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Abstract

Background: Global ischemia is the resulting effect of a cardiopulmonary arrest (CPA). Presently there is no effective
treatment to address neurological deficits in patients who survived a CPA. Granulocyte-colony stimulating factor is a
growth factor (G-CSF) with a plethora of beneficial effects, including neuroprotection. Clinical application of human
G-CSF (hG-CSF) is limited due to its plasma half-life of 4 h. Therefore, novel approaches need to be investigated that
would (1) enable prolonged manifestation of hG-CSF and (2) demonstrate G-CSF efficacy from studying the underly-
ing protective mechanisms of hG-CSF. In our previous work, we used the self-complementary adeno-associated virus
(stereotype2: scAAV2) as a vector to transfect the hG-CSF gene into the global ischemic brain of a mouse. As an exten-
sion of that work, we now seek to elucidate the protective mechanisms of hG-CSF gene therapy against endoplasmic
reticulum induced stress, mitochondrial dynamics and autophagy in global ischemia.

Method: A single drop of either AAV-CMV-hG-CSF or AAV-CMV-GFP was dropped into the conjunctival sac of

the Swiss Webster mouse’s left eye, 30-60 min after bilateral common artery occlusion (BCAQO). The efficacy of the
expressed hG-CSF gene product was analyzed by monitoring the expression levels of endoplasmic reticulum stress
(ER), mitochondrial dynamics and autophagic proteins over 4- and 7-days post-BCAO in vulnerable brain regions
including the striatum, overlying cortex (frontal brain regions) and the hippocampus (middle brain regions). Statisti-
cal analysis was performed using mostly One-Way Analysis of variance (ANOVA), except for behavioral analysis, which
used Repeated Measures Two-Way ANOVA, post hoc analysis was performed using the Tukey test.

Results: Several biomarkers that facilitated cellular death, including CHOP and GRP78 (ER stress) DRP1 (mitochon-
drial dynamics) and Beclin 1, p62 and LC3-Il (autophagy) were significantly downregulated by hG-CSF gene transfer.
hG-CSF gene therapy also significantly upregulated antiapoptotic Bcl2 while downregulating pro-apoptotic Bax. The
beneficial effects of hG-CSF gene therapy resulted in an overall improvement in functional behavior.

Conclusion: Taken together, this study has substantiated the approach of sustaining the protein expression of hG-
CSF by eye drop administration of the hG-CSF gene. In addition, the study has validated the efficacy of using hG-
CSF gene therapy against endoplasmic reticulum induced stress, mitochondrial dynamics and autophagy in global
ischemia.
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Introduction

Cardiopulmonary arrest is one of the major causes of
death and disability in the world. One significant con-
sequence of cardiopulmonary arrest is global ischemia.
Although there have been improved emergency treat-
ments (such as therapeutic hypothermia), the survival
rate for out-of-hospital cardiac arrest patients remains
approximately 8% for the past three decades [1]. Reduced
blood flow to the brain, as observed in ischemia, results
in dysfunction of several critical organelles, such as the
endoplasmic reticulum (ER) and mitochondria. The
defective function of the ER and or the mitochondria
may lead to autophagy and imminently, neuronal death.
The ER synthesizes and folds proteins for physiological
purposes. Any condition, such as ischemia that interferes
with the standard folding of proteins in the ER results in
ER stress [2]. In order to overcome the initial ER stress
signal, the ER elicits a response called the Unfolded
Protein Response (UPR) which is executed by three ER
transmembrane stress sensors: inositol-requiring pro-
tein-1(IRE1), protein kinase RNA (PKR)-like ER kinase
(PERK), and activating transcription factor 6 (ATF6). In
non-stressed cells, the three ER sensors are kept inactive
through binding to the ER chaperone glucose-regulated
protein 78 (GRP78)/immunoglobulin-binding protein
(Bip), but in stressed cells, the ER sensors activate respec-
tive intracellular pathways to alleviate ER stress [3, 4].
However, if the cell is subjected to prolonged ER stress
that it cannot alleviate, transcriptional factor C/EBP
homologous protein (CHOP), a pro- apoptotic protein,
is induced by one or more of the three ER stress sen-
sors [5, 6]. CHOP is the most important mediator of ER
stress-induced apoptosis [7]. It modulates Bcl-2 fam-
ily members’ transcription by inhibiting transcription
of the anti-apoptotic protein, Bcl-2 [8] while enhancing
the transcription of the several pro-apoptotic proteins,
including Bim and Bax [9-12].

The balance between mitochondrial fission and fusion
plays an integral role in mitochondrial physiology. Sev-
eral essential proteins are involved in maintaining mito-
chondrial dynamics, including dynamin-related protein
1 (DRPI; fission protein) and optic atrophy 1 (OPA1;
fusion protein). Ischemia disrupts mitochondrial dynam-
ics by downregulating fusion proteins, such as OPAL;
which promotes the mitochondrial fission phenotype
[13-15]. Disturbances in ER and mitochondrial function
during an ischemic injury elicit an autophagic condition
and ultimately cell death. Autophagy is a well- established

contributor to cellular homeostasis, which involves the
fusion of injured organelles with a lysosome (forming an
autophagosome) for enzymatic degradation [16]. While
autophagy is an important phenomenon for cell homeo-
stasis, excessive autophagy leads to autophagic cell death,
and the activation of apoptotic signaling pathways [17].
Acute and severe ischemia causes excessive autophagy
demonstrated by an increase in Beclin 1 (autophagy
initiator) [18]. To address the numerous complex path-
ways of cerebral ischemia, therapeutic agents should be
multipotent.

G-CSF is a hematopoietic growth factor that is FDA
approved for the treatment of neutropenia. G-CSF stimu-
lates growth and differentiation of hematopoietic stem
cells [19], and both G-CSF and its receptor are located
in the CNS [20]. G-CSF has been shown to pass through
the blood—brain barrier by receptor-mediated endocyto-
sis, leading to a reduction in infarct volume in rat models
of acute stroke [21]. Several studies have demonstrated
G-CSF to be neuroprotective, angiogenic, neurogenic
and improve motor function [22, 23]. A phase IIb trial
has also tested the safety of G-CSF [24]. Despite G-CSF’s
vast therapeutic potential, its half-life is only 4 h, limiting
the translational use of G-CSF in the clinic. To overcome
this limitation, we need to re-evaluate G-CSF’s efficacy,
using an approach that could produce a lasting effect
of exogenous G-CSF protein. In our previous work we
demonstrated that an eye drop administration of human
G-CSF (hG-CSF) in a replication-deficient, self-comple-
mentary adeno-associated virus (AAV) vector (scAAV2-
CMV-hG-CSF) would enable a sustained expression of
the exogenous hG-CSF protein.[25]. Therefore, in our
present study, we seek to elucidate the protective mech-
anisms of hG-CSF gene therapy; pertaining to ischemic
pathology; including mitochondrial dysfunction, ER
stress and autophagy.

Materials and methods

Animals

Adult male Swiss Webster mice (weighing 40-50 g,
Taconic Farm, USA) were kept cages in a room with con-
trolled light cycles (12 h/12 h light/dark) at a constant
temperature (2141 °C). Food and water were provided
ad libitum except during the behavioral assessment. All
animal procedures were carried out following the guide-
lines for care and animal’s use and were approved by the
institutional animal care and use committee (IACUC) of
Florida Atlantic University, Boca Raton.
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Transient bilateral carotid artery occlusion (BCAO)

to Induce global cerebral ischemia

The BCAO method used to induced global ischemia
was the same as previously published [26]. Briefly, mice
were weighed and initially anesthetized with 2.5% iso-
flurane in O,/air mixture using a vaporizer. During
surgery, in maintaining anesthesia, isoflurane concen-
tration was reduced to 0.5% and an intra-peritoneal (IP)
injection of ketamine hydrochloride (40 mg/kg body
weight; Putney) and xylazine hydrochloride (2 mg/kg
body weight; Vedco) cocktail was administered. Ven-
trally, a sagittal incision was made in the mouse neck
(~1 cm length). Both salivary glands were separated
to visualize the underlying common carotid arteries
(CCAs). Dissections were made between the sterno-
cleidomastoid and the sternohyoid muscles parallel
to the trachea, to expose the CCAs. The CCAs were
carefully separated from the respective vagal nerves
and accompanying veins. A lose 5-0 silk suture loop
was made around each CCA, which was used to gen-
tly lift the CCAs while the CCAs were clamped with
microaneurysm clips. The CCAs remained occluded
for 30 min after which micro clips were removed with
subsequent reperfusion. During the surgery, core body
temperature was maintained at 37.0+0.5 °C by con-
trolled water circulating heating pad. Local cerebral
blood flow (LCBF) was monitored in the cerebral cor-
tex of either the left or right hemisphere by positioning
a Doppler laser probe (Laser Doppler flowmeter LDF;
Perimed Inc., Cleveland, OH, USA) over the area of
the middle cerebral artery (MCA) on the left or right
of the skull. Only mice with a LDF signal reduced to a
minimum of 50% of the baseline signal were included in
the study. Mice with incomplete reperfusion (i.e., < 90%
recovery of CBF compared to baseline CBF, n=4) were
also excluded from the study.
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Design and construct of expression vectors

The green fluorescent protein (GFP) -encoding plasmid
used in this investigation (scAAV2-CMV-GEFP; Fig. 1)
was a gift from Dr. D. McCarty (Ohio State University,
Columbus, OH, USA). The cDNA sequence for hG-CSF
isoform B (accession number NM_172219.2) was ampli-
fied by PCR and sub-cloned into scAAV2-CMV-GFP by
substituting the hG-CSF cDNA sequence for the GFP
cDNA sequence. The resulting hG- CSF encoding plas-
mid containing the CMV promoter, the hG-CSF ¢cDNA
and the SV40 poly-adenylation sequence was thus
termed scAAV2-CMV-hG-CSF (Fig. 1). Viral vectors
were produced using scAAV2-CMV-hGCSF and scAAV-
CMV-GFP at the Gene Therapy Vector Core, Univer-
sity of North Carolina (Chapel Hill, NC) and titers were
determined by standard dot blot analysis.

Mice groupings and scAAV treatment

Animals were randomly assigned to one of three group
(sham operation control n=16, BCAO n=27or BCAO
plus treatment, n=21). The control animals underwent
surgical procedures identical to BCAO, except that the
CCAs were not occluded. The BCAO animals were given
a single administration of either scAAV2-CMV-hG-
CSF or scAAV2-CMV-GFP (3 x 109 pfu; 1.5 pl), to the
eye sac of the left eye 30-60 min post BCAO/reperfu-
sion, while sham-operated mice were given 1.5 pl saline
to the left eye sac. There was a significant difference in
LCBF between sham and the BCAO group (p<0.001),
but no significant difference in LCBF between the
BCAO+ AAV-CMV-GFP group and the BCAO 4+ AAV-
CMV-hG-CSF group (Additioanl file 1: Fig. S1). Ani-
mals were then euthanized at two time points of either
4 days (sham n=10, BCAO+AAV-CMV-GFP n=18,
BCAO+ AAV-CMV-hG-CSF n=13) or 7 days (sham
n=6, BCAO+AAV-CMV-GFP n=9, BCAO+AAV-
CMV-hG-CSF n=38).

a
ScAAV dITR cmv
b
ScAAV dITR cmv

hG-CSF SV40pA ITR

GFP SV40pA ITR

Fig. 1 Schematic diagram of the vectors used in this investigation. The CMV promoter is incorporated into sSCAAV2 either a in conjunction with
the hG-CSF cDNA open reading frame or b in conjunction with the GFP cDNA open reading frame. The SV40 polyA (SV40pA) sequence and the
inverted terminal repeat sequence (ITR) are also incorporated into the scAAV vectors (dITR denotes the mutated ITR in the 5 prime end which
enables generation of self-complementary AAV). Construction of the vectors is described in the methods section
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Quantitative reverse transcription polymerase chain
reaction (QRT-PCR)

Total RNA was extracted from the brains of mice (Sham
n=, AAV-CMV-GFP n=, AAV-CMV-hG-CSF n=)
on day 4 with the RNeasy Mini Kit (Qiagen, CA, USA),
according to the manufacturer’s directions. Samples
were treated to remove DNA by using the Turbo DNase
(Thermo Fisher Scientific). RNA was reverse transcribed
utilizing a random pd(N)6 primer and Thermoscript RT-
PCR system (Life Technologies). Quantitative reverse
transcription real-time PCR analysis (QRT-PCR) of the
viral transcripts was obtained as previously described
[26]. qRT-PCR analysis for the mRNA of Bcl2, Bax, and
GADG65 was performed. All respective primers are iden-
tified from the PubMed primer-Blast tool (https://blast
.ncbi.nlm.nih.gov/) (Table 1). We generated a primer
with antisense (AS) sequence (5-AACTCGGGGGAG
ATCCCTTCCA, homemade) to hG-CSF mRNA (AS-
hG-CSF) and sense (S) sequence (5"-ACTCTCTGGGCA
TCCCCT, S-hG-CSF). An hG-CSF—specific reverse
transcription product using primer AS-hG-CSF was gen-
erated using reverse transcriptase. The primers used for
G-CSF were specific to the human G-CSF RNA produced
by the hG-CSF gene and not specific for mouse G-CSF
RNA. Each sample was normalized for the relevant con-
tent with the housekeeping gene GAPDH. qRT-PCR was
performed utilizing an Agilent Aria Mx real-time PCR
system, SYBR green dye and analyzed with Aria Mx 1.5
software. Each assay was carried out with a minimum of
three independent transfections while qRT-PCR assays
were carried out in duplicates.

Infarct staining

Animals were deeply anesthetized by isoflurane (Phoe-
nix) and decapitated, and then brains were rapidly
removed. Using an adult mouse brain matrix (Matrix,
Zivic Instruments), brains were sectioned coronally into
six 2-mm coronal slices (2, 4, 6, 8, 10, and 12 mm from
the frontal pole) and incubated for 5 min in a 2% (w/v)
solution of 2,3,5-triphenyltetrazolium chloride (TTC; JT

Table 1 PCR primer information
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Baker, India) at 37 °C for staining followed by collecting
samples for western blot [27].

Western blot analysis

Mice brains were removed and quickly dissected on ice
using a brain matrix. Sections of 2 mm coronal brain
slices were divided into frontal (0—4 mm sections, which
included the striatum and overlying cortex), middle
(6—8 mm sections, which included the hippocampus
and surrounding brain structures) and hind (10-12 mm
sections, which included the cerebellum). The frontal
and middle brain sections were used since the common
carotid arteries supplied these areas. Western blot was
done as described previously [28]. Briefly, brain sections
were homogenized in RIPA buffer (25 mM Tris—HCI
pH 7.6, 150 mM NaCl, 1% NP-40, 1% sodium deoxycho-
late, 0.1% SDS) containing 1% (v/v) mammalian protease
inhibitor cocktail and 2% (v/v) phosphatase inhibitor
cocktail (Sigma and Thermo Scientific, respectively).
Homogenate was centrifuged at 12,000 rpm for 15 min at
4 °C. The supernatant was collected while the pellet dis-
carded. Bradford protein assay determined-protein con-
centrations were then resolved by 12% sodium dodecyl
sulfate-polyacrylamide gel electrophoresis and blotted
to nitrocellulose membrane. Nitrocellulose membrane
was then incubated overnight (4 °C) with the follow-
ing primary antibodies: Abcam: GRP78, ATF4, p-IRE1,
OPAL1 (all at 1:1000), GAD65 (1:500) and XBP-1 (1:500);
Cell Signaling: GAPDH (1:3000), Bcl2 (1:1000), AKT,
p-AKT and Beclin 1 (all at 1:1000); Santa Cruz: CHOP/
GADDI153 (1:100), Bax (1:500) and hG-CSE (1;500);
Millipore: DRP1 (1:1000) and Imgenex: ATF6 (1:500);
followed by three washes with Tris-buffered saline con-
taining 0.1% Tween-20 (TBS-T) and then incubated
with fluorescence conjugated secondary antibodies, goat
IRDye 800-conjugated anti-rabbit (1:15,000) or anti-
mouse (1;15,000) (LI-COR Biosciences, Lincoln, NE,
USA) for 2 h at RT. GAPDH was used as internal load-
ing controls for whole cell lysate samples. The hG-CSF
antibody (Santa Cruz, cat. # sc53292) was specific to

Genes Primer-forward (5/-3') Primer-reverse (5'—3’) PCR
product
length (bp)

hG-CSF AACTCGGGGGAGATCCCTTCCA ACTCTCTGGGCATCCCCT 142

GAD65 GCTCATCGCGTTCACATCAG AGTAACCCTCCACCCCAAGC 300

BCL2 TGGGATGCCTTTGTGGAACT GAGACAGCCAGGAGAAATCA 67

BAX CCA CCAGCTCTGAACAGATC CAGCTTCTTGGTGGAGGCAT 140

GAPDH TCCATGACAACTTTGGCATCGTGG GTTGCTGTTGAAGTCACAGGAGAC 366

A description of the forward and reverse primers used in the gRT-PCR analysis for the mRNAs, of hG-CSF, GAD65, BCL2, BAX and GAPDH (control)
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human G-CSF protein produced by the human G-CSF
gene. All antibodies with the respective company and
catalog number are listed Additioanl file 3: Table S1) and
a representative example of western whole blot result
is shown (Additioanl file 2: Fig. S2). Fluorescent signals
were detected with an LI-COR Odyssey Fc system. Den-
sitometric analysis was done by Image Studio Lite version
5.1. Independent experiments were carried out in dupli-
cates or triplicates.

Histology

The histological analysis involved nissl staining and
immunofluorescence and was carried out by a blinded
observer to the study. Mice were perfused transcardi-
ally with phosphate-buffered saline (PBS: 50 mM NaCl,
10 mM Na-phosphate buffer, pH 7.4) followed by 4% par-
aformaldehyde. Brains were removed, post-fixed in 4%
paraformaldehyde overnight at 4 °C, and cryopreserved
with 30% sucrose, then freeze at —80 °C in an anti-freeze
solution (50% PBS, 20% ethylene glycol and 30% glyc-
erol). Sections were further process using nissl staining
or immunofluorescence.

Nissl staining

For each animal, twelve serial sets of coronal brain sec-
tions (40 um) were cut on Leica cryostat between 1.94
and -2.46 posterior to bregma. Mice brain sections were
washed twice for 15 min in 0.1 M PBS and incubated in
0.5% cresyl violet staining solution for 10-15 min at room
temperature. Following incubation, the sections were
washed with distilled water and dehydrated gradually in
ethanol (70%, 95% and 100%), then placed in xylene as
a final processing step. Sections were cover slipped with
mounting media. Ten consecutive sections (four sections
for striatum and cortex and six sections for hippocam-
pus) per brain were analyzed (Sham n=4, AAV-CMV-
GFP n=6 and AAV-CMV-hG-CSF n=5). Five
non-overlapping visual fields (0.25 mm?) of the striatum
and three non-overlapping visual fields (0.25 mm?) of the
cortex were randomly selected, while two non-overlap-
ping visual fields (0.25 mm?) of CA3, CA2 and CA1 were
randomly selected for statistical analysis. Images were
captured with an epifluorescence microscope, converted
to 8-bit grayscale, threshold, size excluded by setting a
minimum pixel area size was set, watershed to separate
close cells and automated counted using NIH Image J.
Neurons with round and palely stained nuclei were con-
sidered surviving cells, whereas shrunken cells with pyk-
notic nuclei were considered dying cells.

Immunofluorescence
Free-floating sections were blocked in blocking buffer
(10% normal goat serum, 0.3% TritonX-100, 0.3 M
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glycine, 1:40 goat anti-mouse Fab fragment in TBS) for
1 h. at room temperature. Sections were incubated with
rabbit anti-GAD, 1:200 (laboratory of Dr. Jang Yen Wu),
mouse anti-Chat, 1:500; (Santa Cruz: sc-55557) or rab-
bit anti-NeuN, 1:500 (Millipore Sigma: MAB377) over-
night at 4 °C followed by incubation with anti-rabbit
Alexa Fluor 488-conjugated, anti-mouse Alexa Fluor
488-conjugated (1:2000; Invitrogen), or anti-rabbit
Rhodamine Red-conjugated, 1:500 (Jackson Immu-
noReach AB2338022) for 2 h at RT. After washing
with TBS-T (3 times, 5 mins each), the sections were
mounted on saline-coated microscope slides with Pro-
long Gold antifade reagent (Invitrogen). Ten consecu-
tive sections per brain were analyzed for GAD, with
four sections for cortex and six sections for the CA3
and CAl (n=4 per group). Four non-overlapping
visual fields (0.32 mm?) of the cortex, two non-over-
lapping visual fields (0.32 mm?) of the hippocampus’s
CA3 and CA1 were selected at random for statistical
analysis. Another set of three consecutive sections per
brain were analyzed for ChAT and NeuN colocalization
in the forebrain (two 0.32 mm? nonoverlapping visual
fields). Fluorescence signals were detected by a Zeiss
LSM700 confocal laser scanning microscope. Collected
images were quantified for GAD and CHAT immuno-
positive (GAD' and CHAT™ respectively) neurons by
converting images into 8-bit grayscale, threshold, size
excluded by setting a minimum pixel area size and
automated counted using NIH Image ] software. Nega-
tive controls were performed by omitting the primary
antibody (data not shown).

Corner test

All behavioral paradigms were performed by an observer
blinded to the study. The corner test, which determines
an animal’s asymmetric direction of turning when
encountering a corner, is used to indicate brain injury.
We used an experimental corner setup composed of two
boards (with dimensions of 30 x 20 x 1 cm?) arranged to
form a 30° corner; a small opening was left along the joint
between the two boards. The mouse was placed 12 cm
from the corner and allowed to walk into the corner so
that the vibrissae on both sides of the animal’s face made
contact with the two boards simultaneously. Before the
BCAO procedure, we conducted behavior tests (strati-
fication) on all mice to screen for mice with no turning
asymmetry (n>16). Each mouse took part in ten tri-
als, after which we calculated the percentage of turns to
each side, recording only those turns involving full rear-
ing along one of the boards. This stratification procedure
excludes mice with a pre-test score of 80-100% asym-
metric turns (n=4).
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Locomotor activity

The locomotor activity test was determined by a force-
plate actometer (Model FPA-I; West Lafayette, IN, USA)
as described [29]. The actometer consists of a force-
sensitive plate at a 200 Hz resolution, a sound-attenua-
tion chamber, a computerized data-acquisition board
(42 x 42 cm) and analysis system software (FPA 1.10.01).
In the test, the animal was placed on the board plate for
a 60-min period, and data of tracing the movements were
automatically stored on the hard drive for offline analysis.
Locomotor activity was performed on mice before BCAO
and 4- and 7-days post-BCAO.

Statistical tests

Data were analyzed using GraphPad Prism 7.0 software
(GraphPad, San Diego, CA, USA). Behavioral measure-
ments were analyzed by two-way ANOVA repeated
measures, followed by Tukey’s post hoc test. All other
analyses were performed with one-way ANOVA, fol-
lowed by Tukey’s post hoc test. Differences in p-val-
ues were considered significant if p<0.05. Data are
represented as the mean+SEM independent experi-
ments were performed in duplicates or triplicates. In fig-
ures p<0.05 is labeled as * or *p<0.01 is labeled as ** or
# and p<0.001 is labeled as *** or “*based on the respec-
tive comparison.

Results

Surgery

The mortality rate (4%) was low in our 30 min BCAO
model of global ischemia. Mice were randomly assigned
to receive either AAV-CMV-GFP or AAV-CMV-hG-CSF
pre-BCAO. All animals subjected to BCAO showed a sig-
nificant reduction in LCBF. Mice designated to receive
AAV-CMV-GFP showed a 62%+5% drop in base-
line LCBF while AAV-CMV- hG-CSF designated mice
showed a 69% + 8% drop in baseline LCBF (FAdditioanl
file 1: Fig. S1 During reperfusion, mice (1%) with <90%
LCBF were excluded from the study. Sham operated mice
showed no significant fall in LCBF from baseline (Addi-
tioanl file 1: Fig. S1). In our previous study [23] we dem-
onstrated that a 50-55% fall in LCBF of 90 min-MCAO
(middle cerebral artery occlusion) was sufficient to elicit
cerebral ischemia. Interestingly, our current study with
30 min-BCAO showed a greater drop in LCBF (62-69%)
than our previous work [23] with 90 min-MCAO. The
greater fall in LCBF of BCAO is indicative of occluding
bilaterally arteries contrasted to the unilateral occluded
artery in the MCAO and supports evidence of the effec-
tiveness of the BCAO model to induce global cerebral
ischemia [30].
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Expression of the human G-CSF (hG-CSF) gene

via administration of adeno- associated viral vector

to the BCAO mouse eye sac

Genes carried by an AAV vector are delivered as one sin-
gle-bolus dose in most gene therapies. To evaluate gene
therapy using eye drop delivery, we administered a single
dose of scAAV2-CMV-hG-CSF (3 x 109 pfu; 1.5 pl) into
the left eye 30—60 min post-reperfusion. Then performed
qRT-PCR (left hemisphere) for hG-CSF mRNA expres-
sion and western blot (right hemisphere) for hG-CSF
protein expression in sham-operated, AAV-CMV-GFP
group and the AAV-CMV-hG-CSF group. After adminis-
tering the viral vectors, we observed a dramatic increase,
(>5-fold) 4 days post-viral transfection of both hG-CSF
mRNA and protein expression in the AAV-CMV-hG-
CSF treated group compared to both sham mice and the
AAV-CMV-GFP treated mice (n=8/group; ***p<0.001
and ###p<0.001; Fig. 2a, c). Therefore, our data demon-
strated that we successfully expressed exogenous hG-
CSF via the hG- CSF gene’s viral administration through
the BCAO mice eye sac. Moreover, these data support a
stable scAAV2 vector and its cDNA after gene therapy.
Next, we investigated any effect the expressed hG-CSF
protein may have on gross brain morphology by perform-
ing TTC on the frontal and middle brain sections. We
detected a clear representation of less infarction in the
brains of AAV-CMV-hG-CSF mice over the AAV-CMV-
GEFP mice (Fig. 2b). Although we did not quantify infarct
volume in this study, the infarct representation and quali-
tative observation is supported by several evidence that
G-CSF significantly reduces infarct volume in cerebral
ischemia [22, 23, 31]

hG-CSF gene therapy attenuates cellular death

Using cresyl violet (staining DNA and RNA nucleotides)
to stain nissl bodies, we observed that hG-CSF gene
expression reduced cellular loss, 4 days post-BCAO, by
50% in the striatum (**p<0.001; Fig. 2e, f) and by 30%
in overlaying cortex (*'p<0.01; Fig. 2e, d). In addition,
the hG-CSF protection was also observed in the cornu
ammonis 3 (CA3; 73%) and cornu ammonis 1 (CA1; 70%)
regions of the hippocampus (*» <0.01; Fig. 2h—]). There
were no significant differences amongst the groups in the
cornu ammonis 2 (CA2) region (p=0.1320).

hG-CSF gene therapy decreases apoptosis by upregulating
the Bcl2 family members

Bcl2 family members such as Bax and Bak are major pro-
apoptotic proteins while on the other hand, Bcl2 and
Bcl-xL are major anti-apoptotic proteins [32]. We inves-
tigated the effect of hG-CSF gene therapy on the expres-
sion of Bcl2 and Bax. Brain samples of sham (n=4),



Menzie-Suderam et al. J Biomed Sci (2020) 27:99 Page 7 of 22
a FRONTAL MIDDLE b
3 mRNA whn SHAM AAV-CMV-GFP AAV-CMV-h G-CSF
s %1 mRNA ::: § s g e

A gs. FRONTAL A

37 £2 L

3z Sz,

< +

° o> o p S p g MIDDLE S
& ;,,s" & & & & e |
o 4 Y;\" K [
A s
c SHAM prossy AAV M - SHaAM AAV-OMVGFP AAVCMV-NG-CSF d
hG-C 54 — C— CEE— 20 kDa — e - a—

caron | e e | 37kDa | — — —I 1507 cortex
‘ #un . #un =
_§ Jedede _§ dedek § 100 = #’?
i - i - 8 -
w e w e = 50 T T
i - i ® I|
o = & 2 & & £ &
& < S o & B o &
o7 s & e S &
& K v 2
e SHAM B ) N AAV-CMV-GFP AAV-CMV-hG-CSF f g #
p— Corven o o
150 CA3
Striatum
100 ghediy & 1004 T Hit
§ ek
e dede = badialiad
50 == S 301 o o
<KL o <KL &
& & o & & oF
N & o &
. v N v aF
i - i v
150 CA2 1509 caq
Fo] — Fwo| =
§ ] 4
© o
3 % ?, S50 e
o o
< < ] <
ep“# \*‘6‘ xs”? gz’* “S;‘ x";?
A o K & &
T o

Fig. 2 Demonstration of hG-CSF gene expression via adeno-associated viral administration, four days post BCAO. Mice were given
AAV-CMV-hG-CSF or AAV-CMV-GFP (1.5ul) by eye-drop in the left eye following 30 min of BCAO. Sham non-ischemic mice received no virus.

All analysis was carried out on the frontal and middle brain sections. a gRT-PCR confirms the expression of mRNA hG-CSF levels in the frontal

and middle brain sections c¢. Western blot validated the significant translation of mMRNA hG-CSF to the hG-CSF protein. b TTC representation of
infarcted regions. White areas indicative of infarction d—-j Nissl staining of the frontal brain sections (cortex and striatum) and middle brain sections
(hippocampus). Representative photomicrograph of e cortex and striatum and of the h hippocampal CA3, CA2 and CA1. Quantitative niss! stain
analysis of the d cortex, f striatum, g CA3, i CA2 and (j) CA1 is shown (sham n=4, AAV-CMV-GFP n =6 and AAV-CMV-hG-CSF n=5). Statistical
analysis was performed by One Way ANOVA, with Tukey as post hoc test and expressed as means =+ S.E.M; *p <0.05 /**p < 0.01/***p <0.001

versus Sham (n =5) group while *'p <0.01/#p <0.001 versus AAV-CMV-GFP- treated group. (n=7 animals for AAV-CMV-hG-CSF and
AAV-CMV-GFP- treated groups
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AAV-CMV-GFP (n=5) and AAV-CMV-hG-CSF treated
(n=6) mice, 4 days after BCAO were harvested. qRT-
PCR and western blotting were performed on the fron-
tal and middle brain regions. The level of Bax mRNA and
protein expression in both brain sections of AAV-CMV-
GFP treated mice were significantly increased compared
to sham mice (**p<0.01/***p<0.001; Fig. 3b, f). In con-
trast, Bcl2 mRNA and protein expression were markedly
reduced in the AAV-CMV-GFP mice versus sham-oper-
ated mice (**p<0.01/***p<0.001; Fig. 3a, e). Ischemia
induced changes of Bcl2 and Bax levels resulted in a sig-
nificant reduction in the Bcl2:Bax ratio of both brain sec-
tions in AAV-CMV- GFP treated mice compared to the
sham group (Fig. 3¢, g). The reduction of Bcl2:Bax ratio
was effectively increased by hG-CSF treatment in both
brain sections (Fig. 3¢, g), evident by the increased Bcl2
and reduced Bax mRNA (Fig. 3a, b) and protein expres-
sions (Fig. 3d—f) in the AAV-CMV-hG-CSF mice. This
demonstrated that the expressed exogenous hG-CSF
gene reverses the levels of pro-apoptotic proteins and
anti-apoptotic proteins, in favor of cell survival.

The effect of hG-CSF gene therapy on apoptosis induced
by endoplasmic reticulum stress

Based on the importance of GRP78 and CHOP in ER
stress-induced apoptosis [5, 6], we decided to investigate
the effect of hG-CSF gene therapy on GRP78 and CHOP
expression as well as examine which one of the three ER
stress pathways is modulated by hG-CSF gene treatment.

CHOP and GRP78

The expression of GRP78 and CHOP was significantly
upregulated in both brain sections of the AAV-CMV-GEFP
group, at 4- (n="7 per group; Fig. 4a, c) and 7- (n=>5 per
group **p<0.01/***p <0.001; Fig. 4b, d) days compared to
sham mice. hG-CSF gene therapy significantly reduced
the expression level of both GRP78 (##p<0.01; Fig. 4a,
b) and CHOP (*p<0.05/*p<0.01; Fig. 4c, d) to 50%
compared to the AAV-CMV-GFP group. Since GRP78
is the ER luminal stress sensor, the reduction of GRP78
by hG-CSF gene treatment indicates that the constitu-
tive expression of hG-CSF at 4- and 7-days post- BCAO
reduces ER stress in the global ischemic brain. Also, the
attenuation of CHOP (the downstream executive effector
of ER stress apoptosis) in the AAV-CMV-hG-CSF treated
mice at these two-time points definitively provided evi-
dence that hG-CSF gene treatment ameliorates ER stress.

Upstream ER regulatory pathways of CHOP

The ER stress pathways upstream of CHOP are the
IRE1-PERK- and ATF6- pathways. Each pathway has
a key factor; X-BP1, ATF4 and cleaved ATF®6, respec-
tively, that regulates the transcription of CHOP. We
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investigated the effect that hG-CSF gene treatment may
have on X-BP1, ATF4 and cleaved ATF®6 at 4- and 7-days
post-BCAO in the frontal and middle brain regions.
Our data indicated that the protein levels of, X-BP1,
ATF4 and cleaved ATF6 were drastically increased
in the AAV-CMV-GFP mice compared to sham mice
at 4- and 7-days post-BCAO (**p<0.01/***p<0.001;
Fig. 5a-f). Treatment with hG-CSF gene significantly
decreased the expression level of X-BP1, ATF4 and
cleaved ATF6, at 4- (p <0.01/*p <0.001; Fig. 5a, c, ) and
7- (*p<0.01/*p <0.001; Fig. 5b, d, f) compared to GFP
control. In addition, at 4- and 7-days, phosphorylated
IRE1 (pIRE1: upstream to X-BP1) was downregulated in
the AAV-CMV-hG-CSF group compared to the AAV-
CMV-GFP group (**p<0.01/**p <0.001 Fig. 5a, b).

Caspase 12 and phosphorylated protein kinase B (pAKT)
Caspase 12, a pro-death protein localized at the ER
membrane, is activated via cleavage during ER stress
[33]. Our data showed that hG-CSF gene therapy mod-
ulated the expression of cleaved caspase 12 by down-
regulating the level of cleaved caspase 12, 4- and 7-days
post-BCAO (*p<0.01; Fig. 6a, b). The major pathway
that hG-CSF mediates its protective effect is via G-CSF
receptor-activation of the phosphoinositide 3-kinase
(PI3K)/AKT pathway [34]. We observed overexpression
of pAKT (Ser-473), by hG- CSF gene compared to sham
and GFP control group (***»<0.001 and ***p<0.001,
respectively; Fig. 6c, d). This result suggests that hG-
CSF gene expression works at least in part via the PI3K/
AKT pathway. Our data is supported by Schneider and
colleagues [34]. Using the AKT blocker (LY294002), Sch-
neider and colleagues inhibit pAKT expression in the
presence of G-CSE. They also showed that the inhibition
by LY294002B reduced G-CSF protection, evident by the
increase in caspase 3/7 activity [34]. Interestingly, pAKT
was induced in the GFP control mice, which indicates
that even in the absence of therapy, the injured brain
attempts to protect itself.

hG-CSF gene therapy modulates mitochondrial dynamics
and autophagy

To investigate the possible beneficial effect of hG-CSF
gene therapy in transient global ischemia/reperfusion
on mitochondrial dynamics, we observed the changes
in mitochondrial fusion and fission proteins; OPA1 and
DRP (respectively). During mitochondrial dysfunc-
tion, the mitochondria undergo fission (fragmenta-
tion), increasing DRP1. Our data from western blotting
showed that global IR injury significantly increased
the expression level of the mitochondrial fission pro-
tein, DRP1 (**p<0.01 Fig. 7a, b), which is consistent
with several reports [35, 36]. The upregulated DRP1
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Fig. 3 Effect of hG-CSF gene therapy on apoptotic modulators: Bcl2 and Bax. a—c qRT-PCR validating the expression levels of Bcl2, Bax and

Bcl2:Bax mRNA ratio respectively, 4 days post BCAO. d-f Western blot analysis of the translated mRNA into protein expression of Bcl2, Bax. g Ratio
of Bcl2:Bax protein expression. Representative densitometry for respective Western blots is also shown. Statistical analysis was performed by One
Way ANOVA, with Tukey as post hoc test and expressed as means 4 S.E.M; *p < 0.05/%*p < 0.01/***p < 0.001 versus Sham group while *p<0.05
/*p<0.01/"p <0001 versus AAV-CMV-GFP- treated group. (n =6 animals/group)
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expression was attenuated by hG-CSF gene therapy at
4- (*p<0.01; Fig. 7a) and 7- (*p<0.05/*p <0.01; Fig. 7b)
days post BCAO. In conjunction with the reduced level
of DRP1 by hG-CSF gene, hG-CSF gene therapy drasti-
cally potentiated the expression level of the fusion pro-
tein OPA1 compared to the control group treated with
GFP (*p<0.01; Fig. 7a, b). The marked increase of OPA1
and reduction of DRP1 by hG-CSF gene therapy coun-
teract mitochondrial fission in transient global ischemic
injury. Studies have reported the upregulation of Beclin

1, a cellular biomarker of autophagy, in ischemic brain
injury [18]. Our data showed that hG-CSF gene trans-
fer had a positive effect of reducing the level of Beclin 1
in the global ischemic brain (*p<0.05/**p<0.01; Fig. 8a,
b). The cytosolic form of Microtubule-associated pro-
teins (MAP)-light chain 3 (LC3-I) is converted to LC3-11
by phosphatidylethanolamine (PE) conjugate. LC3-1l is
recruited to the autophagosome membrane and is there-
fore a key biomarker of autophagosome formation dur-
ing autophagy [37, 38]. G-CSF gene therapy significantly
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decreased expression of LC3-1I], to 58% and 69% in frontal ~ p62), is an autophagic substrate and is degraded on
and middle brain regions respectively relative to GFP- autophagosome processing [39]. Therefore, the level of
treated BCAO, 7 days post BCAO (Fig. 8c). Addition- p62 is inversely related to autophagic activity [40, 41].
ally, the adaptor protein, p62 (sequestromel: SQSTM1/  We observed a fourfold increase in the level of p62 in
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(n=7 animals/group)

both the front and middle brain regions of the vehicle
treated BCAO, 7 days post-BCAO, indicating reduced
autophagic activity. However, G-CSF gene transfer signif-
icantly attenuated the p62 expression (Fig. 8d), indicating
a return of autophagic activity.

Effect of hG-CSF gene therapy on GABAergic neurons

and cholinergic neurons

Glutamic acid decarboxylase (GAD) exists as two iso-
forms, GAD65 and GAD67. GAD is enzyme in neu-
rons that catalyzes the decarboxylation of glutamate to
gamma-aminobutyric acid (GABA), the primary inhib-
itory neurotransmitter in the brain. Therefore, the

cellular expression of GAD is indicative of GABAergic
neurons. We observed that at 4 days post-BCAO, the
levels of GAD immunopositive neurons were reduced
in the cortex, and in the CA1l and CA3 hippocampal
cornus of the AAV-CMV-GFP mice compared to sham
(**p<0.01/***p<0.001; Fig. 9a—d). Treatment with
hG-CSF gene successfully rescued GAD immunopo-
sitive neurons by 64% in the cortex (*p <0.05; Fig. 9a,
b), 50% in CA1 (*'p<0.01; Fig. 9g, c) and 53% in CA3
(*p<0.01; Fig. 9g, d). Additionally, we observed a sig-
nificant increase in GAD65 (the enzyme associated
with GABA synaptic vesicles) mRNA and protein level
in the AAV-CMV-hG-CSF treated mice compared to
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the AAV-CMV-GFP mice (*p <0.05/**p <0.01 Fig. 9e—
h). This suggests that the beneficial effect that hG-
CSF gene treatment provided to GABAergic neurons,
could reduce the overall excitation by GABA-mediated
inhibition and overall protection of the brain from
ischemia. In addition to finding a beneficial effect of
treatment with hG-CSF gene on GABAergic neurons
in the cortex and hippocampus we observed a signifi-
cant increase of cholinergic neurons as demonstrated
by a higher number of ChAT positive neurons in the
basal forebrain at 4 days post BCAO (Fig. 10).

Effect of hG-CSF gene therapy determined by behavioral
test

The corner test is used to assess neurological deficits
in rodents and it is viewed as “more sensitive” amongst
the five sensorimotor tests (also including forelimb flex-
ion, forelimb placing, accelerated roared and adhesive
removal tests) [42, 43]. The test is a measure of symmetry
with animals undergoing brain injury, such as ischemia,
displaying various asymmetry degrees by consistently
turning to the left or right. We found that mice subjected
to BCAO and receiving hG-CSF gene for 4- and 7-days,
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Fig. 8 hG-CSF gene therapy effect on autophagy. a, b The expression level of the autophagy initiator protein; Beclin 1 is demonstrated a 4 and b
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densitometry of Beclin 1, LC3-Il and p62 are also shown. Statistical analysis was performed by One Way ANOVA, with Tukey as post hoc test and
expressed as means = S.EM; *p < 0.05 or *p <0.001 versus Sham group while fp<0.05 or #p <0.001 versus AAV-CMV-GFP- treated group (Sham
n=>5, AAV-CMV-GFP n =6, AAV-CMV-GFP n=6)

showed significantly less asymmetric turning than BCAO
mice with no hG-CSF gene (*p <0.05/*p <0.01; Fig. 9i, j).
This suggests improved neurological deficits by hG-CSF
gene therapy. Interestingly, at 7 days, asymmetry was
reduced to sham mice’s level by the hG-CSF gene (Fig. 9f)
which indicates that the longer exposure to constitutively
expressed hG-CSF could result in more considerable
improvement in behavior.

Locomotor activity in an open field area such as
the force actometer chamber is used as a behavioral

paradigm for testing functionality after ischemic brain
injury. We examined mice 4- and 7-days post-BCAO
and found that mice treated with the AAV-CMV-hG-
CSF gene showed relatively high locomotor activity
at the first 20-30 min during the 60 min test (Fig. 9Kk,
). This suggests that the AAV-delivered transgene
enhanced neuroprotection, as demonstrated by
improved locomotory activity.
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Fig. 9 Effect of hG-CSF gene therapy on GABAergic neurons and functional behavior. a Photomicrograph of GAD expression in the cortex, CA1 and
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analysis for behavioral analysis (Sham n=16; AAV-CMV-GFP n = 27; AAV-CMV-hG-CSF n = 21) was performed by Two Way ANOVA repeated
measures, with Tukey as post hoc test and expressed as means 4 S.E.M; *p < 0.05/%*p < 0.01/%**p < 0.001 versus Sham group *p <0.05/%p<0.01
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Discussion

Gene therapy is emerging as an exciting and effective
therapeutic strategy applied to several neurological
disorders and neurodegenerative diseases. The AAV
serotype 2 (AAV2) viral vector used in this current
study is commonly used for gene delivery in rodent
models of stroke and neurodegeneration [44, 45]. In
translating gene therapy to human studies/clinical tri-
als, it is imperative to assess any viral vector’s immune
response. Several clinical studies with AAV2 indicate

that immune responses would impact the efficacy of
the gene product rather than the overall safety profile
and that in general AAV immunogenicity is affected by
the target organ, route of delivery and viral dosage. The
central nervous system (CNS), including the eye, have
adaptations that limit immune responses compared to
peripheral organs such as the liver and heart [46, 47].
The direct delivery in a small dose of AAV2 viral into
the brain of Parkinson’s disease patients [48, 49] and the
eyes of patients with retinal dystrophy [50, 51] exhib-
ited little or no immune response to the viral vector.
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This present study results revealed that the method
of introducing a single dose (3 x 10° pfu; 1.5 pl) of the
scAAV2 vector carrying the hG-CSF gene into the con-
junctival sac of the eye is a reliable approach for deliver-
ing sustained hG-CSF into the brain. This result validates
our previous study that demonstrated MRI based detec-
tion of mRNA for hG-CSF cDNA after eye drop AAV-
CMV-hG-CSF administration [26]. In using the BCAO

model of global ischemia, we observed in this study the
effect of the hG-CSF gene in brain areas supplied by the
common carotid artery; striatum and overlying cortex
(frontal brain regions) and hippocampus and thalamus
(middle brain regions). This study demonstrated that
hG-CSF gene therapy delivered by the eye drop method
is protective against ER stress-induced apoptosis, mito-
chondrial stress and autophagy, in the frontal and middle
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brain regions of the ischemic brain. The protective effect
of the single dose of hG-CSF gene therapy was signifi-
cant at 4 days and 7 days after ischemia, evident from
functional improvements determined by corner test and
locomotor activity. This evidence is further supported by
our previous study on the protective mechanism of the
G-CSF protein [52] and provided added credence to the
efficacy of hG-CSF gene therapy.

The beneficial effects of G-CSF are mediated by the
specific G-CSF receptor. On binding to its receptor,
G-CSF activates intracellular pathways, the major path-
way being the PI3K/AKT pathway [20]. Activated AKT
promotes neuroprotection in the ischemic brain [53,
54] pAkt inhibits several apoptotic substrates, such as
caspase 9, and Bad [55], as well as increasing the expres-
sion level of Bcl-2, Bcl-xL (anti-apoptotic proteins) and
decreases Bax expression level (pro-apoptotic protein)
[56]. Here we demonstrated that hG-CSF gene markedly
upregulated pAKT 4- and 7-days post-ischemia, indicat-
ing that the expressed hG-CSF gene elicits neuroprotec-
tion, at least in part, via the PI3BK/AKT pathway. Our
data also demonstrated that treatment with hG-CSF gene
increases the ratio of Bcl2:Bax mRNA and the ratio of
Bcl2:Bax protein expression. This observed increase of
Bcl2:Bax ratio increases cell survival and could be due to
the hG-CSF-induced increase of pAKT.

Perturbation of ER homeostasis by an ischemic insult
leads to the accumulation of unfolded proteins (ER
stress). ER stress initiates the UPR. The UPR activates the
three ER transmembrane sensors; PERK, IRE1 and ATF6,
functioning to remove or unfold the defected proteins
[57]. In failing to restore ER homeostasis, the UPR acti-
vates apoptotic pathways, leading to cell death. All three
ER membrane sensors (PERK, IRE1 and ATF6) have
downstream players (ATF4, XBP1 and cleaved ATF®6,
respectively) that induce the pro-apoptotic transcrip-
tion factor; CHOP. Several lines of study have reported
CHOP involvement in the apoptosis of neurons, for
example, CHOP~/~mice are more resistant to hypoxia
reoxygenation-induced neuronal cell death than those
from wild-type animals following bilateral common
carotid occlusion [58] and ischemic postconditioning
protects the brain from ischemia/reperfusion (I/R) injury
by decreasing the activation of CHOP at 24 h. of reperfu-
sion [59]. CHOP induces apoptosis via direct inhibition
of Bcl-2 transcription and induction of several pro-apop-
totic proteins, including Bim and Bax expression [60].
Here we observed that global ischemia increases pIRE1
(the active form of IRE1) and its downstream effector
XBP1, as well as ATF4, cleaved ATF6 and CHOP. The
upregulation of these ER stress-related proteins verify
that global ischemia induces ER stress, making our find-
ings consistent with previous reports [61]. Treatment
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with the hG-CSF gene drastically reversed the upregu-
lated expression of pIRE1, XBP1, ATF4, cleaved ATF6
and CHOP at 4- and 7-days in the frontal and middle
brain sections. As seen in this study, the downregulation
of CHOP by hG-CSF gene transfer inevitably results in
the upregulation of Bcl2 and downregulation of Bax, due
to the functional relation of CHOP transcription of these
proteins.

An additional ER stress-induced apoptotic mechanism
involves caspase 12. Caspase 12 is activated after perma-
nent and transient middle cerebral artery occlusion and
many caspases 12 positive cells exhibit DNA fragmenta-
tion [23, 62]. In unstressed cells, tumor necrosis factor
receptor-associated factor 2 (TRAF2) formed a stable
complex with procaspasel2 at the ER membrane. Dur-
ing ER stress, pIRE1 activates TRAF2 downstream and
TRAF2 releases procaspase 12, enabling it to oligomer-
ize, which aids in procaspase 12 being activated [63].
Cleaved/activated caspase 12 translocate from the ER
to the cytosol where it directly cleaves caspase 9, which
in turn activates the effector caspase 3 [11]. Here we
observed a reduction of activated caspase 12 (cleaved
caspase 12). The observed reduction of pIRE1 by the
expressed hG-CSF gene could account for the reduced
level of activated caspase 12 since diminished pIRE1 lev-
els would enhance the inhibition of TRAF2 dissociation
from procaspase 12.

A typical sensor of the ER intraluminal environment is
GRP78. It is a calcium-binding protein chaperone in the
ER lumen. During an ischemic injury, the level of GRP78
rises. This rise in GRP78 expression is an attempt by the
cell to re-establish proper folding of the accumulated
unfolded protein in the ER as well as to sequester ER cal-
cium [Ca?"] ; due to the decreasing [Ca®*,]p; [64]. We
observed that hG-CSF gene treatment markedly reverses
the increased expression of GRP78 in global ischemia.
Since GRP78 is an ER intraluminal senor, its reduction
by the hG-CSF gene indicates that the ER is regaining its
normal homeostasis.

Recent studies have revealed that a fraction of cyto-
solic Bcl2, Bax/Bak is located at the ER membrane and
that pro-apoptotic Bax/Bak modulates the UPR by
directly interacting with IRE1 [65]. Furthermore, Bax/
Bak increases the efflux of (Ca®") ER through the inositol
1,4,5-trisphosphate receptors (IP3 Rs), by direct interfer-
ence of this receptor channel [66]. These two activities of
Bax/Bak at the ER provide a pro-apopotic feedforward
loop. Since Bcl2 antagonizes Bax/Bak, our data indicate
that hG-CSF gene treatment could counteract the pro-
apoptotic feedforward loop due to the upregulation of
Bcl2 by the expressed hG-CSF gene. Intriguingly, IP3 Rs
are located in mitochondria ER-associated membranes
(MAMs). This close association with the mitochondria
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facilities a rapid transfer of calcium from the ER to the
mitochondria [67]. An overload of ER-derived calcium
in the mitochondria interferes with the mitochondria’s
dynamics and upregulates the mitochondrial fission pro-
tein, DRP1 which contributes to excessive fragmenta-
tion and subsequent apoptosis [36]. The fusion protein,
OPA1, tends to counteract the apoptotic effect of DRP1,
thereby preserving the mitochondria. In this study, hG-
CSF gene treatment preserved the mitochondria from
fragmentation during global ischemia by downregulating
DRP1 while upregulating OPA1 expression.

Both ER stress and mitochondrial dysfunction inevi-
tably proteinate autophagy (“self-digesting”) [68]. While
autophagy is initially beneficial in digesting damaged
cellular components and recycling needed cellular mol-
ecules, a surge in autophagy initiation and impeded
autophagosome flux/processing during the reperfusion
stage of an ischemic injury promotes autophagic cell
death [41, 69, 70]. Beclin 1 is an essential autophagic ini-
tiator that is upregulated during reperfusion and contrib-
utes to autophagic cell death [18, 71]. The expression of
Beclin 1 is modulated via the pAKT-Bcl2-Beclin 1 path-
way [72]. The detrimental autophagic activation mediated
by Beclin 1 is correlated with Bcl2 downregulation since
Bcl2 inhibits Beclin 1 by binding to the BH3 only domain
of Beclin 1 [73]. We observed the upregulation of Beclin 1
at 4- and 7-days post-global ischemia. However, Beclin 1’s
detrimental effect would be counteracted by the hG-CSF
gene-mediated upregulation of Bcl2. In addition to Beclin
1 initiating autophagy, the level of LC3-1l (the autophagic
vesicle-associated form of LC3) indicates the amount of
autophagosomes formed. Meanwhile, 62 links ubiquit-
inated aggregates for destruction in autophagosomes and
is degraded during autophagic flux/autophagosome pro-
cessing [37, 74]. Therefore, the stimulation of autophago-
some processing/flux (which involves the formation of
autophagosomes, autophagosome-lysosome fusion and
final degradation) would potentiate LC3-1l while deplet-
ing p62 and other autophagic substrates. On the other
hand, impaired autophagic clearance result in accumu-
lated p62 and cell death [39, 40]. The potentiation of
Beclin 1 and LC3-1l in this study indicated an increase
in autophagy initiation and autophagosome formation at
4- and 7-days post global ischemia/reperfusion. We also
demonstrated that global ischemia/reperfusion impeded
the autophagic flux, evident by the accumulation of
p62. Our data is supported by several lines of evidence
[41, 75]. Cui et al. evaluated autophagic flux in cortical
neurons by assessing LC3-1l and p62 in the presence of
chloroquine (an inhibitor of autophagosome-lysosome
formation) and found increased autophagosome-bound
LC3-1I and p62; resulting in neuronal death [75]. In this
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current study, we demonstrated hG-CSF gene trans-
fer not only attenuated excessive autophagy initiation
observed by diminished Beclin 1 but also reduced LC3-1l
and p62, therefore lowering autophagosome formation as
well as simulating autophagic flux, which in total, favors
cell survival from autophagic death.

The neuroprotective effect of hG-CSF gene therapy in
the frontal and middle brain sections would translate to
protecting various populations of neurons in these brain
regions. GABA, the CNS’s main inhibitory neurotrans-
mitter is synthesized in GABAergic neurons from gluta-
mate by the two isoforms of GAD; GAD65 and GAD67.
GAD67 is present throughout the cytosol, whereas
GADG65 preferentially localizes in axonal terminals [76,
77]. GABA neurotransmission activity counteracts
hyperexcitation in several neurological disorders includ-
ing epilepsy, anxiety, Alzheimer’s disease, Parkinson’s
disease and Huntington’s disease [78]. Several studies
have reported a decrease in GABA concentration in ani-
mals and humans suffering an ischemic attack and that
there is a loss of GABAergic neurons and GAD protein
expression in chronic ischemic rats [79]. Therefore, the
GABAergic system could be a potential therapeutic tar-
get in cerebral ischemia. Here we observed that hG-CSF
gene expression rescued GABAergic neurons in vulnera-
ble brain regions such as the cortex and CA1 and CA3 of
the hippocampus. The increased number of GABAergic
neurons with hG-CSF gene expression is evident by the
increase of both GAD65 mRNA and protein expression.
The underlying mechanism of the increase in GABAer-
gic neurons could be due to both neuroprotection and
neurogenesis. This aspect of the study is now under
investigation.

Previous studies employing rodent models of tran-
sient global ischemia and permanent global ischemia
have indicated that the number of ChAT positive neu-
rons decreases in the basal forebrain and the hippocam-
pus. Such decreases could be reversed by treatment with
neuroprotective agents, concomitant with the reversal of
behavioral deficits [80]. Similarly, in the current study,
we found decreased numbers of ChAT positive neurons
in the basal forebrain at 4 days following transient BCAO
with reversal of these decreases resulting from neuropro-
tective and or neurogenesis effects of hG-CSF gene trans-
fer as discussed above for the GABA system.

The protective effect of hG-CSF gene therapy is
reflected in improved functional behavior at 4 days
and 7 days post-BCAO. Interestingly, locomotor
activity improved for the first 20 min for the hG-CSF
gene group at 4 days. Improved locomotion for the
first 20 min was enhanced for a longer time period of
30 min at 7 days post BCAO This improved behavior
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at 7 days over 4 days indicates that the longer consti-
tutive expression of the hG-CSF protein by the hG-
CSF gene boosted protection, as reflected in improved
behavior. In our previous study [81], we have dem-
onstrated neuronal protection by G-CSF protein in
hypoxia—ischemia animal model was in part due to its
anti-inflammatory action since the expression levels of
pro-inflammatory cytokines, TNF-a and IL-1f3 were
significantly decreased in the G-CSF protein treated
group, while the anti-inflammatory cytokine, IL-10,
expression level was increased. Our ongoing study of
the mechanistic actions of hG-CSF gene therapy will
include anti-inflammatory effect, pro-angiogenesis and
pro-neurogenesis mechanisms.

Although the global ischemic (transient BCAO) model
used in this study does not provide a complete cessa-
tion of blood flow to the entire brain compared to other
models, such as ventricular fibrillation/defibrillation, the
transient BCAO model has however, been successfully
used in several studies to simulate forebrain ischemic
pathology of cardiopulmonary arrest/resuscitation (CPR)
[82, 83]. The transient BCAO model is very applica-
ble to small animals such as the mice, which makes the
model suitable for chronic survival studies. Besides, the
use of BCAO application in transgenic mice facilitates
the manipulation of gene expression, providing an excel-
lent approach to study mechanisms of forebrain global
ischemia—reperfusion injury and neuroprotection.

Conclusion

Currently, no pharmacological agents have been proven
to effectively improve neurological outcomes in hospital-
discharged survivors of a cardiac arrest. In this study, we
demonstrated the efficacy of human G-CSF gene therapy
in re-establishing ER homeostasis, preserving mitochon-
dria dynamics and reducing autophagy’s detrimental
action in a mouse model of transient global ischemia.
The single administration of the hG-CSF gene provides
a sustained expression of the hG-CSF protein, thereby
overcoming the 4-h half-life limitation of plasma hG-
CSE. Furthermore, our eye drop method of administering
the hG-CSF gene is noninvasive. However, translational
of AAV2-CMV-hG-CSF gene therapy to stroke trial
could be challenging due to limited information available
for G-CSF gene therapy using the AAV-viral vector as a
delivery vehicle. Recent approval from the FDA for AAV-
delivered gene therapy for a rare eye disease namely,
Leber congenital amaurosis [84] could serve as a model
for using AAV-hG-CSF gene therapy for clinical use in
stroke as we report here.
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Supplementary information

Supplementary information accompanies this paper at https://doi.
0rg/10.1186/512929-020-00692-5.

Additional file 1: Fig. S1. Local cerebral blood flow (LCBF). Laser Doppler
Flowmeter (LDF) recording of LCBF: (a) sham-operated mouse show-

ing marginal change in blood flow (b) AAV-CMV-GFP mouse pre- BCAO
(mean baseline flow 94.31 PU), during 30mins BCAO (mean 27.43PU,) and
reperfusion (mean 154.77 PU). (c) AAV-CMV-hG-CSF mouse pre- BCAO
(mean baseline flow 81.99 PU), during 30mins BCAO (mean 10.39 PU) and
reperfusion (mean 110.61 PU). (d) Quantitative bar graph of LCBF during
30 mins BCAO. Pre-BCAQO, mice were randomly assigned to be treated
with either AAV-CMV-hG-CSF (n = 21) or AAV-CMV-GFP (n=27). Sham
operated mice (n=16) were not subjected to BCAQO. Data were presented
as percentage (%) value of baseline LCBF. Values are mean = SEM. * * * P <
0.001 vs vs sham-operated mice. One-way ANOVA, post hoc Tukey test.

Additional file 2: Fig. S2. Representative example of western whole blot.
Western blot of GRP78 and loading control at 4-day post-BCAO. First lane
shows protein marker. Lanes 1-3 represents the front (striatum and overly-
ing cortex) region of the brain. Lane 1- Sham, lane 2 — AAV-CMV-GFP and
lane 3 — AAV-CMV- hG-CSF. Lanes 4 - 6 represents the middle (Hippocam-
pus) region of the brain. Lane 4- Sham, lane 5—- AAV-CMV-GFP and lane 6 —
AAV-CMV- hG-CSF. Molecular weights of GRP78 and GAPDH 78 kDa and 37
kDa respectively. Densitometry is taken as quantitative intensity of bands
and normalized against GAPDH.

Additional file 3: Table S1. List of Antibodies used for Western Blotting
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Activating transcription factor 6; AAV: Adeno-associated virus; BAX: Bcl-2
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decarboxylase; GAD65: Glutamic acid decarboxylase 65; GAD67: Glutamic
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G-CSF: Granulocyte-colony stimulating factor; GFP: Green fluorescent protein;
GABA: Gamma-aminobutyric acid; GRP78: Glucose-regulated protein 78; hG-
CSF: Human granulocyte-colony stimulating factor; IP3R: Inositol trisphos-
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blood flow; LC3: Microtubule-associated protein 1A/1B-light chain 3; LC3-II:
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virus stereotype 2; TTC: Unfold protein response; TRAF2: Tumor necrosis factor
receptor-associated factor 2; XBP-1: X-Box-binding protein-1.
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