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ABSTRACT 

Multiple Sclerosis (MS) is an autoimmune disease of the central nervous system (CNS). 

Antigen induced activation of Th1 cells in the peripheral blood leads to elevated 

production of inflammatory cytokines such as tumor necrosis factor alpha (TNF-α) that 

have been directly linked to disease induction and neuropathic pain. It was hypothesized 

that following antigenic induction, cytokines gain access to the spinal cord and participate 

in direct cellular interaction with dorsal horn neurons. Using an animal model of MS, we 

show that TNF-α gene and protein expression in the dorsal root ganglia (DRG) and spinal 

cord tissue is increased in the active group. In addition, our findings show TNF-α mRNA 

expression in the dorsal root entry point. Therefore, our results support the hypothesis that 

antigen induced DRG derived TNF-α can transport to the spinal cord via the dorsal roots 

and is involved in the underlying pathogenesis of MS induced neuropathic pain. 
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CHAPTER 1: INTRODUCTION 

 THE NERVOUS SYSTEM 

The nervous system is a very complex system in the body which monitors and controls a 

variety of organ systems through positive or negative feedback loops. The two main 

divisions of the nervous system are: the CNS which encompasses the brain and spinal 

cord and the peripheral nervous system (PNS) which encompasses the receptors and 

effector targets of the body, the peripheral ganglia, and the nerve processes. The PNS 

directly connects to the CNS and together they regulate normal physiological functioning 

within the body.  

THE BRAIN 

The brain is a very complex organ, composed of two broad classes of cells: neurons and 

glia. The mature brain contains 100 billion neurons and about 10 times more glial cells 

(Noctor et al., 2007; Azevedo et al., 2009). Neurons are highly specialized, excitable 

cells, capable of receiving information from other cells for subsequent integration and 

transmission to other neurons and a variety of non-neuronal cells of the CNS. Glial cells 

represent the second main class of cells which function to provide support and nutrition 

via paracrine mechanisms to neurons. In addition, these non-neuronal cell types are also 

involved in executing the critical nervous system functions of information processing, 

plasticity, learning and memory (Temburni and Jacob, 2001). The major subtypes of CNS 

glial cells are astrocytes, oligodendrocytes, microglia and ependymal cells. 
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THE SPINAL CORD 

The spinal cord is the second major component of the CNS which represents the main 

pathway for conveying information between the PNS and the brain. It originates below to 

the brainstem and extends down to the space between first and second lumbar vertebrae.   

Based on cross-sectional structural analysis of the spinal cord, it is divided into grey 

matter located around the deeper central core and white matter located primarily in the 

outer external layers of the cord.  The grey matter of the spinal  cord is divided into 10 

laminae (Wall, 1967). Based on the type of sensory stimulus conducted from the 

periphery, different types of sensory afferent fibers terminate their projections into 

specific spinal cord laminae. The 10 laminae are divided into specific sections as follows: 

laminae I (marginal layer), II (substantia gelatinosa), III and IV (nucleus propius) and V 

and VI (deep layers) comprise the dorsal horn (DH). Lamina VII corresponds to the 

intermediate grey matter, laminae VIII and IX comprise the medial and lateral ventral 

horn (VH), respectively, while lamina X is the region surrounding the central canal   

(Millan, 1999).  

In general the spinal cord is composed of 3 main areas that include the dorsal horn (DH), 

the lateral horn and the ventral horn. The DH receives several types of sensory 

information from the afferent fibers of the periphery. One of the principle effector targets 

of the pre-synaptic afferent fibers are spinal cord DH neurons (Figure 1) (Millan, 1999). 

As a neuronal class, neurons are further subdivided into 6 types: i) Nociceptive-Specific 

(NS) neurons which are activated exclusively by high intensity, noxious stimuli mediated 

by C and Aδ fibres. ii) Wide dynamic range (WDR) neurons which are activated by C, 

Aδ, and Aβ fibers iii) Non-nociceptive (NON-N) neurons, activated by Aβ fiber iv) 
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Excitatory interneuron v) Inhibitory interneurons vi) Both Excitatory and Inhibitory 

interneurons. Interneurons are spinal cord neurons which reside between the pre-synaptic 

terminal and post-synaptic neurons within the spinal cord. Interneurons mediate their 

actions by secreting neurotransmitters that interact with pre-synaptic primary afferent 

terminals or postsynaptic DH neurons to regulate nociceptive input (Figure 2) (Millan, 

1999). The spinal cord utilizes specific ascending tracts to convey information from the 

spinal cord to the brain. Once this information is received by the brain and processed, the 

brain then in turn activates a variety of descending tracts that ultimately regulate the 

afferent input at the spinal cord level.  

In summary, the interaction between pre-synaptic afferents with inter-neurons and DH 

neurons in the spinal cord followed by message transmission via ascending paths to the 

brain that ultimately activate descending control of the spinal cord represents the normal 

processing loop for signal transmissions such as pain.  

ASCENDING PATHWAYS 

Incoming primary peripheral afferent fibres enter the spinal cord via the dorsal root 

ganglia (DRG), where they synapse in the DH. This sensory afferent information is then 

conveyed via two main pathways or systems to higher centres in the brain. These systems 

include the posterior column-medial lemniscal system and the anterolateral systems. The 

large diameter Aβ fibers make up the posterior column-medial lemniscal system and 

carries non nociceptive sensory information. The afferents to the anterolateral systems 

have small diameter fibers compared to postero medial systems. The fibers are mainly Aδ 

and C fibers and carry noxious information. Three major pathways of the anterolateral 
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systems are: the spinothalamic tract (STT), the spinoreticular tract (SRT), and the 

spinomesencephalic tract (SMT). Other pathways of the ascending system include 

spinoparabrachio-amygdaloid  tract, spinoparabrachio-hypothalamic tract, 

spinohypothalamic tract, spinocervical tract. 

The STT is the classical pathway for pain transmission (Fields and Basbaum, 1978). STT 

originate from lamina I, II, IV, V/VI, VII/VIII, LSN of spinal cord and terminate into the 

thalamus, also peraqueductal grey (PAG) and collaterals (Millan, 1999).   

The second major pathway of nociceptive transmission is the SRT. This pathway 

constitutes a major sub-component of the fibers of anterolateral system, and is therefore 

considered an alternative route of pain transmission (Fields and Basbaum, 1978). SRT 

originate from laminae I, V/VI, VII/VIII, X (few) of the spinal cord and terminate into the 

lateral reticular nucleus of  brainstem reticular formation, projects into the medial 

thalamus and dorsal raphe nuclei (DRN) (Millan, 1999). SRT plays a critical role in 

relaying and integrating nociceptive information contributing to the aversive-motivational 

responses aspects of pain (Fields and Basbaum, 1978).  

The SMT neurons originate from laminae I, II, IV, V, VII, X, and the Lateral Spinal 

Nucleus (LSN). Mesencephalic terminal areas from these projections include midbrain, 

periaquaductal grey (PAG), deeper layers of superior colliculus (SCL), nucleus 

cuneiformus (NCF), parabrachial nucleus (PBN) and thalamus (Millan, 1999). SMT plays 

an important role in integrating autonomic, motivational-affective response to pain 

(Millan, 1999). Activation of these ascending pathways can subsequently activate the 

descending inhibitory anti-nociceptive pathways which produce endogenous analgesic 
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agents e.g. endorphins and enkephalons, NPY, and gamma aminobutyric acid (GABA) 

(Millan, 1999). 

DESCENDING PATHWAYS 

Descending pathways can be divided into a dorsolateral system and a ventromedial 

system. The dorsolateral system includes the rubrospinal tract and the corticospinal tract. 

The ventromedial system includes the vestibulospinal tract, the reticulospinal tract and the 

tectospinal tract.  

The corticospinal tract also known as the pyramidal tract is the largest and most important 

descending pathway. The main functions of the pyramidal tracts are to control movement, 

including fine motor control and maintaining posture. The neurons of the corticospinal 

tract originate from the cerebral cortex. As the tract descends, approximately 80% of the 

fibers cross over to the contralateral side in the medulla oblongata. 10% enter the lateral 

corticospinal tract on the same side. The remaining 10% of the descending fibers cross 

over at the level that they exit the spinal cord and travel in the anterior corticospinal tract. 

Most corticospinal tract axons terminated in lamina VI and VII of cervical segments of 

the spinal cord (Yang and Lemon, 2003). 

In humans, 31 pairs of spinal nerves arise along the spinal cord. These are mixed nerves 

because they contain both sensory and motor axons. Each pair of spinal nerves is 

associated with a pair of sensory ganglia known as dorsal root ganglia, situated outside of 

the spinal cord along the entire length of the vertebral column.   
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DORSAL ROOT GANGLIA (DRG)  

DRG is a sensory ganglia of the PNS. The main function of the ganglia is to regulate and 

maintain sensory homeostasis. The DRG house a variety of distinct neuronal and non-

neuronal cell types e.g. satellite cells, fibroblasts and schwann cells (Fields et al., 1978; 

van Dorp et al., 1990). The sensory neurons within the DRG are of pseudo-unipolar types 

that have a single long dendrite, a short axon and smooth rounded cell body. The 

dendrites are located in the skin, muscles, tendons, joints and internal organs while the 

axon extends from the dendrites, to the cell body located within the DRG, and 

subsequently continues to the DH of the spinal cord. The dendrites are structurally and 

functionally similar to an axon and are myelinated. The single axon makes up the afferent 

nerve which conveys a variety of sensory information such as pain, touch, temperature, 

proprioception and vibration from the periphery. The axon bypasses the neuronal cell 

body, and continues to propagate along the proximal process until reaching the synaptic 

terminal in the dorsal horn of the spinal cord.  

 DRG neurons are classified based on their size, diameter of axon, conduction velocity, 

basic stains, distribution of organelles and several other identifiable factors (Figure 3). In 

the early 1900’s size criteria were used as a means of sub-division. Cells were classified 

as either small (<25µm), medium (25-45µm) or large (> 45µm). During the same time, a 

relationship between soma size and axonal diameter was also established. Based on this 

classification it was noted that large cells give rise to large axons while small cells give 

rise to small axons (Duce and Keen, 1976). Later, this relationship was extended to 

include varying degrees of axonal myelination. Small DRG cells were identified to be 

connected to non-myelinated axons while the large cells tended to be connected to 
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myelinated axons (Mense, 1990). Since the diameter of myelinated fibres is linearly 

related to conduction velocity, it was also possible to predict the size of the soma from the 

conduction velocity of its axon(s) (Lykissas et al., 2007). Thus, by the late 1900’s it was 

generally accepted that conduction velocity served as an excellent estimate for axon size 

(Yoshida and Matsuda, 1979; Cameron et al., 1986). Early assessment of the DRG cells 

was also based on basic stains of the neuronal cell bodies. Light microscopy examinations 

showed two predominant types of DRG cells: lightly stained, clear cells that tended to be 

large; and intensely stained, dark cells that tended to be small. Thus the cells were defined 

as 'large light' cells; and 'small dark' cells. Subsequently, additional classifications of 

DRG cells were divided into 3 types (A, B, C) on the basis of their size and the 

distribution of their organelles (Duce and Keen, 1977; Rambourg et al., 1983). Following 

this, the DRG neurons were further subdivided into six subtypes according to the 

arrangement and three-dimensional organization of the Nissl bodies and Golgi apparatus 

in the perikarya (Duce and Keen, 1977).  

DRG neurons also have been sub-divided according to the various neurotrophic factors 

which they are known to produce. Neurotrophins are growth factors that regulate the 

growth, differentiation and survival of neurons. Such neurotrophins include nerve growth 

factor (NGF), brain-derived neurotrophic factor (BDNF), neurotrophin-3 (NT-3), and 

neurotrophin-4/5 (NT-4/5) (Takei and Laskey, 2008b).  

There are four sub-divisions of sensory afferents: cutaneous, muscle, visceral, and silent 

(Figure 4) (Millan, 1999). Cutaneous afferent fibers of DRG neurons have been sub-

divided into Aβ, Aδ and C fibers. These primary sensory afferent fibers have been 

classified based on sensory neuronal size, structure and conduction velocity.  The Aβ 
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fibers contain thick myelinated, large diameter sensory axons with rapid conduction 

velocity of 30-100m/s. Aδ fibers contain intermediate sized myelinated sensory axons 

with a conduction velocity of 4-30m/s (Gasser, 1950).  The C class fibers contain 

unmyelinated small diameter sensory axons which have a slow conduction velocity of 

less than 2.5 m/s (Gasser, 1950). All three classes of cutaneous fibers can transmit non-

nociceptive information. Under normal circumstances, only C and Aδ, but not Aβ, fibers 

transmit nociceptive information (Millan, 1999). Upon exposure to a noxious stimulus, 

Aδ fibers elicit a first phase of sharp pain, whereas C fibres evoke a second wave of dull 

persistent pain.  In the absence of tissue or nerve injury, Aβ fibers are responsive only to 

vibration, pressure, touch and other modes of non-noxious, low intensity mechanical 

stimuli (Millan, 1999). The cutaneous afferents are not only divided by the 

responsiveness to various sensory stimuli but can also be segregated according to their 

central projection into the grey matter of the DH within the spinal cord. Cutaneous C 

fibers project into laminae I, II0, V and X.  High threshold Aδ fibres terminate into lamina 

I, II0 (the outer part of laminae II), and X. In the absence of tissue or nerve injury Aβ 

fibres mediate non-nociceptive information via relayed projections to  laminae I, I I, III, 

IV, V, VI (Table 1) (Millan, 1999).  

THE GREY MATTER 

The grey matter is a major component of the CNS. About 40% of the human brain is 

made up grey matter. The grey matter contains neuronal cell bodies, in contrast to white 

matter, which mostly contains myelinated axonal tracts. In addition to housing the 

neuronal cell bodies, the grey matter also contains dendrites, glial cells and capillaries. In 

the spinal cord, white matter is at the periphery, the grey matter at the centre. The grey 
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matter functions to route sensory or motor stimulus to interneurons of the CNS  in order 

to create a response to the stimulus through chemical synapse activity.  

THE WHITE MATTER 

The WM is composed of bundles of nerve cell processes, which is sheathed with a lipid 

rich, multilayered sheath, known as myelin. Following tissue sectioning, the white matter 

of the CNS appears pinkish white because myelin is composed largely of lipid. It forms 

the bulk of the deep parts of the brain and superficial parts of the spinal cord. WM is 

responsible for signal transduction between grey matter areas, and nerve impulse 

messaging between neurons. Many diseases are associated with the damage or 

dysfunction (any disturbance in the function of an organ or body part) of the WM, 

including Multiple Sclerosis, Alzheimer’s disease, Parkinson’s disease (Scheltens et al., 

1992; Sohn and Kim, 1998; Compston and Coles, 2008). Despite the wide variety of WM 

disorders, MS is recognized as one of the most common diseases affecting 

myelin(Compston and Coles, 2008).  Inflammatory CNS lesions are the hallmark of MS, 

and about 95% of all MS lesions occur in the WM. 

MULTIPLE SCLEROSIS (MS) 

MS is an inflammatory, chronic, neurological disorder that affects nerve impulse 

conduction in the brain and spinal cord. MS is characterized by targeted destruction of the 

myelin. The characteristic demyelination of nerve axons associated with the disease 

causes scarring and hardening (sclerosis) of CNS tissue and slows conduction of nerve 

impulses, which results in a diverse array of clinical symptoms (Trapp et al., 1999). 

Inflammation, demyelination and axonal degeneration are major pathologic features that 

cause the clinical manifestations of the disease (Compston and Coles, 2008). The exact 
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cause of MS is not known; however, in all cases demyelinated lesions are present 

throughout the CNS. MS lesions in the brain are typically located in the peri-ventricular 

WM, subcortical WM and the corpus callosum (Ludwin, 2006). However, lesions may 

also occur throughout the grey matter of the brain, brain stem and throughout the spinal 

cord (Chitnis, 2006). Demyelination occurs in a variety of ways, including the loss of 

oligodendrocytes (OL) or the destruction of the myelin with the OL body being preserved 

(Ludwin, 2006). The ability of the CNS to successfully remyelinate acute lesions has 

been well established (Johnson and Ludwin, 1981; Raine et al., 1988; Prineas et al., 1989; 

Prineas et al., 1993; Raine and Wu, 1993). However, failure of the CNS to continually 

repair chronic demyelinating lesions results in the formation of plaques and glial scaring 

associated with chronic MS lesions.  These plaques lead to the severe irreversible 

neurological deficits that lead to permanent clinical disability in the later progressional 

stages of the disease.  

MYELIN 

Myelination is critical for normal mammalian development. The myelin sheath is formed 

by OL and consists of multiple layers of a lipid-rich membrane, wrapped around the axon 

to prevent the loss of ions during membrane depolarization. Myelin covers the axon at 

intervals (internodes), leaving bare gaps- the node of Ranvier (Poliak and Peles, 2003). 

Although nodes in the PNS and CNS show similar structural characteristics, some 

differences are also observed (Poliak and Peles, 2003). In the PNS, nodes are 

encapsulated by microvilli emanating from the outer aspect of the Schwann cell 

membrane, whereas in the CNS nodes are encapsulated by perinodal extensions from 

astrocytes (Girault and Peles, 2002). The nodes contain Na
+
/K

+
 ATPases, 
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Na
+
/Ca

2+
 exchangers and a high density of voltage-gated Na

+ 
channels which allow the 

generation of the action potential during saltarory conduction (Waxman and Ritchie, 

1993). The nodes of Ranvier in the adult CNS and PNS mostly consist of αNaV1.6 and β1 

subunits (Caldwell et al., 2000; Ratcliffe et al., 2001). In addition to voltage gated sodium 

ion (Na
+
)
 
channels, several other transmembrane and cytoskeletal protein as well as 

potassium ion (K
+
)
 
channels have been identified (Poliak and Peles, 2003).

 
The main 

function of nodes of Ranvier is to allow action potential signals jump along the axons, 

from node to node, with the help of voltage gated Na
+ 

and K
+   

ion channels. 

The importance of myelination to normal physiological functioning is evident from the 

clinical presentation of white matter disease pathology.  Although the main function of a 

myelin sheath is to increase the propagation of nerve impulses along axons it also acts to 

maintain the ionic balance in the peri-axonal space, and acts as a water exchange pump 

maintaining the diameter of the axon (Dyer, 2002). The glial cells of the CNS responsible 

for forming the myelin sheaths are called OL while the myelinating glial cells of the PNS 

are called Schwann cells. It is interesting to note that a single OL interacts with up to 50 

axons, compared to the Schwann cell that only interacts with one axon at a time. Myelin 

is composed of about 80% lipid fats and about 20% proteins compared to other cell types. 

Some of the predominant proteins that compose myelin are myelin basic protein (MBP), 

myelin oligodendrocytic glycoprotein (MOG), and proteolipid protein (PLP) (Jahn et al., 

2009). The importance of these proteins is clearly demonstrated using transgenic 

knockout mice.  Ablation of MBP and or PLP results in an almost total lack of myelin in 

the CNS (Campagnoni and Skoff, 2001).  In contrast, ablation of MOG does not result in 
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any clinical abnormalities. Interestingly, MOG is commonly used as an antigen to induce 

demyelination in the mouse CNS (Delarasse et al., 2003). 

EPIDEMIOLOGY OF MS 

Epidemiological studies have been beneficial in the identification of a variety of factors 

that may be associated to the risk of developing MS.  These factors include, but are not 

limited to, geography, genetics and infectious diseases. The world wide prevalence of MS 

identifies that approximately 1 000 000 people have been diagnosed between the ages of 

17 and 65 years (Kantarci and Wingerchuk, 2006). Globally, the median estimated 

prevalence of MS is 30 per 100 000 (Duquette et al., 1987). The countries reporting the 

highest estimated prevalence of MS include Hungary (176 per 100 000), Slovenia (150), 

Germany (149), United States of America (135), Canada (132.5), Czech Republic (130), 

Norway (125), Denmark (122), Poland (120) and Cyprus (110) (Atlas of MS resources, 

2008). According to the Atlas of MS report, Canada has the 5th highest prevalence of MS 

in the world. British Columbia, the Prairie region, Ontario, Quebec, and the Atlantic 

region have higher prevalence than among other provinces in Canada. The estimated 

range of MS cases in Canada is from 55,000 to 75,000. 

(http://www.mssociety.ca/en/research/medmmo-prev-may_02.htm). The disease 

preferentially affects females, although males have a tendency for later disease onset with 

worse prognosis, supporting gender-dependent factors in the etiology and phenotypic 

variability
 
(Kantarci and Wingerchuk, 2006)

.
 Globally, the median estimated male/female 

ratio is 0.5, which extrapolates to a value of 3 women for every 1 man. However these 

global values vary within Canada where women are more than three times more likely to 
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get MS compared to their male counterparts 

(http://www.cbc.ca/health/story/2008/09/18/f-multiple-sclerosis.html). 

Although MS occurs most commonly in adults, it also diagnosed in children and 

adolescents (Banwell, 2004; McLaughlin et al., 2009). Research has identified that 2.7% 

to 10.5% of patients have reported to develop their first symptoms prior to their 18
th

 

birthday (Duquette et al., 1987; Simone et al., 2002). Diagnosis of MS in children is more 

challenging than in adults due to other childhood co-morbidities that may have similar 

symptoms and characteristics such as acute disseminating encephalomyelitis (Callen et 

al., 2008). The most common initial symptoms of pediatric MS are sensory deficits such 

as neuropathic pain, followed by optic neuritis (Boiko et al., 2002).  

CLINICAL PRESENTATION OF MS 

There are many different clinical manifestations of MS by which the disease can present. 

Its clinical presentation is highly individualized and rarely affects people in exactly the 

same way. During an attack, a person experiences a sudden worsening of normal physical 

activities that may range from mild to severe. Four main types MS are indentified which 

include i) Benign, ii) Relapsing Remitting, iii) Secondary chronic progressive, iv) 

Primary progressive. Relapsing remitting form (RRMS) is the most common type of MS.
 

In general, children experience longer relapsing-remitting periods than adults, displaying 

longer mean times to sustained disability. Based on the natural history of disease, patients 

with pediatric MS tend to convert to the secondary progressive form of the disease course 

earlier in their lives than adult onset patients (Chitnis, 2006)
.
 The MRI of pediatric MS 

shares many similar features with those of adult MS. Lesion development can be 

significantly inhibited by the use of disease modifying medications e.g. interferon beta-1a 
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(Avonex), interferon beta-1b (Betaseron), glatiramer acetate (copaxone) and mitoxantrone 

(Novantrone) (Frohman et al., 2002; Wiendl and Kieseier, 2003). Children who receive 

treatment regimes early during the course of disease show benign disease progression 

compared to adult onset patients with similar relapse frequency. A high frequency of 

relapses and the onset of permanent disability at an early age has been the common end 

result of undiagnosed pediatric MS (Boiko et al., 2002).  

ETIOLOGY OF MS 

The exact cause of MS is still not known, however, research suggests that a combination 

of several factors may play a role. Genetic factors take part in the development of MS, 

although MS is not considered a hereditary disease. However, a number of genetic 

variations have been shown to increase the risk of developing the disease (Dyment et al., 

2004). MS is 20–40 times more common in first-degree relatives, dropping off rapidly 

with the degree of relatedness, and lack of excess of MS in adopted relatives of patients 

with MS (Kantarci and Wingerchuk, 2006). Monozygotic twin studies suggest that up to 

25–30% of MS risk is genetically determined and the risk rapidly drops to 3–5% with 

dizygotic twins, supporting the complex susceptibility to MS (Kantarci and Wingerchuk, 

2006). There is more than one gene that increases the likelihood of an individual to get 

MS. The association between MS and class II alleles of major histocompatibility 

complex, particularly the DRB1*1501-DQB1*0602 haplotype, is well established 

(Hensiek et al., 2002; Barcellos et al., 2006). Some studies have also suggested that viral 

infections represent a potential risk factor for MS. For example, human herpes virus 

represents a plausible candidate that has been linked to MS (Christensen, 2007). There is 

also evidence suggesting the etiological participation of varicella-zoster virus in MS 
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(Sotelo, 2007) but the most reproduced finding is the reduced risk of in those patients 

never infected by the Epstein-Barr virus (Ascherio and Munger, 2007a; Lunemann et al., 

2007). People in certain geographical regions are also known to be at higher risk for MS. 

This explains the added importance of the environmental effects in the pathogenesis of 

MS. In addition, other factors such as dietary fat, antioxidants, stress, trauma, nutrition, 

hormone, sunshine, vitamin D or latitude have also been associated with the development 

of MS (Niino et al., 2008). Recent research has focused on the importance of vitamin D in 

MS (Cantorna, 2008). Vitamin D is produced by the body when the skin is exposed to 

sunlight. In regions far from the equator, the atmosphere filters out more of the sun’s rays 

which decrease vitamin D production in the body. As a result, reduced sun exposure and 

lack of vitamin D supplementation have been associated with an increase risk of MS 

(Kantarci and Wingerchuk, 2006). Smoking has also been implicated in this disease. For 

example, the risk of MS was 1.8-fold higher among tobacco smokers compared with 

those who had never smoked in one study (Kantarci and Wingerchuk, 2006). Results of 

ecological studies and one case control investigation have also suggested that diets high 

in animal/saturated fats and low in polyunsaturated fats may also increase the risk MS 

(Ascherio and Munger, 2007b). Sex hormones such as estrogen also appear to be 

implicated in the disease. For example, high levels of estrogen appear to shift the immune 

response from the proinflammatory type 1, dominant in MS, to the non-inflammatory 

type 2. This effect may explain the decrease in the number of MS relapses in pregnancy, 

when estrogen levels are high, and its rebound in the postnatal stage of child birth 

(Ascherio and Munger, 2007b). There are no direct relationships between dietary 

antioxidants and the risk of MS, but their effect on MS can not be excluded (Ascherio and 

Munger, 2007b). 
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AUTOIMMUNITY AND MS 

The immune system is the body’s defense against infectious organisms and other 

invaders. The major cellular components involved in the adaptive immune response are 

the T cells and B cells. These are the cells responsible for recognizing specific “non-self” 

antigens during the process of antigen presentation. These cells can develop memory after 

initial exposure to the antigen and allow the adaptive immune system to respond more 

quickly and strongly against the same antigen in the future. T cells originate from bone 

marrow derived stem cells and migrate to the thymus gland in the neck, where they 

mature and differentiate into several different subsets (Figure 5), each with distinctive 

functions. T cells express either CD4 or CD8 co-receptor on their surface. These co-

receptors assist the T cell receptor in activating the T cells following an interaction with 

antigen presenting cell. CD4 is predominantly expressed on the surface of helper T cells 

whereas CD8 is predominantly expressed by cytotoxic T cells. CD4+ T helper cells play a 

critical role in MS (Chitnis, 2007). There are four predominant subtypes of helper T cells 

(Th1, Th2, Th3, and Th17), with each subtype secreting a different array of cytokines 

(Figure 5). B cells also originate from bone marrow and migrate to secondary lymphoid 

organs for maturation and differentiation. The principal functions of B cells are to make 

antibodies against antigens.  

The normal immune repertoire also includes self reactive T and B cells which are likely 

to react with self antigens and may allow an immune response against the host’s cells and 

tissues (Lassmann et al., 2007). In order to avoid the harmful consequences of this 

autoimmune response, the body develops self tolerance to self antigens (Rose, 1998).  

There are many ways in which self tolerance can be overcome. When this tolerance to a 
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particular self antigen is removed, the immune system reacts and damages the body’s own 

tissue.  These diseases are known as the autoimmune diseases. 

MS is now considered as classical T cell mediated autoimmune disease (Chitnis, 2007; 

Greenstein, 2007; Melanson et al., 2009). According to the autoimmune theory, 

circulating Th1 cells in the blood become activated when exposed to specific CNS 

antigenic proteins including the myelin proteins MBP, PLP and/or MOG. Once activated 

in the blood, Th1 cells begin to secrete inflammatory cytokines such as interleukin-12 

(IL-12), interferon gamma (IFN-γ) and TNF-α. These cytokines are known to orchestrate 

a pathogenic immune response directed against CNS myelin. Specifically, IL-12 

facilitates the conversion of naïve T-cells to the Th1 lineage that drives inflammation 

(Nelson, 1993; Martino and Hartung, 1999; Ozenci et al., 2002) and induces cell-

mediated cytotoxicity. In addition, IL-12 is a powerful inducer of IFN- γ from T-cells and 

natural killer cells (Trinchieri, 1995). The increased production of IFN-γ from activated 

T-cells induces the expression of major histocompatability complex type II (MHC II) on 

antigen presenting cells (APCs). In addition, IFN-γ stimulates further production of IL-12 

thereby creating a positive feedback cycle that sustains the inflammatory immune 

response characteristic of MS (Martino et al., 1998).
 
  

BLOOD BRAIN BARRIER (BBB) 

The BBB is a complex organization of cerebral endothelial cells (CEC), pericytes and 

their basal lamina, which are surrounded and supported by astrocytes and perivascular 

macrophages (Minagar and Alexander, 2003). In MS, immune cells are allowed to enter 

the CNS, implying that the BBB is damaged or compromised in some way. BBB 

disruption is one of the hallmarks of MS; however it is not known whether BBB 
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disruption is the cause or effect of cellular infiltration into the CNS (Waubant, 2006). The 

continued production of IFN-γ and TNF-α from activated Th1-cells is essential for the up-

regulation of adhesion molecules, such as vascular lectins e.g. intercellular adhesion 

molecule-1 (ICAM-1), vascular cell adhesion molecule-1 (VCAM-1), on the surface of 

the endothelial cells that form the BBB (Ozenci et al., 2002). These adhesion molecules 

facilitate the initial attachment of activated circulating Th1 cells to the endothelium. As 

more T-cells begin to dock on to the surface of the BBB, their continued release of 

chemoattractant cytokines promotes additional T-cell recruitment and aggregation. The 

continued aggregation of activated T-cells subsequently activates the induction of 

metalloproteinases 3 and 9 (MMP-3, MMP-9) which loosen the tight-junctions between 

endothelial cells. The compromised status of the BBB facilitates the passage of blood-

borne antigenically activated Th1 cells directly into the CNS (Dhib-Jalbut et al., 1996). 

Th1cells become reactivated following entry into the CNS and continue promoting 

inflammation by continued production of inflammatory cytokines. TNF-α and 

complement, in particular, are known to cause OL death resulting in demyelination 

(Kornek and Lassmann, 2003; Nakazawa et al., 2006). Demyelination interferes with 

nerve impulse transmission to effector targets. The reduction or total loss of nerve 

impulses to effecter targets, manifests as a variety of disease-induced symptoms such as: 

weakness, fatigue, cognitive dysfunction and sensory abnormalities including neuropathic 

pain (Nakazawa et al., 2006). 

SYMPTOMS OF MS 

The signs and symptoms of MS are unpredictable and vary from person to person. 

Symptoms also depend on the underlying pathological changes that occur in the CNS, 
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type as well as location of lesions. MS lesions are characterized by inflammation, 

demyelination and axonal damage or loss.  These pathological changes may result in 

either slowing or complete disruption of nerve impulse conduction and produce clinical 

features accordingly (Lublin, 2005). The most common symptoms of MS include optic 

neuritis (Soderstrom, 2001), pain (Chatel et al., 2001; Osterberg et al., 2005; Osterberg 

and Boivie, 2009), fatigue (Bakshi et al., 2000; Krupp, 2006), depression (Siegert and 

Abernethy, 2005), spasticity (Barnes et al., 2003), cognitive impairment(Amato et al., 

2001), and bladder dysfunction (Crayton et al., 2004). 

MS ASSOCIATED PAIN 

Pain is a frequent and disabling symptom among MS patients but the scope, nature and 

impact of pain on lives of MS patients remain unknown. MS-related pain can be 

neuropathic or musculoskeletal in nature, and both acute and/or chronic (Ehde et al., 

2003). Pain may originate in different body sites (Archibald et al., 1994; Rae-Grant et al., 

1999) and may be either unrelated or secondary to MS disease processes. A recent report 

revealed that the most common site of pain is the legs (74% of adult MS patients), with 

59% of patients reporting pain in the lower back, 52% the neck and 49% the shoulders 

(Ehde et al., 2006). Pain in the hands and feet are the next most common anatomical sites 

with 48% and 47% respectively (Ehde et al., 2006).  

NEUROPATHIC PAIN 

Neuropathic pain is a complex, chronic pain state that usually is produced by damage to 

or pathological changes in the peripheral or central nervous system. The damaged nerve 

fibers send incorrect signals to the pain centers and cause symptoms which include the 

feeling of pins and needles, burning, shooting, and/or stabbing pain with or without 
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throbbing and numbness. Although the etiology of neuropathic pain has been studied for 

many years, the exact mechanism underlying the pathogenesis is still unknown. However, 

drug, injury, and disease-induced destruction of the sensory afferent fibers of the DRG or 

nerve axons of the CNS are involved in the synaptic nociceptive procession (Namaka et 

al., 2004). In drug, disease and injury induced events, there is a degeneration and loss of 

Aδ and C fibers projection in laminae II. Subsequently, the central projections of 

surviving Aβ fibers in lamina III and IV may sprout into the territory vacated by the Aδ 

and C-fiber terminals and make contact with second order pain transmission neurons in 

laminae II. Thus, non-noxious information, such as proprioceptive information or touch 

may be interpreted as being of noxious origin.  

Various drugs have been associated with the development of neuropathic pain. These 

include antimicrobials such as isoniazid, ethambutol, ethionamide, nitrofurantoin, 

metronidazole, vinca alkaloids, oxaliplatin, cisplatin, epothilone; thalidomide, 

bortezomib,  pyridoxine, perhexiline, hydralazine, methaqualone, gold, indomethacin, 

chloroquine, leflunomide, and statins (Argov and Mastaglia, 1979; Donaghy, 2002; 

Martin et al., 2005; Umapathi and Chaudhry, 2005).  

Physical injury is one of the most common causes of injury to a nerve. Injury or trauma 

caused by automobile accidents, falls, or sport injuries can cause nerves to become 

partially or completely severed, crushed, compressed, or stretched. These types of injuries 

can cause chronic pain symptoms. 

Certain diseases such as alcoholism, diabetic neuropathy, HIV infections or AIDS 

(Acquired Immune Deficiency Syndrome), Guillian Barre Syndrome, and MS have also 
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been reported to induction of chronic neuropathic pain (Katz, 2000; Raskin et al., 2006). 

Approximately 75 % of all MS patients suffer from neuropathic pain, placing it as the 2nd 

worst disease induced symptom (Nelson, 1993; Chatel et al., 2001). 

Irrespective of its cause, activation of the DRG in the PNS have been recognized as a 

principle mediator in the development  of chronic neuropathic pain (Miao et al., 2008). 

PAIN TRANSMISSION 

PAIN PROCESSING LOOP 

Pain generally starts with a drug, disease or injury induced event. The sensation of pain 

usually depends on the activation of a set of neurons that includes primary afferent 

nociceptors, interneurons in the spinal cord, cells of the ascending tracts, thalamic 

neurons and neurons of the cerebral cortex (Kitahata, 1993; Millan, 1999). Due to an 

injury, pain receptors in the periphery become stimulated and release various nociceptive 

mediators including histamine, substance P, serotonin, bradykinin and prostaglandins 

(Namaka et al., 2004). The pain signal is then transmitted via primary afferent sensory 

fibers (Aδ and C fibres) to the DRG. The nociceptive impulses received by the DRG is 

then transmitted centrally via dorsal roots to the main pain processing areas of the spinal 

cord dorsal horn in the superficial laminae I-II (Millan, 1999).  Following integration in 

the DH, nociceptive information is conducted to the higher centres in the brain via 

ascending pathways where noxious and non-noxious signals can be perceived. In the pain 

processing center (primary sensory cortex) the nociceptive information is processed and 

activates the descending control pathways originating in the brainstem or other cerebral 

structures, to release various neurotransmitters such as adrenalin, norepinephrine (NE), 
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serotonin (5-HT), endogenous opioids, such as endorphins and enkephalons, NPY, and 

gamma aminobutyric acid (GABA). These neurotransmitters subsequently elicit a 

complex cascade of interactions that ultimately inhibit the excitatory transmission that 

originated in the nociceptors at the spinal cord level (Millan, 1999). Overall, the net result 

is the formation of an entire pain processing loop driven by nociceptive afferent fiber 

input that is eventually suppressed by a descending antinociceptive output (Millan, 1999; 

Namaka et al., 2004) (Figure 6) (Millan, 1999). 

PATHOPHYSIOLOGY OF NEUROPATHIC PAIN 

The mechanisms involved in neuropathic pain are considered to be complex and 

multifactorial and involve both peripheral and central pathophysiologic events. Current 

research is rapidly expanding our understanding of the pathophysiology underlying 

neuropathic pain. A number of cellular changes occur in the peripheral and central 

nervous system resulting from altered ion channel expression and nociceptive mediators.  

IONIC MECHANISM 

Recent studies describes that changes of certain ionic channel activity can be a major 

contributor in the development and maintenance of neuropathic pain (Aurilio et al., 

2008). Specifically, alterations in the ionic transport of ions such as sodium (Na
+
), 

potassium (K
+
), calcium (Ca

+
) and Hyperpolarization-activated cyclic nucleotide gated 

(HCN) channel across cell membranes subsequently result in the alteration of the 

membrane potential to a depolarized state that can lead to pathological neuronal 

excitation of dorsal horn neurons in the spinal cord. 
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SODIUM CHANNEL  

Voltage gated Na
+
 channels have an essential role in the initiation and propagation of 

action potentials in neurons and other excitable cells (Hargus and Patel, 2007; Kole et al., 

2008). Following peripheral nerve injury, a HCN channel, also known as ectopic neuronal 

pacemaker channels, can develop in the proximal stump (e.g. neuroma), in the cell bodies 

of DRG, and in focal areas of demyelination along the nerve. Thus, the accumulation of 

Na
+ 

channels in both  the neuroma and the DRG (Zimmermann, 2001) result in focal 

areas of hyperexcitability and ectopic action potential discharge in the axon and cell body 

of injured sensory neurons (Woolf and Mannion, 1999).  

POTASSIUM CHANNEL  

Voltage-gated K
+
 channels play a crucial role during the action potential in returning the 

action potential to a resting state, but little is known about the molecular identity of 

voltage gated K (Kv) channel in sensory neurons (Rasband et al., 2001). Reduction in 

voltage-gated K
+
 channel subunit expression leads to hyperexcitability of injured nerves 

(Rasband et al., 2001)  representing the hallmark cellular characteristic of neuropathic 

pain (Jensen, 2002).  

HYPERPOLARIZATION-ACTIVATED CYCLIC NUCLEOTIDE GATED 

CHANNEL 

HCN channels, referred to as pacemaker channels, help to generate rhythmic activity 

within groups of heart and brain cells. HCN channels are encoded by four genes (HCN1-

4), out of them HCN1 channel is abundant in rat primary sensory somata (Chaplan et al., 

2003). Spontaneous firing of injured nerves is known to play a crucial role in the 

induction and maintenance of neuropathic pain. Several studies noted increased 
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pacemaker current in DRG neurons after injury which can enhance neuronal excitability 

(Chaplan et al., 2003; Yao et al., 2003). The role of HCN channel in the pain states 

initiated by nerve injury is supported by the observation that pharmacological blockade of 

HCN activity reverses abnormal hypersensitivity to light touches and decreases firing 

frequency of ectopic discharges originating in Aβ and Aδ fibers without conduction 

blockade (Chaplan et al., 2003). 

CALCIUM CHANNEL  

Voltage-depended Ca
+
 channels (VDCC) are found in the excitable cells (e.g. muscle, 

glial cells, neurons) which promote the entry of Ca
+
 ions entry into the cells, resulting in 

muscle contraction, excitation of neurons, release of neurotransmitters, activation of 

second messenger signaling and gene transcription. Five major types of VDCCs have 

been identified (L, T, N, P/Q and R types), with a variety of properties (Bowersox et al., 

1996). Several different studies have emphasized the contribution of these channels to 

neuropathic pain conditions (Bowersox et al., 1996; Dogrul et al., 2003; Snutch, 2005). 

Studies show that enhanced activity of Ca
+
 current is associated with increased neuronal 

activity. Blockade of N and P/Q –type, but not L-type Ca
+
 channels, does not block 

experimental neuropathic pain (Dogrul et al., 2003). However selective T- type Ca
+
 

channels may play a role in the expression of neuropathic state (Dogrul et al., 2003). 

 NEUROTRANSMITTER MECHANISMS 

In combination with electrolyte changes, mediators released by inflammatory and 

immune cells play a key role in the development of neuronal hyperexcitability (Moalem 

and Tracey, 2006). These includes glutamate (GLU), substance P (SP), calcitonin gene 

related peptide (CGRP), adenosine triphosphate (ATP), nitric oxide (NO), prostaglandins 
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(PGs), neurotrophins (growth factors) and cytokines (Millan, 1999). During the resting 

state, a balance exists between excitatory and inhibitory neurotransmitters.   

Glutamate, the major excitatory neurotransmitter, exerts its effects by binding with two 

major ionotropic receptors, alpha-amino-3-hydroxy-5-methyl-4-isoxasolepropionic acid 

(AMPA), and N-methyl-d-aspartate (NMDA). During a triggering event, released 

glutamate is able to bind both AMPA and NMDA receptors which are involved in the 

opening of Na
+
 and Ca

+
 channels (Namaka et al., 2004). The influx of these cations 

results in an excitatory depolarizing response of the neuronal cell (Martinez-Sanchez et 

al., 2004). Besides ionotropic receptors, there are metabotropic G protein–coupled 

glutamate receptors (mGluR), which modify neuronal and glial excitability through G 

protein subunits acting on membrane ion channels and second messengers such as 

diacylglycerol and cAMP. mGluRs are divided into three groups, with a total of eight 

subtypes. Each of the groups has a specific regional distribution in the brain and displays 

a distinct pharmacological profile (Muto et al., 2007).  

In contrast, inhibitory neurotransmitters such as GABA attempt to restore the normal 

balance between excitation and inhibition (Namaka et al., 2004). GABA acts by binding 

with GABAA and GABAB receptors on the cellular surface. The binding of GABA to 

GABAA receptors produces fast synaptic inhibition through the opening of chloride (Cl-) 

channels resulting in the influx of anions into the cell suppressing cellular excitation 

(Namaka et al., 2004). GABA can also exert its inhibitory effect by binding with GABAB 

receptors. Failure of these inhibitory mechanisms can lead to pronounced neuronal 

hyperexcitability (Namaka et al., 2004). 
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In addition to GABA, adrenaline, norepinephrine, serotonin (5-HT), endorphins, 

enkephalins, dynorphins, and neuropeptide Y (NPY) are also known to be inhibitory 

neurotransmitters. Activation of descending pathways results in the release these 

inhibitory neurotransmitters that ultimately suppress excitatory transmission originated at 

the dorsal horn level of the spinal cord.  

In addition to faulty ionic or neurotransmitter mechanisms, the enhanced production of 

pro- inflammatory cytokines has also been implicated in the facilitation of inflammation 

and hyperalgesic states of  neuropathic pain (Sommer and Kress, 2004). 

CYTOKINES 

Cytokines are signaling peptides, released by many different types of cells and are 

important in innate and adaptive immune responses. They are generally produced in small 

quantities in response to local stimuli, such as the presence of antigens or endotoxins, or 

the transduction of signals provided by other cytokines (Ozenci et al., 2002). They bind to 

specific cell-surface receptors producing intracellular signaling cascades that can up- or 

down-regulate genes, transcription factors, and  other cytokines and cytokine receptors. 

Some cytokines are involved in the amplification of inflammatory responses and are 

called pro-inflammatory cytokines, whereas others serve to reduce inflammation by 

inhibiting the production of pro-inflammatory cytokines and are thus called anti-

inflammatory cytokines. Th1 and Th2 cells predominantly release pro-inflammatory and 

anti-inflammatory cytokines respectively (Figure 5). In order to maintain normal 

homeostasis, a balance must exist between pro- and anti- inflammatory cytokines (Ozenci 

et al., 2002). Inadequate concentrations of anti-inflammatory cytokines may result in a 
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prolonged inflammatory response that can result in pathological conditions such as pain 

or MS (Imitola et al., 2005). 

The major pro-inflammatory cytokines  thought to be involved in the pathogenesis of 

neuropathic pain include; interleukin-12 (IL-12), interferon- gamma (IFN-γ), and tumor 

necrosis factor-alpha (TNF-α) (Leung and Cahill; Ozenci et al., 2002; Tsuda et al., 2009). 

TUMOR NECROSIS FACTOR ALPHA (TNF-α)  

TNF-α is a soluble 17-kDa protein composed of 3 identical subunits (Imitola et al., 2005).  

TNF-α predominantly mediates immune and inflammatory responses. It is produced 

mainly by activated mononuclear phagocytic cells, as well as by natural killer cells, B 

cells, activated T cells, astrocytes and microglia in the CNS (Imitola et al., 2005).  

TNF-α RECEPTORS 

TNF-α exerts its effects through two distinct cell surface receptors: TNF-α receptor 1 

(TNFR1; p55) and TNF-α receptor 2 (TNFR2; p75) (MacEwan, 2002). The cytotoxic 

effects of TNF-α are mediated by TNFR1 which contains a death domain (Figiel and 

Dzwonek, 2007). The death domain is a critical structural element involved in signal 

transduction that leads to apoptosis (Hofmann and Tschopp, 1995). TNFR2 has been 

reported to promote neuronal survival (Takei and Laskey, 2008b).  TNF-α signaling 

through TNFR2 depends on the nerve growth factor (NGF). Studies shown that in the 

presence of NGF, TNF-α activate TNFR2 and promote neuronal survival (Takei and 

Laskey, 2008a).  However, TNFR2 can indirectly contribute to cytotoxicity through 

endogenous production of TNF-α and autocrine or paracrine activation of TNFR1 (Takei 

and Laskey, 2008b). Both TNF-α receptors have been reported as being present within rat 
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DRG, although the cellular distribution remains controversial (Pollock et al., 2002; 

Schafers et al., 2003b; Li et al., 2004).  TNF-α receptors in the brain are scant but report 

suggests that both of them are expressed by all cell types, albeit at low levels (Kinouchi et 

al., 1991). Studies showed that microglia express both TNFR1 and TNFR2, whereas 

astrocytes and OL predominantly express TNFR1 (Dopp et al., 1997).  

THE FUNCTION OF TNF-α 

TNF-α, has been shown to play an integral role in facilitating the development of 

neuropathic pain (Sommer et al., 1998a; Hermann et al., 2001; Naidu et al., 2001; 

Zimmermann, 2001). Several studies involving the use of cytokine inhibitors, knock-out 

mice, or direct application of cytokines with subsequent investigation of electrical activity 

and behavioral changes support the involvement of TNF-α in the development of chronic 

neuropathic pain (Sommer et al., 1998a; Zhang and Liu, 2002). However, specific 

increases in neuronal TNFR1 expression were reported following administration of 

intraperitoneal (i.p.) lipopolysaccharide (LPS), suggesting a direct effect for TNF-α on 

nociceptive pathways via TNFR1 (Sommer et al., 1998a; Li et al., 2004). In addition, the 

effects of TNF-α have also been linked to the intracellular signaling pathways that play a 

role in the pathogenic activation of DRG cells following inflammation or injury 

(Takahashi et al., 2006; Melanson et al., 2009).  

Further, TNF-α has also been shown to directly induce neuronal production of 

neuropeptides and inflammatory agents such as Substance P and Calcitonin gene related 

peptide (CGRP) within the DRG and spinal cord (Ohtori et al., 2004). The documented 

effects of CGRP and SP on neuropathic pain are well known (Frisen et al., 1993; Ding et 

al., 1995). Alternatively, TNF-α has also been reported to sensitize nociceptive neurons 
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indirectly via induction of a pro-inflammatory cytokine cascade involving IL-1β, IL-6, 

and IL-8. This cytokine cascade results in the release of prostaglandins and other 

inflammatory mediators from immune cells (Cunha et al., 1991; Feiguin et al., 1994; 

Woolf et al., 1997). In addition, TNF-α is also capable of directly inducing pain, as 

evidenced by its role in producing a state of painful neuropathy when injected directly 

into the sciatic nerve (Myers et al., 2003). Electrophysiological studies confirm the effects 

of TNF-α in inducing pain. For example, subcutaneous injections of low dose TNF-α 

induce ectopic activity in nociceptive neurons within two minutes, with higher doses 

producing significant mechanical and thermal hyperalgesia by 15 minutes (Sorkin et al., 

1997; Junger and Sorkin, 2000; Zelenka et al., 2005). Specifically, this ectopic activity 

was associated with enhanced influx of Ca2
+
 and Na

+
 ions which facilitated increased 

neuronal sensitivity to neurotoxins, such as capsaicin, in cultures of sensory neurons 

(Pollock et al., 2002). Further, studies have shown that the time course of TNF-α activity 

within the DRG and spinal cord have identified a transient period of elevated TNF-α 

expression which is much shorter than that required for injury evoked mechanical 

allodynia and thermal hyperalgesia (Chang et al., 2004; Xu et al., 2006). As a result, 

TNF-α is thought to be responsible for the “initiation” rather than the maintenance of 

neuropathic pain (Ji and Strichartz, 2004). 

NEUROTROPHINS 

The neurotrophins are a family of proteins that support neuronal survival and growth 

during development of the nervous system. They maintain the structural and functional 

integrity of the adult nervous system, and regulate plasticity of the injured or diseased 

adult nervous system (Sah et al., 2003). The family includes nerve growth factor (NGF), 
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BDNF, neurotrophin (NT)-3, and neurotrophin (NT)-4/5. Glial cell line-derived 

neurotrophic factor (GDNF) also essential for development of sensory neurons and 

critical for the survival of DRG cells (Wang et al., 2003).  

NEUROTROPHIN RECEPTORS 

Receptors for the neurotrophin family are found in adult sensory neurons. There are two 

classes of receptors, p75 (low affinity receptor capable of binding all neurotrophins) and 

“Trk” family of tyrosine kinase receptors, TrkA, TrkB, TrkC. Trk receptors are a family 

of tyrosine kinases that regulates synaptic strength and plasticity in the mammalian 

nervous system (Huang and Reichardt, 2003). TrkA selectively binds NGF, TrkC 

selectively binds NT-3 and TrkB binds both BDNF and NT- 4/5 (Banfield et al., 2001). It 

is now known that neurotrophins play a significant role in the pathophysiology of 

neuropathic pain. There is plenty of evidence regarding the upregulation of neurotrophins 

and their receptors in animal models of neuropathic pain (Lewin et al., 1993; Quintao et 

al., 2008; Wang et al., 2009). 

NERVE GROWTH FACTOR (NGF) 

NGF was the first neurotrophin identified in 1954 (Cohen et al., 1954). NGF is a major 

contributor to the development and maintenance of neuropathic pain. Systemic 

administration of NGF induces both thermal and mechanical hyperalgesia in rodents 

(Lewin et al., 1993). Furthermore, studies showed that in a model of acute inflammation 

endogenous NGF was also involved in the development of thermal hyperalgesia (Lewin 

et al., 1994) which can be blocked by administration of anti-NGF or an IgG fusion 

molecule for the NGF receptor TrkA  (Lewin et al., 1994; McMahon et al., 1995). The 

hyperalgesic action of NGF is mediated via sensory neurons, inflammatory cells, or 



                                                                                                                      

 31 

sympathetic cells (Woolf et al., 1996). NGF not only induces inflammatory hyperalgesia 

but also plays an important role in nerve injury induced neuropathic pain (Ramer and 

Bisby, 1999; Theodosiou et al., 1999; Li et al., 2003).  

BRAIN DERIVED NEUROTROPHIC FACTOR (BDNF) 

BDNF is basic protein widely expressed in both the peripheral and central nervous 

systems. The BDNF fuctions are developmentally regulated by secretion of pro BDNF or 

mature BDNF and by local expression of p75 and TrkB (Yang et al., 2009). BDNF binds 

to TrkB receptors (Zhou and Rush, 1996), and is involved in the modulation of painful 

stimuli (Obata and Noguchi, 2006). Evidence suggests that following peripheral nerve 

injury or inflammation, sensory processing in the dorsal horn results in synaptic plasticity 

which leads to the development of neuropathic pain (Ji and Woolf, 2001). Interestingly, 

BDNF is thought to play a  significant role both in spinal plasticity and in transmission of 

nociceptive information (Miletic and Miletic, 2002). In animal models of neuropathic 

pain, nerve injury increased the concentration of BDNF in the spinal dorsal horn (Miletic 

and Miletic, 2002; Yajima et al., 2005)and there is a correlation in the time line of 

development and disappearance of behavioural signs of neuropathic pain and changes of 

BDNF expression (Miletic and Miletic, 2002). The thermal hyperalgesia and tactile 

allodynia induced by sciatic nerve ligation were completely suppressed by intrathecal 

injection of a TrkB/Fc chimera protein, which sequesters endogenous BDNF (Yajima et 

al., 2005). In addition, BDNF heterozygous (+/–) knockout mice exhibited a significant 

suppression of nerve ligation-induced thermal hyperalgesia and tactile allodynia 

compared with wild-type mice, this further supports a role for BDNF in the development 

of neuropathic pain (Yajima et al., 2005). 
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GLIAL CELL LINE-DERIVED NEUROTROPHIC FACTOR (GDNF) 

GDNF is a member of the transforming growth factor β cytokine superfamily. It is the 

first identified member of the GDNF family of neurotrophins which also includes 

artemin, neurturin and persephin (Baloh et al., 2000). GDNF has also been studied in the 

context of neuropathic pain. GDNF is necessary for the development of sensory neurons 

and appears to be critical for the survival of DRG cells that bind the lectin IB4 (Wang et 

al., 2003). In spinal nerve ligation (SNL) and partial ligation of one sciatic nerve injury 

models, GDNF has been shown to both prevent and reverse sensory abnormalities 

(Boucher et al., 2000; Wang et al., 2003). A potential role of NT3 in neuropathic pain has 

also been studied. The contribution of NT3 in development of neuropathic pain is less 

well understood in comparison to that of the  other neurotrophins (Sah et al., 2003).  

EFFECTS OF NEUROTROPHINS AND CYTOKINES ON OLIGODENDROCYTES 

As both cytokines and neurotrophins are known to be involved in neuropathic pain and 

MS an interactive connection between these two classes of proteins could be possible. 

This cytokine/neurotrophin interaction is also supported by the fact that immune mediated 

cellular mechanisms responsible for pain induction also share a similar pathology 

involved in the subsequent immune mediated attack on OLs in MS. Specifically, TNF-α 

is also known to induce the intracellular NF-kappa B pathway resulting in OL death (Kim 

et al., 2001).  In addition, TNF-α is also known to decrease OL proliferation (Arnett et al., 

2001) and increase astrocyte formation (Dopp et al., 1997) via TNFR1 leading to scar 

tissue formation thereby preventing proper myelin repair. Other factors BDNF and NGF 

have been shown to have similar roles to TNF-α with regards to pain (Ugolini et al., 

2007; Ulmann et al., 2008; Wilson-Gerwing et al., 2008; Lu et al., 2009) but they differ in 
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their effects on OL’s. For example, BDNF has an important role in OL differentiation and 

proliferation (Van't Veer et al., 2009), thereby promoting myelin formation and repair. As 

a result, cytokines and neurotrophins are thought to be involved in an interconnected 

network that ultimately determines the final cellular response to TNF-α signaling (Takei 

and Laskey, 2008a, b).  

NEUROTROPHIN INTERACTIONS 

BDNF is thought to act as a chemo-attractant directional cue for NGF (Dasari et al., 2007; 

Lykissas et al., 2007) which subsequently promotes preferential TNF-α signaling via 

TNFR2. In this manner, the signalling effects of TNF-α can be protective rather than 

pathogenic.  Support for the TNF α, BDNF, NGF interactive triad becomes evident from 

transgenic mouse studies where TNF-α over expressing mice induce elevations in BDNF 

protein in cortical neurons (Aloe et al., 1999) . Furthermore, the addition of TNF-α to 

astrocyte cultures also results in the induction of BDNF protein (Saha et al., 2006). 

Elevated BDNF levels could also function as a directional cue for the up-regulation of 

NGF. As a result, it is plausible that during normal myelin repair in MS the transport of 

DRG derived transport of BDNF and NGF into the areas of inflammation of the spinal 

cord prevents the pathogenic TNF-α signaling via TNFR1(Takei and Laskey, 2008a, b) . 

Failure to achieve adequate levels of these key neurotrophins to the spinal cord would 

therefore result in permanent lesion formation or MS plaques mediated via TNF-

α/TNFR1 pathway.  

Based on the above information, DRG are known to have a critical role in the 

development of neuropathic pain which often precedes the diagnosis of MS (Nelson, 

1993; Chatel et al., 2001). The main function of the DRG is to regulate and maintain 
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sensory homeostasis. During the period(s) of immune activation known to occur in MS, 

rapid and sustainable bursts of inflammatory cytokine activity in the DRG (e.g. TNF-α, 

IL-12, IFN γ) may serve as the abnormal stimulus that eventually disrupts this sensory 

equilibrium (Ferreira et al., 1993; Groves et al., 1997; Hermann et al., 2001; Gabay and 

Tal, 2004; George et al., 2004; Fernyhough et al., 2005). The highly permeable 

endothelial vasculature that surrounds DRG may facilitate the bi-directional transport of 

cytokines between the DRG and peripheral blood. As a result, DRG could function as a 

pivotal reservoir for MS-induced inflammatory cytokines accounting for direct effects on 

sensory neurons (Portenoy et al., 1988; Won et al., 2000).  

DRG/SPINAL CORD MODEL OF MS INDUCED NEUROPATHIC PAIN 

According to the known cellular pathogenesis of MS, antigen induced activation of Th1 

cells in the peripheral blood represents a pivotal step that leads to elevated production of 

inflammatory cytokines such as TNF-α that have been directly linked to disease 

induction. In addition to its key role in the cellular pathogenesis of MS, TNF-α is also 

known to play a vital role in facilitating the development of neuropathic pain that often 

preceeds the diagnosis of MS. Following the antigenic induction of inflammatory 

cytokines TNF-α, research suggests that these blood borne inflammatory cytokines gain 

access to the spinal cord via the peripheral nervous system DRG and facilitates key 

cellular interactions with sensory neurons housed within the DRG that subsequently 

trigger the release of neurotrophins such as BDNF and NGF. As a result, TNF-α, BDNF 

and NGF produced within the DRG can undergo axoplasmic transport directly into the 

CNS via the dorsal root port of entry to the spinal cord and participate in direct cellular 

interaction with dorsal horn neurons. Therefore, we developed a DRG/Spinal cord model 
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of MS-induced neuropathic pain (Figure 7) (Melanson et al., 2009). The resultant 

cytokine-neurotrophin interaction in the DRG followed by transport to the dorsal horn 

represents a plausible mechanism for MS-induced neuropathic pain involving the 

pathological activation of dorsal horn neurons. 
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HYPOTHESIS AND AIMS 

 HYPOTHESIS  

The elevated production of TNF-α in the early stage of MS is responsible for the initial 

activation of DRG and/or spinal cord that facilitate the downstream cellular cascade of 

events involved in the underlying pathogenesis of MS-induced neuropathic pain. 

SPECIFIC AIMS 

i. To determine if the protein and gene expression levels of TNF-α is up-regulated within 

the DRG and spinal cord of rodents induced to a state of MS.  

ii. To correlate the relative temporal changes in production of TNF-α within the DRG and 

spinal cord to the global neurological disability scoring used to confirm disease 

development.  

iii. To correlate the relative temporal changes in production of TNF-α within the DRG 

and spinal cord to specific behavioral assessments used to confirm the early onset of MS 

induced neuropathic pain.    

iv.   To identify a cell specific source of TNF-α via immunohistochemistry (IHC). 
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CHAPTER 2: MATERIALS AND METHODS 

ANIMAL MODEL 

A variety of animal models of MS have been developed in different species: models 

induced by immunization against CNS proteins or by infection with neurotrophic virus or 

spontaneous transgenic or humanized models (Madsen et al., 1999; Lassmann, 2008). No 

single animal model exist that represents all the features of human MS, rather the 

available models reflect specific facets of the disease (Gold et al., 2000). The classic and 

most common model of MS is actively induced experimental autoimmune 

encephalomyelitis (EAE) (Furlan et al., 2009). EAE can be induced in a number of 

different animal species including mice, rats, guinea pigs and rabbits using several protein 

or parts of protein including MBP, PLP, MOG. For various reasons, including the number 

of immunological tools, the availability, lifespan and the resemblance of the induced 

disease to MS, mice and rats are the most commonly used species. As with humans and 

MS, not all the strains of mice or rat are equally susceptible to EAE induction. The mode 

of sensitization, nature of immunogen and genetic make-up of the recipient animal 

determine the clinical, pathological and immunological picture of autoimmune models 

(Furlan et al., 2009). EAE may have a monophasic disease course, acute relapsing, or 

primary progressive course depending on species and immunogen used (Furlan et al., 

2009).  

In MS patients, neuropathic pain is known to occur prior to the diagnosis of MS (at the 

inflammatory stage prior to de-myelination), therefore, our study utilized a model of EAE 

that is characterized by a strong inflammatory response with associated neurological 
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disability characteristic of the early inflammatory stage of human MS.  Specifically, we 

used the Lewis rat MBP EAE model (Melanson et al., 2009) to correlate surges of 

immune activation during the disease induction with changes in cytokine expression 

within the DRG and spinal cord.  In MBP induced EAE in Lewis rats, neurological 

deficits build up and resolve spontaneously within 15 days, without having any 

demyelinating lesions, and this model is often used to evaluate the effects of antigen 

induced inflammation prior to de-myelination (Gold et al., 2000). In addition, based on 

the inherent pre-disposition of the disease in humans to occur in young adult females 

compared to males, adolescent Lewis female rats were specifically chosen.  

EXPERIMENTAL ANIMALS 

Adolescent female Lewis rats (7.2 weeks of age) were purchased from Charles River 

Laboratories, Montreal, QC. Animals were housed in the central animal care facility at 

the University of Manitoba. Animals were given food and water ad libitum. In conducting 

the research described in this study, all animals received humane care in compliance with 

the guidelines of the animal care and use committee of the University of Manitoba 

(Animal protocol number: F07-027), which is in accordance to the Canadian Council on 

Animal Care criteria.  

 INDUCTION OF EAE 

A total of 66 rats were randomly divided into three experimental groups: naïve control 

(n=6), active control (n=30) and active EAE (n=30) (Table 2). Each active EAE rat 

received Freund’s incomplete adjuvant (Sigma, Cat# F-5506) + 500µg Mycobacterium 

tuberculosis (DIFCO LABORATORIES) + 100µg guinea pig MBP (Cedarlane, Cat# 
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GP68-84). Each active control rat received Freund’s incomplete adjuvant + 500 µg 

Mycobacterium tuberculosis + equal volume of Phosphate buffered saline (PBS) replaces 

MBP.  Pertussis toxin (LIST BIOLOGICAL Laboratories, INC.) was given to all active 

EAE (aEAE) and active control (AC) animals by intraperitoneal injection (Rt. Side) on 

Day 0 and repeated on Day 2 in order to prime the immune system. Naïve control (NC) 

animals did not receive any injections.  

In preparation for antigenic induction, the anesthetized (Isoflurane, PPC, DIN 

#02231929) animal was shaved over the hip area and the skin aseptically prepared using a 

three-stage surgical preparation involving surgical soap, alcohol rinse and surgical 

preparation solution. An injection of 0.3 µg of pertussis toxin in 200 µl of sterile 

phosphate buffered saline (PBS) was administered by intraperitoneal injection to prime 

the immune system. 100 µl of the immunogen (MBP) /adjuvant mixture (Active EAE 

animal) or adjuvant/saline mixture (Active Control animal) was drawn from the glass 

syringe into a 1.0 ml syringe which was then fitted with a 25 gauge hypodermic needle. 

Two 50 µl injections were given subcutaneously over each hip (total volume 100 µl per 

rat) at the base of the tail with no adjuvant leakage occurring along the needle track when 

entering or leaving the subcutaneous space. After the injection, the rat was removed from 

the inhaled anesthesia and placed in the recovery cage equipped with paper towels on the 

bottom of the cage with a dark towel surrounding the cage to keep the animal warm. 

When recovery to the point of purposeful movement was confirmed the animal was then 

returned to its individual cage. All rats were examined for clinical signs of EAE every day 

beginning the day after immunization and were assessed according to the EAE score 

described below. 
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 CLINICAL ASSESSMENT 

Following induction each rat was assessed daily for clinical signs of EAE. Six specified 

domains tail, bladder, right and left hind limb, right and left fore limb were monitored and 

scored on the following scale 0, 1, 2 according to their disability (Table 3). Animals with 

minimal disability in any of the assessed domains displayed a score of 0 with severe 

disabilities warranting a score of 2. Active EAE animals that began to show clinical 

symptoms were assessed several times a day and an average score was calculated. Body 

weight was also measured daily to assess general health and well being of the animal.  

BEHAVIORAL ASSESSMENTS 

THERMAL SENSORY TESTING 

Thermal sensory was tested in collaboration with Dr. Brian MacNeil to find out the 

changes of the sensitivity to noxious heat stimulus. Withdrawal latency to radiant heat 

stimulus for each rat were assessed according to previously described methods (Aicher et 

al., 2004) using a Model 336G Plantar/Tail Stimulator Analgesia Meter (IITC Life 

Sciences, Woodland Hills, CA). The rats were placed on a glass surface kept at a constant 

room temperature at the animal care facility and a light beam (50% intensity) was focused 

on a 4 X 6 mm region of the skin. The light beam was projected on the tip of the tail and 

plantar surface of the hind and fore paws. The time taken to move the tail and paw from 

heat source was recorded as withdrawal latency.  Region specific withdrawal responses 

consisted of licking the paws and flicking the tail in response to the heat stimulus. A 

maximum of 10 s cut off point was programmed into the timer to prevent tissue damage. 

Withdrawal latency was recorded at three separate times for each paw and tail and 

average withdrawal latency was calculated.  
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Rats were habituated to the testing apparatus for 30 min 4 days prior to any testing and 

for 10 min prior to testing on each test day. After the habituation period, baseline 

withdrawal latencies were measured for each animal on four separate days prior to 

immunization. Each experimental group was tested daily for a specified time period on 

day 3, 6, 9, 12 and 15 after immunization. 

MECHANICAL ALLODYNIA 

Mechanical allodynia is the painful sensation due to a non-painful stimulus.  To quantify 

mechanical allodynia, rats were placed in lucite cubicles over top of a metal mesh floor 

and mechanical stimuli will be applied to each hind paw with a 1.0 mm von Frey filament 

attached to a digitized strain gauge (Moller et al., 1998). The maximum force generated 

before withdrawal is recorded for each hind paw over three trials and averaged. Baseline 

measurements were obtained for four days prior to EAE-induction.  

TISSUE COLLECTION 

At pre-defined specific time points (3, 6, 9, 12, 15 days of post disease induction) during 

onset, progression and remission of the inflammatory state tissues from 66 animals were 

harvested for analysis (Table 4). A total of 33 animals underwent full body intra-cardiac 

perfusion fixation and tissues were harvested for IHC and in situ hybridization (ISH) 

analysis. Tissues from the remaining 33 animals were harvested for subsequent quantitave 

qRT-PCR analysis. 

ANIMAL PERFUSION 

Animals were deeply anaesthetized using an I.P. injection of ketamine (30mg/100g body 

weight, Biospacific CN: A52310) and Xylazine (3mg/100g body weight, Bayer Health 
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Care, DIN: 02169592) diluted in saline. When there was no pedal reflex, using scissors 

the skin and muscle layers of the abdomen and chest were cut to expose the heart.  A 21G 

needle was inserted into the left ventricle of the heart and clamped in place, and the 

superior vena cava cut to allow the fluid to escape. Following this, the perfusion pump 

(VWR, variable flow pump catalog number: 54856-075) was turned on at a fixed speed 

(11-14 ml/min) and the animal was perfused with a pre-fixative solution containing 

1U/ml heparin (LEO Pharma Inc. DIN: 00453811) and 0.1% sodium nitrate 

(ThermoFisher Scientific, Cat: S343) in 0.9% sodium chloride (Sigma Aldrich, Cat: 

S9625) at a volume equal to 1/3 of the animals body weight for calculated time (ie. 

animal body weight=200 g, prefix volume=1/3 of the body weight. Therefore, 200 g ÷ 3 ÷ 

10 ml/minute= 6.6 minutes).  Next a 4% paraformaldehyde (Sigma Aldrich: cat. # 

158127) fixative in 0.1% phosphate (PO4) buffer (final concentration) was perfused into 

the animal at a volume equal to 2x the body weight of the animal for calculated time (ie. 

animal body weight= 200 g, fixative= 2x of the body weight, pump speed=10 ml/min. 

Therefore, 200 g x 2 ÷ 10 ml/minute=40 minutes). After fixation, the animal was 

decapitated as close as possible to the first cervical vertebra. The cranium was removed 

and the entire intact brain was collected and placed into the appropriately labeled vial of 

post-fixative (4% paraformaldehyde). 

Through the existing abdominal incision, the entire intestine was removed. The spleen 

and the liver were collected for control tissue samples, and placed into two vials with 

post-fixative.  The whole spinal column was removed, dissected free of soft tissue and 

placed into glass cylinders for post-fixation. All specimens were then post-fixed in 4% 

paraformaldehyde at 4°C for 24 hrs. After post-fixation all specimens except the spinal 
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column were stored in 30% sucrose solution at 4°C and storage solution was changed 

every two weeks until cryosectioned. Spinal columns were further processed for 

decalcification (Begum et al., 2010).  

DECALCIFICATION OF SPINAL COLUMN 

Analysis of protein and gene expression is critical for the success of the project and, as 

we hypothesized that there is transport between the peripheral DRG and central spinal 

cord, it is essential to our experiments that we can section the spinal column maintaining 

the peripheral/central connectivity from the DRG via the nerve roots to the dorsal horn of 

the spinal cord (Figure 8).  Therefore, we have developed a novel technique to decalcify 

the bone of the spinal column, this allows us to accurately assess protein and gene 

expression without disrupting the integrity of the myelin sheaths of either the peripheral 

or central nerves (Begum et al., 2010). We compared the effect of four different 

decalcification reagents (RDO Gold, Krajian’s Solution, EDTA Glycerol and 6% TCA) 

on the quality of myelin structure as assessed by MBP immunoreactivity. The results of 

our study (Begum et al., 2010), clearly show that 6% TCA decalcification is superior to 

the other treatments when investigating the fine structure of myelin sheaths in the grey 

and white matter of the spinal column (Figure 9).  

Therefore, the whole spinal column was decalcified in 6% Trichloroacetic acid (TCA) 

using our published in-house technique (Begum et al., 2010). After fixation, the specimen 

was washed in PBS for 18-20 min. The whole vertebral column was then decalcified in 

6% TCA (Sigma–Aldrich: cat. # T6399) in distilled water, for 5 days at 4° C. Incubation 

time was  assessed at several time points using insertion of a sharp needle into the bone 
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and chemical testing to determine the end-point of decalcification. After decalcification in 

6% TCA, the vertebral column was washed in PBS for 20min. 

TISSUE PREPARATION AND FROZEN SECTIONS 

After decalcification, the specimens were cryopreserved in 20% sucrose (MP 

Biomedicals, LLC, Solon, OH: cat. # 904713) in PBS  for 24 h and 30% sucrose in PBS 

for another 24 h at 4°C. Vertebral columns were divided into segments (<1 cm), then 

placed in Tissue-Tek O.C.T. (Sakura Finetek, Torrance, CA: cat. # 4583) overnight at 

4°C. The pieces were then embedded in OCT and stored at −80°C until cryosectioned. 

Serial sections were cut at 10µm thickness using a Thermo Shandon CME cryostat, air 

dried onto SuperFrost microscope slides (Thermo Fisher) and stored at −80°C. 

TISSUE COLLECTION FOR QUANTITATIVE REAL-TIME PCR (qRT PCR) 

The other half of the experimental animals was designated for qRT-PCR analysis.  These 

animals were sacrificed with a lethal dose of ketamine (30mg/100g body weight, 

Biospacific CN: A52310) and xylazine (3mg/100g body weight, Bayer Health Care, DIN: 

02169592) diluted in saline, followed by decapitation according to approved animal use 

protocols. Once the animal was dead (assessed by no breathing and no response to any 

painful stimuli) the animal was decapitated as close as possible to the first cervical 

vertebrae. The cranium was removed and frozen in dry ice. Through the abdominal 

incision all intestines were removed. Then spleen and the liver were collected and frozen 

in dry ice. Dorsal lamina of the spinal column was removed working from the cervical to 

the sacral end of the spinal column. Using fine spring scissors, the membrane covering 

the spinal cord was split down the center of the entire length of the spinal cord being 
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extremely careful not to nick the cord. After that the spinal cord was collected and frozen 

in dry ice. After removing the spinal cord, DRGs from cervical, thoracic and lumbar 

regions were collected and frozen. Tissues were then moved to -80°C and stored until 

used. The whole procedure was done within 45 minutes of the time of death of animal.  

IMMUNOHISTOCHEMICAL (IHC) CYTOKINE ANALYSIS 

Qualitative IHC analysis of lumber spinal cord attached to the DRG via dorsal roots was 

conducted to detect the protein expression of TNF-α. Tissue from one animal per group 

(active EAE, active control and naïve control), 9 sections per animal, 3 fields of view per 

section were analyzed. In order to determine the cellular source(s) of cytokine production 

and signaling pathways, double label immunofluorescent staining using monoclonal 

antibody against the neuronal marker NeuN (Millipore Cat# MAB 377)  was conducted in 

conjunction with the polyclonal antibody for TNF-α (R & D Systems, Cat# AF-510-NA). 

The slides were washed with PBS-T (PBS (Sigma, Cat# P-5368) and 0.1% triton X-100 

(Sigma, X-100)) for three times for 5 minute intervals and blocked with 20% normal 

donkey serum (NDS) (Sigma, Cat# D9663), 20% normal goat serum (NGS) (Sigma, 

Cat#G9023) in PBS-T for 20 min at room temperature (RT). The primary antibodies 

against TNF-α (1:100) and NeuN (1:100) were diluted in PBS-T containing 20% NDS, 

and 20% NGS were applied to the sections and incubate overnight at 4°C.  Following 

incubation with the primary antibodies the slides were then washed with PBS-T and 

incubated with the mixture of secondary antibodies (alexa 568 donkey anti goat, 

Invitrogen, Cat# A11057; Goat anti mouse IgG, (Jackson Immuno Research, Cat# 115-

095-003) diluted in  PBS-T containing 20% NDS and 20% NGS for 30 min at RT. The 

slides were then washed with PBS-T twice. In order to eliminate autofluorescence artifact 
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from the spinal cord sections, the cupric sulphate technique was used according to 

previously described methods (Tsai et al., 2004). Following washes with PBS-T, the 

slides were dipped in distilled water and treated with 4mM copper sulphate (Fisher 

Scientific, Cat# C-493) in ammonium acetate buffer (50mM, pH 5.0, MP Biomedicals 

LLC, Cat# 194000) for 20 min, dipped in distilled water and PBS-T once in each of them. 

Following washing, one drop of aqueous mounting medium (R&D Systems, Burlington, 

Ontario: Cat. #CTS011) was added to the tissue and mounted with a no.1 coverslip 

(Marienfeld, Ref# 0101242) and stored at 4°C.  Spleen tissue was used as a positive 

control for TNF-α IHC staining. Omission of the primary and secondary antibodies 

during staining of the selected slides from each treatment group was conducted and used 

as omission controls to assess autofluorescence.  

QUANTIFICATION OF IMMUNOHISTOCHEMISTRY 

Imaging was performed using an Olympus IX81 scanning laser confocal microscope. 

Images were captured in Fluoview FV500 software. The picture processing and cell 

diameter measurements were performed using the software Image Pro Express (Media 

Cybernetics). The number of TNF-α positive neurons within the DRG of each animal 

group was counted. Cell diameters were only measured where the nucleus was visible. 

The image analysis program employed stereology for the total cell counting.  

 IN SITU HYBRIDIZATION (ISH) 

ISH was performed using a modification of a method described in the Roche Applied 

Science Nonradioactive In situ hybridization Application Manual. In the pre-

hybridization and hybridization step, all reagents were made with Diethylpyrocarbonate 

(DEPC) treated water. Briefly, 10 µm serial sections of spinal column were warmed to 
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room temperature and dried in an oven at 40°C for 2 hr. In the pre-hybridization step, 

sections were incubated in PBS for 2 x 5 min, DEPC (Sigma, cat # D5758) treated PBS 

containing 100mM glycine (Sigma, cat# G8898)  for 2 x 5 min, DEPC treated PBS 

containing 0.3% Triton X-100 for 15 min and washed in DEPC treated PBS for 2 X 5 min 

and permeabilized with 1µg/ml proteinase k (Sigma, Cat.#P2308) in TE buffer at 37°C 

for 30 min. Sections were post-fixed with 4% paraformaldehyde (Fisher, cat# 04042) at 

4°C for 5 min and washed in PBS for 2 x 5 min and acetylated with 0.25% freshly 

prepared acetic anhydride (Mallinckrodt, Cat#UN1715) in 0.1M triethanolamine (TEA; 

(Sigma cat# T58300) for 2 x 5 min. Sections were incubated with pre-hybridization buffer 

containing 2x SSC, 1x Denhardt’s solution (Sigma, Cat#D2532),10% dextran sulphate 

(Sigma, Cat#8906), 50mM Phosphate Buffer, 50mM DTT (Sigma, Cat#D0632), 250µg/ 

ml yeast t-RNA (Sigma Cat#R5636), 100 µg/ ml polyadenylic acid potassium salt: 

(Sigma# P9403), 500 µg/ ml salmon sperm DNA (Sigma, Cat#D7656). Each slide was 

overlaid with 100 µl of prehybridization buffer at 49.2°C for 2 hr covering with parafilm. 

The parafilm was removed by immersing slides in 2x SSC for 5 min.  Each slide was 

overlaid with 100µl of hybridization buffer containing 1ng/ ml of custom made 

digoxigenin (DIG)-labeled TNF-α antisense oligonucleotide probe (Eurofins MWG 

Operon). The sequence of the probe was  

5’[AminoC6+DIG]-GTCCCCCTTCTCCAGCTGGAAGACTCCTCC-3, HPLCPURE). 

The sections were covered with parafilm and incubated at 49.2°C overnight in a humid 

chamber containing 5xSSC: formamide: 1:1. After hybridization coverslips were removed 

by immersing slides in 2x SSC for 5 min and washed at 37°C in for 2 x 15 min in 2x 

SSC, followed by 1x SSC, and  finally in  0.25x SSC using a shaking water bath. Sections 

were washed again in buffer 1 (100mM Tris-HCl, 150 mM NaCl in DEPC water) and 
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covered with blocking solution (buffer 1 containing 0.1% Triton X-100 and 2 % normal 

sheep serum (Sigma, cat# S3772) for 30 min. Following the removal of the blocking 

solution, sections were incubated with buffer 1 containing 0.1% Triton X-100, 1% sheep 

serum and 1:500 dilution of sheep anti-DIG-alkaline phosphatase (Roche, Cat# 

11093274910) for 2 hr in a humid chamber. Sections were then washed in buffer 1 for 2 

x10 min and incubated for  10 mins with buffer 2 (100mM Tris- HCl, 100mM NaCl, 50 

mM MgCl2 in DEPC water).  Buffer 2 was removed and each section covered with 100 µl 

of BCIP/NBT (Dako, Cat# k0598) solution plus levamisole (Dako, Cat# X3021) (1drop 

per 1 ml of BCIP/NBT) and incubated in a humid chamber in the dark at 4°C for 

overnight. When color development was optimal (assessed by eye), the reaction was 

stopped by incubating in buffer 3[10mM Tris –HCl (pH 8.1), 1 mM EDTA] and washed 

in distilled water for 10 min and sections were mounted using an aqueous mounting 

medium. Appropriate TNF-α sense probe was not found to use as control. 

IMAGE ANALYSIS 

Imaging was performed under bright field conditions using an Olympus DP70 digital 

camera attached with Olympus BX51 microscope. Images were captured with DP 

controller software. 

QUANTITATIVE REAL- TIME POLYMERASE CHAIN REACTION (qRT-PCR) 

The real-time quantitative polymerase chain reaction (qRT-PCR) analysis was conducted 

according to previously established in-house methods (Miao et al., 2008). In order to fully 

quantify TNF-α expression within the DRG and spinal cord, qRT-PCR was performed 

using a Lightcycler real-time PCR thermal cycler (Roche diagnostics, Mannheim, 

Germany), with QIAquick PCR purification kit (Qiagen, Hilden, Germany) and 
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Lightcycler FastStart DNA Master SYBR Green I kit (Roche diagnostics, Mannheim, 

Germany). 

TOTAL RNA ISOLATION 

Using a power homogenizer (Brinkmann, Switzerland) tissue samples were homogenized 

in 1 ml Trizol Reagent (Invitrogen, Carlsbad, CA). The homogenized samples were then 

incubated for 5 minutes at room temperature to permit the complete dissociation of 

nucleoprotein complexes followed by the addition of 0.2 ml of chloroform. The sample 

tube caps were securely fastened to prevent leakage and sample loss. The sample tubes 

were then shaken vigorously by hand for 15 seconds and incubated for 2 to 3 minutes at 

room temperature. The samples were then centrifuged at 12,000g for 15 minutes at 4
o
C 

by using microcentrifuge (International Equipment, Needham heights, MA). Following 

centrifugation, the mixture separates into a clear, phenol-chloroform phase, and 

interphase, and an upper aqueous phase. RNA remains exclusively in the aqueous phase 

which is about 60% of the volume. The aqueous phase was extracted and transferred to a 

fresh tube where the total RNA was precipitated by mixing with 0.5 ml isopropyl alcohol 

(Sigma, St. Louis, MO). The samples were then incubated for 10 minutes at room 

temperature and centrifuged at 12,000g for 10 minutes at 4
o
C. The RNA precipitate, 

which was invisible before centrifugation, forms a gel-like pellet on the side and bottom 

of the tube. The supernatant was removed, and the RNA pellet was washed once with 1 

ml of 75% ethanol (Fisher, Fair Lawn, NJ). The sample was mixed by vortexing, and 

centrifuged at 7,500g for 5 minutes at 4
o
C. The resultant RNA pellet was then air-dried 

for 10 minutes. Following this, the RNA was dissolved in RNase-free water by passing 

the solution a few times through a pipette tip, and incubating for 10 minutes at 60°C. At 
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the end of the procedure, the concentration of the total RNA was determined using 

ultraviolet (UV) spectrometry (Smart spectrum 3000, Bio-red, Hercules, CA). The RNA 

was then quantitatively diluted to a concentration of 1 µg/µl with RNase-free water and 

subsequently stored in -70°C. 

REVERSE TRANSCRIPTASE (RT) 

Total RNA stock solution was thawed on ice. To each of 1 µg RNA (1µl), 1 µl oligo 

(dT)12-18 primers (Beckdon Dickinson, Palo Alto, CA), 1 µl 10mM deoxynucleoside 

triphosphate (dNTP) mix (Invitrogen, Carlsbad, CA)  and RNase-free water to 12 µl was 

added. The resultant mixture was then heated for 5 minutes at 65
o
C and quickly chilled on 

ice. The contents of the tube were then collected by brief centrifugation. After that, 4 µl 

5× First-strand buffer (Invitrogen, Carlsbad, CA), 2 µl 0.1M dithiothreitol (DDT, 

Invitrogen, Carlsbad, CA) and 1 µl RNaseOUT recombinant ribonuclease inhibitor (40 

units/µl, Invitrogen, Carlsbad, CA) was added into the tube and then mixed the content 

gently by pipette tip and incubated for 2 minutes at 37
o
C. Next 1 µl moloney-murine 

leukemia virus reverse transcriptase (M-MLV RT, Invitrogen, Carlsbad, CA) was added 

and mixed by pipette tip. Incubated the samples for 50 minutes at 37
o
C and then 

inactivated the reaction by heating at 70
o
C for 15 minutes. Then 80 µl of RNase-free 

water was added into the tube to make the total volume 100 µl. The cDNA was then 

ready to be used as a template for polymerase chain reaction (PCR) amplification. 

AMPLIFICATION 

The expression of glyceraldehydes-3-phosphate dehydrogenase (GAPDH), a 

housekeeping gene found in all tissues at high level was detected prior to analyzing the 

expression of TNF-α in order to ensure that the tissues were processed correctly. The 
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following reagents were added into a PCR reaction tube for a final reaction volume of 50 

µl, using water as negative control and rat spleen as positive control: 

 0.5 µl Taq DNA polymerase (Qiagen, Hilden, Germany) 

 10 µl Q buffer (Qiagen, Hilden, Germany) 

5 µl PCR 10× buffer (Qiagen, Hilden, Germany) 

4 µl 50mM MgCl2 (Qiagen, Hilden, Germany) 

1 µl 10mM dNTP (Invitrogen, Carlsbad, CA) 

1 µl upper primer for GAPDH (Table 1, Invitrogen, Carlsbad, CA) 

1 µl lower primer for GAPDH (Table 1, Invitrogen, Carlsbad, CA) 

22.5 µl RNase-free water 

5 µl cDNA (from the RT reaction) 

Table 1: sequence of GAPDH primers (Genbank number: NM017008) 

              Sequence                                                   Temperature    Length      

upper 5’TTC TTG TGC AGT GCC AGC CTC GTC 3’ 

lower 5’ GCC GTT GAA CTT GCC GTG GGT AGA 3’ 

 

60
0
C 

 

203bp 

 

After adding the reagents into tubes gently mixed them and mount the tubes to PCR 

thermal cycler (Mastercycler, Eppendorf, Westbury, NY) for amplification. As 38 cycles 

were required for the amplification, the temperature program was set as following: 

1. 95
o
C 5 minutes 

2. 95
o
C 1 minutes 

3. 60
o
C 0.5 minutes 

4. 72
o
C 1.5 minutes 

Repeated the step-2 to step-4 for another 37 cycles 
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5. 72
o
C 8 minutes 

6. Hold at 4
o
C  

Following the amplification, the tubes were briefly centrifuged. 10 µl PCR products 

(double stranded DNA) and 2 µl loading buffer were gently mixed on parafilm and 

loaded onto 1% agarose gel containing 0.5µg/ml ethidium bromide. Electrophoresis was 

run in TBE buffer for 15 minutes. The agarose gel was viewed under UV light. When the 

luminosity of the GAPDH bands looked very similar, the TNF-α assay was started. 

In order to determine the expression of TNF-α, the same procedure was followed but the 

primers for GAPDH was replaced by primers for TNF-α (Table 2, Invitrogen, Carlsbad, 

CA). As 32 cycles of the PCR amplification were required, the temperature program was 

set as following: 

1. 95
o
C 5 minutes 

2. 95
o
C 1 minutes 

3. 59
o
C 0.5 minutes 

4. 72
o
C 1.5 minutes 

Repeated the step-2 to step-4 for another 31 cycles 

5. 72
o
C 8 minutes 

6. Hold at 4
o
C  

 

Table 2: sequence of TNF-α primers (Genbank number: AF329982) 

             Sequence                                                   Temperature    Length        

upper 5’ AGC CGA TTT GCC ATT TCA TAC CAG 3’ 

lower 5’ CAC GCC AGT CGC TTC ACA GAG 3’ 

 

59
0
C 

 

247bp 

 

The photographs were taken with an instant camera (DS34, Polaroid), then scanned and 

electronically saved. The luminosity of the electrophoresis bands was analyzed by 

ImageJ1.34 (Shareware, can be downloaded at http://rsb.info.nih.gov/ij/download.html). 
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PURIFICATION OF DOUBLE-STRANDED DNA 

DNA purification was done according to QIAquick PCR purification kit (Qiagen, Hilden, 

Germany) manufacturer’s procedure. In brief, 5 volumes of Qiagen PB buffer were added 

to 1 volume of the TNF-α PCR product. A QIAquick spin column was placed in a 2 ml 

collection tube. The sample was then applied to the QIAquick column and centrifuged for 

30 seconds. The flow-through was discarded. The QIAquick column was then placed 

back into the same collection tube. Next 0.75ml Qiagen PE buffer was added to the 

QIAquick column and centrifuged for 30 seconds. The flow-through was discarded again. 

The QIAquick column was placed back into the same collection tube. The column was 

centrifuged for an additional 1 minute. The QIAquick column was then placed in a clean 

1.5 ml microcentrifuge tube. To elute DNA, 25 µl Qiagen EB buffer was added to the 

centre of the QIAquick membrane and the column was centrifuged for 1 minute. This step 

was done twice to ensure complete elution of bound DNA. The purified double-stranded 

DNA was then collected in the 1.5 ml microcentrifuge tube. 

STANDARD CURVES FOR QUANTIFICATION OF DNA 

The real-time PCR thermal cycler was programmed to determine the fluorescence of the 

reaction at each cycle of the amplification, and able to fully quantify the double-stranded 

DNA concentrations by making cycle dependent curves. The purpose of the standard 

curve was to have a reference standard for extrapolating quantitative information for 

DNA of unknown concentration.  In detail, the concentration of purified double-stranded 

DNA was measured three times using UV spectrometer, and the average was calculated. 

The following equations were applied to obtain different concentrations of double-

stranded DNA: 
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Known molecular weight of 1 base pair (bp) of double-stranded DNA=660Da (Roche 

Applied Science Lab FAQs, 2
nd

 edition, Roche Diagnostics, Penzberg, Germany, 2002). 

Known Avogadro’s number: 1g = 6.023×10
23

Da, 1Da = 1.660×10
-24

g 

Therefore, 1 bp = 660Da×1.660×10
-24

g /Da = 1.096×10
-21

g 

Hence, 1 copy of double-stranded DNA = length×1.096×10
-21

g / bp 

1 copy of TNF-α double-stranded DNA = 247 bp ×1.096×10
-21

g / bp = 2.707×10
-19

g 

Since the average concentration obtained from UV spectrum of double-stranded DNA is 

112.79µg/ml = 112.79×10
-9

g/µl. 

Therefore, the concentration of TNF-α double-stranded DNA in copies was: 

 

2.40 µl (10
12

 copies) of above solution was taken and  97.60 µl PCR grade water was 

added and mixed to make 10
10

 copies/µl stock. 

1 µl (10
10

 copies/µl) of solution was taken and 99 µl PCR grade water was added to it and 

mixed to make 10
8
 copies/µl. 

1 µl (10
8
 copies/µl) of solution was taken and 99 µl PCR grade water was added and 

mixed to make 10
6
 copies/µl. 

1 µl (10
6
 copies/µl) of solution was taken and 99 µl PCR grade water was added and 

mixed to make 10
4
 copies/µl. 

PCR grade water was used as 0 copy/µl. 
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According to manufacturer’s instruction of Light cycler FastStart DNA Master SYBR 

Green I kit (Roche diagnostics, Mannheim, Germany), the “Hot Start” reaction mix was 

prepared. One vial 1a containing the Lightcycler FastStart Enzyme and one vial 1b 

containing Lightcycler FastStart Reaction Mix SYBR Green I were briefly centrifuged. A 

total volume of 10 µl was transferred from vial 1a to vial 1b. The resultant solution was 

then gently mixed by pipette tip. Vial 1b was relabeled with the new labels provided with 

the kit (vial 1: Lightcycler FastStart DNA Master SYBR Green I). The vial was protected 

from light with aluminum foil. 

In order to obtain TNF-α standard curve of Real-Time PCR, the following reagents were 

added to a microcentrifuge tube for a final reaction volume of 20 µl: 

  9.4 µl PCR grade water 

  1.6 µl MgCl2 

  1 µl forward primer for TNF-α 

1 µl reverse primer for TNF-α 

2 µl SYBR mix (vial 1) 

5 µl double-stranded DNA (10
8
, 10

6
, 10

4
, 0 copies/µl, respectively) 

The contents of each tube were mixed gently by pipette and transferred to a Lightcycler 

capillary (Roche diagnostics, Mannheim, Germany). The Lightcycler capillaries were 

briefly centrifuged to ensure the contents stay at the bottom end of the capillaries without 

any air bubbles. The capillaries were then mounted into the Real-Time PCR thermal 

cycler. The temperature parameters on the computer that connects to the thermal cycler 
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were set according to manufacturer’s instruction. The Real-Time PCR thermal cycler was 

then left to run overnight. The data of standard curves was saved in the computer 

connecting to the cycler. The black, red, green, and blue curves represent 10
8
, 10

6
, 10

4
, 

and 0 copies/µl double-stranded DNA, respectively. 

AMPLIFICATION OF SAMPLES 

The following reagents were added to a microcentrifuge tube for a final reaction volume 

of 20µl: 

                        9.4 µl PCR grade water 

  1.6 µl MgCl2 

  1 µl forward primer for TNF-α 

1 µl reverse primer for TNF-α 

2 µl SYBR mix (vial 1) 

5 µl cDNA (RT products) of the samples 

The contents of each tube were mixed, and transferred carefully to a Lightcycler 

capillary. The capillaries were then briefly centrifuged, and mounted into Real-Time PCT 

thermal cycler with 10
8
, 10

6
, 10

4
, and 0 copies/µl standard curve stocks. The temperature 

parameters were set as the same as those of standard curve. The Real-Time PCR thermal 

cycler was then left to run overnight. The data of tested samples was saved on the 

computer. 
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STATISTICAL ANALYSIS 

The data from thermal sensory testing was statistically analyzed using Statistica 5.1 (Stat 

Soft, Inc., Tulsa, OK). Repeated measures ANOVA was used to test for the effect of time 

for each of the five test sites. Significant main effects were further investigated using 

Tukey’s honest significant difference test.  

The data from cell percentages and qRT-PCR were analyzed statistically by SPSS 16.0 

software in order to interpret the data relating to our experimental groups. All the data 

were tested using one way analysis of variance (ANOVA) with Tukey’s post hoc 

comparisons. Significance was set at P<0.05. Specifically for qRT-PCR data analysis, 

normality and homogeneity of error variance of dependent variable was tested by using 

Kolmogorov-Simirnov and Levene’s test. The cell sizes were statistically analyzed using 

Graph Pad Prism-4 software. Cell sizes data were tested using one way analysis of 

variance (ANOVA) with Bartlett's test (for equal variances) and Dunnett's Multiple 

Comparison Test, significance was set at P<0.05. Also, the process design was to detect 

the significant differences between means of different observational groups and scatter-

plot was used to display those differences graphically. Statistical analysis of the cell 

percentages and cell sizes was done by an analyst blinded to each experimental group. 
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CHAPTER 3: RESULT 

IMMUNOHISTOCHEMICAL (IHC) ANALYSIS OF TNF- α EXPRESSION  

IHC analysis was conducted to analyze TNF-α protein expression within the DRG and 

spinal cord. Double label immunostaining was conducted to detect TNF-α positive 

neurons in the DRG (Figure 10). Comparative IHC analysis of active EAE versus control 

groups euthanized at day 3, 6, 9, 12, 15 revealed pronounced TNF-α immunoreactivity in 

the DRG of active EAE day 12 relative to all other groups (Figure 11). IHC analysis of 

spinal cord tissue also showed pronounced TNF-α immunoreactivity in the spinal cord of 

active EAE day 12 compared to other groups (Figure 12).  

IN SITU HYBRIDIZATION (ISH) 

In situ hybridization was conducted to detect TNF-α mRNA expression within DRG and 

spinal cord. Our results reveal TNF-α mRNA expression in the DRG, dorsal roots and 

spinal cord (Figure 13). In addition, results also demonstrate increased TNF-α mRNA 

expression in the active group compared to control groups (Figure 14). These findings 

provide strong evidence to support the initial findings presented in the IHC analysis 

(Figure 11 and 12). 

QUANTITATIVE REAL-TIME PCR (qRT-PCR)  

Quantitative Real Time PCR (qRT-PCR) was conducted to detect TNF-α expression in 

the DRG as well as spinal cord tissue (lumbar segments). Our qRT-PCR results 

demonstrate that the TNF-α expression in DRG for animals of the active EAE group, 

euthanized at day 12, is significantly higher than other groups (naive control and active 
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control) (p<0.05, Anova) (Figure 15). The qRT-PCR data for the spinal cord obtained 

from the same animals from each respective group also showed that TNF-α expression of 

the active EAE group, euthanized at day 15 was significantly higher than active EAE day 

3 and active control day 15 group (p<0.05, Anova) (Figure 16).  

NEUROLOGICAL DISABILITY ASSESSMENTS 

After MBP immunization, all animals in the active EAE groups were assessed for clinical 

deficits. The onset of clinical signs of neurological disability began at day 6 post disease 

induction (dpi) that progressively worsened upon daily assessment. Disability peaked at 

day 12 dpi and subsequently diminished by day 15 dpi when the animal entered  

remission phase of the disease, characteristic of the relapsing remission phase of disease 

(Figure 17). The results also showed symptoms began in the tail followed by hind limbs 

and fore limbs (Figure 18A-18G)). The control group did not show any clinical signs of 

disability, data not shown. 

BEHAVIORAL ASSESSMENTS 

 ASSESSMENT OF SENSITIVITY TO NOXIOUS HEAT (THERMAL 

HYPOALGESIA/THERMAL HYPERALGESIA)  

For behavioral assessments, data were aligned to day of onset of clinical disease; ie, Day 

0 was the first day of clinical symptoms/signs for each individual animal. Values were 

normalized to the average response seen over the 4 days prior to clinical onset (D-4 to D-

1). Data from five specific sites tail, right and left hind paws, right and left fore paws 

were measured. Active EAE animals showed statistically significant increased tail 

withdrawal latency at day “0” compared to their baseline responses (Tukey, P= 0.002) 
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(Figure 19). Similarly, statistically significant increase of the withdrawal latency was 

observed for both fore paws and left rear paw (repeated measures Anova, Site X Day) 

(Figure 20).  

ASSESSMENT OF SENSITIVITY TO TOUCH (MECHANICAL ALLODYNIA) 

For mechanical allodynia, data were recorded from both hind paws. Values were also 

normalized to baseline responses (average of Day -4 to Day -1). Data are aligned to day 

of onset of clinical disease; i.e., Day 0 is the first day of clinical symptoms/signs for each 

individual animal. No significant effects were shown using repeated measures ANOVA 

for SITE x DAY, (Figure 21). 

CELLULAR SOURCE OF TNF-α 

Analysis of TNF-α neurons in the DRG also showed a significantly increased percentage 

of  TNF-α positive neurons in active EAE group compared to control groups (P<0.05, 

Anova) ( Figure 22), with values peaking at day 12, and levels reduced by 15 dpi.  

Furthermore, a sub analysis of  of the TNF-α positive neurons identified in the active 

EAE group revealed a cell size distribution that suggests small  to medium diameter 

(<25µ, average=22.30 µm, SD±4.47 µm ) (P<0.05) sensory neurons which corresponds to 

C and Aδ fibers respectively (Figure 23 ). 
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CHAPTER 4: FIGURES AND TABLES 

Figure 1: Classification of spinal cord neurons involved in afferent pain transmission.  

The major type of neuron is the dorsal horn neuron. Dorsal horn neurons are subdivided into 4 

predominant types: i) Nociceptive Specific (NS) ii) Wide Dynamic Range (WDR) iii) Non-

nociceptive (NON-N) neuron iv) Interneuron (IN). Interneurons were subsequently subdivided 

into 3 types: i) Excitatory IN ii) Inhibitory IN iii) Both Excitator and Inhibitory IN (Based on 

facts from Millan, 1999). 
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Figure 2: Classification of Interneuron.  

3 subdivisions: i) Excitatory Interneuron release excitatory neurotransmitters ii) 

Inhibitory Interneuron release inhibitory neurotransmitters iii) Mixed Interneuron 

(Excitatory and Inhibitory) (Based on facts from Millan, 1999). 
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Figure 3: Evolutionary Classification of Dorsal Root Ganglia (DRG).   

DRG classification is divided into 3 phases: i) Phase I classification –based on 

appearance of usual basic stains ii) Phase II classification –based on distribution of 

organelles such as Golgi apparatus and Nissel bodies iii) Phase III classification -Based 

on size, conduction velocity, peptide content, sensory function, myelination, 

neurotrophins (BDNF, NT3, NT4, NGF), Respective receptors for neurotrophins (TrkA, 

TrkB, TrkC), Non-Neurotrophins (CNTF) (Based on facts from Kai Kai, 1989; Rambourg 

et al., 1983; Villiere and McLachlan, 1996). 
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Evolutionary Classification of Dorsal Root Ganglia ( DRG) 
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Figure 4: Classification of sensory afferent fibers involved in pain transmission.  

Four subdivisions of sensory afferent fibers includes: i) Cutaneous afferents ii) 

Muscle afferents iii) Visceral afferents iv) Silent afferents (Based on facts from 

Millan, 1999). 
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Figure 5: Development of lymphocytes and subtypes of T cells.  

T and B cells originate from the bone marrow stem cells. T cells migrate to the thymus 

for maturation and differentiation. Six subtypes of T cell include: 1. Helper T cell, 2. 

Cytotoxic T cell, 3. Regulatory T cell, 4. Memory T cell, 5. Natural killer T cell 6. 

Gamma delta T cell. Helper T cell has 4 subtypes: Th1, Th2, Th3, Th17. B cell matured 

in the bone marrow and migrates in to the blood and hides into the secondary lymphoid 

organ for activation by T cell and antigen interaction. There are two subtypes of B cells: 

1. Plasma cells and 2. Memory B cells. Plasma cells produce antibodies against antigens 

(Based on facts from http://en.wikipedia.org/wiki/T_cell, Kuby, J. Immunology. 3rd ed. 

P: 196). 
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Figure 6: Pathway of pain impulse transmission (PNS to CNS).  

Afferent nociceptive impulse from peripheral nervous system passes along the cutaneous 

Aδ and C fibers. These afferent inputs can activate the dorsal horn (DH) neurons directly 

and indirectly via the activation of interneurons. Based on which type of interneuron 

involved in the activation of DH neurons, the output of the DH neuron can be excitatory 

or inhibitory. If it is inhibitory, the pain signal will not be transmitted. If the output is 

excitatory it then synchronously excites other DH neurons and the nociceptive 

information is subsequently relayed to the higher brain centres via the spinothalamic, 

spinoreticular or spinomescencephalic tract. In the brain the nociceptive information is 

processed and subsequently activates the descending inhibitory pathways originating in 

the brainstem or other cerebral structures. The activation of descending pathways inhibits 

nociceptive DH neuron both directly, and indirectly, via the inhibition of excitatory 

interneurons, the excitation of inhibitory interneurons. The inhibitory effects of DH 

neurons then synchronously inhibit other DH neurons. Ultimately no pain signal will be 

transmitted to the periphery (Based on facts from Millan, 1999). 
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Figure 7: Model of MS associated neuropathic pain & demyelination. 

DRG/Spinal cord interactions.  i) Due to antigenic induction Th0 cells become activated 

and converted to Th1 cell in the peripheral blood. ii) Th1 cells transport to the DRG via 

the highly permeable capillaries that vascularize the DRG, where they cross the BBB and 

activate neurons iii) Neurons then produce the inflammatory cytokine TNF-α and 

neurotrophins such as BDNF and NGF. iv) TNF- α can also induce BDNF and NGF 

production from neurons. v) From DRG; Th1 cells, cytokines, and neurotrophins are 

thought to undergo anterograde transport to the spinal cord via the dorsal roots vi) Inside 

the spinal cord Th1 become reactivated in presence of local CNS protein and produce 

TNF-α. vii) TNF-α will induce BDNF and NGF which ultimately affects OL (Based on 

facts from Melanson et al., 2009). 
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Figure 8: Cross section of the 6% TCA decalcified spinal cord stained with 

hematoxylin and eosin (H&E) stain.  

Gross tissue morphology is unaffected by the decalcification process. The peripheral–

central nervous system connections are shown, with the dorsal root connecting the spinal 

cord to the dorsal root ganglion (DRG). The ventral root is shown connected to the 

ventral horn and runs adjacent to the DRG towards the point of connection with the 

sensory root distal to the DRG. Bright field image at 4× magnification. (© Begum et al., 

(2010) A novel decalcification method for adult rodent bone for histological analysis of 

peripheral-central nervous system connections. Journal of Neuroscience Methods 187:59-

66. Used with permission from Rightslink on July 8, 2010). 
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Figure 9: Rat spinal cord myelin structure after 6% TCA solution decalcification of the 

vertebral column.  

10µm sections of spinal cord were immunostained for myelin basic protein (MBP). 

Nuclei were counterstained with DAPI (blue). Panel A—low power (40×) MBP 

immunoreactivity (red) shows clean and distinct myelin ring structures in the white matter 

of the spinal cord. Total magnification was 400×. Panel B—high magnification (100×) 

shows distinct myelin ring structure as well as nodes of Ranvier in the grey matter of the 

spinal cord. Total magnification was 1000×. Panel C—high magnification (100×) MBP 

immunoreactivity (red) shows distinct morphology of the nerve root myelin sheaths in a 

transverse section of sensory nerve root. (© Begum et al., (2010) A novel decalcification 

method for adult rodent bone for histological analysis of peripheral-central nervous 

system connections. Journal of Neuroscience Methods 187:59-66. Used with permission 

from Rightslink on July 8, 2010). 
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Figure 10: TNF-α double immunohistochemistry.  

Confocal images of DRG neurons stained for TNF-α and neuronal nuclei. Serial sections 

were cut at 10 µm thickness and DRG stained with TNF-α primary polyclonal antibody 

(R&D, goat anti rat, cat. # AF-510-NA: 1:100) and secondary (Invitrogen, donkey anti 

goat “Alexa 568” cat# A-11057: 1:500). Neuronal Nuclei were stained with NeuN 

primary antibody (Millipore, mouse anti-NeuN, cat. # MAB377:1:100) and secondary 

(Jackson ImmunoResearch, FITC conjugated goat anti mouse IgG, cat. # 115-095-003: 

1:100). Panel A. Green shows neuronal nuclei immunoreactivity Panel B. Red shows 

TNF-α immunoreactivity in the neurons of DRG and. C. Composite picture. Total 

magnification 200x. 
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Figure 11: TNF-α immunoreactivity in the DRG.  

Confocal images of DRG neurons. Serial sections were cut at 10 µm thickness and DRG 

stained with TNF-α primary polyclonal antibody (R&D, goat anti rat, cat. # AF-510-NA: 

1:100) and secondary (Invitrogen, donkey anti goat “Alexa 568” cat# A-11057: 1:500). 

Red shows TNF-α immunoreactivity in the neurons of DRG. Comparative IHC analysis 

showed increased TNF-α labeling at day 12 of EAE active relative to other groups.  Total 

magnification 100x. Scale bar 100 µm. NC= Naïve control, AC= Active control, 

EAE=Active EAE. 
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Figure 12: TNF-α immunoreactivity in the spinal cord.  

Confocal images of spinal cord sections. Serial sections were cut at 10 µm thickness. 

Spinal cord stained with TNF-α primary polyclonal antibody (R&D, goat anti rat, cat. # 

AF-510-NA: 1:100) and secondary (Invitrogen, donkey anti goat “Alexa 568” cat# A-

11057: 1:500). Red shows TNF-α immunoreactivity. Comparative IHC analysis of spinal 

cord shows increased TNF-α immunoreactivity in the grey matter at day 12 active EAE 

relative to other groups. Total magnification 100x. Scale bar 100 µm. NC= Naïve control, 

AC= Active control, EAE=Active EAE. 
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Figure 13: In situ hybridization for detection of TNF-α mRNA. 

TNF-α mRNA was visualized in 10µm cryosections of frozen fixed tissue of spinal cord 

attached to the DRG of active EAE group using a digoxigenin labeled antisense 

oligoneucleotide probe. Arrow shows TNF-α mRNA expression. Panel A. TNF-α mRNA 

in the DRG. Panel B: TNF-α mRNA in dorsal root and in the spinal cord. Total 

magnification 200x. 
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Figure 14: In situ hybridization for detection of TNF-α mRNA within the spinal cord.  

Tissue from control rats Panel A. NC= Naïve control, Panel B. AC 12= Active control 

day 12, reveals decrease TNF-α mRNA expression in the spinal cord.  Panel C. Active 

EAE day 12 reveals increase TNF-α mRNA expression compared with control rats. Total 

magnification 100x. Scale bar 200µm. NC= Naïve control, AC= Active control, 

EAE=Active EAE. 
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Figure 15: Real-time PCR results of TNF-α expression within DRG.  

The TNF-α expression of DRG for animals of the active EAE group, euthanized at day 12 

is significantly higher than other groups (naive control and active control (AC) (p<0.05, 

Anova). 
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Figure 16: Normalized Real-time PCR results of TNF-α expression within spinal cord.  

The TNF-α expression of spinal cord for animals of the active EAE group, euthanized at 

day 15 is significantly higher than EAE day 3  group  and active control day 15 group 

(p<0.05, Anova). NC= Naïve control, AC= Active control, EAE=Active EAE. 
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Figure 17: Global Neurological Disability Score for animals induced to a state of EAE.  

Disability scores range from a mean clinical disability score of 0 (no disability) to 15 

(maximal disability). The bell shaped distribution outlining peak neurological disability in 

response to EAE induction occurred at day 12 post-disease induction. 
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Figure 18 (A-G): Detailed Neurological Disability Scores for active EAE animals.  

(NT=18) at days 9 (n=6), 12 (n=6) & 15 (n=6),  spanning the 6 specific domains of 

clinical disability assessment that include: tail, bladder, left hind, right hind, left front and 

right front. Total score represents the mean of the individual summated scores (n=6) of 

each specified time point for each of the 6 individual domains of clinical disability 

assessment. The mean clinical disability scores obtained at each predetermined time point 

range from 0 (no disability) to 15 (maximal disability). 
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Figure 19: Normalized thermal withdrawal latencies in EAE15 rats for tail relative to 

time of disease onset.  

Values are normalized to average baseline responses (Days -4 to 1) and displayed as 

means +/- standard deviations. Data are aligned to day of onset of clinical disease; Day 0 

is the first day of clinical symptoms/signs for each individual animal. Withdrawal 

latencies were significantly increased at day 0 compared to baseline responses (p=0.002, 

Tukey’s honest significance test). 
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Figure 20: Thermal withdrawal latencies normalized to baseline responses (average of 

Day -4 to Day -1).  

Data are aligned to day of onset of clinical disease; Day 0 is the first day of clinical 

symptoms/signs for each individual animal. Withdrawal latencies were significantly 

elevated at day 4 compared to all days before except Day 3 (Repeated measures ANOVA, 

p>0.05,  Tukey’s posthoc test ). ANOVA by SITE for DAY effect is significant for front 

right, front left and rear left.  
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Figure 21: Mechanical withdrawal thresholds normalized to baseline responses 

(average of Day -4 to Day -1).  
 

Data are aligned to day of onset of clinical disease; ie, Day 0 is the first day of clinical 

symptoms/signs for each individual animal. No significant effects using repeated 

measures ANOVA for SITE x DAY. 

 

Normalized Mechanical Withdrawal Thresholds - Disease Onset 

Alignment

0

20

40

60

80

100

120

140

-4 -3 -2 -1 0 1 2 3 4 5

Clinical Disease Onset 

N
o

rm
a
li
z
e
d

 W
it

h
d

ra
w

a
l 

T
h

re
s
h

o
ld

s
 (

%
)

rear right rear left

 

 

 

 

  

 



                                                                                                                      

 90 

Figure 22: Percentage of TNF-α positive neurons in DRG.  

Significantly increased proportions of TNF-α positive sensory neurons were identified in 

the active EAE group which appeared to peak at 12 dpi. (P<0.05, Anova). NC= Naïve 

control, AC= Active control, EAE=Active EAE. 
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Figure 23: Cell size distribution of TNF-α positive neurons in DRG. 

Analysis of size of the TNF-α positive neurons identified from DRG obtained from the 

active EAE and active control group revealed a predominant cell size distribution that is 

reflective of small to medium diameter (<25 µm, mean=22.30 µm, SD±4.47 µm) sensory 

neurons which corresponds to C and Aδ fibers, respectively. (*P <0.01, Anova). NC= 

Naïve control, AC= Active control, EAE=Active EAE. 
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Table 1:  Afferent fibers innervation into the spinal cord laminae (Based on facts from 

Millan, 1999). 

 

Afferent fibers  Laminae 

Aβ fibers (non nociceptive)  *(III –IV) 

less in V/VI   

limited extent in IIi, I  

Aδ fibres ( nociceptive ) *I,  

sparse extent in IIo  

less X 

C fibers (nociceptive)  *IIo,  

less in I,  

weak in V, X 

*predominant innervations 

 

Table 2: Animal usage: N=66. 

 

  

Naïve 

control 

 

Active control 

 

Active EAE 

No. of  

animals 

6 6 6 6 6 6 6 6 6 6 6 

Sacrifice 

day 

15 3 6 9 12 15 3 6 9 12 15 
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Table 3: Neurological Disability Clinical Scoring System for animals induced to a state 

of EAE.  

 

The total score is the sum of the following individual scores obtained for each of the 6 

specified clinical domains:  

 

Tail:  Bladder: 

0 – normal  0 – normal 

1 – partially paralyzed, weakness  1 - incontinence 

2 – completely paralyzed, limp   

 

Right hind limb:  Left hind limb: 

0 – normal  0 – normal 

1 – weakness  1 - weakness 

2 – dragging with partial paralysis  2 - dragging with partial paralysis 

3 – complete paralysis  3 – complete paralysis 

 

Right forelimb:  Left forelimb: 

0 – normal  0 - normal 

1 – weakness  1 - weakness 

2 – dragging, not able to support weight  2 – dragging, not able to support weight 

3 – complete paralysis  3 – complete paralysis 

 

Table 4: Summary of tissue analysis. 
 

Tissue analysis Fresh extract Tissue sections 

DRG 
qRT-PCR 

Protein 

In situ hybridization 

Immunohistochemistry 

Spinal cord 
qRT-PCR 

Protein 

In situ hybridization 

Immunohistochemistry 
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CHAPTER 5: DISCUSSION 

The results of this study are the first to our knowledge to provide supportive evidence in 

regard to the advanced cellular mechanisms involved in MS induced neuropathic pain. 

We show that TNF-α gene and protein expression in the DRG and spinal cord tissue is 

increased in the active EAE day 12 dpi compared to control groups. In addition, our 

findings  show TNF-α mRNA expression in the dorsal root entry point which supports 

our hypothesis that antigen induced DRG derived TNF-α can undergo axoplasmic 

anterograde transport from the periphery to the spinal cord via the dorsal roots. Our 

evidence that TNF-α mRNA translocates from the DRG to the dorsal horn of the spinal 

cord after CNS antigen induced inflammation is strong supportive evidence for the role of 

TNF-α in the signaling events that accompany DRG mediated CNS inflammation. 

In the active EAE group sensory abnormalities assessed by thermal sensory testing, were 

also observed. Neurological disability assessments also demonstrate that the peak clinical 

score for active EAE animals is at day 12 which correlates with the findings of elevated 

TNF-α protein and gene expression in active EAE at day 12.  

TNF-α PROTEIN AND GENE EXPRESSION 

To assess the underlying cellular mechanism of MS induced neuropathic pain, we 

analyzed TNF-α protein and gene expression in the DRG, dorsal roots, and spinal cord. 

TNF-α protein expression was measured using IHC analysis. TNF-α mRNA expression 

was measured using qRT PCR and ISH analysis. 

 Previous studies have provided unequivocal evidence that pro-inflammatory cytokines 

mediate cellular and/or molecular changes in the DRG that manifest as hyperexcitability 
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of the primary sensory neurons. Thus these cytokines contribute to both induction and 

maintenance of neuropathic pain (Jancalek et al.; Wagner and Myers, 1996; Sommer and 

Schafers, 1998; Sommer et al., 1998a; Schafers et al., 2003a). Specifically, TNF-α has a 

critical role in the development and maintenance of neuropathic pain (Kiguchi et al., 

2009). In addition, TNF-α plays a pivotal role in both peripheral and central mechanisms 

of neuropathic pain (Leung and Cahill). Traditional chronic constriction injury (CCI) of 

sciatic nerve in rats results in increased TNF-α immunoreactivity in DRG of both injured 

and uninjured ipsilateral adjacent afferents (Schafers et al., 2003c). Unilateral axotomy of 

the sciatic nerve in rats also demonstrates transient up regulation of TNF-α in both ipsi 

and contralateral DRG (Miao et al., 2008). On the other hand, inhibiting the synthesis of 

TNF-α with thalidomide or treatment with anti- TNF neutralizing antibodies at the time of 

nerve injury blocked the development of hyperalgesia and allodynia in animal models 

(Sommer et al., 1998b; Sommer et al., 1998a; Sommer et al., 2001). TNF-α act via two 

receptors: TNFR1 and TNFR2. TNFR1 is activated by binding of soluble TNF-α, 

whereas TNFR2 is activated by binding preferentially to transmembrane TNF-α (McCoy 

and Tansey, 2008). Previous study reported that elevated soluble TNF-α is a hallmark of 

acute and chronic neuroinflammation as well as number of neurodegenerative conditions, 

including MS (McCoy and Tansey, 2008). Therefore, further experiments are required to 

determine which form of TNF-α is present in our model.   

Besides the injury induced causes of neuropathic pain, disease has also been associated 

with the development of neuropathic pain (Namaka et al., 2004). Research suggests that 

neuropathic pain is becoming a common problem in diabetes, and cancer, as well as in 

MS patients (Nurmikko et al.; Blumenthal, 2009; Wasan et al., 2009). A recent study 
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indicates that a common mechanism  of neuropathic pain is the presence of inflammation 

at the site of injury which ultimately activates the immune system and release of immune 

active substances (Vallejo et al.). This concept is similar to the concept which focuses on 

the neuroimmune activation of chronic neuropathic pain (Mata et al., 2008).  

Based on our published immune activation DRG and Spinal cord model for MS induced 

NPP (Melanson et al., 2009), antigen (MBP) induced activation of Th1 cells in the 

peripheral blood results in the elevated production of inflammatory cytokines such as 

TNF-α. Therefore we hypothesize that this blood derived inflammatory cytokine gains 

access to the DRG via the highly permeable capillaries that vascularize the DRG 

membrane. Entry of inflammatory cytokines into the DRG facilitates the activation of 

sensory neurons housed within the ganglia. This results in the release of neurotrophins 

such as BDNF and NGF. As a result, the newly synthesized cytokines and neurotrophins 

within the DRG can undergo axoplasmic transport directly into the CNS via the dorsal 

root port of entry to the spinal cord and directly act on dorsal horn neurons. This critical 

cytokine-neurotrophin interaction in the DRG followed by transport to the dorsal horn 

represents a plausible mechanism for MS-induced neuropathic pain involving the 

pathological activation of dorsal horn neurons. In addition, we hypothesize that Th1 cells 

may migrate to the DRG via and invasion through the BBB resulting from increased 

ICAM-1 expression on the endothelial cells, activated by the Th1 cell-derived TNF-α. 

The dual invasion of inflammatory cytokines and/or Th1  in the DRG would then continue 

to facilitate a positive feedback loop between DRG and the activated immune system 

(Melanson et al., 2009). 
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In our lab, a previous study was primarily focused on the TNF-α expression within DRG 

to determine its potential role in facilitating the intracellular signaling pathways involved 

in MS-induced neuropathic pain (Melanson et al., 2009). Thus, in order to identify 

possible mechanisms and temporal stages of central signaling pathways involved in 

neuropathic pain, this research was extended to include the analysis of TNF-α expression 

in the spinal cord tissue. In addition, this study was also designed to correlate the changes 

of TNF-α expression with the neurological disability symptoms and neuropathic behavior 

symptoms.  

Anterograde and retrograde transport mechanisms for the neurotrophins BDNF and NGF 

between DRG and spinal cord support the theory that anterograde TNF-α protein 

transport also occurs (Richardson and Riopelle, 1984; Yip and Johnson, 1986; Zweifel et 

al., 2005; Miao et al., 2008). In addition to protein transport, other research has shown 

established transport mechanisms for the mRNA of BDNF and NT-3 as well as other 

substances, providing support for our findings of anterograde transport of TNF-α mRNA 

between DRG and spinal cord (Qiao et al., 2008; Wang et al., 2008). These findings 

support the bi-directional axonal transport of TNF-α protein and mRNA between DRG 

and spinal cord and correlate well with our experimental findings.  Our IHC results 

demonstrate a significant increase of TNF-α protein in the DRG and spinal cord of active 

EAE day 12 dpi compared to control groups. The qRT-PCR and in situ hybridization 

findings also showed significant changes mRNA expression both in DRG and spinal cord 

of rats with active EAE group. Our experiments also showed TNF-α mRNA expression in 

the dorsal root. This finding also supported our hypothesis that TNF-α is capable of 

anterograde transport from the DRG to the spinal cord via dorsal root for local translation 
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at the pre-synaptic terminus essential for the release and interaction with the post-synaptic 

dorsal horn neurons, facilitating its involvement in the central mechanism of chronic 

neuropathic pain.  

NEUROLOGICAL DISABILITY ASSESSMENTS 

Similar to the human presentation of MS, animal EAE models may have relapsing 

remitting or a chronic relapsing course of disease (Olechowski et al., 2009). Prior studies 

have demonstrated that the MBP induced EAE model typically requires 8-11 days before 

clinical onset of symptoms with peak symptoms occurring between days 12-13 post-

induction followed by complete remission (Gold et al., 2000). Our animal model 

demonstrated clinical symptoms appearing at day 6 after immunization with the peak 

symptoms at day 12 followed by remission which corresponds with previous results 

(Gold et al., 2000; Melanson et al., 2009). Clinical symptoms began in the tail and 

progressed to bladder and hind feet. This also corresponds with the findings from the 

behavioral assessments where we noticed hypoalgesia largely involving the tail and hind 

feet. This result parallels the human condition, with the highest percentage of MS patients 

complaining of chronic NPP in their lower extremities (Ehde et al., 2006). In addition, the 

results of the neurological disability scoring correlate with the results of IHC, qRT-PCR, 

and ISH which showed elevated TNF-α protein and gene expression in active EAE at day 

12 dpi.  

BEHAVIORAL ASSESSMENTS  

Chronic pain is a major symptom associated with MS (Nurmikko et al.; Olechowski et al., 

2009). The typical symptoms of neuropathic pain include hyperalgesia, allodynia and 

spontaneous pain (Marchand et al., 2005; Kiguchi et al., 2009). We first assessed changes 
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to the sensitivity to noxious heat in five specific domains of the animals using radiant heat 

stimulus. Results of our study showed significantly increased thermal withdrawal 

latencies that indicate the development of thermal hypoalgesia following clinical onset of 

EAE disease. Studies using a PLP induced relapsing remitting model of EAE in the SJL/J 

strain of mice showed thermal hypoalgesia followed by thermal hyperalgesia (Aicher et 

al., 2004). The same study also reported that hyperalgesia is not typically seen until 

resolution of the acute phase of the disease (Aicher et al., 2004). Our data correspond 

with their results for the same time period. The MBP induced EAE model is the acute 

inflammatory model. Therefore, the observed hypoalgesia is most likely explained by 

inflammation, axonal swelling, and constriction, which ultimately slows down nerve 

impulse conduction. Either way, the observed sensory changes are clear indicators that 

sensory function is altered in this animal model. To assess mechanical allodynia, we used 

von frey filament. No significant changes were observed in withdrawal latencies in the 

active EAE or control groups of animals resulting from mechanical stimulus. This finding 

can be explained by the role of cutaneous afferent fibers. In the chronic stage of disease, 

there is a degeneration and loss of Aδ and C fiber projections in laminae II. Subsequently, 

the central projections of surviving Aβ fibers in lamina III and IV may sprout into the 

territory vacated by the Aδ and C-fiber terminals and make contact with second order 

pain transmission neurons in laminae II (Lekan et al., 1996; Nakamura and Myers, 1999). 

Thus, non-noxious information, such as proprioceptive information or touch may be 

interpreted as being of noxious origin. As our animal model is the acute inflammatory 

model, therefore it could be possible that there is no degeneration or loss of Aδ and C-
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fiber. As a result, there will be no sprouting of Aβ fibers in laminae II which may be 

involved in the mechanism of allodynia.  

CELLULAR SOURCE OF TNF-α EXPRESSION 

The 3 main categories of cutaneous sensory afferent fibers, Aβ, Aδ and C fibers,  keep the 

body in touch with the diverse stimuli received from the external environment (Namaka 

et al., 2004). Under normal conditions, Aδ and C fibers, the main fibers for nociceptive 

transmission, contain medium and small diameter sensory axons, respectively, whereas 

Aβ fibers are involved in signaling non-nociceptive information and contain large 

diameter sensory axons. Studies show that in the intact nervous system small diameter 

neurons are TNF-α immunoreactive, but after chronic constriction injury medium to large 

DRG neurons increase their expression of TNF-α (Schafers et al., 2002). We therefore 

needed to identify the specific cellular source of TNF-α in the DRG.  Based on the 

additional detailed analysis of DRG sensory neurons, our results demonstrate that active 

EAE day 12 group has the highest percentage of TNF-α positive neurons compared to 

other groups. In addition, the specific cellular source of TNF-α appears to be 

predominantly small to medium diameter with an average diameter of 22.30 µm which 

correspond to C and Aδ nociceptive neurons. The findings that we have presented 

depicting the specific cellular source of TNF-α due to inflammation are consistent with 

other studies (Schafers et al., 2002; Schafers et al., 2003c; Miao et al., 2008)   This 

finding of the specific cellular source correlates with qRT-PCR data that clearly 

demonstrate a statistically significant increase in TNF-α expression at active EAE day 12 

compared to other groups.  
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CHAPTER 6: LIMITATIONS AND FUTURE RESEARCH 

CONSIDERATIONS 

 

Thermal hyperalgesia and mechanical allodynia were the two major indicators used to 

confirm neuropathic pain behaviors in animal models of pain. In our animal model of MS, 

we were not able to observe these indicators. Instead we observed thermal hypoalgesia. 

As has been shown in previous studies, this is a clear indicator that sensory function is 

altered in our animal model. This thermal hypoalgesia may be the result of axonal 

swelling due to inflammation, which we expected in the monophasic rat model. Since a 

previous study reported that hyperalgesia is preceded by hypoalgesia, and hyperalgesia is 

not typically seen until resolution of the initial acute phase of the disease (Aicher et al., 

2004), we have plan in a future study to move from the monophasic rat model to the 

biphasic mouse model using MOG as an immunogen (Aicher et al., 2004). By using 

monophasic mouse model, we hope to correlate the TNF-α expression with the specific 

neuropathic pain behaviors. Like MS, the MOG mouse EAE animal model also follows a 

different phase of the disease which is characterized by inflammation, demyelination and 

loss of axons. Using the biphasic model we will be able to analyze the role to 

inflammatory cytokines in different stages of the disease process, spanning from the early 

antigenic induction of inflammation as confirmed in our rat MPB model, to the later 

stages of de-myelination in accordance with the mouse model of MS. 

Besides thermal hyperalgesia and mechanical allodynia, cold allodynia is often reported 

to be the sensory disturbances in MS patients (Svendsen et al., 2005) and appears early in 

the disease process prior to any apparent neurological deficits (Olechowski et al., 2009).  
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Therefore in our future study we will use the acetone test to detect changes in the 

sensitivity to innocuous cold stimuli.  

TNF-α is a proinflammatory cytokine and plays a pathogenic role in many autoimmune 

disease such as MS (McCoy and Tansey, 2008; Takei and Laskey, 2008b) Studies show 

that TNF-α signaling depends on the function of NGF (Takei and Laskey, 2008b). In the 

presence of NGF, TNF-α promotes neuronal cell survival via TNFR2 (Takei and Laskey, 

2008a). Another study showed that endogenous TNF-α contributes to neuronal cell death 

via TNFR1 after withdrawal of NGF (Barker et al., 2001). BDNF is also a member of the 

neurotrophin family and important modulator of neuronal function and survival (Saha et 

al., 2006). In support of the relationship between TNF-α and BDNF, TNF-α mediates 

neuroprotection indirectly by promoting astroglial BDNF expression (Saha et al., 2006). 

Therefore, in our DRG/spinal cord model (Figure 7), we suggested a correlation between 

TNF-α, BDNF, and NGF. BDNF causes OL differentiation and proliferation and promote 

myelin formation and repair. In the presence of NGF, TNF-α promotes neuronal survival 

via TNFR2. Conversely, TNF-α causes OL death via TNFR1 in the absence of NGF. 

Failure to maintain the adequate balance of these three key factors (TNF-α, BDNF and 

NGF) may contribute to MS pathophysiology. Therefore in our future study we hope to 

find out the TNF-α signaling pathways and how they contribute in MS pathophysiology 

via two receptors. In addition, we will also analyze NGF expression in the DRG as well 

as Spinal cord tissue and correlate with TNF-α signaling pathways.  
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CHAPTER 7: SUMMARY AND CONCLUSIONS 

The result of our current research shows that following EAE induction TNF-α protein and 

gene expression was increased in the DRG as well as in the spinal cord tissue of active 

EAE groups at day 12 compared to control groups. Using our novel cryostat technique 

our results also demonstrated that axoplasmic anterograde transport of TNF-α is possible 

between DRG and spinal cord via dorsal root, confirmed by ISH. In situ results indicate 

increased TNF-α mRNA expression in the DRG, dorsal root entry point and spinal cord 

tissue. In addition, analysis of specific cellular source of TNF-α reveal that active EAE 

day 12 groups has the highest percentage of TNF-α positive neurons than other groups 

and majority of the TNF-α positive neurons appeared small to medium sized, 

corresponding to Aδ and C nociceptive neurons. 

In addition, our findings also demonstrated that the animal developed clinical symptoms 

after antigen induction. The clinical symptoms appear at day 6 (dpi), peak at day 12 

followed by remission. Behavioral assessments also demonstrate the sensory 

abnormalities in the active EAE group, whereas the control group did not show any signs 

of neurological disability or sensory abnormalities. These findings correspond with the 

findings that increased TNF-α protein and gene expression at day 12 of active EAE 

group. 

Neuropathic pain is a well known characteristic of MS. As a result neuropathic pain can 

be a valuable pre-diagnostic marker for MS.  The results presented in this study support 

our hypothesis that antigen induced production of inflammatory cytokine TNF-α in the 

DRG can undergo axoplasmic anterograde transport to the spinal cord in the early stages 

of MS,  which could trigger the induction of neurotrophins (BDNF and NGF) that 
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regulate downstream effects on myelin. Because of the involvement in facilitating the 

development of neuropathic pain, the DRG and/or spinal cord represent plausible targets 

for early treatment strategies aimed at attenuating the effects of inflammatory cytokines 

during the initial active stages of MS.  

Earlier diagnosis leads to the earlier application of therapeutic strategies, which results in 

decreased disease progression. MS is a disease that affects not just the person diagnosed 

with MS but the entire family. Its impact is felt through out the entire family system, 

affecting communication, relationships and daily functioning. Dealing with such an 

unpredictable chronic disease, the changes it can bring, its costs and the many choices to 

be made, put a lot of stress on all family members. If we can diagnose the disease by 

addressing primary symptomatic concern of neuropathic pain it will not only increase the 

patient health and well being but also help their family restoring quality of life aspects to 

the entire family unit. 
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CHAPTER 9: APPENDIX 

RECEIPES 

A. ANIMAL PERFUSION 

-100ml of pre-fix solution 

NaCl                                                                   0.9g 

NaNO3                                                                          0.1g 

Heparin                                                                                                                            1 IU 

Water                                                                                                                              80ml  

Bring up to 100ml with ddH2O 

-1 L 0.5M phosphate stock solution 

Sodium phosphate dibasic anhydrous (Na2HPO4, MW=141.96)      70.97g 

ddH2O                                                                                                                          900 ml 

Warm to dissolve well, cool to room temperature,  

 Bring to 1 L with ddH2O 

Sodium phosphate monobasic monohydrate (NaH2PO4
.H2O, MW=137.99)  17.33g   

ddH2O                                                                                                                          200ml 

Bring to 250 ml with ddH2O 

Add above dibasic Na2HPO4 solution to monobasic NaH2PO4 solution until pH is 7.4, 

store at room temperature. 

-100ml of fixative solution 

Paraformaldehyde                                                                                                              4g 

ddH2O                                                                                                                            50 ml 

Heat to 65°C while stirring 

Turn heat off and continue to stir 

Clear the solution with 1-2 drops of 10N NaOH 

Cool to room temperature 

Add 20ml 0.5M phosphate buffer solution 
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Filter with #1 filter paper 

Adjust pH to 7.0 with 1N HCl 

Bring up to 100ml with ddH2O 

B. IN SITU HYBRIDIZATION 

-1 L of DEPC water  

DEPC                                                                                                                           1ml  

Autoclaved water                                                                                                         1 L 

Shake vigorously and keep overnight (12hrs) at 37°C in a RNAse free flask 

Autoclave the DEPC treated water. 

-1L of DEPC treated PBS (pH 7.4)  

140mM of NaCl (Sigma# S9888)                                                                                 8.18 g 

2.7mM of KCl (Sigma#P8041)                                                                                     0.20 g 

10mM of Na2HPO4 (Fisher #S374)                                                                          1.41g 

1.8mM of KH2PO4 (Sigma# P9791)                                                                           0.24 g 

Bring up to 1L with DEPC treated water 

-100 ml of DEPC treated PBS containing 100mM Glycine (Sigma#G8898)  

Glycine                                                                                                                         0.75 g  

Bring up to100 ml with DEPC treated PBS  

- 100 ml of DEPC treated PBS containing 0.3%of Triton –X-100 (Sigma# X-100)  

Triton (x-100)                                                                                                             0.3 ml 

Bring up to 100ml with DEPC treated PBS  

-100 ml of DEPC treated PBS containing 4% Paraformaldehyde (Fisher, cat# 04042)  

Paraformaldehyde                                                                                                  4g  

DEPC treated PBS                                  80 ml 

Stir and heat up to 65°C 

Turn off the heat and continue to stir 

Add 10N NaOH to clear the solution  

Cool to room temperature 
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Filter with filter paper 

Adjust pH (7.4) with 1N HCl 

Bring up to 100 ml with DEPC H2O 

- 100 ml of 20x SSC  

Sodium citrate (Sigma# S1804)            8.82 g 

Sodium chloride (Sigma# S9625)        17.53 g 

DEPC H2O              80 ml 

Adjust pH 7.0 

Bring up to 100ml with DEPC H2O 

-100 ml of 2x SSC 

20xSSC                                                                                                                          10 ml 

Bring up to 100 ml with DEPC H2O 

-100 ml of 1x SSC 

20x SSC                5 ml  

Bring up to 100 ml with DEPC H2O 

-Buffer 1 (100mM Tris HCl, 150 mM NaCl) 

1 M stock Tris-HCl (7.5)            10 ml  

NaCl                                              0.88 g  

Bring up to 100 ml with autoclaved H2O 

-Buffer 2 (100 mM Tris-HCl, 100 mM NaCl, 50 mM MgCl2) 

1 M stock Tris-HCl (9.5)               10 ml 

NaCl                                              0.58 g                               

MgCl2                                                                 1.01 g 

Bring up to 100 ml with autoclaved H2O 

-Buffer 3 (10 mM Tris-HCl, 1 mM EDTA) 

1 M stock Tris-HCl (8.1)                   1ml  

0.5 M stock EDTA                        0.2 ml 

-100 ml of TE buffer (100mM Tris- HCl, 50 mM EDTA , pH 8.0)  

1M stock Tris HCl (pH 8.0)            10 ml 

0.5 M stock of EDTA                      10 ml 

Top up to 100 ml with DEPC H2O 
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-50 ml of 50% Dextran Sulphate (Sigma, Cat#8906)  

Dextran Sulphate                                25 g  

Bring to 50 ml with DEPC H2O 

Warm to 65° C  

Aliquot and keep into -80°C 

When ready to use warm to 65°C 

-6.5 ml of 1M DTT (Sigma, Cat#D0632)  

DTT                1 gm 

DEPC H2O                      6.5 ml  

Vortex properly 

Aliquot and store at -80°C 

 

 


