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ABSTRACT 

 

Metastatic bone cancer causes severe pain that is primarily treated with opioids. A 

recently developed model of bone cancer pain was used to evaluate the effects of 

sustained morphine treatment. In cancer-treated mice, morphine enhanced spontaneous 

and evoked pain; these effects were dose-dependent and naloxone-sensitive. SP and 

CGRP positive DRG cells did not differ between sarcoma or control mice, but were 

increased following morphine in both groups. Morphine increased ATF-3 expression 

only in DRG cells of sarcoma mice. Morphine did not alter tumor growth in vitro or in 

vivo but increased sarcoma-induced bone destruction and incidence of spontaneous 

fracture in a dose- and naloxone-sensitive manner. Morphine increased osteoclast activity 

suggesting enhancement of sarcoma-induced osteolysis. Thus, morphine treatment may 

“add-on” additional mechanisms of pain beyond those induced by sarcoma. Despite the 

potential clinical significance, the exact mechanisms of opioid-induced hypersensitivity 

remain unknown. The vanilloid 1 receptor (TRPV1) is a molecular integrator of noxious 

stimuli. Sustained morphine elicited thermal and tactile hypersensitivity in WT, but not 

TRPV1 KO mice. Sustained morphine enhanced capsaicin-induced flinching and plasma 

extravasation in rats, indicating increased activity of these receptors in the periphery. 

Immunohistochemical studies indicate increase in TRPV1 expression in DRG and sciatic 

nerve, but not spinal cord, suggesting increased trafficking of TRPV1 channel to the 

periphery. Possible mechanisms of this enhanced expression and function of TRPV1 

channels is activation of p38 MAPK. Sustained intrathecal infusion of p38 MAPK 
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inhibitor prevents morphine-induced hypersensitivity and enhanced capsaicin-induced 

flinching, indicating the role of p38MAPK in the development of morphine-induced pain, 

possibly through sensitization of TRPV1 receptors. Acute administration of p38 MAPK 

inhibitor reversed morphine-induced pain suggesting the importance of p38 MAPK in the 

maintenance of morphine-induced hypersensitivity, likely through activation of TRPV1 

channel. Sustained morphine also up-regulates NGF content in skin, which is then 

transported to DRG neurons where phosporilation of p38MAPK takes place. Single 

injection of anti-NGF peptibody blocked the development of morphine-induced 

hypersensitivity, enhanced capsaicin-induced flinching and plasma extravasation. Co-

treatment with these compounds blocks the development of morphine-induced 

hyperalgesia and may optimize treatment of chronic pain states, like bone cancer pain. 

 

 

 

 

 

 

 

 

 

 

 



 18

CHAPTER I. INTRODUCTION 

Pain as a public health issue 

  Pain is a serious public health issue. It is a conscious experience, an interpretation 

of the nociceptive input influenced by memories, emotional, pathological, genetic, and 

cognitive factors (Tracey & Mantyh, 2007). Resultant pain is not necessarily related 

linearly to the nociceptive input, neither is it solely for vital protective functions. 

Furthermore, the behavioral response by a subject to a painful event is modified 

according to what is appropriate or possible in any particular situation (Tracey & Mantyh, 

2007). This is especially true in chronic pain state. Pain is, therefore, a highly subjective 

experience, as illustrated by the definition given from the International Association for 

the Study of Pain: “an unpleasant sensory and emotional experience associated with 

actual or potential tissue damage, or described in terms of such damage”. We know also 

from more recent data how a painful experience can occur without a primary nociceptive 

input (Derbyshire, Whalley, Stenger, & Oakley, 2004; Eisenberger, Lieberman, & 

Williams, 2003; Raij, Numminen, Narvanen, Hiltunen, & Hari, 2005; Singer et al., 2004), 

further complicating the story, but perhaps providing an alternative explanation for how 

pain might arise in difficult clinical cases where the organic cause is not obvious (Tracey 

& Mantyh, 2007).  

  While the management and treatment of acute pain is reasonably good, the needs 

of chronic pain sufferers are largely unmet. Pain that persist for more than three months is 

defined as chronic and as such is one of largest medical health problems in the developed 

world (Tracey & Mantyh, 2007). It affects approximately 20% of the adult population 
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(Breivik, Collett, Ventafridda, Cohen, & Gallacher, 2006). The estimated cost of chronic 

pain in USA is over $150 billion. Improvements in our ability to diagnose chronic pain 

and develop new treatments are desperately needed and determining the balance between 

peripheral versus central influences, and ascertaining which are due to pathological 

versus emotional or cognitive influences, will clearly help in decisions regarding the of 

treatments (i.e., pharmacological, surgical, cognitive behavioral or physical 

rehabilitation) (Tracey & Mantyh, 2007).  

Pain Transmission 

Primary afferent sensory neurons are the gateway by which sensory information from 

peripheral tissues is transmitted to the spinal cord and brain. These neurons innervate skin 

and almost every organ in the body. The cell bodies of sensory fibers that innervate the 

head and the body are located in trigeminal ganglia and dorsal root ganglia respectively, 

and can be divided into two main categories: myelinated A-fibers and small-diameter 

unmyelinated C-fibers (Abbadie, Trafton, Liu, Mantyh, & Basbaum, 1997). Nearly all 

large-diameter myelinated A-β fibers normally conduct non-noxious stimuli that are 

applied to skin, joints and muscles. So in a normal situation, these large sensory neurons 

do not conduct noxious stimuli (Abbadie et al., 1997; Djouhri, Bleazard, & Lawson, 

1998). By contrast, most small diameter sensory fibers – unmyelinated C fibers and 

finely myelinated A-δ fibers – are specialized sensory neurons that are known as 

nociceptors, the main function of which is to detect and convert environmental stimuli 

that are perceived as harmful into electrochemical signals that are transmitted to the 

central nervous system (CNS) (Abbadie et al., 1997). Individual primary sensory neurons 
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of the pain pathway have the remarkable ability to detect a wide range of stimulus 

modalities, including those of a physical or chemical nature (Abbadie et al., 1997; Julius 

& Basbaum, 2001). To accomplish this, nociceptors express a diverse repertoire of 

receptors and transduction molecules that can sense forms of noxious stimulation 

(thermal, mechanical and chemical), with varying degrees of sensitivity (Julius & 

Basbaum, 2001). In addition to conveying information to CNS, primary afferent fibers 

are unique in that they also release neurotransmitters peripherally, a process that 

underlies neurogenic inflammation (Snider & McMahon, 1998). 

  Small- and medium-diameter cell bodies give rise to most of the nociceptors, 

including unmyelinated, slowly conducting C fibres and thinly myelinated, more rapidly 

conducting A-δ fibres, respectively. It has long been assumed that A-δ and C nociceptors 

mediate 'first' and 'second' pain respectively, namely the rapid, acute, sharp pain and the 

delayed, more diffuse, dull pain evoked by noxious stimuli (Julius & Basbaum, 2001). 

All primary afferent neurons that terminate in the spinal cord have their cell bodies in the 

dorsal root ganglion (DRG). The dorsal horn of the spinal cord is the first site of synaptic 

transfer in the pain pathway (Costigan & Woolf, 2000). Upon entering the spinal cord, C 

and A-δ fibers synapse onto 2nd order neurons in the dorsal horn of the spinal cord. 

Normal nociceptive input from A-δ and C fibers results in the release of pronociceptive 

neurotransmitters such as glutamate, substance P (SP) and calcitonin gene-related peptide 

(CGRP) and activation of postsynaptic dorsal horn neurons (Cao et al., 1998; Costigan & 

Woolf, 2000; De Felipe et al., 1998; Liu & Sandkuhler, 1997). Then, fibers cross the 

midline, and ascend via the spinothalamic tract to the thalamus, where they synapse on 
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3rd order neurons that project to somatosensory cortex, where the perception of pain 

occurs. The likely role of the spinothalamic and associated tracts that ascend in the 

anterolateral white matter of the spinal cord in pain has been inferred from observations 

made by many investigators since 19th century. Details concerning these pathways are 

reviewed by Dr. William D. Willis in numerous publications e.g. (Willis, 2007).  

  In addition to ascending pain pathway, endogenous descending pain pathways 

exist. The descending pain modulatory system is well-characterized anatomical network 

that modulates nociceptive processing in various circumstances to produce either 

facilitation (pronociception) or inhibition (antinociception) (Luis R. Gardell et al., 2002; 

Gebhart, 2004; Julius & Basbaum, 2001).  Neurons project from the PAG to numerous 

areas including rostral ventromedial medulla (RVM) (Onaitis et al., 2001). RVM serves 

as a relay station in the descending modulation of pain, and a critical site of integration of 

the processing of ascending nociceptive signals with spinopetal modulation of noxious 

inputs (T. King et al., 2005; Onaitis et al., 2001). Three classes of neurons have been 

identified within RVM based on their response characteristics to nociceptive stimulation. 

The activity of neutral cells has not been correlated to nociceptive input or reflexes, and 

they may mediate systems unrelated to nociception (Heinricher, Barbaro, & Fields, 1989; 

T. King et al., 2005). The activity of off-cells terminates with the onset of a nociceptive 

response, and activation of the off-cells with opioids is correlated to antinociceptive 

activity (Heinricher et al., 1989). The activity of on-cells correlates with the intensity of 

behavioral or electrophysiologic responses to nociception, and these neurons are believed 

to facilitate nociceptive processing through local interactions within the RVM and 
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descending projections to the spinal cord  (Heinricher et al., 1989; T. King et al., 2005; 

Morgan & Fields, 1994; Morgan, Heinricher, & Fields, 1994; Onaitis et al., 2001). 

Neurons from RVM project to different laminae in the spinal cord via the dorsolateral 

funiculus (DLF) (Ossipov et al., 2004; Vanderah, Ossipov, Lai, Malan, & Porreca, 2001; 

Vanderah, Suenaga et al., 2001).  

Bone Cancer Pain 

  Cancer is the second leading cause of death in the USA, following heart disease.  

An estimated 70% of those with cancer experience significant pain during their illness, 

yet fewer than half receive adequate treatment for their pain (Grossman, Sheidler, 

Swedeen, Mucenski, & Piantadosi, 1991). The negative impact that cancer pain has on 

quality of life cannot be overestimated, and pain is one of the most common and feared 

symptoms associated with cancer (Grossman & Staats, 1994). As advances in cancer 

detection and therapy extending the life expectancy of cancer patients there is an 

increasing focus on improving patients’ quality of life. For many patients pain is the first 

sign of cancer, and 30-50% of all cancer patients will experience moderate to severe pain 

(Abbadie et al., 1997; Mercadante, 1997; Mercadante & Arcuri, 1998; Portenoy & 

Lesage, 1999; Portenoy, Payne, & Jacobsen, 1999). Cancer can cause pain at any time 

during the course of the disease, but the frequency and intensity of pain tend to increase 

during the advanced stages. In fact, 75-95% of patients with metastatic cancer will 

experience significant amounts of cancer-induced pain (Abbadie et al., 1997; 

Mercadante, 1997; Mercadante & Arcuri, 1998; Portenoy & Lesage, 1999; Portenoy et 

al., 1999).    
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  Cancer cells that break off from a primary tumor and enter bloodstream or 

lymphatic system can spread to nearly all tissues in the body. Bones are one of the most 

common sites for these circulating cells to settle and start growing, and metastases can 

occur in bones anywhere in the body. Tumor-induced bone pain is the most common pain 

in patients with advanced cancer and the most common presenting symptom indicating 

that tumor cells have metastasized to sites beyond that of primary tumor (Abbadie et al., 

1997; Coleman, 1997; Mercadante, 1997). Although bone is not a vital organ, most 

common tumors have remarkable affinity to metastasize to bone and bone marrow, 

mineralized bone and periosteum, all of which receive considerable innervation by both 

sensory and sympathetic nerve fibers (Abbadie et al., 1997; Bjurholm, Kreicbergs, 

Brodin, & Schultzberg, 1988; Bjurholm, Kreicbergs, Terenius, Goldstein, & Schultzberg, 

1988; Tabarowski, Gibson-Berry, & Felten, 1996). Metastatic bone cancer is more 

common than primary bone cancer and occurs with high incidence in  patients with 

primary cancers of the prostate, breast and lung (Clohisy & Mantyh, 2004; Coleman, 

1997, , 2001; N. M. Luger et al., 2001). In the United States there are hundreds of 

thousands of patients diagnosed with development of, or progression of metastatic bone 

cancer annually. When combined with the number of patients already living with 

metastatic bone cancer, it becomes clear that the incidence of bone cancer is significant 

(Clohisy & Mantyh, 2003, , 2004). Unfortunately the development of skeletal cancer has 

a devastating impact at the end of life. The complications that develop as skeletal cancers 

progress include bone cancer pain, skeletal fracture, hypercalcemia, spinal cord and nerve 

root compression, as well as the need for palliative radiation therapy and surgical 
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stabilization of bones incapable of maintaining their mechanical integrity (Clohisy & 

Mantyh, 2003, , 2004). The vast majority of patients with bone cancer cannot be cured 

and as a result treatment modalities focus on palliation of cancer symptoms. Bone cancer 

pain can be the first symptom of metastatic cancer and more commonly, a symptom of 

advanced cancer and it is the most common form of cancer-associated pain.  

Mechanisms of bone cancer pain 

Bone cancer pain is complex. Although tumors are not highly innervated by 

sensory neurons (O'Connell, Nanthakumar, Nielsen, & Rosenberg, 1998; Seifert & 

Spitznas, 2001; Terada & Matsunaga, 2001) they are made up of many cell types other 

than cancer cells, including immune system cells such as marcrophages, neutrophils and 

T cells (Mantyh, 2002). These secrete various factors that sensitize or directly excite 

primary afferent neurons including prostaglandins (Galasko, 1995; Nielsen, Munro, & 

Tannock, 1991), tumor necorsis factor-α (TNF-α) (DeLeo & Yezierski, 2001; Watkins & 

Maier, 1999; Watkins, Maier, & Goehler, 1995), endothelins (Davar, 2001; Nelson & 

Carducci, 2000), interleukin-1 (IL-1) and interleukin-6 (IL-6) (DeLeo & Yezierski, 2001; 

Opree & Kress, 2000; Watkins, Goehler, Relton, Brewer, & Maier, 1995), epidermal 

growth factor (Stoscheck & King, 1986), transforming growth factor-β (Poon, Fan, & 

Wong, 2001; Steiner et al., 2007) and platelet derived growth factor (Daughaday & 

Deuel, 1991; Radinsky, 1991). Receptors for many of these factors are expressed by 

primary afferent neurons (Abbadie et al., 1997). Although each of these factors might be 

important in generating pain in particular forms of cancer, drugs that target 
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prostaglandins and endothelins are the only ones used at present, to control pain in cancer 

patients (Abbadie et al., 1997). 

Prostaglandins are pro-inflammatory lipids that are formed by the action of 

cyclooxygnease (COX) 1 and 2 enzymes and other downstream prostaglandin 

synthetases. Prostaglandins have been implicated in a number of biological and 

pathological processes, including mediating pain and inflammation (Julius & Basbaum, 

2001). Cancer cells and tumor-associated macrophages have both been shown to express 

high levels of cyclooxygenase isoenzymes, leading to high levels of prostaglandins 

(Kundu, Yang, Dorsey, & Fulton, 2001; Molina, Sitja-Arnau, Lemoine, Frazier, & 

Sinicrope, 1999). Prostaglandins play role in the sensitization and/or direct excitation of 

nociceptors by binding to several prostanoid receptors that are expressed by nociceptors 

(Abbadie et al., 1997; Vasko, 1995). Studies of bone cancer pain found that inhibition of 

COX-2 activity  with selective COX-2 inhibitors resulted in significant attenuation of 

both bone cancer pain behaviors and many of the neurochemical changes suggestive of 

both peripheral and central sensitization (Abbadie et al., 1997; M. A. Sabino et al., 2002). 

In addition, prostaglandins have been shown to play role in tumor growth, survival and 

angiogenesis (Abbadie et al., 1997; Iniguez, Rodriguez, Volpert, Fresno, & Redondo, 

2003; Masferrer et al., 2000; Williams, Tsujii, Reese, Dey, & DuBois, 2000). 

Endothelins (endothelin 1, 2 and 3) are a family of vasoactive peptides that are 

expressed at high levels by several types of tumor (Abbadie et al., 1997; Nelson & 

Carducci, 2000). Endothelins could contribute to cancer pain by directly sensitizing or 

exciting nociceptors; unmyelinated primary afferent fibers express endothelin A receptors 
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(Davar, 2001; Pomonis et al., 2003). Furthermore direct application of endothelin to 

peripheral nerves induces the activation of primary afferent fibers and and induction of 

pain-related behaviors (Davar, 2001). In the animal model of bone cancer pain, acute or 

chronic administration of endhothelin A receptor (ETAR) selective antagonist 

significantly attenuated bone cancer-induced pain (Peters et al., 2004). These findings 

suggest that endothelin antagonists may be useful in inhibiting bone cancer pain (Abbadie 

et al., 1997). 

Previous studies have shown that bradykinin and related kinins are released in 

response to tissue injury and these kinins have an important role in driving the acute and 

chronic inflammatory pain (Couture, Harrisson, Vianna, & Cloutier, 2001). Tumor 

metastases to the skeleton induce significant bone remodeling with accompanying tissue 

injury, which presumably induces release of bradykinin (Abbadie et al., 1997). Following 

pharmacological blockade of the bradykinin 1 receptor bone cancer-induced pain 

behaviors were reduced in the animal model of bone cancer and the therapeutic efficacy 

was retained in advanced bone cancer (Abbadie et al., 1997; Sevcik, Ghilardi, Halvorson 

et al., 2005). 

Both the intracellular and extracellular pH of solid tumors is lower than that of 

surrounding normal tissues (Abbadie et al., 1997). Local acidosis is a hallmark of tissue 

injury (Julius & Basbaum, 2001) . Studies have shown that subsets of sensory neurons 

express different acid-sensing ion channels (Julius & Basbaum, 2001). The two main 

classes of acid-sensing ion channels that are expressed by nociceptors are transient 

receptor potential 1 (TRPV1) and the acid-sensing ion channel-3 (ASIC-3) (Bassilana et 
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al., 1997; M. J. Caterina et al., 1997; Tominaga et al., 1998). Both of these channels are 

sensitized and excited by a decrease in pH. More specifically TRPV1 channels are 

activated when the pH falls below 6.0, whereas the pH that activates ASIC seems to be 

highly dependent on the co-expression of other ASIC in the same nociceptor (Lingueglia 

et al., 1997). 

There are several mechanisms by which tumors could cause decrease in pH. Both 

the intracellular and extracellular pH of solid tumors are lower than that of surrounding 

normal tissues (Abbadie et al., 1997; Griffiths, 1991). As inflammatory cells invade the 

neoplastic tissue, they release protons that generate local acidosis, which is a hallmark of 

tissue injury (Abbadie et al., 1997; Julius & Basbaum, 2001; Reeh & Steen, 1996) . The 

large amount of apoptosis that occurs in the tumor environment also contributes to 

acidosis, as apoptotic cells release intracellular ions to create acidic environment 

(Abbadie et al., 1997). This drop in pH can activate signaling by acid-sensing channels 

that are expressed by nociceptors (Julius & Basbaum, 2001). Two main classes of acid-

sensing ion channels that are expressed by nociceptors are TRPV1 (M. J. Caterina et al., 

1997; Tominaga et al., 1998) and the acid-sensing ion channel-3 (ASIC-3) (Olson, Riedl, 

Vulchanova, Ortiz-Gonzalez, & Elde, 1998; Sutherland, Cook, & McCleskey, 2000) and 

both of these channels are sensitized and excited by a decrease in pH. 

Tumor-induced release of protons and acidosis might be particularly important in 

the generation of bone cancer pain. Both osteolytic (bone-destroying) and osteoblastic 

(bone-forming) cancers are characterized by osteoclast proliferation and hyperthorphy 

(Abbadie et al., 1997; Clohisy, Perkins, & Ramnaraine, 2000; Clohisy, PF, & 
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Ramnaraine, 2001; Clohisy, Ramnaraine et al., 2000). Osteoclasts are terminally 

differentiated, multinucleated, monocyte-lineage cells that mediate bone resorption by 

maintaining an extracellular microenvironment of low pH (4.0-5.0) at the osteoblast-

mineralized bone interface (Vaes, Delaisse, & Eeckhout, 1992). Most sensory neurons 

that innervate bone express TRPV1 channels (Guo, Vulchanova, Wang, Li, & Elde, 

1999) and acid sensing ion channels (ASICs) (Olson et al., 1998), that are activated by 

lowered pH resulting in membrane depolarization. Thus, the low pH microenvironment 

can lead to activation of nociceptors and transmission of pain signals to the spinal cord 

when exposed to the osteoclasts’ acidic extracellular microenvironment (Abbadie et al., 

1997). In fact, in an in vivo model of bone cancer pain, acute and chronic administration 

of TRPV1 antagoinsit or disruption of TRPV1 expression results in a significant 

attenuation of cancer-induced pain, and retains its efficacy at early, middle and late stages 

of tumor growth (Ghilardi et al., 2005). 

Tumor can also induce mechanical pain through distension of sensory fibers. 

Rapid tumor growth frequently entraps and injures nerves, causing mechanical injury, 

compression, ischemia or direct proteolysis (Mercadante, 1997). Proteolytic enzymes that 

are produced by tumor cells can also cause injury to sensory and sympathetic fibers, 

causing neuropathic pain (Abbadie et al., 1997). Tumor-induced injury to sensory fibers 

that normally innervate the tumor-bearing femur, resulted in the expression of activating 

transcription factor 3 (ATF 3) in the nuclei of those sensory neurons (Abbadie et al., 

1997; Honore, Rogers et al., 2000). Injury induced by invading sarcoma cells was also 

accompanied by an increase in pain behaviors and up-regulation of galanin by sensory 
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neurons that innervate the tumor-bearing femur (Abbadie et al., 1997; Peters et al., 2005). 

Similar neurochemical changes have been described following peripheral nerve injury 

and other non-cancerous neuropathic pain states (Abbadie et al., 1997; Obata, Brown, & 

Yaffe, 2000). Although chronic treatment with gabapentin in the model of bone cancer 

pain did not influence tumor growth, tumor-induced bone destruction, or tumor induced 

neurochemical reorganization that occurs in sensory neurons or the spinal cord, it did 

attenuate bone cancer related pain behaviors (Abbadie et al., 1997; Peters et al., 2005), 

indicating a neuropathic origin of bone cancer pain. 

Thus, there is ample evidence to support the idea that tumor cells themselves, 

along with tumor-associated cells, have a significant role in the generation of cancer pain 

(Abbadie et al., 1997). Nonetheless, therapies that are aimed at tumor cell eradication, 

such as chemotherapeutic agents (e.g. taxol, paclitaxel, vincristine) also cause significant 

levels of pain in cancer patients (Lipton et al., 1989; Polomano & Bennett, 2001; 

Polomano, Mannes, Clark, & Bennett, 2001). 

Bone cancer-induced pain is a complex phenomenon that incorporates aspects of 

several pain states such as neuropathic pain, inflammation-induced pain, and mechanical 

pain. Although bone cancer-induced pain shares features with each of these pain states, 

the neurochemical signature of bone-cancer-induced pain is distinct. The complexity of 

bone cancer pain makes it difficult to control, and this type of pain is often under-treated 

or not responsive to available therapies. A better understanding of the molecular 

mechanisms underlying bone cancer-induced pain is needed to develop better pain 

management in patients with bone cancer pain. 
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Recently, the first animal mode of bone cancer pain was developed that has led to 

great advances in our understanding of mechanisms underlying bone cancer-induced 

pain. In this model, cancer cells are directly injected into the intramedullary space of the 

mouse femur (Schwei et al., 1999). A crucial component of this model is that the tumor 

cells are confined to the marrow space of the injected femur and do not invade adjacent 

soft tissues (Schwei et al., 1999). After injection, the cancer cells proliferate, and both 

spontaneous and evoked pain-related behaviors increase as the tumor develops (Mantyh, 

2002). These behaviors are correlated with the progressive tumor-induced bone 

destruction that ensues, and seem to mimic those of patients with primary or metastatic 

bone cancer (Honore, Luger et al., 2000; N. M. Luger et al., 2001). This and other models 

have begun to provide insight into the mechanisms by which tumors cause pain and how 

this sensory information is processed.  Animal models like these might lead to the 

development of new therapeutics that fundamentally change the way that cancer pain is 

controlled (Abbadie et al., 1997). 

Current treatment of bone cancer pain 

             The onset and progression of bone cancer pain is often insidious. Treatments 

initially focus on prescription of anti-inflammatory agents, such as cyclooxygenase 

(COX) inhibitors, and the use of osteoclast-inhibiting agents like bisphosphonates 

(Clohisy & Mantyh, 2004). As patients survive, bone cancer is no longer responsive to 

these simple measures. Advanced cancer pain is described as “moderate to severe” in 

approximately 40-50% and as “very severe or excruciating” in 25-30% of the patients 

(Ripamonti & Dickerson, 2001). At this point opioids and external beam radiation are 
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recommended for treatment of pain. This more intense level of treatment is usually 

effective initially, but if patients survive additional months or years the pain often recurs 

and intensifies. Modalities used to treat these higher levels of pain are limited, and their 

morbidities are significant. Remaining options include significant escalation of 

pharmaceuticals such as opioids, radiation, and/or surgical treatment of painful, 

mechanically incompetent bones (Clohisy & Mantyh, 2004). Radiation can cause local 

skin irritation, myelosupression, and nerve injury. Surgery in medically impaired cancer 

patients also has significant risks, including problems with blood loss, wound healing, 

failure of surgical reconstruction, and even perioperative death (Clohisy, Le, Cheng, 

Dykes, & Thompson, 2000).  

             Opioids are recommended for treatment of moderate to severe cancer pain 

(Mercadante & Fulfaro, 2005). The chronic nature of cancer pain often requires 

prolonged opioid administration through controlled release tablets, repeated bolus 

injections, or transdermal patches (Allan et al., 2001; Hanks et al., 2001; Heiskanen & 

Kalso, 1997; Mercadante, 1998, , 1999a; Warfield, 1998). The World Health 

Organization (WHO) Ladder Approach for Relief of Cancer Pain recommends adjusting 

the strength of the prescribed analgesics according to pain intensity (Blum, Novetsky, 

Shasha, & Fleishman, 2003; Mercadante & Fulfaro, 2005). Many (but not all) cancer 

patients require opioid dose escalation to maintain adequate pain relief due to the 

diminished analgesia with repeated opioid administration (i.e., “antinociceptive  

tolerance”), the advancement of the disease or both (Blum et al., 2003; Mercadante & 

Portenoy, 2001). This significant escalation of the doses of opioids can be complicated by 
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other life-disrupting problems such as nausea, vomiting, constipation, fluid retention and 

peripheral edema, urinary retention, pruritus, mental status changes such as confusion, 

sedation and lethargy as well as respiratory depression (Ruan, 2007). Thus, patients 

experiencing, and being treated for, moderate or severe pain offer various reasons for not 

wanting additional pain therapy: fear of addiction, dislike of the physical side-effects of 

pain medication, dislike of the mental side-effects of medication, and not wanting to take 

more pills or injections. One of the recent studies described that terminally ill patients 

seem to balance the experience of pain with the desire to avoid troublesome side-effects, 

and in many cases are willing to tolerate pain to avoid these (Weiss, Emanuel, 

Fairclough, & Emanuel, 2001). Another complication associated with continuous use of 

opioids is the development of opioid-induced hyperalgeisa (De Conno, Caraceni, Zecca, 

Spoldi, & Ventafridda, 1991; Mercadante, 1999b; Sjogren, Jonsson, Jensen, Drenck, & 

Jensen, 1993), a phenomenon described as an Emerging Iatrogenic Syndrome 

(Mercadante, Ferrera, Villari, & Arcuri, 2003). 

Opioid-induced hyperalgesia 

             The phenomenon of opioid-induced pain is clinically characterized by the 

presence of paradoxical abnormally heightened pain sensation in patients receiving 

opioid treatment (Ali, 1986; Chang, Chen, & Mao, 2007; De Conno et al., 1991; Jianren 

Mao, 2002; Ruan, 2007; Sjogren et al., 1993). This pain often manifests in a distinct 

manner in terms of location, distribution or quality, to that reported originally (Ali, 1986; 

Arner, Rawal, & Gustafsson, 1988; De Conno et al., 1991).  One of the clinical reports 

described the development of spontaneous allodynia and hyperesthesia of the legs, with a 
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corresponding dermatomal distribution of pain from the lumbosacral region, after 

receiving continuous subarachnoid infusion of morphine for the original pain complaint - 

thoracic pain from epidermoid carcinoma of the lung (De Conno et al., 1991). 

Hyperesthesias were induced by long-term intrathecal morphine infusion in a cancer 

patient, where pain was originally controlled by intrathecal morphine, but the abnormal 

pain was manifested in a different way that the original pain complaint, and was 

described as a burning sensation of the whole leg, rather than intermittent shooting pain, 

that was initially described (Ali, 1986). 

           Clinical studies have reported that opioids administered through different routes of 

administration (transdermal, oral, i.th., i.v.) can unexpectedly produce hyperalgesia and 

allodynia, particularly during rapid opioid dose escalation (Chu, Clark, & Angst, 2006; 

De Conno et al., 1991; Jacobsen, Olsen, Sjogren, & Jensen, 1995; Mercadante et al., 

2003; Sjogren, Jensen, & Jensen, 1994; Sjogren et al., 1993). However it is important to 

point out that opioid-induced hyperalgesia may also occur following single dose 

administration  or at ultra-low doses of opioids (Angst & Clark, 2006). Thus, somewhat 

paradoxically, opioid therapy aiming at alleviating pain may render patients more 

sensitive to pain and potentially may aggravate their preexisting pain (Angst & Clark, 

2006). Evidence from 3 types of human studies suggests that the use of opioids can result 

in tolerance and/or hyperalgesia. First, studies performed in former opioid addicts reveal 

significantly lower experimental pain thresholds and diminished analgesic responses to 

intravenous morphine injections for those maintained on methadone as compared with 

those not maintained on methadone (Chu et al., 2006; M. A. Compton, 1994; P. 
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Compton, Charuvastra, Kintaudi, & Ling, 2000; P. Compton, Charuvastra, & Ling, 2001; 

M. Doverty et al., 2001; Mark Doverty et al., 2001). Second, studies evaluating patients 

undergoing surgery demonstrate that the preoperative use of opioids predisposes patients 

to greater postoperative pain and increased opioid requirements (Chu et al., 2006; de 

Leon-Casasola & Lema, 1994; de Leon-Casasola et al., 1993; Rapp, Ready, & Nessly, 

1995). In addition, the use of high doses of opioids intraoperatively has been linked to 

elevated postoperative pain and opioid consumption (Chu et al., 2006; Cooper et al., 

1997; Guignard et al., 2000; Lukas et al., 1999) Third, several volunteer studies have 

shown that the short-term infusion of remifentanil aggravates preexisting hyperalgesia 

(Chu et al., 2006; Hood, Curry, & Eisenach, 2003; Kalkman et al., 2003) . Another small 

volunteer study involving antagonist-induced opioid withdrawal after the acute 

administration of hydromorphone or morphine also demonstrated hyperalgesia in the cold 

pressor test (P. Compton, Miotto, & Elashoff, 2004). 

A considerable number of preclinical studies have also demonstrated that opioids 

can paradoxically enhance pain (Luis R. Gardell et al., 2002; T. King et al., 2005; 

Ossipov et al., 2004). The spinal administration of a bolus dose of 50 μg of morphine to 

rats elicited pain behavior that involved intermittent bouts of biting and scratching at the 

dermatomes corresponding the injection site along with aggressive behaviors inresponse 

to light brushing of the flanks (Ossipov et al., 2004; Yaksh, Harty, & Onofrio, 1986). 

Higher doses of intrathecal morphine (90 to 150 μg) also provoked periodic bouts of 

spontaneous agitation and nocifensive responses to light touch (Yaksh & Harty, 1988). In 

other studies the repeated daily injections of spinal morphine produced enhanced 
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responses of the tail or hindpaw to noxious thermal stimuli (J. Mao, Price, & Mayer, 

1994; Mayer, Mao, & Price, 1995; Ossipov et al., 2004). Likewise, repeated daily 

systemic injections of morphine produced a loss of its antinociceptive effect that 

progressed to enhanced behavioral responses to noxious radiant heat (Trujillo & Akil, 

1991, , 1994). Similar effects were seen when prolonged exposure to morphine was 

produced through the subcutaneous administration of morphine (Vanderah, Ossipov et 

al., 2001). Morphine was continuously infused through an osmotic minipump or released 

from a pair of subcutaneously implanted pellets containing free-base morphine. Within 7 

days, the rats demonstrated reduced response thresholds to light tactile or noxious radiant 

heat stimuli, indicating the presence of tactile allodynia and thermal hyperalgeisa 

(Vanderah, Ossipov et al., 2001). An interesting phenomenon has been described where a 

single systemic dose of opioid produced signs of hyperalgesia after the initial opioid-

induced antinociceptive action has subsided, suggesting that the hyperalgesic component 

is present after opioid administration but masked by the analgesia observed in the initial 

post-opioid period (Celerier et al., 2000; Larcher, Laulin, Celerier, Le Moal, & Simonnet, 

1998). It has been also demonstrated that a single injection of morphine produced an 

initial antinociception followed by thermal hyperalgeisa (Celerier, Laulin, Larcher, Le 

Moal, & Simonnet, 1999). These studies indicate that even a short-term exposure to 

opioids may produce a rebound hyperalgesic effect, and this may manifest behaviorally 

as tolerance. Structurally distinct opioids including non-peptidic agonists (e.g. morphine, 

oxymorphone, fentanyl) as well as peptides acting at opioid receptors (e.g. DAMGO) 

have been shown to produce hyperalgesia (Celerier, Gonzalez, Maldonado, Cabanero, & 
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Puig, 2006; Gardell et al., 2006; Luis R. Gardell et al., 2002; Laulin, Celerier, Larcher, Le 

Moal, & Simonnet, 1999; Laulin, Larcher, Celerier, Le Moal, & Simonnet, 1998; 

Vanderah et al., 2000).  

                       Mechanisms of opioid-induced hyperalgesia largely remain unknown; however 

evidence is accumulating supporting supraspinal, spinal as well as peripheral mechanisms 

mediating opioid-induced hypersensitivity. 

            Mechanisms of opioid-induced hyperalgesia 

             The periaqueductal grey (PAG) and rostral ventromedial medulla (RVM) are rich 

in mu-opioid receptors and are prominent in opioid mediated antinociception (Mansour, 

Fox, Burke et al., 1994; Mansour, Fox, Thompson, Akil, & Watson, 1994; Mansour, 

Khachaturian, Lewis, Akil, & Watson, 1987; Ossipov et al., 2004). There is considerable 

evidence to indicate that these regions are important for the antinociceptive effects 

mediated by opioids. Importatnly, reciprocal connections between the PAG and the RVM 

have been identified (Julius & Basbaum, 2001; Onaitis et al., 2001; Ossipov et al., 2004). 

Opioids like morphine cause an activation of a population of cells in the PAG, that in 

turn, excites neurons of the RVM (Julius & Basbaum, 2001; Onaitis et al., 2001). 

Abnormal pain is promoted by descending facilitation form the RVM: the descending 

facilitatory mechanism from the RVM may also significantly underlie the development of 

abnormal pain states subsequent to opioid exposure (Ossipov et al., 2004). The 

microinjection of lidocaine into the RVM produced a reversible block of both tactile 

allodynia and thermal hyperalgesia after sustained treatment with morphine (Vanderah, 

Ossipov et al., 2001; Vanderah, Suenaga et al., 2001). Additionally, it has been shown 
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that sustained morphine-induced plasticity in the RVM activates descending facilitation 

in part through enhanced activity of cholecystokinin (CCK) in this region (Vanderah, 

Ossipov et al., 2001; Vanderah, Suenaga et al., 2001; Xie et al., 2005). Similar results 

were obtained by performing bilateral lesions of the dorsolateral funiculus (DLF). 

Spinopetal projections from RVM neurons make up the majority of fibers of the 

dorsolateral funiculus (DLF) and may contain descending facilitatory fibers from this 

region (Onaitis et al., 2001). Bilateral disruption of the DLF prevented the development 

of both tactile allodynia and thermal hyperalgesia resulting from sustained opioid 

delivery without affecting normal responses to acute noxious or innocuous stimuli 

(Vanderah, Suenaga et al., 2001).  

             Considerable evidence has demonstrated that enhanced expression of spinal 

dynorphin is pronociceptive and appears to promote facilitated pain states such as chronic 

inflammation, peripheral nerve injury, as well as opioid-induced pain (Ossipov et al., 

2004). Elevations in spinal dynorphin content are seen in animals with prolonged 

exposure to opioids either systemically or spinally (Luis R. Gardell et al., 2002; Ossipov 

et al., 2004; Vanderah, Ossipov et al., 2001; Vanderah, Suenaga et al., 2001). Spinal 

infusion of the μ-opioid agonsit DAMGO has been shown to elicit tactile allodynia and 

thermal hyperalgesia, as well as elevated dynorphin content in the lumbar cord as well as 

immunoreactivity for prodynorphin (Vanderah et al., 2000). The spinal injection of 

dynorphin antiserum blocked tactile allodynia and thermal hyperalgesia in the DAMGO-

treated rats (Vanderah et al., 2000). Bilateral lesions of the DLF, which were shown to 

block abnormal pain and tolerance to the antinociceptive effect of morphine, also 
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prevented the up-regulation of dynorphin (Gardell et al., 2003). These findings indicate 

that eleveated spinal dynorphin levels are the result of descending facilitation arising in 

the brainstem (Ossipov et al., 2004). The precise mechanisms through which increased 

spinal dynorphin expression promotes opiod-induced pain remains to be elucidated, 

however, there is evidence that increased spinal dynorphin promotes the further release of 

excitatory neurotransmitters such as glutamate, SP and CGRP form primary afferent 

neurons, provoking a positive feedback loop that amplifies further sensory input (Ossipov 

et al., 2004). 

             It has long been appreciated that activation of N-methyl, D-aspartate (NMDA) 

receptor by glutamate results in the sensitization of neurons (Baranauskas & Nistri, 

1998). It has been argued that opioid-induced abnormal pain is dependent upon NMDA 

mediated facilitation (Celerier et al., 2000; Larcher et al., 1998; Laulin et al., 1998; J. 

Mao et al., 1994; J. Mao, Price, & Mayer, 1995). Repeated daily injections of intrathecal 

morphine to rats produced tolerance to the antinociceptive effects of morphine along with 

thermal hyperalgeisa and both of these effects were prevented by concurrent injections of 

NMDA receptor antagonist MK-801 (J. Mao et al., 1994). In another study, the 

hyperalgesia that was evoked by short term administration of heroin or fentanyl was 

blocked by injection of the NMDA receptor antagonist MK-801 or ketamine (Celerier et 

al., 1999; Celerier et al., 2000; Laulin et al., 1998). 

             Calcitonin gene-related peptide (CGRP) is a neuropeptide that has been found to 

be partially colocalized with glutamate as well as SP in central terminals of primary 

afferent neurons and is thought to promote nociceptive processing in the spinal cord 
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(Widmann, Gibson, Jarpe, & Johnson, 1999).  The ability to antagonize the 

pharmacologic actions of opioids has been demonstrated in several studies. CGRP has 

been associated with increased glutamate release and enhanced NMDA receptor activity, 

both of which would oppose the antinociceptive actions of opioids (Kangrga & Randic, 

1990; Murase, Ryu, & Randic, 1989; Ossipov et al., 2004). Long-term exposure of rats to 

interathecal morphine infusion has produced antinociceptive tolerance along with 

increased spinal expression of CGRP (D. P. Menard, van Rossum, Kar, & Quirion, 1995). 

The co-amdinsitration of CGRP antagonist CGRP (8-37), prevented the development of 

antinociceptive tolerance to morphine as well as elevations in spinal CGRP levels (D. 

Menard et al., 1996). It has been also shown that CGRP increases the release of 

gluatamate and of substance P, both of which exert an excitatory influence on 

postsynaptic second order neurons of the dorsal horn of the spinal cord (Kangrga & 

Randic, 1990; Oku et al., 1987). 

             SP is an excitatory neurotransmitter synthesized by primary afferent nociceptors 

and released into the spinal cord after noxious stimulation (Duggan, Morton, Zhao, & 

Hendry, 1987; T. King et al., 2005; Radhakrishnan & Henry, 1991; Schaible, Jarrott, 

Hope, & Duggan, 1990), and preferentially binds to NK-1 receptor located in the spinal 

cord (Abbadie et al., 1997; T. King et al., 2005). Because one of the primary mechanisms 

through which opioids may exert their antinociceptive effects is through inhibition of 

release of SP from primary afferent terminals, it is thought that prolonged exposure to 

opioids may alter SP functionality in some fashion (Gouarderes et al., 1993; Jhamandas, 

Yaksh, Harty, Szolcsanyi, & Go, 1984). Cultured DRG neurons that are exposed to 
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morphine for 6 days show enhanced release of SP as well as increased number of neurons 

immunoreactive for SP (Ma, Zheng, Kar, & Quirion, 2000). Moreover, long-term spinal 

administration of morphine produced increased SP in the spinal dorsal horns (C. I. 

Svensson, Hua, Protter, Powell, & Yaksh, 2003). One of the recent studies by our group 

also showed that sustained morphine administration increased SP and NK-1 receptor 

expression in the spinal dorsal horn (T. King et al., 2005). Interestingly sustained 

morphine treatment also enhanced capsaicin-evoked SP release in vitro, and 

internalization of NK-1 receptors in deeper laminae of the spinal cord in response to 

noxious stimulation (T. King et al., 2005). Moreover, morphine-induced hyperalgeisa 

was observed in NK-1 receptor wild-type (WT) mice, but not in NK-1 knock-out (KO) 

mice (T. King et al., 2005). Also, NK-1 receptor antagonist L-732,138 administered 

spinally blocked morphine-induced hyperalgesia in rats and mice (T. King et al., 2005).  

                      Despite the large body of accumulated data, the exact mechanisms underlying the 

development of opioid-induced pain still remain unknown.  

           Similarities between inflammation- and morphine-induced hyperalgesia 

           Inflammation and morphine-induced hypesensitivity share many common 

characteristics such as hyperalgesia, allodynia as well as similar pronociceptive 

neuroadaptive changes. Increased expression of SP and CGRP in the sensory primary 

afferents, accompanied by increased capsaicin-evoked release of SP and CGRP in the 

spinal dorsal horn have been described in both inflammation and morphine-induced 

hyperalgesia (Abbadie et al., 1997; Donnerer, Schuligoi, & Stein, 1992; Luis R. Gardell 

et al., 2002; Khasabov et al., 2002; T. King et al., 2005; Ma et al., 2000; Nichols et al., 
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1999; C. I. Svensson, X. Y. Hua et al., 2003). A prominent feature of opiate-induced 

hyperalgesia is enhanced responsiveness to noxious thermal stimulation suggesting 

TRPV1 channels may be important in this response.  

             The TRPV1 receptor belongs to the large family of transient receptor potential 

(TRP) channels that comprise a diverse group of ligand-gated, non-selective cation 

channels (Michael J. Caterina & Julius, 2001; Szallasi & Appendino, 2004). It is a 

molecular transducer of noxious thermal and chemical stimuli such as vanilloids 

(capsaicin) and acids (Michael J. Caterina & Julius, 2001; M. J. Caterina et al., 1997). 

Additionally, it is well established that TRPV1 expression plays an important role in the 

development of inflammation-induced hyperalgesia (Michael J. Caterina & Julius, 2001; 

M. J. Caterina et al., 2000; Davis et al., 2000; Ji, Samad, Jin, Schmoll, & Woolf, 2002). 

Inflammation also increases protein, but not mRNA levels of TRPV1 channel in these 

cells, which is then transported to peripheral but not central C fiber terminals (Ji et al., 

2002) contributing to the maintenance of inflammation-induced  hyperalgesia. 

             Recently it has been demonstrated that inflammation induces p38 mitogen-

activated protein kinase (MAPK) activation in the DRG neurons, after inflammation (Ji et 

al., 2002). Mitogen-activated protein kinases are serine-threonine kinases that play an 

instrumental role in signal transduction from the cell surface to the nucleus. p38 MAPK 

represents a group of enzymes in the MAPK family that are phosphorilated and activated 

by a variety of physical and chemical stimuli (Obata et al., 2000). Once activated p38 

MAPK transduces a broad range of extracellular stimuli into diverse intracellular 

responses by producing changes in transcription as well as posttranslational modifications 
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of target proteins (Sweatt, 2001; Widmann et al., 1999). p38 MAPK phosphorilates 

nuclear and cytosolic targets to regulate responses, such as cell differentiation, apoptosis 

and inflammation-induced cytokine production (Shi & Gaestel, 2002). Several lines of 

evidence suggest that p38 MAPK is activated by factors that are involved in pain 

signaling. In the dorsal root ganglion of primary sensory neurons peripheral inflammation 

and nerve injury induces p38MAPK activation and the corresponding nociceptive 

behaviors are prevented by p38MAPK inhibition (Ji et al., 2002; Schafers, Svensson, 

Sommer, & Sorkin, 2003; C. I. Svensson, M. Marsala et al., 2003).  Although an activity-

dependent p38 MAPK activation occurs in neurons (Z. Mao, Bonni, Xia, Nadal-Vicens, 

& Greenberg, 1999), the contribution of p38 MAPK to neuronal function remains largely 

unknown. Inhibition p38 MAPK activation in the DRG reduces the increase in TRPV1 in 

the dorsal root ganglia neurons and inflamed skin and diminishes inflammation-induced 

hyperalgesia, without affecting inflammatory swelling or basal pain sensitivity (Ji et al., 

2002). It has been also shown that p38 activation in DRG is secondary to peripheral 

production of nerve growth factor (NGF) during inflammation, and is required for NGF-

induced increases in TRPV1 (Ji et al., 2002).  

             NGF is up-regulated in inflamed tissues and plays an important role in 

inflammatory pain, by driving peripheral sensitization and acting directly on the 

peripheral terminal to produce hyperalgesia (Chuang et al., 2001; Woolf, Safieh-

Garabedian, Ma, Crilly, & Winter, 1994). The up-regulation of NGF has been shown in 

inflammatory exudates (Constantinou, Reynolds, Woolf, Safieh-Garabedian, & 

Fitzgerald, 1994; Donnerer et al., 1992; Varilek, Weinstock, & Pantazis, 1991; Woolf et 
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al., 1994), inflamed soft tissues and degenerating nerve (Heumann, Korsching, Bandtlow, 

& Thoenen, 1987). NGF also results in hyperalgesia when administered systemically in 

rats, mice and humans (Lewin & Mendell, 1993; Petty et al., 1994) and locally in rats and 

humans (Petty et al., 1994; Woolf et al., 1994). That these two general findings are linked 

has been shown by the reduction in experimental inflammatory hyperalgesia produced by 

anti-NGF antibodies (Lewin, Rueff, & Mendell, 1994; McMahon, Bennett, Priestley, & 

Shelton, 1995; Woolf et al., 1994). The action of NGF may not be restricted to the site of 

its production (Woolf, Ma, Allchorne, & Poole, 1996). NGF produced in peripheral 

tissues (Bandtlow, Heumann, Schwab, & Thoenen, 1987) will act on those cells in the 

tissue that express the high affinity protein tyrosine kinase NGF receptor TrkA (Kaplan, 

Hempstead, Martin-Zanca, Chao, & Parada, 1991; Klein, Jing, Nanduri, O'Rourke, & 

Barbacid, 1991), which is present on inflammatory cells as well as on sympathetic and 

subpopulation of small-diameter sensory neurons (Crowley et al., 1994; Lomen-Hoerth & 

Shooter, 1995; Woolf et al., 1996; Wright & Snider, 1995). On binding to TrkA, NGF-

TrkA complex is internalized and retrogradely transported to the cell bodies of sensory 

neurons in the DRG (DiStefano et al., 1992), where it increases gene expression (Lindsay 

& Harmar, 1989; Woolf et al., 1994). These transcriptional changes may alter the central 

effects of nociceptor activation (Woolf et al., 1996). The study by Ji et al. indicates that 

activation  of p38 MAPK in the DRG following retrograde NGF transport, increases 

TRPV1 levels in nociceptor peripheral terminals, and thus contributes to the maintenance 

of inflammatory heat hypersensistivity (Ji et al., 2002).  
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             Based on the critical role of TRPV1 receptor, p-38 MAPK and NGF in the 

inflammatory pain and similarities between inflammatory and morphine-induced pain, we 

examined the role of these molecules in the development and maintenance of sustained 

morphine-induced hypersensitivity.  

            Summary of research goals  

             Administration of opioids typically results in analgesia, however, the opioid 

receptor system signals and modulates a multitude of effects, and under certain 

conditions mediates hyperalgesia rather than analgesia. Evidence suggests that opioid-

induced hyperalgesia does develop in humans and may have important clinical 

implications. Based on the available evidence, we need to give serious consideration of 

the possibility that opioid-induced hyperalgesia is a significant consequence of opioid 

therapy. Paradoxically, the aggressive treatment of pain with opioids may predispose 

patients to greater levels of pain at later times also. For example, patients chronically 

consuming opioids experience increased levels of postoperative pain despite consuming 

larger amounts of postoperative pain medications (Angst & Clark, 2006; Carroll, Angst, 

& Clark, 2004; Rapp et al., 1995).  Conceivably, the long term use of opioids may 

exacerbate rather than ameliorate chronic pain. The possibility of opioid-induced 

hyperalgesia limiting the usefulness of opioids emphasizes the importance of the 

development of pain treatments that do not produce such side effects. The mechanisms 

underlying opioid-induced hyperalgesia remain unclear. Existing data suggests that 

peripheral, spinal and higher central nervous system structures may mediate opioid-

induced hyperalgesia, but many specifics are missing from our understanding of the exact 
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mechanisms of opioid-induced pain. Such topics, among many, include the sensitization 

of primary afferents: participating neurotransmitters, receptors and second messenger 

pathways. It is important to study neuroplastic adaptations in the nervous system induced 

by chronic pain state (e.g. bone cancer-induced pain) in combination with opioids, as well 

as responses to chronic treatment with opioids alone. 

            Ultimately, mechanistic studies are needed to understand this complex phenomenon, 

thus, based on available knowledge we have conducted present study and proposed two 

major hypotheses: 

           I. Sustained morphine enhances bone cancer-induced pain in a murine model of    

bone cancer.  

1. Sustained morphine enhances bone cancer-induced spontaneous and evoked pain 

2. Sustained morphine enhances bone cancer-induced spontaneous and evoked pain 

dose dependent manner 

3. Sustained morphine enhances cancer-induced neuronal damage by increasing  

ATF3 expression in DRG of cancer treated mice 

4. Sustained morphine increases expression of pronocicetive neurotransmitters such 

as SP in DRG of cancer treated mice 

5. Sustained morphine enhances bone cancer-induced pain through mu-opioid 

receptor mediated mechanism 

6. Sustained morphine enhances bone cancer-induced pain by enhancing tumor 

growth 
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7. Co-administration of cyclooxygenase (COX) inhibitor prevents morphine-induced 

enhanced bone cancer pain 

8. NK1 antagonist blocks sustained morphine-induced enhanced bone cancer pain 

       II. Opioid-induced hypersensitivity results from sensitization of nociceptors 

through   TRPV1-, p38 MAPK- and NGF-dependent mechanism. 

1. TRPV1 KO mice do not develop morphine-induced thermal and tactile 

hyperalgesia 

2. TRPV1 antagonist blocks morphine induced thermal and tactile hypersensitivity 

in mice and rats 

3. Sustained morphine increases TRPV1 immunoreactivity in DRG neurons and 

sciatic nerve, but not spinal cord 

4. Sustained morphine increases functional activity of TRPV1 receptor in the 

periphery 

5. Co-administration of p38 MAPK inhibitor with morphine prevents the 

development of morphine-induced thermal hyperalgesia and tactile allodynia 

6. Intrathecal administration of p38 MAPK inhibitor reverses morphine-induced 

thermal hyperalgesia and tactile allodynia 

7. Co-administration of p38 MAPK inhibitor with morphine prevents sustained 

morphine-induced enhanced functional activity of TRPV1 receptor 

8. Sustained morphine  administration increases pp38 MAPK expression in TrkA-

positive DRG cells    

9. Sustained morphine increases NGF content in skin tissue 
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10. Pretreatment with anti-NGF peptibody blocks  the development of morphine-

induced thermal and mechanical hyperalgesia as well as tactile allodynia 

11. Pretreatment with anti-NGF antibody blocks morphine-induced increased 

functional activity of TRPV1 receptor 
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CHAPTER II. MATERIALS AND METHODS 

 

Animals used 

All the experiments contained in this dissertation were carried out using male 

adult C3H/HeJ normal mice (Jackson Laboratories, Bar Harbor, ME) [chosen for 

histocompatability with the NCTC 2472 tumor line American Type Culture Collection 

(ATCC), Rockville, MD], male TRPV1 receptor knock-out (KO) mice (Jackson 

Laboratory, Bar Harbor, Maine) and their wild-type (WT) littermates C57BL6 (Jackson 

Laboratory, Bar Harbor, Maine), ICR mice (Jackson Laboratory, Bar Harbor, Maine) 

weighing between 20 and 30 g, and Male Sprague–Dawley rats (Harlan; Indianapolis, IN) 

weighing 200–300 g. All animals were maintained on a 12/12h light/dark cycle and were 

provided food and water ad libitum except during experimental procedures. All 

experiments, involving animals, were performed in accordance with the policies and 

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

Institutes of Health guidelines for the handling and use of laboratory animals and 

received approval from the Institutional Animal Care and Use Committee of the 

University of Arizona. Groups of 6-12 mice or rats were used in all experiments. 

Drug administration 

For sustained drug administration pellets (morphine or placebo) were implanted 

subcutaneously. For mice, one of each pellet was used, whereas, for rats, two of each type 

of pellets was used. Chronic subcutaneous infusions were performed via implantation of 

osmotic minipumps [Durect Corporation, Cupertino, CA], Alzet # 1007D (0.5μl/hour 
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across 7 days) were used for mice and Alzet# 2001 (1μl/hour across 7 days) for rats. 

Chronic sustained spinal infusions in rats were performed through minipumps (Alzet # 

1007D; 0.5μl/hour across 7 days) attached to previously implanted intrathecal catheter. 

Acute spinal injections in rats were made into subarachnoid space at the level of the 

lumbar spinal cord through previously implanted i.th cateters in a volume of 5μl followed 

b a 9μl saline flush. Acute spinal injections in mice were made into subarachnoid space 

(L5-L7) through lumbar puncture in anaesthetized animals,  using a modified version 

(Porreca & Burks, 1983) of a previously described method (Hylden & Wilcox, 1980). 

Drugs and Doses Used 

Morphine administration was accomplished by: 1). Subcutaneous implantation of 

one (in mice) or two (in rats) 75 mg free base morphine pellets. Control groups received 

placebo pellets containing excipient only. The pellets were obtained as a generous gift 

from the National Institute on Drug Abuse Drug Supply Program. Mice were visually 

evaluated for signs of morphine- induced agonist actions by assessing the presence or 

absence of the Straub tail response and by observing characteristic stereotypic locomotor 

actions in the home cage (Hasegawa, Kurachi, & Otomo, 1990; Nath, Gupta, Patnaik, & 

Dhawan, 1994). Thermal antinociception was verified 2 and 6 h following pellet 

implantation using Hargreaves test in rats and the Hot Plate test in mice, since the cage-

circling behavior prevented the use of the Hargreaves test in mice. All the experiments 

with mice were performed on day 7 and with rats on day 6 after pellet implantation. No 

signs of withdrawal (diarrhea, wet-dog shaking, jumping, lacrimation, or piloerection) 

were observed throughout the study in spite of careful monitoring. 2). Mice were 
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implanted with primed osmotic mini-pumps (Alzet # 1007D; 0.5μl/hour across 7 days) 

filled with morphine sulfate (50, 25, 7.5, 2.5 mg/ml) dissolved in saline or with saline 

only. The concentrations of morphine sulfate resulted in daily doses of 20, 10, 3, or 1 

mg/kg/day. These doses were chosen from, and were within the ranges used for bolus and 

infusion protocols in mice (Juni, 2006; Nancy M. Luger et al., 2002) and did not produce 

overt signs of sedation or disruption of motor function. Blood morphine levels for the 10 

and 20 mg/kg/day doses of morphine delivered through minipumps have been reported at 

48 hr post-pump implantation (C. I. Svensson, M. Marsala et al., 2003). Rats were 

implanted with primed osmotic minipumps (Alzet# 2001; 1μl/hour across 7 days) filled 

with morphine sulfate (64mg/ml) dissolved in saline or saline only. Morphine sulfate 

(C34H40N2O10S; molecular weight 668.75) was obtained as a generous gift form National 

Institute on Drug Abuse Drug Supply Program (RTI Batch No. 8981-52; Reference 

No.10678).  

Naloxone hydrochloride dihydrate (Sigma) was dissolved in saline (25mg/ml) and 

administered (s.c.) via osmotic minipumps (Alzet # 1007D; 0.5μl/hour across 7 days) 

resulting in a dose of 10mg/kg/day. Mice receiving both naloxone and morphine had 2 

separate minipumps, 1 per compound, implanted. Pilot experiments demonstrated no 

effect of implantation of a second minipump delivering saline on morphine activity and 

the second minipump did not disrupt animal behavior or weight gain or produce overt 

signs of discomfort. 
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(+/-) Oxymorphone  enantiomers (courtesy of Dr. Kenner Rice) was dissolved in 

5% HCL (25mg/ml; 10mg/kg/day)) and administered (s.c.) through osmotic minipumps 

(Alzet # 1007D; 0.5μl/hour across 7 days). 

L 732,138 and L-733,060 hydrochloride, NK-1 receptor antagonists (Tocris) were 

dissolved in 100 % and 10% DMSO respectively. L-732,138 was administered 25 μg/5μl 

i.th; L-733,060 was delivered through osmotic minipumps 30 mg/kg/day s.c. (75mg/ml). 

Naproxen hydrochloride (Sigma) 100mg/kg/day was dissolved in saline 

(350mg/ml) and administered via osmotic minipumps (Alzet # 1007D; 0.5μl/hour across 

7 days). 

AMG0347, a TRPV1 antagonist, generously provided by AMGEN Inc. 

(Thousand Oaks, CA), was injected 3mg/kg (p.o.); this dose was chosen following pilot 

experimentation. AMG 0347 was dissolved in 5% ethanol and administered as 0.5% 

methylcellulose suspension; control animals received the vehicle alone.  

SB 203580, a p38 MAPK inhibitor (Calbiochem) was dissolved in 50% DMSO, 

and administered 1mg/ml (i.th) acutely or through chronic infusion (Alzet # 1007D; 

0.5μl/hour across 7 days). 

Anti-NGF peptidbody, generously provided by AMGEN Inc. (Thousand Oaks, 

CA), was dissolved in saline and injected 100 mg/kg (s.c.). 

Surgeries 

Bone cancer 

Baseline spontaneous and evoked pain behaviors, and radiograph images of the 

femur were obtained. Animals were anesthetized with ketamine/xylazine and an 
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arthrotomy was performed exposing the condyles of the distal femur. A hole was drilled 

into the femur for the injection needle. Radiograph images (Faxitron) were taken on 2 

planes to verify needle placement inside the intramedullary space of the femur. Murine 

CCL-11 Sarcoma cells, 106 in 5 μl or 25×104 in 5 μl of alpha minimal essential medium 

(alpha MEM) containing 1% bovine serum albumin (BSA) or 5 μl of alpha MEM 

containing 1% BSA alone (control) were injected into the intramedullary space of the 

mouse femur of the right leg and the injection site sealed with dental amalgam or bone 

cement. 

Murine CCL-11 (NCTC clone 2472) sarcoma cells were maintained in NCTC 135 media 

containing 10% horse sera, passaged every 4 days, and harvested between 2 and 12 

passages. 

Intrathecal catheter implantation 

While under fluorethane anesthesia, rats were implanted with i.th. catheters ( PE-

10, 7.0 cm) as described previously (Yaksh & Rudy, 1976) for drug administration at the 

level of the lumbar spinal cord. For sustained spinal infusion, animals were allowed to 

recover for 6 days after the implantation of i.th catheters, and under fluorethane 

anesthesia osmptic minipums were attached to the i.th catheters, secured with sutures and 

placed in the subcutaneous space. 

Behavioral analysis 

Thermal antinociception and hypersensitivity.  

The method of Hargreaves (Hargreaves, Dubner, Brown, Flores, & Joris, 1988) 

was used to assess paw-withdrawal latency to a thermal nociceptive stimulus. Rats or 
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mice were allowed to acclimate within a Plexiglas enclosure on a clear glass plate in a 

quiet testing room. A radiant heat source was focused onto the plantar surface of the hind 

paw. Paw-withdrawal latency was determined by a motion detector that halted both the 

lamp and timer when the paw was withdrawn. A maximal cut-off time of 32 s was used 

to prevent tissue damage.  

The Hot Plate Analgesia Meter was used to test thermal antinociception in mice 6 

hours after implantation of pellets. Mice were placed on the hot plate (52oC), which was 

surrounded by a clear acrylic cage, and the Start/Stop button on the timer was activated. 

The latency to respond with either a paw lick, paw flick, or jump (which ever came first) 

was measured to the nearest 0.1 seconds by deactivating the timer when the response is 

observed. The mouse was immediately removed from the hot plate and returned to its 

home cage. A maximal cut-off latency of 32 s was used to prevent tissue damage. 

Tactile hypersensitivity.  

Paw-withdrawal thresholds of the hindpaw were determined in response to 

probing with calibrated von Frey filaments (Stoelting, Wood Dale, IL) in logarithmically 

spaced increments ranging from 0.4 to 4.0g for mice and 2-15g for rats. Animals were 

allowed to acclimate in suspended wire-mesh cages for 30-45 min. Each filament was 

applied perpendicularly to the plantar surface of the paw. Withdrawal threshold was 

determined by sequentially increasing and decreasing the stimulus strength ("up and 

down" method), analyzed using a Dixon nonparametric test (Chaplan, Bach, Pogrel, 

Chung, & Yaksh, 1994; Dixon, 1980), and expressed as the mean withdrawal threshold. 
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A significant reduction in paw-withdrawal threshold from the pre-pellet value indicated 

tactile hypersensitivity. 

Spontaneous pain in mice  

Mice were placed in raised plexiglass chambers with a wire grid floor and 

allowed to acclimate to the chamber for 1 hr. Guarding and flinching behaviors were 

measured during 2 min observation period. The number of flinches was counted, and the 

time spent guarding the foot (the foot is lifted off of the floor) was measured. 

Movement-evoked pain in mice  

Limb use was assessed as previously described (N. M. Luger et al., 2001). The 

mouse was placed in an empty mouse pan and observed while walking across the pan in a 

continuous motion. Limping and/or guarding behavior of the right (sarcoma treated) 

hindlimb was rated on the following scale: 0=complete lack of use, 1=partial non-use, 

2=limping and guarding, 3=limping, 4=normal walking. 

Capsaicin-induced flinching in rats  

Rats were given an injection (s.c.) of capsaicin (Sigma) (100 μg/100 μl), dissolved 

in 100% ethanol into the plantar surface of the hindpaw. The number of flinches was 

counted across 5 min post injection. 

Mechanical hyperalgesia in rats 

Nociceptive withdrawal thresholds in rats were determined using Ugo Basile 

analgesimeter (Comerio, Italy). The test was performed by applying noxious pressure to 

the hindpaw at a constant, increasing rate on a linear scale. A positive response was 

indicated by withdrawal of the paw. A cut-off of 400g was used to avoid tissue injury. 
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Capsaicin-induced plasma extravasation in rats 

Rats were given an injection (s.c.) (50 μg/50 μl) of capsaicin (Sigma), dissolved 

in 100% ethanol, into the dorsal surface of the hindpaw followed by an injection (100 

mg/kg, i.v.) of Evans Blue (Sigma) 20 min later. Two (2) hours later, rats were 

euthanized, and skin punches (3 mm diameter) were taken and placed overnight in 

formamide. Samples were read with a spectrophotometer (Beckman Instruments Inc., 

Fullerton, CA) (λ=620 nm) and data converted to μg/ml Evans Blue using a standard.  

Determination of bone destruction 

Radiographs were taken following behavioral testing using a Faxitron machine 

with images captured by a digital camera. Bone loss was rated by an experimenter 

blinded to treatment according to a 4 point scale: 0 = normal, 1 = bone loss observed with 

no fracture, 2= full thickness unicortical bone loss indicating unicortical bone fracture, 3= 

full thickness bicortical bone loss indicating bicortical bone fracture. This scale was 

modified from 0-5 scale previously described (N. M. Luger et al., 2001). 

Histology 

H&E stain 

Femora were collected on day 10 after the surgery, rinsed in water and placed in 

Decal solution (RDO-Apex, Aurora, IL) for 1 hr for decalcification and embedded in 

paraffin for sectioning. Femora were cut in the frontal plane 3 μm thick and stained with 

hematoxylin and eosin (H&E) to visualize normal marrow elements and cancer cells 

under bright field microscopy on a Nikon E800 at 4X magnification. Tumor or marrow 
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areas within the femur (3-5 bones per treatment) were measured in mm2 between the 

epiphyseal plates using Metamorph imaging software.  

TRAP stain 

To determine the number of osteoclasts, femurs were stained with Tartrate-

resistant acid phosphatase (TRAP) kit (Sigma) as TRAP is commonly used as a marker of 

osteoclasts in bone as previously reported (Beeton et al. 2006; Halleen et al. 1999; Itoh et 

al. 2006; Ren et al. 2006; Takano et al. 2006; Takano et al. 2004; Wan et al. 2006). 

Images were analyzed under bright field microscopy on a Nikon E800 at 4X and 10X 

magnification. For all groups, osteoclasts were counted at the metaphysis of the femur, as 

bone destruction occurs mainly in this area (Honore et al. 2000a). Counts were performed 

across several (3-5) bones per treatment. Metamorph imaging software was used to 

quantify the results. The results are expressed as the mean number of osteocalsts per mm2 

of intramedullary space. 

Immunohistochemistry 

Mice 

Mice received an overdose of ketamine HCL/xylazine (1ml/kg) and were perfused 

transcardially with 0.1 M PBS followed by 10% neutral buffered formalin (Sigma, St 

Louis, MO, USA). DRG (L4) and ipsilateral femura were removed and postfixed 

overnight in 10% neutral buffered formalin. DRG tissue was cryoprotected with 20% 

sucrose in 0.1 M PBS. Frozen DRG sections of 10 μm were washed in 0.1 PBS and then 

incubated with rabbit anti-SP antiserum or rabbit anti-CGRP antiserum (1:40,000; 

Bachem/Peninsula Labs), or rabbit anti-ATF3 antiserum (1:5,000; Santa Cruz 
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Biotechnology). Sections were then incubated in Alexa Fluor 568 goat anti-rabbit IgG or 

Alexa Fluor 525 (diluted 1:1000). 

Rats 

On day 6 following morphine or placebo pellet implant, rats received an overdose 

of sodium pentobarbital (100 mg/kg, i.p.) and were perfused transcardially with 0.1 M 

PBS until the exudate ran clear followed by 4% formaldehyde in 0.1 M phosphate buffer 

(PB). Lumbar spinal cords (L4-6), DRG (L5,6) and sciatic nerve were harvested and 

postfixed in 4% formaldehyde overnight and cryoprotected with 20% sucrose in 0.1 M 

PBS. Immunostaining was performed on 20 μm sections from tissues of rats that had 

received no nociceptive stimulation prior to tissue collection. Primary antibody for VR1 

(Neuromix), p-p38 (Santa Cruz) and antibody to TrkA (Cell Signaling Technology) were 

diluted 1:10,000. Sections were then incubated in Alexa Fluor 568, Alexa Fluor 488 goat 

anti-rabbit IgG (Invitrogen) 1:1000 or CY-3 conjugated goat anti-rabbit (Chemicon?) 

1:1500 secondary antibodies. 

Image analysis and quantification 

Fluorescence images of spinal cord sections were acquired with a Nikon E800 

fluorescence microscope outfitted with a filter set for Cy3 (excitation 540–580 

nm/emission 560–620 nm) and a Hamamatsu C5810 color CCD camera and its 

proprietary Image Processor software (Hamamatsu Photonic System, Bridgewater, NJ, 

USA). Digital images were output using Adobe Photoshop 6.0 (Adobe System Inc., San 

Jose, CA, USA). Stained cell profiles were counted on 8-10 randomly selected L4, 5, 6 
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DRG sections from 3 animals per each condition. The results are expressed as a 

percentage of the estimated total number of neuronal profiles from these sections. 

In vitro analysis of sarcoma cell growth 

Murine CCL-11 (NCTC clone 2472) sarcoma cells were maintained in NCTC 135 

media containing 10% horse serum, 100 units/ml penicillin and 0.1 mg/ml streptomycin 

in a humidified atmosphere with 95% air/5% CO2. To evaluate the effect of morphine on 

cell growth, cells were treated with morphine for 2, 4, or 6 days, and for each time point, 

the effect of morphine was evaluated over a concentration range of 10 nM to 100 �M. 

For each assay, cells were seeded at 1000 cells / well in 96-well plates and cultured for a 

total of 4 days, at which time cells reached a confluency of 50-70%. During the 4-day 

culture, cells were treated with various concentrations of morphine (8 wells used per 

concentration) on the same 96-well plate and separate plates were used for different 

duration of treatment. For the 2-day treatment, morphine was added to the cells 2 days 

after plating; for the 4-day treatment, morphine was added to the cells at the time of 

plating. For the 6 day treatment, cells were treated, in separate 75 cm2 flasks, with the 

various concentrations of morphine 2 days prior to seeding onto the 96 well plates, and 

the morphine treatment continued for 4 additional days after plating. Untreated control 

cells were included on each plate and assayed in parallel. BrdU was added to all the wells 

on day 3, 24 hr prior to the termination of morphine treatment and the ELISA assay. 

BrdU was analyzed using Cell Proliferation ELISA, BrdU (colorimetric) kit according to 

the manufacturer’s instructions (Roche Applied Sciences, cat # 11647229). The optical 

density at 450 nm (OD450) was read by a plate reader (Multiskan Ascent, Thermo 



 59

Electron) as required for assays using the stop solution. For data analysis, the mean OD450 

(n = 8) in the morphine treated cells is expressed as a percent of that in the untreated 

control done in parallel. Normalized data from 3 independent experiments are expressed 

as Mean ± S.E.M.  

IL-1b analysis in intramedullary exudate 

Mice received an overdose of ketamine HCL/xylazine (1ml/kg) and 

decapacitated. Femurs (5-6 per condition) were dissected and the intramedullary space 

flushed with 1 ml saline. Samples were analyzed using IL1-b ELISA kit according to the 

manufacturer’s instructions (Invitrogen). Protein quantification was done using BCA 

(bicinchoninic acid) assay (Pierce). Results are expressed as pg/mg protein. 

NGF content from hindpaw skin 

Rats were deeply anesthtized (fluorethane) and decapitated. The plantar hindpaw 

sking was dissected from proximal digits to the ankle, weighed and immediately frozen 

until analysis. Frozen hindpaw tissue was pulverized in a tissue pulverizer (Spectrum 

Laboratories) and placed in 2ml of 0.01N HCl and homogenized using a Polytron, 

followed by centrifugation at 25000× g for 20 min. The supernatant was diluted 1:400 in 

modified Krebs’ buffer and then assayed for total NGF content using an ELISA kit 

(Promega Corp., Madison, WI).  

 Data analysis 

Pairwise comparisons were made with Student’s t-test. Multiple comparisons 

between treatment groups were done using analysis of variance (ANOVA), followed by 

post hoc Fisher’s Least Significatn Difference Test or Newman-Keuls Multiple 
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Comparison Test. For the rating assays, limb use and bone loss, statistical comparisons 

were made with the Mann Whitney test. Dose response effects were done with linear 

regression analysis of the linear portion of the log dose response curve. For all analysis, 

significance was set at p < 0.05.  
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CHAPTER III. SUSTAINED MORPHINE ENHANCES BONE CANCER-

INDUCED SPONTANEOUS AND EVOKED PAIN 

 

Morphine infusion induces antinociception. 

Delivery of morphine (1, 3, 10, 20 mg/kg/day) by osmotic minipumps implanted 

7 days after intra-femoral injection of cancer cells (106 cells in 5μl) or control media 

elicited dose-dependent thermal antinociception when measured 24 hours after pump 

implantation. There were no significant differences in morphine’s antinociceptive effects 

between control and sarcoma treated mice. Hot plate latencies for control animals 

increased from baseline latencies of 11.96 ± 0.3 sec pre-pump to 13.66 ± 0.7, 14.90 ± 

0.41, 15.38 ± 0.63, and 17.52 ± 0.66 sec at 24 hours post-pump implantation for doses of 

1, 3, 10 and 20 mg/kg/day respectively. Hot plate latencies for sarcoma animals increased 

from 11.86 ± 0.27 to 12.04 ± 0.36, 14.45 ± 0.7, 16.12 ± 0.56, and 18.94 ± 1.16 sec at 24 

hours post pump implantation for doses of 1, 3, 10 and 20 mg/kg/day respectively. 

Implantation of saline pumps failed to significantly alter hot plate latencies in either 

group. Of note, the highest dose of morphine (20 mg/kg delivered over 24 hours) 

produced sub-maximal antinociception (32 sec cut-off latency).  

Sustained morphine enhances sarcoma-induced spontaneous pain. 

Behavioral analyses of spontaneous pain were employed to assess the effects of 

morphine administration on bone cancer-induced pain. In agreement with previous 

studies, mice injected with osteolytic sarcoma cells developed spontaneous pain by 12 
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days post surgery (N. M. Luger et al., 2001). Morphine infusion beginning on day 7 after 

administration of cancer cells or control media enhanced sarcoma-induced flinching 

behavior at day 10, and this effect persisted throughout the course of the experiment (Fig. 

3.1.1). A higher percentage of sarcoma-treated mice that received morphine displayed 

guarding behavior when compared to sarcoma mice receiving saline infusion at day 10 

(55% vs. 40% of all animals, respectively) and day 12 (82% vs. 60% of all animals 

respectively). Sarcoma-treated mice that received sustained morphine also spent more 

time guarding the sarcoma-treated hindpaw compared to sarcoma-treated mice receiving 

saline infusion 12 days following sarcoma injection (Fig. 3.1.2.). Mice injected with 

control media and treated with sustained morphine exposure did not exhibit flinching or 

guarding behaviors throughout the study. These data indicate that sustained morphine 

exposure does not elicit spontaneous pain in control mice, but increases sarcoma-evoked 

spontaneous pain. 

Sustained morphine enhances sarcoma-induced evoked pain. 

To assess the effects of sustained morphine (20 mg/kg/day) on sarcoma-induced 

tactile hypersensitivity, the response thresholds of sarcoma or control media-treated mice 

receiving sustained morphine or saline infusion were measured with von Frey filaments 

(Fig. 3.1.3). A slight decrease in response thresholds were observed in all mice 6 days 

following surgery, likely due to the inflammatory consequences of the surgery. 

Consistent with previous studies, mice injected with osteolytic sarcoma cells developed 

enhanced responses to tactile stimuli and movement-evoked pain by days 10 and 12 post 

femoral injections (Honore, Luger et al., 2000) and morphine administration induced 
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tactile hypersensitivity in control mice within 3 days that was maintained through 5 days 

of morphine infusion (days 10 and 12 post-control media injection respectively) 

(Vanderah, Suenaga et al., 2001). Sarcoma-treated mice receiving sustained morphine 

exposure showed significantly lower paw withdrawal thresholds than sarcoma-treated 

mice receiving saline infusion 10 and 12 days following sarcoma injection. To assess 

whether sustained morphine exposure alters sarcoma-induced movement evoked pain, 

limb use was rated in mice as previously described (Honore, Luger et al., 2000). 

Sarcoma-treated mice with sustained morphine administration were more likely to be 

rated for limping behavior 10 days post-sarcoma injection compared to sarcoma treated 

mice with saline infusion (Fig. 3.1.4.). Sarcoma-treated mice with saline infusion did not 

show significant limping behavior compared to mice treated with control media at the 10 

day time point. Both the saline- and the morphine-treated mice showed significantly more 

limping behavior 12 days post-sarcoma injection with no significant differences in limb 

use between saline-treated and morphine-treated mice at this time-point. These data 

indicate that sustained morphine administration enhances sarcoma-induced evoked pain 

behaviors.  

Sustained morphine enhances sarcoma-induced spontaneous and evoked pain in a 

dose-related manner. 

To examine whether the sustained morphine-induced enhancement of sarcoma-

induced pain is dose dependent, we measured spontaneous and evoked pain behaviors in 

the presence of 1, 3, 10 and 20 mg/kg/day morphine. On day 12 after the surgery and 5 

days into morphine infusion, there was a dose-dependent increase in sarcoma-induced 



 64

spontaneous flinching (Fig. 3.2.1) and guarding behavior (Fig. 3.2.2), indicating that 

morphine elicited a dose-related increase in sarcoma-induced spontaneous pain 

behaviors. Of note, no flinching or guarding behaviors were observed in mice treated 

with control media indicating that morphine fails to induce spontaneous pain behaviors at 

any of the doses tested (data not shown). Sarcoma-induced evoked pain was measured at 

the same time point, and sustained morphine infusion enhanced sarcoma-induced tactile 

hypersensitivity (Fig. 3.2.3.) and decreased limb use (Fig. 3.2.4) in a dose-dependent 

fashion, indicating that infusion of morphine increases sarcoma-induced evoked pain 

behaviors in a dose-dependent manner. Sustained morphine infusion did not alter limb 

use of mice treated with control media at any of the doses tested (data not shown) but 

decreased evoked paw withdrawal thresholds in the control mice (R2 = .99, p < 0.05). 

Collectively, these data indicate that the observed effects of sustained morphine 

administration on spontaneous and evoked behaviors are dose related.  

Sustained morphine-induced effects in DRG cells. 

To determine possible mechanisms underlying sustained morphine-induced 

increase in sarcoma-induced pain, neural markers were evaluated in cell bodies of 

primary afferent sensory fibers located within the dorsal root ganglion (DRG) 12 days 

following femoral injections of cancer cells (Fig. 3.3.). Consistent with previous studies, 

sarcoma, but not control media, elicited ATF3 expression in DRG cells (Peters et al., 

2005; Sevcik, Ghilardi, Peters et al., 2005). ATF3 expression was not produced by 

morphine treatment in control mice. However, ATF3 expression was exacerbated by 

morphine treatment in sarcoma mice. Morphine infusion doubled the percentage of total 
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DRG cells showing ATF3 expression, from 11 ± 1% of total DRG cells in sarcoma-saline 

treated animals to 22 ± 2% of total DRG cells in sarcoma-morphine treated mice. Control 

media treated mice showed very low levels of ATF3 expression in both saline- and 

morphine-treated animals, suggesting that morphine treatment alone was not producing 

cell damage. Consistent with previous reports (Honore, Rogers et al., 2000), sarcoma-

saline treated mice did not show an increased numbers of SP or CGRP positive DRG 

cells compared to saline-control animals cells (Honore, Rogers et al., 2000). However, in 

both control media and sarcoma injected mice, sustained morphine exposure significantly 

increased the percent of SP and CGRP positive DRG cells (Fig. 3.3). 

Sustained morphine accelerates sarcoma-induced bone loss and fracture. 

To assess possible effects of sustained morphine exposure on sarcoma-induced 

bone loss, radiographic images were taken following behavioral testing. Radiographs of 

bones on day 12 (5 days into morphine or saline infusion) show that sustained morphine 

administration increased sarcoma-induced bone loss in a dose-dependent fashion 

(Fig.3.4.). In the sarcoma treated mice, the most severe bone loss was observed in the 

distal head of the bone, with bone loss extending along the femur to the proximal head 

(Fig. 3.4.1). In sarcoma-treated mice with morphine infusion, there was a significant 

increase in bone destruction in both the proximal and distal heads of the femur, with 

fractures indicated by full cortical bone loss as indicated by the arrows (Figures 3.4.1, 2). 

Consistent with previous reports (N. M. Luger et al., 2001), visual ratings of the 

radiographs by an observer blinded to the experimental conditions show that bone loss is 

observed by 6 days following femoral injection of sarcoma cells (Fig. 3.4.3). Pre-
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morphine bone ratings were equivalent between groups, indicating no baseline group 

differences of bone loss prior to morphine and saline infusion. Sarcoma-induced bone 

loss increased in both morphine and saline treated mice in a time-dependent manner. 

Sustained morphine exposure enhanced sarcoma-induced bone loss compared to 

sarcoma-treated mice receiving saline infusion in a time-dependent manner, with a 

significant increase in sarcoma-induced bone loss by 12 days following femoral injection, 

5 days into morphine infusion (Fig. 3.4.3). Moreover, the morphine-induced increase in 

bone loss 5 days into morphine infusion was dose dependent (Fig. 3.4.4.). Sustained 

administration of morphine across 3 and 5 days doubled the rate of sarcoma-induced 

spontaneous fracture rate, indicated by bone loss across the full thickness of the cortical 

bone (Fig. 3.4.5.). Morphine treatment also increased the rate of sarcoma-induced 

spontaneous fracture in a dose-dependent fashion, with higher doses (10 and 20 

mg/kg/day) of morphine doubling the incidence of sarcoma-induced fracture by 5 days 

into infusion, 12 days following sarcoma injection into the femur (Fig. 3.4.6.). Of note, in 

our experiments neither saline nor morphine infused control mice developed bone loss 

(Fig. 3.4.1). 

Naloxone antagonizes morphine-induced enhanced pain and bone loss. 

To examine whether the observed effects of morphine are opioid receptor 

mediated we administered naloxone (10 mg/kg/day, s.c.) alone or together with the 

highest dose of morphine used in our study (20 mg/kg, s.c.). Spontaneous and evoked 

pain behaviors were measured 5 days into infusion, 12 days following injection of 

sarcoma cells into the femur. Co-administration of naloxone prevented the development 
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of sustained morphine-induced increase in sarcoma-induced spontaneous and evoked 

pain behaviors (Fig. 3.5.). Naloxone prevented morphine-induced enhancement of 

spontaneous pain behaviors, including enhanced flinching behavior (Fig. 3.5.1.) and 

guarding behavior (Fig. 3.5.2.). Naloxone and also prevented development of sustained 

morphine-induced enhanced evoked pain behaviors, tactile hypersensitivity (Fig. 3.5.3.) 

and decreased limb use (Fig. 3.5.4.). Naloxone administration (without morphine) did not 

alter sarcoma-induced spontaneous or evoked pain when compared to sarcoma-treated 

mice receiving saline. 

Co-administration of naloxone with morphine also blocked sustained morphine-

induced enhanced sarcoma-induced bone loss and increased spontaneous fracture 

(Figures 3.5.5, 6). Bone rating scores of sarcoma treated mice receiving both naloxone 

and morphine infusion as well as naloxone alone did not differ (p > 0.05) from sarcoma-

treated mice receiving saline infusion indicating full reversal of sustained morphine 

induced increase in sarcoma induced bone loss (Fig. 3.5.5.). Co-administration of 

naloxone with morphine also completely blocked the increased rate of spontaneous 

fracture, with 100% of the mice treated with morphine showing spontaneous sarcoma-

induced fracture, and 50% of the mice treated with naloxone/morphine infusion showing 

spontaneous sarcoma-induced fracture; this value was the same as that seen for sarcoma 

treated mice treated with saline infusion or naloxone infusion (Fig. 3.5.6.). 

Administration of naloxone alone did not alter sarcoma-induced effects on bone loss. 

Sustained morphine fails to affect tumor burden but enhances osteoclastogenesis. 
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To determine the possible underlying mechanisms of morphine-induced enhanced 

bone loss we treated fibrosarcoma cells with different doses of morphine (-4, -5, -6, -7, -8 

M) for 2, 4 or 6 days. Addition of morphine to the fibrosarcoma cells failed to alter tumor 

growth in vitro, indicating that morphine does not directly alter the growth of these cells 

(Fig. 3.6.1). To determine whether sustained morphine altered tumor burden in vivo, 

femurs were collected 10 days following femoral injection, 3 days into infusion, and were 

stained with hematoxylin and eosin (H&E) to visualize normal marrow elements and 

cancer cells. Stained sections demonstrated equivalent distribution of sarcoma cells, with 

sarcoma observed in 100% of the metaphysis of the distal head of the femur in both 

saline- and morphine-treated mice (Fig. 3.6.2.). Analysis of tumor burden within the 

intramedullary space of the bone showed that sustained morphine failed to alter tumor 

burden, with sarcoma observed in 75% of the bone in saline and morphine-infused mice. 

These data indicate that sustained morphine exposure fails to alter tumor growth or tumor 

burden within the bone.  

Previous studies have shown that osteolytic cancers, such as the sarcoma cell line 

used in these studies, upregulate osteoclasts within the bone (Honore, Luger et al., 2000; 

M. C. Sabino et al., 2002). To determine whether morphine infusion enhanced sarcoma-

induced bone loss by altering in bone resorption, osteoclasts were stained and counted 

within the metaphysis of the distal head of the femur (Fig. 3.7.1, 2.). Osteoclast staining 

was significantly increased in sarcoma treated animals compared to control animals. 

Morphine infusion did not alter osteoclast staining in control animals, suggesting that 

sustained morphine itself did not alter osteoclastogenesis. However, sustained morphine 
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infusion increased sarcoma-induced upregulation of osteoclasts, indicating that sustained 

morphine increases sarcoma-induced upregulation of osteoclastogenesis. 

Sustained morphine up-regulates osteoclastogenic mediators in sarcoma treated 

femurs. 

To determine potential underlying mechanisms of sustained morphine-induced 

increase in sarcoma induced up-regulation of osteoclasts, we examined IL-1β protein 

content in exudate from the intramedullary space of the femurs as IL-1 has been shown to 

play an important role in osteoclastogenesis (Blair, Robinson, & Zaidi, 2005; Wei, 

Kitaura, Zhou, Ross, & Teitelbaum, 2005). Sarcoma-treated mice receiving morphine 

infusion across 5 days showed enhanced IL-1β levels compared to all other groups (Fig. 

3.7.3.). 

Sustained (-)-oxymorphone, but not (+)-oxymorhphone enhances cancer-induced 

spontaneous and evoked pain. 

To further study if morphine-induced enhanced spontaneous and evoked cancer 

pain is mediated through μ-opioid receptor mechanism, mice were treated with either (-)-

oxymorphone, the active form that binds to μ−οpioid receptor, or  its inactive enantiomer 

(+)-oxymorphone that does not interact with μ−οpioid receptor. (+/-)-Oxymorphone or 

saline were adiminstered by osmotic minipumps implanted 7 days after intra-femoral 

injection of cancer cells (25×104 cells in 5μl) or control media. Delivery of (-)-

oxymorphone (10 mg/kg/day) for 7 days did not affect cancer-induced flinching (Fig. 

3.8.1.), however it significantly enhanced cancer-induced spontaneous guarding behavior 

(Fig. 3.8.2.), tactile allodynia (Fig. 3.8.3) and movement evoked pain (Fig. 3.8.4). In 
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contrast, mice treated with the inactive enantiomer (+)-oxymorphone (10mg/kg/day) did 

not show enhanced sarcoma-induced pain behaviors, with flinching (Fig. 3.8.1) and 

guarding behavior (Fig. 3.8.2.), tactile hypersensitivity (Fig. 3.8.3.), and decreased limb 

use (Fig. 3.8.4.) equivalent to saline treated controls. Collectively these data indicate that 

the observed increase of spontatnous and evoked cancer-induced pain is mediated 

through μ-opioid receptor dependent mechanism. Moreover, these findings show that this 

enhanced cancer-induced pain is not specific to morphine, but may also occur after 

treatment with different opioid analgesic, such as oxymorphone. 

Sustained (-)-oxymorphone, but not (+)-oxymorhphone enhances cancer-induced 

bone loss and fracture. 

To examine whether morphine-induced enhanced cancer-induced bone loss and 

fracture is mediated through μ-opioid receptor mechanism animals were treated with 

sustained infusion of (-/+)-oxymorphone (10 mg/kg/day) or saline for 7 days. Minipumps 

were implanted 7 days after the surgery. Radiographs of bones on day 14 show that 

sustained (-)-oxymorphone, but not inactive enantiomer (+)-oxymorphone, increased 

sarcoma-induced bone loss in (Fig. 3.9.1.). Visual ratings of the radiographs were 

performed by an observer blinded to the experimental conditions. (-)-Oxymorphone 

treatment also increased the rate of sarcoma-induced spontaneous fracture (Fig. 3.9.2.), 

showing significantly higher percentage of fracture in mice compared to those treated 

with (+)-oxymorphone or saline (Fig. 3.9.2.). These data suggests that oxymorphone 

enhances scancer-induced bone loss and fracture, and that these effects are mediated 

through μ-opioid receptor dependent mechanism. Moreover our findings indicate that the 
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observed effects are induced not only by morphine but also other opioids such as 

oxymorphone. 

Spinal NK1 antagonist blocks sustained morphine-induced enhanced spontaneous 

and evoked bone cancer pain. 

To further study the mechanisms underlying morphine-induced enhancement of 

bone cancer pain, mice were treated with NK1 receptor antagonist L-732,138 

intrathecally on day 14 after the injection of cancer cells (25×104 cells in 5μl) or control 

media and day 7 into continuous infusion of morphine (20mg/kg/day) or saline,. Spinal 

administration of 25 μg/5μl of L-732,138 did not alter cancer–induced spontaneous 

flinching and guarding, as well as evoked pain behaviors, such as tactile allodyina and 

movement evoked pain (Fig. 3.10.1, 2, 3 and 4.) in saline infused animals. However, 

spinal administration of the NK-1 receptor antagonist completely blocked the enhanced 

spontaneous and evoked pain behaviors in sarcoma treated mice receiving sustained 

morphine infusion. NK1 antagonist fully reversed morphine-induced enhanced flinching 

(Fig. 3.10.1.) and guarding (Fig. 3.10.2.), as well as morphine-induced enhanced tactile 

allodynia (Fig. 3.10.3.), however limb use remained unaltered (Fig. 3.10.4.). We did not 

observe significant changes in spontaneous of evoked pain behaviors after i.th. treatment 

with L-732,138 in saline treated mice. NK1 antagonist also fully reversed morphine-

induced tactile allodynia in control media injected mice that were continuously infused 

with morphine (Fig. 3.10.3.). These findings indicate that sustained morphine enhances 

bone cancer-induced spontaneous and evoked pain through increase in the levels of 
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pronociceptive neurotransmitters such as SP, and is consistent with our findings that 

sustained morphine exposure significantly increases the percent of SP DRG cells. 

Sustained systemic NK1 antagonist prevents sustained morphine-induced 

enhancement of spontaneous and evoked bone cancer pain. 

To examine if systemic co-administration of NK1 antagonist L-733,060 will 

prevent the development of morphine-induced enhancement of bone cancer pain, animals 

were co-infused with L-733,060 (30mg/kg/day) or vehicle together with morphine (20 

mg/kg/day) or saline through separate minipumps. Both pumps were implanted on day 7 

after the injection of cancer cells (25×104 cells in 5μl) into the femur. The behavioral data 

was collected on day 14 after the surgery, 7 days into treatment with continuous infusion 

of NK1 antagonist/vehicle and morphine/saline. Our data indicates that sustained co-

infusion with L-733,060 prevented the development of morphine-induced enhancement 

of cancer-induced spontaneous flinching (Fig. 3.11.1.) and guarding (Fig. 3.11.2) 

behavior, as well as the decrease in paw withdrawal thresholds in response to Von Frey 

filaments (Fig. 3.11.3.). We have observed the trend towards decreased limping behavior 

(Fig. 3.11.4.); however the difference between vehicle treated group and the group that 

received NK-1 antagonist was not significant. Sustained co-infusion of NK-1 antagonist 

in saline treated mice decreased bone cancer-induced flinching (Fig. 3.11.1.), guarding 

(Fig. 3.11.2.), and tactile allodynia (Fig. 3.11.3), however it did not alter limb use (Fig. 

3.11.4.). This data confirms that sustained morphine-induced changes are mediated 

through SP and NK-1 receptor dependent mechanism.  
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Sustained systemic NK1 antagonist did not prevent sustained morphine-induced 

enhancement of cancer-induced bone loss and fracture 

To examine whether morphine-induced enhanced cancer-induced bone loss and 

fracture is mediated through a SP/NK-1 receptor dependent mechanism, animals were 

treated with sustained co-infusion of NK1 antagonist L-733,060 (30 mg/kg/day) or 

vehicle together with morphine or saline for 7 days. Minipumps were implanted 7 days 

after the the surgery. Radiographs of bones on day 14 show that co-infusion with NK-1 

antagonist did not prevent the development of morphine-induced enhancement of 

sarcoma-induced bone loss in (Fig. 3.12.1.). Visual ratings of the radiographs were 

performed by an observer blinded to the experimental conditions. Co-treatment with L-

733,060 did not prevent the morphine-induced enhancement of sarcoma-induced 

spontaneous fracture (Fig. 3.12.2.). These data suggests that SP/NK1 receptor signaling 

does not mediate the observed increase in bone loss and fracture rate after sustained 

treatment with morphine.  

Naproxen prevents sustained morphine-induced enhanced spontaneous and evoked 

bone cancer pain.  

To further study the mechanisms of morphine-induced enhancement of bone 

cancer pain, we examined whether co-administration of non-selective COX-inhibitor 

prevents the development of morphine-induced enhancement of bone cancer pain. 

Animals were co-infused with naproxen (100mg/kg/day) or vehicle together with 

morphine (20 mg/kg/day) or saline through separate minipumps. Both pumps were 

implanted on day 7 after the injection of cancer cells (25×104 cells in 5μl); the behavioral 



 74

data was collected on day 14 after the surgery, 7 days into treatment with continuous 

infusion of naproxen or vehicle together with morphine or saline. Our data indicates that 

sustained co-infusion with naproxen prevented the development of morphine-induced 

enhancement of cancer-induced spontaneous flinching (Fig. 3.13.1.) and guarding (Fig. 

3.13.2.) behavior, as well as the decrease in paw withdrawal thresholds in response to 

tactile stimulation (Fig. 3.13.3.) and limping behavior (Fig. 3.13.4.). Naproxen also 

prevented the development of morphine-induced tactile hypersensitivity in control media 

injected animals that were infused with morphine (Fig. 3.13.3.). No changes were 

observed in cancer-induced flinching (Fig. 3.13.1), as well as sarcoma-induced tactile 

allodyina and limping behavior (Fig. 3.13.3, 4.). We have observed a trend towards 

decrease in cancer-induced guarding behavior (Fig. 3.13.2), however this difference was 

not statistically significant. This data indicates that sustained morphine-induced enhanced 

pain may be mediated through activation of arachidonic acid cascade and that co-

treatment with COX-inhibitors may prevent the negative effects of morphine on bone 

cancer-induced pain. 

Naproxen prevents sustained morphine-induced enhancement of bone cancer-

induced bone loss and fracture. 

To examine whether COX-inhibitors will also prevent morphine-induced 

enhanced cancer-induced bone loss and fracture, animals were treated with sustained co-

infusion of naproxen (100 mg/kg/day) or vehicle together with morphine (20mg/kg/day) 

or saline for 7 days. Minipumps were implanted 7 days after the surgery. Radiographs of 

bones on day 14 show that co-infusion with naproxen prevented the development of 
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morphine-induced enhancement of sarcoma-induced bone loss (Fig. 3.14.1.). Radiograph 

ratings were performed by an observer blinded to the experimental conditions. Co-

treatment with naproxen also prevented the morphine-induced enhancement of sarcoma-

induced spontaneous fracture (Fig. 3.14.2.). Interestingly sustained co-infusion of 

naproxen decreased sarcoma-induced bone loss (Fig. 3.14.1.) and fracture (Fig. 3.14.2.) 

in saline treated mice. These data suggests that activation of the arachidonic acid cascade 

is one of the underlying mechanisms of the observed increase in bone loss and fracture 

rate after sustained treatment with morphine.  

 

Discussion 

Many bone cancer patients receive treatment with opioids administered through 

oral administration of controlled release tablets or transdermal patches designed to keep 

steady blood plasma levels of the drug (Allan et al., 2001; Hanks et al., 2001; Heiskanen 

& Kalso, 1997; Mercadante, 1999a; Warfield, 1998). Using a mouse model in which 

osteolytic sarcoma cells are injected and sealed into the bone, we found that sustained 

morphine administration through osmostic minipumps that maintain consistent blood 

levels of morphine across the 7 day administration period: a) enhanced, rather than 

alleviated, sarcoma-induced spontaneous and evoked pain in a dose-dependent and 

naloxone-sensitive manner; b) increased expression of “pronociceptive” neural markers 

in the DRG not seen with sarcoma treatment alone; c) increased neural markers of cell 

damage in sarcoma, but not control, mice; d) increased osteoclastogenesis, accelerated 

sarcoma-induced bone loss and increased incidence of spontaneous fracture in a dose-
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dependent and naloxone-sensitive manner; we have also found that: e) sustained 

administration of (-)-oxymorphone  but not (+)-oxymorphone, enhanced bone cancer-

induced pain, bone loss and fracture rate; f) single spinal injection of NK1 receptor 

antagonist blocked morphine-induced enhancement of bone cancer pain, but did not alter 

cancer-induced pain; g) sustained co-infusion of NK1 receptor antagonist prevented the 

development of morphine-induced enhanced spontaneous and evoked pain; h) co-

administration of naproxen prevented the development of morphine-induced 

enhancement of bone cancer pain, bone loss as well as increased fracture. The present 

data with morphine raise the possibility that maintaining cancer patients on sustained 

morphine might worsen, rather than alleviate cancer-induced pain, and might accelerate 

cancer-induced bone loss in osteolytic cancers. It should be noted however, that many 

factors are likely to influence the effects of prolonged opioid exposure on cancer-induced 

pain including: the specific opioid administered, the type of metastasis, whether 

osteolytic vs osteoblastic lesions are observed, and the route, dose and/or schedule of 

opioid administration (Ossipov et al., 2004; Sacredote, 2003; Tegeder et al., 2003; Urch, 

Donovan-Rodriguez, Gordon-Williams, Bee, & Dickenson, 2005). Co-administration of 

NK-1 receptor antagonists or naproxen alleviated the morphine-induced enhanced 

sarcoma pain, indicating that drugs currently available on the market, (NK-1 receptor 

antagonist aprepitant is used as an anti-emetic; naproxen is used for treatment of pain) 

may enhance morphine’s analgesic effects and lessen the dose escalation required by 

many bone cancer patients. 
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Clinical reports have demonstrated that opioids administered through different 

routes of administration (e.g. spinal, transdermal, oral) can unexpectedly produce 

hyperalgesia in some patients, and may be associated with rapid opioid escalation (Chu et 

al., 2006; De Conno et al., 1991; Jacobsen et al., 1995; Mercadante et al., 2003; Sjogren 

et al., 1994; Sjogren et al., 1993). Increasing opioid dose and opioid rotation are used to 

achieve full pain relief in this group of patients (Mercadante, Arcuri, Ferrera, Villari, & 

Mangione, 2005; Mercadante et al., 2003). A significant genetic basis for opioid-induced 

hyperalgesia may underlie individual variability in opioid response (Kest, Hopkins, 

Palmese, Adler, & Mogil, 2002; Klepstad, Dale, Borchgrevink, Kaasa, & Skorpen, 2005; 

Mogil et al., 2005). Numerous reports indicate that prolonged opiate administration can 

elicit hyperalgesia in rodents (L. R. Gardell et al., 2002; Gardell et al., 2006; Johnston et 

al., 2004; Juni, 2006; Laulin et al., 1999; Vanderah et al., 2000). In the present study, 

morphine was delivered in a manner designed to produce stable blood morphine levels 

through minipumps (C. I. Svensson, M. Marsala et al., 2003) and was found to elicit a 

dose-dependent enhancement, rather than alleviation, of sarcoma-induced spontaneous 

and evoked pain behaviors. Moreover, while naloxone treatment alone did not alter 

sarcoma-induced pain, the antagonist prevented morphine-induced enhancement of 

sarcoma-induced pain. These data, and the observed agonist dose-response relationship, 

indicate that sustained morphine-induced enhancement of sarcoma-induced pain occurs 

via morphine interaction with opiate receptors. The selective enhancement of sarcoma 

induced pain by the active mu opioid agonist (-)-oxymorphone, but not the inactive 

enantiomer (+)-oxymorphone, provides further evidence for a receptor mediated 
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mechanisms of opioid-induced enhanced bone pain in the sarcoma treated mice. While 

many cancer patients respond well to opioids for pain management (Mercadante, 1999b; 

Zech & Lehmann, 1995), these data raise the possibility that prolonged opioid 

administration might exacerbate bone cancer-induced pain in some patients and thus 

require supplemental pain medication to overcome both opioid-induced and cancer-

induced hyperalgesia and pain. 

Sarcoma-induced changes in neural markers of pain were similar to previous 

reports, including increased expression of activating transcription factor 3 (ATF3), a 

marker for neuronal damage (Peters et al., 2005; Sevcik, Ghilardi, Peters et al., 2005), 

and no change in SP and CGRP within cell bodies of primary afferent fibers (Honore, 

Rogers et al., 2000). Sustained morphine administration increased the excitatory 

neurotransmitters, SP and CGRP, within primary afferent fibers in mice treated with 

control media as previously reported (L. R. Gardell et al., 2002; T. King et al., 2005; Ma 

et al., 2000) as well as in mice treated with sarcoma. The enhanced expression of SP and 

CGRP in sarcoma-treated mice receiving morphine could represent an “add-on” 

mechanism of pain not normally participating in sarcoma-induced pain. In addition, 

morphine administration doubled the number of cells positive for ATF3 in sarcoma 

treated mice, but not control mice. These results indicate that while sustained morphine 

exposure does not produce cell damage alone, it increases sarcoma-induced neuronal 

damage. The morphine-induced pronociceptive neuroplastic changes within the primary 

afferent fibers in combination with the sarcoma-induced neuroplastic changes within the 

pain pathways likely play an important role in the observed morphine-induced increase in 
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sarcoma-induced pain behaviors. Additionally, morphine treatment accelerated sarcoma-

induced bone loss, and doubled the incidence of sarcoma-induced fracture 10 and 12 days 

following sarcoma injection. Such increased bone loss and fracture rate is likely to 

contribute to the morphine-induced pain in these animals.  

One potential contributor to the enhanced sarcoma-induced bone loss in 

morphine-treated mice is a change in sarcoma growth and tumor burden in these animals. 

There are mixed reports on the effects of morphine on growth of cancer cells which are 

dependent upon the specific cell line examined, and the dose/concentration of morphine 

used in the studies. Several studies report that morphine inhibits cancer cell growth 

(Maneckjee & Minna, 1990, , 1994; E. Sueoka et al., 1998; N. Sueoka, Sueoka, Okabe, & 

Fujiki, 1996; Tegeder et al., 2003; Zagon & McLaughlin, 2005) while others report that 

morphine increases cancer growth and instance of metastasis (Gilchrist, Allard, & 

Simone, 1996; Ishikawa, Tanno, Kamo, Takayanagi, & Sasaki, 1993; Nath et al., 1994) 

or no effect on cancer cell growth (Tegeder et al., 2003; Zagon & McLaughlin, 1984, , 

2005). In the murine sarcoma cell line used in these studies, sustained morphine exposure 

failed to alter tumor growth or tumor burden, suggesting that the enhanced sarcoma-

induced bone loss observed in the morphine infused mice may be due to alterations in 

bone resorption. Bone resorption and rebuilding takes place continuously for bone 

maintenance and repair and are mediated by osteoclast (resorption) and osteoblast 

(building) activity (Boyce, Hughes, Wright, Xing, & Dai, 1999; Boyce et al., 2003). 

Previous studies have shown that osteolytic cancers, such as the sarcoma cell line used in 

these studies, up-regulate osteoclasts within the bone resulting in bone loss (Honore, 
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Luger et al., 2000; N. M. Luger et al., 2001; M. A. Sabino et al., 2002). Consistent with 

these reports, osteoclast staining was increased in sarcoma treated mice. Additionally, 

however, morphine infusion significantly increased sarcoma-induced upregulation of 

osteoclasts.  

IL-1 plays an important role in osteoclastogenesis through direct mechanisms 

such as stimulating differentiation of osteoclast precursors and indirect mechanisms such 

as increasing RANKL expression, which plays a critical role in osteoclast maturation, 

activity and survival (Blair et al., 2005; Clohisy & Mantyh, 2003; Dougall & Chaisson, 

2006). Previous studies demonstrated that sustained morphine administration increases 

IL-1 protein within the spinal cord and the lumbosacral CSF (Johnston et al., 2004). In 

our studies, morphine treatment increased IL-1β levels within the bone in sarcoma-treated 

mice, an effect that is likely to contribute to the observed osteoclastogenesis. IL-1β has 

also been implicated in peripheral sensitization after injury leading to inflammatory pain 

(Schafers et al., 2003). Therefore, morphine-induced increase in IL-1β within the bone is 

also likely to play a role in the sustained morphine-induced increase in sarcoma-induced 

pain. 

An alternate explanation for the observed enhanced bone loss in morphine treated 

sarcoma mice is that sustained morphine infusion produces pain relief leading to 

increased limb use which in turn results in enhanced bone destruction. This possibility 

seems unlikely as our data show that morphine exposure increased limping and guarding 

behavior, indicating more pain resulting in less weight applied to the limb and the 

likelihood of less limb use. It is well established that reduced loading on the skeleton 
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leads to bone loss (Damrongrungruang et al., 2004; Giangregorio & Blimkie, 2002; 

Kondo et al., 2005). Indeed, limb disuse (rather than increased use) is associated with 

increased bone resorption and decreased bone formation, resulting in bone atrophy and 

fragility (Giangregorio & Blimkie, 2002). Thus, enhanced pain resulting in reduced bone 

use and diminished mechanical load on the femur may have contributed to the observed 

enhanced bone loss in the sarcoma treated animals receiving morphine infusion. 

At this time, the exact mechanisms by which sustained morphine delivery 

produces changes that lead to the reduction in sensory thresholds as well as increased 

bone loss and fracture is unknown. The μ-opioid receptor agonists morphine, 

hydromorphone and oxycodone are principally metabolized through glucuronidation by 

Uridine Diphosphate-Glucuronosyltransferase (UGT) enzymes, which can result in active 

metabolites (Andersen, Christrup, & Sjogren, 2003; Gardell et al., 2006). Morphine is 

metabolized within the liver and CNS, and glucuronidation of morphine creates 

morphine-6-glucuronide (M6G) and morphine-3-glucuronide (M3G), with M3G usually 

made in more abundance than the M6G (Andersen et al., 2003; Gardell et al., 2006; C. D. 

King, Rios, Assouline, & Tephly, 1999; Osborne, Joel, Trew, & Slevin, 1990; 

Wahlstrom, Winblad, Bixo, & Rane, 1988). The 3-conjugate metabolites (i.e., M3G and 

hydrocodone-3-glucuronide (H3G), have been shown to evoke a range of dose-dependent 

neuro-excitatory behaviors including myoclonus, hyperalgesia, allodynia, and seizures in 

rodents (Andersen et al., 2003; Bartlett, Cramond, & Smith, 1994; Bartlett, Dodd, & 

Smith, 1994; Juni, 2006; Labella, Pinsky, & Havlicek, 1979; Snead, 1986; Yaksh & 

Harty, 1988; Yaksh et al., 1986). These neuroexcitatory effects are mediated through a 
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non-opioidergic mechanism (Bartlett, Cramond et al., 1994; Bartlett, Dodd et al., 1994; 

Gardell et al., 2006; Hemstapat, Monteith, Smith, & Smith, 2003; Labella et al., 1979; 

Yaksh & Harty, 1988; Yaksh et al., 1986), and have been proposed to potentially underlie 

morphine-induced hyperalgesia (De Conno et al., 1991; Sjogren, Thunedborg, Christrup, 

Hansen, & Franks, 1998; Yaksh & Harty, 1988; Yaksh et al., 1986).  

To determine whether the sustained opioid-induced changes are receptor 

mediated, we administered the μ-opioid receptor agonist (-)-oxymorphone, or its inactive 

enantiomer (+)-oxymorphone in cancer treated mice. The active form (-)-oxymorphone  

that interacts with μ receptor, but not the inactive form (+)-oxymorphone  that does not 

bind to the receptor, enhanced bone cancer-induced spontaneous and evoked pain, as well 

as bone loss and fracture. These results indicate that sustained opioid administration-

induced changes are produced through activity at the μ-opioid receptor, and are unlikely 

to be related to the excitatory metabolites such as those proposed to exist for morphine 

(Andersen et al., 2003; Bartlett, Cramond et al., 1994; Bartlett, Dodd et al., 1994; Juni, 

2006). While both (-)-oxymorphone and (+)-oxymorphone  are metabolized through 

glucuronidation resulting in oxymorphone-3-glucuronide (O3G) (Gardell et al., 2006), a 

metabolite similar to neuro-excitatory metabolite M3G, produced by morphine, only the 

oxymorphone (-), which binds to μ-opioid receptor induced enhanced bone cancer pain 

and bone loss in cancer treated animals. Our experiments also show that sustained 

morphine-induced changes are not specific to morphine and may occur after treatment 

with other opioids, such as oxymorphone. These findings are consistent with previously 

published literature suggesting that sustained spinal administration of oxymorphone (-), 
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but not oxymorphone (+) produced tactile and thermal hypersensitivity in rats, as well as 

up-regulation of spinal levels of dynorphin in the spinal cord (Gardell et al., 2006), 

similarly to that observed in animals treated with sustained spinal infusion of DAMGO 

(Vanderah et al., 2000) or sustained systemic administration of morphine (Luis R. 

Gardell et al., 2002; T. King et al., 2005; Vanderah, Suenaga et al., 2001). Our results 

indicate that sustained opioid (morphine and oxymorphone) induced pronociceptive 

neuroadaptive changes that lead to enhanced pain state, as well as bone loss and fracture 

are the consequence of prolonged activation of μ-opioid receptors.  

Sustained morphine exposure results in up-regulation of excitatory 

neurotransmitters such as SP within DRG and spinal cord in rats and mice, and produces 

corresponding increase in evoked SP release in spinal cord (Luis R. Gardell et al., 2002; 

T. King et al., 2005; Ma et al., 2000). Moreover, previously it has been shown that 

morphine-induced hypersensitivity is reversed by NK1 receptor antagonist in mice and 

rats and was observed in WT, but not NK1 receptor KO mice (T. King et al., 2005). Here 

we show that even though sarcoma treated animals do not lead to up-regulation of SP, 

sustained administration of morphine results in up-regulation of SP in DRG of both 

sarcoma and control treated mice, which led to the hypothesis that up-regulation of SP in 

primary afferent fibers may underlie the development of the enhanced bone cancer-

induced pain after continuous infusion with morphine. Single spinal injection of NK1 

receptor antagonist blocked morphine-induced hypersensitivity in control mice, as well as 

morphine-induced enhanced spontaneous and evoked pain in sarcoma treated animals, 

but had no significant effects on cancer-induced pain alone. Systemic co-infusion of NK-
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1 antagonist together with morphine also prevented the development of morphine-

induced enhancement of bone cancer-induced spontaneous and evoked pain. These 

experiments confirm that sustained opioid administration activates mechanisms that 

promote pain, in part, through NK1 receptor and its endogenous excitatory 

neurotransmitter SP. The findings of the present study add to the growing body of 

evidence suggesting that morphine-induced neuroplastic adaptations are likely mediated 

by changes in excitatory neurotransmission. 

Cancer cells and tumor associated macrophages have both been shown to express 

high levels of cyclooxygenase isoenzymes, leading to high levels of prostaglandins 

(Abbadie et al., 1997; Kundu et al., 2001; Molina et al., 1999). Prostaglandins have been 

implicated in a number of biological and pathological processes, including mediating 

pain and inflammation (Julius & Basbaum, 2001), bone homeostasis (Abbadie et al., 

1997; Chikazu et al., 2002), and tumorogenesis (Nath et al., 1994). Studies of the murine 

sarcoma model of bone cancer pain found that chronic inhibition of COX-2 activity with 

selective COX-2 inhibitors resulted in significant attenuation of both bone cancer-

induced pain behaviors and many of the neurochemical changes suggestive of both 

peripheral and central sensitization (Abbadie et al., 1997; M. A. Sabino et al., 2002; M. 

C. Sabino et al., 2002). In addition, prostaglandins have been shown to be involved in 

tumor growth, survival and angiogenesis (Abbadie et al., 1997; Iniguez et al., 2003; 

Masferrer et al., 2000; Williams et al., 2000). Therefore, as well as having the ability to 

block cancer pain, COX-2 inhibitors can retard tumor growth in bone (M. A. Sabino et 

al., 2002). Chronic administration of a selective COX-2 inhibitor significantly reduced 
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tumor burden in sarcoma bearing bones, which may in turn reduce factors released by 

tumor cells capable of exciting primary afferent fibers (Abbadie et al., 1997; Davar, 

2001).   

Since, the extended use of COX-2 inhibitors may be accompanied by life 

threatening complications such as heart attack, stroke and kidney damage (Candelario-

Jalil et al., 2005; Cheng & Harris, 2004; Gottlieb, 2001; Mukherjee, Nissen, & Topol, 

2001; Sandhu & Heyneman, 2004) in our present study we examined the effect of non-

selective COX inhibitor naproxen on the development of morphine-induced enhancement 

of cancer pain, bone loss and fracture. Here we show that sustained systemic co-

administration of naproxen prevented the development of morphine-induced 

enhancement of cancer-induced spontaneous and evoked pain. However in our 

experiments naproxen did not block the development of cancer-induced pain. Co-infusion 

of naproxen also prevented morphine-induced enhancement of bone loss and fracture. 

Interestingly, naproxen inhibited cancer-induced bone loss and fracture in sarcoma 

treated animals that received sustained infusion of saline as well, which may be due to 

inhibition of tumor growth and/or osteclastogenesis, however this hypothesis requires 

further confirmation. Previously it has been  demonstrated that acute or chronic 

administration of a selective COX-2 inhibitor significantly attenuated cancer-induced 

pain and proposed that whereas the acute administration presumably reduces 

prostaglandins capable of activating sensory or spinal cord neurons, chronic inhibition of 

COX-2 seems to simultaneously reduce osteoclastogenesis, bore resorption, and tumor 

burden (M. A. Sabino et al., 2002). It is possible that activation of sensory fibers is 
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predominantly COX-2 dependent, whereas tumorogenesis and osteoclastogenesis are 

mediated through both COX-1 and COX-2 enzymes.  

Nevertheless, sustained co-administration of naproxen prevented the development 

of morphine-induced neuroplastic adaptations that lead to the development of enhanced 

cancer-induced spontaneous and evoked pain. It is known that activation of NK1 and 

NMDA receptors by SP and glutamate released from primary afferent fibers, results in 

increased intracellular calcium concentrations in dorsal horn neurons, downstream 

activation of phospholipase A2 (PLA2) (Lazarewicz, Wroblewski, & Costa, 1990; 

Camilla I. Svensson et al., 2003) and generation of prostaglandins through action of 

constitutively expressed spinal cyclooxygenase (Q. R. Chen et al., 1997). Prostaglandins, 

acting through specific receptors, depolarize dorsal horn neurons (Baba, Kohno, Moore, 

& Woolf, 2001; Camilla I. Svensson et al., 2003) and enhance primary afferent 

neurotransmitter release (Alessandri-Haber et al., 2004; Camilla I. Svensson et al., 2003). 

The relevance of this cascade to pain processing has been confirmed by the observation 

that inhibition of spinal NMDA or NK1 receptors, as well as PLA2 or COX activity 

reliably attenuates injury, inflammation and morphine-induced hyperalgesia (Celerier et 

al., 2000; T. King et al., 2005; Larcher et al., 1998; J. Mao et al., 1994; C. I. Svensson, X. 

Y. Hua et al., 2003; Camilla I. Svensson & Yaksh, 2002; Trujillo & Akil, 1991, , 1994; 

Wong, Hsu, Chou, Chou, & Tung, 2000). These studies further suggest that prolonged 

exposure to opioids produce enhanced nociception through up-regulation of transmitters, 

the complex interactions between neurotransmitters and ultimately increased spinal 

sensitization (Ossipov et al., 2004). Collectively, the suppression of prostaglandin 
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synthesis and release by inhibition of COX enzymes, in combination with opioid 

treatment might synergistically improve the quality of life of patients with bone cancer 

pain. 

In humans, pain resulting from bone metastases is primarily, and appropriately, 

treated with opioids. Bolus opioid administration has been shown to effectively alleviate 

bone cancer pain in humans as well as in animal models (Mercadante, 1998; Urch et al., 

2005). However, sustained opioid delivery through patches (i.e. fentanyl) or extended 

release formulations (i.e. controlled-release morphine or oxycodone tablets) is becoming 

more commonly used for pain management in these patients (Allan et al., 2001; Hanks et 

al., 2001; Heiskanen & Kalso, 1997; Warfield, 1998). Our experiments demonstrate that 

prolonged morphine treatment may have negative effects on pain and bone mass. 

Increased understanding of opioid-induced changes in this controlled model will allow 

examination of other variables such as other opioids, drug interaction with other 

treatments such as bisphosphonates, NSAIDs, or chemotherapeutic treatments, and opioid 

effects on other cancers that metastasize to the bone, such as human prostate and breast 

cancers. The present data may lay foundations for studies that will further our basic 

understanding of opioid-induced actions in cancer pain, disease progression, and effects 

within the bone microenvironment and allow for the development of strategies which 

may improve the use of opioids for pain management.  

 

 

 



 88

Limb Use

BL Day 6 Day 10 Day 12
2.0

2.5

3.0

3.5

4.0

* *

*

Time post sarcoma

Li
m

b 
us

e 
sc

or
e

Tactile Allodynia

BL Day 6 Day 10 Day 12
0.0

0.5

1.0

1.5

2.0

2.5

3.0

*

*

*

*

*

*

Time post sarcoma

W
ith

dr
aw

al
 T

hr
es

ho
ld

  (
g)

Flinching

BL Day 6 Day 10 Day 12
0.0

2.5

5.0

7.5

10.0
Control-Saline
Control-Morphine
Sarcoma-Saline
Sarcoma-Morphine

*

*

Time post sarcoma

Fl
in

ch
es

  (
2 

m
in

ut
es

)

Guarding

BL Day 6 Day 10 Day 12
0.0

2.5

5.0

7.5

10.0

*

*

Time post sarcoma

G
ua

rd
in

g 
(s

ec
)

#pain

normal

normal

pain

pain

normal

pain

# #

normal

1. 2.

3. 4.

#

#

Figure 3.1.

  
Fig. 3.1. Sustained morphine enhances sarcoma-induced spontaneous and evoked pain. 
Sarcoma cells (sarcoma) or control media (control) was injected into the intramedullary space of 
the femur and behavior was tested beginning 6 days later. Saline or morphine osmotic minipumps 
were implanted 7 days after sarcoma/media injection and were tested 10 and 12 days after 
injection, 3 and 5 days after minipump implantation (Fig. 3.1.) Sarcoma-treated mice with 
morphine infusion showed increased flinching compared to all other treatment groups on test 
days 10 and 12 (Fig. 3.1.1) . All sarcoma treated mice showed increased guarding behavior 
compared to control treated mice. Sarcoma treated mice with morphine infusion showed more 
guarding behavior compared to sarcoma treated mice with saline infusion (Fig. 3.1.2). Mice 
injected with control media receiving morphine infusion demonstrated lower paw withdrawal 
thresholds on test days 10 and 12 (3 and 5 days into morphine infusion) indicating tactile 
hypersensitivity (Fig. 3.1.3). All sarcoma treated mice showed lower paw withdrawal thresholds 
on test days 10 and 12, with mice receiving morphine infusions showing lower paw withdrawal 
thresholds compared to sarcoma- treated mice with saline infusions (Fig. 3.1.3). Sarcoma-treated 
mice showed limping behaviors (score of 3), with sarcoma treated mice with morphine infusion 
developing limping behaviors prior to saline infused mice (day 10 vs day 12 respectively) (Fig. 
3.1.4). All graphs show means ± SEM. * indicates significant difference from control saline 
group, # indicates significant difference between saline and morphine treated mice within the 
sarcoma or the control groups. 
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Fig. 3.2. Sustained morphine enhances sarcoma-induced spontaneous and evoked 
pain in a dose-related manner. Saline or morphine osmotic minipumps delivering 
morphine sulfate at 1, 3, 10, or 20 mg/kg/d were implanted (s.c.) 7 days after injection 
and were tested 12 days after injection (5 days after pump implantation). Sarcoma treated 
mice with morphine infusion showed increased flinching in a dose dependent manner 
(Fig. 3.2.1). Sarcoma treated mice with morphine infusion showed increased guarding 
behavior in a dose-dependent manner (Fig. 3.2.2). Sarcoma treated mice with morphine 
infusion showed increased tactile hypersensitivity in a dose-dependent manner (Fig. 
3.2.3). Sarcoma treated mice with morphine infusion showed decreased limb use (Fig. 
3.2.4). All graphs show means ± SEM with linear regression lines. For all analyses, the 
slopes of the regression lines were significantly different from zero. Separate groups of 6 
mice were used for each data point. 
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Fig.3.3. Sustained morphine-induced effects in DRG cells. Immunoflourescent 
staining for ATF3, SP, or CGRP within the ipsilateral DRG (L4) on day 12. Graphs 
indicate % total DRG cells that are ATF3-ir, SP-ir, or CGRP-ir positive. Mice injected 
with control media show very low levels of ATF3-ir, with less that 5% ATF3-ir positive 
cell bodies within the DRG, irrespective of saline or morphine infusion. Sarcoma 
treatment produced a significant increase in ATF3-ir positive cells, with morphine 
infusion doubling the percentage of ATF3-ir positive cell bodies. Morphine infusion 
approximately doubles the percentage of SP-ir positive cell bodies compared to saline 
treated mice equally sarcoma and control media treated mice. Sarcoma treatment did not 
increase the percentage of SP-ir positive cell bodies compared to control media treatment. 
Morphine treatment approximately doubles the percentage of CGRP-ir positive cell 
bodies equally sarcoma and control media treated mice, and sarcoma treatment does not 
increase the percentage of CGRPP-ir positive cell bodies compared to control media 
treatment. Graphs show mean ± SEM. * indicates significant difference from control 
saline group, # indicates significant difference between saline and morphine treated mice 
within the sarcoma or the control groups. 
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Fig.3.4. Sustained morphine accelerates sarcoma-induced bone loss and fracture. 
Radiograph images of the injected femur on day 12: sarcoma induced bone loss is 
greatest at the distal end of the femur, progressing along the femur to the proximal head 
of the femur (Fig. 3.4.1). Sarcoma induced bone loss is more extensive in mice that 
received morphine infusion across 5 days compared to saline treated mice (Fig. 3.4.1). 
Fractures, indicated by arrows, were defined as full thickness cortical loss (Fig. 3.4.1). 
Enlarged radiograph images of the distal and proximal ends of the femur showing 
sustained morphine infusion across 5 days increases sarcoma-induced bone loss and 
increases fractures (indicated by arrows) (Fig. 3.4.2). Bone loss ratings of sarcoma treated 
mice with saline or morphine infusions 6, 10, and 12 days following sarcoma injection 
show that some sarcoma-induced bone loss is observed 6 days following, with no 
difference between morphine or saline treated mice (Fig. 3.4.3). Unicortical fractures 
begin to develop 10 days following sarcoma injection. Mice receiving morphine infusion 
across 5 days demonstrated more sarcoma-induced bone destruction on day 12 compared 
with saline treated mice, with more mice showing bi-cortical fractures. Graph show 
means ± SEM. * indicates significant difference from control saline group. # indicates 
significant difference between saline and morphine treated mice within the sarcoma or 
the control groups (Fig. 3.4.3). Sustained morphine induced enhanced sarcoma induced 
bone loss in a dose dependent manner. Graph shows means ± SEM with linear regression 
lines. The slope of the regression line was significantly non-zero. Separate groups of 6 
mice were used for each data point (Fig. 3.4.4). Morphine infusion doubled the percent of 
mice with sarcoma induced spontaneous fractures compared to saline infused animals 
(Fig. 3.4.5). Morphine infusion increased the incidence of sarcoma induced spontaneous 
fractures in a dose dependent manner. Graph shows means ± SEM with linear regression 
lines. The slope of the regression line was significantly non-zero (Fig. 3.4.6). Separate 
groups of 6 mice were used for each data point. 
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Fig.3.5. Naloxone antagonizes morphine-induced enhanced pain and bone loss. 
Naloxone (10 mg/kg/day, s.c.) was administered alone and in parallel, through separate 
mini-pumps, with the highest dose of morphine (20 mg/kg/day, s.c.). Minipumps were 
implanted (s.c.) 7 days after injection and were tested 12 days after injection (5 days after 
pump implantation). Administration of naloxone with morphine prevented the sustained 
morphine induced increase in sarcoma induced flinching (Fig. 3.5.1). Administration of 
naloxone with morphine prevented the sustained morphine induced increase in sarcoma 
induced guarding (Fig. 3.5.2). Administration of naloxone with morphine prevented the 
sustained morphine induced increase in tactile hypersensitivity (Fig. 3.5.3). 
Administration of naloxone with morphine prevented sustained morphine induced 
increase in limping behavior (Fig. 3.5.4). Administration of naloxone with morphine 
prevented sustained morphine induced increase in bone loss (Fig. 3.5.5). Administration 
of naloxone with morphine prevented the doubling in the incidence of spontaneous 
fracture (Fig. 3.5.6). Naloxone alone had no effect on sarcoma-induced behaviors (Fig. 
3.5.). Graphs 1-5 represent mean ± SEM. * indicates significant difference from control 
saline group. 
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Fig. 3.6. Sustained morphine fails to affect tumor burden in vitro and in vivo. Sarcoma cell 
growth was assessed in vitro by measuring BrdU incorporated into the sarcoma cells by ELISA. 
Sarcoma cells were untreated (control), or treated with various doses of morphine for 2, 4, or 6 
days prior to assay. All assays were carried out in 96-well plates. Morphine treatment was timed 
such that the designated treatment period ended 4 days after plating, when the cells reached 50%-
70% confluency in the culture wells. The optical density at 450 nm in the morphine treated 
samples is expressed as % of that in the untreated control cells done in parallel, and data are 
Mean ± S.E.M. from 3 independent experiments. Morphine had no effect on the BrdU 
immunoreactivity incorporated into the cultured cells compared to control cells that were not 
treated with morphine (Fig. 3.6.1). Femur sections were stained with hematoxylin and eosin 
(H&E) on day 10. The distal ends of femurs from control mice show normal bone marrow, 
trabecular bone and cortical bone. The distal end of sarcoma treated femurs show tumor cells 
throughout the metaphysis of the distal head of the femur in both the saline- and morphine-treated 
mice (Fig. 3.6.2). 
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Fig. 3.7. Sustained morphine enhanced sarcoma-induced osteoclastogenesis and up-
regulates osteoclastogenic mediators in sarcoma treated femurs. Femur sections were 
stained with tartrate resistant acid phosphatase (TRAP) on day 10 to visualize osteoclasts 
that stained dark red (indicated by arrows). Osteoclast staining was increased in sarcoma 
treated mice compared to control mice (Fig. 3.7.1). Sarcoma increased the number of 
osteoclasts within the metaphysis of the femur. Morphine infusion further increased 
osteoclasts compared to saline infused mice. Osteoclast counts did not differ between 
morphine and saline infused mice treated with control media (Fig. 3.7.2). IL-1β protein 
content was measured in exudate from the intramedullary space of the femurs on day 12. 
Sustained morphine infusion increased IL-1β protein content in sarcoma treated mice. 
Sustained morphine infusion had no effect on IL-1β protein levels in control media 
treated mice (Fig. 3.7.3). Graphs show means ± SEM. * indicates significant difference 
from control saline group, # indicates significant difference between saline and morphine 
treated mice within the sarcoma or the control groups. 
 



 97

Flinching

Pre-Sar Saline (+) Oxy (-) Oxy
0.0

1.0

2.0

3.0

4.0

5.0

6.0

*
*

*

N
um

be
r o

f F
lin

ch
es

  (
2 

m
in

)

Guarding

Pre-Sar Saline (+) Oxy (-) Oxy
0.0

0.5

1.0

1.5

2.0

2.5

3.0

3.5

4.0 * #

*

G
ua

rd
in

g 
(s

ec
)

Tactile Allodynia

Pre-Sarcoma Saline (+) oxy (-) oxy
0

1

2

3

* #

* *

Pa
w

 W
ith

dr
aw

al
 (g

)

Limb Use

Pre-Sar Saline (+) Oxy (-) Oxy
2.0

2.5

3.0

3.5

4.0

* #

* *

Li
m

b 
U

se
 S

co
re

Figure 3.8

1. 2.

3. 4.

 

Fig. 3.8. Sustained (-) - oxymorphone, but not (+) – oxymorhphone enhances cancer-
induced spontaneous and evoked pain. (-/+)-oxymorphone  or saline were adiminstered 
by osmotic minipumps implanted 7 days after intra-femoral injection of cancer cells 
(25×104 cells in 5μl) or control media. Delivery of (-)-oxymorphone  (10 mg/kg/day) for 
7 days (14 days after injection of cancer cells) did not affect cancer-induced flinching 
(Fig. 3.8.1), however it significantly enhanced cancer-induced spontaneous guarding 
behavior (Fig. 3.8.2), as well as tactile allodyina (Fig. 3.8.3) and movement evoked pain 
(Fig.3.8.4.). Animals that were treated with (+)-oxymorphone (10mg/kg/day) did not 
develop enhanced cancer-induced flinching (Fig. 3.8.1) or guarding behavior (Fig. 3.8.2), 
neither they showed enhanced tactile hypersensitivity (Fig. 3.8.3) or decreased limb use 
(Fig. 3.8.4), compared to saline treated controls.  
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Fig. 3.9. Sustained (-) - oxymorphone but not (+) - oxymorhphone  enhances cancer-
induced bone loss and fracture. Radiographs of bones on day 14 show that sustained (-
)-oxymorphone, but not inactive enantiomer (+)-oxymorphone, increased sarcoma-
induced bone loss in (Fig. 3.9.1). (-)-oxymorphone  treatment also increased the rate of 
sarcoma-induced spontaneous fracture (Fig. 3.9.2), showing higher percentage of fracture 
in mice compared to those treated with (+)-oxymorphone or saline (Fig. 3.9.2).  
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Fig. 3.10. Spinal NK1 antagonist blocks sustained morphine-induced enhanced 
spontaneous and evoked bone cancer pain. On day 14 after the injection of cancer cells 
(25×104 cells in 5μl) or control media and day 7 into continuous infusion of morphine 
(20mg/kg/day) or saline, mice were treated with NK1 receptor antagonist L-732,138 
intrathecally. I.th administration of 25 μg/5μl of L-732,138 did not alter cancer–induced 
spontaneous flinching and guarding, as well as evoked pain behaviors, such as tactile 
allodyina and movement evoked pain (Fig. 3.10. 1, 2, 3, 4) it completely blocked the 
effects of sustained morphine. NK1 antagonist fully reversed morphine-induced enhanced 
flinching (Fig. 3.10.1) and guarding (Fig. 3.10.2), as well as morphine-induced enhanced 
tactile allodynia (Fig. 3.10.3). We did not observe significant change in limb use after 
i.th. treatment with L-732,138 (Fig. 3.10.4). NK1 antagonist also fully reversed 
morphine-induced tactile allodynia in control media injected mice that were continuously 
infused with morphine (Fig. 3.10.3).  
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Fig. 3.11. Sustained systemic NK1 receptor antagonist prevents sustained morphine-
induced enhancement of spontaneous and evoked bone cancer pain. Animals were 
co-infused with L-733,060 (30mg/kg/day) or vehicle together with morphine (20 
mg/kg/day) or saline trough separate minipumps. The behavioral data was collected on 
day 14 after the surgery. Sustained co-infusion with L-733,060 prevented the 
development of morphine-induced enhancement of cancer-induced spontaneous flinching 
(Fig. 3.11.1) and guarding (Fig. 3.11.2) behavior as well as decrease in paw withdrawal 
thresholds in response to Von Frey filaments (Fig. 3.11.3). We have observed the trend 
towards decreased limping behavior (Fig. 3.11.4), but the difference between vehicle 
treated group and the group that received NK-1 antagonist was not significant.  
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Fig. 3.12. Sustained systemic NK1 receptor antagonist did not prevent sustained 
morphine-induced enhancement of cancer-induced bone loss and fracture. 
Radiographs of bones on day 14 show that co-infusion with NK-1 antagonist did not 
prevent the development of morphine-induced enhancement of sarcoma-induced bone 
loss in (Fig. 3.12.1). Co-treatment with L-733,060 did not prevent the morphine-induced 
enhancement of sarcoma-induced spontaneous fracture (Fig. 3.12.2).  
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Fig. 3.13. Naproxen prevents sustained morphine-induced enhanced spontaneous and 
evoked bone cancer pain. Animals were co-infused with naproxen (100mg/kg/day) or vehicle 
together with morphine (20 mg/kg/day) or saline trough separate minipumps. Both pumps were 
implanted on day 7 after the injection of cancer cells (25×104 cells in 5μl); the behavioral data 
was collected on day 14 after the surgery. Sustained co-infusion with naproxen prevented the 
development of morphine-induced enhancement of cancer-induced spontaneous flinching (Fig. 
3.13.1) and guarding (Fig. 3.13.2) behavior, as well as decrease in paw withdrawal thresholds in 
response to tactile stimulation (Fig. 3.13.3) and limping behavior (Fig. 3.13.4). Naproxen 
prevented the development of morphine-induced hypersensitivity in control media injected 
animals that were infused with morphine (Fig. 3.13.1, 2, 3, 4). We did not observe changes in 
cancer-induced flinching (Fig. 3.13.1) as well as sarcoma-induced tactile allodyina and limping 
behavior (Fig. 3.13.3, 4). We have noticed decrease in cancer-induced limping behavior (Fig. 
3.13.2), but these difference was not statistically significant.  
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Fig. 3.14. Naproxen prevents sustained morphine-induced enhancement of bone 
cancer-induced bone loss and fracture. Radiographs of bones on day 14 show that co-
infusion with naproxen prevented the development of morphine-induced enhancement of 
sarcoma-induced bone loss in (Fig. 3.14.1). Co-treatment with naproxen also prevented 
the morphine-induced enhancement of sarcoma-induced spontaneous fracture (Fig. 
3.14.2).  
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CHAPTER IV. OPIOID-INDUCED HYPERSENSITIVITY RESULTS FROM 

SENSITIZATION OF NOCICEPTORS THROUGH TRPV1-, p38 MAPK-, AND 

NGF-DEPENDENT MECHANISM 

 

TRPV1 KO mice do not develop thermal and tactile hyperalgesia. 

Sustained exposure to morphine has previously been shown to reliably produce 

increased sensitivity to thermal and tactile stimuli (Luis R. Gardell et al., 2002; T. King et 

al., 2005; Vanderah, Ossipov et al., 2001; Vanderah, Suenaga et al., 2001). In order to 

determine whether the TRPV1 receptor plays a role in sustained morphine-induced 

thermal and tactile hypersensitivity, paw withdrawal latencies and paw withdrawal 

thresholds were determined in separate groups of TRPV1 KO and WT mice prior to 

implantation of morphine or placebo pellets. Development of thermal antinociception 

was determined 6 hours post pellet implantation, and animals were tested again on days 2 

and 7 after pellet implantation. The initial baseline values of paw-flick latencies in the 

Hargreaves test were different in WT and TRPV1 KO mice, with TRPV1 KO mice 

showing slightly elevated paw-flick latencies compared to WT mice, an observation 

consistent with previously published findings (M. J. Caterina et al., 2000). All mice that 

received morphine pellets demonstrated Straub tail behavior and showed characteristic 

cage-circling behavior within 30 min of morphine pellet implantation (Hasegawa et al., 

1990; Nath et al., 1994). Both TRPV1 KO and WT mice that received morphine pellets 

developed thermal antinociception, with paw-flick latencies of 25.68±0.59 sec compared 
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to 12.94±0.75 sec baseline in WT and latencies of 26.27±1.18 sec compared to 

15.23±0.28 sec baseline in KO. In wild-type mice treated with morphine pellets, thermal 

and tactile hyperalgesia reliably developed by the 7th day after implantation of the 

morphine pellet (Fig 4.1.1, 2.). In contrast, TRPV1 receptor knock-out mice failed to 

show thermal or tactile hypersensitivity (Fig. 4.1.1, 2.). Paw-withdrawal responses in 

placebo treated animals were not different from baseline values throughout the time 

course, indicating that the thermal and tactile hypersensitivity observed in morphine 

treated animals was not due to repeated testing.   

TRPV1 antagonist AMG 0347 blocks morphine-induced thermal and tactile 

hypersensitivity in mice. 

 To verify the role of the TRPV1 receptor in sustained morphine induced thermal 

and tactile hypersensitivity, this experiment determined whether blocking the TRPV1 

receptor reversed sustained morphine-induced thermal and tactile hypersensitivity in ICR 

mice. Baseline paw withdrawal latencies and paw withdrawal thresholds were determined 

in separate groups of animals prior to implantation of morphine and placebo pellets. All 

mice that received morphine pellets demonstrated Straub tail behavior and showed 

characteristic cage-circling behavior within 30 min of morphine pellets implantation 

(Hasegawa et al., 1990; Nath et al., 1994). Animals that had morphine pellets developed 

thermal antinociception within 6 hours following pellet implantation. Animals were 

tested again on day 7 after pellet implantation. Animals treated with morphine pellets 

reliably developed thermal and tactile hyperalgesia by the 7th day after implantation of 

the morphine pellets in ICR mice (Fig. 4.2.1, 2.). Oral administration of AMG 0347 
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(3mg/kg) on day 7 after pellet implantation reversed both thermal and tactile 

hypersensitivity in ICR mice, with the peak effect observed at 2 hr time point after 

administration of the TRPV1 antagonist (Fig. 4.2.1, 2.). The effect of the TRPV1 

antagonist dissipated by the 3 hr time point, with re-established hyperalgesia in the 

morphine treated animals. Of note, this dose of the TRPV1 receptor antagonist did not 

induce antinociception in placebo treated mice (Fig. 4.2.2.). 

TRPV1 antagonist AMG 0347 blocks morphine-induced thermal and tactile 

hypersensitivity in rats. 

The ability of the TRPV1 receptor antagonist to reverse sustained morphine-

induced thermal and tactile hypersensitivity was also determined in SD rats. Baseline 

paw withdrawal latencies (sec) and paw withdrawal thresholds (g) were determined in 

separate groups of animals prior to implantation of morphine and placebo pellets. All rats 

that were treated with morphine pellets developed thermal antinociception by 6 hours 

post-pellet implantation. Animals were tested again on day 6 after pellet implantation. 

Rats treated with morphine pellets (2×75 mg) developed thermal and tactile hyperalgesia 

by the 6th day after implantation (Fig 4.3.1, 2.). Oral administration of AMG 0347 (3 

mg/kg) on day 6 after pellet implantation reversed both thermal and tactile 

hypersensitivity in rats, with peak effectiveness observed two hrs after the injection (Fig. 

4.3.1, 2.). The effect of the TRPV1 antagonist dissipated within 3 hrs after the injection. 

As with the mice, this dose of AMG 0347 did not induce analgesia in placebo treated rats 

(Fig. 4.3.2.). 
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Sustained morphine increases TRPV1 immunoreactivity in DRG neurons and 

sciatic nerve but not in the spinal cord. 

Immunohistochemical staining was performed on tissue collected 6 days after 

morphine or placebo pellet implantation. Within the DRG, sustained morphine across 6 

days, but not 2 days, increased immunofluorescent staining for TRPV1 positive cells 

(Fig. 4.4.1.). Cell counts verified a small, but significant (13%), increase in the 

percentage of TRPV1-ir positive cell bodies within the DRG (Fig. 4.4.2.). To determine 

whether there was altered trafficking of the TRPV1 receptor as reported following 

inflammation (Ji et al., 2002), we examined immunofluorescent labeling of the TRPV1 

receptor in the sciatic nerve and the spinal cord. Immunofluorescent labeling was 

unaltered in the spinal dorsal horn of morphine treated animals compared to saline 

controls 6 days after pellet implantation (Fig. 4.4.3.). In contrast, morphine 

administration across 6 days increased immunofluorescent labeling of the TRPV1 

receptor in the sciatic nerve (Fig. 4.4.4.). These suggest that sustained morphine enhances 

TRPV1 receptor trafficking, with more TRPV1 transported to the peripheral terminal, 

similar to reports of altered trafficking of the TRPV1 receptor to periphery, but not spinal 

cord following inflammation-induced injury (Ji et al., 2002). 

Sustained morphine increases capsaicin-induced flinching and plasma 

extravasation.  

Functional changes in TRPV1 receptor function were determined by examining 

the effects of peripheral administration of capsaicin, on pain behavior (flinching) and on 

plasma extravasation. Sustained morphine across 6 days doubled the number of 



 108

capsaicin-induced flinches compared to placebo controls (Fig. 4.5.1.). Separate groups of 

rats received an injection of capsaicin into the dorsal surface of the hindpaw and a 

tail-vein injection of Evans Blue to determine capsaicin-induced plasma extravasation. 

Rats receiving morphine infusion showed an approximate 5-fold increase in plasma 

extravasation compared to saline treated rats (Fig. 4.5.2.) indicating that sustained 

morphine administration enhances neurogenic inflammation in response to capsaicin. 

These data suggest that sustained morphine alters function of peripheral TRPV1 

receptors. 

Sustained morphine activates p38 MAPK in TRPV1 expressing DRG neurons. 

To study possible mechanisms underlying increased levels and/or activity of 

TRPV1 receptor, after sustained morphine treatment, immunohistochemical staining was 

performed on tissue collected 6 days after morphine or saline minipump implantation. 

Within the DRG, sustained morphine, but not saline across 6 days, increased 

immunofluorescent staining for p-p38 positive cells (Fig. 4.6.1.). Cell counts verified a 

significant (5-fold), increase in the number of p-p38 labeled DRG neurons relative to 

total cells counted (Fig. 4.6.2.). Moreover, morphine exposure produced a significant 

increase (6-fold) in the cells co-labeled for TRPV1 and p-p38, indicating that large 

proportion of cells in which p38 MAPK was activated during morphine infusion are 

TRPV1 positive. These data suggest that p-38 MAPK-dependent activation of TRPV1 

receptors may mediate sustained morphine-induced pain. 

p38 MAPK inhibitor SB203580 prevents the development of morhine-induced 

thermal and tactile hypersensistivity. 
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To examine the role of p38 MAPK in the development of morphine-induced pain 

we infused p38 MAPK inhibitor (i.th.) during the 6 day infusion period of morphine (s.c.) 

in rats. Baseline paw withdrawal latencies and paw withdrawal thresholds were 

determined in separate groups of animals prior to implantation of osmotic minipumps, 5 

days after implantation of intrathecal catheters. Each rat received one minipump filled 

with morphine or saline (s.c.) and another pump filled with either SB203580 or vehicle 

(50% DMSO), that was attached to the previously implanted intrathecal catheter.  

Animals were tested again on day 6 after initiation of treatment. Rats treated with vehicle 

together with morphine developed robust thermal and tactile hyperalgesia by the 6th day 

after minipump implantation (Fig. 4.7.1, 2.). However, spinal infusion of SB203580 (1 

mg/ml) during the 6 day morphine infusion period completely prevented the development 

of morphine-induced thermal hyperalgesia and tactile allodynia, indicating the important 

role of p38 MAPK in the development of morphine-induced pain. This dose of SB203580 

did not induce any changes (analgesia or hyperalgesia) in saline treated rats across the 

entire time of infusion (Fig.4.7.2.). 

p38 MAPK inhibitor SB203580 reverses morhine-induced thermal and tactile 

hypersensistivity. 

In order to determine the role of p38 MAPK in the maintenance of already 

established morphine-induced pain, separate groups of rats were implanted with 

minipumps filled with morphine or saline. The development of morphine-induced 

hypersensitivity was verified 6 days into sustained morphine infusion. Single intrathecal 

injection of the p38 MAPK inhibitor SB203580 (1mg/ml) fully reversed morphine-
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induced thermal and tactile hypersensitivity within 30 min of administration (Fig. 4.8.1, 

2.), suggesting the important role of p38 MAPK in the maintenance of morphine-induced 

pain. Interestingly p38 MAPK inhibitor also produced analgesia in saline treated rats 

(Fog. 4.8.2.). No effects were observed in vehicle treated animals. The effect of 

SB203580 dissipated within 3 hours of injection. Since the TRPV1 receptor mediates 

thermal hyperalgesia as well as tactile allodynia, this data indirectly suggests activation 

of TRPV1 channel by p38 MAPK. The relatively fast onset and short term effect could be 

explained by posttranslational mechanism (phosphorylation), rather than changes in 

translation or transcription of the protein. 

p38 MAPK inhibitor SB203580 prevents sustained morphine-induced enhanced 

capsaicin-induced flinching. 

To further study possible modulation of TRPV1 receptor expression and function 

by p38 MAPK, capsaicin-induced flinching was determined, on day 6 after co-

administration of intrathecal 38 MAPK inhibitor SB203580 (1mg/ml) or vehicle (50% 

DMSO) and subcutaneous infusion of morphine or saline. Functional changes in TRPV1 

receptor function were determined by examining the effects of peripheral administration 

of capsaicin on pain behavior, by counting the number of flinches across 5 min.. Co-

infusion of SB203580 and morphine across prevented morphine-induced increase in the 

number of capsaicin-induced flinches compared to controls (Fig. 4.9.). This data 

indirectly indicates that p38 MAPK mediates sustained morphine-induced enhanced 

neurogenic inflammation in response to capsaicin, as well as modulates the levels of 

expression and possible activity of TRPV1 receptors in the periphery.  
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Sustained morphine activates p38 MAPK in TrkA expressing DRG neurons. 

To determine possible activators of p38 MAPK in DRG cells, DRG were 

collected 6 days into continuous morphine or saline infusion and co-labeled using anti-

NGF and anti-p-p38 antibodies. Immunohistochemical data suggests that although 

morphine exposure did not change the proportion of TrkA positive cells (Fig. 4.10.1, 2.), 

it caused a significant increase (7-fold) in the proportion of DRG cells co-labeled for p-

p38 and TrkA (Fig. 4.10.1, 2.). This indicates that a large proportion of cells in which p38 

MAPK was activated during morphine infusion were TrkA positive. 

Sustained morphine exposure increased NGF content in skin. 

To determine if a relationship exists between systemic morphine administration 

and NGF expression in the periphery, NGF content of glabrous skin from rat hindpaws 

was determined 2 and 6 days of morphine infusion and 6 days of saline infusion, through 

osmotic minipumps, using NGF ELISA kit (Promega).  Our data shows a time dependent 

morphine-induced increase in NGF content in hindpaw skin, compared to saline treated 

group (Fig. 4.11.). This finding suggests the important role of NGF as a peripheral trigger 

that initiates signaling cascades, leading to hyperalgesia and allodynia after sustained 

morphine treatment.  

Anti-NGF peptibody prevents the development of morphine-induced thermal, 

tactile and mechanical hyperalgesia. 

The role of NGF in the development of morphine-induced thermal, tactile and 

mechanical hypersensitivity was explored by administering an anti-NGF peptibody 

(100mg/kg, s.c., provided by Dr. Ken Wild, AMGEN), at the start of morphine infusion. 
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Rats receiving morphine in the absence of the anti-NGF peptibody developed 

hypersensitivity to tactile, thermal and mechanical stimuli 6 days into chronic morphine 

infusion, whereas those receiving morphine and anti-NGF peptibody did not develop 

tactile and thermall hypersensitivity (Fig. 4.12.1, 2.). Anti-NGF peptibody only partially 

blocked the development of morphine-induced mechanical hypersensitivity, possibly due 

to other non-NGF mediated mechanisms (Fig. 4.12.3.). Importantly, when tested in 

saline-infused rats, the anti-NGF peptibody did not alter responses to tactile or to noxious 

thermal and mechanical stimuli relative to baseline (Fig. 4.12.1, 2 and 3.). 

Anti-NGF antibody blocks sustained morphine-induced enhanced capsaicin-induced 

flinching and plasma extravasation. 

Morphine-induced, NGF-mediated functional changes in TRPV1 receptor activity 

were examined by determining the influence of the anti-NGF peptibody on pain behavior 

(flinching) and on plasma extravasation in the rat hindpaw produced by peripheral 

administration of capsaicin. Rats received the anti-NGF peptidbody (100 mg/kg, s.c.) at 

the beginning of morphine or saline infusion. After 6 days into morphine or saline 

treatment, rats received an injection of capsaicin into the plantar hindpaw and the number 

of flinches counted for 5 min. The anti-NGF peptibody abolished morphine-induced 

increase in flinching in response to capsaicin (Fig. 4.13.1.). In separate groups of 

similarly treated rats, capsaicin was given into the hindpaw and Evans Blue dye 

(100mg/kg i.v.) was injected. Anti-NGF peptibody abolished the morphine-induced 

increase in capsaicin-evoked plasma extravasation, but did not alter capsaicin-evoked 
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plasma extravasation in the saline treated group (Fig. 4.13.2.). These data indicates 

modulation of TRPV1 channel expression and/or activity by NGF. 

The immunohistochemistry in this chapter was done in collaboration with Dr. 

Ruizhong Wang. 

Discussion 

Our findings show that: a) unlike wild-type mice, TRPV1 KO mice do not 

develop thermal and tactile hypersensitivity induced by sustained morphine 

administration; b) a TRPV1 antagonist reverses morphine-induced thermal and tactile 

hypersensitivity in mice and rats; c) sustained morphine increases TRPV1 

immunoreactivity in DRG neurons  but not in the spinal cord; and d) sustained morphine 

induces functional changes in TRPV1 receptor at the periphery, which is determined by 

an increase in capsaicin-induced flinching and plasma extravasation; e) sustained 

morphine activates p38 MAPK in TRPV1 expressing DRG neurons f) p38 MAPK 

inhibitor prevents the development of morphine-induced thermal and tactile 

hypersenisitivity; g) p38 MAPK inhibitor reverses already established morphine-induced 

thermal and tactile hypersensitivity; h) p38 MAPK prevents the development of sustained 

morphine-induced changes in TRPV1 receptor function at the periphery, as demonstrated 

by the blockade of morphine induced increase in capsaicin-induced flinching and plasma 

extravasation; i) sustained morphine induces activation of p38 MAPK in TrkA positive 

DRG neurons; j) sustained morphine treatment increases NFG content in skin; k) anti-

NGF peptibody prevents the development of morphine-induced thermal and tactile and 

partially mechanical hypersensitivity; l) anti-NGF antibody prevents sustained morphine-
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induced increase in TRPV1 levels and/or activity at the periphery, which was determined 

by the absence of increase in capsaicin-induced flinching and plasma extravastation, after 

treatment with morphine. These data suggest that the TRPV1 receptor, p38 MAPK and 

NGF are an essential part of peripheral neuroadaptive changes that lead to enhanced pain 

states (i.e., hyperalgesia) after sustained morphine.  

Prolonged opioid therapy may lead to the development of unexpected, abnormal 

pain in both clinical (P. Compton et al., 2001; De Conno et al., 1991; Devulder, 1997; 

Mark Doverty et al., 2001; Sjogren et al., 1994) and preclinical (Celerier et al., 2000; 

Luis R. Gardell et al., 2002; Larcher et al., 1998; J. Mao, Price, Lu, & Mayer, 1998; 

Vanderah et al., 2000; Vanderah, Ossipov et al., 2001; Yaksh & Harty, 1988; Yaksh et 

al., 1986) settings. The precise mechanism of the development of morphine-induced 

hyperalgesia after extended exposure still remains unknown. Recent studies have 

demonstrated that such pain may be secondary to neuroplastic changes that occur in the 

brain and spinal cord (Luis R. Gardell et al., 2002; Vanderah et al., 2000; Vanderah, 

Ossipov et al., 2001). The data presented here suggest that sustained opioid exposure also 

enhances TRPV1 receptor function in the periphery in an NGF/p38 MAPK dependent 

fashion which plays an additional and essential role in sustained morphine-induced 

thermal as well as tactile hypersensitivity. 

Subcutaneous implantation of morphine pellets produced expected 

antinociception within the first 2-6 hours in all strains of mice, accompanied by increased 

locomotion and Straub tail, suggesting that the antinociceptive actions of morphine were 

not attenuated in the TRPV1 KO mice. The baseline paw withdrawal latencies of TRPV1 
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KO mice were higher than those of WTs which is consistent with previously published 

data (M. J. Caterina et al., 2000). Thermal hyperalgesia and tactile allodynia were readily 

demonstrated in WT mice receiving continuous morphine treatment, but not TRPV1 KO 

mice. Our findings indicate that TRPV1 KO mice do not develop morphine-induced 

tactile and thermal hypersensitivity, suggesting that TRPV1 receptor is essential in the 

development of hyperalgesia states after sustained administration of morphine.   

The data from our experiments with knock-out animals was also confirmed with a 

specific TRPV1 antagonist, AMG 0347 (Immke & Gavva, 2006). AMG 0347 

administration blocked sustained morphine-induced thermal and tactile hyperalgesia in 

ICR mice and SD rats. This finding is consistent with previously published studies 

suggesting that TRPV1 antagonists reverse thermal, tactile and mechanical 

hypersensitivity in models of inflammatory and neuropathic pain (Gavva et al., 2005; 

Gilchrist et al., 1996; Pomonis et al., 2003; Walker et al., 2003).  Critically, no signs of 

withdrawal were observed throughout the study in spite of careful monitoring. Previous 

studies have shown that implantation of two morphine pellets (75 mg, free base) in rats 

results in a steady state of plasma morphine levels and that such levels were maintained 

across 12 days (Gold, Stinus, Inturrisi, & Koob, 1994; Yoburn, Chen, Huang, & Inturrisi, 

1985). These findings indicate that the observed thermal and tactile hypersensitivity was 

not a result of withdrawal from morphine. Rather, the data support the importance of 

TRPV1 in neuroadaptive changes that can result in enhancement of nociceptive input 

after sustained morphine exposure. Importantly, the role of the TRPV1 receptor is 
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consistent across species (mice and rats) suggesting that this is a conserved pathway that 

mediates sustained morphine induced hypersensitivity. 

The changes induced by sustained morphine exposure are qualitatively similar to 

those observed in states of inflammatory injury suggesting that sustained morphine-

induced hyperalgesia and inflammatory hyperalgesia are likely to share common 

underlying mechanisms (T. King et al., 2005). Both inflammatory pain and sustained 

morphine-induced hyperalgesia are characterized by up-regulation of spinal dynorphin 

(Dubner & Ruda, 1992; Nahin, Hylden, Iadarola, & Dubner, 1989; Vanderah, Ossipov et 

al., 2001), CGRP and SP in the DRG and spinal cord (M. J. Caterina et al., 2000; 

Donnerer et al., 1992; Luis R. Gardell et al., 2002), and the NK-1 receptor within the 

spinal cord (Abbadie et al., 1997; T. King et al., 2005). It is well established that the 

TRPV1 receptor plays an important role in the development of inflammatory 

hyperalgesia (Michael J. Caterina & Julius, 2001; Davis et al., 2000; Ji et al., 2002). 

TRPV1 KO animals lack the ability to develop carrageenan-induced thermal hyperalgesia 

(Davis et al., 2000). Previous studies have shown an increase in TRPV1 expression in the 

DRGs after peripheral inflammation, which is then transported peripherally, but not 

centrally (Ji et al., 2002).  Here, we show a small, but significant, increase in the number 

of TRPV1 receptor positive cells in the DRG, but no apparent change in the spinal cord 

after sustained treatment with morphine. In addition here we demonstrate an increase in 

TRPV1 immunoreactivity in the sciatic nerve, after sustained treatment with morphine.  

Together with enhanced functional responses to activation of the TRPV1 receptor in 
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morphine treated rats, these findings are consistent with the possibility of increased 

trafficking of the TRPV1 channel to peripheral, but not central terminals.  

While the hypothesis of changes in trafficking is plausible and remains to be 

explored, enhanced capsaicin-induced flinching behavior as well as increased levels of 

plasma extravasation demonstrate increased function of TRPV1 receptors after sustained 

morphine treatment. Potentiation of TRPV1 channel activity nociceptor  sensitization and 

activation that leads to hyperalgesia and enhanced neurogenic inflammation (Planells-

Cases, Garcia-Sanz, Morenilla-Palao, & Ferrer-Montiel, 2005)]. Our data indicate that 

the TRPV1 receptor also plays a critical role in the development of morphine-induced 

thermal and tactile hyperalgesia and suggests that sustained morphine exposure may 

directly or indirectly result in sensitization of primary afferent fibers. Sensitization of 

nociceptors through a TRPV1 mechanism could occur because the gating of the channel 

is enhanced due to increased phosphorylation. Studies of inflammation-induced 

hyperalgesia suggest that nociceptor sensitization may result from up-regulation of 

TRPV1 channels as well as enhanced phosphorylation by p38 MAPK, PKC, PKC- γ and 

Src family kinases (Cesare, Moriondo, Vellani, & McNaughton, 1999; Ji et al., 2002; Jin 

et al., 2004; Vellani, Mapplebeck, Moriondo, Davis, & McNaughton, 2001; Zhang, 

2005). Changes in the phosphorylation state of the TRPV1 channel by all these molecules 

following prolonged morphine treatment is possible and awaits experimental 

confirmation. For the purpose of this dissertation we explored the role of p-38 MAPK. 

Our studies suggest that sustained treatment with morphine activates p-38 MAPK 

in DRG neurons, as indicated by increase phosphorylated p38 MAPK (p-p38 MAPK). 
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Moreover, co-treatment with p-38 MAPK inhibitor (i.th) prevents the development of 

morphine-induced thermal and tactile hypersensitivity, indicating the important role of p-

38 MAPK in the development of this abnormal pain state. Interestingly acute intrathecal 

administration of p-38 MAPK inhibitor fully blocks already established sustained-

morphine-induced tactile and thermal hypersenisitivity within 30 minutes of 

administration of the compound. This rapid reversal suggests posttranslational 

mechanism of this inhibition, rather than changes in transcription or translation of target 

protein. The acute spinal administration of p-38 MAPK inhibitor induced analgesia in 

saline-treated controls also, indicating a role for p38 MAPK in acute pain signaling. Our 

findings are consistent with previous reports, showing modulation of the levels and 

activity of TRPV1 channels by p38 MAPK after inflammation (Ji et al., 2002). It has 

been shown that pretreatment with p-38 MAPK inhibitor prevents the up-regulation of 

TRPV1 channels in the DRG as well as decreases inflammatory heat hyperalgesia (Ji et 

al., 2002). We also show that co-infusion of p-38 MAPK inhibitor prevents increase in 

capsaicin-induced flinching and plasma extravasation that was observed after sustained 

treatment with morphine. This finding provides the link, albeit indirect, between p38 

MAPK and TRPV1 and indicates modulation of TRPV1 cannel by p-38 MAPK. Thus, 

sustained morphine-induced changes in expression as well as the phosphorylation state of 

the TRPV1 channel by p38 MAPK is possible and awaits further experimental 

confirmation. Accumulated evidence suggests that p38 MAPK is activated by various 

factors that participate in pain processing. Peripheral inflammation and nerve injury 

induces p38 MAPK activation in DRG neurons, and corresponding nociceptive behaviors 



 119

are prevented by p38 MAPK inhibitor. (Ji et al., 2002; Schafers et al., 2003; C. I. 

Svensson, M. Marsala et al., 2003). Moreover, it has been shown that direct activation of 

NK-1 receptors and peripheral inflammation trigger phosphorylation of spinal p38 

MAPK and that this kinase is pivotal in facilitation of nociceptive signaling at the spinal 

level (C. I. Svensson, M. Marsala et al., 2003). 

NGF has been shown to be a major contributor to the production of inflammatory 

hyperalgesia. The levels of NGF rise substantially in inflamed tissue (Donnerer et al., 

1992; Woolf et al., 1996; Woolf et al., 1994), and the administration of anti-NGF 

antiserum substantially reduces inflammatory hypersensitivity (Lewin et al., 1994; Woolf 

et al., 1996; Woolf et al., 1994). It has been proposed that NGF released from inflamed 

tissue is retrogradely transported to the DRG neurons, and activates p38 MAPK, which in 

turn acts to increase translation and transport of TRPV1 to the peripheral nociceptor 

terminal, where it contributes to the maintenance of inflammatory pain (Ji et al., 2002). 

Here we show that sustained treatment with morphine similarly increased the levels of 

NGF in peripheral skin tissue, which is indicated by significant increase in the content of 

NGF in skin. Moreover, our findings suggest that even though we did not see up-

regulation of TrkA in DRG neurons after chronic morphine infusion, the activation of 

p38 MAPK in TrkA expressing neurons was significant, indicating that NGF-induced 

activation of p38 MAPK is the possible signal transduction pathway that underlies the 

development of morphine-induced tactile and thermal hypersensitivity. Moreover, a 

single s.c. injection of the long acting (half life of 7 days) anti-NGF peptibody (AMGEN 

Inc, Thousand Oaks, CA) prevented the development of morphine-induced tactile and 
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thermal hypersensitivity, indicating the importance of NGF in the development of this 

abnormal pain state. Interestingly anti-NGF peptibody only partially blocked the 

development of morphine-induced mechanical hyperalgesia, which could be explained by 

other, non-NGF mediated mechanisms of mechanical hypersensitivity. In this study we 

also show that co-treatment with anti-NGF peptibody also prevents the increase in 

capsaicin-induced flinching and levels of plasma extravasation after chronic morphine 

infusion. This data indicates regulation of TRPV1 channel expression and/or activity by 

NGF, possibly through activation of p38 MAPK. This finding is consistent with 

previously published reports suggesting that NGF is a major factor in regulating gene 

transcription after inflammation (Ji et al., 2002; Leslie, Emson, Dowd, & Woolf, 1995; 

Lindsay & Harmar, 1989), and p38 may underlie the transcriptional regulation of these 

genes (Ji et al., 2002). 

The sensitivity of TRPV1 in the peripheral terminal is controlled by many factors, 

including protons, endocanabinoids, as well as NGF and bradykinin – another 

inflammatory mediator, which can act either directly or through PKC to sensitize the 

receptor (Chuang et al., 2001; Ji et al., 2002; Premkumar & Ahern, 2000; Tominaga et 

al., 1998; Zygmunt et al., 1999). In this study we examined role of NGF and p38, and 

showed that morphine-induced pain may result from both acute changes, resulting form 

posttranslational modifications of existing TRPV1 channels in nociceptor peripheral 

terminals, as well as more delayed changes resulting from increased expression and 

transport of TRPV1 from cell body to the periphery. We do not show phosphorylation of 

TRPV1 channel by p38 MAPK directly, however collectively our data suggest that the 



 121

observed enhanced activity of TRPV1 receptor is a likely a consequence of NGF-

mediated activation of p38 MAPK in DRG neurons. Thus, our work demonstrates the 

important role of peripheral mechanisms in the development and maintenance of 

morphine-induced hyperalgesia and allodynia. 

In addition to the contribution of peripheral mechanisms described above, it 

should be noted that central adaptations have been observed following opiate 

administration and that these changes also strongly contribute to the expression of opiate-

induced hyperalgesia. A non-inclusive list of pronociceptive substances reported to 

mediate opioid-induced hyperalgesia includes: substance P (SP) and calcitonin gene-

related peptide (CGRP) (M. J. Caterina et al., 2000; Luis R. Gardell et al., 2002; T. King 

et al., 2005; D. Menard et al., 1996; C. I. Svensson, X. Y. Hua et al., 2003), glutamate 

(Celerier et al., 2000; Larcher et al., 1998; Laughlin et al., 1997; J. Mao et al., 1998), as 

well as spinal dynorphin and cholecystokinin (CCK) expression in the rostral 

ventromedial medulla (Gardell et al., 2003; Luis R. Gardell et al., 2002; Vanderah et al., 

2000; Vanderah, Ossipov et al., 2001; Vanderah, Suenaga et al., 2001; Xie et al., 2005). 

The descending pain modulatory pathway from the brainstem rostral ventromedial 

medulla (RVM) via the dorsolateral funiculus (DLF) has been shown to also be critical 

for maintaining the changes observed in the spinal cord as well as abnormal pain states 

after continuous treatment with opioids. Animals with lesion of DLF do not develop 

abnormal pain upon sustained exposure to opioids (Vanderah, Suenaga et al., 2001). 

Additionally, it has been shown that sustained morphine-induced plasticity in the RVM 

activates descending facilitation, in part through enhanced activity of cholecystokinin 
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(CCK) in this region (Vanderah, Ossipov et al., 2001; Vanderah, Suenaga et al., 2001; 

Xie et al., 2005).  Changes in levels of activation of TRPV1 expressing afferent fibers 

may be critical in an ascending pathway that ultimately results in the activation of 

descending pain modulatory systems.  Such ascending and descending pathways may 

form part of a loop which ultimately underlies hypersensitivity in cases of opiate-induced 

hyperalgesia or after injuries (T. King et al., 2005). Our current work demonstrates the 

essential role of TRPV1 receptor, p38 MAPK, NGF in the development of enhanced pain 

states after sustained morphine treatment. Current pain management techniques for the 

management of moderate to severe pain, of both malignant and nonmalignant origin, rely 

on opiate administration. Recent studies have shown that deletion of TRPV1 expressing 

afferent neurons paradoxically potentiates the analgesic efficacy of μ-opioid agonists (S. 

R. Chen & Pan, 2006; S. R. Chen, Prunean, Pan, Welker, & Pan, 2007). Hence, the 

recognition of the contribution of the TRPV1 receptor, p38 MAPK as well as NGF in 

opioid-induced hyperalgesia may help to identify new strategies for drug development 

and combinatory therapy for opiate use in management of chronic pain. [Of note, TRPV1 

receptor antagonists, anti-NGF compounds, and p38 MAPK inhibitors are all in clinical 

trials for treatment of pain]. 
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Figure 4.1

 
Fig. 4.1. TRPV1 KO mice do not develop thermal and tactile hyperalgesia. Paw 
withdrawal latencies (sec) and paw withdrawal thresholds (g) were determined in 
separate groups of TRPV1 KO and WT mice prior to implantation of morphine and 
placebo pellets. Animals were tested again on days 2 and 7 after pellet implantation. In 
WT mice treated with morphine pellets, thermal and tactile hyperalgesia developed by 
the 7th day after implantation of the morphine pellet in the WT mice (Fig. 4.1.1, 2). 
TRPV1 receptor knock-out mice failed to show thermal or tactile hypersensitivity (Fig. 
4.1.1, 2). Paw-withdrawal responses in placebo treated animals were not different from 
baseline values throughout the time course. 
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Fig. 4.2. TRPV1 antagonist AMG 0347 blocks morphine-induced thermal and tactile 
hypersensitivity in mice. Baseline paw withdrawal latencies (sec) and paw withdrawal 
thresholds (g) were determined in separate groups of ICR mice prior to implantation of 
morphine and placebo pellets. Animals were tested again on day 7 after pellet 
implantation. Animals treated with morphine pellets developed thermal and tactile 
hyperalgesia by the 7th day after implantation of the morphine pellets in ICR mice (Fig. 
4.2.1, 2). Oral administration of AMG 0347 (3mg/kg) on day 7 after pellet implantation 
reversed both thermal and tactile hypersensitivity in ICR mice, with the peak effect 
observed at 2 hour time point after administration of the TRPV1 antagonist (Fig. 4.2.1, 
2). This dose of the TRPV1 receptor antagonist does not induce analgesia in placebo 
treated mice (Fig. 4.2.1). 
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Fig. 4.3. TRPV1 antagonist AMG 0347 blocks morphine-induced thermal and tactile 
hypersensitivity in rats. Baseline paw withdrawal latencies (sec) and paw withdrawal 
thresholds (g) were determined in separate groups of SD rats prior to implantation of 
morphine and placebo pellets. Animals were tested again on day 6 after pellet 
implantation. Rats treated with morphine pellets developed thermal and tactile 
hyperalgesia by the 6th day after implantation (Fig. 4.3.1, 2). Oral administration of AMG 
0347 (3mg/kg) on day 6 after pellet implantation reversed both thermal and tactile 
hypersensitivity in rats, with peak effectiveness observed two hours after the injection 
(Fig. 4.3.1, 2). This dose of AMG 0347 does not induce analgesia in placebo treated rats 
(Fig. 4.3.2). 
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Fig. 4.4. Sustained morphine increases TRPV1 immunoreactivity in DRG neurons 
but not spinal cord. Immunohistochemical staining was performed on tissue collected 6 
days after morphine or placebo pellet implantation. Within the DRG, sustained morphine 
across 6 days, but not 2 days, increased immunofluorescent staining for TRPV1 positive 
cells (Figure 4.4.1.). Cell counts verified that there is a small (13%) but significant 
increase in the percentage of TRPV1-ir positive cell bodies within the DRG (Fig. 4.4.2.).  
Immunofluorescent labeling was unaltered in the spinal dorsal horn of morphine treated 
animals compared to saline controls 6 days after pellet implantation (Fig. 4.4.3), however 
there was an increase in TRPV1 immunoreactivity in the sciatic nerve (Fig. 4.4.4).  



 127

Placebo Morphine
0

10

20

30

40

50

60
*

N
um

be
r o

f F
lin

ch
es

 (5
 m

in
)

Placebo Morphine
0
3

6

9

12

15

18

21

24

27
*

μ
g/

m
l E

va
ns

 B
lu

e

Figure 4.5

A.

B.

 
 

Fig. 4.5. Sustained morphine increased capsaicin-induced flinching and plasma 
extravasation. Sustained morphine across 6 days doubled the number of capsicin-
induced flinching compared to placebo controls (Fig. 4.5.1). Rats receiving morphine 
infusion showed an approximate 5-fold increase in plasma extravasation compared to 
placebo treated rats (Fig. 4.5.2.). 
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Fig. 4.6. Sustained morphine activates p38 MAPK in TRPV1 expressing DRG 
neurons. Within the DRG, sustained morphine, but not saline across 6 days, increased 
immunofluorescent staining for p-p38 positive cells (Fig. 4.6.1). Cell counts verified a 
significant (5-fold), increase in the number of p-p38 labeled DRG neurons relative to 
total cells counted (Fig. 4.6.2). Morphine exposure produced a 6-fold increase in the cells 
co-labeled for TRPV1 and p-p38. 
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Fig. 4.7. p38 MAPK inhibitor SB203580 prevents the development of morhine-
induced thermal and tactile hypersensistivity. Rats treated with vehicle together with 
morphine developed robust thermal and tactile hyperalgesia by the 6th day after 
minipump implantation (Fig. 4.7.1, 2). Spinal infusion of SB203580 (1 mg/ml) during the 
6 day morphine infusion period prevented the development of morphine-induced tactile 
allodynia (Fig. 4.7.1) and thermal hyperalgesia (Fig. 4.7.2). This dose of SB203580 did 
not induce any changes (analgesia or hyperalgesia) in saline treated rats across the entire 
time of infusion (Fig. 4.7.2). 
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Fig. 4.8. p38 MAPK inhibitor SB203580 reverses morhine-induced thermal and 
tactile hypersensistivity. Single intrathecal injection of the p38 MAPK inhibitor 
SB203580 (1mg/ml) fully reversed morphine-induced thermal and tactile hypersensitivity 
within 30 min of administration (4.8.1, 2), p38 MAPK inhibitor also produced analgesia 
in saline treated rats (4.8.2). No effects were observed in vehicle treated animals (4.8.1, 
2).  
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Fig. 4.9. p38 MAPK inhibitor SB203580 prevents sustained morphine-induced 
enhanced capsaicin-induced flinching. TRPV1 receptor function was determined by 
examining the capsaicin–induced flinching on day 6 after co-administration of intrathecal 
38 MAPK inhibitor SB203580 (1mg/ml) or vehicle (50% DMSO) and subcutaneous 
infusion of morphine or saline. Co-infusion of SB203580 and morphine across prevented 
morphine-induced increase in the number of capsaicin-induced flinches compared to 
controls (Fig. 4.9.).  
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Fig. 4.10. Sustained morphine activates p38 MAPK in TrkA expressing DRG 
neurons. Immunohistochemical data suggests that although morphine exposure did not 
change the proportion of TrkA positive cells (Fig. 4.10.1, 2), it caused a 7-fold increase in 
the proportion of DRG cells co-labeled for p-p38 and TrkA (Fig. 4.10.1, 2).  
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Fig. 4.11. Sustained morphine exposure increased NGF content in skin. NGF content 
of glabrous skin from rat hindpaws was determined 2 and 6 days of morphine infusion 
and 6 days of saline infusion, through osmotic minipumps, using NGF ELISA kit 
(Promega).  Our data shows a time dependent morphine-induced increase in NGF content 
in hindpaw skin, compared to saline treated group (Fig. 4.11).  
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Fig. 4.12. Anti-NGF peptibody prevents the development of morphine-induced 
tactile, thermal and mechanical hyperalgesia. Rats receiving morphine in the absence 
of the anti-NGF peptibody developed hypersensitivity to tactile, thermal and mechanical 
stimuli 6 days into chronic morphine infusion, whereas those receiving morphine and 
anti-NGF peptibody did not develop tactile and thermall hypersensitivity (Fig. 4.12.1, 2). 
Anti-NGF peptibody only partially blocked the development of morphine-induced 
mechanical hypersensitivity (Fig. 4.12.3). Importantly, when tested in saline-infused rats, 
the anti-NGF peptibody did not alter responses to tactile or to noxious thermal and 
mechanical stimuli relative to baseline (Fig. 4.12.1, 2, 3). 
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 Fig. 4.13. Anti-NGF antibody blocks sustained morphine-induced enhanced 
capsaicin-induced flinching and plasma extravasation. Rats received the anti-NGF 
peptidbody (100 mg/kg, s.c.) at the beginning of morphine or saline infusion. After 6 
days into morphine/saline treatment, rats received an injection of capsaicin into the 
plantar hindpaw. The number of flinches counted for 5 min and levels of plasma 
extravasation were measured in separate groups of animals. The anti-NGF peptibody 
abolished morphine-induced increase in flinching in response to capsaicin (Fig. 4.13.1). 
Anti-NGF peptibody abolished the morphine-induced increase in capsaicin-evoked 
plasma extravasation, but did not alter capsaicin-evoked plasma extravasation in the 
saline treated group (Fig. 4.13.2).  
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CHAPTER V. CONCLUSION 

 

  Advances in cancer detection and therapies have dramatically increased the 

survival rates of patients with most cancers. With this increased survival rate comes an 

ever-increasing need to focus on cancer associated pain and the effect it has on the patient 

from initial diagnosis through therapy to survivorship (Abbadie et al., 1997). For many 

patients, pain has a pivotal role at each step of progression, and pain is the symptom that 

is frequently the primary reason prompting the patient to seek medical care, which results 

in diagnosis of cancer (Abbadie et al., 1997). Cancer pain can arise from different 

processes, either by direct tumor infiltration/involvement,  or as a result of diagnostic or 

therapeutic surgical procedures (such as biopsies and resection) (Abbadie et al., 1997). 

For patients with cancer, receiving full chemotherapeutic regimen is one of the most 

important factors in determining patient survival and quality of life (Abbadie et al., 

1997). Anti-tumor therapies often result in pain and chemotherapy-induced peripheral 

neuropathy (CIPN) (Abbadie et al., 1997; Mielke, Sparreboom, & Mross, 2006). This 

signs and symptoms may be acute and although many symptoms resolve with time, in a 

subset of patients they persist for years – and, for some patients and survivors, even for 

the entire lifetime (Abbadie et al., 1997). It is well-recognized that in patients with cancer 

these symptoms cause a notable decrease in functional capacity and overall quality of life 

(Abbadie et al., 1997; Mielke et al., 2006).  

  Previously, a major problem in development of better therapies for pain 

management was a limited understanding of the neurobiological mechanisms underlying 
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bone cancer-induced pain. A major impediment in studying bone-cancer-induced pain 

was the lack of a well-developed animal model of cancer pain. For the first time, animal 

model of cancer pain is now available, which appears to mirror the clinical picture of 

humans with cancer pain (Abbadie et al., 1997; Schwei et al., 1999). Data generated from 

this model provides important new information about the mechanisms that generate and 

maintain the different types of cancer pain (Abbadie et al., 1997). It also allows for 

testing of new therapies (Abbadie et al., 1997), as well as to study the effects of currently 

available medications on the background of bone cancer-induced pain.  

  Opioids are the cornerstone therapy for the treatment of moderate to severe pain 

(Angst & Clark, 2006), and one of the most frequently used medications for the treatment 

of cancer-induced pain (Blum et al., 2003; Mercadante & Fulfaro, 2005).  Although 

common concerns regarding the use of opioids include the potential for detrimental side 

effects, physical dependence, and addiction, accumulating evidence suggests that opioids 

may yet cause another problem, often referred to as opioid-induced hyperalgesia (Angst 

& Clark, 2006). It has been shown in both clinical and preclinical studies that sustained 

administration of opioids is associated with the development of abnormal pain (Ali, 1986; 

Angst & Clark, 2006; Arner et al., 1988; De Conno et al., 1991; Luis R. Gardell et al., 

2002; Jacobsen et al., 1995; T. King et al., 2005; Mercadante et al., 2003; Sjogren et al., 

1994; Vanderah, Ossipov et al., 2001). Thus, somewhat paradoxically, opioid therapy 

aiming at alleviating pain may render patients more sensitive to pain and potentially may 

aggravate their preexisting pain (Angst & Clark, 2006).  
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  With respect to rodent studies, many investigators using a variety of opioids, 

dosing schedules, routes of administration, and nociceptive paradigms have demonstrated 

the development of hyperalgesia (Angst & Clark, 2006). The available human data are 

more limited in terms of the types of opioids administered, dosing schedules, and 

nociceptive paradigms used, although the results are compatible with the rodent findings 

(Angst & Clark, 2006).  

  In the present study we examined the effects of sustained administration of 

morphine on bone cancer pain using the murine model of bone cancer pain in which 

sarcoma cells are injected and sealed into the femur allowing for controlled localization 

and progression of the disease. Our study demonstrated that sustained administration of a 

constant dose of morphine enhances, rather than alleviates bone cancer-induced 

spontaneous and evoked pain. In addition, sustained morphine also increases cancer-

induced bone loss and fracture rate. These changes were blocked by co-administration of 

a COX inhibitor or NK1 receptor antagonist - compounds that are currently available on 

the market. We have also looked into mechanism of opioid-induced hyperalgesia and 

discovered that molecules such as TRPV1, p38 MAPK and NGF play an important role 

in peripheral mechanisms of opioid-induced hyperalgesia. We demonstrated that co-

administration of TRPV1 receptor antagonist, p38 MAPK inhibitor, as well as anti-NGF 

peptibody, molecules that are currently undergoing clinical trials, block the development 

of this paradoxical pain state in uninjured rats. Future studies are needed to determine 

whether blocking these molecules will enhance morphine’s pain alleviating qualities in 

bone cancer pain. As blockade of the TRPV1 receptor and sequestration of NGF with an 
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anti-NGF antibody has also been shown to be effective in alleviating bone-cancer 

induced pain (Ghilardi et al., 2005; Sevcik, Ghilardi, Peters et al., 2005), we hypothesize 

that co-administration of a TRPV1 receptor antagonists or of the anti-NGF compound 

will lower the dose of opioid required for effective blockade of bone-cancer induced pain 

and greatly reduce the negative side effects, such as somnolence, confusion, constipation 

associated with high doses of opiates currently required by many bone cancer pain 

patients. 

  Based on the available evidence, we need to give serious considerations to the 

possibility that opioid-induced hyperalgesia is a significant consequence of opioid 

therapy in humans (Angst & Clark, 2006). Paradoxically, the aggressive treatment of pain 

with opioids may predispose patients to grater levels of pain at later times (Angst & 

Clark, 2006). Thus, the long-term use of opioids also may exacerbate rather than 

ameliorate chronic pain and the possibility of opioid-induced hyperalgesia limiting the 

usefulness of opioids, emphasizes the value of alternative methods of pain control (Angst 

& Clark, 2006).  

  By focusing and incorporating both preclinical and clinical pain studies into 

mainstream cancer pain research and therapies, we will lead to the design of specific and 

effective analgesics for pain and have the opportunity to target and impact not only the 

cancer-induced pain, but also the overall health and quality of life of these patients. 
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