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 It  has  been reported that  spinal  cord microglia activation is  

cri t ical  for neuropathic pain by peripheral  nerve injury (PNI).  However,  

the mechanisms of microglia activation have not been completely 

elucidated. A recent  study showed that  interferon regulatory factor 8 

( IRF8) is  a  key transcription factor responsible for  the microglia  

activation due to PNI. Also, previous studies showed that  Toll -l ike 

receptor 2 (TLR2) is  involved in the PNI-induced spinal  cord microglia  

activation.  In this study, I investigated the role of  TLR2 in IRF8 



expression in spinal  cord microglia after PNI. Lipoteichoic acid (LTA), 

a TLR2 agonist ,  st imulation induced IRF8 expression in primary glial  

cells.  This induction needed p38 MAPK and NF-κB activation. In 

addit ion, depletion of  NADPH oxidase 2 (Nox2)-derived ROS blocked 

IRF8 expression. Lastly,  an intrathecal  injection of LTA induced IRF8 

mRNA expression in spinal  cord. Conclusively, these data show that 

TLR2 induces IRF8 expression in spinal cord microglia,  which may 

serve as a  mechanism for the PNI-induced IRF8 expression in the spinal  

cord microglia.  
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Ⅰ. Introduction 

 

Pain is a highly unpleasant sensory consequence that is triggered by noxious 

stimuli, inflammation, or damage to the nervous system (Scholz and Woolf, 2007). 

When the peripheral nerve is damaged, this often results in a neuropathic pain, which is 

characterized as abnormal chronic pain and a condition of pain hypersensitivity 

(Zimmermann, 2001). Many studies have demonstrated that the activation of spinal cord 

glia plays important roles in the development and maintenance of neuropathic pain after 

peripheral nerve injury (PNI) (Watkins et al., 2001). After PNI, spinal cord microglial 

cells are activated and produce proinflammatory cytokines and growth factors, such as 

TNF-, IL-1, IL-6, and BDNF (Coull et al., 2005; Kawasaki et al., 2008). These 

molecules facilitate pain hypersensitivity by inducing central sensitization at the spinal 

cord level. 

Under normal conditions, spinal cord microglia exist in a ramified form. 

Following PNI, microglia transform into an amoeboid form, as characterized by 

hypertrophy, proliferation, and the upregulation of various cell-surface activation 

molecules (Tsuda et al., 2005). One of these cell-surface activation molecules is toll-like 

receptor 2 (TLR2). TLR2 is a member of the Toll-like receptor (TLR) family. It 

recognizes pathogen-associated molecular patterns (PAMPs) that are expressed in 

infectious agents, and mediates the production of cytokines necessary for the 
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development of effective immunity (Akira and Takeda, 2004). It has been reported that 

TLR2 plays a critical role in nerve injury-induced spinal cord microglia activation and 

subsequent pain hypersensitivity (Kim et al., 2007). In TLR2-knockout mice, PNI-

induced pain hypersensitivity and microglia activation are reduced compared to wild-

type mice. However, it is not clear how microglial TLR2 is activated during PNI. 

Recently, it was reported that interferon regulatory factor 8 (IRF8) functions as a critical 

transcription factor activating microglia to a reactive phenotype after PNI (Masuda et al., 

2012). In this study, IRF8-deficient mouse showed decreased pain behavior and 

microglia activation after PNI. In addition, IRF8 overexpression in cultured microglia 

increased the transcription of genes associated with reactive states of microglia. 

Furthermore, introducing IRF8-overexpressing microglia spinally into wild-type mice 

led to the development of neuropathic pain. IRF8 is a transcription factor that is 

involved in the cellular response to IFN-(Ellis et al., 2010). IRF8 is expressed 

exclusively in hematopoietic cells, including cells of a monocyte/macrophage lineage, B 

lymphocytes, and activated T lymphocytes (Kantakamalakul et al., 1999; Nelson et al., 

1996). IRF8 regulates cell growth and induces genes that promote macrophage and 

dendritic cell differentiation (Wang and Morse, 2009). In spite of its critical function in 

nerve injury-induced spinal cord microglia activation, it is not clear how IRF8 is up-

regulated and activated in spinal cord microglia after PNI.  

It has also been proposed that reactive oxygen species (ROS) in the spinal cord 

is involved in the induction of neuropathic pain (Gao et al., 2007; Kim et al., 2004). 

ROS can be produced intracellularly through multiple mechanisms, the major sources 
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being mitochondria, peroxisomes, endoplasmic reticulum and the NADPH oxidase (Nox) 

complex in cell membranes (Apel and Hirt, 2004). In addition, it was reported that Nox2 

expression is increased in spinal cord microglia after PNI (Kim et al., 2010). 

Furthermore, Nox2-derived ROS is required for PNI-induced microglia activation and 

pain hypersensitivity. It was later reported that TLR2 is required for Nox2 expression in 

spinal cord microglia after PNI (Lim et al., 2013). Based on these studies, which imply 

TLRs as microglial activation receptors that respond to nerve injury, I hypothesized that 

TLRs are involved in nerve injury-induced IRF8 expression in spinal cord microglia. To 

assess this hypothesis, I tested if any TLR agonist molecule can induce IRF8 expression 

in primary cultured glial cells. In addition, I investigated the intracellular signaling 

pathways involved in the IRF8 expression in glial cells. My data show that TLR2 

stimulation induces IRF8 expression in spinal cord microglia, and that Nox2-derived 

ROS production is required for this IRF8 expression. 
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Ⅱ. Materials and Methods 

Animals and Surgery 

All surgical and experimental procedures 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 at a temperature of 23±2 ℃. They experienced a 12-h 

light-dark cycle, and they were fed food and water ad libitum. C57BL/6 mice aged 8-12 

weeks were used for experimentation. Peripheral nerve injury was induced by 

transecting the L5 spinal nerve (L5 SNT) under the anesthetized condition with 

pentobarbital sodium (50 mg/kg, i.p.) as described previously (Kim et al., 2010). In brief, 

an incision was made to the skin from spinal processes at L4 to S2 levels. The paraspinal 

muscles were separated, and the L6 transverse process was partially removed. Then, the 

L5 spinal nerve was separated and transected. The wound was irrigated with Povidone-

iodine and closed in two layers with surgical staples. 

Immunohistochemistry 

Mice were deeply anesthetized with sodium pentobarbital (50 mg/kg, 

intraperitoneal (i.p.)), and they were perfused transcardially with 4% PFA in 

0.1Mphosphate buffer (pH 7.4). The spinal cord was removed by laminectomy, 
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postfixed at 4 ℃ overnight, and transferred to 30% sucrose in PBS for 48 h. Spinal 

cord transverse sections (14-m thick) were prepared on gelatin-coated slide glass using 

a cryocut microtome. The sections were blocked in solution containing 5% normal 

donkey serum (Jackson ImmunoResearch, Bar Harbor, ME, USA), 2% BSA (Sigma, St. 

Louis, MO, USA) and 0.1% Triton X-100 (Sigma) for 1 h at room temperature. The 

sections were then incubated for 48 hours at 4 ℃ with primary antibody for rabbit-

anti–Iba-1 (1:2,000, Wako, Osaka, Japan), goat-anti-IRF8 (1:200, Santa Cruz 

Biotechnology, CA, USA). The sections were then incubated for 1 h at room 

temperature with a mixture of FITC-conjugated and Cy3-conjugated secondary 

antibodies (1:200, Jackson ImmunoResearch). The sections were mounted, and 

fluorescent images were obtained using a confocal microscope (LSM700, Carl Zeiss, 

Oberkochen, Germany). Fluorescent signal intensity was quantified using ImageJ 

software (National Institutes of Health, Bethesda, MD, USA). 

Primary cell culture 

Primary rat spinal cord glial cells were prepared from 7-day-old Sprague-

Dawley rats as previously established procedures (Kim et al., 2007; Lim et al., 2013). 

Briefly, after anesthetized, spines were cut out from 0.5 cm above the tail, a syringe with 

phosphate-buffered saline was inserted, and the spinal cord was pushed out by hydraulic 

pressure. After removal of the meninges, the spinal cord was triturated by repetitive 

pipetting and seeded in 75-cm
2
 flasks. Cells were cultured in Dulbecco’s modified 

Eagle’s medium supplemented with 1 mM HEPES, 10% fetal bovine serum, 2 mM 
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glutamine, and 1X antibiotic/antimycotic. After 2 weeks, the cells were seeded in 6-well 

plates and used for experiments. 

Real-time RT-PCR 

Real-time RT-PCR was performed using the SYBR Green PCR Master Mix 

and an ABI Prism 7500 sequence detection system (Applied Biosystems, Foster City, 

CA). 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’; rat IRF8 (forward), 5’-GCC GTT CAG AGA TCG 

AGG AG-3’; rat IRF8 (reverse), 5’-CAG CTT GCC CCC GTA GTA AA-3’; mouse 

IRF8 (forward), 5’-GGC AGT GGC TGA TCG AAC A-3’; mouse IRF8 (reverse), 5’-

GGT CTT CTC ATC ATT TTC CCA GA-3’; The level of each gene was normalized to 

the levels of the rat GAPDH or mouse GAPDH gene and represented as a -fold 

induction. The -fold induction was calculated using the 2
-∆∆CT

 method (Livak and 

Schmittgen, 2001). All real-time RT-PCR experiments were performed at least three 

times, and the mean ± S.E. values have been presented unless otherwise noted. 

Western blot analysis 

Primary rat spinal cord glial cells stimulated with lipoteichoic acid (LTA, 

Sigma) for various periods of time were harvested with lysis buffer (50 mM Tris-Cl, pH 

7.5, 150 mM NaCl, 1% Triton X-100, 10% glycerol, and protease inhibitor mixture). A 

total of 30  of cell lysate from each sample was resolved by electrophoresis on a 10% 
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SDS-PAGE. The proteins were then transferred to nitrocellulose membranes and 

blocked with 5% nonfat dry milk in Tween 20-containing Tris-buffered saline (TBST, 20 

mM Tris, pH 7.4, 0.1% Tween 20, and 150 mM NaCl). The membranes were probed 

overnight with primary antibody for IRF8 (1:1000, Santa Cruz Biotechnology) at 4 ℃, 

followed by incubation with horseradish peroxidase-conjugated secondary antibody at 

room temperature for 1 h prior to ECL treatment. The signal was detected by 

MicroChemi (DNR Bio-imaging Systems, Jerusalem, Israel). For the normalization of 

the antibody signal, the membranes were stripped and reprobed with antibody for -

actin (1:2000, Sigma). 

Intrathecal LTA injection 

For the administration of LTA, mice were injected under pentobarbital sodium 

anesthesia (25 mg/kg, i.p.) by direct lumbar puncture between the L5 and L6 vertebrae 

of the spine, using a 10 l Hamilton syringe (Hamilton Company, Reno, NV, USA) with 

a 30-gauge one-half-inch needle. 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 ℃ before use to prevent LPS contamination. 

The success of the intrathecal injection was assessed by monitoring the tail-flicking 

response of the animal when the needle penetrated the subarachnoid space. 
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Ⅲ. Results 

IRF8 is up-regulated in spinal cord microglia by L5 spinal nerve 

transection (SNT) 

 L5 spinal nerve transection, a well-known mouse neuropathic pain model, was 

operated to test if IRF8 is induced in spinal cord microglia after PNI. At 3 days after 

SNT, IRF8 mRNA expression was increased in L5 spinal cord region of wild-type (WT) 

mice by 2.5-fold compared with sham-operated control mice (Fig. 1B). To characterize 

IRF8-expressing cell type in the spinal cord after SNT, I immunostained spinal cord 

tissue with cell type-specific antibodies. The IRF8 immunoreactive signals were 

detected mainly in Iba1
+ 

microglia in the spinal cord 3 and 7 days post-injury (Fig. 1A). 

TLR2 and TLR4 agonists induce IRF8 expression in primary 

spinal cord glia 

 To investigate the putative molecules that are involved in IRF8 expression in 

spinal cord microglia after PNI, I stimulated primary mixed glial cells cultured from rat 

spinal cord with various microglia activating molecules such as lipoteichoic acid (LTA), 

a TLR2 agonist, Polyinosinic-Polycytidylic acid (poly (I:C)), a TLR3 agonist, 

lipopolysaccharide (LPS), a TLR4 agonist, ATP and glutamate. All these molecules are 

implicated in the nerve injury-induced spinal cord microglia activation (Milligan and 

Watkins, 2009; Obata et al., 2008; Tanga et al., 2005). Microglia are reported to express 
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TLRs 1-9, and TLR family has been linked to the microglial activation and 

neurotoxicity (Lee and Lee, 2002; Okun et al., 2009). Excessive glutamate and ATP also 

activate spinal cord microglia. In this study, poly (I:C), ATP, and glutamate treatment did 

mot induce IRF8 mRNA expression in the spinal cord microglia. LTA and LPS 

stimulation, however, increased IRF8 mRNA expression by more than 8-fold in primary 

spinal cord glia (Fig. 2). These data show that TLR2 and TLR4 stimulation induce IRF8 

expression in spinal cord glial cells. 

p38 MAP kinase and NF-B activations are required for the 

IRF8 expression after TLR2 stimulation 

Between these two candidate signals inducing IRF8 in spinal cord microglia, I 

focused on TLR2 to further investigate the intracellular signaling pathways underlying 

the IRF8 gene expression. It is well-known that TLR2 induces the activation of MAP 

kinases and NF-B in microglia (Akira and Takeda, 2004). The involvement of these 

signaling molecules in the TLR2-activated IRF8 gene expression was tested by using 

pharmacological inhibitors. LTA stimulation increased IRF8 mRNA expression by more 

than 15-fold in primary spinal cord glia. The induction level was not much affected by 

pretreatment of U0126, an ERK inhibitor, or SP60015, a JNK inhibitor. However, 

pretreatment of Helenalin, a NF-B inhibitor, and SB202190, a p38 inhibitor, almost 

completely blocked the LTA-stimulated IRF8 expression (Fig. 3). These data show that 
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p38 and NF-B activations are required for the TLR2-induced IRF8 expression in the 

spinal cord microglia. 

ROS depletion and Nox2 inhibition reduce IRF8 expression in 

primary spinal cord glia. 

 Nox2-derived ROS is required for the microglia activation and pain 

hypersensitivity by PNI (Kim et al., 2010). To test the effects of Nox2-derived ROS on 

IRF8 expression by TLR2 stimulation, I depleted of ROS by using N-tert-Butyl- -

phenylnitrone (PBN) and N-acetyl-L-cysteine (NAC), ROS scavengers. Upon 

pretreatment with these scavengers, TLR2 stimulation-induced IRF8 expression was 

significantly reduced dose dependently (Fig. 4A and B). To verify if these ROS are 

generated by Nox2, Nox2 activation was inhibited using apocynin, a Nox inhibitor. 

When cells were pretreated with apocynin, the TLR2-induced IRF8 mRNA expression 

was almost completely abrogated (Fig. 4C). Similarly, the pharmacological ROS 

depletion and Nox inhibition also decreased the TLR2-activated IRF8 protein levels in 

the spinal glial cells, which were measured by western blot assay (Fig. 4D and E). These 

data demonstrate that Nox2-derived ROS is required for the TLR2-induced IRF8 

expression in spinal cord glial cell. 

LTA stimulation induce IRF8 expression in spinal cord in vivo 

To test if TLR2 stimulation induces IRF8 expression in spinal cord in vivo, 

LTA, a TLR2 agonist, was introduced intrathecally in WT mice. At 6 h after LTA 
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injection, IRF8 mRNA was upregulated by 2-fold in the spinal cord compared to the 

PBS injected control mice (Fig. 5). These data indicate that TLR2 stimulation is 

sufficient to induce IRF8 expression in spinal cord in vivo. 
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Fig. 1. IRF8 is upregulated in spinal cord microglia by L5 SNT. (A) L5 spinal cord 

sections were prepared from sham or SNT mice, and then used for immunostaining with 

IRF8 and Iba-1 antibodies. Representative spinal cord sections are shown (each group, n 

= 3). (B) IRF8 mRNA expression in L5 spinal cord segment after SNT was measured by 

real-time RT-PCR. Total RNA was isolated from L5 spinal cord tissues of uninjured 

control mice and SNT-injured mice (each group, n = 3) at 3 day. The IRF8 transcript 

level is presented as fold induction compared to the levels of sham-operated mice. Data 

are represented as mean ± S.E.  
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Fig. 2. TLR2 and TLR4 agonists induce IRF8 expression in primary cultured glial 

cell. Primary spinal cord glial cells were stimulated with LTA (1 g/ml), P(I:C) (20 

g/ml), LPS (10 ng/ml), ATP (100 M) and Glu (Glutamate, 100 M) for 3 h. total RNA 

was prepared from each sample and used for real-time RT-PCR to measure IRF8 mRNA 

expression. IRF8 transcript level is presented as fold induction and data are expressed as 

mean ± S.E.  
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Fig. 3. p38 MAP Kinase and NF-B activation is required for IRF8 expression after 

TLR2 stimulation. Primary cultured glial cells were stimulated with LTA (1 g/ml) for 

3 h in the presence or absence of the following 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 IRF8 mRNA transcript level by real-time RT-PCR. Data are 

expressed as mean±S.E. 
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Fig. 4. ROS depletion and Nox2 inhibition reduce IRF8 expression in primary 

cultured glial cell. (A-C) Primary cultured glial cells were incubated with LTA (1 g/ml) 

for 3 h with or without ROS scavenger PBN (A), NAC (B) and Nox inhibitor Apo (C). 

Total RNA was isolated from each sample and used to analyze IRF8 mRNA transcript 

level by real-time RT-PCR. (D) The scavengers and inhibitor were pretreated for 1 h 

prior to LTA stimulation at suboptimal dose (PBN ; 5 mM, NAC ; 10 mM, Apo ; 150 

M). Cell lysates were prepared from each sample and used for western blot analysis to 

measure IRF8 expression.  Representative western blot image is shown. (E) Band 

intensity of the IRF8 protein was measured and presented as fold increase compared 

with control, which was normalized to the intensity of -actin. 
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Fig. 5. LTA stimulation induced IRF8 expression in spinal cord in vivo. At 6 h after 

i.t. injection of 5 l of LTA (50 g/ml in PBS, n = 3) or CTL (PBS, n = 3). Total RNA 

was isolated from L5 spinal cord tissues and used to determine IRF8 mRNA expression 

by real-time RT-PCR.  
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 Ⅳ. Discussion 

Although IRF8 is reported as a critical transcription factor for microglia 

activation after PNI, yet the IRF8 upregulation mechanisms are not fully understood. In 

this study, I report for the first time that TLR2 stimulation induces IRF8 expression in 

spinal cord microglia, which plays a critical role in microglia activation. However, it is 

not clear whether TLR2 activation in spinal cord microglia induces IRF8 expression by 

PNI in vivo. To address this issue, it is necessary to test if IRF8 is upregulated in TLR2-

knockout mice after PNI. 

In my report to elucidate the mechanism underlying SNT-induced IRF8 

expression, I used rat spinal cord mixed glia in vitro. There are three types of glia in the 

spinal cord; microglia, astrocyte, and oligodendrocyte. Besides microglia, astrocyte and 

oligodendrocyte also express TLR2 in vitro cultures (Bsibsi et al., 2002); thus, it has to 

be tested whether microglia is the only source of IRF8 using a pure culture system or a 

microglia cell line. 

To date, various candidates have been implicated in signal transmissions from 

injured peripheral nerves to spinal cord microglia. For example, fractalkine, ATP, and 

glutamate were reported to be released from damaged sensory neurons (Milligan and 

Watkins, 2009; Verge et al., 2004). In my study, ATP and glutamate were not able to 

increase IRF8 mRNA expression in primary spinal cord glial cells (Fig. 2). Thus, it is 
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necessary to identify which endogenous molecule is released from a damaged neuron 

after nerve injury and then activates spinal cord microglia. 

It has also been reported that TLR2 stimulation induces Nox2 activation, and 

ROS generated from the Nox2 plays a causal role in microglia activation and the 

development of neuropathic pain. ROS is a key signaling molecule involved in various 

processes, including in the defense mechanisms against pathogen infection and 

programmed cell death. ROS is able to change gene expression by activating MAPK and 

transcription factors (Apel and Hirt, 2004). In this study, SB202190 and helenalin 

inhibited LTA-induced IRF8 mRNA expression in primary glial cell. In addition, ROS 

depletion through a treatment with ROS scavengers PBN and NAC, and the Nox 

inhibitor, apocynin also completely blocked IRF8 mRNA and protein expression. 

Moreover, it was previous reported that p38 MAPK activation is required for LTA-

induced Nox2 protein expression (Lim et al., 2013). For a better understanding of the 

detailed signaling pathways between ROS and p38 MAPK, I am planning additional 

experiments using various pharmacological inhibitors, which may thoroughly elucidate 

the intracellular signaling pathways leading to IRF8 gene expression. 

In conclusion, I found that TLR2 stimulation induces IRF8 expression in spinal 

cord microglia. This finding suggests that the TLR2-Nox2-ROS-IRF8 signaling pathway 

contributes to spinal cord microglia activation after peripheral nerve injury.  
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Ⅵ. 국문초록 

 말초신경손상에 의한 신경병증성 통증에서 척수 소교세포의 

활성화가 중요한 역할을 수행한다는 사실이 많은 선행 연구자들에 의해 

밝혀졌다. 하지만 척수 소교세포의 활성화 기전에 대해서는 아직까지 정확히 

알려져 있지 않다. 최근 소교세포를 활성화 시킬 수 있는 전사조절인자로써 

인터페론조절인자 8이 학계에 보고되었다. 또한 톨유사수용체 2가 말초신경 

손상에 의한 척수 소교세포의 활성화에 중요하다는 사실이 선행 연구에 의해 

보고되었다. 본 연구에서는 말초신경 손상에 의해 척수 소교세포에서 

인터페론조절인자 8의 발현이 증가되는데 있어서, 척수 소교세포의 활성화에 

수반되는 것으로 알려진 톨유사수용체 2의 관여 여부에 대해 조사하였다. 

톨유사수용체 2의 자극제로 잘 알려진 LTA 처리 시 초대 배양한 척수 

교세포에서 인터페론조절인자 8의 발현이 증가 하였고 이 증가를 위해 p38 

분열물질-활성화단백질인산화효소와 NF-B 전사조절인자의 작용이 

중요하다는 사실을 확인하였다. 또한 이미 소교세포 활성화에 중요하다고 

알려진 NADPH 산화효소 2에 의해 생산된 활성산소를 고갈시킨 결과 

인터페론조절인자 8의 발현을 완전히 억제 시킬 수 있었다. 마지막으로 

LTA를 직접 척수로 주사하였을 경우에도 척수에서 인터페론조절인자 8의 

발현이 증가하는 것을 확인하였다. 결론적으로 톨유사수용체 2가 

인터페론조절인자 8의 발현을 중재하여 척수 소교세포의 활성화에 기여할 수 
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있다. 
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