
progenitor cells [INPCs] and bone marrow derived stem cells

[BMSCs]) to brain tissue at 7 days after cerebral ischemia.

According to cumulative BrdU labeling immunohistochemistry,

many BrdU+ cells were found in the ipsilateral cortex near the

infarct boundary (Fig. 5A, B and C) and the subventricular region

of the ischemic hemisphere (Fig. 5D, E and F). BrdU+ cells were

also identified around the lumen of blood vessels of varying

calibers in the perivascular portion of the ischemic hemisphere

(Fig. 5G, H and I). Results from BrdU pulse labeling experiments

showed significantly greater numbers of BrdU+ cells in EPO+G-

CSF-treated rats than those in EPO-, G-CSF-, or saline-treated

rats (each group n = 8) (Fig. 5J).

To assess specifically whether INPCs or BMSCs proliferated

and differentiated into neural cells at ischemic sites, brain slices of

GFP-chimeric and nestin-EGFP mice receiving each treatment

type were examined by double-staining immunohistochemistry at

28 days after cerebral ischemia. In transgenic GFP-chimeric mice,

more GFP+c-Kit+ BMSCs were dispersed over the right striatum,

hippocampus and the penumbral area in EPO+G-CSF-treated

mice compared to EPO-, G-CSF-, or saline-treated mice (each

group n = 8) (Fig. 5K). Fractions of GFP+c-Kit+ cells colocalizing

with specific markers MAP-2, GFAP, Neu-N, and Musashi-1 in

the EPO+G-CSF-treated mice (<4%, <8%, <6%, and <5%,

respectively), were significantly higher than those in the EPO-

treated (<2%, <5%, <4%, and <2%), G-CSF-treated (<2%,

<6%, <3%, and <3%) and control (<1%, <0.5%, <1%, and

<0.5%) groups (Fig. 5L). In nestin-EGFP mice, greater numbers

of nestin-EGFP+ cells were also Ki67+ over the striatum and

penumbral region in EPO+G-CSF-treated mice than in other

treatment and control groups (each group n = 8) (Fig. 5M).

Quantitatively, fractions of nestin-EGFP+ cells colocalizing with

Ki67 and the specific markers MAP-2, GFAP, and Neu-N were

<2%, <3.5%, and <5% in the EPO+G-CSF-treated mice,

respectively, significantly higher than in the EPO-treated (<1.3%,

<2%, and <3%), G-CSF-treated (<1%, <1.8%, and <2.5%)

and control (<0.5%, <0.3%, and <0.5%) groups (Fig. 5N).

EPO+G-CSF Promoted Angiogenesis in Ischemic Model
To determine whether subcutaneous EPO+G-CSF administra-

tion could induce angiogenesis through encouraging the homing of

BMSCs and their differentiation 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 each experimental mouse at

28 days after cerebral ischemia. Several GFP+ cells from

transgenic GFP-chimeric mice showed vascular phenotypes

(vWF+ cells) around the perivascular and endothelial regions

(Fig. 6A) of the ischemic hemispheres of EPO+G-CSF-treated rats.

According to a visual inspection of the FITC-dextran perfusion,

much greater cerebral microvascular perfusion occurred in mice

treated with EPO + G-CSF than mice in the EPO, G-CSF or

control groups (each group n = 8) (Fig. 6B). In addition, results

from blood vessel density quantification by CD31 immunoreac-

tivity (Fig. 6C) show better neovascularization in the penumbral

areas of ischemic rats treated with EPO + G-CSF compared to the

other three groups (each group n = 8) (Fig. 6C).

Whether the increased blood vessel density enhanced functional

CBF in the ischemic brain was examined by laser Doppler

flowmetry (LDF) under anesthesia after cerebral ischemia. At one

week after cerebral ischemia, CBF was significantly greater in the

ischemic cortex of the EPO+G-CSF-treated rats than that in EPO,

G-CSF or control (each group n = 8) (Fig. 6D).

To determine whether subcutaneous EPO+G-CSF administra-

tion could enhance neovascularization and restore blood perfusion

in peripheral limb ischemia, double staining immunohistochem-

istry, blood vessel density assays and laser Doppler perfusion

imaging (LDPI) analysis were performed on both limbs from each

experimental mouse. Several GFP+ cells from transgenic GFP-

chimeric mice co-expressed vascular phenotypes (vWF+ cells)

around the perivascular and endothelial regions of the ischemic

limb muscles of EPO+G-CSF-treated mice (Fig. 6E). According to

quantitative measurements of blood vessel density by CD31

immunoreactivity (Fig. 6E), ischemic limbs from mice treated with

EPO+G-CSF had more muscle neovasculature than those with

EPO or G-CSF alone or controls (each group n = 8). In evaluation

of the blood perfusion of ischemic limbs by LDPI, EPO+G-CSF

treatment led to significantly greater recovery of blood perfusion of

ischemic limbs than G-CSF, EPO alone or control (each group

n = 8) (Fig. 6F).

Discussion

Although many reports have noted the synergy between EPO

and G-CSF in the treatment of anemia in myelodysplastic

syndromes (MDS) [16,18], investigators did not propose any

mechanism to explain the results of clinical trial. In previous

reports, both EPO and G-CSF have been shown to possess anti-

apoptotic, angiogenic and neuroprotective properties [2,5,6] and

have also been regarded as therapeutic agents in acute stroke

models [1,19] and peripheral limb ischemic models [22]. In this

study, we demonstrated that EPO in combination with G-CSF

enhanced more plastic effects and revascularization in cerebral

and limb ischemic models than either alone.

HIF-1a is activated by G-CSF in HUVECs under normoxia

condition, as evidenced by our observation that G-CSF stimula-

tion leads to enhanced HIF-1a activity and increased DNA-

binding activity driven by the HRE. G-CSF is known to enhance

the expression of two HIF-1a target genes, VEGF and SDF-1, in

human neural stem cell cultures and platelets [22,23]. In our

study, G-CSF also enhanced expression of the HIF-1a target genes

EPO in HUVECs with a similar mechanism.

Cells express many proteins in response to hypoxia and

ischemia, which supports cellular adaptation in response to altered

metabolic demands and the removal of toxic substances [24]. As a

master regulatory gene, HIF-1a controls critical pro-angiogenic

genes such as VEGF and EPO [25,26]. Since VEGF and EPO

genes contain the HRE in their promoter regions, some normoxic

factors could also upregulate the expression of VEGF or EPO via

HIF-1a activation [11,27]. According to two previous studies, G-

CSF may promote VEGF secretion through HIF-1a activation

[28,29]. Administration of G-CSF is known to augment

angiogenesis by upregulation of VEGF in neurotrophils [28],

and has been reported to raise serum VEGF level of patients [30].

Figure 1. G-CSF increased serum EPO in human and stimulated the expression of EPO by activating HIF-1 a in HUVECs. (A) G-CSF-
treatment for 5 consecutive days in human showed significant increases serum EPO level compared to control [C]. (B–C) G-CSF induced the protein
expression of both HIF-1a and EPO. (D) G-CSF also enhanced the activity of HIF-1a in cell lysate. The upregulation of HIF-1a activity, and protein
expression of HIF-1a and EPO stimulated by adding G-CSF returned to normal levels after addition of 2-methoxyestradiol (2-ME2). (E) G-CSF treatment
induced the translocation of HIF-1a into nuclei (PI: propidium iodide, nuclear stain) or to perinuclear areas. In contrast, pretreatment with 2-ME2
inhibited the nuclear translocation of HIF-1a. Mean6 SEM, *P,0.05 and **P,0.01 vs. control. Bar = 50mm.
doi:10.1371/journal.pone.0010093.g001
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Here we have demonstrated for the first time that G-CSF

enhances the synthesis of EPO via upregulation of HIF-1a in

primary cortical culture. The activated HIF-1a bound to the HRE

of the EPO promoter and turned on the expression of EPO. The

mechanism associated with EPO expression regulation and G-

CSF in the present study may be similar to a previously described

molecular mechanism involved in VEGF expression regulation

and macrophage colony-stimulating factor (M-CSF) in cell

monocytes and macrophages [29].

Recombinant EPO and G-CSF have been used clinically for

over 20 years [31]. Many researchers have investigated the

synergistic effects of administering EPO and G-CSF in hemato-

poiesis, including granulopoiesis and erythropoiesis [13,14,15].

Although either EPO or G-CSF has been shown to express

neuroprotective and angiogenic effects in stroke animal models

[1,6,19] and limb ischemia [22], no report has yet focused on the

enhanced ability of these two cytokines in combination to induce

neuroplasticity and angiogenesis. Other cytokines (stem cell

factors, hepatocyte growth factors and stromal cell-derived factor

1a) in combination with G-CSF have also been reported as

beneficial in animal stroke models [32,33] and limb ischemia [34].

We showed here that G-CSF and EPO synergized to produce

better functional recovery from stroke and limb ischemia than

either factor alone, which might be due to much enhanced

angiogenesis and significant relevant neuroprotection. Since many

cytokines and growth factors may be involved in ischemic repair

and recovery mechanism, additional study is required to clarify

which combination therapy might have the greatest plastic effect

on ischemic tissue.

In the present study, the bone marrow stem cells (BMSCs)

homing and differentiation were significantly enhanced by EPO

in combination with G-CSF treatment. Previous investigators

have also demonstrated the individual capability of EPO or G-

CSF to stimulate proliferation and differentiation of neural stem/

progenitor cells inside the animal brain [6,33,35,36,37,38,39].

Some studies discovered that EPO enhanced the expression of a

signaling protein (SOCS2) and a transcriptional factor (neuro-

genin 1) to regulate the neural stem/progenitor cell proliferation

and differentiation [35,37]. In other words, it is clear that both

EPO and G-CSF are capable of stimulating neurogenesis to

repair injured neural tissue. Other research teams have reported

that a combination of G-CSF and stem cell factor (SCF) may be

capable of inducing neural progenitor cell growth, thereby

producing an enhanced plastic effect during brain repair

[33,39]. Here we found that a combination of G-CSF and

EPO could synergistically promote proliferation of the neural

progenitor cells residing in the hippocampus and subventricular

region of brain. In addition to BrdU labeling methods, we further

applied the Nestin-EGFP transgenic mice model to certify the

proliferation, differentiation and mobilization of endogenous

neural progenitor cells in the ischemic brain after a combination

of G-CSF and EPO treatment. In summary, EPO in combination

with G-CSF might be a feasible therapeutic strategy to treat

different neurodegenerative diseases.

Materials and Methods

Measurement of Serum EPO Levels in G-CSF-Treated
Human Donors

We obtained serum samples from age-matched (Age = 35–

40 y), healthy donors (male:female = 12:12, no athlete) at

sequential time points (1, 3, 7 and 14 days) after subcutaneous

G-CSF administration (10 to 15 mg/kg, Kirin) for 5 consecutive

days according to the manufacture’s instruction. All protocols and

informed consents procedures were fully reviewed and approved

by the Institutional Review Board of China Medical University

Hospital. Informed consent was obtained from all participants. As

a positive control, known level of EPO protein in serial dilution

were measured using a human EPO ELISA kit (R&D Systems),

with the results used to plot a standard curve. Each serum sample

for EPO concentration measurement was run in triplicate and

compared with the standard curve.

Cell Culture
Human umbilical vein endothelial cells (HUVECs; Cambrex)

were cultured in EGM-2 medium containing human epidermal

growth factor, hydrocortisone, human fibroblast growth factor,

vascular endothelial growth factor, ascorbic acid, gentamicin,

amphotericin-B, human insulin-like growth factor, heparin and

2% FBS at 37uC in a 5% CO2 humidified air incubator as

previously described [40]. Confluent cells at passage 4 were used

for all experiments.

ELISA Measurement of Activated HIF-1a in HUVECs
In order to evaluate the non-hypoxic activator effect of G-CSF,

the levels of activated HIF-1a protein after G-CSF treatment were

measured by ELISA. HUVECs were treated with different doses

(0.01, 0.1, 1, and 10 mg/mL) of G-CSF (Kirin) for 6 hours.

Nuclear extracts from these cells were incubated (50 mg/well) with

biotinylated double-stranded oligonucleotide containing a consen-

sus HIF-1a binding site from an active HIF-1a DuoSet IC ELISA

kit (R&D Systems) according to the manufacturer’s instructions.

The level of activated HIF-1a was measured by absorbance and

was expressed as optical density (OD) at 450 nm–540 nm as

previously described [41]. To confirm the role of HIF-1a in the

upregulation of EPO by G-CSF on HUVECs, cells were

pretreated with the HIF-1a inhibitor 2-ME2 (5 mM; Sigma) for

16 h as previously described [41]. Unless otherwise mentioned,

experiments were performed in triplicate.

Western Blot and Immunocytochemical Analysis
HIF-1a and EPO expressions in HUVECs were measured by

Western blot and immunohistochemical analyses. HUVECs were

treated with 1 mg/mL G-CSF for different times (0.5, 1, 4, 12 and

24 hours), or treated with different concentrations of G-CSF

ranging from 0.01 to 10 mg/mL for 6 hours. Western blot analyses

of HIF-1a, and EPO expression from HUVECs were performed

after each G-CSF treatment as previously described [42] using

appropriately antibodies to HIF-1a (1:200; Novus Biologicals),

Figure 2. G-CSF promoted HIF-1 a transcriptional activity and binding to the HRE of EPO promoter. (A) An oligonucleotide containing
the HRE of the HIF-1a-binding sequence (underlined) from the EPO gene (EPO-HRE) was used in EMSA (B), comprising positive control (black star,
Lane 1), negative control (Lane 2), and DNA (DIG-labeled oligonucleotide) binding complex (Lane 5; large arrow). Binding was reduced by
competition with non-labeled probe (Lane 3, 100X excess; and Lane 4, 300X excess). Nonspecific bands (arrow head) were also shown (including Land
3 and 4). For supershift assay (small arrows), polyclonal anti-HIF-1a (Lane 6) and monoclonal anti-HIF-1a (Lane 7) were used. (C) In a luciferase reporter
assay, luciferase activity was higher in the G-CSF-treated cells transfected with pEpoE-luc than that with mutant pEpoEm1-luc, or the control cells. The
G-CSF-stimulated luciferase activities were similar to those in oxygen glucose deprivation (OGD) and chemical hypoxia (DFO) conditions. Mean6
SEM, *P,0.05 and **P,0.01 vs. control.
doi:10.1371/journal.pone.0010093.g002
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previously reported [49,50]. Starting one day after cerebral

ischemia, experimental mice were injected subcutaneously

with EPO (5000 U/kg) + G-CSF (250 mg/kg), G-CSF (250 mg/

kg), EPO (10000 U/kg) or saline vehicle for 5 consecutive

days.

Laser-Scanning Confocal Microscopy for Double
Immunofluorescence Analysis

The expression of cell type-specific markers in GFP+ cells was

examined by double immunofluorescence using laser scanning

confocal microscopy as previously described [42] with specific

Figure 5. Subcutaneous administration of EPO +G-CSF enhanced the proliferation, differentiation and migration of stem cells in rats
and mice. At one week after cerebral ischemia, BrdU immunoreactive cells were detected in the ipsilateral cortex near the infarct boundary (A-C,
arrows), the subventricular area (D-F, arrows), and around blood vessels (G-I, arrows). (J) Numbers of BrdU immunoreactive cells were measured in the
ipsilateral hemisphere of rats’ brains treated with EPO+G-CSF (E+G), EPO (E), G-CSF (G) or controls (C). (K) GFP+c-Kit+ bone marrow stem cells (BMSCs)
in the peri-infarct and striatal areas (white arrows) were analyzed in transgenic GFP-chimeric mice treated with EPO+G-CSF (E+G), EPO (E), G-CSF (G) or
controls. (L) In double immunofluorescent analysis (3D image), many GFP+ cells colocalized with specific markers GFAP, Neu-N, Musashi-1 and MAP-2.
(M) Nestin-EGFP+ INPCs (white arrows) were stained for Ki67 in the penumbral region of nestin-EGFP mice treated with EPO+G-CSF (E+G), EPO (E), G-
CSF (G) or controls. (N) Nestin-EGFP+-Ki67+ cells also co-localized with specific markers MAP-2, GFAP, and Neu-N. Mean6 SEM, *P,0.05 and **P,0.01
vs. control. Bar = 50mm.
doi:10.1371/journal.pone.0010093.g005
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antibodies against c-Kit (1:200; BD Pharmingen), GFAP (1:400;

Sigma), MAP-2 (1:200; BM), nestin (1:400; Sigma), Neu-N (1:200;

Chemicon), vWF (1:400; Sigma), Musashi-1 (1:300; Chemicon)

and Ki67 (1:400; Novocastra Laboratories) conjugated with FITC

(1:500; Jackson Immunoresearch) or Cy3 (1:500, Jackson Im-

munoresearch). The tissue sections were analyzed with a LSM510

laser-scanning confocal microscope (Carl Zeiss).

Evaluation of Cerebral Angiogenesis
Cerebral microcirculation was analyzed by intravenous admin-

istration of the fluorescent plasma marker FITC-dextran (Sigma),

and CD31 immunohistochemical analysis as previously described

[42].

Measurement of Cerebral Blood Flow (CBF)
Rats anesthetized with chloral hydrate were positioned in a

stereotaxic frame. Baseline local cortical blood flow (bCBF) was

monitored with a laser doppler flowmeter (LDF monitor, Moore

Instruments) as previously described [51]. In brief, CBF values

were calculated as a percentage increase of bCBF.

Mouse Hindlimb Ischemia and Laser Doppler Imaging
Analysis

Transgenic GFP-chimeric mice were anesthetized with chloral

hydrate (0.4 g/kg, ip). The femoral artery ligation, limb blood flow

measured by laser Doppler perfusion imaging (LDPI, Moore

Instruments) and immunohistochemical studies were performed as

previously described [52]. One day after arterial ligation, mice

were randomly assigned to one of the four treatment groups: EPO

(5000 U/kg)+G-CSF (250 mg/kg), G-CSF (250 m/kg), EPO

(10000 U/kg), and saline control.

Statistical Analysis
Observers were blind to the experimental conditions of each

measurement. Results are expressed as mean 6 SEM. The

behavioral scores were evaluated for normality. We used one-way

or two-way ANOVA with appropriate post hoc Newman-Keuls

testing to evaluate mean differences between different groups with

different treatments. A value of P,0.05 was considered as

significant.
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