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GENERAL INTRODUCTION 

 

1. Introduction of the Spinal Cord  

1.1.  Spinal Cord 

The spinal cord, connected to the brain, is the major nerve tract through 

the canal of the spinal column. The brain and spinal cord are referred to as the 

central nervous system (CNS), and the nerves linking from the spinal cord to 

the other parts of the body are termed the peripheral nervous system (PNS). The 

nerves, which carry information from the brain to muscles, are called motor 

neurons. The nerves, which carry information from the PNS back to the brain, 

are called sensory neurons. Sensory neurons carry information about skin 

temperature, touch, pain, and joint position to the brain (Bear et al., 2006; 

Watson et al., 2008). 

In the case of humans, the spinal cord is divided into 31 pairs of spinal 

nerves (Fig. 1): 8 cervical, 12 thoracic, 5 lumbar, 5 sacral, and 1 coccygeal. 

Whereas, in mice and rats, there are 34 pairs: 8 cervical, 13 thoracic, 6 lumbar, 

4 sacral, and 3 coccygeal. In the cross-section of a spinal cord, a butterfly-

shaped gray matter can be seen surrounded by white matter (Fig. 2). Gray 

matter is mostly made up of the cell bodies of neurons and white matter is 

composed of nerve fibers embedded in neuroglial cells. The processes of 

neurons that comprise the surrounding white matter are assembled into 

pathways called fiber tracts (Bear et al., 2006; Watson et al., 2008).  

 

1.2.  Spinal Tracts 
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The nerves within the spinal cord are assembled into distinct bundles 

called the ascending and descending tracts. Ascending tracts are bundles of 

nerve fibers linking the spinal cord with the higher centers of the brain. In 

addition, they convey sensory information such as pain, temperature, position 

sense and touch from the soma/viscera to the supraspinal levels. Descending 

tracts are composed of motor fibers that carry information from the brain to the 

spinal cord (Watson et al., 2008; Rossignol and Frigon, 2011). Figure 2 shows 

the various fiber tracts in a cross-section of a spinal cord (Bear et al., 2006).  

 

1.2.1. Ascending Tracts  

The ascending sensory system consists of 3 distinct pathways: the 

anterolateral system (ALS), the dorsal column–medial lemniscal (DCML) 

pathway, and the somatosensory pathways to the cerebellum (Table 1). The 

tracts are located in the separated region of the spinal cord shown in the figure 2 

(Bear et al., 2006; Patestas and Gartner, 2006).  

1) The anterolateral system includes 3 main pathways including the 

spinothalamic tract important for sensing painful or thermal stimuli; the 

spinoreticular tact causing alertness and arousal in response to painful stimuli; 

and the spinotectal tracts positioning the eyes and head towards stimuli (Willis 

and Westlund, 1997).  

2) The dorsal column–medial lemniscal pathway is responsible for 

transmitting fine touch, vibration and conscious proprioceptive information 

from the body to the cerebral cortex, as well as tactile pressure, barognosis, 

graphesthesia, stereognosis, recognition of texture, kinesthesia and two-point 

discrimination (O'Sullivan and Schmitz, 2007). It has 2 structures in which 
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sensation can travel: the dorsal columns of the spinal cord, and the medial 

lemniscus in the brainstem (Patestas and Gartner, 2006). 

3) The somatosensory pathways to the cerebellum, which include the 

spinocerebellar as well as the cuneocerebellar tracts, relay primarily 

proprioceptive (including some pain and pressure) information (Patestas and 

Gartner, 2006). 

 

1.2.2. Descending Tracts 

The best known of these descending tracts is the corticospinal tract, 

which is a huge fiber bundle. Apart from the corticospinal tract, the 

ventromedial system is comprised of 4 tracts that contribute chiefly to postural 

control and certain reflex movements. The originating neurons of these tracts 

receive sensory information related to balance, body position, and visual 

environment (Watson et al., 2008). 

1) Corticospinal tracts - All mammals possess corticospinal tracts; 

however, the location of the corticospinal tracts in the spinal cord varies 

considerably according to species. The corticospinal tracts originate from the 

premotor, primary motor and primary sensory cortex. In the lower medulla, 

about 90 percent of the tract fibers decussates and descends in the dorsolateral 

funiculus of the spinal cord. The corticospinal tracts are involved in skilled 

voluntary activity (Watson et al., 2008). 

2) The rubrospinal tract - It is prominent in many vertebrates that use 

limbs or pectoral fins for locomotion (ten Donkelaar, 1976). As well as 

manipulating general locomotion, the rubrospinal tract in at least some 

mammalian species has a supportive role with corticospinal tracts regulating 

more skilled motor tasks (Whishaw et al., 1998).  
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3) The tectospinal tract - In mammals, the tectospinal tract arises from 

cells in the superior colliculus and projects to cervical spinal cord (Nyberg-

Hansen, 1964; Nudo and Masterton, 1989), and is mainly involved in the 

control of head and neck movements. Most of the fibers crosses in the dorsal 

tegmental decussation and connect the predorsal bundle as they travel caudally 

(Harting, 1977; Redgrave et al., 1987; Dean et al., 1989). 

4) The reticulospinal tracts - Reticulospinal tracts have roles in 

preparatory and movement-related activities, postural control, and modulation 

of some sensory and autonomic functions (Buford and Davidson, 2004; 

Deumans et al., 2005). It arises from the reticular formation nuclei in 2 major 

parts of the brainstem: the pons and the medulla oblongata. The reticular 

formation receives inputs from many sources and extends along the entire 

length of the brainstem, from the pons to the medulla (Peterson, 1979).  

5) The vestibulospinal tracts - The main projections of the vestibular 

complex to the spinal cord are the lateral vestibulospinal tract, which arises in 

the lateral vestibular nucleus (Brodal et al., 1962), and the medial 

vestibulospinal tract, which arises in the medial and spinal vestibular nuclei 

(Brodal et al., 1962; Kneisley et al., 1978; Peterson et al., 1978). The 

vestibulospinal tracts are the major initiators of coordinated postural extensor 

activity in the limbs and trunk (Pompeiano, 1972). 

 

2. Spinal Cord Injury 

As the dictionary definition, spinal cord injury (SCI) is mentioned as 

any damage to the spinal cord that is caused by trauma instead of disease 

(Venes and Taber, 2009). Statistically, there are approximately 250,000 people 

who suffer from SCIs and about 11,000 new cases of SCIs each year from 
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accidents in the United States. The important thing is that most of the injured 

people (> 56%) are between the ages of 16 and 30, with the majority being 

males (Websites: Spinal Cord Injury Information Pages). Currently, there is no 

definitive cure for SCIs and the myriad mechanisms that contribute to this 

condition are still unclear. 

 

2.1   Pathophysiology of SCI 

After a traumatic SCI, several successive events occur in the spinal cord, 

including neuronal necrosis/apoptosis, axonal loss, demyelination, and 

inflammation (Schwab and Bartholdi, 1996). There are 3 phases that 

pathologically occur after SCI (Fig. 3) (Bareyre and Schwab, 2003). 

1) The acute phase starts at the moment of injury and extends over the 

first few days. Mechanically injured lesions induce immediate damage to 

neuronal tracts in the spinal cord, and necrotic cell death occurs at the injury 

site (Bareyre and Schwab, 2003). Edema of the spinal cord progresses and 

metabolic instabilities involving intracellular Ca2+ accumulate and increased 

extracellular K+ concentrations occur (Schwab and Bartholdi, 1996).  

2) The secondary phase starts from minutes to a few weeks after the 

injury. Though massive ischemic necrosis often occurs in the secondary phase, 

apoptosis dominates. In apoptosis, the chromosomal DNA inside cells becomes 

fragmented. Moreover, the production of free radicals increases, excitatory 

neurotransmitters are excessively released, and strong inflammatory responses 

transpire recruiting peripherally derived immune cells such as neutrophils, 

macrophages, and T cells (Liu et al., 1997; Hengartner, 2000). Simultaneously, 

the process of reactive gliosis is enhanced. Reactive gliosis is the proliferation 

and hypertrophy of astrocytes in and around the lesion site with an increase in 
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GFAP (Fitch and Silver, 1997; Fawcett, 1998). Reactive astrocytes form an 

astroglial scar, which acts as a physical and/or chemical barrier to axonal 

regeneration and releases inhibitory molecules (Fawcett, 1998). 

3) In the chronic phase, ranging from days to years after SCI, channel 

and receptor functions are compromised, and scarring and demyelination with 

Wallerian degeneration occur (Bareyre and Schwab, 2003). All these processes 

results in permanent functional deficits. One of the causes is that adult CNS 

axons are capable of abortive sprouting which result in a failure to re-innervate 

their targets (Silver and Miller, 2004). It could be caused by improper formation 

of neuronal axon regeneration.  

 

2.2   Immune Response of SCI  

The representative resident cells of the spinal cord are microglia, 

astrocytes, and oligodendrocytes. Microglia is a kind of immune cell capable of 

phagocytosis in the CNS. It comprises approximately 10-20% of the total cells 

of the CNS. Astrocytes are the most abundant cell types in the CNS. The 

function of astrocytes are to support endothelial cells that build up the blood–

brain barrier, providing nutrients to neurons, balancing extracellular ions, and 

forming astrogliosis in the brain and spinal cord following traumatic injuries 

(Dong and Benveniste, 2001; Farina et al., 2007). The main function of 

oligodendrocytes is the insulation of axons in the CNS. Traumatic injury to the 

body, such as spinal cord injury, causes demyelination of oligodendrocytes 

(Korn, 2008). 

Microglia and astrocytes are the first cells to respond to traumatic 

injury (Bush et al., 1999; Bessis et al., 2007). Reactive microglia and astrocytes 
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secrete several chemokines and cytokines that recruit peripheral immune cells, 

such as macrophages, neutrophils and T cells (Bartholdi and Schwab, 1997).  

Neutrophils are the first infiltrated cells of peripheral circulating 

leukocytes into the injured spinal cord after SCI (Carlson et al., 1998). 

Neutrophils adhere to the endothelium at 6-12 hour post-injury and within 24 

hours, and they infiltrate into the lesion site to phagocytose the debris (Taoka et 

al., 1997; Guth et al., 1999). Upon neutrophil infiltration, chemokines and 

cytokines induce the neutrophils to generate their own cytokines, such as TNF-

α, IL-1, IL-8 and TGF-β, as well as produce matrix metalloproteinase-9 (MMP-

9) via the NF-κB pathway (Cassatella, 1995; Noble et al., 2002). The mediators 

from neutrophils loosen the extracellular matrix to enhance the extravasation of 

leukocytes, stimulate leukocyte chemotaxis, activate glial cells, and enhance 

neuronal damage (Carlson et al., 1998).  

After 2 dpi with maximal infiltration occurring 1 to 2 weeks later, 

monocyte derived macrophages start to infiltrate into the lesion site. 

Macrophages cause “bystander damage” by the cytotoxic products of activated 

phagocytes and induce the secondary demyelination of surviving nerve fibers. 

However, macrophages help clear apoptotic cellular debris at the lesion site of 

injuries (Blight, 1992; Stirling and Yong, 2009). From the injury, the activated 

macrophages become polarized resulting in cells with either pro- or anti-

inflammatory properties (Fig. 4). M1 macrophages generally express iNOS and 

pro-inflammatory cytokines such as interleukin (IL)-1b and TNF-a and produce 

large quantities of oxidative metabolites such as reactive oxygen intermediates 

(ROIs) and reactive nitrogen intermediates (RNIs). Whereas, M2 macrophages 

generally act as anti-inflammatory cells by expressing high levels of IL-10, 

TGF-β and arginase 1 and showing defective NF-κB activation and down-
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regulated expression of pro-inflammatory cytokines (Sica et al., 2008). A recent 

study characterized macrophage polarization in a contused mouse spinal cord 

and reported that most macrophages/microglia are M1 cells, with only a 

transient and small number showing M2 polarization (Kigerl et al., 2009). 

 

2.3.   Axon Regeneration of SCI 

Axon regeneration is known as the re-growth or repair of neuronal 

axons. In most cases, once receiving traumatic injury, the spinal cord as a result 

has permanent functional impairment. Unlike PNS injuries, the CNS does not 

have widespread regeneration after injury. In addition, glial scar forms rapidly 

which contain many inhibitory molecules (Yiu and Zhigang, 2006).  

 

2.3.1 Glial Scar and CSPG 

The formation of glial scars is caused by injury in the central nervous 

system. In addition, nerve regeneration is significantly withdrawn where glial 

scars form, leading to functional impairment. After injury, several groups of 

molecules are secreted to promote the formation of glial scars by activated 

immune cells. Some representative molecules of these secretions are TGF-b, 

interleukins and cytokines (Giulian et al., 1988; Yong et al., 1991; Susarla et al., 

2011). In addition, reactive astrocyte induced glial scars produce and release 

axon growth-inhibiting molecules known as chondroitin sulfate proteoglycans 

(CSPGs). Therefore, glial scars as well as CSPGs affect nerve regeneration 

resulting in failure (Yiu and Zhigang, 2006; Wang et al., 2008).  

CSPGs are kinds of inhibitory extracellular matrix (ECM) molecules. In 

the developmental stage, expressed CSPGs provide a repulsive cue. In the adult 

CNS, CSPGs are linked with several extracellular matrixes, including 
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hyaluronan, tenascin-R, and N-CAM (Yamaguchi, 2000). Neurocan, brevican, 

versican, and aggrecan are grouped together as lecticans/hyalecticans; they have 

homologous N-terminal hyaluronan-binding domains. NG2 and phosphacan 

have distinct structures, separate from the lecticans/hyalecticans (Yamaguchi, 

2000). NG2 has a transmembrane structure and little homology with other 

CSPGs (Nishiyama et al., 1991), and phosphacan is a receptor-type protein 

tyrosine phosphatase. After SCI, the concentration of phosphacan is slightly 

decreased initially at the lesion site. However, the expression of phosphacan 

significantly increases later at the site of glial scar formation (McKeon et al., 

1999). Neurocan, brevican, phosphacan, and versican are produced by reactive 

astrocytes after SCI (Jones et al., 2003). 

 

2.3.2 Matrix Metalloproteinase 

Matrix metalloproteinases (MMPs) belong to a large family of zinc-

dependent endopeptidases. Until now, at least 26 species of human MMPs have 

been elucidated (Table 2). Generally, MMPs have 4 distinct domains, which are 

the autoinhibitory N-terminal pro-domain, catalytic domain, hinge region, and 

C-terminal hemopexin-like domain. The membrane-type MMPs (MT-MMPs) 

contain an additional transmembrane domain for anchoring to the cell surface. 

Apart from these domains, MMP-2 and MMP-9 have a fibronectin type II 

repeat domain, which binds to collagens inserting into the catalytic domain 

(Parks et al., 2004; Verma and Hansch, 2007). MMPs are responsible for the 

tissue remodeling associated with various physiological and pathological 

processes and for the degradation of different kinds of extracellular matrix 

(ECM) like collagen, elastin, fibronectin, laminin, and proteoglycans (Page-

McCaw et al., 2007). The functions of MMPs do more than simply break down 
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the extracellular matrix. MMPs affect bone formation and remodeling during 

development, homeostasis, and repair. In addition, MMPs are essential in 

sustaining homeostasis during environmental changes, such as wound 

formation and infection (Page-McCaw et al., 2007).  

Inflammation is a process of consecutive cellular responses to injury and 

infection. The infiltrating immune cells to the wound site remove invaded 

microorganisms and the cell debris. Then, the repair of damaged tissues is 

processed. For each disease, there is the process in which different members of 

MMPs are upregulated (Parks, 1999). Some of the MMPs have a crucial role 

for wound healing. For example, the activity of MMP-1 is required for the 

repair of skin wounds by inducing of keratinocyte migration (Pilcher et al., 

1997). In addition, MMP-2 and MMP-9 are upregulated during nerve 

degeneration and degrade the inhibitory CSPG (Ferguson and Muir, 2000). In 

the case of MMP-9, however, it functions to disrupt the blood–spinal cord 

barrier within the first 3 dpi (Noble et al., 2002). Whereas, according to a 

published paper from the same group, MMP-2 modulates wound healing by 

decreasing the glial scars of SCI. (Hsu et al., 2006). 

 

3.  Toll-like Receptors 

Toll-like receptors (TLRs) with a key role in the innate immune system 

are a type of pattern-recognition receptors (PRRs) and recognize pathogen-

associated molecular patterns (PAMPs; infection and microbes) or danger- 

associated molecular patterns (DAMPs; injury and tissue damage) (Sims et al., 

2010). The common structure of TLRs is a single, membrane-spanning, non-

catalytic receptor that recognizes structurally conserved molecules derived from 

pathogens (Akira and Takeda, 2004). So far, 13 TLR family members have been 

메모 [DK1]: How about “the repair of 
damaged tissues proceeds” instead? 
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revealed in murine. Among the TLR family, TLR1, TLR2, TLR4, TLR5, and 

TLR6 located on cell surfaces are activated by microbial protein components 

from pathogens; TLR3, TLR7/TLR8 and TLR9 are located in endosomes and 

activated by viral dsRNA, ssRNA, DNA and bacterial CpG, respectively (Akira 

and Takeda, 2004). In innate immune cells, such as granulocytes, neutrophils, 

monocytes/macrophages, dendritic cells, B cells and T cells, activated TLRs 

trigger a myriad of intercellular signaling pathways. There are 2 representative 

signaling pathways of TLRs depending on which of the 2 adapter molecules 

(MyD88 and TRIF) are involved. MyD88 and TRIF each lead to a distinct 

profile of immune mediators. TLR4 mediates its actions through both the 

MyD88 and TRIF pathways; TLR3 signals only through TRIF, and all the other 

TLRs mediate through the MyD88 dependent pathway (Pandey and Agrawal, 

2004; Takeda and Akira, 2004).  

 

3.1.   TLRs in CNS 

The CNS is an immune privilege site with limited capacity for 

inflammation and regeneration. In addition, the CNS has a specialized innate 

immune system against infection or injury (McGavern and Kang, 2011). In the 

CNS, resident cells, such as microglia, astrocytes and oligodendrocytes, are 

involved in the innate immune system express different types of TLRs (Fig. 5) 

(Kielian, 2009; Hanke and Kielian, 2011).  

Microglial cells express all known members of the TLR family except 

TLR10 (Jack et al, 2005). Microglia cells constitutively express TLR2 

recognizing numerous molecules such as LTA, PGN and lipoproteins and 

TLR4 recognizing LPS (Aravalli et al., 2007). TLR3 responds to dsRNA and 

the synthetic TLR3 agonist, poly(I:C) and TMEV (Theiler’s murine 
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encephalomyelitis virus), and also produces various cytokines including IFN-β, 

IL-1β and IL-6 (Olson and Miller, 2004).  

Astrocytes are the major glial cells in the CNS and also participate in 

inflammatory responses inducing several cytokines and chemokines via TLR 

activation (Jack et al., 2005). Astrocytes express several TLRs including TLR1, 

2, 3, 4, 5 and 9 (Jack et al., 2005; Farina et al., 2007). In astrocytes, poly(I:C)-

induced TLR3 expression is engaged in not only neuroprotective responses, 

typified by the expression of numerous growth factors and protective mediators 

but also pro-inflammatory responses (Carpentier et al, 2005; Bsibsi et al., 2006).  

In comparison with astrocytes and microglia, the list of expressed TLRs 

in oligodendrocytes is even more limited. As shown in previous reports, only 

TLR2, TLR3 and TLR4 are expressed in oligodendrocytes (Lehnardt et al., 

2002; Bsibsi et al., 2012). In highly purified oligodendrocyte cultures, the TLR2 

agonist, zymosan, promoted survival, differentiation, and myelin-like 

membrane formation, whereas the TLR3 agonist, poly(I:C), was a potent 

inducer of apoptosis (Bsibsi et al., 2012). Moreover, the TLR4 agonist, LPS, 

induced oligodendrocyte cell death (Lehnardt et al., 2002).  

However, in addition to the relevant innate immune system, neurons 

express some kinds of TLR family receptors, namely TLR2, TLR3, TLR4, and 

TLR8 (Prehau, et al., 2005; Ma et al., 2006; Mishra et al., 2006; Tang et al., 

2007). Neuronal TLR2 and TLR4 affect the proapoptotic signaling pathway that 

may render them vulnerable to ischemic death (Tang et al., 2007). In TLR3-

deficient embryos, there is a greater number of neurosphere formations 

compared to the wild-type mice (Lathia et al., 2008). In mouse cortical cultures, 

the TLR8 agonist, R848, inhibits neurite outgrowth and induces neuronal 
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apoptosis (Ma et al., 2006). However, not all the roles of TLRs in neurons have 

yet to be elucidated in physiological and pathological environments. 

 

3.2.   TLRs in the Spinal Cord 

Traumatic SCI triggers several inflammatory processes in the spinal 

cord. First, resident microglia and astrocytes are activated and secrete various 

cytokines and chemokines. Then, peripheral immune cells such as neutrophils, 

macrophages, and other leukocytes infiltrate and exaggerate the lesion site of 

the accident. At this point, the involved immune cells express several kinds of 

TLRs in response to injury.  

 

3.2.1 TLRs in SCI 

After the SCI, TLRs initiate intracellular signaling by binding DAMP, 

which is released at sites of tissue injury (Zhang and Schluesener, 2006). The 

kinds of DAMP are heat-shock proteins (HSPs), necrotic cells, degradation 

products of the ECM, high mobility group box 1 (HMGB1) and mRNA 

(Taguchi et al., 1996; Basu et al., 2000; Ohashi et al., 2000; Li et al. 2001; 

Okamura et al., 2001; Asea et al., 2002; Johnson et al., 2002; Termeer et al., 

2002; Chen et al., 2011). Reportedly related to SCI, the expression of TLR2 and 

TLR4 are increased at 3 dpi. TLR2 is expressed on astrocytes and CNS 

macrophages, while TLR4 is predominantly expressed on CNS macrophages. 

This report, also, suggested that TLR2 or TLR4 expression have effects on 

positively modulating functional recovery and reducing cytokine secretions and 

gliosis (Kigerl et al., 2007). In another report, significantly induced CCR1 and 

CCL3 (MIP-1a) at a lesion site from SCI participated in neuropathic pain and 

were co-labeled with TLR4 and GFAP (Knerlich-Lukoschus et al., 2011). This 
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report suggested the possibility that SCI-induced TLR4 expression in astrocytes 

plays potential integrative roles in pain. 

 

3.2.2 TLRs in Regeneration 

After injecting the TLR2 agonist, zymosan, directly into the eye, it 

activated macrophages and induced regeneration of retinal ganglion cell axons 

into the lesioned optic nerve or into peripheral nerve grafts (Leon et al., 2000; 

Yin et al., 2003). In addition, Wallerian degeneration, axonal regeneration, and 

recovery of locomotor functions after sciatic nerve lesion are significantly 

delayed in mice deficient in TLR signaling but accelerated after a single 

microinjection of either zymosan (TLR2) or LPS (TLR4) at the site of injury 

(Biovin et al., 2007). However, according to a recent report, after optic nerve 

injury, retinal ganglion cell survival and axon regeneration improved by 

repressing microglia activation in the TRIF knockout mice (Lin et al., 2012). 

Downstream of TLR3 and TLR4, activation of TRIF is essential for the 

MyD88-independent pathway. Until now, despite increasing reports for the role 

of TLRs in CSN injury, only a few studies have been done on the function of 

TLRs in axon degeneration. 
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Figure 1. Illustration of the spinal cord 

The spinal cord is segmentally organized. There are 31 segments, defined by 31 

pairs of nerves exiting the cord. These nerves are divided into 8 cervical, 12 

thoracic, 5 lumbar, 5 sacral, and 1 coccygeal nerve in human. 

(http://www.daviddarling.info/encyclopedia/ETEmain.html) 
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Figure 2. Ascending and Descending tracts in the spinal cord 

A diagram of a transverse section of cervical spinal cord showing the position 

of the major ascending and descending tracts in a mammal (Bear et al., 2006) 
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Figure 3. Pathophysiology and concomitant gene expression changes after 

SCI 

(a) During the acute early phase after injury, immediate damage to the axonal 

tracts occurring at the moment of the insult are followed by general metabolic 

disturbances involving Na+ and K+ channels, as reported by gene expression 

analysis data. Dysfunction of ATPases (Ca2+ and Na+/K+ ATPases) also 

contributes to the general failure of the spinal cord to function appropriately. (b) 

The secondary phase is characterized by accumulation of immune-system 

molecules within the injury site and the release of free radicals into the spinal 

cord. Accordingly, gene expression data highlight the upregulation of inducible 

nitric-oxide synthase (iNOS), IL-6 and IL-1b. The downregulation of myelin 

proteins can be interpreted as an indication of demyelination. (c) In the chronic 

phase following the injury, demyelination accompanies Wallerian degeneration 

of the distal axons. At the same time, upregulation of growth-promoting factors 

and growth-associated molecules indicates a sustained effort of axonal regrowth. 

Increased glial fibrillary acidic protein (GFAP) expression highlights the 

formation of scar tissue around the lesion site.  

(Bareyre and Schwab, 2003) 

 

oligodendrocytes (light green); Schwann cells (dark green); macrophages (blue);  

neutrophils (red); astrocytes (orange); neurons (black). 

 

LAMP, limbic-system-associated membrane protein; MCP, monocytechemoattractant protein;  

NGFI-A, nerve-growth-factor-induced A; PDGF, platelet-derived growth factor;  

SNAP-25, 25 kDa synaptosomal-associated protein; VCAM, vascular cell adhesion molecule;  

VGF, inducible nerve growth factor; WM, white matter.. 
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Figure 4. Key properties and functions of polarized macrophages 

In the presence of interferon (IFN)-g, lipopolysaccharide (LPS) and other 

microbial products, monocytes differentiate into M1 macrophages. In the 

presence of macrophage colony stimulating factor (CSF-1), interleukin (IL)-4, 

IL-13, IL-10 and immunocomplexes in association with either IL-1R- or TLR-

ligands, monocytes differentiate into M2 macrophages. M1 and M2 subsets 

differ in terms of phenotype and functions. M1 cells have high microbicidal 

activity, immuno-stimulatory functions and tumor cytotoxicity. M2 cells have 

high scavenging ability, promote tissue repair and angiogenesis and favor tumor 

progression. 

(Sica et al., 2008) 
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Figure 5. Expression of TLR family members in CNS cells 

Microglia expresses all TLRs identified to date, whereas astrocytes, 

oligodendrocytes and neurons express a more limited TLR repertoire in 

comparison. 

(Hanke and Kielian, 2011) 
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Table 1. A general description of the anatomical and functional aspects of 
the ascending sensory pathways 

 

Anatomical system Anatomical tracts Functional component(s) 

 Anterolateral (ALS)  Spinothalamic* 

Spinoreticular 

Spinomesencephalic 

Spinotectal 

Spinohypothalamic 

Pain, temperature, 

nondiscriminative (crude) 

touch, pressure, and some 

proprioceptive sensation 

Dorsal column–medial 

lemniscal (DCML)* 

Fasciculus gracilis 

Fasciculus cuneatus 

Discriminative (fine) touch, 

vibratory sense, position 

sense 

Somatosensory to the 

cerebellum 

Anterior spinocerebellar 

Posterior spinocerebellar 

Rostral spinocerebellar 

Cuneocerebellar 

Primarily proprioceptive 

information  

(also some pain and pressure 

information) 

*Indicates conscious level. 

(Patestas and Gartner, 2006) 
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Table 2. Classification of matrix metalloproteinase enzymes 
 

No.  MMP No.  Class  Enzyme 

1 MMP-1  Collagenases  Collagenase-1 

2 MMP-8   Neutrophil collagenase 

3 MMP-13  Collagenase-3 

4 MMP-18  Collagenase-4 

5 MMP-2 Gelatinases Gelatinase-A 

6 MMP-9  Gelatinases-B 

7 MMP-3 Stromelysins Stromelysin-1 

8 MMP-10  Stromelysin-2 

9 MMP-11  Stromelysin-3 

10 MMP-27  Homology to stromelysin-2 (51.6%) 

11 MMP-7 Matrilysins  Matrilysin (PUMP) 

12 MMP-26  Matrilysin-2 

13 MMP-14 MT1-MMP MT1-MMP 

14 MMP-15  MT2-MMP 

15 MMP-16  MT3-MMP 

16 MMP-17  MT4-MMP 

17 MMP-24  MT5-MMP 

18 MMP-25  MT6-MMP 

19 MMP-12 Other enzymes  Macrophage metalloelastase 

20 MMP-19  RASI 1 

21 MMP-20  Enamelysin 

22 MMP-21  MMP identified on chromosome 1 

23 MMP-22  MMP identified on chromosome 1 

24 MMP-23  From human ovary cDNA 

25 MMP-28  Epilysin 

26 MMP-29  Unnamed 

(Verma and Hansch, 2007) 
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PURPOSE 

 

Spinal cord injuries are caused by an accident, not a disease. More than 

56% of these injuries occur between the ages of 16 and 30, and the injured 

people never fully recover from the serious trauma, leading to a poor QOL 

(quality of life). Currently, there is no definitive cure for SCI and the myriad of 

mechanisms that contribute to this condition are still unclear. 

SCI provokes a series of inflammations. In the process of inflammation, 

several immune cells are engaged in these steps; however, the role of 

neutrophils and macrophages is still being debated. Therefore, the aims of this 

study were as follows. 

1. The first aim of this study was to characterize the in vivo role of 

neutrophils and macrophages in the inflammation following SCI using myeloid 

cell type-specific IKKb-deficient (ikkbDmye) mice. 

 

There are many studies about the mechanism in the SCI; however, there 

are no definitive reports on TLR3 and SCI. In addition, the role of TLR3 in 

injury is quite controversially. Through this study, I tried to elucidate the role of 

TLR3 in SCI. 

2. The second aim was to elucidate the in vivo role of TLR3 in 

functional recovery of SCI using TLR3 knockout mice.  

 

In this research, I will address the specific aims set forth in the 

subsequent two chapters. 

 

메모 [DK2]: Sorry, I had to guess the 
author's intent. 
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CHAPTER 1 

 

IKK-β-mediated myeloid cell activation 

exacerbates inflammation and inhibits 

recovery after spinal cord injury  
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INTRODUCTION 

 

Innate immune cells are actively involved in pathogenesis and recovery 

after spinal cord injury (SCI). In a rat SCI model, neutrophils infiltrate the 

primary lesion site within several hours, peak at 12-24 hour and disappear after 

several days (Taoka et al., 1997). Similarly, blood-derived monocytes/ 

macrophages are detected in and around the lesion 2-3 days after injury and 

may persist for weeks (Popovich et al., 1997). Studies on the roles of these 

immune cells indicate that myeloid cells in the spinal cord produce putative 

neurotoxic mediators, such as reactive oxygen species (ROS), cytokines, and 

proteases, and thereby contribute to secondary damage after SCI (Bareyre and 

Schwab, 2003). The neurotoxic effects of neutrophils were originally suggested 

by studies that blocked cell adhesion molecules with antibodies (Hamada et al., 

1996; Taoka et al., 1997). Administering anti-P-selectin or anti-ICAM-1 

antibodies to SCI animal models reduced neutrophil infiltration into the spinal 

cord and attenuated tissue damage. Likewise, depleting blood monocytes by 

administering chlodronate liposomes improved recovery of functional activity 

after SCI, indicating that blood-derived macrophages contribute to tissue 

damage (Popovich et al., 1999).  

Activated neutrophils and macrophages, on the other hand, express not 

only tissue-damaging molecules, but also produce neurotrophic and ROS-

scavenging molecules known to be involved in wound repair and tissue healing 

in SCI (Liu et al., 2002; Bouhy et al., 2006). In addition, macrophages 

contribute to neuroregeneration by removing myelin debris, which inhibits 

neurite outgrowth (Stoll and Muller, 1999). Based on these findings, 

intralesional neutrophil/macrophage infiltration was argued to protect the spinal 
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cord from secondary damage and facilitate recovery after SCI. In support of this 

model, depletion of blood neutrophils by i.v. administration of anti-Ly6G 

antibody was found to amplify neurological deficit after SCI (Stirling et al., 

2009). Activated macrophages can also be neuroprotective, as evidenced by a 

study in which implanting activated macrophages post-injury improved 

locomotive recovery (Bomstein et al., 2003). Such conflicting reports indicate 

that the in vivo roles of neutrophil/macrophage activation and infiltration in SCI 

are controversial and far from understood. 

In this study, I revisited this question using IKKb conditional knockout 

mice (ikkbDmye), in which the ikkb gene has been specifically deleted from 

myeloid cells, including the majority of neutrophil and macrophage populations 

(Greten et al., .2004; Greten et al., 2007). IKKb is a protein kinase responsible 

for NF-kB activation via various inflammatory stimuli (Rothwarf and Karin, 

1999); NF-kB is a key transcription factor responsible for the expressions of 

inflammatory genes and adhesion molecules (Barnes, and Karin, 1997). I 

reasoned that the ikkb deficiency would interfere with neutrophil/macrophage 

activation after SCI, allowing for the investigation of the in vivo role of 

IKKb/NF-kB-mediated neutrophil and macrophage activation in SCI. 
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MATERIALS AND METHODS 

 

Mice and spinal cord injuries 

Myeloid cell type-specific IKKb-deficient (ikkbDmye) mice were 

generated by crossing floxed-ikkb (ikkbF/F) mice and LysM-Cre knock-in mice 

expressing Cre under the control of the endogenous lysozyme M promoter, as 

described (Clausen et al., 1999; Li et al., 2003). While these mice do not exhibit 

any phenotypic signatures at physiological condition or developmental 

abnormalities, ikkb is deleted in more than 75% of neutrophil and 79% of 

macrophage population in these mice (Clausen et al., 1999; Hong et al., 2010). 

Adult male mice (8-10 weeks old) were anesthetized with sodium pentobarbital 

(30 mg/kg body weight, i.p.) and laminectomized between T8 and T10. The 

exposed spinal cord was subjected to lateral hemisection at the T9 level with 

mini-Vannas scissors under microscope visualization. To ensure a complete 

hemisection in each surgery, a needle (gage number 23) was injected from the 

dorsal median sulcus to the ventral wall of the vertebral canal and then moved 

laterally to the left lateral wall. Laminectomized mice without hemisection were 

used as controls. In case of crush injury, a laminectomy at the T9 level was 

performed with number 5 Dumont forceps ground down to a tip width of 0.5 

mm. The forceps I used in this report were modified with a spacer so that at 

maximal closure a 1 mm space remained to make incomplete lesion (Faulkner 

et al., 2004). The spinal cord was compressed with the forceps laterally from 

both sides for 10 sec. All surgical and experimental procedures were reviewed 

and approved by the Institutional Animal Care and Use Committee (IACUC) at 

Seoul National University. 
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Immunohistochemistry 

The mice were anesthetized with Avertin (2-2-2 tribromoethanol) and 

perfused with 0.1 M phosphate-buffered saline (PBS), followed by 4% 

paraformaldehyde in 0.1 M PBS. A 1-cm tissue block containing the injury site 

was collected, post-fixed in the same fixative overnight at 4°C, and 

cryoprotected in 30% sucrose in 0.1 M phosphate buffer. The spinal cord was 

cryo-cut to 16 mm in the horizontal and coronal plane and placed onto gelatin-

coated glass slides. Sections were blocked in the blocking solution (5% normal 

goat serum, 5% FBS, 2% BSA, and 0.1% Triton X-100) for 1 hour at RT and 

incubated overnight at 4°C with mouse anti-NeuN (1:1000; Chemicon, 

Temecula, CA, USA) for neurons, rat anti-CD68 (1:500; Serotec Inc., Oxford, 

UK) for macrophages, rat anti-Gr-1 (1:1000; Invitrogen, Carlsbad, CA, USA) 

for neutrophils, anti-caspase-3 (1:200; Santa Cruz Biotechnology, Santa Cruz, 

CA, USA), mouse anti-iNOS (1:100; Santa Cruz Biotechnology), rabbit anti- 

Arginase 1 (1:100; Santa Cruz Biotechnology), goat anti-CXCL1 (1:10; R&D 

Systems, Minneapolis, MN, USA), rabbit anti-nitrotyrosine (1:500; Upstate, 

Temecula, CA, USA), or mouse anti-8-hydroxyguanosine (1:1000; Abcam, 

Cambridge, MA, USA) antibodies. After three washes in 0.1 M PBS plus 0.1% 

Triton X-100 for 10 min at RT, tissue sections were incubated with Cy3- or 

FITC-conjugated secondary antibodies (1:200; Jackson ImmunoResearch, West 

Grove, PA, USA) for 1 hour at RT. Sections were mounted with Vectashield 

(Vector Labs, Burlingame, CA, USA) and examined using a fluorescent 

microscope (LSM 5 PASCAL; Carl Zeiss, Munchen, Germany). For neuronal 

cell counting, pictures of 6 sections from each mouse were analyzed using 

Axiovision 4.8 image program (Carl Zeiss) for NeuN+ cells in a rectangular 
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area 500 μm caudal and rostral to injury site. For OHG+ cell counting, pictures 

of 2 sections from each mouse were analyzed in a rectangular area 300 μm 

caudal lesion to injury site.  

  

Luxol Fast Blue (LFB) staining and lesion volume measurement 

LFB staining was performed as reported (Brechtel et al., 2006) to 

calculate lesion volume. Briefly, longitudinal sections of injured spinal cord at 

28 dpi were stained with 0.1% LFB (Sigma, St. Louise, MO, USA) in acidified 

95% ethanol for overnight at 56°C. Differentiation and counterstaining were 

carried out by incubating sections in 0.05% lithium carbonate solution. Images 

of the stained sections were taken under the microscope (Axiovert200, Carl 

Zeiss) using a lens with a 2.5 X 10 (objective X eye piece), and then lesion size 

(x-y stage) was calculated using Axiovision 4.8 image program. The total lesion 

volume was calculated by summing their individual subvolumes, using 

Cavalieri method (Michel and Cruz-Orive, 1988; Oorschot, 1994). Individual 

subvolumes of lesion area were calculated by multiplying the longitudinal-

sectional area (S) and the distance between sections (10 mm). Each 

measurement value was a mean of 3 animals and calculated by one-way 

ANOVA followed by Tukey's post-hoc test. 

 

Terminal deoxynucleotidyl transferase dUTP nick end labeling 

(TUNEL) staining 

Apoptotic cells were detected using an Apoptaq Plus Fluorescein in situ 

cell apoptosis detection kit (Chemicon) following the manufacturer's 

instructions. Briefly, spinal cord sections were blocked in blocking solution for 

1 hour at RT and stained with anti-NeuN antibody for 1 hour at RT for 
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detection of neuronal cells. After washing in 0.1 M PBS, tissue slices were pre-

hybridized in equilibration buffer for 5 min, followed by incubation with 

terminal deoxynucleotidyl transferase (TdT) enzyme for 2 hours at 37°C, then, 

stained with FITC-conjugated anti-digoxigenin antibody and Cy3-conjugated 

anti-rabbit IgG antibody (to detect mouse anti-NeuN) (Jackson Immunoresearch) 

for 1 hour at RT. Sections were mounted and visualized as above. 

 

Real-time RT-PCR 

Total RNA from isolated spinal cord tissue and cells was extracted 

using Trizol (Invitrogen), and reverse transcribed using M-MLV Reverse 

Transcriptase (Invitrogen). Real-time PCR was performed using a 7500 Real-

Time PCR system (Applied Biosystems, Foster City, CA, USA) as previously 

described (Li et al., 2003). Relative mRNA levels were calculated according to 

the 2-DDCt method (Livak and Schmittgen, 2001). All Ct values were normalized 

to GAPDH. All experiments were performed at least three times. The PCR 

primer sequences used in this study are listed in Table 3. 

 

Behavioral tests 

Hind limb motor function was assessed by open field locomotion using 

the Basso Mouse Scale (Basso et al., 1996; Basso et al., 2006). Before and after 

SCI, the locomotive activity of each mouse was graded on a 10-point scale 

(scores 0-9) designed to assess hind limb locomotion recovery by evaluating 

hind limb joint movements, stepping, trunk position and stability, forelimb-hind 

limb coordination, paw placement, and tail position. A score of 0 indicated no 

observable hind limb movement; a score of 9 represented normal locomotion. 

All behavioral tests were performed blind. 
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Neutrophil and monocyte isolations 

After anesthetization, blood was collected by cardiac puncture and 

drained into 15 ml conical tubes containing 500 ml of acid citrate dextrose 

solution B (0.48% (w/v) citric acid, 1.32% (w/v) sodium citrate, 1.47% (w/v) 

glucose). Immediately after collection, whole blood was lysed in 10 ml of red 

blood cell (RBC) lysis buffer (0.15 M NH4Cl, 10 mM KHCO3, and 0.1 mM 

EDTA) for 20 min on ice to remove the RBCs. The solution was passed through 

70-mm nylon mesh (BD Biosciences, Oxford, UK) and centrifuged for 5 min at 

400 x g. The cell pellet was lysed again in 10 ml of RBC lysis buffer for 10 min 

on ice and resuspended in 30 ml of 0.1 M PBS before layering onto a 

discontinuous Percoll gradient solution (3 ml 80%, 3 ml 60% and 3 ml 50% 

Percoll) and centrifuging for 5 min at 400 x g. After high-speed centrifugation 

(2500 x g for 30 min at 4˚C; Sorvall RC-5 C Plus), neutrophils were recovered 

from the 60%/80% Percoll interface, and monocytes were isolated from the 

50%/60% interface. Cells were washed twice with 1 M PBS and incubated in 

DMEM containing 5% bovine serum. 

 

Migration assay 

Isolated neutrophil or monocyte cells (5 x 104 cells/well) were seeded 

onto a 5-mm pore-size Transwell plate (Costar, Corning, NY, USA) and 

incubated for 2 hours in culture medium, in the presence or absence of CXCL1 

(100 ng/ml, Bio-Research Products, South Lancaster, MA, USA) or CCL2 (50 

ng/ml, Bio-Research Products) in the lower chamber. Neutrophils or monocytes 

that had migrated into the lower chamber were counted under magnification. 
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In situ zymography 

In situ gelatinolytic activity was detected as described report (Frederiks 

and Mook, 2004). At 6 hour after SCI, spinal cords were isolated and 

immediately frozen with dry ice. Fresh cryostat sections (14 mm) were subjected 

to post-fixing with ethanol and acetic acid (2:1) for 20 min and incubated with 

10 mg/ml fluorescein conjugated-DQ gelatin substrate (Invitrogen) for 3 hours. 

For neuron and neutrophil staining, sections were incubated with anti-NeuN and 

Gr-1 antibodies, respectively, followed by Cy3-conjugated secondary antibodies. 

Sections were mounted and visualized as described above. 

 

Fluorescence activated cell sorting (FACS) assay 

All procedures were performed on ice to minimize the in vitro 

expression of surface molecules (Forsyth and Levinsky, 1990). Spinal cord 

tissue (± 0.25 cm from the injury site) was dissected from injured spinal cord 

and cells were isolated by homogenization and filtration, and then cells were 

fixed with 1 ml 2% paraformaldehyde in 0.1 M PBS for 15 min. After three 

washes with 1 ml FACS buffer (0.1 M PBS, 2% FBS), cells were incubated 

with primary antibody for 1 hour, followed by washing. Cells were analyzed 

with a BD FACSCaliburTM flow cytometer and CellQuest software (Becton 

Dickinson, San Jose, CA, USA). To analyze CD11a, CD11b, and CD11c 

expression, PE-conjugated anti-CD11a (eBioscience, San Diego, CA, USA), 

FITC-conjugated anti-CD11b (BD Pharmingen, San Diego, CA, USA), and 

AlexaFluor 647-conjugated anti-CD11c (BioLegend, San Diego, CA, USA) 

antibodies were used, respectively. To analyze spinal cord-infiltrating 

leukocytes, cells were incubated in FITC-conjugated anti-CD11b (BD 

Pharmingen, San Diego, CA, USA) and PE-conjugated anti-CD45 (BD 
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Pharmingen) antibodies to analyze macrophages (CD11b+/CD45high) and 

microglia (CD11b+/CD45low) populations. Likewise, cells were incubated in 

FITC-conjugated anti-Gr-1 antibody (BioLegend, San Diego, CA, USA) and 

PE-conjugated anti-CD11a or Cy5.5-conjugated anti-CXCR2 (BioLegend) 

antibodies to analyze CD11a and CXCR2 expression levels in tissue-infiltrating 

neutrophils.  

  

CXCL1 ELISA 

Spinal cord tissues (± 0.25 cm to the injury site) were dissected from 

the spinal cord and proteins were extracted using tissue lysis buffer (137 mM 

NaCl, 20 mM Tris-HCl, 1% NP40, and protease inhibitor cocktail set III 

(Calbiochem, La Jolla, CA, USA)). The KC/CXCL1 in the tissue lysates was 

measured using ELISA kit (R&D Systems, Minneapolis, MN, USA) according 

to the manufacturer’s instructions. 

 

Statistical analysis 

Data were presented as mean ± SEM. Statistical analysis for real time 

PCR data and image analysis was performed using a one-way ANOVA analysis 

of variance for measurements, followed by independent t or Tukey’s post hoc 

test for comparisons procedures. A p < 0.05 was considered to be statistically 

significant. Statistical analysis for motor behavioral tests was performed using 

two-way ANOVA analysis of variance for measurements, followed by Tukey’s 

post hoc test (p < 0.05) for comparison procedures. 
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RESULTS  

 

Attenuated myeloid cell infiltration in ikkbDmye mice after SCI 

To study the in vivo role of IKKb-mediated myeloid cell activation in 

SCI, I used a well-characterized SCI model, spinal cord hemisection at the T9 

level (Dong et al., 2003; Li et al., 2007) using wild-type (ikkb+/+) and myeloid 

cell-specific IKKb deficient (ikkbDmye) mice. Neutrophils in the injured spinal 

cord tissue were counted by flow cytometry. Six hours after SCI, Gr-1+ 

neutrophils were detected in ikkb+/+ mice spinal cord tissue, with numbers 

further increasing at 24 hour (3.0% of total counted cells at 6 hour and 5.6% at 

24 hour) (Fig. 1A and B). In comparison, the neutrophil number in ikkbDmye 

mice spinal cord tissue was significantly less, 52% and 59% lower than in 

ikkb+/+ mice at 6 and 24 hour, respectively (Fig. 1A and B). No Gr-1+ cells were 

detected in spinal cords of sham-operated mice of either genotype (data not 

shown). To more confirm the difference of infiltrations of neutrophils into the 

lesion sites, I analyzed using with immunohistochemistry. Six hours after SCI, 

Gr-1+ neutrophils were detected in and around the lesion area of ikkb+/+ mice, 

with numbers further increasing by 24 hours (Fig. 1C, left panels). In 

comparison, in ikkbDmye mice, the number of Gr-1+ neutrophils at the lesion was 

significantly reduced being 50% and 60% lower than the number of ikkb+/+ 

mice at 6 and 24 hour, respectively (Figs. 1C and D). Neutrophil infiltration in 

ikkbDmye mice was similarly reduced in another SCI model, spinal cord crush 

injury (Fig. 1E).  
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Macrophages infiltrated the lesion site at a considerably later time point 

following SCI. By flow cytometry, CD11b+/CD45high macrophages (Greter et al., 

2005) in the injured spinal cord increased to 2.6% at 5 days post-injury (dpi) in 

ikkb+/+ mice (Fig. 2A and B), and only increased to 1.2% in ikkbDmye mice. The 

proportion of CD11b+/CD45low cells, which represent resident microglia (Greter 

et al., 2005), did not change significantly after SCI in either ikkb+/+ or ikkbDmye 

mice. It has been reported that macrophages exert different effects on spinal 

cord injury depending on their activation type (M1 vs. M2) (Sica et al., 2008). 

To characterize the type of the tissue-infiltrating macrophages, I immunostained 

macrophages for iNOS and Arginase 1, an M1 and M2 macrophage marker, 

respectively. CD68+ macrophages in both ikkb+/+ and ikkbDmye mice expressed 

iNOS but not Arginase 1 (Fig. 2C and D) at 5 dpi, indicating that these 

macrophages are mostly M1 macrophages. Taken together, these data show that 

deleting ikkb from myeloid cells reduced neutrophil/macrophage infiltration 

into the spinal cord after SCI. 

 

SCI-induced neutrophil chemoattractants are reduced in 

ikkbDmye mice 

To test whether the reduced neutrophil infiltration in ikkbDmye mice was 

due to innate characteristics of IKKb-deficient neutrophils, I isolated 

neutrophils from both ikkb+/+ and ikkbDmye mice and assessed the expression of 

CD11a and CXCR2, an adhesion molecule and a chemokine receptor involved 

in neutrophil extravasation and migration (Green et al., 2006). CD11a and 

CXCR2 expression in blood neutrophils from ikkbDmye mice were comparable to 
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ikkb+/+ mice both at mRNA (Fig. 3A). Also the protein level of CD11a, CD11b, 

CD11c and CXCR2 were not significantly different in ikkb+/+ or ikkbDmye blood 

leukocytes (Fig. 3B). CD11b and CD11c are adhesion molecules preferentially 

expressed on myeloid cells. Likewise, CD11a and CXCR2 expression in tissue-

infiltrating neutrophils after SCI were not altered in ikkbDmye mice (Fig. 3C).  

I also tested the migratory activities of neutrophils from ikkb+/+ and 

ikkbDmye mice by incubating cells in media containing CXCL1, a chemokine 

specific for neutrophil attraction using Transwell plates (Fig. 4A). Neutrophils 

from ikkbDmye mice migrated more than cells from ikkb+/+ mice (547±15 vs. 

357±13). These data suggest that the reduced neutrophil infiltration in ikkbDmye 

mice was not due to an altered migratory capacity of neutrophils in the blood 

after ikkb deletion.  

I tested whether ikkbDmye mice had altered expression of neutrophil-

attracting chemokine in the injured spinal cord (Fig. 4B). At 4 hour after SCI, 

CXCL1 mRNA levels increased by 364-fold in the injured tissue of ikkb+/+ 

mice and declined slightly to 286-fold at 8 hour. However, in ikkbDmye mice, 

CXCL1 mRNA only increased 134-fold at 4 hour and 88-fold at 8 hour. 

Similarly, CXCL1 protein expression was reduced in ikkbDmye mice by more 

than 80% (153±82 vs. 26±12) at 1 dpi (Fig. 4C). These data suggest that 

reduced expression of neutrophil-attracting chemokines in the injured spinal 

cord of ikkbDmye mice may, in part, account for low neutrophil infiltration in the 

lesion site. 

CXCL1 is reportedly expressed in spinal cord-infiltrating neutrophils 

after SCI (Kobayashi, 2008). I also detected CXCL1 expression in Gr1+ 

neutrophils in injured spinal cords (Fig. 4D). To test whether induction of these 
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genes in neutrophils depends on IKKb expression, I stimulated neutrophils with 

LPS, and compared CXCL1 expression in vitro. In neutrophils from ikkb+/+ 

mice, LPS stimulation increased CXCL1 transcript levels by 192-fold, whereas 

the inductions were almost completely abrogated in cells from ikkbDmye mice 

(Fig. 4E). Taken together, these data suggest a possibility that the first 

neutrophils to arrive at the SCI lesion are less activated in ikkbDmye than in 

ikkb+/+ mice, resulting in reduced chemokine expression. This might further 

attenuate neutrophil recruitment to the lesion at later time points. 

I also assessed monocyte migration in ikkb+/+ and ikkbDmye mice. 

Migration of ikkbDmye monocytes stimulated by CCL2 was not significantly 

different from ikkb+/+ monocytes (Fig. 4F). Yet, CCL2, 3, and 4 expressions in 

the injured spinal cord were almost completely blocked in ikkbDmye mice (Fig. 

4G). These data once again suggest that reduced myeloid cell infiltration in 

ikkbDmye mice is not due to reduced migratory activity of the IKKb-deficient 

cells, but is more likely due to the reduced expression of chemoattractants in 

lesions of the ikkbDmye mice. 

 

Compromise of SCI-induced neuronal cell death and behavioral 

deficit in ikkbDmye mice 

To address the effects of myeloid cell activation and infiltration on SCI, 

I measured lesion volume in the spinal cords of ikkb+/+ and ikkbDmye mice after 

hemisection injury (Fig. 5A). The lesion volume in ikkbDmye mice spinal cord 

was 30% less than ikkb+/+ mice at 28 dpi. I then examined neurons in the 

coronal and longitudinal sections of injured spinal cords by 

immunohistochemistry using anti-NeuN antibody. Five days after SCI, there 
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were 44% fewer NeuN+ neurons in the region ipsilateral to the lesion site in 

ikkb+/+ mice than in sham-operated mice (Fig. 5C). However, in ikkbDmye mice, 

more NeuN+ neurons were detected in the injured spinal cord (Fig. 5B). In 

ikkbDmye mice, there were 26% more NeuN+ neurons per unit area rostral (-500 

mm) to the lesion site than in ikkb+/+ mice (44 vs. 33) (Fig. 5C). Similarly, I 

found an increase in NeuN+ cells in the longitudinal sections (±500 mm to the 

lesion site) of injured spinal cords in ikkbDmye mice (Fig. 5D). Compared to 

ikkbDmye mice, the number of NeuN+ neurons in ikkb+/+ mice was 49% (25 vs. 

48) at the rostral site and 54% (17 vs. 37) at the caudal site (Fig. 5E). Neuronal 

cell death in ikkbDmye mice was also compromised after spinal cord crush injury 

(Fig. 5F). These data demonstrate that IKKb-mediated myeloid cell activation 

and infiltration in injured spinal cords contribute to neuronal cell death after 

SCI.  

To characterize the nature of cell death after SCI, I measured apoptotic 

cells in the lesion area by TUNEL staining (Fig. 6A). One day after SCI, 

TUNEL-positive apoptotic cells were detected close to the lesion site in ikkb+/+ 

mice, co-localizing with NeuN+ neurons (Fig. 6A, white arrows), shown 

magnified in figure 6B. In addition, active caspase-3 expression co-localized to 

NeuN+ neurons at 1 dpi (Fig. 6D, white arrows). Thus neurons in the lesion 

underwent apoptosis one day after spinal hemisection injury in ikkb+/+ mice. In 

ikkbDmye mice, however, few TUNEL+ or caspase-3+ neurons were detected at 

the lesion (Fig. 6A, lower panels, and D, right panel, and 6C). Since I did not 

detect any obvious macrophage infiltration into the lesion site within 1 dpi, 

IKKb-mediated neutrophil activation was likely involved in neuronal apoptosis 
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at 1 dpi. This might eventually have resulted in the reduced number of neurons 

in ikkb+/+ mice compared to ikkbDmye mice at the later time point. 

To test whether the reduced cell death in ikkbDmye mice affects 

functional recovery from SCI, I determined the BMS scores (Basso et al., 2006) 

of injured mice (Fig. 7). Up to three days after injury, no difference in motor 

function was observed between ikkb+/+ and ikkbDmye mice. After seven days, the 

average BMS score of ikkbDmye mice was higher than ikkb+/+ mice, showing that 

lack of myeloid IKKb improved recovery after SCI.  

 

Reduced ROS and reactive nitrogen species (RNS) production 

after SCI in ikkbDmye mice 

To identify the mechanisms underlying differences in the rates of 

neuronal apoptosis, I measured neurotoxic gene expression in the injured spinal 

cord tissue. Previous studies suggest that neuronal cell death is induced by 

proinflammatory cytokines and ROS generated by neutrophils (Owaga et al., 

2008; Zemans and Arndt, 2009). Therefore, I measured the mRNA expression 

of IL-6, IL-1b, and TNF-a in injured spinal cords of ikkb+/+ and ikkbDmye mice. 

Four hours after injury, when neutrophils begin to infiltrate the injured tissue, 

IL-6, IL-1b, and TNF-a mRNAs increased by 85-, 160- and 21-fold, 

respectively, in ikkb+/+ mice (Fig. 8A). However, in ikkbDmye mice, the mRNAs 

levels increased by only 18-, 43-, and 3-fold, respectively. Similarly, inductions 

of iNOS, which is involved in RNS production, and COX-2, which is involved 

in ROS generation, were attenuated in ikkbDmye mice compared to ikkb+/+ (2-

fold vs. 5-fold for iNOS expression at 8 hour; 4-fold vs. 13-fold for COX-2 

expression at 4 hour) (Fig. 8B and C). Nitric oxide (NO) and peroxides 
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generated by iNOS and COX-2 may cause neuronal cell death via 

nitrotyrosylation and DNA damage (Virdis et al., 2005; Zayachkivska et al., 

2008). To examine whether protein nitrotyrosylation and DNA damage were 

involved in SCI-induced neuronal death, I measured the levels of 

nitrotyrosylated proteins and 8-hydroxy-guanine (8-OHG) incorporation into 

DNA in the spinal cord by immunostaining. After injury, nitrotyrosine and 8-

OHG-immunoreactive cells were detected in the lesion areas of ikkb+/+ mice 

(Fig. 8D and E, left panels). The number of immunoreactive cells and the 

staining intensities were lower in ikkbDmye mice (Fig. 8D and E, right panels). 

Nitric oxide activates neuronal matrix metalloproteinase-9 (MMP-9) through 

nitrotyrosylation, leading to neuronal apoptosis (Gu et al., 2002).  

To test if SCI-induced NO production and subsequent tyrosine 

nitrosylation leads to neuronal MMP-9 activation, I measured the MMP-9 

activity in the injured spinal cord by in situ zymography (Fig. 9A). In ikkb+/+ 

mice, gelatinolytic activity was detected in many cells near the lesion site, 

which mostly co-localized with NeuN+ neurons, but not with Gr-1+ neutrophils 

(Figs. 9A and B). However, the injured spinal cord of ikkbDmye mice showed 

significantly reduced gelatinase-active neuronal cells (Fig. 9A, lower panels). I 

also measured MMP-9 mRNA in the spinal cord. MMP-9 transcripts were 

upregulated by 10-fold at 8 hour post-injury in ikkb+/+ spinal cords, with little 

or no induction in ikkbDmye mice (Fig. 9C). These data show that increased 

MMP-9 expression in injured ikkb+/+ mice might contribute to the enhanced 

MMP-9 activity observed in these mice. Taken together, these data imply that, 

in ikkbDmye mice, reduced RNS and ROS production and MMP-9 activation 

might, at least in part, account for the reduced neuronal apoptosis after SCI in 

these mice.  
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Figure 1. Neutrophil infiltration was reduced in ikkbDmye mice  

(A) To quantify neutrophils, spinal cord cells were analyzed by flow cytometry 

at 24 hour post-injury. Representative data from three independent experiments 

are shown. (B) The percentage of Gr-1+ neutrophils at 6 hour and 24 hour post-

injury were shown in a graph. The data are mean ± SEM of three independent 

experiments (*p<0.5). (C) Gr-1+ neutrophil infiltration was detected at 6 hour 

and peaked at 24 hour post-injury in the spinal cord of ikkb+/+ mice. Spinal 

cord-infiltrating neutrophils were reduced in ikkbDmye mice. Scale bar, 50 mm. 

(D) Stained sections were counted for Gr-1+ cells. Results are given as mean ± 

SEM of values from six slides from three animals (*p<0.05). (E) Crush injury 

was applied to the spinal cord of ikkb+/+ and ikkbDmye mice. Neutrophils 

infiltrating crush-injured spinal cord tissue were immunostained with anti-Gr-1 

antibodies at 24 hour post-injury. Scale bar, 50 mm. 
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Figure 2. Macrophage infiltration was reduced in ikkbDmye mice  

(A) The CD11b+/CD45high macrophage population (R3 gate) was increased in 

the injured spinal cords of ikkb+/+ mice at 5 dpi, while the increase was 

significantly lower in ikkbDmye mice. CD11b+/CD45low microglia populations 

(R4 gate) were not significantly increased. Representative data from three 

independent experiments are shown, and the mean ± SEM of three independent 

experiments are shown (B) (*p<0.5). (C, D) CD68+ (red) macrophages in the 

injured spinal cord sections (5 dpi) were co-stained for iNOS (green), maker of 

M1 macrophages (C), or Arginase 1 (Arg) marker of M2 macrophages (D). A 

representative figure from three independent experiments is shown. Scale bar 

20 mm. 
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Figure 3. SCI-induced chemokine receptor and integrin of neutrophils 

expression did not differ  

(A) Total RNA was prepared from neutrophils isolated from ikkb+/+ and 

ikkbDmye mice blood. CD11a and CXCR2 mRNA levels were measured by real-

time RT-PCR (left graph). The relative gene expression levels (REL) in 

ikkbDmye neutrophils compared to ikkb+/+ neutrophils are presented (n=3). (B) 

CD11a, CD11b, CD11c and CXCR2 levels in ikkb+/+ and ikkbDmye neutrophils 

were measured by flow cytometry (right histograms). Representative data from 

three independent experiments are shown. (C) CD11a and CXCR2 expressions 

in Gr-1+ neutrophils of injured-spinal cord tissue were analyzed by flow 

cytometry. Representative data from three independent experiments are shown.  

 

. 

 



 51

 

 



 52

 

 

 

 

Figure 4. SCI-induced neutrophil-attracting chemokine expression was 

reduced in ikkbDmye mice  

(A) Neutrophils isolated from ikkb+/+ and ikkbDmye mice blood were used for 

migration assays. Neutrophils that migrated into the lower chamber of 

Transwell were counted by light microscopy. More ikkbDmye neutrophils 

migrated than ikkb+/+ neutrophils (*p<0.05). (B) CXCL1 mRNA level in the 

injured spinal cord of ikkbDmye mice was reduced at 4 and 8 hour compared to 

ikkb+/+ mice. CXCL1 mRNA expression was assayed using real-time RT-PCR. 

The data are mean ± SEM of three independent experiments (*p<0.05). (C) 

CXCL1 expression levels in the injured spinal cord tissues at 1 dpi were 

measured by ELISA. The data are mean ± SEM of three independent 

experiments (*p<0.5). (D) To test CXCL1 expression from tissue-infiltrating 

neutrophils, spinal cord tissue sections of ikkb+/+ mice at 1 dpi were 

immunostained with anti-Gr-1 antibody (green) and anti-CXCL1 antibody (red). 

A representative figure from three independent experiments is shown and the 

results were similar. Scale bar, 20 mm. (E) Isolated neutrophils from blood were 

stimulated with LPS (50 ng/ml) for 3 hours, and CXCL1 expression was 

measured by real-time RT-PCR. Means ± SEM of three independent 

experiments are shown (*p<0.5).  

(Continued)  
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(F) Monocytes isolated from ikkb+/+ and ikkbDmye mice were used for migration 

assays. No significant difference was detected between cells from ikkb+/+ vs. 

ikkbDmye mice. (G) CCL2, 3 and 4 expressions in the injured spinal cords of 

ikkb+/+ and ikkbDmye mice were measured by real-time RT-PCR. The data are 

mean ± SEM of three independent experiments (*p<0.05). 



 55

 

 

 

 

       



 56

 

 

 

 

 

Figure 5. SCI-induced neuronal cell death was attenuated in ikkbDmye mice  

(A) At 28 dpi, coronal and longitudinal sections were prepared from tissue 

within 500 mm of the lesion in SCI-induced or sham-operated mice. Spinal cord 

sections were stained with LFB. Scale bar, 250 μm. Total lesion volume was 

calculated from 68 sections per animal (n=3) (*p<0.5). (B) Neurons in coronal 

sections were detected by immunohistochemistry using anti-NeuN antibodies. 

Scale bar, 50 mm. A representative picture of a coronal section at -500 mm in 

the ipsilateral region shows NeuN+-signal elevated in ikkbDmye mice compared 

to ikkb+/+ mice. (C) NeuN+ cells in the 330 mm2 white rectangle area (ipsi-

region) -500 mm from the lesion site in the spinal cord of sham-operated ikkb+/+ 

mice (ikkb+/+-sham), sham-operated ikkbDmye mice (ikkbDmye-sham), SCI-injured 

ikkb+/+ mice (ikkb+/+), and SCI-injured ikkbDmye mice (ikkbDmye) were quantified. 

Six slides from three animals were counted, and the means ± SEM are 

presented (*p<0.5).  

(Continued)  
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(D) Neurons in the spinal cord longitudinal sections were detected by 

immunohistochemistry using anti-NeuN antibody. Scale bar, 100 mm. A 

representative image shows increased NeuN+-cells in ikkbDmye mice. (E) NeuN+ 

cells in the 350 mm2 white rectangle area ±500 mm from the lesion site in the 

spinal cord of ikkb+/+-sham, ikkbDmye-sham, ikkb+/+, and ikkbDmye mice were 

quantified. Eight slides from four animals were counted, and the means ± SEM 

are presented (*p<0.005, **p<0.05). (F) Neuronal damage was assessed by 

immunostaining longitudinal sections of the injured spinal cord at 5 dpi using 

anti-NeuN antibody. Scale bar, 50 mm. 
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Figure 6. Apoptotic neuronal cell death was reduced in ikkbDmye mice 

(A) Spinal cord sections prepared 1 dpi were used for TUNEL (green) staining, 

and the same sections were used for anti-NeuN (red) immunostaining. DNA 

fragmentation in neurons was detected at the lesion boundary of ikkb+/+ mice. 

Scale bar, 50 mm. Arrows indicate areas that are magnified at the right. A 

representative figure from three independent experiments is shown and the 

results were similar. Scale bar, 20 mm (B). (C) All TUNEL+ and NeuN+ cells in 

each section were counted and shown in a graph. Means ± SEM of three 

independent experiments are shown (*p<0.005). (D) Spinal cord sections 

prepared 1 dpi were immunostained for active caspase-3 (red) and NeuN+ 

(green). Immunoreactivity of active caspase-3 was detected in NeuN+ cells in 

the sections of ikkb+/+ mice. A representative figure from three independent 

experiments is shown and the results were similar. Scale bar, 20 mm.  
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Figure 7. Improved functional recovery after SCI in ikkbDmye mice 

BMS tests were carried out in an open field over 28 days after SCI in ikkb+/+ 

(n=5) and ikkbDmye mice (n=6). ikkb+/+ and ikkbDmye mice exhibited initial 

impairments in hind limb locomotive performance followed by gradual 

recovery. The BMS scores of ikkbDmye mice 7 dpi were significantly higher 

compared to the scores of ikkb+/+ mice (*p<0.05, **p<0.5, two-way ANOVA 

followed by Tukey’s post-hoc test). 
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Figure 8. Expression of SCI-induced proinflammatory cytokines, iNOS and 

COX-2 was attenuated in ikkbDmye mice 

(A) Spinal cords of sham-operated and SCI-injured ikkb+/+ and ikkbDmye mice 

were isolated at 4 and 8 hour post-injury. Real-time RT-PCR measured IL-6, 

IL-1b, and TNF-a levels. Means ± SEM of three independent experiments are 

shown (*p<0.05, **p<0.5). mRNA levels of iNOS (B) and COX-2 (C) in the 

spinal cord at different time points after SCI, as measured by real-time RT-PCR 

(*p<0.05, **p<0.5). (D) Tyrosine nitrosylated-proteins in the injured spinal 

cords of ikkb+/+ and ikkbDmye mice were detected by immunostaining using anti-

nitrotyrosine antibodies. Nitrotyrosine immunoreactivity was detected in cells 

surrounding the lesion site at 1 dpi in ikkb+/+ mice. A representative figure from 

three independent experiments is shown and the results were similar. Scale bar, 

20 mm. NT+ cells in each section were counted and shown in a graph. Means ± 

SEM of three independent experiments are shown (*p<0.5). (E) DNA-damaged 

cells in the injured spinal cord were detected by immunostaining with anti-8-

OHG antibodies. A representative figure from three independent experiments is 

shown and the results were similar. Scale bar, 50 mm. OHG+ cells in the 52250 

mm2 white rectangle area 300 mm caudal from the lesion site in the spinal cord 

were quantified. Six slides from three animals were counted, and the means ± 

SEM are presented (*p<0.5). DNA-damaged cells increased in ikkb+/+ mice at 1 

dpi. Anti-nitrotyrosine and anti-8-OHG immunoreactivities were both 

significantly reduced in ikkbDmye mice (D, E). 
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Figure 9. Localization of gelatinolytic activity in neurons and MMP 

expression after SCI 

(A) Cryostat tissue sections at 6 hour post-SCI were used for in situ 

zymography (ISZ) and NeuN immunostaining. The number of cells with 

gelatinolytic activity was lower in ikkbDmye mice (lower panels) than ikkb+/+ 

mice (upper panels). A representative figure from three independent 

experiments is shown and the results were similar. Scale bar, 20 mm. 

Gelatinolytic activity co-localized with NeuN+ neurons (A) but not Gr-1+ 

neutrophils (B). (C) MMP-9 mRNA was induced in the spinal cords of ikkb+/+, 

but not ikkbDmye mice. Real-time RT-PCR of MMP-9 from injured spinal cord 

tissue at 4 and 8 hour after injury. The data are means ± SEM of three 

independent experiments (*p<0.05, **p<0.5). 
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Table 3. The mouse primer sequences used for real-time RT-PCR 

 

Genes Forward primers Reverse primers 
GenBank 

No. 

GAPDH 5'-AGG TCA TCC CAG AGC TGA ACG-3' 5'-CAC CCT GTT GCT GTA GCC GTA T-3' NM_008084 

IL-6 5’-GCC CTT CAG GAA CAG CTA TG-3’ 5’-CAG AAT TGC CAT TGC ACA AC-3’ NM_012589 

IL-1b 5'-TTG TGG CTG TGG AGA AGC TGT-3' 5'-AAC GTC ACA CAC CAG CAG GTT-3' NM_008361 

TNF-a 5'-AGC AAA CCA CCA AGT GGA GGA-3' 5'-GCT GGC ACC ACT AGT TGG TTG T-3' NM_013693 

iNOS 5’-TCT GTG CCT TTG CTC ATG ACA-3’ 5'-TGC TTC GAA CAT CGA ACG TC-3’ NM_012611 

COX-2 5'- CAG TAT CAG AAC CGC ATT GCC-3' 5'- GAG CAA GTC CGT GTT CAA GGA-3' U03389 

CXCL1 
5'-CCG AAG TCA TAG CCA CAC TCA A-
3' 

5'-GCA GTC TGT CTT CTT TCT CCG TTA 
C-3' 

NM_008176 

CXCL2 
5'-AGA CAG AAG TCA TAG CCA CTC 
TCA AG-3' 

5'-CCT CCT TTC CAG GTC AGT TAG C-3' NM_009140 

CXCR1 5′-CCG TCA TGG ATG TCT ACG TG-3′ 5′- CAG CAG CAG GAT ACC ACT GA -3′ AY749637.1 

CXCR2 5′-GGT GGG GAG TTC GTG TAG AA-3′ 5′-CGA GGT GCT AGG ATT TGA GC-3′ BC051677.1 

CD11a 5'-AGA TCG AGT CCG GAC CCA CAG-3’ 5'-GGC AGT GAT AGA GGC CTC-3’ NM_008400.2 

CCL2 5'-TCA GCC AGA TGC AGT TAA CG-3' 5'-GAT CCT CTT GTA GCT CTC CAG C-3' BC05507 

CCL3 
5'- ACT GCC TGC TGC TTC TCC TAC A -
3' 

5'- AGG AAA ATG ACA CCT GGC TGG-3' BC111443 

CCL4 
5'-TCC CAC TTC CTG CTG TTT CTC T-
3' 

5'-GAA TAC CAC AGC TGG CTT GGA-3' NM_013652.2 

MMP-9 5'-TGT ACG GAC CCG AAG C-3’ 5'-CCG TCC TTA TCG
 
TAG TCA G-3’ NM_013599 
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DISCUSSION 
 

In this study, I tested the in vivo role of IKKb activation in neutrophils 

responding to SCI. Previously, conflicting results suggested both beneficial and 

detrimental roles of neutrophil activation and infiltration after SCI. My results 

showing that ablating IKKb reduced morphological and behavioral deficits after 

SCI are consistent with previous studies that suggest a detrimental role for 

neutrophils in SCI secondary damage. My study is distinct from a recent study 

that used a Ly6G/Gr-1 antibody to deplete blood neutrophils (Stirling et al., 

2009). In that study, Gr-1+ cells consisting of mainly, but not exclusively, 

neutrophils were depleted from the circulatory system. In contrast, ikkbDmye 

mice did not lose blood neutrophils (data not shown), and only IKK/NF-kB-

mediated responses were compromised. Although it is speculative, neutrophils 

in a resting state might possibly have a neuroprotective role, so depleting the 

total neutrophil population worsens the neurological outcome after SCI. In 

contrast, my system specifically addressed the in vivo role of neutrophil 

activation after SCI and demonstrated that neutrophil activation and infiltration 

to injured spinal cords at an early time point contributed to SCI secondary 

damage. 

In ikkbDmye mice, the IKKb gene was deleted not only in neutrophils but 

also in a majority of monocytes/macrophages. Therefore, the phenotype 

observed in these mice cannot be attributed solely to IKKb deficiency in 

neutrophils. In this study, however, leukocytes infiltrating the lesion at early 

time points were mostly neutrophils, and I did not detect any macrophage 

infiltration within 1 dpi. Neuronal apoptosis was clear at 1 dpi in ikkb+/+ but not 
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ikkbDmye mice. These findings argue that the early effects on neuronal apoptosis 

were most likely due to neutrophil activation and infiltration, not macrophages. 

Therefore, I deduced that IKKb-dependent neutrophil activation contributed to 

neuronal damage at early time points. Macrophage infiltration was also reduced 

in ikkbDmye mice at later time points. Therefore, the relative improvement in 

behavioral recovery observed in ikkbDmye mice cannot be totally attributed to 

inhibiting neutrophil activation and infiltration. Rather, it might be the result of 

combined neutrophil and macrophage activation. Thus far, I have not been able 

to dissect the relative contributions of each cell type to behavioral deficits. In 

addition, an approximately 50% reduction in neuronal cell number was 

observed in the injured spinal cords of ikkbDmye mice compared to sham-

operated mice, as measured by NeuN-immunostaining, but very few TUNEL-

positive cells were detected in ikkbDmye mice at 1 dpi. These data imply that 

neuronal cells also underwent non-apoptotic cell death in these mice, and this 

cell death was not much affected by neutrophil infiltration and activation.   

To elucidate the molecular mechanisms underlying the reduced 

neutrophil and macrophage infiltrations in ikkbDmye mice, I tested the innate 

migratory activities of neutrophils and monocytes from ikkbDmye mice. My data 

showed that IKKb deficiency did not alter the migratory activities of these cells. 

Therefore, neutrophil- and macrophage-recruitment are more likely impaired in 

ikkbDmye mice due to defective production of neutrophil- and macrophage-

attracting chemokines after SCI. Indeed I found that SCI-induced CXCL1 

expression is severely compromised in ikkbDmye mice and LPS-mediated 

CXCL1 expression in vitro was eliminated in ikkbDmye neutrophils. Based on 

these data, I speculated that neutrophils that initially infiltrated the spinal cord 
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of injured ikkbDmye mice did not express CXCL1, so they did not further 

augment neutrophil infiltration. This might explain the observed differences in 

post-SCI neutrophil infiltration rate between ikkb+/+ and ikkbDmye mice.  

 I also found that the expression levels of proinflammatory cytokines 

(IL-1b, IL-6, and TNF-a), iNOS, COX-2, and MMP-9 were lower in the 

injured spinal cords of ikkbDmye mice than in ikkb+/+ mice. All of these 

proinflammatory cytokines are implicated in neuronal apoptosis (Liu et al., 

2008). NO and prostaglandin E (PGE), which are produced by iNOS and COX-

2, respectively, induce neuronal apoptosis by nitrotyrosylation of proteins or 

DNA damage (Tuna et al., 2001; Nguyen et al., 2007). I found reduced 

nitrotyrosylation and DNA damage in the injured spinal cords of ikkbDmye mice 

compared to ikkb+/+ mice. In addition, neuronal gelatinase activation was 

attenuated in ikkbDmye mice, probably because of the combined effects of 

reduced MMP-9 expression and MMP-9 nitrotyrosylation. MMP-9 activation is 

a key event in neuronal apoptosis (Yu et al., 2008), although the underlying 

molecular mechanisms are not completely understood. My data imply that 

reduced proinflammatory cytokines, NO and PGE in ikkbDmye mice might 

contribute to reduced neuronal apoptosis at 1 dpi. Again, since IKKb is 

deficient only in neutrophils and macrophages, and only neutrophils infiltrate at 

1 dpi, the differences in the above genes are likely in neutrophils. This is 

supported by in vitro studies using neutrophils cultured from ikkb+/+ and 

ikkbDmye mice. Of note, I found that LPS-induced inflammatory gene expression 

was completely blocked in ikkbDmye neutrophils, although expression of these 

genes was only partially reduced in vivo. This implies that cells other than the 

tissue-infiltrating neutrophils express these genes in the spinal cord after SCI, 
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although I did not demonstrate this experimentally.  

In conclusion, the results of my study demonstrate that IKKb-dependent 

neutrophil activation and infiltration in the injured spinal cord potentiated 

inflammation and neuronal damage and impeded functional recovery after SCI. 
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CHAPTER 2 

 

Toll-like receptor 3 signaling inhibits  

astrocyte MMP-2 activation and recovery  

from spinal cord injury  
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INTRODUCTION 

 

Spinal cord injury (SCI) causes neuronal damage, consecutive 

inflammatory processes, and glial scar formation. Once the spinal cord is 

injured, the damaged axons begin to sprout and attempt to extend across the 

lesion site. However, the glial scar hinders these axonal extensions and 

regenerations (Yiu and Zhigang, 2006). The glial scar is comprised mostly of 

reactive astrocytes, which become hypertrophic and intensely increase the 

expression of glial fibrillary acidic protein (GFAP), the major protein 

constituent of glial intermediate filaments (Fitch and Silver, 2008). During the 

process of gliosis in glial scar formation, reactive astrocytes express and secret 

chondroitin sulfate proteoglycans (CSPGs), such as neurocan, versican, 

aggrecan, brevican and phosphacan, in and around the lesion site (Stallcup and 

Beasly, 1987; McKeon et al., 1999; Jones et al., 2003; Buss et al., 2009). 

Generally, CSPGs play a repulsive role in axon guidance and act as a barrier 

that inhibits the regeneration of damaged neuronal axons. However, according 

to a recent report (Rolls et al., 2008), CSPGs do not always have a detrimental 

role. Within 2 days post-injury (dpi), CSPGs modulate microglia/macrophage 

activation and limit the spread of damage by creating a physical barrier. 

Therefore, CSPG degradation is an important aspect of axon regeneration at 

later time points after SCI.  

Matrix metalloproteinases (MMPs) are well known as secreted or 

membrane-bounded mammalian zinc endopeptidases that can degrade the 

extracellular matrix and other extracellular proteins (Sternlicht and Werb, 2001; 

Wells et al., 2003; Agrawal et al., 2008). In the injured spinal cord, MMP-9 and 

MMP-2 are up-regulated. After SCI, MMP-9 activity maximizes in 12-24 hours 
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while MMP-2 activity increases after 5 days in the injured spinal cord. (de 

Castro et al., 2000). MMP-9 plays a key role in abnormal vascular permeability 

and inflammation within the first 3 dpi (Noble et al., 2002). Likewise, MMP-9 

and MMP-2 are capable of degrading and inactivating CSPGs (Zuo et al., 1998; 

Ferguson and Muir, 2000). Moreover, MMP-2 is preferentially expressed 

during reactive gliosis and modulates wound healing after SCI (Hsu et al., 

2006). 

It has been suggested that toll-like receptor 3 (TLR3) plays a key role 

in the innate immune system and is a major mediator of inflammation in 

response to dsRNA from viral infections and cellular damage (Sen and Sarkar, 

2005). Although TLR3 is expressed in several cell types, the actual roles of 

TLR3 are still unclear in viral or cellular inflammatory circumstances (Bsibsi et 

al., 2006; Cameron et al., 2007; Murray et al., 2008). According to previous 

reports, TLR3 triggers antiviral defenses against infection and neuroprotective 

responses that release anti-inflammatory cytokines (Bsibsi et al., 2006; Negishi 

et al., 2008). On the other hand, TLR3 has a deleterious role during hypoxia-

induced acute lung injury and West-Nile virus infection (Wang et al., 2004; 

Murray et al., 2008). Recently, it has been reported that TLR3-induced 

microglia activation contributes to neuropathic pain after nerve injury (Mei et 

al., 2011). However, there have been no reports on the role of TLR3 in SCI. In 

the present study, the in vivo role of TLR3 involved in the inflammatory 

responses after SCI was elucidated using TLR3 knockout mice. 
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MATERIALS AND METHODS 

 

Mice and spinal cord injury 

TLR3 knockout mice on a C57BL/6 background provided by Dr. Flavell 

(Alexopoulou et al., 2001) and the wild-type (C57BL/6) mice purchased from 

Koatech (Pyeongtaek, Korea) were housed at 23 ± 2ºC with a 12 hour light-

dark cycle and fed food and water ad libitum. All surgical and experimental 

procedures were reviewed and approved by the Institutional Animal Care and 

/Use Committee (IACUC) at Seoul National University. Adult male mice (8-10 

weeks old) were anesthetized with sodium pentobarbital (30 mg/kg body weight, 

i.p.) and laminectomized between T8 and T10. The exposed spinal cord was 

subjected to crush injury at the T9 level with number 5 Dumont forceps ground 

down to a tip width of 0.5 mm. The forceps I used in this report were modified 

with a spacer so that at maximal closure a 1 mm space remained to make 

incomplete lesion (Faulkner et al., 2004). The spinal cord was compressed with 

the forceps laterally from both sides for 10 sec. Laminectomized mice without 

compression were used as controls. 

 

Behavioral tests 

Hind limb motor function was assessed by open field locomotion using 

the Basso Mouse Scale (Basso et al., 1996; Basso et al., 2006). Before and after 

SCI, the locomotive activity of each mouse was graded on a 10-point scale 

(scores 0-9) designed to assess hind limb locomotion recovery by evaluating 

hind limb joint movements, stepping, trunk position and stability, forelimb-hind 
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limb coordination, paw placement, and tail position. A score of 0 indicated no 

observable hind limb movement; a score of 9 represented normal locomotion.  

 

Cresyl violet staining/Luxol Fast Blue (LFB) staining and 

volume measurement 

Cresyl violet (ICN Biomedicals, Aurora, OH, USA) staining (0.5% in 

ddH2O) for 15 min was performed on a series of longitudinal sections of injured 

spinal cord at 35 dpi. And then differentiation carried out by incubating sections 

in 70% EtOH. LFB staining was performed as reported (Brechtel et al., 2006). 

Briefly, longitudinal sections of injured spinal cord at 5 dpi and 35 dpi were 

stained with 0.1% LFB (Sigma, St. Louise, MO, USA) in acidified 95% ethanol 

for overnight at 56°C. Differentiation and counterstaining were carried out by 

incubating sections in 0.05% lithium carbonate solution.  

Images of the stained sections were taken under the microscope 

(Axiovert200, Carl Zeiss, Munich, Germany) using a lens with a 2.5 X 10 

(objective X eye piece), and then lesion size (x-y stage) was calculated using 

Axiovision 4.8 image program. The total lesion volume was calculated by 

summing their individual subvolumes using Cavalieri method (Michel and 

Cruz-Orive, 1988; Oorschot, 1994). Individual subvolumes of lesion area were 

calculated by multiplying the longitudinal-sectional area (S) and the distance 

between sections (10 mm). Each measurement value was calculated by one-way 

ANOVA followed by Tukey's post-hoc test. 

 

Immunohistochemistry 

 The mice were anesthetized with Avertin (2-2-2 tribromoethanol) and 

perfused with 0.1 M phosphate-buffered saline (PBS), followed by 4% 
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paraformaldehyde in 0.1 M PBS. A 1-cm tissue block containing the injury site 

was collected, post-fixed in the same fixative overnight at 4°C, and 

cryoprotected in 30% sucrose in 0.1 M phosphate buffer. The spinal cord was 

cryo-cut to 16 mm in the horizontal and coronal plane and was placed onto 

gelatin-coated glass slides. Sections were blocked in the blocking solution (5% 

normal goat serum, 5% FBS, 2% BSA, and 0.1% Triton X-100) for 1 hour at 

RT and incubated overnight at 4°C with mouse anti-NF200 (1:500; Chemicon, 

Temecula, CA, USA), rabbit anti-TLR3 (1:100; IMGENEX, San Diego, CA, 

USA), rabbit anti-MMP-2 (1:500; Millipore, Temecula, CA, USA), rabbit anti-

GFAP (1:1000; DAKO, Glostrup, Denmark) for astrocytes, mouse anti- 

adenomatous polyposis coli (APC, 1:100; Oncogene Science, Cambridge, MA, 

USA) for mature oligodendrocytes, mouse anti-CS-56 (1:200; Sigma) for 

CSPGs. After three washes in 0.1 M PBS plus 0.1% Triton X-100 for 10 min at 

RT, tissue sections were incubated with Cy3- or FITC-conjugated secondary 

antibodies (1:200; Jackson ImmunoResearch, West Grove, PA, USA) for 1 

hour at RT. Sections were mounted with Vectashield (Vector Labs, Burlingame, 

CA, USA) and examined using a fluorescent microscope (LSM 5 PASCAL; 

Carl Zeiss).  

 

Biotinylated dextran amine injection and tissue processing 

To trace the corticospinal tract, the biotinylated dextran amine (BDA; 

Molecular Probes, Eugene, OR, USA; 10% solution in dissolved in 0.1 M PBS) 

tracer was injected into the right sensorimotor cortex. Mice (8-12 week-old 

male, 22-25 g) were anesthetized by sodium pentobarbital (30 mg/kg, body 

weight, i.p.), placed on a stereotaxic apparatus (myNeuroLab, St. Louis, MO, 

USA), and injected with 0.4 µl BDA at the speed of 0.1 µl/min into the left 
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cortex (stereotaxic coordinates in mm with reference to bregma: AP 1.0/1.5, 

0.5/1.5, -0.5/1.5, -1.0/1.5, all at a depth of 0.5 mm into cortex) using a 30-G 

needle. After 5 min, the needle was removed in three intermediate steps for 3 

min to minimize backflow. The incision was cleaned with the saline and sutured. 

Mice were kept for an additional 2 weeks before being killed. Mice deeply 

anesthetized with the sodium pentobarbital were perfused intracardially with 

the saline followed by cold 4% PFA in 0.1 M phosphate buffer at the indicated 

time after the surgery. The spinal cord were isolated, post-fixed overnight in the 

same fixative at 4°C, rinsed twice with PBS and placed in 30% sucrose in PBS 

for 2 days at 4°C. The spinal cords were then frozen and cryo-cut to 16 mm in 

serial longitudinal sections on a cryostat (CM3050S, Leica, Solms, Germany). 

BDA immunostaining of tissue sections were carried out with fluorescently 

labeled Cy3-strepavidin (1:200; Jackson ImmunoResearch). Sections were 

mounted with Vectashield (Vector Labs) and examined using a fluorescent 

microscope (LSM 5 PASCAL; Carl Zeiss). 

 

Primary astrocyte cell cultures 

Primary murine microglial cultures were obtained from 1 to 3 day-old 

TLR3 knockout and C57BL/6 mice, as previously described (Giulian and Baker, 

1986). Briefly, the cerebral cortices were dissected, carefully stripped of the 

meninges of brain, and triturated into single cells using a syringe with 18-G 

needle. The digested fraction was pelleted and resuspended in culture media 

[Dulbecco’s modified Eagle’s medium (JBI, Daejon, Korea) supplemented with 

10% fetal bovine serum (JBI) and 1% penicillin/streptomycin (Gibco, Grand 

Island, NY, USA)] and plated in 75-cm2 T-flasks. Cultures were maintained in 

a 5% CO2 incubator at 37°C and the media were changed every 1 week with 
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DMEM containing 5% FBS. After 2 weeks, to remove microglia, mixed glia 

were incubated with 60 mM L-Leucine methylether (L-LME; Sigma) for 90 

min (Hamby et al., 1986), And then the media were freshly changed and the 

cells were stabilized for overnight in the 5% CO2 incubator at 37°C. For 

harvesting more pure astrocytes, the cells were trypsinized with 0.25% trypsin 

for 5 min and detached by pipetting and then were left in the 5% CO2 incubator 

for 30 min. Floating astrocytes were collected with the media and then seeded 

on 6-well plates for the experiments.  

 

Real-time PCR 

 Total RNA from the isolated spinal cord tissue and the cells was 

extracted using Trizol (Invitrogen, Carlsbad, CA, USA) and reverse transcribed 

using M-MLV Reverse Transcriptase (Invitrogen). Real-time PCR was 

performed using a 7500 Real-Time PCR system (Applied Biosystems, Foster 

City, CA, USA) as previously described (Li et al., 2003). Relative mRNA levels 

were calculated according to the 2-DDCt method (Livak and Schmittgen, 2001). 

All DCt values were normalized to GAPDH. All experiments were performed at 

least three times. The PCR primer sequences used in this study are listed in 

Table 4. 

 

Gelatin gel zymography  

To detect the gelatinolytic activity of MMP, the samples were 

evaluated by gelatin zymography. Spinal cord tissues (0.5 cm) were 

homogenized in a lysis buffer (50 mM Tris-HCl (pH 8.0), 150 mM NaCl, 1% 

NP40, 0.5% deoxycholate, 0.1 % sodium dodecyl sulfate (SDS) and proteinase 
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inhibitors (1 mM PMSF, 1 mg/ml apolipoprotein and 10 mg/ml leupeptin)). And 

then the tissue homogenates were incubated for 20 min at 4°C, and centrifuged 

at 25,000 × g for 30 min at 4°C. The protein level of the supernatant was 

determined using the BCA assay (Pierce, Rockford, IL, USA). Under the 

nonreducing conditions, 50 mg samples were subjected to the SDS–

polyacrylamide gel electrophoresis (PAGE) in 10% acrylamide gels containing 

0.1 mg/ml gelatin (gelatin monomer; Serva Feinbiochemica GmbH & Co., 

Heidelberg, Germany). After electrophoresis, the gels were washed in 2.5% 

Triton X-100 for 30 min at RT to remove all trace of SDS and washed in the 

developing buffer (50 mM Tris–HCl (pH 8.5), 5 mM CaCl2, 0.2 M NaCl, and 

0.02% Brij 35) for 30 min at RT. And then the gels were exchanged with the 

new developing buffer and incubated for 24 hours at 37°C. Following 

incubation, the gels were stained with 0.5% Coomassie brilliant blue R-250 

(Sigma) for 24 hours and destained until the clear bands were appeared. Gelatin 

digestion was identified as a clear lytic zone against a blue background.  

 

In vitro MMP assay 

The mixture of 40 mg spinal cord tissue and 3 mg recombinant CSPG 

(Millipore) with the developing buffer was incubated for 4 hours at 37°C. The 

reaction was stopped with 2X SDS sample buffer (60 mM Tris-Cl (pH 6.8), 2% 

SDS, 10% glycerol, 5% β-mercaptoethanol and 0.01% bromophenol blue) and 

boiled for 3 min. The reaction samples were electrophoresed on 10% SDS–

PAGE and underwent the western blotting. Degraded CSPGs after the reaction 

were detected with anti-CS-56 antibody. 

To inhibit the activity of MMP-2, the MMP-2 inhibitor I (Calbiochem, 

La Jolla, CA, USA) was used. Before adding the tissue sample, CSPGs were 
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mixed with the MMP-2 inhibitor I. As a loading control, b-actin was analyzed 

by western blot.  

 

Fluorescence activated cell sorting (FACS) assay 

All procedures were performed on ice to minimize the in vitro 

expression of surface molecules (Forsyth and Levinsky, 1990). Spinal cord 

tissue (± 0.25 cm from the injury site) was dissected from the injured spinal 

cord and placed immediately in ice-cold FACS buffer (0.1 M PBS (pH 7.4) and 

2% FBS). The cells were isolated by homogenization and filtration, and then 

the cells were fixed with 1 ml 2% paraformaldehyde in 0.1 M PBS for 15 min. 

After three washes with 1 ml FACS buffer, the cells were incubated with 

primary antibody for 1 hour, followed by washing. The cells were analyzed 

with a BD FACSCaliburTM flow cytometer (Becton Dickinson, San Jose, CA, 

USA) and CellQuest software. To analyze spinal cord-infiltrating leukocytes, 

the cells were incubated in FITC-conjugated anti-Gr-1 antibodies (BioLegend, 

San Diego, CA, USA) and Cy5.5-conjugated anti-CXCR2 antibodies 

(BiolLegend) in 2,500 gates of infiltrated neutrophils by 1 dpi. Infiltrated 

macrophages (CD11b+-FITC (BD Pharmingen, San Diego, CA, 

USA)/CD45high-PE (BD Pharmingen)) or microglia (CD11b+-FITC/CD45low-PE) 

were analyzed at 5 dpi. 

 

Statistical analysis  

Data were presented as mean ± SEM. Statistical analysis for real time 

PCR data, gel zymography and image analysis were performed using a one-way 

ANOVA analysis of variance for measurements, followed by independent t or 

Tukey’s post hoc test for comparisons procedures. A p < 0.05 was considered to 
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be statistically significant. Statistical analysis for motor behavioral tests was 

performed using two-way ANOVA analysis of variance for measurements, 

followed by Tukey’s post hoc test (p < 0.05) for comparison procedures. 
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RESULTS 

 

Functional recovery is enhanced in TLR3 knockout mice after 

SCI 

To investigate whether TLR3 signaling is involved in the behavioral 

recovery after SCI, the Basso Mouse Scale (BMS) test was performed for 35 

dpi (Fig. 1) using the TLR3 knockout mice. Up to 7 dpi, no difference in motor 

function was observed between the wild-type and TLR3 knockout mice. After 

14 dpi, the average BMS score of the TLR3 knockout mice was higher than the 

wild-type mice. The behavioral score of the wild-type mice over 28 dpi began 

to plateau below the BMS score of 2.0, whereas the recovery of the TLR3 

knockout mice continuously increased up to the score of 4.2. In addition, the 

TLR3 knockout mice could support their weight using their hind limbs while 

the wild-type mice could not support their weight. These behavioral results 

suggested that TLR3 signaling has a negative effect on behavioral recovery 

after SCI. Next, I examined the lesion volume and axon demyelination of 

injured spinal cord from the mice that had undergone the BMS test (Fig. 2). The 

lesion volume was assessed by cresyl violet and the extent of axon 

demyelination was measured by LFB staining. The lesion volume in TLR3 

knockout mice was 38% less than that in the wild-type mice at 35 dpi (Fig. 2A 

and B). Consistent with the data on the lesion volume, the extent of axon 

demyelination was significantly attenuated in the TLR3 knockout mice 

compared to the wild-type mice (36.4% vs. 64.5%). At 5 dpi, however, axon 

demyelination was not different between the wild-type and TLR3 knockout 
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mice (Fig. 2C and D). These data suggest that the TLR3 deficiency not only 

ameliorates functional recovery but also decreases lesion volume and axon 

demyelination.  

 

Neuronal axon regeneration is enhanced in TLR3 knockout 

mice after SCI 

From the results of the above mentioned data, TLR3 could have effects 

on SCI-induced axon loss and/or axon regeneration which occurs at some later 

time rather than during or right after SCI. Then, to confirm whether the 

deficiency of TLR3 is associated with axon loss and/or axon regeneration, 

immunohistochemistry against NF200 and biotinylated dextran amines (BDA), 

an anterograde tracer, were used (Fig. 3). The dot signals of anti-NF200 

staining apart from the 600 mm caudal to the injury site were verified. As shown 

in figure 3A and B, the rectangular area within the region passing by 

vestibulospinal tract was counted (Yune et al., 2007). The NF200 positive-dot 

signals were significantly more numerous in the TLR3 knockout mice than in 

the wild-type mice (299.3 vs. 223.5). However, when compared to the intact 

spinal cord, the NF200 positive signals were considerably reduced (intact tissue: 

375.5). At 5 dpi, the NF200 positive signals were indistinguishable in the wild-

type and TLR3 knockout mice. Next, whether any axons in the corticospinal 

tract (CST), which is representatively involved in fine motor function, are 

spared after SCI was confirmed. Regenerated axons in the CST were evaluated 

by an anterograde tracer, BDA, with injection into the sensorimotor cortex at 10 

dpi (Fig. 3C). In wild-type mice, no BDA signals passing through the lesion site 

could be detected. However, BDA positive signals, appearing as thin lines 
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shown in the enlarged rectangular figures, were detected in the caudal part over 

the lesion site of the TLR3 knockout mice. Moreover, if spinal cord surgery and 

BDA injection were implemented at the same time, no BDA-stained signal in 

the caudal part over the lesion site in both groups could be detected (data not 

shown). Taken together, these findings suggest that the TLR3 deficiency effects 

on enhancing axon regeneration and attenuating axon loss after SCI. 
 

TLR3 is expressed in astrocytes and oligodendrocytes after SCI  

To determine the changes in TLR3 expression levels after SCI, the 

TLR3 mRNA transcript levels were assessed in the injured spinal cord at 

various time points in wild-type and TLR3 knockout mice. TLR3 expression 

continuously increased by 17-fold until 1 dpi and then decreased at 5 dpi in the 

wild-type mice (Fig. 4A). However, the expression level did not change in the 

TLR3 knockout mice.  

Generally, TLR3 is a major mediator in the immune response to viral 

infections and cellular damage (Sen and Sarkar, 2005). Thus, whether TLR3 is 

associated with inflammation due to injury was tested. It was confirmed by 

flow cytometry that the infiltration and activation of neutrophils at 1 dpi and of 

monocytes/macrophages at 5 dpi were no differences between wild-type and 

TLR3 knockout mice (Fig. 4B and C). Next, based on my lab report that TLR3 

is expressed in astrocytes of the septum and hippocampus after injecting 

poly(I:C) (Park et al., 2007), immunostaining was performed with anti-TLR3 

antibody and anti-GFAP antibody for astrocytes or anti-adenomatous polyposis 

coli (APC) antibody for oligodendrocytes in injured spinal cord tissue at 5 dpi. 

As shown in figure 4D, TLR3 was expressed in astrocytes which were detected 

in the white matter (b) and gray matter (a) surrounding the area of the lesion. In 
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addition, TLR3 was expressed in oligodendrocytes, which were detected in the 

white matter on the margin of the lesion site (c). These data show that TLR3 is 

induced and expressed in astrocytes and oligodendrocytes after SCI. 

 

Astrocyte activation and CSPGs production due to SCI are 

reduced in TLR3 knockout mice 

During the process of scar formation after CNS injury, activated 

astrocytes upregulate the production of chondroitin sulfate proteoglycans 

(CSPGs), which are neurite-outgrowth inhibitory molecules (Yiu and Zhigang, 

2006). Therefore, whether TLR3 affects the level of CSPGs was investigated 

next. First, the level of astrocyte activation was determined in the wild-type and 

TLR3 knockout mice by immunostaining with anti-GFAP antibody at 14 dpi, 

which was when time differences started appearing between the groups in the 

BMS scores (Fig. 5A). Activated GFAP+-astrocytes were mainly detected in the 

wound periphery and were enlarged in the white rectangular area of the rostral 

part of the injury site. GFAP+-astrocytes were decreased in the TLR3 knockout 

mice compared to the wild-type mice at 14 dpi. Next, the levels of CSPGs were 

determined at 35 dpi, the last day of the BMS test (Fig. 5B). CSPGs were 

identified by immunostaining using the anti-CS-56 antibody. Unlike GFAP 

signal, CS-56-positive CSPGs immunoreactivity (IR) was detected at the center 

of the injured lesion. CSPG IR intensity was decreased by 15.7% in the TLR3 

knockout mice compared to the wild-type mice. These results suggest that 

TLR3 deficiency reduces the scar formation by reactive astrocyte and the 

deposition of CSPGs in the injured spinal cord. 

Among the CSPG family members, aggrecan, neurocan, versican and 

phosphacan are expressed and released from astrocytes (Jones et al., 2003; 
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Afshari et al., 2010). Whether the transcript levels of these 4 members were 

altered between the wild-type and TLR3 knockout mice after SCI was 

determined (Fig. 5C). Neurocan and versican transcripts were increased at 1 dpi 

and 5 dpi in the wild-type mice, while aggrecan and phosphacan transcripts 

were not significantly different from those of the laminectomized spinal cord. 

However, the change in transcripts for the 4 members had a similar pattern after 

SCI between the wild-type and TLR3 knockout mice (2.65 vs. 2.66 at 1 dpi and 

2.32 vs. 2.48 at 5 dpi for neurocan; 2.41 vs. 2.84 at 1 dpi and 4.77 vs. 4.81 at 5 

dpi for versican). These data show that the lack of TLR3 has no relevant effect 

on the transcription process of CSPGs after SCI.  

 

SCI-mediated MMP-2 expression and activation were increased 

in TLR3 knockout mice 

Since the level of CSPG transcripts did not differ between the two 

groups, the change in expression and activity of CSPG-degrading enzymes after 

SCI between wild-type and TLR3 knockout mice was determined next. As 

reported, MMP-2 and MMP-9 are endogenous proteolytic enzymes that can 

degrade CSPGs and contribute to the growth properties of degenerated nerves 

(Zuo et al., 1998; Ferguson and Muir, 2000). The mRNA expression levels of 

MMP-2 and MMP-9 from the injured spinal cord were measured using RT-

PCR (Fig. 6A). At 5 dpi, MMP-2 expression level was increased slightly by 

2.2-fold in the wild-type mice; however, the transcripts were significantly 

increased by 4.9-fold in the TLR3 knockout mice. Whereas, induction of the 

MMP-9 expression began at 4 hour (5.7 vs. 5.3; WT vs. KO) and reached 

maximum expression at 8 hour (11.13 vs. 11.38). Contrary to the MMP-2 

mRNA, the MMP-9 transcript level had no significant difference between the 
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wild-type and TLR3 knockout mice. Further, the pro- and active forms of 

MMP-2 and MMP-9 in the injured spinal cord were verified using gelatin gel-

zymography (Fig. 6B). The pro-form of MMP-9 was significantly increased at 

1 dpi but decreased further at 5 dpi and 10 dpi. The level of MMP-9 protein, 

similar to the data for previous mRNA levels, showed no difference between 

the wild-type and TLR3 knockout mice for each time point. On the other hand, 

the pro- and active forms of MMP-2 were observed at very low levels at 1 dpi 

but had more increased levels at 5 dpi in the TLR3 knockout mice than that of 

the wild-type mice. Taken together, these data suggest that TLR3 deficiency 

has an effect on increasing the expression of MMP-2, which could play a role in 

degrading CSPGs in the injured spinal cord. 

 

CSPGs are degraded by MMP-2 in astrocytes 

To confirm whether CSPGs are degraded by MMP-2 in the injured 

spinal cord, an in vitro assay with recombinant CSPGs and tissue from an 

injured spinal cord was carried out (Fig. 6C). Since the molecular weight of the 

CSPGs is high, non-degraded CSPGs could not be detected on the blot. After 

incubation with recombinant CSPGs and uninjured-spinal cord tissue lysate, no 

degraded CSPG bands could be detected. However, CSPG degradation bands 

increased after the incubation with injured-spinal cord tissue lysate in which 

MMP-2 was upregulated. Moreover, using the injured-spinal cord lysate of the 

TLR3 knockout mice, CSPG degradation was more increased compared to that 

of the wild-type mice. Further, to show that MMP-2 is responsible for the 

CSPG degradation, samples were treated with an inhibitor for MMP-2. The 

inhibition of MMP-2 significantly reduced the CSPG degradation. These results 

indicate that MMP-2 induced after SCI degrades CSPGs, which is attenuated in 
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the TLR3 knockout mice. Next, the kinds of cells that express MMP-2 in the 

injured spinal cord were investigated with immunostaining (Fig. 6D). MMP-2-

positive signals were detected in GFAP+-cells on the lesion periphery at 10 dpi 

in the TLR3 knockout mice demonstrating that MMP-2 is upregulated in 

astrocytes after SCI. 

 

TLR3 signaling inhibits MMP-2 expression in astrocytes  

To determine whether MMP-2 expression is affected by TLR3 directly, 

an in vitro assay was done by inducing MMP-2 expression in cultured 

astrocytes. According to a previous study (Overall et al., 1991), MMP-2 

expression was induced by transforming growth factor-beta 1 (TGF-b1) in 

human fibroblast. After traumatic SCI, TGF-b1 expression was increased in the 

injured spinal cord (Fig. 7A) implicating TGF-b1 as an activator of MMP-2 

expression in the injured spinal cord. In this regards, whether MMP-2 

expression is induced in cultured astrocytes by TGF-b1 was tested. TGF-b1 

stimulation for 6 hours increased the MMP-2 transcript levels in the wild-type 

mice as expected. Interestingly, the induction of MMP-2 was more significantly 

increased in the TLR3 knockout mice (4.4-fold vs. 8.0-fold) (Fig. 7B). 

Therefore, whether MMP-2 expression is affected by TLR3 stimulation with 

polyinosine–polycytidylic acid (poly(I:C)), in cultured astrocytes from the wild-

type mice was investigated (Fig. 7C and D). The MMP-2 transcript level was 

diminished by stimulation with poly(I:C) by 40%. In addition, TGF-b1- 

induced MMP-2 expression was reduced after treatment with poly(I:C) in 

cultured astrocytes from wild-type mice (4.3-fold vs 2.7-fold; a decrease of 

23.5%). Taken together, these results suggest that TLR3 signaling directly 

inhibits MMP-2 expression in astrocytes.   
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Figure 1. Improved functional recovery after SCI in TLR3 knockout mice 

BMS tests were carried out in an open field over 35 dpi in wild-type mice (n=5) 

and TLR3 knockout mice (n=5). Wild-type and TLR3 knockout mice exhibited 

initial impairments by 7 dpi in hind limb locomotive performance followed by 

gradual recovery. The BMS scores of the TLR3 knockout mice at 14 dpi were 

significantly higher compared to the scores of the wild-type mice (*p<0.05, 

two-way ANOVA followed by Tukey’s post-hoc test). 
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Figure 2. Reduction of lesion volume and axon demyelination in TLR3 

knockout mice following SCI  

Wild-type and TLR3 knockout mice were subjected to SCI, and the spinal cord 

was longitudinal sectioned and stained with cresyl violet (A) and Luxol fast 

blue (C) staining. Scale bar, 250 µm. (B) Lesion volumes of the injured spinal 

cord at 35 dpi in six sections from four separate series per animal (n=3) were 

calculated and the average volume (mm3) was assessed by multiplying the total 

thickness. Data are expressed as the mean ± SEM. (*p<0.05). (D) The axon 

demyelination area was calculated for the injured spinal cord at 5 dpi and 35 dpi 

from seven sections per animal (n=3). The axon demyelination area was 

calculated using the average (mm2) of the area at regular intervals (240 mm). 

Data are expressed as the mean ± SEM. (*p<0.05). 
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Figure 3. Reduction in axonal loss and enhancement in regeneration in 

TLR3 knockout mice 

(A) Neuronal axon in coronal sections was detected by immunohistochemistry 

using anti-NF200 antibody. Black rectangle shows the vestibulospinal tract in 

the ventral part of the spinal cord. Scale bar, 100 mm. In the enlarged black 

rectangular area, NF200+-signals in two small black rectangles (a, b; Scale bar, 

50 mm) were counted. Representative pictures in the 600 mm caudal region from 

the injury show a reduced NF200+-signal in 5 dpi and 35 dpi tissues compared 

to intact tissue. At 35 dpi, the NF200+-signal was increased in the TLR3 

knockout mice compared to the wild-type mice. (B) Axon numbers were 

assessed as the average of the NF200+-signals in the two black rectangles from 

two animals (each 192,000 mm2). Data are expressed as the mean ± SEM. 

(*p<0.5). 

(Continued) 
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(C) Injected BDA into the sensorimotor cortex at 10 dpi was traced along the 

corticospinal fibers. BDA signal was detected 14 days after injection in the 

rostral part of the cross section. Scale bar, 100 mm. In TLR3 knockout mice, 

BDA signals extended past the lesion site. However, any BDA signals could not 

be detected in the caudal part of the wild-type mice. Enlarged images show the 

extended tract in the TLR3 knockout mice. A representative figure from two 

independent experiments is shown and the results were similar. Scale bar, 100 

mm. 
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Figure 4. TLR3 expression in astrocytes and oligodendrocytes after SCI  

(A) The TLR3 mRNA level in the injured spinal cord of wild-type mice was 

increased at 4 hour and peaked at 1 day after the injury. The TLR3 mRNA 

expression was assayed using real-time RT-PCR. The data are the mean ± SEM 

of three independent experiments (*p<0.05, **p<0.5). (B) To quantify 

neutrophils, spinal cord cells were analyzed by flow cytometry at 1 dpi. 

Representative data from three independent experiments are shown. The Gr-1+ 

neutrophil population (R2 gate) did not differ at 1 dpi in the spinal cord of wild-

type and TLR3 knockout mice. (C) The CD11b+/CD45high macrophage 

population (R3 gate) and CD11b+/CD45low microglia populations (R4 gate) 

were increased in the injured spinal cords of the wild-type mice at 5 dpi; 

however, the increase did not represent a difference between the two groups. 

Representative data from three independent experiments are shown. 

(Continued) 
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(D) TLR3 is expressed in astrocytes and oligodendrocytes at 5 dpi. TLR3 and 

GFAP are co-localized in the gray matter (a) and white matter (b) around the 

injury site. In the case of APC, a maker of mature oligodendrocytes, TLR3 was 

co-stained in the white matter margin (c) of the injury site. Scale bars, 20 µm. 

Representative data from two independent experiments are shown. 
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Figure 5. Astrocyte activation and CSPG deposition were diminished in 

TLR3 knockout mice 

(A) At 14 dpi, longitudinal sections prepared from spinal cord tissue were used 

for anti-GFAP immunostaining. Activated astrocytes were decreased in the 

boundary of the lesion in the TLR3 knockout mice compared to the wild-type 

mice. White squares are magnified at the bottom. Scale bar, 100 µm. A 

representative figure from three independent experiments is shown. (B) CSPG 

accumulation in the core of the lesion was detected using anti-CS-56 antibody. 

In the longitudinal sections at 35 dpi, CSPG accumulation was diminished in 

the TLR3 knockout mice compared to the wild-type mice. Scale bar, 100 µm. A 

representative figure from three independent experiments is shown. (C) CSPG 

transcripts in the injured spinal cord were measured by real-time RT-PCR. The 

mRNA levels of the CSPGs (neurocan, versican, aggrecan, and phosphacan) 

did not differ between the two groups after SCI. The fold induction values from 

three independent experiments are shown, and the mean ± SEM of three 

independent experiments are shown (*p<0.5, **p<0.05, ***p<0.005). 
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Figure 6. CSPG degradation by expressed MMP-2 activation enhanced by 

TLR3 deficiency 

(A) MMP-2 mRNA level at 5 dpi was significantly increased in the TLR3 

knockout mice compared to the wild-type mice. The MMP-9 mRNA level in 

the injured spinal cord was significantly increased at 8 hour but the transcripts 

level did not change due to TLR3 deficiency. MMP-2 and MMP-9 mRNA 

expression was assayed using real-time RT-PCR. The data are the mean ± SEM 

of three independent experiments (**p<0.005, *p<0.05). (B) The activity of 

MMP-2 and MMP-9 was assayed by gelatin gel-zymography. A comparison of 

the gelatinase activities representing proMMP-9, proMMP-2 and activated 

MMP-2 is shown. At 5 dpi, the pro and active forms of MMP-2 were increased 

in the TLR3 knockout mice. Representative data from three independent 

experiments are shown. (C) Assay with injured spinal cord tissue and 

recombinant CSPGs was performed for 4 hours at 37°C followed by western 

blot using anti-CS-56 antibody. CSPGs degradation was increased by adding 

the tissue of the TLR3 knockout mice and the increased level of degraded 

CSPGs was reduced by MMP-2 inhibitor. Representative data from three 

independent experiments are shown. (D) At 10 dpi, spinal cord sections were 

used for MMP-2 and GFAP co-staining. Expressed MMP-2 localized in the 

astrocytes in the periphery of the injured lesion. Representative data from three 

independent experiments are shown. Scale bars, 20 µm. 
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Figure 7. MMP-2 expression and activation in astrocytes via direct TLR3 

signaling  

(A) TGF-b1 transcript level in the injured spinal cord of wild-type mice started 

to increase at 8 hour and increased by 3.8 times at 5 day after the injury. TGF-

b1 mRNA expression was assayed using real-time RT-PCR. The data are the 

mean ± SEM of three independent experiments (*p<0.5, **p<0.05). (B) To test 

MMP-2 mRNA expression, cultured astrocytes from wild-type and TLR3 

knockout mice were treated by TGF-b1, and MMP-2 expression was measured 

by real time PCR. The means ± SEM of three independent experiments are 

shown (*p<0.5). (C) MMP-2 mRNA level was assayed by real-time RT-PCR 

and the mRNA level was reduced by stimulation with poly(I:C), a TLR3 ligand, 

for 3 hours in cultured astrocytes from wild-type mice. The means ± SEM of 

three independent experiments are shown (*p<0.05). (D) TGF-b1-induced 

MMP-2 mRNA expression in cultured astrocytes from wild-type mice was 

reduced by stimulation of poly(I:C) for 6 hours. It was performed using real-

time RT-PCR. The means ± SEM of three independent experiments are shown 

(*p<0.5).  
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Table 4. The mouse primer sequences used for real-time RT-PCR 

 

Genes Forward primers Reverse primers GenBank No. 

GAPDH 
5'-AGG TCA TCC CAG AGC TGA ACG-
3' 

5'-CAC CCT GTT GCT GTA GCC GTA T-3' NM_008084 

TLR3 5’-GGA TCA ACC AGA CCC ACA CT-3’ 5’-CAG GAG CAT ACT GGT GCT GA-3’ NM_126166.4 

Neurocan 
5'-GAG AGA GAT TGC AGG CGC CGA 
GCT G-3' 

5'- CTC GGT GCT GGG AGA ATC CTT CAT 
C-3' 

NM_007789.3 

Versican 5'-TGC GAG GCT GGC GAC TGT TG-3' 
5'-AGC TCT GTC AGG TAC CAT GTG 
TGG-3' 

NM_001081249.1 

Aggrecan 5’-ACG CCC CGG GAA GGT TGC TA-3’ 5'-GGA GGT TGC CCC CGC AGT TG-3’ NM_007424.2 

Phosphacan 
5'-TTG GCT CCT ACT ATC AAC ATC 
CTC C-3' 

5'-AGC TCA TCC CTC TCA GCA GCT GAA 
G-3' 

NM_001081306.1 

MMP-2 
5'- AGA CAG AAG TCA TAG CCA CTC 
TCA AG -3' 

5'-CCT CCT TTC CAG GTC AGT TAG C-3' NM_009140 

MMP-9 5'-TGT ACG GAC CCG AAG C-3’ 5'-CCG TCC TTA TCG
 
TAG TCA G-3’ NM_013599 

TGF-b1 5′-TCG CTA CCC GGC GTT CCT CA-3′ 5′-GCC AGC AGG TCC GAG GGA GA-3′ NM_011577.1 
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DISCUSSION 

 

For the first time, the in vivo role of TLR3 signaling in the injured 

spinal cord was demonstrated here. Until now, there has been no report 

elucidating the role of TLR3 after SCI. In my attempt to find the role of TLR3 

in the injured spinal cord, the BMS data show that TLR3 has negative effects on 

functional recovery after SCI. Interestingly, the behavioral data show that the 

BMS scores of the TLR3 knockout mice were higher than that of the wild-type 

mice after 14 dpi, whereas the scores were not different between the two groups 

until 7 dpi. Moreover, at 35 dpi, the last day of the behavioral test, the lesion 

volume and axon demyelination of the injured spinal cord were diminished in 

the TLR3 knockout mice compared to the wild-type mice; however, the degree 

of axon demyelination was similar in both groups at 5 dpi. These data suggest 

that the effects of TLR3 deficiency not only improve functional recovery but 

also decrease lesion volume and axon demyelination not immediately but over 

time after SCI. 

Functional recovery of the hind limb might be relevant to the remaining 

or regenerated axonal numbers in the injured spinal cord. Thus, I observed 

existing axonal tracts after SCI, such as the VST and the CST, which control 

limb and trunk coordination and voluntary movements, respectively. Similarly 

to the pattern of behavior data, both of the VST and CST remained the same in 

the two groups at the early time points, whereas more increased in the TLR3 

knockout mice than in the wild-type mice at the delayed time points. These data 

show that TLR3 deficiency improves functional recovery through beneficial 

effects on the process of axon regeneration after SCI.  
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According to a previous report, TLR 2 and 4 promote nerve 

regeneration through the immune response leading to the clearance of myelin 

debris after SCI (Boivin et al., 2007). Generally, the immune response starts 

with the infiltration and activation of neutrophils and monocytes/macrophages 

within a few days after SCI (Barton, 2008). My FACS data also show that the 

infiltration of neutrophils and monocytes/macrophages was increased at 1 dpi 

and 5 dpi, respectively, but the infiltration of cells in the wild-type mice did not 

differ from those of the TLR3 knockout mice. This data verify that TLR3 is not 

involved in the action of immune cells after SCI. However, my 

immunohistochemistry data reveal that TLR3 was expressed in the astrocytes 

and oligodendrocytes of the injured spinal cord. Furthermore, SCI-induced 

astrocyte activation was diminished in the TLR3 knockout mice compared to 

the wild-type mice. Reactive astrocytes are the major components of a glial scar, 

a molecular barrier to axon regeneration (Rolls et al., 2008), and upregulate 

CSPG expression in the injury site (Jones et al., 2003). CSPGs have also an 

inhibitory effect on neural growth and regeneration (Bradbury et al., 2002). In 

this study, the CSPG deposition was increased in the wild-type mice at 35 dpi, 

whereas the increased CSPG deposition was attenuated in the TLR3 knockout 

mice. These data could explain that the enhanced axon regeneration in the 

TLR3 knockout mice is caused by the reduced deposition of CSPGs.  

Based on above the results, there are two possible explanations for the 

reduced deposition of CSPGs in the TLR3 knockout mice when compared to 

the wild-type mice. One is the difference in the CSPG expression between two 

groups after SCI. The other is the expression and activation of endogenous 

enzymes such as MMP-2 and MMP-9, which degrade the expressed CSPGs in 

the injured spinal cord (Rolls et al., 2008). My data show that TLR3 deficiency 
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did not modify the transcript level of CSPGs after SCI in both groups. 

Therefore, the expression and activity of MMP-2 and MMP-9 in the injured 

spinal cord were investigated. Interestingly, I found that the expression and 

activity of MMP-2 were more increased in the TLR3 knockout mice than the 

wild-type mice at 5 dpi, but neither expression nor activity of MMP-9 was 

altered at 1 dpi in both groups. As suggested before, MMP-2 degrades and 

inactivates the neurite-inhibiting CSPG in the peripheral nerve injury model 

(Zuo et al., 1998). Also, my in vitro data verify that MMP-2 in the injured 

spinal cord degraded the recombinant CSPGs. Especially, at 5 dpi, more 

enhanced expression and activity of MMP-2 in the TLR3 knockout mice are 

meaningful, because, within 2 dpi, CSPGs inhibit the spread of damage from 

inflammatory cells (Rolls et al., 2008). Furthermore, my in vitro data show that 

recombinant CSPG degradation by MMP-2 was more increased in the TLR3 

knockout mice than in the wild-type mice. These data support the idea that the 

enhanced MMP-2 expression and activity in the TLR3 knockout mice reduce 

CSPG deposition through degradation in the injured spinal cord.  

Finally, the relationship between MMP-2 and TLR3 after SCI remains 

to be elucidated. I established an in vitro astrocyte culture system based on my 

in vivo data that MMP-2 was expressed in astrocytes after SCI. As reported, 

MMP-2 expression is induced by TGF-b1 in human fibroblast (Overall et al., 

1991) and the expression of TGF-b1 was increased after SCI (Buss et al., 2008) 

as shown in this study. Consistent with the in vivo result, the expression and 

activity of MMP-2 were more enhanced by treatment with TGF-b1 in the 

cultured astrocytes from the TLR3 knockout mice than in those from the wild-

type mice. Furthermore, no-induced or TGF-b1-induced MMP-2 expression 
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and activity were decreased by treatment with poly(I:C). These data suggest 

that MMP-2 expression is directly down-regulated by TLR3 in astrocytes.  

In conclusion, these results in the present study reveal that, after SCI, 

TLR3 has a detrimental role in functional recovery and axon regeneration by 

down-regulating the expression and activity of MMP-2, which degrades 

inhibitory CSPGs. 
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SUMMARY 
 

This thesis elucidated the deleterious role of neutrophils and 

macrophages at the early time points and the effects of astrocytic TLR3 at the 

late time points after SCI. Inflammatory responses after physical injury 

exaggerated the damage in the injured spinal cord, yet the specific function of 

inflammatory cells involved in the inflammatory response after SCI is not 

completely understood. In this regard, my aim was to elucidate the role of 

neutrophils and macrophages in spinal cord injury using ikkbDmye mice in which 

the ikkb gene is specifically deleted in the myeloid cells. Particularly, the 

activation and infiltration of neutrophils and macrophages of ikkbDmye mice 

were only blocked without losing these cells in the blood. After hemisected SCI, 

the activation and infiltration of neutrophils and macrophages were attenuated 

at the lesion site of ikkbDmye mice. The cause of attenuation is due to the reduced 

chemoattractant expression in infiltrated neutrophils and macrophages, but not 

due to the chemokine receptor expression and migration capacity of the 

neutrophils and macrophages. Especially, in ikkbDmye mice, the decline of 

neutrophil activation and infiltration within 1 dpi significantly reduced 

apoptotic neuronal cell death through the lowered expression level of 

proinflammatory cytokines, ROS/RNS-producing proteins and MMP-9 than 

ikkb+/+ mice. In conclusion, IKKb deficiency in neutrophils and macrophages 

reduces inflammation, neuronal apoptosis in the injured spinal cord, and 

improves functional recovery after SCI.  

It is well-known that TLRs in innate immune cell function as receptors 

detect tissue damage thereby triggering inflammatory responses. In an attempt 
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to investigate the signaling mechanisms leading to inflammatory cell activation 

after SCI, I characterized the role of TLR3 in SCI. To determine the effect of 

TLR3 in SCI, the mouse model of crushed SCI was established in the TLR3 

knockout and wild-type mice. As shown in chapter 1, the inflammatory 

response from SCI arose during the early time points after injury. However, 

after 14 dpi, functional recovery in the TLR3 knockout mice was improved 

compared to the wild-type mice. Moreover, the lesion volume and axonal loss 

were significantly reduced in the TLR3 knockout mice compared to the wild-

type mice at the later time points after SCI. In addition, the VST and CST were 

more enhanced at the later time points in the TLR3 knockout mice than in the 

wild-type mice. However, at 5 dpi, axonal loss and VST axon were not different 

between the two groups. At this point, I confirmed that neutrophils and 

macrophages did not express TLR3 after SCI. While, TLR3 expression was 

detected in astrocytes and oligodendrocytes after injury. In addition, astrocyte 

activation was reduced in the TLR3 knockout mice compared to the wild-type 

mice at 14 dpi. The expression level of CSPGs remained the same in both 

groups, whereas CSPG production was reduced in the lesion site of the TLR3 

knockout mice at 35 dpi. Thus, I examined the expression and activity of MMP-

2, a CSPG-degrading enzyme. MMP-2 expression and activity were increased 

in the TLR3 knockout mice compared to the wild-type mice at 5 dpi. In addition, 

in vitro assay showed that the expressed MMP-2 could degrade recombinant 

CSPGs and the inhibition of MMP-2 reduced that CSPG degradation. In 

conclusion, TLR3 has a detrimental role in SCI by inhibiting astrocytic MMP-2 

expression, which results in the impairment of axon growth and functional 

recovery. 
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국문초록 

 

척수손상은 광범위한 신경세포 사멸, 연속적인 염증 반응과 

신경교상흔 (glial scar) 형성을 유발한다. 손상 받은 척수는 일반적으로 

염증반응에 의해 조직 손상이 더 악화된다. 척수 손상에서 대식세포와 

호중성백혈구와 같은 면역세포가 유입된다는 보고가 많이 있지만, 아직까지 

이러한 세포들의 작용에 대한 역할은 명확히 규명되어 있지 않다.  

 

1 장에서는 호중성백혈구와 대식세포에서 발현되는 IKKβ 의 

척추손상에서의 작용을 연구하였다. ikkb+/+ 쥐에서 척수에 측면 절반 손상을 

가한 다음 척수 내로의 침윤이 호중성백혈구의 경우 6 시간부터 진행, 

24 시간에 극대화되고, 대식세포의 경우 손상 후 3 일, 5 일에 관찰 되었다. 

이때 침투된 대식세포는 M1 유형으로 확인되었다. 이러한 세포들의 침투가 

골수 세포 특이적으로 IKKβ 가 결실되어있는 ikkβ 조건부 유전자적중생쥐 

(ikkbDmye)에서 유의성 있게 감소하였으며, 손상 후 손상 범위 감소와 

행동학적 회복이 ikkb+/+ 쥐보다 ikkbDmye 쥐에서 상당히 호전되었다. ikkb+/+ 

쥐와 비교하여 ikkbDmye 쥐에서 호중성백혈구와 대식세포의 

화학유도인자수용체 발현 혹은 침투력에는 큰 차이가 없었으나 

화학유도인자들의 발현이 줄어 들고, TNF-α 와 IL-1β, IL-6 등의 

염증성사이토카인과 iNOS 와 COX-2 등의 활성산소종과 활성질소종을 

생성하는 염증매개물질들의 발현이 감소되었다. 이상의 실험결과들은 

IKKβ 가 대식세포와 호중성백혈구의 활성 증가에 관여하여 척수손상 시에 

나타나는 염증반응을 증대시키고 신경세포 손상을 가중시켜 기능적 

손상회복을 저하시킬 가능성을 제시하고 있다. 
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2 장에서는 톨유사수용체 3 (TLR3) 이 척수 손상 후 기능적 회복과 

축삭의 재생에 미치는 영향을 TLR3 가 결여된 유전자적중생쥐를 이용하여 

연구하였다. 압축에 의한 척수손상 후, 5 일에는 두 그룹간에 신경수초화의 

손상 정도와 NF-200 로 표지된 신경축삭의 손상 정도에서 차이가 없었다. 

반면에, 14 일이 지난 시점부터 TLR3 유전자적중생쥐의 행동학적 점수 

(BMS score)가 야생형쥐 보다 높았으며, 척수손상 35 일 후 축삭의 

신경수초화가 증대되고 손상 범위가 현저히 감소하였다. 이와 더불어, 

정방향 신경추적물질인 BDA 를 사용한 실험과 NF-200 면역염색 실험을 

척수손상 후 24 일과 35 일에 각각 수행하여 TLR3 유전자적중생쥐에서 

신경축삭의 수가 증가되었음을 관찰하였다. 척수손상 후 TLR3 는 주로 

성상세포와 희소돌기 아교세포에서 증가하였으며, TLR3 유전자적중생쥐에서 

성상세포에서 발현되는 신경재생 저해물질인 CSPG 의 양적 증가 정도와 

성상세포 자체의 활성화가 감소하는 것을 확인하였다. 배양한 성상세포를 

이용한 생체 외 실험에서, CSPG 증가 량의 차이는 CSPG 발현보다는 MMP-

2 의 분해 정도에 의한 것임을 확인하였으며 또한 TLR3 효현제인 

polyinosine-polycytidylic acid (poly(I:C))에 의해 MMP-2 발현이 감소함을 

확인하였다. 또한, TLR3 유전자적중생쥐에서 배양한 성상세포는 

야생형쥐에서 배양한 성상세포에 비해 상대적으로 많은 MMP-2 를 

발현하였다. 이상의 실험결과들은, TLR3 는 성상세포의 MMP-2 발현과 

활성을 억제하여 신경재생과 행동학적 회복을 저해함으로써 척수손상 시에 

해로운 역할을 할 가능성을 시사하고 있다. 

 

주요어: 척수손상, 호중성백혈구, 대식세포, 성상세포, IKKb, 톨유사수용체 3 
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