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a b s t r a c t

The purpose of this study was to investigate the neuroprotective effects of recombinant human gran-
ulocyte colony stimulating factor (G-CSF), as administered in a rat model of anterior ischemic optic
neuropathy (rAION). Using laser-induced photoactivation of intravenously administered Rose Bengal in
the optic nerve head of 60 adult male Wistar rats, an anterior ischemic optic neuropathy (rAION) was
inducted. Rats either immediately received G-CSF (subcutaneous injections) or phosphate buffered saline
(PBS) for 5 consecutive days. Rats were euthanized at 4 weeks post infarct. Density of retinal ganglion
cells (RGCs) was counted using retrograde labeling of Fluoro-gold. Visual function was assessed by flash
visual-evoked potentials (FVEP) at 4 weeks. TUNEL assay in the retinal sections and immunohisto-
chemical staining of ED1 (marker of macrophage/microglia) were investigated in the optic nerve (ON)
specimens. The RGC densities in the central and mid-peripheral retinas in the G-CSF treated rats were
significantly higher than those of the PBS-treated rats (survival rate was 71.4% vs. 33.2% in the central
retina; 61.8% vs. 22.7% in the mid-peripheral retina, respectively; both p < 0.05). FVEP measurements
showed a significantly better preserved latency and amplitude of the p1 wave in the G-CSF-treated rats
than that of the PBS-treated rats (latency120 � 11 ms vs. 142 � 12 ms, p ¼ 0.03; amplitude 50 � 11 mv vs.
31 � 13 mv, p ¼ 0.04). TUNEL assays showed fewer apoptotic cells in the retinal ganglion cell layers of G-
CSF treated rats [2.1 � 1.0 cells/high power field (HPF) vs. 8.0 � 1.5/HPF; p ¼ 0.0001]. In addition, the
number of ED1 positive cells was attenuated at the optic nerve sections of G-CSF-treated rats (16 � 6/HPF
vs. 35 � 10/HPF; p ¼ 0.016). In conclusion, administration of G-CSF is neuroprotective in the rat model of
anterior ischemic optic neuropathy, as demonstrated both structurally by RGC density and functionally
by FVEP. G-CSF may work via the dual actions of anti-apoptosis for RGC surviving as well as anti-
inflammation in the optic nerves as evidenced by less infiltration of ED1-povitive cells.

� 2013 Elsevier Ltd. All rights reserved.

1. Introduction

Non-arteritic anterior ischemic optic neuropathy (NAION) is
the most common type of ischemic optic neuropathy in people
over 55 years old. The incidence of NAION is 2.3e10.3 per
100,000 in the US (Johnson and Arnold, 1994; Hattenhauer et al.,

1997). The most common pathogenesis of NAION is caused by
transient nonperfusion or hypoperfusion of the optic nerve disc
head (ONH) and its risk factor is multifactorial (Hayreh, 1996,
2009, 2011). Risk factors that have been implicated include
nocturnal hypotension, impaired autoregulation of the micro-
vascular supply, vasculopathic occlusion, crowd disc appearance
and venous insufficiency (Hayreh, 1996, 2009, 2011; Arnold,
2003; Kerr et al., 2009). Optic nerve ischemia will induce a
chain reaction of edema, compartment and consequential tissue
infarction and eventually result in retinal ganglion cells (RGCs)
death and vision loss (Levin and Louhab, 1996). Currently, there
is not effective treatment for NAION, especially insofar as the
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role of systemic corticosteroid therapy in NAION is still
controversial (Hayreh and Zimmerman, 2008; Rebolleda et al.,
2013). And while the search for effective treatment strategies
is ongoing, for pathogenetic studies of NAION, a non-fatal con-
dition, few clinical specimens have been made available (Knox
et al., 2000; Tesser et al., 2003). Therefore, establishing reli-
able animal models of NAION is an alternative research strategy
for preclinical trials. Recent reports using photodynamic therapy
(PDT) have demonstrated that observable optic nerve (ON)
changes associated with rodent model of anterior ischemic optic
neuropathy (rAION) and primate NAION (pNAION) are indistin-
guishable from that seen in clinical data of human NAION
(Salgado et al., 2011; Bernstein et al., 2011).

Granulocyte colony-stimulating factor (G-CSF) is already used
extensively for treating chemotherapy-induced neutropenia,
bone marrow reconstitution and stem cell mobilization (Miser
et al., 1993; Weaver et al., 1993). Administration of G-CSF re-
sults in the mobilization of hematopoietic stem cells (HSCs) from
bone marrow into peripheral blood (Demetri and Griffin, 1991).
Recently, neuroprotective effects of G-CSF have been reported in
animal models of stroke (Shyu et al., 2004), Alzheimer’s disease
(Tsai et al., 2007) and spinal cord injury (Koda et al., 2007). G-CSF
also has an anti-apoptotic effect through activating a variety of
intracellular signaling pathways, including PI3K/Akt (Dong and
Larner, 2000; Tsai et al., 2010). Our previous reports have
demonstrated that administration of G-CSF is neuroprotective in
a rat model of optic nerve crush both in functional assessment
and RGC morphometry (Tsai et al., 2008, 2010). This protection is
achieved through the dual actions of anti-inflammation and anti-
apoptosis. Subsequent reports have also shown that G-CSF is
neuroprotective in models of optic nerve axotomy (Frank et al.,
2009), light induced retinal damage (Oishi et al., 2008), retinal
ischemia and reperfusion (Bu et al., 2010; Shima et al., 2012) and
oxygen-induced retinopathy (Kojima et al., 2011). Activation of
PI3k/Akt is believed to have the most powerful anti-apoptotic
effects upon administration of G-CSF (Schneider et al., 2005;
Tsai et al., 2010). Taken together, these observations suggest
that G-CSF is a potential neuroprotectant for optic nerve and
retinal injury. To the best of our knowledge, G-CSF has never
been evaluated in an animal model of anterior ischemic optic
neuropathy. In this study, we thus examined the effects of G-CSF
treatment in a rat model of anterior ischemic optic neuropathy.
The results may provide some valuable pre-clinical data for
NAION.

2. Materials and methods

2.1. Animals

Sixty adult male Wistar rats weighing 150e180 g (7e8 weeks
old) were used in this study. The rats were obtained from the
breeding colony of BioLASCO Co., Taiwan. Animal care and experi-
mental procedures were performed in accordance with the ARVO
statement for the use of Animals in Ophthalmic and Vision
Research. In addition, the Institutional Animal Care and Use Com-
mittee at Tzu Chi Medical Center approved all animal experiments.
All manipulations were performed with the animals under general
anesthesia, brought about by intramuscular injections of a mixture
of ketamine (40 mg/kg bodyweight) and xylazine (4 mg/kg body-
weight; Sigma, St. Louis, MO, USA), and by the use of topical 0.5%
Alcaine eye drops (Alcon, Puurs, Belgium). The rats had free access
to food and water, and were maintained in cages in an environ-
mentally controlled room with a temperature of 23 � 1 �C,
humidity of 55 � 5%, and a 12-h light/dark cycle (light period:
07:00e19:00) (Tsai et al., 2008).

2.2. Study design

In the following AION experiments, the rats received once daily
subcutaneous injection of recombinant human G-CSF (100 mg/kg/
day in 0.2 ml of saline, 20 rats) (Takasaki pharmaceutical Plant,
Tokyo, Japan) or phosphate-buffer saline (PBS, serving as Control;
0.2 ml, 20 rats) immediately after rAION procedure for 5 days
thereafter. The other 20 rats received sham-operation and served as
normal. Rats were euthanized at the 4th week post- infarct by CO2
insufflations. RGC density was measured by retrograde labeling
with FluoroGold (Fluorochrome, LLC, Denver, CO, USA), and visual
function was assessed by flash visual-evoked potentials (FVEP) at
the 4th week post-infarct. TUNEL assays in the RGC layer and
immunohistochemistry of ED1 (macrophage/microglia) expression
in the optic nerve (ON) were also conducted.

2.3. Induction of rAION

Following a previous report (Bernstein et al., 2003) with
modification, the ONH of rats were treated with an argon laser
immediately after intravenous injection of photosensitizing agent
Rose Bengal (RB; SigmaeAldrich, St. Louis, MO, USA). Sham laser
treatment consisted of illuminating the ON region with an argon
laser without RB administration. Briefly, after general anesthesia,
RBwas administered intravenously through the tail vein using a 28-
gage needle (2.5 mM RB in PBS/1 mL/kg animal weight). After
administration of RB, the right optic discs were directly treated
with an argon green laser 532-nm in wavelength, 500-mm in size
and 80 mW in power (MC-500 Multi-color laser, Nidek Co.,LTD,
Tokyo, Japan). There were 12 pulses of 1 s duration for each laser
procedure. When RB is activated by green laser light, it glows a
brilliant golden color, which can be evidenced as a successful PDT
(Bernstein et al., 2011). Given that this rAION model produced su-
peroxide radicals rather than direct thermal damage to the whole
area of the ONH (Bernstein et al., 2003), this injury spared the larger
caliber central retinal vessels which supply the inner retinal cir-
culation. After this procedure, Tobradex eye ointment (Alcon, Puurs,
Belgium) was administered. The rats were subsequently kept on
electric heating pads at 37 �C for recovery.

2.4. Retrograde labeling of RGCs with FluoroGold and morphometry
of the RGCs

The detailed procedures have been described in our previous
reports (Tsai et al., 2008, 2010; Huang et al., 2011). To avoid over-
counting the RGCs by mixing labeled RGCs with dye engulfing
macrophages and microglia, we performed retrograde labeling of
the RGCs oneweek before the rats were euthanized. Briefly, the rats
were anesthetized with a mixture of ketamine and xylazine, and
placed in a stereotactic apparatus (Stoelting, Wood Dale, IL, USA).
The skin covering the skull of the rats was opened, and 1.5 ul of 5%
FluoroGold was injected into the superior colliculus on each side
through a Hamilton syringe. One week after the labeling, the eye-
balls were harvested after the animals had been euthanized. The
eyeballs were placed in 10% formalin for 1 h, then the retina was
carefully dissected and flat-mounted on a slide. The retinas were
examined with a 400 � epi-fluorescence microscope (Axioskop;
Carl Zeiss Meditech Inc., Thornwood, NY, USA) equipped with a
filter set (excitation filter ¼ 350e400 nm; barrier filter ¼ 515 nm),
as well as a digital camera (Axiocam MRm) and software (Axiovi-
sion 4.0). The retinas were examined for RGCs at a distance of 1 or
3 mm from the center of the ONH to provide the central and mid-
peripheral RGC densities, respectively. We counted at least five
randomly chosen areas of 62,500 mm2 each in the central (about
40% of the central area) and mid-peripheral (about 30% of the mid-
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periphery) regions of each retina, and their averages were taken as
the mean density of RGCs per retina (n S 6 in each group). RGCs
survival percentage was defined as the number of RGCs in each
treatment group divided by the number of RGCs in the sham-
operated retinas, multiplied by 100.

2.5. Flash visual-evoked potentials (FVEP)

Visual-evoked potentials were recorded at 4 weeks after
infarction. An isolated silver plate electrode was placed extra-
durally through a 2-mmdiameter craniotomy over the visual cortex
using stereotactic coordinates (bregma �8 mm, lateral 3 mm) (Tsai
et al., 2008; Huang et al., 2011). We used a visual electrodiagnostic
system (UTAS-E3000, LKC Technologies, Gaithersburg, MD, USA) to
measure the FVEP. In brief, under general anesthesia, the recording
electrodes in the occipital area and a reference electrode in the
frontal area were separately connected with silver wires. The set-
tings were background illumination off, a flash intensity of Ganz-
feld 0 db, single flashwith flash rate on 1.9 Hz, the test average at 80
sweeps, the threshold for rejecting artifacts at 20 mV, and a sample
rate of 2000 Hz.We compared the latency and amplitude of the first
positive going wavelet (P1) of FVEP among groups.

2.6. Optic nerve and retinal sample preparation

2.6.1. Optic nerves preparation
A segment of the ONs about 5e7 mm in length between the

optic chiasm and the eyeball was harvested upon sacrifice of rats at
4 weeks. The nerves were immediately frozen at �70 �C for his-
tological and immunohistochemical studies. None of the samples
showed massive disc hemorrhage or retinal detachment on ex-
amination of the optic nerve histology. Cross sections of the optic
nerve head were prepared and stained with hematoxylin-eosin.

2.6.2. Retinal section preparation
After animal sacrifice, the cornea, lens, and vitreous body were

removed from the eyeball. The remaining eyecups, containing the
sclera and the retina, were fixed in 4% paraformaldehyde for 2 h at
room temperature. Each retinal cup was cut adjacent to the disc
into two pieces. The tissues were then dehydrated in 30% sucrose
overnight and kept at �20 �C until further processing. Some retinal
cups were fixed in 4% paraformaldehyde for paraffin embedding
and sectioning.

2.7. In situ nick end-labeling (TUNEL) assay

To ensure the use of equivalent fields for comparison, all retina
frozen sections were prepared with retinas at 1e2 mm distance
from the ONH. TUNEL reactions (DeadEnd� Fluorometric TUNEL
System, Promega Corporation, Madison, WI, USA) were performed
to detect apoptotic cell. The TUNEL positive cells in the RGC layer of
each sample were counted in ten high powered fields (HPF,�400
magnification), and three sections per eye were averaged (Tsai
et al., 2008).

2.8. Immunohistochemistry (IHC) of ED-1 (CD68) in the ONs

Longitudinal sections of ONs were stained with hematoxylin-
eosin for histologic evaluation. ED1 antibodies react against
extrinsic macrophages and intrinsic microglia (Milligan et al., 1991;
Tsai et al., 2008). IHC of ED1 (CD68) using a monoclonal antibody
(1:50, AbD Serotec, Oxford, UK) was performed (Huang et al., 2011).
Briefly, the frozen ON sections were fixed with acetone at �20 �C
for 30min and blocked with 5% fetal bovine serum (FBS) containing
1% bovine serum albumin (BSA) for 15 min. The primary antibody

was applied and incubated overnight at 4 �C. The secondary anti-
body conjugated with fluorescein isothiocyanate (FITC, 1:100,
Jackson ImmunoResearch Laboratories, West Grove, PA, USA) was
applied at room temperature for 1 h. Counterstaining was per-
formed using 40,6-diamidino-2-phenylindole (DAPI,1:1000, Sigma,
St Louis, MO, USA). For comparison, the ED1positive (þ) cells were
counted in six HPFs (�400 magnification) at the ON lesion site.

2.9. Fundus photography of rats

After pupil dilatationwithMydrin-P (Alcon, Puurs, Belgium) and
applying topical anesthetics, a fundus contact lens for rats filled
with 2% methylcellulose was put on the surface of the cornea. The
optic discs of rats were observed and fundus photographs were
taken through a slit-lamp biomicroscope (SL-D3, Topcon Inc.,
Tokyo, Japan) in the anesthetized rats.

2.10. Statistical analysis

All measurements in this study were performed in a masked
fashion: mean values with standard deviations (S.D) were obtained.
Statistical analysis was performed with commercial software (SPSS,
Chicago, IL, USA). One-way ANOVA and post hoc Tamhane’s T2
analysis was used to evaluate the differences among treated groups.
Statistical significance was declared if a p value was <0.05.

3. Results

3.1. Morphometry of RGCs

The densities of RGC in the laser-controlled eyes (sham group)
showed no significant difference with that of normal rats (p > 0.05,
data not shown), which suggests that there was no thermal toxicity
in the RGCs with laser treatment only. The densities of RGCs of
central and mid-peripheral retinas in sham-operated rats were
2430 � 120/mm2 and 1600 � 150/mm2, respectively. Four weeks
after induction of rAION, the RGC densities of the central and mid-
peripheral retinas in the PBS-treated group were 810 � 230/mm2

and 360 � 20/mm2, respectively (p ¼ 0.009 and 0.0001, respec-
tively). In the G-CSF-treated and rAION-inducted group, the RGC
densities of the central and mid-peripheral retinas were
1740 � 450/mm2 and 1010 � 410/mm2, respectively (p ¼ 0.014 and
0.034, respectively, if comparing with the PBS-treated group;
p ¼ 0.034 and 0.047 respectively if comparing with the sham
group) (Fig.1). In other words, the survival rate of RGCs in the
central and mid-peripheral retinas in the G-CSF treated rats was
significantly higher than those of the PBS-treated rats (71.4% vs.
33.2% in the central retina; 61.8% vs. 22.7% in mid-peripheral retina,
respectively; both p < 0.05). The results demonstrate that RGC
survival rate increases by approximately 38.2% in central retina and
39.1% in the mid-peripheral retina in the G-CSF-treated group, as
compared to the PBS-treated group.

3.2. FVEP

The latency of P1wave at 4 weeks after rAION experiments was
76 � 1 ms, 142 � 12 ms and 120 � 11 ms for the sham, PBS-treated
and G-CSF-treated rats, respectively (p ¼ 0.03 vs. PBS-treated rats;
p ¼ 0.001 vs. sham group). The amplitude of the P1wave was
74 � 18 mv, 31 �13 mv and 50� 11 mv for the sham, PBS-treated and
G-CSF-treated rats, respectively (p ¼ 0.04 vs. PBS-treated rats;
p¼ 0.016 vs. sham group). The FVEP results demonstrate that the G-
CSF-treated group had significantly preserved partial visual func-
tion in comparison to the PBS-treated group after rAION induction
(n ¼ 6 in each group) (Fig. 2).
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Fig. 1. Flat preparations of retinas and morphometry of RGCs by FluoroGold retrograde labeling at 4 weeks after rAION induction. A. Representative flat preparation of central and
mid-peripheral retinas in normal (left), rAION with PBS-treated (middle) and rAION with G-CSF-treated rats. B. Morphometry of RGCs in the central and mid-peripheral retinas. RGC
densities in the sham group were 2430 � 120/mm2 and 1600 � 150/mm2, respectively. Four weeks after rAION induction, RGC densities in the PBS-treated group were 810 � 230/
mm2 and 360 � 20/mm2, respectively; RGC densities in the G-CSF-treated group were 1740 � 450/mm2 and 1010 � 410/mm2, respectively (p ¼ 0.014 and 0.034, respectively,
compared with RBS-treated retinas; p ¼ 0.034 and 0.047, respectively, if compared with the sham group). RGC survival rates in the G-CSF-treated group were significantly higher
than those in the PBS-treated group (71.4% vs. 33.2% in the central retina; 61.8% vs. 22.7% in mid-peripheral retina, respectively; both p < 0.050; One way ANOVA and post hoc
analysis) [n S 6 in each group]. *p < 0.05; **p < 0.01.

Fig. 2. FVEPs. A. Representative flash VEP tracings at 4 weeks after rAION inductions. B. The latency of the P1wave was 76 � 1 ms, 142 � 12 ms and 120 � 11 ms in the sham, PBS-
treated and G-CSF-treated rats, respectively (p ¼ 0.03 vs PBS-treated rats; p ¼ 0.001 vs sham group). The amplitude of the P1wave was 74 � 18 mv, 31 � 13 mv and 50 � 11 mv in the
sham, PBS-treated and G-CSF-treated rats, respectively (p ¼ 0.04 vs PBS-treated rats; p ¼ 0.016 vs sham group) [One way ANOVA and post hoc analysis, n ¼ 6 in each group].

C.-H. Chang et al. / Experimental Eye Research 118 (2014) 109e116112



Author's personal copy

3.3. Histology of optic nerves and fundus photography after rAION

At 4 weeks after rAION induction, the optic disc showed
edematous change with narrowing of vessels in the disc of PBS-
treated rats, the disc appearance was less edematous and the ar-
chitecture was much more preserved in the G-CSF-treated and
rAION-inducted rats (Fig. 3). In the optic nerve sections, rAION
induced disruption of the regular cellular columns, vacuolation of
myelinated axons and accumulation of inflammatory cells in the
PBS-treated rats; these pathologic changes were much more
attenuated in the G-CSF-treated rats (n ¼ 3 in each group) (Fig. 3).

3.4. In situ nick end-labeling (TUNEL) assay

TUNEL assays in the frozen retina sections demonstrated there
were 1.3 � 1.0 positive cells/HPF in RGC layers of retina in sham-
operated rats, 8.0 � 1.5 positive cells/HPF in the PBS-treated
group and 2.1 � 1.0 in the G-CSF-treated rats (p ¼ 0.0001 vs. PBS-
treated group, p ¼ 0.0465 vs. sham group; n ¼ 6 in each group)
(Fig. 4). This observation indicated that G-CSF administration had
anti-apoptotic effects on RGCs after rAION induction.

3.5. ED1 in the ON

At 4 weeks after rAION induction, the ED1 positive cells/HPF in
the sham group, PBS-treated group and G-CSF-treated group were
3 � 1, 35 � 10 and 16 � 6, respectively. The difference between
treated groups was statistically significant (p ¼ 0.016, n ¼ 6 in each
group) (Fig.5). These results indicate that G-CSF administration had
anti-inflammatory effects at the ON after rAION, as demonstrated
by little ED1-labeled macrophage/microglial accumulation at ONs.

4. Discussion

In the present study, our morphologic results demonstrate that
G-CSF has a neuroprotective effect on ONs as well as on RGCs after
induction of rAION in rats. In addition, the visual function
demonstrated by FVEP was also better preserved in the G-CSF-

treated rats compared to the PBS-treated rats, confirming the
beneficial effects on the ocular structure.

rAION results in RGC loss by apoptosis, beginning at 7 days and
the majority of RGC loss occur at 21 days post-induction (Slater
et al., 2008; Bernstein et al., 2011). The rAION lesion specifically
targets RGCs, and does not directly damage other retinal cell types
(Bernstein et al., 2003). Our TUNEL assay results showed that G-CSF
applications after rAION induction can rescue RGCs from apoptotic
death and eventually preserve the survival rate of RGC, as evi-
denced by our results of the density measurements of RGCs. Our
previous reports also indicated that G-CSF has anti-apoptotic ef-
fects on RGCs after optic nerve crush injuries in rats (Tsai et al.,
2008, 2010). Possible rescuing mechanisms involving G-CSF
administration in rAION models need further investigation.

Recent studies have shown that both G-CSF and its receptors are
wildly expressed in the adult central nervous system and retinas
(Hasselblatt et al., 2007; Oishi et al., 2008; Tsai et al., 2010). Given
that exogenous G-CSF can penetrate the intact bloodebrain barrier
(BBB) (Schneider et al., 2005), exogenous G-CSF may penetrate
retina-blood barrier (RBB) and bindwith its receptors in the retinas.
It has been suggested that autocrine protective mechanisms of G-
CSF is one of the protective mechanisms for neurons (Schneider
et al., 2005; Oishi et al., 2008; Tsai et al., 2010). Besides direct re-
action with its receptors, G-CSF application results in the mobili-
zation of HSCs to the peripheral blood. Trafficking of HSCs to the
injured neurons mediated by the stromal cell-derived factor 1a
(SDF-1a) can result in anti-inflammation and neurogenesis actions
(Shyu et al., 2004; Schneider et al., 2005; Tsai et al., 2008).

The characteristics of VEP changes from rAION and human
NAION, and specifically involves a reduction of amplitude instead of
a prolongation of latency (Bernstein et al., 2003; Wilson, 1978).
However, a decrease in amplitude and a lengthening of the P100
latency were observed in certain patients with NAION (Wildberger,
1984; Janáky et al., 2006). Our rAION model demonstrates a
decreased amplitude and prolonged latency that occurred at 4
weeks after rAION induction. Prolongation of latency in VEP in-
dicates post-infarct demyelination and axon loss in ON, and such
histologic changes of demyelination have been confirmed in the

Fig. 3. Optic disc appearances and histology of optic nerve sections at 4 weeks after rAION inductions. A. The disc appearance showed little edema and the architecture was well-
preserved in the G-CSF-treated and rAION-inducted rats as compared with PBS-treated rats (arrowhead indicate areas of blurry disc margin and edema). B. In ONs, rAION induced
disruption of the cellular columns, vacuolation of myelinated axons and accumulation of inflammatory cells in the PBS-treated rats; these pathologic changes were greatly
attenuated in the G-CSF-treated rats (Hematoxylineeosin staining) [n ¼ 3 in each group].
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rAION model (Goldenberg-Cohen et al., 2005; Bernstein et al.,
2011). Although the latency prolongation of FVEP in our rAION
model is somewhat different from other previous reports
(Bernstein et al., 2003), the difference may reflect that severity of
ON infarct by rAION induction in different species of rats is variable.

Nonetheless, our results provide evidence that G-CSF application
can preserve visual function both in amplitude and in latency of
FVEP after rAION induction.

In a valuable report of human autopsy obtained 20 days after
onset of NAION, accumulation of Iba1þ/ED1þ cells (extrinsic

Fig. 4. TUNEL assays in retinal sections. The upper column was representative of the TUNEL in the retinas among the three groups. The lower column illustrates that there were
1.3 � 1.0 positive cells/HPF in the RGC layers of retina in the sham-operated rats, 8.0 � 1.5 positive cells/HPF in the PBS-treated group and 2.1 � 1.0 in the G-CSF-treated rats
(p ¼ 0.0001 vs. PBS-treated group and p ¼ 0.0465 vs. sham group) [One way ANOVA and post hoc analysis, n ¼ 6 in each group].

Fig. 5. Immunohistochemistry of ED1 in ONs at 4 weeks after rAION inductions. The upper column was representative of ED1 staining in the longitudinal sections of ON. The lower
column indicates that the ED1þ cells/HPF in the sham group, PBS-treated group and G-CSF-treated group were 3 � 1, 35 � 10 and 16 � 6, respectively. The difference between the
treated groups was statistically significant (p ¼ 0.016) [n ¼ 6 in each group; One way ANOVA and post hoc analysis].
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macrophages/microglia) in ischemic areas of the optic nerve was
observed (Salgado et al., 2011). ED1-positive phagocytes found in
ONs after rAION include monocytes/macrophages of hematoge-
nous origin as well as microglia. A portion of ED1- þ cells
concomitantly express the Ia antigen during Wallerian degenera-
tion in the ON (Stoll et al., 1989). The presence of blood borne-ED1þ
cells at ON after rAION indicates that the brain blood barrier is
disrupted (Bernstein et al., 2011). Our results show that ED1-
positive macrophage/microglia accumulation at the ON lesion site
was attenuated in the G-CSF-treated rats and greatly preserved the
architecture of ON in histologic studies, suggesting that immediate
administration of G-CSF may have an anti-inflammatory effect on
the injured ON after rAION induction.

G-CSF has been ascribed with anti-inflammatory actions medi-
ated by inhibition of TNF-a, by decreasing inducible nitric oxide
synthase (iNOS) activity (Görgen et al., 1992), and by a reduction of
interleukin-1b expression (Gibson et al., 2005; Görgen et al., 1992).
The optic disc appearance in the rAION-inducted and G-CSF-treated
rats also revealed less edema in our observations of the fundus
photography.

In conclusion, we demonstrated that immediate administration
of G-CSF provides ocular neuroprotection, as indicated both by RGC
density counts and by functional assessment using FVEP, after
rAION induction in rats. The protective actions of G-CSF may
involve both anti-apoptotic and anti-inflammatory processes.
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