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ABSTRACT

We assessed neurological outcomes, infarct volume, and the expression of nestin
and caspase-3 in the hippocampal dentate gyrus following middle cerebral artery
occlusion (MCAO) followed by reperfusion, with mild hypothermia (MH) treatment at
the onset of ischemia in a MCAO rat model. Reperfusion began 2 hours after the MCAO
model was set-up. MH treatment began at the onset of ischemia and was maintained
for 4 hours. We evaluated neurological deficit score, brain infarct volumes, along with
the immunohistochemical staining of nestin and caspase-3 in the sub-granular zone of
the injured hemisphere on the 1st, 3rd, 7th, and 14th day after the onset of ischemia.
Correlations between the number of nestin-positive (nestin*) cells, caspase-3-positive
(caspase-3*) cells with infarct volume, as well as neurological deficit scores, were
evaluated by linear regression. MH significantly promoted survival, reduced mortality,
improved neurological deficit score, reduced brain infarct volume, increased the
number of neural stem/progenitor cells and inhibited neuronal apoptosis in the sub-
granular zone of the injured hemisphere. The number of nestin* cells correlated with
neurological deficit score in the normothermic group, and with infarct volume in the
hypothermia group except for the first day after the onset of ischemia. The number of
caspase-3* cells correlated with the neurological deficit score but not infarct volume.
The neuroprotective effects of MH may be mediated by modulating neural stem/
progenitor cells and neuronal apoptotic cells in the sub-granular zone of the injured
hemisphere during cerebral ischemia/reperfusion injury.

INTRODUCTION therapies following AIS [3]. Mild hypothermia (MH) is a

promising neuroprotective therapy for stroke management.

Stroke is one of the most prominent causes of death Thus far, a wide range of studies have determined that the

and disability in adults; however, there are few treatments neuroprotection offered by MH is pleiotropic in both the

associated with this condition [1]. Focal cerebral ischemia ischemic cascade and reperfusion injury [4]. However,

represents ischemic stroke [2], and reperfusion injury the exact mechanism of neuroprotection provided by MH
represents a common complication of recanalization during acute ischemic stroke is not yet fully understood.
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Nestin, a class VI intermediate filament protein,
is expressed by neural stem cells and neural progenitor
cells [5, 6]. These neural stem/progenitor cells have the
potential to survive brain ischemia and participate in
neurogenesis after stroke [7]. The number of nestin-
immunopositive cells (nestin" cells) is known to increase
in the ischemic brain in response to focal cerebral
ischemia/reperfusion injury [8, 9]. However, while the
effects of MH upon nestin® cells have been studied in
neonatal cerebral hypoxic ischemic injury [10-13], as
well as in adult global cerebral ischemia/reperfusion
injury, which represents the clinical scenario of cardiac
arrest [14-16], results have proved to be controversial and
inconsistent. Furthermore, there have been no previous
reports that have investigated the effect of MH on nestin®
cells during ischemia/reperfusion injury.

Caspase-3, a member of the family of cysteine
proteases, is a major marker of neuronal apoptosis
[17] in ischemic brain damage [18, 19]. MH exerts an
inhibitory effect on neuronal apoptosis through caspase-3
mechanisms in the ischemic brain during adult focal
cerebral ischemia/reperfusion injury [20-22]. However,
studies investigating the effect of MH upon caspase-3
immunopositive cells (caspase-3* cells) or neuronal
apoptosis in the sub-granular zone remain sparse [10, 12].

In the current study, a rat model of ischemic stroke
was created by middle cerebral artery occlusion (MCAO)
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followed by reperfusion (MCAO/R). MH started at
the onset of ischemia and was maintained for 4 hours.
We evaluated neurological outcomes, infarct volume,
and the expression of nestin and caspase-3 in the sub-
granular zone on the 1st, 3rd, 7th, and 14th day after the
onset of ischemia. Survival and mortality rates were also
determined at the same time points.

RESULTS

MH significantly promoted survival, reduced
mortality, improved neurological function,
and reduced brain infarct volume in rats with
MCAO/R

A total of 144 rats were used in our study.
Twenty rats (10 each in the normothermic and
hypothermic  groups) died of subarachnoid
hemorrhage, intracerebral hemorrhage, or anesthetic
overdose, and therefore, were excluded from our
study. Of the remaining 124 rats, all 16 rats in the
sham group survived. Of the remaining 108 rats,
20 rats (16 in the normothermic group and 4 in the
hypothermia group) died of extensive hemispheric
infarction or severe cerebral ischemia were included
in survival and mortality study between normothermic
and hypothermic groups. There was a significant
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Figure 1: (A) Survival rate in normothermic and hypothermic groups. **p < 0.001 compared with the normothermic group. (B)
Neurological deficit score in normothermic and hypothermic groups. Compared with the normothermia group, “p < 0.05 and “p < 0.01. (C)
Representative images of infarct areas that were stained with 2,3,5-triphenyltetrazolium chloride, where red tissues indicate normal tissue
and white sections indicate infarction. (D) Proportion (%) of cerebral infarct volume in normothermia and hypothermia groups. Compared

with normothermia group, “p < 0.05, “p < 0.01.
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difference in survival rate between the normothermic
and the hypothermic group when considered at the end
of the experiment (Figure 1A). The total mortality rate
in the hypothermia group was 7.4% (4/54 rats), which
was significantly lower than the 29.6% (16/54 rats)
rate in the normothermic group (> = 8.84, *"p = 0.003
<0.05).

The neurological deficit score based on a 5-point
scale was used to estimate the neurological function. None
of the rats shown neurological deficits prior to surgery.
None of the rats in the sham group shown neurological
deficits at any of the time points. Neurological deficit
scores in the normothermic and hypothermic groups are
shown in Figure 1B. None of the rats scored 0 on the 1st
day after the onset of ischemia in either the normothermic
or hypothermic groups. There was no significant
difference between the two groups on the 1st day after the
onset of ischemia. Compared to the normothermic group,
MH significantly reduced the neurological deficit score on
the 3rd, 7th, and 14th day after the onset of ischemia ("p <
0.05, "p <0.01).

TTC staining was used to visualize and quantify
brain infarct volumes. Normal brain tissue appeared
red, whereas infarct brain tissue appeared white. Rats in
the sham group did not experience cerebral infarction.
Representative images of infarct areas in normothermic
and hypothermic rats are shown in Figure 1C. As shown
in Figure 1D, compared to the normothermic group, MH
significantly reduced the cerebral infarct size at each time
point after the onset of ischemia ("p < 0.05, “p < 0.01).
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MH significantly increased the number of nestin*
cells and reduced the number of caspase-3*

cells in the sub-granular zone of the injured
hemisphere in rats with MCAO/R

The immunohistochemical staining of nestin
and caspase-3 was used to explore changes in neural
stem/progenitor cells and neuronal apoptotic cells in
the sub-granular zone of the injured hemisphere in rat
with MCAO/R. No nestin® cells or caspase-3* cells
were detected in rats from the sham group. However,
numerous nestin+ cells and caspase-3* cells were found
in rats from the normothermic and hypothermic groups.
Representative images of the immunopositive cells in
normothermic and hypothermic rats are shown in Figure
2. Cells with nestin or caspase-3, which were seen to
contain brown particles under a light microscope were
considered as immunopositive cells. As shown in Figure
3A and Figure 3B, compared to the normothermic group,
MH significantly increased the number of nestin™ cells and
reduced the number of caspase-3" cells at all time points

ke

after the onset of ischemia (""p < 0.05).

Correlations between the number of nestin® cells
and caspase-3* cells in the sub-granular zone of
the injured hemisphere with infarct volume and
neurological deficit score in rats with MCAO/R

We used linear regression and Pearson correlation
coefficient analysis to determine correlations between
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Figure 2: Rats in the normothermic and hypothermic groups had numerous nestin* cells (brown-colored cytoplasm
cells) and caspase-3* cells (cells with a brown-colored nucleus). Original magnification x 400.
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the number of nestin® cells and caspase-3* cells in
the sub-granular zone of the injured hemisphere with
infarct volume and neurological deficit score in adult
SD rats with MCAO/R. When considering pooled data
from normothermic or hypothermic rats, and without
considering the time points, the number of nestin® cells in
the sub-granular zone of the injured hemisphere correlated
with neurological deficit score in the normothermic rats
('p < 0.05; Figure 4A), and correlated with cerebral
infarct size in the hypothermic rats (""p < 0.01; Figure 4B)
when data from the 1st day after the onset of ischemia
was excluded. When considering pooled data from the
normothermic and hypothermic rats, the number of
caspase-3* cells in the sub-granular zone of the injured
hemisphere correlated with neurological deficit score
("p <0.01; Figure 4C) but did not correlate with cerebral
infarct size (p > 0.05; Figure 4D) in the normothermic and
hypothermic rats.

DISCUSSION

Therapeutic hypothermia is considered to improve
survival in the case of global cerebral ischemia after
cardiac arrest and perinatal asphyxia, but the efficacy of
hypothermia in acute ischemic stroke remains relatively
unstudied. Although there is very low-quality evidence to
suggest against the routine induction of hypothermia as a
means to improve survival in patients with acute ischemic
stroke [23], MH is known to reduce mortality in different
models of focal cerebral ischemia [24]. In animal models
of MACO/R, MH improves survival and reduces mortality
[25, 26]. In the current study, we found that when started at
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the onset of ischemia, MH significantly promoted survival
and reduced mortality in adult SD rats with MCAO/R.

Until now, therapeutic hypothermia in patients
with acute stroke has been applied only systematically
by surface cooling, intravenous cooling, or cold saline
infusions [27]. When considering the translation of
this technique from an experimental situation to the
clinic, there is already good evidence that MH, applied
either during ischemia or during reperfusion, improves
neurological function and reduces brain infarct volume;
although data relating to systemic MH in MCAO/R rat
models are limited [28-30]. Our results provide further
evidence that systemic MH, started at the onset of
ischemia, improves neurological function and reduces
brain infarct volume in the rat MCAO/R. On the other
hand, Karibe et al. [31] reported that systemic MH
initiated 1 hour after the onset of ischemia had no effect
on infarct volume in adult SD rats with MCAO/R.

We attempted to study the effect of MH on nestin®
cells in the sub-granular zone of the injured hemisphere
in a MCAO/R rat model [10, 13]. Hypothermia treatment
rescued nestin® cells on the 1st day after injury in the
sub-granular zone in a neonatal mouse with mild-to-
moderate hypoxic-ischemic injury. MH did not change
the number of nestin® cells in the sub-granular zone and
striatum on the 1st and 2nd week during the development
of hypoxic-ischemic injury. Interestingly, we found that
MH significantly increased the number of nestin* cells in
the sub-granular zone of the injured hemisphere at all time
points after the onset of ischemia in rats with MCAO/R.
As nestin is a major marker of neural stem/progenitor cells
[6], and since neural stem/progenitor cells reside in the
sub-granular zone, we considered that MH significantly
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Figure 3: (A) Mild hypothermia significantly increased the number of nestin® cells at all time points after the onset of ischemia. Compared

Hk

with the normothermic group,

p < 0.001. (B) Mild hypothermia significantly reduced the number of caspase-3* cells at all time points

after the onset of ischemia. Compared with the normothermic group, **p < 0.001.
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increased the number of neural stem/progenitor cells in
the sub-granular zone of the injured hemisphere in rats
with MCAO/R. Our results are notably different from
previous findings related to neonatal hypoxic-ischemic
injury [10, 13]. Indeed, the pathophysiology of hypoxic-
ischemic injury in neonates differs greatly from those
of MCAO/R in adults. Although there are no previous
reports investigating the effect of MH upon nestin® cells
in adult focal cerebral ischemia/reperfusion injury, MH
has been reported to enhance endogenous neurogenesis
in adult global cerebral ischemia/reperfusion injury [14,
16]. Soon after ischemic stroke, there is a proliferation
and differentiation of neural stem/progenitor cells,
which represents an important mechanism for neuronal
restoration, however, such endogenous neurogenesis by
itself is insufficient for effective brain repair after stroke
as most newborn neurons die [32]. Thus, enhancing
endogenous neurogenesis is a potential therapeutic
strategy in stroke treatment [33].
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MH exerts an inhibitory effect on brain cell
apoptosis through caspase-3 mechanisms in rats with
MCAO/R [20, 22]. We found that MH significantly
reduced the number of caspase-3" cells in the sub-granular
zone of the injured hemisphere at all time points after the
onset of ischemia in rats with MCAO/R. As caspase-3 is
a major marker of neuronal apoptosis [17], we considered
that MH significantly inhibited neuronal apoptosis in the
sub-granular zone of the injured hemisphere in rats with
MCAO/R. However, Sahin et al. [34] reported that MH
had no effect on the immunohistochemical expression
of caspase-3 in rats with MCAO/R. Our results are thus
contradictory to the findings by Sahin et al., because they
observed changes in the immunohistochemical expression
of caspase-3 only at 24 hours after the onset of ischemia,
and they used the MH in a range of 33-35°C, which was
somewhat higher than used by ourselves. To the best of
our knowledge, this study is the first to investigate the
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Figure 4: (A) The number of nestin® cells in the sub-granular zone of the injured hemisphere correlated well with neurological deficit
score in the normothermic rats when data from 1 day after the onset of ischemia was excluded from the analysis. “p < 0.05. (B) The number
of nestin” cells in the sub-granular zone of injured hemisphere correlated with the percentage of cerebral infarct volume in hypothermic rats
when data from day 1 after the onset of ischemia was excluded. *p < 0.01. (C) The number of caspase-3" cells in the sub-granular zone of the
injured hemisphere correlated well with the neurological deficit score in normothermic and hypothermic rats. “p < 0.01. (D) The number
of caspase-3" cells in the sub-granular zone of the injured hemisphere did not correlate with the percentage of cerebral infarct volume in

normothermic and hypothermic rats. P> 0.05.
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effect of MH on neuronal apoptosis in the sub-granular
zone in adult focal cerebral ischemia/reperfusion injury.
We tried to address the possible associations between
the number of nestin” cells in the sub-granular zone of
the injured hemisphere and infarct size and neurological
deficit score in rats with MCAO/R. Surprisingly, we found
that the number of nestin* cells in the sub-granular zone of
the injured hemisphere correlated well with neurological
deficit score in the normothermic rats but with infarct
volume in the hypothermic rats when data from the 1st
day after the onset of ischemia was excluded. A few
previous studies have demonstrated correlations between
nestin and both infarct size and neurological deficit score
on the 3rd, 7th or 14th day after the onset of ischemia in
focal cerebral ischemia and/or reperfusion injury [35-37].
Our results thus confirm the correlation between nestin
and neurological deficit score on the 3rd day after the
onset of ischemia and extend this correlation up to the
14th day after the onset of ischemia in normothermic rats,
suggesting that endogenous neural stem/progenitor cells
in the sub-granular zone of the injured hemisphere are
associated with focal cerebral ischemia/reperfusion injury.
Such correlation in the normothermic rats may be the
result of spontaneous endogenous neurogenesis induced
by ischemia [16] and means that a higher neurological
deficit score activates more endogenous neural stem/
progenitor cells to be generated in the sub-granular zone
of the injured hemisphere in adult focal cerebral ischemia/
reperfusion injury. Disappointingly, this endogenous
neurogenesis by itself is insufficient for effective brain
repair after stroke as most newborn neurons do not
survive, therefore stroke-induced neurological deficits
are persistent. Conversely, the correlation between nestin
and infarct volume on the 3rd, 7th or 14th day after the
onset of ischemia was not observed in the normothermic
group, but only existed in the hypothermic group. Such
correlation found in the hypothermic group may be the
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result of enhanced endogenous neurogenesis induced
by hypothermia [14, 16] and means that the enhanced
endogenous neurogenesisin the sub-granular zone of the
injured hemisphere produces more neural stem/progenitor
cells to combat the larger infarct associated with focal
cerebral ischemia/reperfusion injury.

Previous researchers [38, 39] have emphasized that
there were significant correlations between caspase-3
and infarct volume and neurological deficit score at
24 hours after the onset of ischemia. We found that the
number of caspase-3+ cells in the sub-granular zone of
the injured hemisphere correlated well with neurological
deficit score but not with infarct volume in adult SD rats
with MCAO/R. We found that the number of caspase-3*
cells correlated well with neurological deficit score at 24
hours after the onset of ischemia. In contrast to previous
findings [39, 40], we found that the number of caspase-3*
cells in the sub-granular zone of the injured hemisphere
correlated well with neurological deficit score up to the
14th day after the onset of ischemia. This correlation
suggests that the caspase-dependent neuronal apoptosis in
the sub-granular zone of the injured hemisphere is clearly
associated with adult focal cerebral ischemia/reperfusion
injury and that MH exerts an inhibitory effect on brain
cell apoptosis through caspase-3 mechanisms in the sub-
granular zone of the injured hemisphere in adult focal
cerebral ischemia/reperfusion injury. Therefore, stroke-
induced neurological deficit scores can be reduced by MH.
Additionally, in contrast to previous findings [39, 40], we
found that there was no correlation between the number
of caspase-3* cells and infarct volume in our study. This
is possibly because previous research studies investigated
caspase-3 activity, plasma caspase-3 levels, or the number
of caspase-3" cells in the striatum, which were different
parameters than those evaluated in our present study.
Nevertheless, our data support the well-known concept
that the caspase-dependent apoptotic pathway is involved
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Figure 5: Flow chart of the study.
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in ischemic brain damage [18] and that MH exerts an
inhibitory effect on brain cell apoptosis through caspase-3
mechanisms in adult focal cerebral ischemia/reperfusion
injury.

This study has some limitations. First, we only
measured nestin and not other markers of proliferation,
migration or differentiation in neural stem/progenitor
cells [41]. As a result, we were unable to verify how MH
enhanced endogenous neurogenesis in the sub-granular
zone of the injured hemisphere in a MCAO/R rat model.
Second, our pooled analysis may have been affected
by multiple factors [42]. Therefore, our correlations,
particularly the unique correlations between the number
of nestin” cells in the sub-granular zone of the injured
hemisphere with infarct volume and neurological deficit
score in the MCAO/R model, require confirmation from
future studies. Third, all rats were used randomly without
specific selection, although focal cerebral ischemia/
reperfusion injury was confirmed by infarct volume and
neurological deficit score in rats with stroke, we cannot
exclude the possibility of bias [43].

In conclusion, we identified that MH significantly
promoted survival, reduced mortality, improved
neurological function, reduced brain infarct volume,
increased the number of neural stem/progenitor cells
and inhibited neuronal apoptosis in the sub-granular
zone of the injured hemisphere in a MCAO/R rat model.
Furthermore, we found that there were significant
correlations between the number of nestin® cells and
caspase’ cells in the sub-granular zone of the injured
hemisphere with infarct volume and neurological deficit
score in MCAOJ/R rats. Our findings provide new insight
into the neuroprotective mechanisms associated with MH
in focal cerebral ischemia/reperfusion injury and will be
useful in the use of clinical hypothermia therapy for stroke
patients. Further studies are now warranted to clarify why
the number of nestin® cells and caspase’ cells in the sub-
granular zone of the injured hemisphere correlates with
infarct volume and neurological deficit score in adult focal
cerebral ischemia/reperfusion injury.

MATERIALS AND METHODS

Animal protocol

Adult male Sprague-Dawley (SD) rats, aged 12-
16 weeks and weighing 250-300g, were supplied by the
Laboratory Animal Center of Central South University
(Changsha, China). The rats were housed under standard
husbandry conditions with free access to food and water.
All experimental procedures were in accordance with the
National Institute of Health (NIH) Guide for the Care and
Use of Laboratory Animals. The study was approved by
the Ethics Committee of Haikou Municipal Hospital.

A total of 144 SD rats were randomly distributed
into three groups: (1) a sham-operated group under

normothermic conditions (sham group, n=16); (2)
a MCAO/R group under normothermic conditions
(normothermic group, n=64); and (3) a MCAO/R group
under hypothermic conditions (hypothermic group, n=64).
A flow chart of the study is shown in Figure 5.

Establishment of a model of ischemic stroke

A modified MCAO/R model was created using an
intraluminal suture technique, as described previously
[44-45]. The onset of cerebral ischemia was defined as the
point at which the MCA was occluded. Following 2 hours
of MCAO, the suture was withdrawn to allow reperfusion.
The sham group did not experience MCA blockage but
other surgical procedures were consistent with the stroke
groups.

Rats that died as a direct result of ischemic brain
injury, such as significant hemispheric infarction or
severe cerebral ischemia, were included in our analysis
of survival and mortality, but were excluded from our
analysis of neurological deficit score, brain infarct volume,
nestin® cells, and caspase-3* cells at given time points.

MH treatment

MH was induced at the onset of ischemia and
maintained for 4 hours as previously described [46].
Briefly, rats in the hypothermic group were placed on
an ice blanker machine to cool down their temperatures,
and rectal temperature was monitored. The target rectal
temperature was set at 33 £ 1°C. All rats reached the target
temperature within 15min. After that for 4 hours, the rats
were rewarmed slowly to avoid intracranial hypertension
[47]. The rectal temperature of the other groups was
maintained at a constant 37°C. Rectal temperature was
monitored using a digital thermometer (BZT, Beijing,
China) with the probe placed approximately 10 mm into
the anus.

Survival and mortality evaluation

All dead rats underwent postmortem examination.
Only rats that died as a direct result of ischemic brain
injury (i.e., significant hemispheric infarction) were
included in our survival and mortality analysis. Survival
and mortality were checked daily and we calculated the
overall survival rate and total mortality rate for each

group.

The assessment of neurological deficit scores

Neurological deficit score was evaluated for each
rat before surgery and on the 1st, 3rd, 7th, and 14th
day after the onset of ischemia in each group, and for
surviving rats at comparable time points in the sham
group. An experienced investigator, who was blinded to
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the experimental groups, determined neurological deficit
score based on a 5-point scale [48].

Measurement of infarct volume

After neurological evaluation, the
2,3,5-triphenyltetrazolium chloride (TTC; Sigma, St. Louis,
USA) staining technique was used to determine the infarct
volume of the ischemic brain, as described previously
[49]. In brief, to assess infarct size, rats were euthanized
by chloral hydrate through the enterocelia on the 1st, 3rd,
7th, and 14th day after the onset of ischemia (n=8 per time
point for both normothermic and hypothermia groups; n =2
per time point for the sham group). Then, rat brains were
rapidly removed. Coronal sections were cut into five 2-mm
slices and stained with standard 2% TTC at 37°C for 10min,
followed by overnight immersion in 4% formalin. Finally,
images of the brains were captured by camera (Canon
SX20, Tokyo, Japan). The infarct areas on each slice were
demarcated and analyzed by Image J software (Bethesda,
MD, USA). For edema correction, the proportion (%) of
the cerebral infarct volume of each rat was determined as
100% x (contralateral hemisphere volume — non-lesioned
ipsilateral hemisphere volume) / contralateral hemisphere
volume.

Immunohistochemistry (IHC) staining

To measure nestin® cells, caspase-3 cells in the
sub-granular zone of the injured hemisphere, rats were
transcardially perfused with 4% paraformaldehyde in 0.1M
phosphate buffer (pH=7.3), and decapitated on the 1st,
3rd, 7th, and 14th day after the onset of ischemia (n=8 per
time point for the normothermic and hypothermic groups;
n=2 per time point for the sham group). Rat brains were
removed carefully, then fixed with 10% formalin and
embedded in paraffin blocks. The paraffin-embedded
brain block was sliced into 7 pm coronal sections at the
levels of the dorsal hippocampus (between bregma 2.5 —
4.5mm) using a freezing microtome (Microm HMS525;
Thermo Fisher, MA, USA). The sections were routinely
deparaffinized and hydrated. After washing with distilled
water, the immunohistochemical staining of nestin and
caspase-3 was performed, as described previously [50].
The mouse monoclonal anti-nestin antibody (Chemicon,
CA, USA) was used to identify neural stem/progenitor
cells, and the rabbit polyclonal anti-cleaved caspase-3
antibody (Sigma, MO, USA) was used to identify neuronal
apoptosis. Positive immunoreactivity was visualized by
treating sections with 0.02% 3,3’-diaminobenzidine (Sigma,
St. Louis, USA). Immunostained images were captured
with a Nikon camera (Digital Sight DS, Kanagawa, Japan)
equipped with Nikon NIS-Elements imaging software
(Nikon, Melville, NY, USA) under a light microscope
(Olympus, GmbH, Hamburg, Germany). Phosphate-
buffered saline was used to replace the antibody in negative

control sections and no immunoreactivity was observed in
these sections, as expected. Each experiment was repeated
three times. The sub-granular zone was defined as a two-cell
thick region from the inner margin of the dentate granule
cell layer [51]. Three 7-pum sections, spaced 49 um apart,
were selected from each rat, and the number of nestin™ cells
and caspase-3* cells in the sub-granular zone of the injured
hemisphere were counted in each of three non-overlapping
high-power fields (three high-power fields x three sections
per rat) under magnifications up to 400-fold, and the mean
of this data was used for statistical analyses. Each brain was
analyzed by one independent investigator who was blinded
to the treatment group.

Statistical analysis

Survival analysis was performed according to the
log-rank test while mortality rates were analyzed using the
Chi-square (y2) test. Following testing for homogeneity of
variance, quantitative data were expressed as the mean +
standard deviation and analyzed by one-way analysis of
variance, followed by Fisher’s least significant difference
test to account for multiple comparisons. Correlations
between the number of nestin® cells and caspase-3~ cells
in the sub-granular zone of the injured hemisphere with
infarct volume, the neurological deficit score was analyzed
by simple linear regression with pooled data. A two-
tailed value of p<0.05 was considered to be statistically
significant. All statistical analyses were performed using
SPSS 20.0 (SPSS, Chicago, IL, USA) and GraphPad
Prism 6 (GraphPad, San Diego, CA, USA). All data were
analyzed in a blinded manner.

Compliance with ethical standards
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