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ABSTRACT 

Stromal cell-derived factor 1α (SDF-1α) is involved in the trafficking of hematopoietic 

stem cells (HSCs) from bone marrow to peripheral blood, and its expression is 

increased in the penumbra of the ischemic brain. In this study, SDF-1α was found to 

exert neuroprotective effects that rescued primary cortical cultures from H2O2 

neurotoxicity, and to modulate neurotrophic factor expression. Rats receiving 

intracerebral administration of SDF-1α showed less cerebral infarction due to 

upregulation of antiapoptotic proteins, and had improved motor performance. SDF-1α 

injection enhanced the targeting of bone marrow (BM)-derived cells to the injured 

brain, as demonstrated in GFP-chimeric mice with cerebral ischemia. In addition, 

increased vascular density in the ischemic cortex of SDF-1α treated rats enhanced 

functional local cerebral blood flow. In summary, intracerebral administration of 

SDF-1α resulted in neuroprotection against neurotoxic insult, and induced increased 

BM-derived cell targeting to the ischemic brain, thus reducing the volume of cerebral 

infarction and improving neural plasticity. 
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Stroke is a major cause of mortality worldwide (van Gijn and Dennis, 1998), and 

bone marrow stem cell transplantation has been demonstrated to be a potential strategy 

for its treatment (Li et al., 2002). Under ischemic conditions, circulating stem cells 

appear to selectively migrate to ischemic regions to support the plasticity and 

functional recovery of damaged tissue (Orlic et al., 2001). However, the signals that 

guide stem cells to ischemic lesions are as yet unknown. Stromal cell-derived 

factor-1α (SDF-1α), a CXC chemokine produced by bone marrow stromal cells, is a 

potent chemo-attractant for hematopoietic stem cells (HSCs) and is constitutively 

expressed by all tissues (Shirozu et al., 1995). Recent reports have indicated that 

SDF-1α is a strong chemo-attractant for CD34+ cells which express CXCR4, the 

receptor for SDF-1α, and plays an important role in HSC trafficking between 

peripheral circulation and bone marrow (Petit et al., 2002). Studies of mice lacking 

SDF-1α or CXCR-4 have confirmed that SDF-1α is necessary for the migration of 

HSCs from fetal liver to bone marrow (Zou et al., 1998). In addition, the expression of 

SDF-1α in the brains of HIV-positive patients suggests that SDF-1α may play a role in 

neuroprotection in response to HIV infection (Langford et al., 2002). Therefore, 

SDF-1α/CXCR4 signaling may also play an important neuroprotective/neuroplastic 

role in the repair of neural tissue injury.      

Expression of CXCR4 and SDF-1α following focal cerebral ischemia (Stumm et 

al., 2002) led us to speculate that this chemokine may also signal adhesion and 

migration of HSCs to ischemic tissue. On this basis, we hypothesized that locally 

over-expressed SDF-1α in cerebral ischemia may enhance HSC plasticity and provide 

an environment that enhances differentiation of HSCs into original lineage cell types 

of the damaged brain, such as endothelial cells and neurons.  
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In the present study, we examined the neuroprotective effects of SDF-1α against 

H2O2-induced neurotoxicity in primary cortical neurons. In addition, we analyzed the 

results of intracerebral administration of SDF-1α on cerebral ischemic rats by 

measuring the extent of induced cerebral infarction and neurological behavior before 

and after cerebral ischemia. SDF-1α was found to play a role not only in BM-derived 

cell differentiation but also in ischemia-induced trafficking of BM-derived cells from 

peripheral blood to the damaged brain. If a sufficient number of BM-derived cells 

could home in on cerebral ischemic injuries to promote neuronal repair and recovery of 

function, this would provide a novel insight into the mechanisms driving BM-derived 

cell differentiation and recruitment into damaged tissues. Our findings should have 

important implications for stem cell-based therapy of other ischemic disorders. 
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Materials and Methods 

In Vitro Primary Cortical Culture Preparation. Primary cortical cells (PCC) 

were prepared from the cerebral cortex of gestation day 17 embryos from 

Sprague-Dawley rats as described previously (Murphy et al., 1990). In brief, pooled 

cortical tissues isolated from the brain were dissociated by mechanical trituration in 

Hank’s solution. Then, cells were counted and plated at a density of 5 x 105 cells in 

24-well culture plates pre-coated with poly-lysine (0.02 g/L). Cells were grown in 

DMEM (GIBCO) with 10% heat-inactivated fetal bovine serum, 1 x 10-3 mol/L 

pyruvate, 4.2 x 10-3 mol/L sodium bicarbonate, 20 x 10-3 mol/L HEPES, and 

antibiotics penicillin (100 U/mL) and streptomycin (100 µg/mL). Cultures were 

maintained at 37oC in a humidified atmosphere of 5% CO2 and 95% air. Four days 

after isolation, the cultures were replenished with minimum essential medium (MEM, 

GIBCO-BRL) containing 0.5 g/L BSA and N-2 supplement, 0.5 x 10–3 mol/L pyruvate 

and antibiotics. Finally, the culture medium was changed to serum-free minimum 

essential medium containing 1 x 10-3 mol/L pyruvate, 1 x 10-3 mol/L glutamate, 0.5 

g/L BSA, 0.3 x 10-3 mol/L KCl, and antibiotics on the seventh day of incubation.   

Measurement of LDH Activity and Immunocytochemistry of MAP-2. PCC 

were prepared in 24-well plates and pre-treated with SDF-1α (ProSpec-Tany 

TechnoGene, Israel). After 20 minutes, H2O2 (10-5 or 10-4 mol/L as used previously 

(Wang et al., 2001)) was added to the medium for 24 hours and culture media were 

collected for lactate dehydrogenase (LDH) activity assays as previously described 

(Koh and Choi, 1987). In brief, LDH activity (U/10-3 L) was calculated from the slope 

of the decrease in optical density at 340 nm over a 3-minute time period. One unit of 

LDH activity is defined as the amount of enzyme that catalyzes the consumption of 1 x 
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10-3 mol of NADH per minute. For MAP-2 immunostaining, primary cortical cell 

cultures were washed with PBS and fixed with 1% paraformaldehyde. Then, the fixed 

cells were treated for 20 minutes with blocking solution (10 g/L BSA, 0.03 % Triton 

X-100). Cultures were incubated overnight at 4oC with a monoclonal antibody against 

MAP-2 (1:1000; BM). The bound primary antibody was visualized by the labeled 

streptavidin-biotin (LSAB) method (DAKO LASB-2 Kit, Peroxidase, DAKO). The 

immunostaining procedure and the method for quantification of MAP-2+ cell density 

has been described previously (Wang et al., 2001).  

Measurement of Caspase-3 Activity, Immunofluorescent Study of Caspase-3 

and Expression of Anti-Apoptotic Proteins. In order to evaluate the anti-apoptotic 

effect of SDF-1α, caspase-3 activity, capase-3 immunofluorescent analysis and 

antiapoptotic protein expression were measured in primary cortical neurons. Primary 

cortical neuron cultures were pretreated with SDF-1α (1 µg/mL) and H2O2 (10-5 or 10-4 

mol/L) for 24 hours. Fluorometric assays of caspase-3 activity were performed on the 

above treated cells using commercial kits (Bio-Rad) following the manufacturer’s 

instruction. For immunofluorescent study of activated caspase-3, primary cortical 

neuron cultures were treated as above and incubated with primary antibody against 

active fragment of caspase-3 (R&D Systems) as previously described (Niquet et al., 

2003). Caspase-3 positive cells were also quantified as previously described (Niquet et 

al., 2003). In addition, Western blot analyses of Bcl-2, Bcl-xL, Bax and Bad 

expression from primary cortical culture were performed after SDF-1α treatment (1 

µg/mL) and H2O2 (10-5 mol/L) for 24 hours. Then the cells were lysed in a buffer 

containing 320 mM sucrose, 5 mM HEPES, 1 µg/mL leupeptin, 1 µg/mL aprotinin. 

Lysates were centrifuged at 13,000 g for 15 min. The resulting pellet was resuspended 

in sample buffer (62.5 mM Tris-HCl, 10% glycerol, 2% SDS, 0.1% bromophenol blue, 
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and 50 mM DTT) and subjected to SDS-polyacrylamide gel (4-12%) electrophoresis. 

The gel was then transferred to a Hybond-P nylon membrane. This was followed by 

incubation with appropriately diluted antibodies to Bcl-2 (dilution 1:200; Santa Cruz, 

USA), Bcl-xL (dilution 1:200; Transduction Laboratories, USA), Bax (dilution 1:200; 

Santa-Cruz, USA), Bad (dilution 1:200; Transduction Laboratories) and β-Actin 

(dilution 1:2000, Santa Cruz, USA). Membrane blocking, primary and secondary 

antibody incubations, and chemiluminescence reactions were conducted for each 

antibody individually, according to the manufacturer’s protocol. The intensity of each 

band was measured using a Kodak Digital Science 1D Image Analysis System 

(Eastman Kodak, Rochester, NY). 

Quantitative RT-PCR for Trophic Factor Synthesis. Primary cortical neuron 

cultures were treated with SDF-1α at different doses (0.01, 0.1, 1 and 10 µg/mL) for 24 

hours. Total RNA was isolated using RNeasy® (Qiagen). The relative amount of target 

mRNA was determined by q-PCR using SYBR Green following manufacturer’s 

instructions (Roche Diagnostics) and specific primers were employed as summarized 

in Table 1 (gene accession number: AY057901 for BDNF, L19062 for GDNF, 

AY162414 for NGF, AF118263 for TGF-β, NM002006 for FGF-II, AY750957 for 

VEGF). The relative expression levels of target mRNA were normalized against the 

control. GAPDH was used as an internal standard. The whole procedure of 

quantitative RT-PCR (QRT-PCR) using the ABI Prism 7900 Sequence Detection 

System (Applied Biosystem) has been described previously (Luo et al., 2004).  

In Vivo Brain Ischemia/Reperfusion. Adult male Sprague-Dawley rats (weight 

< 350 g, 8 weeks old) were used for this study. The rats were anesthetized with chloral 

hydrate (0.4 g/kg, ip) and subjected to right middle cerebral artery (MCA) ligation and 
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bilateral common carotid artery (CCAs) clamping as previously described (Chen et al., 

1986). Briefly, the bilateral CCAs were clamped with non-traumatic arterial clips. 

Using a surgical microscope, a 2 x 2 mm craniotomy was drilled at the point where the 

zygoma fuses to the squamosal bone, and the right MCA was then ligated with a 10-0 

nylon suture. Cortical blood flow was measured continuously with a laser Doppler 

flowmeter (PF-5010, Periflux system, Perimed AB, Stockholm, Sweden) in 

anesthetized animals. A photodetector probe (0.45 mm in diameter) was 

stereotaxically placed through a skull burr hole (1 mm in diameter) in the 

frontoparietal cortex (l.3 mm posterior, 2.8 mm lateral to the bregma, and l.0 mm 

below the dura). Then, experimental rats were injected stereotaxically with 

recombinant human SDF-1α (4 µg in 4 µL PBS per one cortical area) (ProSpec-Tany 

TechnoGene, Israel), vehicle (4 µL, PBS per one cortical area), or control protein 

(bovine serum albumin-BSA 4 µg in 4 µL PBS per one cortical area) at 30 minutes 

after MCA ligation through a 26-gauge Hamilton syringe (Hamilton Company, Reno, 

NV) into 3 cortical areas adjacent to the right MCA, 3.0 to 5.0 mm below the dura. 

The coordinates for these sites were l.0 to 2.0 mm anterior to the bregma and 2.5 to 3.0 

mm lateral to the midline, 0.5 to l.5 mm posterior to the bregma and 3.5 to 4.0 mm 

lateral to the midline, and 3.0 to 4.0 mm posterior to the bregma and 4.5 to 5.0 mm 

lateral to the midline. The needle was retained for 5 minutes after each injection and a 

small piece of bone wax was applied to the skull defect to prevent leakage of the 

injected solution. After 90 minutes of ischemia, the 10-0 suture on the MCA and 

arterial clips on CCAs were removed to allow for reperfusion. During recovery from 

anesthesia, body temperature was maintained at 37oC with a heat lamp. 

Neurological Behavioral Measurements. Behavioral assessments (n = 16) were 

performed 3 days before cerebral ischemia, and 3 days after cerebral ischemia. The 
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tests measured (a) body asymmetry and (b) locomotor activity as previously described 

(Chang et al., 2003). In brief, the baseline-test scores were recorded in order to 

normalize those taken after cerebral ischemia. (a) The elevated body swing test (EBST) 

was used to assess body asymmetry after MCA ligation and evaluated quantitatively as 

previous described (Borlongan et al., 1998). Initially, animals were examined for 

lateral movement, upon being suspended by their tails. The frequency of initial head 

swing contra-lateral to the ischemic side was counted in twenty continuous tests and 

was normalized, as follows. Percentage recovery = [1 – (lateral swings in twenty 

tests – 10) / 10X 100%. (b) Locomotor activity: Rats were subjected to VersaMax 

Animal Activity monitoring (Accuscan Instruments, Inc., Columbus, OH) for 

behavioral recording at night. The VersaMax Animal Activity monitoring contained 16 

horizontal and 8 vertical infrared sensors. The vertical sensors were situated 10 cm 

from the floor of the chamber. Motor activity was counted as the number of beams 

broken by a rat movement in the chamber. Some of data in the 42 movement 

parameters were calculated, and were just picked up over 1 hour for significance 

between SDF-1α- treated and control group.  

Triphenyltetrazolium Chloride (TTC) Staining. Three days after reperfusion, 

rats (n = 16) were perfused intracardially with saline. The overall TTC staining 

procedure has been described previously (Wang et al., 2001). In brief, the brain tissue 

was removed, immersed in cold saline for 5 min, and sliced into 2.0-mm-thick sections 

(seven slices per rat). The brain slices were incubated in 20g/L triphenyltetrazolium 

chloride (TTC; Research Organics Inc) dissolved in saline for 30 min at 37oC, and then 

transferred into a 5% formaldehyde solution for fixation. The area of infarction in each 

slice was measured with a digital scanner. The volume of infarction was obtained from 

the product of average slice thickness (2 mm) and sum of infarcted areas in all brain 
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slices examined. To minimize any artifacts induced by post-ischemic edema in the 

infarcted tissue, the volume of infarction was also calculated using a modified method, 

described by Lin. et al. (Lin et al., 1993). To measure the infarcted area in the right 

cortex, we subtracted the non-infarcted area in the right cortex from the total cortical 

area of the left hemisphere. 

Western Blot Analysis of Anti-Apoptotic Protein. Anti- and pro-apoptotic 

protein expression (Bcl-2, BCL-xL, Bax and Bad) in the right cortex and striatum 

region (n = 12) was also examined in the SDF-1α-treated and control rats using 

Western blot analysis as described previously (Shyu et al., 2005). In brief, 

experimental animals were decapitated at 24 hours after reperfusion with 90 min MCA 

ligation. Samples of ischemic cerebral cortex were taken from the peripheral region of 

infarcted brains (penumbra area) and striatum. Western blot analysis was performed on 

these samples. Subsequently, ischemic brain tissue was homogenized and lysed in a 

buffer containing 320 mM sucrose, 5 mM HEPES, 1 µg/mL leupeptin, and 1 µg/mL 

aprotinin. Lysates were centrifuged at 13,000 xg for 15 min. The resulting pellet was 

resuspended in sample buffer (62.5 mM Tris-HCl, 10% glycerol, 2% SDS, 0.1% 

bromophenol blue, and 50 mM DTT) and subjected to SDS-polyacrylamide gel 

(4-12%) electrophoresis. Proteins were then transferred to a Hybond-P nylon 

membrane for incubation with appropriately diluted antibodies of Bcl-2 (dilution 1:200; 

Santa Cruz, USA), Bcl-xL (dilution 1:200; Transduction Laboratories, USA), Bax 

(dilution 1:200; Santa Cruz, USA), Bad (dilution 1:200; Transduction Laboratories, 

USA) and β-Actin (dilution 1:2000, Santa Cruz, USA). Membrane blocking, primary 

and secondary antibody incubations, and chemiluminescence reactions were conducted 

for each antibody individually according to the manufacturer’s protocol. The intensity 

of each band was measured using a Kodak Digital Science 1D Image Analysis System 
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(Eastman Kodak, Rochester, NY). The ratio of band intensity in Western blots in 

comparison with the internal control was calculated.  

Bromodeoxyuridine (BrdU) Labeling and BrdU Immunohistochemistry. 

BrdU, a thymidine analog that is incorporated into the DNA of dividing cells during 

S-phase, was used for mitotic labeling (Sigma Chemical, MO, USA). The labeling 

protocol has been described previously (Zhang et al., 2001). A pulse labeling method 

(n = 16) was used to observe the time course of changes in proliferative cells in the 

brain after cerebral ischemia: Experimental rats were intraperitoneally injected with 

BrdU (50 mg/kg) every 4 hours for 12 hours before sacrifice. A cumulative labeling 

method (n = 16) was used to examine the population of proliferative cells during 14 

days of cerebral ischemia: Rats received daily injections of BrdU (50 mg/kg, ip.) for 

14 consecutive days, starting the day after MCA ligation. These rats were sacrificed 14 

days after the last injection. The BrdU immunostaining procedure with a specific 

antibody against BrdU (1:400, Boehringer Mannheim, Germany). In brief, 

experimental rats’ brains were fixed by transcardial perfusion with saline, followed by 

perfusion and immersion in 4% paraformaldehyde. Subsequently, the brain samples 

were dehydrated in 30% sucrose. After brains had been frozen on dry ice, a series of 

adjacent 6-µm-thick sections were cut in the coronal plane with a cryostat, stained with 

H&E and observed by light microscopy (Nikon, E600). For BrdU immunostaining, 

DNA was first denatured by incubating each section in 1 N HCl at 55oC for 10 minutes 

and then in 5 µg/mL proteinase K Tris-HCl buffer at 37oC for 10 minutes. The 

immunostaining procedure was performed using the labeled streptavidin-biotin (LSAB) 

method (DAKO LASB-2 Kit, Peroxidase, DAKO, Mississauga, Canada). After 

deparaffinization, tissue slides were then incubated with diluted antibodies to BrdU 

(for nuclear identification, 1:400, Boehringer Mannheim, Germany) at room 
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temperature for 1 hour. After washing with Tris-buffered saline, containing 0.1% 

Tween-20 (TBS-T), the specimens were sequentially incubated for 10 to 30 min with 

biotinylated anti-rabbit and anti-mouse (1:200, R&D Systems, Minneapolis, MN) 

immunoglobulins and peroxidase-labeled streptavidin. Quantification of 

BrdU-immunoreactive cells was performed on cryostat sections and was counted 

digitally (Carl Zeiss LSM510) via a computer imaging analysis system (Imaging 

Research). Cerebral cells with uniform nuclear BrdU immunostaining were counted as 

previously described (Kuhn et al., 1996). 

Analysis of the Cellular Mechanism of BM-Derived Cell Mobilization and 

Homing. In order to verify the enhancement of the BM-derived cell mobilization and 

homing into brain by SDF-1α administration, a sample of bone marrow was removed 

from the long bones of adult male donor mice [green fluorescence protein (GFP) 

transgenic mice] as previously reported (Hill et al., 2004). Bilateral ends of the femur 

and tibia were penetrated using a syringe with a 25-gauge needle, allowing the marrow 

to be flushed out with sterile saline. Total marrow from 1 femur was diluted to 1 mL, 

then strained through 30-µm Spectramesh (Fisher Scientific, Suwanee, GA). Before 

bone marrow transplantation, the female recipient mice underwent whole body gamma 

irradiation with 137Cs using a Gammacell 40 irradiator (MDS Nordion, Ottawa, 

Ontario, Canada). A total dose of 9 Gy (900 rads) was administered to ablate the whole 

bone marrow. Since high levels of radiation might cause significantly increased death 

rates during and immediately after cerebral ischemic surgery, the mice received 

rescuing bone marrow transplantations within 24 hours of irradiation. Donor bone 

marrow was injected into the recipient animal’s tail as a 100 µL cell suspension 

containing 1–1.5x106 cells. At 4 to 8 weeks after transplantation, the mice 

(GFP-chimeric mice) were anesthetized with chloral hydrate (0.3 g/kg, ip) and 
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subjected to right middle cerebral artery (MCA) ligation and bilateral common carotid 

artery (CCA) clamping for 60 minutes, as described above, and previously (Chen et al., 

1986). Then, 30 minutes after MCA ligation, experimental mice were injected 

stereotaxically with SDF-1α (1 µg in 3 µL saline per one cortical area) (ProSpec-Tany 

TechnoGene, Israel) or vehicle (3 µL, saline) through a 27-gauge Hamilton syringe as 

described above. Further, BrdU labeling was also performed for each mouse using the 

above procedure. In addition, measurement of the infarcted volume of each mouse was 

calculated by H&E staining using the method as previously described (Giffard et al., 

2005). In quantitative analysis of GFP+ cells of each group, the number of GFP+ cells 

located in the penumbric area of the right hemisphere was scored and summed per 

square millimeter (mm2) using sample slides from 5 different positions based on the 

bregma (+1.6 mm, +0.5 mm, -1.3 mm, -3.5 mm and -5.6 mm) as previously described 

(Kawada et al., 2006).  

Laser-Scanning Confocal Microscopy for Double Immunofluorescence 

Analysis. To identify the expression of cell type-specific markers in BrdU+ cells, 

double immunofluorescence labeling was performed for glial fibrillary acidic protein 

(GFAP), a marker for astrocytes; von Willebrand factor (vWF), a marker for 

endothelial cells; and microtubule-associated protein 2 (MAP-2) and neuronal nuclei 

(Neu-N), markers for neural cells. For BrdU immunostaining, DNA was first 

denatured by incubating brain sections in 1 N HCl at 55oC for 10 minutes and then in 5 

µg/mL proteinase K Tris-HCl buffer at 37oC for 10 minutes. Sections were then rinsed 

with phosphate buffer saline and incubated in 5% normal goat serum to block the 

background. Double immunofluorescence was conducted with a mouse monoclonal 

antibody against BrdU (1:200, Chemicon, USA) or the other specific markers: rabbit 

anti-GFAP (1:300, Chemicon, USA), rabbit anti-MAP-2 (1:300, Chemicon, USA), 
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mouse anti-Nestin (1:50, Chemicon, USA), mouse anti-Neu-N (1:200, Chemicon, 

USA) conjugated with ALEXAFLUOR 488, rabbit anti-vWF (1:200, DAKO, USA), 

CD11b (1:200, ebioscience, USA) conjugated with PE, CD45 (1:200, ebioscience, 

USA) conjugated with PE, CXCR4 (CD 184, 1:100, Chemokine, USA), Doublecortin 

(Dcx, 1:100, Santa Cruz Biotechnology, USA) and rat anti-mouse F4/80 (1:50, 

Serotec), left overnight at 4oC and incubated with Alexafluor-conjugated donkey 

anti-mouse 488, or anti-rabbit 555 or anti-rat 555 or 647 (1:500 molecular Probes) for 

3 hours at room temperature (Li et al., 2002). The tissue sections were analyzed with a 

Carl Zeiss LSM510 laser-scanning confocal microscope.  

Evaluation of SDF-1α-Induced Angiogenesis. In order to examine the blood 

vessels, cerebral microcirculation was analyzed by administering the fluorescent 

plasma marker (FITC-dextran, Sigma) intravenously to rats (n = 12) and observing 

them with fluorescent microscopy (Carl Zeiss, Axiovert 200M), as previously 

described (Morris et al., 1999). In addition, to quantify the cerebral blood vessel 

density, rats (n = 12) were anesthetized with chloral hydrate and perfused with saline. 

Histological brain sections (6 µm) were stained with specific antibody to CD31 (1:100, 

BD Pharmingin), conjugated with Cy-3 (1:500, Jackson Immunoresearch PA, USA) 

and the number of blood vessels determined as previously described (Tanaka et al., 

2003).  

Measurement of Reactive Cerebral Blood Flow (rCBF). Experimental rats (n = 

12) were positioned in a stereotaxic frame and baseline local cortical blood flow 

(bCBF) was measured every day for 5 days after cerebral ischemia with a laser doppler 

flowmeter (LDF monitor, Moore Instrument, England) in an anesthetized state (chloral 

hydrate) as previously described with modification (Demolis et al., 2000). In brief, the 

probe of the LDF monitor was positioned unilaterally over the frontoparietal cortex (l.3 
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mm posterior, 2.8 mm lateral to the bregma, and l.0 mm below the dura). The reactive 

cerebral blood flow (rCBF) was examined after intraperitoneal injection of 50 mg/kg 

acetazolamide (Diamox, Lederle, USA) and defined as percentage changes of bCBF. 

Blood Pressure, Heart Rate, Blood Glucose and Blood Gas Measurement. 

Physiological parameters were measured at 1 hour after SDF-1α or vehicle treatment in 

14 rats, following a procedure described previously (Lin et al., 1999).   

Statistical Analysis. All measurements in this study were performed blindly. 

Results were expressed as mean ± SEM. The behavioral scores have been evaluated for 

normality. Student’s t-tests were used to evaluate mean differences between the control 

and the treated group. The data lacking normal distribution were analyzed by a by a 

nonparametric ANOVA (Kruskal-Wallis test). A value of P < 0.01 was taken as 

significant.  
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Results 

Neuroprotective Effect of SDF-1α in PCC. To evaluate the neuroprotectivity of 

SDF-1α in vitro, lactate dehydrogenase (LDH) activity and neuronal survival (positive 

MAP-2 immunoreactivity) under H2O2-induced neurotoxic conditions were measured 

in PCC with or without SDF-1α treatment (Fig. 1, A-D). Treatment with SDF-1α (0.1 

µg/mL) prior to H2O2 administration significantly reduced LDH activity in cultures 

exposed to 10-4 or 10-5 mol/L of H2O2 in comparison with the control (P < 0.01) (Fig. 

1E).  

The fraction of MAP-2 reactive cells was used to assess the effects of SDF-1α on 

neuronal survival under oxidizing neurotoxic conditions. The baseline proportion of 

MAP-2 reactive cells in our PCC was close to 100%. After exposure to 10-5 and 10-4 

mol/mL H2O2, the number of MAP-2 reactive cells fell markedly. However, 

pretreatment with 0.1 µg/mL SDF-1α significantly reduced this loss of MAP-2 

reactive cells (P < 0.01) (Fig. 1F).  

To examine the neuroprotective effect of SDF-1α by blocking apoptotic pathways, 

caspase-3 activity and caspase-3 immunofluoresence was measures under 

H2O2-induced neurotoxic conditions in PCC with or without SDF-1α treatment. The 

results showed that PCC treated with H2O2 and/or SDF-1α for 24 hours had 

significantly reduced caspase-3 activity as measured by the fluorometric method in 

comparison to the control cells (P < 0.01) (Fig. 1G). In addition, there was a significant 

reduction of caspase-3 positive immunoflorescent cells in the SDF-1α-treated group 

compared with the control group (Fig. 1H). 

The molecular mechanism of this neuroprotective antiapoptotic effect of SDF-1α 

was further examined by analyzing the expression of a variety of apoptosis-linked 

proteins using Western blot analysis. Expression of antiapoptotic protein Bcl-2 was 
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significantly upregulated when PCC were exposed to H2O2 and SDF-1α pretreatment 

(when compared to an internal protein control such as actin) (P < 0.01) (Fig. 1I). 

The possible effect of SDF-1α on neurotrophic factor synthesis was studied in 

PCC by comparing the expression of GDNF, VEGF and BDNF relative to GAPDH. 

SDF-1α led to a significant and dose-dependent increase at 6 hours in all three of the 

tested neurotrophins, by QRT-PCR. Relative expression compared to GADPH 

increased to a maximum of about two-fold (Fig. 1J). 

Intracerebral SDF-1α Administration Improves Neurological Behavior after 

Cerebral Ischemia. To evaluate the neuroprotective effect of intracerebral 

administration of SDF-1α in rats receiving cerebral ischemia, body asymmetry trials 

and locomotor activity tests were carried out to assess the neurological deficit in 

SDF-1α-treated (n = 10) and control rats (n = 10). Rats intracerebrally treated with 

SDF-1α at 30 minutes after cerebral ischemia exhibited significantly less body 

asymmetry three days after cerebral ischemia in comparison with the controls (P < 

0.01) (Fig. 2B). The measured locomotor activities such as vertical activity, vertical 

movement time and number of vertical movements significantly increased three days 

after cerebral ischemia in rats receiving SDF-1α treatment compared with control 

animals (P < 0.01) (Fig. 2, C-E). 

Intracerebral Administration of SDF-1α Reduces Infarct Volume after 

Cerebral Infarction. To investigate the effect of SDF-1α on infarction volume, 30 

rats were euthanized for TTC staining three days after cerebral ischemia. 

Saline-treated (n = 10) and BSA-treated groups (n = 10), used as controls, showed no 

significance in infarct parameters. However, rats that received a total of 12 µg of 

SDF-1α, ten times the in vitro dose used by Wang et al. (Wang et al., 2004), at 30 

minutes after cerebral ischemia showed only mild infarction three days after cerebral 
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ischemia (Fig. 2F). The infarct volume was significantly reduced from an average of 

174 ± 17 mm3 in saline-treated controls (n = 10), 171 ± 12 mm3 in BSA-treated 

control (n = 10) to 71 ± 15 mm3 in SDF-1α-treated animals (n = 10) (Fig. 2G).       

SDF-1α Protects Neurons from Cerebral Ischemic Damage. To verify the 

neuroprotective effect of SDF-1α in repairing neuronal injury after cerebral ischemia 

(Fig. 3, A and B), we analyzed ischemic brain tissues for neuronal survival using 

specific antibodies that recognized neuron-specific proteins (Neu-N conjugated with 

FITC and MAP-2 with Cy3) (Fig. 3, C-N). In the penumbric area surrounding the 

ischemic core, the number of cells positive for Neu-N and MAP-2 were significantly 

increased in SDF-1α treated rats (n = 10) compared with the controls (n = 10) (P < 

0.01) (Fig. 3, O and P). Ischemic brain tissue from animals injected with the vehicle 

(n = 8) contained fewer cells positive for Neu-N (Fig. 3, G and H) or MAP-2 (Fig. 3, 

M and N) in both the penumbric area and the ischemic core compared with the 

SDF-1α treated rats (Fig. 3, D, E, and J, K).  

SDF-1α Rescues Neural Tissue by up-Regulation of Anti-Apoptotic Proteins. 

To test whether the neuroprotective mechanism of SDF-1α was due to increased 

expression of anti-apoptotic proteins which can be activated by cerebral ischemia 

(Endres et al., 1998), 12 rats (SDF-1α-treated and control) were euthanized after MCA 

ligation and subjected to Western blot analysis. The results showed significantly 

up-regulated expression of the anti-apoptotic proteins Bcl-2 and Bcl-xL in the 

SDF-1α-treated rats (n = 8) at 24 hr after cerebral ischemia compared with control rats 

(P < 0.01) (n = 8) (Fig. 3Q). However, the expression of Bad and Bax did not change 

significantly between the SDF-1α-treated and control group. These data suggest that 

the anti-apoptotic mechanism in cerebral ischemia related to SDF-1α treatment might 

involve inhibition of the activation of caspase-3 and upregulation of Bcl-2 and 
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Bcl-xL.  

SDF-1α Stimulates Stem Cell Mobilization and Homing to the Ischemic Brain. 

To determine whether stem cells homed in on the injured brain tissue of SDF-1α- 

treated rats, BrdU labeling was used to follow the engraftment of BM-derived cells to 

the brain 14 days after cerebral ischemia. A cumulative labeling method was used to 

examine the population of proliferative cells during 14 days of cerebral ischemia. In 

the SDF-1α-treated rats (n = 10), cumulative BrdU labeling revealed a few BrdU 

immunoreactive cells in the ipsilateral cortex near the infarcted boundary (Fig. 4, A-C) 

and subventricular region of the ischemic hemisphere (Fig. 4, D and F). BrdU 

immunoreactive cells were also found around the lumen of blood vessels of varying 

calibers in the perivascular portion of the ischemic hemisphere (Fig. 4, G-I). A pulse 

labeling method was used to observe the time course of changes in proliferative cells 

in the brain after cerebral ischemia. The result of pulse labeling experiments showed 

that BrdU immunoreactive cells significantly increased in SDF-1α-treated rats (n = 10) 

compared with those of saline control rats (n = 10) (P < 0.01) (Fig. 4J).  

SDF-1α and Ischemic Tissue Promote BM-derived Cell Mobilization/Homing 

Demonstrated by GFP-Chimeric Mice Model. To determine whether BM-derived 

cells homed into the injured brain tissue of SDF-1α-treated animals (n = 6), 

mechanistic analysis by transgenic green fluorescent protein (GFP)-chimeric mice was 

used to demonstrate the homing and engraftment of intrinsic stem cells to the brain 

seven days after cerebral ischemia. In examining the transgenic GFP-chimeric mice, a 

significantly increased amount of GFP+ cells (showing green fluorescence) were found 

over the penumbral area in the SDF-1α-treated mice (n = 8) compared to the controls 

(n = 8) (Fig. 4K). These GFP+ cells probably came from the bone-marrow and were of 
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microglial/macrophage origin (CD11b); they still carried hematopoietic cell marker 

(CD 45). The GFP+ cells colocalized with specific neural and vascular markers (GFAP 

and vWF) (Fig. 4L). Furthermore, measurement of infarct volume showed 

significantly reduced infarct size in the SDF-1α-treated mice (n = 8) compared to the 

control mice (n = 8) (Fig. 4M). 

SDF-1α Enhances Neurogenesis in Vivo. To determine whether mobilized 

BM-derived cells differentiated into neuronal, glial or endothelial cells at ischemic 

sites in the brains of SDF-1α-treated rats 14 days after cerebral ischemia, double 

staining immunohistochemistry was performed on each brain slice from 

SDF-1α-treated and control rats. Some BrdU+ cells colocalized with antibodies for 

Nestin, Neu-N, MAP-2, and GFAP in SDF-1α-treated rats’ brains (Fig. 5). Ischemic 

cortical areas of SDF-1α-treated rats (n = 8) revealed an increase in BrdU+ cells 

co-expressing the neuronal phenotypes of Neu-N+, Nestin+ and MAP-2+ cells (Fig. 5, 

A-I) as well as the glial phenotype of GFAP+ cells (Fig. 5, J-L) in comparison with 

saline-treated rats (n = 8). Quantitatively, the number of BrdU+ cells co-stained with 

Nestin, Neu-N, MAP-2, and GFAP were significantly increased in SDF-1α-treated rat 

brains compared to controls (Fig. 5M). 

Homing and Migrating Stem Cells Express Specific Phenotype Markers. In 

order to study the phenomenon of homing and migration of BM-derived cells, double 

immunofluorescence for specific markers of CXCR4 and Dcx was performed on 

experimental brain specimens using confocal microscopy. A major part (≈ 50%) of the 

penumbra area expressed the phenotypical marker for CXCR4, which was colocalized 

with BrdU immunostaining (Fig. 5, N-P). In double immunostaining assays the Dcx 

marker was also found surrounding the ischemic region (Fig. 5, Q-S).  
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SDF-1α Induces Angiogenesis in Vivo. To determine whether SDF-1α could 

induce angiogenesis through homing BM-derived cells that differentiated into 

vascular-endothelial cells at ischemic sites, double staining immunohistochemistry, 

FITC-dextran perfusion studies and blood vessel density assays were performed on 

each brain slice from SDF-1α-treated and control rats. We found several BrdU+ cells 

showing vascular phenotypes (vWF+ cells) around the perivascular and endothelial 

regions (Fig. 6, A-C) of the ischemic hemispheres of SDF-1α treated rats. Visual 

inspection indicated that treatment with SDF-1α (n = 8) considerably enhanced 

cerebral microvascular perfusion with FITC-dextran in comparison with the controls 

(n = 8) (Fig. 6, D and E). Quantitative measurement of blood vessel density examined 

by CD31 immunoreactivity (Fig. 6, F and G) showed that in ischemic rats treated with 

SDF-1α (n = 8) the amount of neovasculature in the penumbric area and hippocampus 

significantly increased in comparison to that of controls (n = 8) (P < 0.01) (Fig. 6H). 

SDF-1α Facilitates Reactive Cerebral Blood Flow (rCBF) in the Ischemic 

Brain. Increased vessel density may enhance neuronal survival, especially as an 

increased CBF, which would result in efficient delivery of oxygen and nutrients. In 

order to examine rCBF in the ischemic brain, experimental rats received a Diamox 

injection and were monitored by laser doppler flowmetry (LDF) under anesthesia 

following cerebral ischemia. There was a significant increase in rCBF of the MCA 

cortex of ischemic brain in the SDF-1α-treated rats (n = 8) compared with the control 

(n = 8) (P < 0.01) (Fig. 6I).sociated with  

SDF-1α Treatment does not Influence Physiological Parameters. To 

demonstrate that the neuroprotective effect of SDF-1α did not occur as a result of 

changes to other physiological parameters, systemic physiological parameters were 

analyzed in 14 experimental rats. Compared with vehicle control (n = 7), intracerebral 
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administration of SDF-1α (n = 7) did not alter systemic blood pressure, blood gases, 

blood glucose, or serum electrolyte levels. These data are summarized in Table 2. 
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Discussion 

This study indicates that SDF-1α may play a neuroprotective role in the brain of 

cerebral ischemic rats by diminishing LDH activity and enhancing neurotrophic factor 

synthesis, as shown in primary cortical cultures under H2O2 stress. In addition, we also 

demonstrated that SDF-1α treatment 30 minutes after cerebral ischemia significantly 

enhanced neural repair by reducing infarct volume and improving recovery of 

neurological dysfunction in rats suffering from cerebral ischemia. We found that 

SDF-1α increased the mobilization of BM-derived cells to damaged areas of the brain, 

resulting in stimulation of cell repair in the penumbra of the ischemic brain. In addition, 

the increased preservation of cells immunoreactive for MAP-2 and Neu-N and the 

promotion of BM-derived cell differentiation in the penumbra of the ischemic brain 

suggest that SDF-1α could exert a neuroplastic effect on neurons in adult rat brains 

following stroke. 

The SDF-1 chemokines constitute a family of small secreted proteins (8-12kDa) 

that are known to cause activation and migration of leukocytes (Murdoch and Finn, 

2000). The SDF-1α receptor CXCR4 is expressed in a wide variety of developmental 

neuronal tissues, including sympathetic ganglia, dorsal root sensory ganglia, midbrain 

and the granular cell layer of the cerebellum (McGrath et al., 1999). In addition, there 

is also some evidence suggesting that increased expression of SDF-1α and CXCR4 is 

found in cases of neuropathogenesis induced by many forms of injury, including 

trauma, stroke and inflammation (Hill et al., 2004). Therefore, SDF-1α might not only 

provide generalized trophic support to both embryonic and mature neurons, but also 

help support neurons damaged by injury or inflammation. Furthermore, in a recent 

report, SDF-1α was demonstrated to play a critical role as a guidance molecule 
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regulating axon outgrowth in cultured cerebellar granular neurons (Arakawa et al., 

2003). In this study, we demonstrate that SDF-1α reduces LDH activity and increases 

the number of positive MAP-2 immunoreactive neurons following H2O2 toxicity in 

primary cortical neuron cultures. Moreover, SDF-1α exerted its neuronal survival 

effect by increasing the synthesis or release of many neurotrophic factors to protect 

the neurons from neurotoxicity.  

In addition to upregulation of neurotrophic factors, our study also demonstrates 

that SDF-1α could induce an increase in expression of VEGF in PCC. SDF-1α has 

previously been shown to induce increased VEGF expression in microvascular 

endothelial cells. Neuhaus et al have also demonstrated that SDF-1α upregulated the 

expression of VEGF and Erg-1 through induction of ERK1/2 signaling, and SDF-1α 

could further enhance VEGF-induced proliferation in HUVEC cells (Neuhaus et al., 

2003). In addition, since an interaction of SDF-1α/CXCR4 plays a significant role in 

extracellular matrix-dependent endothelial tube formation in vitro, SDF-1α and 

CXCR4 are both essential regulators of endothelial cell morphogenesis and 

angiogenesis (Salvucci et al., 2002). In this study, homing BM-derived cells were seen 

to replace some parts of injured blood vessels in the penumbric area of cerebral 

ischemic rats by double immunofluorencence analysis. In concert with the findings of 

FITC-dextran perfused cerebral vessels and CD31-staining, significantly increased 

vascular density was found to enhance the functional local cerebral blood flow (using 

laser Doppler study) in the ischemic cortex of SDF-1α treated rats. This result 

indicated that functional “new” blood vessels were formed that improved tissue 

perfusion. Therefore, we speculate that the improved neurological function in cerebral 

ischemic rats after early intracerebral administration of SDF-1α might be partially 

caused by an angiogenic effect.  
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In a previous report, the pathogenic mechanism of neurotoxicity induced by 

Human Immunodeficiency Virus-1 (HIV-1) was demonstrated to be mediated by 

intracellular CXCR4 signaling. Although interaction of SDF-1 and gp-120 with 

microglia and astrocytes have been demonstrated to be indirectly cytotoxic to neurons 

of rat hippocampal cultures through TNF-α and glutamate released from astrocytes 

(Bezzi et al., 2001), it has widely been suggested that SDF-1α may promote neuronal 

survival through CXCR4 signaling, thereby inducing both a G inhibitory (Gi) 

protein-linked decrease in cAMP and also a down-regulation of caspase-3 activation. 

These data suggest that SDF-1α could protect neurons from HIV-1 neurotoxicity via 

inhibition of caspase-3 activation. However, in cerebral ischemic models 

pro-apoptotic mechanisms are activated during ischemic-reperfusion to facilitate 

caspase-3-mediated cell death (Sasaki et al., 2000). In this study, we found that 

SDF-1α disrupts the downstream caspase-3 apoptotic signal in the ischemic penumbra 

of cerebral ischemic rats, resulting in cortical neuronal protection and a diminished 

infarct volume. In summary, an anti-apoptotic effect through inhibition of caspase-3 

activation might be another mechanism exerted by SDF-1α to rescue ischemic 

neurons.           

However, since SDF-1α and VEGF would increase the vascular permeability 

causing tissue edema and possible abberent neovascularization, in clinical applications 

therapeutic dosages of SDF-1α need to be adjusted carefully (Brooks et al., 2004). In 

summary, we have shown that SDF-1α administered to cerebral ischemic rats can 

instigate new neuronal and vascular formation within infarcted brain regions, 

attenuating tissue damage and leading to a reduction in infarct volume and improved 

neurological function. We propose that SDF-1α administration mobilizes autologous 

BM-derived cells into circulation and that their translocation into the ischemic brain to 
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reduce the numbers of injured neurons over the peri-infarcted region. We believe that 

the SDF-1α therapeutic protocol presented here holds great promise for the 

development of new therapeutic strategies, including gene therapy and 

small-molecular drugs, which can improve tissue regeneration and repair post-cerebral 

ischemia to clinically significant levels.  

Stumm et al. recently demonstrated that focal cerebral ischemia causes an 

increase in SDF-1α expression in regions adjacent to the infarcted area (Stumm et al., 

2002). This lesion-induced up-regulation of endothelial SDF-1 (Stumm et al., 2002) 

together with the appearance of increased CXCR4 expression in the ischemic 

hemisphere four hours after ischemia, observed in our previous study (Shyu et al., 

2004) indicates that cerebro-endothelial SDF-1α could be a chemo-attractant for 

peripheral blood cells. In order to further verify the homing effect of SDF-1α, we 

injected recombinant SDF-1α protein into the ischemic brain of GFP-chimeric mice in 

this study. Our results, which revealed BM-derived cell homing to the injured brain in 

cerebral ischemic rats, support the hypothesis of a potential role for SDF-1α/CXCR4 

in adaptive early localized post-ischemic inflammation and later reorganization of the 

infarcted area. By attracting HSCs to the ischemic region, a SDF-1α/CXCR4 

interaction may be directly involved in vascular remodeling, angiogenesis and 

neurogenesis, thereby alleviating stroke symptoms. This chemotaxis may take place in 

a manner similar to the migration of leukocytes into damaged or inflamed tissues. In 

addition, HSCs migrating to the ischemic hemisphere could create local chemical 

gradients and/or localized chemokine accumulation, dictating a directional response in 

endothelial, neuronal and glial progenitor cells (Yamaguchi et al., 2003). In addition to 

inducing HSC migration to ischemic regions, SDF-1α has also been shown to extend 

the survival of cultured CD34+ cells (Yamaguchi et al., 2003) and to regulate 
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endothelial cell branching morphogenesis. Taken together, we therefore hypothesize 

that plasma levels of SDF-1α, released from damaged tissues, may provide a host 

defense signal, which may in turn attract mobilizing HSCs to repair the damaged tissue. 

This and other studies (Kucia et al., 2004) also provide evidence that the ultimate 

degree of physiological improvement of specific organ function in any kind of injury is 

dependent on the recruitment of sufficient HSCs to the damaged area at an early stage 

after tissue injury. 
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Legends for Figures 

Fig. 1. Pre-treatment with SDF-1α attenuates H2O2-induced toxicity in PCC. (A-D) 

Representative morphology (MAP-2 immunostaining) of PCC under various 

conditions (control, SDF-1α, H2O2 alone and H2O2 + SDF-1α). (E) Degree of cell 

death assessed by LDH activity in media of PCC with or without SDF-1α (0.1 µg/mL), 

before exposure to various doses of H2O2 (0, 10-5, 10-4 mol/L). H2O2 

dose-dependently increased LDH activity. SDF-1α pre-treatment attenuated 

H2O2-induced cell death significantly. (F) Density of MAP-2 immunoreactive cells of 

PCC was significantly reduced by H2O2, but loss of MAP-2+ cells was attenuated by 

pre-treatment with SDF-1α. (G) In the caspase-3 activity measurement, had primary 

cortical cells treated with H2O2 and/or SDF-1α for 24 hours significantly reduced 

caspase-3 activity in comparison to the control cells. (H) Significant reduction of 

caspase-3 positive immunoflorescent cells in the SDF-1α-treated group compared 

with controls. (I) In Western blot analysis and quantitative measurement, increased 

expression of antiapoptotic proteins such as Bcl-2 was found following SDF-1α 

pretreatment. (J) BDNF, VEGF, and GDNF mRNA related to GAPDH mRNA, in 

response to SDF-1α, as determined by QRT-PCR. Data are expressed as mean ± SEM. 

*P < 0.01 vs. control. Bar = 40 µm. 

 

Fig. 2. Intracerebral administration of SDF-1α in cerebral ischemic rats improves 

neurological dysfunction, and markedly reduces cortical infarction induced by MCA 

ligation in rats. (A) Schematic representation of the investigation of chronic cerebral 

ischemia with three therapeutic protocols. Cerebral ischemia was induced by 

three-vessel ligation (3-VL) in each experimental rat on day 0. (B) Rats receiving 

intracerebral SDF-1α (12 µg) at 30 minutes after cerebral ischemia showed 
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significantly reduced body asymmetry examined by the elevated body swing test after 

MCA ligation, compared with control rats three days after cerebral ischemia. (C-E) 

Rats receiving SDF-1α treatment showed significantly increased locomotor activity 

(including vertical activity, number of vertical movements and vertical movement 

time), compared with the controls. (F) Representative TTC staining of the infracted 

brain. The white area of TTC staining indicates the infarcted zone in the right cerebral 

cortex sequential (brain slices of SDF-1α-treated, vehicle control and BSA-treated rats 

are arranged in vertical rows). (G) The volume of infarction was significantly reduced 

in rats treated with SDF-1α 30 minutes after MCA ligation in comparison with the 

BSA-treated and control group. Data are expressed as mean ± SEM. *P < 0.01 vs. 

control. I = ischemic, SO = sham-operated  

 

Fig. 3. Intracerebral administration of SDF-1α at 30 minutes after cerebral ischemia 

rescues neuronal cells positive for MAP-2- and Neu-N from ischemic injury, and 

diminishes activated caspase-3 immunoreactivity. (A and B) A representative coronary 

slice taken three days after cerebral ischemia from animals injected with SDF-1α and 

vehicle control respectively, and stained with TTC. (C-E) Sections derived from the 

brain slice shown in A were immunostained to identify Neu-N-containing neurons 

(circle in C, square in D, triangle in E). (F-H) Sections derived from the brain slice 

shown in B were immunostained to identify Neu-N-containing neurons (circle in F, 

square in G, triangle in H). (I-K) Sections from the brain slice shown in A were 

processed to identify MAP-2-containing neurons (circle in I, square in J, triangle in K). 

(L-N) Sections from the same brain slice shown in B were immunostained to identify 

MAP-2-containing neurons (circle in L, square in M, triangle in N). (O and P) 

Quantitative analysis revealed that the number of Neu-N and MAP-2 immunoreactive 
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cells in the penumbra area (D and J) were significantly increased in SDF-1α-treated 

rats compared with in control rats (G and M). (Q) Western blot analysis revealed 

significantly increased expression of Bcl-2 and Bcl-xL in the SDF-1α (I) and SDF-1α 

(SO) rats at 24 hr after cerebral ischemia compared with control (I) and control (SO) 

rats. I = ischemic, SO = sham-operated. Data are expressed as mean ± SEM. *P < 0.01 

Bar = 20 µm. 

 

Fig. 4. Immuno-histochemical staining for BrdU and analysis of the cellular 

mechanism of stem cell homing. Rats treated with SDF-1α 30 minutes after cerebral 

ischemia, few BrdU immunoreactive cells were detected in the ipsilateral cortex near 

the infarction boundary (A, B and C; black arrows) and subventricular area (D, E and 

F; black arrows). (G-I) BrdU immunoreactive cells were also found around the blood 

vessels in the ipsilateral cortex (black arrows). (J) Quantitative analysis revealed that 

the number of BrdU immunoreactive cells in the ipsilateral hemisphere of SDF-1α (I) 

and SDF-1α (SO) rats significantly increased 3 days after MCA ligation in comparison 

with Control (I) and Control (SO) rats. (K) Representative gross anatomy of the 

infarcted area (black arrow heads) of a GFP-chimeric mouse brain, is shown for each 

of the SDF-1α-treated and control mouse (upper left panel). Prominent homing stem 

cells (green) were found in the SDF-1α-treated and un-treated mice (lower left panel), 

and quantitative measurement of the GFP positive cells showed there were 

significantly more in SDF-1α-treated than control mice (right panel). (L) In 

colocalization studies, GFP+ cells co-expressed with specific markers antibodies 

against CD11b, CD45, GFAP and vWF. (M) Histology (H&E) of an infarcted mouse 

brain (black arrow shows infarcted area). Infarct volume calculated in H&E staining is 

shown for SDF-1α-treated and control mice. Data are expressed as mean ± SEM. *P < 
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0.01 vs. control. Bar = 50 µm. 

 

Fig. 5. Double immunofluorescent laser-scanning confocal microscropy. (A-I) 

Ischemic cortical area (□) of SDF-1α-treated rats revealed an increase in BrdU+ cells 

co-expressing the neuronal phenotypes of Neu-N+, Nestin+ and MAP-2+ cells (white 

arrows) (J-L) as well as the glial phenotype of GFAP+ cells (white arrows). (M) 

Quantitative results showed the number of BrdU with Neu-N+, Nestin+, MAP-2+ and 

GFAP co-immunoreactive cells significantly increased in SDF-1α-treated rats 

compared with controls. (N-P) In comparison with saline-treated rats, some BrdU+ 

cells showing specific markers of stem cell homing (CXCR4, white arrow) and (Q-S) 

migration (Dcx, white arrow) were also found around the penumbric area of the 

ischemic hemispheres in SDF-1α- treated rats. Data are expressed as mean ± SEM. *P 

< 0.01 vs. control. Bar = 50 µm.   

 

Fig. 6. SDF-1α treatment enhanced angiogenesis in the ipsilateral hemisphere. (A-C) 

Double immunofluorescent studies show some BrdU+ cells with vascular phenotypes 

(vWF+ cells) (white arrows) around the perivascular and endothelial regions of the 

ischemic hemispheres of SDF-1α-treated rats. (D and E) In order to assess cerebral 

microvascular perfusion, FITC-dextran was administrated intravenously to evaluate 

the microvascular pattern of SDF-1α-treated and control rats. (F and G) Calculating 

the cerebral blood vessel density stained by CD31 immunoreactivity (white arrows), 

(H) SDF-1α (I) and SDF-1α (SO) showed a significant increase in the amount of 

neovasculature in the penumbric area and hippocampus in comparison with that of 

controls (I) and controls (SO). (I) Analysis of rCBF using LDF monitoring with 

Diamox injection, showed a significant increase in rCBF of the brain in the SDF-1α (I) 
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and SDF-1α (SO) rats compared with controls (I) and controls (SO). I = ischemic, SO 

= sham-operated. Data are expressed as mean ± SEM. *P < 0.01 vs. control. Bar = 50 

µm.  
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TABLE 1  

Sequence of PCR primers for neurotrophic factors 

Factors   Sequence                                    PCR Fragment 

BDNF  sense-CAGTGGACATGTCCGGTGGGACGGTC 533 bp 

 anti-sense-TTCTTGGCAACGGCAACAAACCACAAC 

GDNF sense-CCACACCGTTTAGCGGAATGC 638 bp 

 anti-sense-CGGGACTCTAAGATGAAGTTATGGG 

NGF sense-GTTTTGGCCAGTGGTCGTGCAG  498 bp 

 anti-sense-CCGCTTGCTCCTGTGAGTCCTG 

TGF-β sense-CCGCCTCCCCCATGCCGCCC 710 bp 

 anti-sense-CGGGGCGGGGCTTCAGCTGC 

FGF-II sense-TCACTTCGCTTCCCGCACTG 252 bp 

 anti-sense-GCCGTCCATCTTCCTTCATA 

VEGF sense-GCTCTCTTGGGTGCACTGGA 431 bp 

 anti-sense-CACCGCCTTGGCTTGTCACA 

 

 

 

 

 

 

 

 

 

This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on November 20, 2007 as DOI: 10.1124/jpet.107.127746

 at A
SPE

T
 Journals on M

ay 23, 2023
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


JPET#127746 

 43

 

TABLE 2  

Physiological parameters were not altered by SDF-1α 

treatment    

Items       SDF-1α (n = 7)   Vehicle (n = 7)     p* 

pH 7.36 ± 0.013 7.351 ± 0.002 0.905 

PaCO2, mm Hg 46.12 ± 1.37 50.56 ± 2.7  0.251 

PaO2, mm Hg 90.11 ± 3.3 94.17 ± 3.0 0.215 

HCO3
-(10-3 mol/L) 28.89 ± 1.37 25.07 ± 1.54 0.435 

Hematocrit, % 45.02 ± 2.5 42.6 ± 3.9 0.291 

Hemoglobin (10g/L)14.5 ± 0.48 15.99 ± 0.82 0.252 

Na+ (10-3 mol/L) 139.1 ± 4.1 144.11 ± 2.12 0.667 

K+ (10-3 mol/L) 4.06 ± 0.21 4.57 ± 0.36 0.810 

Ca+ (10-2 g/L) 4.01 ± 0.39 3.88 ± 1.03 0.565 

Glucose (10-2 g/L) 150.9 ± 29.2 142.91 ± 11.2 0.565 

MBP,mm Hg  79.2 ± 8.41 80.1 ± 6.59 0.571 

HR, bpm  397 ± 27 414 ± 17 0.610 

MBP = mean blood pressure; HR = heart rate; *t test 
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