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Background: Accumulating evidence suggests that neuroinflammation plays a critical
role in early brain injury after subarachnoid hemorrhage (SAH). Pannexin-1 channels, as
a member of gap junction proteins located on the plasma membrane, releases ATP, ions,
second messengers, neurotransmitters, and molecules up to 1 kD into the extracellular
space, when activated. Previous studies identified that the opening of Pannexin-1
channels is essential for cellular migration, apoptosis and especially inflammation, but
its effects on inflammatory response in SAH model have not been explored yet.
Methods: Adult male Sprague-Dawley rats were divided into six groups: sham group
(n = 20), SAH group (n = 20), SAH + LV-Scramble-ShRNA group (n = 20), SAH
+ LV-ShRNA-Panx1 group (n = 20), SAH + LV-NC group (n = 20), and SAH +
LV-Panx1-EGFP group (n = 20). The rat SAH model was induced by injection of
0.3 ml fresh arterial, non-heparinized blood into the prechiasmatic cistern in 20 s. In
SAH + LV-ShRNA-Panx1 group and SAH + LV-Panx1-EGFP group, lentivirus was
administered via intracerebroventricular injection (i.c.v.) at 72 h before the induction
of SAH. The Quantitative real-time polymerase chain reaction, electrophoretic mobility
shift assay, enzyme-linked immunosorbent assay, immunofluorescence staining, and
western blotting were performed to explore the potential interactive mechanism between
Pannexin-1 channels and TLR2/TLR4/NF-κB-mediated signaling pathway. Cognitive
and memory changes were investigated by the Morris water maze test.
Results: Administration with LV-ShRNA-Panx1 markedly decreased the expression
levels of TLR2/4/NF-κB pathway-related agents in the brain cortex and significantly
ameliorated neurological cognitive and memory deficits in this SAH model. On the
contrary, administration of LV-Panx1-EGFP elevated the expressions of TLR2/4/NF-κB
pathway-related agents, which correlated with augmented neuronal apoptosis.
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Conclusion: Pannexin-1 channels may contribute to inflammatory response
and neurobehavioral dysfunction through the TLR2/TLR4/NF-κB-mediated pathway
signaling after SAH, suggesting a potential role of Pannexin-1 channels could be a
potential therapeutic target for the treatment of SAH.

Keywords: subarachnoid hemorrhage, pannexin-1, TLR, NF-κB, early brain injury

INTRODUCTION

Subarachnoid hemorrhage (SAH), especially aneurysmal SAH,
accounting for 5% of all stroke types, is a catastrophic
cerebrovascular disease with high morbidity and mortality
throughout the world. Eighty-five percent of all cases of SAH
are due to cerebral aneurysm rupture (Connolly et al., 2012).
Complications of SAH, including rebleeding, hydrocephalus,
cerebral vasospasm and delayed cerebral ischemia, could
lead to poor clinical outcomes. Despite improvements in
understanding of pathophysiology and the management of
SAH, current therapeutic strategies are still unsatisfactory
and clinical outcomes remain disappointing (Chen et al.,
2014).

Basic and clinical researches showed that the presence of
delayed vasospasm is not a necessary step for either delayed
ischemic neurological deficits (DINDs) or poor neurological
outcome (Cossu et al., 2014). Recent advances in SAH research
suggest that it is essential to target other equally important
pathological mechanisms initiated within minutes or hours
after the occurrence of SAH. Currently, the early brain injury
(EBI), which refers to the acute injury to the whole brain
within the first 72 h after SAH, is considered to be one
of the primary causes of mortality and poor outcomes in
SAH patients (Vergouwen et al., 2011; Chen et al., 2015).
However, following the rupture of intracranial aneurysm,
various pathophysiological events occur during the EBI period,
such as the raised intracranial pressure, decreased cerebral
blood flow and perfusion pressure, blood brain barrier (BBB)
disruption, brain swelling, brain edema, acute vasospasm, and
impaired cerebral auto-regulation (Fujii et al., 2013). Meanwhile,
many previous researches implicate neuroinflammation as a
key mediator of injury expansion and behavioral deficits.
Novel treatment options targeting these inflammatory responses
have proved efficacious in alleviating EBI, reducing delayed
ischemia and improving long-term cognitive function (Lucke-
Wold et al., 2016). Furthermore, during the inflammatory
response process after SAH, activation of TLRs-mediated
pathway is reported to initiate the inflammatory cascades
and consequently damage neurons and white matter (Ascenzi
et al., 2005; Pradilla et al., 2010). In addition, the signaling
cascades initiated by TLR2 and TLR4 show much overlap
and cooperativity. Activation of these receptors results in the
activation of NF-κB via the MyD88-/TRIF-dependent pathways,
which induces the upregulation of leukocyte adhesion molecules
and immunomodulatory cytokines, and increases the production
of pro-inflammatory cytokines. As a consequence, the release
of cytokines contributes to neutrophil activation, adhesion
and recruitment, which further exacerbates the inflammatory

injury (van Beijnum et al., 2008; Vilahur and Badimon,
2014).

Pannexin-1, Pannexin-2, and Pannexin-3 are hexameric
plasma membrane channel-forming proteins, which are
structurally similar to Connexins but not gap-junction-forming
(Sosinsky et al., 2011). As a member of the Pannexins family,
Pannexin-1 channels locates on the cell membrane and releases
adenosine triphosphate (ATP), nucleotides and molecules
up to 1 kDa into the extracellular space, when activated
(Penuela et al., 2013). Activation of Pannexin-1 channels
can proceed by various mechanisms, including mechano-
stretch, α1-adrenergic/histamine stimulation, oxygen-glucose
deprivation and caspase-mediated cleavage of the C-terminal
portion, which results in an irreversible opening of the channel
pore (Adamson and Leitinger, 2014). A burgeoning body of
researches suggests that Pannexin-1 channels contributes to
the progression of pathophysiology in many diseases, such as
Crohn’s disease, AIDS, melanoma, epilepsy, chronic intestinal
inflammation, spinal cord injury, and stroke (Mestas et al.,
2005). It is interesting to note that Pannexin-1 channels
provides a positive feedback loop for inflammatory responses
involved in acute and chronic inflammation-related diseases
(Makarenkova and Shestopalov, 2014). Additionally, ATP,
ions, glutamate, and second messengers, which are released
from injured and necrotic cells through the Pannexin-1
channels, may act as damage-associated molecular pattern
(DAMP) signal recognized by TLRs during the inflammatory
response. However, none of the previous studies reported
the direct role of Pannexin-1 channels in SAH-induced
neuroinflammation involves TLRs/NF-κB signaling pathway.
Thus, we hypothesized that the Pannexin-1 may participate in
inflammatory response after SAH via TLRs/NF-κB -mediated
signaling pathway.

MATERIALS AND METHODS

Animals
All experimental protocols including animal research and
surgical procedures were approved by the Institutional Animal
Care and Use Committee of Nanjing University (Jinling Hospital)
and were in accordance with the guidelines for the Care and Use
of Laboratory Animals by National Institutes of Health.

Adult male Sprague-Dawley (SD) rats (280–300 g) were
purchased from the Animal Center of Jinling Hospital, Nanjing,
China. All rats were housed in temperature and humidity
controlled animal cages with 12-h light and 12-h dark cycle. All
rats were maintained on a standard diet for 1 week before the
experimental protocols.
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Rat SAH Model
Briefly, following intraperitoneal anesthesia with 10%
chloral hydrate (400 mg/kg), the rat’s head was fixed in the
stereotactic frame. Experimental SAH model was produced by
stereotaxic insertion of a needle into the prechiasmatic cistern.
Non-heparinized fresh autologous arterial blood (0.3 ml) was
slowly injected into the prechiasmatic cistern in 20 s period using
a syringe pump and aseptic technique according to our previous
study (Zhou et al., 2015).

An equal volume of normal saline solution was injected into
the prechiasmatic cistern of rats in the sham group. The animals
were allowed to recover for 45 min after SAH. After surgery,
the rats were returned to their cages and the environmental
temperature kept at 23 ± 1◦C. Twenty milliliters of 0.9%
NaCl solution was injected subcutaneously immediately after the
operation to prevent dehydration. Rats died during surgery or
surgical recover were excluded, and the procedure was repeated
until final group sizes reached the planned experimental number.

Tissue Preparation
In the present study the inferior basal temporal lobe was always
stained by blood when the brain was collected. The cortical tissue
was separated on ice under a microscope and frozen in liquid
nitrogen immediately for molecular biological and biochemical
experiments (Figure 1).

The remaining rats in each group were anesthetized and
intracardially perfused with 0.9% saline followed by 4%
paraformaldehyde. After perfusion, the obtained tissue samples
were immediately fixed by immersion in 4% paraformaldehyde.
The tissues were gradiently dehydrated in 20 and 30% sucrose
solution respectively, kept at −80◦C, and then sectioned at
6–10 µm for immunofluorescent staining (Li W. et al., 2014).

Lentiviral Construction and Injection
Pannexin-1 channels protein gene knockdown was achieved
by transfection of lentiviral vectors expressing Panx1-specific

FIGURE 1 | Experimental SAH model in SD rats. Schematic representation of
the inferior basal temporal lobe for detection in this study.

shRNA. The Pannexin-1 shRNA(r) lentiviral particles and
a scramble sequence were purchased from Santa Cruz, CA,
United States. To establish and maintenance the specific
overexpression of Pannexin-1 channels, the Lentiviral
vectors LV-Panx1-EGFP-overexpression (NM_199397,
Ubi-MCS-3FLAG-CMV-EGFP, GV365) and LV- EGFP were
designed, synthesized, and constructed by Genechem, Co.,
Ltd (Shanghai, China) was generated as a negative control
(LV-NC). The viral titer was 1 × 108 TU/mL in LV-Panx1-EGFP
and 5 × 106 IFU/ml in LV-ShRNA-Panx1. According to the
detection of Lentivirus infection effect, we choose the 8 µl/Kg
LV-ShRNA-Panx1 and 6 µl/Kg of LV-Panx1-EGFP were injected
into the right lateral ventricles at a rate of 0.2 µl/min with a
10-µL Hamilton microsyringe. The amount of virus in this
research was evaluated using the western blot method (Figure 2).
After completing the infusion, the needle remained in place over
a course of 1 min. The experimental SAH model was established
at 72 h after lentiviral injection (Zhou et al., 2010).

Experimental Design
Sprague-Dawley rats were randomly divided into six groups in
the experiment: (a) the sham group (n = 20); (b) the SAH group
(n = 20); (c) the SAH + LV-Scramble ShRNA group (n = 20);
(d) the SAH + LV-ShRNA-Panx1 group (n = 20); (e) the SAH +
LV-Panx1-EGFP group (n = 20); (f) the SAH + LV-NC group
(n = 20). According to our previous studies of inflammatory
response after SAH and peak time of the extracellular ATP
concentration and P2X7 receptor (P2X7R) expression (So and
Croft, 2013), we collected samples in each groups at 24 h after
the establishment of SAH (Figure 3). In lentiviral injection
groups, the experimental SAH model was established at 72 h
after lentiviral or LV-Vehicle (LV-Scramble ShRNA and LV-NC)
injection. Respectively, 10 rats in each group were sacrificed for
sample collection and tissue assays at 24 h after the SAH model
was induced. Meanwhile, the other 10 rats in each group were
trained and evaluated in Morris water maze test (MWM).

Measurement of Extracellular ATP
Extracellular ATP in brain tissues (homogenates without lysis)
was quantified with a firefly luciferase based ATP assay
kit (Beyotime) according to the manufacturer’s instructions.
To avoid ATP catabolism, homogenates was performed with
Hanks’ balanced salt solution without calcium and magnesium
(Invitrogen Life Technologies, Carlsbad, CA, United States)
and 0.1 mM ethylenediaminetetraacetic acid (Sigma-Aldrich).
Luminescence produced was measured with a luminometer
(Riteau et al., 2010).

Immunofluorescence Staining
Immunofluorescences (IF) staining was performed according
to the immunoreactivity of Pannexin-1 channels in neurons
(Anti-NeuN, MAB377X, Alexa Fluor R©488 conjugated, Millipore,
United States, 1:100), astrocytes (Anti-GFAP, 53-9892-80, Alexa
Fluor R©488 conjugated, Affymetrix eBioscience, United States,
1:100), and microglia (Anti-IBA, ab15690, Abcam, United States,
1:500). All protocols of IF were according to our previous
study (Li W. et al., 2014). Briefly, frozen temporal lobe
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FIGURE 2 | Western blotting showing that LV-ShRNA-Panx1 administration (8 µl/Kg and 10 µl/Kg) markedly depressed the expression levels of Pannexin-1 at 24 h
after induction of SAH. No difference was detected between SAH group and SAH + LV-Scramble-ShRNA group. In addition, LV-Panx1-EGFP administration (6 µl/Kg
and 8 µl/Kg) dramatically increased the expression levels of Pannexin-1 at the same time point. The experimental SAH model was established at 72 h after lentiviral
injection, and we collected samples in each groups at 24 h after SAH. No difference was detected between SAH group and SAH + LV-NC group. GAPDH was used
as the loading control. Bars represent the mean ± SD (n = 6, each group; #P < 0.01 vs. SAH Group; ∗∗P < 0.01/∗∗∗P < 0.001 vs. SAH Group; NSP > 0.05).

sections (4–6 µm) were sliced and blocked with 5% normal
fetal bovine serum in PBS containing 0.1% Triton X-100 for
1 h at room temperature prior to incubation with primary
antibody overnight at 4◦C. After sections were washed three

times with PBST for 45 min, they were incubated with proper
secondary antibodies (Lot: 121992, Jackson immunoResearch
Lab, Inc. 1:100) for 2 h at room temperature. Then the
slides were washed with PBST three times for 30 min prior
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FIGURE 3 | (Upper) Western blotting showing Pannexin-1 Channels and
P2X7R protein expression in the inferior basal temporal cortex in each time
points (0, 6, 12 h, 1, 2, 3, 5, and 7 days) after SAH. There was no statistical
difference in expression levels of Pannexin-1 Channels in each time points.
Meanwhile, P2X7R (members of the family of ionotropic ATP-gated receptors)
protein level was markedly elevated on 24 h after SAH. GAPDH was used as
the loading control. Bars represent the mean ± SD (n = 6, each group;
∗∗P < 0.01 vs. Post-SAH 0 h Group; NSP > 0.05). (Bottom) The levels of
extracellular ATP at each time point (0, 3, 6, 12, 24, and 72 h) after induction
of SAH. Bars represent the mean ± SD (n = 6, each group; ∗∗∗P < 0.01 vs.
Post-SAH 0 h Group; NSP > 0.05).

to be counterstained by DAPI for 15 min. After three
washes again, the slides were covered by microscopic glass
with anti-fade mounting medium for further study. Negative
controls were prepared by omitting the primary antibodies.
Fluorescence was imaged on a ZEISS Scope.A1 and X-Cite

Series 120Q system. The number of positively immunostained
cells in each section was counted in 10 microscope fields (at
×400 magnification) throughout the identical regions of the
studied brain, and the mean percentage per visual field was
calculated.

Western Blot Analysis
Total/Nuclear Protein Extraction was performed as described
previously (Li et al., 2017). The protein concentration was
estimated by the Bradford method using the Beyotime Bradford
Protein Assay Kit (Beyotime Biotechnology, Shanghai, China).
Equal amounts of proteins were separated by 8–15% SDS-
polyacrylamide gels (PAGE) and electro-transferred to a
polyvinylidene-difluoride (PVDF) membrane (Bio-Rad Lab,
Hercules, CA, United States). The membrane was blocked with
5% bovine serum albumin (BSA) for 2 h at room temperature,
incubated overnight at 4◦C with primary antibodies directed
against the TIRAP (Abcam, United States, 1:1000), high-mobility
group box 1 (HMGB1, Abcam, United States, 1:5000), TLR4
(Santa Cruz, CA, United States, 1:200), TLR2 (Santa Cruz, CA,
United States, 1:200), nuclear factor-κB (NF-κB) P65 (Santa
Cruz, CA, United States, 1:200), myeloid differentiation factor
88 (MyD88, Abcam, United States, 1:1000), Pannexin-1 (Abcam,
United States, 1:1000), P2X7R (Abcam, United States, 1:1000),
Bax (Santa Cruz, CA, United States, 1:200), Bcl-2 (Santa Cruz,
CA, United States, 1:200) and Caspase 3 (Bioss, Beijing, China,
1:500), β-actin (diluted 1:5000 in PBST, Bioworld Technology,
United States) and GAPDH (diluted 1:1000 in PBST, Bioworld
Technology, United States) was used as a loading control. The
membrane was washed for 10 min each for six times in TBST,
it was incubated in the appropriate HRP-conjugated secondary
antibody (Bioworld Technology, United States, 1:1000) for
2 h at room temperature. The blotted protein bands were
visualized by enhanced chemiluminescence (ECL) western blot
detection reagents (Millipore, United States) and were exposed
to Tanon-5200 Chemiluminescent Imaging System. Series of
ECL exposures were performed to ensure that non-saturated
bands were used for quantification. Relative changes in protein
expression were estimated from the mean pixel density using
UN-SCAN-IT, normalized to β-actin or GAPDH, and calculated
as target protein expression/β-actin or GAPDH expression ratios
(Li H. et al., 2014).

Electrophoretic Mobility Shift Assay
(EMSA)
An electrophoretic mobility shift assay (EMSA) commercial kit
(Thermo Fisher Scientific, Inc.) assay was used to detect the
DNA binding activity of NF-κB according to the manufacturer’s
instructions and the methods in our laboratory. The NF-κB

TABLE 1 | Polymerase chain reaction (PCR) primer sequences.

Target gene Sense primer (5′–3′) Antisense primer (5′–3′) Size (bp)

TLR2 AAGTAGAAACGGTAACAATACGGAG AAGAGCAGGGAACCAGAAAGAC 141

TLR4 TATCCAGAGCCGTTGGTGTATCT AATGAAGATGATGCCAGAGCG 85

β-actin TGCTATGTTGCCCTAGACTTCG GTTGGCATAGAGGTCTTTACGG 240
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TABLE 2 | Neurological evaluation after SAH in rats.

Test Score

0 1 2 3

Spontaneous activity (in cage for
5 min)

No movement Barely moves position Moves but does not approach
at least three sides of cage

Moves and approaches at least
three sides of cage

Spontaneous movements of all
limbs

No movement Slight movement of limbs Moves all limbs but slowly Move all limbs same as
pre-SAH

Movements of forelimbs
(outstretching while held by tail)

No outreaching Slight outreaching Outreach is limited and less
than pre-SAH

Outreach same as pre-SAH

Climbing wall of wire cage Fails to climb Climbs weakly Normal climbing

Reaction to touch on both side of
trunk

No response Weak response Normal response

Response to vibrissae touch No response Weak response Normal response

FIGURE 4 | The expression and distribution of Pannexin-1 Channels were detected by double immunofluorescent staining. Pannexin-1 Channels/NeuN, Pannexin-1
Channels/IBA and Pannexin-1 Channels/GFAP co-staining in the Sham group and SAH group (Pannexin-1 Channel = red, NeuN, IBA and GFAP = green,
DAPI = blue). According to the result of immunofluorescence staining, at the cellular level, Pannexin-1 Channels were expressed mainly in neurons and microglial
cells, whereas infrequently expressed in astrocytes. Data not shown.
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oligonucleotide probe (5′-AGTTGAGGGGACTTTCCCAGGC-
3′) was synthesized by Biyotime Biotech, Co. Ltd (Shanghai,
China) and end-labeled with biotin. The shifted bands were
visualized after exposure to film. All protocols of EMSA was
performed according to our previous study (Chen et al.,
2007).

Quantitative Real-Time Polymerase
Chain Reaction
The mRNA levels of TLR2 and TLR4 were determined by
quantitative real-time polymerase chain reaction (PCR). Total
cellular RNA was isolated from sample brain using Trizol
Reagents (Invitrogen Life Technologies, Carlsbad, CA, United
States) as per the manufacturer’s direction. RNA quality was
insured by gel visualization and spectrophotometric analysis
(OD260/280). The primers were synthesized by ShineGene
Biotechnology (Shanghai, China) and were shown in Table 1. All
protocols of QT-PCR were performed according to our previous
study (Wang et al., 2013). Test cDNA results were normalized to
β-actin. All samples were analyzed in triplicate.

Enzyme-Linked Immunosorbent Assay
(ELISA)
The levels of inflammatory mediators were quantified using
specific enzyme-linked immunosorbent assay (ELISA) kits
according to the manufacturers’ instructions (TNF-α, IL-1β,
IL-6, and IL-18 from Affymetrix eBioscience, Santa Clara, CA,
United States) and our previous study (Wang et al., 2012). The
inflammatory cytokine contents were calculated as pictogram per
milligram protein.

TUNEL Staining
Apoptosis was determined using terminal deoxynucleotidyl
transferase dUTP nick end labeling (TUNEL) and the analysis
of the DNA fragmentation assays was based on 3H-thymidine
and 5-Bromo-2-deoxy-uridine. All protocols of TUNEL were
according to the manufacturer’s protocol (In Situ Cell Death
Detection Kit, TMR red from Sigma-Aldrich, St. Louis, MO,
United States). Then the slides were washed with PBST three
times for 30 min prior to be counterstained by DAPI for 15 min.
After three washes, the slides were covered by microscopic
glass with anti-fade mounting medium for further fluorescence
analysis.

Cell counting was restricted to the temporal cortex. The
number of positively stained cells was counted in 10 random
microscope fields (at ×400 magnification) in each section
were chosen, and the mean percentage per visual field was
calculated. A total of six sections from each animal were used for
quantification. The final average number of the six sections was
regarded as the data for each sample.

Cognitive and Memory Testing
Spatial learning and memory were assessed by MWM with
some modifications including cued learning procedure,
spatial acquisition task, reference memory task, and working
memory task according to the previous study (Wang et al.,

FIGURE 5 | (Upper) Representative autoradiogram of HMGB1, TLR2, TLR4,
TIRAP, and MyD88 expression in the inferior basal temporal cortex after SAH.
The expression of these proteins was elevated in the SAH group and further
improved in SAH + LV-Panx1-EGFP group and down-regulated after
LV-ShRNA-Panx1 administration. (Bottom) Quantitative analysis of the
Western blot results shows that these protein levels in SAH groups are
significantly higher than Sham group and depressed by LV-ShRNA-Panx1
administration. Otherwise, LV-Panx1-EGFP injection further increased these
protein levels as compared with those of SAH + LV-NC group. β-actin was
used as the loading control. Bars represent the mean ± SD (n = 6, each
group; ∗P/#P/&P < 0.05; ∗∗P/##P/&&P < 0.01; ∗∗∗P/###P/&&&P < 0.001;
NSP > 0.05).

2013). A camera (Chromotrack, San Diego Instruments, San
Diego, CA, United States) tracked the movements of rats by
videotaping.

The modified MWM for SD rats consisted of a circular water
tank filled with thermostatic water (23± 2◦C) made opaque with
Non-toxic black colorant. Suppositional lines divided the maze
into four equal-sized quadrants. Behavior testing was performed
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between 09:00 and 18:00. All animals were housed at a constant
temperature of 22± 2◦C, under a 12-h light/dark cycle, with free
access to food and water. Data from the water maze included
escape latencies (s) and swimming distance (cm) to find the
platform (Szyndler et al., 2006).

Neurologic Scoring
We used an 18-point scoring system was shown in Table 2
to evaluate the neurologic function of rats at 24 h after SAH
(Sugawara et al., 2008).

Statistical Analysis
All data were presented as mean ± SD. SPSS 17.0 was used for
statistical analysis of the data. All data were subjected to one-way
ANOVA. In the semiquantitative analysis of immunofluorescent
staining (co-Immunofluorescence and TUNEL), differences
between two research groups were determined by the Student’s
t-test. A value of P < 0.05 was considered statistically
significant.

RESULTS

General Observations and Mortality Rate
There were no statistical changes in physiological parameters
[body weight, mean arterial blood pressure (MABP), and body
temperature] in any of the experimental groups (data not shown).
The mortality rate of rats in the sham group was 0% (0/20

rats), and 22.48% (29/129 rats) in each groups with SAH-surgical
procedures. As shown in Figure 1, experimental SAH model of
rats exhibited blood clots over the basal surface of the brainstem
and the area of the circle of Willis.

Expression and Cellular Localization of
Pannexin-1 Channels in the Brain Cortex
after Experimental SAH in Rats
To determine the time course of Pannexin-1 channels expression
after SAH, rat brain tissues were obtained at different time points
after SAH and assayed by Western blot. The cellular localization
of Pannexin-1 channels was exhibited by immunofluorescence
staining.

There was no statistical difference for the expression of
Pannexin-1 channels at each time point and the cellular
localization in neurons, astrocytes, and microglia after SAH
(Figures 3, 4). According to the result of immunofluorescence
staining, Pannexin-1 channels were expressed mainly in neurons
and in microglial cells, whereas rarely expressed in astrocytes
(Figure 4).

Regulation of Pannexin-1 Channels
Affected the Expression Levels of
TLR2/4/Nf-κB Pathway-Related Agents
The protein levels of TLR2/4 pathway-related agents were
detected by western blot. The levels of TLR2, TLR4, TIRAP,
HMGB1, and MyD88 were significantly increased in the cortex in

FIGURE 6 | The mRNA expressions of TLR2 and TLR4 were measured by Quantitative real-time PCR in each experimental group. The induction of SAH led to a
significantly upward tendency in TLR2 and TLR4 mRNA expressions compared with Sham group. The mRNA expressions of TLR2 and TLR4 were significantly
down-regulated with LV-ShRNA-Panx1 administration as compared with SAH + LV-Scramble-ShRNA group and markedly up-regulated with LV-Panx1-EGFP
transfection as compared with SAH + LV-NC group. Bars represent the mean ± SD (n = 6, each group; ∗P/#P < 0.05; ∗∗P/##P < 0.01; ∗∗∗P/###P/&&&P < 0.001;
NSP > 0.05).
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SAH + LV-Panx1-EGFP group as compared with those of SAH
+ LV-NC group. The expression levels of TLR2, TLR4, TIRAP,
HMGB1, and MyD88 in SAH + LV-ShRNA-Panx1 group were
significantly lower than those of the SAH+ LV-Scramble-ShRNA
group (Figure 5).

The mRNA levels of TLR2/TLR4 were detected by quantitative
real-time PCR. The mRNA levels of TLR2 and TLR4 in
the SAH + LV-ShRNA-Panx1 group were significantly down-
regulated as compared with those of the SAH + LV-Scramble-
ShRNA group. Meanwhile, the mRNA expressions of TLR2 and

TLR4 in the SAH + LV-Panx1-EGFP group were significantly
increased compared with those in SAH + LV-NC group
(Figure 6).

Higher NF-κB binding activity (strong EMSA
autoradiography) and expression in nuclear protein was
found in the SAH+ LV-Panx1-EGFP group compared with SAH
+ LV-NC group. In SAH + LV-ShRNA-Panx1 group, the NF-κB
binding activity was significantly down-regulated along with the
same trend in nucleoprotein expression after induction of SAH
(Figure 7).

FIGURE 7 | (Upper) NF-κB/DNA binding activity measured by EMSA autoradiography was markedly increased after SAH as compared with the Sham group.
LV-ShRNA-Panx1 administration significantly suppressed NF-κB activation in SAH + LV-ShRNA-Panx1 group. In contrast, NF-κB activation in SAH +
LV-Panx1-EGFP group was higher than SAH + LV-NC group. (Bottom) Quantitative analysis of the Western blot results shows that LV-ShRNA-Panx1 administration
depressed the nuclear level of NF-κB p65 as compared with the SAH + LV-Scramble-ShRNA group. Furthermore, compared to SAH + LV-NC group,
LV-Panx1-EGFP significantly increased the expression level of NF-κB p65 in nuclear protein. H3 was used as the loading control. Bars represent the mean ± SD
(n = 6, each group; ∗∗P/##P < 0.01; ###P/&&&P < 0.001; NSP > 0.05).
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Regulation of Pannexin-1 Channels
Altered the Production of
Pro-inflammatory Cytokines after
Experimental SAH in Rats
Concentrations of IL-1β, TNF-α, IL-6, and IL-18 were lower in
the rat brains of SAH+ LV-ShRNA-Panx1 group compared with
those in the SAH + LV-Scramble-ShRNA group according to
the result of ELISA. Cortical levels of the four inflammatory
cytokines were significantly elevated after LV-Panx1-EGFP
administration compared with those in the SAH+ LV-NC group
(Figure 8).

Overexpression/Blocking of Pannexin-1
Channels Promoted/Depressed Cell
Apoptosis after SAH in Rats
The expression of the apoptosis-related protein (Bcl-2, Bax, and
cleaved Caspase-3 were assessed by western blot) and TUNEL
staining were performed to demonstrate the role of Pannexin-1
channels in neuronal cells apoptosis.

The levels of Bax and cleaved Caspase-3 were down-regulated
after the LV-ShRNA-Panx1 injection compared with those in the
SAH+ LV-Scramble-ShRNA groups; In addition, the level of Bcl-
2 was up-regulated as compared with the SAH + LV-NC group,
administration of LV-Panx1-EGFP up-regulated the levels of Bax
and cleaved Caspase-3, while down-regulated Bcl-2 expression
(Figure 9). The percentage of positive TUNEL-neurons in the
brain was decreased by LV-ShRNA-Panx1, and elevated by LV-
Panx1-EGFP after SAH (Figure 10).

Modulation Effects of Pannexin-1
Channels on Neurological Function
In water Morris Maze, all experimental rats were arranged to
process four trials per days from Day 2 to Day 5 (Figures 11A–D).
Repeated measures ANOVA indicated a significant difference in

escape latency (Figure 11A, ∗∗∗P < 0.001 repeated ANOVA)
and in traveled distance (Figure 11C, ∗∗∗P < 0.001 repeated
ANOVA) between the SAH group and Sham group. The
SAH + LV-ShRNA-Panx1 group exhibited significantly shorter
escape latency and traveled distance compared with the SAH +
LV-Scramble-ShRNA group (Figures 11A,C, #P < 0.05 repeated
ANOVA).

The averaged data of each group per day showed significantly
increased escape latency (Figure 11B, ∗∗∗P < 0.001 one-way
ANOVA) and longer traveled distance (Figure 11D, ∗∗∗P < 0.001
one-way ANOVA) in SAH group as compared to Sham group.
In the SAH + LV-ShRNA-Panx1 group, the averaged data
showed significantly shorter escape latency and traveled distance
(Figures 11B,D, NSP > 0.05, #P < 0.05, ##P < 0.01, ###P < 0.001
one-way ANOVA) compared with the SAH + LV-Scramble-
ShRNA group.

For intuitionistic understanding of the symptoms and
pathologic development following SAH, neurological scores were
also evaluated. The neurological scores were improved after the
administration of LV-ShRNA-PANX1 compared with the SAH+
LV-Scramble-ShRNA group (Figure 11E).

DISCUSSION

In the present study, for the first time, we demonstrated that
Pannexin-1 channels were involved in TLR2/TLR4/NF-κB-
mediated inflammatory responses following SAH. Depression
of Pannexin-1 channels with LV-ShRNA-Panx1, down-regulated
the agents related to TLR2/TLR4/NF-κB signaling pathway,
palliated neural apoptosis and ameliorated SAH-induced
neurological dysfunction. In addition, elevated expression of
Pannexin-1 channels further exacerbated the inflammatory
brain injury linked to TLR2/TLR4/NF-κB signaling pathway.
These results support the notion that Pannexin-1 channels are
involved in the SAH-induced cerebral inflammatory response

FIGURE 8 | The effects of LV-ShRNA-Panx1 and LV-Panx1-EGFP on levels of IL-1, IL-6, and TNF-α, and IL-18 were measured by ELISA. The concentrations of
these inflammatory cytokines were obviously down-regulated by LV-ShRNA-Panx1 administration following SAH. LV-Panx1-EGFP further up-regulated the levels of
IL-1β, IL-6, TNF-α, and IL-18 as compared with SAH + LV-NC group. Bars represent the mean ± SD (n = 6, each group; ∗P/#P/&P < 0.05; ∗∗P/##P/&&P < 0.01;
∗∗∗P/###P/&&&P < 0.001; NSP > 0.05).
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FIGURE 9 | The expression levels of apoptosis associated proteins were
assessed by Western blot analysis.Quantitative analysis of representative
autoradiogram of Bax, Bcl-2, and cleaved Caspase-3 shows that
LV-ShRNA-Panx1 administration significantly suppressed the expression of
apoptosis associated proteins as compared with SAH + LV-Scramble-ShRNA
group. Likewise, in LV-Panx1-EGFP group, Bax and cleaved Caspase-3
protein levels were markedly higher than that in SAH + LV-NC group. β-actin
was used as the loading control. Bars represent the mean ± SD (n = 6, each
group; ∗P/#P/&P < 0.05; ∗∗P/##P/&&P < 0.01; ∗∗∗P < 0.001; NSP > 0.05).

and facilitate the development of EBI following rats SAH
model.

Increasing evidence has demonstrated the critical role of
EBI in the development and maintenance of secondary brain
injury after SAH. The cascade of events that occur within

the first 72 h after SAH are responsible for the initial signs
and symptoms of patients with SAH, which is believed to be
a precursor for both delayed vasospasm and DINDs (Chen
et al., 2014). In addition, a range of pathological processes that
occurs early can trigger a number of devastating cascades that
lead to BBB dysfunction, inflammation, necrosis, apoptosis, and
oxidative stress (Kanamada, 2010). Additionally, there is no
doubt that inflammation could contribute to EBI and lead to
poor outcomes (Miller et al., 2014). As an extremely important
part of innate immunity, toll-like receptors (TLRs) are host-cell
surface receptors that detect the pathogen-associated molecular
patterns (PAMPs) and DAMPSs that correspond to endogenous
ligands released after tissue injury or cellular stress, such as
ATP, histones, heat-shock proteins, mRNA, high-mobility group
box-1 protein (HMGB1), and mitochondrial proteins (Aguirre
et al., 2013; Fadakar et al., 2014). During the inflammatory
response, activation of TLRs triggers the activation of several
transcription factors, such as NF-κB, activator protein-1, and
IFN-regulatory factor-3/-7, leading to the upregulation of various
cytokines and chemokines at the early stage of SAH (Aguirre
et al., 2013).

Previous studies verified that, in particular, Pannexin-1
channels promotes activation of the inflammasome in
macrophages, neurons and microglia, regulates chemotaxis
of phagocytes during apoptosis, promotes T-cell activation,
induces neuronal death in enteric colitis, and mediates ‘find-me’
signal release and membrane permeability during apoptosis
(Chekeni et al., 2010; Lohman et al., 2015). Excess of extracellular
ATP is an activator of both innate and acquired immunities,
acting as a chemotactic factor for neutrophils and a strong
regulator of activation, death, and survival of microglia (Zhang
et al., 2010; Harada et al., 2011; Junger, 2011). As membrane
receptors, it is possible that Pannexin-1 channels and TLR2/TLR4
may generate a “membrane to membrane” effect, which facilitates
ATP and other molecules released from Pannexin-1 channels to
be recognized as DAMPs or PAMPs by TLRs, thus activating the
cascade of TLRs/NF-κB-mediated inflammatory response. Our
results demonstrated that Pannexin-1 channels could regulate
the TLR2/TLR4/NF-κB pathway, providing a framework for
understanding the link between the Pannexin-1 channels and
TLRs.

In addition, extracellular ATP serves as a danger signal by
binding to P2X7R and then activating NALP3 and Caspase-1,
which leads to the maturation and release of IL-1β, and the
eventual formation of the NALP3 inflammasome (Bours et al.,
2006; Mariathasan et al., 2006; Sutterwala et al., 2006), as well as
the release of HMGB1 (Toki et al., 2015). Furthermore, P2X7R
could be activated by ATP released from pre-synaptic neurons,
which in turn phosphorylates Pannexin-1 channels by Src-
famliy kinases (Bravo et al., 2015). Recently Pannexin-1 channels
was also demonstrated to form the large pore of the P2X7R
(Pelegrin and Surprenant, 2006; Locovei et al., 2007). P2X7R
plays a critical role in stress-induced inflammatory responses
and its activation by extracellular ATP from Pannexin-1 channels
results in release of interleukins from macrophages (Pelegrin
and Surprenant, 2006). Besides, Pannexin-1 associates with
the inflammasome that links the P2X7 receptor resulting
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FIGURE 10 | Co-immunofluorescent staining shows that TUNEL-positive cells co-localized with the neurons marker (NeuN) in the overlapped images. It showed that
the number of TUNEL-positive neurons was higher in SAH group as compared to that in Sham group. In LV-Panx1-EGFP group, the number of TUNEL-positive
neurons was even much higher than SAH + LV-NC group. LV-ShRNA-Panx1 attenuates the level of TUNEL-positive neurons as compared with SAH +
LV-Scramble-ShRNA group (TUNEL = red, NeuN = green, DAPI = blue, Scale bars 20 µm). Bars represent the mean ± SD (n = 6, each group; ##P/&&P < 0.01;
∗∗∗P < 0.001; NSP > 0.05).

FIGURE 11 | Spatial learning/memory was evaluated in the Morris Water Maze (MWM). Escape latency (s) and traveled distance (cm) over total 16 trials (A,C) and
averaged for each group and each day (B,D) over days 2–5. The SAH group showed markedly longer escape latency and traveled distance (A,C, n = 10,
∗∗∗P < 0.001 repeated ANOVA) over the 16 trials as compared to Sham groups. The SAH + LV-ShRNA-Panx1 group exhibited obviously shorter escape latency and
traveled distance (A,C, n = 10, #P < 0.05 repeated ANOVA) over the 16 trials than the SAH + LV-Scramble-ShRNA group. The averaged data showed a similar
significantly increased escape latency and traveled distance (B,D, n = 10, ∗∗∗P < 0.001 one-way ANOVA) in SAH group on Day 2, Day 3, Day 4, and Day 5 as
compared to Sham group. In the SAH + LV-ShRNA-Panx1 group, the averaged data showed significantly shorter escape latency (B, n = 10, ###P < 0.001 one-way
ANOVA) on Day 4 and Day 5 and traveled distance (D, n = 10, #P < 0.05; ###P < 0.001 one-way ANOVA) on Day 3, Day 4, and Day 5 than the SAH +
LV-Scramble-ShRNA group. LV-ShRNA-PANX1 treatment elevated the neurological scores compared with the SAH + LV-Scramble-ShRNA group at 24 h after SAH
(E, n = 10, ∗∗∗P < 0.001, #P < 0.05).
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in activation and eventual release of cytokines (Silverman et al.,
2009). Here, extracellular ATP acts as a bridge connecting
P2X7R/Pannexin-1 and TLRs, which is consistent with the
observation of ATP-induced activation of TLRs. The activation of
multiple TLRs, coupled with elevated ATP levels and subsequent
Pannexin-1/P2X7R activation may represent an important route
in inflammatory response following SAH.

Numerous clinical studies showed that approximately 50% of
SAH survivors have cognitive or neurobehavioral dysfunction.
The mechanisms involved in cognitive or neurobehavioral
deficits attribute to the instant brain injury or may be a
consequence of cerebrovascular dysfunction and DINDs (Jeon
et al., 2009). According to our findings, blockade of Pannexin-1
channels alleviates neurological function deficits in this rats SAH
model accompanied with the depression of TLR2/TLR4/NF-κB
pathway-related agents. In addition, our results also showed
that Pannexin-1 channels could regulate the expression levels of
apoptosis-related proteins (Bcl-2, Bax, and cleaved Caspase-3)
and the proportion of positive Neuro-TUNEL cells, and thereby
intervene in the neuronal apoptosis after SAH. Therefore, it
is plausible to believe that Pannexin-1 channels holds great
potential in improving cognitive or neurobehavioral function
in the early stage of SAH due to its anti-inflammatory and
anti-apoptotic effects.

To the best of our knowledge, this is the first report
to demonstrate the implication of Pannexin-1 channels in
TLR2/TLR4/Nf-κB mediated inflammatory responses after SAH.
However, several limitations of our study should be pointed
out. First, LV-ShRNA-Panx1 may not act as a highly efficient
inhibitor of pannexin-1. Further, future studies need to confirm
our investigations associated with generation of gene knock-out
mice successfully. Second, according to our previous studies on
inflammatory response after SAH and peak time of extracellular
ATP, we chose only one time point (24 h after SAH) in our
study, the role of Pannexin-1 channels in TLRs/NF-κB mediated
signaling pathway at diffident time points after SAH is still needed
to be investigated in our future studies. In addition, given the

current research is a pilot study, further studies are still needed to
validate the exact role of Pannexin-1 channels in SAH and other
cerebrovascular diseases.

CONCLUSION

Pannexin-1 channels contributes to EBI and cognitive/neurobehavioral
deficits via TLR2/TLR4/Nf-κB mediated inflammatory signaling
pathway after SAH, suggesting the potential role of Pannexin-1 as
a therapeutic target in improving the outcome of SAH patients.
Thus, more mechanistic studies are needed to provide deep
insight into molecular mechanisms of Pannexin-1 channels in
SAH.
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