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The inflammasome is a multiprotein complex involved in
innate immunity. Activation of the inflammasome causes the
processing and release of the cytokines interleukins 1� and 18.
In primarymacrophages, potassium ion flux and themembrane
channel pannexin 1 have been suggested to play roles in inflam-
masome activation. However, the molecular mechanism(s) gov-
erning inflammasome signaling remains poorly defined, and it is
undetermined whether these mechanisms apply to the central
nervous system.Herewe show that high extracellular potassium
opens pannexin channels leading to caspase-1 activation in pri-
mary neurons and astrocytes. The effect of K� on pannexin 1
channels was independent of membrane potential, suggesting
that stimulation of inflammasome signaling was mediated by
an allosteric effect. The activation of the inflammasome by K�

was inhibited by the pannexin 1 channel blocker probenecid,
supporting a role of pannexin 1 in inflammasome activation.
Co-immunoprecipitation of neuronal lysates indicates that
pannexin 1 associates with components of the multiprotein
inflammasome complex, including the P2X7 receptor and
caspase-1. Moreover antibody neutralization of the adaptor
protein ASC (apoptosis-associated speck-like protein contain-
ing a CARD) blocked ATP-induced cell death in oocytes co-
expressing P2X7 receptor and pannexin 1. Thus, in contrast to
macrophages and monocytes in which low intracellular K� has
been suggested to trigger inflammasome activation, in neural
cells, high extracellular K� activates caspase-1 probably
through pannexin 1.

Pannexin 1 is a vertebrate ortholog of the invertebrate
innexin gap junction proteins (1), but it does not appear to form
functional gap junctions in vivo. Instead pannexin 1 acts as a
membrane channel that carries ions and signaling molecules
between the cytoplasm and the extracellular space (2, 3). As
such, it is a candidate ATP release channel in various cell types,
including erythrocytes, astrocytes, bronchial epithelial cells,
and taste cells. Various functional roles have been ascribed to
pannexin 1 including local vascular perfusion control and

propagation of intercellular calcium waves (4–6). Recently
pannexin 1 was also shown to form the large pore of the P2X7
purinergic receptor (7, 8). P2X7 plays amajor role in inflamma-
tion, and its activation by extracellular ATP results in release of
interleukin (IL)2-1� from macrophages, probably involving
pannexin 1 as a signaling molecule (7).
IL-1� production and maturation are tightly regulated by

caspase-1 incorporated into large protein complexes termed
inflammasomes (9–11). The molecular composition of the
inflammasome depends on the identity of the NOD-like recep-
tor (NLR) family member serving as a scaffold protein in the
complex (12). Themembers of the cytosolic NLR family appear
to recognize conservedmicrobial and viral components termed
pathogen-associated molecular patterns in intracellular com-
partments (13). The bipartite adaptor protein apoptosis-asso-
ciated speck-like protein containing a CARD (ASC) bridges the
interaction between NLR proteins and inflammatory caspases
and plays a central role in the assembly of inflammasomes
and the activation of caspase-1 in response to a broad range
of pathogen-associated molecular patterns and intracellular
pathogens (14). In addition, the inflammasome can be acti-
vated by danger-associated molecular patterns, molecules
endogenous to the organism that signal stress or injury,
including extracellular ATP acting at ionotropic P2X7
receptors, fibronectin, or monosodium urate crystals (15,
16). Moreover it has been suggested that a rapid K� efflux
through ATP-activated P2X7 receptors induces inflamma-
some assembly (17–20).
Despite the recent advances in the understanding of acces-

sory proteins required for full activation of caspase-1, little is
known about the signaling pathways that trigger inflamma-
some activation, particularly in the central nervous system
(CNS). Recently we reported that spinal cord neurons contain
the NLRP1/NALP1 inflammasome consisting of NLRP1, ASC,
caspase-1, caspase-11, and the X-linked inhibitor of apoptosis
protein (XIAP) and that spinal cord injury induces rapid acti-
vation of the inflammasome, causing processing and secretion
of IL-1� and IL-18. Moreover antibody neutralization of ASC
reduces caspase-1 activation and IL-1 cytokine processing,
leading to significant tissue sparing and functional improve-
ment (21). In this study, we focused on signaling events cou-* This work was supported, in whole or in part, by National Institutes of Health
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pling pannexin 1 and P2X7 receptors to rapid caspase-1 activa-
tion in primary neurons and astrocytes.We provide compelling
evidence that high extracellular K� opens the pannexin 1 chan-
nel and activates inflammasomes in neurons and astrocytes, but
not THP-1 cells, thus leading to caspase-1 activation. This sig-
naling pathway in neurons is mediated through protein inter-
actions between pannexin 1 and inflammasome proteins. We
also provide evidence that ATP acting on P2X7 induces rapid
cell death and that antibody neutralization of ASC blocks ATP-
induced cell death. Thus, contrary to the widely accepted view
in macrophages and monocytes that low intracellular K� trig-
gers inflammasome activation, high extracellular K� surround-
ing cells such as neurons and astrocytes opens pannexin 1 chan-
nels and induces processing of caspase-1.

EXPERIMENTAL PROCEDURES

Antibodies—Rabbit anti-Rattus norvegicus ASC and NLRP1
antiserawere prepared by Bethyl Laboratories as described pre-
viously (21). Chicken anti-pannexin 1 (4515) has been charac-
terized (4), and antibody affinity-purified on a matrix with the
cognate peptide (prepared by Aves Labs Inc.) was used. Other
antibodies were purchased from commercial sources and
included anti-NLRP1 (Abcam), anti-IL-1� (Cell Signaling
Technology Inc.), anti-caspase-1 (Upstate); anti-caspase-1
(Santa Cruz Biotechnology, Inc.), anti-caspase-11 (Alexis Bio-
chemicals), anti-caspase-11 (Santa Cruz Biotechnology, Inc.),
anti-XIAP (BD Transduction Laboratories), anti-caspase-3
(Santa Cruz Biotechnology, Inc.), and anti-P2X7 receptor
(Calbiochem).
Cell Culture and Treatment—Neuronal cultures were pre-

pared from embryonic day 16–17 rat cortices as described pre-
viously (22, 23). Cortical tissue was disrupted into a cell suspen-
sion by gentle trituration and seeded in 60-mm dishes at a
density of 2 � 106 cells/dish. Neurons were grown on poly-L-
lysine-coated tissue culture dishes in N5 medium that con-
tained 5% serum fraction (24). Neurons weremaintained for 12
days, and the neuronal nature of the majority of cells (95%) was
confirmed electrophysiologically and immunohistochemically
(22). Primary astrocytes were obtained from neonatal rat cere-
bral cortices as described previously (22). The cells were main-
tained for 3 weeks in Dulbecco’s modified Eagle’s medium sup-
plemented with 10% horse serum. At least 99% of the cell
populations were astrocytes as determined by staining with
cell-specific markers (22). The human monocytic cell line
THP-1 (American Type Culture Collection) was maintained in
RPMI 1640 medium supplemented with 0.05 mM 2-mecapto-
ethanol and 10% fetal bovine serum. Cells were pretreated with
1 mM probenecid (Alfa Aesar) for 10 min. The medium was
removed and replaced with medium containing probenecid
and 130 mM KCl for 30 min, 1 h, and 2 h, whereas controls
received probenecid alone. Cells were washed once in ice-cold
PBS and lysed as described previously (25) and prepared for
immunoblot analysis.
Pannexin 1 Knockdown—Pannexin 1 was knocked down

using short hairpin (sh)RNA inserted into a retroviral silencing
plasmid (pRS) purchased from Origene. One microgram of
Panx1 shRNA expression plasmids containing puromycin
resistancewas transfected into the human 1321N1 astrocytoma

cells plated in 35-mmdishes using Lipofectamine 2000 reagent.
After overnight incubation, transfection reagents were re-
moved, and cells were transferred to 100-mmdishes containing
selection medium (Dulbecco’s modified Eagle’s medium sup-
plemented with 10% fetal bovine serum and 1 �g/ml puromy-
cin). After 2–3 weeks in selection medium, clones were tested
for appropriate Panx1 knockdown (18) using Western blot
analysis. The selected Panx1-KD 1321N1 cells weremaintained
in selection medium in a humidified chamber (100% humidity,
95% air, 5% CO2, 37 °C).
Immunoblotting—Primary cell cultures were lysed in lysis

buffer (20 mM Tris, pH 7.5, 150 mM NaCl, 1 mM EDTA, 1 mM

EGTA, 1% Triton X-100, 2.5 mM pyrophosphate, 1 mM �-glyc-
erophosphate) with protease inhibitor mixture (Sigma-Al-
drich). For immunoblot analysis of oocytes, each lane contained
extracts of three oocytes that were pooled and lysed in 50 �l of
oocyte Ringer’s solution (OR2) by repeated passage through the
end of a 1-ml disposable pipette tip. Cells were spun at 12,000�
g for 3 min, and samples were taken from the supernatant,
avoiding both the pellet and the lipids on the surface. Laemmli
sample buffer was added, and proteins were resolved on
10–20% Tris-HCl Criterion precast gels (Bio-Rad), transferred
to polyvinylidene difluoride membranes (Millipore), placed in
blocking buffer (PBS, 0.1% Tween 20, 0.4% I-Block (Applied
Biosystems)), and then incubated for 1 h with primary antibod-
ies followed by appropriate secondary horseradish peroxidase
(HRP)-linked antibodies (Cell Signaling Technology Inc.).
Visualization of signal was enhanced by chemiluminescence
using a Phototope-HRP detection kit (Cell Signaling Technol-
ogy Inc.). To control for protein loading, immunoblots were
stripped with Restore Western blot stripping buffer (26) and
blotted for �-tubulin using monoclonal anti-�-tubulin anti-
body (1:5000, BD Biosciences Pharmingen). Quantification of
band density was performed usingUN-SCAN-IT gelTM digitiz-
ing software (Silk Scientific, Inc.), and data were normalized to
�-tubulin.
Co-immunoprecipitation—To assess the protein composi-

tion and association of proteins in the inflammasome, primary
neuronal cultures (2 � 106 cells) were lysed in 200 �l of lysis
buffer (20 mM Tris, pH 7.5, 150 mM NaCl, 1 mM EDTA, 1 mM

EGTA, 1% Triton X-100, 2.5 mM pyrophosphate, 1 mM �-glyc-
erophosphate) with protease inhibitor mixture (Sigma-Al-
drich). Approximately 200 �g of neuronal lysates were immu-
noprecipitated with anti-ASC or anti-pannexin 1 antibodies
using TrueBlotTM anti-rabbit Ig or PrecipHen (Aves Labs Inc.)
immunoprecipitation beads. Neuronal lysates were precleared
by adding 50�l of anti-rabbit TrueBlot beads to 200�g of lysate
in amicrocentrifuge tube. Themixture was incubated for 1 h at
4 °C, and beadswere pelleted by centrifugation at 12,000� g for
30 s. The supernatant was recovered and immunoprecipitated
with 5 �g of anti-ASC or anti-pannexin 1 and incubated at 4 °C
overnight. Fifty microliters of anti-rabbit TrueBlot beads or
anti-chicken PrecipHen beadswere added to themixture, incu-
bated for 2 h, and then centrifuged at 12,000 � g for 30 s. The
pelleted beads were washed five times in lysis buffer, resus-
pended in loading buffer, and heated at 95 °C for 3 min before
analysis by immunoblotting using antibodies against ASC,
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NLRP1, capase-11 and caspase-1, caspase-3, XIAP, and
pannexin 1.
Preparation of Oocytes—Oocytes were prepared as described

previously (27). Xenopus laevis oocytes were isolated by incu-
bating small pieces of ovary in 2 mg/ml collagenase type I
(Worthington) in Ca2�-free OR2 (82.5 mM NaCl, 2.5 mM KCl,
1.0mMMgCl2, 1.0mMCaCl2, 1.0mMNa2HPO4, 5.0mMHEPES
(pH 7.5) with antibiotics (10,000 units/ml penicillin and 10
mg/ml streptomycin) and stirring at one turn/s for 3 h at room
temperature. After thorough washing with regular OR2,
oocytes devoid of follicle cells and having a uniform pigmenta-
tion were selected and stored in OR2 at 18 °C.
cRNA and Electrophysiology—RNA for mouse pannexin 1

was prepared using the mMessage mMachine in vitro tran-
scription kit (Ambion). Oocytes were injected with 20–40 nl of
cRNA (1 �g/�l) and incubated for 18–48 h at 18 °C. RNA for
human pannexin 1 and P2X7 was similarly prepared and
injected. Oocytes were then incubated for 7–8 days prior to
electrophysiological analysis at room temperature. Oocytes
were tested using two-electrode voltage clamp (Model
OC725C, Warner Instruments) under constant perfusion
according to the protocols described in the figures.
ASC Antibody Neutralization—Oocytes expressing both

human pannexin 1 and P2X7 receptor were tested 7–8 days
after injection of RNA. Cells were clamped at �40 mV, and 5-s
test pulses to �35 mV were applied. After base-line readings
were taken inOR2, cells were exposed to 500�MATP for 4min
and then returned toOR2. After it was established that theATP
reliably resulted in cell death, remaining co-expressing cells
were then injected with 60 nl of anti-ASC (diluted 1:10 in PBS)
or 60 nl of control IgG (diluted 1:10 in PBS). After 1 h, the
reinjected cells were exposed to 500 �M ATP and tested as
before.
Dye Uptake—Parental and Panx1-KD 1321N1 human astro-

cytoma cells were exposed for 30 min to control solution (145
mM NaCl, 5 mM KCl, 1.4 mM CaCl2, 1.0 mM MgCl2, 10 mM

HEPES, pH 7.4) and to a depolarizing solution (60mMNaCl, 50
mM KCl, 1.4 mM CaCl2, 1.0 mM MgCl2, 10 mM HEPES, pH 7.4)
containing 10 �M YoPro1. After treatment, cells were washed
with control solution and then fixed with p-formaldehyde, and
cover slips weremounted using Vectashieldmountingmedium
containing 4�,6-diamidino-2-phenylindole. YoPro fluorescence
intensity was measured from the whole field of view of high K�

(50 mM)-treated cells and normalized to that obtained under
control (5 mM K�) conditions. Images were acquired using
MetaFluor software (Universal Imaging Corp.) and a digital
camera (Photometrics HQ2) attached to a Nikon inverted
TE-2000E microscope equipped with a 10� objective and flu-
orescein isothiocyanate and 4�,6-diamidino-2-phenylindole fil-
ter sets.

RESULTS

High Extracellular K� Activates Pannexin 1—Pannexin 1 is a
channel that releases ATP and other ions from the cell. Accord-
ingly an increase of extracellular K� concentration causes ATP
release fromXenopus oocytes expressing pannexin 1 (2, 28, 29).
However, electrophysiological data suggest that pannexin 1
opens only when depolarized to positive membrane potentials.

To investigate this apparent discrepancy, we applied 130 mM

K� to pannexin 1 channels in voltage-clamped oocytes held at
potentials at which the channel is normally closed. When high
extracellular K� was applied, currents in response to a 10-mV
test pulse from a holding potential of �50 mV increased in a
reproducible and reversible fashion (Fig. 1a and supplemental
Fig. 1A). The K�-induced current was attenuated by carbenox-
olone (Fig. 1a) and by probenecid (supplemental Fig. 2). In con-
trast, application of extracellular K� to noninjected oocytes
increased conductance only moderately (Fig. 1b). To quantify
this increase, we measured the conductance of oocytes to this
test pulse and found that 130 mM K� increased conductance
substantially in pannexin 1-expressing oocytes (Fig. 1c). Appli-
cation of 130mMK� also increased the holding current needed
to maintain cells at �50 mV compared with noninjected
oocytes (Fig. 1d). The effect of K� was dose-dependent. The
lowest potassium concentration required for detectable activa-
tion of pannexin 1 currents was 20 mM (supplemental Fig. 1B).
Replacement of Na� with choline� did not activate pannexin
(not shown), indicating that the observed effects are due to K�

and not the removal ofNa�. Potassiumchloridewas as effective
as potassium gluconate to activate pannexin 1 channels (not
shown).
The activation of pannexin 1 currents by high extracellular

K� was observed over a wide range of voltages (Fig. 2) with
depolarization facilitating the process. Only at high positive
potentials was the effect of high K� minimal, probably because
of exhaustion of recruitable channels. Taken together, these
data support the hypothesis that high extracellular K� opens
pannexin 1 channels at resting potentials at which the channel
is normally closed. To test whether K� also stimulates
pannexin 1-mediated dye uptake, we used the astrocytoma cell
line 1321N1. Thirty-minute exposure of 1321N1 cells to a
depolarizing solution (50 mM K�) caused a significant influx of
YoPro1 into cells compared with those bathed in normal (5mM

K�) solution (control, 0.99� 0.012-fold; highK�, 1.24� 0.031-
fold; n � 6 fields from three experiments) (Fig. 3). High K�-in-
duced dye uptake was significantly attenuated (0.99 � 0.017-
fold, n � 6 fields from three experiments) when Panx1 was
knocked down with Panx1 shRNA (Fig. 3).
Probenecid Is a “Specific” Inhibitor of Pannexin—Distin-

guishing the functions of pannexin 1 channels from connexin
channels has been hampered by the lack of specific inhibitors
able to discriminate between them. Despite the lack of any
sequence homology between pannexins and connexins, known
inhibitors of connexins also inhibit pannexin channels. Carben-
oxolone demonstrates some specificity as its dose dependence
for inhibition of pannexin and connexins differs by a factor of
�3 (30). We have reported that a more specific inhibitor of
pannexin 1 is probenecid, a common drug used to treat gout
and gouty arthritis (29). Application of probenecid rapidly
inhibited voltage-induced pannexin 1 currents in oocytes as did
carbenoxolone (Fig. 4). We also found that probenecid signifi-
cantly reduced the currents in response to application of 130
mMextracellularK� (supplemental Fig. 2), providing additional
evidence that pannexin 1 is responsible for the currents in
response to the extracellular K� application.
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K�Activation of Inflammasomes Is Blocked by the Pannexin 1
Inhibitor Probenecid—Neurons in culture express the NLRP1
inflammasome (21). To test whether high extracellular K� acti-
vates inflammasomes and caspase-1, we treated rat cortical
neurons and astrocytes and human THP-1 cells grown in cul-

ture with 130 mM KCl for 30 min, 1 h, and 2 h and assayed
protein lysates for caspase-1 activation. As shown in Fig. 5, neu-
rons and astrocytes exposed to high extracellular K� showed an
increase in caspase-1 activationwhen comparedwith untreated
controls.
As shown by others (20), human THP-1 cells were refractory

to high extracellular K� exposure and therefore served as con-
trol. Pretreatment with the pannexin channel blocker probene-
cid (1 mM) prior to high K� treatment suppressed caspase-1
induction in neurons and astrocytes (Fig. 5). Thus, inflamma-
some activation and caspase-1 processing induced by high
extracellular K� are inhibited by blocking the pannexin 1 chan-
nel, suggesting a role for pannexin 1 in the activation of the
inflammasome in neurons and astrocytes but not THP-1 cells.
Stimulation of the inflammasome in neurons and astrocytes

also led to the release of IL-1� (supplemental Fig. 3). Curiously

FIGURE 1. Activation of pannexin 1 channels by extracellular K�. Oocytes
were voltage-clamped at a holding potential of �50 mV, and 10-mV depolar-
izing pulses at a rate of five/min were applied. Perfusion with a high K� (130
mM) solution resulted in a large inward current and increase in membrane
conductance that was sensitive to carbenoxolone (CBX) (a). High K� induced
a smaller response in uninjected oocytes (b). Box plots of changes in mem-
brane conductance (c) and holding currents (d) induced by high K� in oocytes
expressing mouse pannexin 1 (mPx1) and in noninjected oocytes (N.I.) are
shown. The box plots are used conventionally (smallest observation, lower
quartile, median, upper quartile, and largest observation). Two-tailed t tests
(paired (c) and unpaired (d)) yielded significance levels of �0.05 (*), 0.01 (**),
or 0.001 (***) as shown. n � 8 (Panx1) and 10 (noninjected). KGlu, potassium
gluconate; G, conductance; �S, microsiemens.

FIGURE 2. Voltage dependence of activation of pannexin 1 channels by
high extracellular K�. A, currents from oocytes held in OR2 or perfused with
140 mM potassium gluconate (KGlu). Cells were held at �100 mV and sub-
jected to a voltage ramp lasting 1 min from �100 mV to � 100 mV as indi-
cated below the current traces. In OR2, cells expressing mPanx1 showed much
larger current than noninjected cells, and addition of carbenoxolone (CBX)
(100 �M) reduced mPanx1 currents to noninjected levels. Carbenoxolone had
no effect on noninjected cells. Addition of potassium gluconate to mPanx1-
expressing cells resulted in inward currents at �100 mV and increased out-
ward currents at positive potentials. Carbenoxolone dramatically reduced
both the inward and outward currents. B, quantification of currents recorded
at �100, �50, 0, and �50 mV. Data are mean � S.E.; n � 4 –5. Where not
visible, error bars are smaller than symbols.
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the supernatant contained more of the unprocessed than the
mature form of IL-1�. The rapid increase in caspase-1 expres-
sion after stimulation is in agreement with observations made
in CNS injury models (21, 31, 32). A similar rapid increase of
caspase-1 is also observed in macrophages exposed to Gram-
negative bacteria or other agents like pathogen-associated
molecular patterns (9, 33).
For an alternate test for a role of pannexin 1 in the activation

of the inflammasome by K� we used the 1321N1 cell line. The
parental cell line exhibited an activation pattern of caspase-1
similar to that of primary astrocytes and neurons in response to
stimulation with high K�. In contrast, caspase-1 in the
pannexin 1 knockdown line was barely detectable and did not
show increased activation (Fig. 6). The reduced expression of
caspase-1 could be due to either transcriptional/translational
effects or stability of the various components of the inflamma-
somemultiprotein complex. It is conceivable that unassembled
caspase-1 is degraded faster than the complexed protein.
The NLRP1 Inflammasome Complex in Neurons Interacts

with Pannexin 1 and the P2X7 Receptor—To characterize asso-
ciations of inflammasome proteins in cortical neurons in cul-

ture, co-immunoprecipitations of neuronal lysates exposed to
130 mM KCl for 1 h were performed using anti-pannexin 1
antibody (Fig. 7, left). Anti-pannexin 1 immunoprecipitated
NLRP1, ASC, caspase-1 and -11, XIAP, pannexin 1, and the
P2X7 receptor. Caspase-1 was processed into its fragments
(p26 and p13), and full-length XIAP was cleaved into a 30-kDa
fragment. Thus, exposure to high extracellular K� activates
inflammasomes. Anti-pannexin 1 did not immunoprecipitate
caspase-3, serving as a control. Caspase-3, however, was
expressed in neurons as indicated by its presence in the lysate
(supplemental Fig. 4). Like caspase-1, caspase-3 levels increased
with exposure to extracellular K�. In reciprocal co-immuno-
precipitation experiments, anti-ASC immunoprecipitated
NLRP1,ASCand caspase-1 and -11 aswell asXIAP, pannexin 1,
and the purinergic receptor P2X7 (Fig. 7, right). These findings
demonstrate that the NLRP1 inflammasome in neurons associ-
ates with pannexin 1 and the P2X7 receptor.
The co-immunoprecipitation pattern was similar in

unstimulated and stimulated neurons, suggesting that the
inflammasome complex is preassembled. This observation is
consistent with findings that the NLRP1 inflammasome is pre-
assembled in motor neurons of the spinal cord (21). Thus, sig-
naling within the chain of inflammasome components in neu-
rons probably results from allosteric events rather than
assembly of the NLRP1 complex.
Inhibition of the Inflammasome Prevents Cell Death in

Pannexin 1 � P2X7-co-expressing Cells—Repetitive or sus-
tained application of ATP to cells co-expressing the P2X7 puri-
nergic receptor and pannexin 1 causes cell death (supplemental
Fig. 5) (8). Oocytes expressing either pannexin 1 or the P2X7
receptor alone did not losemembrane integrity when subjected
to the same stimulus protocol (4, 8). ATP-induced oocyte death
is characterized by an irreversible electrical breakdown of the
cell membrane even after ATP has been removed (Fig. 8). To
determine whether activation of the inflammasome is neces-

FIGURE 3. Pannexin 1-mediated membrane permeabilization. A, relative YoPro fluorescence intensity (test/control, mean � S.E., n � 6, two fields from three
independent experiments) measured from parental and shRNA-Panx1 1321N1 cells treated for 30 min at 37 °C with normal (5 mM) and high (50 mM) K�

solutions (osmolalities adjusted by reducing equimolar amounts of NaCl). After treatments, cells were fixed and counterstained with 4�,6-diamidino-2-phen-
ylindole. Fluorescence intensity was measured from the whole field of view (10� objective) and normalized to that obtained under control (5 mM K�)
conditions. Inset, Western blot showing expression of Panx1 in parental 1321N1 cells and in two stable clones, one expressing an irrelevant shRNA (shRNA-
green fluorescent protein (GFP)) and another shRNA-Panx1. B, representative images of YoPro- and 4�,6-diamidino-2-phenylindole (DAPI)-stained parental and
shRNA-Panx1 1321N1 cells exposed to 50 mM K� solution. GAPDH, glyceraldehyde-3-phosphate dehydrogenase.

FIGURE 4. Probenecid inhibits pannexin 1 currents. Oocytes expressing
pannexin 1 were held at �40 mV, and pulses to �60 mV were applied to open
pannexin 1 channels. Channel activity was inhibited by probenecid and by
carbenoxolone.
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sary for this ATP-induced cell death, we first tested oocytes for
the presence of the inflammasome protein ASC. Fig. 8d shows
that a protein of appropriate size (26 kDa) is recognized by an
anti-ASC antibody in an oocyte lysate. For functional testing,
we injected 60 nl of anti-ASC antibody (diluted 1:10 in PBS)
into oocytes 1 h before electrophysiological analysis. As shown
previously (8), cells expressing human pannexin 1 and P2X7
exposed to 500 �MATP for 4 min subsequently underwent cell
death (Fig. 8a). In contrast, all cells injected with anti-ASC fully
recovered from prolonged ATP exposure and also recovered
from a second 4-min ATP exposure (Fig. 8b). Injection of a
nonspecific immunoglobulin (IgG) did not protect cells (Fig.
8c), demonstrating that anti-ASC was responsible for cell sur-
vival and suggesting thatASC is necessary forATP-induced cell
death.

DISCUSSION

The results of the present study show that pannexin 1 chan-
nels aswell as the inflammasome can be activated by high extra-

cellular K�. Activation of pannexin 1 channels by extracellular
K� is not due to the depolarization resulting from the elimina-
tion of the transmembrane K� gradient because it occurred in
cells voltage-clamped to the resting membrane potential. Con-
sequently the ions must bind to an extracellular moiety that is
either part of the pannexin 1 sequence or of an auxiliary mole-
cule. This activation mechanism by an extracellular ion as a
ligand is unusual as channel activation by ions is typically
observed intracellularly. Only protons are also known to induce
activity of the sodium channel ENaC from the extracellular side
(34) apparently by relieving self-inhibition of the channel by
Na� (35). Protons also activate acid-sensing ion channels (36).
Whether K� activation of pannexin 1 channels occurs in vivo

is unclear. The high concentrations of K� ions required for
channel activation (	20 mM) might only come about in the
vicinity of dying cells releasing their cytoplasmic contents into a
confined space. Alternatively efflux of K� through pannexin 1
channels could create a locally highK� concentration sufficient
to activate the channel. This mechanism would represent an
additional positive feedback loop of pannexin 1 activation.
Pannexin 1 channels are prime candidates to serve as ATP
release channels. When co-expressed with P2Y or with P2X7
receptors, extracellular application of ATP results in pannexin
1-mediated membrane currents (8, 37). This type of positive
feedback is consistent with the observation of ATP-induced
ATP release (38). Repetitive or sustained application of ATP to
cells co-expressing P2X7 receptor with pannexin 1 results in cell
death (8). Thus, there must be regulatory mechanisms that keep
this potentially deadly channel in check. Indeed ATP has recently
been identified as a pannexin 1 channel inhibitor and thus acts as a
permeant regulating its own permeation pore (39).

FIGURE 5. Caspase-1 maturation induced by high extracellular K� in neu-
rons and astrocytes, but not in THP-1 cells, is blocked by probenecid.
Primary cortical neurons, astrocytes, and THP-1 cells were maintained in cul-
ture and treated for 30 min (30�), 1 h, and 2 h with 130 mM KCl. Other cultures
(P) were pretreated with 1 mM probenecid for 10 min, and the medium was
removed and replaced with medium containing probenecid and 130 mM KCl for
30 min, whereas controls (CP) received probenecid alone. �-Tubulin was used as
an internal standard and control for protein loading. C, media change only.

FIGURE 6. Caspase-1 activation is attenuated in pannexin 1 knockdown
cells. A, representative immunoblot of 1321N1 parental cells and knockdown
cells probed for pannexin 1. B, stimulation of both cell types with 130 mM KCl
for the indicated times and immunoblot for caspase-1. 30�, 30 min; C, media
change only.
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A role of K� ions in the activation of the inflammasome is
well documented (20, 40). The mechanism of action, however,
is unclear. Based on experiments with potassium ionophores it
has been proposed that K� efflux with commensurate reduc-
tion in cytoplasmic K� concentration is the trigger for the var-
ious components of the inflammasome to assemble into the
active macromolecular complex. However, it is debatable
whether this mechanism is operative in vivo. In particular, in
tissues where the K� efflux is into confined spaces then such a
mechanism seems unlikely. As is well known from excitable
cells, thousands of action potentials can be fired without signif-
icant changes in ion concentrations evenwhen the transporters
responsible for the ion gradients are blocked. In the case of K�

flux into confined spaces, the driving force of the flux would
soon decline. Furthermore the target of the inflammasome,
caspase-1-mediated conversion of pro-IL-1�, can be blocked
without changes of K� fluxes (41, 42). Thus, there should be
another pathway for activation of the inflammasome.
Recent evidence indicates that pannexin 1 plays a crucial role

in inflammation explicitly through its association with the
P2X7 receptor (7, 43). Knockdown of pannexin 1 by short inter-
fering RNA attenuates the release of IL-1� from stimulated
macrophages, and pannexin 1 currents can be induced by ATP
in oocytes co-expressing pannexin 1 with the P2X7 receptor (7,
8). As inmacrophages, repetitive or sustained stimulation of the
oocytes with ATP or its analogues causes cell death. This
appears to become detached from pannexin 1 channel activity
because membrane breakdown was observed after ATP was
removed and pannexin 1 channels were closing (Fig. 8; also see
Fig. 4 in Ref. 8). The present results suggest that protein-protein

interactions could be responsible
for this phenomenon. Pannexin 1
appears to be part of a large protein-
signaling cascade that links the
P2X7 receptor to the components of
the inflammasome resulting in
caspase activation and eventual
release of cytokines. Thus, not only
did a neutralizing antibody to ASC
inhibit ATP-induced cell death in
oocytes co-expressing pannexin 1
and P2X7 receptors, but probenecid
attenuated caspase-1 activation.
Probenecid is known as an inhibitor
of organic anion transporters (44),
but it inhibits pannexin 1 channels
with the same potency. Probenecid
is specific among “gap junction pro-
tein” inhibitors as channels com-
posed of pannexins are affected,
whereas connexins are insensitive
to the drug (29).
Probenecid has been used for

decades in the treatment of gout, a
condition characterized by inflam-
matory responses to the formation
of urate crystals that activate the
NLRP3 inflammasome (45). The

therapeutic action of probenecid in treatment of gout was
thought to be exclusively by inhibition of an organic anion
transporter, thereby affecting urate excretion in the kidney by
blocking urate reuptake. The present findings suggest an addi-
tional site of action for probenecid by attenuating signals in the
inflammatory response, possibly inhibiting activation of the
inflammasome.
Disturbed ionic and neurotransmitter homeostasis contrib-

utes to secondary damage induced by traumatic brain injury,
spinal cord injury, and stroke (46). ATP and K� released from
injured cells mediate a variety of toxic metabolic disturbances
often leading to cell death. ATP acting on P2X7 receptors is a
potent stimulus for caspase-1 activation within the NLRP3
inflammasome (47). Apparently the ATP-bound receptor
unmasks an ATPase activity of NLRP3 with specificity for ATP
or dATP. NLRP3-catalyzed nucleotide hydrolysis is vital for
protein function and is required for NLRP3 self-association,
interaction with ASC and caspase-1, and IL-1 cytokine
release (47). In contrast, the NLRP1 inflammasome exhibits
little nucleotide specificity. Because neurons contain the
NLRP1 inflammasome (21) and not the NLRP3 inflamma-
some, it does not appear that ATP released after CNS injury
activates the NLRP1 inflammasome in neurons contributing
to increased IL-1�. However, we cannot rule out the possi-
bility that inflammasomes present in other CNS cell types
are activated by ATP, thus contributing to increased IL-1�
production following injury. We present data that support
an alternative model for caspase-1 activation where high
extracellular K� is a trigger for a pathway leading to the
processing of IL-1� in both neurons and astrocytes. Thus, it

FIGURE 7. The NLRP1 inflammasome in neurons interacts with pannexin 1 and the P2X7 receptor.
Left, co-immunoprecipitation (IP) with pannexin 1 of lysates of primary neurons (left lane; C) and neurons
treated with 130 mM KCl for 30 min (right lane; KCl). Pannexin 1 immunoprecipitates were blotted for
NLRP1, ASC, caspase-1, caspase-11, XIAP, pannexin 1 (Panx1), P2X7 receptor (P2X7R), and caspase-3 (con-
trol). Pannexin 1 immunoprecipitated NLRP1, ASC, caspase-1, XIAP, and caspase-11, thus indicating asso-
ciation of these proteins in a multiprotein complex. In reciprocal co-immunoprecipitations (right), anti-
ASC immunoprecipitated NLRP1, ASC, caspase-1, XIAP, caspase-11, Panx1, and P2X7R, indicating protein
interactions. Preimmune serum did not immunoprecipitate inflammasome proteins, Panx1, or P2X7R and
was used as control.
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will be of interest to determine whether blocking the open-
ing of pannexin 1 channels in response to high extracellular
K� caused by traumatic injury inhibits inflammasome acti-
vation and release of IL-1�.

Strategies now aimed at treating CNS trauma focus on neu-
roprotection, enhanced regeneration, or treatment of demyeli-
nation. Our study shows that neutralization of ASC signifi-
cantly blocks ATP-induced cell death. Moreover we have
recently shown that neutralization of ASC significantly reduces
caspase-1 activation and processing of IL-1� and IL-18, result-
ing in significant improvement in tissue sparing and functional
recovery after spinal cord injury (21). Thus, pannexin 1 and
inflammasome inhibition might offer a new therapy for treat-
ment of ATP-induced cell death observed in a variety of CNS
insults and diseases.
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