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Aim: Previous studies have proved that inhibiting inflammasome activation provides
neuroprotection against early brain injury (EBI) after subarachnoid hemorrhage (SAH),
which is mainly focused on the microglial inflammatory response, but the potential role
of neuronal inflammasome activation in EBI has not been clearly identified. This study
examined whether the pannexin-1 channel inhibitor probenecid could reduce EBI after
SAH by inhibiting neuronal AIM2 inflammasome activation.

Methods: There are in vivo and in vitro parts in this study. First, adult male SD rats were
subjected to the endovascular perforation mode of SAH. The time course of pannexin-1
and AIM2 expressions were determined after SAH in 72h. Brain water content,
neurological function, AIM2 inflammasome activation, and inflammatory response were
evaluated at 24 h after SAH in sham, SAH, and SAH + probenecid groups. In the in
vitro part, HT22 cell treated with hemin was applied to mimic SAH. The expression of
AIM2 inflammasome was detected by immunofluorescence staining. Neuronal death and
mitochondrial dysfunction were determined by the LDH assay kit and JC-1 staining.

Results: The pannexin-1 and AIM2 protein levels were upregulated after SAH.
Pannexin-1 channel inhibitor probenecid attenuated brain edema and improved
neurological dysfunction by reducing AIM2 inflammasome activation and reactive oxygen
species (ROS) generation after SAH in rats. Treating HT22 cells with hemin for 12h
resulted in AIM2 and caspase-1 upregulation and increased mitochondrial dysfunction
and neuronal cell death. Probenecid significantly attenuated the hemin-induced AIM2
inflammasome activation and neuronal death.

Conclusions: AIM2 inflammasome is activated in neurons after SAH. Pharmacological
inhibition of the pannexin-1 channel by probenecid attenuated SAH-induced AIM2
inflammasome activation and EBI in vivo and hemin-induced AIM2 inflammasome
activation and neuronal death in vitro.
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INTRODUCTION

Subarachnoid hemorrhage (SAH), which mostly occurs following
aneurysm rupture, is a devastating subtype of stroke with high
mortality. Several studies have shown that early brain injury
(EBI) is a key factor in the poor prognosis of patients with SAH
(1, 2). Increased evidence demonstrated that inflammasome-
mediated neuroinflammation and neuronal cell death contribute
to injury progression in the early stage of SAH (3, 4).
Neuronal pyroptosis is defined as a highly specific inflammatory
programmed cell death, which is triggered by inflammasome
activation (5). Many glial inflammasomes have been identified
after stroke, and the most widely studied inflammasome is
the NOD-like receptor family pyrin domain containing 3
(NLRP3), which is mainly released by microglia after SAH.
Inhibition of NLPR3 inflammasome activation was proved
to attenuate EBI after SAH (3, 4, 6). However, only a few
studies were focused on the role of neuronal inflammasome-
mediated neuroinflammation and pyroptotic neuronal cell death
after stroke.

Absent in melanoma 2 (AIM2) is a member of the hemopoietic
IFN-inducible nuclear 200 (HIN-200) family of proteins that
induce the formation of a highly specific inflammasome in
neurons. AIM2 inflammasome could be activated by host
ectopic double-stranded DNA (dsDNA) in cortical neurons
(7). AIM2 triggers the formation of the inflammasome, which
contains apoptosis-associated speck-like proteins containing
CARD (ASC) and pro-caspase-1, and induces caspase-1 cleavage,
interleukin-1p (IL-1B) and interleukin-18 (IL-18) maturation,
and pyroptosis (7, 8). AIM2 inflammasome-mediated pyroptotic
neuronal death has been validated in neurodevelopment
and central nervous system (CNS) diseases, which include
neurodegenerative diseases, hemorrhagic stroke, and traumatic
brain injury (8-10). However, the potential therapeutic targets for
AIM2 inflammasome activation in the pathogenesis of EBI after
SAH have not been clearly clarified.

Pannexin-1 is a new member of the gap junction family of
proteins, with homology to invertebrate innexins. Pannexin-1
is highly expressed in many organs, which include the brain,
the spinal cord, and bones (11). The pannexin-1 channel
carries signaling molecules and ions between the cytoplasm
and the extracellular space. As a membrane channel, pannexin-
1 is involved in ATP release to extracellular space and the
propagation of intercellular calcium waves (12). Emerging
evidence reveals the pathological activity of pannexin-1 in
contributing to disease processes that include ischemic stroke,
seizure, spinal cord injury, and tumor formation (11, 13-
15). Moreover, the pannexin-1 channel has been shown to
activate the inflammasome of neurons and astrocytes (16).
The regulatory role of the pannexin-1 channel on AIM2
inflammasome activation after SAH is rarely known. Probenecid
is an “old drug” that has been used as a uricosuric drug for
gout treatment, and its pharmacokinetics and side effects have
been widely studied (17, 18). Probenecid was found to be a
potent-specific inhibitor of pannexin-1 channel (18).

Therefore, this study was designed to evaluate the effect of
probenecid-blocked pannexin-1 channel on EBI after SAH and

to explore the relationship with AIM2 inflammasome activation.
In this study, we found that pannexin-1 channel inhibitor
probenecid could inhibit AIM2 inflammasome activation in the
acute stage of SAH, could consequently reduce brain edema, and
could improve neurological dysfunction.

MATERIALS AND METHODS

Animal Preparation and Study Design

Adult male Sprague-Dawley rats (300-340g) which were
obtained from SLAC Laboratory Co., Ltd. (Shanghai, China)
were used in this study. A total of 136 rats were used for
this study. The Sprague-Dawley rats were raised in plastic
cages with controlled temperature and humidity and a 12-
hlight-dark cycle. All animal experiments were in accordance
with the Guidelines for the Care and Use of Laboratory
Animals of the National Institutes of Health and were approved
by the Institutional Animal Care and Use Committee of
Zhejiang University.

The in vivo study was divided into 2 parts. In the first part,
rats were subjected to SAH with an endovascular perforation
technique. Brains were harvested at 6, 12, 24, 48, and 72h
after SAH (n = 4 each group) for western blots and brain
histology (n = 4 at 24h after SAH). Brains of the sham group
were harvested at 24 h after surgical procedures. In the second
part, SAH groups were subjected to SAH and treated with
vehicle or probenecid, and the sham group was subjected to a
procedure similar to the SAH groups but without perforation
and treatement with vehicle. All endpoints in this part were
investigated 24h after SAH based on the result of the first
part. The experimental group design is shown in Figure 1A.

The Rat SAH Model

The rat SAH model was performed by the endovascular
perforation technique as previously described (19). Rats were
anesthetized with pentobarbital (40 mg/kg, intraperitoneal
injection) to expose the left carotid artery and its branches.
The external carotid artery was transected distally, and
a blunt 4-0 nylon monofilament suture inserted
into the internal carotid artery, which was advanced
through until resistance was felt and occurred at the
junction of the anterior cerebral artery and the middle
cerebral artery. The suture was further advanced ~3-
5mm to perforate the artery and create SAH with a stay
of 10s. The sham group underwent a similar procedure
without perforation.

The SAH grades were quantified in accordance with the
published grading system of Zhang et al. (20). The grade scores
were based on the volume of a clot in six parts of the basal cistern.
Each segment was scored 0-3, and the final scores were obtained
by adding six partial scores.

was

Cell Culture

The mouse hippocampal neuronal cell line HT22 cells were
cultured (37°C, 5% CO,) in DMEM/F12 (1:1) medium with
15% fetal bovine serum (FBS) and 100 U/ml penicillin. These
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FIGURE 1 | (A) Experimental design for in vivo and in vitro experiments, animal groups, and mortality. (B) Time course of pannexin-1 and AIM2 levels, n = 4 for each
group. #p < 0.05 vs. sham group. (C) Representative micrographs showing double immunofluorescence labeling of propidium iodide (PI) with pannexin-1 and AIM2 in
the ipsilateral basal cortex at 24 h after subarachnoid hemorrhage (SAH). Scale bar = 50 um.

2 responses. We stimulated HT22 cells by administrating 75 pm

hemin (Sigma-Aldrich, MO, USA, catalog number H9039) for

cells were inoculated in 5 cm? x 5 cm?-cell culture flask
at a density range of 4 x 10°/well-5 x 10°/well. Following

SAH, the erythrocytes lyse and release their hemoglobin, which
degrades to hemin. The toxicity of hemin occurs after it has
been taken up into cells and thereby causes various harmful

12h to induce the SAH model in vitro. Meanwhile, cells
were treated with probenecid (1 mM probenecid) or vehicles
(Figure 1A).
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Drug Administration

In vivo: 50 mg probenecid (P8761, Sigma, USA) was dissolved in
2mM NaOH PH was titrate to 7.0 with 0.2M HCI. Then, water
was added to a final volume of 50 ml (1 mg/ml probenecid).
Rats were intraperitoneally injected with probenecid at a dose
of 1 mg/kg using two-injection protocol as described previously
(21, 22). The injection of probenecid or vehicle was performed
before SAH and again 2 h after SAH, for a total of two doses.

In vitro: HT22 cells were cultured in DMEM/F12 medium for
24h. Cells were stimulated by hemin, hemin + probenecid, or
probenecid for an additional 12 h. The control cells received the
same volumes of vehicles.

Evaluation of Neurological Deficits

The neurological deficits were evaluated 24h after SAH
according to the scoring system of Garcia et al. (23). The scoring
system consisted of the following six tests: symmetry in the
movement of four limbs, spontaneous activity, climbing, body
proprioception, forepaw outstretching, and response to vibrissae
touch. Each test was scored 0-3 or 1-3, and the total score
ranged from 3 to 18. A lower score represents more serious
neurological deficits. All the tests were assessed in a blind manner
in a random sequence.

Brain Water Content Measurement

Rats were sacrificed 24h after SAH. The brain was removed
and immediately weighed to obtain the wet weight (WW). The
samples were dried at 105°C for 24 h and weighed again to obtain
the dry weight (DW). The brain water content was calculated as
[(WW-DW)/WW] x 100% (24).

ROS Assay

A reactive oxygen species (ROS) assay was performed as
previously described with the ROS assay kit (Nanjing Jiancheng
Bioengineering Institute, Nanjing, China) following the
manufacturer’s instruction (25). The ROS levels in the brain
tissue were expressed as fluorescence intensity/mg protein.

Western Blot Analysis

Ipsilateral basal cortical samples facing blood clots were
extracted. Western blotting was performed as described
previously (25). Cortical samples were homogenized and
centrifuged (1,000 x g, 10min, 4°C). The supernatant was
further centrifuged, and then, the protein concentration was
determined using the DC protein assay kit (Bio-Rad, Hercules,
CA, USA). An equal amount of protein (50 pg) was suspended
in loading buffer, denatured at 95°C for 5min, and loaded on
an SDS-PAGE gel. After being electrophoresed and transferred
into polyvinylidene fluoride membranes, the membrane was
blocked with nonfat dry milk buffer for 2h and then incubated
overnight at 4°C with the primary antibody for AIM2 (ab93015,
1:1,000, Abcam), pannexin-1 (ab124131, 1:1,000, Abcam),
ASC (ab155970, 1:1,000, Abcam), caspase-1 (ab1872, 1:1,000,
Abcam), P2X7R (1: 1,000, APR-004, Alomone, Jerusalem),
IL-1B (SC-23460, 1:500; Santa Cruz), IL-18 (ab71495, 1:1,000;
Abcam), and GAPDH (1:10,000, Fitzgerald, 10R-G109A).

The membranes were incubated with horseradish peroxidase-
conjugated secondary antibodies for 1h at room temperature.
The protein band densities were detected by x-ray film and
quantified by Image] software (National Institutes of Health,
Bethesda, MD, USA).

Immunofluorescence Staining and JC-1
Staining

Propidium iodide (PI, 25535-16-4, sigma) was dissolved in
0.9% NaCl, and 10 mg/kg PI was administered intraperitoneally
at 1h prior to sacrifice. Brain coronal slices were obtained
according to our previous protocol (4). Immunofluorescence
staining was performed as previously described. The primary
antibodies were AIM2 (ab93015, 1:1,000, Abcam), pannexin-1
(ab124131, 1:1,000, Abcam), and caspase-1 (ab1872, 1:1,000,
Abcam). The secondary antibodies were rhodamine-conjugated
antibody (1:200, Jackson Immuno Research) and fluorescein
isothiocyanate-labeled antibody (1:200, Jackson Immuno
Research). The sections were rinsed and stained with DAPI
(1 pg/mL, Roche Inc, Basel, Switzerland) and then rinsed again
and mounted with glycerol. The labeling was analyzed using a
fluorescence microscope (Olympus).

The HT22 cells were inoculated in 96-well plates at a density
range of 1x 10%/well—3x 10*/well, and then, these cells were used
for immunofluorescence staining and measuring mitochondrial
membrane potential. The cultures were washed two times with
PBS and fixed with 4% paraformaldehyde in PBS for 15 min and
then washed two times more with PBS at room temperature.
The staining protocol and the primary and second antibodies
were the same as described above. The mitochondrial membrane
potential was measured by a JC-1 kit (Beyotime, Shanghai,
China) following the manufacturer’s instructions. HT22 cells
were rinsed with PBS and incubated with JC-1 staining solution
at 37°C for 20 min. Then, the inverted fluorescence microscope
(Olympus, Tokyo, Japan) was used to capture the pictures and
calculate the ratio of the red—green fluorescence.

LDH Assay

In brief, the HT22 cells were inoculated in 96-well plates at a
density range of 1 x 10%*/well—3 x 10%/well. Culture medium
(20 pl) was taken after 12h of treatment, and cell death
was quantified by lactate dehydrogenase release assay (Nanjing
Jiancheng Bioengineering Institute, Nanjing, China) following
the manufacturer’s instruction. The LDH release was determined
by measuring the 450 nm absorbance using a microplate reader.

Statistical Analysis

Continuous data were presented as mean =+ standard error of
the mean (SEM) or median (interquartile range) based on the
normality and homogeneity of variance. For the data meeting
normal distribution and homogeneity of variance, one-way
analysis of variance (ANOVA) followed by a Tukey’s multiple
comparison test was used to evaluate significant differences
among groups. For the non-normal distribution and unequal
variance parameters, the Kruskal-Wallis test was used to
compare the differences among the groups. The Chi-square test
was used for mortality comparison. The p-value <0.05 indicated
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FIGURE 2 | (A) The quantification of SAH severity, n = 21 for each group. (B) Pannexin-1 protein levels in sham, SAH, and SAH + pro groups, n = 6 each group.
*p < 0.05 vs. sham group, #p < 0.05 vs. SAH group. (C) The quantification of neurological scores. Values are median (interquartile range), n = 21 each group, *p <
0.05 vs. sham group, #p < 0.05 vs. SAH group. (D) Brain water content measured by the wet-dry method, n = 6 each group. *p < 0.05 vs. sham group, #p < 0.05

vs. SAH group.

statistical significance. GraphPad Prism (version 9.0) and SPSS
software (version 23.0) were used for statistical analyses.

RESULTS

The Expressions of Pannexin-1 and AIM2
Were Elevated After SAH

Experimental SAH surgeries were performed in rats with the
endovascular perforation technique. The pannexin-1 channel
is the principal conduits of ATP release from dying cells
in the brain, which release cytoplasmic contents that include
dsDNA. AIM2 is a member of the HIN-200 family of proteins
and was activated to form an inflammasome in the neuron
by dsDNA. Western blot results showed that the pannexin-1
and AIM2 protein contents gradually increased with a marked
accumulation at 24 h after SAH and still stay at a high level at
72h post-SAH when compared to the sham group (p < 0.05,
Figure 1B). PI staining was used for the detection of necrotic
cells. Double immunostaining demonstrated that pannexin-1-
positive and AIM2-positive cells were mainly expressed on PI-
positive cells after SAH induction (Figure 1C).

Probenecid-Blocked Pannexin-1 Channel
Reduced Brain Water Content and

Improved Neurological Dysfunction

The SAH grade of the sham group was 0, and the scores were
not significantly different between SAH groups (Figure 2A).
Probenecid is a pharmacological inhibitor of the pannexin-1

channel. Western blot showed that the treatment of probenecid
reversed the increase of pannexin-1 protein expression after
SAH (p < 0.05, Figure 2B). Brain water content was measured
by wet-dry method and analyzed 24h after SAH. The whole-
brain water content of the SAH group was significantly
higher than that of the sham group. The rats treated with
probenecid showed reduced brain edema compared with the
SAH group (p < 0.05, Figure 2C). The neurological score
of the SAH group was significantly lower than that of the
sham group. Probenecid treatment improved the neurological
scores significantly compared with the SAH group (n = 21,
p < 0.05, Figure 2D). When the mortality of SAH rats was
estimated, we found that mortality was slightly lower in the
SAH + pro group (20.59%) than in the SAH group (22.86%)
with no statistical difference (Figure 1A). These results indicated
that probenecid treatment provided a neuroprotective effect on
EBI after SAH.

Probenecid Inhibited AIM2 Inflammasome
Activation After SAH

To assess the AIM2 inflammasome activation after SAH, we
measured the expression levels of AIM2, ASC, and caspase-
1. Compared with the sham group, the expression levels of
AIM2, ASC, and caspase-1 were significantly increased in
SAH group. The pannexin-1 inhibitor, probenecid, markedly
reduced the protein expressions of AIM2, ASC, and caspase-
1(p < 0.05, Figures3A,B,D,E). Double immunostaining
showed that caspase-1-positive cells were mainly expressed in
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FIGURE 3 | (A) Representative western blotting images of AIM2, ATP-activated P2X7 purinergic receptor (P2X7R), apoptosis-associated speck-like proteins
containing CARD (ASC), and caspase-1. (B) AIM2 protein levels in sham, SAH, and SAH + pro groups, n = 6 for each group. *p < 0.05 vs. sham group, #p < 0.05
vs. SAH group. (C) P2X7R protein levels in sham, SAH, and SAH + pro groups, n = 6 for each group. *p < 0.05 vs. sham group, #p < 0.05 vs. SAH group. (D) ASC
protein levels in sham, SAHs and SAH + pro groups, n = 6 for each group. *p < 0.05 vs. sham group, #p < 0.05 vs. SAH group. (E) Caspase-1 protein levels in
sham, SAH, and SAH + pro groups, n = 6 for each group. *p < 0.05 vs. sham group, #p < 0.05 vs. SAH group. (F) Representative micrographs showing double
immunofluorescence labeling of caspase-1 with Pl in the ipsilateral basal cortex at 24 h after SAH. Scale bar = 50 um.

PI-positive cells after SAH (Figure 3F). Pannexin-1 channel the P2X7R level was significantly elevated 24h after SAH,
is associated with the ATP release of dying cells for large  and probenecid treatment markedly reduced the expression
pore formation on the cell membrane, and this function of P2X7R compared with vehicle-treated rats (p < 0.05,
is closely tied to that of ATP-activated P2X7 purinergic  Figures 3A,C), which might be due to the inhibition of the
receptor (P2X7R) (12). Western blot analysis showed that pannexin-1 channel.
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sham group, #p < 0.05 vs. SAH group.

Probenecid Reduced Pro-inflammatory
Cytokine Secretion and ROS Generation
After SAH

The activation of inflammasome leads to the processing and
secretion of the pro-inflammatory cytokines IL-1p and IL-18. To
determine the expressions of IL-1f and IL-18, western blot was
performed. The expressions of IL-1p and IL-18 were significantly
increased 24h after SAH, whereas the probenecid treatment
markedly decreased the levels of IL-18 and IL-18 in SAH rats (p <
0.05, Figures 4A-C). The pro-inflammatory cytokines increased
mitochondrial-generated ROS production, which indicated the
cell damage after SAH. ROS levels were significantly higher in
the SAH group than that in the sham group, and probenecid
treatment markedly decreased the ROS content compared with
SAH rats (p < 0.05, Figure 4D). These results suggested that
treatment with probenecid inhibited the AIM2 inflammasome
activation and resulted in less pro-inflammatory cytokines and
ROS generation after SAH induction.

Probenecid Inhibited Hemin-Induced AIM2
Inflammasome Activation and Neuronal

Death in vitro

AIM2 inflammasome was primarily found in neurons. To
investigate whether AIM2-mediated neuronal cell injury after
SAH, we treated HT22 cells with hemin to mimic SAH
injury for neurons. Immunostaining showed that AIM2-positive
and ASC-positive cells were significantly elevated after hemin
stimulation. The treatment of probenecid reduced the proportion
of positive cells (p < 0.05, Figure5). JC-1 staining was
used to detect mitochondrial membrane potential, which was

associated with ROS generation and cell damage. Normal
membrane potential indicated red fluorescence intensity in
the control group. Treatment of 75um hemin increased
green fluorescence intensity, which represented the decline
of membrane potential in HT22 cells. Co-incubation with
probenecid attenuated hemin-induced collapse of membrane
potential (Figure 6A). Quantification of JC-1 fluorescence
intensity (red-green florescent area) is shown in Figure 6B.
Moreover, the effect of probenecid treatment on protecting
HT22 cells from hemin-induced cell injury was evaluated by
LDH assay. Media LDH level was significantly increased after
treating HT22 cells with 75um of hemin compared with the
control group (p < 0.05, Figure 6C). This was attenuated by the
treatment of probenecid (p < 0.05, Figure 6C). These results
indicated that probenecid treatment alleviated hemin-induced
AIM2 inflammasome activation and reduced neuronal cell death
in vitro.

DISCUSSION

The results obtained in this study demonstrated that AIM2
inflammasome was activated in the acute stage of SAH,
along with the expression of the pannexin-1 channel. The
AIM2 inflammasome activation is related to the neuronal
cell death after SAH. Treatment with specific pharmacological
pannexin-1 channel inhibitor probenecid could attenuate
AIM2 inflammasome activation, consequently reduce EBI,
and improve neurological dysfunction. Further in vitro study
showed that probenecid inhibited hemin-induced neuronal
AIM2 inflammasome activation and alleviated mitochondrial
dysfunction and neuronal cell death. Take a whole, this
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study presented evidence for the neuroprotection mechanism
of treatment with pannexin-1 inhibitor probenecid on AIM2
inflammasome activation-induced brain injury after SAH.
Several studies have shown that EBI is an important factor,
which leads to the poor prognosis of SAH, which is involved in
many pathological processes (2). Neuroinflammation contributes
to the pathogenesis of post-SAH EBI with the activation
of inflammatory cells and the increase of pro-inflammatory
cytokines (26-28). Extensive studies have shown that the
increased pro-inflammatory cytokines, which include IL-18, IL-
1B, TNF-a, and IL-6, were closely associated with EBI and
neurological dysfunction after SAH (26, 28). Among the pro-
inflammatory cytokines, IL-1p is considered a key mediator
of the neuroinflammatory response after SAH. The secretion
and maturation of IL-1f contribute to the MMP-9-induced
blood-brain barrier (BBB) disruption, subsequent brain edema,
and neuronal cell death following SAH (29). A previous study
demonstrated that the selective inhibitor of IL-1B blocked JNK-
mediated MMP-9 activation and reduced BBB disruption in SAH
rats (29). The production and activity of IL-1p depend on the
activation of caspase-1 by the inflammasome. Inflammasomes
are cytosolic multiprotein complexes that typically have three
main components: a cytosolic pattern-recognition receptor, the
enzyme caspase-1, and an adaptors (30). The activation of
caspase-1 cleaved the inactive pro-IL-1f and pro-IL-18 into
mature cytokines and induce a pro-inflammatory cell death,

pyroptosis (5, 31). An increasing number of evidence has shown
that Z-VAD-FMK or AC-YVAD-CMK, caspase-1 inhibitors,
could reduce inflammasome activation-mediated inflammatory
response and neuronal cell death after stroke (32-34).

The way to classify inflammasome complexes is based on
the receptor that initiates signaling. Inflammasome signaling
in the CNS is mainly attributed to microglia, and NLRP3 is
currently the most widely studied inflammasome in the acute
phase of SAH. Inhibition of microglial inflammasome activation
has been shown to attenuate EBI after SAH (34, 35). Recent
studies have demonstrated that inflammasome components are
also expressed in other CNS cell types, which include neurons,
astrocytes, oligodendrocytes, and endothelial cells, which served
as important functions as microglial inflammasomes (30, 31).
AIM?2 inflammasome is a highly specific inflammasome mainly
found in neurons and can be activated by dsDNA. Once
activated, AIM2 recruits ASC to cleave pro-caspase-1, which
leads to the maturation of IL-18 and IL-18 and neuronal
pyroptosis. AIM2 inflammasome-mediated neuroinflammation
and pyroptotic neuronal cell death have been validated in some
CNS diseases (36, 37). A study found that AIM2 inflammasomes
contributed to ASC to acute brain injury independent of NLRP3
after stroke (36). Further investigation demonstrated thatAIM2
inflammasome activation contributed to EBI after SAH through
the GSDMD-induced pyroptosis (10). Our study presented
the time course of AIM2 inflammasome activation and AIM2
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inflammasome-mediated neuronal cell death in the acute stage
of SAH.

As a dsDNA sensor, AIM2 could respond to a variety
of cytosolic DNA, which includes viral DNA and bacterial
DNA, from pathogens and hosts. The levels of nuclear and
mitochondrial DNA in the CSF of patients with SAH were found
to be significantly elevated and sequentially activated AIM2
inflammasome (10). The dsDNA fragmentation in the CSF after
SAH is mainly released by disintegrating and dying cells, whose
key feature is plasma membrane pore formation (38). Once
activated by dsDNA, AIM2 inflammasome activation-mediated
neuronal pyroptosis could perpetuate dsDNA fragmentation
releasing in a positive feedback loop (7). Pannexin-1 is
ubiquitously expressed in various cell types in the brain, which
include neurons, microglia, astrocytes, and endothelial cells
(39, 40). As a channel with a broad range of permselectivity,
pannexin-1 participates in large pore formation on the cell
membrane with an ATP-dependent pathway (11). Pannexin-
1 mediates the secretion and uptake of multiple solutes and
is associated with calcium signaling via ATP release and the
activation of the P2X7 receptor (12). The evidence has shown
that the pannexin-1 channel was an important mediator of
neuroinflammation, and the inhibition of pannexin-1 could
reduce NLRP3 inflammasome activation after stroke (41, 42).
The microscopic manifestations of post-SAH brain injury are
various types of cell damage and death, accompanied by the
release of fragmented dsDNA and ROS. Large pore formation
mediated by pannexin-1 allowed dsDNA and ROS to enter cells,
thereby activating neuronal and glial inflammasome. Further

studies have confirmed that the pannexin-1 channel activated the
inflammasome in neurons and astrocytes (16). Probenecid, as a
specific pannexin-1 inhibitor, has been proven to protect against
ischemic stroke by reducing inflammation and brain edema (22).
In this study, we want to investigate the association between
the pannexin-1 channel and AIM2 inflammasome activation
after SAH and whether pharmacological pannexin-1 inhibitor
probenecid provides neuroprotective effects on EBI following
SAH. We found that both AIM2 and pannexin-1 levels increased
with a marked accumulation at 24h after SAH. Our in vitro
experiment suggested the protective effect of probenecid on
hemin-mediated neuronal cell damage, at least partly based
on the inhibition of neuronal AIM2 inflammasome activation.
However, it is not determined whether the neuroprotective effect
of probenecid in vivo is directly based on the inhibition of
neuronal AIM2 inflammasome or indirectly through other glial
cell acting on neuronal inflammasome changes. More studies are
needed to explore the effect of probenecid in the interaction of
neuronal and glial inflammasome.

In this study, we investigated the protective effect of
pannexin-1 inhibitor probenecid on EBI after SAH and provided
the potential mechanisms lying behind it. However, there are
several limitations to this study. As a drug that has been used
in the clinic, the pharmacokinetic processes of probenecid are
known, but the dose-effect relationship should be investigated
in this study. The specific activation mechanism between the
pannexin-1 channel and AIM2 inflammasome still needs further
research. The dsDNA level should be measured after the
SAH at different times and in different groups. The glial and
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other neuronal inflammasome-mediated neuroinflammation
and pyroptotic neuronal cell death should be taken into
consideration in the animal experiment. The studies on the anti-
inflammation effect of probenecid are also in great demand in
the hemin-mediated cell culture model. The severity of post-SAH
brain injury might be associated with age and gender in animal
and clinical experiments (43-45), which were not considered in
this study. We plan to apply our findings in future articles for
aged and female groups.

In conclusion, this study demonstrated the neuroprotective
effect of probenecid on EBI after SAH and explored the
underlying mechanisms. It showed that the expression
of the pannexin-1 channel was increased and neuronal
AIM2 inflammasome was activated following SAH. As a
pannxin-1 inhibitor, probenecid treatment could reduce
AIM2 inflammasome activation and pro-inflammatory
cytokines secretion, alleviate mitochondrial damage, alleviate
attenuate brain edema, and improve neurological dysfunction
following SAH.

DATA AVAILABILITY STATEMENT

The original contributions presented in the study are included
in the article/Supplementary Material, further inquiries can be
directed to the corresponding authors.

REFERENCES

1. Fujii M, Yan ], Rolland WB, Soejima Y, Caner B, Zhang JH. Early brain injury,
an evolving frontier in subarachnoid hemorrhage research. Transl Stroke Res.
(2013) 4:432-46. doi: 10.1007/s12975-013-0257-2

2. Sabri M, Lass E, Macdonald RL. Early brain injury: a common mechanism
in subarachnoid hemorrhage and global cerebral ischemia. Stroke Res Treat.
(2013) 2013:394036. doi: 10.1155/2013/394036

3. Chen S, Ma Q, Krafft PR, Hu Q, Rolland W 2nd, Sherchan P, et al.
P2X7R/cryopyrin inflammasome axis inhibition reduces neuroinflammation
after SAH. Neurobiol Dis. (2013) 58:296-307. doi: 10.1016/j.nbd.2013.06.011

4. LiJ, Chen ], Mo H, Chen J, Qian C, Yan F, et al. Minocycline Protects Against
NLRP3 Inflammasome-Induced Inflammation and P53-Associated Apoptosis
in Early Brain Injury After Subarachnoid Hemorrhage. Mol Neurobiol. (2016)
53:2668-78. doi: 10.1007/s12035-015-9318-8

5. Bergsbaken T, Fink SL, Cookson BT. Pyroptosis: host cell death and
inflammation. Nat Rev Microbiol. (2009) 7:99-109. doi: 10.1038/nrmicro2070

6. Zhang X, Wu Q, Zhang Q, Lu Y, Liu J, Li W, et al. Resveratrol
Attenuates Early Brain Injury after Experimental Subarachnoid Hemorrhage
via Inhibition of NLRP3 Inflammasome Activation. Front Neurosci. (2017)
11:611. doi: 10.3389/fnins.2017.00611

7. Adamczak SE, de Rivero Vaccari JP, Dale G, Brand FJ. 3rd, Nonner
D, Bullock MR, et al. Pyroptotic neuronal cell death mediated by
the AIM2 inflammasome. | Cereb Blood Flow Metab. (2014) 34:621-
9. doi: 10.1038/jcbfm.2013.236

8. LiYK, ChenJG, Wang F. The emerging roles of absent in melanoma 2 (AIM2)
inflammasome in central nervous system disorders. Neurochem Int. (2021)
149:105122. doi: 10.1016/j.neuint.2021.105122

9. Ge X, Li W, Huang S, Yin Z, Xu X, Chen E et al. The pathological
role of NLRs and AIM2 inflammasome-mediated pyroptosis in damaged
blood-brain barrier after traumatic brain injury. Brain Res. (2018) 1697:10-
20. doi: 10.1016/j.brainres.2018.06.008

ETHICS STATEMENT
The animal study was reviewed and approved by
Zhejiang University.

AUTHOR CONTRIBUTIONS

YZ: methodology and writing—original draft. WT: methodology
and writing—original draft. HZ: conceptualization. YP:
methodology. XY: writing—review and editing. FY:
conceptualization, writing—review and editing, and project
administration. SC: conceptualization, writing—review and
editing, project administration, and funding acquisition.
All authors contributed to the article and approved the
submitted version.

FUNDING

This study was supported by grant 81801144 from the National
Natural Science Foundation of China.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fneur.
2022.854671/full#supplementary-material

Yuan B, Zhou XM, You ZQ, Xu WD, Fan JM, Chen §J, et al. Inhibition
of AIM2 inflammasome activation alleviates GSDMD-induced pyroptosis in
early brain injury after subarachnoid haemorrhage. Cell Death Dis. (2020)
11:76. doi: 10.1038/s41419-020-2248-2

. Yeung AK, Patil CS, Jackson MF. Pannexin-1 in the CNS: Emerging concepts
in health and disease. ] Neurochem. (2020) 154:468-85. doi: 10.1111/jnc.15004
Pelegrin P, Surprenant A. Pannexin-1 mediates large pore formation and
interleukin-1Ibeta release by the ATP-gated P2X7 receptor. EMBO J. (2006)
25:5071-82. doi: 10.1038/sj.embo;j.7601378

Huang Y, Lin ], Chen X, Lin J. Pannexin-1 contributes to the apoptosis
of spinal neurocytes in spinal cord injury. Front Physiol. (2021)
12:656647. doi: 10.3389/fphys.2021.656647

Koval M, Cwiek A, Carr T, Good ME, Lohman AW, Isakson BE. Pannexin 1 as
a driver of inflammation and ischemia-reperfusion injury. Purinergic Signal.
(2021) 17:521-31. doi: 10.1007/s11302-021-09804-8

Seo JH, Dalal MS, Contreras JE. Pannexin-1 Channels as Mediators of
Neuroinflammation. Int ] Mol Sci. (2021) 22:5189. doi: 10.3390/ijms22105189
Silverman WR, de Rivero Vaccari JP, Locovei S, Qiu E Carlsson SK, Scemes
E, et al. The pannexin 1 channel activates the inflammasome in neurons and
astrocytes. J Biol Chem. (2009) 284:18143-51. doi: 10.1074/jbc.M109.004804
Pui K, Gow PJ, Dalbeth N. Efficacy and tolerability of probenecid as urate-
lowering therapy in gout; clinical experience in high-prevalence population. J
Rheumatol. (2013) 40:872-6. doi: 10.3899/jrheum.121301

Silverman W, Locovei S, Dahl G. Probenecid, a gout remedy, inhibits
pannexin 1 channels. Am ] Physiol Cell Physiol. (2008) 295:C761-
767. doi: 10.1152/ajpcell.00227.2008

Park S, Yamaguchi M, Zhou C, Calvert JW, Tang J, Zhang JH. Neurovascular
protection reduces early brain injury after subarachnoid hemorrhage. Stroke.
(2004) 35:2412-7. doi: 10.1161/01.STR.0000141162.29864.€9

Sugawara T, Ayer R, Jadhav V, Zhang JH. A new grading system evaluating
bleeding scale in filament perforation subarachnoid hemorrhage rat model. J
Neurosci Methods. (2008) 167:327-34. doi: 10.1016/j.jneumeth.2007.08.004

20.

Frontiers in Neurology | www.frontiersin.org

10

March 2022 | Volume 13 | Article 854671


https://www.frontiersin.org/articles/10.3389/fneur.2022.854671/full#supplementary-material
https://doi.org/10.1007/s12975-013-0257-2
https://doi.org/10.1155/2013/394036
https://doi.org/10.1016/j.nbd.2013.06.011
https://doi.org/10.1007/s12035-015-9318-8
https://doi.org/10.1038/nrmicro2070
https://doi.org/10.3389/fnins.2017.00611
https://doi.org/10.1038/jcbfm.2013.236
https://doi.org/10.1016/j.neuint.2021.105122
https://doi.org/10.1016/j.brainres.2018.06.008
https://doi.org/10.1038/s41419-020-2248-z
https://doi.org/10.1111/jnc.15004
https://doi.org/10.1038/sj.emboj.7601378
https://doi.org/10.3389/fphys.2021.656647
https://doi.org/10.1007/s11302-021-09804-8
https://doi.org/10.3390/ijms22105189
https://doi.org/10.1074/jbc.M109.004804
https://doi.org/10.3899/jrheum.121301
https://doi.org/10.1152/ajpcell.00227.2008
https://doi.org/10.1161/01.STR.0000141162.29864.e9
https://doi.org/10.1016/j.jneumeth.2007.08.004
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org
https://www.frontiersin.org/journals/neurology#articles

Zheng et al.

Probenecid Protects Against SAH

21. Shin Y], Lee JH, Oh JH, Lee YJ. Low-dose probenecid selectively inhibits injury independently of NLRP3. Proc Natl Acad Sci U S A. (2015) 112:4050-
urinary excretion of phenolsulfonphthalein in rats without affecting biliary 5. doi: 10.1073/pnas.1419090112
excretion. ] Appl Toxicol. (2013) 33:511-5. doi: 10.1002/jat.1778 37. Lammert CR, Frost EL, Bellinger CE, Bolte AC, McKee CA, EHurt M, et al.
22. Xiong XX, Gu LJ, Shen J, Kang XH, Zheng YY, Yue SB, et al. Probenecid AIM2 inflammasome surveillance of DNA damage shapes neurodevelopment.
protects against transient focal cerebral ischemic injury by inhibiting HMGB1 Nature. (2020) 580:647-52. doi: 10.1038/s41586-020-2174-3
release and attenuating AQP4 expression in mice. Neurochem Res. (2014) 38. Wang HC, Yang TM, Lin WC, Lin Y], Tsai NW, Liou CW, et al. The
39:216-24. doi: 10.1007/511064-013-1212-z value of serial plasma and cerebrospinal fluid nuclear and mitochondrial
23. Garcia JH, Wagner S, Liu KE Hu XJ. Neurological deficit and extent deoxyribonucleic acid levels in aneurysmal subarachnoid hemorrhage. |
of neuronal necrosis attributable to middle cerebral artery occlusion Neurosurg. (2013) 118:13-9. doi: 10.3171/2012.8.JNS112093
in rats. Statistical validation. Stroke. (1995) 26:627-34; discussion 39. Bruzzone R, Hormuzdi SG, Barbe MT, Herb A, Monyer H. Pannexins, a family
635. doi: 10.1161/01.STR.26.4.627 of gap junction proteins expressed in brain. Proc Natl Acad Sci U S A. (2003)
24. Xi G, Hua Y, Keep RE Younger JG, Hoff JT. Brain edema after intracerebral 100:13644-9. doi: 10.1073/pnas.2233464100
hemorrhage: the effects of systemic complement depletion. Acta Neurochir 40. Tachikawa M, Murakami K, Akaogi R, Akanuma SI, Terasaki T, Hosoya KI.
Suppl. (2002) 81:253-6. doi: 10.1007/978-3-7091-6738-0_66 Polarized hemichannel opening of pannexin 1/connexin 43 contributes to
25. Cao S, Shrestha S, Li J, Yu X, Chen J, Yan F et al. Melatonin-mediated dysregulation of transport function in blood-brain barrier endothelial cells.
mitophagy protects against early brain injury after subarachnoid hemorrhage Neurochem Int. (2020) 132:104600. doi: 10.1016/j.neuint.2019.104600
through inhibition of NLRP3 inflammasome activation. Sci Rep. (2017) 41. Chen KW, Demarco B, Broz P. Pannexin-1 promotes NLRP3
7:2417. doi: 10.1038/s41598-017-02679-z activation during apoptosis but is dispensable for canonical or
26. de Oliveira Manoel AL, Macdonald RL. Neuroinflammation as a Target noncanonical inflammasome activation. Eur ] Immunol. (2020)
for Intervention in Subarachnoid Hemorrhage. Front Neurol. (2018) 50:170-7. doi: 10.1002/ji.201948254
9:292. doi: 10.3389/fneur.2018.00292 42. Jian Z, Ding S, Deng H, Wang J, Yi W, Wang L, et al. Probenecid
27. Lucke-Wold BP, Logsdon AF, Manoranjan B, Turner RC, McConnell E, Vates protects against oxygen-glucose deprivation injury in  primary
GE, et al. Aneurysmal subarachnoid hemorrhage and neuroinflammation: a astrocytes by regulating inflammasome activity. Brain Res. (2016)
comprehensive review. Int ] Mol Sci. (2016) 17:497. doi: 10.3390/ijms17040497 1643:123-9. doi: 10.1016/j.brainres.2016.05.002
28. Savarraj JPJ, Parsha K, Hergenroeder GW, Zhu L, Bajgur SS, Ahn §, 43. De Marchis GM, Schaad C, Fung C, Beck ], Gralla ], Takala
et al. Systematic model of peripheral inflammation after subarachnoid J, et al. Gender-related differences in aneurysmal subarachnoid
hemorrhage. Neurology. (2017) 88:1535-45. doi: 10.1212/WNL.0000000000 hemorrhage: a hospital based study. Clin Neurol Neurosurg. (2017)
003842 157:82-7. doi: 10.1016/j.clineuro.2017.04.009
29. Sozen T, Tsuchiyama R, Hasegawa Y, Suzuki H, Jadhav V, Nishizawa S, et al. 44. Friedrich V, Bederson JB, Sehba FA. Gender influences the initial impact of
Role of interleukin-1beta in early brain injury after subarachnoid hemorrhage subarachnoid hemorrhage: an experimental investigation. PLoS ONE. (2013)
in mice. Stroke. (2009) 40:2519-25. doi: 10.1161/STROKEAHA.109.549592 8:¢80101. doi: 10.1371/journal.pone.0080101
30. Walsh JG, Muruve DA. Power C. Inflammasomes in the CNS. Nat Rev 45. Ohba H, Ikawa F Hidaka T, Yoshiyama M, Matsuda S, Akiyama
Neurosci. (2014) 15:84-97. doi: 10.1038/nrn3638 Y, et al. Aging changes of aneurysmal subarachnoid hemorrhage:
31. Li Y, Huang H, Liu B, Zhang Y, Pan X, Yu XY. et al. Inflammasomes as a 35-year, hospital-based study. ] Stroke Cerebrovasc Dis. (2020)
therapeutic targets in human diseases. Signal Transduct Target Ther. (2021) 29:105247. doi: 10.1016/j.jstrokecerebrovasdis.2020.105247
6:247. doi: 10.1038/s41392-021-00650-z
32. Bai R, Lang Y, Shao ], Deng Y, Refuhati R, Cui L. The Conflict of Interest: The authors declare that the research was conducted in the
role  of NLRP3 inflammasome in  cerebrovascular  diseases absence of any commercial or financial relationships that could be construed as a
pathology and possible therapeutic targets. ASN Neuro. (2021) potential conflict of interest.
13:17590914211018100. doi: 10.1177/17590914211018100
33. Iseda K, Ono S, Onoda K, Satoh M, Manabe H, Nishiguchi M, et al. Publisher’s Note: All claims expressed in this article are solely those of the authors
_I‘ Date /'\ntivasospastic and. antiinflammatory effects of caspase inhibitor and do not necessarily represent those of their affiliated organizations, or those of
m eXPenmemal subarachnoid hemorrhage. ] Neurosurg. (2007) 107:128- the publisher, the editors and the reviewers. Any product that may be evaluated in
35. doi: 10.3171/JNS-07/07/0128 this articl laim that b de by it fact is not teed
34. Li JR, Xu HZ Nie S, Peng YC, Fan LE Wang ZJ, et al. Fluoxetine- is article, or claim . at may be made by its manufacturer, is not guaranteed or
enhanced autophagy ameliorates early brain injury via inhibition of NLRP3 endorsed by the publisher.
inflammasome activation following subrachnoid hemorrhage in rats. J
Neuroinflammation. (2017) 14:186. doi: 10.1186/s12974-017-0959-6 Copyright © 2022 Zheng, Tang, Zeng, Peng, Yu, Yan and Cao. This is an open-access
35. Dodd WS, Noda I, Martinez M, Hosaka K, Hoh BL. NLRP3 article distributed under the terms of the Creative Commons Attribution License (CC
inhibition attenuates early brain injury and delayed cerebral vasospasm BY). The use, distribution or reproduction in other forums is permitted, provided
after  subarachnoid  hemorrhage. ]  Neuroinflammation.  (2021) the original author(s) and the copyright owner(s) are credited and that the original
18:163. doi: 10.1186/512974-021-02207-x publication in this journal is cited, in accordance with accepted academic practice.
36. Denes A, Coutts G, Lenart N, Cruickshank SM, Pelegrin P, Skinner J, et No use, distribution or reproduction is permitted which does not comply with these
al. AIM2 and NLRC4 inflammasomes contribute with ASC to acute brain terms.
Frontiers in Neurology | www.frontiersin.org 11 March 2022 | Volume 13 | Article 854671


https://doi.org/10.1002/jat.1778
https://doi.org/10.1007/s11064-013-1212-z
https://doi.org/10.1161/01.STR.26.4.627
https://doi.org/10.1007/978-3-7091-6738-0_66
https://doi.org/10.1038/s41598-017-02679-z
https://doi.org/10.3389/fneur.2018.00292
https://doi.org/10.3390/ijms17040497
https://doi.org/10.1212/WNL.0000000000003842
https://doi.org/10.1161/STROKEAHA.109.549592
https://doi.org/10.1038/nrn3638
https://doi.org/10.1038/s41392-021-00650-z
https://doi.org/10.1177/17590914211018100
https://doi.org/10.3171/JNS-07/07/0128
https://doi.org/10.1186/s12974-017-0959-6
https://doi.org/10.1186/s12974-021-02207-x
https://doi.org/10.1073/pnas.1419090112
https://doi.org/10.1038/s41586-020-2174-3
https://doi.org/10.3171/2012.8.JNS112093
https://doi.org/10.1073/pnas.2233464100
https://doi.org/10.1016/j.neuint.2019.104600
https://doi.org/10.1002/eji.201948254
https://doi.org/10.1016/j.brainres.2016.05.002
https://doi.org/10.1016/j.clineuro.2017.04.009
https://doi.org/10.1371/journal.pone.0080101
https://doi.org/10.1016/j.jstrokecerebrovasdis.2020.105247
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org
https://www.frontiersin.org/journals/neurology#articles

	Probenecid-Blocked Pannexin-1 Channel Protects Against Early Brain Injury via Inhibiting Neuronal AIM2 Inflammasome Activation After Subarachnoid Hemorrhage
	Introduction
	Materials and Methods
	Animal Preparation and Study Design
	The Rat SAH Model
	Cell Culture
	Drug Administration
	Evaluation of Neurological Deficits
	Brain Water Content Measurement
	ROS Assay
	Western Blot Analysis
	Immunofluorescence Staining and JC-1 Staining
	LDH Assay
	Statistical Analysis

	Results
	The Expressions of Pannexin-1 and AIM2 Were Elevated After SAH
	Probenecid-Blocked Pannexin-1 Channel Reduced Brain Water Content and Improved Neurological Dysfunction
	Probenecid Inhibited AIM2 Inflammasome Activation After SAH
	Probenecid Reduced Pro-inflammatory Cytokine Secretion and ROS Generation After SAH
	Probenecid Inhibited Hemin-Induced AIM2 Inflammasome Activation and Neuronal Death in vitro

	Discussion
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	Supplementary Material
	References


