vessels (arrow) appeared around the hemotoma at 2 days, and the vessels (arrow) extended into the clot at 14 days (C, 
F). The top panel: schema of hemorrhagic region and areas where the pictures were taken. (H) hemorrhage. Bar is 100 μm.
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oxide (NO), an important endothelium-derived relax-
ing factor, was over-produced after ICH (Peng et al. 
1997). The factor could not only dilate the vessels, but 
also mediate proliferation of endothelial cells by 
increasing expression of VEGF and Ang-1/Tie-2 after 
ischemic stroke (Jorens et al. 1993, Zhang et al. 2003, 
Zacharek et al. 2006). Hence, NO may cause the sub-
stantial change in the lumen diameter of the positive 
vessels and alter expression of Ang-1/Tie-2 mRNA 
following ICH.

The expression of Ang-1 and Tie-2 was reported to 
be very weak in the adult rat brains, which might play 
a role in maintaining the integrity of the adult vascula-
ture (Dumont et al. 1992, Thurston et al. 1999, Thurston 
et al. 2000). The result of the present study which 
showed lack of Ang-1 or Tie-2 mRNA signal in sham-
operated rats is in line with those observations. However, 
we found that Ang-1 and Tie-2 mRNA is upregulated 
following ICH. In the early stage of ICH, hypoxia may 
partly contribute to the upregulation of Ang-1 and Tie-2 
mRNA (Park et al. 2003). ICH could also induce 
expression of inflammatory cytokines, such as TNF-α, 
IL-1β and ICAM-1, which mainly increased in the 
early phase (Gong et al. 2000, Hua et al. 2006, Wu et 
al. 2006). Numerous studies have shown that a high 
dose of inflammatory cytokines could lead to the down-
regulation of Ang-1 and Tie-2 mRNA, while a low dose 
of inflammatory cytokines could induce the overex-
pression of Ang-1 and Tie-2 mRNA (Fan et al. 2004, 
Scott et al. 2005, Hangai et al. 2006). Taken together, it 
could explain why the expression of Ang-1 and Tie-2 
mRNA was relatively weak at 2–4 days and then 
increased gradually in the current study. 

Although Ang-1 has little effect in the early phase of 
angiogenesis, the low level of Ang-1mRNA at the 
onset of ICH in the present study may reflect an initial 
attempt of the affected region to counteract inflamma-
tion and stabilize the vascular integrity (Gamble et al. 
2000). In vitro experiments demonstrated that Ang-1 
has specific effects on endothelial cells, which potently 
induces sprouting, chemotactic response (Koblizek et 
al. 1998), network formation (Witzenbichler et al. 
1998), and survival in apoptosis (Kwak et al. 1999, 
Papapetropoulos et al. 1999). Furthermore, the pheno-
typic analysis of Ang-1 knockout animals shows 
a decrease in the amount and complexity of capillary 
branches while overexpression of Ang-1 increases the 
number and branching complexity of vessels (Hayes et 
al. 1999), which suggested that Ang-1 was crucial for 
complexity of capillary branches. In addition, Ang-1 
could mediate remodeling and stabilization of endothe-
lial cells and extracellular matrix interactions and play 
a role in the recruitment of peri-endothelial mesenchy-
mal cell to the vessels (Suri et al. 1996). It has been 
revealed that the mRNA expression of Ang-2 exceeded 
that of Ang-1 within the neomembranes of chronic 
subdural hematoma, which was accompanied by ongo-
ing angiogenesis including destabilization of the struc-
ture of existing blood vessels, endothelial cell prolif-

Fig. 2. Representative expression profile of Ang-1 (A) and 
Tie-2 mRNA (C) and alteration of Ang-1 (B) and Tie-2 
mRNA (D) concentrations at ipsilateral basal ganglion after 
ICH. (S) sham operated animal. X-axis indicates postopera-
tive time in day (d). In sham-operated rats, no Ang-1 or Tie-2 
mRNA signal was detected. After ICH induction, both Ang-1 
and Tie-2mRNA signals were first detected at 2 days. Notable 
increases in Ang-1 and Tie-2 mRNA could be detected in the 
border of hematoma from 7 days and persisted for 28 days. 
Data are means ± SD, n=5; * P<0.05, ** P<0.01.
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eration, and tube formation as observed in the mem-
brane (Hohenstein et al. 2005). Hence, in the present 
study the Ang-1 mRNA expression in a persistently 
rising pattern might suggest the angiogenic switch 
from new vessel formation to vessel maturation, and 
the late notable upregulation of Ang-1 could elucidate 
why the positive vessels could extend into the clot and 
persist for 28 days without being resolved.

Tie-2, the receptor of Ang-1, is expressed primarily 
on endothelial cells (Dunont et al. 1992). And it was 
demonstrated that Tie-2 might be involved in a physi-
ological regulation of flow shear stress-dependent 
endothelial activity (Tai et al. 2005), which suggested 
that such a low level of Tie-2 in the intact brain might 
be enough to accomplish the functions. Disruption of 
murine Tie-2 function in transgenic mice resulted in 
early embryonic lethality secondary to distinct defects 
in microvascular development, characterized by reduced 
endothelial cell number, abnormal vascular branching, 
and compromised endothelial integrity (Dumont et al. 
1994, Sato et al. 1995). These findings indicated that 
Tie-2 function was not required for the earliest stages of 
endothelial differentiation and vascular patterning but 
was crucial for the formation of the microvasculature 
during embryonic angiogenesis. The results of our 
study which show that ICH could also lead to a pro-
longed increase in Tie-2 mRNA, coinciding with the 
induction of its ligand Ang-1, are consistent with the 
role for Tie-2 during angiogenesis in adult tissues. 
Importantly, Tie-2 plays a vital role in the mature vas-
culature as well, when phosphorylated by Ang-1, and 
disruption of Tie-2 signaling via Ang-1 knockout, Tie-2 
knockout, or a Tie-2 dominant-negative approach all 
yielded similar phenotypes (Dumont et al. 1994, Sato et 
al. 1995, Suri et al. 1996). Therefore, our data sug-
gested that Tie-2 was required for the stabilization and 
maturation of the newly-formed vessels in ICH.

CONCLUSION

In summary, our study demonstrated for the first 
time that ICH could lead to the upregulation of Ang-1 
and its receptor Tie-2 mRNA. Angiogenesis is a com-
plex process which needs orchestrated effects of many 
growth factors, and Ang-1 is another important factor 
for angiogenesis besides VEGF. Therefore, we pre-
sume that the Ang-1/Tie-2 system may also play a cru-
cial role in the regeneration of microvessels after 
intracerebral hemorrhage. 

ACKNOWLEDGEMENTS

The work was supported by grants from National 
Natural Science Foundation of China (30400581), 
Chinese Postdoctoral Science Foundation (2005038224), 
Special Funding Project for Postdoctor of Hunan 
Province (2006FJ4244) and Hunan Provincial Natural 
Science Foundation of China (07JJ5007).

REFERENCES

Ardelt AA, McCullough LD, Korach KS, Wang MM, 
Munzenmaier DH, Hurn PD (2005) Estradiol regulates 
angiopoietin-1 mRNA expression through estrogen recep-
tor-alpha in a rodent experimental stroke model. Stroke 
36: 337–341. 

Belayev L, Saul I, Curbelo K, Busto R, Belayev A, Zhang 
Y, Riyamongkol P, Zhao W, Ginsberg MD (2003) 
Experimental intracerebral hemorrhage in the mouse: 
histological, behavioral, and hemodynamic characteriza-
tion of a double-injection model. Stroke 34: 2221–
2227.

Broderick J, Brott T, Tomsick T, Tew J, Duldner J, Huster G 
(1994) Management of intracerebral hemorrhage in a 
large metropolitan population. Neurosurgery 34: 882–
887.

Brown RD, Whisnant JP, Sicks JD, O’Fallon WM, Wiebers 
DO (1996) Stroke incidence, prevalence, and survival: 
secular trends in Rochester, Minnesota, through 1989. 
Stroke 27: 373–380.

Davis S, Aldrich TH, Jones PF, Acheson A, Compton DL, 
Jain V, Ryan TE, Bruno J, Radziejewski C, Maisonpierre 
PC, Yancopoulos GD (1996) Isolation of angiopoietin-1, 
a ligand for the Tie-2 receptor, by secretion-trap expres-
sion cloning. Cell 87: 1161–1169.

Dumont DJ, Yamaguchi TP, Conlon RA, Rossant J, Breitman 
ML (1992) Tek, a novel tyrosine kinase gene located on 
mouse chromosome 4, is expressed in endothelial cells 
and their presumptive precursors. Oncogene 7: 1471–
1480.

Dumont D, Gradwohl G, Fong G, Puri M, Gertsenstein M, 
Auerbach A, Breitman ML (1994) Dominant-negative 
and targeted null mutations in the endothelial receptor 
tyrosine kinase, Tek, reveal a critical role in vasculogen-
esis of the embryo. Genes Dev 8: 1897–1909.

Fan F, Stoeltzing O, Liu W, McCarty MF, Jung YD, 
Reinmuth N, Ellis LM (2004) Interleukin-1β regulates 
angiopoietin-1 expression in human endothelial cells. 
Cancer Res 64: 3186–3190.



Expression of Ang-1 and Tie-2 mRNA after ICH 153 

Fogelholm R, Nuutila M, Vuorela AL (1992) Primary intrac-
erebral haemorrhage in the Jyvaskyla region, central 
Finland, 1985–89: incidence, case fatality rate, and func-
tional outcome. J Neurol Neurosurg Psychiatry 55: 546–
552.

Folkman J (1995) Angiogenesis in cancer, vascular, rheuma-
toid and other disease. Nat Med 1: 27–31.

Gamble JR, Drew J, Trezise L, Underwood A, Parson M, 
Kasminkas L, Rudge J, Yancopoulos G, Vadas MA (2000) 
Angiopoietin-1 is an antipermeability and anti-inflamma-
tory agent in vitro and targets cell junctions. Circ Res 87: 
603–607.

Giroud M, Gras P, Chadan N, Beuriat P, Milan C, Arveux P, 
Dumas R (1991) Cerebral haemorrhage in a French pro-
spective population study. J Neurol Neurosurg Psychiatry 
54: 595–598.

Gong C, Hoff JT, Keep RF (2000) Acute inflammatory reac-
tion following experimental intracerebral hemorrhage in 
rat. Brain Res 871: 57–65.

Hangai M, He S, Hoffmann S, Lim JI, Ryan SJ, Hinton DR 
(2006) Sequential inductionof angiogenic growth factors 
by TNF-alpha in choroidal endothelial cells. J 
Neuroimmunol 171: 45–56.

Harrigan MR (2003) Angiogenic factors in the central ner-
vous system. Neurosurgery 53: 639–661.

Hayes AJ, Huang WQ, Mallah J, Yang D, Lippman ME, Li 
LY (1999) Angiopoietin-1 and its receptor Tie-2 partici-
pate in the regulation of capillary-like tubule formation 
and survival of endothelial cells. Microvasc Res 58: 
224–237.

Hohenstein A, Erber R, Schilling L, Weigel R (2005) 
Increased mRNA expression of VEGF within the hema-
toma and imbalance of angiopoietin-1 and -2 mRNA 
within the neomembranes of chronic subdural hematoma. 
J Neurotrauma 22: 518–528.

Hua Y, Wu J, Keep R, Nakamura T, Hoff JT, Xi G (2006) 
Tumor necrosis factor-alpha increases in the brain after 
intracerebral hemorrhage and thrombin stimulation. 
Neurosurgery 58: 542–550.

Jorens PG, Vermeire PA, Herman AG (1993) L-arginine-
dependent nitric oxide synthase: a new metabolic path-
way in the lung and airways. Eur Respir J 6: 258–266.

Kaur B, Khwaja FW, Severson E A, Matheny S, Brat D J, 
Van Meir EG (2005) Hypoxia and the hypoxia-inducible-
factor pathway in glioma growth and angiogenesis. Neuro 
Oncol 7: 134–153.

Kim-Han JS, Kopp SJ, Dugan LL, Diringer MN (2006) 
Perihematomal mitochondrial dysfunction after intracere-
bral hemorrhage. Stroke 37: 2457–2462.

Klein B, Kuschinsky W, Schrock M, Vetterlein F (1986) 
Interdependency of local capillary density, blood flow, and 
metabolism in rat brains. Am J Physiol 251: H1333–1340.

Koblizek TI, Weiss C, Yancopoulos GD, Deutsch U, Risau W 
(1998) Angiopoietin-1 induces sprouting angiogenesis in 
vitro. Curr Biol 8: 529–532.

Kwak HJ, So JN, Lee SJ, Kima I, Koh GY (1999) Angiopoietin-1 
is an apoptosis survival factor for endothelial cells. FEBS 
Lett 448: 249–253.

Lin TN, Wang CK, Cheung WM, Hsu CY (2000) Induction of 
angiopoietin and Tie receptor mRNA expression after cere-
bral ischemia-reperfusion. J Cereb Blood Flow Metab 20: 
387–395.

Lo YK, Yiu CH, Hu HH. Su MS, Laeuchli SC (1994) Frequency 
and characteristics of early seizures in Chinese acute stroke. 
Acta Neurol Scand 90: 83–85.

Mendelow AD (1993) Mechanisms of ischemic brain damage 
with intracerebral hemorrhage. Stroke 24: I115–I117.

Mendelow AD, Gregson BA, Fernandes HM, Murray GD, 
Teasdale GM, Hope DT, Karimi A, Shaw MD, Barer DH 
(2005) Early surgery versus initial conservative treatment in 
patients with spontaneous supratentorial intracerebral hema-
tomas in the International Surguical Trial in Intracerebral 
Heamorrhage(STICH): a randomized trial. Lancet 365: 
387–397.

Nourhaghighi N, Teichert-Kuliszewska K, Davis J, Stewart DJ, 
Nag S (2003) Altered expression of angiopoietins during 
blood-brain barrier breakdown and angiogenesis. Lab Invest 
83: 1211–1222.

Papapetropoulos A, Garcia-Cardena G, Dengler TJ, Maisonpierre 
PC,Yancopoulos GD, Sessa WC (1999) Direct actions of 
angiopoietin-1 on human endothelium: evidence for net-
work stabilization, cell survival, and interaction with other 
angiogenic growth factors. Lab Invest 79:213–223.

Park YS, Kim NH, Jo I (2003) Hypoxia and vascular endothe-
lial growth factor acutely up-regulate angiopoietin-1 and 
Tie2 mRNA in bovine retinal pericytes. Microvasc Res 65: 
125–131.

Peng ZC, Li XQ, Liang QH, Zhu CX, Luo TL, Yan XX, Hu SY 
(1997) Induction of NADPH-diaphorase activity in the fore-
brain in a model of intracerebral hemorrhage and its inhibi-
tion by the Traditional Chinese Medicine complex Nao Yi 
An. Brain Res Bull 42: 119–128.

Qureshi AI, Mohammad YM, Yahia AM, Suarez JI, Siddiqui 
AM, Kirmani JF, Suri MF, Kolb J, Zaidat OO (2005) A pro-
spective multicenter study to evaluate the feasibility and 
safety of aggressive antihyoertensive treatment in patients 
with acute intracerebral hemorrhage. J Intensive Care Med 
20: 34–42.



154  H. Zhou et al.

Rosenberg GA, Mun-Bryce S, Wesley M, Kornfeld M 
(1990) Collagenase-induced intracerebral hemorrhage in 
rats. Stroke 21: 801–807.

Sato TN, Tozawa Y, Deutsch U, Wolburg-Buchholz K, 
Fujiwara Y, Gridley T, Wolburg H, Risau W, Qin Y 
(1995) Distinct roles of the receptor tyrosine kinases 
Tie-1 and Tie-2 in blood vessel formation. Nature 376: 
70–74.

Scott BB, Zaratin PF, Gilmartin AG, Hansbury MJ, 
Colombo A, Belpasso C, Winkler JD, Jackson JR 
(2005) TNF-α modulates angiopoietin-1 expression in 
rheumatoid synovial fibroblasts via the NF-kB signal-
ling pathway. Biochem Biophys Res Commun 328: 
409–414.

Suri C, Jones PF, Patan S, Bartunkova S, Maisonpierre 
PC, Davis S, Sato TN, Yancopoulos GD (1996) 
Requisite role of angiopoietin-1, a ligand for the TIE2 
receptor, during embryonic angiogenesis. Cell 87: 
1171–1180.

Tai L, Zheng Q, Pan S, Jin ZG, Berk BC (2005) Flow acti-
vates ERK1/2 and endothelial nitric oxide synthase via a 
pathway involving PECAM1, SHP2, and Tie2. J Biol 
Chem 28: 29620–29624.

Tang T, Liu XJ, Zhang ZQ, Zhou HJ, Luo JK, Huang JF, 
Yang QD, Li XQ (2007) Cerebral angiogenesis after col-
lagenase-induced intracerebral hemorrhage in rats. Brain 
Res 1175: 134–142.

Thurston G, Suri C, Smith K, McClain J, Sato TN, 
Yancopoulos GD, McDonald DM (1999) Leakage-
resistant blood vessels in mice transgenically overex-
pressing angiopoietin-1.Science 286: 2511–2514.

Thurston G, Rudge JS, Ioffe E, Zhou H, Ross L, Croll SD, 
Glazer N, Holash J, McDonald DM, Yancopoulos GD 
(2000) Angiopoietin-1 protects the adult vasculature 
against plasma leakage. Nat Med 6: 460–463.

Veikkola T, Alitalo K (1999) VEGFs, receptors and angio-
genesis. Semin Cancer Biol 9: 211–220.

Ward NL, Dumont DJ (2002) The angiopoietins and Tie2/
Tek: adding to the complexity of cardiovascular develop-
ment. Semin Cell Dev Biol 13: 19–27.

Ward NL, Moore E, Noon K, Spassil N, Keenan E, Ivanco 
TL, LaManna JC (2007) Cerebral angiogenic factors, 
angiogenesis, and physiological response to chronic 
hypoxia differ among four commonly used mouse strains. 
J Appl Physiol 102: 1927–1935.

Witzenbichler B, Maisonpierre PC, Jones P, Yancopoulos 
GD, Isner JM (1998) Chemotactic properties of angiopoi-
etin-1 and -2, ligands for the endothelial-specific receptor 
tyrosine kinase Tie2. J Biol Chem 273: 18514–18521.

Wu S, Fang CX, Kim J, Ren J (2006) Enhanced pulmonary 
inflammation following experimental intracerebral hem-
orrhage. Exp Neurol 200: 245–249.

Yang QD, Niu Q, Zhou YH, Liu YH, Xu HW, Gu WP, Tian 
FF, Xie YQ, Xia J (2004) Incidence of cerebral hemor-
rhage in the Changsha community: A prospective study 
from 1986–2000. Cerebrovasc Dis 17: 303–313.

Zacharek A, Chen J, Zhang C, Cui X, Roberts C, Jiang H, 
Teng H, Chopp M (2006) Nitric oxide regulates 
Angiopoietin1/Tie2 expression after stroke. Neurosci Lett 
404: 28–32.

Zhang R, Wang L, Zhang L, Chen J, Zhu Z, Zhang Z, 
Chopp M (2003) Nitric oxide enhances angiogenesis via 
the synthesis of vascular endothelial growth factor and 
cGMP after stroke in the rat. Circ Res 92: 308–313.

Zhang ZG, Zhang L, Tsang W, Soltanian-Zadeh H, Morris 
D, Zhang R, Goussev A, Powers C, Yeich T, Chopp M 
(2002) Correlation of VEGF and angiopoietin expression 
with disruption of blood-brain barrier and angiogenesis 
after focal cerebral ischemia. J Cereb Blood Flow Metab 
22:379–392.


