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Abstract

OBJECTIVES: Ischaemic brain injury is a major complication in patients undergoing surgery for congenital heart disease, with the
hippocampus being a particularly vulnerable region. We hypothesized that neuronal injury resulting from cardiopulmonary bypass and
associated circulatory arrest is ameliorated by pretreatment with granulocyte colony-stimulating factor (G-CSF), a cytokine and an anti-
apoptotic neurotrophic factor.

METHODS: In a model of ischaemic brain injury, 4 male newborn piglets were anaesthetized and subjected to deep hypothermic circula-
tory arrest (DHCA) (cooled to 18°C, DHCA maintained for 60 min, rewarmed and recovered for 8-9 h), while 4 animals received G-CSF
(34 pg/kg, intravenously) 2 h prior to the DHCA procedure. At the end of each experiment, the animals were perfused with a fixative, the
hippocampus was extracted, cryoprotected, cut and the brain sections were immunoprocessed for activated caspase 3, a pro-apoptotic
factor. Immunopositive neuronal nuclei were counted in multiple counting boxes (440 x 330 um) centred on the CA1 or CA3 hippocampal
regions and their mean numbers compared between the different treatment groups and regions.

RESULTS: G-CSF pretreatment resulted in significantly lower counts of caspase 3-positive nuclei per counting box in both the CA1
[52.2+9.3 (SD) vs 61.6+8.4, P<0.001] and CA3 (41.2 6.9 vs 60.4 £ 16.4, P <0.00002) regions of the hippocampus as compared to DHCA
groups. The effects of G-CSF were significant for pyramidal cells of both regions and for interneurons in the CA3 region.

CONCLUSIONS: In an animal model of ischaemic brain injury, G-CSF reduces neuronal injury in the hippocampus, thus potentially having
beneficial effect on neurologic outcomes.
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INTRODUCTION

delays and other learning disabilities. These impairments are
associated with the brain ischaemia that may be a component of

Brain injury leading to neuropsychological dysfunction is a signif-
icant long-term complication in neonates undergoing surgery for
congenital heart disease (CHD). Long-term follow-up studies in
these patients revealed distinct patterns of neurodevelopment
dysfunction characterized by cognitive impairment, compro-
mised executive function, decline in consolidating information
from short-term memory into long-term memory, expressive
speech and language abnormalities, impaired visuospatial and
visuomotor skills, attention-deficit/hyperactivity disorder, motor

tPresented at the 30th Annual Meeting of the European Association for
Cardio-Thoracic Surgery, Barcelona, Spain, 1-5 October 2016.

corrective surgery for CHD. One of the brain regions that is most
vulnerable to ischaemic injury and involved in these cognitive
functions is the hippocampus [1-7]. Understanding the patho-
physiology and developing effective strategies to protect vulner-
able regions of the brain from ischaemic/hypoxic injury are
fundamental in improving outcomes in neonates and infants
undergoing surgery for CHD. To date, strategies aimed at reduc-
ing neurological injury during cardiac surgery have focused, for
the most part, on the technical aspects of cardiopulmonary
bypass (CPB). Substantial additional brain protection may be
achieved by administering neuroprotective agents and/or

©The Author 2017. Published by Oxford University Press on behalf of the European Association for Cardio-Thoracic Surgery. All rights reserved.
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modulating the conditions during and after cardiac surgery,
before the neurological injury becomes irreversible. We propose
that granulocyte colony-stimulating factor (G-CSF) injected prior
to DHCA can diminish ischaemia-dependent brain injury in the
newborn piglet.

G-CSF, a member of the cytokine family of growth factors, is a
glycoprotein broadly present within the central nervous system and
has been studied in a variety of brain injury models with highly
promising results. Exogenous administration of G-CSF has been
shown to be neuroprotective in a variety of stroke models [8-10],
where induction of neurogenesis near the damaged area leads to
neurological and functional recovery [8, 11]. Our earlier studies have
shown that injection of G-CSF prior to DHCA decreases apoptotic
and inflammatory activity in the striatum and hippocampus of new-
born piglets and increases anti-apoptotic and anti-inflammatory
activity, thus suggesting that it may have a protective effect in hypo-
xia-related brain injury [12, 13]. The present study focuses on ameli-
oration of this injury in the hippocampus, as determined by
measurements of immunoreactivity for activated caspase 3.

Caspase 3 is a protease that, in the young brain, has been
implicated as an ‘effector’ enzyme associated with the initiation
of the ‘death cascade’. Therefore, it is an important marker for
the cell's entry point into the apoptotic signalling pathway.
Activation of the caspase 3 pathway is a hallmark of apoptosis
and has been used to quantify activation or inhibition of the
‘death cascade’.

MATERIALS AND METHODS
Animal model

Experiments were conducted on newborn piglets from multiple lit-
ters obtained from Meck Swine, LLC (Refton, PA, USA). When
acquired, the animals were 3-4 days old. They were utilized for
the experiment in the next 3 days. The piglets were anaesthetized
with 4% isoflurane, intubated and mechanically ventilated with air/
30% oxygen mixture with a goal to maintain normocapnia.
Anaesthesia was then maintained with 1.5% isoflurane supple-
mented as needed with fentanyl (30 pg/kg bolus), and neuromus-
cular paralysis was induced with pancuronium bromide (0.1 mg/kg
bolus repeated, as needed). A femoral arterial catheter was placed
to monitor mean arterial blood pressure, blood gases [partial pres-
sure of carbon dioxide (CO,) and partial pressure of oxygen], pH,
haemoglobin, electrolytes and glucose concentrations using i-STAT
blood gas machine (Abbot Point of Care Inc., Princeton, NJ, USA).
Electrocardiogram and nasopharyngeal and rectal temperatures
were continuously monitored throughout the study.

All animal procedures were carried out in accordance with the
NIH Guide for the Care and Use of Laboratory Animals and were
approved by the Institutional Animal Care and Use Committee of
the University of Pennsylvania.

Experimental groups

Anaesthetized animals were either subjected to the CPB-DHCA
protocol that included cooling to 18°C, followed by circulatory
arrest for 60 min and then rewarming and recovery with artificial
ventilation for 8-9h (the DHCA group) or the same protocol
with intravenous injection of G-CSF (34 pug/kg) recombinant
human protein (Thermo Fisher Sci. Inc., catalog # PHC 2031) 2h

prior to initiation of bypass (G-CSF group). Based on power anal-
ysis derived from outcomes of our prior similar studies [12, 13],
and in order to keep the numbers of animals used down to a
necessary minimum, each group was comprised of 4 animals.
G-CSF administration 2 h before the beginning of bypass proce-
dures was considered appropriate for allowing the G-CSF to
distribute to all tissues, including the brain. This timing is based
on reports that a significant fraction of G-CSF crosses the blood-
brain barrier within an hour and the concentration in the
extravascular space continues to increase during the subsequent
several hours [8].

The concentration of G-CSF use in our study is well within the
range used by other investigators. None of the previous animal
studies reported significant negative side effects even at the high-
est doses used. Clinical doses of G-CSF vary from 5 to 10 nug/kg/
day, to much higher amounts if given as single injection. In differ-
ent animal studies, intravenous dose of G-CSF used ranged from
5 to 60 pg/kg body weight.

We've elected to use a dose of 34 pg/kg (vs 17 pg/kg, as used
in our early study) in order to be certain that any effects were
maximized, and therefore, more likely to be statistically signifi-
cant with the relatively small groups of animals.

Cardiopulmonary bypass technique

The CPB circuit consisted of a Cobe Roller Pump (Cobe,
Lakewood, CO, USA), a membrane oxygenator (Lilliput 1, Dideco,
Mirandola, ltaly), arterial filter (Terumo Cardiovascular System
Corp., Ann Arbor, MI, USA) and Sarns Heater-Cooler System
(Terumo Cardiovascular System Corp.). The circuit was primed
with Plasmalyte-A (Baxter Healthcare Corp., Deerfield, IL, USA)
and 25% albumin. Donor whole blood was added to maintain a
CPB haematocrit value of at least 30%. Heparin (2000 units), fen-
tanyl (50 ng), pancuronium bromide (1 mg), calcium chloride
(500 mg), dexamethasone (30 mg), cefazolin (500 mg), furosemide
(3 mg) and sodium bicarbonate (25 mEq) were then added to the
pump prime.

For the CPB procedure, median sternotomy was performed,
500 U heparin was administered intravenously, and the ascend-
ing aorta and the right atrial appendage were cannulated. CPB
flow rate was maintained at ~150 ml/kg/min. The piglets were
then cooled over a 20- to 30-min period with pH-stat blood gas
management to a nasopharyngeal/brain temperature of 18°C.
The temperature-corrected arterial blood pH was maintained at
7.4 by the addition of CO; (typically 50 ml/min of CO, was added
to the gas flow of 1.5I/min through the blood oxygenator).
During cooling, the temperature was adjusted to keep the oxy-
genator/body temperature gradient no greater than 10°C. Once
the target temperature was achieved, the piglets were subjected
to 60 min of DHCA. CPB was then resumed at 150 ml/kg/min
and the piglets were rewarmed to 37 +1°C for a 30-min period.
CPB was discontinued when body temperature reached 37°C
and ventilation was reinitiated 5min before weaning from CPB.
All animals received analgesia, paralysis, mechanical ventilation
and were continuously monitored throughout the recovery
period of 8-9 h after weaning from CPB. No inotropes were used
and the post-CPB arterial blood pressure was maintained with an
infusion of saline/packed red blood cells to keep mean arterial
blood pressure above 50 mmHg. At the end of each experiment,
piglets were first perfused with heparinized saline and then with
4% phosphate-buffered paraformaldehyde. The forebrain was
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extracted, post-fixed, cryoprotected in 30% sucrose and then cut
into 10 um transverse sections. Every fifth section through the
hippocampus was mounted.

Caspase 3 immunohistochemistry

Formalin-fixed, 10-um thick, transverse sections through the hip-
pocampus were mounted and incubated with cleaved caspase
3 (Asp175) primary antibodies (Catalog #9661, Cell Signaling
Technology, Beverly, MA, USA; 1:100), followed by tetramethyl
rhodamine isothiocyanate (TRITC)-tagged secondary antibodies
(Catalog #111-025-003, Jackson ImmunoResearch Labs, West
Grove, PA, USA). Control staining procedures in which primary
antibodies were omitted did not yield any caspase 3-like immu-
noreactivity. DNA in neuronal nuclei were counterstained with
4’ 6-diamidino-2-phenylindole dihydrochloride (Catalog #57113,
Millipore, Temecula, CA, USA). Digital images of the CA1 and
CA3 regions of the hippocampus were taken using appropriate
filters for tetramethyl rhodamine isothiocyanate and 4’,6-diami-
dino-2-phenylindole dihydrochloride. The corresponding frames
were then processed using Photoshop CS4 software (v. 11.0.2,
Adobe Systems, San Jose, CA, USA) to enhance the red staining
of caspase 3 and blue nuclear staining and superimposed
(merged). Between 4 and 10 non-overlapping photographs
(counting boxes) measuring 440 x 330 um were taken from 2 to
4 brain sections per animal. In total, 73 frames were acquired,
with a mean + standard deviation (SD) of 4.9 + 2.1 per hippocam-
pal region and animal. Caspase 3-positive cells with distinctly
large nuclei and aggregating in a characteristic manner were dis-
tinguished from smaller and less orderly distributed cells also
present in the counting boxes. The former were deemed to rep-
resent hippocampal pyramidal neurons and the latter were
deemed to be interneurons (Fig. 1). Caspase 3-containing cells of
each type and the total numbers of cells of both types were
counted within each counting box.

Statistical analysis

The numbers of apoptotic cells were determined per counting
box within each of the 2 hippocampal regions of interest.
Following the determination that the data sets met the criteria
for normality (Shapiro-Wilk test), 2-way analysis of variance
(ANOVA) with interactions was used to determine whether
counts in individual counting boxes depended on the type of
treatment (DHCA or DHCA preceded with G-CSF) and/or the
hippocampal region (CAT or CA3) (Sigma Plot v.12.3, San Jose,
CA, USA). The analysis was separately applied to data sets for all
caspase 3-positive cells, caspase 3-positive pyramidal cells only
or caspase 3-positive interneurons only. The results are presented
as means+SD. The reported P-values derived from 2-way
ANOVA with interactions include correction for multiple com-
parisons (Holm-Sidak method) and, where relevant, are accom-
panied by F statistics values for the corresponding factor. The
latter include 3 indices showing the degrees of freedom, with the
first and second corresponding to the 2 factors (treatment and
region) each having 2 levels and the third referring to residuals.
Hence, in F1160, 1 and 1 describe degrees of freedom for the 2
factors, and 69 represents degrees of freedom for residuals when
2-way ANOVA included interactions and was conducted on a
data set containing 73 separate measurements.

A  Caspase-3 (TRITC) B Nuclei (DAPI)

Prox. CA1 (dark field)

D

200pm 1 mm

Figure 1: Caspase 3 immunoreactivity in the proximal CA1 region of the hippo-
campus of a piglet subjected to cardiopulmonary bypass with deep hypother-
mic cardiac arrest. (A) Image of caspase 3 immunostaining with tetramethyl
rhodamine isothiocyanate (TRITC). (B) Same frame as in (A) but with blue
nuclear staining (DAPI). (C) Merged frames shown in (A) and (B) demonstrate
co-localization of caspase 3 in large (pyramidal) neurons and interneurons.
Arrow indicates example of a caspase 3-positive pyramidal neuron; arrowhead
indicates example of a caspase 3-positive interneuron. (D) Low-magnification,
dark field image of a portion of the hippocampus with the white rectangle
marking the location of the frame shown in panels (A-C).

RESULTS

For the CA1 region of the hippocampus, caspase 3-positive cells
were counted in 22 non-overlapping hippocampal counting
boxes (images) from 4 piglets exposed to DHCA and 23 images
from 4 piglets treated with G-CSF prior to DHCA. Figure 1 shows
representative individual fluorescent images with the cells posi-
tive for caspase 3 (red) and all cells present within the counting
box (blue) obtained from the CA1 region of the hippocampus of
a piglet subjected to DHCA without G-CSF pretreatment. The
merged image demonstrates that caspase 3 was present in both
some pyramidal cells (large nuclei) and some interneurons (small
nuclei). For the CA3 region, cells were counted in 16 images of
brain sections from the animals exposed to DHCA only and 12
images from piglets pretreated with G-CSF.

For the entire data set comprising all individual counting
boxes from both treatment groups and both hippocampal
regions (n=73), there was a highly significant effect of G-CSF
pretreatment on the total counts of caspase 3-positive cells in
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Figure 2: Comparison of caspase 3 immunoreactivity in the distal CA3 region of the hippocampus of a piglet subjected to cardiopulmonary bypass with deep hypo-
thermic cardiac arrest (DHCA) (top) and a piglet pretreated with G-CSF prior to DHCA (bottom). The 3 panels for each case successively show blue nuclear DNA stain-
ing (DAPI), red caspase 3 immunostaining (TRITC), and a superimposition of both images (merged). In the animal pretreated with G-CSF (bottom), caspase
3 immunostaining is less extensive and occurs in fewer neurons than in the animal subjected to DHCA without pretreatment (top).

both regions (F1169=30.2, P=0.6x10% 2-way ANOVA with
interactions). There was also a relatively strong effect of the
region (F;169=5.5, P=0.022). This was related to slightly lower
counts of caspase 3-positive cells in the CA3 than CA1 region,
independent of the treatment (see below). There was no signifi-
cant correlation between the treatment and region (P=0.064),
indicating that the highly significant effect of G-CSF had a similar
magnitude and direction in both regions. Overall, the key quan-
titative outcome from this analysis was that the mean counts of
all types of caspase 3-positive cells were significantly lower in
the animal group pretreated with G-CSF than in the DHCA
group for both the CAT region (52.2+9.3 vs 61.6+8.4, P<0.005)
and the CA3 (41.2£6.9 vs 60.4 £ 16.4, P <0.0002) region. Figure 2
shows 2 sets of photographic frames obtained with nuclear DNA
staining only (blue), caspase 3 staining only (red) and merged
images from the CA3 region from an animal subjected to DHCA
(top) and another animal that was pre-treated with G-CSF prior
to DHCA (bottom).

A similar picture of G-CSF having an ameliorating effect on
caspase 3 expression also emerged when 2-way ANOVA was
applied separately to individual counts of pyramidal cells or to
separately counted interneurons, with only minor exceptions.
The first one was that no regional differences were revealed for
pyramidal cell counts, whereas they persisted for interneuronal
counts. Thus, the significant effect of the region found for all
cells was related to the counts of interneurons and not the pyra-
midal neurons. The second difference was that the effect of G-
CSF was significant in both regions for pyramidal neurons,
whereas for interneurons this effect was significant only in the
CA3 region.

The average data for pyramidal cells and interneurons are
shown in Fig. 3 for the CA1 region and in Fig. 4 for the CA3
region. In the CA1 region, there were significantly fewer caspase
3-positive pyramidal neurons in the G-CSF group than in the
DHCA group (19.7+8.7 vs 25.8+7.7), and there was also a trend
for lower interneuronal counts in the G-CSF group (Fig. 3). In the
CA3 region, the counts of both cell types were significantly lower
in the G-CSF group than in the DHCA group (18.8+3.6 vs
25.2+8.6 for pyramidal neurons and 22.4+5.5 vs 35.2+12.6 for
interneurons, respectively; Fig. 4).

CA1 Region

(4]
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@ DHCA only p<0.208

IR DHCA & G-CSF

40 1
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PYRAMIDAL
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Figure 3: Mean counts of caspase 3-positive pyramidal cells and interneurons
in the hippocampal CAT region in the deep hypothermic circulatory arrest
(DHCA)-only animals and the DHCA animals pretreated with G-CSF. There
were 5.6+2.5 (SD) cell counting boxes per animal and 4 animals per group.
Significance levels were obtained using independent samples t-tests.

DISCUSSION

The purpose of this study was to determine whether, in a model
of DHCA-related brain ischaemia, pretreatment with G-CSF
could decrease apoptotic hippocampal injury, as defined by an
increase in immunostaining for active caspase 3. Caspase 3 is
one of the key mediators of apoptosis in animals (see [14, 15] for
reviews) and human brain after ischaemia [16]. Caspase-depend-
ent apoptotic cell death is particularly prominent in the neonatal
brain [17-19]. Numerous studies have reported that inhibition of
caspases cascade [20] can protect the brain from ischaemic
injury. When some of them focused on a particularly hypoxia-
sensitive area of the hippocampus (CA1), increase of active cas-
pase 3 following ischaemia was shown to be related mostly to
degenerating pyramidal neurons (DNA fragmentation), with
inhibition of this enzyme significantly diminishing ischaemia-
related cell death [21].
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Figure 4: Mean counts of caspase 3-positive pyramidal cells and interneurons
in the hippocampal CA3 region in the deep hypothermic circulatory arrest
(DHCA)-only animals and the DHCA animals pretreated with G-CSF. There
were 4.0+ 1.3 (SD) cell counting boxes per animal and 4 animals per group.
Significance levels were obtained using independent samples t-tests.

The results of our present study show that DHCA-related
ischaemia increases the number of caspase 3-positive nuclei in
both CA1 and CA3 regions of the hippocampus as compared to
sham-operated (control) animals. Measurements in sham-oper-
ated animals did not show any, or an only very insignificant
number, of the caspase 3 active cells in CA1 and CA3 regions of
the hippocampus (data not shown).

The increase in caspase 3 activity in both regions of hippocam-
pus after DHCA contrasts with studies done by others, who
reported that distinct populations of hippocampal neurons dem-
onstrate different vulnerability to ischaemia, with CA1 pyramidal
neurons being more sensitive than the neurons of CA3 region as
well as most of the interneurons [22].

Lack of difference in the caspase 3 activity between CA1 and
CA3 in our study may be due to the fact that our injury model is
significantly different from most models of hypoxic/ischaemic
injury reported in the literature. In this model, during period of
ischaemia, the animals are in deep hypothermia, with the brain
temperature far below normal. Hypothermia is a well-known
protective mechanism in hypoxic-ischaemic injury. This makes it
difficult to compare the response of hippocampal regions in our
model to those under normothermic conditions. It is clear that
the reaction of hippocampal tissue depends on the type and
duration of cerebral ischaemia [23], with temperature playing an
important role. If the period of ischaemia is relatively short, then
cell death tends to be delayed and selective for the neurons.
Longer episodes of ischaemia cause broader and more destruc-
tive changes (see ref. [22] for review).

Another factor that is different in our study versus others is the
relatively short time of recovery. Han et al. reported that, in a
model with unilateral carotid ligation and exposure to hypoxia in
7-day-old rats, active caspase 3 begins to accumulate by 6 h and
peaks at 24 h after the insult [17]. Hippocampal CA1 neuronal
death occurs 3-4 days after the ischaemic insult [24]. The degen-
eration of pyramidal cell bodies increases progressively leading
to death of 79.5% of CA1 neurons within 7 days [22]. Therefore, it
is possible that we would see a more pronounced nuclear accu-
mulation of active caspase 3 in the CAT and CA3 regions in our
DHCA model after longer recovery times than 8-9 h.

Our data also show that DHCA increased the number of cas-
pase 3-positive nuclei among the hippocampal interneurons. It
has been suggested that hippocampal interneurons are generally
more resistant than pyramidal cells to excitotoxic insults, such as
ischaemia, possibly because of differences in N-methyl-p-aspar-
tate receptor expression [22]. It has, however, also been reported
that some interneurons can be more sensitive to ischaemia and
excitotoxicity than others [22]. Our study did not distinguish
between the different types of interneurons, so the early injury
observed in this study could be due to an injury of a particular,
more sensitive to ischaemia, type of interneurons.

The observed number of caspase 3-positive nuclei in pyrami-
dal cells of CA1 and CA3, as well as the interneurons in CA3
region, was significantly diminished by the injection of G-CSF
prior to bypass. This neuroprotection can at least partly be
caused by the anti-inflammatory and anti-apoptotic properties
of G-CSF. We have previously shown that treatment with G-CSF
prior to CPB in newborn piglet diminished pro-apoptotic
(increase in Bax) and increased anti-apoptotic signaling (increase
in pAkt and Bcl-2) in the hippocampus and striatum [12, 13].
This was accompanied by decreased neuronal injury, as deter-
mined by TUNEL, in both of these brain regions [25].

The exact mechanism of G-CSF neuroprotection in different
regions of the hippocampus requires further investigation.
Hippocampus is a heterogeneous structure containing different
types of neurons and non-neuronal cells, with the principal cell
type being the pyramidal neurons of CAT area [2]. These cells
represent the main output of the hippocampus. They send pro-
jections to many brain areas including the entorhinal cortex,
amygdalar complex, hypothalamus, prefrontal cortex, nucleus
accumbens, olfactory regions, auditory cortex and visual cortex
[1]. They are some of the most studied cells in the mammalian
brain [2]. One proposed mechanism of injury in pyramidal neu-
rons of CAT following ischaemia is excitotoxicity [24]. The CAT
region has a high concentration of glutamate as well as N-
methyl-p-aspartate receptor, which play an important role in
neuronal injury [26-28]. However, some studies have also
reported that the number of N-methyl-p-aspartate receptors
and the amount of messenger RNA for the receptor are not very
different between the CA1 and CA3 regions [24]. Therefore, it
may be proposed that suppression of the excitotoxic mecha-
nisms is the major mechanism of G-CSF neuroprotection in CA1
and possibly the CA3 region of hippocampus during early
recovery from ischaemic insult. This is consistent with the find-
ing by Schabitz et al., who reported that G-CSF has excitopro-
tective properties, which are involved in neuroprotection [9].
Further studies need to be done in order to determine whether
the excitoprotective effects of GCSF also suppress the delayed
neuronal death of CAT neurons. Hippocampal CA1 neuronal
death usually occurs 3 to 4 days after an initial ischaemic insult
[24]. It has been proposed that delayed and rapid neuronal
death follow a similar sequence of cellular events [22].
Therefore, decreasing apoptotic cell injury following treatment
with G-SCF may be of major importance in protecting all hippo-
campal output to various targets throughout the brain. As stated
above, the hippocampus is the site for signal processing respon-
sible for cognition and is critically involved in the formation,
organization and retrieval of new memories. The principal type
of cells in this region are the excitatory pyramidal neurons that
integrate spatial, contextual and emotional information and
transmits all hippocampal output to various targets throughout
the brain [2].
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The exact mechanisms of G-CSF neuroprotection require fur-
ther investigation. However, with no reported adverse effects of
G-CSF at the doses used in this study, our findings indicate that
treatment with G-CSF is a very promising approach to ameliorat-
ing ischaemic brain injury and thus potentially improving neuro-
logic outcomes in neonates undergoing surgery for CHD.
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