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P2X, Receptors Influence Inflammasome Activation after
Spinal Cord Injury
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P2X, and P2X, are the predominant purinergic P2X receptor subtypes expressed on immune and neural cells. These receptor subtypes
traffic between intracellular compartments and the plasma membrane and form protein interactions with each other to regulate ATP-
dependent signaling. Our recent studies have shown that P2X receptors in neurons and astrocytes activate NLRP1 inflammasomes, but
whether P2X, receptors regulate inflammasome signaling is essentially unknown. Here, we demonstrate that P2X, receptors are ex-
pressed in neurons of the spinal cord. We provide direct evidence that spinal cord injury (SCI) induces an innate inflammatory response
that leads to increased caspase-l cleavage and production of IL-13 but not IL-18. Consistent with these findings, P2X, knock-out mice
showed impaired inflammasome signaling in the cord, resulting in decreased levels of IL-13 and reduced infiltration of neutrophils and
monocyte-derived M1 macrophages, resulting in significant tissue sparing and improvement in functional outcomes. These results
indicate that P2X, receptors influence inflammasome signaling involving caspase-1 activation and IL-13 processing in neurons after SCL.
P2X, might thus represent a potential therapeutic target to limit inflammatory responses associated with SCI and neurodegenerative

disorders.

Introduction
The innate immune response is classically known as the first line
of defense against endogenous and exogenous insults. However,
innate immunity actually serves as a sophisticated system for
sensing “danger signals,” such as host-derived signals of cellular
stress and tissue destruction. One of the most studied endoge-
nous insults that activates the innate immune response is ATP.
Extracellular ATP is elevated in neuroinflammation in spinal
cord injury (SCI) and neuropathic pain and acts on purinergic
receptors such as P2X; or P2X, (Tsuda et al., 2003; Wang et al.,
2004; Coull et al., 2005). P2X, is the most abundant P2X receptor
subtype present in the CNS (Buell et al., 1996; Soto et al., 1996). It
is expressed in neurons of different brain regions and in microglia
(Burnstock, 2007; Ulmann et al., 2008).

Increased expression of P2X, is observed in injured tissue
after SCI (Schwab et al., 2005), traumatic brain injury (Zhang
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et al., 2006), and cerebral ischemia (Cavaliere et al., 2003).
Moreover, P2X, receptors are elevated in spinal cord micro-
glia after peripheral nerve injury (Tsuda et al., 2003; Ulmann
et al., 2008). Neutralizing P2X, activity using an antisense
oligonucleotide or a transgenic approach prevents tactile allo-
dynia (Tsuda et al., 2003; Ulmann et al., 2008), suggesting that
P2X, receptors are involved in neuropathic pain. P2X, recep-
tors are also expressed within the immune system (Wanget al.,
2004). However, the involvement of P2X, in neuroinflamma-
tory processes remains unresolved.

The inflammasome is a multiprotein complex that promotes
the maturation of inflammatory cytokines, such as IL-183 and
IL-18, and is therefore likely to control many aspects of neuroin-
flammatory processes. Our previous work demonstrated that
P2X, receptors activate the NLRP1 inflammasome in neurons
and astrocytes via a mechanism mediated by pannexin-1 (Silver-
man et al., 2009). Heteromeric interactions between P2X, and
P2X; receptors have been reported in human embryonic kidney
293 cells and in primary cultures of bone marrow-derived mac-
rophages (Guo et al., 2007; Casas-Pruneda et al., 2009). More-
over, genetic knockdown studies in mouse epithelial cells indicate
that interactions between P2X, and P2X, regulate overall P2X
receptor levels (Weinhold et al., 2010). In this study, we used
P2X, knock-out (KO) mice to examine the role of P2X, receptors
in inflammasome activation and neuroinflammation after SCL.
We show that P2X,-KO mice have significant decreases in in-
flammasome activation, proinflammatory cytokine production,
inflammatory cell infiltration, and improved histopathological
and functional outcomes compared with wild types (WTs) after
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SCI. Thus, P2X, receptors may play a critical role in neurons
mediating innate neuroinflammatory events after SCI.

Materials and Methods

Animals. A total of 190 adult mice of either sex were used in this study.
P2X,-KO mice in the C57BL/6 background were generated, reproduced,
and genotyped as described previously by the Rassendren laboratory
(Ulmann et al., 2008). C57BL/6 mice from Charles River Laboratories
were used as controls. Bone marrow chimeric mice were produced using
our previously published protocol (Pineau and Lacroix, 2007). All mice
had access to food and water ad libitum.

SCI. C57BL/6 (n = 99) and P2X,-KO (n = 91) mice were anesthetized
with isoflurane and underwent a laminectomy at vertebral level T9-T10,
which corresponds to spinal segment T10—T11. Briefly, the vertebral
column was stabilized, and a contusion of 70 kdyn was performed using
the Infinite Horizon SCI device (Precision Systems and Instrumenta-
tion). Animals used for behavioral testing received a 50 kdyn injury.
Overlying muscular layers were then sutured and cutaneous layers were
stapled. Postoperatively, animals received manual bladder evacuation
twice daily to prevent urinary tract infections. Depending on the exper-
iment performed, SCI mice were killed at 30 min, 6 and 12 h, and 3, 4, 7,
14, and 38 d after contusion. All surgical procedures were approved by
the Laval University Animal Care Committee and followed Canadian
Council on Animal Care guidelines.

Immunoblotting. For detection of protein levels, a 4 mm spinal cord
segment centered over the lesion was harvested at different time points
after injury with extraction buffer (20 mm Tris-HCI, pH 7.5, 150 mm
NaCl, 1% Triton X-100, 1 mm EDTA acid, 1 mm EGTA, 2.5 mum pyro-
phosphate, and 1 mMm [-glycerophosphate) containing protease and
phosphatase inhibitor cocktails (Sigma). Immunoblot analysis was per-
formed with the Criterion system (Bio-Rad), as described previously (de
Rivero Vaccari et al., 2008), using antibodies to caspase-1 (1:1000; Im-
genex), IL-1B (1:10,000; National Cancer Institute), IL-18 (1:1000; Ab-
cam), P2X, (1:1000; Abcam), and P2X,, (1:1000; Alomone Labs). Actin
(Sigma, 1:10,000) was used as a protein loading control and internal
standard.

Flow cytometry. Cells freshly isolated from the spinal cord of injured
mice were analyzed using flow cytometry following our previously pub-
lished method (Pineau et al., 2010). Briefly, animals were transcardially
perfused with cold HBSS to remove immune cells from the vasculature,
their spinal cords were dissected out, and a 1 cm segment centered at the
site of the lesion was isolated and mechanically homogenized with a small
tissue grinder. Cells were filtered through a 40 wm nylon mesh cell
strainer (BD Biosciences), centrifuged at 200 X g for 10 min, washed
once with HBSS, and resuspended with HBSS containing 20% fetal bo-
vine serum (Sigma-Aldrich). For multicolor immunofluorescent label-
ing, cells were incubated with Mouse Fc Block (i.e., purified anti-mouse
CD16/CD32; BD Biosciences) for 5 min to prevent nonspecific binding,
followed by labeling for 30 min at room temperature with the following
fluorescently conjugated primary antibodies: PerCP-conjugated anti-
CD45 (1:33; BD Biosciences), BD Horizon V450-conjugated anti-CD11b
(1:66; BD Biosciences), FITC-conjugated anti-Ly-6C (1:100; BD Biosci-
ences), PE-Cy7-conjugated anti-Ly-6G (1:100; BD Biosciences), and PE-
conjugated anti-7/4 (1:20; AbD Serotec) (for a full description of these
primary antibodies, see Nadeau et al., 2011). Cells were analyzed using
FlowJo software (version 9.2; Tree Star) on a FACS LSRII flow cytometer
(BD Biosciences). Myeloid cells were identified based on their expression
of CD45, CD11b, Ly-6C, and Ly-6G, as follows: neutrophils, CD45 hi
CD11b™ Ly-6C*™ Ly-6G™*; monocyte-derived M1 macrophages,
CD45" CD11b ™ Ly-6CM Ly-6G ~; monocyte-derived M2 macrophages,
CD45" CD11b™* Ly-6C ™~ Ly-6G ~; and microglia, CD45“™ CD11b*
Ly-6C ™ Ly-6G ~ (Babcock etal., 2003; Gordon and Taylor, 2005; Auffray
et al,, 2007; Nahrendorf et al., 2007). Also, the phenotype of these my-
eloid cells was analyzed by flow cytometry using antibodies directed
against the following antigens: anaphase protein complex-conjugated
anti-CD11c (1:50; BD Biosciences), Alexa Fluor 700-conjugated anti-
major histocompatibility complex II (MHCII) (1:100; eBiosciences),
phycoerythrin (PE)-conjugated anti-inducible nitric oxide synthase
(INOS) (1:20; Santa Cruz Biotechnology), and PE-conjugated anti-
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COX2 (1:20; Santa Cruz Biotechnology). For the intracellular detection
of iNOS and COX-2, cells were permeabilized in a solution containing
1% paraformaldehyde (PFA), 0.1% saponin (Sigma-Aldrich), and 10 mm
HEPES for 30 min at room temperature. Cells were then washed with
PBS and stained with either one of the fluorescently conjugated primary
antibodies for an additional 30 min on ice. For all multicolor experi-
ments, fluorescence-minus-one (FMO) staining was used to define the
cutoff for positivity.

Tissue processing and histology. Spinal cords were collected and pre-
pared as described previously (Pineau and Lacroix, 2007). Briefly, mice
were overdosed with a mixture of ketamine—xylazine and transcardially
perfused with 4% PFA, pH 7.4, in PBS. Spinal cords were dissected out
and placed overnight in a PBS/20% sucrose solution. For each animal, a
spinal cord segment of 12 mm centered over the lesion site was cut in
several series of 14-um-thick coronal sections using a cryostat. For im-
munohistochemistry against 7/4, mice were perfused with 0.9% saline
solution, followed by 4% PFA, pH 9.5, in borax buffer. Spinal cords were
dissected out, postfixed for 2 d, and placed overnight in a 4% PFA—
borax/10% sucrose solution until processing using a cryostat set at 30 wm
thickness. All sections were collected directly onto slides having a perma-
nent positively charged surface (Surgipath Canada) and stored at —20°C
until use. To identify the lesion epicenter and quantify lesion volume,
one series of adjacent sections was stained with hematoxylin—eosin
(H&E) and luxol fast blue (LFB).

Immunohistochemistry and quantification of immunolabeling. Cells ex-
pressing P2X, in the normal and injured spinal cord were identified by
confocal immunofluorescence labeling of the reporter protein
B-galactosidase (3-Gal; 1:20,000; MP Biomedicals), HuC/HuD (to visu-
alize neurons; 1:80; Invitrogen), NeuN (neurons; 1:250; Millipore),
GFAP (astrocytes; 1:100; Invitrogen), and CD11b (microglia/macro-
phages; 1:500; AbD Serotec). Alexa Fluor secondary antibody conjugates
(1:200; Invitrogen) were used as secondary antibodies, whereas 4’,
6-diamidino-2-phenylindole, dilactate (Invitrogen) was used for nuclear
counterstaining. Immunofluorescence labeling was performed accord-
ing to our previously published methods (Barrette et al., 2008). Sections
were observed and imaged on a Fluoview FV1000 confocal microscope
system equipped with argon 488, helium-—neon-1 543, and helium-
neon-2 633 lasers (Olympus).

Immunoperoxidase labeling using the anti-7/4 antibody was per-
formed to detect both neutrophils and proinflammatory M1 macro-
phages in the spinal cord of injured mice. Immunoperoxidase labeling
was performed on spinal cord tissue sections directly mounted onto
slides using CoverWell incubation chambers (Invitrogen) and our pre-
viously published protocol (Pineau and Lacroix, 2007), with the only
difference that sections were pretreated for 15 min with proteinase K to
improve immunolabeling efficiency. The anti-7/4 antibody was pur-
chased from AbD Serotec and used at a dilution of 1:800. After immu-
noperoxidase labeling, tissue sections were counterstained with LFB to
visualize damaged areas.

For the quantification of neutrophils and M1 macrophages, the out-
line of the coronal section was traced at 20X magnification, and a grid of
50 X 50 wm was positioned over the spinal cord using the Bioquant Nova
Prime software (Bioquant Image Analysis Corporation). All 7/4 " cells
were then counted at 20X magnification. Results were expressed as an
average number of positive cells per coronal section.

Macrophage and microglial activity in the injured mouse spinal cord
was examined using the anti-galectin-3 (Gal-3; also referred to as Mac-2)
antibody (1:500; American Type Culture Collection), as described in
previous studies (Reichert and Rotshenker, 1999; Kriz et al., 2003;
Lalancette-Hebert et al., 2007). For the quantification, the proportional
area of tissue occupied by Gal-3 immunoperoxidase labeling was mea-
sured in coronal sections taken at specific distances from the lesion epi-
center. In brief, digital images were collected with a high-resolution
Retiga QICAM fast color 1394 camera (1392 X 1040 pixels; QImaging)
installed on a Nikon Eclipse 80i microscope. Digitized images were then
thresholded using the Bioquant Nova Prime software, such that only
immunoperoxidase-labeled product resulted in measurable pixels, and
the area occupied by the signal was measured and divided by the total
area of the cross-section.
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All quantifications were done blind with re-
spect to the identity of the animals, and the
epineurial layer was excluded from analyses.

Lesion volume analysis. For calculating areas
of tissue damage and lesion volume after SCI,
five coronal sections with easily identifiable an-
atomical landmarks were chosen for morpho-
metric study. Briefly, a 12 mm segment of
spinal cord encompassing the injury site was
fixed in PFA (n = 5 animals per group), trans-
verse sectioned at 14 um, and then stained with
H&E and LFB for gray and white matter visu-
alization. Sections spaced at every 390 wm were
used for analysis of injured white and gray mat-
ter using computer-assisted microscopy and
Neurolucida software (MicroBrightField). In
each section, the total area of the cord segment
was first determined. Damaged white and gray
matter areas were determined. Tissue was char-
acterized as damaged by the presence of infil-
trating immune cells, myelin breakdown,
shrunken eosinophilic neurons, and hemor-
rhage. The areas of each section was calculated
by Neurolucida software and then summated
for the volumes of each spinal cord.

Behavioral analyses. Recovery of locomo-
tor function after SCI was quantified in an
open field using the Basso Mouse Scale
(BMS), according to the method developed
by Basso et al. (2006). Recovery of hindlimb
function was also assessed using the grip
walk (GW) test, a modified version of the
grid walk or “foot fault” test, following the
method recently described by Pajoohesh-
Ganji et al. (2010). All behavioral analyses
were done blind with respect to the identity
of the animals.

Statistical analysis. Statistical evaluations
were performed with one- or two-way ANOVA
or repeated-measures ANOVA. Post-ANOVA
comparisons were made using the Bonferroni’s
correction. All statistical analyses were per-
formed using the GraphPad Prism software
(GraphPad Software). A p value <0.05 was
considered as statistically significant.

Results

Caspase-1 and IL-1f responses are
decreased in P2X,-KO mice after SCI
P2X, and P2X, receptor expression in the
spinal cord was analyzed by immunoblot-
ting in WT and P2X,-KO mice at 30 min,
6 h, and 3 d after SCI (Fig. 1). Three days
after SCI, P2X, expression was signifi-
cantly elevated in WT animals, whereas
P2X, was not detected in P2X,-KO mice,
thus corroborating that the KO pheno-
type was maintained in this colony of
animals. However, although SCI signifi-
cantly increased levels of P2X; by 6 h after

SCI, no significant differences in P2X, expression were observed
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Figure 1.  P2X,and P2X, expression in the normal and injured mouse spinal cord. A, Representative immunoblots of P2X, and
P2X; receptor expression after SCI. B, Densitometric analysis indicates that P2X, protein expression is increased after SCI. The P2X,
protein was not detected in P2X,-KO mice. C, P2X; expression is not altered in P2X,-KO animals when compared with WT animals.
Moreover, the levels of P2X; increased at 6 h after SCI (n = 5 per group). Data are presented as mean == SEM. *p << 0.05 compared
with P2X,-K0 animals. Tp < 0.05 compared with sham animals.
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Figure 2. Increased expression of bioactive caspase-1and IL-10 is reduced in the injured spinal cord of P2X,-KO mice. 4,

Representative immunoblots of caspase-1, IL-1/3, and IL-18 after SCI. B—D, Densitometric analysis indicates that both caspase-1
(B) and IL-13 (C) are decreased in the P2X,-KO when compared with WT animals. Levels of IL-18 (D) are not altered in P2X,-KO
animals when compared with WT animals (n = 5 per group). Data are presented as mean = SEM. *p < 0.05 compared with
P2X,-K0 animals. *p << 0.05 compared with sham animals.

either WT or P2X,-KO mice. These results indicate that P2X, is in-
volved in inflammasome activation after SCI.

between WT and P2X,-KO mice (Fig. 1). As shown in Figure 2,

active caspase-1 and IL-13 were elevated after SCI in both WT and
KO mice after SCI, but the levels of these proteins were significantly
higher in WT animals when compared with P2X,-KO mice. In con-
trast, levels of active IL-18 were not significantly altered after SCI in

P2X, is expressed in neurons of the dorsal horn and medial
gray

To investigate which cell type(s) express P2X, in the normal and
injured mouse spinal cord, we took advantage of the fact that the
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Figure 3.

at 24 h after SCI. Scale bars: (in B) A, B, 200 m; (in H) C-H, 20 pm.

reporter gene 3-Gal was inserted in place of the first exon of P2X,
in P2X,-KO animals. B-Gal expression in the mouse spinal cord
was examined using multiple immunofluorescence confocal mi-
croscopy. As demonstrated in Figure 3, no B-Gal signal was de-
tected in the spinal cord of C57BL/6 (negative control) mice. In
contrast, 3-Gal immunostaining was clearly detected in the spi-
nal cord of P2X,-KO mice, with expression mainly located in the
dorsal horn and medial gray areas. Combination of 8-Gal immu-
nostaining with immunofluorescence markers of neurons
(HuC/HuD), astrocytes (GFAP), and microglia (CD11b) re-
vealed that mostly all B-Gal ™ cells also expressed the neuronal
marker HuC/HuD (Fig. 3C-E). Importantly, neurons were
found to be the main, if not the only, cell type expressing B-Gal in
both the normal and injured mouse spinal cord (Fig. 3F—H ). This
expression pattern was observed until at least day 3 after SCI, the
latest time point examined in colocalization experiments. These
findings were confirmed using a second antibody specific for
neurons, NeuN (data not shown).

3-Gal / CD11b

-Gal staining is localized in neurons in the normal and injured spinal cord of P2X,-KO mice. A, B, Representative
confocal photomicrographs showing 3-Gal immunostaining (green) in the spinal cord of naive C57BL/6 (negative control) and
P2X,-KO mice. Note that, in P2X,-KO mice, the 3-Gal reporter gene was inserted in place of the first exon of P2X,, meaning that the
P2X, promoter drives expression of 3-Gal in these animals. (—E, 3-Gal immunoreactivity colocalized with the neuronal marker
HuC/HuD (red, €) but not with GFAP-immunoreactive astrocytes (red, D) and CD11b-immunoreactive microglia (red, E), in the
spinal cord dorsal horn of naive P2X,-KO mice. F—H, 3-Gal expression colocalized with neurons, but not astrocytes and microglia,
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P2X, deficiency in neural cells reduces
inflammation at sites of SCI

To establish whether the anti-7/4 anti-
body may be appropriate for analysis of
infiltration of neutrophils and monocyte-
derived M1 macrophages using immuno-
histochemistry, we first confirmed that
the 7/4 antigen [also referred to as Ly-6B
(Rosasetal., 2010)] was expressed in these
two subsets of infiltrating myeloid cells
but that it was not present in activated res-
ident microglia. To accomplish this aim,
we used flow cytometry, which allows si-
multaneous analysis of several different
markers in individual cells in a quantita-
tive manner. Additionally, this approach
took advantage of the fact that infiltrating
blood-derived leukocytes and microglia
express different levels (high vs dim) of the
leukocyte common antigen CD45 (Sedg-
wick et al., 1991; Babcock et al., 2003). As
shown in Figure 44, CD45" CD11b™* Ly-
6C* Ly-6G* neutrophils and CD45"
CDI1b* Ly-6C™ Ly-6G~ monocyte-
derived M1 macrophages expressed 7/4 at
high intensity, whereas the 7/4 antigen was
absent in CD45%™ CD11b™ Ly-6C~ Ly-
6G ™~ microglia.

To determine whether deficiency in
P2X, affects the immune cell infiltration
at the injury site, we next quantified the
number of neutrophils and proinflamma-
tory M1 macrophages identified by 7/4
immunolabeling in tissue sections from
P2X,-KO and WT mice (Fig. 4B-D). At
12 h after SCI, ~1123 = 72 cells express-
ing the 7/4 marker were counted at the
lesion epicenter in WT mice. This number
was reduced by ~25% in P2X,-KO mice,
with an average of 855 £ 77 7/4™ cells at
the lesion epicenter. This effect was tran-
sient, and the numbers of 7/4 " cells at the
lesion epicenter were not significantly dif-
ferent (ANOVA) between the two groups
at 4 d after SCI (data not shown).

To confirm that P2X, channels expressed in neural cells (as
opposed to in bone marrow-derived leukocytes) were involved in
the initiation of neuroinflammation after SCI, we investigated
immune cell recruitment in irradiation bone marrow chimeras.
First, we confirmed that irradiation did notlead to the infiltration
of 7/4™ cells in the spinal cord of non-injured, laminectomized
chimeric mice (Fig. 4 E). However, the pattern of expression was
dramatically different after SCI in which 7/4 ™ cells were observed
within the perivascular spaces of spinal cord blood vessels as early
as 6 h (Fig. 4F). At 12 h after SCI, WT mice that were reconsti-
tuted with either WT (WT — WT) or P2X,-deficient (P2X4-
KO — WT) bone marrow did not show a significant reduction in
recruitment of 7/4 " neutrophils and monocyte-derived M1 mac-
rophages (Fig. 4G). In contrast, P2X,-KO mice reconstituted
with WT bone marrow (WT — P2X,-KO) had markedly reduced
immune cell infiltration at the injury site. These results confirm
that P2X, plays an important role in neural cells but not in bone
marrow-derived cells, in the regulation of innate immune cell
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P2X, deficiency in neural cells reduces neutrophil and M1 macrophage infiltration at sites of SCI. A, Evaluation of 7/4 as a specific marker for blood-derived neutrophils and M1

macrophages. Expression of 7/4in neutrophils (green; (D45 (D11b * Ly-6C * Ly-6G ™), M1 macrophages (blue; (D45 (D11b ™ Ly-6C "' Ly-6G ~), and microglia (red; D45 %™ (D11b * Ly-6C ~
Ly-6G ) isolated by flow cytometry from the spinal cord of a (57BL/6 mouse at 12 h after SCI (data are representative of n = 6 mice). The FMO negative control for 7/4 (i.e., all antibodies minus the
PE-conjugated anti-7/4 antibody; (D45 *(D11b "-gated cells) is shown in the far right. B, Quantification of the number of neutrophils and proinflammatory M1 macrophages, as visualized by
immunostaining of the 7/4 antigen, at various rostral (R) and caudal (C) distances from the lesion epicenter at 12 h after SCl (n = 9—11 per group). C, D, Representative bright-field photomicro-
graphs showing 7/4 immunolabeling in the spinal cord of WT (€) and P2X,,-KO (D) mice at 12 h after SCI. The central canal (cc) in Cand D s identified by dashed lines. E, Representative bright-field
photomicrograph showing the absence of 7/4 * cellsin the spinal cord of a non-injured WT — WT chimeric mouse at 12 h after laminectomy. F, Photomicrograph showing several 7/4  cells closely
associated with spinal cord blood vesselsina WT —WT chimeric mouse at 6 h after SCI. Dashed boxes delimit blood vessels. G, Quantification of 7/4 * neutrophils and M1 macrophagesin the spinal
cord of WT — WT, WT — P2X,,-KO, and P2X,,-KO — WT bone marrow chimeras at 12 h after SCl (n = 4 per group). *p << 0.05, **p << 0.01, and ***p << 0.001, significant difference between WT
and P2X,-KO0 mice (B). *p << 0.05, **p << 0.01, and ***p << 0.001, significant difference between WT —> WT and WT —> P2X,-KO chimeric mice (6). 'p < 0.05, T'p < 0.01,and ""p < 0.001,
significant difference between P2X,-K0 — WT and WT —> P2X,-KO chimeric mice (G). Scale bars: (in D) C, D, 50 wm; (in F) E, F, 50 um.

infiltration at sites of SCI. Importantly, this conclusion would not
have been affected even if irradiation would have promoted the
infiltration of bone marrow-derived leukocytes in the spinal
cord, as was suggested by others (Shechter et al., 2009; Donnelly
etal., 2011).

Using immunohistochemistry against Gal-3, we next exam-
ined microglial/macrophage activation and found that it was re-
duced by ~50% in the spinal cord of P2X,-KO mice compared
with WT mice at 4 d after SCI (Fig. 5A—C). In contrast, these
differences were not observed at 38 d (data not shown). To fur-
ther explore the role of P2X, in the response of microglia and
infiltrating macrophages, referred hereinafter as monocyte-
derived macrophages (Kigerl et al., 2009; Shechter et al., 2009),
cells were isolated from the injured spinal cord at 7 and 14 d and
then characterized and quantified by flow cytometry based on
expression of the following markers: CD45, CD11b, Ly-6C, MH-
CII, CD11¢,iNOS, and COX-2. As shown in Figure 5, D and E, no
significant changes in numbers of monocyte-derived M1 macro-

phages (CD45™ CD11b " Ly-6C™), monocyte-derived M2 mac-
rophages (CD45™ CD11b ™" Ly-6C ~), and microglia (CD45%™
CD11b " Ly-6C ™) were detected between both groups at 7-14 d
after SCI. With the exception of a modest, but significant, de-
crease in the number of iNOS * cells in the P2X, group at 7 d, no
obvious differences were observed in the phenotype of microglia
and macrophage subsets between both mouse strains. In agree-
ment with Donnelly et al. (2011), iNOS was mainly detected in
the CD11b "/Ly-6C ~ population. Altogether, these results sug-
gest that the immune response is attenuated and delayed in SCI
P2X,-KO mice, thus supporting a role of the inflammasome as an
initiator of neuroinflammation after SCI.

P2X,-KO mice show improved histopathological outcomes
when compared with WT mice

To determine whether lack of P2X, expression resulted in de-
creased tissue damage after SCI in vivo, various groups of animals
were subjected to SCI and killed 4 d after injury, and lesion vol-
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Figure5.

P2X, deficiency attenuates microglial/macrophage activation after SCI. 4, Quantification of microglial/macrophage activation, as visualized by Gal-3 immunolabeling, in the spinal cord

of P2X,-KO and WT mice at 4 d after SCI (n = 5 per group). B, €, Representative bright-field photomicrographs showing Gal-3 immunolabeling in the spinal cord of WT (B) and P2X,,-KO (€) mice at
adistance of 1176 wm rostral to the lesion at 4 d after SCI. D, Representative flow cytometry profiles showing the presence of monocyte-derived M1 macrophages (M1; (D45 (D11b * Ly-6C™),
monocyte-derived M2 macrophages (M2; (D45 (D11b * Ly-6C ~), neutrophils (N; (D45 ™ (D11b * Ly-6C *), and microglia (CD45“™ (D11b ™ Ly-6C ~) in the spinal cord of a (57BL/6 mouse at
7 dafter SCI (representative of n = 6 mice per group per time point). (D45 levels (high vs intermediate) were used to distinguish infiltrating blood-derived CD11b * myeloid cells (CD45 " (D11b *;
boxed region G1) from (D11b * resident microglia (CD45 “™ (D11b *; boxed region G2). E, Quantification of proportions of M1 macrophages, M2 macrophages, and microglia, relative to total
(D45 (D11b * myeloid cells, in P2X,-KO and WT mice at 7 and 14 d after SCI. Also shown in E are quantitative analyses of (D11c, MHCII, iNOS, and COX-2 expression. *p << 0.05,**p < 0.01, and
***p < 0.001, significant difference between WT and P2X,-KO mice (4, E). Scale bar: (in €) B, C, 250 pum.

ume was measured. Spinal cord sections from P2X,-KO mice
showed a significant reduction in lesion volume after SCI when
compared with injured WT mice (Fig. 6A), as determined by
decreased immune cell infiltration, diminished white matter de-
generation, and preservation of motor neuron morphology.
These results are consistent with the lower levels of inflam-
masome activation and decrease in IL-1f cytokine production
observed in P2X,-KO mice.

Functional recovery after SCI is improved in P2X,-KO mice
when compared with WT mice

We next examined whether deletion of the P2X, gene affects
locomotor recovery after SCI. Evaluation was performed in an
open field using the 9-point BMS scale and the 11-point BMS
subscores. Uninjured P2X,-KO and WT (C57BL/6) mice per-
formed flawlessly in these tests and received perfect scores on the
BMS and BMS subscore scales. However, after a moderate (50
kdyn) traumatic SCI (Fig. 6 B), P2X,-KO mice performed signif-
icantly better than WT mice at 1 and 3 d after SCI. At 3 d after SCI,
>80% of P2X,-KO mice regained occasional plantar stepping
(score = 4 on the BMS) compared with only 30% in control mice.
Importantly, significant improvements in specific aspects of lo-
comotion, such as coordination, paw position, and trunk stabil-
ity, were observed between P2X,-KO mice (average subscore of
6.8 = 0.5 at 35 d after SCI) and WT mice (5.0 = 0.4) at the
conclusion of behavioral testing (Fig. 6C). Early recovery of

forelimb—hindlimb coordination after SCI was confirmed in
P2X,-KO mice compared with WT mice using the GW test (Fig.
6D). The severity of SCI was almost identical between both
groups, with an average force applied of 51.9 * 0.8 kdyn for WT
mice versus 51.9 = 0.7 kdyn for P2X,-KO mice (Fig. 6 E). More-
over, the average spinal cord tissue displacement did not differ
significantly (ANOVA) between groups, with 357.6 = 12.6 um
for WT mice compared with 392.5 = 17.4 um for P2X,-KO mice.
Thus, lack of expression of P2X, results in improved behavioral
outcomes after SCI.

Discussion
In this study, we show that deletion of P2X, in mice results in
decreased innate immune responses after SCI compared with WT
animals. These decreased inflammatory responses involve a sig-
nificant reduction in inflammasome activation in neurons as de-
termined by decreased cleavage of caspase-1 and production of
IL-1B8 and decreased infiltration of innate immune cells into the
injury site acutely after SCI. The reduction in inflammatory pro-
cesses was transient in nature but resulted in significant improve-
ments in histopathological and functional outcomes. Our
findings suggest that blocking neuronal P2X, acutely after SCI
may be an effective means to prevent the detrimental effects of
inflammation and loss of neurological function after trauma.

To investigate which CNS cell type(s) express P2X, in the
normal and injured mouse spinal cord, we took advantage of the
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lacking P2X, showed lower levels of in-
flammasome activation as determined by
decreased levels of active caspase-1 and
IL-1B. However, the levels of IL-18 did
not significantly differ between WT ani-
mals and KOs. This finding suggests that
IL-1B and IL-18 are regulated by different
signaling mechanisms after SCI. In sup-
port of this idea are reports demonstrating that, in addition to
regulation by the inflammasome, IL-18 levels are influenced by
exogenous hormones (Park et al., 2005a,b, 2007).

P2X, forms heteromeric interactions with another purinergic
receptor, P2X,, (Guo etal., 2007). In the present study, the protein
expression levels of P2X, were not affected in the P2X,-KO mice
after SCI, suggesting that P2X,, is not necessary for the regulation
of P2X; in the spinal cord. However, P2X; is an ATP-activated
receptor involved in the inflammatory response after SCI (Wang
et al., 2004; Peng et al., 2009). Moreover, P2X, interacts with
pannexin-1 and the inflammasome in CNS cells (Silverman et al.,
2009). Therefore, more detailed studies involving protein associ-
ations of P2X, and P2X, with inflammasomes are needed to es-
tablish more precise regulation of inflammasome responses after
SCI.

Deletion of P2X, also significantly diminished the number of
neutrophils and monocyte-derived M1 macrophages that infil-
trated the injury site after SCI. P2X,-KO animals showed a 25%
decrease in the amount of infiltrated neutrophils and M1 macro-
phages in the spinal cord at 12 h after injury and a 50% decrease

significantly reduced spinal cord tissue damage at 4 d after injury (n = 5 per group). B, C, Locomotor function was assessed using
the BMS (B) and BMS subscore (€) over a 35 d period after SCI (n = 10 mice per group). D, The modified GW test was also used to
assess hindpaw function, and the number of hindpaw grips on the GW counted at 8, 15, 22, 29, and 36 d after injury (n = 10 mice
per group). The GW test was performed using three different patterns: easy, medium, and hard. The total number of grips for the
three different patternsis presented in D. E, Impact force (in kilodynes) and spinal cord tissue displacement (in micrometers) at the
time of the contusion injury for all animals included in behavioral analyses. *p << 0.05, **p << 0.01, and ***p << 0.001 compared
with SCIWT (C57BL/6) mice; two-way repeated-measures ANOVA, Bonferroni's post hoc test.

in the amount of microglial/macrophage activation at 4 d. Im-
portantly, studies using irradiation bone marrow chimeras
revealed that the P2X, was required on radioresistant (i.e., non-
bone marrow-derived) but not radiosensitive (i.e., bone marrow-
derived) host cells for modulating innate immune cell entry into
the damaged spinal cord. Together with our previous work that
showed that the IL-1R1/MyD88 signaling pathway triggers innate
immune cell infiltration after SCI (Pineau et al., 2010), these
results suggest that one of the cellular sources of IL-18 in the
injured spinal cord are neurons and that activation of P2X, is
critical for inflammatory cell infiltration. The relationship be-
tween inflammation and the pathogenesis of SCI remains con-
troversial in that mounting evidence shows that some subsets of
immune cells may support regeneration, whereas others may
cause neurotoxicity (Gensel et al., 2009; Kigerl et al., 2009;
Stirling et al., 2009). A recent cell depletion study has demon-
strated quite convincingly that preventing the recruitment of
both neutrophils and monocytes that differentiate into proin-
flammatory M1 macrophages is beneficial for functional recov-
ery after injury (Lee et al., 2011).
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Previous reports have mainly discussed the effects of ATP
stimulation of P2X, that results in increased intracellular calcium
concentrations, activation of mitogen-activated protein kinases,
and release of proinflammatory cytokines (Ferrari et al., 1997;
Schwiebert et al., 2002). P2X, receptor activation has been sug-
gested to mediate synaptic transmission (North, 2002), and P2X,
signaling may play a critical role in the inflammatory responses in
the pathology of brain tumors, neuropathic pain, and multiple
sclerosis (Guo et al., 2004, 2006; Guo and Schluesener, 2005;
Ulmann et al., 2008). Our study shows that P2X,-KO animals
have lower levels of caspase-1 activation and IL-1f cleavage, re-
sulting in significant improvement in tissue sparing and func-
tional recovery. The improvements in functional outcomes were
predominantly observed during the first week after injury, sug-
gesting that the deleterious inflammatory processes mediated by
P2X, activation occur during the acute phase after SCI. Interest-
ingly, only neurons were found to express P2X, in the spinal cord
during the acute phase after SCI. However, other groups have
reported that activated microglia in the spinal cord upregulate
P2X, expression after peripheral (sciatic) nerve injury, although
the increased expression peaked during the second week after
lesion in this particular model (Cavaliere et al., 2003; Tsuda et al.,
2003; Schwab et al., 2005; Ulmann et al., 2008). In the chronic
phase after SCI, P2X, does not seem to play a significant role, yet
the improved functional recovery observed in P2X,-KO com-
pared with WT mice was maintained up to at least day 35. We
propose that blocking neuronal P2X, early after SCI may be an
effective means for preventing the detrimental effects of inflam-
mation and loss of neurological function in a variety of CNS
injuries, including traumatic brain injury, ischemia, and SCI.
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