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ABSTRACT 
 

Pathogenesis of pain in pancreatitis is multifactorial, however little is known about the 

mechanisms by which inflammation in the pancreas causes pain. Here, we hypothesized 

that pancreatitis-induced pain is dependent upon sensitization of primary afferents by 

inflammatory mediators such as nerve growth factor (NGF) and interleukin-6(IL-6) and 

that such a pain is mediated through ascending pathways via the nucleus gracilis. 

Inflammation in the pancreas resulted in a significant increase in the levels of NGF in the 

pancreas. Pre-treatment with an anti-NGF peptibody delayed the development of 

pancreatitis-induced pain. Double injection of anti-NGF peptibody completely prevented 

the development of pancreatitis-induced pain. Post-treatment with anti-NGF peptibody 

significantly decreased the number of abdominal withdrawals, compared to the placebo 

group. Treatment with TRPV1 antagonists reversed the referred abdominal 

hypersensitivity.  Intrathecal administration of p38 inhibitor blocked the pancreatitis-

induced pain within minutes after administration. The levels of the TRPV1 in the 

pancreas, DRG and the spinal cord were not significantly different in the animals with 

pancreatitis compared to the controls.  

Pancreatic inflammation resulted in a significant increase in the levels of IL-6 in the 

pancreas. Treatment with an IL-6 receptor antagonist blocked the referred abdominal 

hypersensitivity in animals with pancreatitis after systemic and oral administration. 

Intrathecal administration of the antagonist did not reduce the number of abdominal 

withdrawals. The possibility that IL-6 might sensitize TRPV1 channels was tested. 
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Cultured DRG neurons were stimulated with IL-6, IL-6 antagonist or a combination of 

IL-6 with an antagonist, followed by stimulation with capsaicin. Stimulation of DRG 

with IL-6 produced a marked increase in the levels of CGRP release; combination of IL-6 

with an antagonist returned the levels of CGRP to the control levels.  

To determine the role of the nucleus gracilis in the pancreatitis-induced pain bilateral 

cannulation of the nucleus gracilis was performed. Microinjection of CNQX into the 

nucleus gracilis produced a reversal of pancreatitis-induced pain, suggesting an important 

role of ascending pathway to the n.gracilis in pancreatic pain transmission. 
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CHAPTER I: INTRODUCTION 
 
Chronic pancreatitis is defined as a continuous inflammatory disease of the pancreas 

characterized by irreversible morphologic changes that typically cause pain and 

permanent loss of function. Histological changes from the normal pancreatic architecture 

include fibrosis, acinar cell loss, loss of islet cells and inflammatory cell infiltrates 

(Kloppel, 1990; Kloppel & Maillet, 1992; Strate et al., 2002a). Functional changes in 

chronic pancreatitis include loss of exocrine function, leading to maldigestion, diarrhea, 

weight loss, often followed by islet-cell dysfunction, leading to diabetes mellitus(Strate et 

al., 2002b; Sarner & Cotton, 1984). Although the lost function can be replaced with 

pancreatic enzyme supplements and management of diabetes, the most challenging and 

debilitating symptom associated with chronic pancreatitis is pain. Pathogenesis of pain in 

pancreatitis is uncertain and there is increasing evidence that pancreatic pain is 

multifactorial and may differ from patient to patient. The multifactorial pathophysiology 

of pain in pancreatitis may explain why one therapeutic method of management of pain 

does not work in all patients and in different stages of the disease. Initial treatment is 

always conservative and includes non-opioid analgesics (NSAIDs and Acetaminophen), 

followed by opioids (Morphine, Meperidine, Tramadol). However, a group of patients 

ultimately develop severe, incapacitating, intractable epigastric pain that markedly alters 

the quality of life (Sarr & Sakorafas, 1999).Attempts to conservatively control the pain in 

these patients leads to a vicious circle of ever-increasing need for narcotic analgesics and 
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the problems of opioid addiction. Severe pain in pancreatitis is the major indication for 

surgery (drainage, denervation or resection procedures), which leads to a complete or 

partial loss of function of the pancreas. 

Pathogenesis of pain in pancreatitis  

Pain in pancreatitis is considered to be a combination of several factors. The current 

thoughts are centered on increased intraductal pressure, increased pancreatic tissue 

pressure (interstitial hypertension), pancreatitis-associated neuritis, pancreatic ischemia, 

and ongoing pancreatic injury(Fasanella et al., 2007; Sakorafas et al., 2007). 

Complications of chronic pancreatitis, such as pseudocyst, common bile duct obstruction, 

and associated gastroduodenal diseases (e.g., peptic ulcer), may contribute to the pain. 

Pancreatic cancer may mimic chronic pancreatitis and may be a complication in some 

patients with chronic pancreatitis. 

Ductal Hypertension: Increased intraductal pressure is widely accepted as the most 

important cause of pain. Pancreatic duct hypertension has been documented in patients 

with chronic pancreatitis. Intraoperative ductal pressure measurements range from 20 to 

80 mm Hg in patients with chronic pancreatitis (normal pressures are 7-15mm 

Hg)(Bradley, III, 1982; Ebbehoj et al., 1984; Madsen & Winkler, 1982; Okazaki et al., 

1988; Staritz & Meyer zum Buschenfelde, 1988).The pancreatic duct hypertension theory  

is supported by the observation that decompression of a pancreatic duct is associated with 

pain relief. However some studies found no difference between the severity of 

pancreatitis and the manometric findings(Vestergaard et al., 1994). 
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Interstitial Hypertension: Pancreatic parenchymal tissue hypertension has been 

observed in patients with chronic pancreatitis than in normal pancreas (mean pressures 30 

mm Hg in chronic pancreatitis vs. 7 mm Hg in normal glands)(Ebbehoj et al., 1990b; 

Jalleh et al., 1991; Manes et al., 1994). Elevated paremchymal pressure is related to pain 

intensity and diminishes or even returns to normal after surgical ductal decompression or 

by surgical incision of the gland(Ebbehoj et al., 1984; Ebbehoj et al., 1990a; Manes et al., 

1994). 

Ongoing Pancreatic Injury: During progressive scarring the pancreatic sensory nerves 

become irregularly entrapped in fibrotic tissue, which causes pain. 

Neuronal Changes: Recent studies offer a mechanism of pain totally different from 

ductal-interstitial hypertension. The pancreas is a highly innervated visceral organ. The 

pancreas is innervated by two nerves: the vagus nerve (with cell bodies in nodose 

ganglia) and the splanchnic nerves with cell bodies in spinal thoracic dorsal root ganglia. 

The pancreatic nerves are sensitive to both chemical and mechanical stimuli(Vera-

Portocarrero & Westlund, 2005). Chronic inflammation in the pancreas spreads onto the 

pancreatic nerves(Bockman et al., 1988; Bornman et al., 2003; Di Sebastiano et al., 2004; 

Malfertheiner et al., 1994). Keith et al(Keith et al., 1985) have noted an increased 

percentage of eosinophils in perineural inflammatory cell infiltrates, which was thought 

to be responsible for the release of nociceptive substances. Perineural  inflammatory cells 

in  chronic pancreatitis include mainly eosinophils, CD4+ and CD8+ lymphocytes, 

macrophages and mast cells(Goecke et al., 2000; Hoogerwerf et al., 2005; Hunger et al., 

1997; Shrikhande et al., 2003). Perineural inflammatory mediators include a variety of 
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substances, such as histamine, serotonin, interleukins, bradykinin, substance P, CGRP, 

TNFα and several neurotrophins such as growth associated protein 43, BDNF and 

NGF(Detlefsen et al., 2006; Di Sebastiano et al., 1997; DiMagno, 1999; Friess et al., 

1999; Madro et al., 2004; Talukdar et al., 2006; Zhu et al., 2001). 

Organization of the pain transmission system 

Cutaneous primary afferent fibers can be classified into three major types based on 

diameter, structure and conduction velocity. The primary afferents with the largest 

diameters include Aα and Aβ fibers, these are heavily myelinated and rapidly conducting 

(30-100M/sec). Aα fibers are the largest diameter and include muscle spindles and Golgi 

tendon organs and some joint receptors.  Slightly smaller sensory axons belong to Aβ 

fibers, which detect innocuous stimuli such as touch and light vibration and therefore do 

not contribute to pain.  

The majority of nociceptors are medium to small diameter fibers designated as Aδ and C 

fibers. Aδ fibers are slightly myelinated and have an intermediate conduction velocity 

(12-30M/sec), whereas C fibers are not myelinated and have a slow conduction velocity 

(0.5-2M/sec). Both Aδ and C fibers can response to mechanical, thermal and chemical 

stimuli.  

The cell bodies of the primary afferent neurons are located in the dorsal root ganglia 

(DRG). Dorsal root ganglion neurons are pseudounipolar neurons that have a central and 

a peripheral branch. The peripheral branch terminates in skin, muscle or other tissue as a 

free nerve ending. The central processes of dorsal root ganglion neurons enter the spinal 

cord at the dorsal horn. Aβ fibers enter the spinal cord and travel within the dorsal 
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columns to the nucleus gracilis or nucleus cuneatus in the medulla.  Aβ fibers also send 

projections to lamina III and IV of the dorsal horn. These fibers synapse on the 2nd order 

neurons in the nucleus gracilis and nucleus cuneatus. Axons of the second order neurons 

cross the midline and projects to the thalamus via medial lemniscus.  In contrast, Aδ and 

C fibers enter the dorsal horn and synapse on the 2nd order neurons in the superficial 

laminae of the dorsal horn. Axons of the second order neurons cross the midline join the 

spinothalamic tract and reach the thalamus, where the cell bodies of the 3rd order neurons 

are located. From the thalamus, inputs from the spinothalamic tract and the medial 

lemniscus reach the somatosensory cortex (Fig.I.1), where the perception of pain occurs.  

Viscerosensory axons are almost exclusively Aδ and C fibers. Upon entering the dorsal 

horn, visceral afferents terminate in the spinal cord laminae I,II,V and X (Ness & 

Gebhart, 1990a). Visceral afferents constitute 10% of all the afferent flow into the spinal 

cord. Centrally, ascending pathways reported to be transmitting visceral nociceptive 

information include the spinothalamic tract, spinohypothalamic tract, spinosolitary tract, 

spinoparabrachial tract and others. In addition, a number of recent studies have pointed a 

possible role of the dorsal columns (DC) in viscerosensory processing. The dorsal 

column pathway is composed of branches of primary afferent fibers, some of which 

project directly to the dorsal column nuclei and of the axons of the postsynaptic dorsal 

column (PSDC) neurons. The cell bodies of the majority of the PSDC neurons are located 

in laminae III, IV, X, around the area of the central canal. Axons of the second order 

neurons reach the nucleus gracilis on the ipsilateral side. From there, axons of the nucleus 

gracilis neurons transmit the nociceptive input to the contralateral thalamus (Fig I.2.). 
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Within the thalamus, visceral afferent inputs primarily project into the ventral 

posterolateral nucleus, where most of the neurons receive convergent somatic input.  

Similarly, viscerovisceral convergence is not uncommon, with some thalamic neurons 

responding to stimulation from distant visceral sites, such as esophagus and 

colon(Bruggemann et al., 1994).Thalamic afferents in turn carry the information into the 

somatosensory cortex. Noxious visceral stimuli produce bilateral activation of thalamic 

and cortical areas, a pattern that differs from that produced by noxious somatic 

stimulation(Aziz et al., 2000). A laterally organized system that includes the ventral 

posterolateral and posteromedial thalamus and the somatosensory cortex serves the 

discriminative functions associated with pain perception. In contrast, a medially 

organized system, comprising medial thalamic nuclei, the anterior cingulated gyrus and 

the insula, is responsible for the emotional and autonomic responses triggered by pain.  

While the ascending circuitry transmits nociceptive information to the higher brain 

centers, there are also endogenous descending pain pathways that can either inhibit or 

facilitate the processing of pain. Most notably, the periaqueductal gray (PAG) and rostral 

ventromedial medulla (RVM) have been shown to mediate this descending control .The 

RVM serves as a relay station in the descending modulation of pain. Neurons from the 

RVM project to different laminae in the spinal cord via the dorsolateral funiculus 

(DLF).Lesions of the DLF have been shown to block both PAG- and RVM-induced 

inhibitions of spinal nociceptive reflexes (i.e tail-flick).Selective destruction of µ-opioid 

receptor expressing cells in the RVM has been shown to play an important role in the 
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maintenance but not expression of neuropathic pain(Burgess et al., 2002; Porreca et al., 

2001) and pancreatitis-induced pain(Vera-Portocarrero et al., 2006). 

Peripheral sensitization 

Intense mechanical, chemical and thermal stimuli activate high-threshold sensory 

neurons, called nociceptors to produce pain (Julius & Basbaum, 2001). Tissue injury and 

inflammation lead to a decrease in a threshold and increased sensitivity of peripheral 

terminals of nociceptors  resulting in a pain hypersensitivity – a phenomenon known as 

peripheral sensitization(Woolf & Salter, 2000).Intracellular phosphorylation cascades and 

transcription-independent mechanisms seem to mediate the “short-term” sensitization. 

These mechanisms seem to be most important immediately after the injury and maintain 

sensitization over a time-frame of hours. “Long-term” sensitization of nociceptors occurs 

hours after the initial insult (>24 hr) and is dependent on transcriptional changes.  

Injured tissues and inflammatory cells release several algogenic substances such as 

neurotrophins, cytokines, bradykinin, and derivatives of arachidonic acid, serotonin, 

which directly activate nociceptors and cause pain(McMahon et al., 2005). Tissue injury 

triggers axon reflexes ,which result in a release of CGRP and SP from peripheral 

terminals to promote additional release of inflammatory mediators from immune cells as 

well as plasma extravasation in which local blood vessels become permeable to proteins, 

adding  the immune response to the injury(McMahon et al., 2005). The inflammatory 

mediators may produce short-term sensitization by reducing membrane potential of the 

nerve terminal (e.g.; ATP acting at P2X3) or by intracellular mechanisms including, for 

example, phosphorlyation the TRPV1 receptor through signaling cascades that can 
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include PKA, PKC and cAMP which increase the sensitivity of TRPV1(Bhave & Gereau, 

2004; Bonnington & McNaughton, 2003). A prominent inflammatory mediator is thought 

to be nerve growth factor (NGF) which can directly sensitize nociceptors(Shu & Mendell, 

1999; Shu & Mendell, 2001) through phosphorylation of TRPV1 via Src kinase(Zhang et 

al., 2005b). NGF is an inflammatory mediator and TrkA is a transcription factor, thus 

NGF also promotes long-term, transcription-dependent sensitization. In addition to direct 

sensitization of nociceptor function, which occurs shortly after injury, cytokines and NGF 

can maintain peripheral sensitization through activation of transcriptional mechanisms 

including the MAP kinase pathways. Such mechanisms can result in up-regulation of 

excitatory transmitters, and increased synthesis and trafficking of ion channels, including 

TRPV1 and Nav1.8(Bhave & Gereau, 2004). This signaling cascade can also include 

post-translational modifications of both ligand-gated and voltage-gated ion channels, with 

the net result being increased sensitivity and diminished desensitization of the ion 

channels and an increased responsiveness of nociceptors, a process which can persist for 

many days. 

Central sensitization 

 Central sensitization is a key process in the development of persistent somatic pain 

hypersensitivity and there is an extensive body of literature that has highlighted the 

importance of SP, neurokinin B, PGE2 and the NMDA receptor in its development and 

maintenance at the spinal level(Woolf, 1995). Enhanced nociceptor input activates 

intracellular signalling cascades within spinal dorsal horn neurons. This leads to 

amplified responses to both noxious and innocuous inputs, due to facilitated excitatory 
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synaptic responses and depressed inhibition(Woolf, 1983; Woolf, 1991; Woolf, 1995). 

Facilitation is triggered by the presynaptic release of neurotransmitters and 

neuromodulators, such as glutamate, substance P (SP), brain-derived neurotrophic factor 

(BDNF) and prostaglandins. These neurotransmitters and neuromodulators activate 

ligand-gated ion channels including N-methyl-d-aspartate (NMDA) and α-amino-5-

hydroxy-3-methyl-4-isoxazole propionic acid (AMPA) receptors, G-protein-coupled 

metabotropic receptors, neurokinin receptors and tyrosine kinase receptors, which then 

increase intracellular calcium via release from intracellular stores and calcium influx. 

Subsequently, alterations in ion channel and receptor activity via calcium-dependent 

activation of protein kinase A(PKA), protein kinase C(PKC) and tyrosine kinases lead to 

phosphorylation of the NMDA receptors(Woolf & Salter, 2000). This dramatically 

changes NMDA receptor kinetics and reduces its voltage-dependent magnesium block, 

therefore increasing its subsequent responsiveness to glutamate and synaptic strength, 

enabling previously subthreshold inputs to activate the cell. In addition to producing 

central sensitization, which occurs within seconds of appropriate activation of spinal 

dorsal horn neurons, nociceptive inputs also generate an activity-dependent changes in 

transcription in dorsal root ganglion and dorsal horn neurons(Woolf & Costigan, 1999). 

These transcriptional changes include ,for instance, increased expression of SP and 

BDNF after inflammation(Neumann et al., 1996) which lead to the development of 

allodynia. These changes take hours to manifest but, when established, lead to long-

lasting changes in normal stimulus response characteristics. 
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Evidence for a role of central sensitization as a mechanism for the development and 

maintenance of visceral pain hypersensitivity comes from several animal studies(Mayer 

& Gebhart, 1994; Sarkar et al., 2000; Cervero, 1994; Ness & Gebhart, 1990b; Gebhart & 

Ness, 1991).Tissue injury or irritation that leads to central sensitization can result from 

experimentally induced inflammation(McMahon, 1988), and repetitive noxious 

stumulation(Cervero et al., 1992). 

The role of NGF in inflammatory pain 

Nerve growth factor plays a crucial developmental  role in regulating the survival and 

specification of sensory neurons(Snider & Silos-Santiago, 1996), however a compelling 

body of evidence suggests that NGF is a mediator of some persistent pain states in  adult 

animals and inflammatory pain in particular(McMahon, 1996). NGF levels have been 

shown to increase at both protein and mRNA level in a variety of inflammatory 

conditions, such as CFA and carrageenan induced inflammation(Sammons et al., 2000; 

Koltzenburg et al., 1999; Manni & Aloe, 1998; McMahon et al., 1995; Woolf et al., 

1997) and in animal models of cystitis(Guerios et al., 2006; Hu et al., 2005; Jaggar et al., 

1999; Oddiah et al., 1998). In rodents administration of NGF produces robust, long-

lasting thermal hyperalgesia and mechanical allodynia(Della et al., 1994; Lewin et al., 

1994). Sequestering endogenous NGF with either anti-NGF antibodies or trkA-IgG 

fusion protein markedly reduced hyperalgesia in animal models of several pain states. In 

a model of postoperative pain blocking NGF reduces thermal hyperalgesia and resting 

pain(Zahn et al., 2004).In rat models of acute inflammatory pain in which irritants are 

injected into the plantar tissue, the resulting hypersensitivity and electrophysiological 
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changes are inhibited by blocking the action of NGF(Ma & Woolf, 1997; McMahon et 

al., 1995; Woolf et al., 1994).Similarly treatment with anti-NGF antibody abolishes the 

pain during limb movements in a model of chronic arthritis induced by injection of CFA 

into the tail-base of adult rats(Shelton et al., 2005).  In animal models of visceral pain, 

systemic administration of NGF blocking agents inhibits the behavioral responses by 

irritants instilled into the colon, stomach and bladder(Delafoy et al., 2003; Jaggar et al., 

1999; Lamb et al., 2003). In a murine  model of metastatic  bone cancer-induced pain, 

anti-NGF blocks the behavioral signs of pain as effectively as the maximum-tolerated 

dose of morphine(Sevcik et al., 2005). 

Localization of trkA receptors in the nervous system 

NGF binds preferentially to the high-affinity tyrosine kinase receptor subtype TrkA as 

well as to the low-affinity, non-selective neurotrophin receptor p75(Banik et al., 2005; 

Hempstead et al., 1991; McMahon et al., 1995). In adult animals, approximately 92% of 

TrkA-expressing DRG neurons also express CGRP and SP whereas 4 - 13% of TrkA- 

expressing cells also bind IB4(Averill et al., 1995; Bennett et al., 1996). In addition, 

TrkA is present on a small (20%) fraction of myelinated DRG neurons(Averill et al., 

1995; Bennett et al., 1996). At birth, the majority of the DRG are sensitive to NGF, and 

NGF dose-dependently supports their survival and promotes neurite outgrowth from the 

DRG(Patel et al., 2000). In the first postnatal week, approximately one half of DRG 

neurons down-regulates trkA and loses responsiveness to NGF. These cells begin to 

express receptors for another class of neurotrophic factors , the glial-line derived 

neurotrophic factor(GDNF) family(Bennett et al., 1998). 



26 
 

 

TRPV1 channels and nociception 

TRPV1 is highly expressed in the DRG and the peripheral terminals of primary afferent 

neurons projecting to the superficial laminae of the spinal cord dorsal horn and the 

trigeminal nucleus caudalis(Tominaga et al., 1998). TRPV1 is activated promiscuously 

and polymodally: TRPV1 agonists include capsaicin and resiniferatoxin, heat, H+, 

endocannabinoid lipids such as anandamide, eicosanoids(Ramsey et al., 2006).TRPV1 

channels mediate the transmembrane flux of cations down their electrochemical 

gradients, thereby raising intracellular Ca2+ and Na+  concentrations and depolarizing the 

cell. One important aspect of TRPV1 regulation is the mechanism by which the 

inflammatory mediators in damaged tissues sensitize TRPV1 to chemical and physical 

stimuli. Whereas protons act directly on TRPV1, others influence TRPV1 indirectly such 

as through receptors with intrinsic tyrosine kinase activity, G-protein coupled receptors, 

or receptors coupled to Jak/STAT signaling pathway. Like other ion channels, TRPV1 

can be phosphorylated by several kinases including protein kinase A (PKA)(Bhave et al., 

2002; Rathee et al., 2002), protein kinase C(PKC)(Ahern, 2003; Premkumar & Ahern, 

2000),calcium calmodulin (CaM)-dependent kinase II(Jung et al., 2004) and Src kinase 

(Jin et al., 2004; Zhang et al., 2005b). There has been extensive work demonstrating that 

activation of a PKA-dependent pathway by inflammatory mediators such as 

prostaglandins influences capsaicin- or heat-evoked actions in sensory neurons probably 

by acting on TRPV1(Distler et al., 2003; Lopshire & Nicol, 1998). PKC-dependent 

phosphorylation of TRPV1 occurs downstream of activation of Gq-coupled receptors by 
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several inflammatory mediators including ATP, bradykinin, prostaglandins and trypsin 

(Dai et al., 2004; Moriyama et al., 2003; Moriyama et al., 2005; Sugiura et al., 2002). 

PKC-dependent phosphorylation of TRPV1 caused not only potentiation of capsaicin-or 

proton-evoked responses but it also reduced the temperature threshold for TRPV1 

activation so that normally nonpainful temperatures in the range of normal body 

temperature were capable of activating TRPV1. 

The role of IL-6 in inflammatory pain 

The pleiotropic cytokine IL-6 is markedly up-regulated during various pathologic 

conditions generally associated with increased pain and hyperalgesia, including 

neuropathies, musculoskeletal disorders, and burn injury. Most experimental studies 

report pro-inflammatory and pro-nociceptive roles for IL-6. Intraplantar, 

intracerebroventricular , intrathecal or intradermal  injection of IL-6 induced allodynia or 

hyperalgesia in rats(Nordlind et al., 1996; Nakahara et al., 2003; Tamura et al., 1993; 

Klein et al., 1989a) Several experimental inflammatory models have shown that IL-6 is a 

mediator in inflamed tissue(Voorzanger et al., 1996; Okamoto et al., 1995; Landi et al., 

2003) . Behavioral studies have shown that IL-6 knockout mice exhibited reduced 

hyperalgesia after carrageenan inflammation or peripheral neuropathy after nerve 

constriction(Igarashi et al., 2004; Strassmann et al., 1993; Angelo et al., 2002). A variety 

of studies have demonstrated that overproduction of IL-6 contributes to the pathogenesis 

of various autoimmune and inflammatory diseases, including rheumatoid arthritis (RA), 

systemic-onset juvenile chronic arthritis (JCA), osteoporosis, and psoriasis, insulin-

dependent diabetes mellitus, inflammatory bowel disease(Bamba et al., 1994a). High 
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levels of IL-6 were detected in the joint cartilage and synovium from the facet joint tissue 

in patients with degenerative lumbar spinal disorders(Stimac et al., 2007). Serum IL-6 

concentrations are significantly higher in patients with Crohn’s disease than in healthy 

controls(Viedma et al., 1992b; Galloway & Kingsnorth, 1994a).Interleukin-6 has a well-

documented role in cancer. IL-6 acts as a paracrine growth factor for multiple myeloma, 

non-Hodgkin’s lymphoma, bladder cancer, colorectal cancer and renal cell carcinoma 

(Mohan et al., 2001; Kwon et al., 2003; Wahie et al., 2006; Kuruvilla et al., 2003; Vidal 

et al., 2003). IL-6 has been ascertained to play a major role in pancreatitis and pancreatic 

cancer. IL-6 levels are elevated in pancreatitis and serve as markers of severity of 

pancreatitis, in addition to paralleling the course of the disease(Bamba et al., 1994b; De 

Waele & Blot, 2007; Galloway & Kingsnorth, 1994b; Heath et al., 1993; Leser et al., 

1991; Pfutzer & Whitcomb, 2000; Sathyanarayan et al., 2007; Stimac et al., 2006; 

Viedma et al., 1992a). The vast majority of pancreatic cancer patients have advanced 

disease at the time of diagnosis and they eventually become so emaciated that death 

primarily occurs from cancer cachexia. The detection rate of IL-6 in pancreatic cancer 

patients was significantly higher than for healthy controls. Excessive amounts of IL-6 in 

serum may play various roles in tumor progression, including metastasis and clinical 

manifestations such as weight loss(Okada et al., 1998a; Ebrahimi et al., 2004; Wigmore 

et al., 2002). 

Localization of IL-6 in nervous tissue 

Cells of many types can synthesize IL-6 at low, sometimes undetectable by conventional 

methods, levels. IL-6 is present in both neuronal and glial cells in the peripheral and 
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central nervous system(Arruda et al., 1998; Opree & Kress, 2000; Cui et al., 2000). In 

particular, dorsal root ganglion (DRG) neurons express IL-6 mRNA (Gadient & Otten, 

1996) and IL-6 protein, and they secrete bioactive IL-6(Ito et al., 1998). In human DRG, 

IL-6 is synthesized in more than 75% of the DRG neurons(Murphy et al., 1995). IL-6 is 

co-localized with substance P (SP) and calcitonin gene-related peptide (CGRP) in more 

than 60% of the DRG neurons(Nordlind et al., 2000). IL-6-like immunoreactivity (IR) 

was found in the peripheral nerves in normal and inflamed human skin(Murphy et al., 

1999a). IL-6 or IL-6 mRNA was hardly detected in normal sciatic nerves(DeLeo et al., 

1996; Winkelstein et al., 2001). Only small amounts of IL-6 or IL-6 mRNA were 

observed in the dorsal or ventral horns of the spinal cord(Bao et al., 2001; Nordlind et al., 

1996). The peripheral nociceptors lack IL-6R but express gp130(Obreja et al., 2002b). 

Within 3h after a sciatic nerve crush injury, IL-6 was produced distally and proximally to 

the injured site(DeLeo et al., 1996). A similar increase in IL-6 IR was found after nerve 

transsection. In rats with different forms of mononeuropathy (chronic constriction, crush 

injury, axotomy) a correlation between postoperative mechanical allodynia and the 

number of IL-6 positive cells in the sciatic nerve was found(Oka et al., 1995). IL-6 

receptors also increase after nerve injury. IL-6R mRNA was shown to increase in the 

distal part soon after sciatic nerve crush and transsection(Hirano, 2002). Dorsal root 

ganglia (DRG) contain the nucleus of the peripheral sensory neurons, implying the 

possibility of de novo synthesis of IL-6 and its receptor. In response to a transsection of 

the sciatic nerve, IL-6 and IL-6 mRNA were found in medium to large sensory neurons in 

the ipsilateral, but not contralateral corresponding DRG(Igarashi et al., 2004). In a nerve 
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constriction model, IL-6 and IL-6 mRNA were found in DRG neurons at lesser 

concentrations, than in a nerve transsection model. The presence of IL-6 in the nerve 

constriction model correlated with the duration of hypersensitivity(Strassmann et al., 

1993). After sciatic nerve injury, IL-6 was found in the corresponding ipsi- and 

contralateral dorsal and ventral horns and the increases in IL-6 paralleled pain behaviors 

over time(Bao et al., 2001; Nordlind et al., 1996; Yoshizaki et al., 1989). Sham operated 

animals had no increases in the spinal cord.  Adjuvant-induced arthritis in rats also 

resulted in increased IL-6 and IL-6 mRNA levels in the spinal cord(Roodman, 1997). The 

presence of IL-6 in distal and proximal nerve segments, DRG and dorsal horn of the 

spinal cord correlates with pain behavior. The cutaneous nociceptive response threshold 

to mechanical and thermal stimulation, the development of hyperalgesia and plasma 

extravasation after subcutaneous injection of carrageenan and the development of 

autotomy behavior after nerve section were assessed in interleukin-6-deficient (IL-6-/-) 

and age-matched wild-type (IL-6+/+) mice. IL-6-/- mice had significantly lower response 

threshold to both mechanical and thermal stimulation in comparison to IL-6+/+ controls. 

Both IL-6-/- and IL-6+/+ mice developed hyperalgesia to mechanical and thermal 

stimulation after localized carrageenan injection, but the magnitude of the hyperalgesia 

was less in the IL-6-/- than in the IL-6+/+ controls. IL-6-/- mice also exhibited less 

plasma extravasation after carrageenan injection(Xu et al., 1997). In another report, no 

differences between IL6-/-and wild-type mice in withdrawal responses to thermal or 

mechanical stimuli in uninjured animals was found(Murphy et al., 1999b). The 

importance of IL-6 was also demonstrated in IL-6-/- mice, which do not develop heat and 
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mechanical  hypersensitivity in response to a chronic constriction injury(Murphy et al., 

1999b). A decrease in adrenergic sprouting, which is related to the development of 

mechanical allodynia and thermal hyperalgesia, and a decrease in a sensory nerve 

survival in DRG after sciatic nerve ligation was found in IL-6 knock-out mice, when 

compared to the wild-types(Ramer et al., 1998). Moreover, minocycline reversed 

hyperalgesia and allodynia after the sciatic nerve ligation due to inhibition of IL-6 

production(Zanjani et al., 2006). 

Influence of IL-6 on neuronal functioning 

In vitro, IL-6 induces neurite extension in pheochromocytoma 12cells(Pusztai et al., 

2004) and will cause these cells to differentiate into the neuronal phenotype. IL-6 

increases neurite survival(Ito et al., 1998; Mahida et al., 1991) and neurite 

outgrowth(Gross et al., 1992; Yudkin et al., 2000). IL-6 attenuates the neurotoxic effects  

of N-methyl-D-aspartate (NMDA) on rat striatal cholinergic neurons(Biasucci et al., 

1999). and retinal ganglion cells(Plenz et al., 1998; Kanda & Takahashi, 2004) and 

protects cultured cerebellar neurons against glutamate-induced neurotoxicity(Weber et 

al., 1993). 
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Figure I.1 Spinothalamic tract (Adopted from .Purves D., Neuroscience, 2001 , Sinauaer 
Associates). 
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Figure I.2 A simplified schematic drawing suggesting the involvement of Dorsal Column 
pathway in the visceral pain transmission. The DC lesion performed as limited midline 
myelotomy interrupts primary afferents and axons of PSDC neurons ascending in the 
Dorsal Columns. (Adopted from Palecek J.,Physiol Res,2004;53). 
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CHAPTER II: MATERIALS AND METHODS 
 
Animals 
Male Sprague-Dawley rats (200-250g at the time of testing) , male TRPV1 receptor 

knock-out (KO) mice (Jackson Laboratory, Bar Harbor, Maine), their wild-type (WT) 

littermates C57BL6 (Jackson Laboratory, Bar Harbor, Maine), weighing between 20 and 

30 g, were maintained in a climate-controlled room on a 12:12h light-dark cycle and food 

and water were available ad libitum. All of the testing was preformed in accordance with 

the policies and recommendations of the International Association for the Study of Pain 

(IASP) and National Institute of Health (NIH) and received approval from the 

Institutional Animal Care and Use Committee of the University of Arizona (IACUC). 

Induction of pancreatitis 

Chronic pancreatic inflammation was induced by intravenous administration of dibutyltin 

dichloride (DBTD, Aldrich Milwaukee, WI) dissolved in 100% ethanol at a dose of 8 

mg/kg under isofluorane anesthesia (2-3 liters/min, 4%/vol until anesthetized, then 

2.5%/vol throughout the procedure (Vera-Portocarrero et al., 2003b).  Controls received 

the same volume of vehicle alone.  
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Surgical preparation: 

A. Nucleus gracilis cannulation 

All rats were prepared for drug microinjection into the n. gracilis by placing anesthetized 

(ketamine and xylazine 100mg/kg, i.p) animals in a stereotaxic head holder. The skull 

was exposed, and a 26-gauge guide cannula(Plastics One Inc, Roanoke, VA) was directed 

toward the n. gracilis (anteroposterior –15 mm from bregma; mediolateral ±0.6 mm from 

midline; dorsoventral, -6.5 mm from skull); these coordinates were obtained from the 

atlas of Paxinos and Watson (1986). The guide cannula was cemented in place and 

secured to the skull by small stainless steel machine screws. The animals were allowed 

recovering for 6d after surgery before any pharmacological manipulations were made. 

After termination of experiments animals were sacrificed, and the placement of the 

cannula was determined by injection of ink into the n. gracilis (Fig II.1). 

B. Intrathecal catheterization 

The modified method described by Yaksh and Rudy was used(Yaksh & Rudy, 1976). 

While under ketamine anesthesia a 5.5 cm length of PE-10 tubing is inserted through an 

incision made in the atlanto-occipital membrane, to the level of the lower thoracic levels 

(T8-T12).  The catheter is then secured to the musculature at the site of incision, which is 

then closed.  The rats receive 4.4 mg/kg, i.m. of gentamycin as a prophylactic precaution 

and are allowed 5 days recovery before experimentation begins. Any rats exhibiting signs 

of motor deficiency were euthanized.  I.th. administered drugs are dissolved in saline and 

administered in a volume of 5 µL through a length of PE20 tubing connecting the i.th. 

catheter with the injection syringe.  Progress of the injection is determined by observing 
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the movement of an air bubble through a calibrated length of the tubing.  The catheter is 

cleared by flushing with 9 µL saline after drug. 

Behavioral testing: 

A.Assessment of pancreatitis-induced pain 

Pancreatitis pain was assessed by determination of referred abdominal hypersensitivity to 

probing the abdomen of rats with calibrated von Frey filament (4 g).  Rats were allowed 

to acclimate in suspended wire-mesh cages for 30 min before testing. A response was 

indicated by the sharp withdrawal of the abdomen, licking of abdominal area, or whole 

body withdrawal.  A single trial consisted of 10 applications of von Frey filament applied 

once every 10 s to allow the animal to cease any response and return to a relatively 

inactive position. The mean occurrence of withdrawal events in each trial is expressed as 

the number of responses to 10 applications. Rats without inflammation of the pancreas 

typically display withdrawal frequencies to probing with von Frey filament of 0-1. The 

animals were allowed to recover for 6d after surgery before any pharmacological 

manipulations were made. After injection of DBTC frequency of withdrawals was 

significantly increased (p≤0.05) to 8.3±0.25.  

Pancreatitis-induced pain in mice was determined in a similar manner; however the 

abdomen was probed with calibrated von Frey filament of (0.02g) as previously 

described(Kawabata et al., 2006). 

B.Hot-plate test 

Rats were placed in a plexiglass rectangle on a heated plate with temperature controlled 

at 52oC. The latency to licking of a hind paw or an attempt to escape from the chamber 
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indicated the nociceptive response. The cut-off time was set at 20 sec in order to prevent 

tissue injury. 

Primary cultures of adult rat DRG 

Male Sprague-Dawley Rats (200-250 g) were used. Dorsal root ganglia (DRG) from all 

levels (45-50/animal) were excised. After the ganglia were freed of capsular connective 

tissue and the nerve trunk, the DRG were dissociated enzymatically with collagenase A 

(1 mg /ml, 25 min) and collagenase D (1 mg/ml) with papain (30 U/ml) for 20 min at 37 

°C. Dissociated cells were seeded in 24 well titer plates and incubated at 37 °C in a 

humidified 95% air /5%CO 2 incubator. On day 4 the cells were incubated in media 

containing IL-6 (10ng/ml) and/or TB-2-081 (µM) for 30 min. After the initial treatment 

the cells were incubated with media containing the drugs and capsaicin (30 nM). After 15 

min of treatment with capsaicin the supernatant was collected and measured for the 

release of CGRP. 

Western blot 

DRG, spinal cord and pancreas were frozen in liquid nitrogen. Protein extracts pooled 

from DRG (T8-T12), spinal cord (T8-T12), pancreas were prepared in 1xPBS buffer 

(concentrations in mM): Potassium chloride 2.7, Potassium phosphate 1.8, Sodium 

chloride 137, Sodium phosphate 10.1, 1% NP-40, 1µL/mg of tissue of Protease Inhibitor 

Cocktail (Sigma).Proteins were fractionated on 10% polyacrylamide gels (Bio-Rad) and 

were transferred to PVDF membranes (Bio-Rad). Primary antibody (anti-TRPV1,sc-

12498, Santa-Cruz Biotechnologies) at 1/200 dilution was incubated overnight followed 

by HRP conjugated secondary antibody 1/5000 (donkey anti-goat, sc-2020). Bands were 
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visualized using ECL+ (Amersham) and exposed to Blue Ultra autorad film 

(BioExpress). Membranes were subsequently stripped and re-probed with beta actin 

(1/2000, Sigma). Films were scanned and band intensities were measured using ImageJ 

software (http//:rsb.nih.gov/ij/).TRPV1 data were normalized to beta actin. 

ELISA based IL-6 saturation assay 

 The 96 well-plates (Nunc) are coated with 500 ng/ml of human recombinant sIL-6R 

(R&D Systems) incubated with shaking for 15min at room temperature and then 

overnight at 4ºC. Two rows are left uncoated to determine the non specific binding. The 

following day the plates are washed 3 times with 300ul of wash buffer. To minimize non-

specific adsorptive binding to the plate, the plates are blocked with 1% BSA (Sigma) in 

phosphate buffer saline (300ul/well) and incubated at room temperature for 1 hour. The 

plates are washed again 3 times with 300ul of wash buffer. Various dilutions of human 

recombinant IL-6 (R&D Systems) are added to the plates (100nM serial diluted 1:2 11 

times). Only buffer is added in the control wells. The plates are incubated at room 

temperature with shaking for 2 hours. This is followed by another wash to eliminate the 

unbound IL-6. To detect the IL-6 bound to its receptor, human biotinylated polyclonal 

IL-6 antibody (200ng/ml, R&D Systems) is added to each well and incubated at room 

temperature for 2 hours. The plates are then washed to eliminate the unbound antibody. 

Working dilution of enzyme-conjugate Streptavidin-HRP (R&D Systems) is added to 

each well. The plates are covered and incubated for 20 minutes at room temperature. 

After another wash 100 ml of the substrate solution tetramethylbenzidine is added to each 

well. The color is allowed to develop for a few minutes in the dark at room temperature, 
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after which the reaction is stopped by 1M hydrochloric acid. The optical density of each 

well is determined immediately, using a microplate reader (Multiskan Ascent, Thermo) 

set to 450 nm with a correction wavelength of 570 nm. Data are analyzed by non-linear 

regression analysis using GraphPad Prism4 (Graph Pad, San Diego, CA).  

ELISA based IL-6 competition assay 

The 96 well-plates (Nunc) are coated with 500 ng/ml of human recombinant sIL-6R 

(R&D Systems) incubated with shaking for 15min at room temperature and then 

overnight at 4ºC. Two rows are left uncoated to determine the non specific binding. The 

following day the plates are washed 3 times with 300ul of wash buffer. To minimize non-

specific adsorptive binding to the plate, the plates are blocked with 1% BSA (Sigma) in 

phosphate buffer saline (300ul/well) and incubated at room temperature for 1 hour. The 

plates are washed again 3 times with 300ul of wash buffer. After the wash all the wells 

receive 1.2 nM of recombinant human IL-6 (R&D Systems) and various concentrations 

of the IL-6 antagonist TB-2-081 (100 nM, 10 nM, 1nM, 100 pM, 10 pM and 1 pM). The 

wells for total IL-6 bound did not receive the antagonist. The plates are incubated at room 

temperature with shaking for 3 hours. Working dilution of enzyme-conjugate 

Streptavidin-HRP (R&D Systems) is added to each well. The plates are covered and 

incubated for 20 minutes at room temperature. After another wash 100 ml of the substrate 

solution tetramethylbenzidine is added to each well. The color is allowed to develop for a 

few minutes in the dark at room temperature, after which the reaction is stopped by 1M 

hydrochloric acid. The optical density of each well is determined immediately, using a 

microplate reader (Multiskan Ascent, Thermo) set to 450 nm with a correction 
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wavelength of 570 nm. Data are analyzed by non-linear regression analysis using 

GraphPad Prism4 (Graph Pad, San Diego, CA). The Ki value for is calculated from the 

IC50 value based on the Cheng and Prusoff equation. 

ELISA 

Pancreas, skin and the lower thoracic DRG (T8-T12) were collected and frozen in –800C 

before processing. On the day of the experiment the tissue was   homogenized in a buffer 

solution (0.4M NaCl, 0.05% Tween 20, 0.5% BSA, 20 IU Aprotinin). Then the 

homogenate was centrifuged at 40C for one hour at a speed 11000-12000 rpm. 

Supernatant was processed according to the manufacturer’s protocol (NGF ELISA kit 

(NGFmax ImmunoAssay System from Promega). 

Pancreas and the lower thoracic DRG (T8-T12) were collected and frozen in –800C 

before processing. Protein levels of IL-6 were determined according to the 

manufacturer’s manual (IL-6 ELISA kit, R&D systems). 

Levels of basal and capsaicin-evoked CGRP release were measured according to the 

manufacturer’s instruction (CGRP (rat) ELISA, Cayman Chemicals). 

Lower thoracic DRG (T8-T12) were dissected and frozen in –800C until the day of the 

experiment. The tissue was processed according to the manufacturer’s protocol (pp38 

ELISA kit (Human/Mouse/Rat Phospho-p38 α(T180/Y182) from R&D systems). 

Drugs and doses used 

Anti-NGF peptibody and TRPV1 antagonist used in all experiments wereAMG 819 and 

AMG 0347 respectfully. 
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AMG 819 – 100 mg/kg, s.c and AMG 0347 - 10 mg/kg, s.c were generously provided 

byAMGEN, Thousand Oaks, Ca. AMG 819 came in a solution and was injected in a 

volume 3.3 mL/kg. AMG 0347 was dissolved in 5% ethanol and administered as 0.5% 

methylcellulose suspension Capsaicin (Sigma) in a dose 10mg/kg, p.o. 

CNQX - 0.1, 0.3, 0.5,2 µg/5µL, i.th (TOCRIS, UK) was dissolved in distilled water 

(1mg/250 µL). 

Human recombinant sIL-6R (R&D Systems) 25 ng/mL 

Human recombinant IL-6 (R&D Systems) 20 ng/mL 

SB203580- 5µg/5µL, i.th. (Calbiochem ,La Jolla, CA) was dissolved in 

dimethylsulfoxide (DMSO). 

TB-2-081-.001, 0.01, 0.1 and 1 mg/kg, s.c (Dr. Kenner Rice, NIH) was dissolved in 

100% ethanol (1mg/ml); further serial dilutions were made with PBS (pH 7.4). 

TB-2-081-0.1, 1, 3 mg/kg, p.o 

TB-2-081-5µg/5µL, i.t 
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Figure II.1 Schematic representation of the bilateral cannulation of n. gracilis. Dark 

spots represent ink injected into the n. gracilis to verify the placement of the cannula.  

(Courtesy of Dr. M. H.Ossipov). 
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CHAPTER III: THE ROLE OF NGF-DEPENDENT PATHWAY IN 
PANCREATITIS-INDUCED PAIN 
 
Introduction 
 

Converging evidence indicates that NGF acts as both an inflammatory mediator and as a 

transcription factor, and is a key element of nociceptor sensitization in both the acute and 

the chronic phases following tissue injury. NGF sensitizes peripheral nerves through 

immediate, non-transcriptional events as well as through later-onset post-transcriptional 

changes. 

There are two receptors for NGF, the trkA receptor tyrosine kinase and the p75 

neurotropihin receptor(Dechant & Barde, 2002; Kaplan & Miller, 2000). In p75-/- mice it 

has been shown that NGF still induces mechanical hyperalgesia(Bergman et al., 1996; 

Lee et al., 1992), therefore the biological effects of NGF are believed to be mediated 

largely through the high-affinity trkA receptor.  TrkA receptors are expressed primarily 

on small diameter sensory neurons. Each dimeric NGF molecule binds two trkA 

monomers, which results in dimerization and cross-phosphorylation in specific tyrosine 

residues that form docking sites for several adaptor proteins including Shc, PLCγ and Src 

homology 2 domain-containing protein tyrosine phosphatase 2 (SHP-2).These proteins 

couple trk to several intracellular signaling pathways including the mitogen -activated 

protein kinase (MAPK), phosphatidylinositol 3- kinase (PI3K), and PLC pathways 

(Huang & Reichardt, 2003). Additionally, trkA activation in peripheral terminals leads to 
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an internalization of the trkA-NGF complex, which is retrogradely transported into the 

nucleus where it changes transcription of several proteins. This event is likely to be 

delayed, taking several hours or days. NGF regulates the expression of several 

functionally important proteins , including substance P and CGRP(Christensen & 

Hulsebosch, 1997; Pezet et al., 2001). A number of ligand-gated ion channels 

includingTRPV1(Xue et al., 2007; Stein et al., 2006; Zhang et al., 2005a; Ji et al., 2002b), 

purinergic receptor of ATP (P2X3)(Ramer et al., 2001), ASIC3(Mamet et al., 2003) and 

G protein-coupled receptors (including bradykinin B2 receptors and mu opioid 

receptors)(Lee et al., 2002; Mousa et al., 2007) are similarly regulated by NGF. Another 

important category of gene regulation by NGF relates to voltage-gated calcium, 

potassium and particularly sodium channels. Both tetradotoxin(TTX)-sensitive and TTX-

resistant sodium currents are increased  in DRG neurons by NGF (Fjell et al., 1999; 

Leffler et al., 2002). 

One of the functionally important actions of NGF is to sensitize nociceptor responses 

through post-translational rather than transcriptional controls. This has been studied 

extensively in cultured neurons where heat responses increased markedly following NGF 

stimulation. The mechanism appears to be enhanced responsiveness of TRPV1 receptors 

but the intracellular cascades leading to TRPV1 sensitization are unclear. Different 

studies have suggested roles for protein kinase A, protein kinase C, extracellular-signal 

regulated kinase (ERK), p38, PI3K and a novel inhibitory mechanism mediated by 

phosphatidylinositol bi-phosphate(Bonnington & McNaughton, 2003; Chuang et al., 

2001; Ji et al., 2002a; Khasar et al., 1999; Shu & Mendell, 2001). 
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Given the ability of the NGF to induce expression and indirect sensitization of the 

TRPV1 channels we hypothesized that the referred abdominal hypersensitivity induced 

by pancreatitis is dependent on the NGF mediated pathway. 

Results 
 

Levels of NGF in the pancreas (DRG) 

Levels of NGF were measured in the pancreata of naïve, vehicle and DBTC treated 

animals using ELISA method. The results of our experiments demonstrated a significant 

increase(p<0.05) in the levels of NGF in pancreata of animals treated with DBTC, 

compared to the NGF levels in vehicle-treated or naïve animals(Fig.III.1). We also 

determined the time-course of up-regulation of NGF levels. Our results suggest that the 

levels of NGF are markedly up-regulated already by day 3 after the DBTC injection. The 

NGF levels reach their maximum on day 6 after the DBTC injection and return to the 

control levels on day 14, when the animals do not show any signs of referred abdominal 

hypersensitivity (Fig.III.2). We also measured the levels of NGF in the DRG of animals 

treated with DBTC and did not find significant difference in the levels of NGF in the 

experimental group compared to those in the control groups(data not shown). Our results 

indicated that the referred abdominal hypersensitivity induced by pancreatitis is not due 

to up-regulation of NGF levels in the skin (Fig.III.3). 
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Treatment with anti-NGF peptibody delays the development of referred abdominal 

hypersensitivity 

Non-noxious tactile stimulus was applied by probing the rat abdomen with a 4g von Frey 

filament 10 times. The “baseline” frequency of abdominal withdrawals was determined 

before DBTC injection (naïve rats) and one through eight days after the DBTC injection.  

To determine the role of NGF in the pancreatitis-induced pain an anti-NGF antibody 

AMG819 was administered (100 mg/kg, s.c, single injection) immediately following an 

intravenous administration of DBTC. When compared to animals that received only a 

DBTC injection, AMG819 delayed the development of referred abdominal 

hypersensitivity, however it did not completely prevent the development of referred 

abdominal hypersensitivity (Fig.III.4).  

To determine whether double injection of AMG819 is able to completely block the 

development of referred abdominal hypersensitivity, we used the following protocol: the 

first injection of AMG819 (100 mg/kg, s.c) was given on the day of DBTC injection; the 

second injection of AMG819 (100 mg/kg, s.c) was given on day 5 after the DBTC 

injection. The results of our experiment suggest that double injection of anti-NGF 

peptibody completely blocked the development of referred abdominal hypersensitivity 

induced by DBTC (Fig.III.5). 

The following experiment was designed to determine whether anti-NGF peptibody would 

reverse the referred abdominal hypersensitivity in animals with established pancreatitis. 

AMG 819 was administered in rats with DBTD-induced pancreatitis to antagonize the 

effects of NGF. When compared to the vehicle, AMG819 treatment significantly reduced 
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DBTC-induced referred abdominal hypersensitivity (Fig.III.6).Anti-NGF placebo did not 

have any effect. Anti-NGF peptibody injection in naïve animals did not produce any 

behavioral changes.  

Effects of TRPV1 antagonist in animals with DBTC-induced referred abdominal 

hypersensitivity 

To directly assess whether TRPV1 channels are mediating pain in pancreatitis, we 

administered a TRPV1 antagonist (AMG0347 10mg/kg, p.o) in animals with established 

DBTC-induced referred abdominal hypersensitivity. When compared with vehicle, 

TRPV1 treatment markedly reduced the frequency of abdominal withdrawals in a time-

dependent manner (Fig.III.7). Vehicle treated animals did not show any decrease in the 

frequency of abdominal withdrawals. Area under the curve for AMG0347 also suggests 

that the TRPV1 antagonist reverses pancreatitis-induced pain, whereas the vehicle does 

not have any effect (Fig. III.8). 

Intrathecal administration of p38 inhibitor reverses the referred abdominal 

hypersensitivity in pancreatitis 

To examine whether activation of p38 in DRG plays a role in the development of referred 

abdominal hypersensitivity, we administered a specific p38 inhibitor SB203580 through 

an intrathecal catheter (5µg/5µL). The tip of the catheter was positioned close to the 

lower thoracic DRG (T8-T12). The results of our experiments have demonstrated that the 

p38 inhibitor reversed the referred abdominal hypersensitivity in rats with DBTC-induced 

pancreatitis in a time-dependent manner (Fig.III.9). Administration of the p38 inhibitor 

blocks the referred abdominal hypersensitivity within 30 minutes after administration, 
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which suggests that it’s highly unlikely to be due to a change in a gene transcription. 

Analysis of the area under the curve for SB 203580 suggests that the compound produced 

time-dependent reversal of referred abdominal hypersensitivity; the vehicle was without 

any effect (Fig.III.10). 

Studies with TRPV1 knockout mice 

To further examine the role of TRPV1 channels in pancreatitis-induced pain we used 

TRPV1 knockout mice and induced pancreatic inflammation by intravenous injection of 

DBTC as described above. C57BL mice were used as control animals as TRPV1 

knockouts are generated on the background of C57BL mice. The results of our 

experiments suggest that the TRPV1 knockout mice develop referred abdominal 

hypersensitivity to the same extent as do their wild-type littermates (Fig. III.11). 

Results of the Western blot studies 

To determine whether referred abdominal hypersensitivity in pancreatitis is accompanied 

by up-regulated of TRPV1 expression, we measured the TRPV1 protein levels in the 

pancreas (Fig.III.12), DRG (Fig.III.13) and the spinal cords (Fig.III.14) of naïve, vehicle- 

or DBTC-treated animals by Western blotting. We found no significant differences in 

TRPV1 expression in animals with pancreatitis compared to vehicle or naïve controls. 

Therefore, the referred abdominal hypersensitivity in DBTC-induced pancreatitis is not 

associated with detectable increases in TRPV1 expression.  

Results of pp38 ELISA 

In order to determine whether referred abdominal hypersensitivity is dependent on 

activation of a p38 MAPK pathway, we measured the levels of phosphorylated p38 in the 
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DRG of naïve, vehicle- and DBTC-treated animals. The results of our experiments 

suggest that the levels of pp38 are significantly higher in the DRG of animals treated with 

DBTC compared to the vehicle or naïve controls (Fig.III.15). 

Discussion 
 
In this part of the dissertation we focused on the role of NGF in the referred abdominal 

hypersensitivity in animals with pancreatitis. Here, we performed quantitative 

measurements of nociception on a rat model of persistent pancreatitis using a previously 

validated method, mechanical sensitivity of the abdomen. Rats with DBTC-induced 

pancreatitis showed a persistent mechanical hypersensitivity in the abdomen which 

reached the maximal levels 6 –7 days after the DBTC injection(Vera-Portocarrero et al., 

2003a).A significant up-regulation of  NGF levels was observed  already by day 3 after 

the DBTC injection and reached the maximal levels on day 6, with returning to the basal 

levels with resolution of pancreatitis. An up-regulation of NGF is observed in a model of 

L-arginine induced  acute pancreatitis(Toma et al., 2000), and TNBS-induced chronic 

pancreatitis(Winston et al., 2005b)with levels returning to normal with resolution of the 

inflammation in the pancreas. In a study investigating NGF expression in the pancreata of 

24 patients with chronic pancreatitis, enhanced NGF mRNA expression was present in 

metaplastic ductal cells, in degenerating acinar cells, and in acinar cells dedifferentiating 

into tubular structures(Friess et al., 1999). To antagonize the effects of NGF we used 

AMG819, an anti-NGF peptibody (provided by AMGEN). Pretreatment with AMG819 

delayed the development of referred abdominal hypersensitivity in animals with DBTC-

induced pancreatitis. Furthermore, double injection of anti-NGF peptibody appeared to 
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completely block the development of referred abdominal hypersensitivity. Naïve animals 

injected with AMG819 did not show any changes in behavior. Administration of 

AMG819 in animals with already established pancreatitis on day 6 after the DBTC 

injection resulted in a partial reversal of referred abdominal hypersensitivity that lasted 

for at least 24 hrs. Our studies are in concert with previous reports that NGF sequestration 

reversed the sensitization of pancreatic afferent fibers to capsaicin stimulation in vivo 

(Xu et al., 2007b).  Other investigators have also reported similar effects of NGF 

sequestration in animal models of cystitis(Watson et al., 2006), the complete Freund's 

adjuvant-induced hind-paw inflammation, spinal nerve ligation and streptozotocin-

induced neuropathic pain models(Wild et al., 2007).Our experiments suggest  that 

administration of anti-NGF peptibody  reverses the referred abdominal hypersensitivity 

within  minutes after administration likely reflecting a post-translational or post-

transcriptional mechanism of action. NGF plays an important role in inflammatory pain 

by driving peripheral sensitization, directly activating peripheral terminals to produce 

within a short period of time heat hyperalgesia(Chuang et al., 2001) and mechanical 

hyperalgesia(Malik-Hall et al., 2005).  NGF can directly sensitize the nociceptors through 

phosphorylation of the TRPV1 channels(Shu & Mendell, 1999; Shu & Mendell, 

2001).Although signaling cascades activated by NGF are still a matter of controversy, 

they include to some degree PKA, PKC, Src kinase(Zhang et al., 2005b), MEK, the MAP 

kinases, PI3K and CaMK(Bonnington & McNaughton, 2003; Shu & Mendell, 1999; Shu 

& Mendell, 2001). In addition to its immediate actions in the periphery, NGF is 

retrogradely transported to the DRG, where post-transcriptional mechanisms are initiated. 
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When NGF binds to the TrkA receptor at the peripheral terminal, it is rapidly internalized 

and the phosphorylated TrkA-NGF complex is accumulated in signaling endosomes that 

are transported to the DRG(Campenot & MacInnis, 2004; Reichardt & Mobley, 2004), 

where it triggers the activation of several intracellular signaling cascades, including 

expression of ERK and the MAP kinases(Ji et al., 2002a). For example, inflammation or 

spinal NGF caused phosphorylation of p38 in nociceptors in the DRG, but not the dorsal 

horn, and additionally elicited a 2-fold up-regulated of TRPV1 in the DRG along with 

selective anterograde trafficking of TRPV1 to peripheral nerve terminals with a 20-fold 

increase in skin, thereby promoting hypersensitivity; these changes were attenuated by 

the p38 inhibitor SB203580(Ji et al., 2002a). The TRPV1 receptor is exogenously 

activated by the pungent plant-derived compound capsaicin, but it is also endogenously 

stimulated by protons, heat, and some lipid-derived mediators(Calixto et al., 2005). 

TRPV1 is expressed not only by primary afferent fibers but also in visceral afferent 

neurons in the gastrointestinal tract(Ward et al., 2003). TRPV1 expression has been 

reported to be increased in inflammatory diseases of the gastrointestinal tract and in 

patients with rectal hypersensitivity(Yiangou et al., 2001; Chan et al., 2003). A main 

stimulus causing visceral pain is a mechanical one that is not an effective stimulus for 

TRPV1 in vitro. What activates TRPV1 in the sensory neurons in the gastrointestinal 

tract? Protons and lipid ligands such as anandamide, as well as body temperature can 

activate TRPV1 in the inflammation. To determine the role of TRPV1 receptors in 

referred abdominal hypersensitivity induced by pancreatitis we used a known TRPV1 

antagonist AMG0347. Our results have demonstrated that the TRPV1 antagonist 
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produced a dose and time-dependent reversal of referred abdominal hypersensitivity 

induced by pancreatitis. Our results are in agreement with previous reports that TRPV1 

channels are contributing to hyperalgesia in animals with pancreatic inflammation(Xu et 

al., 2007c), systemic administration of the TRPV1 antagonist capsazepine inhibited  

thoracic c-fos expression by 2.5-fold and abdominal contractions by 4-fold in animals 

with L-arginine induced pancreatitis(Wick et al., 2006). Activation of TRPV-1 induces 

SP-mediated plasma extravasation in the rat pancreas via activation of the NK1-R and 

mediates neurogenic inflammation in cerulein-induced pancreatitis in the rat(Hutter et al., 

2005). To further investigate the mechanism by which NGF produced sensitization 

channels or increases the expression levels of the TRPV1we administered a p38 inhibitor 

SB203580. The results of our experiments have shown that intrathecal administration of a 

p38 inhibitor reverses the referred abdominal hypersensitivity induced by pancreatitis in a 

time-dependent fashion. Since the effects of a p38 inhibitor occured within minutes after 

administration they suggest, that the effects of the compound are not through the change 

in gene transcription which would require a longer time span to exert its effect. The 

possible mechanisms of action of p38 are more likely to include phosphorylation of the 

TRPV1 channels or increased trafficking of the receptor to the cell membrane. Both 

mechanisms are likely to be blocked within 30 minutes after administration of the p38 

inhibitor. Moreover, we detected significantly higher levels of phosphorylated p38 (pp38) 

in the DRG of animals injected with DBTC but not in the DRG of naïve or vehicle-

treated animals. These results further support the role of p38 MAPK pathway in the 

development of referred abdominal hypersensitivity in animals with pancreatitis. To 
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further investigate the role of TRPV1 channels in pancreatitis we used TRPV1 knockout 

mice. The results of our experiments suggest that TRPV1 knockout mice develop referred 

abdominal hypersensitivity to the same extent as do their wild-type littermates. However 

this does not imply that TRPV1 channels are not important in the development and 

maintenance of pancreatitis-induced pain. The TRPV family of channels includes 28 

members, where some of the members play similar roles; therefore by knocking out one 

component of the system might be insufficient to block the overall effect of the entire 

system. Knockout animals are genetically modified and we don’t know yet what 

compensatory changes occur in response to a deletion of one of the genes. It is yet to be 

determined whether we are causing overexpression of another gene that encodes a 

channel from the same family with similar functions. Moreover, recently it was 

discovered that sensitization of TRPA1 channel mediates the inflammatory pain. TRPA1 

is a member of branch A of TRP family of cation channels that is activated by icilin ,a 

chemical inducing a cooling sensation, and by temperatures  less than 17oC(Story et al., 

2003), some pungent chemicals, such as horseradish, mustard oil, cannabinoids and 

bradykinin(Jordt et al., 2004; Bandell et al., 2004).TRPA1 is co-expressed with TRPV1  

by a subset of small diameter DRG neurons. Recent studies have suggested that the  

TRPA1 channel  is sensitized by trypsin(Dai et al., 2007) and bradykinin(Bautista et al., 

2006) , ATP and PGE2(Caterina & Julius, 2001), which might trigger nociception in 

response to tissue inflammation.   

We did not detect up-regulation of TRPV1 at protein level in the model of DBTC-

induced pancreatitis suggesting the post-transcriptional or post-translational modification 
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of the channel may play an important role in pancreatitis-induced referred abdominal 

hypersensitivity.TRPV1 channels response to a variety of stimuli, such as capsaicin, 

protons that can directly activate the channel, whereas numerous inflammatory mediators 

can sensitize the channel indirectly. Inflammatory mediators can activate kinases , such 

as PKA,PKC, Src and CaMKII, which in turn phosphorylate specific amino acid  residues 

of the TRPV1 channel(Tominaga & Tominaga, 2005; Tominaga & Caterina, 2004). Lipid 

mediators such as anandamide and leukotriens as well as NGF activate PLCγ, which 

cleaves and removes phosphatidylinositol (4, 5)-bisphosphate (PIP2) from the TRPV1 

channel where it normally exerts an inhibitory function(Chuang et al., 2001). The results 

of our study are in agreement with previous study showing that pancreatic inflammation 

causes increase in capsaicin sensitivity not through increased expression of TRPV1 but 

rather post-translational modification of the receptor(Xu et al., 2007a).  
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Figure III.1 The levels of NGF in the pancreata of naïve, 
 vehicle and DBTC-treated animals on day 6 after the injection.  
Inflammation significantly increases levels of NGF in the pancreata  
of animalstreated with DBTC compared to naïve and vehicle controls. 
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Figure III.2 Time course of upregulation of NGF in the pancreata 
of animals treated with DBTC. NGF levels are significantly 
upregulated starting with day 3 after the DBTC injection and  
return back to the control levels on day 14.  
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Figure III.3 NGF levels in the skin of naïve, vehicle and  

DBTC-treated animals on day 6 after the injection. No significant 

difference in the levels of NGF is detected in the skin of DBTC-treated 

animals compared to vehicle or naïve controls. 
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Figure III.4 Pre-treatment with anti-NGF peptibody (100mg/kg,s.c) 

delays the development of referred abdominal hypersensitivity in rats injected 

with DBTC. 
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Figure III.5 Double injection of anti-NGF peptibody (100 mg/kg,s.c) 
(days of injections are indicated by arrows) prevents the development 
of referred abdominal hypersensitivity in animals treated with DBTC. 
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Figure III.6 Post-treatment with anti-NGF peptibody (100 mg/kg, s.c) 
after the DBTC injection (day6) partially reverses abdominal  
hypersensitivity induced by DBTC injection. Anti-NGF peptibody does 
not produce behavioral changes in naïve animals. 
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Figure III.7 Orally administered TRPV1 antagonist reverses  

the referred abdominal hypersensitivity induced by DBTC injection in 

a time-dependent manner. Vehicle administration does not have any 

effect.  
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Figure III.8 Area under the time-effect curve for AMG 0347. 
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Figure III.9 Intrathecal administration of a p38 MAPK 

inhibitor blocks the referred abdominal hypersensitivity induced by  

pancreatitis. Vehicle is without any effect. 
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Figure III.10 Area under the time-effect curve for SB 203580 
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Figure III.11 Testing of referred abdominal hypersensitivity in TRPV1 KO 

 and WT mice injected with DBTC/vehicle. 

 

Naive EtOH DBTC
0.0

0.1

0.2

0.3
F(2,11 )=1.17
p=0.35

R
el

at
iv

e 
pr

ot
ei

n 
le

ve
ls

T
R

PV
1/β

ac
tin

Naive EtOH DBTC
0.0

0.1

0.2

0.3
F(2,11 )=1.17
p=0.35

R
el

at
iv

e 
pr

ot
ei

n 
le

ve
ls

T
R

PV
1/β

ac
tin

 

Figure III.12 Histogram showing the ratio of TRPV1/βactin 

 in the pancreas. 
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Figure III.13 Histogram showing the ratio of TRPV1/βactin 

 in the DRG. 
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Figure III.14 Histogram showing the ratio of TRPV1/βactin 

 in the spinal cord. 
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Figure III.15. Levels of pp38 in  the DRG. 
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CHAPTER IV: THE ROLE OF IL-6 IN PANCREATITIS-INDUCED PAIN 

STUDIES WITH AN IL-6 RECEPTOR ANTAGONIST 

 
Introduction 

Pro-inflammatory mediators play an important role in the modulation of pain by 

interfering with nociceptive transduction, conduction and transmission. An important role 

among pro-inflammatory mediators in the physiology of nociception and the 

pathophysiology of pain is assigned to interleukin 6 (IL-6)(Kishimoto, 1989). The human 

IL-6 gene is located on Chromosome 7 at p21 (Table IV.1).  Human IL-6 consists of 184 

amino acids. Comparison of the cDNA sequence of human IL-6 with that of murine 

shows a 65 % homology at the DNA level and 42% homology at the protein level 

(Tanabe et al., 1988). IL-6 is produced by various types of lympohoid and non-lymphoid 

cells, such as T cells, B cells, monocytes, fibroblasts, keratinocytes, endothelial cells, 

mesangium cells and several tumor cells, including myeloma and hypernephroma 

cells(Taga et al., 1989). After an appropriate challenge to an IL-6 producing cell multiple 

forms of IL-6 are produced with molecular weight ranging from 21.5 to 28 kDa(Heinrich 

et al., 1998a). When IL-6 reaches an IL-6-responsive cell, it binds to its specific receptor 

IL-6R. The IL-6 receptor system has an unusual organization. It consists of two 

polypeptide chains: an 80 kDa IL-6 receptor and a 130 kDa signal transducer 

(gp130)(Hibi et al., 1990). The 80 kDa receptor exists in two forms, namely 

transmembrane form and a soluble form. The transmembrane form has a short 

intracytoplasmic region and, upon stimulation by binding of the IL-6 molecule, triggers 
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an association with the gp130. The soluble receptor can form a stimulatory complex with 

IL-6, which can associate with gp130 and trigger cellular events called trans-signaling. 

The gp130 has a transmembrane domain and is responsible for transducing the signal 

across the membrane. As a result, there is an intracellular cascade of phosphorylation of 

several signal proteins(Boulanger et al., 2003). The gp130 is expressed ubiquitously in all 

tissues(Kurek et al., 1996). All members of the “IL-6 cytokine family”, including IL-11, 

ciliary neurotrophic factor, oncostatin M, and leukemia-inhibiting factor, share the 

transmembrane signal transducer gp130(Boulanger et al., 2003). IL-6 and its receptor 

interact to form a complex consisting of two IL-6 molecules plus two IL-6 receptor 

proteins and two gp130 proteins, resulting in a formation of hexameric complexes (Bolin 

et al., 1995) or tetrameric complexes(Grotzinger et al., 1999; Ward et al., 1994) 

(Fig.IV.1.a,b).It was proposed that the tetrmeric complexes is the active form of the IL-

6R complex, whereas the hexameric form exists at supraoptimal  concentrations of IL-6 

(Grotzinger et al., 1999).As a result of gp130 dimerization there is an intracellular 

cascade of phosphorylation of several signal proteins(Heinrich et al., 1998b) Two major 

intracellular cascade systems for IL-6 signaling have been characterized. The classical 

pathway acts via Janus kinases and STAT factors. Phosphorylation of STATs by JAKs 

leads to dimerization of STATs and their translocation into the nucleus, where they 

regulate transcription of target genes. The second alternative pathway uses the MAPK 

cascade, a pathway that shares intracellular signal proteins that are activated in 

nociceptive signaling, therefore suggesting an important role of IL-6 as a pain mediator. 
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Possible mechanism of action of IL-6 

Previous in vitro and in vivo studies demonstrate that short exposure to the IL-6/sIL-6R 

complex modulates nociceptor specific release of calcitonin gene-related peptide 

(CGRP), thus raising the possibility that IL-6 complexed with the sIL-6R could directly 

sensitize  skin nociceptors to noxious stimuli(Obreja et al., 2002b; Opree & Kress, 2000). 

Brief applications of the IL-6/sIL-6R complex to nociceptive neurons yields a 

potentiation of Iheat and a shift of activation threshold towards lower temperatures without 

altering intracellular calcium levels. The Janus tyrosine kinase (Jak) inhibitor AG490 and 

the selective PKC inhibitor bisindolylmaleimide BIM 1 (BIM1), effectively reduces the 

sensitizing effect of  IL-6/sIL-6R . Together, these results suggest that IL-6/sIL-6R acts 

on sensory neurons to increase their susceptibility for noxious heat via a gp130/Jak/PKC-

dependent mechanism(Obreja et al., 2005). 

The purpose of this chapter of the dissertation is to show that IL-6 plays an important role 

in pancreatitis-induced pain. 

Previous in vitro studies with TB-2-081, an IL-6 receptor antagonist 

 In our studies we used a novel, small molecule IL-6 receptor antagonist TB-2-081. TB-2-

081 is a known isolate from the Chinese toad skin extract that functions as IL-6 receptor 

antagonist(Enomoto et al., 2004b; Enomoto et al., 2004a; Hayashi et al., 2002; Kamano 

et al., 2002). TB-2-081 suppressed IL-6-induced mRNA expression of the hepatic acute 

phase protein α1-antichymotrypin (AACT) human hepatoma HepG2 cells(Kino et al., 

2007a). TB-2-081 shifted the IL-6 titration curve of the AACT mRNA expression right- 

and downwards, indicating that TB-2-081 functions not only as a competitive receptor 
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antagonist, but also as a modulator of IL-6 receptor activity. TB-2-081 suppressed IL-6 

induced phosphorylation of STAT3(Nogawa et al., 2001; Kino et al., 2007b). In addition 

to IL-6, TB-2-081 inhibited IL-11 and oncostatin M-stimulated AACT mRNA expression 

independently of presence of the IL-6 receptor subunit knocked out with a specific 

siRNA. Therefore, TB-2-081 appears to be an inhibitor of the IL-6 type cytokine action, 

possibly by attenuating the function of the common receptor subunit gp130. 

Results 

IL-6 receptor affinity for IL-6 

We studied the binding affinity of TB-2-081 using a novel ELISA based assay developed 

in our laboratory (see materials and methods for details). Our experiments have shown 

that the Kd value of IL-6 in this assay is approximately 960 ± 46 pM and at 95% 

confidence level Kd range is 866 to 1053 pM. This Kd value is consistent with values 

reported in the literature (Kd of IL-6-IL-R is around 1nM) (Fig.IV.2a). The ratios of the 

SEM to the Kd and Bmax are 4.77% and 1.34%, respectively. These ratios are well 

below the acceptable ratio of 20%. The nonspecific binding at the highest concentration 

of IL-6 is 2.32%, which is below the acceptable cutoff percentage of 20%. The results of 

our competition experiments suggest that the Ki value of TB-2-081 is 13.06 pM 

(Fig.IV.2b) which is within a range (between 10pM and 10nM) of a ligand which is 

considered “useful”. The Hill slope is -1.001, which verifies that the binding follows the 

law of mass action at a single site.   
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Treatment with IL-6 antagonist blocks the referred abdominal hypersensitivity 

To investigate the role of IL-6 in the pancreatitis-induced referred abdominal 

hypersensitivity and, we explored the activity of TB-2-081.   TB-2-081 was dissolved in 

100% Ethanol (1mg/ml) and this solution was diluted twice with PBS. A series of 

dilutions was made with PBS.  Graded doses (0.001, 0.01, 0.1 and 1 mg/kg) of TB-2-081 

were injected subcutaneously on day 6 after induction of chronic pancreatitis with DBTC. 

TB-2-081 produced dose- and time-dependent reversal of referred abdominal 

hypersensitivity (Fig.IV.3) while the vehicle was completely without effect.  The peak 

effect of the compound administered subcutaneously was at the 15 min time-point 

(Fig.IV.4) suggesting a rapid effect which is not likely to be dependent upon the 

generation of a metabolite. The area under the time-effect curve analysis of the TB-2-081 

effect suggests that the compound abolishes referred abdominal hypersensitivity in a 

dose- and time-dependent manner, consistent with a specific receptor mechanism 

(Fig.IV.5). 

Based on the activity of subcutaneous administration of TB-2-081, we explored the 

possibility that this molecule may also have oral activity.  Graded doses (0.1 and 1 

mg/kg) of TB-2-081 were given by oral gavage on day 6 after induction of pancreatitis 

(Fig.IV.6). TB-2-081 produced dose- and time-dependent reversal of referred abdominal 

hypersensitivity (Fig. IV.6). Withdrawal frequency was not affected by injections of the 

vehicle. The peak effect of the compound after oral administration is at 30 and 60 min 

time points (Fig.IV.7) again supporting the possibility of direct activity without a 

requirement for a metabolite. 
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Analysis of the area under the time-effect curve for orally administered TB-2-081 shows 

that the compound reverses referred abdominal hypersensitivity induced by pancreatitis 

in a time- and dose-dependent manner (Fig.IV.8) consistent with a specific receptor 

mechanism. 

To determine whether the effect of the TB-2-081 is peripheral or central we applied the 

IL-6 antagonist intrathecally in rats with fully developed pancreatitis. The results of our 

experiments have demonstrated that intrathecal application of the compound does not 

reverse abdominal hypersensivity in rats with DBTC-induced pancreatitis 

(Fig.IV.9).These data suggest a peripheral mechanism of action of the compound. 

In order to further examine the mechanism of action of TB-2-081 we tested its ability to 

produce analgesia in naïve rats. Our experiments suggest that orally administered TB-2-

081 does not produce analgesia in a hot plate test (Fig IV.10). 

IL-6 levels in the pancreas and DRG 

Using an ELISA method we sought to determine the levels of IL-6 in naïve, vehicle- and 

DBTC treated animals on day 6 after the DBTC injection. The results of our experiment 

demonstrated a significant increase in the levels of IL-6 in the pancreata of animals 

treated with both vehicle and DBTC (Fig.IV.11). 

We also looked at the time course of up-regulation of the levels of IL-6 and noticed that 

the levels of IL-6 are up-regulated from day one after administration of both vehicle and 

DBTC (Fig.IV.12). The levels of IL-6 remain elevated up to 14 days after the DBTC or 

vehicle injection. We also used an ELISA method to determine the levels of IL-6 in the 

DRG on day 6 after the DBTC injection. Our results show that the levels of IL-6 in the 
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DRG of animals treated with DBTC are markedly elevated (p<0.05) compared to those in 

animals treated with vehicle or in naïve animals (Fig. IV.13). 

IL-6 increases capsaicin evoked CGRP release from the cultured DRG 

In order to further elucidate a possible role of IL-6 in the inflammatory pain we used an 

adult DRG culture, where we measured capsaicin-evoked CGRP release. The cultures 

received either IL-6 alone or together TB-2-081 for 30 min, followed by 15 min 

stimulation with capsaicin (30 nM). Stimulation of the culture with IL-6 produced a 

significant increase in capsaicin-evoked CGRP release (Fig.IV.14). However, levels of 

CGRP were similar to baseline levels when the cultured neurons were stimulated with IL-

6 in combination with the antagonist (Fig.IV.14). IL-6 antagonist treatment followed by 

capsaicin did not change levels of the CGRP release.  Neither IL-6 antagonist treatment 

by itself (i.e., in the absence of capsaicin), nor the treatment with IL-6 alone (in the 

absence of capsaicin) changed the basal levels of the CGRP in the culture (Fig.IV.15). 

Co-administration of IL-6 with soluble IL-6 receptor does not   increase capsaicin 

evoked CGRP release from the cultured DRG 

To test whether co-administration of the sIL-6R modifies the IL-6 induced increase in the 

capsaicin-evoked CGRP release, we added IL-6(20ng/ml) together with sIL-6R 

(25ng/ml) for 30 minutes to the cultured DRG neurons, followed by 15 min stimulation 

with capsaicin (30 nM). Neither IL-6 nor the sIL-6R or the combination of both changed 

the basal levels of the CGRP in the culture (Fig.IV.16).  Stimulation of the culture with 

IL-6 produced significant increase in capsaicin-evoked CGRP release (Fig IV.17). SIL-

6R by itself did not alter the levels of capsaicin-induced release of CGRP. Co-
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administration of IL-6 with sIL-6R did not significantly influence evoked CGRP release 

compared to the treatment with IL-6 alone (Fig.IV.17).   

Discussion 

In this Chapter, we sought to determine if a novel IL-6 receptor antagonist, TB-2-081, 

might reveal a tonic role of IL-6 in mediating chronic pain in pancreatitis. We 

hypothesized that IL-produces pain, in part, via sensitization of the TRPV1 channels. 

Sensitization of TRPV1 is associated with enhanced release of neuropeptides from 

primary afferent neurons. Increased neuropeptide release onto the spinal cord results in 

enhanced nociception, which is effectively blocked by intrathecal administration of 

neuropeptide antagonists. Therefore, to determine the role of IL-6 in potentially 

regulating excitatory transmitter release we used an adult DRG culture, where we 

measured capsaicin-evoked CGRP release following treatment with IL-6, IL-6 antagonist 

and IL-6 in combination with the antagonist. Critically, we sought to determine the 

actions of this compound not only following systemic administration but also after oral 

and intrathecal administration. 

The results of our studies have shown that systemic and oral administration of TB-2-081 

reverses pancreatitis-induced referred abdominal hypersensitivity in a dose- and time-

dependent manner with a rapid peak effect and a reasonable duration of action. TB-2-081 

is a specific antagonist of the IL-6 receptor, and may displace endogenous IL-6 from its 

membrane receptor, and additionally, may block gp130-mediated STAT3 activation. 

However, the time course of the reversal of referred abdominal hypersensitivity by TB-2-

081 suggests a non-transcriptional mechanism of action. Subcutaneous injection of TB-2-
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081as well as oral administration of the compound produces reversal of referred 

abdominal hypersensitivity within minutes after administration and may therefore suggest 

a post-transcriptional or post-translational mechanism of action.  

The IL-6 exerts its activity via a cell surface receptor consisting of two components: a 

ligand binding IL-6R, and a signal transducing gp130. IL-6 induces gp130 dimerization 

after binding to the IL-6R, which leads to activation of the Janus kinase/STAT signal 

transduction pathway(Heinrich et al., 1998b). Subsequently, phosphorylatted STATs 

dimerize and translocate into the nucleus to activate expression of target genes(Lutticken 

et al., 1994).The results of our experiments have demonstrated that TB-2-081 reverses the 

referred abdominal hypersensitivity within minutes after administration therefore 

suggesting a post-translational mechanism of action of the compound. 

We hypothesized that the effect of endogenous IL-6 results not only in STAT3 mediated 

gene transcription, but also in the indirect sensitization of the TRPV1 channels of DRG 

neurons. To test our hypothesis we used cultured DRG neurons in which we measured 

capsaicin-evoked CGRP release. The results of our experiments suggest that IL-6 

increases the capsaicin evoked CGRP release by 30%, whereas stimulation of neurons 

with IL-6 in combination with an antagonist returns the levels of the CGRP to control 

levels.  We also measured the basal (not stimulated by capsaicin) levels of the CGRP in 

the cultures. Our experiments have demonstrated very low basal levels of CGRP in 

unstimulated DRG neurons. Additionally, neither IL-6 nor the IL-6 antagonist changed 

basal levels of CGRP.  These findings confirm that TB-2-081 does not have agonist n of 

formalin is known to cause release of ATP ,which triggers the release of IL-6 from 
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microglia(Shigemoto-Mogami et al., 2001). These findings support the theory that glial 

activation and enhanced cytokine expression in the CNS may have a role in both the 

initiation and maintenance of behavioral hypersensitivity states evoked by differential 

stimuli. activity.  Based on these observations, we suggest that IL-6 may sensitize DRG 

neurons through activation of TRPV1 channels leading to an increase in the levels of 

CGRP release.  This possibility is supported by our previous data showing that TRPV1 

antagonists also reverse pancreatitis-induced pain. 

Here we show a significant increase in the levels of IL-6 in the DRG of animals with 

DBTC-induced pancreatic inflammation.  Recent evidence suggests that activation of 

glial cells and a subsequent increase in proinflammatory cytokines contribute to the 

development of behavioral hypersensitivity after nerve injury(Tanga et al., 2004) or 

peripheral inflammation (Sweitzer et al., 1999; Raghavendra et al., 2004). 

Proinflammatory cytokines were shown to be common mediators of allodynia and 

hyperalgesia(Boddeke, 2001; Sommer, 2003; Watkins & Maier, 2003). One possible 

mechanism for activated glia to induce hyperalgesia and allodynia is through the release 

of proinflammatory cytokines such as TNFα, IL-1 and IL-6(Raghavendra et al., 2004). 

Peptides, such as substance P released from the primary afferents during experimental 

inflammation are capable of activating microglia(Rasley et al., 2002; Rasley et al., 2004). 

This activation increases the expression of COX-2 and release of PGE2(Rasley et al., 

2004) and also IL-6 from astrocytes(Palma et al., 1997). Intraplantar injectio 

Our experiments suggest that the TB-2-081 does not reverse referred abdominal 

hypersensitivity in animals with pancreatitis when administered intrathecally, despite a 
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significant increase in the levels of IL-6 in the lower thoracic DRG. These data suggest 

that the compound has a peripheral site of action. 

Moreover, TB-2-081 failed to produce analgesia in naïve animals on a hot plate test, 

therefore supporting the hypothesis that the mechanism of action of the compound is to 

reverse the sensitization of the TRPV1 channel produced by IL-6, rather than block the 

pain transmission in the central nervous system. 

The up-regulated of IL-6 levels in the pancreata of animals treated with vehicle (100% 

Ethanol) can be explained as the following. The current hypothesis to explain the effects 

of alcohol on the pancreas is that the alcohol sensitizes the pancreas to the pathobiologic 

processes including inflammation, necrosis and fibrosis. Ethanol feeding alone, even at 

high doses, has minimal and inconsistent effects on morphologic findings in the pancreas 

in animals(Kono et al., 2001; Tsukamoto et al., 1988). Failure to produce experimental 

alcoholic pancreatitis and  the fact that alcohol abuse causes pancreatic pathology in only 

a minority of patients suggests that ethanol may only increase predisposition to 

pancreatitis(Gukovsky et al., 2003). Therefore, elevated levels of IL-6 in vehicle treated 

group might be a necessary prerequisite for pancreatic injury induced by DBTC. A 6-

week, ethanol-containing diet increases the sensitivity of  rats to acute pancreatitis 

induced by cholecystokinin (CCK) 8(Pandol et al., 1999). An ethanol diet and CCK-8 

infusion increases pancreatic NFκB activation compared with injection of CCK-8 alone. 

However, the mechanisms underlying the sensitizing effect of ethanol are only partially 

understood. The mechanism of sensitization of the inflammatory response with alcohol 
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may include effects of alcohol on specific protein kinase C isoforms in the pancreas 

(Gukovskaya et al., 2004; Satoh et al., 2006). 

Additionally,  in  the model of pancreatitis that was employed in this dissertation(Vera-

Portocarrero et al., 2003b) rats injected with DBTC show marked increase in the number 

of abdominal withdrawals starting with  day three after the DBTC injection. The number 

of abdominal withdrawals returns to the control levels approximately 10 days after the 

injection. Here, we show that the levels of IL-6 are significantly increased from day one 

after the injection and remain elevated for 14 days.  Interestingly, the time course of 

behavioral signs of pancreatitis-induced pain corresponds to the time-course of up-

regulation of NGF. This suggests the possibility of cooperativity between NGF and IL-6 

signaling. Recently it has been shown that NGF induced expression of the gp80, the 

ligand binding subunit of the IL-6 receptor(Sterneck et al., 1996). This suggests that up-

regulation of the IL-6 levels alone is not enough to produce nociception; the IL-6 receptor 

levels also have to be up-regulated also. A previous study investigated acute effects of 

IL-6 on sensory neurons by measuring the CGRP release from skin evoked by heat 

stimulation(Obreja et al., 2002a). These authors found that IL-6 did not affect heat-

induced CGRP release but IL-6 increased heat-induced CGRP release when co-

administered with sIL-6R. Because the formation of heterodimeric complex of IL-6/IL-

6R is necessary to bind and to activate gp130 Obreja et al. (2002) assumed that neurons 

do not express IL-6 receptor but only the signal transducer gp130. In our experiments 

application of IL-6 alone was sufficient to induce capsaicin-evoked CGRP release 

suggesting that IL-6 receptor was present. Moreover, co-administration of IL-6 with 
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sIL6-R did not significantly increase the levels of CGRP release, suggesting that IL-6 

receptor is present on responsive neurons.  

To determine the binding affinity of the TB-2-081 we used a novel ELISA based 

competition and saturation binding assays. The advantages of this type of binding assays 

over the conventional radioligand binding studies are the following: 

1. No need to use radioactive materials. 

2. ELISA is performed in 96 well plates, which allows a high throughput screening.  

3. IL-6 receptor used in assay is commercially available and quality controlled. This 

eliminates the time and cost to grow and maintain the IL-6 overexpressing cell lines. 

4. This method eliminates the need to do membrane preparations for binding. 

5. Membrane preparations contain receptors other than IL-6 receptor as well as other 

binding sites within the lipid membrane. With the ELISA based binding, the plates are 

coated with purified IL-6 receptor, which eliminates all other binding sites.  

Currently, only monoclonal antibodies are available to block the actions of IL-6. 

Blocking IL-6 actions by use of a humanized antibody, tocilizumab, which targets the 

IL-6 receptor, has been proven to be therapeutically effective for rheumatoid arthritis, 

systemic juvenile idiopathic arthritis and Crohn's disease(Nishimoto & Kishimoto, 

2006).Tocilizumab is also in Phase I clinical trials in the U.S and in Phase II clinical trials 

in France for the treatment of multiple myeloma. One of the major concerns regarding the 

use of monoclonal antibodies is the development of serious infections such as pneumonia 

and sepsis, as well as the occurrence of opportunistic infections such as histoplasmosis 

and pneumocystosis. Mycobacterium tuberculosis is of particular concern(Kong et al., 
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2006). Immunogenicity is another important factor limiting the clinical applications of 

monoclonal antibodies or engineered proteins(Elliott et al., 1994). To reduce 

immunogenicity monoclonal antibodies are often co-administered with methotrexate 

(Nishimoto & Kishimoto, 2006). Another limitation is the high cost and difficulty of 

high-scale production of monoclonal antibodies.  

Therefore a small molecule, orally available IL-6 receptor antagonist offers a cost-

effective alternative to monoclonal antibodies for the treatment of several diseases where 

up-regulation of IL-6 plays a key pathogenetic role. Il-6 is a multipotent cytokine 

exerting numerous biological activities and its serum levels are elevated in several 

malignancies such as pancreatic cancer(Okada et al., 1998b) . Recent studies have 

revealed the important biological role of IL-6 in pathogenesis and progression of 

neoplasms. IL-6 can act as an autocrine and paracrine growth factor(Klein et al., 1989b; 

Kawano et al., 1988)and may promote tumor metastasis and invasiveness(Blay et al., 

1992; Mouawad et al., 1996; Takeda et al., 1991). Additionally, IL-6 could be implicated 

in some clinical manifestations such as body weight loss and fever in cancer patients. 

Therefore IL-6 receptor antagonist could be useful in the treatment of patients with IL-6 

producing tumors, and pancreatic cancer in particular. 

In conclusion there is a possibility that endogenous IL-6 may maintain pancreatitis pain 

via sensitization of TRPV1 channels thus increasing single channel conduction. The 

effect of the TB-2-081 may be due to the blockade of such sensitization, resulting in 

decrease of the levels of neurotransmitter release onto the spinal cord.  Further 

experimentation will be required to validate this possibility. 
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Table IV.1 Properties of the human IL-6 gene (Adopted from Hong et al., Cancer 2007, 

September 11). 
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Figure IV.1 Schematic representation of IL-6 signaling. a) Tetrameric complex, 

containing IL-6, IL-6R and gp130.b) Hexameric complex consisting of 2 each of IL-6, 

IL-6R and gp130. (Illustration from Hong et al., Cancer 2007, September 11). 
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Figure IV.2a Saturation curve for IL-6. (IV.2b) 
competitive binding of TB-2-081 to IL-6 receptor 
(Ki=13.06pM). 
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Figure IV.3 The number of abdominal withdrawals in the animals treated 

with DBTC. On day 6 after the DBTC injection there is a significant increase  

of the number of withdrawals, which is reduced by a s.c injection of the  

TB-2-081 in a time- and dose-dependent manner. Vehicle administration does 

not have any effect.  
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Figure IV.4 The dose-effect curve for a s.c injection of TB-2-081 against 

referred abdominal hypersensitivity in animals with pancreatitis. 
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Figure IV.5 Area under the time-effect curve for TB-2-081 in  

the referred abdominal hypersensitivity in rats injected with DBTC. 
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Figure IV.6 The number of abdominal withdrawals in animals treated with  

DBTC is significantly reduced after oral administration of TB-2-081. 

Vehicle administration does not have any effect. 
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Figure IV.7 The dose-effect curve for orally administered 

TB-2-081 in animals with DBTC-induced pancreatic inflammation. 
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Figure IV.8 Area under the time-effect curve for TB-2-081 in  

the referred abdominal hypersensitivity in rats injected with DBTC. 
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Figure IV.9 The number of abdominal withdrawals in animals 

treated with DBTC. Intrathecal administration of TB-2-081  

does not reduce the number of abdominal withdrawals.  
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Figure IV.10 Testing of analgesia of TB-2-081 in a hot plate 

 test in naïve animals. 
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Figure IV.11 The levels of IL-6 protein in pancreata of naïve, vehicle and  

DBTC-treated animals on day 6 after DBTC injection. 
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Figure IV.12 Time-course of upregulation of the levels of IL-6 

in pancreata of naïve, vehicle- and DBTC-treated animals. 
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Figure IV.13 The levels of IL-6 in the DRG of animals with DBTC induced 
inflammation of the pancreas. 
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Figure IV.14 Adult cultured DRG were treated with capsaicin 
alone (control), TB-2-081 followed by capsaicin (TB-2-081),IL-6 
followed by capsaicin(IL-6), and IL-6 with TB-2-081 followed by 
capsaicin (IL-6+ TB-2-081). Treatment with IL-6 increases the  
levels of capsaicin-evoked CGRP release by 30%. 
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Figure IV.15 Application of IL-6, TB-2-081 or a combination of both 
does not change the basal release of CGRP from the DRG neurons. 
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Figure IV.16 Application of IL-6, IL-6R or a combination 
of both does not change  the basal release of CGRP. 
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Figure IV.17 Application of IL-6, significantly increased the  

levels of capsaicin-evoked CGRP release.  Application of the IL-6R 

alone did not alter the levels of CGRP release. Co-administration of IL-6 

with IL-6 receptor did not significantly increase the levels of CGRP release 

compared to the treatment with IL-6 alone. 
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CHAPTER V: ASCENIDNG PATHWAYS TO THE NUCLEUS GRACILIS 

TRANSMIT PANCREATITIS-INDUCED PAIN TO THE HIGHER BRAIN 

CENTERS 

 
Introduction 

Transmission of pancreatic pain 

Numerous studies have been published on the clinical and behavioral aspects of 

pancreatic pain, however little is known concerning mechanisms of the central 

transmission of pancreatic pain. Until recently it was thought that nociceptive signals 

arising from the viscera reach the cortical centers via the spinothalamic pathway. Visceral 

information from the pancreas carried by the splanchnic nerves converges onto spinal 

neurons on the thoracolumbar segments(Traub, 2000). Ascending pathways reported to 

mediate the transmission of visceral nociceptive information include the spinothalamic 

tract, spinohypothalamic tract, spinosolitary tract, spinoreticular tract, spinoparabrachial 

tract, spinohypothalamic tract(Ammons, 1987; Bernard et al., 1994; Foreman et al., 1984; 

Katter et al., 1996; Menetrey & De, 1991).However, there is increasing body of evidence 

that shows that the postsynaptic dorsal column (PSDC) pathway plays an important role 

in transmission of visceral pain(Becker et al., 1999; Gildenberg & Hirshberg, 1984; 

Hirshberg et al., 1996; Nauta et al., 2000). The reduction of exploratory activity observed 

after induction of pancreatitis was reversed by a dorsal column lesion(Houghton et al., 

1997). A limited dorsal column lesion or intrathecal administration of morphine greatly 

reduced the excitatory effects of pancreatic nociceptive information on thalamic 
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neurons(Houghton et al., 2001). Nociceptive signals travel to the thalamus by the PSDC 

pathway with a relay in the NG. These results suggest that the PSDC pathway plays a 

role in transmitting nociceptive signals from the pancreas to higher brain centers.   

The purpose of this Chapter is to determine if the disruption of the ascending pathway to 

the nucleus gracilis will block the referred abdominal hypersensitivity induced by 

pancreatitis.   

Results 

The current experiments were designed to explore the role of nucleus gracilis neurons in 

the pancreatitis-induced pain pathway and whether interruption of this pathway can alter 

the manifestation of referred abdominal hypersensitivity in rats with pancreatitis.  

To investigate the role of nucleus gracilis in the pancreatitis-induced referred abdominal 

hypersensitivity, we used CNQX, an AMPA receptor antagonist. CNQX was dissolved in 

distilled water (1mg/250:L). 

Rats without inflammation of the pancreas typically display withdrawal frequencies to 

probing with von Frey filament from 0-1 times. After injection of DBTC frequency of 

withdrawal is significantly increased (p≤0.05) to 8.3±0.25. 

Graded doses (2, 0.5, 0.3, 0.1 :g/0.5:L) of CNQX were injected bilaterally into the 

nucleus gracilis on day 6 after induction of pancreatitis. CNQX produced dose- and time-

dependent reversal of referred abdominal hypersensitivity (Fig.V.1). In contrast, 

withdrawal frequency was not affected by injections of the vehicle. The peak effect of the 

compound administered into the nucleus gracilis is at the 15 and 30 min time-point (Fig 

V.2). The area under the curve for these experiments suggests that microinjection of   
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CNQX into the nucleus gracilis reverses the referred abdominal hypersensitivity induced 

by pancreatitis in a time-and dose-dependent fashion (Fig.V.3).  

 

Discussion 

The dorsal column pathway consists of direct projections from primary afferents(Aβ) and 

of ascending fibers of the post-synaptic dorsal column (PSDC) cells(Bennett et al., 1983; 

Palecek, 2004). This pathway has been shown to mediate light touch, vibration as well as 

allodynia after the nerve injury(Ossipov et al., 2002; Sun et al., 2001). Recently it was 

established that the PSDC pathway plays an important role in transmission of visceral 

pain(Al-Chaer et al., 1996a; Al-Chaer et al., 1996c; Hirshberg et al., 1996; Houghton et 

al., 1997; Houghton et al., 2001). The supraspinal terminals of the dorsal columns are the 

nucleus cuneatus and nucleus gracilis with the latter encountering the input arising from 

the caudal (i.e. lumbar) sites(Miki et al., 2000a). Although inputs to the nucleus gracilis 

are generally considered to be of the non-noxious, light tactile type(Willis & Westlund, 

1997) it has been found that the nucleus gracilis may act as a relay for mechanical 

nociceptive input from the spinal cord through to the thalamic nuclei after peripheral 

nerve injury(Miki et al., 2000b). The nucleus gracilis may also act as a site where 

nociceptive visceral and somatic inputs are integrated(Al-Chaer et al., 1997).  

The ionotropic glutamate receptor involves three major subtypes: N-methyl-D-aspartate 

(NMDA), -amino-3-hydroxy-5-methyl-4-isoxazole-propionic acid (AMPA), and kainate 

receptors. Several studies have demonstrated that non-NMDA glutamate receptor 

antagonists, including 6-cyano-7-nitroquinoxaline-2,3-dione(CNQX), can produce 
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antinociceptive effects on noxious stimuli in physiological (Nasstrom et al., 1992; Lutfy 

et al., 1997) and hyperalgesic states(Coutinho et al., 1996; Ren et al., 1992a; Sang et al., 

1998; Zahn et al., 1998). The intrathecal administration of excitatory amino acid receptor 

antagonists selectively attenuated carrageenan-induced behavioral hyperalgesia in 

rats(Ren et al., 1992b). Although the exact mechanisms of antinociceptive effects of non-

NMDA glutamate receptor antagonists are unclear, they do decrease intracellular 

sodium(Rose & Ransom, 1996) and intracellular calcium concentrations(Lohr & Deitmer, 

1997). This suggests that non-NMDA glutamate receptor antagonists, at least in part, may 

produce antinociceptive effects by inhibiting sodium and calcium influx.  Intrathecal 

administration of CNQX produced antinociceptive effects on somatic and visceral 

noxious stimuli(Imamachi et al., 1999). Electrophysiological recordings showed 

increased activity of the n. graclils cells in rats with colorectal distention (CRD). The 

responses of n. gracilis cells to CRD were dramatically reduced by CNQX infused into 

the sacral cord through a microdialysis fiber or a lesion of the DC(Al-Chaer et al., 

1996b). 

The results of the present study confirm the previous observations that pancreatitis-

induced pain is mediated through the postsynaptic dorsal column pathway that travels to 

the nucleus graclils. Microinjection of lidocaine into the nucleus gracilis produces time-

related reversal of pancreatic nociception(Vera-Portocarrero et al., 2006). These findings 

are consistent with data from the present study where inactivation of nucleus graclilis 

with CNQX elicited time and dose-dependent reversal of referred abdominal 

hypersensitivity induced by pancreatitis. Such an observation suggests that interruption of 
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ascending pathways can result in development of novel therapeutic interventions for the 

treatment of chronic pancreatitis-induced pain.  
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Figure V.1 The number of abdominal withdrawals in animals treated 

with DBTC. On day 6 after the DBTC injection there is a marked increase 

in the number of abdominal withdrawals which is reduced by bilateral 

microinjection of CNQX into the n. gracilis. Vehicle administration does 

not have any effect. 
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Figure V.2 The dose-effect curve for CNQX against referred abdominal hypersensitivity 

in animals with DBTC-induced pancreatic inflammation.  
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Figure V.3 Area under the time-effect curve for  

bilateral microinjection of CNQX into the n.gracilis. 
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CHAPTER VI: CONCLUSIONS 

 
The pain in chronic pancreatitis has a heterogeneous pattern ranging from relapsing 

episodes to persistent pain of varying severity. Attacks of acute pancreatitis may be 

imposed on the pattern of chronic pancreatitis. Moreover, chronic pancreatitis may be 

painless from the onset of disease. With the progression of the disease, pain attacks 

become more frequent and severe, ultimately culminating in persistent pain requiring 

analgesics. In some patients, pain may disappear when the disease “burns itself out” in a 

late phase(Ammann & Muellhaupt, 1999; Lankisch et al., 1993; Layer et al., 1994; Layer 

& DiMagno, 1999).It is possible that pancreatic exocrine insufficiency results in 

decreased pancreatic secretion, thereby diminishing the pressure within the pancreatic 

duct and/ or pancreatic parenchyma reducing pain intensity. However, the natural course 

of chronic pancreatitis especially regarding pain intensity and the “burn-out” 

phenomenon is unpredictable and it would be unreasonable to hope that pain relief will 

be achieved some time in the future(Warshaw, 1984).  

Treatment with analgesics is the mainstay of pain management in chronic pancreatitis. A 

three stage approach is usually used, where acetaminophen is given first, followed by 

dextropropoxyphene and morphine or tramadol as the last resort, but with patient comfort 

taking precedence over the addiction(Andren-Sandberg et al., 2002; Warshaw, 1984). 

However, conventional analgesics may not produce pain relief in all patients in different 

stages of the disease. This may be due to the fact that pathogenesis of pain in chronic 

pancreatitis is a combination of numerous factors and the mechanisms of pain may differ 

from patient to patient(Sakorafas et al., 2007). 
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The focus of this dissertation is to explore the role of two prominent inflammatory 

mediators, such as NGF and IL-6 in pancreatitis-induced pain, as well as the role of 

ascending pathways via the nucleus gracilis in the transmission of pancreatic pain to the 

higher brain centers. Specifically, three hypotheses were tested. First, pancreatitis-

induced pain, which manifests, behaviorally, as referred abdominal hypersensitivity, is 

mediated by and NGF-dependent peripheral sensitization of visceral afferents. Second, 

interleukin 6, a major proinflammatory mediator, plays a tonic role in mediating chronic 

pancreatic pain via sensitization of TRPV1 channels. Finally, disruption of ascending 

pathways from the pancreas with the relay in the nucleus gracilis will block the referred 

abdominal hypersensitivity induced by pancreatitis. 

Recent studies have demonstrated significant increases in NGF protein levels in 

pancreata of animals with chronic(Winston et al., 2005a) and acute pancreatitis(Toma et 

al., 2000). NGF and TrkA are overexpressed in pancreata and  of humans with chronic 

pancreatitis(Friess et al., 1999). TrkA receptor is  intensely present in perineurium and 

intrapancreatic ganglia in humans with chronic pancreatitis(Friess et al., 1999).Taken 

together these observation suggest that NGF/TrkA pathway is activated in chronic 

pancreatitis and might influence morphological changes and pain syndrome in this 

disorder. These observations are supported by the data of Chapter III, which demonstrates 

that pancreatitis upregulates the levels of NGF in the pancreata of animals treated with 

DBTC, but not in the pancreata of naïve or vehicle controls. Moreover the up-regulated 

of NGF reaches significance on day three after the DBTC injection which correlates with 

behavioral responses in animals with DBTC-induced pancreatic inflammation(Vera-



97 
 

Portocarrero et al., 2003b). Up-regulated of the levels of NGF drives the peripheral 

sensitization of the pancreatic afferents, resulting in the increased release of excitatory 

neurotransmitters from the central terminals of primary afferent fibers. Data from the 

Chapter III also shows that by blocking NGF with an anti-NGF peptibody it is possible to 

completely prevent the behavioral signs of pancreatitis. Moreover, administration of anti-

NGF in already established pancreatitis is capable of reducing the number of abdominal 

withdrawals   within minutes after administration, which supports the role of NGF in the 

“short-term” sensitization of nociceptors. Several studies have demonstrated that NGF 

drives the peripheral sensitization via phosphorylation of the TRPV1 channels (“short-

term” sensitization), or overexpression of TRPV 1(“long-term” sensitization).This is 

supported by the data from Chapter III, which shows that systemic administration of 

TRPV1 antagonist AMG0347 blocks pancreatitis-induced pain. However, the TRPV1 

protein levels measured by western blotting are not up-regulated neither in the pancreas, 

nor in DRG or in the spinal cord of animals with pancreatitis. These finding suggests that 

pancreatitis-induced pain is driven by post-translational modifications of TRPV1 and not 

the up-regulated of the channel levels. In Chapter III we also demonstrate that levels of 

pp38 are markedly upregulated in the animals treated with DBTC compared to control 

animals. Moreover, intrathecal administration of p38 MAPK inhibitor SB203580 reverses 

pancreatitis-induced referred abdominal hypersensitivity within 30 minutes after 

administration, suggesting a post-transcriptional or a post-translational mechanism of 

action. This observation also supports the possibility of the sensitization of TRPV1 

channel in pancreattis as opposed to its overexpression. Although TRPV1 antagonists 
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were able to block the referred abdominal hypersensitivity in animals with DBTC-

induced pancreatitis, studies with TRPV1 knock-out mice have shown that TRPV1 

knockouts pancreatitis-induced pain to the same extent as their wild-type littermates. 

Such an observation may be a result of an overexpression of a different TRP channel in 

these genetically modified animals considering a redundancy within the TRP family.  

Another observation shown in Chapter III is that NGF is not up-regulated in the skin of 

animals with pancreatitis; therefore the behavioral responses of DBTC-treated animals 

reflect a “referred pain” from the pancreas and are not due to sensitization of the 

cutaneous nociceptors by NGF. 

Chapter IV of the dissertation focuses on the role of IL-6 a proinflammatory mediator 

that has been demonstrated to be upreguleted in several inflammatory conditions, 

including pancreatitis. In this Chapter of dissertation we sought to determine if a novel 

IL-6 receptor antagonist TB-2-081 might reveal a tonic role of IL-6 in mediating chronic 

pancreatic pain. Utilizing a novel ELISA based binding assay we have demonstrated that 

TB-2-081 has a high binding affinity (Ki=13.06 pM), which is within the range of a 

ligand to be considered “useful”. The hill slope is -1, which suggests a single binding site 

for the compound. Our studies indicate that Il-6 levels are significantly up-regulated not 

only in animals with DBTC-induced pancreatic inflammation, but also in vehicle treated 

animals. Up-regulated of the levels of IL-6 in a vehicle group might be a necessary 

prerequisite for the development of pancreatic injury by a different insult, such as DBTC. 

The data from this Chapter show that systemic and oral administration of IL-6 antagonist 

blocks the pancreatitis-induced pain in a time and dose-dependent manner. The time 



99 
 

course of the reversal of referred abdominal hypersensitivity suggests a non-

transcriptional mechanism of action.  Despite a marked increase in the IL-6 levels in 

DRG, intrathecal administration of TB-2-081 failed to reduce the number of abdominal 

withdrawals. The data from Chapter IV also shows that the compound does not produce 

analgesia on a hot plate test. Taken together our observations suggest a peripheral 

mechanism of action of the compound. To further examine the effects of endogenous IL-

6 in pancreatitis-induced pain, we used an adult DRG culture in which we measured a 

capsaicin-evoked CGRP release. Our studies have shown that stimulation of the DRG 

culture with IL-6 significantly increases the levels of CGRP release. Combination of IL-6 

with TB-2-081 returns the levels of capsaicin stimulated CGRP release to the control 

levels. Moreover, neither IL-6 nor TB-2-081 changed the basal levels of CGRP. These 

data suggest that IL-6 produces referred abdominal hypersensitivity via sensitization of 

TRPV1 and not through increased expression of the channel. This possibility is supported 

by our previous data showing that TRPV1 antagonists also reverse pancreatitis-induced 

pain. 

Chapter V of the dissertation discusses the role of the nucleus gracilis as a relay station 

for transmission of pancreatic pain to the higher brain structures. Data from this Chapter 

show that blocking of AMPA receptors in the nucleus gracilis by an AMPA receptor 

antagonist reverses pancreatitis-induced referred abdominal hypersensitivity in a time- 

and dose-dependent manner. This observation suggests that interruption of ascending 

pathways can result in novel therapeutic interventions for the treatment of chronic 

pancreatitis-induced pain. 



100 
 

The findings contained in this dissertation are consistent with a large body of evidence 

supporting the role of NGF in peripheral sensitization of nociceptors that plays an 

important role in inflammatory pain. We also provide novel insights into pancreatic pain, 

demonstrating the role of IL-6 in the in the maintenance of pancreatic pain; we also 

demonstrate a novel therapeutic strategy for the treatment of pancreatitis-induced pain by 

utilizing IL-6 receptor antagonist. Finally, we demonstrate the important role of nucleus 

gracilis in the transmission of pancreatic pain to the thalamus and somatosensory cortex. 
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