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Conflicting data in the literature about the function of P2X7R in survival following ischemia necessitates the con-
ductance of in-depth studies. To investigate the impacts of activation vs inhibition of the receptor on neuronal
survival as well as the downstream signaling cascades, in addition to optic nerve transection (ONT), 30 min
and 90 min of middle cerebral artery occlusion (MCAo) models were performed in mice. Intracellular calcium
levels were assessed in primary cortical neuron cultures. Here, we show that P2X7R antagonist Brilliant Blue G
(BBG) decreased DNA fragmentation, infarct volume, brain swelling, neurological deficit scores and activation
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pzj)/(‘{‘]/ receptor of microglial cells after focal cerebral ischemia. BBG also significantly increased the number of surviving retinal
Neuronal survival ganglion cells (RGCs) after ONT and the number of surviving neurons following MCAo. Importantly, receptor ag-
Signaling onist BZATP resulted in increased activation of microglial cells and induced phosphorylation of ERK, AKT and JNK.

These results indicated that inhibition of P2X7R with BBG promoted neuronal survival, not through the activation
of survival kinase pathways, but possibly by improved intracellular Ca?* overload and decreased the levels of
Caspase 1, IL-1p and Bax proteins. On the other hand, BzZATP-mediated increased number of activated microglia
and increased survival kinase levels in addition to increased caspase-1 and IL-13 levels indicate the complex na-
ture of the P2X7 receptor-mediated signaling in neuronal injury.

Cerebral ischemia
Optic nerve transection
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1. Introduction

P2X7 receptors (P2X7R) are ligand gated ionotropic channels that
are located on the cell membrane and, upon activation, responsible for
facilitating the cationic currents into the cell (North, 2002; Khakh and
North, 2006; Murrell-Lagnado and Qureshi, 2008). These ATP sensitive
homomeric receptors belong to purinergic P2X receptor family and
have recently gained particular importance as a target in pharmacother-
apies due to their pathophysiological functions in the central nervous
system (CNS) (Burnstock, 2007; North and Jarvis, 2013).

In case of a cellular injury, large amounts of ATP are released from
the cell. Upon ATP binding, P2X7R channel shifts to an open state
allowing the passage of small cations, such as Na*, K™ and Ca®™. The
sustained activation of the receptor and maintenance of its open state
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for a prolonged period of time eventually result in membrane blebbing
and cell death (Skaper et al., 2010). On the other hand, numerous find-
ings indicate P2X7Rs' neuroprotective effect in CNS pathologies (Bindra
et al., 2014; Suzuki et al., 2004; Yanagisawa et al., 2008). These two-
sided evidences along with the critical roles that P2X7R plays in patho-
physiology of Alzheimer disease (Diaz-Hernandez et al., 2012),
Parkinson's disease (Marcellino et al., 2010), retinal diseases (Zhang et
al., 2005) as well as cerebral ischemia (Bai and Li, 2013) increase the
need for clarifying its physiological properties, especially in the CNS.
On the other hand, ischemic stroke is the most frequently encoun-
tered stroke subtype in adults worldwide. In the US, it is stated to be
the third cause of death; it is also known to cause long-term disability.
Yet, there is no effective treatment available except from tissue plasmin-
ogen activator which has a time limitation (Thrift et al., 2014; Mathers
et al,, 2009). The surrounding neuronal tissue around the affected core
is lost soon after the occlusion, while the cellular damage in so-called
penumbra still appears to be reversible. Meanwhile, necrotic cell
death provides an extensive source of extracellular ATP, which in return
activates P2X7 receptors and subsequent signaling cascades that will
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help defining the fate of the cell along with the other pathophysiological
events of the ischemic brain (Diaz-Hernandez et al., 2012; Dirnagl et al.,
1999).

Moreover, retina is considered as an extension of the CNS and
manifests similar pathophysiological processes in neurodegenerative
disorders to that of brain and spinal cord (Dirnagl et al., 1999; London
etal., 2013). Degenerative process in retina lasts a prolonged time period
compared to the CNS, providing researchers a broadened timeframe to
understand the entire process through noninvasive monitoring methods
as well as to prevent the unwanted outcomes of the pathological envi-
ronment (London et al., 2013).

To this end, the present study has been carried out to investigate the
involvement of activation and inhibition of P2X7 purinergic receptors in
in vivo acute and sub-acute ischemic injury as well as in retinal injury
models. By doing so, we aimed to define the signaling pathways and
molecular mechanisms to provide a clearer understanding to the
controversial role of P2X7R in the CNS.

2. Material and methods
2.1. Animals and experimental procedures

All experimental procedures were carried out with government ap-
proval according to NIH guidelines for the care and use of laboratory an-
imals. Ethical committee approval was obtained from Istanbul Medipol
University. In this study, adult male C57BL/6j mice weighing 22-26 g
were randomly assigned to one of four groups and subjected to
30 min or 90 min of focal cerebral ischemia (FCI). Animals were anes-
thetized with 1% isoflurane (30% O,, remainder N,0) and then; 1) vehi-
cle (isotonic saline), 2) Brilliant Blue G (BBG), 3) Benzoylbenzoyl ATP
triethylammonium salt (BzATP) or 4) both BBG and BzATP (n = 7 for
all groups) was carefully injected intracerebroventricularly (i.c.v.). Thir-
ty minutes after the i.c.v. injections, animals were submitted to 30 min
or 90 min of MCA occlusions, according to the procedure described
below. For optic nerve transection, adult male C57BL/6j mice weighing
22-26 g were randomly assigned to one of four groups as stated before.

2.2. Transient focal cerebral ischemia

Animals (9-11 weeks) were anesthetized with 1% isoflurane (30%
0,, remainder N,0). Body temperature was maintained between
36.5 and 37.0 °C using a feedback-controlled heating system. During
the experiments, cerebral blood flow (CBF) was measured using a
laser Doppler flowmetry (LDF) with a flexible 0.5 mm fiber optic
probe (Perimed), which was attached to the intact skull overlying
the middle cerebral artery (MCA) territory (2 mm posterior/6 mm
lateral from bregma). LDF changes were monitored up to 30 min
after the onset of reperfusion. Focal ischemia was induced using an
intraluminal filament technique (Wang et al., 2005; E. Kilic et al.,
2006; U. Kilic et al., 2006). Either 30 min or 90 min after MCA occlu-
sions (MCAo), reperfusion was initiated by withdrawal of the mono-
filament. Anesthesia was discontinued and animals were placed back
into their cages. Twenty-four hours (for 90 min of MCAo) or 72 h (for
30 min of MCAo0) later, animals were deeply re-anesthetized and
decapitated.

2.3. Lc.v. injections

Either 1) vehicle (saline), 2) 10 pg BBG (Santa Cruz Technologies, sc-
203733),3) 5 ug BzATP (Santa Cruz Technologies, sc-203862) or 4) both
BBG and BzATP were i.c.v. injected in 2 pl volume for a total of 2 min du-
ration. Thirty min after the injections, animals were submitted to MCAo,
as described in Section 2.2.

24. Infarct volume and brain edema

Brain sections were fixed and stained with cresyl violet. For assess-
ment of infarct volume and brain edema, a total of four sections from
equidistant brain levels, 2 mm apart, were analyzed (sections selected
starting from the rostral pole of the striatum: bregma + 2.0 mm, subse-
quent sections taken from bregma 0.0, —2.0 and —4.0 mm). On these
sections, brain infarcts were outlined by delineating non-lesioned tissue
in both hemispheres, from which edema-corrected infarct areas and in-
farct volumes were calculated. Brain edema was analyzed by outlining
lesioned and nonlesioned tissue in both hemispheres, which were
subtracted from each other and divided by the non-lesioned tissue in
the contralateral brain, thus calculating percentage values of brain
swelling.

2.5. Analysis of neuronal survival and immunofluorescence

Adjacent brain sections of the same animals were fixed in 4% para-
formaldehyde (PFA)/0.1 mol/l phosphate buffered saline (PBS), washed
and immersed for 1 h in 0.1 mol/I PBS containing 0.3% Triton X-100
(PBS-T)/10% normal goat serum. Sections were incubated overnight at
4 °C with Alexa Fluor 488-conjugated monoclonal mouse anti-NeuN
(Mab377X; Chemicon). Next day, sections were incubated with 4/,6-
diamidino-2-phenylindole (DAPI). Sections were analyzed using a con-
focal Zeiss LSM 780 microscope (Carl Zeiss, Jena, Germany). Nine differ-
ent region of interest (ROI) in the striatum, each measuring 62,500 pum?,
were evaluated. Mean numbers of NeuN cells were analyzed in the is-
chemic and contralesional striatum. By dividing results obtained in
both hemispheres, the percentage of surviving neurons in the ischemic
striatum was determined.

For immunofluorescence analysis of Ibal + cells, brain sections of
animals submitted to 30 min ischemia and 72 h reperfusion were pre-
pared for the following groups: 1) vehicle (isotonic saline), 2) BBG, 3)
BzATP or 4) both BBG and BzATP. Sections were fixed with ice cold ace-
tone at — 20 °C for 10 min, blocked with 10% normal goat serum/PBS
containing 0.3% Triton X-100 and incubated overnight at 4 °C with
anti-Ibal antibody (019-19741, Wako). On the next day, secondary an-
tibody (Alexa Fluor-488 conjugated goat anti-rabbit, A-11034,
Invitrogen) was incubated for 1 h and finally, sections were treated
with DAPI as a counterstaining and imaged with LSM 780 microscope
(Carl Zeiss, Jena, Germany). Nine different region of interest (ROI) in
the ischemic striatum, each measuring 62,500 um?, were evaluated.
Numbers of Iba-1 + cells were counted.

2.6. DNA fragmentation

From animals subjected to 30 min MCAo, sections from the level of
the mid-striatum (bregma 0.0 mm) were stained with terminal trans-
ferase biotinylated-dUTP nick end labeling (TUNEL) assay using a com-
mercially available kit (In situ cell death Roche) (E. Kilic et al., 2006; U.
Kilic et al., 2006). In these sections, DNA-fragmented cells were counted
in a blinded manner in the same nine random regions of interest (ROI)
in the striatum (each 62.500 um?) as above.

2.7. Western blot

Tissue samples were obtained from ischemic striatum and overlying
cortex and Western blot analyses were carried out as described previ-
ously in Beker et al., 2015 with minor modifications. Samples of the
same group were pooled, homogenized in the lysis buffer containing
protease/phosphatase inhibitor cocktail (5872, Cell Signaling) and
equal amounts of protein (20 pg) were size-fractionated by 4-12%
NuPAGE electrophoresis, transferred to polyvinylidene fluoride mem-
brane (PVDF) using iBlot Dry Blotting System (Invitrogen). Membranes
were blocked in blocking solution (5% non-fat milk in 50 mM Tris-
buffered saline containing 0.1% Tween, TBS-T), incubated overnight



B. Caglayan et al. / Experimental Neurology 296 (2017) 23-31 25

with pAKT (4060; Cell Signaling), pERK-1/-2 (9101; Cell Signaling),
PJNK-1/-2 (9255; Cell Signaling), IL-1R3, (ab9722; Abcam), Bax, (2772;
Cell Signaling), Bcl-xL, (2764; Cell Signaling), Cleaved caspase-1
(22165, Santa Cruz), and P2X7R (106246; Abcam). Protein loading
was controlled by stripping and reprobing the blots with 3-actin anti-
body (4967, Cell Signaling). Blots were developed using ECL-Advanced
Western Blotting Detection Kit (Amersham, GE Health Care) and visual-
ized by the MF-ChemiBIS (DNR). Intensity of each signal was measured
on a total of three digitized blots each using the Image | software pro-
gram. Protein levels were analyzed densitometrically and corrected
with values determined on (3-actin blots.

2.8. Culture of primary cortical neurons

Cultures of primary cortical neurons were prepared from brain cor-
tices of PO-P3 C57BL/6j mice by brief modification of the protocol de-
scribed before (Hilgenberg and Smith, 2007). Briefly, cortical tissue
was papain (P4762; Sigma) digested after dissection, gently triturated
and seeded onto poly-p lysine coated 35 mm glass-bottom petri plates.
Cultures were incubated at 37 °C in a humidified atmosphere of 95% air
and 5% CO, in Neurobasal A medium (10888-022; Gibco) supplemented
with 2% B27 (17504-044; Gibco), 1% GlutaMax-1 (3503-039; Gibco)
and 1% antibiotic and antimycotic solution (450115-E2; MultiCell). Cul-
ture medium was refreshed in every 2 days and cells of 5-7 days in vitro
(DIV) were used in experiments.

2.9. Calcium imaging

Calcium imaging was performed as described before (Barreto-Chang
and Dolmetsch, 2009). Briefly, when cells reached DIV7, cells were
washed with Hank's Balanced Salt Solution (HBSS) and loaded with 5
UM Fura 2-AM (F0918; Sigma). After 30 min of incubation at 37 °C,
plates were washed with HBSS and fresh medium was added, and im-
ages were taken with spinning disk microscope (Zeiss Cell Observer
Spinning Disk Confocal). Fluorescent measurements at 463 nm emis-
sion were taken as the ratio of the signals obtained upon excitation by
340/380 nm. Time lapse records of the first 10 min were taken as base-
line and used to normalize the data obtained at designated time points.
Eight different regions of interest (ROI) and five cells in each ROI were
analyzed per each group. At the end of the measurements, cells were
fixed with 4% PFA and stained with NeuN.

2.10. Retrograde labeling of retinal ganglion cells (RGCs) and optic nerve
(ON) transection

Retrograde labeling of RGCs were performed according to the proto-
col described before (E. Kilic et al., 2006; U. Kilic et al., 2006; Kilic et al.,
2008). Briefly, 0.7 pl fluorogold (infusion rate 0.7 pl/min) was injected
stereotactically into both superior colliculi. After infusion, the injection
needle remained inside the tissue for 2 min before the syringe was with-
drawn. Four days after labeling, right ON was transected approximately
0.5 mm distant to the posterior pole of the eye. Wounds were sutured
and the retinal blood supply was verified by fundoscopy (E. Kilic et al.,
2006; U. Kilic et al., 2006).

2.11. Intraocular injections

By means of a glass microelectrode with a tip outer diameter of 50
um, 1 pl of either i) Vehicle, ii) 10 mM BBG, iii) 250 pM BzATP or iv) com-
bination of BBG and BzATP was carefully injected into the vitreous
space, puncturing the eye at the cornea-sclera junction (n = 7 ani-
mals/group). Injections were done at Day 0, 4, 7, and 10 after optic
nerve transection as described above. Fourteen days after ON transec-
tion, mice were sacrificed and both eyes were removed. Retinas were
dissected, flat-mounted on glass slides, and fixed in 4% PFA in 0.1 M
phosphate-buffered saline (PBS) for 30 min.

2.12. Evaluation of RGC survival by stereology of surviving RGCs

Surviving RGCs were evaluated by confocal microscope (Zeiss, LSM-
780) in retinal whole-mounts. RGC densities were determined by
counting tracer-labeled RGCs in 12 random ROI (three areas per retinal
quadrant at different eccentricities of 1/6, 3/6 and 5/6 of the retinal ra-
dius, respectively; measuring 62.500 um? each) (E. Kilic et al., 2006; U.
Kilic et al., 2006). Mean values were calculated for all eccentricities as
well as over the whole retina.

2.13. Statistical analyses

Data were analyzed by oneway ANOVA followed by least significant
differences (LSD) tests by using SPSS for Windows 18. For the evaluation
of calcium imaging repeated measurement ANOVA were used (compar-
isons between independent groups elucidating interactions for calcium
imaging). All values are given as mean + S.D. with n values, indicating
the number of different animals analyzed (n = 7-9 animals per group
and 5 cells per fura analysis for each group). P values < 0.05 are consid-
ered significant.

3. Results

3.1. P2X7R antagonist BBG protects against 90 min of focal cerebral
ischemia

Due to conflicting data in the literature about the role of P2X7R in
ischemia, it was important to assess the receptor's function in depth.
To investigate the changes in necrotic parameters following activa-
tion or inhibition of P2X7R in ischemia reperfusion (I/R) injury, a
more severe I/R injury model consisting of 90 min of ischemia
followed by 24 h reperfusion was chosen. We have previously
shown that 90 min of MCAo model causes a focal infarct in the cere-
bral cortex as well as in the underlying striatum, and a subsequent
edema (E. Kilic et al., 2006; U. Kilic et al., 2006). After reperfusion,
CBF increased rapidly back to normal in all animals subjected to
both 30 min and 90 min MCAo, with a slight, but not significant, up-
ward shift in BBG (Fig. 1A). Infarct volume and brain swelling were
assessed by cresyl violet staining of coronal sections. Infarct volume
was significantly decreased (Fig. 1B), and brain swelling showed
some, but not significant, decrease in BBG alone or BBG + BzATP ad-
ministered groups (Fig. 1C). Neurological deficit scores were also sig-
nificantly decreased in BBG or BBG + BzATP groups, indicating less
severe consequences on motor neuron functions with P2X7R antag-
onism (Fig. 1D). Complete reversal of the unfavorable effect of BZATP
with BBG raised the question whether the dosage used was not high
enough. Therefore, we added a new BzATP group with the highest
soluble in vivo dose possible. Interestingly, administration of even
four fold higher dose (20 pg) did not worsen the outcomes when com-
pared with vehicle or 5 pg BzATP group regarding infarct volume, brain
swelling and neurological score values (Fig. 1B-D).

3.2. P2X7R antagonist BBG also protects against 30 min of focal cerebral
ischemia

It has been reported that 30 min MCA occlusion induces selective
neuronal injury in the striatum (Beker et al.,, 2015). In this model, LDF
records exhibited a similar pattern in all animal groups (Fig. 2A). To de-
termine the effects of P2X7R activation or inhibition on apoptotic cell
death, DNA fragmentation was assessed with TUNEL staining. Number
of TUNEL positive cells was decreased in BBG group (Fig. 2B). Neuronal
survival, as evaluated by NeuN immunohistochemistry, was increased
with BBG administration (Fig. 2C). BzATP did not significantly affect
the number of DNA fragmented cells, but significantly decreased the
number of surviving neurons (Fig. 2B, C). On the other hand, when
given with BBG, it slightly reduced the favorable outcomes of BBG,
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Fig. 1. P2X7R antagonist BBG protects against 90 min of focal cerebral ischemia. Cerebral
blood flow during and after 90 min of intraluminal middle cerebral artery occlusion
(MCAo) were recorded using Laser Doppler flowmetry (LDF) (A). Note that LDF values
after reperfusion are moderately higher in animals receiving BBG. Infarct volume (B)
and brain swelling (C) were analyzed 24 h after 90 min of MCAo in cresyl violet stained
brain sections. Neurological deficit scores (D) were also evaluated 24 h after 90 min of
MCAo. Data are mean values £ S.D. (n = 7 animals/group). **p < 0.01/*p < 0.05
compared with vehicle; **p < 0.01 compared with BBG treatment; *p < 0.01/%p < 0.05
compared with BzATP treatment; 7'p < 0.01/"p < 0.05 compared with BBG/BzATP 5 pg
treatment. Scale bar equals to 2 mm.

although not to a significant extent (Fig. 2B, C). This suggests that inhi-
bition of P2X7R has an essential role in protection of neurons from the
effects of ischemic insult. In addition, Ibal immunopositive microglial
cells were counted and analyzed for the groups: Vehicle (isotonic
saline), BBG, BzATP and both. Data demonstrated that BzATP and BBG
+ BzATP significantly increased the number of Ibal+ cells in the
ischemic striatum, when compared with BBG administered group.
Additionally, BBG significantly decreased the number of Ibal + cells
when compared with control (Fig. 2D).
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3.3. BZATP induces survival kinases

Our above results indicated P2X7R as a critical player in the ischemic
neuronal death in mice. To further investigate the underlying mecha-
nisms by which inhibition of this receptor promoted neuronal survival,
we performed an extensive analysis of protein expression levels of
survival and stress kinases as well as their downstream targets. First,
levels of phosphorylated AKT (pAKT) and ERK1/2 (pERK-1/-2) were
decreased in BBG treated groups, while elevated significantly with
BzATP or BBG + BATP (Fig. 3B, C). Additionally, pJNK showed a signifi-
cant increase only in the BzATP group, while being unchanged in BBG or
BBG + BzATP groups (Fig. 3D).
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3.4. BZATP induces expression of inflammation-related proteins

It was suggested that the expression of P2X7R was increased follow-
ing an injury to the CNS (Rodrigues et al., 2015; Tewari and Seth, 2015),
however the effects of its activator or inhibitor on the expression of the
protein was not documented. Here, we evaluated the expression of
P2X7R and showed that neither the activator, nor the inhibitor resulted
in a significant change (Fig. 3E). Although BzATP decreased the expres-
sion slightly and such decrease would suggest a negative feedback loop,
it was not significant. Upon activation, caspase-1 cleaves and activates
the key pro-inflammatory cytokine IL-1( (Denes et al., 2012). To deter-
mine the effects of P2X7R on caspase-1 dependent inflammation
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Fig. 3. Expressions of p-AKT, p-ERK-1/2, p-JNK, P2X7R, Cleaved caspase-1, IL-13, Bax and Bcl-xL were demonstrated with Western blot (A). BzATP significantly increased p-AKT, p-GSK3, p-
JNK, p-ERK-1/2, Cleaved caspase-1, IL-13, Bax and Bcl-xL. On the other hand BBG significantly decreased p-ERK-1/2, Cleaved caspase-1, IL-1B, Bax and Bcl-xL. Data are mean values + S.D.
(n = 7 animals/group). **p < 0.01/*p < 0.05 compared with vehicle; *#p < 0.01 compared with BBG treatment; *p < 0.01/%p < 0.05 compared with BzATP treatment.
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mechanism, caspase-1 and IL-1@> were evaluated. BzATP significantly in-
creased these two proteins, while inhibition of the receptor resulted in a
significant decrease (Fig. 3F, G). When given together with BzATP, BBG
diminished the inflammatory response driven by the activation of the
receptor. BBG when given alone or when given together with BzATP,
significantly decreased Bax levels, while BzATP alone had no apparent
effect on Bax levels (Fig. 3H). Surprisingly, BzATP significantly increased
protein levels of anti-apoptotic Bcl-xL levels, although BBG resulted in a
significant decrease (Fig. 31).

3.5. BBG reduces intracellular Ca® * overload
In this study, we observed that P2X7R antagonist BBG increased neu-

ronal survival in both focal cerebral ischemia models in mice, while the
agonist did not result in an opposite effect. Furthermore, a thorough

analysis of the signaling pathways did not provide evidence supporting
the protective mechanism observed with BBG. In fact, protein levels of
survival-promoting pathways (such as, pAKT, pERK) were higher in
the BzATP group. It is well-known for P2X receptors that once activated,
they increase the mobility of intracellular Ca?* levels. Therefore, we hy-
pothesized that the mechanism accounted for improved neuronal sur-
vival through BBG-mediated P2X7R inhibition could be the
intracellular Ca? ™ homeostasis. We assessed this by measuring intracel-
lular Ca®™ levels in vitro in primary cortical neurons subjected to gluta-
matergic toxicity (Fig. 4A). Glutamate excitotoxicity is one of the
pathophysiological outcomes of ischemia/reperfusion injury in brain,
which causes extensive Ca® " influx and eventual cell death (Dirnagl
et al,, 1999). BBG reversed the increase in Ca®* levels that were other-
wise induced by glutamate. In comparison, BzATP resulted in a further
increase in the amount of Ca?* influx (Fig. 4B).
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3.6. P2X7R inhibition, but not activation, promotes survival of axotomized
RGCs

We investigated the effect of P2X7R activation and inhibition on
axotomized RGC survival by counting the number of Fluorogold pre-la-
beled RGCs. Application of a selective P2X7R antagonist BBG (10 mM)
increased surviving RGCs significantly, compared with control or
P2X7R agonist, BZATP (Fig. 5A). Albeit, application of BZATP (250 uM)
did not further reduce the survival rate of these cells below the vehicle
control. Moreover, when BzATP was applied together with BBG, it par-
tially ceased the favorable effect of BBG in terms of number of RGCs in
the axotomized retina. Survival rates were averaged for whole retina
(Fig. 5A) and calculated separately for various (inner, middle and
outer) retinal eccentricities as shown in Fig. 5B.

4. Discussion

The ongoing debate whether P2X7Rs have protective or degenera-
tive effects on the expansion of central nervous system injuries was in-
conclusive at the time of the conductance of this study. P2X7R seems to
display two opposing and contradictory functions in different experi-
mental setups. The discrepancy among the reports in the literature
may be due to the use of different animal species or strains or different
models to mimic ischemic injury. Herein, the involvement of P2X7R in
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Fig. 5. P2X7R blockage protects axotomized RGCs from retrograde degeneration. Survival
rates of fluorogold-prelabeled RGCs in mice following optic nerve (ON) transection were
evaluated after 14 days and averaged over the whole retina (A) and also at various
retinal eccentricities (B). BBG significantly increased neuronal survival in the retina
following ON transection. However BzATP and vehicle did not result in any difference in
neuronal survival. Data are mean values + S.D. (n = 7 animals/group). (A) **p < 0.01
compared with vehicle; *p < 0.01 compared with BBG treatment. (B) **p < 0.01 vehicle
vs BBG treated group, **p < 0.01 BBG vs BzATP treated group. **p < 0.01 BzATP vs BBG/
BzATP treated group. Scale bar equals to 50 pm.

injury was studied in optic nerve (ON) transection and two ischemia/re-
perfusion injury models, in which 90 min of occlusion followed by 24 h
reperfusion results in reproducible, large infarcts (E. Kilic et al., 2006; U.
Kilic et al., 2006; Barreto-Chang and Dolmetsch, 2009; Gandelman et al.,
2010), whereas 30 min of occlusion followed by 72 h reperfusion leads
to selective neuronal injury (Wang et al., 2005; Kilic et al., 2008;
Nagasawa et al., 2009). On the other hand, ON transection mimics de-
layed neurodegenerative processes, since it subsequently leads to de-
generation of approximately 80% of RGCs within 14 days post-injury
(E. Kilic et al., 2006; U. Kilic et al., 2006; Kilic et al., 2008). Presently,
we report that inhibition of P2X7R using a potent and selective antago-
nist, BBG, promotes neuronal survival in all three models used. In line
with our findings, in a unilateral optic nerve crush model using P2X7R
knockout mice as well as pharmacological inhibition of P2X7R, delayed
retinal ganglion cell death was observed (Nadal-Nicolas et al,, 2016). In
contrast, a study in genetically ablated P2X7R mice submitted to cere-
bral ischemia, it was reported that infarct volume or neuronal death
were not affected (Le Feuvre et al., 2002). The lack of favorable effects
of genetic ablation of the receptor may be due to the interplay of com-
pensatory mechanisms. Surprisingly, we also report that activation
using the most potent agonist of the receptor, BZATP, does not exacer-
bate the consequences of ischemic stroke. It could be speculated that
BzATP could not further activate the receptor, since it was already acti-
vated by excess ATP in the extracellular space due to ischemic injury. In
fact, a feedback control of the receptor could be surmised from the
observations that activation of the receptor either by ATP or another
agonist led to phosphorylation (Kim et al., 2001) and eventually redis-
tribution between plasma membrane and cytosol (Feng et al., 2005).
In addition, the receptor's unusually long C-terminal and extracellular
loop between two transmembrane domains might also allow such
feedback controls.

Although the expression profile of P2X7R in the brain is controver-
sial, there are reports indicating that it is predominantly expressed in
the resting microglia (Melani et al., 2006; Yanagisawa et al., 2008). It
is well-described in the literature that resting microglia are activated
following injury to clear the cellular debris and damaged tissue
(Nimmerjahn et al., 2005). P2X7R was reported to drive resting
microglial cells into activated state (Monif et al., 2009) and in the
P2X7R knockout mice, microglial response to ischemic injury was de-
creased (Kaiser et al., 2016). Here, we report that activation of P2X7R
by BzATP resulted in the increase in the number of Iba1l+ microglia in
the ischemic striatum, while BBG showed a significant decrease. As
BzATP-treated microglia was shown to provide protective factors to
the neurons in a co-culture system (Suzuki et al., 2004), it may be pos-
sible that P2X7R activated microglia is involved in emergency mecha-
nisms that have protective roles in response to injury in the brain.

Moreover, BzZATP activated survival kinases AKT and ERK-1/2, both
of which are known to take part in ameliorating the ischemic tissue
loss (Kilic et al., 2005). Upon P2X7R stimulation, upregulation of AKT
(Jacques-Silva et al., 2004) and ERK (Gendron et al., 2003) was shown
in cultures of astrocytes or astrocytoma, respectively. However, to our
knowledge, this is the first study to report the activation of these two
kinases following the activation of P2X7 receptors by BzATP in vivo. Sur-
prisingly, BZATP also results in a moderate increase in the levels of pJNK,
which is known to be downregulated by pAKT (Ben-Ami et al., 2011).
Several lines of evidence have suggested that activated JNK exacerbates
the reperfusion injury following ischemic stroke (Borsello et al., 2003)
and there exists an antagonistic mechanism and possibly a balance be-
tween JNK and AKT/ERK survival pathways with the same downstream
targets but differential consequences (Kamada et al., 2007). Therefore,
increase in pJNK levels may partially be responsible for the lack of neu-
roprotective effects of increased pAKT levels by BzATP stimulation.

It should also be noted that during ischemia, sustained and progres-
sive increase in extracellular ATP levels has long been known (Bai and Li,
2013; Dirnagl et al., 1999). Increased extracellular ATP, and subse-
quent increase in the levels of adenosine due to the conversion of
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ATP by ecto-enzymes in the ischemic brain is probably so high that it
can activate all purinergic receptor subtypes, including A1 receptors
by adenosine that are known to provide protective effects in the affect-
ed region (Melani et al., 2012). Although reported in vitro (Kukley et al.,
2004), whether extracellular BZATP is degraded to AMP and adenosine
by ecto-nucleotidases in vivo in mice and that this degradation has a
role in BzATP's non-deleterious effects should be addressed in future
studies. Notably, ATP (and BzATP) was also suggested to promote neu-
roprotection independent from conversion into adenosine; however,
this neuroprotection required the presence of microglial activity
through P2X7R (Masuch et al., 2016).

Even though the protein expression data had a tendency towards
protection resulting from BzATP stimulation, neuronal survival, infarct
volume and motor function assays strongly indicated that it has neither
protective nor detrimental effects on these parameters. Although the
situation might be more complex, here we propose two likely mecha-
nisms accounting for the inability of BzATP to translate the positive sig-
naling pathways into positive outcomes. One mechanism involves the
induction of P2X7R-mediated inflammation by BzATP. It was reported
that brain ischemia resulted in increased IL-1p> expression in neurons
and in microglial cells (Minami et al., 1992) as well as increased IL-13
maturation and release following caspasel activation (Le Feuvre et al.,
2002). Indeed, we demonstrated that BzATP significantly increases IL-
1P and cleaved caspase1 protein levels. The second mechanism involves
secondary messenger mechanisms, namely intracellular Ca?>* overload.
During ischemia, glutamate is released to the extracellular space and
consequently increases Ca’™ overload via different mechanisms
(Dirnagl et al.,, 1999). Consistent with this observation, we simulated it
in the in-vitro condition by using primary neuron cultures under gluta-
mate exposure and showed that BzZATP results in a marked increase in
Ca? " influx. Considering the role of ]NK and AKT/ERK survival pathways
in secondary cell damage following increased intracellular Ca®> ™ levels
(Haeusgen et al., 2009), it can be suggested that BZATP-mediated activa-
tion of AKT/ERK and JNK pathways may favor cell death in our injury
models, and may be the reason why neither negative nor positive effect
on survival could be observed with BzATP.

On the other hand, it is safe to suggest that the neuroprotective effect
observed with BBG treatment is not mediated through the activation of
survival kinase machinery, instead different mechanisms and signaling
pathways may be involved in this process, including Ca?* influx-regu-
lated signaling cascades. From the data presented here, we suggest
that BBG-mediated neuroprotection involves cessation of intracellular
Ca’* overload. This, in turn, decreases endoplasmic reticulum stress,
organelle damage and apoptosis and leads to neuronal survival in
ischemic injury in mice. Indeed, we showed that BBG decreased DNA
fragmentation, infarct volume, brain swelling and increased neuronal
survival in both ischemia and optic nerve transection models. In
addition, pannexin channels were reported to contribute to the
ischemic damage by helping P2X7 receptors form pore structures in
plasma membrane. Pannexin channels were also shown to be involved
in Ca®* conductance of P2X7 receptors and NMDA receptors
(Gulbransen et al., 2012). In this regard, inhibition of pannexin-mediated
P2X7 receptor pore formation by BBG may further contribute to the
neuroprotective effects observed with BBG. These results suggest
that BBG ceases the P2X7R-mediated inflammation, and may exert
its neuroprotective effects partially through the inhibition of inflam-
mation. On the other hand, BzZATP mediated receptor activation appears
to trigger inflammatory response, while downregulating apoptotic
mechanisms.

In summary, we described the mechanisms involved in neuronal
survival vs death through the activation or inhibition of P2X7 receptor
following FCI in mice. Our results also emphasize the complex nature
of P2X7 receptor-mediated signaling in neuronal injury, suggesting
that the receptor is activated by a context-dependent manner and that
while its inhibition promoted survival, its activation does not necessar-
ily mean neuronal death following ischemic stroke and further studies

should be conducted to investigate the possible role of BZATP in the in-
duction of ischemic tolerance.
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