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Accumulating evidence suggests that activation of spinal microglia contributes to the development of inflammatory and neuropathic
pain. However, the role of spinal microglia in the maintenance of chronic pain remains controversial. Bone cancer pain shares features of
inflammatory and neuropathic pain, but the temporal activation of microglia and astrocytes in this model is not well defined. Here, we
report an unconventional role of spinal microglia in the maintenance of advanced-phase bone cancer pain in a female rat model. Bone
cancer elicited delayed and persistent microglial activation in the spinal dorsal horn on days 14 and 21, but not on day 7. In contrast, bone
cancer induced rapid and persistent astrocytic activation on days 7–21. Spinal inhibition of microglia by minocycline at 14 d effectively
reduced bone cancer-induced allodynia and hyperalgesia. However, pretreatment of minocycline in the first week did not affect the
development of cancer pain. Bone cancer increased ATP levels in CSF, and upregulated P2X7 receptor, phosphorylated p38, and IL-18 in
spinal microglia. Spinal inhibition of P2X7/p-38/IL-18 pathway reduced advanced-phase bone cancer pain and suppressed hyperactivity
of spinal wide dynamic range (WDR) neurons. IL-18 induced allodynia and hyperalgesia after intrathecal injection, elicited mechanical
hyperactivity of WDR neurons in vivo, and increased the frequency of mEPSCs in spinal lamina IIo nociceptive synapses in spinal cord
slices. Together, our findings demonstrate a novel role of microglia in maintaining advanced phase cancer pain in females via producing
the proinflammatory cytokine IL-18 to enhance synaptic transmission of spinal cord nociceptive neurons.
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Introduction
Bone cancer-induced pain is one of the most severe types of
chronic pain. Approximately 90% of advanced bone cancer pa-
tients must cope with chronic pain syndromes related to tumor
progression and failed treatment (Mantyh, 2006; Colvin and Fal-
lon, 2008). Despite decades of basic and clinical research, the
exact cellular and molecular mechanisms of cancer-induced pain
remain elusive, and there is a pressing need for more effective
pharmacological treatment for cancer pain.

Activation of spinal microglia [e.g., microgliosis, as indicated
by morphological changes of microglia and upregulations of mi-

croglial markers such as CD-11b or ionized calcium binding
adapter molecule-1 (IBA-1)] is a common phenomenon in nerve
injury-induced neuropathic pain (Suter et al., 2007) and also
occurs in some inflammatory pain conditions (Shan et al., 2007).
Compared with rapid microglial activation, nerve injury induces
delayed but more persistent astrocyte activation (e.g., astroglio-
sis, as indicated by morphological changes of astrocytes and up-
regulations of astrocyte markers such as GFAP and S100) (Tanga
et al., 2004; Ji et al., 2013). In particular, the blockade of micro-
glial activation only reduced neuropathic and inflammatory pain
in the early phase (Milligan et al., 2003; Raghavendra et al., 2003).
Therefore, it was believed that microglia and astrocytes, respec-
tively, contribute to the development and maintenance of
chronic pain (Shan et al., 2007; Cao and Zhang, 2008; Sun et al.,
2008; Ji et al., 2013). Notably, the role of microglia in cancer pain
is highly controversial, and there is a large variation in spinal
microglial activation due to differences in sexes, species/strains,
and origins of tumor cells (Medhurst et al., 2002; Zhang et al.,
2005; Hald et al., 2009; Ducourneau et al., 2014). Spinal cord
autopsy from patients with pancreatic cancer pain showed en-
larged areas of GFAP and IBA-1 immunoreactivities, suggesting
long-lasting activation of spinal microglia and astrocytes in hu-
man cancer pain (Imoto et al., 2012), but spinal cord autopsy
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from patients with HIV-associated neuropathic pain only exhib-
ited long-lasting activation of astrocytes (Shi et al., 2012).

ATP plays an important role in microglia activation in the
CNS (He et al., 2012; Trang et al., 2012). Nerve injury induces
P2X4 upregulation in spinal microglia to drive neuropathic pain
via activation of p38 MAPK and secretion of BDNF (Tsuda et al.,
2003; Trang et al., 2009). Microglia also express P2X7 receptor
(P2X7R; Tsuda et al., 2003; Zhou et al., 2010), which controls the
release of proinflammatory cytokines (Solle et al., 2001; Inoue,
2007). P2X7R-deficient mice exhibited reduced neuropathic
pain and inflammatory pain (Chessell et al., 2005). Interestingly,
Hansen et al. (2011) reported no impairment of bone cancer pain
in P2X7R knock-out mice. However, the distinct role of spinal
P2X7R was not examined in this study. In the present study, using
a female rat model of bone cancer pain, we observed delayed and
persistent activation of spinal microglia that occurs after astro-
cytic activation, and the inhibition of microglia significantly re-
duced the established cancer pain in the advanced phase. We also
found that microglia sustain cancer pain via P2X7R-triggered
upregulation of the proinflammatory cytokine interleukin-18
(IL-18) to drive hyperactivity and central sensitization in spinal
cord neurons.

Materials and Methods
Experimental animals. Adult (2- to 3-month-old) and young (2- to
3-week-old) female Wistar rats were obtained from Shanghai Experi-
mental Animal Center of Chinese Academy of Sciences and were housed
under a 12 h light/dark cycle with food and water available ad libitum. A
total of 461 rats were used for in vivo and in vitro studies (Table 1). All
experiments were approved by the Animal Care and Use Committee of
Fudan University and followed the policies issued by the guidelines for
pain research of the International Association for the Study of Pain. All of
the following behavioral testing, quantification of Western blots, and
immunohistochemical experiments described herein were performed by
experimenters who were blind to the treatments.

Model of bone cancer pain. Tumor cells were extracted from the can-
cerous ascitic fluid of rats that received intraperitoneal (i.p.) inoculation
of Walker 256 rat mammary gland carcinoma cells. Suspensions of 1 �
10 8/ml tumor cells in PBS were prepared. The inoculation was per-
formed as previously described (Xu et al., 2013). Briefly, rats were anes-
thetized with sodium pentobarbital (50 mg/kg, i.p.). The right leg was
shaved, and the skin was disinfected with iodine tincture and 75% etha-
nol. A 22 gauge needle was inserted at the site of the intercondylar emi-
nence of the right tibia and was then replaced with a 10 �l microinjection
syringe containing a 4 �l suspension of tumor cells (4 � 10 5). The
contents of the syringe were slowly injected into the tibial cavity. To
prevent the leakage of cells outside the bone, the injection site was
sealed with bone wax. For the sham group (controls), 4 �l of PBS was
injected instead of carcinoma cells into the tibia. At the end of the
experiment, radiological, postmortem, and histological evaluations
were performed. Rats that showed no obvious tumor growth and
bone destruction after the inoculation of tumor cells were excluded
from the experiments.

Drugs and administration. The inhibitor of microglial activation mi-
nocycline (Sigma-Aldrich), astrocyte metabolic inhibitor fluorocitrate
(Sigma-Aldrich), P2X7 antagonist brilliant blue G (BBG; Sigma-
Aldrich), recombinant human IL-18 binding protein [IL-18BP (an in-
hibitor of IL-18 activity); R&D Systems], and recombinant rat IL-18
(R&D Systems) were dissolved and diluted in sterile PBS. The specific
p38 inhibitor SB239063 (Tocris Bioscience) was dissolved in 10%
DMSO. Small interfering RNA (siRNA) targeting the rat P2X7R mRNA
(L-091415-00-0020) or nontargeting control siRNA (D-001220-01-20;
Thermo Fisher Scientific) was mixed with polyethylenimine (PEI; 1.8 �l
of 10 mM PEI/�g RNA; Sigma-Aldrich), as we previously demonstrated
(Kawasaki et al., 2008). To determine the temporal profile of siRNA
uptake into the lumbar spinal dorsal horn, fluorescence-labeled control
siRNA was intrathecally injected. Strong fluorescence was observed in
the spinal dorsal horn 7–14 d after the siRNA injection. The dosages of
drugs were selected based on previous reports and our preliminary
studies.

For intrathecal injection, an intrathecal catheter (PE-10 tube) was
inserted through the gap between the L4 and L5 vertebrae and extended
to the subarachnoid space of the lumbar enlargement (L4 and L5 seg-
ments) under sodium pentobarbital anesthesia. Rats that showed any
surgery-related neurological deficits were excluded from the experiment.
The location of the distal end of the intrathecal catheter was verified at the
end of each experiment by the injection of Pontamine sky blue via the
intrathecal catheter.

Behavioral test. Mechanical allodynia was assessed by measuring paw
withdrawal thresholds (PWTs) in response to a calibrated series of von
Frey hairs (Stoelting Company). Rats were put in Plexiglas chambers on
an elevated wire-mesh floor, and a series of von Frey hairs was applied to
the plantar surface of the hindpaw in ascending order (1, 1.4, 2, 4, 6, 8, 10,
and 15 g; Stoelting Company) with a sufficient force to bend the hair for
5 s or until paw withdrawal. The PWT was defined as the lowest force (in
grams) that produced at least three withdrawal responses in five consec-
utive applications.

Thermal hyperalgesia was assessed by measuring the paw withdrawal
latencies (PWLs) in response to a radiant heat source using Hargreaves’
test. Rats were put in Plexiglas chambers on an elevated glass platform.
Heat was delivered to the glabrous surface of the paw through the glass
plate using a radiant heat source (IITC Life Science). The time from the
onset of radiant heat application to the withdrawal of the hindpaw was
defined as the PWL, and a 20 s cutoff was set to avoid tissue damage.

A rotarod test was used to determine whether fluorocitrate would
cause the motor function impairment as neurotoxicity of fluorocitrate.
Rats were placed on an accelerating rod (IITC Life Science) beginning at
4 rpm for three sessions per day for 2 consecutive days before adminis-
tration. Over 300 s, the rotating rod underwent a linear acceleration from
4 to 40 rpm, and animals were scored for their latency (in seconds) to fall
for each trial. Rats were given a 15 min rest between trials to avoid fatigue.
Fluorocitrate (0.8 �g � 1 nmol, 10 �l) or vehicle was intrathecally in-
jected once daily for 6 d, and the animals were tested on the rotarod at
24 h after the last intrathecal injection. Rotarod data are expressed as the
average latency to fall of three sessions for each animal.

Terminal deoxynucleotidyl transferase-mediated fluorescein FragEL
DNA fragmentation detection. The transverse sections of L4 –L6 segments
from normal rats and bone cancer rats with intrathecal administration of
fluorocitrate (0.8 �g � 1 nmol, 10 �l, once daily for 6 d) or sterile PBS
(n � 2�4) were stained with a fluorescein FragEL DNA fragmentation
detection kit (Calbiochem QIA39, EMD Millipore). The sections were
incubated with proteinase K for 10 min at room temperature (RT), with
terminal deoxynucleotidyl transferase (TdT) equilibrium buffer for 15
min at RT, and then with a TdT labeling reaction mixture at 37 °C for
1–1.5 h in a humidified chamber. The positive control was made using
HL-60 cells. The specific protocol was the same as before except that the
specimen was first incubated with 1 �g/�l DNase I in 1� TBS (20 mM

Tris, pH 7.6; 140 mM NaCl) containing 1 mM MgSO4 at RT for 20 min
and then directly with TdT equilibrium buffer. The same specimens were
examined with different filters. The total cell population was visualized
using a filter for DAPI (330 –380 nm). The fluorescein-labeled nuclei
were analyzed using a standard fluorescein filter at 465– 495 nm.

Table 1. Numbers of rats used in different experiments

Experiment Sample size Groups (n) Samples (n) Rats (n)

Behavioral test 6 –12 rats 29 235 rats 235
TdT-Fluor apoptosis 2– 4 rats 4 12 rats 12
Immunohistochemistry 4 – 6 rats 13 55 rats 55
Western blot 4 – 8 rats 15 60 rats 60
ATP measure in CSF 4 – 6 rats 2 10 rats 10
Extracellular recording 6 –25 neurons 7 111 neurons 69
Patch-clamp recording 8 –10 neurons 4 30 neurons 20
Total number of rats 461

A total of 461 female Wistar rats were used in this study.
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Western blotting. Rats were killed with overdoses of urethane, and the
L4 –L6 spinal cord segment was rapidly removed. The dorsal horn tissues
were homogenized in lysis buffer containing a mixture of protease inhib-
itors and phenylmethylsulfonyl fluoride (Roche Diagnostics). Equal
amount of protein (�20 �g) was loaded and separated on 10% SDS-
PAGE gels (Bio-Rad) and transferred to PVDF membranes (Millipore).
The membranes were incubated overnight at 4°C with primary antibod-
ies, followed by HRP-conjugated secondary antibodies (1:1000; Pierce)
for 2 h at 4°C. GAPDH antibody was probed as a loading control. Signals
were visualized using enhanced chemiluminescence (Pierce), and cap-
tured by ChemiDoc XRS system (Bio-Rad). We used the following pri-
mary antibodies: mouse anti-GFAP (1:20000; Sigma-Aldrich); rabbit
anti-IBA-1 (1:1000; Wako Pure Chemical Industries); rabbit anti-P2X7R
(1:2000; Alomone Labs); rabbit anti-phospho-p38 (p-p38) MAPK
(ser180/182; 1:500; Cell Signaling Technology); rabbit anti-p38 MAPK
(1:500; Cell Signaling Technology); and goat anti-IL-18 (1:1000; R&D
Systems).

All Western blot analysis was performed three to four times, and con-
sistent results were obtained. A Bio-Rad image analysis system was then
used to measure the integrated optic density of the specific bands.

Measurement of ATP content. Spinal CSF was collected from an intra-
thecal catheter. To prevent degradation of ATP, ecto-ATPase (1
mmol/20 �l; Sigma-Aldrich) was intrathecally injected before CSF col-
lection. ATP concentration was measured using an ENLITEN ATP Assay
System with a bioluminescence detection kit (Promega). Briefly, samples
(90 �l) were neutralized to pH 7.4 with 10 �l of 4 M Tris. The luciferase
reagent was added 1 s before a 5 s measurement in a luminometer, as
described by the supplier (Promega). Light photons were measured by
the luminometer and compared with the standard curve to calculate ATP
concentration.

Immunohistochemistry. Rats were deeply anesthetized with overdoses
of urethane and were transcardially perfused with normal saline followed

by 4% paraformaldehyde in 0.1 M PB. The L4 –L6 segments of the spinal
cord were removed and postfixed for 2– 4 h at 4°C, and then dehydrated
in gradient sucrose at 4°C. Transverse spinal cord sections (30 �m) were
cut on a cryostat (model 1900, Leica). The sections were blocked with
10% donkey serum with 0.3% Triton X-100 for 2 h at RT and incubated
for 24 –36 h at 4°C with rabbit anti-IBA-1 (1:500) or mouse anti-GFAP
(1:2000) antibodies. The sections were then incubated for 2 h at RT with
rhodamine-conjugated secondary antibodies (1:200; Jackson Immu-
noResearch). For double immunofluorescence, the sections were incu-
bated with a mixture of rabbit anti-P2X7R (1:400) and mouse anti-NeuN
(1:2000; Millipore Bioscience Research Reagents)/OX-42 (1:200; CD11b
antibody, Serotec)/GFAP/goat anti-IL-18 (1:500), or rabbit anti-p-p38
(1:500), and mouse anti-NeuN/GFAP/OX42/goat anti-IL-18, or goat
anti-IL-18, and mouse anti-NeuN/GFAP/rabbit anti-IBA-1 (1:500) pri-
mary antibodies. The sections were then incubated with a mixture of
rhodamine and FITC-conjugated secondary antibodies (1:200; Jackson
ImmunoResearch) for 2 h at RT. The specificities of the immunostaining
and primary antibodies were tested in previous studies (Chen et al., 2012)
or were verified by the corresponding blocking peptide preabsorption
experiments or in gene knock-out mice (e.g., P2X7R knock-out mice).
The stained sections were observed and captured with a confocal laser-
scanning microscope (model FV1000, Olympus). Because the morphol-
ogy of astrocytes and microglia is complex, and the immunoreactive
staining includes both cell bodies and their processes, cell counts may not
be sufficient to quantify glial activation. Therefore, the intensity of immuno-
fluorescence of IBA-1-IR (or CD11b-IR) and GFAP-IR within the spinal
dorsal horn (laminae I–VI) were measured with the Leica Qwin 500 image
analysis system at six randomly selected sections for each animal.

In vivo extracellular recording. Rats were anesthetized with urethane
(1.5 g/kg, i.p.), and the trachea was cannulated to allow artificial respira-
tion. A laminectomy was performed at vertebrae T13–L1 to expose the
lumbar enlargement of the spinal cord. An intrathecal catheter (PE-10)

Figure 1. Bone cancer induces behavioral hypersensitivity and bone destruction. A, B, Intratibia inoculation with Walker 256 mammary gland carcinoma cells (4 � 10 5) induces significant
mechanical allodynia (A) and thermal hyperalgesia (B) in the ipsilateral hindpaw. C, Intratibia inoculation with Walker 256 mammary gland carcinoma cells induces spontaneous flinches in the
hindpaw ipsilateral to the affected limb. The number of times the hindpaw was counted per 5 min during a 10 min observation period, and the average number of flinches per 5 min were calculated.
*p � 0.05; **p � 0.01 versus sham rats. D, Radiographs represent robust radiolucent lesions of the tibia ipsilateral to the tumor-bearing limb on PTDs 14 and 21. Contr., Contralateral; Ipsi.,
ipsilateral.
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was made for drug injection. The vertebral column was rigidly fixed in
the frame with clamps. The exposed spinal cord was covered by warm
(37°C) saline solution. After surgery, the animal was immobilized and
artificially ventilated (Capstar-100, IITC Life Science). End-tidal CO2

was maintained at 3.5– 4.5%, and the rectal temperature was maintained
at 37–38°C by a feedback-controlled heating blanket. The electrocardio-
gram was monitored, and the heart rate was maintained at 250 –300
beats/min.

As we reported previously (Lü et al., 2010), single-unit extracellular
recordings were made at L4 –L5 segments, 300 –700 �m from the surface
of the spinal cord with a glass micropipette filled with 0.5 M sodium
acetate (impedance, 8 –10 M� at 1000 Hz). The micropipette was in-
serted perpendicularly to the spine into the dorsal horn from a point
about midway between the midline and medial edge of the dorsal root
entry zone. Each neuron was functionally identified as a wide dynamic
range (WDR) neuron on the basis of their responses to innocuous or
noxious mechanical stimulation to the receptive fields (RFs) in the plan-
tar region of the hindpaw. WDR neurons responding to innocuous stim-
ulation and to a greater degree, noxious stimulation of the RF were
analyzed in the present study. The recorded signals were amplified
with a microelectrode amplifier (1800 A-M System) and were fed to
computer via a CED 1401 interface for off-line analysis using the

Spike 2 software (Cambridge Electronic Design). For low-intensity
mechanical stimulation, graded stimuli with von Frey filaments (4,
8,15, 26, and 60 g) were applied for 15 s at 30 s intervals. High-
intensity (pinch) stimulation with pinch produced by a clip (150 g)
was also applied for 15 s. In pharmacological studies, only one cell was
studied in each animal.

Preparation of spinal cord slices and whole-cell patch-clamp recordings.
Spinal slices were obtained from young rats. As we reported previously
(Zhang et al., 2012), the L4 –L5 lumbar spinal cord segment was rapidly
removed under deep anesthesia with isoflurane and kept in preoxygen-
ated ice-cold sucrose artificial CSF (ACSF). Transverse slices (500 �m)
were cut on a vibrating microslicer and incubated in preoxygenated re-
cording ACSF for at least 1 h at 32 � 1°C before the experiment. Slices
were then transferred into a recording chamber and continuously per-
fused with recording solution at a rate of 5 ml/min at RT. The recording
ACSF contains the following (in mM): NaCl 125, KCl 2.5, CaCl2 2, MgCl2
1, NaH2PO4 1.25, NaHCO3 26, D-glucose 25, ascorbate 1.3, and sodium
pyruvate 3.0.

The whole-cell patch-clamp recordings were made from lamina IIo
neurons in voltage-clamp mode. Patch pipettes (5–10 M�) were made
from borosilicate glass on a horizontal micropipette puller (P-97, Sutter
Instruments) and were filled with a solution of the following composi-

Figure 2. Time course of astrocytic and microglial activation on the lumbar spinal cord following bone cancer. A, Western blot analysis reveals an early upregulation of GFAP from PTD 7 and a
delayed upregulation of IBA-1 from PTD 14 in the ipsilateral L3–L5 spinal dorsal horn. B–D, Immunohistochemisty data show astrogliosis, as indicated by intense GFAP immunoreactivity and
hypertrophied astrocytes with thick processes, and microgliosis, as indicated by intense IBA-1 immunoreactivity and large cell bodies and short or thick processes of microglia in the ipsilateral spinal
dorsal horn. Astrogliosis and microgliosis occurred from early phase (PTD 7) and advanced phase (PTD 14), respectively. *p � 0.05; **p � 0.01 versus sham rats.
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tion (in mM): potassium gluconate 120, KCl 20, MgCl2 2, Na2ATP 2,
NaGTP 0.5, HEPES 20, EGTA 0.5, with the pH adjusted to 7.2 and
osmolarity adjusted to 300 mOsm/L. Membrane currents were amplified
with an Axopatch 700B amplifier (Molecular Devices). Signals were fil-
tered at 2 kHz and digitized at 5 kHz with a digitizer (Digidata 1322,
Molecular Devices). Miniature EPSCs (mEPSCs) were recorded at a
holding potential of �70 mV in the presence of tetrodotoxin (1 �M) and
picrotoxin (50 �M). Data were collected with pClamp version 10.1 soft-
ware and analyzed with Mini Analysis (Synaptosoft).

Data analysis and statistics. Data are presented as the mean � SEM.
The sample sizes for each experiment are described in Table 1. Student’s
t test; paired t test; and one-way, two-way, or two-way repeated-measures
ANOVA followed by post hoc Student–Newman–Keuls test were used to
identify significant differences. A p value of �0.05 was considered to be
statistically significant.

Results
Delayed activation of microglia contributes to the
maintenance but not the initiation of bone cancer pain
Consistent with our previous studies (Duan et al., 2012; Xu et al.,
2013), following tumor inoculation, mechanical allodynia, ther-
mal hyperalgesia, and spontaneous flinching behavior developed
in 7 d, peaked at day 14, and persisted for at least 21 d in the
ipsilateral hindpaw of the affected limb. Two-way repeated-
measures ANOVA showed significant main effects of tumor in-
oculation (PWTs: F(1,22) � 63.305, p � 0.001; PWLs: F(1,22) �
48.26, p � 0.001; spontaneous flinches: F(1,10) � 18.846, p �
0.007; Fig. 1A–C). The radiographs showed signs of radiolucent
lesions in the tibia close to the injection sites of tumor cells,

Figure 3. Delayed activation of microglia is involved in the maintenance, but not the induction, of bone cancer pain. A, B, Development of mechanical allodynia (A) and thermal hyperalgesia (B)
is blocked by repeated intrathecal injections of astrocyte metabolic inhibitor fluorocitrate (FC; 0.8 �g � 1 nmol) but not by microglia inhibitor minocycline (Mino; 100 �g) during the early phase
of bone cancer pain. FC or Mino is given once daily for 6 d with the first injection occurring 30 min before intratibia inoculation. **p � 0.01 versus baseline. ##p � 0.01 versus vehicle (Veh)- and
Mino-treated groups. C, Repeated intrathecal injections of FC (0.8 �g � 1 nmol, once daily for 6 d) do not influence motor coordination in normal rats in a rotarod test. D, Few fluorescein-labeled
apoptotic nuclei were detected in the lumbar spinal dorsal horns from normal or bone cancer rats with repeated intrathecal injections of FC (0.8 �g � 1 nmol, once daily for 6 d). HL-60 cells treated
by 0.5 �g/ml actinomycin D for 19 h to induce apoptosis were used as a positive control. E, F, Intrathecal injection of either FC or Mino on PTD 14 significantly reduces bone cancer-induced mechanical
allodynia (E) and thermal hyperalgesia (F ). *p � 0.05; **p � 0.01 versus vehicle controls.
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especially at the proximal epiphysis, on post-tumor days (PTDs)
14 and 21 (Fig. 1D).

Previous studies in male rats and mice showed that early mi-
croglial activation appears to be important for the initiation and
development of neuropathic and inflammatory pain, whereas de-
layed astrocytic activation may play a role in maintaining the pain
(Raghavendra et al., 2003; Ledeboer et al., 2005; Shan et al., 2007;
Sun et al., 2008). In the present study, we further examined the
time course of microglial and astrocytic activation in the spinal
cord of female rats with bone cancer pain. Western blot analysis
showed an early and sustained elevation of GFAP (astrocytic
marker) in the spinal dorsal horn during the early (7 d), advanced
(14 d), and late (21 d) phases of bone cancer pain, which were
associated with the development of behavioral hypersensitivity.
In sharp contrast, the significant upregulation of microglial
marker IBA-1 was not observed at PTD 7 but only at PTDs 14 and
21 (Fig. 2A). Distinct activation of astrocytes and microglia in
bone cancer pain was further confirmed by immunohistochem-
istry (Fig. 2B–D).

Next, we tested the effects of fluorocitrate (an astrocyte met-
abolic inhibitor) and an inhibitor of microglial activation mino-
cycline on the development of bone cancer-induced allodynia
and hyperalgesia. Intrathecal injection of fluorocitrate (0.8 �g �
1 nmol, 10 �l) once daily for 6 d with the first injection 1 h before
tumor inoculation significantly inhibited the development of
bone cancer-induced mechanical allodynia and thermal hyperal-
gesia. Three days after cessation of the intrathecal treatment, al-
lodynia and hyperalgesia were still reliably suppressed (Fig.
3A,B). On the contrary, early repeated intrathecal injections of
minocycline (100 �g) did not prevent the development of bone
cancer-induced allodynia and hyperalgesia (Fig. 3A,B). To rule
out the neurotoxic effect of multiple fluorocitrate injections, a
rotarod test was performed to explore the potential motor im-
pairment, as a form of neurotoxicity (Esmaeili et al., 2012). As
shown in Figure 3C, intrathecal injections of fluorocitrate (0.8
�g � 1 nmol) once daily for 6 d did not affect the mean latency
time to fall from the rod in naive rats. To examine whether
multiple fluorocitrate injection would cause cell damage in the
spinal dorsal horn, we examined apoptosis using a TdT-
mediated fluorescein FragEL DNA fragmentation detection
kit. Few fluorescein-labeled apoptotic cell nuclei were seen on the
bilateral spinal dorsal horn in the normal and bone cancer rats,
and multiple fluorocitrate injections did not increase apoptotic
cell nuclei (Fig. 3D). Together, these results suggest that spinal
injections of fluorocitrate, at the dose we used, did not produce
obvious neurotoxicity.

To examine whether fluorocitrate and minocycline would re-
verse advanced cancer pain, intrathecal injection of fluorocitrate
or minocycline was given on PTD 14. As shown in Figure 3, E and F,
bone cancer-induced mechanical allodynia and thermal hyperalge-
sia were significantly attenuated for 	9 h by a single application of
either fluorocitrate or minocycline (two-way repeated-measures
ANOVA: treatments: PWTs, F(2,56) � 19.916, p � 0.001; PWLs,
F(2,56) � 8.368, p � 0.003). These results suggest that delayed activa-
tion of microglia contributes to the maintenance of bone cancer pain
in female rats.

P2X7R mediates bone cancer-induced microglial activation
and behavioral hyperalgesia
The previous studies from our and other laboratories showed
that in the spinal cord P2X7R protein and mRNA were exclu-
sively expressed in microglia in normal conditions, and under
peripheral nerve injury and morphine tolerance conditions

(Zhou et al., 2010; Kobayashi et al., 2011; He et al., 2012). To
identify the cell types expressing the P2X7R following bone can-
cer pain, we performed double immunostaining of P2X7R with
cell-specific markers, including NeuN for neurons, GFAP for
astrocytes, and CD11b (labeled by the antibody OX-42) for mi-
croglia on sections of the L4 spinal cord. P2X7R-IR cells coex-
pressing CD11b were detected sparsely in the superficial laminae
of naive rats (Fig. 4A). Increased P2X7R-IR appeared on PTD 14.
The specificity of P2X7R antibody was verified in p2x7 receptor
gene knock-out mice first (Fig. 4A). P2X7R was predominantly
colocalized with CD11b, with minor colocalization with GFAP
and no colocalization with NeuN (Fig. 4A). The P2X7R and
CD11b or GFAP double-labeled area in the dorsal horn was mea-
sured in six spinal sections from three PTD 14 rats, and the
P2X7R/CD11b double-labeled area accounted for 80% of the
P2X7R single-labeled area, which was 20% in P2X7R/GFAP dou-
ble staining. Western blot analysis showed significant upregula-
tion of P2X7R on PTDs 14 and 21 (one-way ANOVA: F(6,46) �
3.635, p � 0.005; Fig. 4B), which is consistent with the time
course of IBA-1 upregulation.

To confirm whether bone cancer pain results in increased
release of ATP, the ligand for P2X7R, we measured ATP concen-
tration in CSF on PTD 14. Compared with the sham rats, the CSF
ATP level was significantly increased in PTD 14 rats (Student’s t
test: t(0.01, 18 � 6.834), p � 0.001; Fig. 4C).

Figure 4. Bone cancer induces the upregulation of P2X7R in the spinal dorsal horn and
increases ATP release in spinal CSF. A, Double immunofluorescence reveals that P2X7R-IR is
predominantly colocalized with CD11b-IR (microglial marker), but not with NeuN-IR (neuronal
marker), on the ipsilateral spinal dorsal horn. Inset, The antibody to P2X7 detected a band
corresponding to P2X7R in wild-type mice but not in P2X7R knock-out mice. B, Western blot
analysis reveals significant upregulation of P2X7R levels on PTDs 14 and 21. C, ATP concentra-
tion in spinal CSF was significantly increased on PTD 14. *p � 0.05, **p � 0.01 versus sham
rats.
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We used different pharmacological approaches to test an es-
sential role of spinal P2X7R in cancer-induced microglial activa-
tion. Intrathecal administration of a selective P2X7R antagonist,
BBG (0.3 �g � 400 pmol), significantly inhibited bone cancer-
induced IBA-1 upregulation on PTD 14 (one-way ANOVA:
F(2,15) � 4.082, p � 0.038; Fig. 5A). Also, the IBA-1 upregulation
on PTD 14 was significantly inhibited by siRNA (5 �g) targeted
against rat P2X7R (one-way ANOVA: F(2,15) � 4.618, p � 0.027;
Fig. 5B). The knockdown efficiency was determined by reduced
P2X7R expression after the siRNA treatment (Fig. 5C). However,
bone cancer pain-induced GFAP upregulation was not sup-
pressed by P2X7R-siRNA in the spinal dorsal horn (Fig. 5D).

To address whether P2X7R is involved in bone cancer-
induced allodynia and hyperalgesia, we observed the behavioral
effects of BBG and P2X7R siRNA in the advanced phase. As
shown in Figure 5, E and F, intrathecal injection of BBG (0.3 �g �
400 pmol) significantly suppressed bone cancer-induced me-
chanical allodynia and thermal hyperalgesia on PTD 14 (two-way
repeated-measures ANOVA for treatments: PWTs, F(1,12) �
18.419, p � 0.008; PWLs, F(1,12) � 9.904, p � 0.025). Consis-

tently, intrathecal injection of P2X7R-siRNA (5 �g) also signifi-
cantly reduced bone cancer-induced allodynia and hyperalgesia
(Fig. 5G,H). Neither BBG nor P2X7R siRNA had effects on PWT
and PWL in naive rats.

P2X7R mediates bone cancer-induced IL-18 upregulation in
spinal microglia via p38 MAPK
Activation of p38 MAPK in spinal microglia drives neuropathic
pain by producing the proinflammatory cytokine IL-18 (Miyoshi
et al., 2008). Thus, we reasoned that P2X7R activation could
cause IL-18 upregulation via p38 activation in spinal microglia.
Bone cancer induced significant upregulation of p-p38 at PTDs
14 and 21 (one-way ANOVA: F(6,46) � 5.339, p � 0.001; Fig. 6A),
when P2X7R upregulation was observed. Knockdown of P2X7R
attenuated bone cancer-induced p-p38 (Fig. 6B).

Consistent with the temporal profiles of p-p38, P2X7R, and
IBA-1 upregulation, significant elevation of IL-18 levels also oc-
curred on PTDs 14 and 21 (one-way ANOVA: F(6,46) � 3.566, p �
0.006; Fig. 6C). Knockdown of P2X7R markedly suppressed the
cancer-induced IL-18 upregulation on PTD 14 (Fig. 6D). In-

Figure 5. P2X7R is involved in microglial activation, and bone cancer-induced allodynia and hyperalgesia in advanced phase. A, Blockade of P2X7R by BBG (a selective P2X7R antagonist; 0.3 �g,
i.t.) significantly suppressed bone cancer-induced IBA-1 upregulation on PTD 14. *p � 0.01 versus vehicle control (Veh). B, C, Knockdown of P2X7R by siRNA (5 �g) targeted against P2X7R blocks
bone cancer-induced IBA-1 (B) and P2X7R (C) upregulation on PTD 14. *p � 0.05, **p � 0.01 versus control siRNA (Cntr.). D, Increased GFAP level on PTD 14 is not suppressed by P2X7R siRNA. E,
F, Intrathecal injection of BBG on PTD 14 significantly reduces bone cancer-induced mechanical allodynia (E) and thermal hyperalgesia (F ). *p � 0.05; **p � 0.01 versus vehicle controls. G, H,
Knockdown P2X7R by siRNA blocks bone cancer-induced allodynia (G) and hyperalgesia (H ). **p � 0.01 versus control siRNA.
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hibition of p38 phosphorylation by intrathecal injection of a
specific p38 inhibitor, SB239063, also attenuated the bone
cancer-induced IL-18 increase (Fig. 6E). Importantly, intrathecal
injection of SB239063 (10 �g, i.t.) or IL-18BP (1 �g), a naturally

occurring inhibitor of IL-18 activity with
higher affinity for mature IL-18 (Alboni et
al., 2010), effectively alleviated bone
cancer-induced mechanical allodynia and
thermal hyperalgesia on PTD 14 (Fig.
6F,G).

Double immunostaining indicated
that on PTD 14, IL-18-IR, exclusively ex-
pressed in p-p38-positive cells, and the
majority of p-p38-IR were found in OX-
42-IR microglia, rarely in NeuN-IR neu-
rons, but not in GFAP-IR astrocytes in the
spinal cord (Fig. 7A). IL-18-IR cells also
express P2X7R and IBA-1 in the spinal
dorsal horn. As shown in Figure 7B, there
was increased expression of IL-18-IR in
hypertrophic IBA-1-positive microglia,
but not in astrocytes (GFAP-IR) and neu-
rons (NeuN-IR) on PTD 14.

P2X7R and IL-18 regulate neuronal
activity in the spinal dorsal horn
To determine whether bone cancer leads
to increased neuronal activity in the spinal
cord, WDR neurons were recorded in the
dorsal horns of PTD 14 rats and sham
control rats. Typical mechanically evoked
responses of WDR neurons, elicited by in-
nocuous mechanical stimulation (light
touch with a brush) and noxious mechan-
ical stimulation (pinch), are shown in Fig-
ure 8A–C. All the brushed, pinched, and
graded mechanical stimuli-evoked re-
sponses were significantly larger in PTD
14 rats compared with the sham control
rats (Fig. 8D,E).

Next, we examined the involvement
of P2X7R and IL-18 in bone cancer-
induced neuronal hyperactivity. As
shown in Figure 8, F and G, mechanical
hyperactivity in spinal WDR neurons on
PTD 14 was significantly depressed by
P2X7R antagonist BBG (0.3 �g � 400
pmol, i.t.) and IL-18 inhibitor IL-18BP (1
�g, i.t.). Notably, intrathecal injection of
exogenous IL-18 (3 �g) significantly in-
creased mechanically evoked responses in
WDR neurons from naive rats (Fig. 8H–
J). Consistently, intrathecal injection of
exogenous IL-18 (0.03–3 �g) dose-
dependently induced allodynia in naive
rats, which was not prevented by fluoroci-
trate pretreatment (0.8 �g; Fig. 8K,L),
suggesting that IL-18 signaling is a down-
stream event of glial activation.

Finally, we examined the effects of
IL-18 on excitatory synaptic transmission
in spinal cord slices in vitro by recording
mEPSCs in spinal lamina IIo neurons. Su-

perfusion of spinal cord slices with IL-18 (10 ng/ml) for 2 min
rapidly and significantly increased the frequency of mEPSCs
(paired t test, p � 0.05), indicating that IL-18 can modulate ex-
citatory synaptic transmission via presynaptic glutamate release

Figure 6. P2X7R mediates bone cancer-induced IL-18 upregulation via p38 MAPK in the spinal dorsal horn. A, Western blot
analysis reveals significant upregulation of p-p38 levels on PTDs 14 and 21. **p � 0.01 versus sham rats. B, Knockdown P2X7R
significantly reduces bone cancer-induced activation of p38 on PTD 14. **p � 0.01 versus control siRNA (Cntr.). C, Western blot
analysis reveals significant upregulation of IL-18 levels on PTDs 14 and 21. **p � 0.05 versus sham rats. D, Knockdown P2X7R
significantly suppressed bone cancer-induced upregulation of IL-18 on PTD 14. **p�0.01 versus control siRNA. E, Selective p38 inhibitor
SB239063 (SB; 10 �g, i.t.) markedly suppressed the bone cancer-induced increase in IL-18 levels on PTD 14. F, G, Intrathecal injection of
SB239063 or IL-18BP (an endogenous inhibitor of IL-18 activity; 1 �g, i.t.) reversed bone cancer-induced mechanical allodynia (F ) and
hyperalgesia (G) on PTD 14. *p � 0.05, **p � 0.01 versus vehicle controls (PBS or DMSO).
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(Fig. 9A–E). Of interest, the facilitation of mEPSCs by IL-18 was
not suppressed by fluorocitrate (10 �M; Fig. 9F–I), suggesting a
direct effect of IL-18 on synaptic transmission.

Discussion
Numerous studies, predominantly performed in male rats and
mice, have demonstrated a critical role of microglia in the devel-
opment of pain hypersensitivity in neuropathic and inflamma-
tory pain (Raghavendra et al., 2003; Shan et al., 2007; Sun et al.,
2008). However, our data from female rats provided several lines
of evidence to support a critical role for spinal microglia in the
maintenance of bone cancer pain symptoms. First, bone cancer
elicited a delayed and persistent upregulation of a microglial
marker (IBA-1) and microglial proliferation in the spinal dorsal
horn. Second, spinal injection of a microglia inhibitor effectively
reduced the established advanced-phase cancer pain, but did not
prevent or delay the development of bone cancer-induced hyper-
algesia and allodynia. Third, bone cancer induced P2X7R expres-
sion predominantly in spinal microglia, and the blockade of
P2X7R suppressed microglia activation and relieved bone cancer
pain. Fourth, bone cancer also induced a significant upregulation
of IL-18 in spinal microglia, which depends on P2X7R and p-p38.
Fifth, IL-18 is a key microglial mediator that triggers cancer pain
by increasing mEPSC frequency in superficial dorsal horn neu-

rons in spinal slices and by inducing the mechanical hyperactivity
of WDR neurons in vivo.

Spinal cord glial activation in bone cancer pain
Activation of microglia and astrocytes has been regularly demon-
strated in different models of neuropathic and inflammatory
pain (Cao and Zhang, 2008; Ji et al., 2013). However, in bone
cancer pain models, there is a large variation in spinal glial reac-
tion, especially microglial reaction, due to differences in animal
species/strains and sexes, and the origins of tumor cells. Despite a
recent report from Ducourneau et al. (2014) showing no in-
creases in glial markers, including GFAP, S100�, and CD11b, in a
bone cancer pain model induced by MRMT-1 cells in female SD
rats, GFAP upregulation and astrogliosis have been frequently
demonstrated in a vast majority of rat and mouse bone cancer
models (Schwei et al., 1999; Honore et al., 2000; Medhurst et
al., 2002; Zhang et al., 2005; Hald et al., 2009; Mao-Ying et al.,
2012). Notably, microglial reaction is less evident in mouse bone
cancer models in both sexes (Schwei et al., 1999; Hansen et al., 2011),
while microglial activation is detected in male rats after inoculation
of prostate cancer cells (Zhang et al., 2005) and in female rats after
Walker 256 inoculation (Mao-Ying et al., 2012).

Our previous studies (Shan et al., 2007) showed an early (�1
d) microglial activation on the spinal dorsal horn after complete

Figure 7. Colocalization of P2X7R/p-p38 and IL-18 in spinal microglia. A, Double immunofluorescence of p-p38 with IL-18-IR, CD11b-IR, NeuN-, IR, and GFAP-IR on the ipsilateral spinal dorsal
horn on PTD 14. Note the heavy colocalization of p-p38-IR with IL-18-IR and CD11b-IR. B, Double immunofluorescence shows colocalization of IL-18 with P2X7R and IBA-1 on the ipsilateral spinal
dorsal horn on PTD 14.
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Freund’s adjuvant-induced monoarthritis, which is associated
with the development of behavioral hypersensitivity. Instead, the
upregulation of GFAP expression in the spinal dorsal horn was
delayed by 3 d (Sun et al., 2008). A similar observation was also
reported after peripheral nerve injury or spinal cord injury (Mil-
ligan et al., 2003; Raghavendra et al., 2003; Tanga et al., 2004;
Ledeboer et al., 2005). Minocycline has also been shown to pre-
vent the development of allodynia and hyperalgesia, but its role in
reducing the established neuropathic and inflammatory pain is
limited (Raghavendra et al., 2003; Ledeboer et al., 2005; Shan et
al., 2007). Thus, spinal microglial and astrocytic activation may
play a distinct role in inducing and maintaining neuropathic and
inflammatory pain. Unexpectedly, the present study in a female

Wistar rat bone cancer pain model showed microglial activation at
days 14 and 21, but not at day 7, whereas it showed astroglial activa-
tion at days 7, 14, and 21 after tumor inoculation. Moreover, intra-
thecal pretreatment of minocycline failed to prevent the
development of bone cancer-induced allodynia and hyperalgesia.
But post-treatment with minocycline effectively reduced cancer pain
in the advanced phase. These results suggest a unique glial reaction
process in bone cancer pain in female rats. Bone cancer-induced
astrocytic activation can take place in a microglial activity-
independent manner, though microglial activation may also lead to
secondary astrogliosis in the advanced phase. Actually, a link be-
tween neuronal activity and astrocytic activation has been proposed
by several groups (Steward et al., 1991; Xie et al., 2009).

Figure 8. P2X7R/IL-18 signaling regulates neuronal activity in the spinal dorsal horn. A, Histograms show typical responses of a WDR neuron to brush and pinch delivered to the receptive fields
in a PTD 14 rat. Oscilloscope recording shows a single sweep (inset). B, C, Histograms show the typical responses of WDR neurons to von Frey filament stimuli delivered to the receptive fields in a naive
rat (B) and a PTD 14 rat (C). D, E, The average number of discharges evoked by brush and pinch (D) and von Frey hairs (E) in PTD 14 rats is significantly higher than in sham rats. **p � 0.01 versus
sham controls. F, G, Blockade of P2X7R by BBG or the inhibition of IL-18 by IL-18BP significantly suppresses the evoked responses of WDR neurons by von Frey hairs (F ), and brush and pinch (G) stimuli
in PTD 14 rats. *p � 0.05, **p � 0.01 versus vehicle (Veh) control. H, Histograms show the facilitatory effect of IL-18 on responses of WDR neurons to von Frey stimuli delivered to the receptive fields
in a naive rats. I, J, Intrathecal injection of exogenous IL-18 (3 �g) enhances the evoked response of WDR neurons by von Frey hairs (I ), and brush and pinch (J ) stimuli in naive rats. K, Intrathecal
injection of IL-18 of different doses (0.03, 0.3, and 3 �g) induces allodynia in naive rats. L, Pretreatment of fluorocitrate (FC; 0.8 �g � 1 nmol, i.t., 30 min before IL-18 injection) did not block
IL-18-induced allodynia. *p � 0.05, **p � 0.01 versus vehicle control.
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P2X7R-mediated IL-18 upregulation in spinal microglia
maintains bone cancer pain
It is well established that microglial activation drives astrocytic
activation (Raghavendra et al., 2003; Gao et al., 2009). On the
other hand, astrocytes can also release signaling molecules to
activate microglia. For example, after spinal cord injury, Cx43
upregulation results in the release of ATP (Kang et al., 2008),
leading to microglial activation via P2X4/P2X7 and P2Y6/P2Y12
receptors (Tsuda et al., 2010; Trang et al., 2012). P2X7Rs are
abundantly expressed in microglia, and play a pivotal role in the
cross talk between microglia and neurons (Clark et al., 2010). The
previous studies from our and other laboratories showed that
blockade of P2X7Rs reduced nerve injury-induced spontaneous
firing and evoked activity of spinal neurons (McGaraughty et al.,
2007), and inhibited chronic morphine-induced enhancement of
spontaneous EPSC frequency (Chen et al., 2012). In the present
study, we further demonstrated P2X7R upregulation in spinal mi-
croglia following bone cancer. Knockdown of P2X7R inhibited bone
cancer-induced IBA-1 upregulation and behavioral hypersensitivity,

and suppressed bone cancer-induced hyperactivities of spinal WDR
neurons. Despite previous reports that P2X7R is expressed by mi-
croglia (Tsuda et al., 2003; Zhou et al., 2010; Kobayashi et al., 2011),
we also found disseminated P2X7R/GFAP double-labeled cells in
the spinal dorsal horn from bone cancer rats. A similar observation
was also reported in rats with incision pain (Ying et al., 2014). More-
over, P2X7R activation in cortical or spinal astrocytes was shown to
release glutamate and ATP (Duan et al., 2003; Suadicani et al., 2006;
Jarvis, 2010). Therefore, P2X7Rs may also be partially involved in
regulating astrocyte signaling in the advanced phase of bone cancer
pain.

Increasing evidence has suggested that microglial P2X7R
modulates the release of proinflammatory cytokines (Hide et al.,
2000; Clark et al., 2010), which have been shown to augment the
nociceptive transmission in the spinal cord (Chessell et al., 2005;
Zhang et al., 2011) via modulating excitatory and inhibitory syn-
aptic transmission. IL-18 is a member of the IL-1 family (Boras-
chi and Dinarello, 2006). IL-18 release can also be modulated by
P2X7R and be involved in pathological pain (Verri et al., 2007;

Figure 9. IL-18 modulates mEPSCs in the superficial dorsal horn neurons. A, Patch-clamp recording of mEPSC shows an increase in the frequency of mEPSCs after perfusion of IL-18 (10 ng/ml).
B, C, Corresponding cumulative distributions. D, Quantification of mEPSC frequency. E, Quantification of mEPSC amplitudes. **p � 0.01 versus control. F, mEPSC traces show an increase in the
frequency of mEPSCs after the perfusion of IL-18 in the presence of fluorocitrate (FC; 10 �M). G, H, Corresponding cumulative distributions. I, Ratio of the frequency and amplitude of mEPSCs
following treatment with IL-18, FC, and FC plus IL-18. Dashed line indicates baseline. Rats were pretreated with FC for 30 min before the application of IL-18. *p � 0.05, **p � 0.01 versus control;
#p � 0.05, ##p � 0.01 versus FC alone.
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Miyoshi et al., 2008). Activation of p38 MAPK, a transducer of
various extracellular stimuli, induces the synthesis and release of
proinflammatory cytokines, including IL-18 (Miyoshi et al.,
2008). Activation of P2X7R increases the phosphorylation of p38
(Solle et al., 2001; Papp et al., 2007). The inhibition of spinal
P2X7R blocks the upregulation of p-p38 induced by neuropathic
pain (Chu et al., 2010) and morphine tolerance (Zhou et al.,
2010). These findings suggest that spinal microglia p38 can be
activated by ATP via P2X7R, leading to the synthesis and release
of microglial IL-18 and cancer pain (Fig. 10).

IL-18 mediates a variety of effects by interacting with its het-
erodimer receptor (IL-18R; Sergi and Penttila, 2004). IL-18R is
expressed in neurons throughout the brain (Alboni et al., 2009).
The application of IL-18 to hippocampal slices increases fre-
quency and amplitude of mEPSCs in CA1 neurons (Kanno et al.,
2004). Consistently, our data demonstrated that IL-18 rapidly
(within 2 min) increased the frequency of mEPSCs in spinal IIo
neurons, suggesting that IL-18 can enhance presynaptic gluta-
mate release. IIo neurons (predominantly excitatory ones) form a
spinal cord pain circuit by receiving C-fiber input and making
synapses with lamina I projection neurons (Todd, 2010), and
they play an important role in chronic pain sensitization (Chen et
al., 2014). Moreover, intrathecal injection of IL-18 significantly

increased mechanically evoked responses of spinal WDR neurons
in vivo, and also induced allodynia and hyperalgesia in naive rats.

In the spinal dorsal horn, IL-18R is also expressed in astrocytes
and is responsible for astrocyte activation after nerve injury (Mi-
yoshi et al., 2008; Chen et al., 2012; Bian et al., 2014). However,
given the rapid effects of IL-18 on WDR neurons (�30 min in
intact spinal cord) and mEPSC frequency (�2 min in spinal cord
slices), microglia-derived IL-18 is likely to act directly on primary
afferent terminals or dorsal horn neurons for facilitating nocice-
ptive responses. Consistently, the IL-18-induced increase in
mEPSCs was not affected by the glial metabolic inhibitor
fluorocitrate.

Conclusions and clinical relevance
Chronic pain is emerging as a major health problem in the world,
affecting 20% of the general population. Chronic pain conditions
are not evenly distributed between the sexes, occurring more
frequently in women (Mogil and Chanda, 2005; Mogil, 2012).
Despite the increased incidence in women and the fact that clin-
ical trials must incorporate woman into the trial design, current
basic science research, including research on glial cells, focuses
primarily on male subjects. Recent studies (Sorge et al., 2011)
have demonstrated a clear gender difference in Toll-like receptor

Figure 10. Schematic illustration of neuron– glia and glia– glia interactions in the spinal cord dorsal horn in bone cancer pain. Bone cancer-induced hyperexcitability of primary sensory neurons
(peripheral sensitization) causes excessive release of neurotransmitters or neuromodulators from central afferent terminals to activate adjacent glia and postsynaptic neurons in the spinal dorsal
horn. P2X7R is upregulated in microglia and activated by ATP, which is produced by activated astrocytes, as well as by primary afferent terminals and spinal cord neurons. Upon activation, microglia
synthesize and release IL-18 via phosphorylation of p38 MAPK, leading to enhanced excitatory synaptic transmission and neuronal hyperactivity in the dorsal horn (central sensitization). As a result
of this IL-18-mediated neuromodulation in the spinal cord pain circuit, pain sensitivity is enhanced. Solid lines indicate the pathways and mechanisms demonstrated in this study. Dashed lines
indicate other possible pathways and mechanisms.
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4 signaling at the level of the spinal cord. A very recent study
(Vacca et al., 2014) has shown that spinal cord microglial and
astroglial activation is enhanced in female animals in the late
phase of nerve injury (121 d), but not in the early phase (7 d). Our
findings demonstrated a critical role of microglial activation in
the maintenance, but not the induction, of cancer pain in female
rats, which is in sharp contrast to the studies showing a predom-
inant role of microglia in the induction of chronic pain in male
animals. Thus, future studies are warranted to investigate micro-
glia signaling not only in different phases, but also in different
sexes.
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