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ABSTRACT

P2X7 receptor (P2X7R) activation by extracellular ATP triggers influx of Na* and Ca®", cytosolic Ca*" overload and consequently
cytotoxicity. Whether disturbances in endoplasmic reticulum (ER) Ca®" homeostasis and ER stress are involved in P2X7R-mediated cell death
is unknown. In this study, a P2X7R agonist (BzZATP) was used to activate P2X7R in differentiated NG108-15 neuronal cells. In a concentration-
dependent manner, application of BZATP (10-100 M) immediately raised cytosolic Ca?* concentration ([Ca®"];) and caused cell death after a
24-h incubation. P2X7R activation for 2 h did not cause cell death but resulted in a sustained reduction in ER Ca*" pool size, as evidenced by a
diminished cyclopiazonic acid-induced Ca** discharge (fura 2 assay) and a lower fluorescent signal in cells loaded with Mag-fura 2 (ER-
specific Ca**-fluorescent dye). Furthermore, P2X7R activation (2 h) led to the appearance of markers of ER stress [phosphorylated o subunit of
eukaryotic initiation factor 2 (p-elF2a) and C/EBP homologous protein (CHOP)] and apoptosis (cleaved caspase 3). Xestospongin C (Xe(), an
antagonist of inositol-1,4,5-trisphosphate (IP;) receptor (IP3R), strongly inhibited BzATP-triggered [Ca®™]; elevation, suggesting that the
latter involved Ca®" release via IP3R. XeC pretreatment not only attenuated the reduction in Ca®" pool size in BzZATP-treated cells, but also
rescued cell death and prevented BzZATP-induced appearance of ER stress and apoptotic markers. These novel observations suggest that
P2X7R activation caused not only Ca®" overload, but also Ca®" release via IP3R, sustained Ca®" store depletion, ER stress and eventually
apoptotic cell death. J. Cell. Biochem. 113: 1377-1385, 2012. © 2011 Wiley Periodicals, Inc.
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the P2X7R, together with nerve growth factor, aggravates

I n brain ischemia or in stroke, excitotoxicity occurs when
hypoglycemia-induced cell death in cerebellar granule neurons

hyperactivation of glutamate receptors leads to cytosolic Ca®"

overload and neuronal cell death. What aggravates the pathology is
that during brain ischemia/hypoxia, extracellular ATP level also
increases [Skaper et al., 2010]. Pathologically high levels of ATP
could lead to or worsen excitotoxicity [Matute et al., 2007; Skaper
et al., 2010]. One subtype of ATP receptors, namely, the P2X7
receptor (P2X7R), has millimolar affinity to ATP and has been
implicated in neurotoxicity. For instance, P2X7R stimulation in vivo
is lethal to rat retinal ganglion neurons [Hu et al., 2010] and there is
evidence that this P2X7R lethal action to rat retinal neurons is
relevant in hypoxic conditions [Sugiyama et al., 2010]. Activation of
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[Cavaliere et al., 2002]. What worsens the situation is that during
cerebral ischemia, P2X7R have been shown to be up-regulated
[Franke et al., 2004]. Furthermore, in vitro ischemia has also been
shown to even enhance the sensitivity of P2X7R to ATP [Wirkner
et al., 2005].

P2X7R is a non-selective cation channel pore that allows the
influx of Na* and Ca®"; it is a homotrimer that becomes activated
upon the binding of three ATP molecules [Browne et al., 2010].
Although cytosolic Ca®" overload is a likely contributing factor in
P2X7R toxicity, whether perturbations in organelle Ca*" are also
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involved is unknown. Part of the endoplasmic reticulum (ER)
performs the function of intracellular Ca*" storage and is responsive
to certain hormones or neurotransmitters. The latter, by activating
G-protein-coupled receptors that are associated with phospholipase
C, generates inositol-1,4,5-trisphosphate (IP;) from phosphatidyl-
4,5-bisphosphate (PIP,) cleavage. IP; binds to its receptor (IP3R,
itself a Ca®" release channel) in the ER and mobilizes Ca®>" from
intracellular Ca®™ stores [Berridge, 2009]. After Ca*" mobilization
from the store by IP,, the emptiness of the Ca®" store triggers the
opening of a store-operated Ca?* channel (SOC) at the plasma
membrane to refill the Ca®" store [Berridge, 2009; Varnai et al.,
2009].

Stress to the ER could occur when there is an overload of protein
synthesis, protein malfolding, or chronic depletion of Ca*" storage
[Harding and Ron, 2002]. Whether, or to what extent, ER stress
contributes to excitotoxicity in neurons is not fully understood. For
instance, whether glutamate-mediated neuronal excitotoxicity
involves ER stress still remains controversial. Kainic acid, a
glutamate receptor sub-type agonist, causes hippocampal neuronal
cell death, disintegration of the ER membrane, and appearance of ER
stress proteins such as Bip, CHOP, and caspase-12 [Sokka et al.,
2007]. On the contrary, N-methyl-D-aspartate (NMDA) receptor-
mediated excitotoxic apoptosis in vitro and in vivo occurs without
any indication of ER stress [Concannon et al., 2008]. Hitherto no
information is available on whether P2X7R-mediated neurotoxicity
involves chronic Ca®" store depletion and ER stress. In the present
work we investigated this issue using differentiated NG108-15 cells.
NG108-15 is a neuroblastoma-glia hybrid, which when differenti-
ated, develops neuronal characteristics (substantial and long neurite
generation). NG108-15 cells have been shown to possess P2X7R
[Watano et al., 2002]. We observed that stimulation of the P2X7R by
2/,3'-0-(4-benzoylbenzoyl)-ATP (BzATP, a selective P2X7R agonist)
could cause Ca** influx and substantial cytotoxicity in differentiated
NG108-15 cells. BZATP challenge also resulted in sustained Ca®" store
depletion and ER stress. Remarkably, pharmacological blockade
of Ca*" release via IP3R prevented BzATP-induced Ca®" store
depletion, ER stress, and apoptotic cell death. The mechanisms by
which BzATP-induced cell death may involve sustained Ca*" store
depletion and ER stress will be discussed.

CELL CULTURE

NG108-15 cells were grown at 37°C in 5% CO, in Dulbecco’s
modified Eagle’s medium (DMEM) supplemented with 10% fetal
bovine serum (Invitrogen, Carlsbad, CA) and penicillin-streptomy-
cin (100 units/ml, 100 wg/ml) (Invitrogen). These cells were induced
to differentiate into more mature neurons by being incubated in the
above-mentioned medium with 0.1% fetal bovine serum, 10 uM
retinoic acid, and 30 uM forskolin for 3 days; then the neuron
morphology could be observed with the extensive generation of
neurites.

ASSAY OF CELL VIABILITY
Cell viability was examined by the 3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenltetrazolium bromide (MTT) method or trypan blue

exclusion method. In the MTT assay, cells were cultured in a 96-well
plate at a density of 1.5 x 10*/well, and were then treated with or
without BZATP for 24 h. MTT (final concentration at 0.5 mg/ml) was
subsequently added to each well and then further incubated for 4 h.
The culture medium was then removed and 100 ul of DMSO was
added to each well for 15 min (with shaking) to dissolve the cells. The
absorbance at 595 nm was measured using an ELISA reader and was
used as an indicator of cell viability.

MICROFLUORIMETRIC MEASUREMENT OF CYTOSOLIC Ca®*

Microfluorimetric measurement of cytosolic Ca®*" concentration
([Ca*™]) was performed using fura-2 as the Ca**-sensitive
fluorescent dye as described previously [Leung et al., 2002; Leung
et al., 2011]. Briefly, cells were incubated with 5uM fura-2 AM
(Invitrogen, Carlsbad, CA) for 1h at 37°C and then washed and
bathed in extracellular bath solution which contained (mM): 140
NaCl, 4 KCI, 1 MgCl,, 2 CaCl,, 10 HEPES (pH 7.4 adjusted with
NaOH). When intracellular Ca®" release was assayed, a Ca®"-free
solution, which was the same as the extracellular bath solution
mentioned above except that Ca** was omitted and 20 uM EGTA
was supplemented, was used. Cells were alternately excited with 340
and 380 nm using an optical filter changer (Lambda 10-2, Sutter
Instruments). Emission was collected at 500 nm and images were
captured using a CCD camera (CoolSnap HQ2, Photometrics, Tucson,
AZ) linked to an inverted Nikon TE 2000-U microscope. Images were
analyzed with an MAG Biosystems Software (Sante Fe, MN). All
imaging experiments were performed at room temperature (~25°C).

MICROFLUORIMETRIC MEASUREMENT OF ER Ca®*
Microfluorimetric measurement of ER Ca’" concentration was
performed using Mag-fura-2 as the Ca*"-sensitive fluorescent dye
using protocols suggested previously [Gerasimenko and Tepikin,
2005]. Briefly, cells were incubated with 5uM Mag-fura-2 AM
(Invitrogen) for 1 h at 37°C and then washed. Cells were treated with
or without drugs for 2h and before measurements the cells were
permeabilized and washed with a digitonin (10 wM)-containing
intracellular solution which contained (mM): 140 KCl, 8 NaCl, 1
MgCl,, 1.85 EGTA, 1 CaCl,, 10 HEPES, and 8 MgATP (pH 7.25
adjusted with KOH). The free Ca”" concentration in this intracellular
solution was calculated to be 114 nM. Mag-fura-2 preferentially
accumulates in the ER yet a very small percentage of the dye might
stay in the cytosol. To remove any Mag-fura-2 acid in the cytosol,
cells were carefully and thoroughly washed a few times in the
above-mentioned intracellular solution to allow cytosolic Mag-
fura-2 to diffuse out across the digitonin-permeabilized plasma
membrane. Imaging experiments were performed with the same
procedures as described above for microfluorimetric measurement
of cytosolic Ca®".

WESTERN BLOT

Western blot was performed as described previously [Lu et al., 2009].
Briefly, cells were washed in cold phosphate-buffered saline (PBS)
solution, lysed for 30 min on ice with radioimmunoprecipitation
assay (RIPA) buffer. Samples containing 30pug protein were
separated on 10% sodium dodecyl sulfate-polyacrylamide gels
(SDS-PAGE) and transferred to polyvinylidene difluoride (PVDF)
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membranes (Millipore, Bedford, MA). The membranes were
incubated for 1h with 5% nonfat milk in PBS buffer to block
nonspecific binding. The membranes were incubated with primary
antibodies: Anti-B-actin (1:5000; Santa Cruz Biotechnology), anti-
elF-2a (1:1000; Cell Signaling Technology), anti-phosphorylated
elF-2a (1:1000; Cell Signaling Technology), anti-CHOP (1:1000;
Santa Cruz Biotechnology), anti-caspase-3 and anti-cleaved
caspase-3 (1:1000; Santa Cruz Biotechnology) for 2 h. Subsequently,
the membranes were incubated with goat anti-rabbit or goat anti-
mouse peroxidase-conjugated secondary antibodies (1:10000;
Santa Cruz Biotechnology) for 1h. The blots were visualized
by enhanced chemiluminescence (ECL; Millipore) using Kodak
X-OMAT LS film (Eastman Kodak, Rochester).

STATISTICAL ANALYSIS

Data are presented as mean 4+ SEM. The unpaired or paired Student’s
t-test was used where appropriate to compare two groups. ANOVA
was used to compare multiple groups, followed by the Tukey’s HSD
post-hoc test. A value of P<0.05 was considered to represent a
significant difference.

BzATP, a selective P2X7R agonist, concentration-dependently
caused cell death in differentiated NG108-15 cells after 24h
(Fig. 1A). Of the P2X receptors, only the P2X7R has millimolar
affinity for ATP [Jarvis and Khakh, 2009]. We observed that
significant cell death in differentiated NG108-15 cells required
millimolar levels of extracellular ATP (cell death=27 3.1 and
62+ 1% at 0.3 and 1 mM ATP, respectively; three independent
experiments), therefore confirming that cytotoxicity was due to
P2X7R activation. When differentiated NG108-15 cells were treated
with 100 wM BzATP for only 2 h, there was no cell death (Fig. 1B).
However, when the cells, having been exposed to 100 uM BzATP for
2 h, were washed out of the agonist and further incubated for 22 h,
there was substantial cell death (Fig. 1C). This suggests that
cytotoxic signals or certain forms of damage had already been
generated after a 2-h exposure to BzATP.

Since P2X7R is a cation channel which is permeable to Ca’*, we
next examined the effects of BZATP on [Ca®"];. Figure 2A-C shows
that BzATP treatment caused a slow elevation in [Ca®']; in a
concentration-dependent manner. The gradual dilation of the
P2X7R pore may account for the slow elevation in [Ca®'];. The
elevation in [Ca”]i appeared to be due to Ca®" influx since at
100 wM, BzATP did not cause [Ca®']; elevation in Ca*'-free bath
solution (data not shown). Cytotoxicity (Fig. 1A) correlated well with
the ability of BzATP to cause [Ca®"]; elevation (Fig. 2A-D). The
BzATP-triggered Ca?" signal was sustained even after 2 h of agonist
exposure (Fig. 2E; note that in the BzZATP-treated group, the cells
were still exposed to 100 uM BzATP when imaged for [Ca®'];).

As the cells remained viable after a 2-h BzATP challenge (Fig. 1B)
but had apparently received cytotoxic signals (Fig. 1C), experiments
were conducted to examine if there was a perturbation in [Ca®"];
homeostasis in BZATP-treated cells for 2 h. Fura-2-loaded cells were
treated with or without 100 M BzATP for 2 h, then washed in and
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Fig. 1. BzATP caused cytotoxicity in differentiated NG108-15 cells. A: Cells
were incubated with 0, 10, 30, or 100 .M BzATP for 24 h and cell viability was
determined by the MTT assay. B: Cells were treated with or without 100 uM
BzATP for 2 h and cell viability was determined by trypan blue exclusion test. C:
Cells were treated with or without 100 wuM BzATP for 2 h, BzATP was then
washed out and the cells were further incubated in control medium for 22 h
before trypan blue exclusion test. Results are mean + SEM from four to five
separate experiments. Asterisks indicate statistical significance (P < 0.05) in
comparison to the control.
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in Ca®"-containing bath solution and were challenged with 10, 30 or 100 WM BzATP. D: Results from A-C were quantified. E: Cells were treated with or without 100 WM BzATP
for 2 h and then assayed for [Ca®"];. In the BzATP-treated group, the cells were still exposed to 100 wM BzATP when imaged for [CaZ*];. In each group, results are mean & SEM of
20-36 cells from five separate experiments. Asterisks indicate statistical significance (P< 0.05) in comparison to the basal level or control.

finally bathed in Ca®"-containing bath solution. As shown in
Figure 3, basal [Ca*']; in both control and BzATP groups were
comparable, suggesting that: (1) The effect of BZATP was reversible
upon washing even after 2 h of incubation, (2) the plasma membrane
of the BzATP-treated cells appeared to be functionally intact
(dysfunctional plasma membrane should have lost its ability to
maintain a steep Ca®>" gradient across the plasmalemma). The data
implicate that Ca?* extrusion (via plasmalemmal Ca®>* pump and/
or Na™-Ca?* exchanger) was probably fully operative. KCl-induced
(iso-osmotic substitution) depolarization triggered comparable Ca®*
signals (Ca®*" influx via voltage-gated Ca’" channels) in both

control and BzATP-treated cells (2h). The above findings suggest
that the plasma membrane of BzATP-treated cells (2h) was still
likely to possess functional integrity.

We then examined whether intracellular Ca®" stores were
perturbed in BzATP-treated cells (Fig. 4A-C). Fura-2-loaded cells
were treated with or without 100 uM BzATP for 2 h, then washed
in Ca®"-containing bath solution and finally bathed in Ca*"-free
bath solution. The cells were challenged with a maximal
concentration of cyclopiazonic acid (CPA, 50 wM), which discharged
the Ca*' stores by inhibiting the sarcoplasmic/ER Ca®"-ATPases
(SERCA). Whilst the basal Ca*" levels in both groups of cells were
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not significantly different, CPA-induced Ca®" release was much
reduced in the BzATP-treated cells (P < 0.05), suggesting that for
the latter group, the Ca”*" stores had been markedly reduced in
functional size (despite that the Ca" stores had been allowed to
refill during the washing in Ca”"-containing solution). Subsequent
to Ca”" store discharge, Ca>" was replenished to the bath solution to
observe store-operated Ca”>" entry. Interestingly, the latter was
much attenuated in the BzATP-treated cells (P < 0.05).

To confirm that the Ca** store was depleted in BzATP-treated
cells (2 h), the Ca®" level in the ER Ca** pool was examined using the
Mag-fura-2 technique. As explained in the Methods section,
this Ca*"-sensitive dye preferentially accumulates in the ER; the
minute amount of cytosolic Mag-fura-2 could be washed away
through very small leak openings in the digitonin-permeabilized
membranes when the cells were washed in intracellular solution
containing 10 uM digitonin. Thus, Mag-fura-2-loaded cells were
treated with or without 100 wM BzATP for 2 h, then permeabilized
and washed with a digitonin-containing intracellular solution.
ER Ca’*' concentration was found to be significantly lower in
BzATP-treated cells (Fig. 4D).

The mechanism by which BZATP caused Ca®" store depletion was
next investigated. There are at least three types of channels to
permit Ca’* to flow out of the store: Unknown leak channels,
ryanodine receptor-channels (RYR) and IP3R. No pharmacological
tools are known to inhibit the unknown leak channels. There
appeared to be no functional RYR in differentiated NG cells, since
the agonist caffeine (at 20 mM) failed to elicit any Ca®" signal (data
not shown). We then proceeded to use an antagonist of IP3R,
xestospongin (XeC), to examine if IP3R was involved. It was
observed that XeC substantially reduced the [Ca’*]; elevation
elicited by BzATP (Fig. 5A-C; P < 0.05). Therefore, BZATP-triggered
[Ca®"]; elevation involved in part Ca®* release via IP3R. Together
with the observation that BzZATP did not trigger [Ca®"]; elevation
in Ca®"-free solution, our data suggest that BZATP might initially
cause an influx of Ca" from the extracellular milieu, and such Ca®"
influx subsequently triggered Ca’* release via IP3R (see Discussion
section). Of note, we also found that XeC substantially reduced the
CPA-induced Ca®" signal in Ca*'-free solution (Fig. 5D-F;
P < 0.05), suggesting that Ca*" release via IP3R was also involved
in CPA-induced Ca®" discharge.
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Fig. 4. BzATP pretreatment caused a reduction in CPA-induced Ca®" release
and Ca®" influx in differentiated NG108-15 cells. Control cells (A) or cells
pretreated with 100 WM BzATP for 2 h and then washed in Ca®*-containing
bath solution (B) were assayed for [Ca®']; in Ca®>"-free bath solution. After
CPA (50 wM)-induced Ca®" release, 3mM Ca®" was added to the bath
solution. C: Results from (A) and (B) are quantified. In each group, results
are mean = SEM of 36-54 cells from five separate experiments. Asterisks
indicate statistical significance (P < 0.05) in comparison to the basal level. D:
Cells were treated with or without 100 M BzATP for 2 h and then assayed for
ER Ca®" concentration using Mag fura 2 as dye. Results are mean = SEM of
23-31 cells from three separate experiments. Asterisks indicate statistical
significance (P< 0.05) in comparison to the control.

As the BzATP-triggered Ca®" signal involved Ca®" release via
IP3R, could XeC pretreatment (blockade of IP3R) prevent BzATP-
induced Ca®" store depletion? We first tested if XeC could be washed
away; this was important since if XeC could not be washed away and
stayed in the cytosol, it would inhibit CPA-induced Ca*" discharge
(see Fig. 5D-F). The cells were pretreated with XeC for 20 min,
washed in Ca’*-containing solution and then bathed in Ca**-free
solution; in these cells, CPA-induced Ca®" store discharge was
comparable to that observed in control cells (not treated with XeC)
(Fig. 6B versus 6A). This indicated that XeC could be effectively
washed out. In Figure 6C, after cells were pretreated with 100 pM
BzATP for 2 h, CPA-induced Ca?" store discharge was much smaller
than that observed in control cells (Fig. 6C versus 6A, P < 0.05; also
see Fig. 6E and Fig. 4). However, when cells were pretreated with
both 100 uM BzATP and 2 pM XeC for 2 h, CPA-induced Ca*" store
discharge was largely preserved as compared to the control cells
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Fig. 5. Effects of XeC on BzATP-triggered Ca>" signal and CPA-induced Ca"
release in differentiated NG108-15 cells. Control cells (A) or cells pretreated
with 2 WM XeC for 20 min (B) were assayed for [Ca®"]; in Ca®"-containing bath
solution and challenged with 100 uM BzATP. C: Results from (A) and (B) are
quantified. In another set of experiments, control cells (D) or cells pretreated
with 2 uM XeC for 20 min (E) were assayed for [Ca®"]; in Ca®*-free bath
solution and treated with 50 uM CPA. F: Results from (D) and (E) are
quantified. Results are mean & SEM of 25-78 cells from four separate experi-
ments. Asterisks indicate statistical significance (P< 0.05) in comparison to
the basal level.

(Fig. 6D,E). These data suggest that blockade of IP3R by XeC
pretreatment could prevent Ca®" store depletion induced by BzATP.
Consistently, XeC pretreatment could prevent the drop in ER Ca®"
level induced by BzATP (Fig. 6F).

The lowered Ca”’" concentration in the Ca®" store might induce
ER stress. Therefore, an experiment was performed to examine if ER
stress markers would appear after BZATP challenge for 2h and
whether XeC could prevent the appearance of these markers. As
shown in Figure 7A,B, after BZATP treatment for 2 h cells had high
levels of phosphorylated elF-2ac and CHOP, both being ER stress
markers [Szegezdi et al., 2006]. XeC pretreatment prevented BzATP-
induced appearance of these ER stress markers.

An important question to ask was whether XeC, by preventing
Ca®" store depletion and ER stress, could eventually alleviate cell
death. The results in Figure 7C revealed that XeC could almost
completely reverse the cell death inflicted by 50 uM BzATP (24 h
incubation). Evidence also suggested that BZATP-induced cell death
was apoptotic, as BzATP insult enhanced the level of cleaved
caspase-3 (Fig. 7D,E). XeC co-treatment abrogated such enhance-
ment. Taken together, our data suggested that inhibition of Ca®"
release (via IP3R) could protect the Ca’" stores from depletion and
prevent BzZATP-induced ER stress and apoptotic cell death.
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stimulated with 50 wuM CPA. C: BzATP (100 wM)-pretreated (2 h) cells were
washed in Ca?*-containing bath solution and then bathed in Ca?*~free bath
solution and subsequently stimulated with 50 uM CPA. D: Cells were pre-
treated with 2 wM XeC for 20 min and then with 100 uM BzATP for 2 h. The
cells were then washed in Ca”"-containing bath solution, put in Ca”"-free
bath solution and subsequently stimulated with 50 wM CPA. E: Results from
(A-D) are quantified. Results are mean+SEM of 19-85 cells from four
separate experiments. Asterisks indicate statistical significance (P < 0.05)
in comparison to the basal level. F: Control cells, cells with 20-min XeC
(2 M) pretreatment, cells with 100 uM BzATP pretreatment (2 h), or cells
with 2 wM XeC (20 min) and then with 100 M BzATP pretreatment (2 h), were
assayed for ER Ca?" using Mag fura 2. Results are mean + SEM of 14-25 cells
from three separate experiments. Asterisks indicate statistical significance
(P<0.05) in comparison to the control.

Hyperactivation of glutamate receptors, leading to cytosolic Ca*"
overload, has been well known to cause neuronal cell death
(excitotoxicity) in brain ischemia and in stroke. Whether glutamate-
mediated neuroexcitotoxicity involves ER stress, however, still
remains controversial and may depend on glutamate receptor
subtypes and the types of neurons [Sokka et al., 2007; Concannon
et al., 2008; Ruiz et al., 2009]. In recent years, elevated levels of
extracellular ATP, acting via P2X7R, have been increasingly
recognized as a neurotoxic signal in brain ischemia and spinal
cord injury [Wang et al., 2004; Matute et al., 2007 ; Peng et al., 2009;
Skaper et al., 2010]. P2X7R channel opening allows sustained Na™
and Ca’" influx and consequently Ca®* overload [Browne et al.,
2010]. Hitherto no information is available on whether P2X7R-
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Fig. 7. XeC prevented BzATP-induced lethality and the induction of ER stress
and apoptotic markers in BzATP-treated differentiated NG108-15 cells. A:
Control cells, cells treated with 100 WM BzATP (2 h), cells treated with 2 uM
XeC (2 h), or cells treated with 2 wM XeC and 100 wM BzATP for 2 h, were
analyzed for ER stress markers (p-elF-2a and CHOP) by Western blotting.
B: The levels of protein were quantified by densitometry and normalized with
B-actin. Results are mean &= SEM from four separate experiments. Asterisks
indicate statistical significance (P< 0.05) in comparison to the control. C:
Control cells, cells treated with 2 uM XeC, cells treated with 50 .M BzATP, or
cells treated with 2 uM XeC and 50 M BzATP (for 24 h) were assayed for cell
viability using trypan blue exclusion test. Results are mean 4= SEM from four
separate experiments. D: Control cells, cells treated with 100 wM BzATP (2 h),
cells treated with 2 uM XeC (2 h), or cells treated with 2 wM XeC and 100 pM
BzATP for 2 h, were analyzed for cleaved caspase 3 (C-caspase 3, an apoptotic
marker) by Western blotting. E: The levels of protein were quantified by
densitometry and normalized with B-actin. Results are mean + SEM from four
separate experiments. Asterisks indicate statistical significance (P< 0.05) in
comparison to the control.

mediated neurotoxicity involves perturbation of organelle Ca** and
ER stress. Here we provide the first report to show that P2X7R
stimulation could lead to sustained Ca*" store depletion, ER stress
and apoptotic cell death. Suppression of Ca*" release by IP3R
blockade prevented P2X7R-induced Ca?" store depletion, ER stress,
and apoptotic cell death.

Treatment of cells with BzATP for only 2 h did not result in cell
death (Fig. 1B) but had already allowed cytotoxic signals to be
inflicted onto the cells (Fig. 1C). Ca®" signals triggered by BzATP
were slow (Fig. 2A-D) and may reflect the gradual dilation of the
P2X7R pore [Browne et al., 2010]. After 2h of BzATP treatment,
[Ca’*]; still remained high in the presence of BzATP (Fig. 2E).
BzATP-induced damage did not appear to occur at the plasmalem-
ma: Washing out BZATP led to a recovery of [Ca**]; back to a resting
level comparable to that of the control (Fig. 3), suggesting Ca*"
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Fig. 8. A schematic illustration of the cellular components involved in
P2X7R-mediated neurotoxicity. Binding of BzATP to P2X7R causes Ca " influx,
which sensitizes IP3R and triggers more release of Ca®" from the ER. The
reduced Ca>" content in the ER causes ER stress with the induction of ER stress
markers (phosphorylated elF-2a. and CHOP) and eventually apoptotic cell
death. Activation of P2X7R by BzATP, via undefined signaling pathways,
also causes inhibition of store-operated Ca?" entry; such inhibition may
account for the failure of the ER to be refilled with Ca>" after depletion.
Two drug tools, namely, CPA and XeC, were used in this study. CPA inhibits
SERCA and thus could release Ca>" from the ER. XeC is an antagonist of IP3R;
in this work XeC has been shown to prevent Ca>* store depletion, ER stress, and
apoptotic death after BzATP challenge. [Color figure can be seen in the online
version of this article, available at http://wileyonlinelibrary.com/journal/jcb]

clearance mechanisms still remained vigorous. Together with the
comparable Ca?" responses to high KCI (which opened plasma-
lemmal voltage-gated Ca>" channels) (Fig. 3), the data suggest that
the plasma membrane still maintained functional integrity after 2 h
of BZATP challenge.

What could be the damage after a 2-h BzATP treatment? Results
in Figure 4A-C suggest that such treatment resulted in Ca®" store
depletion, consistent with the reduced ER Ca®" concentration
(Fig. 4D). The observation that XeC substantially inhibited BzATP-
triggered [Ca®']; elevation (Fig. 5) suggests that P2X7R activation
also led to intracellular Ca®" release via IP3R. Since BzATP did not
induce Ca?* signal in Ca®*-free bath solution, the data suggest that
BzATP initially triggered Ca®" influx, which then induced Ca*"
release from the internal stores via sensitizing IP3R. This is similar to
the Ca®"-induced Ca** release mechanism in the case of ryanodine-
receptor channel as cytosolic Ca®" acts as a co-agonist at both the
IP3R and RYR [Lee, 2004; Berridge, 2009]. Since caffeine (20 mM)
did not trigger any Ca®™ release (not shown), differentiated NG108-
15 cells seemed to be devoid of functional ryanodine receptor
channels. Thus, although differentiated NG108-15 cells have
developed extensive neurites typical of neuronal morphology,
the absence of functional RYR suggests that these cells may not
have developed the full repertoire of Ca®" signaling mechanisms
expected of mature primary neurons.

By suppressing BzATP-triggered Ca’* release, XeC co-treatment
largely preserved the functional size of the CPA-dischargeable pool
(Fig. 6A-E). This is supported by the finding that XeC co-treatment
also abrogated the effect of BzATP in lowering ER Ca**
concentration (Fig. 6F). Consistently, XeC co-treatment prevented
the appearance of ER stress markers (phosphorylated elF-2a and
CHOP) upon BzATP challenge (Fig. 7A,B). Most significantly, XeC
could reverse the cytotoxic effect and suppress the appearance of
apoptotic marker (cleaved caspase-3) after BZATP insult (Fig. 7C-E).
Taken together, the data suggest that P2X7R stimulation led to
IP3R-mediated Ca®" release, Ca®" store depletion, ER stress and
eventually apoptotic cell death (see schematic diagram in Fig. 8).

It still remains unclear how IP3R-mediated Ca®" release led to
sustained Ca®" store depletion. The empty state of the Ca*" store
presumably could activate store-operated Ca®" entry, which would
refill the Ca®" store. Results in Figure 4 reveal that SOC was in fact
inhibited in BzATP-treated cells. The cause for this inhibition is
unknown. The SOC is now believed to be composed of the proteins
STIM (as a sensor of the Ca®" content in the store) and Orai (the
channel protein at the plasma membrane tethered to and activated
by STIM) [Varnai et al., 2009]. Further work is warranted to examine
if there is an uncoupling of the store status to the plasmalemma.

IP3R-mediated intracellualar Ca*" release triggered by Ca®"
influx appears in several receptors and cell types. For instance, in
renal vascular smooth muscle cells, activation of P2X receptors by
the selective agonist a3-methylene ATP depolarizes the membrane,
triggers the opening of voltage-gated Ca’' channels, the Ca®"
influx subsequently activates IP3R-mediated Ca®" release in sub-
plasmalemmal sarcoplasmic reticulum [Povstyan et al., 2011]. In
human fetal astrocytes, influx of Ca?" via P2 purinoceptors
activated by di(adenosine-5) pentaphosphate causes Ca*' release
through both IP3R and RYR [Holden et al., 2000]. In human SH-
SY5Y neuroblastoma cells, nicotinic cholinoceptor-triggered depo-
larization was followed by opening of voltage-gated Ca>" channels,
subsequent Ca*" influx also activates IP3R and RYR [Dajas-Bailador
et al, 2002]. However, it is unknown in the above cases
whether Ca®" store depletion, ER stress, or cytotoxicity took place.

It has been reported that stimulation of the receptors for a-
amino- 3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA
receptor, an ionotropic glutamate receptor subtype) causes ER
stress, Ca®* overload, and cytotoxicity in oligodendrocytes [Ruiz
et al., 2010]. In this work, pharmacological inhibition of RYR, but
not of IP3R, could reduce Ca®" overload and cell death, suggesting
the involvement of RYR-mediated Ca** release in AMPA receptor-
triggered excitotoxicity. In cortical neurons, Ca’" release via
both RYR and IP3R is involved in NMDA-induced Ca®" overload,
ER stress, and cell death [Ruiz et al., 2009]. Our work shows that
P2X7R-mediated ER stress and cell death in differentiated neuronal
NG108-15 cells involved Ca®" release through IP3R but not RYR.
Hence, the accumulating evidence suggests that Ca®" flux via
intracellular Ca®" release channels is involved in cytosolic Ca®"
overload and ER stress in excitotoxicity.

It is of importance to note that stimulation of P2X7R not only
triggers Ca’" entry, but also leads to activation of extracellular
signal-regulated kinases (ERK1/2), c-Jun N-terminal kinases (JNK),
and p38 mitogen-activated protein kinases (MAPK) in various cell
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types [Amstrup and Novak, 2003; Pfeiffer et al., 2004; Stefano et al.,
2007; Shiratori et al.,, 2010]. When WT and mutant P2X7R are
heterologously expressed in HEK-293 cells, it has been shown that
the N-terminus, but not the C-terminus, is important in ERK
activation [Amstrup and Novak, 2003]. Whether P2X7R also
stimulates ERK, JNK, and p38 MAPK in differentiated NG108-15
cells, and whether there is a link between these signaling pathway(s)
and sustained Ca?* store depletion after BZATP challenge, will await
further investigation.

In conclusion, our work presents novel data showing that Ca®*
release via IP3R, sustained Ca®" store depletion and ER stress were
involved in P2X7R-mediated neurotoxicity.
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