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Abstract

Granulocyte-colony stimulating factor (G-CSF) is an endogenous peptide hormone of the
hematopoietic system that has entered Phase I/11 clinical trials for treatment of ischemic stroke.
Severe intraoperative hypotension can lead to global cerebral ischemia and apoptotic neuron loss
within the hippocampus. We tested G-CSF in a rat model of global cerebral ischemia. Global cerebral
ischemia was induced in male Sprague-Dawley rats (280-330g) with the 2-vessel occlusion model
(hemorrhagic hypotension to a mean arterial pressure of 30-35 mmHg and bilateral common carotid
artery occlusion for 8 minutes). Three groups of animals were used: global ischemia without
treatment (GI, n=49), global ischemia with G-CSF treatment (GI+G-CSF, n=42), and sham surgery
(Sham, n = 26). Rats in the treatment group received G-CSF (50 pg / kg, subcutaneously) 12 hours
before surgery, on the day of surgery, and on post-operative Day 1, and were euthanized on Day 2,
3, and 14. Mild hyperglycemia was observed in all groups. T-maze testing for spontaneous alternation
demonstrated initial improvement in the G-CSF treatment group but no long-term benefit.
Measurement of daily body weight demonstrated an initial trend toward improvement in the G-CSF
group. Quantitative Nissl histology of the hippocampus demonstrated equivalent outcomes on Day
3 and 14, which was supported by quantitative TUNEL stain. Immunohistochemistry and Western
blot demonstrated an initial increase in phosphorylated-AKT in the GI1+G-CSF group on Day 2. We
conclude that G-CSF treatment is associated with transient early improvement in neurobehavioral
outcomes after global ischemia complicated by mild hyperglycemia, but no long-term protection.
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1. Introduction

Granulocyte-colony stimulating factor (G-CSF) is an endogenous peptide hormone of the
hematopoietic system that is currently in Phase I/11 clinical trials for ischemic stroke (Shyu et
al., 2006, Schabitz et al., 2006). Multiple animal studies have shown that G-CSF has the
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capacity to provide significant neuroprotection in cerebral ischemia in vivo, in large measure
due to strong anti-apoptotic signaling induced by the hormone in the brain (Solaroglu et al.,
2006). A number of studies have shown that G-CSF is potentially neuroprotective in
hemorrhagic infarction, traumatic brain injury, and spinal cord injury (Solaroglu et al., 2006,
Ren et al., 2005), although there is not universal agreement that G-CSF works in trauma
(Sakowitz et al., 2006) or neonatal excitotoxicity models (Keller et al., 2006). In vivo G-CSF
treatment of global cerebral ischemia has not been published to date.

Global cerebral ischemia is an important clinical problem with few effective treatments (Popp
et al., 2006). Intraoperative global cerebral ischemia has been shown to lead to selective
hippocampal damage (Block 1999), and hippocampal damage leads to cognitive and memory
dysfunction after surgery (Fujikoka et al., 2000). The mechanism of hippocampal neuron loss
in global ischemia is thought to be delayed apoptotic cell death (Sugawara et al., 2002,
Sugawara et al., 2000). Frequently patients at high risk for global cerebral ischemia can be
identified prior to surgery (for example, cardiopulmonary bypass patients), and ideally
perioperative therapies to prevent the sequelae of global cerebral ischemia can be developed.

G-CSF is known to induce a variety of pro-survival, anti-apoptotic intracellular cascades in
brain ischemia in vivo. These cascades include JAK2 — STAT3, PI3 Kinase — AKT, and ERK
1/2 (Nishiki et al., 2004, Schabitz et al., 2003, Schneider et al., 2005, Solaroglu et al., 2003).
Recent work suggests that these intracellular cascades are upregulated selectively in different
brain regions, and in different cell types within the brain. In focal ischemia, one of the main
mechanisms of G-CSF-induced neuroprotection is inhibition of apoptotic cell death, although
other mechanisms such as neurotrophic cell multiplication or anti-inflammatory processes may
also be important (Solaroglu et al., 2006). Related growth factors such as Erythropoietin have
been shown to be neuroprotective if given before and / or after global cerebral ischemia, in
part by anti-apoptotic mechanisms (Zhang et al., 2006, Calapi et al., 2000).

In the present study we tested G-CSF in the 2-vessel occlusion (2VO) model of global cerebral
ischemia in rats (Smith et al., 1984). G-CSF was administered in a combined pre- and post-
ischemic treatment protocol (described below) in an effort to maximize potential protective
effects from the drug, and animals were euthanized for further study on postoperative Day 2,
3 and 14. We hypothesize that G-CSF will improve outcomes in this model by upregulation
of anti-apoptotic signaling cascades.

2.1 Physiologic parameters, hematological analysis, and mortality

There was no significant difference between the three groups in pH, pC02, pO2, hemoglobin,
hematocrit, or platelets. Mild intraoperative hyperglycemia was noted in each group during
surgery, Sham glucose = 232 + 12 mg/ dL, Gl glucose = 228 + 4 mg / dL, GI+G-CSF glucose
=207 £ 14 mg/ dL, statistically equivalent on ANOVA. Average mean arterial blood pressure
during global ischemia was 32.9 + 0.4 mmHg for the GI group, and 33.0 + 0.2 mmHg for the
GI1+G-CSF group, statistically equivalent on T-test. Pretreatment with G-CSF was associated
with a statistically significant increase in the absolute neutrophil count (ANC) on the day of
surgery (Figure 1C). White cell differential showed that neutrophils were selectively produced
in large number (and other sub-types such as lymphocytes were not over-produced).
Measurement of daily body weight demonstrated an initial trend toward improvement of body
weight in the G-CSF treatment group compared to the untreated group (Figure 1B), although
the two groups had equivalent body weights by Day 14. Three animals (one from each group)
died during surgery from anesthetic failure and were excluded from further analysis. The
mortality at 24 hours was 0% (0/25) in the sham group, 9% (4/47) in the GI group, and 5%
(2/42) in the GI+G-CSF treatment group, statistically equivalent on chi-square analysis.
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2.2 Histology, TUNEL, Cleaved Caspase 3, and G-CSF-Receptor immunohistochemistry

The G-CSF receptor was observed in the rat hippocampus following global ischemia (Figure
2B). Double staining for G-CSF-R and NeuN confirmed the presence of the receptor on
hippocampal neurons. Nissl histology demonstrated delayed cell death characteristic of this
model (Figure 2). This cell death began to occur between Day 2 and 3. The sham group had
no cell death in CA-1. We observed TUNEL-positive cells first on Day 3 (Figure 3), consistent
with Nissl histology (Figure 2). Cleaved Caspase 3 activity (Figure 3, right inset) began on
Day 2 (prior to TUNEL activity).

2.3 Quantified Cell Count

Quantified TUNEL count demonstrated similar degrees of apoptosis in the Gl and GI+G-CSF
groups on Day 3 (Figure 4A). Quantified Nissl histology on Day 3 and Day 14 demonstrated
equivalent histological outcomes in both the GI and GI+G-CSF groups (Figure 4B).

2.4 Neurobehavioral Studies

T-maze testing for spontaneous alternation demonstrated a significantly worse performance in
the untreated animals on Day 3 compared to the G-CSF treated animals. The sham animals on
Day 3 performed similarly to the Naive control animals. By Day 14 there was no statistically
significant difference between the GI and GI+G-CSF groups on the T-maze test. (Figure 1D).

2.5 Western Blotting and Immunohistochemistry

Immunohistochemical analysis for p-STAT3, p-AKT 1/2/3, and p-ERK 1/2 demonstrated a
qualitative increase only in p-AKT 1/2/3 in the G-CSF treatment animals (Figure 5A). Western
blot analysis of p-AKT demonstrated a trend towards increase in p-AKT 1/2/3 on Day 2, and
a statistically significant increase in the G-CSF-treated animals compared to untreated animals
on Day 3 (Figure 5B).

3. Discussion

G-CSF has been shown to be beneficial in animal studies in a variety of brain injury models
(Solaroglu et al., 2006), and is presently in Phase I/11 trials for ischemic stroke in humans
(Shyu et al., 2006, Schabitz et al., 2006). In the present study we found that treatment with G-
CSF was associated with a transient improvement in T-maze spontaneous alternation and a
trend towards improved body weight, but that it conferred no long-term benefit (Figure 1B,D).
Additionally there was no apparent histological benefit to hippocampal neurons (Figure 2A,
4A, 4B). These results are somewhat surprising, given that G-CSF has been shown to be
neuroprotective in a variety of brain injury models (Solaroglu et al., 2006).

The initial positive outcome in T-maze performance (Figure 1D) may relate to subtle G-CSF-
induced protection in brain regions other than the hippocampus. The G-CSF receptor is widely
distributed in other brain regions (Schneider et al., 2005), and protection in the cortex may
have led to improved T-maze performance. Under the conditions employed in this study, brain
damage in the 2VO global ischemia protocol was mostly limited to the CA-1 region of the
hippocampus. Other brain regions, including the cortex, occasionally demonstrated mild
damage, although there was no obvious trend or qualitative difference between groups in other
brain regions.

Interpretation of results from spontaneous alternation on a T-maze is somewhat controversial.
In principle the spontaneous alternation task reflects the performance of working or short-term
memory (Hughes 2004). However, previous reports have noted that spontaneous alternation
on a T-maze likely reflects multiple behavioral aspects, including complex cortical function
related to exploratory behavior (Gherli 2001). Regardless, the untreated and G-CSF treatment
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groups achieved similar long-term performance (Figure 1D), which suggests that there was no
long-term functional benefit to administration of G-CSF.

Hippocampal neurons in CA-1 were not protected from injury in the G-CSF-treatment group
(Figure 2, 3, 4), and several factors may explain this observation. The immunohistochemical
and Western blot studies of p-STAT3, p-AKT, and p-ERK 1/2 suggest that G-CSF may have
had only a small effect on baseline physiology of hippocampal neurons (Figure 5), in spite of
the fact that multiple doses of G-CSF were administered before and during apoptosis. Of the
neuroprotective intracellular cascades examined, only the PI3K-AKT cascade was slightly
elevated in the G-CSF treatment group (Figure 5). Perhaps activation of this pathway alone
was not sufficient to afford long-term protection against apoptotic cell death. Notably, we did
not detect an increase in either JAK-STAT or ERK 1/2, both of which have been shown to play
important roles in G-CSF-related neuroprotection (Solaroglu et al., 2006).

Another possible explanation for the lack of G-CSF-related neuroprotection in the
hippocampus relates to the distribution of the G-CSF receptor. We detected the G-CSF receptor
in CA-1 and CA-3, although the receptor density was qualitatively less in CA-1, and not all
CA-1 neurons were positive after global ischemia (Figure 2B). Previous studies have noted
that the distribution of the G-CSF receptor is not uniform throughout all hippocampal sub-
regions (Schneider et al., 2005), which is consistent with our observations.

Three doses of G-CSF were given to the treatment group, including a dose 12 hours before
global ischemia. The elevated absolute neutrophil count (ANC) in the GI+G-CSF group on the
day of surgery (Figure 1C) suggests that the drug reached therapeutic levels in the animals
prior to global ischemia. The dose and treatment schedule in our study were designed to cover
the period of time between global ischemia (Day 0) and the onset of apoptotic cell death in the
hippocampus (Day 2-3), and thereby maximize the potential for therapeutic benefit from the
drug. In addition to the three-dose treatment protocol described in this study, we also examined
asingle-dose, post ischemic G-CSF therapy in preliminary work, but found this to inefficacious
for prevention of neuron loss in CA-1 on postoperative Day 3 (data not shown). It is possible
that multiple post-ischemic doses of G-CSF on Day 2 and beyond may have resulted in an
improved histological outcome in CA-1. It is also possible that neutrophilia associated with
G-CSF treatment may have attenuated possible neuroprotective effects, although we did not
study this possibility specifically.

Apoptosis played a major role in the death of CA-1 neurons in this study. Cleaved caspase 3,
a mediator of apoptosis, was readily apparent on immunochistochemical analysis on Day 2
(Figure 3), and this was followed by TUNEL activity on Day 3 (Figure 3). This pattern of
caspase activity preceding TUNEL activity has been noted in previous studies (Zhou et al.,
2004).

Post-hoc calculations of statistical power suggest that our study was sufficiently powered to
detect a difference between the Gl and GI+G-CSF groups at Day 14, if a difference actually
existed. The technique used in Figure 4B (Day 14) had a 90% chance of detecting an average
difference between the GI and G-CSF groups as small as 39 cells per mm. Other studies of
global ischemia that have successfully identified neuroprotective drugs with similar cell
counting protocols have demonstrated protective effects that are substantially greater (in
proportion) than 39 cells per mm (Zhang et al., 2006).

The global ischemia model used in this study was complicated by transient, statistically

equivalent intraoperative hyperglycemia in all experimental groups. This was observed shortly
after induction of general anesthesia, and was likely a result of the anesthetic combination used
in this study (Ketamine and Xylazine) (Kawai et al., 1997, Saha et al., 2005). Hyperglycemia
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may have exacerbated blood-brain-barrier breakdown during global ischemia (Dietrich et al.,
1993) or possibly increased neuron loss, although we did not study these effects specifically.

In this study we used a previously unpublished modification of the 2V O global ischemia model
that requires bilateral femoral arterial catheterization. Previous iterations of the 2VO global
ischemia model have included a single arterial line for both inducing hemorrhage and
measuring mean arterial pressure (MAP), a venous line for controlled hemorrhage along with
an arterial line, and pharmacological reduction of blood pressure (McBean et al., 1998). We
used dual (bilateral) femoral arterial lines in this study. This enabled direct, real-time
manipulation of MAP, and exceptionally strict control over blood pressure (Figure 1A), with
no statistically significant difference in average MAP during global ischemia between the two
groups. The parameters for hypotension (30-35 mm Hg) and carotid occlusion (8 minutes)
produced a reliably mild-to-moderate injury (Figure 2), with relatively low mortality.

We conclude that G-CSF treatment is associated with transient early improvement in
neurobehavioral outcomes after global ischemia complicated by mild hyperglycemia, but that
it confers no long-term protection. Hippocampal neurons in CA-1 do not appear to be protected
by G-CSF treatment in vivo.

4. Experimental Procedures

4.1 Global ischemia model

Institutional Animal Care and Use Committee (IACUC) approval was obtained for this study.
We used the 2-vessel occlusion (2V0O) model of global ischemia first described by Smith et al
(1984) with modifications. After induction of general anesthesia with ketamine (100 mg/kg
IP) and xylazine (20 mg/kg IP) rats (Sprague-Dawley, male, 280-320g, Harlan, Indianapolis,
IN) were intubated and ventilated with a small animal ventilator (Kent Scientific, Torrington,
CT). Arterial blood gas samples were measured. Temperature was controlled with a heating
pad and heat lamp, and maintained at 37 + 1° C. Bilateral femoral arterial lines were placed
under sterile conditions, and the common carotid arteries in the neck were exposed bilaterally.
One arterial line was used to monitor continuous mean arterial blood pressure (MAP), and the
other line was used to induce transient hypotension. Hypotension was induced by withdrawing
blood into a heparinized syringe (Baxter, Deerfield, IL) until the MAP was between 30 and 35
mmHg, with a target pressure of 33 mmHg (Figure 1A). Upon reaching this pressure, the
common carotid arteries were then occluded with atraumatic microvascular clamps for 8
minutes. After eight minutes of global cerebral ischemia the carotid artery clamps were
removed and the blood was reinfused. All skin sites were closed and the animal was allowed
to recover. Sham surgery included placement of arterial lines and exposure of common carotid
arteries. Animals were euthanized under general anesthesia on Day 2, 3, and 14 after global
ischemia. No animals in this study demonstrated limb dysfunction from ischemia or other cause
as a result of the femoral arterial instrumentation.

4.2 Physiological parameters and hematological analysis

Intraoperative blood gas measurements were made with a blood-gas analyzer, and continuous
mean arterial blood pressure (MAP) was recorded (Figure 1A). Hematological parameters
including hematocrit, hemoglobin, white blood cell count and differential, absolute neutrophil
count, blood glucose, other parameters were measured in a blinded manner by the clinical lab
at Loma Linda University Medical Center.

4.3 Treatment methods

Granulocyte-colony stimulating factor (G-CSF, Neupogen (R), Amgen, Thousand Oaks, CA)
was given to animals in the treatment group 12 hours before surgery, the day of surgery, and
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on post-operative Day 1. G-CSF (50 png/kg) was given subcutaneously, following dosing
regimens described previously (Lee et al., 2005). The three-dose sequence was chosen to
maximize the potential protective effect of the drug, and to mimic a treatment regimen that
could theoretically be useful as preoperative therapy in humans. Normal saline injections in
similar volumes (approximately 0.05 mL per injection) were given to the Sham and untreated
groups on the same dosing schedule as G-CSF.

4.4 Histology and Immunohistochemistry

Rats were euthanized under general anesthesia for histology. Nissl stain and double fluorescent
stain of formalin fixed, paraffin embedded tissue followed standard protocols (Shimamura et
al., 2006). Antigen retrieval was undertaken by microwave irradiation in 0.1 M sodium citrate,
ph=6, for 10 minutes. DAB immunohistochemical stain used the ABC staining kit (Santa Cruz
Biotech, Santa Cruz, CA, SC-2018). Antibodies included goat anti-phosphorylated-STAT3
(Santa Cruz Biotech, SC-7993), rabbit anti-phosphorylated-ERK 1/2 (SC-16982), rabbit anti-
phosphorylated-AKT 1/2/3 (SC-16646), mouse anti-NeuN (Chemicon International,
Temecula CA, MAB377), rabbit anti-G-CSF-receptor (SC-9173), rabbit anti-cleaved caspase
3 (Cell Signaling Technology, Boston, MA #9661), and appropriate secondary antibodies
(Jackson Immuno Research, West Grove, PA). Terminal deoxynucleotidyl transferase-
mediated dUTP nick end labeling (TUNEL) was done with a kit (Roche, Indianapolis, IN,
#11684795910).

4.5 Quantitative Cell Count

Animals from Day 3 and Day 14 were sacrificed under general anesthesia and processed for
Nissl (Day 3: Sham n=7, Gl n=6, GI+G-CSF n=5; Day 14: Gl n=7, GI+GCSF n=7), and
TUNEL (Day 3: Sham n=7, Gl n=6, GI+G-CSF n=5). The brains were sectioned into 8
micrometer sections from Bregma -3.3 mm to -4.5 mm to encompass the dorsal hippocampus.
Brains were sectioned in a serial manner, and a total of approximately 30 slices per animal
were saved, taking care to avoid adjacent slices. From this initial set, random sections were
selected with a random number table, and a total of 24 Nissl photomicrographs from the dorsal
CA-1 per animal were taken at 100X for the Nissl cell counts. Eight photomicrographs of CA-1
were taken from each animal and counted for the TUNEL study. All sections were analyzed
by a blinded investigator.

4.6 Neurobehavioral testing

Prior to sacrifice on Day 3 and Day 14 rats were tested for spontaneous alternation on a T-
maze (Gerlai 2001; Hughes 2004) following methods described by Kofler et al (2004) and
Ishabi et al (2003) with modifications. The T-maze was constructed from acrylic and silicon
glue. The path-width throughout the maze was 10cm. The stem length was 40 cm, and each
arm was 46 cm. Animals were placed in the stem of the T-maze, and allowed to freely explore
the two arms of the maze. Once an arm was chosen, the animal was placed in the stem of the
maze again, and the trial was repeated. A total of ten trials were attempted with each animal
over 20-30 minutes. Six different groups of animals were tested: Naive healthy male rats from
an unrelated study (n=17), Sham animals on Day 3 (n=12), global ischemia Day 3 (n=11),
global ischemia with G-CSF treatment on Day 3 (n=12), global ischemia on Day 14 (n=7), and
global ischemia with G-CSF treatment on Day 14 (n=7). Animals tested on Day 14 were not
tested on Day 3. Absolute numbers of left and right choices were recorded, as were the sequence
of left and right choices. Data are expressed as the rate of spontaneous alternation, with a
baseline of alternation of 50%.
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4.7 Western blot

Western blotting followed standard protocols (Shimamura et al., 2006). Animals were
euthanized under general anesthesia and perfused with PBS (100cc) by trans-cardiac approach.
The brains were then removed and hippocampus was isolated bilaterally for analysis.
Antibodies included rabbit anti-phosphorylated-AKT 1/2/3 (Santa Cruz Biotech, SC-16646),
goat anti-beta actin (SC-1615), and appropriate secondary antibodies. Bands were detected by
chemiluminescent kit (Amersham Bioscience, NJ), and recorded on X-ray film (Kodak,
Rochester, NY). Bands were quantified by optical density method (Image J), and densities
were expressed relative to beta actin and sham.

4.8 Statistical analysis

Data are expressed as mean + S.E.M. Analysis of variance (ANOVA) supported by Sigma Stat
(Systat Software, Richmond, CA) was used for analysis of differences between groups for
physiological parameters, hematological parameters, Western blot, daily weight, T-maze
results, and cell counts. A chi-squared test was used for a comparison of mortality. Statistical
power was calculated for the Day 14 Nissl histology.
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Granulocyte-colony stimulating factor
(BBB)

blood-brain barrier
(2vO)

2 vessel occlusion
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Terminal deoxynucleotidyl transferase-mediated dUTP nick end labeling
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Figure 1.

A. Mean arterial pressure (MAP), recorded in two-second intervals, demonstrates the 8-minute
period of global ischemia in one of the rats in this study. Average MAP during global ischemia
for the GI group (32.9 + 0.4 mmHg) was equivalent to average MAP for the GI+G-CSF group
(33.0 £ 0.2 mmHg) B. Daily body weight, expressed as percent of preoperative body weight.
C. Absolute neutrophil count (ANC) and differential on the day of surgery. The GI+G-CSF
group demonstrated significantly higher ANC counts on the day of surgery, and the differential
confirmed that neutrophils were selectively elevated. D. Spontaneous alternation on T-maze
testing. Naive control animals tend to alternate 61 + 3% of the time when presented with two
choices in the T maze. On Day 3, Sham animals (64 = 7%) demonstrated similar performance
to the Naive controls. Gl animals (25 * 6%) fared worse than GI+GCSF animals (58 + 9%) on
Day 3, but performed equivalently by Day 14 (Gl = 38 + 4%, GI+G-CSF =52 £ 9%). * indicates
significance compared to the GI group, # indicates significance compared to sham, p<0.05.
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Figure 2.

A. Nissl histology from the CA-1 region of each group at Day 2, 3, and 14, demonstrating
similar extent of injury between Gl and GI+G-CSF groups. Arrows denote CA-1. B.
Immunohistochemical stain (brown) of the G-CSF-receptor in CA-1 of the hippocampus after
global ischemia. Fluorescent stain demonstrates the G-CSF receptor (green) co-stained with
the neuron nuclear marker NeuN (Red) at the border of CA-1/ 2. C. Whole brain
photomicrograph showing the hippocampus.
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Figure 3.

TUNEL photomicrographs demonstrate the onset of apoptosis in the CA-1 region on Day 3
after global ischemia. Left lower insets show TUNEL stain at high magnification, and
arrowheads indicate examples of TUNEL-positive cells. Right-lower insets show
immunohistochemical stain for cleaved caspase 3, a cellular mediator of apoptosis. Cleaved
caspase 3 activity proceeded TUNEL activity.
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Figure 4.

A. Hippocampal CA-1 cell count of TUNEL-positive cells on Day 3 demonstrated similar
numbers of apoptotic neurons in the Gl and GI+G-CSF groups. B. Hippocampal CA-1 count
of viable neurons on Nissl stain demonstrated similar cell survival in both the Gl and GI+G-
CSF groups on Day 3 and Day 14. # indicates a statistically significant difference compared
to the Sham group, p < 0.05.
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Figure 5.

A. Immunohistochemical stain for markers of neuroprotective intracellular cascades,
phosphorylated-STAT3, phosphorylated-AKT 1/2/3, and phosphorylated ERK 1/2. Of these
three pathways, only phosphorylated-AKT 1/2/3 was qualitatively up-regulated in the GI+G-
CSF treatment group. B. Western blot analysis of phosphorylated-AKT 1/2/3 demonstrated a
qualitative increase in p-AKT 1/2/3 in the G-CSF group on Day 2, and a statistically significant
increase on Day 3. * indicates statistically significant difference with respect to Group Gl,
p<0.05.

Brain Res. Author manuscript; available in PMC 2008 March 9.

pAKT el T
ACtin ol S - —ﬁ-ﬂ

T
73]
&
0]
i
0]

EU kDa



