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Granulocyte-colony stimulating factor (G-CSF) protects brain from ischemic/reperfusion (I/R) injury, and inhibition of nitric oxide
(NO) synthases partially reduces G-CSF protection. We thus further investigated the effects of G-CSF on ischemia-induced NO
production and its consequence on regional cerebral blood flow (rCBF) and neurological deficit. Endothelin-1 (ET-1) microinfused
above middle cerebral artery caused a rapid reduction of rCBF (ischemia) which lasted for 30 minutes and was followed by a gradual
recovery of blood flow (reperfusion) within the striatal region. Regional NO concentration increased rapidly (NO surge) during
ischemia and recovered soon to the baseline. G-CSF increased rCBF resulting in shorter ischemic duration and an earlier onset of
reperfusion. The enhancement of the ischemia-induced NO by G-CSF accompanied by elevation of phospho-Akt and phospho-
eNOS was noted, suggesting an activation of Akt/eNOS. I/R-induced infarct volume and neurological deficits were also reduced by
G-CSF treatment. Inhibition of NO synthesis by L-N®-Nitroarginine Methyl Ester (L-NAME) significantly reduced the effects of
G-CSF on rCBE NO surge, infarct volume, and neurological deficits. We conclude that G-CSF increases rCBF through a NO surge

mediated by Akt/eNOS, which partially contributes to the beneficial effect of G-CSF on brain I/R injury.

1. Introduction

Cerebral stroke is a medical emergency which has been
one of the leading causes of death and disability worldwide.
Cerebral ischemia/reperfusion (I/R) injury is most frequently
observed in the vascular territory of the middle cerebral
artery (MCA). Therapeutic intervention by reestablishing
blood flow is an essential strategy. Therapeutic benefit of
thrombolytics such as recombinant tissue-plasminogen acti-
vator (rt-PA) remains limited by hemorrhagic side effects and
narrow therapeutic time window [1]. A neuroprotective drug
that can reestablish cerebral blood flow (CBF) without side
effects is thus needed.

Granulocyte-colony stimulating factor (G-CSF) is a
cytokine that can penetrate the blood brain barrier [2, 3]

to exert neuroprotective effects against cerebral I/R injury
[4-7]. The neuroprotective effects of G-CSF are medi-
ated via various mechanisms, including antiapoptosis, anti-
inflammation, angiogenesis, neuronal differentiation, and
stem cell mobilization [5-9]. A long-term neurological
recovery promoted by G-CSF from ischemic brain injury
has been attributed to the enhancement of angiogenesis
through endothelial proliferation to increase vascular surface
area, branch points, and length [4]. Despite the long-term
vasculature promoting mechanism of G-CSF, the direct effect
of G-CSF on regional cerebral blood flow (rCBF) remains
unclear.

Nitric oxide (NO) is a key regulator of vascular tone [10].
It is known that NO is produced by NO synthase (NOS).
Several growth factors activate protein kinase Akt/PKB which
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can phosphorylate endothelial NOS to promote NO syn-
thesis [11, 12]. G-CSF also exerts cardioprotective effect on
myocardium during I/R injury via Akt/eNOS pathway [13].
Therefore, we tested the hypothesis that G-CSF may exert
neuroprotection through activation of Akt/eNOS pathway,
leading to beneficial NO release and the consequent improve-
ment of blood flow in the ischemic brain.

2. Materials and Methods

2.1. General Procedures. All experimental protocols were
approved by the Animal Care and Use Committee of the Tzu
Chi University, Taiwan, in accordance with guidelines of the
National Institutes of Health Guide for the Care and Use of
Laboratory Animals. Animals were housed under a 12-hour
light/dark cycle with free access to food and water. Utmost
efforts were made to minimize the suffering and the number
of animals used.

Male Sprague-Dawley rats (250 g to 350 g) were anes-
thetized by intraperitoneal pentobarbital (50 mg/kg, i.p.,
Sigma-Aldrich, St. Louis, MO, USA) or urethane (0.75 g/kg,
Sigma-Aldrich). Under anesthesia, a femoral cannula (PE-50
polyethylene tube) was inserted for the monitoring of arterial
pressure. The arterial pressure was recorded with MP35
amplifier (BIOPAC system, CA, USA). Body temperature
was maintained automatically with a heating pad (CMA-
150, CMA Microdialysis, Sweden) at 37.5 + 0.5°C. Animal
was placed in a Stoelting stereotaxic apparatus (Stoelting
Co., USA) during the induction of ischemia and real-time
measurement of NO level or rCBE respectively. A midline
incision of the scalp was made to expose the skull, and
two burr holes were drilled for insertions of microinjection
tube for ischemic induction and insertions of laser Doppler
Flowmeter probe or NO-selective electrode, respectively. For
evaluation of the neurological deficit, animals went through
the same procedures but without the femoral cannulation.

2.2. Cerebral Ischemia/Reperfusion (I/R) Injury. Endothelin-
1 (ET-1; Sigma-Aldrich, St. Louis, MO, USA) was used to
induce transient vasoconstriction of the MCA to achieve
I/R as described previously [14-16] with some modification.
Briefly, 400 pmol of ET-1 in 10 L of saline was microinfused
(1uL/min for 10 minutes) via a 30-gauge needle positioned
in proximity to the root of MCA (stereotaxic coordinates:
anterioposterior (AP) 0.0 mm, mediolateral (ML) 5.2 mm,
and dorsoventral (DV) 8.0 mm relative to bregma). A >75%
reduction of rCBF resulting from the ET-1 infusion served as
the criterion of successful induction of ischemia.

2.3. Groupings. Rats were randomly assigned as groups 1 to
5: Group 1: sham control (n = 7), in which 10 4L of saline
was microinfused (1 yL/min) proximate to the root of MCA
at 0 min; Group 2: G-CSF (n = 11), in which 200 pg/kg of
G-CSF (Kirin Pharma. Co., Ltd, Japan), dissolved in 0.5 mL
normal saline, was subcutaneously injected at 0 min without
I/R induction; Group 3:I/R (n = 22), in which ET-1, 400 pmol
in 10 uL saline, was microinjected (1uL/min) proximate to
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the root of MCA; Group 4: I/R + G-CSE in which G-
CSF 50 ug/kg (n = 4 for measurement of blood flow) or
200 pug/kg (n = 28 for measurement of blood flow, NO level,
neurological functions, total infarct volume, and western blot
analyses), dissolved in 0.5mL, was subcutaneously injected
immediately followed by the ET-1 infusion; Group 5: NOS
inhibitor + I/R + G-CSF (n = 17), in which NOS inhibitor
L-N“-Nitroarginine Methyl Ester (L-NAME; Sigma-Aldrich,
St. Louis, MO, USA) 30 mg/kg, dissolved in 0.5 mL saline, was
intraperitoneally administered 30 minutes prior to I/R + G-
CSF administration. Rats had free access to food and water
before the experiments.

2.4. Real-Time Measurement of Regional Cerebral Blood Flow
(rCBF). The rCBF was monitored with MNP 110XP probe
(Oxford Optronix, UK) inserted during surgery and con-
nected to a Laser Doppler Blood Flow Perfusion Monitor
403A (OxyFlo 2000, Oxford Optronix, UK). The probe was
placed in the striatum at AP 0.0 mm, LM 3.0 mm, and DV
5.0mm. The rCBF data of the baseline control period were
normalized by averaging rCBF values over a 10-minute time
period before drug administration by using the following
formula: percentage change = [(df)/dF] * 100, where df is the
flow after injection and dF is the mean flow during the 10-
minute baseline control period.

2.5. Real-Time Measurement of Regional NO Concentration.
Regional NO levels were monitored with a NO-selective sen-
sor probe that consisted of porphyrin-electroplated, Nafion-
coated, and carbon fiber electrodes (INC-020, Inter Medical,
Japan) connected to a NO detector (IMN-101, Inter Medical,
Japan) as described previously [17]. The electrodes, immersed
in a small chamber filled with 0.1M phosphate-buffered
saline (PBS, pH 7.4), had been calibrated for sensitivity and
selectivity by being exposed to a graded series of various
concentrations (1072, 107*, 107, and 10° M) of the stable
NO donor standard, S-nitroso-N-acetyl-DL-penicillamine
(SNAP; Doujin, Kumamoto, Japan) [18]. The calibrated NO-
selective electrodes were stereotaxically placed in the stria-
tum at AP 0.0 mm, ML 3.0 mm, and DV 5.0 mm. The relative
regional NO values of the baseline control period were
normalized by averaging striatal NO voltage values over a 10-
minute period before drug administrations.

2.6. Western Blot Analysis. Rats were decapitated under
deep anesthesia at 0, 15, and 30 minutes and 1 hour after
various treatments. The brains were rapidly removed and
the ipsilateral striatal was separated and rapidly frozen in
liquid nitrogen and stored at —80°C until further analysis.
Protein samples (n = 4 for each group) for Western blot were
performed as described previously with some modifications
[2]. Briefly, equal amounts of protein (80 ug) were loaded
onto 8%-sodium dodecyl sulfate-polyacrylamide gel elec-
trophoresis (SDS-PAGE) gel and electrophoresed, followed
by blotting of the protein onto a polyvinylidene difluoride
(PVDF) membrane (Millipore, Bedford, MA, USA), which
were then blocked with 5% nonfat milk in 0.05% Tween-
Tris-buffered saline. The membrane was then probed with
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primary antibodies overnight at 4°C with gentle rotation.
The primary antibodies and concentrations used were as
follows: phospho-eNOS (Ser 1177) (Cell Signaling, USA,
1:500), eNOS (Upstate, USA, 1:1000), phospho-nNOS (Ser
1416) (Upstate, USA, 1:500), nNOS (Upstate, USA, 1:2000),
phospho-Akt (Ser 472/473) (BD, USA, 1:1000), Akt (BD,
USA, 1:2000), and S-actin (BD, USA, 1:10000). Following
washing and incubation with the respective secondary anti-
bodies (Chemicon, USA, 1:2000;) for 1 hour at room temper-
ature, the membranes then reacted with chemiluminescent
ECL Plus Western blotting detection system (Amersham
Biosciences, UK). The bands were visualized by exposure to
X-ray films (Kodak, USA) and developed later. Intensities of
bands were quantified with a densitometric analysis system
(GS-800 Calibrated Densitometer, Bio-Rad, Hercules, CA)
and calculated as the optical density x area of band.

2.7. Measurement of Infarct Volume. Rats were decapitated
under deep anesthesia at 24 hours after I/R. Brains were
removed and the forebrain was sliced into 1 mm thick coro-
nal sections and stained with 2% 2,3,5-triphenyltetrazolium
(TTC; Sigma, MO, USA) for 20 minutes at 37°C in the
dark. The sections were photographed and the unstained area
(i.e., the infarct area) was quantitated using Image J (NIH,
USA). These sections were also used for verification of correct
positioning of the ET-1 infusion tube, laser Doppler probe, or
NO selective sensor probe.

2.8. Neurological Deficit Testing. Modified Neurological
Severity Score (mNSS) was evaluated before (0) and on 1, 2, 3,
7,and 14 days after I/Rin I/R, I/R + G-CSF and L-NAME + I/R
+ G-CSE respectively. Neurological function is graded on a
scale of 0-18 (normal score, 0; maximal deficit score, 18). The
mNSS is a composite of motor, sensory, reflex, and balance
tests [19].

2.9. Statistical Analysis. All values (regional blood flow,
NO expression, and total infarct volume) are presented as
means S.E.M. and analyzed by Prism software for Student’s
t-test. The statistical comparisons among multiple groups
were made using one way ANOVA followed by Bonferroni
correction. In all instances, # refers to the number of animals
in a particular group. A P value of less than 0.05 was
considered statistically significant.

3. Results and Discussion

3.1. G-CSF Accelerated Recovery of rCBF following Ischemia.
Intracerebral infusion of ET-1 to the proximity of MCA
reduced rCBF immediately by 75% of the basal within 5
minutes (resulting ischemia) and maximally by 86.7% within
8.1 + 0.6 minutes (I/R, n = 8, Figure 1(b)). The blood flow
recovered gradually (reperfusion): the time for flow recovery
to 50% of the baseline (TFR;)) was 39.9 + 1.2 minutes
(I/R, n = 8, Figurel(c)). G-CSF (50 pg/kg or 200 ug/kg)
subcutaneously given at the onset of ischemia shortened the
TFRsyresulting in an earlier reperfusion (Figures 1(a) and
1(c)). Since 200 pg/kg G-CSF was more effective in reducing

the TFRy, as compared to the lower dose (50 pug/kg), it was
adopted for subsequent experiments (Figures 1(a) and 1(c)).
G-CSF treatment significantly accelerated the recovery of the
rCBF during the ischemic period (7 minutes to 43 minutes
after the onset of ischemia, Figure1(b), P < 0.05) and
induced an early reperfusion as evidenced by the shorter
TFRs, (Figure 1(c); I/R + G-CSF (24.0 + 2.2 minutes) versus
I/R (39.9 + 1.2 minutes), P < 0.001). The basal systemic
blood pressure was 101.6 + 3.0mmHg (n = 34), and no
significant differences existed between the I/R and I/R +
G-CSF rats (data not shown). These results indicated an
accelerated recovery of blood flow by G-CSE

3.2. L-NAME Abolished the Flow Recovery by G-CSF during
I/R. Ample evidence suggests that NO production from
eNOS is neuroprotective [20-22], especially in maintaining
rCBF [20]. Pretreatment with L-NAME, a NOS inhibitor,
significantly abolished the effect of G-CSF in shortening of
the rCBF during the ischemic period (at 26 to 38 minutes after
the onset of ischemia, Figure 1(b), P < 0.05) and reversed the
TFR;, from 24.0 + 2.2 minutes (I/R + G-CSF 200 ug/kg) to
44.8 + 6.1 minutes (L-NAME + I/R + G-CSF) (Figure 1(c),
P < 0.01). Control animals with saline, G-CSF, or L-NAME
alone had no significant effect on rCBF (data not shown).
These results indicated that NO produced by NOS might
participate in the effect of G-CSF on rCBF during I/R.

3.3. The G-CSF Enhancement of Ischemia-Induced NO Surge
Was Attenuated by L-NAME. We further measured the
changes of NO by real-time NO detection in the striatal
tissue via a NO-selective sensor probe coupled with an
in vivo voltammetry [17]. Regional NO increased sharply
(NO surge) as soon as ischemia occurred, lasted for 35
minutes, and decreased rapidly to the baseline (Figure 2(a)).
I/R + G-CSF treatment enhanced the ischemia-induced
NO surge within the 5- to 20-minute period (Figure 2(a),
P < 0.05). G-CSF also significantly increased cumulative
regional NO concentration during the 0-15- and 16-30-
minute periods (P < 0.05), but not 31-45- and 46-60-
minute periods (Figure 2(b)). As compared with I/R + G-
CSF group, pretreatment with L-NAME abolished NO surge
induced by G-CSF within 5 to 38 minutes (Figure 2(a),
P < 0.05).

These findings might indicate a new mechanism by which
G-CSF reduces ischemic damage by promoting early recovery
of rCBF through a fast production of NO, the NO surge.
NO in turn will dilate cerebral blood vessels and improve
collateral blood flow (striatal blood flow).

3.4. The G-CSF Enhancement of Ischemia-Induced NO Surge
Was Mediated by Activation of Akt/eNOS Pathway. To eluci-
date the mechanism of G-CSF-induced NO surge in ischemic
brain tissue, we delineated the Akt/eNOS signalling pathway
by western blotting (Figures 3 and 4). The I/R significantly
increased the levels of phosphorylated eNOS to 4.15 + 2.54-
fold at 15 minutes (Figure 3(b), P < 0.05). As compared
with I/R group, G-CSF treatment (I/R + G-CSF) significantly
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FIGURE 1: Time course of real-time rCBF in rat striata. Representative tracing of rCBF in (a) shows that administration of 50 or 200 ug/kg
G-CSF (I/R + G-CSF) significantly accelerated the recovery of striatal rCBE. Further real-time analysis of rCBF in rats with I/R, I/R + G-CSE,
and L-NAME + I/R + G-CSF within 3 hours (b) shows that 200 pg/kg G-CSF shortened the recovery time from 43 minutes to as early as 7
minutes (P < 0.05) as compared with I/R. L-NAME pretreatment (L-NAME + I/R + G-CSF) significantly blunted the effect of G-CSF in
early recovery of rCBF (from 26 minutes to 38 minutes, P < 0.05) as compared with I/R + G-CSE. (c) Statistical results of TFRs, showing that
administration of G-CSF (both 50 ug/kg and 200 ug/kg) significantly accelerated TFRs,. 200 pg/kg G-CSF treatment promoted faster TFR;,
(24.0 £ 2.2 minutes, *** P < 0.001) than 50 pug/kg G-CSF treated rats. 50 ug/kg G-CSF treated rats showed faster TFRy, (27.0 + 2.0 minutes,
**P < 0.01) as compared with the I/R rats (39.9 + 1.2 minutes). L-NAME-pretreatment (L-NAME + I/R + G-CSF) blunted the shortening of
TFR, (44.8 + 6.1 minutes, P < 0.01) as compared with I/R + G-CSF (200 ug/kg) animals. Data are presented as mean percentage changes

of basal rCBF + S.E.M.

increased the levels of phosphorylated eNOS to 15.66 + 4.82-
fold at 15 minutes (Figure 3(b), P < 0.05), and the elevation
diminished at the 30- and 60-minute period in both I/R and
I/R + G-CSF groups.

The I/R increased the levels of phosphorylated nNOS to
5.52+0.67-,6.46+1.03-,and 5.25+0.42-fold, respectively, at 15,
30, and 60 minutes (Figure 3(b), P < 0.01). As compared with
I/R group, G-CSF treatment (I/R + G-CSF) had no significant
effects on phosphorylated nNOS expression at 15 minutes
but reduced the phosphorylated nNOS expression at 30
(P < 0.01) and 60 minutes (P < 0.05) (Figure 3(c)).

The I/R increased the levels of phosphorylated Akt to
3.97 £1.24-,7.23 £1.99-, and 2.57 £ 0.39-fold, respectively, at
15, 30, and 60 minutes (Figure 4(b), P < 0.01). As compared
with I/R group, G-CSF treatment (I/R + G-CSF) significantly
increased the expression of phosphorylated Akt to 9.46+2.34-
fold at 15 minutes, but there were no differences at 30 and
60 minutes, respectively (Figure 4(b), P < 0.01). The G-CSF
treatment (I/R + G-CSF) group had no significant effects on

total eNOS, nNOS, and Akt expression as compared with I/R
group (data not shown).

In this study, only the contributions by the constitutive
NOSs (eNOS and nNOS) were considered in the G-CSF-
induced enhancement of NO production, because the G-
CSF effects on NO production were immediate (Figure 3).
The catalytic activity of iNOS is only detectable at 12 hours
after cerebral ischemia and peak after 48 hours [23]. Several
studies have also shown that NO mediates neurotoxicity
in primary brain cultures [24-26]; however, NO that is
generated from eNOS is considered to be neuroprotective
[20-22]. This tissue NO surge is probably due to the activation
of eNOS rather than nNOS at initial 15 minutes (Figure 3).
It is noteworthy that the timing of the NO production is
very important. Early enhancement of NO concentration
within 1 hour of ischemic onset is equally effective in both
transient and permanent strokes, whereas later treatment is
ineffective [27]. In agreement with finding by others [28-30],
our results showed that early activation of both eNOS and
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FIGURE 2: Real-time regional nitric oxide (NO) in striatal tissue of rats. (a) I/R induced rapid and sharp NO release (I/R). G-CSF treatment
(I/R + G-CSF (200 pg/kg)) enhanced a marked NO increase (from 5 to 20 minutes, “P < 0.05) as compared to the I/R group. L-NAME
pretreatment (L-NAME + I/R + G-CSF) significantly reduced the striatal NO release (from 5 to 38 minutes, “P < 0.05) as compared to the
I/R + G-CSF group. (b) Cumulative real-time regional NO concentration (nM) per 15-minute interval shows that the regional NO of I/R + G-
CSF increased markedly at both the 0-15- and 16-30-minute intervals (*P < 0.05) as compared to the I/R group. The L-NAME pretreatment
(L-NAME + I/R + G-CSF) significantly reduced the regional NO concentration at both the 0-15- and 16-30-minute intervals as compared
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FIGURE 3: Activation of eNOS and nNOS in rats’ striatal tissues during ischemia. (a) Representative changes of striatal phospho-eNOS
(Ser1177) and phospho-nNOS (Ser1416) at 15, 30, and 60 minutes after ischemia in normal (sham control), I/R, and I/R + G-CSF treated
rats. 3-actin was loaded as internal quality control and used for normalization in densitometric analyses. Quantitative densitometry analysis
showing relative expression of phospho-eNOS (b) and phospho-nNOS (¢) as fold of sham control. “P < 0.05 and **P < 0.01 versus I/R,
*P < 0.05and ¥ P < 0.01 versus sham control at 15, 30, and 60 min, respectively.
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FIGURE 4: Activation of Akt in rats’ striatal tissues during ischemia.
(a) Representative changes of striatal phospho-Akt (Ser 472/473) at
15, 30, and 60 minutes after ischemia in normal (sham control), I/R,
and I/R + G-CSF treated rats. 3-actin was loaded as internal quality
control and used for normalization in densitometric analyses. (b)
Quantitative densitometry analysis showing relative expression of
phospho-Akt as fold of sham control. * P < 0.05versus I/R,“P < 0.05
and P < 0.01 versus sham control at each corresponding time
point.

nNOS together contributed to a sharp NO increase in the
early stage of brain ischemia.

Previous study has indicated that eNOS can be activated
by the serine/threonine protein kinase Akt (protein kinase B)
on serine 1177, leading to the production of NO [31], which
plays an important role in protecting brain tissue by aug-
menting rCBF after cerebral ischemia [31]. To the best of
our knowledge, there has been only one report attributing
the ischemia-reperfusion protective effects of G-CSF to the
activation of the Akt/eNOS pathway that was in the context
of I/R in an isolated perfusion rat heart model [13]. We have
expanded this to the more complex neural environment and
in an in vivo context.

3.5. The Neuroprotective Effects of G-CSF on Total Infarct
Volume and Neurological Deficits Were Blunted by L-NAME.
Figure 5(a) shows representative brain slices from I/R (I),
I/R + G-CSF (II), and L-NAME + I/R + G-CSF (III) treated
rats stained with 2% TTC. Measurements of total infarct
volume by 2% TTC staining at 24 hours after I/R indicated a
62% reduction in total infarct volume in I/R + G-CSF group

The Scientific World Journal

(104.15 + 24.72 mm°) as compared to I/R group (287.32 +
50.51 mm°) (Figure 5(b), P < 0.05). Neurological deficit test
also indicated that G-CSF treatment (I/R + G-CSE n = 4)
significantly reduced the mNSS (Figure 6. P < 0.001 on 1
and 14 days; P < 0.05 on 2, 3, and 7 days after the treatment
as compared to I/R group, n = 7). L-NAME pretreatment
(L-NAME + I/R + G-CSE n = 5) blunted the neuroprotective
effects of G-CSF in reducing total infarct volume (Figure 5(b),
P < 0.05 as compared to I/R + G-CSF group) and mNSS
(Figure 6, P < 0.01 at 1 and 3 days; P < 0.05 at 2 and 7 days;
and P < 0.001 at 14 days as compared to I/R + G-CSF group).

3.6. Does G-CSF Still Have a Chance to Serve as a Stroke Drug?
Although ample animal studies and several human trials
have demonstrated the potential of G-CSF as a candidate for
early stroke drug, the failure of AXIS 2 is a huge setback
[32]. AXIS 2 was a European multicenter, randomized, and
double-blind placebo-controlled Phase IIb trial. The aim
of this trial was to show the clinical efficacy of infusing
135 ug/kg body weight G-CSF over a period of 72 hr, for the
treatment of acute ischemic stroke which occurred within 9
hours of symptom onset. However, G-CSF failed to meet the
primary (improvement on the modified Rankin scale after
90 days) and secondary (less than a half-point difference
in the NIH Stroke scale after 90 days) endpoints in AXIS
2. As discussed by the authors, the reasons for the failure
of G-CSF remain obscure. As opposed to 5 consecutive
subcutaneous injections of ~10 ug/kg body weight/day in
treating neutropenia, the extraordinary high dose of G-CSF
infusion in AXIS 2 was proved to be safe in a previous
Ila trial, and thus the dose might not be the cause of
failure.

The decrease in mean arterial blood pressure (MAP)
and increase in heart rate were unexpected in G-CSF-
treated patients. The authors speculated that the decrease
in MAP was caused by the direct effect of G-CSF on
the vasculature with a lowering of peripheral resistance.
Since NO can cause vessel dilation, it will be interesting
to learn if G-CSE when given as early as possible after
stoke onset, can help in the recovery of rCBE. Our current
study also shows that a NO surge that occurs immediately
after stroke is beneficial. It will also be of great interest to
learn if G-CSF can exert its therapeutic effect when given
simultaneously in the rt-PA therapy. Thus, it is still too
premature to deny the application of G-CSF in early stroke
therapy.

4. Conclusions

G-CSF is beneficial in terms of promoting early recovery
of rCBE reduction of total infarct volume, and neurological
deficit. We have provided evidence supporting enhanced NO
production via the activation of Akt/eNOS pathway as the
probably mediator of such beneficial effects. Taken together,
our results suggest that G-CSF may have the potential as a
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FIGURE 5: TTC staining of brain coronal sections at 24 hours after I/R. (a) TTC-stained coronal sections from I/R (Column I), I/R + G-
CSF (Column II), and L-NAME + I/R + G-CSF (Column III) groups at 24 hours after I/R and (b) quantitative measurement of total infarct
volumes. * P < 0.05 versus I/R and * P < 0.05 versus L-NAME + I/R + G-CSE, respectively.
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FIGURE 6: The modified Neurological Severity Score (mNSS) before
I/R (0) and at 1, 2, 3, 7, and 14 days after I/R after various treatments.
*P < 0.05**P < 0.01,and *** P < 0.001 versus I/R, “P < 0.05," p <
0.01, and P < 0.001 versus I/R + G-CSF at each corresponding
time points.

novel therapeutic agent or part of a therapeutic regimen for
acute stroke.

Conflict of Interests

The authors declare that there is no conflict of interests
regarding the publication of this paper.

Acknowledgments

This work was supported in part by Grants (NSC96-2320-
B-016-014-MY3 to Jia-Yi Wang and NSC-95-2314-B-320-
017-01 to Cheng-Yoong Pang) from the National Science
Council, Taiwan, and a Grant (TCRD98-15 to Cheng-Yoong
Pang) from the Buddhist Tzu-Chi General Hospital, Hualien,
Taiwan.

References

[1] M. Fisher and W. Schaebitz, “An overview of acute stroke
therapy. Past, present, and future,” Archives of Internal Medicine,
vol. 160, no. 21, pp. 31963206, 2000.

[2] A.Schneider, C. Kriiger, T. Steigleder et al., “The hematopoietic
factor G-CSF is a neuronal ligand that counteracts programmed
cell death and drives neurogenesis,” The Journal of Clinical
Investigation, vol. 115, no. 8, pp- 2083-2098, 2005.

[3] L.-R. Zhao, Y. Navalitloha, S. Singhal et al., “Hematopoietic
growth factors pass through the blood-brain barrier in intact
rats,” Experimental Neurology, vol. 204, no. 2, pp. 569-573, 2007.

[4] S.-T. Lee, K. Chu, K.-H. Jung et al,, “Granulocyte colony-
stimulating factor enhances angiogenesis after focal cerebral
ischemia,” Brain Research, vol. 1058, no. 1-2, pp. 120-128, 2005.



(5]

[8

(10]

(11]

(15]

(16]

(17]

W.-R. Schibitz, R. Kollmar, M. Schwaninger et al., “Neuropro-
tective effect of granulocyte colony-stimulating factor after focal
cerebral ischemia,” Stroke, vol. 34, no. 3, pp. 745-751, 2003.

W.-C. Shyu, S.-Z. Lin, H.-I. Yang et al., “Functional recovery of
stroke rats induced by granulocyte colony-stimulating factor-
stimulated stem cells,” Circulation, vol. 110, no. 13, pp. 1847-1854,
2004.

B.-G. Xiao, C.-Z. Lu, and H. Link, “Cell biology and clinical
promise of G-CSF: immunomodulation and neuroprotection:
cellular Medicine;” Journal of Cellular and Molecular Medicine,
vol. 11, no. 6, pp- 1272-1290, 2007.

R. K. Jellema, V. L. Lima Passos, D. R. M. G. Ophelders
et al., “Systemic G-CSF attenuates cerebral inflammation and
hypomyelination but does not reduce seizure burden in preterm
sheep exposed to global hypoxia-ischemia,” Experimental Neu-
rology, vol. 250, pp. 293-303, 2013.

N. H. Khatibi, V. Jadhav, M. Saidi et al., “Granulocyte colony-
stimulating factor treatment provides neuroprotection in sur-
gically induced brain injured mice,” Acta Neurochirurgica,
Supplementum, no. 111, pp. 265-269, 2011.

S. S. Gross and M. S. Wolin, “Nitric oxide: pathophysiological
mechanisms,” Annual Review of Physiology, vol. 57, pp. 737-769,
1995.

S. Dimmeler, I. Fleming, B. Fisslthaler, C. Hermann, R. Busse,
and A. M. Zeiher, “Activation of nitric oxide synthase in
endothelial cells by Akt- dependent phosphorylation,” Nature,
vol. 399, no. 6736, pp. 601-605, 1999.

D. Fulton, J. P. Gratton, T. J. McCabe et al., “Regulation of
endothelium-derived nitric oxide production by the protein
kinase Akt,” Nature, vol. 399, no. 6736, pp. 597-601, 1999.

K. Ueda, H. Takano, H. Hasegawa et al., “Granulocyte
colony stimulating factor directly inhibits myocardial ischemia-
reperfusion injury through Akt-endothelial NO synthase path-
way, Arteriosclerosis, Thrombosis, and Vascular Biology, vol. 26,
no. 6, pp. el08-ell3, 2006.

I. M. Macrae, M. J. Robinson, D. I. Graham, J. L. Reid, and
J. McCulloch, “Endothelin-l-induced reductions in cerebral
blood flow: dose dependency, time course, and neuropathologi-
cal consequences,” Journal of Cerebral Blood Flow & Metabolism,
vol. 13, no. 2, pp. 276-284, 1993.

J. Sharkey and S. P. Butcher, “Characterisation of an experimen-
tal model of stroke produced by intracerebral microinjection of
endothelin-1 adjacent to the rat middle cerebral artery,” Journal
of Neuroscience Methods, vol. 60, no. 1-2, pp. 125-131, 1995.

J. Sharkey, I. M. Ritchie, and P. A. T. Kelly, “Perivascular
microapplication of endothelin-1: a new model of focal cerebral
ischaemia in the rat) Journal of Cerebral Blood Flow and
Metabolism, vol. 13, no. 5, pp. 865-871, 1993.

T. Ioroi, M. Yonetani, and H. Nakamura, “Effects of hypoxia and
reoxygenation on nitric oxide production and cerebral blood
flow in developing rat striatum,” Pediatric Research, vol. 43, no.
6, pp. 733-737,1998.

H. Tsukahara, D. V. Gordienko, and M. S. Goligorsky, “Contin-
uous monitoring of nitric oxide release from human umbilical
vein endothelial cells;” Biochemical and Biophysical Research
Communications, vol. 193, no. 2, pp. 722-729, 1993.

J. Chen, Y. Li, L. Wang et al., “Therapeutic benefit of intravenous
administration of bone marrow stromal cells after cerebral
ischemia in rats,” Stroke, vol. 32, no. 4, pp. 1005-1011, 2001.

(20]

(21]

[22]

[26]

(27]

(31]

(32]

The Scientific World Journal

Z. Huang, P. L. Huang, J. Ma et al., “Enlarged infarcts in
endothelial nitric oxide synthase knockout mice are attenu-
ated by nitro-L-arginine,” Journal of Cerebral Blood Flow and
Metabolism, vol. 16, no. 5, pp. 981-987, 1996.

S. Moncada and A. Higgs, “The L-arginine-nitric oxide path-
way, The New England Journal of Medicine, vol. 329, no. 27, pp.
2002-2012, 1993.

N. E. Stagliano, W. D. Dietrich, R. Prado, E. J. Green, and
R. Busto, “The role of nitric oxide in the pathophysiology of
thromboembolic stroke in the rat,” Brain Research, vol. 759, no.
1, pp. 32-40, 1997,

C.Iadecola, F. Zhang, S. Xu, R. Casey, and M. E. Ross, “Inducible
nitric oxide synthase gene expression in brain following cerebral
ischemia,” Journal of Cerebral Blood Flow and Metabolism, vol.
15, no. 3, pp. 378-384, 1995.

V. L. Dawson and T. M. Dawson, “Nitric oxide neurotoxicity,”
Journal of Chemical Neuroanatomy, vol. 10, no. 3-4, pp. 179-190,
1996.

V. L. Dawson, T. M. Dawson, D. A. Bartley, G. R. Uhl, and S. H.
Snyder, “Mechanisms of nitric oxide-mediated neurotoxicity in
primary brain cultures,” The Journal of Neuroscience, vol. 13, no.
6, pp. 2651-2661, 1993.

V. L. Dawson, T. M. Dawson, E. D. London, D. S. Bredt, and
S. H. Snyder, “Nitric oxide mediates glutamate neurotoxicity in
primary cortical cultures,” Proceedings of the National Academy
of Sciences of the United States of America, vol. 88, no. 14, pp.
6368-6371, 1991.

M. Willmot, L. Gray, C. Gibson, S. Murphy, and P. M. W. Bath,
“A systematic review of nitric oxide donors and L-arginine in
experimental stroke; effects on infarct size and cerebral blood
flow;” Nitric Oxide, vol. 12, no. 3, pp. 141-149, 2005.

P. Kuppusamy, S. T. Ohnishi, Y. Numagami, T. Ohnishi, and J. L.
Zweier, “Three-dimensional imaging of nitric oxide production
in the rat brain subjected to ischemia-hypoxia,” Journal of
Cerebral Blood Flow and Metabolism, vol. 15, no. 6, pp. 899-903,
1995.

S.-P. Olesen, A. Moller, P. I. Mordvintcev, R. Busse, and A.
Miilsch, “Regional measurements of NO formed in vivo during
brain ischemia,” Acta Neurologica Scandinavica, vol. 95, no. 4,
pp. 219-224, 1997,

M. Shibata, N. Araki, J. Hamada, T. Sasaki, K. Shimazu, and Y.
Fukuuchi, “Brain nitrite production during global ischemia and
reperfusion: an in vivo microdialysis study,” Brain Research, vol.
734, no. 1-2, pp. 86-90, 1996.

K. Osuka, Y. Watanabe, N. Usuda, A. Nakazawa, M. Tokuda,
and J. Yoshida, “Modification of endothelial NO synthase
through protein phosphorylation after forebrain cerebral
ischemia/reperfusion,” Stroke, vol. 35, no. 11, pp. 2582-2586,
2004.

E. B. Ringelstein, V. Thijs, B. Norrving et al., “AXIS 2 Investi-
gators: granulocyte colony-stimulating factor in patients with
acute ischemic stroke: results of the AX200 for Ischemic Stroke
trial,” Stroke, vol. 44, no. 10, pp. 2681-2687, 2013.



