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Interleukin-18-Mediated Microglia/Astrocyte Interaction in
the Spinal Cord Enhances Neuropathic Pain Processing after
Nerve Injury

Kan Miyoshi,' Koichi Obata,' Takashi Kondo,' Haruki Okamura,> and Koichi Noguchi!
'Department of Anatomy and Neuroscience and 2Laboratory of Host Defenses, Institute for Advanced Medical Sciences, Hyogo College of Medicine, Hyogo
663-8501, Japan

Interleukin (IL)-18 is an important regulator of innate and acquired immune responses. Here we show that both the IL-18 and IL-18
receptor (IL-18R), which are induced in spinal dorsal horn, are crucial for tactile allodynia after nerve injury. Nerve injury induced a
striking increase in IL-18 and IL-18R expression in the dorsal horn, and IL-18 and IL-18R were upregulated in hyperactive microglia and
astrocytes, respectively. The functional inhibition of IL-18 signaling pathways suppressed injury-induced tactile allodynia and decreased
the phosphorylation of nuclear factor kB in spinal astrocytes and the induction of astroglial markers. Conversely, intrathecal injection of
IL-18 induced behavioral, morphological, and biochemical changes similar to those observed after nerve injury. Our results indicate that
IL-18-mediated microglia/astrocyte interactions in the spinal cord have a substantial role in the generation of tactile allodynia. Thus,

blocking IL-18 signaling in glial cells might provide a fruitful strategy for treating neuropathic pain.
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Introduction

Neuropathic pain is often caused by nerve injury or diseases such
as diabetes, acquired immunodeficiency syndrome, or cancer,
which damage peripheral nerves. A common symptom of neuro-
pathic pain is tactile allodynia, which is characterized by painful
responses to normally innocuous tactile stimuli. The currently
available therapeutics for this type of chronic pain are relatively
ineffective, and the underlying molecular mechanisms are pri-
marily unknown. Previous studies have focused considerable at-
tention on the directly damaged primary afferents and their in-
fluence on the activity of spinal dorsal horn neurons (Woolf and
Salter, 2000; Scholz and Woolf, 2002). However, emerging evi-
dence indicates that glial cells in the spinal cord also have a sub-
stantial role in the pathogenesis of neuropathic pain (Watkins et
al., 2003; Marchand et al., 2005; Tsuda et al., 2005). Indeed, mi-
croglia and astrocytes are activated in the spinal dorsal horn after
peripheral nerve injury. This spinal glial activation is likely in-
volved in the production and release of pro-inflammatory cyto-
kines, interleukin (IL)-13, IL-6, and tumor necrosis factor-a
(TNF-a), which may augment the nociceptive signals in the spi-
nal cord (Watkins et al., 2003).
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IL-18 is a member of the IL-1 family; IL-1 and IL-18 are
related closely, and both require intracellular cysteine protease
caspase-1 for biological activity (Okamura et al., 1995; Nakanishi
etal., 2001; Boraschi and Dinarello, 2006). IL-18 signal transduc-
tion is initiated after the formation of a complex between the
ligand binding the IL-18 receptor (IL-18R) « chain and the ac-
cessory IL-18R 3 chain. IL-18 is known to be upregulated in
several human autoimmune and inflammatory diseases and
therefore might represent a novel therapeutic target (Plater-
Zyberk et al., 2001; Ten Hove et al., 2001; Carrascal et al., 2003;
Boraschi and Dinarello, 2006). Recently, after nerve injury, ma-
trix metalloproteases, but not caspase-1, were found to induce
and maintain neuropathic pain through IL-18 cleavage and spi-
nal glial activation (Kawasaki et al., 2008a). In contrast to IL-1f3,
there has been no study examining IL-18 signaling pathways in
the spinal cord after nerve injury. Accumulating evidence indi-
cates that nerve injury results in mitogen-activated protein kinase
(MAPK) activation in spinal glial cells and that MAPK inhibitors
alleviate nerve injury-induced pain hypersensitivity (Jin et al.,
2003; Zhuang et al., 2005, 2006; Obata et al., 2007). Furthermore,
nuclear factor kB (NFkB) pathways in spinal glial cells have been
implicated in neuropathic pain (Ledeboer et al., 2005b; Meunier
et al., 2007). However, it remains unknown how these
transduction-related molecules are activated in microglia and as-
trocytes and contribute to pain hypersensitivity after nerve
injury.

In this work, we set out to investigate whether IL-18 and IL-
18Rs are induced in the spinal cord and participate in neuro-
pathic pain using the L5 spinal nerve ligation (SNL) model (Kim
and Chung, 1992). We now show that nerve injury induces an
increase in IL-18 and IL-18R expression in microglia and astro-
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cytes, respectively, in the dorsal horn and
that the IL-18-mediated microglia/astro-
cyte interaction is crucial for the develop-
ment and maintenance of tactile allodynia
through glial cell-specific signal transduc-
tion cascades.

Materials and Methods
Animals. Male Sprague Dawley rats weighing
200-250 g were used. Specific pathogen-free
C57BL/6 mice, purchased from Clea Japan,
were also used. IL-18—/— mice were back-
crossed with C57BL/6 mice; F8 mice were used
(Takeda et al., 1998). All mice weighed 25-30 g
at the time of surgery. All procedures were ap-
proved by the Hyogo College of Medicine
Committee on Animal Research and were per-
formed in accordance with the National Insti-
tutes of Health guidelines on animal care.
Surgical procedures. All procedures were per-
formed with the rats and mice under pentobar-
bital anesthesia (50 mg/kg, i.p.). Additional
doses of the anesthetics were given as needed. In
all animals, no surgery was performed on the
right side. Special care was taken to prevent in-
fection and to minimize the influence of in-
flammation. The hair of the animal’s lower back
was shaved, and the skin was sterilized with
0.5% chlorhexidine and covered with clean pa-
per. Sterile operating instruments were used.
To produce an L5 SNL (Kim and Chung, 1992),
a skin incision was made in the midline lumbar
region (L4—-S1). The L6 transverse process was
identified, freed of muscular attachments, and
partially removed with the help of bone rongu-
ers. This exposed the L5 spinal nerve. The L5
ventral ramus was isolated and freed from the
adjacent nerves, and then the L5 spinal nerve
was tightly ligated with silk suture and
transected distal to the ligature. After surgery,
the wound was washed with saline and closed in
layers (fascia and skin) with 3-0 silk thread. An-
imals were allowed to survive for 1, 3, 7, or 14 d
after surgery (n = 4 for immunohistochemistry
for each time point). In sham-operated ani-
mals, the nerve was exposed without ligation.
Drug treatments. The intrathecal delivery of
10 wl of the Toll-like receptor 4 (TLR4) agonist
lipopolysaccharide (LPS; 20 ug; Fluka), the p38
inhibitor SB203580 (1 or 10 pg; Calbiochem),
IL-18 (50 or 500 ng, or 5 ug; R & D Systems),
IL-1B (50 ng; R & D Systems), or the NF«kB
inhibitor SN50 (1 or 10 ug; Calbiochem) was
performed as described previously (Fukuoka et
al,, 2001). Briefly, a laminectomy of the L5 ver-
tebra was performed under adequate anesthe-
sia. The dura was cut, a soft tube (Silascon;
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Figure 1. Nerve injury induces the upregulation of IL-18 in the spinal dorsal horn. A, Dark-field images of ISHH show IL-18
mRNA in the spinal dorsal horn of naive control rats and SNL rats. B, Higher-magpnification photographs of laminae II-Ill of the
dorsal horn under bright-field illumination in the SNL rats. The sections were stained with hematoxylin—eosin. The arrows and
arrowheads indicate samples of the positively labeled glial cells and the negatively labeled neurons, respectively. C, IL-18 immu-
nostaining in the dorsal horn of naive control rats and sham control rats at day 7 after surgery. Immunohistochemistry indicates a
substantial increase in the number of IL-18-IR cells in the ipsilateral dorsal horn at days 1, 3, 7, and 14 after SNL. Sketches
delineating boundaries of different laminae were superimposed over the spinal sections of naive control rats. D, Inmunofluores-
cence (IF) intensity of IL-18 determined as the average pixel density in the ipsilateral and contralateral (contra) dorsal horn. Results are
presented as percentages of the values normalized to the mean values of the naive control. Data represent mean == SEM; n = 4 per group.
**p <0.01, compared with the naive control; ***p < 0.001, compared with the naive control. E, Western blot analysis reveals persistent
IL-18 upregulation in the ipsilateral spinal cord at day 7 after SNL. Scale bars: 4, €, 100 m; B, 50 pum.

outer diameter, 0.64 mm; Kaneka Medix) was inserted into the subarach-
noid space of the spinal cord, and the tip of the catheter was implanted at
the L5 spinal segmental level. Most experiments were conducted at day 1
after LPS or IL-18 injection. PBS was used as the vehicle control. To
obtain a sustained drug infusion, an ALZET osmotic pump (7 d pump, 1
ul/h; DURECT) was filled with normal goat IgG (100 ng/ul; R & D
Systems), anti-IL-18 antibodies (10 or 100 ng/ul; R & D Systems), anti-
IL-18R antibodies (10 or 100 ng/ul; R & D Systems), or IL-18-binding
protein (IL-18BP; 5 or 50 ng/ul; R & D Systems) in PBS. The pump was
sutured under the skin in the animal’s lower back, and the associated
catheter was implanted intrathecally 12 h before SNL or 7 d after SNL.

Small interfering RNA (siRNA) that targets TLR4 (TLR4 siRNA; 5'-
GGAUCUUUCUUAUAACUAULt-3" and 5'-AUAGUUAUAAGAAAGA-
UCCac-3") was designed using the target finder and design tool (Ambion).
Negative controls were bioinformatically designed with the latest informa-
tion about micro-RNA seed regions and sequence alignment algorithms to
minimize interactions with any transcript in the transcriptomes of human,
mouse, and rat. To obtain a sustained drug infusion, an ALZET osmotic
pump (3 d pump, 1 ul/h; DURECT) was filled with TLR4 siRNA (10
pmol/ul) or negative siRNA (10 pmol/ul), and the associated catheter was
implanted intrathecally 24 h before SNL. TLR4 siRNA or negative siRNA
complexes were prepared immediately before administration by mixing
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Figure 2.
green reaction product for IL-18 and red product for NeuN, MAP2, or GFAP in the ipsilateral dorsal horn at day 7 after surgery.
Double staining of IL-18 with NeuN and MAP2, neuronal markers, shows no colocalization. Double labeling of IL-18 with GFAP, an
astrocyte marker, indicates that IL-18 is not increased in spinal astrocytes. B, Double immunofluorescence shows that IL-18
(green) is colocalized with Iba1 (red) in the superficial dorsal horn (laminae I-Ill) at day 7 after SNL. Scale bars, 50 m.

the RNA solution (10 uM in nuclease-free water) with a transfection re-
agent, Lipofectamine RNAIMAX (Invitrogen), in a ratio of 1:4 (w:v).

Behavioral analysis. All rats and mice were tested for mechanical hy-
persensitivity of the plantar surface of the hindpaw 1 d before SNLand 1,
3,5, 7,10, 12, or 14 d after SNL. Room temperature and humidity
remained stable for all experiments. On each testing day, the rats and
mice were brought into the behavior room 1 h before the test session to
allow them to habituate to the environment. Mechanical hypersensitivity
was assessed with a Dynamic Plantar Aesthesiometer (Ugo Basile), which
is an automated von Frey-type system (Obata et al., 2005, 2007). To
measure animal hindpaw mechanical thresholds, animals were placed in
plastic cages with a wire mesh floor and allowed to acclimate for 15 min
before each test session. A paw-flick response was elicited by applying an
increasing force (measured in grams) focused on the middle of the plan-
tar surface of the hindpaw. The force applied was initially below detection
threshold and then increased from 1 to 5 or 50 gin 0.1 or 1 g steps over
20's, then held at 5 or 50 g for an additional 10 s. The rate of force increase
was 0.25 or 2.5 g/s. The threshold was taken as the force applied to elicit
a reflex removal of the hindpaw. This was defined as the mean of three
measurements at 1 min intervals. The variability between trials was ~0.2
or2g.

Immunohistochemistry. The rats were deeply anesthetized with sodium
pentobarbital and perfused transcardially with 1% paraformaldehyde in
0.1 M phosphate buffer (PB), pH 7.4, followed by 4% paraformaldehyde
in 0.1 M PB, 7 d after surgery (n = 4 at each time point). After the
perfusion, the L5 spinal cord segments and L4/5 dorsal root ganglia

SNL induces IL-18 upregulation in spinal microglia, but not in neurons or astrocytes. A, Double immunostaining of
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(DRGs) were dissected out and postfixed in the
same fixative for 12 h, then replaced with 20%
sucrose overnight. Transverse spinal sections
(free floating, 20 wm) and L4/5 DRGs (10 wm)
were cut and processed for IL-18, IL-18R,
neuronal-specific nuclear protein (NeuN),
microtubule-associated protein 2 (MAP2), glial
fibrillary acidic protein (GFAP), ionized
calcium-binding adapter molecule 1 (Ibal),
phosphorylated-p38 (p-p38), p-NF«B p65 at
Ser-536, and ED-1 immunohistochemistry ac-
cording to previously described methods
(Noguchi et al., 1995). The polyclonal primary
antibodies were used in the following dilutions:
IL-18 (1:400; R & D Systems), IL-18R (1:100; R
& D Systems), GFAP (1:1000; Millipore Bio-
science Research Reagents), Ibal (1:1000;
Wako), p-p38 (1:1000; Cell Signaling Technol-
ogy), and p-NFkB p65 at Ser-536 (1:100; Cell
Signaling Technology). The monoclonal pri-
mary antibodies were used in the following di-
lutions: NeuN (1:2000; Millipore Bioscience
Research Reagents), MAP2 (1:5000; Sigma),
and ED-1 (1:400; Serotec). For the double im-
munofluorescent staining for IL-18 and NeuN,
MAP2, GFAP, Ibal, p-p38, or p-NFkB, the
tyramide signal amplification (PerkinElmer
Life Sciences) fluorescence procedures (Mi-
chael et al., 1997) were used to detect staining
for rabbit anti-IL-18 polyclonal antibody
(1:10,000; R & D Systems). An image in a square
(316 X 236 wm) on the medial two-thirds of the
superficial dorsal horn (laminae I-III), as de-
scribed previously (Molander et al., 1984), was
captured under a 20X objective, and six to eight
nonadjacent sections per each rat (each time
point, n = 4) were randomly selected and mea-
sured with a computer-assisted imaging analy-
sis system (NTH Image version 1.61). Quantita-
tive assessment of immunostaining was
performed by determining the immunofluores-
cence intensity within the fixed area of the me-
dial superficial dorsal horn (laminae I-III),
where most of the positive cells were found after
our treatments. To assess immunofluorescence staining of cells quanti-
tatively, the immunofluorescence intensity of the p-NF«B or GFAP was
also determined as the average pixel intensity within each cell.

Western blotting. Tissue samples from the L4—-L6 spinal cord segments
were lysed by homogenizing in 200 ul of lysis buffer containing 20 mm
Tris-HCI, pH 8.0, 150 mm NaCl, 1 mm EDTA, 1% Igepal CA-630, 2 mm
Na;VO,, 0.5 mm DTT, 1 mm PMSF, 1 ug/ml pepstatin, 5 ug/ml leupep-
tin, 9 pg/ml aprotinin, and 10% glycerol. Lysates were centrifuged at
14,400 X g for 60 min, and the concentration of protein in each sample
(supernatant) was determined using Bio-Rad dye binding. Samples with
equal amounts of protein were then separated by 10—20% PAGE, and the
resolved proteins were electrotransferred to Hybond-P Nitrocellulose
(GE Healthcare). Membranes were incubated with 5% nonfat milk in
Tris buffer containing Tween 20 (TBST; 10 mm Tris-HCI, pH 8.0, 150 mm
NaCl, and 0.2% Tween 20) for at least 10 min at room temperature and
incubated with the polyclonal primary antibody for IL-18 (1:500; R & D
Systems), TLR4 (1:400; Cell Signaling Technology), IL-18R (1:500; R & D
Systems), p-NF«B (1:200; Cell Signaling Technology), total NF«kB (1:
100; Cell Signaling Technology), and the monoclonal primary antibody
for B-actin (1:1000; Sigma) at 4°C overnight. Membranes were then
washed twice with TBST and probed with rabbit anti-goat or goat anti-
rabbit IgG conjugated with horseradish peroxidase (Vector Laborato-
ries) at room temperature for 2 h. Membranes were finally washed sev-
eral times with TBST to remove unbound secondary antibodies and
visualized using enhanced chemiluminescence (Pierce). The density of



12778 - J. Neurosci., November 26, 2008 - 28(48):12775-12787

specific bands was measured with a computer-
assisted imaging analysis system (ATTO Densi-
tograph version 4.02) and normalized against a
loading control (B-actin or total NFkB).

In situ hybridization histochemistry. For the in
situ hybridization histochemistry (ISHH), the
tissue was sectioned with a cryostat, thaw
mounted onto Matsunami Adhesive Silan-
coated glass slides (Matsunami), and stored at
—80°C until ready for use. The procedure for
ISHH was performed according to previously
described methods (Yamanaka et al., 1999;
Kobayashi et al., 2008). Briefly, the rat IL-18
and IL-18BP cRNA probes corresponding to
nucleotides 75-526 and 44-557, respectively,
were prepared. The sections were treated with
10 pg/ml proteinase K in 50 mm Tris-HCl and 5
mM EDTA for 3 min and acetylated with 0.25%
acetic anhydride in 0.1 m triethanolamine; then,
35S-labeled RNA probe (5 X 10° cpm/ml) was
placed on these sections overnight at 55°C. Hy-
bridized sections were rinsed in 5X SSC and 5
mMm DTT for 30 min at 65°C, washed in high-
stringency buffer for 30 min at 65°C, and
treated with 2 pg/ml RNase A for 30 min at
37°C. Sections were rinsed, dehydrated in an
ascending ethanol series, and air dried. For au-
toradiography, the sections were coated with
NTB-3 emulsion (Carestream Health), diluted
6:4 with distilled water at 45°C, and exposed for
8 weeks in light-tight boxes at 4°C. After devel-
opment in D19 (Carestream Health) and fixa-
tion in 24% sodium thiosulfate, the sections
were rinsed in distilled water, stained with he-
matoxylin—eosin, dehydrated in a graded etha-
nol series, and cleared in xylene.

Statistical analysis. Differences in changes of
values over time of each group were tested using
one-way ANOVA, followed by individual post
hoc comparisons (Fisher’s exact test). One-way
ANOVA, followed by individual post hoc com-
parisons (Fisher’s exact test), was used to assess
differences of values between the intrathecal
groups. A difference was accepted as significant
if p < 0.05.

Results

Peripheral nerve injury induces IL-18
upregulation in spinal microglia

To examine the distribution of IL-18
mRNA, we first performed ISHH on sec-
tions of the L5 spinal cord (Fig. 1A,B).
IL-18 mRNA was detected sporadically in
the spinal cord of naive rats, and these la-
beled nuclei were small in size and rather
densely stained by hematoxylin. IL-18
mRNA signals dramatically increased only
in the ipsilateral dorsal horn at day 7 after
peripheral nerve injury. Next, the expres-
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Figure3.  Upregulation of spinal microglial markers and IL-18 by the TLR4 agonist LPS through the p38 MAPK pathway. 4, Ibal

immunostaining in the dorsal horn at day 1 after LPS injection. B, ¢, Immunofluorescence (IF) intensity of Iba1 and IL-18 deter-
mined as the average pixel density in the dorsal horn. For control experiments, PBS was used. Data represent mean = SEM; n =
4 per group. ***p < 0.001, compared with the vehicle control group; *p < 0.05, compared with the LPS group; *p < 0.01,
compared with the LPS group; ***p << 0.001, compared with the LPS group. D, Double immunofluorescence shows that IL-18
(green) is colocalized with p-p38 MAPK (red) in the superficial dorsal horn (laminae I-Ill) at day 7 after nerve injury. Two
single-stained images were merged. Scale bar, 50 m. E, Protein expression of TLR4 in the ipsilateral spinal cord at day 3 after L5
SNL, as detected by Western blotting. F, IF intensity of IL-18 determined as the average pixel density in the ipsilateral and
contralateral dorsal horn. Results are presented as percentages of the values normalized to the mean values of the naive control.
Data represent mean * SEM; n = 4 per group. ***p << 0.001, compared with the naive control; *p < 0.05, compared with the
negative siRNA group. SB, SB203580.

continued for 14 d. We also found that the level of IL-18 in the

sion of IL-18 protein was examined by immunohistochemistry
using anti-IL-18 antibody (Fig. 1C,D). Consistent with the results
of the ISHH, very few IL-18-immunoreactive (IR) cells were
found in the spinal dorsal horn of naive control rats and sham-
operated rats. Three days after nerve injury, many more IL-18-IR
cells were found in the ipsilateral than the contralateral dorsal
horn, predominantly in the superficial dorsal horn (laminae
I-1III). The increase was first evident at day 1 after surgery and

contralateral spinal cord was not different from that in naive rats
(Fig. 1D).IL-18 upregulation after nerve injury was confirmed by
Western blotting at day 7 after SNL (Fig. 1 E). There was a signif-
icant increase in the level of IL-18 protein expression in the ipsi-
lateral spinal cord from SNL rats compared with the naive control
(by 173.7 += 15.1%; n = 4; p < 0.001). The antibody against IL-18
displayed a distinct band on Western blots with an apparent mo-
lecular mass of 24 kDa, which corresponds to the size of pro-IL-



Miyoshi et al. ® IL-18 Signaling in Spinal Glial Cells and Neuropathic Pain

457

Withdrawal threshold (g) TO

BL 1 3 5 7 BL 1
Time after nerve injury (d)

W Vehicle OlgG

Figure 4.

Time after nerve injury (d)

O Anti-IL-18 Ab 10 ng/h B Anti-IL-18 Ab 100 ng/h

IL-18 blockade attenuates tactile allodynia induced by peripheral nerve injury. 4, Pretreatment with anti-IL-18
antibodies (10 or 100 ng + wl " - h ") attenuated mechanical hypersensitivity induced by nerve injury. Tactile allodynia was
determined with a Dynamic Plantar Aesthesiometer at days 1, 3, 5, and 7 after nerve injury. B, Pretreatment with anti-IL-18
antibodies did not change the threshold on the contralateral hindpaw. For control experiments, either PBS or IgG was used. BL,
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upregulation in the spinal cord after nerve
injury, we assessed the effects of TLR4
RNA interference (RNAIi) on expression of
IL-18 in the spinal cord. Compared with
the rats receiving control siRNAs, a signif-
icant reduction of TLR4 proteins was
found in the spinal cord at day 3 after the
TLR4 siRNA transfer (Fig. 3E). We also
found that the level of IL-18 in the ipsilat-
eral spinal cord of the TLR4 siRNA-treated
rats was significantly lower than that in the
negative siRNA-treated rats (Fig. 3F). Fur-
thermore, knockdown of TLR4 by RNAi in
the spinal cord attenuated tactile allodynia
after nerve injury (data not shown), con-
sistent with a previous report (Tanga et al.,
2005).

3 5 7

Baseline; Ab, antibody. Data represent mean = SEM; n = 8 per group. *p << 0.05, compared with the vehicle control group;

#p < 0.01, compared with the vehicle control group; ***

18, consistent with a previous report (Hedtjdrn et al., 2002). In
the spinal cord tissues, the 18 kDa mature band was often too
weak to be detected.

To identify the cell types that expressed the IL-18 after nerve
injury, we performed double immunostaining of the IL-18 with
several cell-specific markers: for neurons, NeuN and MAP2; for
astrocytes, GFAP; for microglia, Ibal. We found that IL-18 did
not colocalize with NeuN, MAP2, or GFAP in the dorsal horn at
day 7 after surgery (Fig. 2A). Instead, the majority of the IL-18-IR
cells were double labeled with Ibal (Fig. 2B), indicating that
IL-18 is induced in microglia, but not neurons or astrocytes, at
day 7. Double immunofluorescence indicated that IL-18 was co-
localized with Ibal, but not with GFAP, at days 1, 3, and 14 (data
not shown). Ibal-IR cells displayed a hypertrophic morphology,
a sign of microglial activation.

IL-18 upregulation in spinal microglia occurs through a
TLR4/p38 MAPK pathway
TLRs play a key role in host defense during pathogen infection by
regulating and linking innate and adaptive immune responses
(Akira and Takeda, 2004; Akira et al., 2006; Marshak-Rothstein,
2006). Microglia, the resident myeloid cells that constitute the
innate immune system in the CNS, express TLRs (Olson and
Miller, 2004; Jack et al., 2005). A recent study has reported that
TLR4 upregulation in spinal microglia contributes to nerve
injury-induced pain states (Tanga et al., 2005). To investigate
whether the expression of IL-18 in spinal microglia is regulated
by TLR4, we injected the TLR4 agonist, LPS, intrathecally into
naive rats. One day after injection, the number and intensity of
Ibal-IR cells in the dorsal horn was significantly higher in the LPS
group than in the vehicle control group (Fig. 3A, B). The activa-
tion of p38 MAPK can cause microglial activation in the brain
(Koistinaho and Koistinaho, 2002), and p38 MAPK activation
appears to regulate the expression of pro-inflammatory cytokines
(Ji and Strichartz, 2004). We found that the selective p38 MAPK
inhibitor SB203580 dose-dependently blocked the LPS-induced
microglial activation. Upregulation of IL-18 was also observed
after LPS injection, and this increase in IL-18 expression was abol-
ished by SB203580 (Fig. 3C). IL-18 was mainly expressed in
p-p38-IR cells at day 7 after nerve injury (Fig. 3D). Thus, these find-
ings suggest that nerve injury increases the expression of IL-18 in
activated microglia through a TLR4/p38 MAPK pathway.

To determine whether TLR4 activation is required for IL-18

p < 0.001, compared with the vehicle control group.

IL-18 blockade attenuates nerve injury-
induced tactile allodynia

Our results suggest that upregulation of IL-18 in spinal microglia
is likely to have an important role in mechanical hypersensitivity
after nerve injury. We therefore predicted that suppressing IL-18
in the spinal cord should prevent nerve injury-induced mechan-
ical hypersensitivity. To test this, anti-IL-18 antibodies were de-
livered intrathecally before surgery and maintained for 7 d via a
catheter, the tip of which was implanted at the lumber enlarge-
ment. To obtain a sustained drug infusion, the drug was delivered
by an osmotic pump connected to a catheter. We found that
anti-IL-18 antibody significantly inhibited the injury-induced
tactile allodynia at days 1, 3, 5, and 7 after surgery (Fig. 4A).
However, intrathecal administration of anti-IL-18 produced no
significant changes in the threshold on the contralateral paw
(Fig. 4B).

Peripheral nerve injury induces IL-18R upregulation in spinal
astrocytes, and IL-18R blockade alleviates nerve injury-
induced tactile allodynia

We next investigated the changes in IL-18R expression using an
anti-IL-18R antibody. We first performed immunohistochemis-
try on sections of the L5 spinal cord (Fig. 5A). Very few IL-18R-IR
cells were found in the spinal dorsal horn of naive control rats and
sham-operated rats. IL-18R levels started to increase in the ipsi-
lateral dorsal horn at day 3 after SNL (Fig. 5B). Many more IL-
18R-IR cells were found in the ipsilateral rather than the con-
tralateral dorsal horn, predominantly in the superficial dorsal
horn at day 7 after nerve injury. We also found that the level of
IL-18Rin the contralateral spinal cord was not different from that
in naive rats (Fig. 5B). IL-18R upregulation after nerve injury was
confirmed by Western blot analysis (Fig. 5C). Western blot anal-
ysis revealed the temporal pattern of IL-18R expression based on
density changes of the single band at 63 kDa. Consistent with the
results obtained by immunohistochemistry, nerve injury induced
a100.2 * 4.3% increase in IL-18R levels in the ipsilateral spinal
cord at day 7, compared with the naive control (n = 4; p <0.001).
Furthermore, double immunostaining showed that IL-18R
heavily colocalized with GFAP at day 7 after nerve injury (Fig.
5D). These IL-18R-IR cells in the dorsal horn were predomi-
nantly astrocytes, because they coexpressed GFAP but not NeuN,
MAP2, or Ibal (Fig. 5E), throughout the 2 week time course of
the experiment (data not shown). Indeed, IL-18-IR and IL-
18R-IR cells were clearly distinguishable at day 7 after SNL (Fig.
5E). GFAP-IR cells displayed a hypertrophic morphology, a sign
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of astroglial activation. We also found the
anatomical proximity of IL-18 and IL-18R
proteins, indicating probable communica-
tion between activated microglia and as-
trocytes (Fig. 5E).

To elucidate whether blocking the IL-
18R in the spinal cord inhibits nerve
injury-induced mechanical hypersensitiv-
ity, rats with nerve injury were intrathe-
cally treated with anti-IL-18R antibodies
(100r 100 ng * ul =" - h™"). We found that
anti-IL-18R treatment diminished SNL-
induced mechanical hypersensitivity at
days 1, 3, 5, and 7 after nerve injury (Fig.
6A), whereas intrathecal anti-IL-18R in-
jection produced no significant changes in
the threshold on the contralateral paw
(Fig. 6 B).

IL-18 and IL-18R blockade reduces the
phosphorylation of NFkB in spinal
astrocytes, and the induction of
astroglial markers caused by nerve
injury

Increasing evidence shows that NF«B acti-
vation in spinal glial cells contributes to
the generation of neuropathic pain (Lede-
boer et al., 2005b; Meunier et al., 2007).
Recent studies have shown that posttrans-
lational modification of NF«B subunits,
such as p65, contributes significantly to
NFkB transactivation potential (Ghosh
and Karin, 2002). Phosphorylation of p65
at Ser-536 is proposed to be a key modifi-
cation that potentiates p65 transactivation
function, hence NFkB activation. We
therefore performed immunohistochemi-
cal staining of NF«B phosphorylation us-
ing an anti-p-NFkB p65 at Ser-536 anti-
body. SNL induced an increase in NF«B
phosphorylation in the ipsilateral dorsal
horn at day 3 (Fig. 7 A, B), consistent with
the induction of IL-18R (Fig. 5A, B). These
p-NFkB-IR cells were distributed in the
superficial dorsal horn throughout the 2
week time course. We also found that the
level of p-NFkB in the contralateral spinal
cord was not different from that in naive
rats (Fig. 7B). The Western blot analysis
revealed NFkB activation in the ipsilateral
spinal cord at day 7 (Fig. 7C). There was a
significant increase in the level of NF«B
phosphorylation in the ipsilateral spinal
cord from SNL rats compared with the naive
control (by 44.4 = 3.9%; n = 4; p < 0.001).
Double labeling showed that most of the
p-NFkB-IR signals were colocalized with
GFAP, indicating that NF«B is activated in
astrocytes (Fig. 7D). Next, to ascertain

whether NF«B phosphorylation in spinal astrocytes is regulated by
IL-18R, we performed double labeling with p-NF«B and IL-18R. We
found that p-NFkB coexpressed with the IL-18R at day 7 after SNL

(Fig. 7E).
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Figure5. Nerveinjuryinduces the upregulation of the IL-18R in astrocytes in the spinal dorsal horn. A, IL-18Rimmunostaining
inthe dorsal horn of naive control rats and sham control rats at day 7. Inmunohistochemistry indicates a substantial increase in the
number of IL-18R-IR cells in the ipsilateral dorsal horn at days 3, 7, and 14 after SNL. Sketches delineating boundaries of different
laminae were superimposed over the spinal sections of naive control rats. B, Imnmunofluorescence (IF) intensity of IL-18R deter-
mined as the average pixel density in the ipsilateral and contralateral (Contra) dorsal horn. Results are presented as percentages
of the values normalized to the mean values of the naive control. Data represent mean == SEM; n = 4 per group. ***p < 0.001,
compared with the naive control. C, Western blot analysis reveals persistent IL-18R upregulation in the ipsilateral spinal cord at
day 7. D, Double immunofluorescence shows that IL-18R (green) is colocalized with GFAP (red) in the dorsal horn (laminae I-Ill)
at day 7. E, Double immunostaining of green reaction product for IL-18R and red product for NeuN, MAP2, IbaT, or IL-18 in the
ipsilateral dorsal horn at day 7. Two single-stained images were merged. The inset shows the anatomical proximity of IL-18 and
IL-18R immunoreactivity. Scale bars: 4, 100 wm; D, E, 50 wm.

To investigate the effect of IL-18 on nerve injury-induced
NFkB activation in the spinal cord, the levels of p-NF«B were
compared in the vehicle, anti-IL-18, and anti-IL-18R groups (Fig.
8 A, B). We found that both anti-IL-18 and anti-IL-18R antibod-
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ies inhibited the injury-induced increase in NF«B phosphoryla-
tion at day 7 after SNL. These data suggest that activation of
NFkB in astrocytes participates in tactile allodynia through IL-
18R. We further assessed the effect of anti-IL-18 and anti-IL-18R
on nerve injury-induced upregulation of astroglial markers. We
found that the intensity of GFAP-IR cells in the ipsilateral dorsal
horn increased strikingly at day 7 after surgery, but treatment
with both anti-IL-18 and anti-IL-18R blocked this increase (Fig.
8A,C). In addition, the immunofluorescence intensity of
p-NFkB and GFAP in individual cells in the dorsal horn of anti-
IL-18- and anti-IL-18R-treated rats was significantly lower than
in those of vehicle-treated rats (Fig. 8 D, E).

Intrathecal IL-18 injection produces tactile allodynia and
astroglial activation

To further assess the effects of IL-18 on pain behaviors, we in-
jected IL-18 intrathecally into naive rats. A single intrathecal in-
jection of IL-18 produced tactile allodynia at day 1 in a dose-
dependent manner (Fig. 9A), and this allodynia persisted for 2 d
(Fig. 9B). The selective NF«kB inhibitor, SN50, dose-dependently
blocked the IL-18-induced allodynia at day 1 (Fig. 9C).

To determine whether a low dose of IL-18 (50 ng) produces
nociceptive behavior, we examined mechanical sensitivity at ear-
lier time points (e.g., at 3 or 6 h). Injection of IL-18, as well as
IL-1 (50 ng), induced marked tactile allodynia at 3 and 6 h after
injection (Fig. 9D).

Intrathecal injection of IL-18 (5 ug) caused a 107.1 * 15.1%
increase in the expression of p-NFkB in the spinal dorsal horn at
day 1 after injection compared with the vehicle control group
(n = 4; p < 0.001). Upregulation of GFAP and Ibal was also
observed after IL-18 injection. There was a significant increase in
the expression of GFAP and Ibal in the spinal dorsal horn from
IL-18-treated rats compared with the vehicle control group (by
81.0 = 6.8 and 28.8 * 6.7%, respectively; n = 4; p < 0.01).
Therefore, these data suggest that IL-18 upregulation in the spi-
nal cord was sufficient to produce tactile allodynia, as well as glial
activation, in otherwise naive rats.

Blockade of the IL-18 signaling reverses nerve injury-induced
tactile allodynia

IL-18BP is a naturally occurring inhibitor of IL-18 activity (Nov-
ick et al., 1999; Kim et al., 2000). IL-18 has a greater affinity for
IL-18BP than for IL-18R. Neutralizing IL-18 with IL-18BP re-

Time after nerve injury (d)

O Anti-IL-18R Ab 10 ng/h B Anti-IL-18R Ab 100 ng/h

IL-18R blockade attenuates tactile allodynia induced by peripheral nerve injury. A, Pretreatment with anti-IL-18R
antibodies (10 or 100 ng + wl " - h ") attenuated mechanical hypersensitivity induced by nerve injury. Tactile allodynia was
determined with a Dynamic Plantar Aesthesiometer at days 1, 3, 5, and 7 after nerve injury. B, Pretreatment with anti-IL-18R
antibodies did not change the threshold on the contralateral hindpaw. For control experiments, either PBS or IgG was used. BL,
Baseline; Ab, antibody. Data represent mean = SEM; n = 8 per group. *p << 0.05, compared with the vehicle control group;
p < 0.001 compared with the vehicle control group.
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duces inflammation, including hepatic
metastasis and systemic or local inflamma-
tion (Plater-Zyberk et al., 2001; Ten Hove
etal., 2001; Carrascal et al., 2003; Boraschi
and Dinarello, 2006). To examine the dis-
tribution of IL-18BP mRNA, we first per-
formed ISHH on sections of the L5 spinal
cord (Fig. 10A,B). IL-18BP mRNA was
detected sporadically in the spinal cord of
naive rats. IL-18BP mRNA signals did not
change in the ipsilateral dorsal horn 7 d
after nerve injury. We then administrated
IL-18BP (50r50ng - ul ' - h ') intrathe-
cally to SNL rats (Fig. 10C). We found that
IL-18BP  dose-dependently  inhibited
nerve injury-induced tactile allodynia at
days 1, 3, 5, and 7 after SNL. The threshold
on the contralateral paw did not vary sig-
nificantly from baseline values throughout
the period we studied (Fig. 10D).

Several reports have shown that inhibition of spinal glial acti-
vation attenuates the existing hypersensitivity in a rat model of
neuropathy (Katsura et al., 2006, 2008; Zhuang et al., 2006). To
investigate whether inhibition of IL-18 would reverse established
mechanical hypersensitivity, a treatment mode more relevantto a
clinical situation, we infused IL-18BP intrathecally via an osmotic
pump at day 7 after establishment of SNL-induced mechanical
hypersensitivity (Fig. 10E). This treatment effectively reversed
the nerve injury-induced pain hypersensitivity at days 10, 12, and
14 after surgery. We also observed that IL-18-deficient mice dis-
played significantly attenuated tactile allodynia at days 1, 3, 5, and
7 after surgery compared with the wild-type controls (Fig. 10 F).
In addition, we found that the injury-induced increase in GFAP
and Ibal expression in the ipsilateral dorsal horn was reduced in
IL-18-deficient mice compared with the wild-type controls (by
34.8 = 4.9and 37.4 * 7.0%, respectively; n = 4; p < 0.001). These
results suggest that the IL-18 signaling cascade in spinal glial cells
might have a role in the development and maintenance of tactile
allodynia caused by nerve injury.

To further investigate the effects of IL-18 in the spinal cord on
pain behaviors, we injected IL-18 (500 ng) intrathecally into IL-
18-deficient mice. IL-18-deficient mice treated with IL-18
showed a decrease in their mechanical nociceptive thresholds at
day 1 (vehicle-treated mice, 4.25 * 0.16 g vs IL-18-treated mice,
2.88 + 023 g n = 8 p < 0.001).

3 5 7

Nerve injury induces IL-18 upregulation in macrophages in
the primary afferents

The L5 SNL model, which is one of the most popular models of
neuropathic pain, is unique because the L4 DRG neurons are
clearly separated from the axotomized L5 neurons (Fukuoka et
al., 2001; Obata et al., 2005). Therefore, we first examined IL-18
and IL-18R immunoreactivity in the injured L5 DRG after L5
SNL (Fig. 11). L5 SNL induced an increased number of IL-18-IR
cells in the L5 DRG from the first to 14th day, and furthermore,
these IL-18-IR cells included macrophages labeled for ED-1.
IL-18 and ED-1 immunoreactivity was never detected in the un-
injured L4 DRG, and L5 SNL did not induce an increase in IL-
18R, neither in the L4 DRG nor the L5 DRG (data not shown).

Discussion
There is accumulating evidence supporting a role for spinal mi-
croglia in the pathogenesis of nerve injury-induced pain hyper-
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sensitivity. For example, the ATP receptor A
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study, we found that the expression of
IL-18 increased in the spinal cord micro-
glia after nerve injury. MAPK activation %
appears to regulate the expression of
pro-inflammatory cytokines, including
IL-1B, IL-6, and TNF-«, as well as
cyclooxygenase-2 (COX-2) and induc-
ible nitric oxide synthase (Koistinaho
and Koistinaho, 2002; Ji and Strichartz,
2004). Because the activation of p38
MAPK in spinal microglia has a critical
role in the induction of neuropathic pain
(Jin et al., 2003; Clark et al., 2007; Koba-
yashi et al., 2008), these findings suggest
that nerve injury induces IL-18 upregu-
lation in spinal cord microglia via p38
activation, and thus increasing pain hy-
persensitivity. Indeed, we found that p38
MAPK was activated in IL-18-expressing
cells after nerve injury.

There is growing appreciation that sig-
naling through TLRs, which is key to gen-
erating innate responses to infection, may
have pathogen-independent roles, by ini-
tiating responses to host-derived, endoge-
nous ligands (Akira and Takeda, 2004;
Akira et al.,, 2006; Marshak-Rothstein,
2006). Intriguingly, the TLR family has
been implicated in the microglial response
to nerve damage (Block et al., 2007); pe-
ripheral nerve injury induces TLR4 up-
regulation in spinal microglia, and TLR4-
deficient mice do not develop tactile
allodynia after nerve injury (Tanga et al.,
2005). In the present study, we found that
injection of the TLR4 agonist LPS in-
creased IL-18 expression in spinal cord
microglia. Furthermore, a p38 MAPK in-
hibitor, SB203580, diminished this LPS-
induced upregulation of Ibal and IL-18
expression. Because knockdown of TLR4 by RNAi reduced IL-18
upregulation induced by nerve injury, our findings suggest that
after nerve injury, microglial activation might occur through the
TLR4/p38 MAPK signaling pathway and lead to the enhanced
expression of IL-18. One specific example of a TLR4 ligand re-
leased after nerve injury are saturated fatty acids, which have been
shown to induce the upregulation of COX-2 and other inflam-
matory markers after interacting with membrane-bound TLR4
of monocyte/macrophage such as microglia (Hwang, 2001).

Not only microglia, but also astrocytes, are activated in the
spinal cord after nerve injury, and these activated astrocytes par-
ticipate in the maintenance of neuropathic pain (Watkins and
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Nerve injury induces the activation of NF kB in astrocytes in the spinal dorsal horn. 4, p-NF kB immunostaining in the
dorsal horn of naive control rats and sham control rats at day 7. Immunohistochemistry indicates a substantial increase in the
number of p-NFB-IR cells in the ipsilateral dorsal horn at days 3, 7, and 14. Sketches delineating boundaries of different laminae
were superimposed over the spinal sections of naive control rats. B, Inmunofluorescence (IF) intensity of p-NF kB determined as
the average pixel density in the ipsilateral and contralateral (Contra) dorsal horn. Results are presented as percentages of the
values normalized to the mean values of the naive control. Data represent mean = SEM; n = 4 per group. ***p < 0.001,
compared with the naive control. C, Western blot analysis reveals persistent NF B activation in the ipsilateral spinal cord at day 7
after nerve injury. D, E, Double immunofluorescence shows that p-NFkB (green) is colocalized with GFAP or IL-18R (red) in the
dorsal horn (laminae I-Ill) at day 7. Two single-stained images were merged. Scale bars: 4, 100 wm; D, E, 50 um.

Maier, 2003; Marchand et al., 2005; Tsuda et al., 2005). For ex-
ample, the serine protease tissue plasminogen activator and the
calcium-binding peptide S100 are selectively expressed in acti-
vated astrocytes in the spinal dorsal horn and contribute to nerve
injury-induced mechanical hypersensitivity (Tanga et al., 2006;
Kozai etal., 2007). Furthermore, mice overexpressing CCL2 (for-
merly monocyte chemoattractant protein-1) in astrocytes display
enhanced nociceptive responses (Menetski et al., 2007). In the
present study, we found that the IL-18R increased in spinal astro-
cytes after nerve injury. Furthermore, both anti-IL-18 and anti-
IL-18R antibodies diminished the nerve injury-induced tactile
allodynia and reduced the phosphorylation of NF«B in spinal
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nance of mechanical hypersensitivity
g (Ledeboer et al., 2005b; Meunier et al.,
2007), these findings suggest that nerve in-
jury induces NF«B activation in spinal as-
trocytes via the IL-18R and that the activa-
tion of the IL-18R/NFkB signaling cascade
in astrocytes contributes to hypersensitiv-
ity to innocuous mechanical stimulation.
An unexpected finding in the present
study was that anti-IL-18R treatment di-
minished SNL-induced mechanical hy-
persensitivity at day 1, although IL-18R
levels started to increase at day 3. Because
upregulation of Ibal was also observed af-
ter IL-18 injection, and Ibal expression
was reduced in injured IL-18-deficient
mice, we cannot exclude the possibility
that IL-18R is expressed in not only astro-
cytes but also microglia (Prinz and Ha-
nisch, 1999).

Based on the findings described in the
present study, we hypothesize the molecu-
lar events leading to neuroinflammation
in the spinal dorsal horn to be the follow-
ing (Fig. 12). First, TLR4 triggers micro-
glial activation to synthesize IL-18 through
the activation of p38 MAPK. The IL-18
produced by these activated microglia
then stimulates IL-18R on neighboring as-
trocytes in a paracrine manner and up-
regulates the expression of IL-18R on these
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astrocytes. The activation of IL-18R in-
creases the phosphorylation of NF«B in
the astrocytes to induce hypertrophy of
these cells. The present study also demon-
strated that IL-18R was delayed in its en-
hanced expression but remained elevated
after nerve injury. A recent report has
demonstrated that both genetically altered
mice and rats treated with TLR4 antisense
oligodeoxynucleotide displayed signifi-
cantly decreased expression of not only
microglial markers but also astroglial
markers in the spinal cord, although TLR4
is expressed predominantly in microglia,
; not astrocytes (Tanga et al., 2005). To-
gether, these findings suggest that acti-
vated microglia in the spinal dorsal horn

LT

Figure 8.
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control group. Ab, Antibody.

astrocytes and the induction of astroglial markers caused by
nerve injury. Conversely, intrathecal injection of IL-18 induced
both tactile allodynia and astroglial activation. Because the acti-
vation of NFkB in spinal astrocytes is involved in the mainte-

Effects of anti-IL-18 and anti-IL-18R antibodies on the activation of NF«B and the induction of spinal astroglial
markers induced by nerve injury. 4, p-NF kB and GFAP immunostaining in the superficial dorsal horn at day 7 after surgery. Both
anti-IL-18 and anti-IL-18R antibodies suppressed the activation of NF«B and the upregulation of GFAP caused by nerve injury.
Scale bar, 100 pem. B, €, Immunofluorescence (IF) intensity of p-NF«B and GFAP determined as the average pixel density in the
ipsilateral dorsal horn. D, E, IF intensity of p-NFkB and GFAP in an individual cell determined as the average pixel density in the
ipsilateral dorsal horn. For control experiments, PBS was used. Data represent mean == SEM; n = 4 per group. ***p << 0.001,
'p < 0.001, compared with the vehicle

may be directly responsible for the induc-
tion of astroglial activation after nerve in-
jury. Alternatively, IL-18 and other cyto-
kines, produced and released by activated
astrocytes, might be involved in microglial
activation (Fig. 12).

Proinflammatory cytokines, such as IL-
1B, IL-6, and TNF-q, are released by acti-
vated glial cells in the spinal cord and play
a major role in pain facilitation (Ledeboer
etal., 2005a; Clark et al., 2006; Kawasaki et
al., 2008b). These cytokines exert their actions, at least partially,
through the activation of the transcription factor NF«B. In turn,
NFkB regulates the transcription of many inflammatory media-
tors, including those for proinflammatory cytokines, chemo-

SNL
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Figure 9.  Induction of behavioral allodynia and spinal astroglial markers by IL-18 through
the NF kB pathway. 4, Intrathecal administration of IL-18 induced tactile allodynia at day 1in a
dose-dependent manner. *p << 0.05, compared with the vehicle control group; **p << 0.01,
compared with the vehicle control group. B, Time course for IL-18-induced tactile allodynia.
*¥p < 0.01, compared with the pre-operative value; ***p << 0.001, compared with the pre-
operative value. C, Attenuation of IL-18 action by pretreatment with a NF«B inhibitor, SN50.
*#*p < (.01, compared with the vehicle control group; ***p < 0.001, compared with the IL-18
group. D, Spinal injection of both IL-18 and IL-183 (50 ng) induced tactile allodynia at 3 and 6 h
after injection. *p << 0.05, compared with the preoperative value; ***p << 0.001, compared
with the preoperative value. For control experiments, PBS was used. Data represent mean +
SEM; n = 8 per group. BL, Baseline.

kines, and adhesion molecules (Ledeboer et al., 2005b; Meunier
et al.,, 2007). We found that NF«kB was activated in IL-18R-
expressing cells after nerve injury, and furthermore, an NF«B
inhibitor, SN50, dose-dependently blocked the IL-18-induced al-
lodynia. Although it is important to establish how glia—glia inter-
actions cause signaling to neurons in the spinal dorsal horn, our
results indicate that IL-18 signaling in spinal glial cells has a cru-
cial role in the pathogenesis of tactile allodynia after nerve injury.
In fact, IL-18-deficient mice displayed significantly attenuated
tactile allodynia compared with the wild-type controls. However,
intrathecal injection of anti-IL-18 or anti-IL-18R only partially
suppressed SNL-induced mechanical hypersensitivity. Consider-
ing that in naive mice the intraplantar injection of IL-18 induced
dose- and time-dependent mechanical hypernociception (Verri
et al., 2007), we cannot rule out the possibility that IL-18 pro-
duced by other cells may also contribute to mechanical hypersen-
sitivity, to some extent, after injury. Indeed, we found that nerve
injury also induced an increase in IL-18 expression in ED-1-IR
macrophages in the injured DRG. Furthermore, recent reports
have shown that induction of type-2 metabotropic glutamate re-
ceptors is mediated by acetylation mechanisms that involve tran-
scription factors of the NFkB family in DRG neurons (Chiechio
etal., 2006, 2007). Alternatively, other cytokines, chemokines, or
neurotrophins produced by glial cells are likely involved in the
pathogenesis of neuropathic pain. For example, a recent report
showed that ATP-stimulated spinal microglia signal to lamina I
neurons, causing a collapse of their transmembrane anion gradi-
ent (Coull et al., 2005).
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Animal models suggest suppression of IL-18 bioactivity as a
novel therapeutic concept, specifically for the treatment of
chronic inflammatory diseases such as rheumatoid arthritis,
Crohn’s disease, and psoriasis (Plater-Zyberk et al., 2001; Ten
Hove et al., 2001; Carrascal et al., 2003; Boraschi and Dinarello,
2006). IL-18BP, a naturally occurring and specific inhibitor of
IL-18, neutralizes IL-18 activity (Novick et al., 1999; Kim et al.,
2000) and has been shown to be safe in patients (Plater-Zyberk et
al., 2001; Boraschi and Dinarello, 2006). Importantly, we also
demonstrate that the expression of IL-18BP mRNA did not
change in the ipsilateral dorsal horn after nerve injury, in contrast
to marked upregulation of IL-18 and IL-18R. Some reports have
shown that a glial inhibitor suppressed the development of neu-
ropathic pain but had no effect on its maintenance (Raghavendra
etal., 2003; Kozai et al., 2007). However, we found that not only
pretreatment but also posttreatment with IL-18BP reversed nerve
injury-induced tactile allodynia. Many patients in pain clinics
suffer from neuropathic pain, and one of the most distinct symp-
toms is tactile allodynia. Furthermore, drug treatment typically is
not initiated until well after the onset of allodynia in clinical
settings. Thus, the ability of a therapeutic to reverse established
mechanical hypersensitivity might translate to increased clinical
utility. In conclusion, here we demonstrate that IL-18-mediated
microglia/astrocyte interaction in the dorsal horn enhances neu-
ropathic pain processing after nerve injury. Blocking IL-18 sig-
naling cascade in the spinal cord may represent a new approach to
effectively treat clinical neuropathic pain.
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Figure 12.

Proposed model of IL-18-mediated microglia/astrocyte interaction in the spinal cord. First, TLR4 triggers microglial activation through the p38 MAPK pathway @. IL-18 produced by
the TLR4/p38 MAPK signaling cascade in activated microglia stimulates IL-18R on astrocytes in a paractine manner @. IL-18 binding to IL-18R increases NFkB phosphorylation in astrocytes and

causes GFAP upregulation ®. IL-18R expression is upregulated by IL-18R stimulation, thus accelerating this signaling pathway in astrocytes @. IL-18 or other cytokines might stimulate microglia
and astrocytes in an autocrine or paracrine manner and induce production of pro-inflammatory molecules, such as IL-13, IL-6, and TNF-, as well as COX-2 and inducible nitric oxide synthase ®.
These pro-inflammatory molecules induced in glial cells sensitize dorsal horn neurons in the spinal cord ®.



