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P2X7-Dependent Release of Interleukin-1� and Nociception
in the Spinal Cord following Lipopolysaccharide
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The cytokine interleukin-1� (IL-1�) released by spinal microglia in enhanced response states contributes significantly to neuronal mechanisms
of chronic pain. Here we examine the involvement of the purinergic P2X7 receptor in the release of IL-1� following activation of Toll-like
receptor-4 (TLR4) in the dorsal horn, which is associated with nociceptive behavior and microglial activation. We observed that lipopolysaccha-
ride (LPS)-induced release of IL-1� was prevented by pharmacological inhibition of the P2X7 receptor with A-438079, and was absent in spinal
cord slices taken from P2X7 knock-out mice. Application of ATP did not evoke release of IL-1� from the dorsal horn unless preceded by an LPS
priming stimulus, and this release was dependent on P2X7 receptor activation. Extensive phosphorylation of p38 MAPK in microglial cells in the
dorsal horn was found to correlate with IL-1� secretion following both LPS and ATP. In behavioral studies, intrathecal injection of LPS in the
lumbar spinal cord produced mechanical hyperalgesia in rat hindpaws, which was attenuated by concomitant injections of either a nonspecific
(oxidized ATP) or a specific (A-438079) P2X7 antagonist. In addition, LPS-induced hypersensitivity was observed in wild-type but not P2X7
knock-out mice. These data suggest a critical role for the P2X7 receptor in the enhanced nociceptive transmission associated with microglial
activation and secretion of IL-1� in the dorsal horn. We suggest that CNS-penetrant P2X7 receptor antagonists, by targeting microglia in
pain-enhanced response states, may be beneficial for the treatment of persistent pain.

Introduction
The term “neuroinflammation” defines specific physiological
and pathological phenomena associated with trafficking of im-
mune cells in the CNS with both beneficial and detrimental ef-
fects (Medzhitov, 2008). Specifically, inflammation of the lumbar
spinal cord following traumatic injury, or peripheral nerve in-
jury, shows unique features associated with pain. These include
the transition of microglia and astrocytes to pain-enhanced re-
sponse states, as well as immune cell infiltration, in the vicinity of
the synapse between primary afferent fibers and second-order
nociceptive neurons in the dorsal horn of the spinal cord (Abbadie et
al., 2009; Milligan and Watkins, 2009).

In particular, microglial cells in enhanced response states re-
lease many proinflammatory mediators, such as the cytokine
IL-1�, which can modulate neuronal mechanisms of chronic
pain in the dorsal horn (McMahon and Malcangio, 2009). For
example, the acute activation of microglial TLR4 by intrathecal
lipopolysaccharide (LPS) is associated with pain, and ex vivo ac-
tivation of microglial TLR4 in the dorsal horn induces rapid re-
lease of IL-1� alongside caspase-1, and its accessory protein ASC

(Clark et al., 2006). Indeed, intrathecal injection of IL-1� is
pronociceptive (Reeve et al., 2000; Sung et al., 2004), and in-
creases both dorsal horn neuron excitability (Reeve et al., 2000;
Gustafson-Vickers et al., 2008) and the release of primary afferent
excitatory neurotransmitters (Malcangio et al., 1996). Genetic
impairment of IL-1� signaling attenuates nerve-injury-induced
pain behaviors (Honore et al., 2006a; Wolf et al., 2006). Further-
more, intrathecal delivery of the IL-1� receptor antagonist pre-
vents hyperalgesia associated with acute microglial activation
following intrathecal LPS, via activation of TLR4 (Clark et al.,
2006).

In addition to TLR4, for which the endogenous agonist re-
mains unidentified, spinal microglial cells express receptors for
endogenous ligands associated with nociception such as the pu-
rinergic P2X receptors for ATP (Burnstock, 2006). In particular
P2X7 plays a critical role in IL-1� processing and release from
LPS-primed macrophages (Ferrari et al., 2006) via two distinct
caspase-1-dependent and independent pathways (Pelegrin et al.,
2008). Interestingly, P2X7 receptor knock-out mice develop re-
duced inflammatory hyperalgesia, and LPS-primed macrophages
from these mice do not secrete IL-1� (Chessell et al., 2005), sup-
porting the possibility that P2X7 receptors contribute to pain
associated with inflammation by modulating the release of proin-
flammatory cytokines from macrophages (Chessell et al., 2005).
However, the findings that P2X7 knock-out mice develop re-
duced hyperalgesia following peripheral nerve injury (Chessell et
al., 2005), and that P2X7 antagonists attenuate neuropathic pain
behavior (McGaraughty et al., 2007), can only be partially recon-
ciled with impaired release of IL-1� from infiltrating macro-
phages at the site of nerve damage. Indeed, depletion of
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peripheral macrophages only partially reduces neuropathic hy-
peralgesia (Rutkowski et al., 2000; Barclay et al., 2007).

Thus, we evaluated whether spinal P2X7 receptors contrib-
uted to nociceptive mechanisms associated with microglial re-
lease of IL-1�. First, we evaluated whether spinal P2X7 receptors
modulated LPS-induced IL-1� release from microglia in the dor-
sal horn of the spinal cord. Second, we assessed the contribution
of spinal P2X7 to LPS-induced mechanical hypersensitivity.

Materials and Methods
Animals
Experiments were performed using male Wistar rats and adult mice of
both sexes (�8 weeks of age) in accordance with United Kingdom Home
Office regulations. P2X7 knock-out mice and wild-type littermates were
produced by breeding from heterozygous pairs to give litters of mixed
genotypes (�/�, wild-type; �/�, heterozygous; �/�, knock-out). Dis-
ruption of target genes was confirmed using PCR with standard agarose
gel electrophoresis. The generation of this P2X7 knock-out strain has
been previously described (Chessell et al., 2005).

Release of IL-1� from dorsal horn slices
Horizontal dorsal horn slices with dorsal roots attached were obtained as
previously described (Clark et al., 2006, 2009), from the lumbar spinal
cord of adult rats, and from P2X7 knock-out and wild-type mice. Briefly,
lumbosacral spinal cord was excised and longitudinally hemisected pro-
ducing a horizontal slice with L4 and L5 dorsal roots attached. One slice
was obtained from each rat or mouse, mounted in the central compart-
ment of a three compartment chamber and continuously superfused
(1 ml/min) with oxygenated (95% O2 � 5% CO2) Krebs’ solution (in
mol/L: NaCl, 118; KCl, 4; MgSO4, 1.2; KH2PO4, 1.2; NaHCO3, 25; CaCl2,
2.5; and glucose, 11) containing 0.1% bovine serum albumin (BSA) and
20 �g/ml bacitracin to minimize protein degradation. The dorsal roots
were placed in the lateral compartments and immersed in mineral oil to
avoid dehydration. Before, during, and after chemical stimulation, frac-
tions of 8 ml of the superfusates were collected from the central compart-
ment in ice-chilled glass tubes to minimize IL-1� loss.

Experiment 1: lipopolysaccharide-induced release of IL-1� from the rat
dorsal horn. Lipopolysaccharide (LPS, Escherichia coli; Sigma) was solu-
bilized in H2O (10 mg/ml) and then diluted in Krebs’ solution and su-
perfused (10 �g/ml for 8 min) through naive dorsal horn slices as
previously described (Clark et al., 2006, 2009). Three 8 ml fractions were
collected before stimulation (0 –24 min) to measure basal levels of IL-1�.
These values were then pooled and expressed as “basal.” One fraction was
collected during LPS superfusion (24 –32 min), and four fractions after
LPS to assess recovery to basal levels of IL-1� (R1, 32– 40 min; R2, 40 – 48
min; R3, 48 –56 min; R4, 56 – 64 min).

Experiment 2: pharmacological modulation of LPS-induced release of
IL-1� in rat dorsal horn. LPS was superfused (10 �g/ml for 8 min)
through naive dorsal horn slices. Pharmacological manipulation of
IL-1� release was achieved by superfusion of the specific P2X7 antagonist
A-438079 (10 �M; Tocris Bioscience) in one fraction before and during
LPS superfusion (16 min in total).

Experiment 3: ATP-induced release of IL-1� in rat dorsal horn. Rats
received an intrathecal priming dose of either LPS (2 �g/10 �l per rat) or
vehicle (0.9% saline) 24 h before obtaining the dorsal horn slice. ATP
(Sigma) was solubilized in Krebs’ solution and superfused (1 mM for 8
min) through dorsal horn slices. Three 8 ml fractions were collected
before stimulation (0 –24 min) to measure basal levels of IL-1�. One
fraction was collected during ATP superfusion (24 –32 min), and four
fractions after ATP to assess recovery to basal levels of IL-1� (R1, 32– 40
min; R2, 40 – 48 min; R3, 48 –56 min; R4, 56 – 64 min). The adenosine
receptor antagonist 8-(p-sulfophenyl)-theophylline (10 �M; Sigma) was
added to the superfusion solution 8 min before ATP, to prevent adeno-
sine receptor activation following ATP hydrolysis.

Experiment 4: pharmacological modulation of ATP-induced release of
IL-1� in rat dorsal horn. Rats received an intrathecal priming dose of LPS
(2 �g/10 �l per rat) 24 h before obtaining the dorsal horn slice. ATP was
superfused (1 mM for 8 min) through spinal cord slices. Pharmacological

manipulation of IL-1� release was achieved by superfusion of the specific
P2X7 antagonist A-438079 (10 �M; Tocris Bioscience) in one fraction
before and during ATP superfusion (16 min in total).

Experiment 5: LPS-induced release of IL-1� from the dorsal horn of P2X7
knock-out and wild-type mice. LPS was superfused (10 �g/ml for 8 min)
through dorsal horn slices obtained from P2X7 knock-out and wild-type
mice of both sexes. Three 8 ml fractions were collected before stimulation
(0 –24 min) to measure basal levels of IL-1�. One fraction was collected
during LPS superfusion (24 –32 min), and four fractions after LPS to
assess recovery to basal levels of IL-1� (R1, 32– 40 min; R2, 40 – 48 min;
R3, 48 –56 min; R4, 56 – 64 min).

Experiment 6: ATP-induced release of IL-1� from the dorsal horn of
P2X7 knock-out and wild-type mice. P2X7 knock-out and wild-type mice
received an intrathecal priming dose of LPS (2 �g/5 �l per mouse) 24 h
before obtaining the spinal cord slice. ATP was superfused (1 mM for 8
min) through dorsal horn slices. Three 8 ml fractions were collected
before stimulation (0 –24 min) to measure basal levels of IL-1�. One
fraction was collected during ATP superfusion (24 –32 min), and four
fractions after ATP to assess recovery to basal levels of IL-1� (R1, 32– 40
min; R2, 40 – 48 min; R3, 48 –56 min; R4, 56 – 64 min).

IL-1� ELISA
To quantify IL-1� content in superfusates, 8 ml samples were desalted
and concentrated by Ultrafree-15 10K centrifugal device (Millipore).
Retentates were lyophilized, reconstituted in 150 �l of sample buffer
(R&D Systems) and assayed for IL-1� content by ELISA. Ninety-six-well
colorimetric “sandwich” ELISA plates (R&D Systems, IL-1�/IL-1F2
Quantikine ELISA Kit) were used to determine IL-1� content. Rat re-
combinant IL-1� standards (50 �l of 2000 –15.6 pg/ml) and 50 �l of
unknown samples were run in duplicate following the manufacturers’
instructions. The optical density of each well was determined at a wave-
length of 450 nm. Samples were considered IL-1� positive when the
signal was higher than background signal (modified Krebs’ solution) and
within the range of the standard curve. Data are expressed as percentage
of IL-1� content in the basal fractions.

Release of ATP from dorsal horn slices
Horizontal dorsal horn slices were obtained from the lumbar spinal cord
of P2X7 knock-out and wild-type mice as described above. Slices were
then chopped into microprisms (350 �m � 350 �m cubes) using a tissue
chopper. Microprisms from two slices of either wild-type or knock-out
mice were placed into each Eppendorf tube, immediately dispersed in 1
ml of modified Krebs’ solution and continuously oxygenated. After a 1 h
equilibration period, samples were collected before and after LPS stimu-
lation (10 �g/ml for 8 min) for assessing basal and LPS-evoked release of
ATP respectively. The ecto-ATPase inhibitor ARL 67156 (100 �M;
Sigma) was added to the Krebs’ solution to prevent the breakdown of
released ATP. ATP standards (100 �l of 5 � 10 �10

M to 1 � 10 �6
M) and

100 �l of unknown samples were run in triplicate using a microplate
luminometer (Veritas microplate luminometer, Turner Biosystems)
using the CellTiter-Glo Luminescent Cell Viability Assay (G7570;
Promega) according to the manufacturers’ instructions, similar to pre-
viously described (Yip et al., 2009). Data are expressed as percentage of
ATP content in the basal fractions.

LPS-induced mechanical hyperalgesia and behavioral testing
Acute activation of spinal microglia was achieved by the intrathecal injection
of LPS as previously described (Clark et al., 2006, 2009). Under isoflurane
anesthesia, LPS was intrathecally injected twice into the lumbar region (be-
tween the L5 and L6 vertebrae) of the spine using a 26 G 3/8 inch needle
connected to a 25 �l Hamilton syringe. Rats received 2 �g intrathecal dose of
LPS (dissolved in 10 �l of 0.9% saline) to prime the immune system.
Twenty-four hours later, a second intrathecal injection was administered
consisting of one of the following: 2 �g of LPS, vehicle (0.9% saline), inhib-
itor alone [either 50 �g oxidized ATP (Sigma) or 50 �g of A-438079 (Tocris
Bioscience)] or 2 �g of LPS plus inhibitor. In separate experiments, P2X7
wild-type and knock-out mice received 2 �g of intrathecal LPS (dissolved in
5 �l of 0.9% saline) followed by a second LPS dose 24 h later.

Mechanical sensitivity in rats was assessed by measuring paw with-
drawal threshold (PWT) to increasing mechanical force applied to the
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dorsal surface of the rat hindpaw using an Analgesymeter (Ugo-Basile).
Mechanical withdrawal thresholds in mice were assessed using calibrated
von Frey hairs (Touch Test, Stoelting) according to the “up– down”
method (Chaplan et al., 1994). Adult mice of both sexes were acclima-
tized to individual housing 1 week before testing. Three baseline readings
were taken before treatment and on each testing occasion animals were
acclimatized to the behavioral equipment (Perspex cubicles atop a wire
mesh grid) for up to 1 h before the start of testing. Responses of P2X7
knock-out mice were compared to their wild-type littermates. The ex-
perimenter was blinded to genotype. Nylon filaments were applied to the
plantar surface of the hindpaw until they bent and were then held in
position for 3 s. A positive response was defined as withdrawal of the paw
not associated with locomotion or grooming. Each test started with ap-
plication of the 0.6 g filament, and each hindpaw was assessed alternately.
If a positive response was observed, the next lower force hair was applied
and vice versa until a change in response was observed. Four subsequent
hairs were then assessed using the up/down sequence. The 50% paw
withdrawal threshold was calculated using the method described by

Dixon (1980). Mechanical sensitivity readings were taken before LPS
injection and then at set intervals after injection.

Phospho-p38 mitogen-activated protein kinase
immunohistochemistry in the dorsal horn
At completion of the release experiments, the dorsal horn slices were
fixed in 4% paraformaldehyde (overnight at 4°C). At the completion of
behavioral experiments, animals were under pentobarbital anesthesia,
transcardially perfused with 0.9% saline solution followed by 4% para-

Figure 1. Disruption of P2X7 receptor signaling attenuates both LPS- and ATP-evoked IL-1�
release in rat dorsal horn slices, but does not alter ATP release. A, LPS superfusion (10 �g/ml for
8 min) induces rapid release of IL-1� from the rat dorsal horn (n � 6 slices). Superfusion of the
specific P2X7 receptor antagonist A-438079 (A-43) before and during LPS application (16 min in
total) inhibits LPS-evoked IL-1� release (n�6 slices). Basal release: LPS�11.7�4.6 pg/8 ml
fraction, LPS � A-43 � 13.8 � 5.6 pg/8 ml fraction. B, LPS incubation (10 �g/ml for 8 min)
induces release of ATP from P2X7 wild-type (n � 5) and knock-out (n � 4) dorsal horn slices.
Basal release: wild-type � 4.44 � 0.9 fmol per 100 �l, knock-out � 2.6 � 0.4 fmol per 100
�l. C, ATP superfusion (1 mM for 8 min) induces significant but delayed release of IL-1� 24 h
following an intrathecal LPS priming dose (n � 5 slices). However, in the absence LPS priming,
ATP superfusion does not induce significant release of IL-1� (n�5 slices). Basal release: LPS�
ATP � 4.5 � 1.2 pg/8 ml fraction and saline � ATP � 3.4 � 1.3 pg/8 ml fraction. D, ATP
superfusion (1 mM for 8 min), following LPS priming, induces significant but delayed release of
IL-1� from the rat dorsal horn (n � 5 slices). Superfusion of the specific P2X7 receptor antag-
onist A-43 before and during ATP application (16 min in total) inhibits ATP-evoked IL-1�
release (n � 6 slices). Basal release: ATP � 2.6 � 1.4 pg/8 ml fraction, ATP � A-43 � 6.9 �
2.3 pg/8 ml fraction. *p � 0.05, **p � 0.01, ***p � 0.001, one-way ANOVA, post hoc Tukey’s
test.

Figure 2. Disruption of P2X7 receptor signaling attenuates both LPS- and ATP-induced
p-p38 MAPK phosphorylation in rat dorsal horn slices. A, LPS superfusion results in an increase
in p38 MAPK phosphorylation in rat SC slices compared to unstimulated slices, and is prevented
by superfusion of the P2X7 antagonist A-438079 (A-43). In addition, following LPS priming ATP
superfusion results in an increase in p38 MAPK phosphorylation in rat SC slices compared to ATP
alone, and is prevented by A-43 superfusion. Scale bars, 100 �m. B, Quantification of p-p38
immunoreactivity in rat SC slices (n � 4 – 8 slices per group). *p � 0.05, ***p � 0.001
compared to unstimulated slices, †††p � 0.001 compared to LPS and LPS � ATP slices, one-
way ANOVA, post hoc Tukey’s test.
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formaldehyde in 0.1 M phosphate buffer. The
lumbar spinal cord was excised, postfixed for
4 h in the perfusion fixative. All tissues were
then cryoprotected in 20% sucrose in 0.1 M

phosphate buffer (72 h at 4°C) and frozen in
O.C.T. embedding compound (VWR). Trans-
verse sections (20 �m) were cryostat cut and
thaw mounted onto glass slides. Slides were in-
cubated overnight with primary antibody solu-
tion for phosphorylated p38 mitogen-activated
protein kinase (rabbit anti-p-p38 MAPK,
p-p38, 1:100, Cell Signaling Technology) fol-
lowed by secondary antibody solution (goat
anti-rabbit IgG-conjugated Alexa Fluor 488,
1:1000, Invitrogen). To determine the cellular
distribution of p-p38, sections were counter-
stained with primary antibodies against mark-
ers for neurons (mouse anti-neuronal nuclei,
NeuN, 1:500, Millipore Bioscience Research Re-
agents), astrocytes (mouse anti-glial fibrillary
acidic protein, GFAP, 1:1000, Abcam), and oligo-
dendrocytes (mouse anti-adenomatous polypo-
sis coli, APC, 1:500, Oncogene Research
Products). For counterstaining of the micro-
glial cell population p-p38 staining was visu-
alized with ExtrAvidin-FITC (1:500, Sigma)
following signal amplification with ABC (Vector
Laboratories) and biotinyl tyramide (NEN Life
Science Products). Sections were then incubated
with primary antibody for a microglial-specific
protein, Iba-1 (rabbit anti-ionized calcium-
binding adapter molecule 1, 1:1000, Wako
Chemicals) followed by secondary antibody solu-
tion (goat anti-rabbit IgG-conjugated Alexa
Fluor 546, 1:1000, Invitrogen). Slides were cover-
slipped with Vectashield mounting medium
(Vector Laboratories) and visualized under a
Zeiss Axioplan 2 fluorescent microscope with
Apotome.

Quantification and statistics
Following release experiments quantitative assessment of p-p38 immu-
nostaining was performed by counting the number of positive profiles
within a fixed area of the dorsal horn. As previously described (Clark et
al., 2007a,b, 2009), a box measuring 10 4 �m 2 was placed onto areas of
the lateral, central, and medial dorsal horn, and the number of profiles
positive for p-p38 was counted within this area. Alternatively, following
behavioral experiments, the number of p-p38-positive cells within the
whole dorsal horn (�70 4 �m 2) was determined. These measurement
protocols were performed on three L5 spinal sections (determined by
anatomic identification) from each animal, with a minimum of three
animals examined per group. Data are presented as mean � SEM.

For immunohistochemical and release studies, one-way repeated
measures of ANOVA followed by Tukey’s post hoc test was used. For the
analysis of behavioral data, two-way repeated measures of ANOVA fol-
lowed by Tukey’s post hoc test was used. p � 0.05 was set as the level of
statistical significance.

Results
LPS- and ATP-induced IL-1� release from spinal microglia in
the isolated dorsal horn are P2X7 dependent
The purinergic P2X4 and P2X7 receptors have been localized to
microglia (Collo et al., 1997; Tsuda et al., 2003), and activation of
the P2X7 receptor by high concentrations of ATP has been pro-
posed to be critical for IL-1� processing and release in microglial
cell lines primed with LPS (Ferrari et al., 2006). Here we inves-
tigated the role of the P2X7 receptor in IL-1� release in an ex vivo
isolated dorsal horn preparation in which a brief application of

LPS induces rapid release of IL-1� and caspase-1 (Clark et al.,
2006) with no need for exogenous ATP as a second stimulus.

As we previously observed in the superfusates collected from
isolated dorsal horn preparations the levels of IL-1� under basal
conditions ranged from 1 to 10 pg, which are values just above the
sensitivity of the ELISA, indicating that this cytokine is unlikely to
be secreted in the spinal cord under normal conditions and sug-
gesting that any basal release may be the result of preparation of
the dorsal horn slice. However, following a brief (8 min) applica-
tion of LPS, the contents of IL-1� in the superfusates were signif-
icantly increased to 440 � 59% above basal IL-1� levels (Fig. 1A).
This increase was still significant in the first recovery fraction
(R1) following stimulation, returning to basal levels in the second
and third recovery fractions (R2 and R3). The presence of the
specific P2X7 antagonist A-438079 (A-43) in the superfusing
buffer prevented LPS-induced release of IL-1� (Fig. 1A), suggest-
ing that LPS induces the release of ATP, which in turn modulates
the release of IL-1� via P2X7 receptor activation.

Indeed, when we examined the content of ATP in superfusate
samples from spinal cord slices, we observed a significant increase
in ATP levels following incubation of spinal cord slices with LPS.
In slices taken from P2X7 wild-type mice, LPS resulted in an
increase in ATP content to 245 � 45% above basal ATP levels
(Fig. 1B). Similarly, in spinal cord slices from P2X7 knock-out
mice, LPS resulted in an increase of 228 � 20% above basal ATP
levels (Fig. 1B). These data suggest that LPS induces a rapid re-

Figure 3. LPS induces p38 MAPK phosphorylation in spinal microglia. A–C, p-p38 (green, A) colocalizes with Iba-1 (red, B), a
marker for microglial cells (merge, C). Arrows indicate cells coexpressing p-p38 and Iba-1. D–F, p-p38 (green, D) does not
colocalize with GFAP (red, E; merge, F ). G–I, p-p38 (green, G) does not colocalize with APC (red, H; merge, I ). J–L, p-p38 (green, J )
does not colocalize with NeuN (red, K; merge, L). Scale bars, 25 �m.
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lease of ATP in the dorsal horn, which is unaltered by the absence
of the P2X7 receptor.

However, when we examined whether application of ATP
(1 mM) alone resulted in release of IL-1� in the dorsal horn, we
failed to determine an increase of this cytokine levels over basal
(data not shown). We postulated that in order for ATP to release
IL-1� from microglial cells in the dorsal horn, these should be
first primed with LPS, as is required in microglial cell culture
systems (Ferrari et al., 2006). Therefore, we administered an
intrathecal dose of LPS (2 �g/rat) 24 h before the release experi-
ments to prime the immune system. We observed that in LPS-
primed dorsal horn slices, ATP (1 mM) evoked significant IL-1�
release (Fig. 1C) starting as soon as 8 min after superfusion, with
IL-1� levels significantly increased in both the first and second
recovery fractions (R1 and R2), peaking at 837 � 275% of basal
IL-1� levels. ATP did not induce release of IL-1� from the dorsal
horn of rats that had received saline injection instead of LPS (Fig.
1C), suggesting that ATP alone is insufficient to release IL-1�
from the isolated spinal cord, requiring an initial priming stimu-
lus in order for release to occur. As the mean basal IL-1� levels
from LPS-primed and saline-treated spinal cord slices were com-
parable (4.5 � 1.2 pg/8 ml fraction and 3.4 � 1.3 pg/8 ml fraction,
respectively), we conclude that the intrathecal injection of 2 �g of
LPS does not alter basal IL-1� secretion. The release of IL-1�
induced by ATP in LPS-primed dorsal horn was prevented by the

presence of A-438079 (Fig. 1D), supporting the evidence that
ATP determines the release of this cytokine through the activa-
tion of P2X7 receptors.

Both TLR4 for LPS and P2X7 receptors for ATP are expressed
by microglial cells (Collo et al., 1997; Lehnardt et al., 2002), sug-
gesting that these cells are the likely source of IL-1� in these
experiments. Indeed, in the same dorsal horn slices used for mea-
suring IL-1� release, we confirmed that LPS induced significant
phosphorylation of p38 MAPK compared to unstimulated slices
(Fig. 2A,B). Measurable background p-p38 staining was found in
unstimulated slices, indicating that the slicing procedure itself
resulted in phosphorylation of this stress-activated protein ki-
nase; however, p-p38 was detected at very low levels under these
conditions and can therefore be considered as a marker for rapid
microglial activation following LPS (Clark et al., 2006, 2009), as
well as other inflammatory stimuli. Furthermore, the presence of
A-438079 significantly attenuated LPS-induced p-p38 MAPK
(Fig. 2A,B). In accordance with the release data, ATP induced a
significant increase in the number of p-p38-positive microglial
cells in LPS-primed slices (Fig. 2A,B), and the presence of
A-438079 prevented ATP-induced increases in p-p38 (Fig.
2A,B). To identify the cell types in which phosphorylation of p38

Figure 4. LPS and ATP-evoked IL-1� release is abolished in P2X7-null mice. A, In SC slices
from wild-type (P2X7�/�) mice release of IL-1� from the dorsal horn is significantly in-
creased following LPS superfusion (10 �g/ml for 8 min; n � 6 slices). In contrast, in SC slices
from P2X7 knock-out mice (P2X7�/�), LPS superfusion does not induce significant IL-1�
release (n � 6 slices). Basal release � 10.9 � 6.6 pg/8 ml fraction (P2X7�/�) and 6.6 � 1.8
pg/8 ml fraction (P2X7�/�). B, In wild-type SC slices release of IL-1� is significantly increased
by ATP superfusion (1 mM for 8 min, 24 h following intrathecal LPS; n � 5 slices). In contrast,
following LPS priming in SC slices from P2X7 knock-out mice, ATP superfusion does not induce
significant IL-1� release (n � 5 slices). Basal release � 6.1 � 2.4 pg/8 ml fraction
(P2X7�/�) and 3.0 � 0.7 pg/8 ml fraction (P2X7�/�). *p � 0.05, **p � 0.01, one-way
ANOVA, Tukey post hoc.

Figure 5. Disruption of P2X7 receptor signaling attenuates both LPS- and ATP-induced
p-p38 MAPK phosphorylation in mouse dorsal horn slices. A, LPS superfusion results in an
increase in p38 MAPK phosphorylation in SC slices from wild-type mice, which is absent in SC
slices from P2X7 knock-out mice. Similarly, following LPS priming, ATP superfusion results in an
increase in p38 MAPK phosphorylation in SC slices from wild-type mice, which is attenuated in
P2X7 receptor knock-out mice. Scale bars, 100 �m. B, Quantification of p-p38 immunoreactiv-
ity in mouse SC slices (n � 5– 6 slices per group). ***p � 0.001 knock-out versus wild-type,
†p � 0.05 compared to indicated group, one-way ANOVA, post hoc Tukey’s test.
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had occurred, we examined the cellular
distribution of p-p38 immunoreactivity in
spinal cord slices. Immunoreactivity for p-
p38 was found to colocalize with Iba-1, a
marker for microglial cells (Fig. 3A–C).
Double staining indicated that p-p38 im-
munoreactivity showed no colocalization
with markers for astrocytic (GFAP), oligo-
dendrocytic (APC), or neuronal
(NeuN) cell populations (Fig. 3D–L),
suggesting that this increased phosphory-
lation had occurred following the activa-
tion of spinal microglia by LPS and ATP.

Together these data suggest that the
P2X7 receptor is essential for both LPS-
and ATP-induced IL-1� release and p38
MAPK phosphorylation in dorsal horn
microglia. Similarly to IL-1� release in
microglial cell lines, ATP is able to induce
the release of this cytokine in the dorsal
horn and enhanced p38 MAPK phos-
phorylation, only following LPS priming
of spinal microglia. In contrast to cell
lines, LPS-induced release of this cytokine
in the dorsal horn does not require exog-
enous ATP as a second stimulus because
LPS increases extracellular endogenous
ATP levels.

LPS- and ATP-evoked release of IL-1�
are absent in P2X7 knock-out mice
To further validate the role of P2X7 recep-
tor activation in the modulation of IL-1�
release, we used dorsal horn slices from
P2X7 knock-out and wild-type mice.
Mean basal IL-1� levels from wild-type
and knock-out mice were comparable
(10.9 � 6.5 pg/8 ml fraction and 6.5 � 1.8
pg/8 ml fraction respectively), suggesting
that the P2X7 receptor does not tonically
modulate basal release of this cytokine. In
slices from wild-type mice, LPS superfu-
sion for 8 min induced rapid release of
IL-1� to 627 � 201% of basal IL-1� levels
(Fig. 4A) in a manner similar to that ob-
served from rat dorsal horn slices. This
increase was still significant in the first 8
min recovery fraction (R1) after LPS chal-
lenge, returning to basal levels in the sec-
ond and third 8 min recovery fractions (R2 and R3). However, in
slices from P2X7 knock-out mice, LPS application for 8 min
failed to evoke IL-1� release either during application or in the
recovery fractions (Fig. 4A).

Similarly, in dorsal horn slices from wild-type mice primed
with intrathecal LPS, ATP (1 mM) superfused for 8 min induced
significant release of IL-1� in the collected superfusates (Fig. 4B).
This increase peaked during the first recovery fraction (R1),
reaching 931 � 112% of basal IL-1� levels. In contrast, in slices
from P2X7 knock-out mice primed with LPS, ATP application
failed to evoke significant changes in IL-1� superfusate contents
(Fig. 4B).

Following LPS challenge, immunoreactivity for p-p38 MAPK
was significantly higher in dorsal horns from P2X7 wild-type

than from P2X7 knock-out mice (Fig. 5A,B), while the numbers
of microglial cells (cells positive for Iba-1) in wild-type and
knock-out mice were comparable (5.8 � 0.2 cells per 10 4 �m 2

and 6.1 � 0.3 cells per 10 4 �m 2, respectively), suggesting that
while overall microglial cell numbers remain unchanged in P2X7
knock-out mice, activation of these cells following LPS superfu-
sion is attenuated. Similarly, following ATP superfusion through
wild-type LPS-primed dorsal horn slices p-p38 MAPK immuno-
reactivity was significantly higher than in slices from P2X7 knock-
out mice, and wild-type slices challenged with LPS only (Fig. 5A,B).

These data suggest that P2X7 receptor activation is essential
for both LPS- and ATP-induced IL-1� release and p38 phosphor-
ylation in the isolated dorsal horn. However, p38 MAPK activa-
tion which is downstream of both TLR4 and P2X7, occurs

Figure 6. LPS-induced mechanical hyperalgesia and phosphorylation of p38 MAPK are prevented by P2X7 receptor inhibition.
A, B, Intrathecal LPS produces significant mechanical hyperalgesia. Concomitant intrathecal injection of oxATP (A) or A-438079
(A-43) (B) prevented LPS-induced mechanical hyperalgesia (n � 8 rats per group). Each data point represents the mean � SEM
of PWT in grams. C, Intrathecal LPS results in an increase in p38 MAPK phosphorylation which is prevented by both oxATP and A-43.
Scale bars, 100 �m. D, Quantification of p-p38-positive cells in the spinal dorsal horn (n � 3– 8 per group). *p � 0.05, **p � 0.01,
***p � 0.001 compared to vehicle-treated animals, two-way RM ANOVA (A, B), one-way ANOVA (D), post hoc Tukey’s test.
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following LPS challenge independently from P2X7 receptors
whose activation increases the extent of p38 phosphorylation in-
duced by LPS.

Intrathecal LPS-induced mechanical hypersensitivity is
P2X7 dependent
We have recently shown that the intrathecal administration of
two small doses of LPS (2 �g/rat) within 24 h induces mechanical
hyperalgesia following the second administration, but not the
first priming dose (Clark et al., 2006, 2009), via spinal microglial
activation and release of IL-1� (Clark et al., 2006). Such acute
activation of spinal microglia has relevance to neuropathic pain
mechanisms associated with microglial activation due to the ob-
servation that TLR4-null mice develop less severe neuropathic hy-
persensitivity than wild-type mice (Tanga et al., 2005). Here we
examined the potential contribution of P2X7 receptor activation to
intrathecal LPS-induced mechanical hyperalgesia.

Mechanical hypersensitivity developed from 30 min to 3 h
following the injection of the second LPS dose (Fig. 6A,B). The
concomitant intrathecal administration of the nonspecific P2X7
antagonist oxidized ATP (oxATP) (Fig. 5A) or the specific P2X7
antagonist A-438079 (A-43) (Fig. 6B) prevented the develop-
ment of LPS-induced mechanical hyperalgesia. Neither oxATP
nor A-438079 had any effect on normal paw withdrawal thresh-
olds (Fig. 6A,B). Thus, these behavioral data suggest that intra-
thecal LPS-induced hyperalgesia requires the mediation of ATP
via activation of P2X7 receptor.

In the dorsal horn of the spinal cord
obtained from the rats after the behavioral
studies, the number of cells positive for
p-p38 MAPK immunoreactivity was higher
in LPS-treated than in vehicle-treated ani-
mals (Fig. 6C,D). Furthermore, both oxATP
and A-438079 prevented LPS-induced
phosphorylation of p38 MAPK in these
cells, which were morphologically identified
as microglia (Fig. 6C,D).

Finally, we examined the role played by
P2X7 receptor in the mediation of me-
chanical hypersensitivity and p38 MAPK
phosphorylation following intrathecal LPS
in P2X7 wild-type and knock-out mice.
Intrathecal LPS on day 1 (2 �g/mouse)
did not alter PWT to either noxious or
non-noxious mechanical stimuli in wild-
type or knock-out mice (data not shown).
In wild-type mice a second intrathecal
injection of LPS (2 �g/mouse) on day 2
produced a significant reduction in me-
chanical withdrawal thresholds 3 h fol-
lowing administration (Fig. 7A), while in
P2X7 knock-out mice the second LPS ad-
ministration produced no alteration in
mechanical thresholds up to 3 h after in-
jection (Fig. 7A). Immunostaining of the
dorsal horn after the behavioral testing
revealed that both wild-type and P2X7
knock-out mice exhibited significantly
higher p-p38 immunoreactivity following
the second intrathecal LPS administration
compared to wild-type mice receiving the
LPS priming dose followed by intrathecal
saline 24 h later (Fig. 7B). However, in

wild-type mice the number of cells positive for p-p38 immuno-
reactivity were significantly higher than in P2X7 knock-out mice
(Fig. 7B,C), suggesting that both LPS-induced mechanical hy-
persensitivity and p38 phosphorylation are at least in part depen-
dent on P2X7 receptor signaling.

Together these data indicate the involvement of spinal P2X7
receptor activation in the nociceptive hypersensitivity associated
with intrathecal injection of LPS.

Discussion
In this study, we show that brief application of LPS to the dorsal
horn of the spinal cord induces release of IL-1� and phosphory-
lation of p38 MAPK in microglial cells through P2X7 receptor-
mediated mechanisms. As LPS also induces release of ATP, we
suggest that increased levels of extracellular endogenous ATP are
ultimately responsible for the release of this cytokine. However,
as the application of exogenous ATP does not induce release of
IL-1� unless the spinal cord is primed with LPS 24 h before ATP
challenge, our data support the idea that intrathecal LPS induces
the synthesis of IL-1� and caspase-1 maturation, which are both
required for P2X7-mediated release of mature IL-1� from dorsal
horn microglia.

Both the secretion and maturation of IL-1� are tightly regu-
lated processes (Burns et al., 2003; Ferrari et al., 2006). Vesicular
secretion of mature IL-1� consists of several concomitant path-
ways, including phospholipase A2-mediated release of lysosomal
IL-1� (Rubartelli et al., 1990; Andrei et al., 1999, 2004) and the

Figure 7. LPS-induced mechanical hypersensitivity and p38 MAPK phosphorylation is absent in P2X7 knock-out mice. A, Intra-
thecal LPS produces significant mechanical allodynia in wild-type (P2X7�/�) mice (black bars, n � 10), but fails to induce
changes in mechanical threshold in P2X7 knock-out (P2X7�/�) mice (white bars, n � 12). **p � 0.01 compared to postdose
thresholds, two-way RM ANOVA, post hoc Tukey’s test. B, Quantification of p-p38-positive cells in the spinal dorsal horn (n � 4 per
group). C, Intrathecal LPS results in an increase in p38 MAPK phosphorylation in wild-type, but not P2X7 knock-out mice. Scale bars,
100 �m.
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shedding of microvesicles from the plasma membrane (MacKenzie
et al., 2001). In both pathways, secretion of mature IL-1� is
achieved via the inflammasome, a caspase-activating complex
(Martinon et al., 2002). LPS is able to stimulate rapid release of
the inflammatory caspases-1 and -5 in the supernatants of THP-1
cells (Martinon et al., 2002). Concomitant release of accessory
proteins has been proposed as a mechanism for extracellular
caspase activation (Martinon et al., 2002; Martinon and Tschopp,
2004). In particular, ASC has been observed to associate with
active caspase-1 in THP-1 cell supernatants (Martinon et al., 2002),
and is required for the activation of caspase-1 (Mariathasan et al.,
2004; Yamamoto et al., 2004) and LPS-induced IL-1� maturation
(Martinon et al., 2002). Importantly, the inflammasome also ap-
pears to play a key role in the regulation of IL-1� secretion in the
CNS. Expression of both IL-1� and inflammasome components
are increased following traumatic (de Rivero Vaccari et al., 2009)
and ischemic (Abulafia et al., 2009) brain injury, and interference
of inflammasome activation by administration of either ASC- or
NALP1-neutralizing antibodies is able to attenuate injury-
induced production of IL-1� (Abulafia et al., 2009; de Rivero
Vaccari et al., 2009). In addition, in a model of spinal cord injury,
upregulation of IL-1� is prevented by an ASC-neutralizing anti-
body, and both functional recovery and injury volume are im-
proved (de Rivero Vaccari et al., 2008).

Indeed, we have previously reported that LPS induces the re-
lease of IL-1�, active caspase-1, and the inflammasome accessory
protein ASC from microglia in the dorsal horn of the spinal cord
through the ASC-caspase-1-dependent pathway (Clark et al.,
2006). The current study indicates, for the first time, the involve-
ment of a second LPS-P2X7 pathway in the secretion of IL-1�
from spinal microglia (Fig. 8). LPS application to the spinal cord
induces increases in extracellular ATP which is essential for
P2X7-mediated release of IL-1�. The sources of ATP in this
model system include microglia, which contribute directly fol-
lowing TLR4 activation by LPS, as well as neurons and astro-
cytes, which may indirectly contribute to enhanced extracellular
ATP levels, and therefore lead to P2X7 receptor activation. This
P2X7-dependent pathway is still likely to activate ASC-caspase-1
complex (Di Virgilio, 2007), although it may do so in a NALP3-
dependent manner (Mariathasan et al., 2006). Similarly to
P2X7�/� macrophages (Chessell et al., 2005), both ASC�/�
(Mariathasan et al., 2004, 2006) and NALP3�/� (Mariathasan et
al., 2006) macrophages do not release mature IL-1� after ATP
stimulation, suggesting that the depletion of intracellular potas-
sium ions contributes to caspase-1 activation. Furthermore, in
macrophages the P2X7 receptor may activate the inflammasome
via activation of the pannexin-1 hemichannel, which is sensitive
to changes in intracellular potassium, thereby promoting the re-
lease of mature IL-1� (Pelegrin and Surprenant, 2006, 2007,
2009; Pelegrin et al., 2008). The mechanisms by which P2X7 re-
ceptor signaling and pannexin-1 hemichannels are linked remain
unclear. However, recent work suggests that pharmacological
agents that act to block P2X7, as well as ATP itself, directly sup-
press pannexin-1 hemichannel currents (Qiu and Dahl, 2009).
The specific P2X7 antagonist A-438097 used in this study inhib-
ited pannexin-1 hemichannel currents in oocytes alongside ATP
and ATP analogs (Qiu and Dahl, 2009). However, much higher
concentrations of A-438079 were required for pannexin-1 inhi-
bition than those necessary for P2X7 inhibition (Dubyak, 2009;
Qiu and Dahl, 2009). Indeed, at the concentration of 10 �M

A-438079, which completely inhibits IL-1� release in the dorsal
horn, inhibition of pannexin-1 hemichannel currents was not
detected (Qiu and Dahl, 2009).

In the dorsal horn of the spinal cord, we have observed that
brief applications of LPS and ATP also induce phosphorylation of
p38 MAPK in microglial cells. Similarly to IL-1� release, LPS-
induced phosphorylation of p38 MAPK is P2X7 dependent.
However, in contrast to LPS-induced IL-1� release, which is ab-
sent in P2X7-null mice, a significant level of p38 MAPK activa-
tion is still measurable in the dorsal horn of P2X7-null mice
following LPS stimulation. Phosphorylation of p38 MAPK is also
a vital downstream signaling event following the activation of
many other receptors, including many P2 receptors (Inoue, 2006;
Kobayashi et al., 2008), and the remaining level of phosphoryla-
tion observed is likely to occur following TLR4 activation by LPS.
These data suggest that the TLR4 receptor MAPK pathways can
be activated independently of P2X7 receptor activation which
also induces p38 MAPK activation. Such a suggestion is sup-
ported by evidence showing that phosphorylation of p38 MAPK
is an intracellular event that is shared by TLR4 and P2X7 activation,
leading to several events. For example, P2X7 activation modulates
TNF� release from microglia in a p38 MAPK-dependent manner
(Suzuki et al., 2004). In addition to an involvement in IL-1� secre-
tion from cultured immune cells (Ferrari et al., 1997; Baldassare et
al., 1999; Caivano and Cohen, 2000; Kim et al., 2004; Piccini et al.,
2008), LPS induces release of IL-1� from the dorsal horn of the
spinal cord in a p38-dependent manner (Clark et al., 2006), and the
cascade of events following TLR4 receptor activation includes phos-
phorylation of p38, which promotes the stabilization of induced
mRNA for cytokines.

Phosphorylation of p38 MAPK in spinal microglia occurs in
vivo in a number of nociceptive models (Svensson et al., 2003),
including following nerve injury (Jin et al., 2003; Tsuda et al.,

Figure 8. Schematic of proposed mechanism of P2X7-mediated IL-1� release from spinal
microglia. LPS activates TLR4 on microglia (1), resulting in phosphorylation of p38 MAPK (2) and
increased extracellular ATP (3). Other cell types may also contribute to enhanced extracellular
ATP. ATP then activates P2X7 receptor signaling (4), leading to further p38 MAPK phosphory-
lation (5) and release of mature IL-1� (6).
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2004; Ji and Suter, 2007), and p38 MAPK inhibitors effectively
attenuate behavioral changes following injury (Tsuda et al.,
2004). In particular, p38 MAPK phosphorylation in microglia
occurs following intrathecal injection of LPS, which is associated
with mechanical hypersensitivity (Clark et al., 2006), and release
of IL-1� from spinal microglia contributes to LPS-induced hy-
peralgesia (Clark et al., 2006). This study demonstrates that LPS
hypersensitivity is under the control of the P2X7 receptor, as it
can be prevented by a P2X7 antagonist and does not develop in
P2X7 knock-out mice.

Indeed a role for P2X7 in enhanced nociceptive transmission
following injury has been demonstrated previously. P2X7 knock-
out mice develop reduced levels of hyperalgesia in models of
inflammatory pain and do not develop hyperalgesia following
peripheral nerve injury (Chessell et al., 2005). In addition, the
systemic administration of specific P2X7 antagonists attenuate
pain behavior in models of peripheral neuropathy (Honore et al.,
2006b; McGaraughty et al., 2007) and inflammatory pain
(Honore et al., 2009). Modulation of chronic pain behavior by
P2X7 can be partially attributed to an absence of IL-1� secretion
from LPS stimulated peritoneal macrophages (Chessell et al.,
2005; Honore et al., 2006b; McGaraughty et al., 2007; Honore et
al., 2009). However, depletion of peripheral macrophages only
partially reduces neuropathic hyperalgesia following peripheral
nerve injury (Rutkowski et al., 2000; Barclay et al., 2007). There-
fore the remaining component may be attributed to spinal P2X7
receptors expressed by activated microglial cells.

Our data suggest that spinal P2X7 receptors are equally able to
regulate the secretion of mature IL-1� from activated microglia
within the dorsal horn, and thereby contribute to behavioral hy-
persensitivity. We therefore suggest central P2X7 receptor may be
a target for the treatment of chronic pain.
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