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ABSTRACT 

 

Metastatic bone cancer is the most common cause of pain in patients with 

malignant tumors. Prolonged opioid treatment remains the primary method to treat pain 

in these patients. Sustained morphine exposure enhances both bone cancer-induced pain 

and bone loss in mice implanted with sarcoma cells. Sustained treatment of bone marrow 

cultures with morphine results in COX-2 dependent upregulation of RANKL and PGE2, 

and suppression of OPG. This results in increased osteoclastogenesis which was 

dependent on COX-2 and OPG/RANKL regulatory axis. Treatment with morphine does 

not induce any direct changes in osteoclasts or sarcoma cells. The in vitro data was 

validated in the animals where morphine induces an increase in the osteoclastogenesis 

and RANKL, and suppresses OPG. These data indicate that morphine enhances 

osteoclastogenesis by modulating the OPG/RANKL regulatory axis in osteoblasts 

through a COX-2 dependent mechanism.  

Prolonged opioid exposure induces an opioid-receptor dependent hyperalgesia in 

humans and in animals. Studying the direct effect of opioids on primary sensory neurons 

we demonstrate a modest increase in CGRP cellular content that was not opioid-receptor 

dependent. Although dynorphin A (2-13) and PGE2 enhanced the release of the 

neuropeptide, pretreatment with opioids does not influence the capsaicin or KCl evoked 

CGRP release. These date indicate that the neurochemical changes seen in vivo may be 

dependent on factors upregulated in the periphery and/or the CNS. 
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It has been demonstrated that sensory neurons innervating the femur express 

markers of neuronal injury and the intramedullary region of the femur becomes devoid of 

nerve fibers as the tumor expands. In this study we demonstrate that the sarcoma cells 

generate high levels of ROS and release hydrogen peroxide into the surrounding space, 

which induces death and injury to both sensory neurons and glia. This death was 

prevented by the anti-oxidants BHA and catalase. The present study provides evidence 

that ROS released by cancer cells can directly lead to injury and death of sensory 

neurons. ROS induced injury may be one of the mechanism through which sensory 

neurons are injured in the murine bone cancer pain model.  
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CHAPTER 1 

INTRODUCTION 

 

Basic Principles of Bone Physiology 

The skeleton is a metabolically active organ which not only maintains structural 

integrity but also homeostasis. The vast surface area of bone mineral can adsorb growth 

factors, cytokines as well as toxins and heavy metals that minimize their adverse effects 

on other tissues. Skeletal remodeling  triggers include changes in mechanical forces or 

microdamage (Turner, 1998) and hormonal responses to changes in calcium and 

phosphorus supplies. 

Three distinctly different cell types can be found within bone: the matrix-

producing osteoblast, the bone resorping osteoclast and the osteocyte. Osteocytes account 

for 90% of all cells in the adult skeleton and are viewed as highly specialized and fully 

differentiated osteoblasts; similarly, osteoblasts have recently been described as 

sophisticated fibroblasts (Ducy et al., 2000). Fibroblasts, osteoblasts, osteocytes, and 

adipocytes derive from pleuralpotent mesenchymal stem cells (Ducy et al., 2000), 

whereas osteoclasts are derived from hematopoietic stem cells which also comprise the 

precursors for monocytes and macrophages (Fujikawa et al., 1996). 

Osteoblasts 

Osteoblasts are the cells within bone that lay down the extracellular matrix and 

regulate its mineralization. They are cuboidal in shape and located at the bone surface 
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together with their precursors, where they form a tight layer of cells. To maintain cellular 

function and responsiveness to metabolic and mechanical stimuli, osteoblasts rely on 

extensive cell-matrix and cell-cell interactions via a variety of transmembranous proteins 

such as integrins, connexins and cadherins; in addition to specific receptors to cytokines, 

hormones and growth factors (Ferrari et al., 2000;Lecanda et al., 1998). The lifespan of 

an osteoblast ranges between 3 days in young rabbits up to 8 weeks in humans, after 

which they may get buried in their own mineralized matrix changing their phenotype to 

become osteocytes or undergo apoptosis (Jilka et al., 1998). Osteocytes are characterized 

by a stellate morphology reminiscent of the dendritic network of the nervous system. 

They continue to thrive, but considerably reduce their cell organelles and the production 

of matrix proteins. They remain connected with other similar cells but also with inactive 

bone lining osteoblasts at the surface of the bone, creating a three dimensional 

connectivity in bone. Osteocytes are responsible for mechanosensation and the  

coordination of the spatial and temporal recruitment of cells that form and resorp bone 

(Burger and Klein-Nulend, 1999;Curtis et al., 1985). During its lifetime an osteoblast 

deposits 0.5-1.5μm of osteoid per day (Sommerfeldt and Rubin, 2001). The precise 

mechanism of mineralization remains unclear, however this process lags behind matrix 

production which is composed of 90% type I collagen in addition to other proteins such 

as osteocalcin, osteopontin and bone sialoprotein (Hirakawa et al., 1994).  

Studies examining the expression of opioid receptors in osteoblasts have yielded 

conflicting results. Experiments carried out on rat primary calvarial osteoblasts,  
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osteosarcoma-derived cell line (ROS-17/2.8), and immortalized calvaria-derived lines 

(RCT-1 and RCT-3) demonstrated that neither the μ- nor the δ-opioid receptor mRNAs 

were expressed, whereas κ-opioid receptor mRNA was expressed in all osteoblastic cell 

preparations (Rosen et al., 1998). However proenkephalin derived opioid peptides have 

been shown to be active in osteoblastic cell lines (Rosen et al., 1991). Moreover, opioids 

stimulate the proliferation of RCT-1, immortalized rat calvaria-derived line (Rosen et al., 

1998), while inhibitory effects on proliferation was observed with cells from human 

cancellous bone samples (Elhassan et al., 1998). Human osteoblast-like cell line, MG-63, 

show immunohistochemical reactivity of μ, δ and κ opioid receptors, and express the 

three types of opioid receptor genes (Perez-Castrillon et al., 2000). More studies are 

required to resolve the apparent contradictory results. It is possible that the species-tested 

and/or maturation state of the cells are important. Nevertheless, it seems that osteoblastic 

opioid receptor activation affects cell activities. 

Osteoclasts 

Osteoclastic resorption produces irregular scalloped cavities on the trabecular 

bone surface, called Howship lacunae, or cylindrical Haversian canals in cortical bone. 

Because of their common lineage, macrophages and osteoclasts are highly migratory, 

multinucleated, and polarized cells which carry an arsenal of lysosomal enzymes which 

include cathepsin K and tartrate resistant acid phospahtase (TRAP) (Teitelbaum, 2000). 

They are highly specialized and possess several unique ultrastructural characteristics, 

such as pleomorphic mitochondria, vacuoles, and lysosomes (Walker, 1972). Osteoclasts 
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possess apical membrane, which is able to form a tight seal with the calcified matrix, 

which forms a resorption bay underneath the cell. Proton pumps lower the pH activating 

the lytic enzymes secreted into the lacunae (Blair et al., 1989). Active osteoclasts are 

capable of resorping 200,000 μm3 of bone in a single day which is equivalent to an 

amount of bone formed by seven to ten generations of osteoblasts with an average 

lifespan of 15–20 days (Sommerfeldt and Rubin, 2001). Since resorption and reversal 

phases of bone remodeling are short and the period required for osteoblastic replacement 

of the bone is long; any increase in the rate of bone remodeling, cause by any disease or 

disorder, will result in a loss of bone mass (Raisz, 2005). 

Although the expression of opioid receptors on osteoclasts has not been 

demonstrated, there is ample evidence that cells derived from the hematopoietic lineage 

express opioid receptors (Chuang et al., 1995;Makman et al., 1995;Vallejo et al., 2004). 

Moreover, murine macrophage cell line RAW 264.7, which is commonly used for 

osteoclast studies, express a subtype of μ-opioid receptor and demonstrate binding of 

morphine in saturation studies (Makman et al., 1995). 

Osteoblast-osteoclast regulation 

Identification of osteoprotegrin (OPG) was a breakthrough in our understanding 

of how osteoclastogenesis is regulated. OPG is a secreted TNFR-related protein that 

blocks osteoclast formation in vitro and bone resorption in vivo (Morony, 1999;Simonet, 

1997;Yasuda, 1998a). TNF-related cell-surface protein RANKL was identified as a key 

cytokine that regulated osteoclastogenesis and bone resorption by binding to RANK, a 
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TNFR-related transmembrane signaling receptor (Anderson, 1997;Lacey, 1998;Wong, 

1997;Yasuda, 1998b). RANK is expressed on haematopoietic precursor cells and 

regulates osteoclast differentiation and activation, and is important for the resorption of 

bone and regulation of calcium homeostasis (Dougall, 1999;Li, 2000). RANKL is a 

transmembrane protein found on the surface of expressing cells and can be a 

proteolytically cleaved into a soluble form (Anderson, 1997;Lacey, 1998;Wong, 1997). 

Hormones and factors that stimulate bone resorption induce the expression of RANKL on 

osteoblastic stromal cells (Hofbauer, 2000;Theill et al., 2002b). RANKL expression by 

osteoblasts coordinates bone remodelling by stimulating bone resorption by local 

osteoclasts, which in turn stimulate bone synthesis by closely adjacent osteoblasts; this 

process is called “coupling” (Figure 1-1) (Hayden et al., 1995;Nakamura et al., 

2003;Pfeilschifter and Mundy, 1987;Udagawa, 2000;Zhang et al., 2001). OPG acts as a 

decoy receptor by blocking RANKL binding to its cellular receptor RANK. Osteogenic 

factors such as transforming growth factor-beta (TGF-β) and bone morphogenic protein 

(BMP) enhance the production of OPG by osteobalsts (Schoppet et al., 2002;Udagawa, 

2000). Expression of RANKL and OPG is therefore coordinated to regulate bone 

resorption and density, positively and negatively, by controlling the activation state of 

RANK on osteoclasts. 

Most osteolytic factors have been shown to upregulate mRNA expression of 

RANKL in osteoblast cell lines and primary cell cultures (Schoppet et al., 

2002;Udagawa, 2000). Consistent with this hypothesis, RANK-deficient mice are 
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resistant to bone resorption induced by TNF-α, IL-1β, 1,25(OH)2 vitamin D3 and 

parathyroid hormone related peptide (PTHrP), which are factors known to induce 

increases in bone resorption and serum hypercalcaemia (Li, 2000). Activation of T cells 

in vitro and in vivo leads to increased production of RANKL leading to enhanced 

osteoclastogenesis and bone resorption, elucidating how acute and chronic inflammatory 

states, and certain leukaemias, contribute to pathologic bone loss (Kong, 1999a;Kong, 

1999b).  

Humoral factors that decrease bone resorption and increase density, such as 

estrogens, enhance OPG expression and/or RANKL expression is decreased, leading to 

decreased activation of RANK and subsequently the numbers of activated osteoclasts in 

the bone (Schoppet et al., 2002;Udagawa, 2000). Thrombopoietin, a cytokine which 

regulates platelet levels, has also been shown to induce OPG expression in animals, 

leading to abnormal increases in bone density (Chagraoui et al., 2003). Calcitonin has 

long been known to dampen osteoclast activation and is the basis for using it as a 

therapeutic, although its molecular mechanism of action is unclear. 

Factors that modulate the RANK signalling pathway enhance or dampen 

osteoclastogenesis and activation driven by RANKL. Activation of osteoclast surface 

receptors for IL-1, c-Fms, TNF-α, PGE2 and TGF-β potentiate osteoclastogenesis in vitro, 

and can stimulate bone resorption in vivo. IL1-R and TNFR1 both signal through 

TRAF6, and activation of these receptors could have a synergistic effect on RANK-

mediated TRAF 6 activation (Mak and Yeh, 2002). The activation of c-Fms and TGF-β 
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upregulate components of the pathway, including the levels of RANK on the cell surface, 

thereby enhancing the potency of RANKL (Arai, 1999;Ma, 2001;Yan et al., 2001). 

RANK signalling can induce the production of factors such as interferon-β and γ that act 

in an autocrine fashion to downregulate the expression of c-Fos and degrade TRAF6 

respectively; both signaling molecules are critical factors in osteoclast development 

(Hayashi et al., 2002;Takayanagi, 2000;Takayanagi, 2002). The cytokine IL-4 negatively 

regulates osteoclastogenesis through STAT signalling within the osteoclast (Arai, 1999).  

PGE2 has been demonstrated to be a potent stimulator of osteoclastic bone 

resorption evident in inflammatory diseases such as rheumatoid arthritis and 

osteomyelitis (Miyaura et al., 2003;Okada et al., 2000;Sakuma et al., 2000;Trebino et al., 

2003). Osteoblasts are the main source of PGE2 (Suda et al., 1992). PGE2 synthesis is 

regulated by three distinct biochemical reactions carried out by different enzymes: the 

release of arachidonic acid by membrane bound phospholipase A2, the conversion of 

arachidonic acid to PGH2 by cyclooxygenase (COX), and the synthesis of PGE2 by PGE 

synthase. Phospholipase A2 is constitutively expressed in osteoblasts (Chen et al., 1997) 

and the induction of PGE2 appears to be dependent on the expression of COX-2 (Chen et 

al., 1997;Tai et al., 1997). PGE2 stimulates bone resorption through two pathways: 1) the 

induction of RANKL expression and suppression of OPG levels in osteoblasts (Liu et al., 

2005;Suda et al., 2004;Theill et al., 2002a). 2) Synergetic and direct enhancement of 

RANKL-induced differentiation osteoclast precursors into osteoclasts (Kobayashi et al., 

2005;Tintut et al., 2002;Wani et al., 1999).   
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Cancer Metastasis to the Bone 

Bone is a highly hospitable environment for colonization and growth of metastatic 

tumors (Goltzman, 1997). Tumor cells, in turn, can produce a spectrum of mediators 

which would result in the “uncoupling” of osteogenic and osteolytic events, leading to 

pathologies such as osteolytic and osteogenenic lesions (Goltzman et al., 2000).  

Osteolysis is an important step in the process of bone metastasis where tumor cells 

need to make the space to grow. Although it has been reported that some tumor cells 

appear capable of assuming an osteoclast phenotype and directly resorbing bone (Eilon 

and Mundy, 1978), it is now evident that most tumor cells may act indirectly by hijacking 

the physiologic mechanisms that normally favor bone resorption. Thus, tumor cells 

release agents such as hormones, eicosanoids, growth factors, and cytokines into the bone 

microenvironment, which act on osteoblastic stromal cells to enhance the production of 

RANKL. Concomitantly, production of OPG may be downregulated (Lee and Lorenzo, 

1999), thus eliminating one means by which the consequent osteolysis could be 

repressed.  

Growth factors that are trapped in the bone matrix are released from degraded 

bone that may further accelerate growth of the tumor, which can now expand within the 

lysed area. Such growth factors also appear to be capable of further increasing the release 

osteolytic mediators from tumor cells (Guise, 2000). So, a vicious cycle is created where 

osteolytic mediators are released by tumor cells, bone degradation releases growth factors 
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from degraded bone, which in turn enhances tumor cell growth and the release more 

osteolytic mediators (Figure 1-2) (Chirgwin and Guise, 2000). 

Osteogenic or osteoblastic lesions are less common and may occur with the 

skeletal metastases of certain tumors, notably prostate cancer. Since such tumors must 

occupy space within the bone matrix, it is clear that they are dependent on and associated 

with osteoclastic osteolysis (Zhang et al., 2001). The osteogenic component of the 

skeletal reaction to prostate cancer, however, remains the most characteristic and the most 

intriguing. The osteoblastic growth factors in cancer cells that drive this process are still 

not well understood (Goltzman et al., 2000).  

Bone Cancer Pain 

The American Cancer Society estimates that over 1.4 million new cases of cancer 

will be diagnosed in the United States in 2007 (American Cancer Society, 2006). Pain is 

one of the most common symptoms reported, with as many as one third of cancer patients 

requiring treatment for the management of severe pain (Mantyh, 2002). Between 75 and 

90% of patients with metastatic or advanced stage cancer will experience life altering and 

debilitating cancer-induced pain (Luger et al., 2005;Meuser, 2001).  Advances in cancer 

detection and treatment have increased both survival and patient life-span; however, 

management strategies for cancer related pain have not improved in stride (Mantyh, 

2006). Despite the increased life expectancy of cancer patients, their functional capacity 

and overall quality of life remain significantly compromised by a lack of advances in 

palliative care, particularly for cancer pain (Mantyh, 2006). Pain is usually the first sign 
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of cancer, which causes a patient to seek medical attention. Patient experience moderate 

to severe cancer pain which intensifies with the progression of the disease (Mercadante 

and Arcuri, 1998;Portenoy et al., 1999).  

Primary afferent neurons 

Primary afferent sensory neurons innervate every organ of the body except the 

brain. These sensory neurons transmit peripheral sensory information to the spinal cord 

and brain. Trigeminal and dorsal root ganglia (DRG) are the structures that contain the 

cell bodies of the sensory fibers that innervate the head and the body respectively. These 

fibers can be either myelinated or unmyelinated. Most of the unmyelinated C-fibers and 

thinly myelinated A-δ fibers are known as nociceptors. Nociceptors are polymodal 

detecting a wide range of stimuli whether they are a physical or chemical in nature. 

Nociceptors can sense noxious stimuli such as thermal, mechanical and chemical, with 

varying degrees of sensitivity by expressing diverse receptors and transducing molecules 

(Julius and Basbaum, 2001). These sensory neurons are the gateway for the generation 

and transmission of chronic pain associated with many cancers (Mantyh, 2002;Mantyh et 

al., 2002). Tumors and tumor associated cells release a spectrum of mediators that 

directly or indirectly cause tissue injury. These changes can result in sensitization of 

peripheral nociceptors leading to the development of excitability of ascending pain 

pathways that may lead to secondary hyperalgesia evidence by hyperexcitibility of A-

fibers to mechanical stimulation outside of the site of direct injury (Mantyh, 2006). 

Although it remains to be seen, central sensitization may result from cancer induced 
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injury to the sensory neurons. With central sensitization, slow but progressive 

neurochemical and cellular remodeling in the spinal cord and the CNS can facilitate the 

transmission of noxious sensory information to the cerebral cortex (Mantyh, 2006). 

Tumor-derived factors in bone cancer pain 

Tumors along with the immune cells that infiltrate them secrete a spectrum of 

prostanoids (Galasko, 1995;Nielsen et al., 1991), cytokines (Davar, 2001;DeLeo et al., 

1996;DeLeo and Yezierski, 2001;Nadler, 2000;Nelson et al., 2003;Opree and Kress, 

2000;Watkins et al., 1995) and growth factors (Radinsky, 1991;Silver, 1992;Stoscheck 

and King, 1986) that directly sensitize and excite nociceptors by directly interacting with 

respective receptors (Vasko, 1995).  

Prostanoids synthesized by cancer cells and tumor-associated immune cells can 

promote inflammation (Julius and Basbaum, 2001) and tumorigenesis (Gupta and 

Dubois, 2001) in addition to promotion of pain and bone resorption (Kobayashi et al., 

2005;Okada et al., 2000;Wani et al., 1999). In fact it has been demonstrated that 

treatment with COX-2 inhibitor results in decreased pain, tumor growth and bone 

destruction (Sabino, 2002).  

A subset of C-fibers express endothelin A receptors (Pomonis et al., 2001) which 

are sensitized by vasoactive peptide called endothelins released by tumors (Nelson, 

1995). Endothelins directly activate peripheral nerves and induce pain-related behaviors 

(Davar et al., 1998). Unlike prostanoids endothelins affect only the sensitization of the 

neurons and pain without influencing the tumor growth or bone destruction (Peters, 
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2004). Endothelin antagonists have shown promise in management of cancer pain 

(Carducci, 2002); which is more severe in patients with a relatively higher levels of 

circulating endothelins in their serum (Nelson, 1995).  

Kinins such as bradykinin are released in response to tissue injury and are 

important for the progression of acute and chronic inflammation (Couture et al., 2001). 

Bradykinin effects are mediated through the B1 and B2 receptors which have different 

expression profiles in sensory neurons. B2 receptor is constitutively expressed while B1 

receptor low in normal sensory neurons but upregulated during inflammation (Fox, 

2003). Treatment of animal with B1 receptor antagonist has been shown to block the pain 

behavior in the murine bone cancer model (Sevcik, 2005a). 

Treatment of animals with a compound that sequesters Nerve growth factor 

(NGF) results in a reduction of pain-behaviors which was greater in efficacy that 

treatment of the animals with morphine (Halvorson, 2005;Sevcik, 2005b). Both the 

cancer cells as well as immune cells release NGF which can directly sensitize the neurons 

or even more importantly cause plastic changes to the nociceptors. These changes include 

modulation of the expression levels of neurotransmitters, receptors and ion channels 

(Averill et al., 1995;Donnerer et al., 1992;Ji et al., 2002;Ramer et al., 2001;Rueff and 

Dray, 1993). NGF also modulates the trafficking and insertion of ions channels such as 

Nav1.8 (Gould, 2000) and transient receptor potential vanilloid 1 (TRPV1) (Ji et al., 

2002). 
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Maintaining an acidic microenvironment is an essential component of osteoclast 

bone resorption mechanism. In addition to osteoclast, tumors are surrounded by acidic 

microenvronment due to their high metabolic rate. These protons released in the vicinity 

of nociceptor can activate acid sensing ion channel 3 (ASIC3) (Bassilana, 1997;Olson et 

al., 1998;Sutherland et al., 2000) and TRPV1 (Caterina, 2000;Tominaga, 1998).  The 

contribution of proton activated TRPV1 to nocifensive behaviors in bone cancer pain was 

demonstrated when these behaviors were attenuated by treatment of the animals with 

TRPV1 antagonist (Ghilardi, 2005).  

A method to reduce tissue acidosis is by targeting osteoclasts. The use of 

bisphosphonates and OPG-like compounds has been effective in reducing pain behaviors 

(Honore, 2000;Luger, 2001;Sevcik, 2004). In addition to reducing osteoclast number and 

activity this class of drugs prevent the tumor growth by attenuating the vicious cycle 

created by tumor induce bone resorption (Chirgwin and Guise, 2000;Guise, 2000). 

Reduced bone resorption also maintains the mechanical strength of the bone which 

prevents the distortion of the periosteum. Studies have suggested that a major source of 

bone pain is mechanical distortion of the periosteum (Mercadante, 1997).  

Neuropathic component of bone cancer pain 

Neurons that innervate the tumor bearing femur express markers for nerve injury 

such as galanin and ATF3 (Peters et al., 2005). Moreover treatment of these animals with 

Gabapentin, a drug commonly used to treat neuropathic pain, results in attenuation of 

pain behaviors without affecting bone resorption, tumor growth or the neurochemical 
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changes (Peters et al., 2005). Upon examination of the bone it was revealed that by day 

14 the osteosarcoma occupies 90% of the intramedullary region of the bone. But the 

nerve fibers that normally occupy this region display a discontinuous and fragmented 

phenotype suggesting that the distil processes of the sensory fibers were injured by the 

growing tumor (Peters et al., 2005). The mechanism of injury to the sensory fibers in not 

known. 

Tumor-induced bone pain 

Tumor-induced bone pain is characterized as being dull, having constant presence 

and gradually increases in severity with time (Mercadante, 1997).  As the disease 

progresses more osteolysis is observed, this is accompanied with frequent occurrences of 

severe spontaneous pain (Mercadante, 1997), the onset of the pain is both acute and 

unpredictable making it debilitating for the patient, who cannot carry out normal daily 

tasks due to the pain. Patients who receive analgesic therapy usually experience 

intermittent episodes of extreme pain which can occur spontaneously or induced by 

movement. Since, this type of pain breaks through the effects of the analgesic therapy, it 

is referred to as breakthrough pain (Mercadante and Arcuri, 1998). 

Bone metastases are treated using various approaches including radiotherapy, 

chemotherapy and treatment with bisphosphonates and analgesics (Mercadante, 1997). 

Mild to moderate pain is treated with non-steroidal anti-inflammatory drugs (NSAIDS) 

(Mercadante, 1997). However, prolonged non-selective NSAIDS use can cause intestinal 

bleeding gastrointestinal ulceration, neutropaenia, enhanced bleeding and disruptions in 
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renal function (Thun et al., 2002), while some selective COX-2 inhibitors cause less 

bleeding, they have cardiovascular safety issues (Mukherjee et al., 2001). Moderate to 

severe pain is treated with opioid (Cherny, 2000;Mercadante, 1997;Portenoy and Lesage, 

1999). Although opioid are effective in attenuating bone cancer pain, they are frequently 

accompanied by side effects such as constipation, nausea, vomiting, dizziness, 

somnolence, and a critical impairment of mental alertness (Lucas and Lipman, 2002). 

Moreover a recent study has demonstrated that morphine treatment accelerated bone pain, 

osteolysis and spontaneous fractures in mice femurs implanted with sarcoma cells (King 

et al., 2007). The mechanism of morphine enhanced osteolysis in not known. 

Opioids 

Morphine remains the opioid of choice for the treatment of cancer pain. Morphine 

is an opioid agonist exerting its effects mostly through μ-opioid receptors. Morphine 

affects a wide range of physiological systems due to the expression of the opioid 

receptors in various systems. However, to better appreciate the effects of morphine, one 

has to look beyond its effects on single cell and start looking at whole systems and their 

interactions. Morphine can activate or inhibit a certain physiological process depending 

on the neural circuit and the associated organ it acts upon. Thus, morphine can produce 

analgesia; affect mood and behavior; and alter respiratory, cardiovascular, 

gastrointestinal, immune and neuroendocrine function.  

Analgesia 
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While cellular and molecular studies have revealed the functional characteristic of 

opioids at a cellular level, it is important to place them in their anatomical and 

physiological context to fully understand the opioid system. Pain control by opioids must 

be considered in the context of brain circuits modulating analgesia and the functions of 

the various receptor types in these circuits. It is well established that the analgesic effects 

of opioids arise from their ability to directly inhibit the ascending transmission of 

nociceptive information from the spinal cord dorsal horn and to activate pain control 

circuits that descend from the midbrain via the rostral ventromedial medulla to the spinal 

cord dorsal horn.  

There are three main types of opioid receptors µ, δ and κ. These opioid receptors 

are highly concentrated in the outer laminae of the spinal dorsal horns (Quirion et al., 

1983;Quirion, 1984). Opioid receptors were found to be expressed primarily in 

nociceptive C- and Aδ fibers of the primary afferent neurons  (Arvidsson et al., 

1995;Dado et al., 1993). Morphine is believed to act in large part through opioid 

receptors residing on the central terminals of these primary afferent C-fibers (Lombard et 

al., 1995;Mansour et al., 1995;Yaksh and Noueihed, 1985). Patch-clamp experiments 

performed on fluorescently labeled nociceptive neurons found that the activation of the μ-

opioid receptor inhibited calcium channels on almost all small nociceptors but had 

minimal effect on large nociceptors (Taddese et al., 1995). It is believed that most opioid 

receptors are localized on the presynaptically at the central terminal C-fiber afferents 

which terminate in laminae I and II, while a minority population is thought be located 
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post-synaptically, comprising interneurons and second order neurons (Besse et al., 

1990;Mansour et al., 1995). Consistent with these findings morphine produces a dose-

dependent anti-nociception after direct spinal administration in the rat, which is reversible 

by naloxone, suggesting modulation of nociception at the spinal level (Yaksh and Rudy, 

1976). The efficacy of systemically administered morphine is significantly reduced in rats 

which receive spinal transactions. However, the efficacy of intrathecal morphine was not 

reduced during the first three weeks after a spinal transection. These observations 

demonstrate opioids may act directly at the spinal sites to modulate nociceptive inputs 

and associated spinal reflexes (Advokat and Burton, 1987). Systemic administration of 

morphine attenuated the neuronal activity of lamina V interneurons as well as second-

order neurons (Jurna and Grossman, 1976;Le et al., 1975). Moreover, local application of 

morphine into the outer laminae of the dorsal horn of the spinal cord attenuated the 

response of the neurons in the dorsal horn to noxious stimuli (Duggan et al., 1976). These 

studies demonstrated that the spinal cord is an important anti-nociceptive target for 

opioids. The delivery of opioids by intrathecal and epidural routes has now become a 

routine medical practice in a variety of acute postoperative and chronic pain states 

(Ossipov et al., 2004;Shafer and Donnelly, 1991;Tobias et al., 1990). 

Opioid activated inhibitory projections that descend from supraspinal structures 

modulate nociceptive signals that enter the spinal cord. Several structures in the cortex, 

diencephalon and brainstem express opioid receptors (Mansour et al., 1995;Quirion et al., 

1983;Quirion, 1984). Two important structures that expressed high levels of μ-opioid 
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receptor as well as lower levels of δ- and κ-opioid receptors included the periaqueductal 

grey (PAG) and the rostral vetromedial medulla (RVM) (Mansour et al., 1995). These 

structures have been identified as important for the antinociceptive effects mediated by 

morphine. Morphine has been shown to activate a population of cells in the PAG which 

in turn excites neurons in the RVM (Basbaum and Fields, 1984;Fields et al., 1988;Fields 

and Basbaum, 1978). The ventrolateral aspect of the PAG was found to be the most 

responsive to antinociceptive effects morphine microinjection (Lewis and Gebhart, 

1977a;Yaksh et al., 1976). Interestingly, electrical stimulation of these morphine 

responsive sites in the PAG produced antinociception (Lewis and Gebhart, 1977b;Yeung 

et al., 1977). Moreover microinjection of morphine as well as electrical stimulation of 

PAG inhibited the responses of spinal cord wide dynamic range neurons to noxious 

stimuli (Bennett and Mayer, 1979).  

Two classes of neurons that could account for inhibition and facilitation of 

nociception in the RVM are “on-cells and “off-cell”. On-cell discharge just prior to tail 

flick or paw withdrawal to noxious heat, off-cells pause fire just prior to a withdrawal 

reflex. Another class of neurons called neutral-cells show no consistent changes in 

activity when withdrawal reflexes occur (Fields and Heinricher, 1985). On- and off-cells 

project to laminae I, II and V of the dorsal horn (Fields et al., 1995). Electrical 

stimulation of PAG excites both on- and off-cells; however, morphine only excites the 

off-cells, at least in part, by the removal of GABA-mediated inhibition of RVM-

projecting neurons in the PAG and spinally projecting neurons in the RVM  (Fields et al., 
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1991). Systemic, PAG and RVM administration of morphine inhibits on-cell activity 

(Fields et al., 1991;Heinricher et al., 1992), and lesion of RVM cells expressing μ-opioid 

receptor, which include on-cells, prevents spinal nerve ligation enhanced nociception 

(Porreca et al., 2001). Thus, by activating the off-cell and inhibiting the on-cells 

morphine may produce analgesia by modulating the descending pain facilitatory 

pathway. Simultaneous administration of morphine at spinal and supraspinal sites results 

in synergy in analgesic response, with a tenfold reduction in the total dose of morphine 

required to produce equivalent analgesia in either site alone. 

Anti-nociceptive Tolerance and Paradoxical Pain 

In cancer patients, prolonged use of opioids is associated with a requirement for 

ever-increasing doses in order to maintain pain relief. This phenomenon is termed anti-

nociceptive tolerance (Ossipov et al., 2003). Sustained opioid treatment induces pain 

which is abnormal in nature. Opioid induced-paradoxical pain has been observed both 

clinically and in animals, even during the period of continuous opioid delivery. 

Neuroplastic changes both in the brain and spinal cord have been implicated in the 

development of pain after sustained opioid treatment (Vanderah et al., 2001). One such 

change is localized in the RVM which activates the descending pain facilitation 

mechanisms in part by increased activity of cholecystokinin (CCK) (Heinricher et al., 

2001). Pronociceptive events that may follow include upregulation of spinal dynorphin 

levels which in turn enhance input from primary afferent nociceptors (Gardell et al., 

2002). The effect of dynorphin can be mediated indirectly by inducing spinal PGE2 
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(Koetzner et al., 2004;Svensson et al., 2005a), or directly by activating bradykinin 

receptors on primary sensory neurons (Lai et al., 2006). Furthermore, sustained opioid 

exposure induces an increase in pronociceptive neuropeptides calcitonin gene related 

peptide (CGRP) and substance P expression in the dorsal root ganglia. Persistent 

activation of NMDA receptor by excitatory amino acids results in spinal sensitization and 

is believed to drive enhanced nociception in chronic pain states and opioid induced 

abnormal pain (Trujillo and Akil, 1991). These studies have shown that antinociceptive 

tolerance may be due to systems-level adaptations that result in pain and are not due to 

receptor tolerance to opioids at a cellular level. Moreover, interruption of one of these 

components may break this pronociceptive cycle and abolish opioid-induced paradoxical 

pain states. 

Reactive Oxygen Species 

The majority of reactive oxygen species (ROS) are produced by mitochondrial 

respiration. Approximately 1%-2% of the molecular oxygen consumed during normal 

physiological respiration is converted into superoxide radicals. The one electron 

reduction of molecular oxygen produces a relatively stable intermediate called superoxide 

anion which is the precursor for most ROS (Orrenius et al., 2007). Superoxide dismutase 

converts superoxide anions enzymatically to hydrogen peroxide (Deby and Goutier, 

1990). In biological tissue superoxide anion is also converted non-enzymatically into the 

non-radical species hydrogen peroxide and singlet oxygen (Steinbeck et al., 1993). In the 

presence of ferrous or cuprous ions hydrogen peroxide is converted into highly reactive 
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hydroxyl radical (Chance et al., 1979). Hydrogen peroxide is neutralized into water by 

the enzymes catalase or glutathione peroxidase. Oxidative stress results when the amount 

of ROS produced is more than the anti-oxidant capacity of the tissue.  

ROS are able to produce chemical modification of, and damage to, proteins, 

lipids, carbohydrate and nucleic acids, resulting in gain of function, a loss of function, or 

a switch from one function to another (Droge, 2002;Slater, 1984). ROS has been 

demonstrated to be important in signaling of many growth factors such as epidermal 

growth factor, platelet derived growth factor and nerve growth factor (Droge, 2002). 

Various studies have also demonstrated that ROS can activate cytoplasmic protein 

kinases such as the Src family kinases p59fyn and p56lck (Droge, 2002). Mitogen 

activated protein kinases (MAPKs) such as JNK, p38 and ERK are strongly activated by 

ROS. ROS can stimulate the activation of protein kinase C and mobilization of 

intracellular calcium (Droge, 2002). Transcription factor such as AP-1 and NF-κB have 

been shown to be activated by ROS. Cytokines such as TNF-α and IL-1β have been 

shown to induce ROS generation, in turn ROS can enhance the expression of 

inflammatory cytokines (Droge, 2002). 

Since ROS can have an effect on such diverse regulatory pathways, dysregulation 

of ROS has been implicated in many diseases. Examples of such pathologies include: 

cancer, diabetes mellitus, atherosclerosis, neurodegenerative diseases, rheumatoid 

arthritis, HIV infection, ischemia/reperfusion injury and neuropathic pain (Droge, 

2002;Kim et al., 2004). 
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Central Hypotheses of this Dissertation 

In this dissertation, three different interactions that are implicated in bone cancer 

pain and its treatment with opioids are explored. 1) In chapter 2, the effect of opioids on 

skeletal cells is explored to determine the mechanisms through which morphine enhances 

sarcoma-induced osteoclastogenesis. We hypothesize that morphine accelerates sarcoma 

induced bone loss by enhancing osteoclastogenesis. 2) In chapter 3, the direct effect of 

morphine and other µ-opioids on the peripheral afferent neurons was explored. We 

hypothesize that peripheral sensory neurons become hyperexcitable as a result of 

sustained activation of µ-opioid receptors on these neurons. 3) In chapter 4, the effect of 

sarcoma cells on the peripheral sensory neurons are explored to determine mechanism 

that may induce the damage seen in sensory nerve fibers that innervate the tumor in the 

affected bone. We hypothesize that sarcoma cells release factors that are capable of 

directly damaging sensory neurons.  
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Figure 1-1: Coupling of both osteolytic and osteogenic events where the activation of 

osteoclast by osteoblast results in degradation of bone which in turn activates osteoblasts. 

Osteoclast differentiation and activation is regulated by the RANKL/RANK/OPG axis, 

while the molecular events governing osteoblast differentiation are not clear. 
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Figure 1-2: Vicious cycle created by the osteolytic factors that are released by 

metastatic tumor cells, resulting in bone degradation and the release of growth factors 

trapped in the bone matrix, which in turn enhance tumor cell growth and the release of 

more osteolytic mediators. 
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CHAPTER 2 

EFFECT OF MORPHINE ON 

SKELETAL CELLS 

 

Calcified bone matrix stores varieties of growth factors which serve as essential 

nutrients for cancer cells that begin to metastasize in the bone. These growth factors are 

likely continuously released into the bone morrow cavity as a consequence of osteoclastic 

bone resorption during physiological bone remodeling (Turner, 1998). Thus, the bone 

provides highly hospitable environment for colonization and growth of metastatic tumors 

(Goltzman, 1997). Tumor cells, in turn, can produce a spectrum of mediators which 

would result in the uncoupling of osteogenic and osteolytic events (Coleman, 

1997;Coleman, 2001;Goltzman et al., 2000). Osteolysis is an important step in the 

process of bone metastasis where tumor cells need to make the space to grow. Tumor 

cells act indirectly by hijacking the physiologic mechanisms that normally favor bone 

resorption. Thus, tumor cells release osteolytic factors that can act on osteoblastic stromal 

cells to enhance the expression RANKL and reduce the expression of OPG (Lee and 

Lorenzo, 1999). The resorption of the bone results in the release of growth factor that are 

adsorbed in the bone into the bone microenvironment. These growth factors in turn can 

act on metastasized cancer cell leading to growth of the tumor, thus exacerbating 

osteolysis (Guise, 2000). So, a vicious cycle is created where osteolytic mediators are 

released by tumor cells, bone degradation releases growth factors from degraded bone, 
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which in turn enhances tumor cell growth and the release more osteolytic mediators 

(Chirgwin and Guise, 2000). 

Pain is one of the most common symptoms reported, with as many as one third of 

cancer patients requiring treatment for the management of severe pain (Mantyh, 2002). 

Significant, life-altering pain is experienced in 75-90% of patients with metastatic or 

advanced stage cancer (Luger et al., 2005). Bone cancer pain is hard to treat. Mild and 

moderate pain is treated with anti-inflammatory drugs. Opioids such as morphine are 

effective in controlling moderate and severe pain (Mercadante, 1999;World Health 

Organization et al., 1990); however patients sometimes require rapid escalation of the 

drug dose due to diminished analgesia with repeated opioid administration or 

advancement of the disease, or both (Mercadante and Portenoy, 2001). Using an animal 

model of murine bone cancer pain which involves injection of mouse osteolytic sarcoma 

cells (NCTC-2472) into the intramedullary space of the mouse femur, it has been 

demonstrated that sustained and systemic administration of morphine accelerates and 

increases sarcoma-induced bone loss, diminishes time to bone fracture and increases the 

incidence of spontaneous fracture (King et al., 2007). These data suggest that 

management of bone cancer pain with opioids may lead to an increase in bone destruction 

and worsening of cancer pain and indicate the need for understanding the underlying 

mechanisms through which morphine can enhance sarcoma-induced bone loss. This led 

us to hypothesize that morphine accelerates sarcoma induced bone loss by enhancing 

osteoclastogenesis. Various culture systems were utilized to determine the cell type and 
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the mechanism that mediates morphine induced osteoclastogenesis. Bone marrow 

cultures were used to study the regulatory role of osteoblasts/stromal cells in morphine 

induced osteoclastogenesis. RAW 264.7 cells were used to study the osteoclastogenic 

effect of morphine on osteoclast precursors. NCTC-2472 fibrosarcoma cells were used to 

determine if the osteoclastogenic effect of morphine was mediated by modulating the 

expression of osteoclastogenic factors from these cells. The in vitro findings were 

validated in the animals. In the current study we demonstrate that morphine enhances 

osteoclastogenesis by modulating the OPG/RANKL regulator axis in osteoblasts through 

a COX-2 dependent mechanism. 

Methods 

Surgical procedures and drug treatment 

Experiments were performed on male adult C3H/HeJ normal mice, weighing 

20-25 gm (Jackson Laboratories, Bar Harbor, ME). The mice were anesthetized with 

0.5% halothane in O2 and primed osmotic mini-pumps (Alzet #2002; 0.5 μl/hour across 7 

days) filled with morphine dissolved in saline (50 mg/ml) or with saline were implanted 

subcutaneously. Mice treated with the COX-2 inhibitor received intra-peritoneal 

injections of 3 mg/kg of NS-398 (Cayman Chemicals), dissolved in 45% (2-

Hydroxypropyl)-β-cyclodextrin solution (Sigma), 3 times during the 7 day morphine 

infusion. Serum was obtained from blood of the mice on day 7 by cardiac puncture. 

Immunoassays 
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Enzyme linked immunosorbant assay (ELISA) kits for RANKL and OPG kits 

were from R&D Systems. Prostaglandin E2 kit was from Assay Designs. Tartrate 

resistant acid phophatase 5b (TRAP5b) assay was from Immunodiagnostic Systems. All 

the assays were done according to the manufacturer’s instructions. 

Bone marrow cultures 

Bone marrow from the femurs and tibiae of C3H/HeJ mice (20-25 gm) were 

obtained. The cells were suspended in α-MEM (Invitrogen), 10% Fetal Bovine Serum 

(HyClone), 100 units/ml penicillin (Invitrogen), 0.1 mg/ml streptomycin (Invitrogen), 

5ng/ml M-CSF (R&D Systems) and 30 ng/ml RANKL (R&D Systems). The cells were 

seed at 500,000 cells/cm2 in either chamber slides (Nunc) or 24-well plate (Nunc) in the 

presence of various doses of morphine. In some experiment the cells were also treated 

with the COX-2 inhibitor NS-398 (1µM, Cayman Chemicals) and 1µg/ml OPG (R&D 

Systems). In the coculture experiment, the bone marrow cells (500,000 cells/cm2) were 

cultured with 5000 cells/cm2 of NCTC-2472 sarcoma cells. The cultures were maintained 

for 4 days. Osteoclasts like cells were identified as TRAP-positive multinucleated (>3 

nuclei) cells.  Immunoassays were performed on the lysed cells and the media collected 

from separate cultures. 

RAW 264.7 cultures 

Single suspension of RAW 264.7 cells (ATCC) were seeded at 50,000 cells/cm2 

in either chamber slides (Nunc) or 24-well plate (Nunc). The cells were grown in DMEM 

(Invitrogen), 10% Fetal Bovine Serum (HyClone), 100 units/ml penicillin (Invitrogen), 
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0.1 mg/ml streptomycin (Invitrogen), 30 ng/ml RANKL (R&D Systems) and various 

doses of morphine. The cultures were maintained for 3 days. Osteoclasts like cells were 

identified as TRAP-positive multinucleated (>3 nuclei) cells.   

NCTC-2472 fibrosarcoma cell line cultures 

Cultures of NCTC-2472 sarcoma cells (ATCC) were grown in 24-well plate at 

5000 cells/cm2 in NCTC-135 Medium (Sigma), 10% Fetal Bovine Serum (Invitrogen), 

100 units/ml penicillin, 0.1 mg/ml streptomycin (Invitrogen) and various doses of 

morphine. On day 4 the media was collected and the cells were lysed. The collected 

samples were assays for RANKL and PGE2. 

Statistical Analysis and Data Presentation 

Data are based on the means and the standard error of the means (± SEM) of eight 

independent cell culture wells. Graph plotting and statistical analysis used Graphpad 

Prism Version 4.03 (Graph Pad Software, Inc. San Diego, CA, USA). Statistical 

evaluation was performed by one-way analysis of variance (ANOVA), followed by post 

hoc Bonferroni’s test, and the a priori level of significance at 95% confidence level was 

considered at p < 0.05. 

Results 

Morphine enhances the levels of osteoclastogenic factors in bone marrow cultures 

Bone marrow cultures are extensively used to study the role of osteoblast/stromal 

cells in regulating osteoclastogenesis. Osteoblasts and bone derived stromal cells regulate 

the differentiation and activation of osteoclasts (Chambers, 2000;Suda et al., 
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1992;Takahashi et al., 1988). Osteoclastogenesis is regulated by modulating the 

expression of RANKL and its decoy receptor OPG by osteoblasts (Theill et al., 2002a). 

Prostaglandin E2, a potent stimulator of osteoclastic bone resorption, acts on osteoblasts 

to modulate osteoclastogenesis by increasing the expression of RANKL and decreasing 

the expression of OPG. Moreover osteoblasts are the major source of COX-2 dependent 

PGE2 formation (Akatsu et al., 1991;Chen et al., 1997;Liu et al., 2005;Miyaura et al., 

2003;Sato et al., 1986;Suda et al., 2004;Suda et al., 1992;Tai et al., 1997;Takahashi et al., 

1988;Theill et al., 2002a). To study the effect of morphine of the expression of RANKL, 

bone marrow cultures were treated with various doses of morphine for 4 days and the 

level of RANKL was measured from lysed cells by ELISA. Treatment with morphine at 

doses of 100 and 1000 nM resulted in a significant increase the levels of RANKL (Figure 

2-1) relative to the cells that did not receive morphine treatment.  Treatment of these 

cultures with the COX-2 inhibitor NS-398 (1 µM) prevented the morphine induced 

increase in cellular RANKL (Figure 2-1). These data indicate that morphine induced 

increase in RANKL is mediated by COX-2. 

To determine the effect of morphine on the levels of OPG, bone marrow cultures 

were treated with various doses of morphine and OPG was measured in the culture media 

after 4 days by ELISA. Treatment with morphine at 1000 nM resulted in a significant 

decrease in the levels of OPG (Figure 2-2) released into the culture medium. This 

decrease in the level of OPG was effectively blocked by treating the cells with the NS-
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398 (1 µM). These data suggest that morphine suppresses the release of OPG through a 

COX-2 dependent mechanism. 

PGE2 is the main regulator of COX-2 dependent modulation of RANKL and OPG 

in osteoblasts (Akatsu et al., 1991;Chen et al., 1997;Miyaura et al., 2003;Sato et al., 

1986;Tai et al., 1997). To verify this, the culture medium from bone marrow cultures 

treated with various doses of morphine was collected and assayed for PGE2 by ELISA. 

Bone marrow cultures treated with morphine at doses 100 and 1000 nM resulted in a 

significant increase in the levels of PGE2 (Figure 2-3). The morphine induced increase in 

PGE2 levels was effectively blocked by NS-398 (Figure 2-3) 

Morphine enhances osteoclastogenesis in bone marrow cultures 

Upregulation of RANKL and PGE2 along with suppression of OPG is associated 

with increased osteoclastogenesis. To determine whether morphine has an 

osteoclastogenic effect, the bone marrow cultures were treated with various doses of 

morphine with or without RANKL (30 ng/ml) for 4 days and stained for TRAP. The total 

number of TRAP positive cells (pre-osteoclasts) as well as TRAP positive cell with 3 

nuclei or more (osteoclasts like cells) were counted. In the presence of RANKL, 

morphine significantly enhanced the formation of both pre-osteoclasts (Figure 2-4A) and 

osteoclasts (Figure 2-4B) in a dose dependent manner. This morphine enhanced increase 

was effective blocked by the COX-2 inhibitor NS-398 (1 µM). These data demonstrate 

that morphine enhances osteoclasts differentiation in a COX-2 dependent manner. 
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To better correlate morphine induced the changes in the RANKL and OPG levels 

(Figure 2-1 and 2-2) with osteoclastogenesis, the cells were treated with various doses of 

morphine in the absence of RANKL. Treatment with treatment results in a significant 

increase in both pre-osteoclasts (Figure 2-5A) and osteoclasts (Figure 2-5B) in a dose 

dependent manner. Osteoprotegrin (1 µg/ml) and NS-398 (1 µM) effectively block the 

osteoclastogenic effects of morphine. These data demonstrate that morphine enhances 

osteosclastogenesis by modulating the OPG/RANKL regulatory axis through a COX-2 

dependent mechanism. 

Morphine does not enhance RANKL-mediated osteoclastogenesis in RAW 264.7 cultures 

RAW 264.7 cells provide homogeneous pre-osteoclast population, devoid of 

osteoblasts, stromal, lymphocytes or other cell types. These cells differentiate into 

osteoclasts in the presence of RANKL. To determine whether morphine enhances 

osteoclastogenesis by directly interacting with pre-osteoclasts, RAW 264.7 cell were 

cultured in the presence of RANKL (30 ng/ml) and various doses of morphine for 4 days. 

Osteoclast-like cells were identified as TRAP-positive cells with 3 nuclei or more. 

Treatment with morphine did not enhance RANKL mediated osteoclastogenesis in RAW 

264.7 cells (Figure 2-6A). 

To ensure that morphine does not enhance the levels of PGE2 in osteoclasts, the 

culture medium was collected from RAW 264.7 cell treated with RANKL and various 

doses of morphine. PGE2 was measured in the culture medium by ELISA. No significant 

difference was seen in cultures treated with morphine (Figure 2-6B). These data indicate 
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that morphine enhances osteoclastogenesis by modulating the levels of RANKL and OPG 

in osteoblasts through a COX-2 dependent mechanism.  

Morphine does not enhance the level of osteoclastogenic factors in the sarcoma cells 

It has been demonstrated that morphine does not enhance the proliferation of 

NCTC-2472 (King et al., 2007). However the osteoclastogenic factors expressed by 

NCTC-2472 fibrosarcoma cells have not been characterized. The osteoclastogenic factors 

were characterized in the fibrosarcoma cells treated with and without of various doses of 

morphine for 4 days. NCTC-2472 cells express considerable amounts of RANKL and 

PGE2, (Figure 2-7A and B). However sustained treatment of these cells with various 

doses of morphine did not induce a significant change in any of the osteoclastogenic 

factors (Figure 2-7A and B). The high levels of osteoclastogenic factors released from 

this cell line illustrate osteolytic efficacy of the NCTC-2472. Since morphine does not 

have a significant effect on the proliferation or the expression of osteoclastogenic factors 

of this cell line, these results indicate that osteoblasts are the primary target of morphine.  

Morphine enhances sarcoma induce osteoclastogenesis 

A threefold increase in pre-osteoclast formation and a seven fold increase in 

osteoclastogenesis were observed when sarcoma cells were cocultured with the bone 

marrow cells for 4 days (Figure 2-8). This is consistent with the in vivo data where 

NCTC-2472 implantation in the intramedullary region of the mouse femur causes 

significant bone destruction and fractures within 10-14 days (King et al., 2007;Sabino et 

al., 2002a;Sabino et al., 2002b). Treatment of these cocultures with morphine resulted in 
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a significant increase in pre-osteoclast (Figure 2-8A) and osteoclast (Figure 2-8B) 

formation at a dose 1000 nM. The osteoclastogenic effects of the sarcoma cells as well as 

morphine were blocked by NS-398 (1µM) and OPG (1µg/ml) (Figure 2-8).  

Morphine enhances osteoclastogenesis in vivo 

To determine if the morphine would induce changes the animal, that would be 

comparable to the ones observed in the bone marrow culture; C3H/HeJ mice were 

infused with either morphine (20 mg/kg/day) or saline for 7 days where one group of the 

animals received 3 intra-peritoneal injections of NS-398 (3 mg/kg). Serum was collected 

from the mice and assayed for RANKL, OPG and TRAP 5b activity. Infusion with 

morphine results in a 60% increase in the serum level of RANKL. This increase was 

effectively blocked by the COX-2 inhibitor NS-398 (Figure 2-9). OPG serum levels was 

decreased by about 36%; this decreased was prevented by treatment of the animals with 

NS-398 (Figure 2-10). These data indicate that in vivo morphine modulates the 

OPG/RANKL regulatory axis through a COX-2 dependent mechanism. 

 TRAP 5b is derived exclusively from bone resorbing osteoclasts; it describes the 

number of osteoclasts in addition to their activity and is a highly specific and sensitive 

marker to bone resorption (Alatalo et al., 2000;Alatalo et al., 2004;Chu et al., 

2003;Halleen et al., 2001;Halleen et al., 2002;Koizumi et al., 2003;Martinetti et al., 

2002;Rosenbrock et al., 2002). Infusion of the animals with morphine resulted in a 31% 

increase in TRAP 5b activity relative to the animals that were infused with saline (Figure 

2-11). Concurrent treatment of the animal with morphine and NS-398 prevented the 
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increase in TRAP 5b activity seen in the animals that were treated with morphine alone. 

This data validates the in vitro findings and confirms that that morphine enhances 

osteoclastogenesis through a COX-2 dependent mechanism. 

Discussion 

Morphine is commonly used opioid for the treatment of moderate and severe bone 

cancer pain (Coleman, 2001;Mercadante, 1999;World Health Organization et al., 1990). 

However, sustained morphine treatment of mice with fibrosarcoma cells implanted into 

the intramedullary region of their femurs, results in accelerated bone destruction and 

fractures (King et al., 2007). Using various culture systems, we demonstrate that 

osteoblastic stromal cells seem to be the primary target of morphine. Morphine caused an 

increase in RANKL and PGE2 levels and a decrease in the level of OPG in a COX-2 

dependent manner. The change in the levels of RANKL, PGE2 and OPG resulted in 

enhanced osteoclastogenesis which was also COX-2 dependent. The in vitro findings 

were validated in the animal; where sustained infusion with morphine modulated the 

OPG/RANKL regulatory axis and osteoclastogenesis through a COX-2 dependent 

mechanism. 

Osteoblasts/stromal cells are the major source of PGE2 (Akatsu et al., 1991;Sato 

et al., 1986;Suda et al., 1992) which is regulated through a COX-2 dependent mechanism 

(Liu et al., 2005). Moreover, PGE2 and COX-2 dependent upregulation of RANKL and 

suppression of OPG in osteoblasts/stromal cells have been demonstrated; these changes 

ultimately result in enhanced osteoclastogenesis (Akatsu et al., 1991;Coetzee et al., 
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2007;Sato et al., 1986;Suda et al., 2004;Tai et al., 1997;Theill et al., 2002a). Morphine 

seems to tap into this mechanism, where all the changes observed are COX-2 dependent. 

Morphine increased the production of PGE2 in bone marrow cultures in a COX-2 

dependent. Moreover, a COX-2 dependent increase in RANKL and decrease in OPG 

levels was observed in the bone marrow cultures. Although bone marrow cultures are 

comprised of heterogeneous population of cells, osteoblasts/stromal cells are the main 

source of PGE2, RANKL and OPG (Akatsu et al., 1991;Coetzee et al., 2007;Sato et al., 

1986;Suda et al., 2004;Tai et al., 1997;Theill et al., 2002a). COX-2 dependent 

modulation of serum RANKL and OPG levels was also observed in mice infused with 

morphine, validating the in vitro findings. In addition morphine does not seem to have a 

direct effect on osteoclast precursors which compose RAW 264.7 cultures. These data 

indicate that osteoblasts/stromal cells which express opioid receptors (Elhassan et al., 

1998;Perez-Castrillon et al., 2000;Rosen et al., 1991;Rosen et al., 1998) are the primary 

target of morphine. 

Treatment of the bone marrow cultures with morphine resulted in a dose 

dependent increase in osteoclastogenesis which was prevented with OPG and NS-398. 

This confirms that the changes that morphine induces in the osteoclastogenic factors, 

results in increased osteoclastogenesis. In vivo infusion with morphine resulted in a 

COX-2 dependent increase in serum TRAP 5b activity; a marker for active osteoclasts in 

the animal. However it is important to note that the increase was only around 30% which 

is low relative to the 200-300% increase seen in other bone pathologies (Kelly et al., 
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2005;Kitaura et al., 2005;Lindberg et al., 2001). This may indicate that the morphine 

induced changes to the bone metabolism may be modest, unless it is coupled with a 

robust osteolytic process such as the one seen fibrosarcoma induced bone loss (King et 

al., 2007). Morphine treatment of bone marrow cells cocultured with sarcoma cells, 

results in increase osteoclastogenesis which may provide an in vitro evidence for the 

hypothesis. 

The NCTC-2472 fibrosarcoma cell line demonstrate high osteolytic phenotype 

when implanted into the intramedullary region of the mouse femur because these cells 

express high levels of osteoclastogenic factors such RANKL and PGE2. However, 

morphine does not have a direct affect on the growth (King et al., 2007) or the expression 

of the osteoclastogenic factors. Nonetheless, the accelerated bone loss seen in the 

sarcoma implanted animals treated with morphine (King et al., 2007) may provide the 

sarcoma cells with both growth factors and the space needed for the growth of the tumor. 

The growth of the tumor in turn may result in an increase in local levels of 

osteoclastogenic factors which feeds into the vicious cycles (Guise, 2000). This process 

may be accelerated by the treatment with morphine. 

In this chapter we demonstrate that the primary cell type that morphine acts upon 

is the osteoblastic stromal cells. However, it still needs to be determined the mechanism 

through which morphine enhances the COX-2 activity. This finding also suggests that the 

osteolytic effect of morphine may not be limited or unique to the murine bone cancer 

model. Morphine may very well accelerate bone destruction in other skeletal disorders 
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characterized by increased osteolysis. The dependence of the osteoclastogenic effects of 

morphine on OPG/RANKL ratios and COX-2 provide targets for therapeutic 

intervention; where conjunctive therapy involving combining opioids with compounds 

that counter the sustained morphine-induced osteoclastogenesis such as COX-2 inhibitors 

and OPG is suggested. Moreover, these compound have already been shown to alleviate 

pain as well as reduce tumor burden and bone loss in sarcoma implanted mice (Clohisy 

and Mantyh, 2004;Honore et al., 2000;Luger et al., 2001;Sabino et al., 2002a;Sabino et 

al., 2002b). 
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Figure 2-1: Morphine enhances the levels of RANKL in bone marrow cultures. 

Treatment of bone marrow cultures with various doses of morphine results in a dose 

dependent and significant increase in the cellular RANKL levels at doses of 100 and 

1000 nM. This increase was prevented with the treatment of the COX-2 inhibitor NS-398 

(1 µM). (Graphs show means ± SEM. *p<0.05, **p<0.01, compared with the 0 nM 

morphine treated group; n=4). 
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Figure 2-2: Morphine suppresses the levels of OPG in bone marrow cultures. Treatment 

of bone marrow cultures with various doses of morphine results in a dose dependent and 

significant decrease in OPG levels at 1000nM. This decrease was prevented with the 

treatment of the COX-2 inhibitor NS-398 (1 µM). (Graphs show means ± SEM. *p<0.05, 

compared with the 0 nM morphine treated group; n=4). 
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Figure 2-3: Morphine enhances the levels of PGE2 in bone marrow cultures. Treatment of 

bone marrow cultures with various doses of morphine results in a dose dependent and 

significant increase in PGE2 levels at doses of 100 and 1000 nM. This increase was 

prevented with the treatment of the COX-2 inhibitor NS-398 (1 µM). (Graphs show 

means ± SEM. *p<0.05, **p<0.01, compared with the 0 nM morphine treated group; 

n=4). 
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Figure 2-4: Treatment with morphine in the presence of RANKL results in enhanced pre-

osteoclast and osteoclast formation in bone marrow cultures. (A) A dose dependent and 

significant increase in pre-osteoclasts was observed at 1000 nM of morphine. (B) 

Treatment with 100 and 1000 nM of morphine caused a dose dependent and significant 

increase in osteoclast-like cells. This increase in osteoclastogenesis was prevented with 

the treatment of NS-398 (1µM).  (Graphs show means ± SEM. *p<0.05, **p<0.01, 

compared with the 0 nM morphine treated group; n=4). 
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Figure 2-5: Treatment with morphine in the results in enhanced pre-osteoclast and 

osteoclast formation in bone marrow cultures. (A) A dose dependent and significant 

increase in pre-osteoclasts was observed at 1000 nM of morphine. (B) Treatment with 

1000 nM of morphine caused a significant increase in osteoclast-like cells. This increase 

in osteoclastogenesis was prevented with the treatment of NS-398 (1µM) and OPG 

(1µg/ml) (Graphs show means ± SEM. *p<0.05, compared with the 0 nM morphine 

treated group; n=4). 
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Figure 2-6: Direct effect of morphine on osteoclast precursors in RAW 264.7 cultures. 

(A) Treatment of RAW 264.7 cells with morphine did not enhance the formation of 

osteoclast-like cells. (B) Similarly, treatment with various doses of morphine did not 

increase the levels of PGE2 in the RAW 264.7 cells (Graphs show means ± SEM. n=4). 
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Figure 2-7: Effect of morphine on NCTC-2472 fibrosarcoma cell. (A) NCTC-2472 cell 

express high levels of RANKL, however sustained treatment with various doses of 

morphine does not enhance the expression of RANKL. (B) NCTC-2472 cell express 

PGE2, expression of which is not affected by the treatment with morphine. (Graphs show 

means ± SEM. n=4). 
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Figure 2-8: Morphine enhances sarcoma induced osteoclastogenesis. (A) Enhanced pre-

osteoclast formation is observed in bone marrow and NCTC-2472 cocultures. Treatment 

of these cultures with morphine results in a significant increase in pre-osteoclast 

formation, which is blocked by NS-398 (1µM) and OPG (1µg/ml). A) Enhanced 

osteoclast formation is observed in bone marrow and NCTC-2472 cocultures. Treatment 

of these cultures with 1000 nM morphine results in a significant increase in pre-osteoclast 

formation at, which is blocked by NS-398 (1µM) and OPG (1µg/ml) (Graphs show 

means ± SEM. n=4). 
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Figure 2-9: Infusion with morphine for 7 days induces an increase in serum RANKL 

level in mice. Treatment with NS-398 (3mg/kg) prevents the increase seen in animals 

infused with morphine (Graphs show means ± SEM. **p<0.01, compared with saline 

treated group; n=6). 

  



62 

 

 

 

 

 

Saline Morphine
0

500

1000

1500

2000

2500
Control
NS-398

**

O
PG

 (p
g/

m
l)

 

Figure 2-10: Infusion with morphine for 7 days induces a decrease in serum OPG level in 

mice. Treatment with NS-398 (3mg/kg) prevents the decrease seen in animals infused 

with morphine (Graphs show means ± SEM. **p<0.01, compared with saline treated 

group; n=6). 
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Figure 2-11: Infusion of mice with morphine results in an increase in serum TRAP 5b, a 

marker for osteoclast. This increase in osteoclastogenesis induced by 7 day infusion with 

morphine was effectively prevented with treatment of the COX-2 inhibitor NS-398 

(3mg/kg). (Graphs show means ± SEM. *p<0.05, compared with saline treated group; 

n=6). 
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CHAPTER 3 

EFFECT OF OPIOIDS ON PRIMARY 

SENSORY NEURONS 

 

Opioids remain the most efficacious analgesics for the clinical management of 

many types of pain. Paradoxically, sustained opioid treatment induces abnormal pain 

(i.e., hyperalgesia) in experimental models (Mayer et al., 1999;Vanderah et al., 2001) and 

in humans (Arner et al., 1988). This anti-nociceptive tolerance and paradoxical pain 

induced by prolonged opioid treatment has been attributed to changes in opioid receptors. 

However, the findings have not been consistent where some have reported an 

upregulation (Brady et al., 1989) while other findings range from no change (Hollt et al., 

1975) to downregulation (Bhargava and Gulati, 1990) and desensitization (Childers, 

1991) of the opioid receptors.  

Many other mechanisms of opioid anti-nociceptive tolerance have been proposed.  

For example, the neuropeptide CGRP is expressed in a subset of small diameter primary 

afferent neurons which colocalizes with substance P and glutamate and is thought to 

mediate nociceptive processing in the spinal cord (Traub et al., 1990). Several studies 

have concluded that critical interactions between the opioidergic system and CGRP may 

develop to promote the development of opioid tolerance. The conclusions were based on 

the following observations: (1) an increase in spinal expression of CGRP coupled with 

development of anti-nociceptive tolerance following prolonged exposure to opioids 
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(Menard et al., 1995;Vanderah et al., 2000); (2) the potency of spinal morphine is 

restored and anti-nociceptive tolerance is prevented by administration of CGRP 

antagonists (Menard et al., 1996;Powell et al., 2000); (3) A rightward shift in the anti-

nociceptive dose-response curve for morphine is observed when CGRP is administered 

exogenously (Welch et al., 1989); (4) CGRP is found to augment the release of glutamate 

and substance P, leading to an increase in nociceptive input by amplifying the activity of 

excitatory amino acid on the post-synaptic second order neurons of the dorsal horn of the 

spinal cord (Kangrga et al., 1990;Oku et al., 1987).  

Sustained infusion of opioids results in a significant increase in spinal dynorphin 

content which is accompanied by an increase in tactile hypersensitivity (Gardell et al., 

2002;Vanderah et al., 2000;Vanderah et al., 2001). Moreover, spinal infusion of 

dynorphin antiserum results in a reversal of anti-nociceptive tolerance induced by 

DAMGO infusion (Vanderah et al., 2000). Thus, elevated dynorphin levels in the spinal 

cord, emerges as the common denominator in anti-nociceptive tolerance and the 

accompanying increase hypersensitivity. Dynorphin has been shown to exhibit a non-

opioid excitatory activity both in vitro and in vivo. Dynorphin enhances capsaicin evoked 

CGRP release in spinal cord slices. Moreover, spinal cord tissue from morphine tolerant 

animals demonstrates increased capsaicin evoked CGRP release, and this effect is 

blocked by anti-dynorphin antiserum (Gardell et al., 2002). Intrathecal infusion of 

dynorphin results in the production of PGE2 in spinal cord dialysates (Koetzner et al., 

2004;Svensson et al., 2005a), and it has been demonstrated that prostaglandins induce 
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neuropeptide release from spinal cord slices (Vasko, 1995). Thus, the cumulating 

evidence suggests that sustained opioid induced paradoxical pain arises from highly 

complex mechanisms that involve plasticity at both cellular level and system adaptations 

of the pain modulation pathways. Based on an earlier observation (Ma et al., 2000) that 

sustained µ-opioid exposure resulted in an upregulated synthesis of the excitatory 

neuropeptide CGRP, we hypothesize that this upregulation of CGRP is due to a tonic 

activation of µ-opioid receptors DRG cultures and upregulated CGRP content in the 

sensory neurons in turn leads to enhanced release of this peptide upon stimulation of the 

neurons, producing an exaggerated excitatory input to the spinal cord.   

In order to test this hypothesis we treated DRG cultures with various doses µ-

opioids for 4 days to determine if the increase in cellular content of CGRP is opioid 

receptor mediated. To determine if the increase in cellular content influence increase in 

evoked release of CGRP, the cells were treated with capsaicin or potassium chloride and 

the amount of neuropeptide released was quantified. In this chapter we demonstrate that 

upregulation of CGRP cellular content may not be mediated by opioid receptors. 

Moreover, upregulation of CGRP cellular content does not dictate the levels of capsaicin 

or potassium chloride evoked release. Rather, evoked release of CGRP in vivo may be 

dependent on an increase in the level of mediators in the periphery or the spinal cord, 

such as dynorphin and PGE2, regardless of opioid treatment or upregulation of CGRP 

cellular content. 

Methods 
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Primary cultures of adult rat DRG 

Male Sprague-Dawley Rats (225-275 g) were used. Dorsal root ganglia (DRG) 

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

connective tissue and the nerve trunk, the DRGs were enzymatically digested at 37°C for 

20 min with collagenase A (1 mg/ml; Roche Applied Sciences) and for 15 min. with 

collagenase D (1 mg/ml; Roche Applied Sciences) containing papain (30 units/ml; Roche 

Applied Sciences). The DRG were centrifuged (100g for 5 min) and the pellets triturated 

in DRG-media (DMEM:F12, Invitrogen; 10% Fetal Bovine Serum, HiClone; 100 

units/ml penicillin and 0.1 mg/ml streptomycin, Invitrogen) containing 1 mg/ml bovine-

serum albumin (BSA, Fraction V; Sigma) and 1 mg/ml soya bean trypsin inhibitor 

(Roche Applied Sciences). The suspension was sieved through a 70μm cell-strainer 

(Falcon) and the pellet is resuspended in DRG-media after centrifugation (100g for 5 

min). DRG cells are seeded 24 well plates and incubated at 37°C in a humidified 95% air 

/5% CO2 incubator. Media was replenished every other day for six days.  

Drug treatment 

Cells were pretreated with DAMGO, morphine or oxymorphone for 4 days 

beginning 2 days after seeding. On the day of the experiment cells were washed for 1 

hour with fresh media. Release media comprised of DRG-media and protease inhibitors 

(PMSF 100μM, bacitracin 50μg/ml, bestatin 30μM, captopril 10μM and thiorphan 

16μM). The cells were incubated in release media with or without DAMGO (5 and 15 

μM), dynorphin A(2-13, 5μM) or PGE2 (1μM) for 15 min and collected (basal). Cells 
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were then incubated with release media containing various doses of capsaicin with or 

without DAMGO (5 or 15 μM), dynorphin A (2-13, 5μM) and PGE2 for an additional 15 

min to evoke the release CGRP. At the end of the experiment the cells were lysed by 

ultra-sonication. CGRP in the release media or extracted from the cells was quantified by 

ELISA. 

Enzyme Linked Immunosorbent Assay (ELISA) 

ELISA kit for CGRP was purchased Peninsula Labs and done according to the 

manufacturer’s instruction. The optical density was read by a plate reader (Multiskan 

Ascent, Themo) using a 450 nm filter. Ascent Software (Themo) was used for the data 

analysis and cubic spline curve fit was chosen for that purpose. 

Statistical Analysis and Data Presentation 

Data are based on the means and the standard error of the means (± SEM) of three 

independent cell culture wells. Statistical evaluation was performed by one-way analysis 

of variance (ANOVA), followed by post hoc Bonferroni’s test, and the a priori level of 

significance at 95% confidence level was considered at p < 0.05. 

Results 

Effect of sustained opioid treatment on the cellular content of CGRP in dissociated DRG 

cultures 

 It has been previously demonstrated that prolonged opioid exposure enhances 

expression of nociceptive sensory neuropeptides such as CGRP both in vitro and in vivo 

(Belanger et al., 2002;Ma et al., 2000;Powell et al., 2000). In this study we opted to 
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quantify the levels of CGRP rather than counting the number of immunoreactive cells, 

since increase in the number of immunoreactive cells does not clarify if this is due to de 

novo synthesis of CGRP in cells that do not express this neuropeptide or due to a 

limitation in the sensitivity of the immunostaining. We have determined that sustained 

treatment with DAMGO (30μM) for 4 days (Figure 3-1) results in a 22% increase in 

cellular content of CGRP level relative to the control levels (p<0.05). While a 41% 

increase in the cellular content (p<0.01) of CGRP levels was observed in cells that were 

treated with morphine (40μM) for four days. The high concentrations of DAMGO and 

morphine required to induce a significant increase in the CGRP cellular content suggests 

that this effect may not be mediated by mu opioid receptor. This conclusion is further 

supported by the use of (+) or (-) oxymorphone, where treatment with the active 

enantiomer, (-) oxymorphone, did not enhance cellular content of CGRP. 

Effect of sustained opioid treatment on the evoked release of CGRP in DRG cultures 

Abnormal pain states associated with opioid antinociceptive tolerance are 

correlated with the enhanced evoked release of neuropeptides. Prolonged opioid 

administration enhances CGRP levels within sensory fibers in vivo, which is 

accompanied by an enhanced release of excitatory neurotransmitters and neuropeptides 

from primary afferent fibers upon stimulation (Gardell et al., 2002;Jhamandas et al., 

1996). Sustained treatment with opioids does not induce a significant increase in 

capsaicin (10, 20, 30 and 100 nM) or KCl (30mM) evoked release of CGRP in the DRG 

cells (Figure 3-2), suggesting that an upregulation of CGRP content by DAMGO and 
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morphine in the DRG cells is insufficient to enhance the release of CGRP upon 

stimulation. Thus, other factors, besides or in addition to CGRP upregulation, may 

underlie the enhanced evoked release of CGRP in spinal cord from opioid treated rats. 

Prolonged opioid exposure does not diminish inhibitory effect of acute opioid treatment 

on capsaicin evoked release of CGRP 

Despite prolonged exposure to high concentrations of DAMGO (30 μM), there is 

no evidence that the DRG cells develop tolerance to DAMGO based on the acute 

inhibitory effect of DAMGO (5 and 15μM) on capsaicin (30 nM) evoked CGRP release 

(Figure 3-3). The data show that opioid receptors must be expressed in capsaicin 

responsive cells and the use of capsaicin as a stimulatory agent specifies the assay to the 

effect of opioid on CGRP from capsaicin sensitive cells only. The lack of a right shift in 

the dose response curve of DAMGO can only be interpreted as no significant reduction in 

the coupling efficiency of opioid receptors in these cells after sustained DAMGO 

exposure, whether or not a down regulation of the opioid receptors has occurred. 

Dynorphin A (2-13) potentiates capsaicin evoked CGRP from cultured DRG cells 

Dynorphin A is upregulated after sustained opioid exposure in mice and rats, and 

this upregulation is critical for the enhanced capsaicin evoked CGRP release in the spinal 

cord tissue after prolonged morphine exposure. The enhanced release of CGRP may be 

due to an upregulation of spinal dynorphin, as blockading the actions of dynorphin with 

antiserum prevents such enhanced evoked CGRP release in tissues from opioid-treated 

animals, and reverses opioid induced hyperalgesia (Gardell et al., 2002;Vanderah et al., 
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2000). In agreement with these observations, dynorphin A (2-13, 5 μM) treatment 

enhances the capsaicin (30nM) evoked CGRP from the cultured DRG cells by 20%, 

compared to the non treated group (p<0.05). DAMGO pretreatment did not affect the 

levels of capsaicin evoked release of CGRP (Figure 3-4). Thus enhanced release of 

CGRP can occur in the presence or absence of CGRP upregulation, suggesting that the 

phenomena of enhanced evoked release of CGRP may be dependent on increase in the 

spinal dynorphin A levels rather than the cellular CGRP content.   

Prostaglandin E2 potentiates capsaicin evoked CGRP release from cultured DRG cells 

Intrathecal infusion of dynorphin A stimulates the production of prostaglandin E2 

in the spinal cord microdialysates (Koetzner et al., 2004;Svensson et al., 2005a). This 

suggests that an increase in spinal dynorphin A is associated with enhancement of PGE2 

levels. Acute treatment with PGE2 (1μM) results in a 100% increase in capsaicin (30nM) 

evoked CGRP release relative to the control group (p<0.01 and p<0.001) (Figure 3-5). 

However, similar to the acute dynorphin treatment (Figure 3-4), DAMGO pretreatment 

and the increase of cellular content of CGRP did not augment capsaicin evoked CGRP 

release. These findings suggest that enhanced CGRP release in vivo is mainly due to an 

upregulation of spinal dynorphin, or increase in production of PGE2 in the spinal cord or 

periphery, and not due to alterations in the releasable pool of CGRP or in the ability of 

the DRG to respond to dynorphin A and PGE2. 

Discussion 
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Primary sensory neurons in culture exhibit characteristics of peripheral sensory 

neurons based on their capacity to synthesize neuropeptides and respond to capsaicin and 

depolarization by releasing neuropeptides (Vasko, 1995). Prolonged opioid exposure 

enhances expression of nociceptive sensory neuropeptides such as CGRP both in vitro 

and in vivo (Belanger et al., 2002;Ma et al., 2000;Powell et al., 2000). However, in this 

study we have determined that sustained treatment with DAMGO and morphine induces 

a significant upregulation in the cellular content of CGRP at relatively high 

concentrations. The duration of treatment with DAMGO or morphine on these cultured 

cells is comparable to that in vivo and as expected, the onset of changes was faster in 

vitro in accordance with previous in vitro studies using cell lines or transfected cells that 

express opioid receptors. The high concentrations of DAMGO and morphine required to 

induce a significant increase in the CGRP cellular content suggests that this effect may 

not be mediated via the µ-opioid receptor. This conclusion is further supported by the 

lack of upregulation in cellular content of CGRP in cells treated with the active 

enantiomer of oxymorphone.  

Sustained treatment with opioids does not alter capsaicin or KCl evoked release of 

CGRP in the DRG cells, suggesting that an upregulation of CGRP content in the DRG is 

insufficient to enhance the release of CGRP upon stimulation. Thus the upregulation of 

CGRP in the DRG, and enhanced evoked release observed after systemic morphine or 

DAMGO exposure is likely due to an indirect mechanism(s) of sustained morphine 

exposure, from which the DRG is removed upon isolation. Such mechanisms may be 
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central or peripheral. For example, spinal dynorphin A has been shown to be upregulated 

after sustained opioid exposure in mice and rats, and this upregulation of dynorphin A is 

critical for the enhanced capsaicin evoked CGRP release in the spinal cord tissue after 

sustained morphine (Gardell et al., 2002). Administration of an antiserum to dynorphin A 

blocks the enhanced evoked CGRP release, and reverses morphine induced hyperalgesia. 

In agreement with these observations, dynorphin A enhances the capsaicin evoked CGRP 

from the cultured DRG cells and this occurs with or without pretreatment with DAMGO. 

Prostaglandins enhance capsaicin evoked release of neuropeptides (Vasko, 1995) and 

intrathecal infusion of dynorphin results in the production of prostaglandin E2 in spinal 

cord dialysates (Koetzner et al., 2004;Svensson et al., 2005a). Accordingly, PGE2 induces 

a significant increase in capsaicin evoked CGRP release. Thus enhanced release of CGRP 

can occur in the presence or absence of opioids and associated upregulation of cellular 

CGRP content, suggesting that the phenomena of upregulation of content and enhanced 

evoked release of CGRP could arise from distinct mechanisms.  

Another surprising finding is that despite prolonged exposure to high 

concentrations of DAMGO, there is no evidence that the DRG cells develop tolerance to 

DAMGO based on the acute inhibitory effect of DAMGO on capsaicin evoked CGRP 

release. The implication is that opioid tolerance may not be due to a homologous 

desensitization or down regulation of presynaptic opioid receptors in the primary afferent. 

Perhaps a right shift in the dose response to opioids arises from an increase in 

neurotransmitter release that is driven by spinal mediators such as dynorphin, which is 
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absent in isolated DRG cultures. Alternatively, opioid tolerance may be primarily 

mediated by postsynaptic opioid receptor desensitization. 

Prolonged treatment with opioids results in changes that range from homologous 

desensitization of the opioid receptor, to upregulation of neuropeptides in primary 

afferent and enhanced evoked release of these neuropeptides in vivo. Our results 

demonstrate that these changes may not be dependent on direct action of opioids on 

primary afferent neurons, but may be mediated by factors and mechanisms from the 

periphery or the central nervous system.  
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Figure 3-1: Cellular content of CGRP following sustained opioid exposure. Treatment 

with DAMGO (30μM) for 4 days results a significant increase in cellular content of 

CGRP level relative to the control levels. While treatment with morphine (40 μM) results 

in a significant increase in the cellular content of CGRP levels relative to the control 

group. Treatment with (+) or (-) oxymorphone does not result in significant increase in 

CGRP cellular content. (Graphs show means ± SEM. *p<0.05, **p<0.01, compared with 

the control group; n=3). 
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Figure 3-2: Capsaicin and KCl evoked CGRP release following sustained opioid 

exposure. (A) Prolonged treatment (4 days) with DAMGO (10μM, 20μM and 30μM), 

morphine (10μM, 20μM and 40μM), (+)oxymorphone (30μM and 40μM) and (-) 

oxymorphone (30μM and 40μM)  does not induce a significant increase in capsaicin (30 

nM) evoked release of CGRP in the DRG cells relative to the control cells that did not 

receive opioid treatment. (B) Sustained treatment with DAMGO (30μM) for 4 days does 

not induce a significant increase in capsaicin (10, 20, 30 and 100 nM) or KCl (30mM) 

evoked release of CGRP in the DRG cells compared to the cells that did not receive 

DAMGO. (Graphs show means ± SEM.; n=3). 
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Figure 3-3: Dose effect of DAMGO inhibition of capsaicin evoked CGRP release in 

DRG cells with or without pretreatment with 30μM DAMGO. There is no significant 

difference between sustained DAMGO (30μM) pretreated (4 days) group and the control 

group, based on the acute inhibitory effect of DAMGO (5 and 15μM) on capsaicin (30 

nM) evoked CGRP release (Graphs show means ± SEM; n=3).   
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Figure 3-4: Dynorphin A (2-13) treatment increases the capsaicin evoked release of 

CGRP from DRG cells pretreated with and without DAMGO. Dynorphin A (2-13, 5 μM) 

treatment induces a significant increase in capsaicin (30nM) evoked CGRP from the 

cultured DRG cells compared to the non treated group. DAMGO (30μM) pretreatment 

for 4 days did not affect the levels of capsaicin evoked release of CGRP relative to the 

group that did not receive the opioid agonist (Graphs show means ± SEM. *p<0.05, 

compared with the control group; n=3). 
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Figure 3-5: PGE2 treatment increases the capsaicin evoked release of CGRP from DRG 

cells pretreated with and without DAMGO. PGE2 (1 μM) treatment induces a significant 

increase the capsaicin (30nM) evoked CGRP from the cultured DRG cells compared to 

the non treated group. DAMGO (30μM) pretreatment for 4 days did not affect the levels 

of capsaicin evoked release of CGRP relative to the group that did not receive the opioid 

agonist (Graphs show means ± SEM. **p<0.01 and *** p<0.001, compared with the 

control group; n=3). 
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CHAPTER 4 

EFFECT OF SARCOMA CELLS ON 

PRIMARY SENSORY NEURONS 

 

Many types of cancers such as prostate, breast and lung metastasize to the bone 

leading to bone cancer pain (American Cancer Society, 2006;Peters et al., 2005).  Bone 

cancer pain results when the primary sensory neurons which innervate the bone marrow 

and bone matrix are sensitized or injured (Peters et al., 2005).  The type and mechanism 

of tumor induced neuronal damage remains unclear; however, there are speculations as to 

possible sources:  tumor expansion and pressure may crush nerve fibers, the cancer cells 

may release factors which damage neurons, macrophages involved in an inflammatory 

response to the tumor may affect neurons, or excessive bone resorption due to increased 

osteoclast activity may cause neuronal injury (Ghilardi et al., 2005;Luger et al., 

2005;Mantyh et al., 2002).  Conventionally, cancer-associated pain has been treated as a 

distinct entity from the cancer itself; therefore, the role of the cancer cells in the cancer-

associated pain is not well understood (Mantyh, 2006). Peters et al. demonstrate that in 

the marrow of the normal femur is densely innervated with CGRP and NF200 

immunoreactive nerve fibers. However, 14 days after implantation of the sarcoma cell, 90 

% of the intramedullary space becomes occupied by the tumor. The expansion of the 

tumor results in the disappearance of CGRP and NF200 immunoreactive nerve fibers in 

the tumor, possibly due to injury and destruction by the tumor cells. Injury to the nerve 
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fibers is verified by an increased expression of activating transcription factor 3 (ATF3) 

and galanin in dorsal root ganglia neurons that innervate the sarcoma implanted femur 

(Peters et al., 2005).  Moreover, administration of gabapentin (Neurontin®), shown to 

attenuate neuropathic pain induced in rodent nerve injury models as well as neuropathic 

pain in humans, attenuated bone cancer pain (Peters et al., 2005). The mechanism of 

tumor induced injury to the nerve fibers in not known. 

Reactive oxygen species (ROS) are produced during normal respiration when 

electrons leak from the mitochondria during the reduction of molecular oxygen to water 

to generate superoxide anion (Temple et al., 2005). Superoxide anions are immediate 

converted to hydrogen peroxide (H2O2) by superoxide dismutase. Hydrogen peroxide 

moves freely through biological membranes and can generate highly reactive hydroxyl 

radical which reacts with most cellular components. Cells neutralize H2O2 by producing 

glutathione peroxidases and catalases (Berg et al., 2004;Finkel, 2003;Temple et al., 

2005). Activated immune cells illustrate how ROS release from one cell can inflict 

damage onto another cell. Immune cell released ROS into the surrounding medium, 

results in severe damage to the lipid membranes, proteins and nucleotides of target 

(Badwey and Karnovsky, 1980) or bystander cells (Kang and McCarthy, 1994). 

Hydrogen peroxide has been implicated in causing cell injury and death both in vitro and 

in vivo (Schraufstatter et al., 1986;Weiss et al., 1981). The most common pathway of 

ROS mediated cellular injury and death, is lipid peroxidation which results in loss of 

membrane structure and function (Slater, 1984).  
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It has been demonstrated that human tumor cells poorly metabolize H2O2 and this 

has been attributed a decreased expression of catalase (Finch et al., 2006;Gupta et al., 

2001;Kwei et al., 2004;Nishikawa et al., 2005;Oberley and Oberley, 1997;Szatrowski and 

Nathan, 1991). Reduced catalase activity in tissue containing tumor cells results in 

increased levels of H2O2 (Nishikawa et al., 2005). The amount of H2O2 produced by 

several human tumor cell lines has been similar to the amount produced by activated 

immune cells (Szatrowski and Nathan, 1991). Moreover, tumorigenicity of many cancer 

cells depends on the expression levels of catalase, which defines H2O2 metabolism 

capacity of the cell (Finch et al., 2006;Gupta et al., 2001;Kwei et al., 2004;Nishikawa et 

al., 2005). The effect of ROS released by cancer cells on the function of peripheral 

sensory neurons has not been addressed. In pilot study, we observed that conditioned 

medium from the sarcoma cell line, NCTC-2472 cells, which were employed in our bone 

cancer pain model, induced a rapid and significant loss of CGRP content in our primary 

DRG cultures. We hypothesize that the pain associated with morphine enhanced 

expansion of the sarcoma, addressed in Chapter 2, is in part contributed by a direct 

injurious insult of the primary afferent terminals by the cancer cells. This Chapter focuses 

on identifying the releasable factors that induce the neurotoxicity of primary sensory 

neurons in culture. We demonstrate that H2O2 released by the NCTC-2472 fibrosarcoma 

cells into the conditioned medium results in death/injury primary sensory neurons in 

culture. 

Methods 
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Primary cultures of adult rat DRG 

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

from all levels (40-45/animal) were excised. After the ganglia were freed of capsular 

connective tissue and the nerve trunk, the DRGs were enzymatically digested at 37°C for 

20 min with collagenase A (1 mg/ml; Roche Applied Sciences) and for 15 min. with 

collagenase D (1 mg/ml; Roche Applied Sciences) containing papain (30 units/ml; Roche 

Applied Sciences). The DRG were centrifuged (100g for 5 min) and the pellets triturated 

in DRG-media (DMEM:F12, Invitrogen; 10% Fetal Bovine Serum, HyClone; 100 

units/ml penicillin and 0.1 mg/ml streptomycin, Invitrogen) containing 1 mg/ml bovine-

serum albumin (BSA, Fraction V; Sigma) and 1 mg/ml soya bean trypsin inhibitor 

(Roche Applied Sciences). The suspension was sieved through a 70μm cell-strainer 

(Falcon) and the pellet is resuspended in DRG-media after centrifugation (100g for 5 

min). DRG cells are seeded 24 or 96 well plates and incubated at 37°C in a humidified 

95% air /5% CO2 incubator. Media was replenished on day 2.  Experiments were 

performed on day 4. 

Glial Cultures 

Cells dissociated from rat DRGs (described above) were seeded at a very low 

density (~10,000 cells) in 75cm2 flasks. The culture was grown until the non-neuronal 

cell reached confluence and very few neurons was visible. The cells were washed with 

PBS and dislodged with Trypsin-EDTA. Then the cells were collected in DRG media and 

seed at 5000cell/well in 96 well plates. On day 4 the experiments were performed. 
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Conditioned media 

Cultures of NCTC-2472 sarcoma cells (ATCC, Rockville, MD) were grown in 

75cm2 flasks ~7000 cell/cm2 in NCTC-135 Medium (Sigma), 10% Fetal Bovine Serum 

(Invitrogen), 100 units/ml penicillin and 0.1 mg/ml streptomycin (Invitrogen). When cells 

reached ~80% confluence the cells were washed gently with PBS and then ~10mls of 

fresh DRG-media was added and incubated overnight. The conditioned media (CM) was 

then collected and used as treatment according to the design for each experiment.  

Various percentages of CM were prepared by diluting the collected media with fresh 

DRG-media. 

MTS non-radioactive viability assay 

CellTiter 96 Aqueous One Solution Cell Proliferation assays (Promega) were 

performed on day 4 after the cells were cultured. The assays were performed according to 

the manufacturer's instructions with the following modifications: Cells received a 60 min. 

of butylated hydroxyanisole (BHA; Sigma), followed with a 60 min. treatment of control 

or conditioned media. In another experiment the cells were co-treated with various doses 

of catalase (Sigma) mixed with either control media or conditioned media. At the end of 

the treatments the media was aspirated. The MTS reagent was prepared by diluting 2 mls 

of the reagent in 10 mls of HBSS and 120uL of this solution was added to each well. The 

plate was incubated for an hour at 37°C in a humidified 95% air /5% CO2 incubator. The 

absorbance was read after a microplate reader (Thermo MultiSkan Ascent read with 

Ascent Software Version 2.6) set at wavelength of 490nm. 
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Hydrogen Peroxide Assay 

NCTC-2472 sarcoma cells was seeded at a density of around 7000, 3500 and 

1750 cells/cm2 in 6 well plates (BD). The cells are grown in NCTC-135 Medium 

(Sigma), 10% Fetal Bovine Serum (Invitrogen), 100 units/ml penicillin and 0.1 mg/ml 

streptomycin (Invitrogen) for 2 days. On the second day fresh DRG-media is added and 

incubated overnight. The conditioned media was collected and QuantiChrom Peroxide 

Assay Kit (BioAssay Systems) was used to measure hydrogen peroxide content 

according to the manufacturer’s instructions. 

Time-Lapse Microscopy 

DRG cells were cultured onto 8 well chamber slides (Nunc).  100% Conditioned 

Medium was applied and time-lapse images were taken at one frame per minute for 30 

minutes using Velocity software (Velocity Software, Inc., Mountain View, CA, USA) 

and a Hamamatsu Camera (Model C4742-80-12AG) on a 12,000 Leica microscope 

(Leica DMI 4000B) using Hoffman optics at 20X magnification. 

ROS Fluorescence Microscopy 

DRG cells were cultured onto 8 well chamber slides (Nunc).  NCTC-2472 

sarcoma cells were cultured onto 8 well chamber slides (Nunc) and DMEM-F12 media 

was applied and incubated overnight before imaging.  An Image-it Live Green Reactive 

Oxygen Species Detection Kit (Invitrogen) was used according to the manufacturer’s 

instructions. The DRG cell slides received a 30min or 60min treatment with CM or 

DMEM-F12. The slides were mounted with warm HBSS before fluorescence microscopy 
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was performed. Fluorescence images were acquired with a Nikon E800 fluorescence 

microscope outfitted with a Hamamatsu C5810 color CCD camera and its proprietary 

Image Processor software (Hamamatsu Photonic System, Bridgewater, NJ, USA). A 

fluorescein filter set was used for Carboxy-H2DCFDA (excitation/ emission 495–529 nm) 

and a DAPI filter set used for Hoechst 33342 stained cell nuclei (excitation/ emission 

350-461nm). Digital images were output using Adobe Photoshop CS2 (Adobe System, 

Inc., San Jose, CA, USA). 

Enzyme Linked Immunosorbent Assay (ELISA) 

 ELISA kits for CGRP were from Cayman Chemicals. Assays were performed 

according to the manufacturer’s instructions.  The absorbance was read by a plate reader 

(Multiskan Ascent, Thermo) using a 450 nm filter. Ascent Software Version 2.6 (Themo) 

was used for the data analysis and cubic spline curve fit was chosen for that purpose. 

Statistical Analysis and Data Presentation 

Data are based on the means and the standard error of the means (± SEM) of eight 

independent cell culture wells. Graph plotting and statistical analysis used Graphpad 

Prism Version 4.03 (Graph Pad Software, Inc. San Diego, CA, USA). Statistical 

evaluation was performed by one-way analysis of variance (ANOVA), followed by post 

hoc Bonferroni’s test, and the a priori level of significance at 95% confidence level was 

considered at p < 0.05. 

Results 

NCTC-2472 sarcoma cells generate high levels of ROS 
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To determine whether sarcoma cell line used in the murine bone cancer model 

generate ROS, the cell were loaded with the ROS detection probe 5-(and -6)-carboxy-

2′,7′-dichlorodihydrofluorescein which fluoresces  upon oxidation by ROS. The cells 

were also labeled with the nuclear stain Hoechst 33342 as an indicator for the cells 

present in culture. Majority of the NCTC-2472 cells generate high levels of ROS, 

demonstrated by the colocalization of the majority of the fluorescent ROS probe positive 

cells (Figure 4-1, green) with the nuclear stain (Figure 4-1, blue). Hydrogen peroxide 

moves freely through biological membranes and to demonstrate that hydrogen peroxide 

produced by the sarcoma cells leaks into the surrounding environment; H2O2 was 

measured in the media conditioned by several densities of NCTC-2472. The increase in 

the concentration of H2O2 was dependent on the number of cells in culture. At a seeding 

density of 1750 cells/cm2 the hydrogen peroxide levels in the conditioned media was not 

significantly different from that of the control (Figure 4-2). However, at seeding density 

of 3500 cells/cm2 and 7000cells/cm2 there was an increase of 17.9 ± 3.6 % and 28.6 ± 9.4 

% in the H2O2 levels respectively, relative to the levels of H2O2 in the control media 

(Figure 4-2).  

Conditioned Medium reduces the viability of primary DRG cultures  

Media conditioned by CCL-11 sarcoma cells was collected in order to examine 

deleterious effect of ROS in the conditioned media to sensory neurons in the absence of 

the cancer cells themselves.  DRG cultures isolated from adult rats used in the present 

experiments are mixed cell cultures containing both large and small diameter sensory 
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neurons as well as non-neuronal/glial cells. Time lapse microscopy of DRG cultured cells 

treated with Conditioned Media shows a progression of the death of two small diameter 

neurons (Figure 4-3, indicated by the large arrow).  At the beginning of the experiment 

the two small diameter neurons are at close proximity, however after the addition of the 

conditioned media the cell separate within 10 minutes. At the 15 minute time point the 

membranes of the two neurons undergo structural failure (Figure 4-3, indicated by the 2 

small arrows). Structural failure of the biological membrane is almost always followed by 

death of the cell (Slater, 1984). And accordingly a complete disintegration and death of 

the neurons is observed within the subsequent 15 minutes (Figure 4-3; 20, 23, 25, 27 and 

30 min).  The large diameter neuron in the field of view (Figure 4-3) is not affected by 

the conditioned media. 

To confirm that neuronal cell death contributes to the overall decrease in viability 

of the mixed cultures, an assay measuring the Calcitonin Gene-Related Peptide (CGRP) 

levels of the DRG cultures was performed.  CGRP is a neuropeptide specific to small 

diameter C-fiber neurons; more than 90% of C-fiber neurons are characterized as 

nociceptors (Julius and Basbaum, 2001;Peters et al., 2005;Ruscheweyh et al., 2007). The 

DRG cultures were treated with various dilutions of the conditioned media, after which 

the medium as aspirated and discarded to eliminate the interference from CGRP released 

into the media following the disintegration of the neurons. The cells were then lysed and 

assayed for CGRP content in the cultures. The treatment with the conditioned media 

resulted in a 15.03 ± 1.27% and 17.629 ± 4.12% decrease in the CGRP content at 30 
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minutes and 60 minutes respectively (Figure 4-4).  An acute decrease in the yield of 

CGRP from the harvested cells implies that there is a reduction in the number of intact 

CGRP expressing neurons, suggesting a rapid necrotic death of these neurons upon 

exposure to the conditioned medium from the sarcoma cells. 

Consistent with a reduction in CGRP content, DRG cultures showed a significant 

reduction in the viability of the cultures at dilutions of 50%, 75% and 100% (Figure 4-

5A). The cells treated with 100% conditioned media exhibited a 14 ± 1.39% decrease in 

viability following a 30-minute treatment with conditioned medium and a 10 ± 0.69% 

decrease following 60 minutes of treatment (Figure 4-5A). ROS induced damage in not 

specific to the cell type, as long as the amount produced is sufficient to overcome the 

normally available protective mechanisms of the cell (Slater, 1984). To verify that the 

non-neuronal/glial cells in culture are susceptible to the adverse effects of the H2O2 in the 

conditioned media enriched glial cultures were treated with the conditioned media. The 

results were similar to DRG cultures where a significant reduction in viability was 

observed at dilutions of 50%, 75% and 100% (Figure 4-5B). A decrease of 9.8 ± 1.4% 

and 13.4 ± 1.5% in viability were observed after 30 minutes and 60 minutes of incubation 

respectively, with the cells that were treated with 100% conditioned media (Figure 4-5B). 

ROS scavenger blocks the effects of conditioned media 

Butylated hydroxyanisole (BHA) is a commonly used anti-oxidant which 

scavenges ROS by donating hydrogen to oxygen radicals. BHA is lipophilic, thus it 

readily diffuses into cells and prevent ROS media cell death (Festjens et al., 2006). To 
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verify that the death of the cells in DRG and glial cultures is mediated through ROS, 

DRG cultures were pretreated with various doses of BHA for 60 minutes followed by 

treatment with conditioned media for another 60 minutes. This was followed by 

measuring the viability of the cultures. At doses above 3 μM of BHA the reduction in the 

viability of the DRG cultures was prevented (Figure 4-7A). Pre-treatment of glial cultures 

with BHA at doses of 30μM also completely prevented the death of cells in these cultures 

(Figure 4-7B).  These data indicate that the ROS scavenger BHA blocks the ROS induced 

cell death by the conditioned medium DRG and glial cultures. 

To verify that BHA exhibits a protective effect on CGRP expressing neurons, 

cellular content of CGRP was measured following BHA pretreatment and conditioned 

medium treatment (Figure 4-6). BHA pre-treatment (30μM) preserved the CGRP content 

the DRG cells despite exposure to the conditioned medium. Thus, conditioned medium-

induced necrotic death of CGRP expressing neurons is blocked by BHA. 

The major source of ROS in the conditioned media if very likely the H2O2 

released from the sarcoma cells (Figure 4-2). To neutralize the H2O2 and its effects, the 

DRG cultures were co-treated with control or conditioned media mixed with various 

doses of catalase for 60 minutes. Co-treatment with catalase prevented the death of the 

cells in the DRG cultures (Figure 4-8), confirming that extracellular H2O2 is main source 

of ROS in the conditioned media and the cause of cell death. 

Conditioned medium induces ROS in cultured DRG cells 
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Exposure of a cell to an excessive oxidative stress burden can lead to a recently 

described process named “ROS induced ROS release” (RIRR). Initial exposure of a 

mitochondrion to ROS can lead to an increased ROS generation by the electron transfer 

chain. This ROS burst to the cytosol could potentially function as a second messenger to 

activate RIRR in neighboring mitochondria (Zorov et al., 2006). Consequently, RIRR 

spreading from one mitochondrion to another constitutes a positive feedback mechanism 

that could potentially cover the entire intracellular volume and may even extend beyond 

the boundaries of the individual cell (Pletjushkina et al., 2006;Zorov et al., 2006). 

Increased intracellular ROS leads to cellular injury and activation of signaling pathways 

that may contribute to the development of pathologies (Berg et al., 2004;Temple et al., 

2005;Zorov et al., 2006). To determine whether treatment of DRG cultures with 

conditioned media induced ROS in the cell, the cultures were loaded with a ROS 

detection probe and treated with either control or conditioned media. Treatment with 

control medium did not induce any ROS in the DRG (Figure 4-9) within 30 or 60 

minutes. However treatment of the cultures with conditioned media resulted in 

accumulation ROS in the cells within 30 and 60 minutes, demonstrated by cells labeled 

green fluorescent dye (Figure 4-9). Because the ROS labeled cells that were observed in 

the cultures 30 or 60 minutes after treatment were the cells that survived the treatment. 

These cells may represent a population that may undergo delayed pathological changes. 

Discussion 
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It has been demonstrated that bone cancer pain is characterized by both 

inflammatory and neuropathic components (Mantyh, 2006). The neuropathic component 

is characterized by injury to sensory neurons that innervate the bone verified by the 

expression of the nerve injury marker ATF 3 and galanin. Moreover bone cancer pain is 

attenuated by gabapentin which is clinically used to treat neuropathic pain (Peters et al., 

2005). Peters et al. have also demonstrated that the sensory fibers that innervated the 

intramedullary region of the bone become discontinuous and fragmented as the tumor 

grows and expand. However the actual mechanism though which the sensory fiber are 

eliminated is not clear. In this chapter  we propose that ROS released by the sarcoma cell 

which can occupy 90% of the intramedullary region (Peters et al., 2005) of the bone can 

injure the sensory nerve fibers innervating the tumor. And to our knowledge, the present 

study demonstrates for the first time that cancer cells can directly cause death/injury to 

primary sensory neurons. 

 Our initial experiments reveal that NCTC-2472 fibrosarcoma cells generate high 

levels of ROS. Moreover, some of this ROS can leak out of the cells in the form of H2O2.  

Hydrogen peroxide is known move freely through biological membranes. This is not 

uncommon as may human tumors poorly metabolize H2O2  and the amount of ROS 

released can rival the amount released by activated immune cells (Oberley and Oberley, 

1997;Szatrowski and Nathan, 1991). Even the tumorigenicity of many cancers has been 

attributed to the capacity of the cancer cells to metabolize H2O2, where expression of 
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catalase has been show to be suppressive to tumor progression (Finch et al., 2006;Gupta 

et al., 2001;Kwei et al., 2004). 

Treatment of DRG cultures with media conditioned by the sarcoma cell induces 

between 10-14% death of cells in both primary DRG cultures pure glial cultures (Figure 

4-5). The neurotoxic effect of the conditioned medium is indicated by the 15-21% 

reduction in the cellular content of CGRP (Figure 4-4).  Treatment with the anti-oxidant 

BHA completely blocked death of mixed culture cells, glia (Figure 4-7) and CGRP 

expressing cells (Figure 4-6). BHA scavenges ROS by donating hydrogen to the reactive 

oxygen radical, thus resulting in a stable compound.  Co-treatment of the DRG cultures 

with conditioned media and catalase abolished the effects of the conditioned media 

(Figure 4-8). These data reveal that the main cause of damage to the cells is H2O2 in the 

conditioned media, which is effectively neutralized by catalase. Moreover, the timelapse 

microscopy demonstrates the necrotic phenotype of cells death where 2 neurons 

disintegrate within 30 minutes (Figure 4-3). Lipid peroxidation of the fatty acids in the 

membrane can influence the fluidity and structure which can result in loss membrane 

integrity (Slater, 1984). The loss of the membrane integrity is observed at 15 minutes 

which is followed by the death of the 2 neurons. Lipid peroxidation and disruption of the 

axonal membranes of the neuronal fibers that innervate the tumor may be one mechanism 

through which neuronal fibers are injured in the murine bone cancer pain model. 

Exposure of the DRG cultures to conditioned media resulted in RIRR (Figure 4-

9). During RIRR a ROS stimulated mitochondrion becomes a significant generator of 
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pathological amounts of ROS which can propagate across closely situated mitochondria 

that could potentially spread to the entire intracellular volume of the cell or beyond 

(McBride et al., 2006;Pletjushkina et al., 2006;Skulachev, 2001;Zorov et al., 2006). In 

sensory neurons mitochondria are found throughout cell body and axon (Dedov et al., 

2000;Dedov and Roufogalis, 1999;PALAY and PALADE, 1955). Moreover, 

mitochondria in sensory neurons have filamentous structure which share mitochondrial 

membrane potential possibly due to communication among mitochondria (Dedov et al., 

2000;Dedov and Roufogalis, 1999). One possible outcome of RIRR is that the ROS 

released from the tumor in the bone may induce ROS in the sensory neurons which could 

induce changes seen in neuropathic pain models. Examples would be the ROS dependent 

expression of ATF3 (Holtz et al., 2006) or ROS dependent induction of pro-inflammatory 

cytokines such as tumor necrosis factor (TNF) (Tumurkhuu et al., 2007). In fact, in mice 

with delayed macrophage infiltration following chronic constrictive injury, there is a 

delay in TNF production and onset of neuropathic pain behaviors (Hao et al., 

2007;Schafers et al., 2003;Sommer and Schafers, 1998;Svensson et al., 2005b). The 

infiltrating macrophages would introduce ROS and inflammatory cytokines which can 

stimulate each other’s production in various cell types causing a self propagating event 

(Tumurkhuu et al., 2007;Whitehead et al., 2006). Moreover, It has been demonstrated 

that blocking ROS (Kim et al., 2004) or TNF (Hao et al., 2007;Schafers et al., 

2003;Svensson et al., 2005b;Tumurkhuu et al., 2007) modulates pain behaviors in 

neuropathic pain models. However the direct link among the above mentioned 
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component as well as their sequence of induction is yet to be established. It remains to be 

seen if ROS released by sarcoma cell is capable of injuring nerve fibers in vivo. 

Moreover it is important to determine if ROS released by sarcoma cells induces RIRR, 

which in turn can cause changes associated with neuropathic component of the murine 

bone cancer pain model. 

Given the complex and multifaceted nature of bone cancer pain, combined 

therapies which integrate treatment of inflammatory, mechanical, and neuropathic pain 

may be the best means available to improve the quality of life of cancer patients (Mantyh, 

2006).  Deciphering the mechanisms behind the generation of cancer pain will be of the 

utmost importance for the development of better cancer therapies (Luger et al., 

2005;Mantyh et al., 2002;Mantyh, 2006). 
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Figure 4-1: Live cell fluorescent microscopy reveals that NCTC-2472 cells generate high 

levels of ROS, demonstrated by the green fluorescent ROS probe which colocalizes with 

the blue nuclear stain Hoechst 33342. 
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Figure 4-2: Hydrogen peroxide that leaked out of the cells and into the conditioned media 

was measured to reveal that the amount of hydrogen peroxide in the conditioned media 

was dependent on the number of cells in culture. (Graphs show means ± SEM. *p<0.05, 

**p<0.01, compared with the control group; n=6). 
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Figure 4-3: Time-lapse microscopy demonstrates rapid induction of death to neurons in 

DRG cultures. A large diameter neuron and two small diameter neurons (indicated by the 

large arrow) at close proximity are observed in the field of view. After adding the 

conditioned media the two small diameter neurons separate within 10 minutes. At 15 

minutes the plasma membranes of the neurons undergo structural failure (indicated by the 

2 small arrows) and the cells disintegrate and die by 30 minutes. The large diameter 

neuron is not affected by the conditioned media. 
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Figure 4-4: Treatment with conditioned media induced death of CGRP positive neurons. 

At dilutions of 50% and 100% there is a significant reduction in the CGRP positive 

neurons in the DRG cultures within 30 and 60 minutes. (Graphs show means ± SEM. 

*p<0.05, compared with the control group; n=8). 
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Figure 4-5: Treatment with conditioned media causes rapid and indiscriminate death of 

both neurons of glia. (A) The total viability is also reduced within 30 and 60 minutes 

following the treatment of the DRG cultures with conditioned media at 50%, 75% and 

100% dilutions. (B) Similar to the DRG cultures the non-neuronal/glial cultures treated 

with 50%, 75% and 100% dilutions of conditioned media also demonstrate a significant 

reduction in viability. (Graphs show means ± SEM. *p<0.05, **p<0.01, ***p<0.001, 

compared with the control group; n=8). 

  



101 

 

 

Control Media Conditioned Media
75

80

85

90

95

100

105

110
Vehicle
BHA

*

C
G

R
P 

(%
 c

on
tr

ol
)

 

Figure 4-6: ROS scavenger BHA prevents the death of CGRP positive neurons. Pre-

treatment of DRG cultures with 30 µM of BHA prevents the decrease in the CGRP 

content of the cultures induced by the ROS in the conditioned media. (Graphs show 

means ± SEM. *p<0.05, compared with the control group; n=8). 
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Figure 4-7: ROS scavenger BHA prevents the effects of conditioned media on DRG and 

glial cultures. Pre-treatment with BHA prevents cell death in DRG (A) and glial (B) 

cultures at doses equal to or above 3 µM and 30 µM respectively. (Graphs show means ± 

SEM. *p<0.05, **p<0.01, ***p<0.001, compared with the control group; n=8).  
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Figure 4-8: Catalase prevents conditioned media induced cell death. Co-treatment of 

DRG cultures with conditioned media and various doses of catalase prevent the ROS 

induce reduction in viability of these cultures. (Graphs show means ± SEM.  **p<0.01, 

compared with the control group; n=8). 
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Figure 4-9: Treatment with conditioned media induces ROS in DRG cultures. DRG 

cultures treated with control media (upper panel) do not exhibit fluorescence from ROS 

detection probe (green) at 30 or 60 minutes. The cultures treated with conditioned media 

(lower panel) exhibit fluorescent form ROS detection probe (green) at 30 and 60 minutes. 

The cell are also stained blue nuclear stain Hoechst 33342. 
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CHAPTER 5 

CONCLUSIONS 

 

This dissertation attempts to elucidate mechanisms that promote pain in bone 

cancer or bone cancer pain treatment. Opioids which are extensively used to treat 

moderate to severe bone cancer pain have been shown to induce the enhancement of bone 

destruction and pain in animals implanted with sarcoma cells in the intramedullary region 

of the bone (King et al., 2007). Prolonged treatment of bone marrow cultures with 

morphine results in upregulation of RANKL and suppression of OPG in a COX-2 

dependent manner. Moreover sustained exposure of bone marrow cultures to morphine, 

results in a COX-2 dependent increase in PGE2 release. The major source of RANKL, 

OPG and PGE2 are the osteoblastic stromal cells in the bone marrow culture. Enhanced 

osteoclastogenesis was observed in bone marrow cultures treated with morphine. This 

enhanced osteoclastogenesis was prevented when the cultures were treated OPG and 

COX-2. Morphine did not have any significant effect on osteoclast precursors or sarcoma 

cells. These data indicate that the osteoblastic stormal cells are the primary target of 

morphine. Moreover sustained morphine exposure enhances osteoclastogenesis by 

modulating the OPG/RANKL regulatory axis through a COX-2 dependent mechanism. 

The in vitro findings were validated in the animal where prolonged treatment with 

morphine results in increased osteoclastogenesis through a COX-2 dependent 

mechanism, indicated by the serum marker TRAP 5b. Animals treated with morphine 
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also have a COX-2 dependent increase in RANKL serum levels and a COX-2 dependent 

decrease in serum OPG levels. These data suggest that the adverse effect of morphine 

observed in the murine bone cancer model may not be limited to the specific sarcoma 

cells implanted in the animals. Moreover the data even suggests that prolonged morphine 

use may accelerate done loss in other diseases characterized by osteolysis. 

Another adverse effect of prolonged opioid treatment is the development of anti-

nociceptive tolerance and paradoxical pain (Arner et al., 1988;Mayer et al., 

1999;Vanderah et al., 2001). Sustained opioid treatment results in neurochemical changes 

such as increase in CGRP expression in DRGs. Direct treatment of DRG cells in culture 

with opioids did result in a modest increase in CGRP cellular content; however the 

increase was seen at only high concentration of the opioid. Moreover, treatment of the 

cells with the active or inactive enantiomers of oxymorphone did not induce the changes 

observed with the treatment of morphine or DAMGO. These results indicate the increase 

in CGRP cellular content may not be µ-opioid receptor dependent. Another finding was 

that the increase in cellular neuropeptide does not prescribe an increase in capsaicin or 

KCl evoked increase of neuropeptide. The enhacement of neuropeptide release is 

dependent on dynorphin A (2-13) and PGE2; factors that are upregulated in spinal cord 

(Svensson et al., 2005a;Vanderah et al., 2000). The increase of PGE2 in the bone, may 

qualify as a peripheral sources of PGE2 that may also contribute to the enhanced CGRP 

release from primary afferent neurons seen in animals following sustained opioid 

exposure. Therefore both the increase in cellular content and the enhancement of 
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neurpeptide release seen in vivo may be dependent on peripheral and/or central 

mechanisms. These findings are in line with the complex effects observed with opioid 

treatment (Gutstein and Akil, 2006). Where although opioids generally exert an 

inhibitory effect at the single cell level, opioids can inhibit and activate various areas of 

the nervous system depending on the neural circuit they act upon. This effect is most 

apparent in analgesia produced by morphine which is dependent on activation of some 

cells and/or the inhibition of others within a particular neuroanatomical area. Thus, 

understanding of the neural circuits that opioids affects, as well as the associated 

physiological effects, becomes crucial for the development of drugs and therapeutic 

strategies which would possess the desirable effects of opioids with minimal or none of 

the side effects.. 

There is ample evidence for the damage immune cells cause to normal tissue by 

means of ROS released during inflammation. And although cancer cell generate high 

levels of ROS, the damage caused by the ROS to the peripheral sensory neurons has 

never been studied. Tumors that occupy the intramedullary region of the bone have nerve 

ending that are fragmented. This fragmentation is due to injury to the sensory fibers 

indicated by the expression of markers for nerve injury. In chapter 3 we demonstrate that 

the sarcoma cell generated high levels of ROS that leaks into surrounding in the form of 

H2O2. The ROS released by the sarcoma cell causes a rapid induction of cell death due to 

the failure of the plasma membrane. These data indicate that ROS released by the 

sarcoma cell may be partly responsible for the damage caused to the peripheral nerve 
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fibers that innervate the tumor. The release of ROS can have other consequences such as 

propagation of inflammatory processes. It has also been suggested that ROS play a role in 

osteoclast differentiation (Kim et al., 2006). This ROS induced increase in the number of 

osteoclasts can result in increased osteolysis and of bone fractures; leading to increased 

damage to the sensory fiber innervating the bone.  

Two important targets for therapeutic intervention emerge from this dissertation; 

COX and ROS. However these targets are not very different where ROS can activate the 

arachidonic acid pathway and COX is a pro-oxidant capable of generating ROS (Droge, 

2002). It is tempting to speculate that by controlling the oxidation level within and 

around the tumor one may control the progression and development of bone cancer pain 

and the adverse effects of sustained opioid treatment. The dependence of the enhanced 

capsaicin evoked CGRP release on PGE2, as well as the osteoclastogenic effects of 

morphine on OPG/RANKL ratios and COX-2, provide targets for therapeutic 

intervention; where conjunctive therapy involving combining opioids with compounds 

that counter the sustained morphine-induced osteoclastogenesis or paradoxical pain.  
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