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Abstract

Ischemic stroke is the most serious disease that harms human beings. In principle, its treatment is to restore blood flow supply as
soon as possible. However, after the blood flow is restored, it will lead to secondary brain injury, that is, ischemia-reperfusion
injury. The mechanism of ischemia-reperfusion injury is very complicated. This study showed that P2X4 receptors in the
pyramidal neurons of rat hippocampus were significantly upregulated in the early stage of ischemia-reperfusion injury.
Neurons with high expression of P2X4 receptors are neurons that are undergoing apoptosis. Intraventricular injection of the
P2X4 receptor antagonist 5-(3-bromophenyl)-1,3-dihydro-2H-benzofuro[3,2-¢]-1,4-diazepin-2-one (5-BDBD) and PSB-12062
can partially block neuronal apoptosis, to promote the survival of neurons, indicating that ATP through P2X4 receptors is
involved in the process of cerebral ischemia-reperfusion injury. Therefore, identifying the mechanism of neuronal degeneration
induced by extracellular ATP via P2X4 receptors after ischemia-reperfusion will likely find new targets for the treatment of
ischemia-reperfusion injury, and will provide a useful theoretical basis for the treatment of ischemia-reperfusion injury.
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issues to be further explored. If the occurrence of DND could
be effectively prevented, it will provide some useful theoreti-
cal support for the treatment of ischemic stroke. Current re-
search shows that DND is closely related to the following
factors after ischemia-reperfusion: extracellular excitatory
toxin accumulation (excitatory amino acid toxicity such as
glutamic acid (Glu) and extracellular fluid ATP), intracellular
calcium overload, oxygen free radicals, the generation of free
radicals and lipid free radicals, the large secretion of inflam-
matory cytokines, the high accumulation of white blood cells,
damage of the blood-brain barrier, and the lack of high-energy
phosphate compounds are related [7, 8, 11-15]. There are
interactions between the above factors, which makes the mo-
lecular mechanism of DND very complicated.

Previous studies have shown that one of the most critical
mechanisms leading to DND is the release of large amounts of
excitatory Glu, which leads to the opening of glutamate ion
channels (NMDA, AMPA, and KA receptors, mainly NMDA
receptors) [16, 17]. Numerous studies have shown that Glu is
the central link of cerebral ischemic injury. After cerebral
ischemia, the supply of oxygen and blood glucose is insuffi-
cient; energy generation is reduced, resulting in depolarization
of neurons and glial cells; presynaptic membrane voltage-
dependent Ca** ion channels are opened; and Glu is released
into the synaptic cleft. In addition, due to lack of energy,
reuptake of Glu by the presynaptic membrane is inhibited,
further increasing the accumulation of extracellular Glu. Glu
stimulates excessive excitement of NMDA receptors, leading
to a large influx of Ca”", initiating a series of pathological
responses to nerve cell damage [18]. In addition to NMDA
receptors, glutamate metabotropic I receptors are also in-
volved in excitatory neurotoxicity induced by glutamate [17,
19], although IT and III receptors are involved in neuroprotec-
tive effects [20].

In addition to Glu, the direct involvement of extracel-
lular ATP and its derivatives in ischemic injury has re-
ceived increasing attention [21-25]. ATP is degraded ex-
tracellularly to adenosine, which produces biological ef-
fects through its receptors. Adenosine receptors are desig-
nated P1 receptor and are all G protein—coupled receptors,
which are divided into four subtypes: Al, A2A, A2B, and
A3. Studies have shown that adenosine and adenosine Al
receptor agonists have important neuroprotective effects
in in vivo and in vitro ischemia models, mainly by
inhibiting the release of excitatory amino acid Glu. Al
receptor antagonists can aggravate ischemic nerve injury
[26-28]. While the effects of A2A and A3 receptors are
opposite to those of Al receptors, blocking A2A and A3
receptors can significantly reduce the extent of ischemic
damage [29, 30]. ATP mainly acts as a neurotransmitter
or modulator acting via P2 receptors. The role of ATP in
ischemic injury is getting more and more attention; for
example, ATP can directly regulate the signaling pathway
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of cultured neurons during ischemia and hypoxia, which
has led to further investigation of the effects of ATP in
ischemic injury of the central nervous system [22, 31].
Previous experiments proved that extracellular ATP can
indeed cause death of cultured neurons [32]. In fact, ex-
periments have shown that P2 receptor antagonists can
indeed block the death of cultured neurons caused by
excessive Glu [33] or by serum/potassium deprivation,
hypoglycemia, or chemical hypoxia [22, 31]. The above
evidence indicates that extracellular ATP and its deriva-
tives are involved in neuronal death during ischemia and
hypoxia in vitro.

ATP produces biological effects through P2 receptors. P2
receptors are divided into P2X and P2Y [26]. The P2X recep-
tor family are non-selective cation channels, which allow cal-
cium and sodium ions to flow in and potassium ions to flow
out, and the permeability of calcium ions is very high. Seven
different P2X subtypes have been cloned, which are called
P2X1, P2X2, P2X3, P2X4, P2X5, P2X6, and P2X7 [21].
Previous studies have shown that P2X1, P2X2, P2X4,
P2X5, P2X6, and P2X7 are widely expressed in the central
nervous system [21]. Morphological and functional experi-
mental data show that neurons in the central nervous system,
especially the hippocampus, mainly express P2X2, P2X4, and
P2X6 receptor subtypes [34—38]; microglia express P2X4 and
P2X7 receptors [33, 39-41]; oligodendrocytes express P2X7
receptors [15]; and astrocytes express all subtypes of P2X
receptors (P2X1-7) [42].

Several publications have been published in recent years
concerning the involvement of P2X4 in the mechanism of
cerebral ischemic injury [24, 25, 43]. This study found that
ATP may be involved in delayed neuronal death in cerebral
ischemia-reperfusion injury through the P2X4 receptor.

Materials and methods

Animals and surgical procedures Male Sprague—Dawley rats
weighing 250-300 g were provided by the Animal Center
of Second Military Medical University. All experimental
procedures were approved by the Institutional Animal
Care and Use Committee at Second Military Medical
University and conformed to the UK Animals (Scientific
Procedures) Act 1986 and associated guidelines on the
ethical use of animals.

Fifteen minutes of global cerebral ischemia was induced by
the four-vessel occlusion (4-VO) method, with a slight mod-
ification [44]. Briefly, rats were anesthetized with 10% (w/v)
choral hydrate (400 mg/kg, intraperitoneally (i.p.)), then the
bilateral common carotid arteries (CCAs) were freed, and both
vertebral arteries were permanently electrocauterized. Rats
were allowed to recover for 24 h after closing the surgical
incisions. On the following day (0D), anesthesia was applied,
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the surgical incision in the neck was opened, and both CCAs
were occluded with aneurysm clips to induce global cerebral
ischemia for 15 min. The clips were removed for reperfusion.
Rectal temperature was maintained at 36.0 to 37.0 °C through-
out the procedures. Cerebral blood flow (CBF) before and
after clamping the bilateral CCAs was monitored using a laser
Doppler flowmetry (MBF3D, Moor Instruments, Axminster,
Devon, UK), and rats with a decrease in CBF of less than 80%
were excluded [44].

Experimental groups and drug administration

To study the effect of the P2X4 receptor antagonist (5-
BDBD, Torcris) on delayed neuronal death in the hippo-
campal CA1l region after ischemia-reperfusion injury
(IRI), rats were divided into three groups: sham group
(sham operated), dimethyl sulfoxide (DMSO) group, 5-
BDBD group, and PSB-12062 group. Rats in the sham
and DMSO control groups received i.v. injection of
10 pl 20% DMSO; rats in 5-BDBD group received i.v.
injection of 10 ul, 10 mM, 5-BDBD in DMSO; and rats in
PSB-12062 group received i.v. injection of 10 ul, 1.0
mM, PSB-12062 in DMSO. Lateral ventricular injections
were given once immediately after the injury and once
24 h later. Both 5-BDBD and PSB-12062 powder were
reconstituted in DMSO and then diluted with 0.9% NaCl
into a stock concentration of 10 mM and 1.0 mM,
respectively.

Immunohistochemistry

After 12 h, 24 h, 48 h, 4 days, and 7 days of I/RI, rats were
anesthetized and perfused intracardially with saline, followed
by 4% (w/v) paraformaldehyde in 0.1 mol/L PBS, pH 7.4.
Brains were removed and fixed overnight in 4% (w/v) para-
formaldehyde, then transferred to 25% sucrose in PBS and
kept in the solution until they sank to the bottom. Thereafter,
the tissue blocks were rapidly frozen, and coronal sections
(20 wm in thickness) were cut with a Leica cryostat and
floated in PBS.

The following protocol was used for immunofluorescence.
The sections were washed 3—5 min in PBS, and then preincu-
bated in a blocking solution (10% normal bovine serum, 0.2%
Triton X-100, 0.4% sodium azide in 0.01 mol/l PBS pH 7.2)
for 30 min followed by incubation with the primary antibodies
(P2X4 (1:400), Alomone, rabbit polyclonal, APR-004 and
NeuN (1500), Millipore, monoclonal, clone A60.
Subsequently, the sections were incubated with Cy3-
conjugated donkey anti-rabbit IgG (Jackson) diluted 1:400
for P2X4 and FITC-conjugated donkey anti-mouse IgG for
NeuN (Jackson). All incubations were separated by 5-10-
min washes in PBS.

The following protocol was used for the double immuno-
fluorescence of P2X4, Iba-1, NeuN, and GFAP. The sections
were washed 3—5 min in PBS, and then preincubated in a
blocking solution (10% normal bovine serum, 0.2% Triton
X-100, 0.4% sodium azide in 0.01 mol/l PBS pH 7.2) for
30 min followed by incubation with the primary antibody
mixtures. Mixture 1 was P2X4 (1:400) and Iba-1 (1:50),
Abcam, goat polyclonal, ab107159; mixture 2 was P2X4
(1:400) and GFAP (1:400), Boster (1:400), monoclonal,
BMO0055; and mixture 3 was P2X4 (1:400) and NeuN
(1:500) at room temperature overnight. Subsequently, the sec-
tions were incubated with Cy3-conjugated donkey anti-rabbit
IgG (Jackson) diluted 1:200 for P2X4, FITC-conjugated don-
key anti-mouse IgG (Jackson) 1:400 for NeuN and GFAP,
FITC-conjugated donkey anti-goat IgG (Jackson) 1:400 for
Iba-1. All incubations were separated by 5—10-min washes
in PBS.

TUNEL method

In situ labeling of DNA fragmentation (terminal
deoxynucleotidyl transferase—mediated UTP nick end label-
ing (TUNEL)) was carried out with an in situ cell death de-
tection kit (Roche, Mannheim, Germany) according to the
manufacturer’s instructions. After TUNEL detection of apo-
ptotic cells, some sections were further immunostained to
demonstrate P2X4 receptor proteins according to the above
method.

Photomicroscopy

Images were taken with a Nikon digital camera DXM1200
(Nikon, Japan) attached to a Nikon Eclipse E600 microscope
(Nikon). Images were imported into a graphics package
(Adobe Photoshop 5.0, USA).

Western blot

For western blotting, the rats were killed after 12 h, 24 h, 48
h, 4 days, and 7 days of I/R injury, and their hippocampuses
were removed immediately and lysed with 20 mM Tris—
HCI buffer, pH 8.0, containing 1% NP-40, 150 mM NaCl,
1 mM EDTA, 10% glycerol, 0.1% L-mercaptoethanol,
0.5 mM dithiothreitol, and a mixture of proteinase and
phosphatase inhibitors (Sigma). Protein concentration was
determined by the BCA protein assay method using bovine
serum albumin (BSA) as standard. One hundred micro-
grams of protein samples from the hippocampus was loaded
per lane, separated by SDS-PAGE (10% polyacrylamide
gels), and then was electrotransferred onto nitrocellulose
membranes. The membranes were blocked with 10% non-
fat dry milk in Tris buffered saline for 1 h and incubated
overnight at 4 °C with P2X4 (1:1000, Alomone), GAPDH
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(1:1000, Beyotime) diluted in 2% BSA in PBS. The mem-
branes were then incubated with alkaline phosphatase—
conjugated goat anti-rabbit IgG (Sigma) or goat anti-
mouse IgG (Sigma) diluted 1:5000 in 2% BSA in PBS for
1 h at room temperature. The color development was per-
formed with 400 pg/ml NitroBlue Tetrazolium, 200 pg/ml
5-bromo-4-chloro-3-indolyl phosphate and 100 mg/ml le-
vamisole in TSM2 (0.1 mol/l Tris—HCl, buffer, pH 9.5, 0.1
mol/l NaCl, and 0.05 mol/l MgCl,) in the dark. Bands were
scanned using a densitometer (GS-700; Bio-Rad
Laboratories).

Morris water maze test

At day 8, spatial learning and memory were tested using
the Morris water maze, a circular black tank of 130 cm
in diameter and 60 cm in height. The tank was filled
with a depth of 30 cm water at 25 + 1 °C. The maze
was divided into four equal quadrants. The trials were
performed according to Vorhees’ method [45]. Spatial
acquisition: all rats received a training trial consisting
of daily sessions of four consecutive trials for 5 days.
The hidden platform (diameter 10 cm, 1.5 cm below the
water surface) or a visible platform (diameter 10 cm,
1.5 cm above the water surface) was positioned in the
middle of the southwest (SW) quadrant for all rats. The
rats were released into the tank facing the maze wall at
north (N), west (W), south (S), or east (E) quadrants in
a predetermined pseudorandom order. A trial was termi-
nated as soon as the rat found the platform; if the rat
did not succeed within 120 s, it was guided onto the
platform with a stick. The rat was allowed to stay on
the platform for 20 s before being removed. Probe trial:
immediately after the final training trial, the platform
was removed. Rats were released into the pool at NE
position and allowed to swim freely for 2 min. The time
needed to find the platform (escape latency) in the train-
ing trials and time spent in the quadrants in the probe
trial were recorded. The mean value of four escape la-
tencies in the daily four training trials was taken as the
escape latency for the rat. Values from eight rats in the
same group were averaged to generate a mean escape
latency for that day. Only these rats, which were trained
to find the hidden platform, were included in the con-
ducted probe trial.

Quantitative analysis

The apoptotic positive neurons for TUNEL in the hippo-
campal CA1 region at high magnification (x400) were
counted. The percentage of TUNEL-positive in P2X4-
positive neurons and the percentage of P2X4-positive in
TUNEL-positive cells were quantified. In addition, the
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Fig. 1 Expression of P2X4 receptors in the CAl region of the ratP
hippocampus in normal conditions (a, b) and after ischemia-reperfusion
injury (c—j). After ischemia-reperfusion, the expression of P2X4 receptors
gradually increased, peaked at 48 h (d), and then decreased, and the
positive cells were small cells (i, j). The mean gray value of P2X4 recep-
tor immunostaining in CA1 regions was obtained by using the ImageJ
software. Data represent mean + SEM. Statistical analysis was carried out
with a Mann-Whitney U test. #p < 0.05, ** p <0.01. n = 5. All scale bars
=130 pm

percentage of Iba-1-positive and the percentage of
NeuN-positive cells in P2X4-positive cells in the CAl
region of the hippocampus 4 days after reperfusion injury
were also quantified. Photomicrographs of the CA1 re-
gion were taken using a Nikon digital camera DXM1200
(Nikon, Japan) attached to a Nikon Eclipse E600 micro-
scope (Nikon). The numbers of surviving/TUNEL-
positive neurons and total neurons in the hippocampal
CA1 region per 1-mm length were counted and analyzed
blind by investigators. Six sections were used for each rat
and the mean number of these six sections was calculated.
Six rats were used for one group.

Results

Immunofluorescence histochemical results showed that the
P2X4 receptor was normally expressed at low levels in pyra-
midal neurons in the hippocampal CA1 region (Fig. 1 a, b).
After ischemia-reperfusion, the expression level of P2X4 re-
ceptors in the hippocampal CA1 pyramidal neurons gradually
increased (Fig. 1 c, d, e, f, g, h). Peak expression of P2X4
receptors in pyramidal neurons was reached 48 h after
ischemia-reperfusion (Fig. 1 g, h). Four days after IRI, P2X4
receptor expression decreased, and cells expressing P2X4 re-
ceptors were no longer neurons, but smaller cells (Fig. 1 1, j).
Further verification experiments showed that these cells were
mainly Iba-1-positive microglia, not astrocytes, oligodendro-
cytes. In total, 90% + 5% P2X4 receptor—positive cells were
also immunostained by Iba-1. Other cells positive for P2X4
receptors and negative for Iba-1 were generally NeuN-
positive neurons (Fig. 2). Western blotting showed that the
hippocampal P2X4 receptor showed the same trend after
ischemia-reperfusion (Fig. 3).

To observe whether P2X4 receptor antagonists have an
effect on the activation process of microglia, we compared
Iba-1 staining in the hippocampal CA1 region at 48 h of is-
chemia in the sham, saline, SBDBD, and PSB-12062 groups
and showed that microglia morphology was significantly al-
tered in the saline group with a significant reduction in their
protrusions and a decrease in the number of cells, but there
was no significant difference between the saline, SBDBD, and
PSB-12062 groups (Fig. 4). This result indicates that the



Purinergic Signalling (2021) 17:425-438 429

Mean Gray Value
N
)}

@ Springer



430

Purinergic Signalling (2021) 17:425-438

Fig. 2 The identification of P2X4
receptor—positive cells 4 days af-
ter ischemia-reperfusion injury.
The results show that P2X4 re-
ceptors coexist with Iba-1 (mi-
croglia marker), but not with
GFAP (astrocyte marker), NeuN
(neuronal marker), or Olig2 (oli-
godendrocyte marker). A yellow
arrow indicates a cell (yellow)
double-labeled by both P2X4 and
Iba-1, and a red arrow indicates a
neuron-like cell (red) with P2X4
receptor in A, and a yellow arrow
indicates a cell with both P2X4
and NeuN in C. All scale bars =
130 um

P2X4 antagonist SBDBD and PSB-12062 did not significant-
ly affect the activation process of microglia.

Combined immunofluorescence and apoptosis detection
experiments showed that neurons in the hippocampal CA1
region that expressed high levels of P2X4 receptors were ap-
optotic cells (Fig. 5). A total of 85 + 5% P2X4 receptor—
positive neurons were also labeled by TUNEL assay, and 72

Fig. 3 Western blotting showed a

that the hippocampal P2X4 con

receptor protein expression trend
was similar to the
immunofluorescence: it gradually
increased in the early stage and
decreased after 2 days of
ischemic-reperfusion injury. Data
represent mean + SEM. Statistical
analysis was carried out with a b
Mann-Whitney U test. #p < 0.05. 2 1

n=3 18 -
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+ 7% cells with TUNEL signals were also immunostained by
P2X4 receptor antibody.

In order to further verify whether the high-level expres-
sion of P2X4 receptors in hippocampal CAl area was
involved in neuronal apoptosis after ischemia-reperfusion,
we injected the lateral ventricle of ischemic animals with
a P2X4 receptor—specific antagonist 5-BDBD and PSB-
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Fig. 4 Effect of SBDBD and
PSB-12062 on microglia activa-
tion at 48 h after ischemia-
reperfusion injury in the CALl re-
gion. a, b, ¢, and d show Iba-1
immunostaining in the sham, sa-
line-treated, SBDBD-treated, and
PSB-12062-treated groups re-
spectively. e and f summarize the
mean gray value and the
microglial cell number in the CA1
region at 48 h after ischemia-
reperfusion injury respectively.
Note that the number of microglia
protrusions and cell number were
significantly reduced in the other
three groups compared to the
sham group, but there was no
significant difference between
those three groups. The mean
gray value of P2X4 receptor im-
munostaining in CA1 regions was
obtained by using the ImagelJ
software. Data represent mean +
SEM. Statistical analysis was
carried out with a Mann-Whitney
U test. #p < 0.05, **p < 0.01. n =
5 10 |
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12062. The TUNEL method found that 5-BDBD and
PSB-12062 protected neurons and reduced apoptosis of
hippocampal CA1 neurons after ischemia-reperfusion
(Fig. 6). Immunofluorescence of NeuN showed that the
number of neurons that survived in the hippocampal
CA1 area was significantly higher than that in the
ischemia-reperfusion group, although there was still sig-
nificant neuron loss (Fig. 7).

Spatial memory was evaluated using the Morris water
maze. During the 5-day hidden platform trial, escape la-
tency of sham, DMSO-treated, 5-BDBD-treated, and
PSB-12062-treated groups decreased in a day-dependent
pattern. However, the sham group took significantly less
time to find the platform than the DMSO-treated group on
all 5 days. In addition, the DMSO-treated group required
significantly more time to find the platform than the 5-
BDBD-treated and PSB-12062 groups. In the probe trial,
the DMSO-treated group spent significantly less time than
the 5-BDBD-treated, PSB-12062-treated, and sham
groups in the SW quadrant (Fig. 8). These data suggested
that both 5-BDBD and PSP-12062 could improve neuro-
behavioral outcomes after IRI.

PSB-12062 con sham

SBDBD

PSB-12062

Discussion

The present study showed that P2X4 receptors are gradually
upregulated during the early stage of cerebral ischemic injury
in rats, and the expression peak time is the time point when
neurons begin to die by apoptosis. The P2X4 receptor antag-
onist 5-BDBD and PSB-12062 partially blocked neuronal ap-
optosis, indicating that ATP through P2X4 receptors is in-
volved in the process of cerebral ischemia-reperfusion injury.

The possible role of ATP and its derivatives in cerebral
ischemia has been reported previously. Suramin, a broad-
spectrum P2X receptor antagonist, can reduce the area of ce-
rebral ischemia and the extent of cerebral edema in the early
middle cerebral artery occlusion model of ischemia in rats [4].
In vitro culture of brain slices confirmed that after oxygen and
glucose deprivation, the P2X2 and P2X4 receptors were sig-
nificantly upregulated and neurons died [23]. Previous data
showed that the P2X7 receptor is not a primary regulator of
neuronal survival during cerebral ischemia [46]. These exper-
iments indicate that ATP does not directly regulate neuron
survival through the P2X7 receptor expressed by the neuron
itself. Our recent experimental results show that after
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Fig. 5 Combined immunofluorescence and TUNEL methods showed
that neurons highly expressed P2X4 receptors (red) and apoptotic cell
nuclei (green) in the hippocampal CA1 region. Note that majority of the
neurons with P2X4 receptor immunofluorescence (red) were also labeled
by TUNEL method (green). All scale bars = 65 pm

ischemia-reperfusion, CA1 microglial cells in the hippocam-
pus are activated, their P2X7 receptors are significantly up-
regulated, and the inflammatory factor interleukin 13 (IL-3)
upregulated [47]. These events occur before DND occurs. The
antagonists brilliant blue G and A74003 of the P2X7 receptor
can partially inhibit the occurrence of DND and IL-1f3 upreg-
ulation in the hippocampal CA1 region, and improve learning
and memory functions of animals at the same time [47], which
indicates that ATP activates microglia through microglia
P2X7 receptors; thus, indirectly, they are involved in the oc-
currence of DND in the hippocampal CAl region after
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Fig. 6 The TUNEL method showed apoptotic cells of the hippocampal P>
CA1 region on the second and fourth days after ischemia-reperfusion
injury in the sham (a, d, g), DMSO (b, ¢), 5-BDBD-treated (e, f), and
PSB-12062-treated (h, i) groups. j summarizes apoptosis in the groups at
the 2nd and 4th day. Note that 5-BDBD partially reduced the number of
apoptotic cells. Data represent mean = SEM. Statistical analysis was
carried out with a Mann-Whitney U test. ***p < 0.001. n = 5. All scale
bars = 65 um

ischemia-reperfusion, and these results are similar to those
reported earlier by others [48]. This evidence suggests that
ATP is indeed involved in IRI through P2X receptors.

Source of extracellular ATP Normally, the extracellular fluid
concentration of ATP is very low, at the nanomolar level but
intracellular concentrations reach the millimolar level.
Although physiologically, extracellular ATP can be derived
from synaptic vesicle exocytosis, secretion of astrocytes and
capillary endothelial cells, but it is diluted soon after release
[49-52], and is hydrolyzed by the extracellular ATPase sys-
tem, so ATP can be maintained at very low levels in the
extracellular fluid [11, 13, 53]. Under pathological conditions,
nerve cell injury can cause a large outflow of ATP, and at that
time, extracellular ATPase activity is inhibited under condi-
tions such as inflammatory response or oxidative stress.
Released ATP cannot be rapidly hydrolyzed as normal and
accumulates in the extracellular fluid at higher concentrations
[52, 54]. A high concentration of extracellular ATP can act on
neurons and glial cells through its corresponding receptors to
produce a series of biological effects, which then affect their
shapes and function of the local nervous system.

Because P2X receptors are highly permeable to Ca®*, Ca®*
influx induced by ATP in cortical or hippocampal pyramidal
neurons is comparable to or greater than that induced by the
excitatory amino acid Glu through NMDA receptors [55-57].
Based on the permeability of Ca®* to the P2X receptor, it has
been classified as a “superfamily of ligand-gated Ca** chan-
nels (LGCCs)” [57]. Therefore, overexpression and activation
of P2X receptors is likely to be one of the causes of calcium
overload during DND.

Ca”* homeostasis is the basis for maintaining many impor-
tant physiological functions of cells, including signal trans-
mission and action potentials. Cells can regulate cytosolic
Ca** balance and stability through the following mechanisms:
calcium pumps and channels in the cell membrane; intracel-
lular mitochondria, endoplasmic reticulum, Golgi, and other
Ca* reservoirs precisely regulate the level of cytosolic Ca”*.
After cerebral ischemia, this balance is disrupted. A large
number of studies have shown that many cells rapidly and
continuously increase the free Ca>* concentration in the cyto-
plasm in the early stage of apoptosis [58, 59]. The excitotoxic
substances Glu and ATP activate the NMDA receptor and
P2X receptor, respectively, causing Ca>* overload in the cy-
toplasm, activating Ca**-dependent proteases, and inducing
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<« Fig. 7 NeuN immunostaining of hippocampal regions in sham (a, b),
DMSO-treated (¢, d), 5-BDBD-treated (e, f), and PSB-12062-treated (g,
h) groups after ischemic-reperfusion injury. i summarizes the number of
neurons that survived in all groups at the 2nd and 4th day. Data represent
mean + SEM. Statistical analysis was carried out with a Mann-Whitney U
test. #p < 0.05, ** p<0.01. n=5. All scale bars in a, ¢, e, g =1300 pum, in
b, d, f, h=130 um

cell death. Ca** plays an important role in the death of ische-
mic neurons [60].

This study found that the expression of P2X4 receptors
in pyramidal cells of hippocampal CA1l area was signifi-
cantly upregulated, reaching a peak at 48 h, at which time
TUNEL examination revealed a large number of DNDs in
the CA1 region. The combination of immunohistochemis-
try and TUNEL showed that apoptotic hippocampal pyra-
midal cells expressed high levels of P2X4 receptors,
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Fig. 8 Effect of 5-BDBD and PSB-12062 on spatial learning and mem-
ory in the water maze. a shows escape latency to find the hidden platform
during the 5 days of the training trial from the 8th to the 12th day after IRL
b shows the escape latency to find the visible platform. ¢ shows the
distances to the hidden platform. d shows the time spent during the probe

day10 dayll dayl2

suggesting that the upregulation of P2X4 receptors may
be related to DND. Administration of 5-BDBD and PSB-
12062 can significantly reduce the occurrence of DND in
the CA1 region. These data suggest that extracellular ATP
may be involved in the apoptosis of pyramidal neurons in
the hippocampal CA1 region after ischemia-reperfusion
through the P2X4 receptor and calcium ion overload
pathway.

Researchers found in the amyotrophic lateral sclerosis an-
imal model that motor neurons that are undergoing degenera-
tive changes express high levels of P2X4 receptors, accompa-
nied by abnormal changes such as the loss of NeuN or aggre-
gation of microglia [12]. Its specific mechanism needs further
study. This finding further suggests that DND in the hippo-
campal CA1 region during IRI is closely related to the upreg-
ulation of the P2X4 receptor.
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trial in the quadrants. Data represent mean + SEM. Statistical analysis was
carried out with multi-factor ANOVA. #p < 0.05, **p < 0.01. SBDBD-
treated group and PSB-12062 versus the relevant value of the DMSO
group on the same day. n = 8

@ Springer



436

Purinergic Signalling (2021) 17:425-438

Much of the previous data suggests that the hippocampus is
involved in learning and memory processes [61]. Ischemia-
reperfusion injury loses most of the pyramidal neurons in the
CA1 region, so the learning and memory functions of the
injured rats is definitely affected. The results of the water maze
tests also confirmed the importance of pyramidal neurons of
hippocampal CA1 area in learning and memory processes.

In summary, the occurrence of DND in the hippocampal
CA1 region after cerebral ischemia-reperfusion is closely re-
lated to the release of extracellular ATP. It may be similar to
the excitatory amino acid Glu that induces neuronal calcium
overload via the NMDA receptor, and the ATP ligand—gated
calcium channel superfamily member, the P2X4 receptor, in-
duces or aggravates calcium overload in pyramidal neurons of
the hippocampal CA1 region, triggering DND. Therefore,
identifying the mechanism of neuronal degeneration induced
by extracellular ATP via P2X4 receptors after cerebral
ischemia-reperfusion will likely find new targets for the treat-
ment of IRI, and will provide a useful theoretical basis for the
treatment of cerebral ischemia-reperfusion injury.
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