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Background: Microglial NADPH oxidase 2 (Nox2) expression is critical for nerve injury-induced spinal cord microglia
activation and subsequent pain hypersensitivity.
Results: Toll-like receptor 2 (TLR2) is required for Nox2 expression in spinal cord microglia after spinal nerve injury.
Conclusion: TLR2 signaling mediates nerve injury-induced Nox2 expression in spinal cord microglia.
Significance: Targeting TLR2-Nox2 pathway may be a new option for preventing neuropathic pain.

Wehave previously reported thatNADPHoxidase 2 (Nox2) is
up-regulated in spinal cord microglia after spinal nerve injury,
demonstrating that it is critical formicroglia activation and sub-
sequent pain hypersensitivity. However, the mechanisms and
molecules involved inNox2 induction have not been elucidated.
Previous studies have shown that Toll-like receptors (TLRs) are
involved in nerve injury-induced spinal cord microglia activa-
tion. In this study, we investigated the role of TLR in Nox2
expression in spinal cordmicroglia after peripheral nerve injury.
Studies using TLR knock-out mice have shown that nerve inju-
ry-inducedmicroglial Nox2 up-regulation is abrogated in TLR2
but not in TLR3 or -4 knock-out mice. Intrathecal injection of
lipoteichoic acid, a TLR2 agonist, induced Nox2 expression in
spinal cordmicroglia both at themRNAand protein levels. Sim-
ilarly, lipoteichoic acid stimulation induced Nox2 expression
and reactive oxygen species production in primary spinal cord
glial cells in vitro. Studies on intracellular signaling pathways
indicate that NF-�B and p38 MAP kinase activation is required
for TLR2-induced Nox2 expression in glial cells. Conclusively,
our data show that TLR2 mediates nerve injury-induced Nox2
gene expression in spinal cordmicroglia viaNF-�Bandp38 acti-
vation and thereby may contribute to spinal cord microglia
activation.

A series of studies have demonstrated that spinal cord glial
cells play a critical role in the development of neuropathic pain
after peripheral nerve injury (1). Activation of spinal cord glia in
the absence of peripheral nerve injury enhanced pain sensitivity
(2), and inhibition of these cells attenuated pain behavior in a
neuropathic pain model (3). It was later reported that proin-

flammatory cytokines or growth factors expressed by activated
spinal cord glia such as TNF-�, IL-1�, IL-6, and BDNF facilitate
pain hypersensitivity by inducing central sensitization at the
spinal cord level (4, 5). Studies on the mechanisms of spinal
cord microglia activation have proposed that various trans-
membrane receptors, includingCX3CR1, a fractalkine receptor
(6), and P2X4, an ATP receptor (7), can potentially respond to
nerve injury and triggermicroglia activation.We have also pro-
posed that Toll-like receptor 2 (TLR2)3 may trigger the proin-
flammatory activation of spinal cord microglia during periph-
eral nerve injury (8). Likewise, TLR3 and -4 have been
implicated in the activation of spinal cord microglia during the
development of nerve injury-induced neuropathic pain (9, 10).
At the level of intracellular signaling, p38 activation seems to

be a key event in the activation of microglia upon nerve injury.
Microglia activation mostly accompanies p38 activation (11),
and the nerve injury-induced proinflammatory cytokine
expression inmicroglia and the subsequent pain hypersensitiv-
ity is abrogated by the inhibition of p38 (12). In addition, we
have recently discovered that NADPH oxidase 2 (Nox2) is
induced in spinal cord microglia after nerve injury and that
Nox2-derived reactive oxygen species (ROS) production is
required for nerve injury-inducedmicroglia activation and pain
hypersensitivity (13). These findings further indicate that Nox2
is an important intracellular mediator of nerve injury-induced
spinal cord microglia activation. However, it is currently not
clear how Nox2 is up-regulated in spinal cord microglia after
nerve injury. Based on the studies implicating TLRs as micro-
glial activation receptors that respond to nerve injury (8–10),
we hypothesized that TLRs might be involved in nerve injury-
induced Nox2 expression in spinal cord microglia. To investi-
gate this hypothesis, our study design used knock-out mice of
different TLR genes that have been implicated in nerve injury-
induced spinal cord microglia activation (e.g. TLR2, -3, or -4
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knock-out mice). Our data show that TLR2 plays a critical role
in nerve injury-induced Nox2 expression in spinal cord
microglia.

EXPERIMENTAL PROCEDURES

Animals and Surgery—All surgical and experimental proce-
dures were reviewed and approved by the Institutional Animal
Care and Use Committee at Seoul National University. The
animal treatments were performed in accordance with the
guidelines of the International Association for the Study of
Pain. All mice were housed in an animal facility with a specific
pathogen-free barrier under a 12-h light/dark cycle. Mice were
allowed to access food and water ad libitum. Wild-type (WT),
TLR2, -3, or -4 knock-out, and MyD88 knock-out mice of
C57BL/6 background aged 8–12 weeks were used. Peripheral
nerve injury was induced by transecting the L5 spinal nerve (L5
SNT) under anesthesia with pentobarbital sodium (50 mg/kg,
intraperitoneal) as described previously (13). In brief, an inci-
sion was made in the skin from the spinal processes at L4 to S2
levels. The paraspinal muscles were separated, and the L6
transverse process was partially removed. The L5 spinal nerve
was transected carefully upon exposure, and then the surgical
site was closed in two layers with surgical staples. The sham
operation was performed as described above but in the absence
of transecting the L5 spinal nerve. The mice operated on were
monitored on a warm pad during recovery.
Real-time RT-PCR—Real-time RT-PCR was performed

using SYBR Green PCR Master Mix and an ABI Prism 7300
sequence detection system (Applied Biosystems, Foster City,
CA) as described previously (13). The following PCR primer
sequences were used: mouse/rat GAPDH (forward), 5�-AGG
TCA TCC CAG AGC TGA ACG-3�; mouse/rat GAPDH
(reverse), 5�-CAC CCT GTT GCT GTA GCC GTA T-3�;
mouse Nox2 (forward), 5�-GAC CCA GAT GCA GGA AAG
GAA-3�; mouse Nox2 (reverse), 5�-TCA TGGTGCACAGCA
AAG TGA T-3�; rat Nox2 (forward), 5�-TGC AAG TCA ACA
CCCCAACA-3�; rat Nox2 (reverse), 5�-CGGACTCAGAGT
TGG AGA TGC T-3�. Duplicate reactions were performed,
with each containing 10 pmol of primer, 4�l of cDNA, and 5�l
of 2� SYBR Green PCR Master Mix (Applied Biosystems) in a
total volume of 10 �l. The mRNA level of the Nox2 gene was
normalized to the corresponding level of GAPDH and repre-
sented as the fold induction, which was calculated using the
2���CT method as described previously (14). All real-time RT-
PCR experiments were performed at least three times, and the
mean � S.E. values are presented unless otherwise noted.
Immunohistochemistry—Mice were deeply anesthetized

with pentobarbital sodium (50 mg/kg, intraperitoneal) and
transcardially perfused with 4% paraformaldehyde in 0.1 M

phosphate buffer (pH 7.4). The L5 spinal cord was removed,
postfixed in 4% paraformaldehyde at 4 °C overnight, and trans-
ferred to a 30% sucrose phosphate buffer for 48 h. Spinal cord
transverse sections (14-�m-thick) were prepared on a gelatin-
coated slide glass using a cryocutmicrotome. The sectionswere
blocked in a solution containing 5% normal goat serum (Jack-
son ImmunoResearch Laboratories, Bar Harbor, ME), 2% BSA
(Sigma), and 0.1% Triton X-100 (Sigma) for 1 h at room tem-
perature. The sections were then incubated overnight at 4 °C

with primary antibody for mouse anti-Nox2 (1:100, Santa Cruz
Biotechnology, Santa Cruz, CA), rabbit anti-Iba-1 (1:1000,
Wako, Osaka, Japan), mouse anti-8-Hydroxyguanosine
(8-OHG, 1:1500, Abcam, Cambridge, MA), rabbit anti-glial
fibrillary acidic protein (1:5000, DAKO, Glostrup, Denmark),
rabbit anti-MAP2 (1:2000, Millipore, Billerica, MA), and rabbit
anti-NG2 (1:200, Millipore). After rinsing in 0.1 M PBS, the
sections were incubated for 1 h at room temperature with a
mixture of FITC-conjugated or Cy3-conjugated secondary
antibodies (1:200, Jackson ImmunoResearch Laboratories).
The sections were mounted using Vectashield mounting
medium (Vector Laboratories, Burlingame, CA), and fluores-
cent images were obtained with a confocal microscope
(LSM700, Carl Zeiss, Germany). Fluorescent signal intensity
was quantified using ImageJ software (National Institutes of
Health, Bethesda, MD).
Intrathecal Injection—For the administration of lipoteichoic

acid (LTA, Sigma) and SB202190 (Sigma), mice were injected
under pentobarbital sodium anesthesia (25 mg/kg, intraperito-
neal) by direct lumbar puncture between the L5 and L6 verte-
brae of the spine, using a 10-�l Hamilton syringe (Hamilton
Company, Reno, NV) with a 30-gauge one-half-inch needle as
described previously (15). 5 �l of 50 �g/ml LTA in PBS or PBS
alone was intrathecally injected in WT and TLR2 knock-out
mice. LTA was preincubated with polymyxin B (10 �g/ml) for
30 min at 37 °C before use to prevent LPS contamination.
SB202190 was dissolved in dimethyl sulfoxide at 25 mg/ml and
diluted in 0.9% saline solution. 10 �l of 1 mg/ml SB202190 in
saline solution or vehicle alone was injected inWTmice before
L5 SNT.The success of the intrathecal injectionwas assessed by
monitoring the tail-flicking response of the animal when the
needle penetrated the subarachnoid space.
Primary Cell Culture—Primary mixed glial and microglial

cell cultures were prepared according to previously established
procedures (8, 16). In brief, primary spinal cord glial cells were
prepared from 7-day-old Sprague-Dawley rats. After the rats
were anesthetized, their spines were extirpated, a syringe with
PBS (pH 7.4) was inserted, and the spinal cord was pushed out
by hydraulic pressure. Upon stripping off the meninges from
the spinal cord, the spinal cord was dissociated into single cells
by repetitive pipetting and incubation in glial cell culture
medium (DMEM supplemented with 10 mM HEPES, 10% FBS,
2 mM L-glutamine, and 1� antibiotic-antimycotic) in a 75-cm2

flask at 37 °C in a 5% CO2 incubator. Themediumwas changed
every 5 days thereafter. After 2 weeks, the glial cells were
trypsinized and seeded in six-well plates for subsequent use.
Primary brain glial cell cultures were prepared from postna-

tal day 1–3 C57BL/6 mice. The meninges were removed from
the cerebral hemispheres, dissociated into single cells by tritu-
ration, and incubated in glial cell culture medium in a 75-cm2

flask at 37 °C in a 5% CO2 incubator. Primary microglia were
harvested frommixed glial cultures on day 14. After shaking at
200 rpm for 3 h on an orbital shaker, the media from the cul-
tures were collected and centrifuged at 800 rpm for 5 min.
Microglia were plated in glial culture media. After 15 min, the
dishes were washed with medium to remove any unattached
astrocytes. The purity of themicroglia was routinelymonitored
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and determined to be �98% after immunostaining with Iba-1
antibody (1:1000, Wako).
Western Blot Analysis—Primary rat spinal cord glial cells or

mouse brain glial cells stimulated with LTA for various periods
of time were harvested with lysis buffer (50mMTris-Cl, pH 7.5,
150 mM NaCl, 1% Triton X-100, 10% glycerol, protease inhibi-
tor mixture (G-Biosciences, St Louis, MO) and phosphatase
inhibitor mixture set IV (Millipore)). 20 or 30 �g of the cell
lysate fromeach samplewas resolved using electrophoresis on a
10% SDS-PAGE. The proteins separated based on size were
transferred to a nitrocellulose membrane, which was then
blocked with 5% nonfat dry milk in Tris-buffered saline con-
taining Tween 20 (TBST, 20 mM Tris, pH 7.4, 0.1% Tween 20,
and 150mMNaCl). Themembranewere probed overnight with
primary antibody for mouse-anti-Nox2 (1:1000, Millipore) or
rabbit anti-phospho-eIF4E (Ser-209) (1:1000, Cell Signaling
Technology, Danvers,MA) at 4 °C, followed by incubation with
horseradish peroxidase-conjugated secondary antibody at
room temperature for 1 h prior to ECL (GE Healthcare) treat-
ment. The signal was detected by MicroChemi (DNR Bio-im-
aging Systems). For the normalization of the antibody signal,
the membranes were stripped and reprobed with antibody for
�-actin (1:2000, Sigma).
Intracellular ROSMeasurement—Intracellular ROS produc-

tion in spinal cord glial cells wasmeasured using cell-permeable
fluorescent dye, CM-H2DCFDA (Life Technologies), after
TLR2 stimulation. At 12 h after LTA (2 �g/ml) treatment,
CM-H2DCFDA (10 �M) was loaded in glial cells and incubated
for 45 min at 37 °C. Upon rinsing the spinal cord glial cells with
PBS, the fluorescent intensity was measured at an excitation
wavelength of 485 nm and an emission wavelength of 520 nm.
The three experiments were independently performed, and
each experiment was performed in triplicate.
Statistical Analysis—The statistical significance of differ-

ences was assessed using SigmaPlot software (version 11.0, Sys-
tat Software, Inc., San Jose, CA). Statistical analysis was per-
formed using the Student’s t test. All data are presented as the
mean � S.E., and differences were considered statistically sig-
nificant when the p value was � 0.05.

RESULTS

Nerve Injury-induced Nox2 Expression Is Abrogated in TLR2
Knock-out Mice—TLR2, -3, or -4 knock-out mice were utilized
to evaluate whether TLRs are involved in Nox2 expression in
spinal cordmicroglia after spinal nerve injury. All of these genes
have been implicated in spinal cord microglia activation after
spinal nerve injury (8–10). L5 spinal nerve axotomy, a well
known mouse neuropathic pain model, induced Nox2 mRNA
expression in the L5 spinal cord region ofWTmice by 2-fold at
12 and 24 h (Fig. 1A). Similar levels of Nox2 mRNA induction
were detected in the spinal cord of TLR3 or -4 knock-out mice.
However, nerve injury-mediated Nox2 mRNA induction was
completely abrogated in the spinal cord of TLR2 knock-out
mice. Likewise, Nox2 protein expression, measured by immu-
nohistochemistry, was up-regulated in the dorsal horn of the
ipsilateral spinal cord ofWTmice at 1 day post injury (dpi) (Fig.
1B). The Nox2-immunoreactivity (IR) mainly co-localized to
Iba-1-IR microglia (Fig. 1B,merged panels). In contrast, L5 spi-

nal nerve injury failed to induce Nox2 protein expression in the
TLR2 knock-out mice. In the TLR3 and -4 knock-out mice, the
levels of Nox2-up-regulation detected in the ipsilateral dorsal
horn were similar to that detected in WTmice (Fig. 1B). How-
ever, Nox2-IR was not detected in the spinal cord of Nox2
knock-out mice 3 days after L5 SNT, confirming the specificity
of the Nox2 antibody (Fig. 1C). The up-regulation of Nox2
accompanied ROS generation in the spinal cord of nerve-in-
jured WT mice but not in TLR2 knock-out mice (Fig. 1D).
These data suggest that TLR2, but not TLR3 or -4, is required
for nerve injury-induced Nox2 up-regulation in microglia and
the subsequent ROS production in the dorsal horn.
TLR2 Stimulation Induces Nox2 Up-regulation in the Spinal

Cord in Vivo—To assess whether or not TLR2 activation can
induceNox2 expression in spinal cordmicroglia in vivo, LTA, a
TLR2 agonist, was introduced intrathecally in WT and TLR2
knock-out mice. Twelve h after LTA administration, Nox2
mRNA was up-regulated by 7-fold in the WT spinal cord but
was not induced in the TLR2 knock-out spinal cord (Fig. 2A).
Similarly, Nox2 protein was up-regulated by the intrathecal
injection of LTA in the spinal cord of WT mice but not in that
of TLR2 knock-out mice (Fig. 2B). Nox2 was mainly expressed
in the Iba-1-positive microglia (Fig. 2B, merged panels). These
data indicate that TLR2 activation in spinal cord cells can
induce Nox2 expression in microglia.
TLR2 Is Expressed only in Microglia in the Spinal Cord—To

identify the cell types that express TLR2 in the spinal cord,
immunohistochemistrywas performed.Whennerve injurywas
not induced, TLR2 expressionwas detected at very low levels in
the spinal cord, whereas it was up-regulated following L5 SNT
(Fig. 3A). Furthermore, the enhancedTLR2-IRmainly co-local-
ized with Iba-1-IR microglia but not with glial fibrillary acidic
protein-positive astrocytes, microtubule-associated protein 2
(MAP2)-positive neurons, or NG2-positive oligodendrocyte
progenitor cells (Fig. 3B), indicating that TLR2 is expressed
exclusively inmicroglia in the spinal cord. No obvious TLR2-IR
signal was detected upon immunostaining spinal cord sections
from TLR2 knock-out mice, confirming the specificity of the
TLR2 antibody (Fig. 3A). Taken together, these data suggest
that LTA introduction in the spinal cord induces microglial
Nox2 expression by directly stimulating TLR2 on the spinal
cord microglia.
TLR2 Stimulation Induces Nox2 Expression in Primary Spi-

nal Cord Glia—Primary mixed glial cells and microglia were
cultured from rat spinal cord and mice cerebra, respectively,
and then stimulated with LTA to further investigate TLR2-me-
diated Nox2 gene expression in spinal cord microglia. After
LTA stimulation for 3 h, Nox2 mRNA was induced in primary
spinal cord mixed glial cells and primary microglia by 2- and
4-fold, respectively (Fig. 4, A and B). As measured by Western
blot assay, LTA stimulation also increased Nox2 protein levels
in spinal glial cells (Fig. 4C). In addition, LTA stimulation
increased intracellular ROS production in spinal cord glial cells
by �2-fold (Fig. 4D). These data demonstrate that TLR2 stim-
ulation induces Nox2 expression and ROS production in
microglia.
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NF-�B and p38 Activation Is Involved in TLR2-activated
Nox2 Expression in Glia—We then characterized the intracel-
lular signaling pathways that mediate TLR2-induced Nox2
gene expression. It is well known that TLR2 induces activation
of NF-�B and MAP kinases in microglia in vitro (17, 18).
Accordingly, we used pharmacological inhibitors to test the
involvement of these signaling molecules in TLR2-activated
Nox2 mRNA expression. Helenalin, a NF-�B inhibitor, inhib-
ited LTA-induced Nox2 mRNA induction by �80% (Fig. 5A),
indicating that NF-�B activation is required for TLR2-induced
Nox2 transcription. However, the induction level was not sig-
nificantly affected by the pretreatment of U0126 (ERK inhibi-
tor), SB202190 (p38 inhibitor), or SP600125 (JNK inhibitor).

Similarly, LTA stimulation increased Nox2 protein expression
by�5-fold in primary glial cells (Fig. 5B). The protein induction
level was partially reduced by the treatment of NF-�B inhibitor
by up to 35% but almost completely blocked by p38 inhibitor
(Fig. 5C). Neither ERK nor JNK inhibitors significantly affected
Nox2 protein expression. These data suggest that p38 activa-
tion induces Nox2 expression at the translational level. It is
known that p38 regulates translation by activating eukaryotic
translation initiation factor 4E (eIF4E) (19). In brain glia, TLR2
stimulation induced activation of eIF4E as early as 30 min,
which was measured by phosphorylated eIF4E (Fig. 5D). The
TLR2-induced eIF4E phosphorylation was almost completely
blocked by p38 inhibitor (Fig. 5, E and F), indicating that p38

FIGURE 1. L5 SNT-induced Nox2 up-regulation is abrogated in TLR2 knock-out mice. A, Nox2 mRNA expression in the L5 spinal cord segment after L5 SNT
was measured by real-time RT-PCR. Total RNA was isolated from the L5 spinal cord tissues of sham-operated control mice and SNT-injured mice (each group,
n � 3) at 12 h and 1 dpi (each time point, n � 3). The Nox2 transcript level is presented as the fold induction compared with the levels measured in the control
mice of each group. Data are represented as mean � S.E. (Student’s t test; *, p � 0.05; **, p � 0.01, versus sham control in each mice group; #, p � 0.05; ##, p �
0.01, versus TLR2 knock-out mice). B, the L5 spinal cord sections were prepared from WT, TLR2, TLR3, and TLR4 knock-out mice with or without L5 SNT (1 dpi)
and then used for immunostaining with Iba-1 and Nox2 antibodies. Representative spinal cord sections are shown (each group, n � 3; scale bar, 100 �m). C, to
confirm the specificity of Nox2 immunoreactivity, spinal cord sections from WT and Nox2 knock-out mice at 3 dpi were immunostained with anti-Nox2
antibody (scale bar, 100 �m). D, spinal cord sections were immunostained with antibody against 8-OHG, a nucleotide oxidation marker, at 3 dpi. Compared with
TLR2 knock-out mice, 8-OHG-IR in WT mice was dramatically increased following L5 SNT. The fluorescent intensity of 8-OHG-IR signals was measured and
presented as the fold induction compared with the corresponding level measured in sham-operated mice. Data are represented as mean � S.E. (Student’s t
test, ***, p � 0.001, versus sham control in WT mice, ###, p � 0.001, versus TLR2 knock-out mice, each group, n � 3; scale bar, 100 �m).
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MAPKmay increase Nox2 expression at the translational level
via eIF4E activation.
To determine whether p38 activation is also required for

nerve injury-induced Nox2 expression in spinal cord microglia
in vivo, we introduced SB202190 into the spinal cord intrathe-
cally. Upon SB202190 injection, nerve injury-inducedNox2 up-
regulation in the spinal cord microglia was nearly completely
abrogated (Fig. 6A). These data show that p38 activation is nec-
essary for nerve injury-induced Nox2 expression in spinal cord
microglia in vivo. TLR2 transmits intracellular signals via
MyD88 (20). In this regard, we tested whether MyD88 is
required for nerve injury-induced Nox2 expression using
MyD88knock-outmice.As expected, the spinal cordmicroglial
Nox2 expression was almost completely blocked in theMyD88

knock-out mice (Fig. 6B). Taken together, these data indicate
that peripheral nerve injury induces spinal cord microglial
Nox2 expression via TLR2-MyD88 signaling pathways.

DISCUSSION

The results from this study demonstrate that TLR2 is
required for Nox2 expression in spinal cord microglia after L5
spinal nerve injury, playing a critical role inmicroglia activation
and the subsequent induction of neuropathic pain (13). Our
data suggest thatNox2 gene expression in spinal cordmicroglia
is due to TLR2-MyD88 activation upon nerve injury. Interest-
ingly, although TLR2, -3, and -4 are all implicated in microglia
activation after peripheral nerve injury (8–10), the L5 SNT-

FIGURE 2. LTA stimulation induces Nox2 expression in spinal cord micro-
glia in vivo. A, At 12 h after intrathecal injection of 5 �l of LTA (50 �g/ml in
PBS, each group, n � 3) or vehicle (Veh, each group, n � 3), total RNA was
isolated from L5 spinal cord tissues and used to determine Nox2 mRNA
expression by real-time RT-PCR. Data are expressed as mean � S.E. (Student’s
t test, **, p � 0.01, versus vehicle control in WT mice group, ##, p � 0.01, versus
TLR2 knock-out mice). B, Nox2 protein expression in the ipsilateral L5 spinal
cord dorsal horn at 1 day (1 d) after 5 �l of LTA (50 �g/ml in PBS) or vehicle
intrathecal injection was evaluated by immunohistochemistry. Spinal cord
sections were immunostained with Nox2 and Iba-1 antibodies. Nox2-IR-sig-
nals were increased in Iba-1-IR microglia in WT mice after LTA administration,
but not in TLR2 knock-out microglia. Vehicle-injected mice served as the con-
trol and representative spinal cord sections are shown (each group, n � 3;
scale bar, 100 �m). Cont, control.

FIGURE 3. TLR2 is up-regulated in spinal cord microglia by L5 SNT. A, spinal
cord sections from sham-operated or L5 SNT-injured WT mice were immuno-
stained with TLR2 antibody. TLR2-IR signals were increased in the ipsilateral
spinal cord dorsal horn upon L5 SNT. To confirm the TLR2 antibody specificity,
spinal cord sections from TLR2 knock-out mice at 1 dpi were immunostained
with anti-TLR2 antibody (scale bar, 100 �m). B, spinal cord sections from L5
SNT-injured mice (1 dpi) were double-immunostained with antibodies
against TLR2 and a cell type-specific marker for microglia (Iba-1), astrocytes
(glial fibrillary acidic protein; GFAP), neurons (MAP2), and oligodendrocyte
precursor cells (NG2) (scale bar, 100 �m). TLR2-IR signals were detected only
in Iba-1-IR microglia.
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induced Nox2 up-regulation was only absent in TLR2 knock-
out mice. Meanwhile, Nox2 expression in TLR3 or 4 knock-out
mice was comparable to the levels found in WTmice. Even so,
nerve injury-induced spinal cord microglia activation and pain
induction were still compromised in TLR3 and -4 knock-out
mice, (9, 10). These data suggest that the pain-potentiating
mechanisms of TLR2, -3, and -4 are not redundant; TLR2 may
contribute to pain hypersensitivity via Nox2 induction in spinal
cord microglia, whereas TLR3 and -4 may affect central sensi-
tization via other pathways. Unlike TLR2, TLR3, and -4 trigger
intracellular signals via TIR-domain-containing adapter-in-
ducing interferon-� (TRIF) in addition to MyD88 (21), which
may explain the differences between them. In this regard, it will
be worthwhile to investigate if the SNT-induced neuropathic
pain is completely blocked in TLR2 and -3 or TLR2 and -4
double knock-out mice.
Although our data from the TLR2 knock-out mice point to

the important role of microglial TLR2 in Nox2 expression, at
this point, we cannot exclude the possibility that TLR2 on
peripheral immune cells may indirectly affect Nox2 expression
in spinal cord microglia. However, our study utilized intrathe-
cal LTA administration, which supposedly affects cells in the
spinal cord rather than peripheral immune cells, suggesting
that TLR2 activation in spinal cord cells leads to Nox2 induc-
tion in microglia. In conjunction with these data, our immuno-
histochemistry data illustrate that TLR2 is solely expressed on
microglia in the spinal cord but not in other spinal cord glia or
neurons. This is consistent with a previous report that showed

that TLR2 expression was only present in microglia of spinal
cord tissues from amyotrophic lateral sclerosis patients (22).
Given the cellular localization of TLR2 in the spinal cord, it is
reasonable to speculate that TLR2 activation on microglia by
intrathecal LTA injection directly activates Nox2 expression in
microglia. From these data, it can be inferred that TLR2 activa-
tion on spinal cord microglia leads to Nox2 expression after L5
SNT. However, it is not clear how microglial TLR2 is activated
during peripheral nerve injury. One possibility is that a certain
endogenous TLR2 ligand is released from damaged primary
afferent neurons after L5 SNT and thereby activates TLR2 on
spinal cord microglia. To date, various endogenous TLR2 ago-
nists have been documented, including heat shock proteins,
hyaluronic acid, and high mobility group box-1 protein (23).
However, there is no evidence implicating any of these TLR2
endogenous agonists in the development of nerve injury-in-
duced neuropathic pain. Instead, other putative microglia acti-

FIGURE 4. TLR2 stimulation induces Nox2 expression in spinal cord glial
cells. Primary spinal cord mixed glial cells (A) and primary microglia (B) were
stimulated with LTA (2 �g/ml) for 3 h. Total RNA was prepared from each
sample and used for real-time RT-PCR to measure Nox2 mRNA expression.
Three independent experiments were performed using primary cells cultured
from different donors. The Nox2 transcript level is presented as the fold
induction, and data are expressed as mean � S.E. (Student’s t test, **, p � 0.01;
***, p � 0.001). C, Nox2 protein expression was determined by Western blot
assay in primary spinal cord glial cells at 6 and 12 h after LTA (2 �g/ml) treat-
ment. �-Actin was used as a loading control. D, intracellular ROS production in
spinal cord glial cells was measured using cell permeable fluorescent dye,
CM-H2DCFDA (10 �M), after TLR2 stimulation. At 12 h after LTA (2 �g/ml)
treatment, intracellular ROS generation was increased in spinal cord glial
cells. Data are represented as mean � S.E. (Student’s t test, ***, p � 0.001).
Cont, control.

FIGURE 5. NF-�B and p38 MAP kinase activation is required for Nox2
expression after TLR2 stimulation. A, primary mouse brain glial cells were
stimulated with LTA (2 �g/ml) for 3 h in the presence or absence of the fol-
lowing NF-�B or MAPK inhibitors: helenalin (Hel; NF-�B inhibitor, 5 �M), U0126
(U; ERK inhibitor, 5 �M), SB202190 (SB; p38 inhibitor, 5 �M), and SP600125 (SP;
JNK inhibitor, 5 �M). The inhibitors were pretreated for 1 h prior to the LTA
stimulation. Total RNA was isolated from each sample and used to analyze
Nox2 mRNA transcript level by real-time RT-PCR. Data are expressed as
mean � S.E. (Student’s t test; ***, p � 0.001). B, brain glial cells were stimulated
with LTA (2 �g/ml) for 6 h with or without NF-�B or MAPK inhibitors. Cell
lysates were prepared from each sample and used for Western blot analysis to
measure Nox2 expression. Three independent experiments were performed,
and a representative Western blot image is shown. C, the band intensity of the
Nox2 protein was measured and presented as the fold increase compared
with the control, which was normalized to the intensity of �-actin (Student’s t
test; *, p � 0.05; ***, p � 0.001). D, brain glial cells were stimulated with LTA (2
�g/ml) for various time points. Cell lysates were used to measure phospho-
rylated eIF4E (p-eIF4E) by Western blot analysis. E, glial cells were stimulated
with LTA (2 �g/ml) for 1 h in the presence or absence of SB202190. p38 inhib-
itor was pretreated for 1 h before TLR2 stimulation. Three experiments were
independently performed, and a representative Western blot image is
shown. F, the band intensity of the p-eIF4E was measured and normalized to
the corresponding intensity of �-actin. Data are represented as fold increase
compared with the control (Cont; Student’s t test, ***, p � 0.001).
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vating molecules such as fractalkine, ATP, and glutamate have
been reported to be released from damaged sensory neurons
after nerve injury (6, 24). However, in our study, fractalkine,
ATP, and glutamate were not able to induce Nox2 mRNA
expression in primary spinal cord microglia (data not shown).
Thus, it is likely that, in addition to the above activators, cur-
rently unidentified endogenous TLR2 agonist molecules are
involved in spinal cord microglia activation during peripheral
nerve injury. Accordingly, future research to determine
whether any TLR2 endogenous agonist molecules are released
in the spinal cord dorsal horn upon peripheral nerve injury is of
importance.
To our knowledge, our in vitro study using primary cultured

microglia showed, for the first time, that TLR2 activation on
microglia is able to induce Nox2 gene expression. Additionally,
our results revealed that NF-�B and p38 MAP kinase differen-
tially regulate TLR2-induced Nox2 gene expression: NF-�B at
the transcriptional level versus p38 at the translational level.
Transcriptional regulatory mechanisms of Nox2 gene expres-

sion have been documented previously. For instance, interfer-
on-� (IFN-�) induces Nox2 expression in monocytes by phos-
phorylating PU.1 in the PKC-dependent pathway (25). In
addition, LPS/IFN-� stimulation can induce Nox2 expression
in monocytes via NF-�B activation (26). However, to our
knowledge, translational regulation of the Nox2 gene has not
been reported. Our in vitro data further contribute to the liter-
ature on the regulatory mechanisms of Nox2 gene expression
by elucidating novel regulatory mechanisms of Nox2 that is
dependent on the TLR2-p38 signaling pathway. Of note, in our
in vitro study, NF-�B inhibitor only partially inhibited TLR2-
induced Nox2 protein expression although it almost com-
pletely blocked mRNA induction. Although there is constitu-
tive Nox2 mRNA expression, it can be assumed that p38
activation alone, in the presence of NF-�B inhibitor, is able to
increase Nox2 protein by activating translation from the con-
stitutively expressed Nox2 mRNA. It is well known that p38
MAP kinase is activated in spinal cord microglia after nerve
injury (27). p38 activation is a key signaling event that leads to
pain-mediating gene expression in spinal cord microglia such
as the expression of proinflammatory cytokines, Cox2, and
inducible nitric oxide synthase after peripheral nerve injury and
the subsequent neuropathic pain induction (28). We have also
reported that Nox2-induced ROS production is required for
maximal proinflammatory cytokine expression in microglia
(13). Based on these reports, a hypothesis that merits further
investigation is that the previously established functions of p38
activation on proinflammatory cytokine expression and pain
hypersensitivity are at least partly due to its effects on Nox2
expression.
In conclusion, we found that TLR2 is required for Nox2

expression in spinal cord microglia after L5 SNT. Ultimately,
this finding suggests that the TLR2-MyD88-p38-Nox2 signal-
ing pathway plays an important role in spinal cord microglial
activation during the development of peripheral nerve injury-
induced neuropathic pain.
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