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Abstract Previous work has demonstrated that the sensi-
tization of spinal neurons and microglia is important in the
development of pain behaviors induced by BmK I, a Na™
channel activator and a major peptide component of the
venom of the scorpion Buthus martensi Karsch (BmK). We
found that the expression of P2X7 receptors (P2X7Rs) was
up-regulated in the ipsilateral spinal dorsal horn after BmK
I injection in rats. P2X7R was selectively localized in
microglia but not astrocytes or neurons. Similarly, inter-
leukin 1B (IL-1B) was selectively up-regulated in microglia
in the spinal dorsal horn after BmK I injection. Intrathecal
injection of P2X7R antagonists largely reduced BmK
I-induced spontaneous and evoked pain behaviors, and the
up-regulation of P2X7R and IL-1f in the spinal cord.
These data suggested that the up-regulation of P2X7Rs
mediates microglial activation in the spinal dorsal horn,
and therefore contributes to the development of BmK
I-induced pain.
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Introduction

Scorpion envenomation causes severe pain and is a serious
public health problem in many countries [1]. In particular,
envenomation by the scorpion Buthus martensi Karsch
(BmK) can cause excruciating pain, skin edema, and a
burning sensation at the site of the sting that can last for
hours [2]. BmK I, a Na™ channel activator and a major
peptide component from the venom of the Asian scorpion
BmK, has been shown to be a key mediator of inflamma-
tion and pain [3]. Intraplantar (i.pl.) injection of BmK I in
rats induces spontaneous pain responses, ipsilateral thermal
hypersensitivity, and bilateral (mirror-image) mechanical
hypersensitivity [4]. The mirror-image mechanical hyper-
sensitivity is a characteristic feature of the BmK I-induced
pain model compared to other animal models of pain.
Previous work from our lab has shown that BmK I induces
hyperexcitability of dorsal root ganglion (DRG) neurons
whose central termini are located in the spinal cord, and the
sensitization of neurons in the spinal cord [5]. On the other
hand, BmK T also activates microglial cells in the spinal
cord [6]. However, it remains unknown how the increased
neuronal activity leads to microglial activation and which
receptor mediates microglial activation in the spinal dorsal
horn and therefore contributes to the development of BmK
I-induced pain.

P2X7 receptors (P2X7R) is a member of the ATP-
sensitive ionotropic P2X receptor family which includes
seven subtypes (P2X1-X7) [7]. P2X7Rs expressed in
microglia play key roles in microglial activation and the
subsequent release of pro-inflammatory cytokines, includ-
ing interleukin-1p (IL-1f) and tumor necrosis factor-alpha
(TNFa) in the spinal dorsal horn [8, 9]. Growing evidence
has shown that P2X7R is important in the development of
inflammatory and neuropathic pain [10]. For instance,
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tetanic stimulation of the sciatic nerve induces the upreg-
ulation of P2X7Rs, which results in microglial activation,
induction of spinal long-term potentiation, and persistent
pain [11].

Taken together, the above results suggest that P2X7Rs
might mediate the microglial activation caused by BmK
I-induced neuronal hyperactivity and therefore contribute
to the development of pain induced by BmK I. To evaluate
the role of P2X7Rs in BmK I-induced pain, we investi-
gated: (1) the effects of BmK I on the expression of
P2X7Rs and IL-1P in the L.4/5 spinal dorsal horn, (2) the
localization of P2X7Rs and IL-1p in several types of spinal
cells, (3) the effects of P2X7R antagonists on the
development of BmK I-induced pain behaviors, and (4)
the effects of P2X7R antagonists on the expression of
spinal P2X7Rs and IL-1.

Materials and Methods
Experimental Animals

Adult male Sprague-Dawley rats (200 g-220 g) were
provided by the Shanghai Experimental Animal Center of
the Chinese Academy of Sciences. All procedures com-
plied with the guidelines provided by the International
Association for the Study of Pain for pain research in
conscious animals [12]. All animals had ad libitum access
to food and water and were maintained in groups of two
animals per cage. Animals were housed in a colony room
maintained on a 12:12 h light-dark cycle at a constant
temperature range of 23 °C-25 °C. All efforts were made
to minimize animal suffering and reduce the number of
animals used.

Preparation and Administration of BmK I

Crude BmK venom collected by electrical stimulation was
purchased from a scorpion culture farm in Henan Province,
China. As described by Ji et al., BmK I was purified from
the crude venom using both high-performance liquid
chromatography and mass spectrometry [3]. BmK I
solution was prepared at a concentration of 0.2 pg/uL in
physiological saline (0.9% NaCl). BmK I solution was then
injected (50 pL i.pl.) into the left hind paw of each rat.

Drug Preparation and Administration

Brilliant Blue G (BBG; B0770-5G, Millipore Sigma Corp.,
St. Louis, MO) was dissolved in saline to 50 umol/L,
100 pmol/L, or 300 umol/L. Rats were anesthetized with
sodium pentobarbital. Ten microliters of BBG or saline
was administered intrathecally (i.t.) 30 min prior to BmK I

administration. L.t. injection was achieved by direct lumbar
puncture between L4 and L5 using a 25-pL. Hamilton
syringe connected to a 27-gauge, one-inch sterile dispos-
able needle. Puncture of the dura was indicated by the
formation of an S-shape by the tail.

Behavioral Testing

Spontaneous nociceptive responses, paw withdrawal
mechanical threshold (PWMT), and paw withdrawal ther-
mal latency (PWTL) were measured using the methods
described by Bai et al. [4].

Measurement of Spontaneous Pain

Rats were individually placed in a transparent, Plexiglas
test box (20 cm x 20 cm x 30 cm) and acclimatized for
at least 30 min. Thirty minutes after i.t. injection of BBG
or A-438079, BmK I was injected into the left hind paw.
Hind paw flinches were taken as a measure of spontaneous
pain behavior and were counted every 5 min for 2 h.

Measurement of PWMT

Rats were individually placed in a Plexiglas test box
(20 cm x 20 cm x 30 cm) on a metal mesh floor (1-cm
openings) and habituated to this environment for 30 min
prior to testing. A series of 10 calibrated von Frey filaments
(forces from 0.6 g to 26 g; 58011, Stoelting Co., Wood
Dale, IL) was used to assess mechanical sensitivity.
Individual filaments were applied to both hind paws from
underneath the mesh floor. Each filament was probed for
the same period (2 s—3 s) with an inter-stimulus interval of
10 s. A positive response was indicated by brisk with-
drawal and/or flinching of the tested paw. Each rat’s
PWMT was defined as the lowest force that caused at least
5 withdrawals out of 10 consecutive applications [13]. The
PWMT of control animals that did not show 5 withdrawals
upon 10 test stimuli was defined as 26g. No higher force
was applied to avoid potential injury. Baseline PWMT was
measured in each rat 24 h prior to testing.

Measurement of PWTL

Each rat’s PWTL to radiant heat stimuli was determined as
previously described [13]. Heat stimuli were provided by a
radiant heat stimulator (RTY-3, Xi’an Fenglan Instrument
Factory, Xi’an) and consisted of a high-intensity, projector
halogen lamp bulb (150 W, 24 V). Briefly, the lamp was
placed directly under the glass floor of the testing cage
2 cm beneath the hind paw. Rats were placed in the testing
box at least 30 min prior to the start of experimentation.
The diameter of the light spot on the floor surface was
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~ 3 mm. A maximum of 20 s of heat was set as the cut-off
time to avoid tissue injury. Each rat received five stimuli at
an inter-stimulus interval of 10 min. The PWTL was
determined by averaging the values for the five consecutive
stimuli. Baseline PWTL was measured in each rat 24 h
prior to testing.

Western Blot

Rats were anesthetized with sodium pentobarbital (60 mg/
kg, i.p.) and rapidly decapitated at the indicated time points
after BmK I injection. Samples were homogenized in RIPA
lysis buffer (Millipore Sigma Corp.) in an ice-water bath
for 30 min. After centrifugation at 14,000 rpm for 15 min,
the supernatant containing total cellular protein was
collected. The protein concentration in each sample was
determined using a Bradford assay kit according to the
manufacturer’s instructions (Biotechwell Co. Ltd., Shang-
hai). Proteins were separated on 5% SDS-PAGE and
transferred to a PVDF membrane (0.45 um; Millipore,
Billerica, MA). The membranes were then incubated in 5%
non-fat milk at room temperature for 2 h to prevent
nonspecific binding. The following primary antibodies
were then individually diluted in PBS with Tween-20
(PBST, 0.05% Tween-20) containing 1% BSA and incu-
bated overnight at 4 °C: rabbit polyclonal antibody against
P2X7R (1:1000, ab109054, Abcam, Cambridge, MA),
rabbit polyclonal antibody against IL-1f3 (1:1500, ab9722,
Abcam), and rabbit polyclonal antibody against actin
(1:200, sc-1616, Santa Cruz Biotechnology, Inc., Dallas,
TX). After washing in PBST, the membranes were probed
with HRP-conjugated goat anti-rabbit IgG (H + L) anti-
body (1:10000, PAB002, Santa Cruz Biotechnology, Inc.)
for 2 h at room temperature. Immunoblotting signals were
detected using ECL reagents (WBKLS0050; Millipore)
with a fully-automated chemiluminescence image analysis
system (Tanon-5200; Tanon Science & Technology Co.,
Ltd., Shanghai). The bands were captured with the image
analysis system and quantified using ImageJ (National
Institutes of Health, Bethesda, MD).

Immunohistochemistry

At 2 h, 4 h, 8 h, and 24 h after injection of BmK I, rats
were anesthetized and perfused intracardially with 200 mL
of sterile saline, followed by 400 mL of fixative containing
4% paraformaldehyde in 0.1 mol/L. phosphate buffer (PB,
pH 7.4). Each rat’s L4-L5 lumbar spinal cord tissue was
post-fixed in the same fixative for 12 h at 4 °C. Then the
tissues were dehydrated in 10% and 20% sucrose PB buffer
in sequence until they sank, then placed in 30% sucrose PB
buffer and dehydrated at 4 °C. Frozen serial coronal
sections (15 pm thick) were cut on a cryostat microtome

@ Springer

(HM525; Thermo Fisher Microm, Walldorf, Germany) and
mounted on gelatin-coated glass slides.

Frozen sections were air-dried and incubated with 5%
bovine serum albumin in PBS for 1 h at room temperature,
followed by incubation with primary antibody diluents
overnight at 4 °C. The primary antibodies used were as
follows: rabbit polyclonal anti-P2X7R (1:400, ab109054,
Abcam, Cambridge, MA), rabbit polyclonal anti-IL-1f3
(1:400, ab9722, Abcam), mouse monoclonal anti-NeuN
(clone A60, 1:300, MAB377, Millipore Bioscience
Research Reagents, Temecula, CA), mouse monoclonal
anti-GFAP (1:300, GAS; Cell Signaling Technology,
Danvers, MA), and goat polyclonal anti-Ibal (1:300,
ab107159, Abcam). The sections were then washed with
0.01 mol/LL PBS before incubation with secondary anti-
bodies. The secondary antibodies used were as follows:
donkey anti-rabbit IgG H&L (AlexaFluor®555) (1:300,
ab150074, Abcam), donkey anti-mouse IgG H&L
(AlexaFluor®488) (1:300, ab150105, Abcam), donkey
anti-goat IgG H&L (AlexaF1u0r®488) (1:300, ab150129,
Abcam), donkey anti-mouse IgG H&L (AlexaFlu0r®594)
(1:400, ab150108, Abcam), rhodamine (TRITC)-conju-
gated donkey anti-goat IgG(H + L) (1:500, SA00007-3,
Proteintech Group, Inc., Rosemont, IL), and donkey anti-
rabbit IgG-CFL 488 (1:200, sc-362261, Santa Cruz
Biotechnology, Inc.). After 1.5 h incubation with the
appropriate secondary antibodies, fluorescence microscopy
was performed (Zeiss Lsm 710, Germany) and digital
images were captured.

Real-Time Quantitative Polymerase Chain Reaction

Total RNA was isolated from the ipsilateral and contralat-
eral L4-L5 spinal cord of adult male rats at 1 h, 2 h, 4 h,
8 h, and 24 h (n = 4 at each time point) after i.pl injection
of 10 pL. diluted BmK I solution (1 pg/pL) with Total
RNA Extractor (TRIzol) (Sangon Biotech, Shanghai,
China), then reverse-transcribed with Prime-Script® RT
Master Mix (TaKaRa Bio Inc., Shiga, Japan), according to
the manufacturer’s protocol. Control rats were injected i.pl
with 10 pL 0.9% saline and the RNA was isolated by the
procedure described above. Primer sequences targeted to
P2X7 were designed using Primer Premier 6.0 software
(Premier Biosoft, Palo Alto, CA) and the primers for -
actin were designed referring to a previous publication
[14]. All primers were synthesized by Sangon Biotech
(Shanghai, China). The PCR primer sequences were as
follows: P2X7-S: 5-ACATCCTGGTTTTCGGCACT-3;
P2X7-A: 5-AGGGCTCACAGCACTTACAG-3’; B-actin-
S: 5-AGCACTGTGTTGGCATAGAGGTC-3'; B-actin-A:
5'-ACTATCGGCAATGAGCGGTTCC-3'.

Quantitative PCR was performed in SYBR® remix Ex
TaqTM (TaKaRa Bio Inc.) using the CFX Connect™
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Real-Time PCR System (Bio-Rad, Hercules, CA). The
mRNA of P2X7 subtypes was normalized to the B-actin
mRNA level. Data were analyzed using the 272 method
[15].

Statistical Analyses

All results are expressed as mean =+ standard error of the
mean (SEM) and were analyzed using GraphPad Prism 6
(GraphPad Software, Inc., La Jolla, CA). Data from
immunostaining were analyzed with Image-Pro Plus 6.0
(Media Cybernetics, Inc. Rockville, MD). The differences
between groups were compared by two-way ANOVA
followed by Dunnett’s post hoc test. The data from
behavioral tests were analyzed using one-way ANOVA
followed by Dunnett’s post hoc test and two-way ANOVA
followed by a Bonferroni’s post hoc test. The relative
densities of Western blots were analyzed by one-way
ANOVA followed by Dunnett’s post hoc test and one-way
ANOVA followed by Tukey’s post hoc test. P < 0.05 was
considered to be statistically significant.

Results

BmK I Increased P2X7R Expression in Spinal
Dorsal Horn

In control rats, a low P2X7R immunostaining intensity was
detected in both the ipsilateral and contralateral dorsal horn
(Fig. 1A, F). After injection of BmK I, the immunoreactive
level of P2X7R was markedly increased in the ipsilateral
dorsal horn (Fig. 1B-E, K). The increase in P2X7R was
detected as early as 2 h, peaked at 4 h, decreased at 8 h,
and returned toward baseline at 24 h after BmK I injection.
In contrast, on the contralateral side, there was no
significant increase in P2X7R at any of these time points
(Fig. 1G-K). The pattern of increase in the P2X7R
observed in the immunofluorescence experiments was
paralleled by the results of Western blot experiments in
the ipsilateral spinal cord (Fig. 1K, L). However, on the
contralateral side, a significant increase in P2X7R was
found from 1 h-24 h following BmK I injection in the
Western blot compared to the immunofluorescence exper-
iments (Fig. 1M). Moreover, the increase in P2X7R was
higher at 8 h and 24 h, compared to 1 h—4 h after BmK I
injection (Fig. 1M). To determine whether transcriptional
mechanisms are involved in the upregulation of P2X7Rs,
we conducted qPCR experiments. The results showed that
P2X7R mRNA expression was selectively increased in the
ipsilateral, but not the contralateral spinal cord (Fig. IN,
0). Significant increases were found at 2 h and 4 h after
injection of BmK I.

Co-localization of P2X7Rs with Microglia in Spinal
Dorsal Horn

To determine which types of spinal cells are involved in the
upregulation of P2X7Rs after BmK I injection, we next
performed double staining immunohistochemical experi-
ments. Representative images of positive P2X7R staining
are shown in Fig. 2A, E, and 1. Double immunostaining for
P2X7Rs with Iba-1 (a microglial marker), GFAP (an
astrocytic marker), and NeulN (a neuronal marker) is shown
in Fig. 2G-H, C-D, and K-L, respectively. Confocal
microscopy and subsequent image analysis revealed that
P2X7Rs were selectively co-localized with Iba-1-positive
microglia (Fig. 2G, H), but not with either GFAP-positive
astrocytes (Fig. 2C, D) or NeuN-positive neurons
(Fig. 2K-L).

BmK I Increased IL-1p in the Spinal Dorsal Horn

To determine whether increased P2X7R levels result in
increased expression of pro-inflammatory cytokines, we
next measured the expression of IL-1f in the L4/5 dorsal
horn. Immunostaining was performed before and after
injection of BmK 1. In control rats, the IL-1f immunos-
taining intensity was low (Fig. 3A, B). Four hours after
BmK I injection, a large increase in IL-1p immunoreac-
tivity was observed in both the ipsilateral and contralateral
dorsal horn (Fig. 3C-F).

Additional Western blot analysis confirmed that IL-1
expression in both the ipsi- and contralateral dorsal horn
was significantly increased after BmK I administration
(Fig. 3G-H). On the ipsilateral and contralateral sides, a
significant increase in IL-10 expression was detected at 4 h
and 8 h following BmK I injection. However, the increase
on the contralateral side persisted to 24 h after BmK 1.

Co-localization of IL-1p with Microglia in Spinal
Dorsal Horn

To determine which type of spinal cell is involved in the
up-regulation of IL-1p after BmK I injection, we conducted
double-staining immunohistochemical experiments. Rep-
resentative images of positive IL-1f staining are shown in
Fig. 4A, E, and 1. Double immunostaining for IL-1 with
Iba-1, GFAP, or NeuN is shown in Fig. 4G-H, C-D, and
K-L, respectively. Confocal microscopy and subsequent
image analysis revealed that IL-1B was selectively co-
localized with Iba-1-positive microglia (Fig. 4G—H), but
not with either GFAP-positive astrocytes (Fig. 4C-D) or
NeuN-positive neurons (Fig. 4K-L).
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Fig. 1 BmK I injection induces
P2X7R activation in spinal dor-
sal horn. A-J Spatiotemporal
distribution of P2X7Rs in the
dorsal horn in the presence of
BmK I. Compared with the
control group (A, F), the BmK
I-treated groups (B-E, G-

J) showed marked P2X7R
immunoreactivity in the ipsilat-
eral dorsal horn. Increased ipsi-
lateral P2X7R
immunoreactivity indicated that
P2X7R activation began at 2 h,
peaked at 4 h, and gradually
decreased by 24 h after BmK I
administration. Scale bar,

100 pm (A-J). K Statistic
results of P2X7R expression in
bilateral spinal cord (n = 3;
*##%P < 0.001, *P < 0.05 com-
pared with control, two-way
ANOVA, Dunnett’s post hoc
test; error bars indicate SEM).
L, M Western blots and analysis
of P2X7Rs in spinal cord after
intraplantar injection of BmK I.
Representative Western blots
show the expression of P2X7Rs
and B-actin in the ipsilateral
(L) and contralateral (M) spinal
cord; histograms show mean
levels with respect to each con-
trol group at different time
points after intraplantar BmK I
injection. N, O mRNA expres-
sion in the ipsilateral (N) and
contralateral (O) spinal cord.
The data are presented as

mean £+ SEM of four rats per
group (*P < 0.05, **P < 0.01,
**#%P < 0.001 compared with
control, one-way ANOVA,
Dunnett’s post hoc test).
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A P2X7R

E P2X7R

| P2X7R

Fig. 2 Cellular localization of P2X7R immunoreactivity in the rat
spinal dorsal horn. A-L Cell-type-specific immunolabeling of
P2X7Rs in the ipsilateral dorsal horn at 4 h after intraplantar BmK
I administration. (A, E, I) P2X7R-positive staining revealed no
P2X7R co-localization with either the astrocytic marker GFAP or the
neuronal marker NeuN (B, C, J, K). F-G Double

P2X7R Antagonists Inhibited BmK I-Induced Pain
Behaviors

BBG, a P2X7R antagonist, was used to test the involve-
ment of P2X7Rs in BmK I-induced pain behaviors. Both
spontaneous and evoked pain behaviors (mechanical and
thermal) were studied. Either BBG or control (saline) was
injected i.t. 30 min before BmK I administration. Com-
pared with the control groups, all doses of BBG tested
(50 pmol/L, 100 pmol/L, and 300 pmol/L) significantly
reduced the spontaneous pain behavior at 5 min to 2 h after
BmK I injection (Fig. 5A, B). The inhibition of sponta-
neous pain behaviors was dose-dependent from 50 pmol/L
to 100 pmol/L BBG. No further inhibition occurred when
the dosage was increased from 100 pmol/L to 300 pumol/L
BBG. Similarly, BBG induced a dose-dependent inhibition

immunofluorescence in the superficial dorsal horn showed that
P2X7Rs co-localized with the microglial marker Iba-1. White open
squares in C, G, K indicated the corresponding magnified images (D,
H, L) in the confocal images. Scale bars, 50 um in A-C, E-G, I-K;
20 um in D, H, L.

of evoked pain behaviors (Fig. SC-E). BBG largely
inhibited BmK I-induced mechanical hypersensitivity in
both the ipsilateral and contralateral hind paws at 4 h and
8 h after injection of BmK I (Fig. 5C, D). A similar
inhibitory effect of BBG on ipsilateral thermal hypersen-
sitivity was also found (Fig. S5E). On the other hand, neither
BmK I nor BBG + BmK I significantly changed the
baseline thermal threshold on the contralateral side
(Fig. 5F).

To further test the role of P2X7R in BmK I-induced
pain, we used a structurally different P2X7R antagonist,
A-438079. Similarly, A-438079 inhibited both spontaneous
and evoked pain behaviors induced by BmK I in a dose-
dependent manner (Fig. 6). In contrast to BBG, 50 pmol/L
A-438079 significantly inhibited ipsilateral mechanical and
thermal hypersensitivity, and 300 pmol/L A-438079
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Fig. 3 Effects of BmK I on the
release of IL-1f in the dorsal
horn. Immunoreactivity of IL-
1B in the rat spinal cord in the
presence of BmK I. A—-F Com-
pared with the control group (A,
B), bilateral IL-1f immunore-
activity in the dorsal horn
increased significantly in BmK
I-treated rats (C-F). White
squares in C and D indicate the
magnified images in E and

F. Scale bars, 100 um in A-D;
50 um in E, F. G-H Represen-
tative Western blots of IL-1f3
and B-actin in the ipsilateral
(G) and contralateral (H) spinal
cord; histograms show the mean
levels with respect to each con-
trol group at different time
points after intraplantar BmK I
injection. The data are presented
as mean £ SEM (n = 3;

*¥#%P < 0.001 compared with
control, one-way ANOVA fol-
lowed by Dunnett’s post hoc
test).

@ Springer

Ipsilateral Contralateral

control

4h

4h

G Ipsilateral H Contralateral
control th  2h 4h 8h 24h control 1th  2h 4h 8h 24h
IL-1B e S il ST, IL-1B 0 i comns st st S R
B-actin  “— _—— B-CHN c— —————
4 44
3_

IL-1B Levels
IL-1B Levels

control  1h 2h 4h 8h 24h control  1h 2h 4h 8h 24h



J. Zhou et al.: P2X7 Mediates Microglial Activation in BmK I-Induced Pain 631

Fig. 4 Cellular localization of IL-1 immunoreactivity in the dorsal
horn. A-L Cell-type-specific immunolabeling of IL-1f in the
ipsilateral dorsal horn at 4 h after intraplantar BmK I. A, E, I IL-
1B-positive staining. B, C, J, K Absence of IL-1B co-localization
with either the astrocytic marker GFAP or the neuronal marker NeuN.

induced a level of inhibition of evoked pain behaviors
similar to that of 100 pmol/L A-438079 (Fig. 6).

BBG Inhibited BmK I-Induced Up-Regulation
of P2X7R and IL-1p in Spinal Dorsal Horn

Both immunofluorescence and Western blot experiments
were performed at 4 h after BmK I administration. In both
experiments, BmK I significantly increased the expression
of P2X7Rs (Fig. 7A-D) and IL-1B (Fig. 7TE-H) in the
dorsal horn. Pre-treatment with BBG significantly inhibited
the expression of both P2X7Rs (Fig. 7A-D) and IL-1B
(Fig. 7E-H) in the dorsal horn.

F-G Double immunofluorescence in the superficial dorsal horn
showing co-localization of IL-1f with the microglial marker Iba-1.
White open squares in C, G, K indicate the magnified images in D, H,
L. Scale bars, 50 pm in A-C, E-G, I-K; 20 um in D, H, L.

Discussion

Up-regulation of Microglial P2X7Rs and IL-1§
in the Spinal Cord in BmK I-Induced Pain

In the present study, we found that P2X7R was selectively
increased in the ipsilateral dorsal horn using immunoflu-
orescence. We also found that P2X7Rs were increased in
both the ipsilateral and contralateral spinal cord using
Western blots. The difference in results between these
experiments might be due to the fact that the immunoflu-
orescence experiments focused only on the dorsal spinal
cord while the Western experiments included both the
dorsal and ventral spinal cord. Because P2X7Rs are also
expressed in the ventral horn of the rat lumbar spinal cord,
our results suggested that, in addition to an ipsilateral
increase of P2X7Rs in the dorsal horn, BmK I might also
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Fig. 5 P2X7R antagonist BBG reduced BmK I-induced pain. A Pain
behavior was attenuated after BBG pretreatment at 50 pmol/L,
100 pmol/L, and 300 pmol/L, 30 min before BmK I administration.
B Reduction in the total number of paw flinches after BBG
pretreatment at the above doses in 2 h after BmK I injection. C—
F Dose-dependent BBG-induced reduction of the ipsilateral (C) and

induce a contralateral increase of P2X7Rs in the ventral
horn. On the other hand, increased P2X7R mRNA
expression might contribute to the increased protein
expression on the ipsilateral, but not the contralateral side.
Nevertheless, the nature and the potential consequences of
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contralateral (D) mechanical hypersensitivity as well as the ipsilateral
thermal hypersensitivity (E). BBG did not affect the contralateral
basal thermal latency (F). n = 6/group; **P < 0.01, ***P < 0.001
compared with saline control group, one-way ANOVA, Dunnett’s
post hoc test and two-way ANOVA, Bonferroni’s post hoc test.

this contralateral increase of P2X7Rs in the ventral horn
are beyond the scope of the present study and need further
studies to explore.

It has been reported that the expression of P2X7Rs in
spinal microglia is up-regulated in several models of
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Fig. 6 P2X7R antagonist A-438079 reduced BmK I-induced pain.
A Pain behavior was attenuated after A-438079 pretreatment at
50 pmol/L, 100 pmol/L, and 300 pmol/L, 30 min before BmK I
administration. B Reduction in the total number of paw flinches after
A-438079 pretreatment at the above doses in the 2 h after BmK 1
injection. C-F A-438079 reduced the ipsilateral (C) and contralateral

neuropathic and inflammatory pain [16-18]. Similar to
these models, we found a preferential increase of P2X7Rs
in the microglia in the ipsilateral spinal cord in the BmK I
model. However, the increase of P2X7Rs in the BmK I
model was much faster than that in other models. In the
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(D) mechanical hypersensitivity as well as the ipsilateral thermal
hypersensitivity (E). A-438079 did not affect the contralateral basal
thermal latency (F). n = 6/group; *P <0.05, **P <0.01,
*¥*#%¥P < (0.001 compared with saline control group, one-way
ANOVA, Dunnett’s post hoc test and two-way ANOVA, Bonferroni’s
post hoc test.

BmK I model, P2X7Rs increased within hours after
injection of BmK I. In contrast, increases in P2X7Rs occur
within days after surgery in models using chronic con-
striction of the sciatic nerve injury (SNI) [16] and
postsurgical pain [18]. Interestingly, both the mRNA and
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Sham

BmK I

P2X7R

Sham BmK |

Fig. 7 Effects of BBG on the activation of P2X7Rs and the release of
IL-1B in the spinal dorsal horn in the presence of BmK I
Representative P2X7R and IL-1B immunofluorescence labeling at
4 h following sham (A, E) and BmK I stimulation in the saline and
BBG injection groups (B-C, F-G). Scale bars, 100 um. Western blot

protein expression of P2X7Rs were increased within hours
after BmK 1 injection. These results suggested that
increased mRNA contributes to the rapid increase in
protein. However, these results did not exclude other
mechanisms, such as cell trafficking, which might also be
involved in the rapid increase of P2X7Rs following BmK I
injection.

It has been reported that the activation of P2X7Rs by
ATP elicits the release of inflammatory cytokines such as
IL-1B and TNF-a from microglia [19-22]. Here, we found
that the expression of IL-1p was significantly increased in
both the ipsilateral and contralateral dorsal horn following
BmK I injection. However, P2X7Rs only increased on the
ipsilateral side. Therefore, our results suggested that the
up-regulation of P2X7Rs contributes to the production of
IL-1B on the ipsilateral spinal cord. It remains unknown
whether the ipsilateral increase of P2X7Rs contributes to
the contralateral increase in IL-1 or how the contralateral
increase of IL-1p is caused. Moreover, on the ipsilateral
side, the increase of both P2X7R and IL-1p returned to the
normal level within 24 h after BmK I injection. However,
BmK I-induced ipsilateral pain behaviors persist for > 24 h
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analysis showed that the BmK I-induced up-regulation of P2X7Rs
(D) and IL-1B (H) was inhibited by BBG treatment (100 umol/L,
30 min before BmK I injection; n = 3/group; *P < 0.05, **P < 0.01,
*##%P < (0.001 compared with sham, one-way ANOVA, Tukey’s post
hoc test).

[4]. These results suggested that the activation of P2X7Rs
and the release of IL-1p selectively contribute to the early
phase of BmK I-induced pain. On the other hand, increased
P2X7Rs and IL-1B might also trigger the activation of
other signal cascades in the spinal cord and thereby
contribute to the development of BmK I-induced pain that
lasts beyond 24 h after BmK I injection.

Previous studies from our lab have demonstrated that
BmK I sensitizes DRG neurons whose central projections
are located in the spinal cord, and both neurons and glia in
the spinal cord [6, 23, 24]. BmK I up-regulates the
expression of sodium channel 1.8 (Navl.8), Akt, and
mTOR in DRG neurons [23, 25, 26]. In the spinal cord,
BmK I induces the expression of c-Fos, increases the
release of excitatory amino-acids, and up-regulates 5-HT3,
receptors in neurons [24, 27]. BmK I also activates
microglia and microglial p38 in the spinal cord [6]. The
present study provides a possible mechanism underlying
the cross-talk between neurons and glia in the dorsal horn
in the BmK I-induced pain model. Our results suggest that
increased P2X7Rs mediate neuronal sensitization-induced
microglial activation in the dorsal horn. Also, the increased



J. Zhou et al.: P2X7 Mediates Microglial Activation in BmK I-Induced Pain 635

IL-1B might contribute to the neuronal sensitization
induced by microglial activation. Therefore, increases of
P2X7Rs and IL-1f in microglia might function at the input
and output side, respectively, of microglial interaction with
neurons in the spinal cord.

It has been reported that the P2X7R contributes to p38
activation, and/or the subsequent production of IL-1f in
microglia in a couple of pain models [11, 28]. Our previous
study showed that microglial p38 is activated after BmK I
injection [6]. Combined with the results in the present
study, these findings suggest that the up-regulation of
P2X7Rs contributes to p38 activation and subsequent over-
expression of IL-1B in microglia after BmK T injection.

P2X7R Antagonists Inhibited BmK I-Induced Pain
Behaviors and the Up-regulation of P2X7Rs and IL-

1p

Microglial P2X7R plays an important role in the develop-
ment of pathological pain. Knockout of P2X7R dramati-
cally reduces the production of pro-inflammatory cytokines
including IL-1p, and completely blocks the development of
both inflammatory and neuropathic pain [10]. Antagonists
of P2X7R suppress the development of mechanical hyper-
sensitivity in animal pain models of SNI, CCI, and
postsurgical pain. In the latter two models, it was also
found that the P2X7R antagonists inhibit the activation of
microglia [16, 18]. In the present study, we found that
P2X7R antagonists (BBG and A-438079) largely inhibited
the spontaneous and evoked pain behaviors induced by
BmK I. Moreover, pre-treatment with BBG also reduced
the expression of P2X7Rs and IL-1f. Interestingly, the
inhibitory effects of BBG on P2X7R expression have also
been found in tetanic stimulation [11]. These results
suggest that P2X7R antagonists inhibit BmK I-induced
pain through suppression of both function and expression
of P2X7R, and the subsequent microglial activation and the
release of neuro-excitatory molecules. On the other hand,
these results also suggest that a positive feedback mech-
anism might underlie the P2X7R activation-induced up-
regulation of P2X7Rs. Although no study has demonstrated
such a mechanism, it might be speculated that the
activation of p38 and/or production of cytokines such as
IL-1PB could contribute to the positive feedback effect.

It has been reported that BBG also inhibits Na™
channels. However, the ICsy, for BBG to block P2X7Rs
is in the range of 10 nmol/L to 200 nmol/L [29], while the
ICs, for BBG to block Na™ currents is in the micromolar
range [30]. Therefore, the effects of BBG on the pain
behaviors and expression of P2X7Rs and IL-1 were most
likely to be mediated via P2X7Rs in the current study. This
suggestion was also supported by the similar effects of
another P2X7R antagonist, A-438079. On the other hand, a

possible contribution of Na® channels cannot be com-
pletely ruled out in the BBG experiment.

Conclusions

In summary, we found that peripheral administration of
BmK I induced the up-regulation of P2X7Rs and the pro-
inflammatory cytokine IL-1f3, predominantly in spinal
microglia. Pretreatment with P2X7R antagonists prevented
the BmK I-induced spontaneous and evoked pain behav-
iors, and the up-regulation of P2X7Rs and IL-1p in spinal
microglia. These results suggest that P2X7Rs mediate
BmK I-induced microglial activation, and therefore con-
tribute to the development of BmK I-induced inflammatory
pain through pro-inflammatory cytokines.
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