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ABSTRACT 

 

Role of toll-like receptor 3 and NF-B signaling in Schwann cell 

activation in peripheral nerve injury 

 

Hyunkyoung Lee 

 

Schwann cells are glial cells of the peripheral nervous system (PNS) 

that support neurons by forming myelin. In peripheral nerve injury, Schwann 

cells are essential for the Wallerian degeneration and nerve regeneration. 

Despite extensive researche, the role and mechanism of Schwann cell activation 

in peripheral nerve damage have not been well elucidated. 

 

In chapter 1, I elucidated the mechanism of toll-like receptor 3 (TLR3)-

induced Schwann cell activation. I found that TLR3 was constitutively 

expressed in Schwann cells. Stimulation with a poly(I:C) induced the 

expression of the inducible nitric oxide synthase (iNOS) gene in Schwann cells. 

Studies on the intracellular signal transduction pathways using an immortalized 

Schwann cell line revealed that dsRNA induces the activation of NF-B, p38, 

and c-Jun N-terminal kinase (JNK). The activation of NF-B, p38, JNK, and 

dsRNA-dependent protein kinase is required for the dsRNA-mediated iNOS 

gene expression. However, the activation of PI3 kinase and GSK-3 inhibited 

iNOS gene induction, a process mediated by their inhibitory effects on NF-B 

and p38 activation. The dsRNA-induced NO production caused neuronal cell 

death in cultured dorsal root ganglion. Finally, I observed that the introduction 
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of dsRNA into the rat sciatic nerve induced iNOS gene expression and 

peripheral nerve demyelination in vivo. 

In chapter 2, I investigated the role of vasoactive intestinal peptide 

(VIP) in TLR3-mediated Schwann cell activation. In this study, I found that two 

VIP receptors VPAC1 and VPAC2 were constitutively expressed in rat 

Schwann cells. VIP pretreatment inhibited TLR3-induced iNOS gene 

expression and NO production in Schwann cells. Studies on the intracellular 

signal transduction pathways indicate that the VIP effect is mediated by protein 

kinase A activation. VIP also inhibited the poly(I:C)-induced p38 activation 

that is responsible for the iNOS gene expression in Schwann cells. Finally, VIP 

inhibited dorsal root ganglion neuronal cell death caused by NO produced in 

activated Schwann cells. 

In chapter 3, I studied the in vivo role of NF-B signaling in Schwann 

cells in nerve regeneration. For this study, I generated a Schwann cell-specific 

Ikk gene conditional knockout mouse (Ikkf/f/CNPcre
+/-

; cKO). This deletion 

reduced IKK activity in cultured primary Schwann cells by up to 95% 

compared with Ikkf/f (wild-type; wt). After sciatic nerve crush, cKO mice 

showed a reduced number of regenerating myelinated axons and delayed sciatic 

nerve regeneration compared with wt mice. Also, injury sites of cKO mice 

increased the number of accumulated macrophages compared with wt mice. I 

also examined the expression of nerve myelination-associated genes such as 

MBP in Schwann cells in vivo. The sciatic nerve injury-induced nerve 

myelination-associated gene expression was reduced in cKO mice. Furthermore, 

migration of Schwann cells on neuronal growth factors was dramatically 

decreased their migration compared with imhibited NF-B signaling. 
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In conclusion, the present study demonstrates that TLR3-mediated 

Schwann cell activation contributes to iNOS-induced Wallerian degeneration 

and DRG neuronal cell death. In addition, VIP exerts a neuroprotective effect 

by inhibiting neurotoxic Schwann cell activation. Finally, NF-B-dependent 

Schwann cell activation is required for Wallerian degeneration and axonal 

regeneration after peripheral nerve injury. These results suggest that targeting 

TLR3- and/or NF-B- dependent innate immune response in Schwann cells 

may be an effective therapeutic treatment in peripheral nerve damage due to 

excitotoxic stimuli and traumatic injury.  

 

Key Words:  

Schwann cells, Toll-like receptor 3, NF-κB, iNOS, VIP, Wallerian degernation, 

Neuronal cell death, Axonal regeneration  
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BACKGROUND 

 

1. Peripheral Nerve Injury 

 Peripheral nerves can sustain injury from a number of causes, including 

accidents or trauma. Following peripheral nerve injury, nerve regeneration can 

be divided into the following major events: Wallerian degeneration, axon 

regeneration/growth, and nerve remyelination. The events that occur in 

peripheral regeneration occur with respect to the axis of the nerve injury. The 

distal stump refers to the end of the injured neuron that is still attached to the 

end of the axon; it is the part that will degenerate. Schwann cells play a large 

role in converting the hostile post-injury environment into one that is 

favourable for axonal regeneration (Fig. 1). 

 

1.1. Wallerian degenration 

Wallerian degeneration is one of the most elementary reactions of the 

peripheral nervous system. It occurs when nerve fibre continuity is interrupted 

through traumatic, toxic, ischemic or metabolic events. These are steps where 

the axons and myelin distal to the injury site degenerate and their debris is 

quickly cleared (Rotshenker, 2011). It is important that the degenerated myelin 

is cleared because myelin contains inhibitory molecules that prevent axonal 

growth (He and Koprivica, 2004). Timely clearance of debris allows axons the 

opportunity to grow. Axonal and myelin debris presents an important trigger for 

an activation of Schwann cells and macrophages, myelin degradation, 

macrophagerecruitment and phagocytosis and the formation of an axon growth 
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permissive environment (Stoll et al., 1989; Shamash et al., 2002; Griffin and 

Thompson, 2008). 

Axonal degeneration is an active, intrinsic process of self-destruction, 

which, when initiated, proceeds independently of non-neuronal cells 

surrounding the axon (Saxena and Caroni, 2007). Impaired axonal transport 

probably triggers axonal degeneration (Mack et al., 2001). Next steps of axonal 

degeneration involve an increase in free intracellular Ca2
+
 and the activation of 

calpains leading to a massive decrease of microtubular and neurofilament 

protein levels (Glass et al., 2002; Coleman, 2005) and to axonal fragmentation 

within 48 h (Beirowski et al., 2005). This suggests that axonal fragmentation 

and the degradation of neurofilament proteins is in progress before significant 

recruitment of macrophages, which finally clear the distal stump of axonal and 

myelin debris. Schwann cells, having lost axonal contact, are able to isolate 

small whorls of myelin and generate lipid droplets (Stoll et al., 1989). 

Fragmentation of the myelin sheath into early ovoids beforethe arrival of 

macrophages indicates that Schwann cells can initiate degeneration of their own 

myelin sheaths after axotomy (Hartung et al., 1992). Schwann cells carry out 

the first step in the myelinsheath evacuation by myelin fragmentation. Then, the 

degradedmyelin is phagocytized by the recruited macrophages to effect full 

myelin clearance (Stoll et al., 1989; Bruck, 1997; Stoll and Muller, 1999). 

When Schwann cells clear axonal debris, they upregulate cytokines and 

chemokines that play a key role in chemotaxis of macrophages. In addition, 

pro-inflammatory cytokines increase vascular permeability to promote the 

recruitment of immune cells into injured nerve. It is generally accepted that 

TNF- and IL-1 play a crucial role in the initiation of degenerative processes 

after peripheral nerve injury, including in macrophage recruitment (Gillen et al., 
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1998; Liefner et al., 2000; Shamash et al., 2002; Perrin et al., 2005). The 

mechanisms of early upregulation of cytokines and chemokines in Schwann 

cells and their involvement in macrophage recruitment are still largely unknown. 

It seems that early cytokine expression in Schwann cells can be mediated by 

calpain produced by injured axons (Uceyler et al., 2007) or by toll-like 

receptors (TLRs). TLRs are able to recognize both exogenous as well as 

endogenous stresses, such as infections, injury, dying cells or ECM degradation 

(Takeda et al., 2003). Recently, it has been reported that cell debris can induce 

the expression of TLRs in Schwann cells (Lee et al., 2006; Deng and Zhou, 

2007). 

 

1.2. Peripheral nerve regeneration 

Nerve regeneration is much more effective in the PNS than in the CNS. 

Although peripheral axons are able to regenerate and form functional 

connections, several factors (such as type of injury) determine the extent of 

functional outcome after repair. Schwann cells play a major role in peripheral 

nerve regeneration. Within the distal nerve stump, Schwann cells undergo 

several changes that are required to support axon outgrowth. After the initial 

injury, Schwann cells transdifferentiate, lose their myelinating phenotype, and 

become repair cells. Their expression of myelin protein is downregulated, and 

growth-promoting genes, including those encoding cell adhesion molecules, 

growth factors and their receptors, are upregulated (You et al., 1997; Hoke et al., 

2002; Chen et al., 2007). These changes in Schwann cells after injury might be 

actively triggered by an injury signal, or might occur as a result of loss of 

axonal signals. 
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 Two to three days after axonal injury, Schwann cells proliferate. They 

divide longitudinally along the basal lamina creating Büngner Bands, paths for 

axons to follow as they regrow (Stoll et al., 1989). Both myelinating and non-

myelinating Schwann cells proliferate and assist with regeneration (Murinson et 

al., 2005). Schwann cells aid in clearing the environment of inhibitory myelin 

signals and also act to improve the environment into one that is conducive to 

axonal growth. When axons degenerate and Schwann cells lose contact with 

them, the Schwann cells de-differentiate into an immature Schwann cell-like 

state. In this state they can proliferate and express factors that are conducive to 

axonal growth (Mirsky et al., 2008). They secrete erythropoietin after injury, 

which is neuroprotective, to prevent axon degeneration. (Hoke and Keswani, 

2005). They release neurotrophins to promote axonal growth, such as nerve 

growth factor (NGF), brain-derived neurotrophic factor (BDNF), and glial cell 

line-derived neurotrophic factor (GDNF). Schwann cells also help guide these 

newly regenerating axons by secreting the adhesion molecules L1 and Ncam. 

These factors guide axons through the Büngner Bands (Hirata and Kawabuchi, 

2002; Chen et al., 2007). De-differentiated Schwann cells can re-differentiate 

into myelinating Schwann cells and myelinate the newly regenerated axons, 

thereby completing regeneration (Mirsky et al., 2008). 

 

2. Toll-Like Receptors 

Toll-like receptors (TLRs) are pattern-recognition receptors (PRRs) that 

are expressed on innate immune cells and recognize pathogen-associated 

molecular patterns (PAMPs) (Medzhitov, 2001). The Toll gene was originally 

identified in Drosophila as an essential gene regulating the development of the 

dorsal-ventral axis during embryogenesis (Hashimoto et al., 1988). The human 
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homologue of Toll was later identified and named the Toll-like receptor. There 

are at least 13 murine TLRs which are integral membrane proteins with a 

leucine-rich extracellular domain and a cytoplasmic domain similar to that of 

the interleukin-1 receptor (Kielian, 2009). It is well known that TLRs recognize 

pathogen-derived exogenous ligands such as lipopolysaccharide (LPS), double-

stranded RNA (dsRNA), flagellin, and unmyelinated CpG DNA (Medzhitov, 

2001) (Fig. 2). Upon binding to their respective ligands, TLRs transmit 

intracellular signals that induce the expression of inflammatory genes, 

eventually leading to an innate immune response. On innate immune system, 

TLR activated cells were triggered intracellular signaling pathway including 

MAP kinases activation, transcription factors such as NF-B. These 

intracellular signaling activations provide pro-inflammatory molecules such as 

pro-inflammatory cytokines, chemokines, and iNOS. Interestingly, recent 

studies are accumulating which supports the idea that not only are TLRs 

triggered by PAMPS, but they may also be triggered by endogenous molecules 

that are exposed to the innate immune cells during tissue injury. Endogenous 

TLR ligands include low molecular weight hyaluronic acid (HA), fibrinogen, 

fibronectin, beta defensins and heparin sulphate proteoglycans (Kariko et al., 

2004a; Marsh et al., 2009). During tissue injury or proteolysis in absence of 

infections, extracellular matrix components undergo cleavage and act as TLR 

ligands, thus initiating TLR signaling. These observations suggest that TLRs 

may also function as receptor detecting cell/tissue damages and thereby 

including “danger signals” in our body (Beg, 2002; Matzinger, 2002). 

Recognition of these damage-associated molecular patterns (DAMPs) by TLRs 

triggers sterile inflammatory responses, which have relevance in various 

neurological disorders. 
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2.1.  TLRs expression in nervous system 

In mammalians, TLRs are primarily expressed in peripheral immune 

cells such as dendritic cells and macrophages (Medzhitov, 2001). Recently 

reported that they are also expressed in glial cells such as microglia, astrocyte 

and oligodendrocyte in central nervous system and Schwann cells in peripheral 

nervous system (Kielian, 2009). Thus, it was expected that this glial cell type is 

well-equipped with toll-like receptors for detecting pathogen infection and 

tissue damage. 

Microglia expresses a wide array of TLR mRNA in both mice (Lee and 

Lee, 2002; Olson and Miller, 2004) and humans (Bsibsi et al., 2002). A recent 

study showed that TLR1-9 are expressed in microglia except TLR10 (Lee and 

Lee, 2002; Jack et al., 2005). Upon activation with TLR ligands, TLR mRNA 

and protein expression in microglia is increased and a milieu of cytokines and 

chemokines are secreted (Kielian et al., 2005). Similar to microglial cells, 

astrocytes express different members of TLRs. Astrocyte are expressed TLR 1-

7, 9 and 10 in human primary astrocyte cultures (Jack et al., 2005), TLR1-6 in 

rodents primary astrocyte cultures (Bowman et al., 2003). Compared to other 

cell types, very little is known regarding the expression and function of TLRs in 

oligodendrocytes. The expression of TLR2 and TLR3 mRNA was reported in 

primary cultured human oligodendrocytes (Bsibsi et al., 2002) and TLR2, 3, 

and 4 were documented in in vitro cultured oligodendrocyte precursor cells 

(OPCs) (Oliveira et al., 2003; Bsibsi et al., 2012). Recent studies show that 

certain TLR members are not only expressed on glial cells, but also on neurons. 

Human neuronal cell lines (NT-2), a transformed teratoma forming cell line 

with a neuronal-like phenotype, express mRNA for TLR1, 2, 3, and 4 (Prehaud 
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et al., 2005). Another report showed the expression of the mRNA for TLR1-9 as 

well as protein levels of TLR 2, 3 and 4 in rat primary neuronal cultures (Tang 

et al., 2007). In addition, it was reported that TLR11, 12, and 13 were 

constitutively expressed in neurons in a murine model of neurocysticercosis 

(Mishra, B. B2008). In the PNS, TLR3, -4, and -8 have been reported to be 

expressed in DRG neurons and trigeminal sensory neurons (Ma et al., 2006; 

Wadachi and Hargreaves, 2006; Cameron et al., 2007). These data suggest that 

neurons may also be involved in neuroinflammation or that PAMPs or DAMPs 

released during infection and injury may directly affect neurons via TLRs. 

 

2.2.  TLRs expression in Schwann cells 

TLR expression in Schwann cells was expected given that Schwann 

cells respond to LPS (Skundric et al., 1997) and TLR4 is a signaling receptor 

for LPS (Poltorak et al., 1998). However, direct evidence of TLR expression in 

Schwann cells had not been reported until the study by Oliveira et al. (Oliveira 

et al., 2003), that demonstrated expression TLR2 in primary cultured human 

Schwann cells and in Schwann cells from skin lesions of a leprosy patient. 

Recent studies also characterized the expression of TLRs in rat Schwann cells, 

and found that not only TLR2 and 4 but also TLR3 are highly expressed in 

primary rat Schwann cells at the mRNA and protein levels (Lee et al., 2007). 

Unlike in oligodendrocytes, TLR activation in Schwann cells usually induced 

proinflammatory Schwann cell activation. TLR4 activation by LPS was found 

to induce TNF- and IL-1 expression (Colomar et al., 2003; Cheng et al., 

2007), as well as NO production (Zhang et al., 2010). These data imply that 

Schwann cells not only function as myelin-forming cells, but may also play a 

role as sentry cells in the peripheral nervous system (PNS). Thus, TLR2-4 may 



 9 

be utilized on Schwann cells to detect pathogen infection or tissue damage and 

thereby initiate inflammatory responses or tissue repair in the PNS. 

 

2.3 TLRs in peripheral nerve injury 

After a traumatic injury, Wallerian degeneration begins with axon 

degeneration in the PNS (Vargas and Barres, 2007). These are steps where the 

axons and myelin distal to the injury site degenerate and their debris is quickly 

cleared (Waller, 1850). In the PNS, macrophages and Schwann cells clear 

debris. It is important that the degenerated myelin is cleared because myelin 

contains inhibitory molecules that prevent axonal growth (He and Koprivica, 

2004). In distal axons, Schwann cells first respond to the nerve injury and 

become de-differentiated or activated (Stoll et al., 2002). Activated Schwann 

cells express various inflammatory mediators such as proinflammatory 

cytokines, chemokines, and iNOS (Bolin et al., 1995; Wagner and Myers, 1996; 

Levy et al., 1999; Tofaris et al., 2002). In addition, Schwann cells and recruited 

macrophages regulate axonal regeneration by producing various growth factors 

such as NGF, CNTF, GDNF, and BDNF (Meyer et al., 1992; Smith et al., 1993; 

Hammarberg et al., 1996). Schwann cell activation thus plays a central role in 

regulating inflammatory responses in injured nerves. However, it is not well-

known how Schwann cells are initially activated and subsequently regulate 

these neuroinflammatory responses. Degradation of axons in distal nerve stump 

results in the production of such various DAMPs as galectins, adenosine, 

HMBG-1, hyaluronan, heparan sulfate proteoglycan, fibrin, and fibronectin. 

Some DAMPs are endogenous ligands for TLRs, the signaling of which plays a 

critical role in WD and axon regeneration after peripheral nerve injury (Boivin 

et al., 2007). Recent studies of the expression of TLRs on Schwann cells in the 
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PNS and the critical role of TLRs in sensing tissue damage have suggested a 

putative role for TLRs in this process. Previously, I have reported that necrotic 

neurons induced the expression of various proinflammatory genes, including 

TNF-, MCP-1, and LIF, all of which were detected in Wallerian degeneration 

in Schwann cells, which were completely blocked in TLR2-deficient Schwann 

cells and partially blocked in TLR3-deficient Schwann cells (Lee et al., 2006). 

These data suggest that TLR2 and TLR3 are involved in the activation of 

Schwann cells following nerve injury. In an in vivo study, TLR2 and TLR4 are 

crucial for nerve regeneration after nerve crush injury mainly by delaying the 

demyelination but not the remyelination process (Wu et al., 2013). Upon 

axotomy, TLR1 becomes strongly induced in the peripheral nerve (Goethals et 

al., 2010). In addition, TLR3, TLR4, and TLR7 are majorly expressed in the 

peripheral nerve system, with their possible role in immune surveillance 

(Goethals et al., 2010).  
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Fig. 1. Degeneration and regeneration after peripheral nerve injury. A. Normal 

neuron and nerve fiber. B. Wallerian degeneration. The axotomy results in 

fragmentation of the distal axon and myelin sheaths. Schwann cells proliferate 

and macrophages invade the distal nerve segment and phagocytose degrading 

materials. C. Schwann cells in the distal segment line up in bands of Bungner. 

Axonal sprouts advance embedded in the Schwann cells and attracted by 

gradients of neurotrophic factors. D. Axonal reconnection with end organs and 

maturation and remyelination of the nerve fiber.
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Fig. 2. Toll-like receptors and their ligands 
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PURPOSE 

 

Schwann cells (SCs) are critical for myelination in the PNS and also 

necessary for the recovery from peripheral nerve injury. However, the precise in 

vitro and in vivo roles and mechanisms of Schwann cell activation in peripheral 

nerve injury are still unclear. In this thesis study, I tried to elucidate the roles of 

TLR3 and NF-B in Schwann cell activation after peripheral nerve injury. To 

address these mechanisms, the experiments were performed following three 

specific aims: 

 

1. To characterize the mechanism of TLR3 in Schwann cell activation 

during Wallerian degeneration.  

2. To study the role of VIP in TLR3-mediated Schwann cell activation and 

sensory neuronal death. 

3. To elucidate the in vivo role of NF-B activation in Schwann cells after 

peripheral nerve injury using Ikkf/f/CNP-cre conditional knockout 

mice. 

 

The research on the above specific aims is addressed in the subsequent three 

chapters. 
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CHAPTER 1 

Role of toll-like receptor 3 in 

Schwann cell activation during 

Wallerian degenertion 
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Abstract 

 

Inflammation in the peripheral nervous system (PNS) is one of the 

characteristics of virus-induced peripheral neuropathy. In this inflammatory 

response, Schwann cells are actively involved. Previously, toll-like receptor 3 

(TLR3) was reported as a receptor for double-stranded RNA (dsRNA) that 

induces anti-viral and inflammatory responses in cells of the innate immune 

system. In this study, I investigated the expression and putative role of TLR3 in 

Schwann cells. TLR3 was constitutively expressed in Schwann cells. 

Stimulation with polyinosinic-polycytidylic acid (poly(I:C)), a synthetic dsRNA 

analogue, induced the expression of iNOS gene in Schwann cells. Studies on 

the intracellular signal transduction pathways using iSC, an immortalized 

Schwann cell line, revealed that dsRNA induces the activation of NF-B, p38, 

and JNK. The activation of NF-B, p38, JNK, and PKR is required for dsRNA-

mediated iNOS gene expression. However, the activation of PI3 kinase and 

GSK-3 inhibited iNOS gene induction, a process mediated by their inhibitory 

effects on NF-B and p38 activation. dsRNA-induced NO production caused 

neuronal cell death in cultured dorsal root ganglion (DRG). Finally, the 

introduction of dsRNA into the rat sciatic nerve induced iNOS gene expression 

and peripheral nerve demyelination in vivo. Taken together, these data suggest 

that viral RNA may induce inflammatory Schwann cell activation via TLR3 

and peripheral nerve damage in the PNS. 

 

Key Words: Schwann cells; poly(I:C); TLR3; dsRNA; demyelination; iNOS 
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Introduction 

 

Viral infection is one of the major causes of peripheral neuropathy that 

accompanies inflammation and neuronal cell death. For example, human 

immunodeficiency virus (HIV) causes sensory neuropathy characterized by 

inflammation in the peripheral nerve, loss of dorsal root ganglion (DRG) 

neurons, and severe neuropathic pain (Pardo et al., 2001). Likewise, Herpes 

simplex virus (HSV) infection causes neuropathy in the area of facial and optic 

nerves (Yura et al., 2000). However, the molecular mechanisms underlying 

virus-induced neural inflammation and subsequent neural dysfunction have not 

been clearly elucidated. Recent studies show that, in HIV-associated sensory 

neuropathy, the viral envelope glycoprotein gp120 induces neuronal 

degeneration through the activation of Schwann cells (Keswani et al., 2003). 

Similarly, inflammatory gene expression from human Schwann cells upon 

infection with influenza virus has been reported (Levine et al., 2003). These 

reports suggest that Schwann cells, the myelin-forming cells in the peripheral 

nervous system (PNS), may play a pivotal role in virus-induced inflammation 

and subsequent neural dysfunction.   

 

 Toll-like receptor 3 (TLR3) functions as a transmembrane receptor that 

recognizes virus infection and transduces inflammatory signal in innate immune 

cells (Takeda and Akira, 2005). Upon binding to virus-derived double-stranded 

RNA (dsRNA), TLR3 induces an innate immune response, characterized by the 

production of two interferons (IFNs), IFN- and IFN-. These anti-viral 

cytokines, in turn, inhibit viral replication. In addition, other inflammatory 
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mediators such as TNF-, IL-6, IL-12, CXCL10, CCL5, and NO are induced 

by TLR3-mediated signal (Farina et al., 2005). These mediators facilitate the 

cellular immune response required for the clearance of virus-infected cells.  

 

It is well known that NO has potent antiviral activities (Croen, 1993; 

Karupiah et al., 1993). However, excessive NO production may contribute to 

the development of pathological conditions. In the central nervous system 

(CNS), NO production is implicated in the development of neurodegenerative 

diseases (Bolanos et al., 1997). Similarly, compelling evidence suggests that 

iNOS expression contributes to the pathogenesis of demyelinating disease, such 

as multiple sclerosis (Ding et al., 1998). In the PNS, NO is responsible for DRG 

cell death due to lentivirus infection (Zhu et al., 2005). Many cell types in the 

nervous system are reported to express iNOS, including astrocytes, microglia, 

and oligodendrocytes (Brosnan et al., 1994). Of interest, the expression of 

iNOS was regulated in a cell-type and stimulus-specific manner; thus far, the 

mechanisms of iNOS gene expression in Schwann cells have not been reported. 

 

 Based on these previous studies, I postulated that virus-derived dsRNA 

initiates inflammatory response through the activation of Schwann cells. These 

data demonstrate that dsRNA induces iNOS gene expression in Schwann cells 

via TLR3, leading to neuronal death in the DRG. I further characterized the 

signaling pathways involved in the dsRNA-induced iNOS gene expression in 

iSC, and unraveled the in vivo effects of dsRNA introduction in the PNS. 
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Materials and Methods 

 

Reagents and Antibodies 

 Dulbecco’s modified Eagle’s medium (DMEM), modified Eagle’s 

medium (MEM), fetal bovine serum (FBS), F-12 medium, N2 supplement, 

antibiotics and antimycotics were obtained from GIBCO BRL (Long Island, 

NY). Cytosine arabinoside (Ara-C), glial cell line-derived neurotrophic factor, 

nerve growth factor (NGF), poly-D-lysine, poly-L-ornithine, laminin, 

polyinosinic-polycytidylic acid (poly(I:C)), TRI reagent, and Griess reagent 

were purchased from Sigma (St. Louis, MO). Poly(I:C) was preincubated with 

10 g/ml polymyxin B (Sigma) at 37°C for 1 h before use. Helenalin, 

SB202190, and SP600125 were obtained from Calbiochem (San Diego, CA). 

LY294002 was obtained from Cell Signaling (Beverly, MA) and 2-AP, LiCl, L-

Canavanine, and L-NAME were from Sigma. Cycloheximide was purchased 

from TOCRIS (Ellisville, MO). Moloney murine leukemia virus (M-MLV) 

reverse transcriptase was purchased from Invitrogen (Carlsbad, CA). CytoTox 

96 cytotoxicity assay kit was obtained from Promega (Madison, WI). 

Monoclonal anti-CNPase antibody and anti-Neurofilament200 (NF200) 

antibody were purchased from Sigma and Polyclonal anti-TLR3 antibody 

(TLR3.7) was obtained from Imgenex (San Diego, CA). Cy3-conjugated mouse 

IgG was from Jackson ImmunoResearch (West Grove, PA), and FITC-

conjugated rabbit IgG was purchased from Vector Labs (Burlingame, CA). 

Antibodies against IB-, actin, phospho-p38, p38, phospho-JNK, and JNK 

were purchased from Cell Signaling.  
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Cell Cultures 

 Primary Schwann cells from the sciatic nerves of 1 to 3 day-old 

Sprague-Dawley (SD) rat pups were purified as previously described (Brockes 

et al., 1979).
 
For primary mouse Schwann cell culture, DRGs of 1 to 2 day-old, 

C57BL/6 and TLR3 knockout mice (Alexopoulou et al., 2001)
 
of C57BL/6 

background were used. The spontaneously immortalized Schwann cell clone 

(iSC) (Bolin et al., 1992) was cultured in DMEM containing
 
10% heat-

inactivated FBS, 2 m L-glutamine, and 1X antibiotic and antimycotics. The 

iSC cells were maintained in a 5% CO2 incubator at 37°C. Pure cultures of 

DRG neurons were obtained from E15 SD rat embryos according to the method 

of Wood (Wood, 1976), and cultured in neuron culture medium (F12 medium 

with 0.5% heat-inactivated FBS, 2 mM L-glutamine, 20 ng/ml of NGF, 1X N2 

supplement, and 1X antibiotics and antimycotics). For co-cultures of DRG 

neurons and Schwann cells, DRGs were obtained from 1 to 2 day-old SD rat 

pups. The ganglias were dissociated using 0.1% collagenase A in Hanks' 

balanced salt solution at 37°C for 10 min, treated with 0.25% trypsin for 10 min, 

triturated to a single cell suspension with a Pasteur pipette, and then cultured in 

neuron culture medium on dishes coated with both poly-L-ornithine (20 ng/ml) 

and laminin (10 g/ml). After 1 day, 5 M Ara-C was added to the medium for 

24 h to suppress fibroblast proliferation.  After this period, the medium was 

changed and the cultures were maintained in a 5% CO2 incubator at 37°C. On 

the third day, the cultures consisted of DRG neurons and Schwann cells at 

approximately a 6 to 4 ratio, which was confirmed by immunocytochemistry 

using anti-NeuN (Chemicon, Temecula, CA) and anti-CNPase antibodies. 

 

Immunocytochemistry and Immunohistochemistry 
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 For immunocytochemistry, primary Schwann cells were seeded on 

poly-D-lysine (20 ng/ml)-coated
 
coverglass. The Schwann cells were fixed in

 

4% paraformaldehyde in 0.1 M PBS (pH 7.4) for 15 min. After
 
rinsing in 0.1 M 

PBS, cells were incubated for 30 min with 0.3% H2O2 to remove endogenous 

peroxidase activity and blocked in a solution containing 5% normal goat/horse 

serum, 5% fetal bovine serum, 2% bovine serum albumin, and 0.1% Triton X-

100 for 2 h at RT. The cells were then incubated overnight at 4°C with primary 

antibody. A mixture of mouse anti-CNPase (1:250) and rabbit anti-TLR3 (1:50) 

antibodies was used as the primary antibody. Cy3-conjugated mouse IgG and 

FITC-conjugated rabbit IgG were used as secondary antibodies, each at 1:200. 

For immunohistochemistry, adult male SD rats (250–300 g) were anaesthetized 

with Entobar (sodium pentobarbital, 50 mg/kg of body weight). The rats were 

perfused with 0.1 M phosphate buffer (PB, pH 7.4), and fixed with a fixative 

containing 4% paraformaldehyde in 0.1 M PB. The sciatic nerves were 

removed and immersed in the same fixative overnight, and rinsed and 

transferred to 30% sucrose in PBS for 48 h. Then, cryostat sections (10 m 

thick) were prepared and mounted on gelatin-coated slide. The tissue sections 

were stained for CNPase and TLR3 as described above. FITC-conjugated 

mouse anti-NF200 (1:1,000) antibody was used for axon staining. Fluorescent 

images were obtained under a confocal microscope (LSM 5 PASCAL; Carl 

Zeiss). 

 

Reverse Transcription Polymerase Chain reaction (RT-PCR) 

and real-time RT-PCR 

 RT-PCR was performed as previously described (Brockes et al., 1979) 

using the following primers. TLR2 forward: 5’-ACA TTG GAG TCC AGC 



 23 

GGA ATC-3’; TLR2 reverse: 5’-TGT TTC CCC CAG TGT CCT GTA-3’; 

TLR3 forward: 5’-TGG CTT AGA TGA AAT CCC GG-3’; TLR3 reverse: 5’-

TGG CCC GAA AAC ACT CTT CTC-3’; TLR4 forward: 5’-ATC CAG GAA 

GGC TTC CAC AAG-3’; TLR4 reverse: 5’-GAT ACA ATT CGA CCT GCT 

GCC-3’; GAPDH forward: 5’-AGG TCA TCC CAG AGG TGA ACG-3’; 

GAPDH reverse: 5’-CAC CCT GTT GCT GTA GCC GTA T-3’. Real-time 

RT-PCR was performed to measure the expression levels of mouse iNOS and 

GAPDH using the Sybrgreen reagents kit and an ABI Prism 7500 sequence 

detection system (Applied Biosystems) as previously described (Brockes et al., 

1979). The following PCR primer sequences were used: mouse iNOS forward: 

5’-GGC AAA CCC AAG GTC TAC GTT-3’; mouse iNOS reverse: 5’-TCG 

CTC AAG TCC AGC TTG GT- 3’; GAPDH forward: 5’-AGG TCA TCC 

CAG AGG TGA ACG-3’; GAPDH reverse: 5’-CAC CCT GTT GCT GTA 

GCC GTA T-3’. Rat iNOS gene expression was also measured by real-time 

RT-PCR using the TaqMan Reagents kit (Applied Biosystems). Reactions were 

performed in a total volume of 10 l per reaction, each containing 250 nM 

iNOS probe and primer (Applied Biosystems, cat no. Rn00561646_m1), 250 

nM GAPDH probe and primer (Applied Biosystems, cat no. Rn99999916_s1), 

4 l cDNA, and 5 l 2X TaqMan Universal Master mix. The mRNA levels of 

each target gene were normalized to the levels of GAPDH and are represented 

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

 method as 

previously described (Livak and Schmittgen, 2001; Park et al., 2006). All real-

time RT-PCR experiments were performed at least three times, and the mean ± 

S.E.M values have been presented unless otherwise noted. 

 

Nitrite Assay 
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 Nitric oxide (NO) production was measured using Griess reagents 

according to the manufacturer's instructions. Briefly, equal volumes of the 

culture supernatants and the Griess reagent were mixed; absorbance was 

measured at 540 nm after 15 min.  The nitrite concentration in each sample 

was calculated from a standard curve and normalized to the number of cells in 

each sample. 

 

Western Blot Analysis 

 iSC cells stimulated with poly(I:C) for various time periods were 

harvested in lysis buffer (50 mM Tris-Cl, pH 7.5, 150 mM NaCl, 1% Triton X-

100, 10% glycerol, and protease inhibitor cocktail). A total of 50 g of cell 

lysate from each sample was resolved by electrophoresis on 10% SDS-PAGE. 

The proteins were then transferred to nitrocellulose membranes and blocked 

with 4% bovine serum albumin (BSA) 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 with primary antibody (IB-, phospho-p38, or 

phospho-JNK at 1:1,000) at 4°C overnight; this was followed by incubation in 

HRP-conjugated secondary antibody at RT for 1 h prior to ECL treatment and 

exposure to X-ray film. 

 

Lactate Dehydrogenase (LDH) Release Assay 

 Extent of neuronal and Schwann cell death was measured using 

CytoTox96 Non-Radioactive Cytotoxicity Assay kit according to the 

manufacturer's instructions. Briefly, DRG neuron and Schwann cell cultures 

were treated with poly(I:C) in the presence or absence of L-Canavanine and L-

NAME. After 24 h, equal volumes of the culture supernatants and the substrate 
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were mixed and incubated for 30 min before addition of the stop solution. Then, 

absorbance was measured at 490 nm. The percentage of cell death rate was 

calculated as (absorbance value of experimental sample – absorbance value of 

medium alone)/(absorbance value of 100% lysed sample – absorbance value of 

medium alone) x 100. 

 

Poly(I:C) Injections in the Rat Sciatic Nerves and 

Histochemistry 

 All surgical and experimental procedures were reviewed and approved 

by the Institutional Animal Care and Use Committee (IACUC) in the School of 

Dentistry, Seoul National University. Poly(I:C) or PBS was introduced into rat 

sciatic nerve subepineurally as described elsewhere (Dyck et al., 1982; Deretzi 

et al., 2000). Briefly, adult male SD rats (250–300 g) were anaesthetized with 

Entobar. At the mid-thigh, the right sciatic nerve was surgically exposed and 

fixed with a pair of forceps. A 30G needle attached to a 10 µl Hamilton syringe 

was inserted subepineurally in the sciatic nerve, and 5 l PBS or poly(I:C) (50 

g) was slowly injected for a period of 5 min, then the skin was sutured. After 

12 and 24 h, the sciatic nerves were removed. Then, total RNA was isolated 

from each tissue and used for real-time RT-PCR. After 3 and 7 days, rats were 

perfused with 0.1 M PB (pH 7.4), and fixed with a fixative containing 2% 

paraformaldehyde and 2.5% glutaraldehyde in 0.1 M PB. The sciatic nerves 

were removed and immersed in the same fixative overnight. Then, the fixed 

sciatic nerves were rinsed and cut both at the midpoint of the injected site and at 

a position 3 mm distal to the first cut. The segments were post-fixed in 2% 

phosphate-buffered osmium tetroxide solution for 2 h, dehydrated in an ethanol 

series, passed through propylene oxide and embedded in epoxy resin. 



 26 

Transverse semi-thin sections (1.0 µm thick) were picked up onto glass slides, 

dried
 
on the hot plate, and stained with 1% toluidine blue. The stained sections 

were then viewed with a light microscope (BX51; Olympus) using an image 

analysis program (DP70 controller; Olympus), and pictures were taken with a 

digital camera (DP70; Olympus). 

 

Statistical Analysis 

 The statistical significance of differences in different groups was tested 

using the unpaired Student’s t-test with a threshold of *, p < 0.001 or **, p < 

0.05 
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Results 

 

TLR3 is constitutively expressed in Schwann Cells. 

 To investigate the role of viral RNA on Schwann cell activation, we 

first used RT-PCR to determine the expression of TLR3, a receptor for dsRNA, 

in primary Schwann cells isolated from rat sciatic nerves. Also, I tested the 

expression of TLR2 and TLR4 that have been reported in mouse and human 

Schwann cells, respectively (Colomar et al., 2003; Oliveira et al., 2003). I found 

that TLR3 as well as TLR2 and TLR4 are expressed in primary rat Schwann 

cells (Fig. 1A). The transcripts of all the above TLRs were also detected in iSC 

(Fig. 1A). I then tested the expression of TLR3 proteins in Schwann cells by 

immunocytochemistry, finding that all of the CNPase-positive Schwann cells 

also stained with anti-TLR3 antibody (Fig. 1B). TLR3-positive Schwann cells 

were also detected in the rat sciatic nerve in vivo (Fig. 1C). These data show 

that rat Schwann cells constitutively express TLR3, and suggest that Schwann 

cells have the potential to recognize virus-derived pathogenic motifs via TLR3 

in the PNS.   

 

TLR3 stimulation induces iNOS gene expression and NO 

production in Schwann Cells. 

 To test the role of TLR3 in Schwann cell activation, we measured 

iNOS gene expression upon poly(I:C) stimulation in primary rat Schwann cells 

(Fig. 2A). The iNOS gene was upregulated by 8000-fold after poly(I:C) 

stimulation (Fig. 2A), which was accompanied by the secretion of NO in the 

medium: about 120 M of nitric acid was detected in the medium upon 
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poly(I:C) stimulation for 48 h (Fig. 2B). Similarly, poly(I:C) induced iNOS 

gene expression and NO production in iSC. The kinetic studies using iSC show 

that iNOS expression is upregulated as early as 1 h after poly(I:C) stimulation 

and peaks at 3 h, and that the maximum level of nitric acid is detected in the 

medium after 24 h (Fig. 2C and D). The poly(I:C)-induced iNOS gene 

expression is completely abolished in the primary mouse Schwann cells derived 

from TLR3 knockout mice (Fig. 2E), demonstrating that poly(I:C) induces 

iNOS through TLR3 in Schwann cells. It was reported that LPS-induced iNOS 

gene expression is mediated by the production of type I IFNs in macrophages 

(Jacobs and Ignarro, 2001). In this study, however, the inhibition of protein 

synthesis by cycloheximide did not block the poly(I:C)-induced iNOS gene 

expression in Schwann cells, indicating that the dsRNA-induced iNOS gene 

expression in Schwann cells is not dependent on IFN production (Fig. 2F). This 

suggests that the TLR3-mediated intracellular signaling events in Schwann cells 

are distinct from those of other cell types. 

 

dsRNA stimulation activates NF-B, p38, and JNK in iSC. 

 To investigate the intracellular signaling pathways involved in dsRNA-

induced iNOS gene expression in Schwann cells, I tested the activation of NF-

B and MAP kinases in iSC upon poly(I:C) stimulation. NF-B activation was 

measured by the degradation of cytosolic IB-. We found that IB- is 

degraded as early as 5 min after poly(I:C) stimulation and reappeared after 1 h 

(Fig. 3A). In addition, I found that p38 and JNK are activated upon poly(I:C) 

stimulation with slightly different kinetics; JNK was activated as soon as 15 

min after stimulation (Fig. 3C), while p38 was activated 30 min after 

stimulation (Fig. 3B). However, the phosphorylation of ERK1/2 was not 
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increased by poly(I:C) stimulation (data not shown). Taken together, these data 

show that dsRNA stimulates NF-B, p38, and JNK activation in iSC. 

 

The activation of NF-B, p38, JNK, and PKR is required for the 

expression of the iNOS gene in Schwann Cells. 

 To address the role of activation of these signaling molecules in 

dsRNA-induced iNOS gene expression in Schwann cells, we utilized 

pharmacological inhibitors of NF-B and MAP kinases. Inhibition of NF-B 

activation by 5 M helenalin completely abrogated dsRNA-induced iNOS gene 

expression in iSC (Fig. 4A). The pretreatment of iSC with SB202190, an 

inhibitor of p38 kinase, inhibited dsRNA-induced iNOS expression in a dose-

dependent manner (Fig. 4B). Similarly, 10 M SP600125, an inhibitor of JNK, 

inhibited poly(I:C)-stimulated iNOS gene expression by 65% (Fig. 4C). These 

data demonstrate that NF-B, p38, and JNK activation are required for dsRNA-

induced iNOS gene expression in iSC. In addition, we tested the involvement of 

PKR in iNOS gene expression in iSC. Inhibition of PKR activity by 10 mM 2-

AP completely abrogated iNOS gene expression, indicating that PKR activation 

is also critical for the dsRNA-induced iNOS gene induction in Schwann cells 

(Fig. 4D). The pretreatment of these inhibitors also reduced the dsRNA-induced 

iNOS gene expression in primary rat Schwann cells (Fig. 4E), showing that 

iNOS gene is regulated similarly in the primary Schwann cells. 

 

PI3 kinase and GSK-3inhibit dsRNA-mediated NF-B and 

p38 activation and iNOS gene expression in Schwann Cells. 
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 It is known that PI3 kinase activation is required for TLR3-induced 

IRF3 activation and subsequent IFN- gene induction (Sarkar et al., 2004). In 

addition, a previous study suggested that GSK-3 is involved in TLR4-

mediated NF-B activation (Guha and Mackman, 2002). To determine whether 

PI3 kinase and GSK-3 are involved in TLR3-induced iNOS gene expression 

in Schwann cells, we used LY294002 and LiCl, pharmacological inhibitors of 

PI3 kinase and GSK-3, respectively. Unexpectedly, pretreatment with 

LY294002 and LiCl did not inhibit, but rather increased dsRNA-stimulated 

iNOS gene expression in iSC by 4- and 2-fold, respectively (Fig. 5A and B). 

Similarly, LY294002 and LiCl increased the dsRNA-induced iNOS gene 

expression in primary rat Schwann cells, although at different induction levels 

(Fig. 5C). These data suggest that both PI3 kinase and GSK-3 negatively 

regulate dsRNA-induced iNOS gene expression in Schwann cells. To explore 

the molecular mechanisms underlying these inhibitory effects, we tested the 

effects of PI3 kinase and GSK-3 inhibition on the activation of NF-B and 

MAP kinases (Fig. 5D and E). Inhibition of PI3 kinase and GSK-3 by 

pretreatment with LY294002 and LiCl, respectively, facilitated dsRNA-induced 

IB- degradation (Fig. 5D). In addition, pretreatment with LY294002 and 

LiCl increased dsRNA-induced p38 activation (Fig. 5E). However, 

pretreatment with LY294002 and LiCl did not have any effect on the activation 

of JNK (data not shown). These data imply that the activation of PI3 kinase and 

GSK-3 inhibit dsRNA-mediated iNOS gene expression via inhibition of NF-

B and p38 activation. 

 

dsRNA-mediated NO production induces DRG neuronal death.  



 31 

 To test if dsRNA-activated Schwann cells affect neuronal cell survival 

in the DRG, we measured cytotoxicity of poly(I:C) treatment in neuron-

Schwann cell co-culture by LDH release assay (Fig. 6A). Upon poly(I:C) 

stimulation for 24 h, the death rate increased to 56%. The poly(I:C)-enhanced 

death rate was blocked by L-Canavanine (100 M) and L-NAME (100 M), an 

inhibitor of iNOS and NOS, respectively (Fig. 6A). However, in experiments 

using either primary Schwann cells or DRG neurons, poly(I:C) stimulation 

failed to increase the basal cell death rate (Fig. 6B). These data suggest the 

possibility that dsRNA-activated Schwann cells induce DRG neuronal death via 

NO production in co-culture. In a separate experiment, we cultured DRG 

neurons in conditioned medium from iSC culture. The conditioned medium of 

poly(I:C)-stimulated iSC culture increased DRG neuronal cell death rate to 71%, 

whereas the conditioned medium from unstimulated iSC culture does not have 

any effect (Fig. 6C). To lower NO concentration in the conditioned medium of 

poly(I:C)-stimulated iSC, we pretreated iSC with either L-Canavanine (100 

M) or L-NAME (100 M), which returned the nitrite concentration in the 

conditioned medium to the basal level (from 120 M to 20 M) (data not 

shown). Addition of this conditioned medium to the DRG neuron culture 

increased neuronal death rate only to 46% and 33%, respectively (Fig. 6C). 

However, poly(I:C) treatment did not affect the basal cell death rate of iSC (Fig. 

6D). The death of DRG neurons was also confirmed by cell morphology and 

propidium iodide staining (data not shown). Taken together, these data 

demonstrate that NO secreted from the dsRNA-stimulated iSC contributes to 

DRG neuronal death.  
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dsRNA induces iNOS gene expression and peripheral nerve 

demyelination in vivo. 

To address the role of dsRNA in peripheral nerves in vivo, we 

introduced poly(I:C) directly into rat sciatic nerves. Upon poly(I:C) injection, 

the level of iNOS transcript in the sciatic nerve increased 120-fold (Fig. 7A), 

indicating that dsRNA induces iNOS gene expression in peripheral nerves in 

vivo. I then tested the effects of poly(I:C) injection on the integrity of sciatic 

nerve by histochemistry (Fig. 7B). After 3 days, many nerve fibers undergoing 

demyelination were detected in the dsRNA-injected sciatic nerve (Fig. 7B, c 

and g; see arrows). After 7 days, a significant decrease in the number of 

myelinated axons in the poly(I:C) injection site was detected (Fig 7B; d and h). 

In addition, the immunoreactivity to axonal protein NF200 was also reduced, 

which shows that the nerve demyelination is accompanied with alteration in 

axon cytoskeletal integrity (Fig 7B; i–l). Interestingly, a few nerve fibers 

undergoing demyelination was also detected in the PBS-injected nerve (arrow 

in f) after 3 days, which is probably caused by injection-mediated nerve damage. 

However, the number of demyelinating axons is much lower than in the 

poly(I:C)-injected nerve (Fig. 7B, compare f and g). Taken together, these data 

suggest that dsRNA, once produced in peripheral nerve, can induce NO 

production and nerve axon demyelination in vivo. 
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Fig 1. TLR3 is expressed in Schwann cells. 

A. mRNA expression of TLR2, 3, and 4 in primary Schwann cells and iSC 

were tested using RT-PCR. GAPDH was used as a positive control. B. 

Colocalization of CNPase and TLR3 in the primary Schwann cells of the rat 

sciatic nerve. Cy3-conjugated anti-CNPase (red) antibody and FITC-conjugated 

anti-TLR3 antibody (green) were used for immunostaining of the primary 

Schwann cells. Scale bar: 20 m. C. Colocalization of CNPase and TLR3 in 

longitudinal sections of the rat sciatic nerve. Scale bar: 10 m. 
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Fig 2. Poly(I:C) stimulation induces iNOS gene expression and NO 

production in Schwann cells.  

A. Primary Schwann cells were treated with poly(I:C) (20 g/ml) for 3 h. Total 

RNA was isolated and used to measure iNOS mRNA expression by real-time 

RT-PCR. B. Primary Schwann cells were stimulated with poly(I:C) for 48 h. 

NO production was measured by determining the concentration of nitrite in 

culture supernatants by Griess assay. C, D. iSC cells were stimulated with 

poly(I:C) (20 g/ml) for various time periods. Then, iNOS mRNA expression 

was measured by real-time RT-PCR (C), while nitrite concentration in the 

medium was measured by Griess assay (D).  E. Primary mouse Schwann cells 

prepared from either wild type (WT) or TLR3 knockout (TLR3 KO) mice were 

stimulated with poly(I:C) (20 g/ml) for 3 h. Then, iNOS transcript levels were 

measured by real-time RT-PCR. F. iSC cells were pretreated with 25 g/ml 

cycloheximide (CHX) for 1 h and were then stimulated with poly(I:C) (20 

g/ml) for 3 h. Then, iNOS transcript levels were measured by real-time RT-

PCR. 
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Fig 3. Poly(I:C) stimulation activates NF-B and MAP kinases in iSC.  

A-C. iSC cells were stimulated with poly(I:C) (20 g/ml) for various time 

periods. Cell lysates were prepared from each sample and used for Western blot 

analysis. The nitrocellulose membranes were probed with anti-IB (A), anti-

phospho p38 (B), and anti-phospho JNK (C) antibodies. The membrane was 

stripped and reprobed with antibodies detecting actin, total p38, and total JNK, 

respectively. 
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Fig 4. The activation of NF-B, p38, JNK and PKR is required for dsRNA-

induced iNOS gene expression in Schwann cells.  

A-D. iSC cells were pretreated with the indicated concentrations of NF-B (A), 

p38 (B), JNK (C), and PKR (D) inhibitors for 1 h and were then stimulated 

with poly(I:C) (20 g/ml) for 3 h. E. Primary rat Schwann cells were pretreated 

with 10 M of Helenalin, SB202190, SP600125, or 10 mM of 2-AP for 1 h 

before poly(I:C) stimulation. Then, iNOS transcript levels were measured by 

real-time RT-PCR. *, p < 0.001 (vs. poly(I:C) treated iSC). 
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Fig 5. PI3 kinase and GSK-3enhance dsRNA-mediated iNOS gene 

expression and inhibit the dsRNA-induced NF-B and p38 activation in 

Schwann cells. 

A, B. iSC cells were pretreated with the indicated concentration of PI3 kinase 

(A) and GSK-3(B) inhibitors for 1 h, then stimulated with poly(I:C) (20 

g/ml) for 3 h. C. Primary rat Schwann cells were pretreated with LY294002 

(25 M) or LiCl (50 mM) for 1 h and were then stimulated with poly(I:C) (20 

g/ml) for 3 h. Then, the expression levels of iNOS transcript were measured 

by real-time RT-PCR. *, p < 0.001 (vs. poly(I:C) treated iSC or primary 

Schwann cells). D, E. iSC cells were pretreated with PI3 kinase (LY294002) 

and GSK-3(LiCl) inhibitors and stimulated with poly(I:C) for 15 min (D) or 

30 min (E). Cell lysates were prepared and used for Western blot analysis. The 

nitrocellulose membrane was probed with anti-IB antibody (D) and anti-

phospho-p38 antibody (E). The membrane was stripped and reprobed with 

antibodies against actin and p38, respectively. 
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Fig 6. dsRNA-activated Schwann cells induce DRG neuronal death.  

A. The DRG neuron-Schwann cell co-cultures were treated with medium alone 

or poly(I:C) (20 g/ml), in the presence or absence of L-Canavanine (L-can) or 

L-NAME. After 24 h incubation, cell supernatants were taken from each 

sample and used for LDH release assay. B. Primary Schwann cells (pSC) and 

DRG neurons were cultured in the presence or absence of poly(I:C) for 24 h. 

Cell supernatants were used for LDH release assay. C. Pure DRG neurons were 

cultured in neuron culture medium and then, half of the culture supernatant was 

replaced with conditioned medium of unstimulated iSC culture (control CM), 

poly(I:C)-stimulated iSC culture (pI:C-treated CM), or L-Canavanine plus 

poly(I:C)-stimulated iSC culture (L-can/pI:C-treated CM), L-NAME plus 

poly(I:C)-stimulated iSC culture (L-NAME/pI:C-treated CM). After 24 h, cell 

supernatants were taken from each sample and used for LDH release assay. D. 

The conditioned medium of control iSC and poly(I:C)-treated iSC was used for 

LDH release assay. The means ± SEM of three independent experiments are 

shown. *, p < 0.001; **, p < 0.05. 
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Fig 7. dsRNA induces iNOS gene expression and peripheral nerve 

demyelination in vivo. 

A. A total of 50 g poly(I:C) in PBS (5 l) or PBS alone was introduced in the 

rat sciatic nerves subepineurally. After 12 or 24 h, the injected sciatic nerves 

were removed, and total RNA was prepared and used in real-time RT-PCR to 

measure iNOS transcript levels. (n=5; **, p < 0.05)  B. The rat sciatic nerve 

was injected with poly(I:C) (c, d, k, and l) or PBS (b and j). After 3 and 7 days, 

the injected sciatic nerves, as well as the uninjected control nerves (a and i), 

were removed and used for histochemistry. Myelin sheaths are stained with 

toluidine blue, and axons undergoing Wallerian degeneration were noted 

(arrow). The axons in the insets are shown at a higher magnification in the right 

panels (e-h). FITC-conjugated anti-NF200 antibody was used for 

immunostaining of axon fibers (i-l). Scale bar: 250 m (a-d), 62.5 m (e-h), 50 

m (i-l). 
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 Discussion 

 

In this study, I investigated the expression and putative role of TLR3 in 

Schwann cells. We found that Schwann cells constitutively express TLR3 in 

vitro as well as in vivo. This indicates that Schwann cells have the potential to 

recognize viral pathogens and initiate an inflammatory response in the PNS. 

Indeed, in this study, poly(I:C) stimulation induced iNOS gene expression and 

NO production in rat Schwann cells. Poly(I:C) was widely used as synthetic 

analogue of viral dsRNA that are generated during replication process of certain 

RNA viruses (Wang et al., 2004). Treatment of poly(I:C) triggers anti-viral 

responses in the innate immune cells comparable to those elicited by virus 

infection (Guillot et al., 2005). It is well known that NO has potent antiviral 

activities (Croen, 1993). Also, NO contributes to inflammation and neuronal 

cell death through the formation of reactive nitrogen intermediates, such as 

peroxynitrite (Akaike et al., 1996; Dawson and Dawson, 1996). Additionally, 

NO production during peripheral nerve injury is implicated in the development 

of neuropathic pain (Levy et al., 1999; Zochodne et al., 1999). These reports 

suggest that NO produced by dsRNA-stimulated Schwann cells in the PNS may 

contribute to the peripheral nerve damage and development of neuropathic pain 

that are often observed in viral infection-induced peripheral neuropathy.  

 

It has been reported by many studies that dsRNA induces intracellular 

signal through TLR3 (Alexopoulou et al., 2001; Hoebe et al., 2003). However, 

in more recent studies, it was argued that RNA helicases, RIG-1 and MDA-5, 

but not TLR3, play dominant role in recognizing dsRNA or viral infection 
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(Gitlin et al., 2006; Kato et al., 2006). Based on these studies, the usage of 

TLR3, MDA5, or RIG1 for poly(I :C) recognition is cell type- and target gene-

specific. In bone marrow-derived macrophages (BMDM),  poly(I :C)-induced 

type I IFN expression is dependent on MDA5, whereas, in plasmacytoid 

dendritic cells, poly(I :C) signals through TLR3 (Kato et al., 2005; Kato et al., 

2006). In addition, while MDA5 is absolutely required for poly(I :C)-induced 

type I IFN expression in BMDM, it has no effect on costimulatory molecules 

expression in the same cell type (Gitlin et al., 2006). These study using primary 

Schwann cells from TLR3 knockout mice clearly demonstrate that, at least in 

the iNOS gene expression in Schwann cells, poly(I :C) signals through TLR3, 

although it dose not exclude the possibility that other dsRNA receptors are also 

involved in the Schwann cell activation. It is regarded that TLR3 recognizes 

dsRNA that is phagocytosed in endosomes, while RIG1 and MDA5 detect 

cytoplasmic dsRNA. Therefore, it is conceivable that extracelluar dsRNA 

released from nearby virus-infected neuronal cells is detected by Schwann cells 

in the PNS upon phagocytosis or receptor-mediated endocytosis through TLR3. 

 

In this study, I investigated the poly(I:C)-induced intracellular signaling 

pathways leading to iNOS induction in Schwann cells. I found that the 

activation of NF-B, JNK, p38, and PKR is required for the dsRNA-induced 

iNOS gene expression in Schwann cells. In addition, we discovered, for the first 

time to my knowledge, that the activation of PI3 kinase and GSK-3 inhibits 

dsRNA-induced iNOS gene expression in Schwann cells. The involvement of 

PI3 kinase in TLR3 signaling has been recently reported (Aksoy et al., 2005). In 

this report, inhibition of PI3 kinase was found to increase the DNA-binding 

activity of NF-B, thereby enhancing IFN- transcription in dendritic cells. 
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Similarly, I found that PI3 kinase inhibits dsRNA-induced NF-B activation in 

iSC. In addition, I discovered that PI3 kinase inhibits dsRNA-induced p38 

activation, which also explains the inhibitory effects of PI3 kinase on iNOS 

gene expression. Thus far, the involvement of GSK-3 in TLR3 signaling 

pathways has not been reported. Based on results of a study using GSK-3 

knockout mice, it was initially thought that GSK-3 plays a critical role in NF-

B activation (Hoeflich et al., 2000). However, subsequent studies suggested 

the opposite, that GSK-3 inhibits NF-B activation. In support of an inhibitory 

role for GSK-3, it was observed that the activation of GSK-3 inhibits TLR4-

mediated NF-B activation in monocytes (Martin et al., 2005). Interestingly, 

GSK-3seems to exert its inhibitory effects through different mechanisms 

depending on cell type. In monocytes, GSK-3 inhibits TLR4-mediated NF-B 

activation by regulating the interaction between p65 and CBP; on the other 

hand, it does not affect IB- degradation or p65 phosphorylation (Martin et al., 

2005). However, in astrocytes, GSK-3 was found to inhibit IB degradation 

by interacting with IKK (Sanchez et al., 2003). These data, which shows that 

LiCl increases IB degradation, indicates that NF-B is regulated by GSK-3 

in Schwann cells in a fashion similar to astrocytes. Similar to PI3 kinase, 

inhibition of GSK-3 enhanced dsRNA-induced p38 activation, suggesting 

negative crosstalk between the GSK-3 and p38 signaling pathways. Currently, 

it is not clear how PI3 kinase or GSK-3 inhibit p38 activation in TLR3 

signaling pathways, warranting future investigation. 

 

In the DRG neuron-Schwann cell co-culture, application of dsRNA 

caused neuronal cell death which was induced, at least in part, by NO 
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production. The fact that primary DRG neurons and Schwann cells do not die 

when treated with poly(I:C) and that the conditioned medium of poly(I:C)-

stimulated iSC culture is neurotoxic, support the contention that NO secreted by 

dsRNA-stimulated Schwann cells contributes to the DRG neuronal cell death. 

Sensory neuronal loss is one of the pathological features of HIV-induced 

sensory neuropathy (Pardo et al., 2001). Recently, it was proposed that NO 

produced by nerve-infiltrating macrophages induces sensory neuronal cell death 

upon feline immunodeficiency virus (FIV) infection (Zhu et al., 2005). Based 

on our data, it will be interesting to test if NO production from Schwann cells is 

also involved in the HIV/FIV-mediated sensory neuronal loss. However, it 

should be pointed out that poly(I:C) does not always behave the same way as 

virus derived dsRNA (Loseke et al., 2006). Therefore, the data need to be 

confirmed using viral dsRNA derived from virus-infected cells of PNS in the 

future studies.  

 

In vivo study, I found that poly(I:C) introduction in sciatic nerves 

induces iNOS gene expression and axon demyelination. In a mixed DRG cell 

culture, I detected TLR3 expression in Schwann cells, but not in neurons (data 

not shown). This suggests that the effects of dsRNA on axonal integrity are not 

a direct effect on the neurons; rather, they are mediated by nearby TLR3-

expressing cells, most likely Schwann cells. However, this does not exclude the 

possibility that other cell types in the PNS, such as fibroblasts or blood-derived 

monocytes, are also involved, or that poly(I:C) directly affects neurons via 

other dsRNA receptor. Still, our in vitro data using primary rat Schwann cells 

support the notion that Schwann cells may significantly contribute to elevated 

iNOS expression and axon damage due to poly(I:C) injection into the sciatic 
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nerve. In this study, I do not have a direct evidence that the NO production in 

the PNS is responsible for the poly(I:C)-induced axon damage, which was 

mainly due to the technical difficulties to repeatedly introduce NO inhibitor into 

rat sciatic nerve. However, the previous report on the role of iNOS in 

demyelinating disease (Ding et al., 1998) imply that the poly(I:C)-induced NO 

may contribute to the sciatic nerve demyelination. Viral infection has long been 

implicated in the development of demyelinating disease such as Guillain-Barre 

syndrome (Hughes et al., 1999). However, the molecular mechanism of which 

has not been elucidated. In this regard, it will be worthwhile to investigate if 

dsRNA-mediated Schwann cell activation is involved in such demyelinating 

disease.  

 

In summary, I found that TLR3 expressed in Schwann cells induces 

iNOS gene expression in Schwannn cells. We elucidated the signaling 

pathways involved in dsRNA-mediated iNOS gene expression in Schwann cells, 

identifying a novel role for PI3 kinase and GSK-3 in regulating iNOS gene 

expression. The activation of Schwann cells upon dsRNA stimulation induces 

DRG neuronal cell death. Finally, our in vivo study discovered that dsRNA 

induces the demyelination of sciatic nerve. These data propose a possibility that 

viral RNA, derived from virus-infected cells in the PNS, induces iNOS gene 

expression in Schwann cells, DRG neuronal death and peripheral nerve 

demyelination, thereby contributing to the development of peripheral 

neuropathy. 

 

This work has been reproduced from an article published by Hyunkyoung 

Lee, Glia. 2007;55(7):712-22. 



 52 

CHAPTER 2 

 

Role of vasoactive intestinal peptide 

in toll-like receptor 3 mediared 

Schwann cell activation and sensory 

neuronal cell death 
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Abstract 

 

I have previously reported that polyinosinic-polycytidylic acids 

(poly(I:C)), a synthetic toll-like receptor 3 (TLR3) agonist, induce Schwann cell 

activation, which exerts neurotoxic effects on sensory neurons. In this study, I 

investigated the effects of vasoactive intestinal peptide (VIP), a neuropeptide 

implicated in nerve regeneration, on TLR3-induced Schwann cell activation. 

VIP receptors VPAC1 and VPAC2 were constitutively expressed in rat 

Schwann cells. VIP pretreatment inhibited TLR3-induced iNOS gene 

expression and NO production in Schwann cells. Studies on the intracellular 

signal transduction pathways indicate that the VIP effect is mediated by PKA 

activation. VIP also inhibited poly(I:C)-induced p38 activation that is 

responsible for the iNOS gene expression in Schwann cells. Finally, VIP 

inhibited DRG neuronal cell death caused by NO produced in activated 

Schwann cells. Taken together, these data suggest that VIP exerts a 

neuroprotective effect by inhibiting neurotoxic Schwann cell activation. 

 

Key Words: Vasoactive intestinal peptide; Schwann cells; Toll-like receptor 3; 

Nitric oxide; DRG neurons 
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Introduction 

 

Vasoactive intestinal peptide (VIP) is a 28-amino acid neuropeptide 

that is widely distributed in the central and peripheral nervous systems (PNS). 

In the PNS, VIP is expressed in autonomic and dorsal root ganglion (DRG) 

neurons where it is transported down the axon and released at the nerve 

terminal (Giachetti and Said, 1979). After nerve transection, VIP is upregulated 

in sensory neurons and axon terminals where axon regeneration occurs (Nielsch 

and Keen, 1989; Rayan et al., 1991). In this process, VIP plays a 

neuroprotective role and is involved in nerve regeneration. The nerve 

regenerating effects of VIP in peripheral nerve injury have been clearly shown 

in an in vivo nerve axotomy model. In this model, local VIP administration to 

the lesions accelerated axon outgrowth and remyelination (Zhang et al., 2002). 

However, it has not been fully elucidated how VIP exerts these neuroprotective 

and nerve regenerating effects in the PNS.  

 

It has been reported that VIP has various roles depending on the target 

cells. In macrophages, VIP inhibits LPS-induced proinflammatory cytokine and 

chemokine gene expression including TNF-, IL-6, monocyte chemoattractant 

protein-1 (MCP-1), and Regulated upon activation, normal T cell expressed, 

and secreted (RANTES) (Martinez et al., 1998; Delgado et al., 1999; Delgado 

and Ganea, 2001). In astrocytes, however, VIP stimulation induced secretion of 

proinflammatory cytokine and chemokines such as TNF-, macrophage 

inflammatory protein-1 (MIP-1), and RANTES (Brenneman et al., 2000; 2003). 

These reports suggest that the role of VIP in inflammatory gene expression is 
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cell type-specific. Thus far, the effects on Schwann cell activation have not 

been investigated. 

 

Previously, I have reported that toll-like receptor 3 (TLR3) activation in 

Schwann cells induces NO production, which subsequently leads to DRG 

neuronal death and peripheral nerve demyelination (Lee et al., 2007). TLR3 can 

be activated by double-stranded RNAs (dsRNAs) produced during viral 

infection in the PNS. It can also be activated by necrotic neurons (Lee et al., 

2006), which is probably due to mRNA released from necrotic cells (Kariko et 

al., 2004b). Considering the necrotic nature of the damage in peripheral nerve 

axotomy, this report suggests that TLR3 might be involved in nerve injury-

induced Schwann cell activation. Such possibility is further supported by recent 

finding that TLR2 is critical for Wallerian degeneration after peripheral nerve 

injury in vivo (Boivin et al., 2007). In addition, TLR2, -3, and –4 have been 

implicated in Schwann cell activation due to neuronal damage (Lee et al., 2006; 

Kigerl et al., 2007). Based on the neuroprotective and nerve regenerating effects 

of VIP in vivo, I speculated that VIP may regulate neurotoxic Schwann cell 

activation. To address this issue, we investigated the role of VIP in TLR3-

mediated iNOS gene expression in Schwann cells and the subsequent DRG 

neuronal death.. 
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Materials and Methods 

 

Cell Cultures 

 Sprague-Dawley (SD) rats were purchased from KOATECH 

(Pyongtaek, Korea). Primary Schwann cells from the sciatic nerves of 1 to 3 

day-old SD rat pups were purified as previously described (Lee et al., 2006). A 

spontaneously immortalized Schwann cell clone (iSC) was cultured in DMEM 

containing
 
10% heat-inactivated FBS, 2 mM L-glutamine, and 1X antibiotics 

and antimycotics. iSC cells were maintained in a 5% CO2 incubator at 37°C. 

Pure DRG neuronal cultures were obtained from E15 SD rat embryos according 

to the method of Wood (Wood, 1976). Pregnant SD rats were killed by ether. 

The E15 embryos were removed, and DRG neurons were cultured in neuron 

culture medium (F12 medium with 0.5% heat-inactivated FBS, 2 mM L-

glutamine, 20 ng/ml of NGF, 1X N2 supplement, and 1X antibiotics and 

antimycotics). The purity of the DRG neuron culture was more than 95% 

according to NeuN (Chemicon, Temecula, CA) immunostaining. For DRG 

neuron and Schwann cell co-cultures, DRGs were obtained from 1 to 2 day-old 

SD rat pups. The ganglia were dissociated using 0.1% collagenase A in Hanks' 

balanced salt solution at 37°C for 10 min, followed by a 0.25% trypsin 

treatment for 10 min. They were triturated to a single-cell suspension with a 

Pasteur pipette and cultured in neuron culture medium on dishes coated with 

both poly-L-ornithine (20 ng/ml) and laminin (10 g/ml). After one day, 5  

Ara-C was added to the medium for 24 h to suppress fibroblast proliferation. 

After this period, the medium was changed and the cultures were maintained in 
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a 5% CO2 incubator at 37°C. On the third day, the cultures consisted of DRG 

neurons and Schwann cells at approximately a 6 to 4 ratio, which was 

confirmed by immunocytochemistry using anti-NeuN and anti-CNPase (Sigma, 

St. Louis, MO) antibodies.  

 

RT-PCR and Real-time RT-PCR 

 The rat Schwann cells seeded at 5 X 10
5
 cells/ml in 6-well culture 

plates were pretreated with VIP (10 nM) for 1 h and stimulated with poly(I:C) 

(20 g/ml) for 3 h. Total RNA was isolated and used for RT-PCR as previously 

described (Lee et al., 2006). Real-time RT-PCR was performed using the 

Sybrgreen reagents kit and an ABI Prism 7500 sequence detection system 

(Applied Biosystems, Foster City, CA) as previously described (Lee et al., 

2006). The following PCR primer sequences were used: Rat VPAC1 forward : 

5’ - ATA CAC CTG GAA AGC AAC CGC - 3’, VPAC1 reverse: 5’ - CAA TGG 

CAA CGC TTA ACC CAA - 3’ ; VPAC2 forward: 5’ - ATC CAC TCT TGA 

AAG GCC TCC - 3’, VPAC2 reverse: 5’ - TGA CCT AGG CCA TTT GTT 

CCC - 3’; GAPDH forward: 5’ - AGG TCA TCC CAG AGG TGA ACG - 3’, 

GAPDH reverse: 5’ - CAC CCT GTT GCT GTA GCC GTA T - 3’; iNOS 

forward: 5’ - TCT GTG CCT TTG CTC ATG ACA - 3’, iNOS reverse: 5’ - TGC 

TTC GAA CAT CGA ACG GTC - 3’. Reactions were performed in triplicate in 

10 l reactions, each containing 1 pM primer, 4 l cDNA, and 5 l 2X SYBR 

GREEN Universal Master mix. The mRNA levels of each target gene were 

normalized to GAPDH and are represented as fold induction. The fold 

induction was calculated using the 2
-∆∆CT

 method as previously described 

(Livak and Schmittgen, 2001). All real-time RT-PCR experiments were 

performed at least three times, and the mean ± S.E.M values are presented 
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unless otherwise noted. 

 

Immunocytochemistry 

 The rat Schwann cells were plated onto poly-D-lysine (20 ng/ml)-

coated
 
cover glass and fixed in

 
4% paraformaldehyde in 0.1 M PBS (pH 7.4) for 

15 min. After
 
being rinsed in 0.1 M PBS, cells were blocked in a solution 

containing 5% normal goat/horse serum, 5% fetal bovine serum, 2% bovine 

serum albumin, and 0.1% Triton X-100 for 1 h at RT. The cells were then 

incubated overnight at 4°C with primary antibody. A mixture of mouse anti-

S100 (1:100) (Abcam, Cambridge, UK) and rabbit anti-VAPC1 or -VPAC2 

(1:100) antibodies (Santa Cruz, CA, USA) was used for primary antibodies. 

Cy3-conjugated anti-mouse IgG and FITC-conjugated anti-rabbit IgG 

antibodies were used as secondary antibodies, each at 1:200. Fluorescent 

images were obtained using a confocal microscope (LSM 5 PASCAL; Carl 

Zeiss, Germany). 

 

Nitrite Assay 

 Nitric oxide (NO) production was measured using Griess reagents 

according to the manufacturer's instructions (Sigma). The rat Schwann cells 

(2.5 X 10
5
 cells) seeded in 24-well culture plates were pretreated with VIP (10 

nM) for 1 h and stimulated with poly(I:C) (20 g/ml) for 24 or 48 h. Culture 

supernatants were harvested from each sample and mixed with an equal volume 

of Griess reagent, and then absorbance was measured at 540 nm after 15 min 

using a Bio-Rad microplate reader (Hercules, CA). The nitrite concentration in 

each sample was calculated from a standard curve and normalized to the 
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number of cells in each sample. All nitrite assays were performed at least three 

times and the mean ± S.E.M values are presented. 

 

Western Blot Analysis 

 iSC cells (5 X 10
5
 cells/ml) and DRG neurons (2 X 10

6
 cells/ml) 

stimulated under various conditions were harvested in lysis buffer (50 mM Tris-

Cl, pH 7.5, 150 mM NaCl, 1% Triton X-100, 10% glycerol, and protease 

inhibitor cocktail). A total of 50 g of cell lysate from each sample was 

resolved by electrophoresis on 12% SDS-PAGE. The proteins were then 

transferred to a nitrocellulose membrane and blocked with 5% bovine serum 

albumin (BSA) in Tris-buffered saline with Tween 20 (TBST; 20 mM Tris, pH 

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

primary antibody (phospho-p38, total p38, phospho-JNK, total JNK, caspase-3, 

or actin at 1:1,000) (Cell Signaling, Beverly, MA) at 4°C overnight; this was 

followed by incubation with HRP-conjugated secondary antibody at RT for 1 h 

prior to ECL treatment and exposure to X-ray film. 

 

Lactate Dehydrogenase (LDH) Release Assay 

 DRG neurons (4 X 10
4
 cells) or DRG neuron-Schwann cell co-cultures 

(5 X 10
4
 cells) in 96-well plates were stimulated in various conditions. To 

prepare the conditioned media, iSC (2.5 X 10
5
 cells) and primary Schwann cells 

(2.5 X 10
5
 cells) in 24-well plates were stimulated with poly(I:C) for 3 h with or 

without VIP or L-canavanine pretreatment for 1 h. After 3 h, cells were washed 

with fresh medium and incubated for 24 h or 48 h in serum-free medium. Then 

culture supernatants were harvested, briefly spinned down, and used as 
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Schwann cell-conditioned medium. Half the culture medium of DRG neuron 

culture was replaced with each Schwann cell-conditioned medium. After 24 h, 

cell supernatants were harvested from each sample, and the extent of neuronal 

cell death was measured using the CytoTox96 Non-Radioactive Cytotoxicity 

Assay kit (Promega, Madison, WI) according to the manufacturer's instructions. 

Briefly, equal volumes of the culture supernatant and the substrate were mixed 

and incubated for 30 min before addition of the stop solution. Then, absorbance 

of the samples was measured at 490 nm using a Bio-Rad microplate reader. The 

percentage of cell death was calculated as (absorbance value of experimental 

sample – absorbance value of medium alone)/(absorbance value of 100% lysed 

sample – absorbance value of medium alone) x 100. All LDH release assays 

were performed at least three times, and the mean ± S.E.M values are presented. 

 

Terminal Deoxynucleotidyl Transferase-mediated Deoxyuridine 

Triphosphate–Biotin Nick end Labeling (TUNEL) Staining 

 The Apoptaq®  Plus Fluorescein in situ cell apoptosis detection kit 

(Chemicon, Temecula, CA) was used according to the manufacturer's 

instructions. DRG neurons were stained with anti-NeuN antibody. After
 

washing in 0.1 M PBS, neurons were prehybridized in equilibration buffer
 
for 5 

min, followed by hybridization with terminal deoxynucleotidyl
 
transferase 

(TDT) enzyme for 2 h at 37°C. The hybridization
 
reaction was terminated by 

incubating with stop buffer and washing with PBS. Then neurons were stained 

with FITC-conjugated anti-Digoxigenin antibody and Cy3-conjugated anti-

rabbit IgG antibody (Jackson ImmunoResearch, West Grove, PA). Fluorescence 

images were obtained under a confocal microscope (LSM 5 PASCAL; Carl 

Zeiss, Germany). 
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Statistical Analysis 

 The statistical significance of differences between groups was tested 

using the unpaired Student’s t-test with a threshold of *, p < 0.001 or **, p < 

0.05. 
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Results 

VIP receptors are expressed in Schwann cells. 

In order to elucidate the role of VIP in Schwann cell activation, we first 

characterized the expression of the VIP receptors in the cells. There are two 

high affinity receptors for VIP, VPAC1 and VPAC2. Transcripts for both 

receptors were detected in both primary rat Schwann cells and iSC (Fig. 1A). 

The expression level of VPAC2 was approximately 50-fold higher than VPAC1 

in both primary Schwann cells and iSC cells (Fig. 1B). Interestingly, the low 

basal level expression of VPAC1 was upregulated by stimulation with poly(I:C). 

Poly(I:C) stimulation induced VPAC1 transcript levels by 50- and 5-fold in 

primary Schwann cells and iSC, respectively (Fig. 1C), whereas it did not have 

any effect on VPAC2 expression (data not shown). I also confirmed the protein 

expression of these receptors by immunostaining (Fig. 1D). Although the 

mRNA expression levels for these receptors were much higher in iSC cells than 

in primary Schwann cells, the protein expression levels were not significantly 

different. 

 

VIP inhibits poly(I:C)-induced iNOS gene expression and NO 

production in Schwann cells. 

To test the role of VIP in TLR3-induced neurotoxic Schwann cell 

activation, we measured the mRNA expressions of iNOS gene upon VIP 

treatment. Previous study in our laboratory has revealed that poly(I:C)-activated 

Schwann cells induce sensory neuronal death via NO production (Lee et al., 

2007). Pretreatment of VIP inhibited poly(I:C)-induced iNOS gene expression 

in the primary Schwann cells by 40% (Fig. 2A), and comparable levels of 
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reduction in NO production was observed (Fig. 2B). In iSC, the inhibitory 

effect of VIP was even higher (Fig. 2C and D). It inhibited poly(I:C)-induced 

iNOS gene expression at a dose-dependent manner, inhibiting more than 90% 

NO production at 10 nM concentration. These data show that VIP plays an 

inhibitory role in TLR3-stimulated iNOS gene expression in Schwann cells. 

 

VIP exerts its inhibitory effects via cAMP/PKA signaling 

pathway and inhibition of poly(I:C)-induced p38 activation. 

 To elucidate the mechanisms underlying the inhibitory effect of VIP on 

iNOS gene expression, I characterized the intracellular signaling pathways 

mediated by VIP in Schwann cells. VPAC1 and VPAC2 are G-protein coupled 

receptors that can stimulate cAMP synthesis (Gaudin et al., 1998). To test if 

elevated intracellular cAMP levels mimic VIP, we pretreated Schwann cells 

with forskoline, an adenylate cyclase activator (Seamon and Daly, 1981). 

Similar to VIP treatment, forskoline reduced the poly(I:C)-induced iNOS gene 

expression and NO production in iSC (Fig. 3A). Likewise, iNOS expression in 

primary Schwann cells is decreased (Fig. 3B). Intracellular cAMP transmits 

signals by activating protein kinase A (PKA). To test if PKA activation is 

required for the inhibitory effects of VIP, I co-treated VIP with H-89, a 

pharmacological PKA inhibitor. The inhibition of PKA activity by H-89 almost 

completely abrogated the VIP effects on the poly(I:C)-induced iNOS gene 

expression in iSC (Fig. 3C). These data suggest that cAMP/PKA signaling is 

involved in the inhibitory effects of VIP on TLR-3-mediated iNOS gene 

induction in Schwann cells. Previously, I have reported that TLR3 stimulation 

induces iNOS gene expression in Schwann cells via p38 and JNK activation 

(Lee et al., 2007). VIP pretreatment inhibited the poly(I:C)-induced p38 
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activation in iSC (Fig. 3D). JNK activation was also induced by poly(I:C) 

treatment in iSC at 60 min, whereas, it was not inhibited by VIP pretreatment. 

Similar decrease in poly(I:C)-induced p38 activation by VIP was observed in 

primary Schwann cells (data not shown). These data indicate that VIP inhibits 

poly(I:C)-induced iNOS gene expression by regulating p38 activation in 

Schwann cells. 

 

VIP attenuates the neurotoxic activity of poly(I:C)-stimulated 

Schwann cells. 

 In order to assess the putative neuroprotective effects of VIP on sensory 

neurons, I added VIP to the DRG neuron and Schwann cell co-culture and 

measured cell death by LDH-release in the culture medium. As previously 

reported, ~20% of basal level LDH was detected in the mixed DRG neuron and 

Schwann cell co-culture, which is probably due to spontaneous LDH release 

(Lee et al., 2007) (Fig. 4A). The cell death rate increased to 59% upon poly(I:C) 

treatment. According to our previous study (Lee et al., 2007), neurons, but not 

Schwann cells, in the co-culture undergo cell death after poly(I:C) treatment. 

When cells were pretreated with VIP, the poly(I:C)-induced cell death rate was 

decreased to 46%, showing that VIP had a neuroprotective effect in the neuron-

Schwann cell co-culture. VIP treatment alone did not affect the basal cell death 

rate in the co-culture. Poly(I:C) stimulation did not induce cell death in primary 

Schwann cells either (Fig. 4B). I have previously shown that the neurotoxic 

effects of poly(I:C) in neuron-Schwann cell co-cultures is due to NO secreted 

from TLR3-activated Schwann cells (Lee et al., 2007). In the pure DRG neuron 

culture, there was a basal level cell death of 33% (Fig. 4C). Once neurons were 

incubated with conditioned media from unstimulated iSC (CM), the basal cell 
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death rate increased slightly to 37%, though this increase was not statistically 

significant. In contrast, the conditioned media from the poly(I:C)-activated iSC 

(pI:C-treated CM) increased the neuronal cell death rate to 69% (Fig. 4C). The 

conditioned media of iSC treated with L-canavanine, a specific inhibitor of 

iNOS, plus poly(I:C) (L-can/pIC-treated CM) reduced the death rate to 46%, 

indicating an NO-mediated neuronal death mechanism. Notably, iSC-

conditioned media stimulated with VIP plus poly(I:C) (VIP/pIC-treated CM) 

increased the cell death rate to only 52%, which is a 47% decrease in cell death 

induction by poly(I:C). Similarly, conditioned media from the poly(I:C)-

activated primary Schwann cells (pSC) increased the neuronal cell death rate to 

62%. This cell death rate was reduced to 45% when neurons were incubated in 

the conditioned media of primary Schwann cells treated with VIP plus poly(I:C). 

Neither VIP nor poly(I:C) treatment alone in the pure DRG neuron culture 

enhanced the cell death rate above the basal level. Interestingly, the conditioned 

media of unstimulated primary Schwann cells alone slightly increased the basal 

neuronal death rate to 44%; this is possibly due to basal level NO release by the 

primary rat Schwann cells (Fig. 2B). Taken together, these data show that VIP 

plays a neuroprotective role by inhibiting the neurotoxic activity of poly(I:C)-

stimulated Schwann cells.  

 

poly(I:C)-activated Schwann cells induce apoptotic DRG 

neuronal death. 

The nature of DRG neuronal death in activated Schwann cell-

conditioned medium was characterized. TUNEL-positive cells of typical 

apoptotic morphology with punctated nuclei were detected in DRG neurons 

incubated in the poly(I:C)-treated iSC-conditioned medium (Fig. 5A). These 
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apoptotic neurons were also detected in the DRG culture treated with NOC-18, 

an NO donor. However, it was not detected in DRG culture incubated in 

unstimulated Schwann cell-conditioned media nor in neuron culture media. In 

addition, apoptotic cell death was measured by caspase-3 activation. The 

cleaved activated form of caspase-3 was induced in the DRG neurons incubated 

in the poly(I:C)-stimulated iSC-conditioned medium (Fig. 5B). The activated 

caspase-3 was decreased by VIP treatment in the Schwann cell culture. Taken 

together, these data show that DRG neurons incubated in activated Schwann 

cell-conditioned media undergo apoptotic death, at least in part. 
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Fig. 1. VIP receptors are expressed in rat Schwann cells. 

Primary Schwann cells (pSC) and iSC cells (5 X 10
5
 cells/ml) were treated with 

or without poly(I:C) (20 g/ml) for 3 h. Total RNA was prepared from each 

sample and VPAC1 and VPAC2 mRNA expression was tested by real-time RT-

PCR. A. The amplified cDNA products were separated by electrophoresis on a 

2% agarose gel. B. The mRNA expression levels of VPAC2 from primary 

Schwann cells and iSC were normalized to the levels of VPAC1 mRNA in each 

sample, and presented as VPAC2/VPAC1. C. The VPAC1 mRNA expression 

level in Schwann cells with or without poly(I:C) stimulation was measured by 

real-time RT-PCR. The mean ± S.E.M from three independent experiments is 

shown. D. Colocalization of VPAC and S100 in rat Schwann cells. FITC-

conjugated anti-VPAC1 and VPAC2 antibody (green) and Cy3-conjugated anti-

S100 (red) antibody were used to probe the rat Schwann cells. VPAC1/2 and 

S100-positive iSC and primary Schwann cells are shown. Scale bar: 10 m. 
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Fig. 2. VIP inhibits poly(I:C)-induced iNOS gene expression and NO 

production in Schwann cells. 

A. Primary Schwann cells (5 X 10
5
 cells/ml) were pretreated with VIP (10 nM) 

for 1 h and stimulated with poly(I:C) (20 g/ml) for 3 h. Total RNA was 

isolated and used to measure iNOS mRNA expression by real-time RT-PCR. 

The mRNA levels of each sample were normalized to the levels of GAPDH and 

are represented as a fold induction. The fold induction levels of VIP-treated 

samples are denoted in parenthesis. B. Primary Schwann cells were stimulated 

with poly(I:C) for 24 or 48 h in the presence or absence of VIP (10 nM). NO 

production was measured by determining the nitrite concentration in culture 

supernatants by Griess assay. iSC cells were pretreated with the indicated 

concentrations of VIP for 1 h and stimulated with poly(I:C) for 3 h to determine 

iNOS mRNA expression by real-time RT-PCR (C), or for 24 h to measure 

nitrite concentration in the medium by Griess assay (D). *, p < 0.001 
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Fig. 3. VIP exerts its inhibitory effects via cAMP/PKA signaling pathway 

and inhibition of poly(I:C)-induced p38 activation. 

A. iSC cells (5 X 10
5
 cells/ml) were pretreated with the indicated 

concentrations of forskoline for 1 h and stimulated with poly(I:C) (20 g/ml). 

After 3 h, total RNA was isolated and used to determine iNOS gene expression 

by real-time RT-PCR (left graph), while nitrite concentration in the medium was 

measured by Griess assay after 24 h (right graph). B. Primary Schwann cells (5 

X 10
5
 cells/ml) were pretreated with forskoline (1 M) for 1 h and stimulated 

with poly(I:C) (20 g/ml). iNOS mRNA expression was tested by real time RT-

PCR (left graph) and NO production was measured by Griess assay (right 

graph). Forskoline inhibits poly(I:C)-induced iNOS expression and NO 

production in iSC and primary Schwann cells. C. iSC cells were pretreated with 

VIP and/or H-89 for 1 h, and stimulated with poly(I:C) for 3 h. iNOS gene 

expression levels were measured by real-time RT-PCR. H-89 restores the 

inhibitory effect of VIP in iNOS expression. The fold induction level of H-89-

treated sample is denoted in parenthesis. D. iSC cells were stimulated with 

poly(I:C) in the absence or presence of VIP for various time periods. Cell 

lysates were prepared from each sample and used for western blot analysis. The 

nitrocellulose membranes were probed with anti-phospho p38 (p-p38) and anti-

phospho JNK (p-JNK) antibodies. The membrane was stripped and reprobed 

with antibodies detecting total p38 (T-p38) and total JNK (T-JNK), respectively. 

These data indicate that PKA activation and inhibition of poly(I:C)-induced p38 

activation are involved in the VIP effects. *, p < 0.001 
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Fig. 4. VIP decreases the neurotoxic activity of poly(I:C)-stimulated 

Schwann cells. 

A. DRG neuron-Schwann cell co-cultures (5 X 10
4
 cells in 96 well-plates) were 

treated with medium alone or poly(I:C) (20 g/ml), in the absence or presence 

of VIP. After 24 h, cell supernatants were taken from each sample and used for 

an LDH release assay. B. Primary Schwann cells were treated with poly(I:C) 

(20 g/ml), in the absence or presence of VIP. After 48 h, cell supernatants were 

taken from each sample and used for an LDH release assay. C. Pure DRG 

neurons (4 X 10
4
 cells in 96-well plates) were cultured in neuron culture 

medium. Half the culture medium was replaced with serum-free conditioned 

medium from unstimulated pSC and iSC culture (CM), VIP-stimulated iSC 

culture (VIP only CM), poly(I:C)-stimulated pSC and iSC culture (pI:C-treated 

CM), VIP plus poly(I:C)-stimulated pSC and iSC culture (VIP/pI:C-treated 

CM), or L-canavanine plus poly(I:C)-stimulated iSC culture (L-can/pI:C-treated 

CM). In other samples, neurons were stimulated with VIP and/or poly(I:C) 

without replacing the medium. After 24 h, cell supernatants were taken from 

each sample and used for an LDH release assay. The mean ± S.E.M from three 

independent experiments is shown. The data show that VIP inhibits the 

neurotoxic activity of poly(I:C)-stimulated Schwann cells. *, p < 0.001; **, p < 

0.05 
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Fig. 5. poly(I:C)-activated Schwann cells induce apoptotic DRG neuronal 

death. 

A. Pure DRG neurons were cultured in neuron culture medium. Half the culture 

supernatant was replaced with serum-free conditioned medium from 

unstimulated iSC culture (CM) or poly(I:C)-stimulated iSC culture (pI:C-CM). 

Alternatively, cells were treated with NOC-18 (1 mM), an NO donor. After 24 h, 

DRG neuronal cells were fixed and stained with Cy3-conjugated anti-NeuN 

antibody (red) and FITC-conjugated anti-DIG antibody (green). A 

subpopulation of DRG neurons incubated in pI:C-CM or NOC-18 undergoes 

apoptosis (arrow heads). Scale bar: 10 m. B. Pure DRG neurons (2 X 10
6
 cells 

in 6-well plates) were cultured in neuron culture medium. Half the culture 

supernatant was replaced with serum-free conditioned medium from 

unstimulated iSC culture (CM), poly(I:C)-treated iSC culture (pI:C-CM), VIP 

plus poly(I:C)-treated iSC culture (VIP/pI:C-treated CM). Alternatively, cells 

were directly treated with NOC-18 (1 mM) as a positive control. After 9 h, 

DRG neuronal cell lysates were prepared from each sample and used for 

Western blot analysis to detect cleaved caspase-3 expression. Scale bars: 10 m 
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Discussion 

 

 It has been reported that VIP accelerates nerve regeneration and 

remyelination after nerve axotomy (Zhang et al., 2002). Several mechanisms 

have been proposed to explain these effects. However, the mechanism of the 

nerve regenerating effects of VIP was not fully understood. It has been 

documented that VIP directly activates neurons and regulates neurogenesis and 

neuron survival (Pincus et al., 1990; Waschek, 1996). Such autocrine functions 

of VIP during nerve injury may eventually result in enhanced nerve 

regeneration. Alternatively, VIP may affect nerve regeneration by regulating the 

nerve-infiltrating peripheral immune cells. It is well known that VIP has a 

strong anti-inflammatory effect on immune cells (Leceta et al., 2000). However, 

how VIP affects Schwann cells, another key player in peripheral nerve 

regeneration, had not yet been explored. In this study, we demonstrated that VIP 

inhibits poly(I:C)-induced NO production in Schwann cells leading to sensory 

neuronal death. Considering the implication of TLR3 in injury-induced 

Schwann cell activation (Lee et al., 2006), it is tempting to speculate that VIP 

inhibition of TLR3-induced neurotoxic Schwann cell activation is one 

mechanisms underlying the neuroprotective and nerve regenerating effects of 

VIP in vivo.  

 

 Studies on intracellular signaling mediated by VIP stimulation have 

thus far revealed two distinct pathways, a cAMP/PKA-dependent pathway and 

a cAMP/PKA-independent pathway (Delgado et al., 1998; Wang et al., 1999). 

In macrophages, a cAMP/PKA-independent pathway leads to reduced NF-B 
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activation and subsequent reduced iNOS gene expression (Leceta et al., 2000). 

In this study, VIP effects on poly(I:C)-induced iNOS expression were 

cAMP/PKA-dependent. In addition, VIP inhibits LPS-induced JNK activation 

in macrophages (Delgado and Ganea, 2000). In Schwann cells, however, VIP 

failed to inhibit poly(I:C)-induced JNK activation, but it inhibited p38 

activation. This suggests that intracellular signaling pathways mediated by VIP 

are cell type- or stimulus-specific. Such differences may be attributed to the 

different VIP receptors on Schwann cells. In macrophages, VPAC1 is 

constitutively expressed and VPAC2 is induced upon activation (Delgado and 

Ganea, 1999). In Schwann cells, I observed higher levels of constitutive VPAC2 

expression, with VPAC1 being upregulated by poly(I:C) stimulation. This 

explanation is speculative and remains to be substantiated.  

 

 Previously, it was demonstrated that NO secreted from TLR3-activated 

Schwann cells induces sensory neuronal cell death (Lee et al., 2007). In this 

study, the neuronal death was further characterized. I found that at least some 

DRG neurons undergo apoptosis in response to poly(I:C)-stimulated Schwann 

cells. However, this does not exclude the possibility that other sub-sets of DRG 

neurons undergo necrosis. The pro-apoptotic effect of NO has been well 

documented in the CNS neurons, including cortical, cerebellar, and spinal cord 

motor neurons (Palluy and Rigaud, 1996; Manabe et al., 2001; Ciani et al., 

2002). However, NOs’ pro-apoptotic effect on DRG cells has not been formally 

addressed. Rather, an anti-apoptotic effect of nNOS-mediated NO production 

on DRG neurons was reported (Thippeswamy et al., 2001; Thippeswamy et al., 

2005). In these studies, the neuroprotective effect of NO-mediated Schwann 

cell activation was due to the production of NT3 and NGF (Thippeswamy et al., 
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2005). Currently, it is hard to reconcile these seemingly opposite data, but, it 

can be conjectured that the concentration of NO released may be involved in 

such differences. NO functioning as a signaling molecule at a low concentration 

may exert cytotoxic effects through the formation of reactive nitrogen 

intermediates at a high concentration (Dawson and Dawson, 1996). Future 

studies assessing the through dose-dependent NO effects on DRG cell death 

will resolve this issue.  

 

 In this study, VIP inhibited TLR3-mediated NO production in Schwann 

cells and the neurotoxic activity of the TLR3-stimulated Schwann cell-

conditioned media. Considering the neurotoxic effects of NO in the conditioned 

media, it is most likely that VIP exerted its neuroprotective effects by 

decreasing the concentration of NO in the Schwann cell-conditioned media. In 

this study, the direct effects of VIP on neurons can be disregarded because VIP 

was washed out after a 3 h treatment of Schwann cell cultures. However, it is 

still technically possible that VIP in the presence of poly(I:C) induces the 

release of certain neuroprotective molecules from the Schwann cells, which 

also contributes to the decrease in neurotoxic activity of the conditioned media. 

Along these lines, it is noteworthy that VIP induces activity-dependent 

neurotrophic protein (ADNP), a potent neuroprotective protein, in astrocytes 

(Bassan et al., 1999). Thus far, it has not known if ADNP is induced in 

Schwann cells by VIP; this will be explored in a future study.  

 

 In summary, I show in this study that VIP inhibits poly(I:C)-induced 

NO production in Schwann cells and subsequent DRG neuronal cell death. 

Although such VIP effects on Schwann cells need to be confirmed in vivo, this 
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study proposes a feasible mechanism for the neuroprotective effect of VIP in 

the PNS. 

 

This work has been reproduced from an article published by Hyunkyoung 

Lee, J Neurosci Res. 2009;87(1):171-8. 
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CHAPTER 3 

 

Role of NF-B activation in 

Schwann cells in nerve regeneration
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Abstract 

 

After peripheral nerve injury, Schwann cells play an important role in 

Wallerian degeneration and axonal regeneration. Recently, it was reported that 

toll-like receptor (TLR) signaling contributes to Schwann cell activation and 

Wallerian degeneration. Also, I have previously reported that TLR3 mediates 

inflammatory Schwann cell activation via the NF-B signaling pathway. 

However, the role of NF-B in Schwann cells after peripheral nerve injury has 

not been fully elucidated. In this study, I investigated the role of NF-B in 

Schwann cells during Wallerian degeneration and axonal regeneration after 

peripheral nerve injury. To study the role of NF-B signaling in Schwann cells 

in vivo, I generated a conditional knockout mouse (Ikkf/f/CNP-cre) in which 

Cre, under the control of the 2′, 3′-cyclic nucleotide phosphodiesterase (CNP) 

promoter, drives the deletion of the Ikk gene. This deletion reduced IKK 

activity in cultured primary Schwann cells by up to 95% compared with Ikkf/f 

(wild-type; wt). After sciatic nerve crush, Ikkf/f/CNP-cre
+/-

 (cKO) mice 

showed a reduced number of regenerated myelinated axons and delayed sciatic 

nerve regeneration compared with wt mice. Also, injury sites of cKO mice 

showed increased numbers of infiltrated macrophages compared with wt mice. 

Then, I examined the expression of nerve myelination-associated genes such as 

MBP in Schwann cell in vivo. The sciatic nerve injury-induced nerve 

myelination-associated gene expression was reduced in cKO mice. Furthermore, 

migration of Schwann cells on neuronal growth factors was dramatically 

decreased their migration compared with pretreated Helenalin. Taken together, 

my data show that NF-B-dependent Schwann cell activation is required for 
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macrophage infiltration and contributes to axonal regeneration after peripheral 

nerve injury. 

 

 

Key Words: Schwann cells; Ikk; Wallerian degeneration; Macrophage; Nerve 

regeneration 
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Introduction 

 

It is well known that neurons in the peripheral nervous system (PNS), 

unlike those in the central nervous system (CNS), have an intrinsic potential to 

regenerate upon axotomy. Upon peripheral nerve injury, Schwann cells have an 

important role in repair by contributing to the growth permissive environment 

that allows peripheral axons to regenerate (Bosse, 2012). At the same time, 

Wallerian degeneration disrupts axon-Schwann cell contacts, which persisted 

throughout normal development. In order to achieve, successful nerve repair, 

neuronal loss needs to be prevented, the axons have to re-grow and identify 

their correct target cells, and the myelin sheaths need to be re-synthesized (Fu 

and Gordon, 1997). First, the injured tissue needs to be cleaned up, and the 

axonal growth-inhibiting myelin debris must be removed (Grados-Munro and 

Fournier, 2003). Schwann cells play an important role in this process, which is 

known as Wallerian degeneration. It is the Schwann cells that first respond to 

nerve injury and become de-differentiated or activated (Stoll et al., 2002). The 

activated Schwann cells then retain their phagocytic capacity and begin 

cleaning the myelin and dead neuronal debris (Fu and Gordon, 1997). In this 

cleaning process, the Schwann cells express various inflammatory cytokines 

and chemokines such as TNF-α, IL-6 and MCP-1, which induces local 

inflammation and recruitment of the macrophages from the blood vessel 

(Tofaris et al., 2002). In addition, Schwann cells and nerve-recruited 

macrophages regulate axon regeneration by producing various growth factors 

such as NGF, CNTF, GDNF, FGF, and BDNF (Meyer et al., 1992; Smith et al., 

1993; Hammarberg et al., 1996). Schwann cell activation thus plays a central 
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role in regulating Wallerian degeneration and successful nerve regeneration. 

However, it is not well-known how Schwann cells are initially activated and 

subsequently regulate these nerve repair responses 

 

Traditionally, the transcription factor NF-B has been characterized as 

a primary mediator of the mammalian immune response; more recently, 

however, it has been recognized as having a key role in other physiological 

roles, such as in limb formation (Bushdid et al., 1998) and neuronal viability 

following insult (Mattson et al., 2000; Nickols et al., 2003). The role of NF-B 

has diverse functions in the nervous system, depending on the cell type 

(Kaltschmidt and Kaltschmidt, 2009). In glia, NF-B regulates inflammatory 

processes that exacerbate diseases such as autoimmune encephalomyelitis, 

ischemia, and Alzheimer's disease (Akama et al., 1998; Cho et al., 2008; 

Kaltschmidt and Kaltschmidt, 2009). Also, NF-κB activation plays a critical 

role in the Schwann cell production of proinflammatory genes including TNF-α 

and iNOS (Lee et al., 2006). Likewise, NF-κB inhibition results in reduced glial 

scarring, which perhaps allows better axon regeneration (Brambilla et al., 2005). 

Taken together, recent reports suggest that the role of NF-κB plays very 

different functions in different cell types. However, its role in Schwann cells 

after peripheral nerve injury has not been formally characterized.  

 

In the present study, I investigated the in vivo function of NF-B 

activation in Schwann cells using conditional knockout mice. My data prove 

that Schwann cell activation via NF-B induces macrophage infiltration and 

axonal regeneration in peripheral nerve injury. 
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Materials and Methods 

 

Generation of Schwann cell-specific Ikk conditional knockout 

mice (Ikkf/f/CNP cre
+/-

; cKO) 

Schwann cells-specific Ikk-deficient mice were generated by breeding 

Ikkf/f-floxed (Ikkf/f) mice and CNP cre knock-in mice expressing Cre under 

the control of endogenous CNP promoter (Clausen et al., 1999; Li et al., 2003) 

The genotyping were measured using the following PCR: denaturation at 94 °C 

for 30 s, primer annealing at 60 °C for 30 s, and extension at 72 °C for 30 s. A 

total of 35 reaction cycles were performed. The amplified DNA products were 

separated by electrophoresis on a 2% agarose gel. PCR genotyping was 

performed using primers, 5’-TGA CCC GGG AAT GAA TAG GA-3’ and 5’-

GTC TTC AAC CTC CCA AGC CTT-3’, which amplify both the Ikkf/f (220-

bp) and Ikkf/f (310-bp) alleles. CNPcre mice were genotyped by PCR using 

the primer pair anti-sense : CNP -E3 anti sense 5’- CCC AGC CCT TTT ATT 

ACC AC- 3’, CNP -E3 sense 5’- GCC TTC AAA CTG TCC ATC TC-3’, CNP-

Puro3 5’- CAT AGC CTG AAG AAC GAG A- 3’), yielding 700 and 400 bp 

fragments as described previously (Lappe-Siefke et al., 2003). Mice were 

housed at 23 ± 2ºC with a 12 h light-dark cycle and food and water ad libitum. 

All surgical and experimental procedures were reviewed and approved by the 

Institutional Animal Care and Use Committee (IACUC) of Seoul National 

University. 

 

Cell culture 
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Primary Schwann cell (pSC) culture from adult sciatic nerve. 

Under aseptic conditions sciatic nerves of cKO mice were divested of 

their epineurium and connective tissue and cut into 2 mm explants.  These 

explants were placed onto 6 well culture dishes (5~6 explants/well) with 

Dulbecco’s Modified Eagle’s medium (DMEM) containing 10% fetal bovine 

serum (FBS). After allowing fibroblasts to grow out for 3 weeks, explants 

essentially devoid of these cells were enzymatically and mechanically 

dissociated. A pellet of sciatic nerves was incubated in 1 ml of 0.25% 

collagenase A/dispase and 0.1 ml of 0.2% DNase I at 37°C for 30 min. The 

nerves were then treated again with 1 ml of 0.25% trypsin–EDTA for 30 min. 

Subsequently, the cells were dissociated by repeated pipetting with a Pasteur 

pipette in culture medium containing DMEM, 10% heat-inactivated FBS, 2 mM 

L-glutamine, 0.5% glucose, and antibiotics. After filtering in a 70 m-cell 

strainer, the cells were pelleted by centrifugation at 1,000 rpm for 5 min. The 

cell pellet was resuspended in culture medium, seeded on poly-D-lysine (20 

g/ml)-coated dishes, and maintained in a 5% CO2 incubator at 37°C. After 1 

day, 10 M cytosine arabinoside (Ara-C) was added to the medium to suppress 

fibroblast proliferation, and forskolin (2 M) and Neuregulin (10 ng/ml) was 

added to the medium after 2 days. The primary Schwann cells were used for 

experiments after second passage. 

 

Primary Schwann cell (pSC) culture from neonate Dorsal root ganglion 

(DRG). 

For primary Schwann cell culture in DRG, DRGs of 1- to 2-day old 

were used. Then, DRGs were incubated in 1 ml of 0.25% collagenase A and 0.1 

ml of 0.2% DNase I at 37°C for 1 h. The nerves were then treated again with 1 
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ml of 0.25% trypsin–EDTA for 10 min. Subsequently, the cells were dissociated 

by repeated pipetting with a Pasteur pipette in culture medium containing MEM, 

5% heat-inactivated FBS, 2 mM L-glutamine, 0.5% glucose, and antibiotics. 

After filtering in a 70 m-cell strainer, the cells were pelleted by centrifugation 

at 800 rpm for 10 min. The cell pellet was resuspended in culture medium, 

seeded on poly-D-lysine (20 g/ml)-coated dishes, and maintained in a 5% CO2 

incubator at 37°C. After 1 day, 10 M cytosine arabinoside (Ara-C) was added 

to the medium to suppress fibroblast proliferation. The primary Schwann cells 

were used for Ikk gene deletion rate. 

  

Mixed glia culture from neonate brain. 

Briefly, Primary mixed glial cell cultures were established from 

neonatal mice cerebra as described previously (Lee et al., 2006). After 

removing meninges from the cerebral hemispheres, tissue was dissociated into a 

single-cell suspension by gentle trituration. Cells were cultured in DMEM 

supplemented with 10 mM HEPES, 10% FBS, 2 mM L-glutamine, 1x 

antibiotic/antimycotic, and 0.1 mM nonessential amino acid mixture in 75 cm2 

flasks at 37°C in a 5% CO2 incubator and the medium was changed every five 

days. After 2 weeks in the primary culture, primary mixed glial cell were 

harvested by trypsinization (0.25% trypsin–EDTA) and seeded in 35 mm dishes 

on the experiments. 

 

Deletion of the Ikkf/f allele at the genomic level 

Genomic DNA (100 ng in 4 l) was prepared from each sample, and 

mixed with SYBR Green PCR Master Mix (10 μl, Applied Biosystems, Foster 

City, CA), primers (1 l at 10 M each) and H2O (5 l). Real-time PCR was 
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performed for 40 cycles of 95°C for 15 s and 60°C for 1 min using an ABI 7500 

Real Time PCR System (Applied Biosystems). Primers, 5’-AAG ATG GGC 

AAA CTG TGA TGT G-3’ and 5’-CAT ACA GGC ATC CTG CAG AAC A-3’, 

were used to amplify the Ikkβ
f/f

 allele, and primers, 5’-GGT GCA TGG TGT 

GTG AAG AC-3’ and 5’-CAT GCA TAC TAC CGC CAC AC-3’, were used to 

amplify the Tnfr1 gene as a control. The ratio of Ikkβ
Δ 

and Ikkβ
f/f 

signal was 

calculated after normalization to the Tnfr1 signal. 

 

Peripheral nerve crush injury model 

Adult male cKO mice (8-10 weeks) were anaesthetized with Entobar 

(sodium pentobarbital, 50 mg/kg of body weight) and the skin was shaved. The 

right sciatic nerve was surgically exposed and carefully separated from 

surrounding connective tissue and then crushed by a 30 s compression with a 

pair of fine Dumon #5 forceps. After 3–28 days, the sciatic nerves were isolated 

from each tissue and used for real-time RT-PCR and histological analysis.  

 

Histological study 

Briefly, adult cKO mice were anaesthetized with Entobar. I collected 

the proximal nerve stump at 0, 7, 14, 21 and 28 d after sciatic nerve crush for 

histological analysis. Mice were perfused with 0.1 M PB (pH 7.4), and fixed 

with a fixative containing 2% paraformaldehyde and 2.5% glutaraldehyde in 0.1 

M PB. The sciatic nerves were removed at 5 mm distal to the injury site and 

immersed in the same fixative overnight. Then, the fixed sciatic nerves were 

rinsed and cut at the midpoint of the injured site. The segments were post-fixed 

in 2% phosphate-buffered osmium tetroxide solution for 2 h, dehydrated in an 

ethanol series, passed through propylene oxide and embedded in epoxy resin. 
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Transverse semi-thin sections (1.0 m thick) were picked up onto glass slides, 

dried
 
on the hot plate, and stained with 1% toluidine blue. The stained sections 

were then viewed with a light microscope (BX51; Olympus, Tokyo, Japan) 

using an image analysis program (DP70 controller; Olympus), and pictures 

were taken with a digital camera (DP70; Olympus). 

 

Immunohistochemistry 

At 1-4 weeks after crush injury, adult male cKO mice were 

anaesthetized with Entobar and perfused with 0.1 M phosphate buffered saline 

(PBS, pH 7.4), and fixed with a fixative containing 4% paraformaldehyde in 0.1 

M PBS. The specimens of the crushed sciatic nerve were taken at 5 mm distal 

to the injury site and immersed in the same fixative overnight, and rinsed and 

transferred to 30% sucrose in PBS for 48 h. Then, cryostat sections (10 m 

thick) were prepared and mounted on gelatin-coated slide. After
 
rinsing in 0.1 

M PBS, sciatic nerves were blocked in a solution containing 5% normal 

goat/horse serum, 5% fetal bovine serum, 2% bovine serum albumin, and 0.1% 

Triton X-100 for 1 h at RT. The sciatic nerves were then incubated overnight at 

4°C with primary antibody. A mixture of rat anti-CD68 (1:100), mouse anti-

NF200 (1:1,000), and rabbit anti-MBP (1:100) antibodies was used as the 

primary antibody. Cy3-conjugated rat IgG and rabbit IgG, and FITC-conjugated 

mouse IgG were used as secondary antibodies, each at 1:250. Fluorescent 

images were obtained under a confocal microscope (LSM 770 PASCAL; Carl 

Zeiss, Oberkochen, Germany). 

 

Real-time RT-PCR 
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Total RNA from sciatic nerve of cKO mice and primary cultured 

Schwann cells was isolated by using a TRI reagent according to the 

manufacturer’s instructions, treated with RNase-free DNase I for 30 min, and 

then heat-inactivated for 30 min at 65°C. cDNA was synthesized by incubating 

1ug of total RNA for 1 h at 37°C in a reaction mixture, containing 0.5 g of 

oligo (dT)15, 0.5 mM dNTP mix, 1X first-strand buffer, 5 U RNase inhibitor, 5 

M DTT, and 5 U M-MLV reverse transcriptase. The transcripts of the CD68, 

MBP, and GAPDH genes were quantified by real-time PCR analysis using an 

ABI PRISM 7500 Sequence Detection System Thermal Cycler (PE Applied 

Biosystems). Using a 20 l reaction mixture, containing first-strand cDNA, 

primers, and the SYBR GREEN Master mix (PE Applied Biosystems), real-

time PCR was performed by incubating each sample at 50°C for 2 min, and 95°

C for 10 min, which was followed. All real-time RT-PCR experiments were 

performed at least three times, and the mean ± S.E.M values have been 

presented unless otherwise noted. The primer sequences were as follows: mouse 

CD68 (forward), 5’- GGG GCT CTT GGG AAC TAC AC -3’,  mouse CD68 

(reverse), 5’- GTA CCG TCA CAA CCT CCC TG -3’, MBP F 5’- CTC CCT 

GCC CCA GAA GTC GC-3’, MBP R 5’- CTC TTC CTC CCC AGC TAA 

ATC-3’; GAPDH forward: 5’-CAC CCT GTT GCT GTA GCC GTA T-3’; 

GAPDH reverse: 5’-AGG TCA TCC CAG AGC TGA ACG-3’. 

 

Transwell migration assay 

Schwann cells were examined using 6.5 mm Transwell chambers with 

5 m pores (Costar, Cambridge, MA). A serum-free DMEM containing 

resuspended Schwann cells (10^5 cells/100 l) was transferred to the top 
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chamber of transwells and allowed cells to migrate at 37°C in 5% CO2 before 

addition of 600 l complete medium into the lower chambers. The lower 

chambers of each membrane were treated with 100 ng/ml NGF or NRG for 24 h. 

To determine the effect of NF-B inhibitor on Schwann cell migration, 

Schwann cells pretreated with 5 M Helenalin for 1 h were incubated media for 

24 h. The upper surface of each membrane was cleaned with a cotton swab at 

the indicated time. Cells adhering to the bottom surface of each membrane were 

stained with 0.1% crystal violet, imaged, and counted using a DMR inverted 

microscope (Leica Microsystems, Bensheim, Germany). Assays were done 3 

times using triplicate wells.  

 

Statistical analysis 

The statistical significance of differences between groups was tested 

using the unpaired Student’s t-test with a threshold of *, p < 0.001 or **, p < 

0.05. 
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Results 

 

Generation of the Ikkf/f/CNP cre
 conditional knockout 

To examine the role of NF-B in the Schwann cell activation in 

peripheral nerve injury, I first generated Schwann cells-specific Ikk cKO mice. 

Ikkf/f mice were crossed with CNP cre mice expressing Cre recombinase under 

the control of the CNP1 promoter to generate Ikkf/f/CNPcre
+/-

 (cKO) mice 

(Fig.1A-B). Then, I tested whether Ikk is deleted in tissue and cells of wt and 

cKO mice littermates. I isolated genomic DNA from tissues and cells and 

measured the Ikk deletion rate at the genomic level with real-time PCR using a 

specific primer set designed to detect undeleted-Ikk alleles, as previously 

described (Li et al., 2003). cKO mice showed reduced Ikk genomic DNA 

levels in sciatic nerve and DRG by 85% and 65%, respectively (Fig.1E and F). 

Also, brain and spinal cord genomic DNA levels were reduced by 65% and 

70%, respectively (Fig.1C and D). In cultured primary SC of cKO
 
mice, 90±5% 

of the Ikkβ alleles were deleted, while real-time PCR analysis of the cKO mice 

indicated that the Ikk gene deletion was not deleted in primary mixed glia (Fig. 

1G-I). It was previously suggested that the Cre recombinase in CNP cre mice is 

expressed not only in Schwann cells, but also in oligodendrocytes (Lappe-

Siefke et al., 2003). In primary cultured mixed glia the deletion rate was only 

5±5%, probably due to contamination of the oligodendrocytes culture with 

microglia and astrocytes (Fig. 1I). Then, I tested if the deletion of Ikkβ in 

Schwann cells correlates with reduced Ikkβ production in Schwann cells using 

western blot assay. In primary Schwann cells from het mice Ikk protein levels 
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were markedly diminished compared with Ikk protein levels in wt (Fig. 1J). 

Taken together, these data show a Schwann cell-specific Ikkβ deletion in 

Ikkf/f/CNP-cre mice.. 

 

Ikkf/f
/CNP cre

+/- mice show delayed nerve repair after peripheral 

nerve injury. 

To test whether NF-B is required for Wallerian degeneration and 

nerve regenaration in vivo, I performed sciatic nerve crush injury in the right 

hind limb of wt and cKO mice. After 7 days, many nerve fibers undergoing 

demyelination were detected in the crushed sciatic nerve in both wt and cKO 

mice (Fig. 2B and G). While wt mice exhibited a dramatic regeneration of the 

axon and myelin sheath within 14 days of injury, axons and myelin of cKO 

mice showed delayed regeneration after injury (Fig. 2C and H). Taken together, 

these data suggest that NF-B signaling inhibition in Schwann cells in 

peripheral nerve injury can delay axonal regrowth and remyelination in vivo. 

 

NF-B activation in Schwann cells contributes to macrophage 

infiltration and axonal regrowth after peripheral nerve injury. 

To investigate macrophage infiltration into injured sciatic nerve, I 

measured the expression of CD68 mRNA by real-time PCR and looked at 

CD68
+
 macrophages by immunostaining. Seven days post injury (dpi), CD68 

mRNA levels were increased in distal segments compared with sham injury of 

both wt and cKO mice (Fig. 3A). After 14 days, CD68 mRNA levels were 

found to decrease in distal segments of wt compared with those on day 7. 

However, distal segments of cKO mice showed remarkably increased CD68 
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mRNA levels compared with wt (Fig. 3A). The observation that CD68 mRNA 

in cKO mice is elevated up to 6-fold compared with wt mice. There was a 

similar increase in CD68
+
 macrophages in injured sciatic nerve. However, the 

regeneration of axons developed on day 14 in wt mice, whereas axonal 

regrowth of cKO mice was delayed (Fig. 3B). Together, these studies indicate 

that NF-B in Schwann cells is required for macrophage accumulation and 

axonal regrowth. 

 

NF-B activation in Schwann cells is required for nerve 

remyelination after peripheral nerve injury. 

To investigate the role of NF-B in nerve remyelination after peripheral 

nerve injury, I performed real-time PCR and immunostaining in injured sciatic 

nerve. At 7 dpi, MBP mRNA levels were reduced in distal segments compared 

with sham injury of both wt and cKO mice (Fig. 4A). This time course was 

consistent with axonal degeneration and myelin collapse in Wallerian 

degeneration (Carroll et al., 1997). At 14 dpi, MBP mRNA levels were found to 

increase in distal segments of wt compared with those on 7 dpi. However, distal 

segments of cKO mice showed remarkably decreased MBP mRNA levels 

compared with wt (Fig. 4A). These results suggest that NF-B inhibition 

attenuates the ability of cKO mice to express MBP. In addition, the 

immunoreactivity of MBP and NF200 was also reduced on 14 dpi in cKO mice 

(Fig. 4B). Together, these studies indicate that NF-B in Schwann cells is 

essential for axonal remyelination. 

 

Nerve growth factor-induced Schwann cell migration is reduced 



 96 

in cKO mice. 

To clarify whether NF-B signaling contributes to Schwann cell 

motility, pSCs were pretreated for 1 h with or without 5 M Helenalin, an NF-

B inhibitor. Transwell migration assays showed that Schwann cells teated with 

Helenalin significantly decreased their migration compared with NGF or NRG 

(Fig. 5E and F). These results demonstrate that the migratory phenotype of 

Schwann cells is dependent of their activated NF-B signaling pathway. 

Together, these results indicate that NF-B activation in Schwann cells is 

required migration. 
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Fig. 1. Generation of Schwann cell-specific deleted Ikk conditional 

knockout (cKO) mice 

A. Ikk targeting construct. A fragment containing exon 3 was used. The two 

loxP sites were inserted into exon 3 of the Ikk gene and is used to excise exon 

3. CNP-cre mice were created by inserting the cre gene into exon 1-3 of the cnp 

gene. B. Genotyping PCR using genomic DNA from wild-type (Ikkf/f/CNP 

cre
-/-

), heterozygous (Ikkf/f/CNP cre
+/-

) and homozygous (Ikkf/f/CNP cre
+/+

) 

mouse tails. C-I. Genomic DNA from each tissue and primary cell culture was 

analyzed by real-time PCR to determine the rate of Ikkβ deletion. J. IKK 

protein level by western blot.Westernblot analysis of Schwann cells and mixed 

glia cells lysates obtained from three controls and three cKO mice. IKK 

protein is decreased in the cKO. The membrane was stripped and reprobed with 

antibodies detecting -tubulin. 
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Fig. 2. Delayed nerve repair in peripheral nerve injury. 

NF-B is required for axonal regrowth and remyelination in mice in vivo. A-J. 

After 7-28 days, the injected sciatic nerves, as well as the uninjected control 

nerves (A, F), were removed and used for histochemistry. Myelin sheaths are 

stained with toluidine blue, and axons undergoing Wallerian degeneration were 

noted. Time points and genotypes as indicated. Transverse semi-thin sections 

from wt and cKO sciatic nerves show that cKO nerves have severely axonal 

degradation and Schwann cell demyelination in crush site. Scale bar: 100 m. 
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Fig. 3. Macrophages accumulate and nerve regrowth in peripheral nerve 

injury. 

A. CD68 mRNA increased injury site in cKO mice. After 3~21 days, the 

injected sciatic nerves, as well as the uninjected control nerves, were removed, 

and total RNA was prepared and used in real-time RT-PCR to measure CD68 

transcript levels (n=9; *, P < 0.001). B. Shown is a time course of 

immunofluorescence staining for CD68
+
 macrophage (red) and NF200

+
 

meurofilament (green) in sciatic nerve. Cy3-conjugated anti-CD68 antibody 

and FITC-conjugated anti-NF200 antibody were used for immunostaining of 

the sciatic nerve. Scale bar: 50 μm.   
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Fig. 4. Delayed nerve remyelination in peripheral nerve injury 

A. MBP mRNA decreased injury site in cKO mice. After 3~21 days, the 

injected sciatic nerves, as well as the uninjected control nerves, were removed, 

and total RNA was prepared and used in real-time RT-PCR to measure MBP 

transcript levels (n=9; *, P < 0.001). B. Shown is a time course of 

immunofluorescence staining for MBP
+
 Schwann cells (red) and NF200

+
 

neurofilament (green) in sciatic nerve. Scale bar: 50 μm.   
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Fig. 5. Effects of NF-B on Schwann cell migration in vitro. 

Transwell showed that cell migration of Schwann cells treated with helenalin (5 

M) was significantly inhibited compared with NGF or NRG (100 ng/ml). 

pSCs were pretreated with or without 5 M Helenalin in the serum free-

medium for 1 h. Then, pSCs were treated with NFG or NRG (100 ng/ml) and 

tested for cell migration in the absence and presence of Schwann cell medium. 

A. Negative control, B. Positive control, C. NGF, D. NRG, E. Helenalin+NGF, 

F. Helenalin+NRG. Scale bars: 100 μm 
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Discussion 

 

After peripheral nerve injury, the injured nerves undergo a process of 

well-described molecular and cellular events, including Wallerian degeneration 

and axonal regeneration, which eventually leads to recovery of nerve function. 

In this process, NF-κB plays critical roles in both developing and post-injury 

PNS (Nickols et al., 2003; Yoon et al., 2008). However, the in vivo role of NF-

κB in Schwann cells is not fully elucidated. 

 

In this study, I showed the in vivo function for NF-κB signaling in 

Schwann cells during peripheral nerve injury and regeneration. To address it, I 

generated Schwann cell-specific Ikk conditional knockout mice. In primary 

cultured Schwann cells from adult sciatic nerves of Ikkf/f/CNPcre
+/- 

mice, I 

found that the Ikk deletion rate was ~95% and that IKK protein was 

completely deleted. Recently, it was reported that in MPZ-Cre/IKK
-/-

mice, a 

Schwann cell-specific Ikk conditional knockout mice, there was no significant 

difference in the myelinogenesis during development between wt and cKO 

groups (Morton et al., 2013). In line with the study, I did not detect any 

significantly neurodevelopmental and morphological abnormality in 

Ikkf/f/CNPcre
+/- 

mice. However, it does not exclude a possibility of subtle 

neurophysiological difference in these cKO mice, which needs to be 

investigated in the future studies. 

 

In my study, peripheral nerve injury-induced nerve repair has been 

delayed in cKO mice. Following nerve injury, axon and myelin debris inhibits 
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nerve regeneration. Without removing them successfully after Wallerian 

degeneration, nerve regeneration cannot be successfully completed (Goethals et 

al., 2010). Both Schwann cells and macrophages can remove degenerated 

myelin debris. Clearance of degenerated myelin by Schwann cells and nerve-

invading macrophages is an essential process for subsequent remyelination in 

the nerve regeneration. Interestingly, I was surprised to find no notable 

differences in macrophage infiltration or Wallerian degeneration in cKO mice 

7days after sciatic nerve crush compared with wt mice. After 7 dpi, many 

axonal degradation and demyelination were detected in the crushed sciatic 

nerve in both wt and cKO mice. However, wt mice exhibited a dramatic 

regeneration of the axon and myelin sheath within 14 dpi. Although I found no 

differences in Wallerian degeneration following injury, I cannot completely rule 

out the possibility of delayed degeneration. 

Recently, it was reported that upon rat sciatic nerve crush injury, NF-

B becomes is strongly induced in the peripheral nerve (Rotshenker, 2011). 

After injury, IB is phosphorylated and undergoes proteosomal degradation, a 

process that unmasks the nuclear localization signal of NF-B, enabling 

translocation to the nucleus and regulation of various genes (Bethea et al., 

1998). TLR signaling, known to activate NF-B, regulates Schwann cell 

activation and macrophage infiltration into injured nerves. Previously, I have 

reported that Schwann cells are activated by necrotic neuron-derived molecule 

such as endogenous TLR agonists. In this study, the stimulation of Schwann 

cells with necrotic neuron-derived molecule induced the expression of various 

cytokine/chemokine genes, including TNF-, LIF, and MCP-1 (Lee et al., 

2006). The expression of these proinflammatory cytokines and chemokine upon 

nerve injury in the PNS has been well documented. The activated Schwann 
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cells then secrete cytokine/chemokine genes, which recruits the peripheral 

macrophages at the site of nerve injury and facilitates the cleaning process.  

 

Interestingly, in this study, macrophage accumulation at 14 dpi in cKO 

mice was robustly elevated compared to wt mice. However, clearance of debris 

and axonal regrowth was delayed in cKO mice. Macrophages play a pivotal 

role in nerve injury and contribute to control the regenerative response. 

Although my data do not clearly explain how macrophage numbers increases in 

cKO mice, NF-B activation in Schwann cells is required for macrophage 

infiltration. I cannot directly understand the mechanisms of macrophage 

accumulation by NF-B inhibition in Schwann cells. Future studies using 

different approaches will help elucidate these matters. 

 

This in vivo study demonstrated that Schwann cell-specific NF-B 

inhibition can impact the nerve regeneration after sciatic nerve crush injury 

with deceased expression of myelin basic protein (MBP). A significant decrease 

in the amount of MBP is not detectable until 7 days after injury. Schwann cell 

myelination during development and the following injury may use different 

transcriptional programs. 

 

In this in vitro study, I found that inhibition of NF-B signaling 

attenuates growth factor-induced Schwann cell migration. Schwann cell 

migration is critical for development of peripheral nervous system and is 

essential for regeneration and remyelination after nerve injury. Although several 

factors have been identified to regulate Schwann cell migration, its mechanism 

is not clear. NRG1 is a member of growth factor family involved in survival, 
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proliferation, differentiation, and migration of both neurons and glial cells 

during development (Lemke, 1996; Mei and Xiong, 2008). Through binding to 

erbB2/3 receptors, NRG could activate numerous signal transduction pathways 

that regulate multiple aspects of Schwann cell activity (Falls, 2003; Newbern 

and Birchmeier, 2010) However, although NRG1 has beneficial effects on 

peripheral regeneration, the potential mechanism of how NRG1 signaling may 

modulate the nerve regeneration has not been extensively explored. In this 

regards, I examined the role NF-B signaling. NF-B transcriptionally 

regulates several genes such as fibronectin in various cells. Recently, it was 

reported that NRG1 induces fibronectin production and Schwann cell migration 

(Wakatsuki et al., 2014). Taken together, my data suggest that growth factor-

induced Schwann cell migration is required for NF-B signaling. 

 

In summary, I found that Schwann cell-specific deletion of NF-B 

signaling compromises macrophage accumulation and delays axonal 

regeneration and remyelination after sciatic nerve crush. These data propose a 

possibility that the NF-B signaling pathway in Schwann cells has a critical 

role in the PNS, thereby contributing to the repair of peripheral neuropathy. 
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국문초록 

 

슈반세포는 말초신경계의 교세포로써 신경세포에 수초를 형성하여 

지원한다. 말초 신경 손상에 있어서 슈반세포는 Wallerian degeneration과 

신경 재생에 필수적이다. 광범위한 연구에도 불구하고, 말초 신경 손상시 

슈반세포 활성화의 역할과 기작은 명확히 밝혀지지 않았다. 

 

1장에서, 본 연구자는 톨유사수용체 3 (Toll-like receptor 3: TLR3)에 의해 

유도되는 슈반세포 활성화의 기작을 밝혔다. TLR3는 슈반세포에서 

본질적으로 발현하였다. 슈반세포는 poly(I:C)의 자극에 의해 iNOS 유전자가 

발현함을 확인하였다. 슈반세포주를 이용한 세포내 신호전달 기전 연구에서 

poly(I:C)의 자극에 의해 NF-B, p38, JNK 신호기전의 활성화가 유도됨을 

관찰하였다. NF-B, p38, JNK 신호기전은 poly(I:C)의 자극에 의한 iNOS 

유전자 발현에 필요하였다. 하지만, PI3K와 GSK-3 신호기전은 iNOS 유전자 

발현을 억제하고 있었으며, 이러한 과정은 NF-B와 p38 활성화의 억제 

효과와 관련되어 있음을 확인하였다. poly(I:C)의 자극에 의해 생성된 NO는 

척수 후근 신경절 (doral root ganglia: DRG)에서 배양한 신경세포의 사멸을 

유도함을 발견하였다. 마지막으로, 흰쥐 좌골 신경에 poly(I:C)를 주입하였을 

시 iNOS 유전자의 발현이 유도되고, 생체내에서의 말초 신경의 탈수초화가 

유도됨을 밝혀냈다. 

2장에서는, TLR3에 의한 슈반세포 활성화에서 Vosoactive intenstinal 

peptide (VIP)의 역할에 대하여 연구하였다. 두 종류의 VIP 수용체인 

VPAC1과 VPAC2가 본질적으로 흰쥐의 슈반세포에서 발현함을 확인하였다. 

슈반세포에 VIP를 전처리 후 TLR3에 의해 유도되는 iNOS 유전자 발현과 

NO 생성이 억제됨을 관찰하였다. 세포내 신호전달 기전 연구에서 VIP의 
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효과는 PKA 활성화와 관련되어 있음을 검증하였다. 또한, VIP는 poly(I:C)의 

자극에 의해 유도되는 p38의 활성화와 그로인한 iNOS 유전자 발현을 

억제시킴을 확인하였다. 마지막으로, 활성화된 슈반세포에서 생성된 NO에 

의한 DRG 신경세포의 사멸을 억제함을 밝혔다. 

3장에서는, 신경 재생에 있어서 슈반세포에서의 NF-B 신호기전의 in 

vivo 역할을 밝히고자 하였다. 슈반세포에서의 NF-B 신호기전의 역할을 

연구하기 위하여 슈반세포 특이적인 Ikk 유전자 변형 생쥐 

(Ikkf/f/CNPcre)를 생산하였다. 슈반세포 특이적-Ikk 유전자 변형 생쥐 

(Ikkf/f/CNPcre
+/-

)에서 일차 배양한 슈반세포의 Ikk 유전자 결실이 대조군에 

비해 95% 이상 감소함을 검증하였다. 좌골 신경 손상 후 Ikkf/f/CNPcre
+/-

 

생쥐는 대조군에 비하여 수초를 형성하고 있는 axon의 재생 수가 감소하여 

있고, 신경 재생이 지연되어 있음을 확인하였다. 또한, Ikkf/f/CNPcre
+/-

 

생쥐의 손상 부위에서 대조군과 비교하여 대식세포의 축적이 증가하였다. 

뿐만 아니라, 생체 내와 생체 외의 슈반세포에서 염증성 인자와 신경 재생 

혹은 재수초화에 관여하는 MBP 유전자 발현을 관찰하였다. 좌골 신경 

손상에 의한 신경 재생 혹은 재수초화 관련 유전자 발현이 대조군보다 

실험준에서 감소하는 것을 확인하였다. 게다가, 신경 성장 인자들에 의한 

슈반세포의 이동이 NF-B 억제제에 의해 현저하게 저해됨은 밝혔다. 

 

이상의 연구를 통하여, TLR3에 의해 유도되는 슈반세포 활성화는 

iNOS 의해 유도되는 Wallerian degeneration과 DRG 신경세포 사멸에 

기여한다는 것을 제시하였다. 게다가, VIP는 신경독성적인 슈반세포의 

활성화 억제를 통해 신경 보호 역할을 한다. 마지막으로, NF-B 의존적인 

슈반세포의 활성화는 말초 신경 손상 수 Wallerian degeneration과 신경 

재생에 필여하다는 것을 밝혔다. 위 연구 결과들은 슈반세포의 TLR3 혹은 
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NF-B 의존적인 선천적 면역 반응에 있어서 외부독성 자극과 외상 

손상으로 인한 말초신경 손상의 효과적인 치료 처지가 될 것을 시사 하였다. 

 

 

주요어:  

Schwann cells, Toll-like receptor 3, NF-κB, iNOS, VIP, Wallerian degernation, 

Neuronal cell death, Axonal regeneration  

 

학번: 2005-22466 
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