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ABSTRACT 

Phase-dependent effect of the combination therapy of erythropoietin 

and granulocyte-colony stimulating factor on hypoxic-ischemic brain injury 

 

Ji Hea Yu 

 

Department of Medical Science 

The Graduate School, Yonsei University 

(Directed by Professor Jong Eun Lee) 

 

Erythropoietin (EPO) is the major growth regulator of the erythroid cell lineage. EPO 

is to regulate the proliferation, maturation, and survival of erythroid progenitor cells in 

human bone marrow, in an oxygen-dependent manner. Therefore, EPO is a promising 

candidate drug for the treatment of various neurological diseases. Especially, the 

beneficial effects of EPO and its variants in models of experimental stroke and cerebral 

hypoxic–ischemic can be attributed to a multitude of cytoprotective mechanisms, 

including inhibition of apoptosis, anti-inflammatory, anti-oxidant actions and 

restoration of blood-brain barrier integrity, as well as stimulation of neurogenesis and 

angiogenesis.   

Granulocyte-colony stimulating factor (G-CSF) was previously identified among a set 

of humoral factors on which the survival, proliferation, and differentiation of 

hematopoietic cells in cell culture assays were dependent. G-CSF was also shown to 

exhibit several beneficial effects in animals with stroke. In particular, G-CSF improves 

functional recovery after stroke even when treatment is initiated at delayed time 

intervals. A recent study reported that G-CSF upregulates EPO expression via the 

induction of hypoxia-inducible factor-1α (HIF-1α) activity and that the combination 
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therapy of EPO and G-CSF synergistically enhances neural survival and angiogenesis 

in animal models of cerebral ischemia.                                                                      

This study aimed to investigate via an animal model the effect of the combination 

therapy of EPO and G-CSF on hypoxic-ischemic brain injury treated during the acute, 

subacute, and chronic phases. 

Brain damage was induced in 12-weeks old C57BL/6 mice by unilateral carotid artery 

ligation and exposure to hypoxia condition (8% O2 for 45 min). After inducing 

hypoxic-ischemic brain injury, mice were randomly assigned to the acute phase (days 1 

to 5), subacute phase (days 11 to 15) or chronic phase (day 28 to 32), study groups. All 

of which were treated with 250 μg/kg of recombinant human G-CSF and 5000 unit/kg 

of recombinant human EPO dissolved in saline solution once per day for 5 consecutive 

days. As a respective control group, they were treated with saline solution injection. 

Rotarod, forelimb-use asymmetry, and grip strength tests were performed to evaluate 

behavioral function. HIF-1α protein was measured by western blot. Angiogenesis, 

neurogenesis and glial scar marker were measured via immunohistochemistry.                                      

The combination therapy of EPO and G-CSF in acute phase treatment group 

significantly improved rotarod latency time, forelimb-use asymmetry, and grip strength 

compared to those of the other groups. 

The combination therapy during acute phase increased BrdU+/PSA-NCAM+ neuronal 

numbers and CD31+ vessels density, but GFAP+ astrocytic density significant 

decreased at post-treatment 2 weeks. CD31+ and α-SMA+ vessels density significant 

increased at post-treatment 8weeks. Furthermore, the treatment during acute phase 

significant increased the HIF-1α expression in cytosol and nucleus, whereas the 

chronic phase did not change the HIF-1α expression.  

This investigation demonstrated that induction of HIF-1α expression through the 

combination therapy of EPO and G-CSF during acute phase synergistically enhances 

not only motor performance but also neurogenesis and angiogenesis in hypoxic-

ischemic brain injury. Especially, overexpression of HIF-1α in both cytosol and 

nucleus demonstrated a similar pattern with functional outcome, suggesting HIF-1α 
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was related with the functional outcome. Therefore, the combination therapy of EPO 

and G-CSF may more contribute to functional recovery in the phase-dependent manner 

in hypoxic-ischemic brain injury. 
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I. INTRODUCTION 

 

Erythropoietin (EPO) and granulocyte-colony stimulating factor (G-CSF) play a 

broad role in the central nervous system, which is likely as important as their role in 

the blood-forming system. EPO and G-CSF receptors and their respective ligands 

appear to be expressed by neurons in many brain areas.1-3 EPO produced mainly in the 

adult kidney, is the major growth regulator of erythroid cell lineage.4 The main 

biological function of EPO is to regulate the proliferation, maturation, and survival of 

erythroid progenitor cells in human bone marrow, doing so in an oxygen-dependent 

manner. Therefore, EPO is a promising candidate drug for various neurological 

diseases.5 The beneficial effects of EPO and its variants in models of experimental 

stroke and cerebral hypoxic–ischemic can be attributed to a multitude of cytoprotective 

mechanisms, including inhibition of apoptosis, anti-inflammatory and anti-oxidant 

actions, restoration of blood-brain barrier integrity, as well as stimulation of 

neurogenesis and angiogenesis.6-18 However, the amount of intravenously applied EPO 
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that reach the brain is only in the range of 1% of that administered.19 Therefore, other 

neuroprotective or neurotrophic agents need to be combined. 

G-CSF was previously identified among a set of humoral factors on which the 

survival, proliferation, and differentiation of hematopoietic cells in cell culture assays 

were dependent.20, 21 A decade after its identification, G-CSF was approved by the FDA 

for the prevention and treatment of chemotherapy induced neutropenia and apheresis in 

hematopoietic transplantation.22 It was found to mobilize hematopoietic bone marrow 

cells into systemic circulation.23 Importantly, G-CSF was shown to exhibit several 

beneficial effects in animals with stroke.23-25 In particular, G-CSF improves functional 

recovery after stroke even when treatment is initiated at delayed time intervals.26 

A recent study reported that G-CSF upregulates EPO expression via the induction of 

hypoxia-inducible factor-1 alpha (HIF-1α) activity and that the combination therapy of 

G-CSF and EPO synergistically enhances neural survival and angiogenesis in animal 

models of ischemia. 27, 28 As a master regulatory gene, HIF-1α controls critical pro-

angiogenic genes such as vascular endothelial growth factor (VEGF) and EPO.29,30 

HIF-1α activation also is important in responding to environmental hypoxia via pro-

angiogenic genes. G-CSF stimulation has been shown to lead to hypoxia response 

element (HRE)-driven enhanced HIF-1α activity and increased DNA binding activity. 

Where activated HIF-1α bind to the HRE of the EPO promoter to turn on the EPO 

expression. In addition, according to a previous study, G-CSF may also promote VEGF 

secretion through HIF-1α activation. The mechanism associated with G-CSF and EPO 

expression regulation may be similar to a previously described molecular mechanism 

involving G-CSF and VEGF expression regulation.31 Both EPO and G-CSF have been 

shown to possess antiapoptotic, angiogenic, and neuroprotective properties,32-34 and 

have also been regarded as therapeutic agents in acute stroke models.35,36 This study 

aimed to investigate via an animal model the effect of the combination therapy of EPO 

and G-CSF on hypoxic-ischemic brain injury treated during the acute, subacute, and 

chronic phases.  
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II. METERIALS AND METHODS 

 

1. Adult model of hypoxic-ischemic brain injury 

In 12 weeks-old C57BL/6 mice (Orient bio, Gyeonggi-do, South Korea), permanent 

ischemic brain damage was induced by unilateral right carotid artery ligation. Hypoxic 

brain injury (8% O2 for 45 min) was thereafter induced. The animals were anesthetized 

with a mixture of Ketamine (100mg/kg, Huons, Gyeonggi-do, South Korea) and 

Rumpun (10mg/kg, Bayer korea, Gyeonggi-do ,South Korea). Body temperature was 

maintained at 37 °C in a hypoxic chamber.  

 

2. Hematopoietic growth factors treatment 

After inducing hypoxic-ischemic brain injury, mice were randomly assigned to the 

acute phase (days 1 to 5), subacute phase (days 11 to 15) or chronic phase (day 28 to 

32), study groups. All of which were treated with 250 μg/kg of recombinant human G-

CSF and 5000 unit/kg of recombinant human EPO dissolved in saline solution once per 

day for 5 consecutive days. As a respective control group, they were treated with saline 

solution injection. A previous report described that these dosage regimens of G-CSF 

alone and EPO alone generate sufficient effect.28 All animals were housed in a facility 

accredited by the Association for Assessment and Accreditation of Laboratory Animal 

Care (AAALAC) and were given food and water ad libitum under alternating 12-h 

light/dark cycles, according to animal protection regulations. The experimental 

procedure was approved by the Institutional Review Board (IRB). A schematic 

timeline of this experiment from surgery to 12 weeks of age is provided in Fig. 1 
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Figure 1. Experimental designs Adult hypoxic-ischemic brain injury was induced by 

unilateral carotid artery ligation, and the mice were monitored under a hypoxic 

condition (8% O2), maintained with a hypoxic chamber, for 45 min. The damaged 

brain showed ipsilateral lesioning in the posterolateral hemisphere. Treatment of mice 

in the acute phase of hypoxic ischemic brain injury was provided at 24 hours after 

injury and lasted for 5 days, while mice in the subacute and chronic phases were 

treated at 11 days after injury for 15 days and 28 days after injury for 32 days, 

respectively. 

 

3. Human EPO level detected in peripheral blood 

According to the manufacturer’s protocols, ELISA assays (Abnova, Jhongli, Taiwan) 

were used to measure EPO levels in peripheral blood samples 1 day following 

treatment with the combination therapy of EPO and G-CSF.  

   

4. Histological assessment for brain damage after hypoxic-ischemic brain 

injury 

At post-treatment 2 weeks, mice were sacrificed and the brain was removed. 

Immediately, brains were dissected and cut into five coronal slices of 2-mm thickness, 

and incubated in a 2% solution of 2, 3,5-triphenyl-2H-tetrazolium chloride (TTC) at 
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37℃ for 15 min. TTC-stained sections were photographed and the infarct sizes were 

measured. The volume of the infarcted hemisphere was then calculated by multiplying 

the area thereof by the distance between sections. The infarct volume was determined 

as the percent difference between the left and right volumes normalized to the volume 

of the structure in the control hemisphere. The measurement of infarct size was 

performed by examiners blinded to the animal’s experimental status.  

 

5. Behavioral assessment of neurological deficits 

A. Rotarod performance  

A rotarod test was used to assess motor coordination and balance. All animals 

received a pre-operative performance evaluation at one day after surgery. Rotarod tests 

were then performed at 2 weeks intervals until 8 weeks post-treatment using 

accelerating speed (4–80 rpm) paradigms. The latency of mice falling from the rod was 

measured twice during each test, and individual tests were terminated at a maximum 

latency of 300 sec. 

 

B. Forelimb-use asymmetry test  

To evaluate functional asymmetry resulting from a unilateral brain lesion and 

consequent hemiplegia, a cylinder test and ladder walking test were performed at post-

treatment 8 weeks. In the cylinder test, the number of times each forelimb contacted 

the cylinder wall as the mouse reared on its hind limbs were evaluated over a period of 

5 min. The percentage of cylinder wall contacts with the hemiplegic forelimb was 

evaluated by the following formula.37 

 

 

{# of contacts with the contralateral limb + 1 ⁄ 2(# contacts with both limbs)} × 100(%) 

#contacts with the ipsilateral limb + # contacts with the contralateral limb 

+ # contacts with both limbs 
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The percentage of cylinder wall contacts with the contralateral limb. In the ladder 

walking test, the mice were required to walk a distance of 1 m three times on a 

horizontal ladder with metal rungs located differing distances apart. The number of 

slips from the transverse rungs with each forelimb was measured by videotape analysis. 

The percentage of slips on the transverse rungs of the ladder relative to the total 

number of steps taken by the hemiplegic limb was then calculated.  
 

C. Grip strength test  

A grip strength test was performed using the SDI Grip Strength System (San Diego 

Instruments Inc., San Diego, CA), which includes a push-pull strain gauge. A 2-mm-

diameter triangular piece of metal wire was used as the grip bar. Each animal was held 

near the base of its tail as the animal approached the bar until it was able to be gripped 

with the forepaw. Peak force was automatically registered in gram-force by the 

apparatus. The mean peak force of three trials was used for analysis. 

A                                  B 
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C                                   D 

 
Figure 2. Behavioral test instrument (A) Rotarod test (B) Cylinder test (C) Ladder 

walking test (D) Grip strength test 

 

6. Immunohistochemistry 

 Immunohistochemistry (IHC) was performed at post-treatment 2 weeks and 8 weeks. 

Each group of subjects received an i.p. injection of BrdU (Bromodeoxyuridine, 50 

mg/kg) once a day for 12 days at the time of treatment initiation, to evaluate 

endogenous cell genesis in the SVZs. At post-treatment 2 weeks, new neurons were 

evaluated in the SVZs of three subjects from each group. Sections were stained with 

the cell proliferation marker BrdU (1:400, Abcam, Cambridge, UK) and the early 

neuronal and neuroblast migrating marker PSA-NCAM (polysialylated neuronal cell 

adhesion molecule, 1:400, Chemicon, Pemecula, CA). Double-labeled BrdU+/PSA-

NCAM+ cells were then assessed by confocal imaging (LSM700, Zeiss, Gottingen, 

Germany). The area of the SVZ was obtained using the MetaMorph Imaging System 

(Molecular Device, Sunnyvale, CA) and converted to volume. The number of newly 

generated neurons was quantified as density (/mm3). The total numbers of newly 

generated cells and new neurons were then estimated by multiplying the densities of 

BrdU+ cells and BrdU+/ PSA-NCAM+ cells by the total volume of the subventricular 

zone. Total volume was calculated by multiplying the summed areas of each cross-

section of the striatum by the section thickness (16 m) in each sample. Individual 

sections were also co-stained for βIII-tubulin (1:400, Covance, NJ), NeuN (Neuronal 

Nuclei, 1:400, Chemicon, Pemecula, CA), or GFAP (Glial fibrillary acidic protein, 
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1:400, Chemicon, Pemecula, CA) to confirm the identity of specific neural-lineage 

cells. In addition, IHC was performed with CD31 (PECAM-1, 1:400, Abcam, 

Cambridge, UK) or α-SMA (Alpha-Smooth Muscle Actin ,1:400, Abcam, Cambridge, 

UK) to confirm the vessels density of the damaged frontal cortex and striatum region. 

Also IHC performed with CS-56 (Anti-chondroitin sulfate antibody, 1:400, Abcam, 

Cambridge, UK) (n = 3 each) to confirm the glial scar density of the damaged striatum 

region. 

7. Western blot analysis 

For electrophoresis, using compartmental protein extraction kit (Millipore, Billerica, 

MA, USA) , 50 μg of extracted proteins were dissolved in sample buffer (60 mM Tris-

HCl, pH 6.8, 14.4 mM β-mercaptoethanol, 25% glycerol, 2% SDS, and 0.1% 

bromophenol blue), boiled for 5 min, and separated on a 10% SDS reducing gel. 

Separated proteins were transferred onto polyvinylidene difluoride membranes 

(Amersham Pharmacia Biotech, UK) using a trans-blot system (Bio-Rad). Blots were 

blocked for one hour in Tris-buffered saline (TBS) (10 mM Tris-HCl, pH 7.5, 150 mM 

NaCl) containing 5% non-fat dry milk (Bio-Rad) at room temperature, washed three 

times with TBS, and incubated at 4°C overnight with a HIF-1α (1:1000, Abcam, 

Cambridge, UK) antibody in TBST (10 mM Tris pH 7.5, 150 mM NaCl, and 0.02% 

Tween 20) containing 5% non-fat dry milk. The next day, blots were washed three 

times with TBST and incubated for one hour with horseradish peroxidase-conjugated 

secondary antibodies (1:2000, Santa Cruz, California, USA) at room temperature. After 

washing three times with TBST, the protein was visualized with an ECL detection 

system (Amersham Pharmacia Biotech, UK). 

 

8. Statistical analysis 

The effects of the combination of EPO and G-CSF during acute phase on the 

endogenous repair process and functional recovery after hypoxic-ischemic brain injury 

were evaluated. The BrdU+ cells (/mm3), BrdU+/PSA-NCAM+ cells (/mm3), GFAP+ 

density (/mm3), CS56+ density (/mm3), CD31+ density (/mm3), α-SMA+ density (/mm3), 
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and HIF-1α in cytosol and nucleus, as well as results of behavioral tests were analyzed 

using one-way ANOVA followed by a post-hoc comparison or independent t-test using 

SPSS (version 18.0). A statistically significant level was defined when p < 0.05  

 

III. RESULT 

 

1. Human EPO level in peripheral blood confirmed treatment groups. 

After administration of recombination human EPO for 5 consecutive days, the 

Human EPO ELISA was used to confirm the systemic administration of EPO in each 

group. Human EPO was largely detected in each of the phase treatment groups. For 

which there was not significant. However, human EPO was not nearly detected in the 

control group treated with saline.  

 
Figure 3. Human EPO detected in peripheral blood Human EPO was detected in 

each of the phased treatment groups. For which there was no significant difference. 

Humen EPO was not detected in the control group treated with saline. Error bars 

indicate the standard error of three independent experiments.   
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2. Infarct region measured for brain damage with no significant difference 

At post-treatment 2 weeks, mice were sacrificed and the brain was removed. Brain 

sections were then stained with TTC to assess the extent of brain infarction, for which 

there were not significant. 

 

 
Figure 4. Infarct region on hypoxic-ischemic brain damage injury At post-

treatment 2 weeks, sacrificed mice brains were stained with TTC to measure the infarct 

region. No significant difference in infarct region for the control group and treatment 

groups was observed. Error bar indicate the standard error of three independent 

subjects. 

 

3. The combination therapy during acute phase demonstrated more effective 

functional recovery compared to the other groups 

A. Rotarod performance demonstrates that the acute EPO+G-CSF group showed 

more improved neurobehavioral function than the other groups.  
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The rotarod test at an accelerated speed (4-80rpm), after hypoxia ischemia brain 

injury was measured biweekly in mice receiving the combination therapy of EPO and 

G-CSF (E+G), or saline (each group, n=6) at three different treatment phases after 

hypoxic-ischemic brain injury (acute, subacute and chronic). When rotarod 

performance was assessed prior to the treatment, no differences were observed among 

the groups. A significant improvement in rotarod performance was observed for the 

acute E+G group, compared to that in the respective saline controls and chronic E+G 

group at post-treatment 2 weeks in an accelerating speed (p < 0.05). This significant 

neurobehavioral improvement in the acute E+G group was maintained throughout the 

study period until post-treatment 8 weeks (p < 0.05) (Fig. 4A). Importantly, at post-

treatment 8 weeks, the acute E+G group exhibited significantly longer latency time 

than the subacute E+G group. (Table 1) 

 

B. The acute E+G group attenuated forelimb-use asymmetry  

Both cylinder and ladder walking tests were performed at post-treatment 8 weeks. 

The percentage of total wall contacts with the contralateral limb in mice treated with 

E+G in the acute phase was greater than that in all other groups in the cylinder test. For 

the ladder walking test, mice also showed a strong tendency with a reduction in the 

percentage of the total slips among total steps with the hemiplegic forelimbs. Taken 

together, cylinder and ladder walking test results suggested that only the acute E+G 

group, but these were not significant, exhibited a tendency of improved forelimb-use 

asymmetry (Fig. 4B). 

 

C. The acute E+G group demonstrated improved contralateral and bilateral grip 

strength 

Grip strength tests were performed at post-treatment 8 weeks. Interestingly, the grip 

strength of the contralateral limb and bilateral limb was increased in acute E+G group 

compared to the acute saline group. In addition, the other phase treatment groups 
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showed no difference in grip strength compared to their respective saline groups. 

Taken together, acute E+G treatment resulted in tendency of systemic improvement in 

the contralateral and bilateral motor strength of hemiplegic forelimbs. 

 

A.  

 

 

B.  
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C.  

 

Figure 5. Behavioral assessment after hypoxic-ischemic brain injury in mice (A) 

Rotarod performance indicated that E+G treatment groups increased latency time 

compare to the saline groups at an accelerated speed (4-80 rpm). Especially, the acute 

(day 1 to 5) and subacute phase (day 11 to 15) E+G groups exhibited increased latency 

time compared to the chronic E+G treatment (day 28 to 32) group. Error bar indicate 

the standard error of six independent subjects (†p < 0.05 vs the subacute E+G group; 

*p < 0.05 vs the other groups, #p < 0.05 vs chronic saline group by one-way ANOVA 

with post hoc t-test) (B) The percentage of total wall contacts with the contralateral 

limb in mice treated with E+G in the acute phase was enhanced in the cylinder test. In 

the ladder walking test, mice also exhibited a reduction in the percentage of the total 

slips among total steps with the hemiplegic forelimbs. Error bar indicate the standard 

error of six independent subjects. (C) The acute E+G group exhibited increased grip 

strength in bilateral limbs compared to the saline group. The E+G groups for each 

phase exhibited increased grip strength in contralateral limb, but these were not 

significant. Error bar indicate the standard error of six independent subjects . 
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Table 1. Latency of rotarod performance at post treatment 8 weeks. 

Group 
Pre-

treatment 

 Post-treatment 

 2 weeks 4 weeks 6 weeks 8 weeks 

Acute 

Saline 
91.44±22.81 

 
97.92±10.78 101.13±25.44 82.56±10.27 92.92±13.29 

Acute 

E+G 
90.27±12.14 

 
132.04±14.61* 153.44±15* 135.10±13.37* 149.44±14.63*† 

Subacute 

Saline 
83.57±15.29 

 
101±26.48 104.64±20.23 91.83±29.88 92.92±25.52 

Subacute 

E+G 
99.62±5.30 

 
122.23±15.03# 127.64±10.78# 112.67±13.86# 120.33±6.95 

Chronic 

Saline 
73.83±7.18 

 
70.75±10.80 73.25±14.10 71.25±12.96 92.67±11.75 

Chronic 

E+G 
74.7±3.37 

 
98.13±11.25 85.33±17.57 90.5±16.84 98.67±13.67 

Values are mean ± SE 

E+G : EPO+G-CSF 

 

4. The acute phase treatment group exhibited in significant increased vessels density 

and neural density but decreased GFAP density in damaged brain sections.  

Blood vessels were quantified in both damaged frontal cortex region (FC) and 

striatum region (STR).  STR capillary vessels densities were significantly greater in 

the acute E+G group compared to the respective saline group at post-treatment 2 weeks 

(p < 0.05) and 8 weeks (p < 0.01). FC capillary vessels density was significantly 

greater in the acute E+G group compared to the respective saline group at post-

treatment 2 weeks (p < 0.001) and 8 weeks (p < 0.05). The subacute E+G group tended 

to show increased capillary vessel density in the STR at post treatment 2 weeks (Fig. 

6A, B). And at post treatment 8 weeks in the FC of α-SMA stained vessels and 
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capillary vessels densities of the acute E+G group significant increased (p < 0.01). (Fig. 

6C, D) To determine the proliferation of endogenous cell genesis and neuronal lineage 

cell densities after hypoxic-ischemic brain injury, the MetaMorph Imaging System was 

used to assess the expression of various neural markers. Neural lineage cells were 

quantified in both damaged subventricular zone (SVZ) and STR. At 

immunohistochemistry (IHC), βIII-tubulin, an immature neuronal maker, was more 

significant expressed in the acute E+G group than the respective saline group at post-

treatment 8 weeks in STRs (p < 0.01). (Fig. 7A, B) The expression of NeuN, a mature 

neuronal marker, showed no significant difference between their respective saline 

groups in STRs at post treatment 2 and 8 weeks (Fig. 7C). PSA-NCAM, an early 

neuronal and migrating neuroblast marker, was co-stained with BrdU. At post-

treatment 2 weeks, endogenous cell genesis tended to show significantly increased in 

the acute E+G group than the acute saline group (p < 0.05) and respective other groups 

except subacute E+G group (p < 0.001). Also the other phase treatment groups showed 

no difference between their respective saline groups. Double-labeled BrdU+/PSA-

NCAM+ cells were then assessed by confocal imaging (LSM700, Zeiss, Gottingen, 

Germany). In the acute E+G group, the number of BrdU+/PSA-NCAM+ cells 

significantly greater than the saline group (p < 0.01) and the other groups except 

subacute E+G group (p < 0.001). (Fig. 7D) Although, GFAP, astrocyte marker, 

expression in SVZ was significantly increased chronic E+G and the respective saline 

group (p < 0.05) (Fig. 8A), GFAP expression of both the acute (p < 0.05) and subacute 

(p < 0.01) E+G groups in STRs was significantly decreased compared with the 

respective saline group at post treatment 2weeks (Fig. 8B). CS 56, a glial scar marker, 

expression in SVZs was significant decreased acute and chronic E+G groups compared 

to the respective saline groups (p < 0.05). At post treatment 8 weeks subacute and 

chronic groups showed approximately similar expression in SVZs. But acute E+G 

group tended to show significant decreased in STR (p < 0.05). (Fig. 8C, D) 
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Figure 6. Acute phase treatment group resulted in significant increases in vessel 

markers expression in damaged regions. (A) The IHC in the three different phase 

groups with CD31 (PECAM-1) antibody. The acute E+G group showed significant 

enhanced CD31 expression compared with the saline group at post-treatment 2 and 8 

weeks in the ipsilateral FCs. (B) The acute and subacute E+G groups showed enhanced 

CD31 expression compared with the saline groups at post treatment 2 and 8 weeks in 

the ipsilateral STRs, but the acute E+G group only significant enhanced. (C) The IHC 

in the three different phase groups with α-SMA antibody. The acute E+G group 

showed significant enhanced α-SMA expression at post treatment 8 weeks in ipsilateral 

FC. (D) The acute E+G group tended to show increased α-SMA expression in STR. (E) 

Representive image of CD31 at post treatment 8 weeks in the STR. Scale bar is 50μm. 

(F) Representive image of α-SMA at post treatment 8 weeks in the FC. Scale bar is 

150μm. All error bars indicate the standard error of three independent subjects. (*p < 

0.05 by one-way ANOVA with post hoc t-test) 
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C 
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D 

 

E 

 

Figure 7. The acute phase treatment group exhibited increases in expression of 

BrdU+ / PSA-NCAM+ cell numbers and βIII-tubulin density in damaged regions. 

(A) The IHC in three different phase groups with βIII-tubulin antibody. The acute E+G 
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group showed enhanced βIII-tubulin expression compared with the saline group at post 

treatment 8 weeks in the ipsilateral SVZ, but this was not significant. Error bars 

indicate the standard error of three independent subjects. (B) The acute E+G group 

showed significant enhanced βIII-tubulin expression compared with the saline group at 

post treatment 8 weeks in the ipsilateral STR. (C) The IHC of three different phase 

groups with NeuN antibody. All groups were similar to expression pattern at post-

treatment 2 and 8 weeks in ipsilateral STRs. (D) The IHC in three different phase 

groups with PSA-NCAM antibody and BrdU antibody. The acute E+G group exhibited 

significant increased BrdU+ cell numbers compared with the other groups at post 

treatment 2 weeks in the SVZ. Also BrdU+ / PSA-NCAM+ cell numbers significant 

increased at post treatment 2 weeks in the SVZ. All error bars indicate the standard 

error of three independent subjects (*p < 0.05 by one-way ANOVA with post hoc t-

test). (E) Representive image of BrdU+ / PSA-NCAM+ at post treatment 2weeks in the 

SVZ. Scale bar is 50μm. LV = lateral ventricle 

 

A  
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C  

Figure 8. The acute and subacute phase treatment groups exhibited a significant 

decrease in GFAP expression in damaged regions. (A) The IHC of three different 

phase groups with GFAP antibody. The all E+G groups showed significantly decreased 

GFAP expression compared with the saline groups at post-treatment 2 weeks in the 

ipsilateral STRs. (B) The IHC of three different phase groups with CS56 antibody. The 

acute E+G group exhibited significant decreased CS56 expression compared with 

saline group at post-treatment 8 weeks in STR. All error bars indicate the standard 
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error of three independent subjects (*p < 0.05 by one-way ANOVA with post hoc t-

test). (C) Representive image of GFAP at post-treatment 2 weeks. Scale bar is 150um.  

 

5. HIF-1α expression in the cytosol and nucleus was increased in the acute phase 

treatment group 

To observe altered in the expression of HIF-1α after 5 consecutive days of treatment, 

western blot was performed in control saline groups, and E+G combination treatment 

groups in three different phases (acute, subacute and chronic). Western blotting 

quantitative graph showed significant increased HIF-1α expression in the acute E+G 

group in the cytosol and nucleus compared to the other groups (*p < 0.05), although 

there was not significant between the acute and subacute E+G groups. The acute E+G 

group also exhibited a tendency of increased HIF-1α expression in the nucleus 

compared to the respective saline group (p = 0.09). The subacute E+G group also 

exhibited a tendency of increased HIF-1α expression in the cytosol and nucleus 

compared to repective saline group. However, the chronic E+G group not exhibited 

difference in cytosol and nucleus compared to respective saline group (Fig. 9).  
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Figure 9. HIF-1α expression in cytosol and nucleus increased in acute and 

subacute phase treatment groups. The western blot and quantitative graph showed 

increased HIF-1α expression in the cytosol and nucleus in the acute and subacute E+G 

groups. All error bars indicate the standard error of three independent subjects. (*p < 

0.05 by one-way ANOVA with post hoc t-test) 
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IV. DISCUSSION 

Angiogenesis is a process where new vessels arise from pre-existing ones.40 EPO 

affects some properties of endothelial cells in culture, such as cell proliferation and 

motility, which are related to neovascularization in vivo, thus suggesting that it acts as 

an angiogenic factor. 42,43  Similar to well-known hematopoietic growth factors, G-CSF  

has also been shown to induce an angiogenic response in endothelial cells, suggestive 

of endothelial cell growth.28,40,41 G-CSF was also shown to enhance arteriogenesis in 

stroke. Therefore, EPO and G-CSF together enhanced angiogenesis and 

arteriogenesis.28,41  

In this study results are compatible with previous findings that endothelial cell marker 

CD31 expression in the acute E+G group was significantly increased in the frontal 

cortex and striatum region at post-treatment 2 and 8 weeks (Fig. 6A,B), and smooth 

muscle cells marker, α-SMA expression was increased in the frontal cortex at post-

treatment 8 weeks (Fig. 6C).  

Previous studies showed that increases in BrdU+ cells were observed in ipsilateral 

SVZs within 2 weeks following HI44 and MCAO.3,44,45,46 However, after 2–4 weeks 

later, they started to decrease to near control levels. Finally, about 80% of the newly 

generated neurons disappeared within 6 weeks.16 The individual capability of EPO and 

G-CSF to stimulate the proliferation and differentiation of neural stem/progenitor cells 

inside the animal brain.34,36,38 The combination therapy of EPO and G-CSF could 

synergistically promote proliferation of neural progenitor cells residing in the 

hippocampus and SVZs of the brain.28  

In this study results are compatible with previous findings that increases endogenous 

newly generated BrdU+ cells at post-treatment 2 weeks, but the newly generated cells 

did not survive to post-treatment 8 weeks, similar to the chronic phase. BrdU+ cells and 

BrdU+/PSA-NCAM+ cells in SVZs tended to show significantly increased in the acute 

E+G group than the acute saline group and respective other groups except subacute 

E+G group (Fig. 7D). These finding coincided with previous report.28 
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Early treatment (eg, ≤ 6 hours post-stroke) with EPO reduces infarct volume,6, 35 

whereas delayed treatment (eg, 24 hours post-stroke) does not.11 In adult experimental 

stroke, treatment with G-CSF leads to neurobehavioural improvements and a 

significant reduction in lesion size in transient but not permanent models of ischemic 

stroke when administered during a time window of 4 h after the insult. 2, 47 Therefore, 

our animal model did not show reduced infarct region between E+G groups and the 

respective saline groups (Fig 4).  

EPO immediately increased neurogenesis after injury, while decreasing the glial 

response in the injured area. Therefore, decreasing the glial response will need to be 

correlated with long-term behavioral performance, and the optimal dosing regimens 

defined to maximize the neurogenesis that occurs a week or later after injury need to be 

defined.16 In response to central nervous system injury, astrocytes change their 

morphology, proliferate, and migrate to the injury sites to form a scar. These reactive 

astrocytes display hypertrophic morphology and express high levels of GFAP, a major 

intermediate filament protein.48 The scar creates a physical barrier for neurite 

outgrowth and also produces redox reactants and inflammatory mediators that cause 

further tissue damage.49-52 Accordingly, reducing scar formation has been suggested to 

overcome the physical barrier to promote axonal growth.53 In our study, all E+G 

groups exhibited significantly decreased GFAP (Fig. 8A) and CS56 expression in the 

acute E+G group was significant decreased in the striatum region at post-treatment 8 

weeks (Fig. 8B), these findings coincided with previous studies.16,53 

EPO and EPO-receptor (EPO-R) system as HIF-1α-responsive proteins may stimulate 

red blood cells production to increase the O2 transport in blood and act systemically by 

the O2 supply to the brain, and indirectly improves sensory, cognitive, and endocrine 

brain functions.54 An intrinsic mechanism will be able to overact for neurotrophism 

and/or neuroprotection, according with the amount and/or the persistence of active 

HIF-1α expression.55-57 A recent study reported that G-CSF upregulates EPO 

expression via the induction of HIF-1α activity.27,28 Our study result that the acute 

phase treatment showed a significant induction of HIF-1α expression in cytosol and 
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nucleus than the other groups, although there was not significant between the acute and 

subacute E+G groups. (Fig. 9). These findings coincided with significant functional 

recovery at post-treatment 2 weeks. 

Previous studies reported neurogenesis and angiogenesis enhanced by HIF-1α activity, 

consequently contributing to functional recovery.28,40 In this study, the rotarod 

performance data showed that the acute E+G groups to produce significant longer 

latency time from hypoxic-ischemic brain injury model than either the saline groups 

(Fig. 4A), which might be due to much enhanced neurogenesis, angiogenesis via 

overexpression of HIF-1α in the cytosol and nucleus.28  

This study demonstrated that the induction of HIF-1α activity in both cytosol and 

nucleus is a potential underlying mechanism for functional recovery after a 

combination therapy of EPO and G-CSF which contributes to phase-dependent 

functional recovery. Especially, overexpression of HIF-1α in both cytosol and nucleus 

demonstrated a similar pattern with functional recovery, suggesting HIF-1α was related 

with the functional outcome. Therefore, the combination therapy of EPO and G-CSF 

may more contribute to functional recovery in the phase-dependent manner in hypoxic-

ischemic brain injury. 
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V.CONCLUSION 

This study aimed to investigate via an animal model the effect of combination therapy 

of EPO and G-CSF on hypoxic-ischemic brain injury treated during the acute, subacute, 

and chronic phases. In particular, the mechanism was confirmed that the relationship of 

HIF-1α expression and functional recovery in hypoxic-ischemic damaged brain tissue.  

The combination therapy of EPO and G-CSF in acute phase on hypoxic-ischemic 

brain injury of animal model which exhibited increased vessel density, early 

neurogenesis, functional recovery and  HIF-1α activity in the cytosol and nucleus. 

This study investigation was demonstrated that the induction of HIF-1α activity in both 

cytosol and nucleus is a potential underlying mechanism for functional recovery after a 

combination therapy of EPO and G-CSF which contributes to phase-dependent 

functional recovery. Namely, overexpression of HIF-1α in both cytosol and nucleus 

demonstrated a similar pattern with functional recovery, suggesting HIF-1α was related 

with the functional outcome. Therefore, the combination therapy of EPO and G-CSF 

may more contribute to functional recovery in the phase-dependent manner in hypoxic-

ischemic brain injury. 
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ABSTRACT (IN KOREAN) 

허혈성 뇌손상에서 erythropoietin 과 granulocyte-colony 

stimulating factor 의 병합투여의 시기에 따른 효과 

 

지도교수 이 종 은 

연세대학교 대학원 의과학과 

유 지 혜 

에리스로포에틴(Erythropoietin; EPO)은 적혈구 전구체 세포의 증식, 분화, 

산소 농도에 따른 골수 내에서의 생존을 조절한다. 그래서 EPO 는 여러 

가지 신경학적 질병에서 유망한 후보물질이다. 특히 허혈성 모델에서 

EPO 는 신경보호적인 작용뿐만 아니라 신경재생과 혈관생성을 촉진하며 

혈액 뇌 장벽의 재구축에 관여한다고 보고 되었다. 과립구 집락 

자극인자(Granulocyte-colony stimulating factor; G-CSF)는 조혈세포의 

분화, 증식, 생존에 관여하는 요인 중 하나로 알려져 있으며 또한 G-CSF 

는 뇌졸중 동물모델에서 여러 가지 긍정적인 효과를 보여준다. 특히 뇌졸중 

후 심지어 지연된 시기에 치료를 시작하였을 때도 기능적 회복이 증가되는 

것이 보고된 바 있다. 최근 논문에서 G-CSF 는 저산소 유도인자(Hypoxia-

inducable-factor 1 alpha; HIF-1α)를 세포질에서 핵 안으로 전좌시켜 

EPO 나 혈관내피 성장인자(vascular endothelial growth factor; VEGF)의 

발현을 증가시키며 G-CSF 와 EPO 의 병합치료가 허혈성 동물모델에서 

각각의 치료보다 혈관생성과 신경 생존을 강화시킨다고 보고 되었다. 이번 

연구의 목적은 허혈성 뇌손상 동물모델을 통해 3 가지 다른 시점 (급성, 
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아급성, 만성)에서 EPO 와 G-CSF 의 병합투여 후 효과가 어떠한지 

알아보려고 하였다.  

생후 12 주령의 C57BL/6 strain 의 쥐를 오른쪽 경동맥을 영구적으로 

결찰한 후 8%의 산소농도에서 45 분간 저산소 환경에 노출시켰다. 그리고 

허혈성 뇌손상 후 무작위로 쥐를 급성기 (1~5 일), 아급성기 (11~15 일), 

만성기 (28~32 일)로 그룹을 나누고 5 일간 피하주사로 EPO 

(5000unit/kg)와 G-CSF (250ug/kg)를 병합 투여하였다. 대조군으로 

각각의 치료시점에 약물대신 식염수를 투여한 쥐를 설정하였다. 기능적 

회복분석을 위해 Rotarod, forelimb-use asymmetry, grip-strength 로 

행동 검사를 시행하였다. 그리고 HIF-1α 의 양을 측정하기 위해 

단백질정량분석을 시행하였으며 면역화학염색을 통해 혈관생성, 신경생성, 

성상세포와 신경교성 반흔의 밀도를 측정하였다.  

급성기의 치료군에서 Rotarod 의 지속 시간이 뚜렷하게 증가했으며 다른 

행동검사에서도 대조군에 비해 치료군에서 기능 회복이 증가하였다. 치료 

2 주 후 급성기, 아급성기의 치료군이 BrdU+/PSA-NCAM+ 세포 수와 

CD31 양성 혈관인자의 밀도가 증가하였다. 그리고 치료 8 주 후 α-SMA 

양성 혈관인자의 밀도가 증가하였다. 그러나 치료 2 주 후 glial fibrillary 

acidic protein (GFAP) 양성인 성상세포의 밀도는 모든 시기의 치료군에서 

감소하였다. 특히 급성기 치료군은 세포질과 핵에서 HIF-1α의 발현이 

유의하게 증가하였고 반면에 만성기 치료군은 대조군과 비슷한 수준으로 

HIF-1α의 발현이 증가되지 않았다. 

이 연구에서 저산소성-허혈성 뇌손상 후 급성기에 EPO 와 G-CSF 의 

병합투여는 HIF-1α의 활동 유도를 통해 운동기능 뿐만 아니라 신경생성과 

혈관 인자의 발현이 증가하는 것을 관찰할 수 있었다. 또한 세포질과 

핵에서 HIF-1α 발현 증가는 기능회복 정도와 비슷한 양상의 소견을 보였다. 
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따라서 허혈성 뇌손상 후 EPO 와 G-CSF 의 병합투여는 기능회복 소견을 

보였고, 향후 뇌혈관 질환의 신경재생에 기여할 수 있을 것으로 여겨진다.  
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