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Background: Cerebral arteriovenous malformation (AVM) involves the vasculogenesis of 

cerebral blood vessels and can cause severe intracranial hemorrhage. Stromal cell-derived 

factor-1 (SDF-1) and its receptor, CXCR4, are believed to exert multiple physiological functions 

including angiogenesis. Thus, we investigated the role of SDF-1/CXCR4 in the vasculogenesis 

of cerebral AVM.

Methods: Brain AVM lesions from surgical resections were analyzed for the expression of 

SDF-1, CXCR4, VEGF-A, and HIF-1 by using immunohistochemical staining. Flow cytometry 

was used to quantify the level of circulating endothelial progenitor cells (EPCs). Further, in an 

animal study, chronic cerebral hypoperfusion model rats were analyzed for the expression of 

SDF-1 and HIF-1. CXCR4 antagonist, AMD3100, was also used to detect its effects on cerebral 

vasculogenesis and SDF-1 expression.

Results: Large amounts of CXCR4-positive CD45+ cells were found in brain AVM lesion blood 

vessel walls, which also have higher SDF-1 expression. Cerebral AVM patients also had higher 

level of EPCs and SDF-1. In chronic cerebral hypoperfusion rats, SDF-1, HIF-1, and CD45 

expressions were elevated. The application of AMD3100 effectively suppressed angiogenesis 

and infiltration of CXCR4-positive CD45+ cells in hypoperfusion rats compared to controls.

Conclusion: The SDF-1/CXCR4 axis plays an important role in the vasculogenesis and 

migration of inflammatory cells in cerebral AVM lesions, possibly via the recruitment of bone 

marrow EPCs.

Keywords: cerebral arteriovenous malformation, SDF-1/CXCR4, chronic cerebral 

hypoperfusion, endothelial progenitor cells

Introduction
As the most commonly occurring cerebral vessel malformation, cerebral arteriovenous 

malformation (AVM) has an approximate incidence of 0.010%–0.018% in the whole 

population.1 It is astonishing that only 12% of AVM present symptoms during life;2 

thus, the actual occurrence frequency of brain AVM may be ten times more than the 

epidemiological data. About half the cerebral AVM patients have their disease onset 

as intracranial hemorrhage, representing about 1.4%–2% of the total hemorrhagic 

brain stroke.3 Most brain AVM-related hemorrhages occur before patients reach 

their 50s,4 making it a major reason for mortality and disability in young adults. 

Therefore, effective prevention of brain AVM is of great importance and requires a 

comprehensive understanding of the pathogenesis, which, however, remains unclear at 

the current stage. More and more evidence has shown that, instead of a stable lesion, 

cerebral AVM forms and develops in a dynamic vessel remodeling and vasculogenesis 
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process.5 Therefore, the knowledge of molecular mechanism 

underlying vasculogenesis and remodeling of brain AVM 

may help to develop novel therapeutic approaches.

Stromal cell-derived factor-1 (SDF-1) belongs to the endo-

crine type of CXC chemokines6 and has been reported to play 

important roles in various physiological functions, including 

inflammatory response, hematopoietic stem cell mobilization, 

metastasis of malignant tumors, and vasculogenesis, through 

interaction with its specific receptor CXCR4.7,8 The detailed 

mechanism of SDF-1/CXCR4 in facilitating vasculogenesis 

is mainly via its synergistic effects with vascular endothelial 

growth factor (VEGF) to stimulate the proliferation and 

tube formation of endothelial cells by mobilizing, recruiting, 

and homing CXCR4 bone marrow-derived cells including  

1) endothelial progenitor cells (EPCs), which could differenti-

ate into mature endothelial cells; 2) pericyte progenitor cells; 

3) smooth muscle progenitor cells; and 4) bone marrow-de-

rived CD45+ vascular modulatory cells, which act as vascular 

modulators by differentiating into mature endothelial cells 

and smooth muscle cells, and by secreting proangiogenesis 

factors. Meanwhile, SDF-1 could induce proliferation and dif-

ferentiation of endothelial cells, thus regulating the secretion 

of angiogenesis-related cytokines and exerting a synergistic 

effect with VEGF on inducing neo-angiogenesis.9 Therefore, 

SDF-1 played an important role in angiogenesis and vessel 

remodeling in both embryonic and postnatal development.

This study aimed at investigating the relationship between 

SDF-1 /CXCR4 and pathogenesis of AVM. Clinical samples 

of AVM lesions were studied for the expression profile of 

SDF-1α and CXCR4, in addition to the quantification of 

bone marrow-derived EPCs in patients. Such a human model 

was also replicated in AVM-related chronic cerebral hypop-

erfusion (CCH) animals. In this study, we investigated the 

expression of SDF-1 in cerebral AVM lesions by immunohis-

tochemistry, and explored whether EPCs and hematopoietic-

derived inflammatory cells (CD45+ cells) were present in 

AVM lesions by immunofluorescence. Furthermore, we 

evaluated the effect of SDF-1/CXCR4 on neo-angiogenesis 

in rat cerebral chronic hypoperfusion models.

Materials and methods
expression of sDF-1α and CXCR4 
in human cerebral aVM lesions
A total of 48 cerebral AVM samples were collected from 

surgical resections in the Department of Neurosurgery, The 

First Affiliated Hospital of Sun Yat-Sen University, Guang-

zhou, People’s Republic of China, between January 2012 and 

December 2013. Among all 48 patients, there were 33 males 

and 15 females, with an average age =30.66±11.90 years. The 

location of AVM included the cerebellum (five cases) and the 

supratentorial structures (43 cases). Another five brain tissue 

samples with normal blood formation were collected from 

patients undergoing trauma surgery and temporal lobectomy 

for seizures. General condition of patients, in addition to 

hemorrhagic volume, Spetzer–Martin grade, and preopera-

tive embolotherapy, were recorded. All procedures have been 

approved by the ethical committee of The First Affiliated 

Hospital of Sun Yat-Sen University. Written consents were 

obtained from patients or families.

Collected brain tissues were embedded in paraffin and 

sectioned into 10 μm thickness tissue slices, which were 

mounted on glass slides. Immunohistochemical (IHC) 

staining method was adopted as previously reported.10 For 

the single labeling, we identified the expression of SDF-1α, 

CXCR4, VEGF-A, and HIF-1α by using rabbit antihuman 

antibody (Santa Cruz Biotechnology, Dallas, TX, USA) and 

biotinylated goat antirabbit immunoglobin G (IgG) (Abcam, 

Cambridge, MA, USA), and ABC streptavidin detection kit 

(Vector Labs, Burlingame, CA, USA). For the double-fluo-

rescent staining, Alexa Fluor 594- or 488-labeling secondary 

antibody (Invitrogen, Waltham, MA, USA) was adopted after 

primary antibody (CXCR4 plus CD45, or CD133 plus CD34) 

incubation to identify the origin of those positive cells.

Identification of peripheral EPCs and 
sDF-1α expression
A total of 15 AVM patients were randomly selected for 

venous blood collection, along with 15 healthy controls. Flow 

cytometry technique was applied to analyze the percentage of 

EPCs in the total mononuclear cells as previously reported.11 

EPCs were defined as triple-positive signals for CD133, 

CD34, and KDR. Enzyme-linked immunosorbent assay 

(ELISA) was also employed to detect the level of SDF-1α 

in peripheral blood by using previously established proto-

cols12 and the human CXCL12/SDF-1α ELISA kit (R&D 

Systems, Minneapolis, MN, USA). A correlation analysis 

was then performed to identify the correlation between EPCs 

percentage and SDF-1α level in each individual sample.

expression of sDF-1α and vasculogenesis 
in chronic cerebral hypoperfusion rat 
models
A cohort of 54 male Sprague Dawley (SD) rats (average 

age =8 weeks old, body weight between 200 and 250 g) were 

divided into model, sham, and control group (n=18 each).  
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The CCH model was prepared as described by Hai et al.13  

In brief, after anesthesia, an end-to-side anastomosis between 

the right distal external jugular vein and the ipsilateral 

common carotid artery was made, followed by the liga-

tion of the left vein that drains the transverse sinus and the 

bilateral external carotid arteries. After recovery, 18F-labeled 

2-dexoxy-2-fluoro-d-glucose (FDG) PET/CT (positron emis-

sion tomography/computed tomography) scan was used to 

evaluate the metabolic activity of rat brains as shown by the 

intake level of 18F-FDG. All animal experimental procedures 

were approved by the animal research committee of the host 

institute.

effects of aMD3100 in blocking 
sDF-1/CXCR4 pathway and its role 
in vasculogenesis
Another 16 male SD rats (age and weight comparable to 

those in the previous experiment) were prepared by using the 

same CCH methods. After recovery, AMD3100 (5 mg/kg/d) 

or equal volume of saline was injected by the intraperitoneal 

route daily for 30 consecutive days. Another eight rats with 

comparable age and body weights were employed as the 

control group. At the end of drug treatment, all rats were 

sacrificed and their brains were collected. IHC staining using 

CD34 antibody was applied to determine microvessel density 

(MVD), followed by CD45/CXCR4 double fluorescent IHC 

staining and Western blot for MMP-9 proteins.

statistical analysis
All collected data were analyzed by SPSS version17 software 

package and presented as mean ± SEM. Between-group 

comparisons were performed by two-sample Student’s t-test, 

while multiple group comparisons were achieved using 

analysis of variance. A statistical significance is defined as 

P0.05.

Results
sDF-1/CXCR4 was abundantly expressed 
in cerebral aVM lesions
We found a higher SDF-1α protein expression in all 48 AVM 

patients, and 40 cases (83.3%) had CXCR4-positive stain-

ing (Figure 1A and B). Further examination showed that 

SDF-1α was mainly expressed in artery smooth muscles and 

vessel endothelial cells, while CXCR4 was present in the 

inner wall of AVM-deformed vessels and endothelial cells. 

Double-fluorescent IHC images showed the colocalization 

of CD45/CXCR4 in malformed vascular walls in peripheral 

matrix (Figure 1C). We also identified the positive correlation 

between SDF-1α and VEGF-A or HIF-1α, with correlation 

coefficient r at 0.537 and 0.437, respectively (P0.05 in 

both cases). A further consideration of patients’ clinical data 

found that the intensity of SDF-1α expression was stronger 

in patients with preoperative embolotherapy (P0.05).

higher numbers of ePCs and sDF-1α 
expression in aVM lesions
The flow cytometry results showed that in AVM patients, 

the double-positive cells (CD133 and CD34) and triple-

positive cells (CD133, CD34, and KDR) accounted for 

0.231%±0.179% and 0.051%±0.029% of total mononu-

clear cells in peripheral blood, significantly higher than 

0.093%±0.045% and 0.023%±0.016% in healthy controls 

(Figure 2, P0.05 in both comparisons). The level of 

SDF-1α was also elevated from 1,432±331.7 pg/mL in 

healthy control to 2,003.3±540.6 pg/mL in AVM patients 

(P0.05). The number of EPCs and serum SDF-1α level 

showed a strong positive relationship (r=0.79, P0.05). We 

also found double-positive EPCs (CD133/CD34) in AVM 

lesions (Figure 1D).

sDF-1α expression was elevated in 
chronic cerebral hypoperfusion rats
The MVD in the cerebral middle artery-feeding cortex 

was significantly higher in model rats at 7, 42, or 90 days 

when compared to that in sham group (Table 1, P0.05 in 

all cases). The images of 18F-FDG PET/CT scan showed a 

dynamic change in cerebral intake of 18F-FDG in rats model 

as the SUV
max

 value significantly increased 24 hours after the 

surgery, and decreased at day 7, followed by increase at day 

42 and day 90. Those values, however, were still lower than 

those of control or sham group (Table 2, P0.05). The serum 

level of SDF-1α started to increase 24 hours after the surgery, 

reached a peak at day 7, and was still higher than control 

group at day 42 and day 90 (Table 3, P0.05). A further IHC 

examination showed the presence of large amounts of CD45+ 

cells in cerebral tissues in model rats (Figure 3).

sDF-1/CXCR4 pathway inhibitor 
aMD3100 effectively inhibited 
vasculogenesis in aVM rats
The MVD values in control, AMD3100-, and saline-treated 

group after a 30-day treatment were 63.53±9.89/mm2, 

82.50±12.31/mm2, and 129.70±19.72/mm2, respectively 

(P0.05). The average number of double-positive cells 

(CD45 and CXCR4) in each high magnification field were 
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Figure 1 sDF-1α and CXCR4 expression in aVM lesions.
Notes: (A) ihC staining of sDF-1α, ×200. (B) CXCR4 ihC staining image, ×200. (C) Double immunofluorescence images of CXCR4 (red) and CD45 (green). Scale 
bar =20 μm. The white box is magnified in the right panel. (D) Double staining of CD133 (left, green) and CD34 (middle, red). scale bar =50 μm.
Abbreviations: ihC, immunohistochemistry; aVM, arteriovenous malformation; sDF-1, stromal cell-derived factor-1.
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Table 1 Microvessel density (/mm2) between sham and model animals

Sham Model t P-value

24 h 56.17±8.06 65.64±8.57 1.974 0.077
7 d 55.13±12.59 92.67±11.12 5.472 0.000
42 d 59.92±7.55 144.66±14.87 12.488 0.000
90 d 54.88±11.93 143.78±15.33 11.207 0.000

Note: Data are represented as mean ± standard deviation.
Abbreviations: h, hours; d, days.

Table 2 sUVmax value of left MCa cortex in control group and 
model groups

Normal Model F P-value

24 h 7 d 42 d 90 d

2.11±0.122.69±0.17a1.27±0.13a,b 1.74±0.16a,b 1.93±0.17b–d 104.440.00

Notes: Data are represented as mean ± standard deviation. aP0.05 compared to 
control; bP0.05 compared to those at 24 h; cP0.05 compared to those at 7 d; 
dP0.05 compared to those at 42 d.
Abbreviations: h, hours; d, days; sUVmax, maximum standardized uptake value; 
MCa, middle cerebral artery. 

Figure 2 ePCs from peripheral blood.
Notes: This figure showed flow cytometry results of AVM patients (A); in controls (B). left panels, raw images; middle panels, CD133+/CD34+ double-positive cells (upper 
right quadrant); and right panels, CD133+/CD34+/KDR+ triple-positive cells (upper right quadrant).
Abbreviations: ePCs, endothelial progenitor cells; aVM, arteriovenous malformation.

3.83±1.47, 7.33±2.16, and 11.33±3.61 in control, AMD3100-, 

and saline-treated group, respectively (P0.05) (Figure 4). 

The MMP-9 protein expression also showed the same pat-

tern, which was higher than in control ones but lower than 

in saline-treated animals (Figure 5, P0.05).

Discussion
This study conducted both clinical and animal researches 

to establish the role of SDF-1/CXCR4 pathway in the vas-

culogenesis of AVM, possibly through the mobilization of 

bone marrow-derived EPCs. In the clinical study, we found 

a strong expression of CXCR4 in CD45+ cells, which are 

possibly inflammatory cells, by chemotrophic attractions 

by SDF-1α, such as mononuclear cells from bone marrows. 

This can be supported by the following two experiments:  

1) higher number of EPCs and higher quantity of serum 

SDF-1α occurred in AVM patients; and 2) SDF-1α 

expression was also elevated in rats after CCH. The blockage 

of SDF-1/CXCR4 pathway by using AMD3100 effectively 

inhibited either vasculogenesis or CD45/CXCR double-

positive cell numbers in the brain cortex. All these results 

propose a model in which SDF-1α, after its induction by 

hypoperfusion, binds to CXCR4 and recruit EPCs for vas-

culogenesis in AVM lesions.

SDF-1 and its specific receptor, CXCR4, are expressed 

in various tissues, including hematopoietic and endothelial 

cells.8 Studies have demonstrated the critical role of SDF-1/

CXCR4 pathway in the trafficking and engraftment of 

hematopoietic stem cells from bone marrow into the gen-

eral circulation.14 The role of this pathway in embryonic 
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Table 3 serum sDF-1α levels (pg/ml)

Sham Model t P

24 h 397.7±27.9 450.3±40.4 2.624 0.025
7 d 406.2±32.3 603.7±63.6 6.781 0.000
42 d 406.5±40.0 564.8±36.4 7.259 0.000
90 d 387.0±51.9 481.8±35.5 3.699 0.004

Note: Data are represented as mean ± standard deviation.
Abbreviations: sDF-1, stromal cell-derived factor-1; h, hours; d, days.

Figure 3 CD45+ expression in chronic hypoperfusion mice.
Notes: (A) Control; (B) 24 hours after surgery; (C) 7 days; (D) 42 days; and (E) 90 days after surgery. Magnification: ×400.

vasculogenesis has also been proven as SDF-1 and CXCR4 

double-knockout mice had severe blood vessel abnormali-

ties.15 This study showed abundant expression of SDF-1 and 

CXCR4 proteins in AVM lesions from both human samples 

and mouse models, suggesting the role of this chemokine and 

its receptor in neo-angiogenesis, just as those in various tumor 

tissues.16 Little has been known, however, of the mechanism 

of SDF-1 in exerting the angiogenic effects, nor did the effect 

of CXCR4 inhibitor, AMD3100, in hematopoietic stem cell 

mobilization or angiogenic functions.

This study partially resolved the aforementioned 

question by applying AMD3100 in CCH rats and found 

depressed vasculogenesis and CXCR4-positive cells, sug-

gesting that under hypoxic conditions, SDF-1 can recruit 

bone marrow-derived cells for vasculogenesis. This result 

is consistent with previous studies, in which SDF-1 was 

found to be upregulated in damaged liver,17 artery,18 bone 

marrow,19 and ischemic tissues.20 The research conducted 

on ischemic tissues20 also indicated that the upstream regu-

lator of SDF-1 under hypoxic conditions is HIF-1. In this 

study, we found a positive correlation between SDF-1α and 

HIF-1α in AVM-related vascular walls, for the first time 

suggesting the pathway of HIF-1/SDF-1/CXCR4 axis in the 

malformation and neo-angiogenesis in AVM lesions.

SDF-1 has been reported to be involved in the cell prolifer-

ation, differentiation, and tube formation of vascular endothe-

lial cells in vitro.21 The in vivo study supported a synergistic 

effect between SDF-1 and VEGF-A in angiogenesis.22 This 

study also discovered a positive relationship between SDF-1 

and VEGF-A in AVM lesions, suggesting their important 

roles in AVM-related vessel malformation. In an ischemic 

limb model, SDF-1/CXCR4 pathway requires VEGF-A for 

its activation for angiogenesis.23 Therefore, it is reasonable 

to believe that VEGF-A and SDF-1 exert a synergistic effect 

in AVM malformation of blood vessels.

A previous study has suggested that brain and spinal 

AVM tissues had higher levels of SDF-1 and EPCs.10 This 

study, however, did not answer the question about how 

SDF-1 exerts its role in vasculogenesis. This study largely 

agreed with them by showing potent SDF-1 expression in 

vascular walls of cerebral AVM lesions, and by further 

showing the MMP-9 and VEGF-A proteins postulated both 

upstream and downstream factors in this regulatory pathway. 

We also, for the first time, replicated such proposed model in 

CCH rats, thereby further strengthening the initial hypothesis 

via the usage of specific antagonist AMD3100.

In summary, in cerebral AVM, neo-angiogenesis may 

occur via the activation of SDF-1/CXCR4 pathway, which 

further recruit bone marrow-derived EPCs to accomplish 

the vascular formation. This study, however, did not reveal 

the detailed cellular mechanism underlying this process. 

Future experiments can include specific cell markers to 
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Figure 4 CD45/CXCR4 coexpression in aMD3100-treated mice.
Notes: (A) This figure shows representative double-immunofluorescence staining of CD45 (green) and CXCR4 (red) in AVM tissues. (B) This shows the quantified results 
of double-positive cells across control, aMD3100-, and saline-treated animals.
Abbreviation: aVM, arteriovenous malformation.

Figure 5 MMP-9 expression in aMD3100-treated mice.
Notes: (A) Western blotting bands. (B) Quantified results (in optical density) showing MMP-9 protein levels in control, AMD3100-, and saline-treated animals. *P0.05 
compared to the normal ones.
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trace the migration of EPCs in the vascular formation under 

hypoxic conditions in animal models.
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