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ABSTRACT 

 Pain is the most feared symptom of cancer and can impact patients’ lives 

more than the cancer itself. Despite improvements in cancer prevention and 

detection, pain is often the first sign of cancer, with an estimated 70-75% of 

advanced stage cancer patients presenting with skeletal metastases. Cancer 

metastasis to the bone is associated with persistent pain that increases in 

intensity over time. Current treatments follow the World Health Organization 

(WHO) analgesic ladder for cancer pain management suggesting non-steroidal 

anti-inflammatory drugs (NSAIDs) for mild to moderate pain and opioids for 

moderate to severe pain. However, estimates indicate as many as 50-80% of 

cancer patients worldwide receive inadequate pain management. Moreover, 

opioid doses required for these patients are associated with adverse side effects 

further diminishing quality of life. Development of improved non-opioid therapies 

is dependent on increased understanding of mechanisms driving cancer pain and 

its relief.  

 The objective of this dissertation was to characterize a rat model of 

cancer-induced bone pain, to develop approaches to measure both ongoing and 

breakthrough pain and to investigate the contribution of underlying inflammatory 

mechanisms to pain, bone destruction and bone remodeling. Using female 

Fischer F344/NhSD rats, histocompatible MAT B III mammary adenocarcinoma 

cells were sealed into the intramedullary space of the right rear tibia for a time 

course of 13 days. Ongoing pain was characterized based on the WHO 3-step 

ladder for pain management utilizing novel behavioral and neurochemical 
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assays. Morphine and peripheral nerve block were sufficient to control ongoing 

pain, whereas NSAID treatment failed to provide pain relief.  Cancer-bearing rats 

selectively displayed movement-induced breakthrough pain to a background of 

morphine-controlled ongoing pain. Furthermore, we determined that 

breakthrough pain is initiated, but not maintained, by peripheral afferent input 

from the tumor-bearing tibia using lidocaine administration prior to or following 

movement.  

 For the final part of this study, we investigated the role of transient 

receptor potential vanilloid 1 (TRPV1) and interleukin-6 (IL-6) blockade, as these 

have been shown to be important mediators in animal models CIBP. Acute 

blockade of TRPV1 channels by AMG9810 selectively reversed inflammatory-

induced pain, but failed to control evoked or ongoing CIBP. Acute blockade of 

interleukin-6 signaling by TB-2-081, an IL-6 receptor antagonist, successfully 

reversed evoke pain responses, but like AMG9810, failed to control ongoing 

pain. Sustained administration of TB-2-081 reversed cancer-induced tactile 

hypersensitivity and tumor-induced bone remodeling of the tibia. Further in vitro 

analysis revealed TB-2-081 functions by inhibiting the Jak/STAT cascade on both 

tumor cells and osteoblasts, suggesting that blockade of IL-6 signaling can 

effectively modulate the bone microenvironment to reduce tumor burden and 

pain.  

 Combined, our data introduce a rat model of breast cancer bone 

metastasis, in which the underlying mechanisms of ongoing and breakthrough 

CIBP can be effectively studied. From this, novel therapeutic agents can be 
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developed and investigated to help improve quality of life in patients suffering 

from this disease. 

  



  19   

 

CHAPTER 1: INTRODUCTION 

1.1 Pain: What is it, and why does it hurt so damn much? 

“Pain is such an uncomfortable feeling that even a tiny amount of it is enough to 

ruin every enjoyment.” – Will Rogers 

 By current estimates, a staggering 116 million American adults suffer from 

chronic pain, more than cardiac disease, cancer, and diabetes combined, 

creating an economic burden of roughly $600 billion in lost work productivity and 

medical costs [263]. The International Association for the Study of Pain defines 

pain as, “An unpleasant sensory and emotional experience associated with 

actual or potential tissue damage, or described in terms of such damage.” Pain 

itself is a subjective, multidimensional experience, comprised of sensory, 

affective, and cognitive components [180]. The duration, intensity, and most 

importantly, our perception of the pain, makes it a unique experience that can 

differ drastically between individuals, meaning that no two people will ever 

perceive pain the same [263]. 

 The ability to distinguish between noxious and innocuous stimuli within the 

surrounding environment is necessary for the survival of an organism [204]. 

Humans who suffer from congenital defects in the sensation of pain often have 

shortened life expectancy due to tissue damage that can be incurred [14]. Pain is 

a physiologically important mechanism that allows us to reflexively withdraw from 

damaging situations and unconsciously forces us to protect the site of injury as it 

is healing. Perhaps the most important aspect of pain is as a teaching 
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mechanism that allows organisms to recognize future potential tissue-damaging 

situations based on memories created from previous events [180].  

 Many individuals suffer from pain on a daily basis. As tissue damage 

heals, however, the pain should abate. The problem is when pain outlives its 

intended purpose, shifting from an acute state to a more persistent one [14; 88; 

136]. Why only some individuals develop chronic pain remains a mystery. 

Chronic pain elicits neuro-adaptive changes in both the peripheral- and central 

nervous system, which helps to facilitate and amplify the transmission of pain 

signals. Chronic pain can be characterized by a.) Persistent, ongoing pain that 

occurs without the presence of a known stimulus, b.) Allodynia, which is pain 

cause by an innocuous stimulus, and c.) Hyperalgesia, wherein there is 

increased pain in response to a painful stimulus. Thus, chronic pain, once 

considered to be an underlying symptom of a disease state, now is being 

regarded as a disease state in its own right [280].  

1.1.1 Nociception – Peripheral Mechanisms 

 Physiological pain is dependent upon transduction of noxious stimuli 

through a specialized class of pseudounipolar sensory nerves, located within the 

peripheral nervous system [139]. These pseudounipolar nerves have distinctive 

peripheral and central terminals arising from a single axon that emerges from the 

cell body that lies within the dorsal root ganglion (DRG) located outside, but 

adjacent to the spinal cord [14]. The cell bodies synthesize proteins that are then 

shunted to either end of the nerve fiber. Unlike proprioceptors (touch), which 

have a low threshold of activation, nociceptors only become activated in 
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response to high intensity stimuli that are capable of producing tissue damage. 

Such stimuli can include chemical, thermal, and mechanical modalities [139; 

170].  

 Two specific fiber types responsible for conducting nociceptive input are 

Aδ and C-fibers. Aδ are medium, lightly myelinated fibers that convey the initial 

pain stimulus, also referred to as first pain. C-fibers, on the other hand, are small, 

unmyelinated fibers that signal the second, slow burning response that comes 

following an injury [192]. Based on molecular and neuroanatomical 

characterization, C-fibers have many classifications, but are most often 

categorized into two subsets: peptidergic C-fibers, which release neuropeptides 

in response to injury, including calcitonin gene related peptide (CGRP) and 

substance P, and express tropomyosin receptor kinase A (TrkA) receptor; and 

non-peptidergic C-fibers, which bind isolectin B4 (IB4), and express purinergic 

receptors, such as P2X3, an ATP receptor [76; 266]. 

 When a physical 

injury occurs, chemical 

mediators are released from 

the surrounding 

environment, resulting in 

activation of pronociceptive 

receptors and ion channels 

located on the peripheral 

afferents [14; 170]. Upon depolarization by the nociceptive mediators through 

Different classes of peripheral afferent fibers convey 
touch and nociceptive input to different laminae of 
the dorsal horn of the spinal cord. Adapted from [14] 
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engagement of the transducer proteins, the nociceptor converts the chemical 

input into an electrical signal. This action potential traverses the axon of the 

neuron to reach the dorsal horn of the spinal cord, where the electrical impulse 

signals the release of chemical mediators stored in vesicles from the central pre-

synaptic terminal into the synaptic cleft in the spinal dorsal horn. These 

mediators synapse onto second order neurons, which decussate to the ventral 

horn of the spinal cord and travel up the anterolateral pathway and into the 

thalamus, where the signal is then transmitted to and processed in several 

supraspinal regions [139].   

1.1.2 Nociception – Central Mechanisms 

 Pain is highly variable among individuals. As researchers, we have come 

to understand that nociception does not reflect the sensation and overall 

experience of pain. Pain states can be enhanced or diminished based on a 

person’s emotional state, level of distraction, past experiences, and the degree of 

unpleasantness imparted to the event [222]. All of these factors rely upon 

centrally mediated mechanisms in the brain to determine how an individual will 

respond to the physical stimulus being conveyed. 

Spinal Cord Sensitization 

 Animal models of chronic pain states have demonstrated significant 

neurochemical changes within the dorsal horn of the spinal cord and in the DRG. 

Re-uptake transporters for glutamate, the major excitatory neurotransmitter of the 

CNS, were decreased in neurons of the spinal cord, allowing for excess 

glutamate to remain in the synaptic cleft [253]. Glutamate binds to N-methyl-D-
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aspartate (NMDA) and α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid 

(AMPA) receptors, which are found on pain fibers and in the spinal cord [282]. 

NMDA receptor activation allows for membrane depolarization and activation of 

AMPA receptors resulting in transmission of the excitatory signal [84].   

 In chronic pain, central sensitization corresponds to an enhancement in 

neural circuitry in response to an increase in membrane excitability or reduced 

inhibition [154]. This effect allows for subthreshold stimuli to elicit a 4 to 5-fold 

increase in amplification of nociceptive signaling [84]. In the spinal cord, neurons 

can display an increase in spontaneous firing, a lowered threshold for detecting 

peripheral stimuli, and an enlargement of their receptive fields. Central 

sensitization contributes to neuropathic, inflammatory, and cephalic pain [154].  

 Additional changes include astrocyte hypertrophy in the dorsal horn of the 

spinal cord, coinciding with hypersensitivity developed at the site of injury [170]. 

Furthermore, pro-dynorphin, a pronociceptive factor, was found to be 

upregulated in response to peripheral damage and DRGs display markers of 

neuronal injury, including ATF-3 and galanin [125; 232]. Combined, these 

neuroadaptive changes help to facilitate sensitization of the spinal cord, in which 

normally non-noxious stimuli can now activate nociceptive transmission.  

Anterior Cingulate Cortex 

 Spinal relay of pain signals converges on the thalamus, where projections 

relay the signal to both sensory-discriminative and emotional-affective regions of 

the brain [84; 139]. The affective, or unpleasant, component of pain has been 

associated, in part, with activation of the rostral anterior cingulate cortex (rACC) 
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[157; 245]. Human positron emission topography (PET) and functional magnetic 

resonance imaging (fMRI) studies correlate activation of the rACC to acute 

noxious stimulus input, and to the degree of unpleasantness experienced by the 

patient [157; 245]. Rat studies have demonstrated conditioned placed aversion 

(CPA) to hindpaw formalin injection. Subsequent ablation of the rACC reversed 

CPA to formalin, but failed to block pain-related evoked behaviors, corroborating 

human imaging studies that the rACC 

mediates the aversiveness associated 

with nociception [134; 135; 245]. 

Additional validation showed removal of 

rACC neurons blocked conditioned 

place preference (CPP) to rostral 

ventromedial medulla (RVM) lidocaine in 

rats with neuropathic pain, 

demonstrating the rACC is important 

and required or the processing of pain 

and pain relief [243].  

 

Nucleus Accumbens and the Mesolimbic Reward Valuation Circuitry 

 The rACC has neuronal connections to several regions of the brain, 

including the amygdala, prefrontal cortex, and the nucleus accumbens (NAc) 

[157]. The NAc is implicated in the mesolimbic reward valuation circuitry, which is 

activated in response to natural rewards, including consuming food when hungry, 

Nociceptive input is transmitted from 
the periphery to the spinal cord, where 
it traverses the spinothalamic tract to 
the brain. From there, different 
supraspinal regions process the pain 
input. Adapted from [14]. 
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drinking when thirsty, and using drugs of abuse [4; 161; 269]. The NAc is an 

important mediator that underlies implicated in learning and motivation, and is 

correlated with positive and negative reinforced behavior [261]. Operant 

behaviors including CPP are contingent upon an animal learning to associate a 

designated area with a positive reward (ex. food, drugs of abuse) and 

demonstrating motivational drive to seek out the reward in future experiments 

[144; 145; 147; 160; 216; 217; 243]. Manipulations that blocked dopaminergic 

transmission in the NAc also blocked CPP [195].  

 The role of dopamine (DA) in reward and learning is critical [214]. The 

ventral tegmental area (VTA) contains the cell bodies of dopaminergic neurons 

that project to the NAc [275]. These projections are activated in response to 

positive emotional states and learned behavior, resulting in DA release from the 

NAc shell [197; 206; 207].   

 Human neuroimaging studies have implicated NAc activation in response 

to pain offset, and vice versa for the onset of pain, suggesting an overlapping 

role of pain and reward [12; 15]. Recent fMRI analysis of noxious heat onset and 

offset in rats has also demonstrated this concept as well [16]. Animal models of 

neuropathic, inflammatory, or post-surgical pain demonstrate CPP to drug 

treatments that provide pain relief, representing the concept of negative 

reinforcement, wherein removal of an aversive stimulus will produce motivated 

behavior to seek out future pain relief [16; 69; 144; 147; 216; 217; 243]. Thus 

pain relief can also be conceptualized as a reward, further implicating activation 

of the NAc in learning and memory to the onset of pain and pain relief [206; 207]. 
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Rostral Ventromedial Medulla 

 Considered the final relay in descending modulation of nociceptive 

signaling from supraspinal sites, the RVM is capable of inhibiting or facilitating 

pain inputs [89]. The bidirectional modulation is attributed to “on” and ”off” cells 

located within the RVM. These cells, first discovered by Howard Fields, are 

named for their response to noxious stimuli. In the presence of nociceptive input, 

on cells, which prior to the signal were inactive, begin to fire, while off cells 

become inactive in the presence of noxious input [90; 115]. Mu opioid agonists, 

such as morphine, are capable of inhibiting on cells and simultaneously 

activating off cells, blocking pain-related behaviors to nociceptive stimuli [43; 

225]. Microinjection of lidocaine into the RVM also attenuates pain behaviors in 

animal models of chronic pain [69; 286; 287]. Collectively, this indicates that 

chronic pain induces net facilitation of nociceptive signaling through the RVM. 

Thus, the loss of modulatory capabilities further demonstrates the overarching 

detrimental effects due to chronic pain-induced neuroplastic changes in the CNS.  

 
 
 
 
 
  



  27   

 

1.2 Cancer Pain 

 Cancer is the second leading cause of death in the United States, behind 

cardiovascular related complications [267]. Our understanding of cancer and its 

related mechanisms has been greatly expanded over the past several decades 

thanks to funding of research initiatives [109; 110]. This accumulated knowledge 

has led to advancements in cancer therapeutics, including targeted therapies 

involving antibody and small-molecule inhibitors, allowing for increased patient 

survival [81]. Yet despite improvements in cancer prevention and detection, 

many patients are often diagnosed with advanced stage disease [23]. Pain is a 

prominent clinical symptom of cancer and often the initial reason that patients 

seek medical attention [184; 240]. The three most commonly diagnosed cancers, 

breast, prostate and lung cancer, have a high propensity of developing 

metastases to the bone at advanced stages, with an estimated 70% of patients 

presenting with detectable skeletal metastases [56; 172; 294]. 

1.2.1 Metastasis 

 Stephen Paget first described metastatic spread in 1889. Known as the 

“seed and soil” hypothesis, he stated that the tumor cells, like plant seeds, will 

disperse in all directions, but will only grow in a location (soil) that conducive to 

its growth and development [223]. Many factors play into the dissemination of 

tumor cells, including tissue type of interest, support cells located at the potential 

site of metastatic spread, and chemotactic factors that help to guide the 

circulating tumor cells through the vascular and lymphatic systems, allowing 

them to eventually entrench themselves within the new environment [42; 271]. 
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This secondary site, or pre-metastatic niche, must be conducive for the tumor 

cells to disseminate and grow. Recent evidence has suggested that secreted 

growth factors from the primary tumor aid in priming the future site of metastases 

for eventual colonization [140].  

 Metastasis is an arduous, multi-step process. In the first phase, tumor 

cells must detach themselves from the primary tumor and invade the surrounding 

environment to reach the circulatory system. The tumor is contained within its 

primary location due to 

cell adherence 

molecules, including 

integrins, which control 

cell adherence to the 

extracellular matrix 

(ECM) that surrounds the 

tumor, and E-cadherins, 

which are responsible for 

cell-to-cell adhesion [39]. 

Tumor cells must undergo 

a switch in phenotype, referred to as epithelial to mesenchymal transition (EMT), 

to circumvent the effects of the cellular adhesion molecules and extricate 

themselves from the primary tumor [94]. These tumor cells express N-cadherin 

and vimentin, which gives the tumor cells a more invasive phenotype, while 

simultaneously downregulating E-cadherin and losing cellular polarity [47]. 

Illustration demonstrating the multi-step process of 
metastasis and invasion. Adapted from [271]. 
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Induction of proteolytic cleavage of the ECM aids in tumor cell motility. Combined 

with the phenotypic change, these properties allow tumor cells to navigate 

through the ECM and stroma and intravasate into the vascular and lymphatic 

networks [42; 242; 271].  

 Traversing the blood stream is extremely dangerous to tumor cells, as the 

pressure and shear force of the circulating blood can tear them apart [271]. 

Despite the hazards, some cells manage to arrest within the capillary beds of the 

circulatory system using coagulation factors to secure them in place [295]. These 

cells then extravasate out of the circulatory system, attaching themselves to the 

subendothelial side of the ECM. These cells then undergo mesenchymal-to-

epithelial transition (MET) to reverse to an epithelial phenotype [42]. 

Inflammatory cytokines located at the site of colonization have been 

demonstrated to promote metastasis and outgrowth of DTC, including interleukin-

6, tumor necrosis factor alpha (TNFα), and receptor activator of Nf-κB ligand 

(RANKL), matrix metalloproteases (MMPs), and vascular endothelial growth 

factor receptor 1 (VEGFR1) [118; 141; 167; 168].  

 Once at the secondary location, the probability of successful colonization 

is surprisingly low. In a mouse study, more than 80% of melanoma cells injected 

into the blood stream died. From that, only 1 in 40 cells formed micrometastases, 

and only 1 out of 100 of these micrometastases went on to form 

macrometastases; this translates to roughly 0.001% to 0.02% success rate [165; 

260]. In many instances, tumor cells that have managed to disseminate to distal 

locations are found to be in a state of dormancy [3; 62; 72]. These cells can 
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remain in a quiescent state for anywhere from a number of weeks to years. The 

rationale for why some cells remain dormant is unknown, but research suggests 

it may be a protective measure to circumvent the effects of chemotherapy, as 

these agents target rapidly dividing cells, while cells that are quiescent are 

minimally affected. Another theory speculates that the necessary growth factors 

to support their colonization are not immediately available [242; 271]. 

Regardless, presence of DTC is highly correlated with disease reoccurrence 

[226].  

 Recent literature has investigated the role of the perivascular niche in 

regulating tumor cell dormancy. When thrombospondin-1 (TSP-1), a natural 

inhibitor of neovascularization and angiogenesis, is present in the bone marrow, 

tumor cells remained dormant. When TSP-1 is lost, the tumor cells were 

stimulated from their quiescent state by new blood vessel outgrowth and other 

previously latent growth factors, including transforming growth factor beta (TGFβ) 

[100]. 

1.2.2 Metastatic Bone Pain 

 An estimated 70% of breast cancer patients with advanced stage disease 

will be diagnosed with bone metastases [55; 201]. Breast cancer metastasis to 

the bone is a devastating event that results in several adverse effects, including 

bone remodeling and osteolytic lesion formation, hypercalcemia, cachexia, and 

fractures of the bone as a result of bone matrix degradation [169; 172]. The 5-

year survival rate following diagnosis is 20% [57]. Sites of macrometastases 

include the vertebral column, sternum, pelvis, ribs, and long bones [55]. 
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  Metastasis is the primary cause of patient mortality and 60-85% of 

patients with bone metastases will suffer a severe decrease in quality of life due 

to pain associated with these complications [55; 201; 294]. Pain is the most 

frequent, feared, and disruptive symptom of this disease [169-171]. Most patients 

describe their pain as a persistent, dull achy pain that increases in intensity over 

time. Other patients describe their symptoms as sharp shooting pains in their 

extremities. Pain may also become worse at night due to stiffening of the joints 

[2]. Simultaneously, 40-80% of these patients also suffer from transient episodes 

of breakthrough pain (BTP), in which severe, excruciating spikes in pain manage 

to over come the controlled background of ongoing pain [65; 239].   

 Pain is a subjective experience and difficult to objectively quantify. 

Evaluation of 

pain in patients 

is done through 

self-report using 

the universal 

pain assessment 

tool, consisting of 

a verbal and facial grimace scale, and questionnaires about activity tolerance 

[85].  

  

Universal pain assessment tool commonly used by clinicians to 
determine pain intensity in patients. 
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1.3 Mechanisms of CIBP 

1.3.1 Animal Models of CIBP 

 Lifetime incidence of spontaneous breast tumor development in mice and 

rats varies greatly between strains [104]. Unfortunately, these fail to be good 

models of human disease, as these tumors typically display only localized 

invasion into the surrounding tissue; metastasis to the bone is extremely rare 

[24].  

 Until 1999, many researchers wishing to study metastatic spread to the 

bone utilized intercardiac injections of tumor cells into the left ventricle of the 

heart to replicate circulation and dissemination [9; 300]. While this did provide a 

way to circumvent the concerns of spontaneous tumor development, there was 

distinctive inter-animal variability, including size and location of the metastases 

[131].    

   One of the greatest advancements in studying bone metastasis came 

when osteosarcoma cells were injected into the intramedullary space of a mouse 

femur and sealed off with dental amalgam. This method provided a way in which 

researchers could investigate cancer-induced disease progression and bone 

pain, along with the effects of novel compounds on mediating these changes in a 

localized area. Furthermore, tumor-induced bone remodeling, tumor expansion, 

and pain behaviors were highly reproducible from mouse to mouse. Since then, 

this model has been adapted and expanded into different bone locations, animal 

strains, and tumor cell lines [106; 124; 131; 178; 255; 262].  
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 Our knowledge of cancer-induced bone pain (CIBP) and its underlying 

components have been greatly advanced since the establishment of this mouse 

model of cancer metastasis to the bone. Research has elucidated inflammatory, 

neuropathic, and mechanical components associated with CIBP [84; 122; 124; 

169]. 

1.3.2 Inflammatory Mechanisms 

 Disseminated breast cancer cells do not have the capacity to destroy 

bone, but rather they initiate a positive feedback loop termed the “vicious cycle” 

of bone destruction [169; 294], of which several inflammatory mediators play a 

significant role. 

Osteoclast-induced Osteolysis 

 Two distinct bone cells maintain bone homeostasis: osteoblasts and 

osteoclasts. Osteoblasts 

(OB) are single nuclei cells 

responsible for new bone 

formation. To accomplish 

this, OB synthesize a 

mixture of collagen, 

osteopontin, and 

osteocalcin, and lay down the new organic bone formation in areas where bone 

was previous resorbed. Bone matrix resorption is mediated by osteoclasts (OC), 

which are multinucleated, terminally differentiated, monocytic lineage cells [54; 

Inflammatory pain is propagated by contributions from 
the tumor and immune cells, along with osteoclast-
induced bone degradation. Adapted from [131]. 



  34   

 

233]. Their primary function is to repair and maintain our skeletal structure. Along 

with OB, roughly 10% of our bone is turned over every year [294].  

 The process of bone resorption occurs when an osteoclast forms a sealing 

zone over an area of the bone matrix, known as the ruffled border [272]. 

Osteoclasts then secrete a mixture of acid phosphatase, collagenase, cathepsin 

K, and protons, creating an extremely acidic environment (pH ~4.0) to degrade 

and breakdown the bone tissue. These bone matrix components, comprised of 

stored growth factors, calcium, and collagen, are released into the bone 

microenvironment and recycled into new bone by OB [8; 201]. 

 Breast cancer metastasis to the bone results in an upregulation of 

osteoclasts – both in numbers and size [54; 123]. Disproportionate osteoclast 

activity results in exposure of nerve endings that innervate the bone. Acid 

sensing ion channels (ASICs) and transient receptor potential vanillanoid 1 

(TRPV1) channels found on the nerve endings can be directly excited in 

response to the high concentrations of protons within the intramedullary space of 

the bone [131; 136].  

Tumor Cells and Immune Mediated Factors 

 The release of stored growth factors into the bone microenvironment helps 

to fuel the growth and expansion of tumor cells. Simultaneously, too much growth 

often results in areas of necrosis within the tumor mass due to lack of nutrients 

and oxygen. This necrotic area is highly acidic in nature, further contributing to 

the decrease in extracellular pH within the bone microenvironment [172].  
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 Tumor masses are often comprised of tumor stromal cells, such as 

macrophages, neutrophils, endothelial cells, and T-lymphocytes. Originally, these 

cells responded to destroy the invading tumor cells, but instead become hijacked, 

aiding in the development of the tumor [172]. These cells are capable of 

secreting a variety of pro-inflammatory factors that can bind to receptors found 

on these neurons, lowering the threshold of nociceptor excitability. Some of these 

inflammatory mediators include nerve growth factor (NGF) [173; 179], interleukin-

6 (IL-6) [8; 22; 209], tumor necrosis factor alpha (TNFα) [203; 293], transforming 

growth factor beta (TGFβ) [209; 265; 292], and prostaglandin E2 (PGE2) [97; 

210].  

1.3.3 Neuropathic Mechanisms 

 All regions of the bone (periosteum, bone matrix, and bone marrow) are 

innverated with sensory nerves, however, the density of these sensory fibers 

varies significantly at each level of the bone. For every 100 nerve fibers in the 

periosteum, there are 2 in the bone marrow, and 0.1 in mineralized bone [169]. 

Whereas the skin has several Aδ and C-fibers classes represented, in the bone, 

only neurofilament 200 expressing Aδ fibers and peptidergic C-fibers are present 

[7; 132; 133].  

 Due to the presence of sensory nerves found within the bone, their 

subsequent exposure often results in direct damage by the ensuing osteolysis. 

Furthermore, rapid growth of the tumor within the confines of rigid bone creates 

pressure on the exposed nerves [181]. Examination of the DRG in mice with 

BCBM reveals expression of activating transcripton factor 3 (ATF3), a marker of 
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nerve injury [232]. The vertebral column, an area commonly affected by bone 

metastases, becomes extremely brittle and weak as the bone matrix degrades. If 

a vertebrae collapses, the spinal cord will become compressed, further 

exacerbating the neuropathic pain state in humans [13; 55; 57].   

 Nerve growth factor contributes not only to the inflammatory pain, but to 

neuropathic pain as well. NGF, upon binding to its receptor tropomyosin receptor 

kinase A (TrkA) on peptidergic C-fibers, can directly sensitize nociceptors. 

Furthermore, NGF has been heavily implicated in neuronal sprouting of CGRP+ 

peptidergic nerves that co-express TrkA along the periosteum of the bone in 

which the tumor resides. Treatment with anti-NGF monoclonal sequestering 

antibody at the onset of detectable pain in a mouse model of CIBP was able to 

significantly attenuate NGF-induced neuronal sprouting and attenuate cancer 

pain [23; 132; 173].   

 Changes that have been observed in the DRG of neuropathic pain models 

have also been witnessed in CIBP models. Hypertrophy of satellite cells 

surrounding the DRG, as well as macrophage infiltration is well documented 

[232]. Furthermore, gabapentin, an FDA approved drug prescribed to control 

neuropathic pain, has been demonstrated to attenuate bone cancer pain in both 

mice and humans [77; 224; 232]. Taken together, neuropathic components in 

both the periphery and central nervous system greatly contribute to the CIBP 

state.  
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1.3.4 Mechanical Mechanisms 

 Rapid degradation of the bone matrix by osteoclast-induced osteolysis 

results in severe bone instability. Depending on the location of metastatic pitting 

in the skeletal system, movement can trigger fractures along the weakened 

cortical bone shaft [169]. Spinal instability from bone metastases accounts for 

10% of all back pain complaints [57]. Further complications include vertebral 

collapse, which can lead to spinal cord compression, and pelvic collapse. Both 

can result in permanent bed rest for the patient [55; 57].  
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1.4 Therapeutic Interventions 

1.4.1 Managing Cancer Pain 

 Current treatments typically follow the World Health Organization (WHO) 

analgesic ladder for cancer pain management suggesting non-steroidal anti-

inflammatory drugs (NSAIDs) for mild to moderate pain and opioids for moderate 

to severe pain [1; 185; 236]. However, estimates indicate as many as 50-80% of 

cancer patients worldwide receive inadequate pain management [20; 80; 224]. 

Moreover, NSAID and opioid doses required for these patients are associated 

with adverse side effects further diminishing quality of life [177; 187; 196; 208; 

234]. Development and use of improved non-opioid therapies is dependent on 

increased understanding of mechanisms driving cancer pain and its relief.  

NSAIDs 

 A first line of treatment in patients suffering from with mild to moderate 

bone pain, NSAIDs are a mainstay that target the inflammatory component 

associated with CIBP [186; 196; 208; 224; 236; 237]. In particular, 

cyclooxygenase-2 (COX-2) inhibitors are heavily utilized as they produce fewer 

gastrointestinal side effects [283]. In a mouse model of BCBM, COX-2 inhibitors 

have been shown to temporarily reduce tumor-induced bone remodeling [254]. 

As patients begin to experience an increase in pain intensity, higher doses of 

NSAIDs are contra-indicated, as they have several negative risk factors 

associated with them, including liver and renal failure, and cardiac complications 

[198].  
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NSAIDs/ Opioids 

 Corresponding to Step 2 on the WHO analgesic ladder, combination 

NSAID/ weak opioids are used to alleviate moderate cancer pain. Codeine, 

oxycodone, and tramadol have been shown to be more effective compare to 

placebo at managing moderate cancer pain [277]. These compounds are 

commonly given in conjunction with acetaminophen to provide analgesia. Low 

doses of morphine or hydomorphone can be prescribed in opioid naïve patients 

[34]. 

Opioids 

 Opioids and their derivatives serve as the frontline therapy to manage 

moderate to severe CIBP [236-238]. As a mainstay pharmacological intervention, 

dosing schedules are well established.  Oral morphine, hydromorphone, and 

oxycodone are initially prescribed to combat severe cancer pain, as similar side 

effects and equivalent analgesia are witnessed in patient populations [35; 247; 

296].   

 Fentanyl is a highly lipophilic compound easily administered through the 

buccal mucosa or via a transdermal patch [238]. This compound is considered a 

rapid onset opioid (ROO) and primarily relegated to the fast treatment of BTP 

episodes in patients (discussed in detail on page 48).    

 Tolerance to opioids requires titration to stronger doses. If adverse side 

effects outweigh the analgesic benefits, health professionals may attempt opioid 

switching [149]. This involves replacing a strong (class III) opioid with another in 

an effort to balance out the risks and benefits of opioid treatment [63; 244]. The 
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most common side effects associated with opioid administration include 

constipation, emesis, nausea, somnolence, and cognitive impairment [237].  

 

Anticonvulsants 

 Gabapentin and pregabalin, calcium channel α2δ inhibitors, are among the 

most commonly prescribed medication to control neuropathic pain [116]. These 

compounds are hypothesized to act on calcium influx on neurons, reducing 

neurotransmitter release from presynaptic terminals. These compounds are well 

tolerated and show few side effects, often limited to somnolence and fluid 

retention. Pregabalin displays better bioavailability and is easier to titrate in 

patients [103]. Patients report a decrease in pain intensity at rest upon inclusion 

of these compounds to their opioid regimen and a significant reduction in pain 

associated movement-induced BTP, which lasted from a few weeks up to 3 

months [36]. 

Radiation Therapy 

 Two types of radiation therapy are used to treat patients: external beam 

radiation and radiopharmaceuticals. External therapy, also known as cyberknife 

therapy, directs highly focused radiation beams to the site of painful bone 

lesions, commonly lesions of the vertebral column. While the treatment is 

designed to reduce tumor burden, it is often more efficacious at providing 

palliative care, with 60-85% of patients citing partial pain relief, and 15-58% 

reporting complete pain relief, regardless of single or multiple fractionation 
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sessions [46; 164]. Pain relief from external beam therapy can last between one 

to six months; its mechanism of action is unknown.  

 The second category of radiation therapy, radioisotopes, is administered 

intravenously in response to multiple painful bone lesions where common 

analgesic treatments have failed. Strontium-89 and samarium-153 are the most 

active radiopharmaceuticals to date, and upon sustained administration have 

shown a reduction in “hot spots” on PET scans, suggesting a cytotoxic 

mechanism of action on tumor cells [60; 91]. The most common side effects 

observed were thrombocytopenia and neutropenia, which are easily managed.   

Optional Procedures 

 An estimated 20-30% of patients fail to respond to analgesics and 

radiation therapy [186]. One minimally invasive technique used to provide bone 

stability and palliative care in patients with vertebral metastases is vertebroplasty. 

This involves an injection of polymethylmethacrylate bone cement into the hollow 

cavity of the bone to help prevent and/or reverse the beginnings of vertebral 

collapse. Patients report a significant increase in quality of life scores and display 

reduced intake of analgesics [13; 120]. 

1.4.2 Targeting the Bone Microenvironment 

Chemotherapy/ Hormone Therapy 

 Often the first method to treat metastatic bone disease, many doctors 

utilize therapeutic agents based on the chemosensitivity of the primary tumor 

[33]. Hormone therapies, such as tamoxifen, an estrogen receptor antagonist, 

have better palliative effects than most chemotherapy drugs [231]. Upwards of 
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30% of patients with localized breast cancer have detectable disseminated tumor 

cells (DTC) in the bone marrow, suggesting that metastasis occurs as an early 

event in tumor development [3; 75; 227]. As the primary tumor mutates and the 

DTC remain dormant, it would account for the minimal effects observed by 

chemotherapeutic treatments. 

Bisphosphonates 

 Perhaps the most widely prescribed class of drugs to combat skeletal 

metastases, bisphosphonates, including zoledronic acid, pamidronate, and 

ibandronate act as inhibitors of osteoclast bone resorption [294]. 

Bisphosphonates (BP) actively bind to bone, thus osteoclasts will resorb both the 

bone matrix and the bound BP during the degradation process. In doing so, the 

internalized BP can interfere with the adenosine triphosphate (ATP) metabolism 

or the mevalonate pathway, causing cellular dysfunction and eventual apoptosis 

of the osteoclast [52; 250]. Bisphosphonates help to control ongoing bone pain 

and hypercalcemia [57]. 

 Unfortunately, these compounds are only effective short term. Longitudinal 

studies have correlated an increase in atypical fractures, osteonecrosis of the 

jaw, and severe pain in response to persistent BP use [79; 119].   

RANKL Inhibitor 

 Blockade of RANKL binding to RANK on osteoclast progenitor cells 

greatly reduces osteoclastogenesis and the overall presence of OC in the bone 

microenvironment. Denosumab, a RANKL inhibitor has been shown to be as 

effective as zoledronic acid at reducing bone related complications [51]. Patients 
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on either denosumab or zoledronic acid showed a reduction in bone pain, 

however, patients on denosumab displayed a four-month delay in pain worsening 

from moderate to severe over zoledronic acid patients [51]. Similar effects, 

including osteonecrosis of the jaw, have been observed with RANKL inhibition.  

NGF Inhibitor 

 Clinical trials are currently investigating the potential of a monoclonal 

antibody (mAB) anti-nerve growth factor at mediating bone pain, as it has been 

heavily implicated in neuropathic and inflammatory components of CIBP (see 

page 36). The only observable side effect was seen in osteoarthritis clinical trials, 

where some patients experienced rapid development of osteonecrosis of their 

knee joints requiring total replacement [98]. 
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1.5 Modeling Ongoing CIBP 

 Pain is the most feared symptom of cancer and can impact patients’ lives 

more than the cancer itself [172; 186; 251; 273]. Despite improvements in cancer 

prevention and detection, pain is often the first sign of cancer, with an estimated 

three-quarters of advanced stage cancer patients presenting with skeletal 

metastases [55; 152; 201; 224]. Cancer metastasis to the bone is associated with 

persistent pain that increases in intensity over time [23; 169; 236].  

Knowledge of cancer-induced bone pain (CIBP) has been greatly 

advanced research utilizing a mouse model of cancer metastasis to the bone 

indicating inflammatory, neuropathic and mechanical components of CIBP [84; 

122; 124; 169]. Multiple disease-related factors have been identified which 

directly activate and/or sensitize nociceptive afferent fibers within the bone 

microenvironment [131; 169]. However, while compounds targeting mechanisms 

that have displayed efficacy on the outcome measures used in these preclinical 

models, they have not shown efficacy in human studies [174; 230; 235; 249; 

288]. One contributing factor may be the challenge of assessment of 

mechanisms underlying “stimulus-independent” or ongoing pain, a primary 

complaint of patients in the clinical setting [174; 230; 235; 249; 288]. We have 

developed an approach that allows the assessment of motivational drive to seek 

relief from the aversive state of ongoing pain [145; 147; 216; 217; 243]. Ongoing 

pain can be unmasked through behavioral assessment of conditioned place 

preference (CPP) to a context paired with pain relief [147; 206; 216; 217]. In 

addition, pain relief in rats with incisional injury evoked dopamine (DA) release 
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within the nucleus accumbens shell (NAc), suggesting that pain relief is 

rewarding [206; 207], consistent with human imaging studies [12; 15; 16]. The 

present study determined if relief of ongoing CIBP in rats could be achieved by 

peripheral nerve block of sensory input from the tumor-bearing tibia by evaluating 

behavior and NAc shell DA release. In accordance with the recommendations of 

the WHO analgesic ladder for cancer pain, we also assessed the relative 

effectiveness of the NSAID diclofenac and the opioid morphine in the acute 

treatment of ongoing bone cancer pain. Further analysis was conducted to 

delineate the analgesic and innate rewarding aspects of morphine administration 

via blockade of mu opioid receptors in the rostral anterior cingulate cortex 

(rACC), as the rACC is implicated in the affective component of pain [134; 135; 

243; 245].  
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1.6 Breakthrough Pain 

 Metastatic bone pain is characterized by persistent, ongoing pain as a 

result of tumor growth and bone remodeling [78; 92]. In addition, 40-80% of these 

patients also experience breakthrough pain (BTP) [65; 239] wherein transient 

episodes of severe to 

excruciating pain occurs in the 

presence of medication-

controlled background cancer 

pain [66; 301].  Breakthrough 

pain can be broken down into 

three categories based on the 

mechanism in which it was 

triggered: 1.) Idiopathic, meaning no observable cause that initiated the BTP 

state - also referred to as unpredictable pain; 2.) Incident, or predictable pain, for 

which movement is the known instigator. This can further be categorized into 

volitional movement (walking, shifting in bed) and non-volitional movement 

(coughing, swallowing) [21; 113; 194]; and 3.) End-of-dose failure, although this 

group is often debated, as this is more associated in therapeutic gaps in a 

patient’s medication regimen [182]. Breakthrough pain causes excruciating, 

debilitating pain, with reports of as many as 4-6 episodes per day, resulting in a 

dramatically negative impact on the quality of life for these patients [21; 113; 

194].  

 

Breakthrough pain is excruciating spikes in pain 
that surpass a medication-controlled background 
of ongoing pain. Adapted from www.fentora.com. 
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1.6.1 Available Treatments for Breakthrough Pain 

 As BTP has a swift onset and is transient in nature, treatments provided 

must also have a rapid onset to combat the temporal uncertainty of this event.  

Oral Opioids 

 Until recently, patients who suffered an episode of BTP were treated with 

an additional dose of oral morphine on top of what they are already prescribed. 

Metabolism of oral morphine can take up to 30 minutes, during which time the 

episode of BTP has usually ended [111; 302]. In a study investigating BTP 

intensity scores following oral morphine versus oral transmucosal fentanyl citrate 

(OTFC), researchers found that patients had lower pain intensity scores in 

response to OTFC [58]. Often given as a lozenge or lollipop, oral fentanyl has a 

bioavailabity of 50%, however only 25% is immediately absorbed by the mouth, 

with the rest swallowed [10].  

Parenteral Opioids 

 Many patients who undergo chemotherapy are required to receive ports. 

As such, this device can provide a rapid way to administer opioids intravenously 

to combat the transient and unpredictable nature of BTP. In a study by 

Mercadante et al, patients who received IV morphine had significantly more pain 

relief at 15 min post-administration compared to patients that received OTFC. 

Pain intensity scores were similar at 30 min for both cohorts of patients [191].  
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Rapid Onset Opioids 

 As with OTFC, fentanyl buccal tablets (FBT) are considered to be rapid 

acting, as this drug is made immediately available through absorption via the 

buccal mucosa [166]. In a study comparing FBT to oxycodone, the results 

showed that patients with oxycodone had significantly higher pain intensity 

scores after 15 minutes of treatment compared to patients treated with FBT 

patients. Additionally, patients preferred FBT 52% to 33% for oxycodone. Side 

effects from opioids were similar for both sets of patients [11]. As such, most 

clinicians prescribe rapid onset opioids (ROOs) to BTP patients due in part to 

their quick absorption and fast onset [182]. 

1.6.2 Why Does Breakthrough Pain Fail to be Successfully Managed? 

  Clinicians diagnose BTP as a change from baseline, or persistent, 

ongoing pain, however, there is no standardized, 

validated tool available to aid in the assessment of 

episodic BTP [108; 189]. Similarly, many doctors fail to 

take into consideration that there may be other 

underlying causes that can contribute to BTP. This 

overall lack of standardization can result in inadequate 

care to the patient [303].  

  Success in the treatment of BTP is often 

insufficient due to lack of knowledge of opioid titration required for safe and 

effective treatment in these patients, as well as a lack of effective alternative 

therapies. Further complicating treatment, BTP takes place on a background of 

Basis for diagnosis of 
breakthrough pain. 
Adapted from [182] 
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medication controlled ongoing pain, with patients generally already receiving 

around-the-clock opiate treatment [182; 186; 194; 303]. The resulting high doses 

of opioids needed to treat episodic BTP increase the likelihood and severity of 

adverse side effects and further diminish the quality of life of these patients [25; 

188]. These issues highlight the need for development of more efficient 

medications to 

treat BTP.  

 As different 

mechanisms likely 

mediate ongoing 

and BTP [21], individual treatment strategies targeting ongoing and BTP may be 

required for these patients. A better understanding of mechanisms driving these 

pain states is critical for development of more comprehensive treatment 

strategies for patients experiencing ongoing and breakthrough cancer pain. 

1.6.3 Modeling Breakthrough Pain 

 Limited understanding of mechanisms driving breakthrough pain has 

hampered advances in the development of alternative therapies for BTP. 

Although much has been learned about CIBP, existing preclinical models have 

not allowed assessment of mechanisms underlying BTP, presenting an 

impediment to discovery of novel therapies. Development of preclinical methods 

to evaluate BTP will allow for enhanced, translationally relevant evaluation of 

potential treatment modalities.  

Hypothetical Comprehensive Pain Assessment Tool 
 

- Frequency and duration of episodes 
- Precipitating factors 
- Current/ previous pain treatments for ongoing pain 
- Effectiveness of treatments 
- Inferred pathophysiology 
- Origins of pain 
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 We have developed a novel measure of BTP using the motivational drive 

to avoid an increase in pain following palpation of the tumor bearing hind limb, 

simulating movement of the tumor-bearing bone in patients. We tested the 

hypotheses that 1) palpation of the tumor bearing hind limb will induce 

conditioned place aversion (CPA) to a previously neutral context indicating 

exacerbation of pain as reported in patients with BTP and 2) that palpation-

induced CPA is observed in the presence of ongoing morphine treatment 

sufficient to block cancer-induced ongoing bone pain, a defining aspect of BTP in 

patients [19; 65; 113; 190; 239]. We further determined the role of afferent input 

from the tumor-bearing bone in BTP. 
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1.7 Transient Receptor Potential Channels 

 Transient receptor potential (TRP) channels are a superfamily of 28 

channels categorized into 7 sub-families: TRPC, TRPN, TRPM, TRPV, TRPA, 

TRPP, and TRPML [246].  These channels are proteins that form 6-

transmembrane, 

non-selective, 

permeable cation 

channels that are 

classified based 

upon differences 

found in their 

amino and 

carboxyl terminals 

[50]. TRP 

channels are 

expressed in a 

multitude of organisms, including invertebrates: drosophila, zebrafish, and 

nematodes; and vertebrates: mice, rats, and humans [285]. While pain is 

currently the most well studied field in regards to TRP channels, further 

understanding of these channels has occurred by animal genetic knockouts and 

human genome wide association studies [298]. Based upon extensive research, 

we recognize that these channels play a major role in many physiological 

processes, including nociception, touch, vision, taste, and smell [199]. Further 

Amino and carboxyl terminal differences corresponding to each 
class of TRP channels. Adapted from [199]. 
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pharmacological understanding of these channels has been aided by 

identification of natural ligands that activate the opening of these membrane 

bound proteins [50; 199; 246; 285]. 

1.7.1 Transient Potential Vanilloid 1 

 While many TRP channels have been at the forefront of current preclinical 

and clinical research, none have been as heavily investigated than transient 

potential vanilloid 1, or TRPV1. Known as the “capsaicin receptor,” TRPV1 

channels are solely expressed on nociceptive fibers (Aδ and C-fibers), and have 

a high degree of expression within dorsal root ganglion and trigeminal ganglion, 

the cell bodies of nerves in the peripheral nervous system [5; 128]. These 

receptors have three mechanisms by which the channel can be opened. Natural 

Chemical, thermal, and phosphorylated mechanisms can activate TRPV1 channels. 
Adapted from [5]. 
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ligands, including capsaicin, and elevated levels of localized protons can activate 

the opening of TRPV1 channels [279]. Second, this channel can be directly 

stimulated to open in response to noxious heat stimuli (43°C<) [38]. The last 

method of activating TRPV1 is done indirectly by phosphorylation of the receptor. 

Upon GPCR or tyrosine kinase binding (ex. nerve growth factor), the 

phospholipase C pathway is initiated. Through the hydrolysis of PIP2 or through 

the production of DAG, TRPV1 proteins can become phosphorylated, indirectly 

opening the gated pore [246].  

 Once activated, an influx of sodium and calcium ions induce the 

depolarization of the neuron, creating actions potentials that signal to the spinal 

cord and then to the brain about painful stimuli, which often are perceived as a 

burning, itching, or stinging sensation [5]. In addition, these factors not only 

activate TRPV1 channels, but can also sensitize them to activation by other 

agonists, lowering the threshold by which the nociceptive signaling can occur 

[156; 241]. 

1.7.2 TRPV1: A historical perspective 

 Successfully cloned in 1997, much of the research conducted on this 

channel has investigated its physiological role in mediating pain, as there are no 

known disease states related to mutations of this protein [38; 128; 199]. 

Knockout studies have demonstrated that TRPV1-/- mice display similar reactions 

to mechanical stimuli as their wild-type counterparts and maintain normal resting 

body temperatures. TRPV1-/- mice however, selectively displayed a reduced 

sensitivity to noxious thermal stimuli [26; 37; 67]. Ablation of TRPV1 sensory 
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nerves via high dose applications of capsaicin in rats has shown this effect as 

well [276]. Early studies involving guinea pigs demonstrated that capsazepine, a 

synthetic analog of capsaicin, was able to successfully block inflammatory pain 

induced by protons, heat, and capsaicin at the TRPV1 receptor [256; 291]. 

 Based on these results, pharmaceutical companies quickly employed 

research teams to create receptor antagonists. High-throughput screening and 

competition assays utilizing capsaicin revealed several potential antagonists with 

high specificity for the vanilloid-binding pocket of the TRPV1 receptor. Preclinical 

analysis of these compounds has shown ~90-100% efficacy based upon on-

target challenge models (capsaicin-induced eye wiping, capsaicin-induced flinch 

behavior, and capsaicin-induced secondary mechanical hyperalgesia) and ~30-

70% efficacy at partially reversing skin-induced thermal hyperalgesia in 

inflammatory models of pain (CFA- and carrageenan models) (Table shown in 

[128]).  

 Clinical studies have confirmed TRPV1 as a noxious heat sensor in 

humans and approval was granted to take these antagonists into clinical trials 

following positive preclinical observations [199]. Upon administration, healthy 

volunteers reported elevated thresholds at detecting noxious heat stimuli with no 

apparent side effects [45]. Further analysis revealed, however, that in the 

presence of a TRPV1 antagonist, patients could no longer detect scalding food or 

beverages, nor discern warm from extremely hot water temperatures in the 

shower [199]. Despite this revelation, many clinical trials are currently underway 

to study the effects of TRPV1 antagonists in several pain conditions.  
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1.7.3 TRPV1 and Cancer Pain 

 It is well documented that BCBM creates an environment known as an 

“inflammatory soup.” Acidosis of the bone microenvironment is caused by an 

increase in extracellular protons, due in part to a surge in inflammatory mediators 

including macrophages and cytokines, and osteoclast-induced bone degradation 

[53; 131; 169]. As protons are a known activator and sensitizer of TRPV1 

channels, pharmacological blockade was hypothesized to provide pain relief in a 

mouse model of bone cancer pain. Research conducted by Mantyh and 

colleagues investigated the expression of TRPV1 channels in a mouse model of 

BCBM, and to observe if TRPV1 antagonism could reverse pain related 

behaviors [102]. Experiments revealed that ~20-25% of the sensory nerves 

innervating the tumor-bearing femur were expressed TRPV1. Acute and chronic 

administration of a TRPV1 antagonist showed a reduction in spontaneous- and 

movement-evoked flinching behaviors, with no negative side effects observed in 

response to the drug treatment [102]. Further confirmation of TRPV1 channel 

involvement in BCBM was demonstrated by Niiyama et al., where they revealed 

an increase in TRPV1 expression in the DRG of bone cancer mice compared to 

their sham counterparts and that the expression was co-localized with CGRP 

positive C-fibers [211]. 

1.7.4 AMG9810: Investigating the Role of TRPV1 

 Data collected from our lab demonstrate that rats displayed decreased 

thresholds to noxious heat sources in the presence of intraplantar CFA. 

Administration of a novel TRPV1 antagonist, AMG9810 (30mg/kg, i.p.), was able 
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to partially reverse thermal hypersensitivity at 15 min post-administration, before 

returning to baseline levels. This compound, however, failed to block CPP for 

popliteal fossa lidocaine, indicating that AMG9810 failed to alleviate ongoing pain 

induced by the CFA [216]. 

 In an osteoarthritis model (OA), monosodium iodoacetate (MIA)-induced 

rats displayed decreased thermal hypersensitivity to noxious heat. AMG9810 

(30mg/kg, i.p.) was able to reverse MIA-induced thermal hyperalgesia. Similarly, 

AMG9810 was able to partially reverse MIA-induced shift in weight bearing. 

However, acute pre-treatment with AMG9810 failed to block CPP to intra-

articular lidocaine, indicating that ongoing pain was not managed by TRPV1 

antagonism [217]. 

 Preliminary data collected in our CIBP model shows that cancer-bearing 

rats do not display thermal hyperalgesia to noxious heat. Based upon the 

previous findings, we hypothesized that acute blockade with AMG9810 may 

alleviate CFA-induced thermal hyperalgesia in Fischer rats, but that it would 

display no efficacy at reversing cancer-induced tactile hypersensitivity, nor would 

it control ongoing pain by blocking preference to saphenous lidocaine.  
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1.8 Interleukin-6 

 Interleukin-6 (IL-6) is a pleiotropic cytokine involved in the acute phase 

response of the pro-inflammatory cascade following injury [8; 193]. Major 

contributors of IL-6 include myeloid-derived cells (macrophages), endothelial 

cells, fibroblasts, monocytes, tumor cells, prostaglandins and related cytokines 

[8; 209]. Under normal physiological conditions, IL-6 is virtually undetectable in 

serum, but can increase nearly 100-fold in response to physical activity [229]. 

Continuously elevated serum levels have been correlated with depression, 

cardiac disease, and chronic inflammatory conditions such as Castleman’s 

disease and rheumatoid arthritis [126].  

 Interleukin-6 is a glycosolated protein made up of four-alpha helices with a 

mass of 21.5-28 kDa [175; 257]. This protein signals through two mechanisms: a 

classical signaling pathway and a transsignaling 

pathway [8]. Canonical signaling occurs when IL-6 binds 

to glycoprotein 80 (gp80), a membrane bound protein 

found specifically on osteoblasts, B-cells, and 

macrophages [117]. Upon binding to gp80, the IL-6/gp80 

complex induces homodimerization of the 

transmembrane bound protein, glycoprotein 130 

(gp130), consisting of two beta-subunits, which the IL-

6/gp80 complexes to on the extracellular side. 

Dimerization allows for transactivation and auto-

phosphorylation of Janus kinases (Jak) found on the cytoplasmic domain of 

Activation of the Jak/STAT 
pathway upon IL-6 binding. 
Adapted from [8]. 
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gp130. In turn, these kinases recruit and phosphorylate signal transducer and 

activator of transcription 3 (STAT3). Phosphorylated STAT3 (pSTAT3) then 

dimerizes with another pSTAT3, translocates into the nucleus, and activates 

transcription of pro-survival, growth, and cellular proliferation genes. The second 

mechanism of IL-6 signaling, transsignaling, is conducted through soluble IL-6 

(sIL-6). Unlike gp80, which is only expressed on select cells, gp130 is 

ubiquitously expressed on many cell types. Soluble IL-6 is a protein complex 

containing a non-membrane bound form of gp80 [8; 70; 193]. It is not known how 

this complex is created, but it is hypothesized to be due to alternative splicing 

events through protealytic cleavage via metalloproteases, or in the instance of 

BCBM, shed by inflammatory cells including macrophages, neutrophils, and T-

cells [31; 41; 121; 150]. Because sIL-6 does not require membrane bound gp80 

to signal, it has the capability to bind to cells expressing gp130 to initiate the 

Jak/STAT cascade, thus forcing cells to utilize IL-6 where they previously did not 

[252]. 

I.8.1 Interleukin-6 and cancer 

 Markedly elevated levels of serum IL-6 serve as a poor prognostic 

indicator of advanced stage disease in renal cell carcinoma, ovarian cancer, 

lymphoma, melanoma, prostate cancer, stomach cancer, and breast cancer 

patients [17; 18; 71; 83; 95; 155; 281; 294]. Colorectal patients showed IL-6 

associated disease progression in response to higher circulating levels, including 

histological grade, tumor size, and shorter life expectancy [83; 138; 212]. Co-
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morbidities, including cachexia, have also been correlated to increased levels of 

IL-6 in pancreatic cancer patients [215].  

 Interleukin-6 has been linked to the development of tumor behaviors, 

including tumor growth, cell migration, invasion, and evasion of apoptosis. 

Interestingly, multi-drug resistance is witnessed in tumor cell lines with 

overproduction of IL-6, as tumor cells that do not express IL-6 remain sensitive to 

chemotherapeutic agents [59]. In prostate and renal carcinoma cells, IL-6 

production conferred resistance to cisplatin-mediated cytotoxicity, but was 

reversed by administration of an IL-6 receptor antibody [28; 93]. IL-6 induced 

STAT3 overexpression also promotes 

resistance to chemotherapeutic apoptosis, 

as was observed in paclitaxel-resistant 

ovarian cells. Inhibition of pSTAT3 

resulted in enhanced apoptosis in vitro 

[107]. Pro-survival proteins, Bcl-2, 

survivin, and Mcl-1, have also been linked 

with increased STAT3 expression and 

drug resistance [105]. Overexpression of 

IL-6 in organs, such as the liver and lungs, act as a chemo-attractant for 

circulating tumor cells, encouraging micro-metastases to form and grow [8]. In 

addition, IL-6 has been implicated in angiogenesis by upregulation of VEGF 

transcription, encouraging new vascularization for the tumor microenvironment 

[64]. 

Intleukin-6 activates many genes that 
contribute to modulating the bone 
microenvironment. Adapted from [8]. 
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1.8.2 Interleukin-6 and bone metastases  

 In cancers that metastasize to the bone, particularly breast cancer, IL-6 is 

a major proponent of enhanced bone degradation, or osteolysis [71; 169; 294]. 

Binding of IL-6 is associated with tumor-induced bone remodeling through 

modulation of osteoclast and osteoblast activity. IL-6 signaling leads to 

expression and release of RANKL from osteoblast/stromal cells which promotes 

osteoclast differentiation and maturation, resulting in increased bone resorption, 

which leads to bone loss and eventual fracture [22; 278]. IL-6-induced production 

of parathyroid hormone-related peptide (PTHrP) by tumor cells promotes 

expression of RANKL and simultaneously decreases production of 

osteoprotegerin (OPG), a decoy receptor for RANKL, used to maintain bone 

metabolism homeostasis [82; 129]. Especially dangerous with BCBM, 17-β 

estradiol is upregulated by IL-6, blocking estrogens known for anti-osteoclast 

activity, further encouraging bone matrix degradation [22]. This “vicious cycle” of 

osteolysis induced by IL-6 causes the release of stored growth factors within the 

bone matrix, fueling tumor growth and expansion.  

1.8.3 Interleukin-6 and pain 

 Cytokines are key regulators in the pathophysiology of inflammation [209]. 

Interleukin-6 is associated with the sensitization of nociceptive fibers and evoked 

pain with peripheral activity at the site of injury or disease, and with central 

activity such as within the spinal dorsal horn through release by microglia and 

astrocytes [8; 22; 70; 179; 258; 278]. Of note, neither IL-6 nor IL-6 mRNA are 

detectable within nerves, DRG, or the ventral or dorsal horn of the spinal cord 
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under normal physiological conditions [27; 153; 202; 213]. Levels of IL-6 and its 

mRNA become upregulated at the site of injury and within the ipsilateral, but not 

contralateral, DRG in response to local and nerve injury [27; 153].  

 Nociceptors within the periphery fail to express IL-6 receptors, yet have 

high levels of gp130 expression. Injection of IL-6 with sIL-6R into the hindpaw of 

a rat induces thermal and mechanical hypersensitivity, and subsequent deletion 

of gp130 in peripheral nociceptive fibers blocks thermal hyperalgesia induced by 

IL-6/ sIL-6R injection [6]. Thermal hypersensitivity was restored in mice lacking 

peripheral gp130 by administration of a sIL-6R/ gp130 complex. 

 Several studies have demonstrated that blockade of IL-6 signaling blocks 

evoked pain (i.e. hypersensitivity to thermal and/or mechanical stimulation) 

across a variety of preclinical models [30; 44; 284]. Subcutaneous and oral 

administration of an IL-6 receptor antagonist successfully reversed abdominal 

hypersensitivity in a rat model pancreatitis. This effect, however, was not 

observed with intrathecal (i.t.) administration, suggesting IL-6 induces 

hypersensitivity via peripheral mechanisms. IL-6 has been linked to sympathetic 

sprouting following L5 spinal nerve ligation and may contribute to pathological 

sprouting and neuroma formation previously reported in tumor bearing mice [170; 

173]. As pathological sprouting and neuroma formation have been implicated in 

neuropathic pain states, blocking these changes may alleviate ongoing cancer-

induced bone pain. As such, IL-6 signaling may be an attractive target for pain 

management in cancer patients with bone pain [8; 278]. 
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1.8.4 Blockade of Interleukin-6 signaling by TB-2-081 

 Interleukin-6 is frequently upregulated during pathologic conditions 

commonly associated with tactile hypersensitivity and pain [70; 205; 270]. The 

aim of this study was to investigate the effects of sustained blockade of IL-6 

signaling on tumor-induced bone remodeling, tumor growth, and tumor-induced 

bone pain.  

 This study incorporated the sustained blockade of the pro-inflammatory 

cytokine IL-6 by the novel compound TB-2-081, graciously provided to our 

laboratory by Dr. Kenner Rice (NIH) [148]. TB-2-081 (3-O-formyl-20R,21-

epoxyresibufogenin) was derived from extracts of Chinese toad skin, and its 

structure confirmed by x-ray crystallography [114]. Preliminary analysis reported 

it as a selective IL-6 receptor antagonist, blocking binding of IL-6 and sIL-6 [114; 

148]. This small molecule antagonist has previously been shown to alleviate 

chronic pancreatitis pain in rats [284]. 

 Interleukin-6 has been consistently linked to chronic inflammatory and 

immune diseases, including rheumatoid arthritis, Castleman’s disease and more 

recently, cancer [22]. Tocilizumab, a humanized anti-IL-6 receptor antibody, is 

presently approved for human use for rheumatoid arthritis and Castleman’s 

disease [44]. TB-2-081, unlike other IL-6 inhibitors currently undergoing clinical 

trials or approved for human use, is not a monoclonal antibody (mAb) and does 

not carry the risks associated with the administration of mAbs, including immune 

reactions such as acute anaphylaxis, serum sickness, the generation of 

antibodies against the mAb, and the potentially life-threatening cytokine release 
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syndrome[112]. Acute oral and intraperitoneal (i.p.) administration of TB-2-081 

has been demonstrated in our laboratory to be efficacious at reversing evoked 

pain responses in a rat model of pancreatitis, with no documented side effects 

associated with administration [284]. In vitro studies in HepG2 hepatocellular 

carcinoma cell line reveal this compound to reduce cell growth without effecting 

cell viability [148]. We investigated the role of selective blockade of the IL-6 

signaling cascade on its effects at the protein level in vitro, and in vivo on tumor-

induced bone remodeling and pain behaviors in our model of CIBP.  
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1.9 The Overarching Problem 

                 Management of pain is limited to analgesic treatments including opioids 

and NSAIDS, bisphosphonates to kill osteoclasts and reduce bone degradation, 

and radiation therapy administered over extended periods of time [186; 237]. All 

of these treatments, however, have no effect on altering the growth of the tumor, 

and come with a plethora of side effects, including tolerance to the compound, 

opioid-induced hyperalgesia, somnolence, and gastrointestinal disruption [143; 

146]. As such, pain management is often estimated to be inadequate in the 

clinical setting [20; 48; 80]. As advances in cancer therapeutics dramatically 

increase life expectancy of patients, including those with bone metastases, these 

patients continue to experience pain that can be severe and unpredictable, 

greatly limiting daily activity and resulting in poor quality of life [172; 237; 274]. 

New molecular targets need to be discovered and therapeutics developed that 

have targeted effects, including (a) reduced tumor burden and disease 

progression, (b) decreased amount of bone remodeling, and (c) relief of pain 

synergistic with other pain-alleviating agents that can be administered over the 

course of the disease to greatly improve the quality of life of these patients. 
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1.10 Specific Aims and Hypotheses 

 The goal of our studies was to a.) Determine if we could capture ongoing 
and breakthrough pain in a rat model of BCBM, and b.) Investigate the role of 
hypothesized contributors to ongoing and breakthrough CIBP.  
 
1. Characterize a rat model of cancer-induced ongoing bone pain using the WHO 
3-step ladder for pain management. 
 

Hypothesis: We hypothesize that a.) BCBM induces ongoing CIBP that 
produces motivational drive to seek pain relief, and that b.) Pain relief 
activates the mesolimbic reward valuation circuitry.  
 

2. Demonstrate breakthrough pain in a rat model of CIBP. 
 

Hypothesis: We hypothesize that peripheral nociceptive input from the 
tumor-bearing tibia is critical in the induction and maintenance of movement-
initiated BTP.  
 

3. Determine the role of acute blockade of TRPV1 channels in propagating 
evoked and ongoing CIBP. 
 

Hypothesis: We hypothesize that acute inhibition of TRPV1 will a.) Reverse 
tactile hypersensitivity, but b.) Fail to control ongoing CIBP. 
 

4. Determine the role of sustained blockade of interleukin-6 signaling on tumor-
induced bone remodeling and pain. 
 

Hypothesis: We hypothesize that sustained inhibition of interleukin-6 
signaling will a.) Modulate the bone microenvironment to reduce tumor-
induced bone remodeling, and b.) Reduce evoked and ongoing CIBP. 
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CHAPTER 2. MATERIALS AND METHODS 

2.1 Animals 

 Female Fisher F344/NhSD rats (Harlan Laboratories Inc, Indianapolis, IN, 

USA) weighing 150-200g were used for all experiments, which were performed in 

accordance with the guidelines set forth by the National Institutes of Health and 

the Institutional Animal Care and Use Committee of the University of Arizona. 

Rats were housed three to a cage with food and water ad libitum on a 12-hour 

dark/light circadian cycle.  

2.2 Cell Line 

 Histocompatible 13762 MAT B III (CRL1666, ATCC) rat mammary 

adenocarcinoma cells were maintained in McCoy’s 5A media (CellGro) with 10% 

fetal bovine serum and 2% penicillin/ streptomycin at 37°C in a 5% CO2 

atmosphere. Cells were harvested for use in all the following studies between 

passages 10 to 40. 

2.3 Surgical Procedures 

2.3.1 Intratibial Surgery 

 Rats were anaesthetized (i.p. ketamine/xylazine 80/12 mg/kg; Western 

Medical Supply/Sigma). Following the pinch test to confirm the rats had no 

reflexive response, the right rear hindlimb was shaved to expose the skin over 

the femoral-tibial joint, which was cleaned three times with 70% EtOH and 

betadine. A rostral-caudal incision exposed the patellar tendon. A hole was 

drilled with a 1.0mm tip diameter micro drill bit (Stoelting) through the tibia 

epiphyseal plate and into the intramedullary space. A 5cm 28-gauge guide 
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cannula (Plastics One) connected by Tygon tubing (Cole-Parmer) to a 10µL 

syringe (Hamilton) was used to inject either 1 x 105 cells/5µl of MATBIII cells or 

5µL of McCoy’s 5A serum free media into the tibia. Prior to injection, confirmation 

of proper drill placement was confirmed using radiograph imaging (Faxitron). The 

drilled hole was then sealed with bone cement (Simplex P), the overlying skin 

closed with 5-0 vicryl sutures (Ethicon) and a surgical staple for additional 

support. Staples were removed 7 days post-surgery. All rats received an injection 

of Gentamycin (1mg/ml, s.c.) upon completion of the surgery. 

2.3.2 Nucleus Accumbens Cannulation for Microdialysis 

 Surgical intracranial cannulation of the NAc shell was performed in 

anesthetized rats (i.p. ketamine/xylazine 80/12 mg/kg; Western Medical 

Supply/Sigma) as previously described [206]. Due to the smaller size of Fisher 

rats compared to other strains, new coordinates were verified based on previous 

coordinates obtained from the rat brain atlas [228]. The rat skull was exposed 

and a single guide cannula (EICOM, Japan) was implanted into the left NAc shell 

(AP: +1.5mm, ML: -1.0, DV, dura: -4.7mm) and secured to the skull with acrylic 

resin. To ensure the cannula remained clear of particulates, a stainless steel 

dummy was inserted into the guide cannula and held in place with a 

corresponding screw cap (EICOM, Japan). Rats received a combination bolus of 

Gentamycin (1mg/mL, s.c.) and saline (1.5 mL) upon completion of the surgery. 

Cannulated rats were housed individually and allowed to recover for 5 days prior 

to any additional surgical procedures. Cannula placement was verified post-

mortem using injections of ink as previously described [206]. Any animals with 
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misplaced cannulas were removed from the data analysis. 

2.3.3 Rostral Anterior Cingulate Cortex Cannulation 

 Stereotaxic rostral ACC surgeries were conducted on anesthetized rats 

(i.p. ketamine/xylazine 80/12 mg/kg; Western Medical Supply/Sigma). ACC 

cannulation occurred in conjunction with NAc cannulation to reduce the number 

of surgeries performed on each animal. Coordinates for the rostral ACC were 

adapted from the rat brain atlas and adjusted to account for the smaller size of 

the Fischer rats. The manipulator swivel base was rotated and locked at 90°. The 

vertical alignment was positioned a +25° angle, and two 26-gauge guide 

cannulas separated by 1.2 mm (Plastics One) were directed towards the rostral 

ACC (AP: +3.7 mm from bregma, ML: ± 0.6 mm, DV, skull: -2.7 mm). The 

cannula was cemented in place with acrylic resin, held by two screws anchored 

to the skull. Rats received a dual injection of Gentamycin (1mg/ml, s.c.) and 

saline (1.5mL) upon completion of the surgery. Cannula placement was verified 

post-mortem using injections of ink. Any animals with misplaced cannulas were 

removed from the data analysis. 

2.4 Drug Administration 

2.4.1 Saphenous Lidocaine 

 Rats were anaesthetized with a 2% isoflurane O2 mixture. To produce an 

effective peripheral nerve block, lidocaine (Roxane Laboratories, Columbus, OH, 

USA) was administered over the saphenous nerve in a single s.c. injection (4% 

w/v, 350 µL). Equivolume saline was given as a vehicle control. The saphenous 
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nerve was chosen because it is the primary innervation of the tibia in rats [130; 

137]. 

2.4.2 Diclofenac 

 Diclofenac (Sigma-Aldrich) was dissolved in PEG400 and saline (10:90 

v/v) and administered systemically (30 mg/kg, p.o.), with PEG400/saline given as 

a vehicle.  

2.4.3 Morphine 

 A single morphine sulfate (75mg) or placebo pellet, generously provided 

by the National Institute on Drug Abuse Drug Supply Program, was implanted 

(s.c.) on the contralateral pelvic region of the rat. The animals were anesthetized 

with a 2% isoflurane O2 mixture and the region shaved and cleaned three times 

with 70% EtOH and betadine. A small incision was made with surgical scissors 

and a pocket created between the skin and muscle membrane. The pellet was 

placed into the pocket and the incision closed with a surgical staple. 

2.4.4 Beta-funaltrexamine 

 Beta-funaltrexamine (β-FNA) (Tocris), a selective irreversible µ-opioid 

receptor antagonist, was dissolved in saline for a final concentration of 3 µg/µL. 

The compound was sonicated for several minutes and kept in 52°C water bath to 

maintain solubility. Prior to drug administration, rats were anaesthetized with a 

2% isoflurane O2 mixture. Using a Quintessential Stereotaxic Injector (Stoelting), 

a bilateral microinjection (1 µL/hemisphere) of β-FNA was administered over a 5-

min period to allow for diffusion of the drug. Rats received β-FNA 20-hours prior 

to the start the morphine hourly microdialysis study. 
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2.4.5 AMG9810 

 AMG9810 (Amgen), a TRPV-1 antagonist, was dissolved in PEG400 and 

administered at 30 mg/kg (i.p.). PEG400 was provided as a vehicle treatment. 

2.4.6 TB-2-081 

 TB-2-081, a small-molecule interleukin-6 receptor antagonist, was 

generously provided by Kenner Rice of the NIH. The compound was made up in 

PEG400, and using sonication, was agitated and dissolved. Acute administration 

occurred at 10mg/kg (i.p.). Due to the viscosity of the solution, it was warmed in a 

37°C water bath prior to injection. Sustained administration was accomplished 

utilizing osmotic mini-pumps (model 2001, Alzet, Cupertino, CA, USA). The 

pumps were primed with either TB-2-081 or PEG400 24-hours in advance and 

allowed to acclimate in a 37°C incubator. Following intratibial surgeries, pumps 

were implanted subcutaneously, anterior to the left iliac crest. On day 7, pumps 

were replaced with freshly prepared pumps to ensure continuous drug treatment.  

2.4.7 Complete Freund’s Adjuvant 

 Rats received an intraplantar injection of 30 µL (s.c.) Complete Freund’s 

Adjuvant (CFA) (Calbiochem) into the left hindpaw. Control rats received an 

equivolume injection of saline. 

2.5 In Vivo Behavioral Testing 

 All behavioral testing was performed by an experimenter blinded to the 

treatment groups. 
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2.5.1 Tactile Hypersensitivity 

 Paw withdrawal thresholds were determined in response to probing with 

calibrated von Frey filaments (Stoelting) with spaced increments ranging from 0.5 

to 15 g. All animals were allowed to acclimate in suspended wire-mesh cages for 

30 min prior to the start of the study, and each filament was applied to the middle 

of the plantar surface of the paw using the "up and down" method and analyzed 

using a Dixon nonparametric test. 

2.5.2 Limb Use 

 Limb use was assessed as previously described [162]. The animal was 

placed in an empty pan and observed while walking. Usage of the treated limb 

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

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

2.5.3 Thermal Hyperalgesia 

 Nociceptive withdrawal latency baselines to noxious heat were determined 

using the plantar test apparatus [216]. An I.R. intensity of 41 was used, with a 

maximum cut-off limit of 32 sec utilized to prevent damage to the hindpaw. Rats 

were placed in Plexiglas chamber boxes and allowed to acclimate for 15 min 

prior to measuring withdrawal response.  

2.5.4 Conditioned Place Preference 

 Conditioned place preference (CPP) to pain relief provided by peripheral 

nerve block has been previously used to reveal underlying mechanisms of 

ongoing pain in several other pain models [206; 216; 217]. We determined 

whether saphenous nerve block by lidocaine produces CPP in rats with tumor 
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bearing tibias as previous studies have demonstrated that the tibia is 

predominantly innervated by saphenous nerve [96; 137]. We performed a single-

trial CPP protocol on Days 11 through 13 post-intratibial surgery. The 3-chamber 

CPP apparatus consists of 2 conditioning chambers with distinct tactile, visual, 

and olfactory cues, connected by a smaller, neutral chamber that was brightly lit. 

Unlike previous protocols, animals for this study were not handled prior to the 

start of this experiment to minimize the potential to produce pain by inadvertent 

movement of the hindlimb or damaging the cancer-bearing limb. White noise was 

played to provide background noise and block out any extraneous sounds. On 

the first day (D11, pre-conditioning) of the experiment, rats were introduced to 

the neutral chamber and allowed to explore all 3 chambers for 15 minutes. 

Baseline time spent in the chambers was measured using ANY-maze tracking 

software (Stoelting). Exclusion criteria for rats were spending <20% or >80% time 

in a chamber. Rats were assigned treatment-chamber pairings using a 

counterbalanced design for the following day. Care was taken so that group 

means for the morning (vehicle) and afternoon (drug) chamber pairings were not 

significantly different (unbiased CPP design). On the second day (D12, 

conditioning), rats were lightly anesthetized with isoflurane and given a vehicle 

treatment of saphenous saline followed by immediate (<2 min) confinement into 

the appropriate pairing chamber for 30 minutes, then returned to their home 

cage. Four hours later, rats were lightly anesthetized with isoflurane and treated 

with saphenous lidocaine followed by immediate (<2 min) confinement to the 

opposite pairing chamber for 30 minutes. All rats awoke within 1 minute of 
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removal of isoflurane. On the final day (D13, testing), rats were once again 

allowed to freely explore the apparatus for 15 minutes. Time spent in the 

chamber was recorded by ANY-maze. Preference for the lidocaine-paired 

chamber was calculated as difference scores, subtracting the baseline time from 

the testing time (test-baseline). Preference is indicated by a positive score. 

2.5.4.1 CPP with Diclofenac  

 As diclofenac was given systemically, the time-course of the pain 

alleviating effect likely has a slow onset that would be difficult to associate with 

the paired context. Therefore, the effects of systemic administration of diclofenac 

were determined by assessing the ability to block lidocaine-induced CPP at a 

time that peak reversal of cancer-induced tactile hypersensitivity is observed (45-

75 min post diclofenac administration). On conditioning day (day 12 post-

surgery), all rats were treated in the morning with vehicle control (1 mg/kg, 

PEG400/saline, 10:90 v/v, p.o.) 45 minutes prior to saphenous saline injection. 

For the afternoon treatment, rats were given systemic diclofenac (30 mg/kg, p.o.) 

45 minutes prior to saphenous lidocaine administration. If ongoing pain was 

effectively treated with diclofenac, saphenous lidocaine would no longer be 

expected to produce CPP in tumor bearing rats.  

2.5.4.2 CPP with Morphine 

 Following pre-conditioning baselines (D11 post intratibial surgery), cancer 

and sham treated rats were assigned treatment-chamber pairings and then 

implanted with either a morphine (75mg) or placebo pellet. The following day 

(conditioning day), rats received saphenous saline in the morning, followed 4 
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hours later by saphenous lidocaine for the afternoon treatment session. This 

corresponded to 20-24 hours following pellet implant. As described above, if the 

tumor-induced ongoing pain is controlled by the morphine infusion, cancer 

treated rats would not be expected to display CPP to the lidocaine paired 

chamber. 

2.5.4.3 CPP with AMG9810 

 AMG9810 was administered systemically (30mg/kg, i.p.) at a dose shown 

to effectively block CFA-induced thermal hyperalgesia. On conditioning day (day 

12 post-surgery), all rats were pre-treated with in the morning with vehicle control 

(PEG400, i.p.) 15 minutes prior to saphenous saline injection. For the afternoon 

pairing, rats were given AMG9810 (30 mg/kg, i.p.) 15 minutes prior to saphenous 

lidocaine administration. Similar to diclofenac pre-treatment for CPP, if ongoing 

pain was controlled by AMG9810, CPP to saphenous lidocaine should not occur 

in cancer bearing rats. 

2.5.4.4 CPP with acute administration of TB-2-081  

 The pain alleviating effects of TB-2-081, unlike lidocaine, has a slow 

onset, as demonstrated by its peak reversal of tactile hypersensitivity in cancer-

bearing rats at 30 min post-administration. To take advantage of this, on 

conditioning day (D12 post-surgery), rats were pre-treated with vehicle (PEG400, 

i.p.), and 20 minutes later were given a saphenous saline injection during the 

morning pairing. For the afternoon pairing, rats were given a saphenous lidocaine 

injection following a 20-minute pre-treatment period with TB-2-081 (10mg/kg, 

i.p.). If acute administration of TB-2-081 was able to successfully manage 
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cancer-induced ongoing pain, then the rats would not demonstrate CPP to the 

chamber paired with the lidocaine. 

2.5.4.5 CPP with sustained administration of TB-2-081 

 Rats in this study underwent single trial CPP to saphenous lidocaine, as 

previously described, as there were no concerns about delayed onset of the TB-

2-081 as with the acute administration.  

2.5.5 Conditioned Place Avoidance 

 CPA was assessed in a 3 chamber apparatus with chambers 

distinguishable by visual, tactile and odor cues. Chambers were in a room with 

constant white noise. Both tumor-bearing and control rats underwent a one day 

pre-conditioning period (D11 post-surgery) in which time spent in each chamber 

of the CPA apparatus was recorded for 15 min. Any rats spending less than 180 

or more than 720 sec in a single chamber were removed from the study (<10% 

total animals tested). On conditioning day (D12), rats were paired to one side of 

the apparatus for 30 min without any treatment to minimize potential accidental 

movement of the tumor-bearing hindlimb. Four hours later, they underwent 2 

minutes of palpation to the cancer-bearing limb, previously demonstrated to 

induce spinal FOS and NK-1 receptor internalization in tumor bearing mice [262] 

and were placed in the opposite chamber. Of note, palpations were completed in 

a separate room from the conditioning chambers to prevent the un-palpated rats 

from being unnecessary exposed to signs of distress (e.g. vocalizations) from the 

palpated animals. On the test day (D3), rats were once again placed in the CPA 

box with open access to all chambers and time spent in each of the chambers 



  76   

 

was recorded. Avoidance of the palpation-paired chamber was determined as the 

preconditioning (BL) scores subtracted from test scores (test - BL). A negative 

score indicates aversion.  

2.5.5.1 CPA to Morphine 

 To determine whether palpation-induced CPA breaks through ongoing 

morphine treatment, the ability of morphine infusion across 20-24 hours to block 

palpation-induced CPA was determined. Extended release morphine or placebo 

pellets were surgically implanted (s.c.) on the lower back 1-inch above the pelvic 

bone under isofluorane anesthesia immediately after pre-conditioning baselines 

were performed. The following day (conditioning day), palpation of the tumor-

bearing hindlimb was performed 20-24 hours into morphine infusion. 

2.5.5.2 CPA to Pre-saphenous Lidocaine 

 To determine whether blocking sensory input prevents palpation-induced 

BTP, rats underwent the 3-day CPA conditioning protocol as described above. In 

the morning of conditioning day, rats received saphenous saline (350µL) 10 min 

prior to the 2 min palpation of the tumor bearing hindlimb and confinement to the 

appropriate conditioning chamber. Four hours later, rats received saphenous 

lidocaine (4% w/v, 350µL) 10 min prior to the 2 min palpation of the tumor 

bearing hindlimb and confinement within the opposite conditioning chamber. 

2.5.5.3 CPA to Post-saphenous Lidocaine 

 To determine whether blocking input reverses established palpation-

induced BTP, rats underwent the 3-day CPA conditioning protocol as described 

above. In the morning of conditioning day, rats received saphenous saline (350 
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µL) 10 min following the 2 min palpation of the tumor bearing hindlimb and 

confinement to the appropriate conditioning chamber. Four hours later, rats 

received saphenous lidocaine (4% w/v, 350µL) 10 min following the 2 min 

palpation of the tumor bearing hindlimb and confinement to the opposite 

conditioning chamber. 

2.5.6 Neurochemical Analysis 

2.5.6.1 In Vivo Microdialysis 

 Following 12 days post-intratibial and 17 days post-intracranial surgery, 

rats were tested using microdialysis. Throughout the experiment rats were awake 

and freely moving as previously described [206]. A microdialysis probe (AZ-8-02, 

EICOM, Japan) was inserted into the NAc guide cannula, with a 2mm semi-

permeable membrane projecting past the end of the guide cannula. The probe 

was perfused with artificial-cerebral spinal fluid (aCSF: 147.0 mM NaCl, 2.8 mM 

KCl, 1.2 mM MgCl2, and 1.2 mM CaCl2) at a flow rate of 0.8 µL/min set with a 

syringe pump drive (BASi). After a 90-minute waste flush, two-30 minute baseline 

fractions were collected. Rats then followed a 3-hour time course with 

fractionations taken every 30 minutes. All dialysates were collected in amber 

Eppendorf 1.5mL vials containing 1.5 µL of 40x antioxidant solution (6.0 mM L-

cysteine, 2.0 mM oxalic acid, and 1.3% (vol/vol) glacial acetic acid). During the 

experiment, vials were placed in a 4°C microsampler (Univestor) timed for 30 

minute intervals. Drug treatments included saphenous lidocaine, diclofenac (30 

mg/kg), and their corresponding vehicles, respectively. In the last treatment 

cohort, a morphine sulfate pellet or placebo pellet was administered 24 hours 



  78   

 

prior to baseline collection, after which rats received either a saphenous lidocaine 

or saline bolus injection followed by the three-hour time course. Upon completion 

of all drug treatment time courses, rats received an injection of cocaine (20 

mg/kg, i.p.), generously donated by the National Institutes on Drug Abuse Drug 

Supply Program, and two-30 minute fractions were collected. Rats were 

humanely euthanized at the conclusion of the study and their brains harvested 

for verification of proper cannulation placement. Any rats that failed to be 

cannulated in the NAc shell were subsequently removed from the study. 

2.5.6.2 Morphine Hourly Study 

 Following the initial 90-min washout and two-30 minute baseline 

collections, rats were implanted with either a morphine sulfate pellet or a placebo 

pellet. Fractionations were then collected every hour for 16-hours at a flow rate of 

0.8 µL/min, with one hour of cocaine treatment (20 mg/kg, i.p.) concluding the 

experiment. Circadian 12-hour dark/light cycles were adhered to for the duration 

of the study.  

2.5.6.3 Quantification of Dopamine Release 

 As previously described by Navratilova et al [206], dialysate fractions were 

analyzed via Agilent 1100 HPLC system with a MD-150 column (Thermo 

Scientific) with a Coulochem III 5014B electrochemical detector (ESA). A 5020 

guard cell, used to minimize background noise, was set to 350 mV (electrode1: -

150 mV; electrode 2: 250 mV). A standard curve was previously obtained from 

seven serial dilutions of dopamine (2.5–160 pg in 20 µL aCSF plus antioxidant 

mixture), along with the limit of detection (LOD) and limit of quantification (LOQ), 
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LOD = 3.3 (SDr/S) and LOQ = 10 (SDr/S) respectively. MD-TM mobile phase 

(Fisher Scientific) was optimized for perfusate analysis at a final concentration of 

9% acetonitrile. Chromatograms were integrated by persons blinded to the study. 

Area under the curve (AUC) was converted to pg/µL and treatment fractionations 

were compared to baseline averages to obtain percent change from baseline. 

Data from rats that failed to produce a dopamine increase in response to cocaine 

treatment were excluded. Data points were analyzed by Java FlashCalc to 

determine total AUC of percent change. 

2.6 In Vitro Assays 

2.6.1 XTT for cell viability 

 MAT B III cells were plated at a pre-determined density of 20,000 cells/ 

well in a 96-well plate and allowed to adhere for a 24-hour period prior to any 

testing. Prior to the start of the experiment, McCoy’s complete media was 

collected and stored at -20°C to analyze for levels of IL-6. For all cell viability 

studies, Opti-Mem reduced serum medium (31985-070, Life Technologies, USA) 

was used to allow for the observation of the compounds’ effects on the cells 

without the interference of the fetal bovine serum. XTT activated reagent was 

created by taking 100uL of activation reagent and adding it to a 5mL aliquot of 

XTT reagent (30-1011K, ATCC, Manassas, VA, USA). Using a multi-channel 

pipettor, 50uL of the activated reagent was then added to each well. A sealing 

film was placed over the wells, and the plate was placed in a 37°C incubator for 2 

hours. Absorbance was read at a wavelength of 475 nm for specific readings and 

660 nm for non-specific readings (Synergy 2, Biotek, USA).  
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2.6.1.1 Interleukin-6  

 To determine if IL-6 was providing a growth advantage to MAT B III cells, 

we treated them in a dose- and time- dependent manner with IL-6 rat 

recombinant protein (IL025, EMD Millipore, USA). A stock solution of 50ng of IL-6 

was made in Opti-Mem with subsequent serial dilutions to make 10ng, 5ng, 1ng, 

0.5ng, and 0.1ng solutions, respectively. Cells were treated with 100uL of each of 

the solutions for a time course of 1, 2, 3, 6, 12, and 24 hours and then analyzed 

for cell viability. Opti-Mem was used as a blank control. 

2.6.1.2 TB-2-081 

 To determine if TB-2-081 was acting directly or indirectly on tumor cells, 

we investigated tumor cell viability following a time course of 12- and 24-hours. 

The compound underwent sonification in a solution of 0.1% DMSO and Opti-

Mem and was pipetted onto cells at 100uL/ well. Opti-Mem + 0.1% DMSO was 

used as a blank control for this study. 

2.6.2 Bone Extrudate Collection 

 Prior to the start of bone extrudate collection, a stock solution of 1X PBS + 

1X PIC was pre-loaded into 1mL syringes (309659, Becton Dickinson, USA) with 

25-5/8 gauge needles (305122, Becton Dickinson, USA) and placed on ice. Rats 

were humanely euthanized following the University of Arizona IACUC guidelines. 

The skin surrounding tibia and proximal end of the femur were removed. Bone 

shears were used to cut through the femur to detach the limb from the body. The 

muscle surrounding the tibia was removed, and using the bone shears, the distal 

and proximal ends of the tibia were clipped off to reveal the intramedullary space. 
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Tweezers held the bone in place over a 1.5mL centrifuge tube, and the needle of 

the syringe was inserted into the proximal end of the tibia. Lightly pressing down 

on the plunger of the syringe, the bone marrow was forced through the distal end 

of the tibia until all of the contents of the syringe were emptied. Bone extrudates 

were homogenized via sonication and spun down at 11,500 rpm for 5 min at 4°C 

(5804R, Eppendorf, USA). The supernatant was collected in 1.5mL tubes and 

stored at -20°C to analyze IL-6 levels. 

2.6.3 Interleukin-6 ELISA 

 In preparation for detecting levels of IL-6 via sandwich ELISA (BMS625, 

Affymetrix eBioscience, USA), bone extrudates and cancer cell medium were 

placed on ice and allowed to thaw. ELISA kit was followed according to the 

printed protocol provided. Absorbance was read at a wavelength of 450nm 

(Synergy 2, Biotek, USA). 

2.6.4 Effects of TB-2-081 

2.6.4.1 Protein Collection 

 To determine if TB-2-081 is able to block binding of IL-6 to gp130, we 

analyzed changes in protein levels of the Jak/STAT cascade. Activation of this 

pathway would result in increased levels of pSTAT3, while total STAT levels 

would remain constant. Inhibition would produce levels of pSTAT3 similar to 

basal amounts. MAT B III cells were grown in 25cm2 flasks and allowed to reach 

80% confluency. For testing, cells were pre-treated with either vehicle, 0.1% 

DMSO in Opti-Mem, or TB-2-081 one hour. Following pre-treatment, the testing 

media was removed and cells were challenged with 5ng of IL-6 recombinant 
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protein in Opti-Mem for 1 hour. The media was removed following testing, and 

the cells were washed with chilled PBS. Cells were harvested and lysed with a 

mixture of RIPA buffer (Thermo Scientific, USA), phosphatase inhibitors (Thermo 

Scientific, USA), and protease inhibitor cocktail (PIC) for 10 min. Mixture was 

then sonicated for 5 seconds and spun down at 11,500 rpm for 5 min at 4°C. 

Supernatant was collected, and a BCA assay performed to determine total 

protein concentration. Protein was aliquoted and stored at -80°C. 

2.6.4.2 Western Blot 

 MAT B III protein was separated via electrophoresis on 10% SDS-PAGE 

gels (456-1034, Bio-Rad, USA) and transferred to a PVDF membrane 

(IPVH00010, EMD Millipore, USA). Membrane was blocked with 5% BSA, then 

incubated overnight at 4°C in 1% BSA with dual primary antibodies: mouse 

monoclonal to pSTAT3 (4113S, Cell Signaling Technologies, USA) and rabbit 

polyclonal to beta-actin (ab8227, Abcam, USA); or rabbit monoclonal to Stat3 

(4904S, Cell Signaling Technologies, USA) with mouse monoclonal to beta-actin 

(ab8226, Abcam, USA). Secondary IRdye antibodies were incubated at room 

temperature for 1 hour: goat anti-mouse 680RD (926-68070, Li-Cor, USA) and 

goat anti-rabbit 800CW (926-32211, Li-Cor, USA). Blot was dried and imaged via 

Li-Cor Odyssey with channels 600, 700, and 800 for 1 min each. Protein 

quantification was determined with Image Studio. 
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2.6.5 Osteoblast Assay 

2.6.5.1 Harvesting 

 Rat osteoblast protocol was adapted from Bone Research Protocols. 

Osteoblasts were harvested from 24-48 hour neonatal Fischer F344/ NhSD pups. 

The calvarias were extracted and each skull was placed in an individual 7mL 

scintillation vial. Calvarias were washed with PBS and 1mL of 0.25% trypsin was 

placed in the vials containing the calvarias for 10 min at 37°C to remove any 

remaining membrane debris. Trypsin was neutralized with sDMEM. Skulls were 

incubated in 1mL - 0.2% collagenase in Hank’s balanced salt solution for 30 min 

at 37°C. This solution was discarded at the end of the time period, and fresh 1mL 

- 0.2% collagenase was added to each vial for 1 hour at 37°C. Skulls were 

washed with 5mL of sDMEM, and the collagenase/ media mixture was put into a 

15mL conical tube and spun down at 1500g for 5 min at room temperature. The 

supernatant was removed and the pellet re-suspended in 1mL of sDMEM. 

Suspension was then placed into a 75cm2 flask (430641, Corning, USA) 

containing 20mL of sDMEM. Osteoblasts were allowed to grow until confluent (~3 

days), at which time they were collected and plated at a density of 1 x 106 cells/ 

well in a 6-well plate. Three milliliters of sDMEM was placed into each well and 

the osteoblasts allowed to grow to confluency (~3-4 days, day 6-7 post-calvaria 

collection). 

2.6.5.2 TB-2-081 Receptor Antagonist Study 

 Interleukin-6, upon binding to receptors on osteoblasts, has been shown 

to increase expression of soluble and membrane-bound levels of RANKL. In turn, 



  84   

 

RANKL is required to induce osteoclastogenesis of osteoclast progenitor cells. 

We wanted to determine if blockade of IL-6 signaling by TB-2-081 could inhibit 

release of soluble and membrane-bound levels of RANKL. Upon reaching 

confluency, sDMEM was removed and cells were washed with PBS. Osteoblasts 

were pre-treated with either vehicle (0.1% DMSO in Opti-Mem) or drug (10 µg of 

TB-2-081) for 2 hours. Following pre-treatment, the media was removed and 

cells were challenged with 5ng of IL-6 recombinant protein in Opti-Mem for 1 

hour. After treatment, osteoblast media was collected and stored at -20°C to 

analyze for soluble RANKL via ELISA. Osteoblasts were immediately prepared 

for RANKL immunofluorescence to observe membrane-bound expression levels. 

2.6.5.3 RANKL immunofluorescence 

 Following TB-2-081 pre-treatment/IL-6 challenge, osteoblasts were 

analyzed for membrane-bound RANKL expression. Cells were fixed with 4% 

paraformaldehyde for 10 minutes. Wells were washed twice with PBS and 

blocked with 5% BSA in 0.05% TBST for 1 hour at room temperature. 

Osteoblasts were incubated overnight at 4°C with anti-sRANKL antibody (1:1000 

dilution; ab62516, Abcam, Cambridge, MA, USA) in 1% BSA.  The following day, 

cells were incubated with Alexafluor 488 secondary (1:1000 dilution; A-11070, 

Life Technologies, USA) in 1% BSA in the dark for 1 hour at room temperature. 

Wells were washed twice with TBS and imaged on a Hamatsu fluorescence 

microscope with a FITC filter. Membrane-bound RANKL expression was 

quantified via Image J. 
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2.6.5.4 RANKL ELISA 

 Soluble levels of RANKL were measured in previously collected osteoblast 

medium using a RANKL sandwich ELISA (NB-E30391, Novatein Bio, Woburn, 

MA, USA). ELISA kit was followed according to the printed protocol provided. 

Absorbance was read at a wavelength of 450nm (Synergy 2, Biotek, USA).  

2.6.5.5 Alkaline Phosphatase 

 Osteoblast cultures were confirmed via alkaline phosphatase activity, 

which is present during active bone formation. Cells were washed with PBS and 

fixed for 30 seconds with a mixture of sodium citrate-acetone-formaldehyde. The 

fixative was removed and cells were washed for 45 seconds with diH2O. Using 

an alkaline phosphatase kit (86C-1KT, Sigma Aldrich, USA), cells were stained 

with alkaline-dye (light sensitive), counter stained with Neutral Red Solution and 

allowed to air dry. 

2.6.5.6 Hematoxylin and Eosin 

 To further validate the osteoblast cultures, wells were stained with 

hematoxylin (3801570, Leica Biosystems, USA) and eosin (3801615, Leica 

Biosystems, USA). Cells were fixed with 4% PFA (w/v) for 10 min, washed with 

diH2O, then stained. Cells were allowed to air dry following eosin counter staining 

and diH2O wash. 

2.7 Radiograph Analysis 

 Confirmation of tumor-induced bone remodeling was determined by 

radiograph imaging (Faxitron). Animals that failed to display bone loss were 

removed from the study. Radiographs were evaluated by an observer blinded to 
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the treatments provided. Upon completion of all behavioral (Day 13) and 

microdialysis testing (Day 12), final radiographs were performed and rats were 

humanely euthanized following IACUC protocol and the American Veterinary 

Medical Association guidelines of CO2 administration [49]. 

2.8 Experimental Design 

2.8.1 Ongoing Cancer-induced Bone Pain 

 This study was conducted to determine if relief of ongoing CIBP in rats 

could be achieved by peripheral nerve block of sensory input from the tumor-

bearing tibia. Evaluation of pain relief was done by behavioral (CPP) and 

neurochemical (microdialysis – DA release from the NAc shell) analysis. In 

accordance with the recommendations of the WHO Analgesic Ladder for Cancer 

Pain Management, we also assessed the relative effectiveness of an NSAID, 

diclofenac, and an opioid, morphine, in the acute treatment of ongoing bone 

cancer pain. Further analysis was conducted to delineate the analgesic and 

innate rewarding aspects of morphine administration via blockade of mu opioid 

receptors in the rostral anterior cingulate cortex (rACC), as the rACC is 

implicated in the affective component of pain. 

2.8.2 Breakthrough Cancer-induced Bone Pain 

 In the present experiment, we wanted to determine if movement-induced 

BTP could be effectively replicated in our rat model of CIBP. Our initial 

experiment was to investigate whether we could produce CPA in response to 

palpation of the tumor-bearing limb, simulating volitional movement in cancer 

patients. Following this, we investigated whether palpation-induced CPA could be 
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produced in the presence of a controlled background of ongoing pain through 

administration of morphine, indicating that we were successful in replicating BTP 

in our animal model. Lastly, to determine if BTP was initiated or maintained by 

peripheral input from the tumor-bearing limb, saphenous lidocaine was 

administered 2 min prior to palpations, or immediately following palpations, and 

tested for CPA. 

2.8.3 Acute TRPV1 Blockade 

 The effect of acute antagonism by AMG9810 on TRPV1 channels was 

analyzed in two models, CFA-induced inflammatory pain and CIBP. Relief of 

CFA-induced thermal hyperalgesia was assessed following injection of 

AMG9810, as cancer-bearing rats failed to display thermal hypersensitivity. 

Evaluation of tactile hypersensitivity and ongoing pain were conducted in the 

CIBP model with a dose of AMG9810 found to be effective at reversing CFA-

induced thermal hyperalgesia. Microdialysis was conducted in parallel to observe 

if DA release occurred in the NAc shell of cancer-bearing rats treated with 

AMG9810, which would indicate activation of the mesolimbic reward valuation 

circuitry and subsequent relief of ongoing pain. 

2.8.4 Blockade of Interleukin-6 Signaling 

 As IL-6 is heavily implicated in tumor-induced bone remodeling and bone 

pain, we investigated the effects of acute and sustained blockade of IL-6 

signaling utilizing a novel small molecule receptor antagonist, TB-2-081. IL-6 

levels were first investigated in both in vitro and in vivo settings to confirm its 

presence. Assessment of the effects of acute blockade of IL-6 was conducted 
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using evoked and ongoing pain measures. Rats undergoing sustained 

administration of TB-2-081 had osmotic mini-pumps inserted s.c. immediately 

following intratibial surgery. Evoked and ongoing pain behaviors were evaluated 

accordingly. To determine a mechanism of action, in vitro analysis was 

completed. MAT B III cells and osteoblasts were pretreated with TB-2-081, and 

then challenged with IL-6. Protein analysis determined changes in pSTAT3 and 

RANKL expression, respectively. Similarly, changes in IL-6 levels within bone 

extrudates in response to drug administration were also analyzed. 

2.9 Statistical Analysis 

 Baseline evoked and ongoing pain responses were compared to post-

administration values by two-way analysis of variance (ANOVA) followed by post-

hoc analysis using Bonferroni multiple comparisons test using GraphPad Prism 

6. A probability level of 0.05 was used to establish significance. For CPP and 

CPA, the effects of treatment on cancer vs sham and conditioning chamber were 

analyzed by two-way ANOVA followed by post-hoc analysis between pre-

conditioning (BL) vs post-conditioning (testing) values within each treatment 

group were performed using Bonferroni t-tests with GraphPad Prism 6. ANOVA 

analysis on the difference scores calculated as (post-conditioning) – (pre-

conditioning) time spent in the drug-paired chamber was performed to determine 

differences between treatment groups with GraphPad Prism 6. Microdialysis 

results were analyzed by ANOVA with post-hoc Tukey’s multiple comparison 

tests between treatment groups. Results are expressed as mean ± SEM. 
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CHAPTER 3.BEHAVIORAL AND NEUROCHEMICAL ANALYSIS OF A RAT 
MODEL OF ONGOING CANCER-INDUCED BONE PAIN 

3.1 Cancer-induced bone remodeling, tactile hypersensitivity, and impaired 

limb use 

 Tibia radiographs taken at days 0, 7, 10, and 13 post-intratibial surgery 

demonstrate time-dependent bone loss and bone remodeling in cancer-treated 

rats at day 7 post-injection of MATBIII cells. Osteolytic lesions developed at the 

proximal and distal ends of the tibia by day 10 (Fig. 1A, arrows), with expansion 

of osteolytic lesions and fractures observed along the cortical shaft and at the 

proximal end of the tibia by day 13 (Fig. 1A, arrows). Sham-operated rats had no 

detectable bone loss post-surgery.  

 Injection of MATBIII cancer cells into the tibia intramedullary space 

produced time-dependent expression of hypersensitivity to evoked stimuli with 

von Frey filaments. Tumor-bearing rats displayed tactile hypersensitivity 

beginning day 6 post-intratibial surgery, with paw withdrawal thresholds 

continuing to decrease through day 13 (Fig. 1B, *p<0.001 vs. pre-surgery 

thresholds). No significant alterations in response thresholds were observed in 

sham treated rats at any time-point (Fig. 1B). Similar time-dependent impaired 

limb use was observed (Fig 1C, *p<0.001 vs. pre-surgery thresholds). Impaired 

limb use was observed on days 10 and 13, with many of the cancer treated rats 

displaying both limping and guarding behaviors (score of 2) and partial non-use 

(score of 1) of the tumor-bearing hindlimb. Sham-operated rats displayed no 

impaired limb use throughout the duration of the study (Fig. 1C). No flinching or 
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guarding behaviors were observed in the tumor bearing rats in the absence of 

ambulation. 

3.2 Saphenous nerve block reverses cancer-induced tactile 

hypersensitivity and impaired limb use 

 Twelve days following post-intratibial injection of MATBIII cells, peripheral 

nerve block was produced by injection of lidocaine administration (4% w/v, 350 

µL, s.c.) around the saphenous nerve in the tumor-bearing limb. Lidocaine 

increased tumor-induced impaired limb use from partial non-use and limping and 

guarding (scores of 1-2) to limping (scores of 2-3, 4 being normal use). The peak 

effect was observed 30 minutes post-lidocaine administration, and gradually 

reversed to baseline levels 180 minutes post-administration (Fig 2A, *p<0.05 vs. 

D12). No change in limb use was observed in sham rats given the peripheral 

nerve block (Fig. 2A). Saphenous lidocaine administration also blocked cancer-

induced tactile hypersensitivity (Fig 2B, 2C). The peak effect occurred between 

30 to 90 minutes after lidocaine administration, with reversal in withdrawal 

thresholds of tumor-bearing rats returning to baseline by 120 minutes post-

injection (Fig. 2B, *p<0.001 vs. D12). No changes in withdrawal thresholds were 

observed in sham-operated rats in response to saphenous lidocaine. No motor 

impairment was detected in rats that received the peripheral nerve block, 

consistent with studies that indicate the saphenous nerve is exclusively sensory 

in function [290]. Ipsilateral administration of saphenous lidocaine reversed 

tumor-induced tactile hypersensitivity within 15 min (Fig 2C, *p<0.001 vs. BL). In 

contrast, contralateral administration of saphenous lidocaine did not alter cancer-



  91   

 

induced tactile hypersensitivity, indicating that the effects of lidocaine remain 

localized to the area of administration (Fig. 2C). 

3.3 Cancer-induced ongoing pain is dependent upon peripheral input 

 The role of sensory input from the tumor-bearing tibia on tumor-induced 

ongoing pain was determined by assessing whether saphenous nerve block 

produces CPP 12 days following intratibial surgery. Pre-conditioning time spent 

in saline vs. lidocaine-paired chambers did not differ in sham or tumor bearing 

rats (p>0.05), therefore data were pooled together for graphical representation 

(Fig 3A). Cancer-bearing rats displayed CPP for the chamber paired with 

saphenous lidocaine, as exemplified by the significant increase in time spent in 

the lidocaine paired chamber compared to pre-conditioning times (Fig 3A, 

*p<0.001 vs. BL). Sham rats did not alter time spent in either saline- or lidocaine-

paired chambers (Fig. 3A). Comparison of difference scores verified that cancer-

bearing rats showed increased time spent in the lidocaine-paired chamber 

compared to the sham controls (Fig. 3B, *p<0.001). 

 Saphenous lidocaine, but not saline, induced a significant increase in DA 

release from the NAc shell in the tumor bearing rats (Fig. 3C, *p<0.001 vs. 

sham/saline). Lidocaine or saline administration to the saphenous nerve failed to 

alter dopamine release in the NAc shell of sham operated rats (Fig. 3C). 

Following the experiment, microdialysis probe placement was verified (Fig. 3D). 

Any rats with incorrect placement (<12.5%) were removed from the study. 

Similarly, any rats that failed to elicit an increase in DA in response to cocaine 

administration were also excluded from the study.  
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3.4 Diclofenac blocks cancer-induced tactile hypersensitivity, but not 

ongoing pain 

 The ability of diclofenac (30 mg/kg, p.o.) to block tumor-induced bone pain 

was determined 12 days following intratibial surgery. Diclofenac fully reversed 

cancer-induced tactile hypersensitivity, with the peak effect observed at 60 

minutes post-administration (Fig. 4A, *p<0.001 vs. D12). Withdrawal thresholds 

returned to baseline levels at 90 minutes post-administration. Sham-operated 

rats had no change in withdrawal thresholds in response to systemic diclofenac 

(Fig. 4A).  

 To determine whether diclofenac blocks ongoing cancer bone pain, 

diclofenac was given as a pretreatment 45 min prior to saphenous lidocaine to 

assess the ability to block saphenous lidocaine-induced CPP, indicating blockade 

of ongoing CIBP. Pre-conditioning time spent in the saphenous saline vs. 

lidocaine-paired chambers did not differ irrespective of sham or cancer treatment 

(p>0.05), therefore data were pooled for graphical representation. Saphenous 

lidocaine produced robust CPP in cancer rats treated with vehicle (p.o.) 45 min 

earlier (Fig 4B, *p<0.001 vs. BL). Tumor-bearing rats treated with systemic 

diclofenac demonstrated a similar increase in time spent in the chamber paired 

with saphenous lidocaine (Fig. 4B, *p<0.001 vs. BL). Sham rats displayed no 

preference for either conditioning chamber (Fig. 4B). Difference scores confirm 

that the diclofenac and vehicle treated tumor-bearing rats demonstrated 

equivalent increased time spent in the lidocaine-paired chamber compared to 
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sham controls, indicating that ongoing pain failed to be controlled by diclofenac 

(Fig. 4C, *p<0.001 vs. Sham/Vehicle). 

 Tumor- and sham-operated rats were treated with systemic administration 

of either vehicle or diclofenac (30 mg/kg, p.o.) and microdialysis perfusate 

samples were collected from the NAc shell for 3 hours. Diclofenac failed to alter 

dopamine release, regardless of cancer or sham treatment (Fig. 4D).  

3.5 Morphine blocks cancer-induced tactile hypersensitivity and ongoing 

pain  

 Morphine (75 mg) or placebo pellets were implanted (s.c.) 12 days post 

surgery, 20-24 hrs prior to assessing tactile hypersensitivity or impaired limb use. 

Morphine treatment reversed tactile hypersensitivity in tumor-bearing rats (Fig. 

5A, *p<0.001 vs. cancer pre-morphine). Impaired limb use was also attenuated in 

cancer-bearing rats, from partial non-use, limping and guarding behaviors (score 

of 1 and 2, respectively) to limping (score of 3) (Fig. 5B, *p<0.05 vs. cancer pre-

morphine). Morphine infusion did not alter responses on either behavioral 

measure in sham treated rats (Fig. 5A and 5B). Placebo pellets had no effect in 

either cancer- or sham-operated rats.  

 Saphenous nerve block was used to assess ongoing CIBP in rats pre-

treated 24 hrs earlier with placebo or morphine pellets. CPP difference scores 

demonstrated that cancer treated rats receiving placebo pellets spent 

significantly more time in the chamber paired with the saphenous nerve block 

(Fig. 5C, *p<0.01 vs. sham/placebo). In contrast, tumor-bearing rats pretreated 

with a morphine pellet did not show significant CPP to saphenous nerve block 
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(Fig. 5C, p>0.05 vs sham/placebo). Saphenous nerve block did not alter time 

spent in the lidocaine-paired chamber in sham rats, irrespective of morphine or 

placebo treatment (Fig. 5C). 

 Tumor-bearing rats treated with placebo pellets demonstrated robust 

release of DA in response to saphenous lidocaine (Fig. 5D, *p<0.05 vs. 

sham/placebo). Morphine treated cancer rats, however, showed no change in DA 

levels when administered saphenous lidocaine (Fig. 5D). Saphenous saline did 

not produce DA release within the NAc in any of the treatment groups (data not 

shown). 

3.6 Delineating analgesia from innate reward in morphine treated rats 

 As morphine is intrinsically rewarding [289], we determined whether 

implantation of the morphine pellet altered DA release in the NAc across 16 

hours post-pellet implant in cancer or sham treated rats. Following baseline 

collection, rats were implanted with either morphine sulfate (75 mg) or placebo 

pellets. Hourly fractionations were collected for 16 hours post-pellet implantation. 

The morphine pellet produced an initial increase in NAc DA release that was 

evident by fraction 1 and sustained through fraction 5 in cancer-treated rats, and 

in fractions 2 through 7 in sham-treated rats (Fig. 5E, *p<0.0001 vs BL).  

 Cancer-rats with continuous morphine infusion displayed a 5.5 fold greater 

DA release at the peak time point (2 hours) compared to sham-rats provided the 

same treatment. We hypothesized that the cancer cohort might be experiencing 

a combined influence of both analgesia and innate reward brought on by the 

morphine. To study these possibilities, β-FNA, an irreversible µ-opioid 
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antagonist, was injected into the ACC (1µL bilateral, 3 µg/µL) 20-hours prior to 

the start of the hourly morphine microdialysis. Cancer-rats pre-treated with β-

FNA displayed attenuated DA release, mirroring that of sham rats with onboard 

morphine (Fig. 5F, *p<0.01). Sham rats pre-treated with β-FNA had no change in 

DA release when morphine was administered (Fig. 5F). Cancer- and sham-

operated rats pre-treated with β-FNA and implanted with placebo pellets had no 

change in DA release from baseline levels (data not shown). 
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Figure 1 

 

 

 

 

 

 

 

 

 

 

  

 

 

 

 

 

 

Figure 1. Injection of MAT BIII cells into the tibia produces time-dependent 

pain behaviors and bone remodeling. A. Representative x-ray images 

demonstrating time-dependent tumor-induced bone loss. Bone loss, as indicated 

by pits (arrows) and increased dark area at the distal (ankle) portion of the tibia 
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increases, with development of full cortical bone loss indicating development of 

fractures at the day 12 time-point. B. Tumor-induced hypersensitivity to evoked 

stimuli measured as tactile hypersensitivity is observed within 6 days post-

intratibial cancer cell injection. Withdrawal threshold decreases with disease 

progression. *p<0.05 vs BL, n=7. C. Tumor-induced impairment of limb use is 

observed within 6 days post-surgery and is decreased with disease progression, 

*p<0.05 vs BL, n=7. All graphs show mean ± SEM. 
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 Figure 2 
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Figure 2. Blockade of peripheral afferent input blocks cancer-induced 

tactile hypersensitivity. A. Blockade of tumor-induced impaired limb use by 

administration of lidocaine (350 ml, 4% w/v) to the saphenous nerve 12 days 

post-surgery. Maximal blockade was observed 30-90 min post administration. 

*p<0.05 vs D12 n=6-7. B. Blockade of tactile hypersensitivity by administration of 

lidocaine to the saphenous nerve 12 days post-surgery. Maximum blockade of 

tactile hypersensitivity was observed 30-90 min post administration. *p<0.05 vs 

D12, n=7. C. Blockade of tactile hypersensitivity is due to local and not systemic 

effects of peripheral nerve block. No change in withdrawal threshold of the 

ipsilateral limb following nerve block of the contralateral limb is observed. *p<0.05 

vs BL, N=6-8. All graphs show mean ± SEM. 
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Figure 3 

  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3. Blockade of peripheral afferent input blocks cancer-induced 

ongoing bone pain. A. Pre-conditioning (BL) time spent in the pairing chambers 

did not differ. Administration of lidocaine to the saphenous nerve increased time 

spent in the paired chamber selectively in tumor-bearing rats, but not in sham-

operated rats. *p<0.05 vs BL. B. Difference scores demonstrate that saphenous 

lidocaine administration to cancer treated rats increased time spent in the 

lidocaine-paired chamber compared to sham treated rats. *p<0.05, n=8-14. C. 
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Cancer-bearing rats treated with saphenous lidocaine display increased levels of 

dopamine compared to their saline treated counterparts. Sham rats have no 

detectable changes in dopamine. *p<0.01, n=7-8. All graphs show mean ± SEM. 

D. Map indicating verification of microdialysis probes implanted targeting the 

shell of the nucleus accumbens. The blue/red line indicate a representation of the 

probe, with the red portion representing the microdialysis membrane. Each of the 

black dots represents the end of the microdialysis tips. 
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Figure 4 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4. Diclofenac blocks referred tactile hypersensitivity but not ongoing 

pain. A. Systemic administration of diclofenac (30mg/kg, p.o.) reverses tactile 

hypersensitivity with peak effect at 60 minutes. *p<0.05, n=7-9. B. Pre-treatment 

on day 12 with diclofenac failed to prevent CPP for the saphenous lidocaine in 

cancer-bearing rats. *p<0.05. C. Difference scores demonstrate that both vehicle 

and diclofenac treated cancer rats spend significantly more time in the chamber 

paired with the peripheral nerve block. *p<0.05, n=7-14. D. Neither cancer nor 
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sham operated rats show changes in dopamine levels in response to diclofenac 

treatment, n=5-9. All graphs show mean ± SEM. 
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Figure 5 

 

 

 

 

 

 

 

 

Figure 5. Morphine pellet administration blocks referred pain, impaired limb 

use, and ongoing pain. Morphine treatment across 20-24 hours by implantation 
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(s.c.) of slow release morphine pellets blocked A. tactile allodynia and B. 

impaired limb use tested 12 days following sham or cancer surgery. *p<0.01 vs 

pre-morphine, n=11-13. C. Difference scores demonstrate that saphenous 

lidocaine increased time spent in the lidocaine paired chamber in cancer rats 

treated with placebo pellets compared to sham treated rats. Morphine treatment 

blocked the saphenous lidocaine induced increase in the time spent in the 

lidocaine-paired chamber. *p<0.01 vs sham placebo, n=8-13. D. Cancer-bearing 

rats with placebo pellets demonstrate significantly increased levels of DA when 

administered saphenous lidocaine. Morphine blocked saphenous lidocaine-

induced dopamine release, with levels equivalent to sham treated rats. *p<0.05 

vs sham/placebo, n=5-11.  
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Figure 6 

 

Figure 6. Endogenous opioids in the rACC are required to mediate pain 

relief. A. Cancer-bearing rats treated with morphine display a 5.5 fold increase in 

DA release at its peak effect versus sham rats with onboard morphine, 

*p<0.0001, n=6-13 B. B-FNA administered into the ACC reverses analgesia 

produced by morphine administration, but fails to effect innate reward, *p<0.01, 

n=5-9. All graphs show mean ± SEM. 
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CHAPTER 4: PRECLINICAL EVALUATION OF BREAKTHROUGH PAIN IN A 
RAT MODEL OF CANCER-INDUCED BONE PAIN  

4.1 Palpation-induced pain produces CPA 

 Single trial conditioning to palpation (2 min, 1 sec intervals) of the tumor 

bearing hindlimb produced CPA (Fig. 7). Pre-conditioning time spent in the 

conditioning chambers did not differ across treatment groups (p>0.05), therefore 

data were pooled for graphical representation (Fig. 7A, BL). Palpation induced 

aversion for the palpation-paired chamber selectively in the tumor bearing rats 

(Fig. 7A, *p<0.05 vs BL, n=10). Sham treated control rats did not show any 

difference in time spent in the conditioning chambers following palpation, 

indicating that this treatment is not aversive in the absence of cancer growth 

within the tibia (Fig. 7A, n=8). Difference scores confirm that tumor-bearing rats 

spent significantly decreased amounts of time spent in the palpation-paired 

chamber compared to sham treated controls (Fig. 7B, *p<0.05 vs Sham).  

4.2 Palpation-induced pain breaks through morphine infusion 

 Continuous administration of morphine failed to block palpation-induced 

CPA (Fig. 8), indicating that palpation-induced pain breaks through morphine that 

controls tumor-induced ongoing pain (Fig. 5A). Both placebo and morphine 

treated tumor-bearing rats spent significantly less time in the palpation-paired 

chamber (Fig. 8A, *p<0.01 vs BL, n=6 and 9, respectively). Sham controls did not 

demonstrate a decrease in time spent in the palpation-paired chamber 

irrespective of placebo or morphine treatment (Fig. 8A, n=5 and 7, respectively) 

Difference scores demonstrate that both placebo and morphine treated tumor-

bearing rats spent significantly decreased amounts of time in the palpation-paired 
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chamber compared to sham rats (Fig. 8B, *p<0.01 vs sham-placebo). The 

degree of CPA did not differ between the placebo and morphine treated tumor 

bearing rats (p>0.05, Bonferroni t-test). 

4.3 Sensory afferent input from tibia initiates palpation-induced 

breakthrough pain. 

 Blockade of afferent input from the tibia by lidocaine administration to the 

saphenous nerve prevented palpation-induced CPA. Pre-conditioning time spent 

in the conditioning chambers did not differ across treatment groups (p>0.05), 

therefore data were pooled for graphical representation (Fig. 9A, BL). Tumor 

bearing rats that received saline administration to the saphenous nerve before 

palpation, showed CPA (Fig. 9A, ***p<0.001 vs. BL, n=10). Saphenous 

administration of lidocaine 10 min prior to palpation produced CPP (Fig. 9B, 

***p<0.001 vs. BL, n=7), indicating a blockade of ongoing pain as well as 

prevention of palpation-induced break through pain. Sham control rats did not 

demonstrate CPA following saline or lidocaine treatment 10 min prior to palpation 

(n=7 for both groups). Difference scores demonstrated that pretreatment with 

saline did not alter palpation-induced CPA, whereas pretreatment with lidocaine 

10 min prior to palpation produced CPP, likely indicating alleviation of tumor-

induced ongoing pain (Fig. 9B, **p<0.01 vs sham-saline). Sham rats that 

received lidocaine before or after palpation did not show preference or aversion 

for the palpation-paired chamber (Fig. 9B, p>0.05 vs sham-saline). 
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4.4 Sensory afferent input from the tibia does not maintain palpation-

induced breakthrough pain. 

 Blockade of afferent input from the tibia by lidocaine administration to the 

saphenous nerve did not reverse palpation-induced CPA (Fig. 10). Pre-

conditioning time spent in the conditioning chambers did not differ across 

treatment groups (p>0.05), therefore data were pooled for graphical 

representation (Fig. 10A, BL). Tumor bearing rats that received saline 

administration to the saphenous nerve after palpation, showed CPA (Fig. 10A, 

*p<0.05 vs. BL, n=7). Saphenous administration of lidocaine 10 min following 

palpation failed to block palpation-induced CPA (Fig. 10A, *p<0.05 vs BL, n=6). 

Sham rats did not demonstrate CPA to the palpation-paired chamber irrespective 

of saline or lidocaine treatment 10 min post-palpation (n=4 and 5 respectively). 

Difference scores demonstrate that cancer treated rats show equivalent 

decreases in time spent in the palpation treated chamber following saline or 

lidocaine administration 10 min following palpation (Fig. 10B, **p<0.01 vs sham-

saline). Sham rats that received lidocaine after palpation did not show preference 

or aversion for the palpation-paired chamber (Fig. 10B, p>0.05 vs sham-saline). 
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Figure 7  

  

 

 

 

 

 

 

Figure 7. Palpation of the tumor-bearing limb produces conditioned place 

aversion. A. Palpation of the tumor-bearing limb for 2 min produces aversion in 

cancer treated but not sham rats. *p<0.05 vs BL. B. Difference scores 

demonstrate that tumor-bearing rats spend decreased time in the chamber 

paired with palpation compared to sham treated rats. *p<0.05 vs. sham. Graphs 

show mean ± SEM. 
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Figure 8 
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Figure 8. Palpation-induced breakthrough pain is not blocked by morphine 

administration. A. Palpation of the sham operated hindlimb failed to produce 

CPA to the palpation-paired chamber in sham treated rats irrespective of 

morphine or placebo pellet implantation. Palpation of the tumor-bearing hindlimb 

produces CPA to the palpation-paired chamber irrespective of morphine or 

placebo pellet implantation 20-24 hours prior to the 2 min palpation, *p<0.01 vs 

BL. B. Difference scores demonstrate that 2 min palpation produces equivalent 

decreases in the time spent in the palpation paired chamber in placebo and 

morphine treated rats, with both treatment groups demonstrating significant 

decreases in time spent in the palpation paired chamber compared to sham 

operated rats, *p<0.01 vs sham placebo. Graphs show mean ± SEM. 
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Figure 9 

 

 

Figure 9. Sensory afferent input from the tibia initiates palpation-induced 

breakthrough pain. A. Palpation of the sham-operated hindlimb failed to alter 

time spent in the conditioning chambers irrespective of treatment with saline or 

lidocaine. Palpation of the tumor-bearing hindlimb decreased time spent in the 

palpation-paired chamber in the rats pretreated with saline 10 min prior to 

palpation. Lidocaine administration 10 min prior to palpation of the tumor bearing 

hindlimb induced an increase in time spent in the palpation-paired chamber. 

***p<0.001 vs BL. B. Difference scores demonstrate that saline treatment failed 

alter palpation-induced conditioned place aversion. Pretreatment with lidocaine 

10 min prior to palpation resulted in a significant increase in the time spent in the 

palpation-paired chamber. **p<0.01 vs sham pretreated with saline. Graphs show 

mean ± SEM. 
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Figure 10 

  

Figure 10. Sensory afferent input from the tibia does not maintain 

palpation-induced breakthrough pain. A. Palpation of the sham-operated 

hindlimb failed to alter time spent in the conditioning chambers irrespective of 

lidocaine or saline treatment. Palpation of the tumor-bearing hindlimb decreased 

time spent in the palpation-paired chamber in rats that received saline treatment 

10 min post palpation. Lidocaine administration 10 min following palpation failed 

to block palpation-induced decrease in the time spent in the palpation-paired 

chamber. *p<0.05 vs BL. B. Difference scores demonstrate that neither saline 

nor lidocaine treatment 10 min following palpation altered time spent in the 

palpation paired chamber in sham rats. Cancer treated rats demonstrated 

equivalent decreases in time spent in the palpation paired chamber when treated 

with saline or lidocaine 10 min following palpation. **p<0.01 vs sham saline 

treated rats. Graphs show mean ± SEM. 
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CHAPTER 5: EFFECTS OF ACUTE BLOCKADE OF TRPV1 IN A RAT MODEL 
OF BREAST CANCER BONE METASTASIS  

5.1 AMG9810 reverses CFA-induced thermal hyperalgesia  

 To confirm AMG9810’s antagonistic effect, rats were injected with 30 µL of 

CFA or saline in the left plantar hindpaw, and withdrawal latency to an IR 

stimulus was measured. Rats treated with CFA displayed robust hypersensitivity 

to compared to pre-baseline. CFA-rats treated with systemic AMG9810 (30 

mg/kg, i.p.) fully reversed CFA-induced withdrawal latency at 20 minutes post-

administration (Fig. 11A, *p<0.0001), and returned to post-CFA baseline by 60 

minutes. Saline-treated rats displayed no change in withdrawal latencies in 

response to either vehicle or AMG9810 treatment (Fig. 11A).  

5.2 AMG9810 fails to block tactile hypersensitivity  

 Cancer- and sham-operated rats were treated with systemic AMG9810 

(30 mg/kg, i.p.) at 12 days post-intratibial surgery. Regardless of vehicle or drug 

treatment, neither cancer or sham cohorts displayed any change in tactile 

hypersensitivity to mechanical stimuli (Fig. 11B).  

5.3 AMG9810 fails to control ongoing CIBP 

 AMG9810 treatment was administered 15 minutes prior to saphenous 

lidocaine injection to determine its role in controlling ongoing pain. Cancer-

bearing rats display no difference in their preference for the lidocaine-paired 

chamber, regardless of pretreatment provided (Fig. 12A, *p<0.01). Difference 

scores demonstrate that vehicle and AMG9810 tumor-bearing rats spent 

significantly more time in the saphenous lidocaine-paired chamber (Fig. 12B, 
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*p<0.01). Sham rats display no preference for either saline- or lidocaine-paired 

chamber (Fig. 12B).  

5.4 AMG9810 fails elicit DA release from the NAc 

 Microdialysis perfusates were collected from tumor- and sham-operated 

rats treated with systemic administration of either vehicle or AMG9810 (30 

mg/kg, p.o.) for a 3-hour time course. Cancer and sham rats failed to display 

changes in DA release in the NAc shell in response to AMG9810 treatment (Fig. 

12C). 
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Figure 11 

 

 

 

 

 

 

 

 

 

Figure 11. AMG9810 reverses CFA-induced thermal hyperalgesia, but fails 

to block referred tactile hypersensitivity. A. Systemic administration of AMG 

9810 (30mg/kg, i.p.) reverses CFA-induced thermal hypersensitivity, with peak 

effect at 20 minutes. *p<0.0001, n=5-9. B. Systemic administration of AMG98910 

failed to reverse withdrawal thresholds to mechanical stimuli in cancer-bearing 

rats. n=5-9.  
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 Figure 12 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 12. AMG9810 fails to control ongoing cancer-induced bone pain. A. 

AMG9810 pretreatment failed to block preference for the lidocaine-paired 

chamber in cancer rats. *p<0.01, n=6-11. B. Difference scores demonstrate that 

both vehicle and AMG9810 treated cancer rats spend significantly more time in 

the chamber paired with the peripheral nerve block. *p<0.01, n=6-11. C. Neither 

cancer nor sham operated rats show changes in dopamine levels in response to 

AMG9810 treatment, n=5-8. All graphs show mean ± SEM. 
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CHAPTER 6: PREVENTION OF CANCER-INDUCED BONE PAIN AND BONE 
REMODELING BY SUSTAINED BLOCKADE OF INTERLEUKIN-6 SIGNALING 

6.1 Tumor cells require IL-6 for growth and proliferation. 

 Our first objective was to determine what role, if any, IL-6 played in our 

cancer cells and animal model. ELISA analysis of cancer cell medium showed 

elevated levels of IL-6 (Fig. 13A). Bone extrudates harvested from rats day 12 

post-intratibial surgery revealed significantly increased levels of IL-6 within the 

bone microenvironment of cancer rats compared to their sham counterparts (Fig. 

13B, *p<0.05). To confirm that IL-6 confers a growth advantage to tumor cells, 

recombinant rat IL-6 protein was added to MAT B III cells in a dose-dependent 

manner and analyzed over a time course of 1, 2, 12, and 24 hours. XTT cell 

viability analysis showed tumor cells responded in a dose- and time-dependent 

manner at 1 and 2 hours following IL-6 dosing, with cells displaying a marked 

increase in cell proliferation. This effect was reversed at 12 and 24 hours post-

treatment. (Fig. 13C, *p<0.0001). 

6.2 Acute blockade of IL-6 signaling reverses tactile hypersensitivity, but 

fails to control ongoing bone pain 

 The ability of TB-2-081 to successfully reverse tactile hypersensitivity in 

tumor-bearing rats was analyzed. Systemic administration of PEG400 (vehicle, 

i.p.) or TB-2-081 (10mg/kg, i.p.) displayed complete reversal in tactile 

hypersensitivity selectively in cancer-bearing rats with peak effect at 30 min post-

administration, returning to baseline at 90 min. (Fig. 14A, *p<0.05). To determine 

if TB-2-081 could effectively control ongoing pain, rats were pre-treated with the 

drug 20 min prior to being paired with saphenous lidocaine. Despite 
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pretreatment, cancer rats display robust preference for the lidocaine-paired 

chamber (Fig. 14B, *p<0.05). Difference scores further exemplify cancer rats 

preference for the peripheral nerve block (Fig. 14C, *p<0.05).  Sham rats do not 

display preference for either chamber (Fig. 14B).  

6.3 Sustained blockade of IL-6 signaling produces time-dependent changes 

in tumor-induced bone remodeling and tactile hypersensitivity 

 The effects of sustained blockade of IL-6 signaling on tumor-induced bone 

pain and bone remodeling were observed. Rats that received chronic dosing 

starting day 7 post-intratibial surgery revealed an attenuation in tactile 

hypersensitivity on days 10 and 12 compared to their vehicle treated 

counterparts. (Fig. 15A, *p<0,005). Radiograph analysis of the day 7 chronic 

administration group revealed the presence of osteolytic lesions comparable with 

vehicle treated rats (Fig. 15B). To determine if osteolytic lesion development 

could be prevented or delayed, rats began sustained administration of TB-2-081 

immediately following intratibial surgery on day 0. Cancer-bearing rats display 

significant attenuation of tactile hypersensitivity on days 10 and 12 compared to 

vehicle treated cancer rats (Fig. 15C, *p<0.0001). Onset of osteolytic lesion 

development is significantly delayed, as observed by radiograph analsysis (Fig. 

15D). 

6.4 TB-2-081 acts indirectly on tumor cells 

 ELISA analysis of naïve bone extrudates shows similar levels of IL-6 in 

both contra- and ipsilateral tibias (Fig. 16A, *p>0.05). Continuous administration 

of TB-2-081 for 12 days revealed significantly reduced levels of IL-6 in bone 
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extrudates of cancer-bearing rats compared to their vehicle treated cohorts (Fig. 

16B, *p<0.001). Sham rats display similar levels of IL-6 in both treatment groups 

(Fig. 16B, *p>0.05). To determine how TB-2-081 was exerting its effect, MAT B 

III cells were treated in a dose-dependent manner for 2 and 24 hours. XTT 

analysis revealed no change in cell viability in response to drug treatment, 

suggesting that TB-2-081 did not kill tumor cells directly, and that the compound 

was acting in an indirect manner to modulate the bone microenvironment (Fig. 

16C, *p>0.05).  

 Because IL-6 stimulates an increase in cell viability (Fig. 13C), we wanted 

to determine if TB-2-081 could block this effect by investigating change in the 

Jak/STAT3 signaling cascade. MAT B III cells were pretreated with either 0.1% 

DMSO or TB-2-081 (10 µg/mL) for 1 hour, then challenged with IL-6 for 1 hour. 

Protein analysis reveals that cells pretreated with TB-2-081 show reduced levels 

of pSTAT3 compared to vehicle treated cells (Fig. 17A). No changes were 

observed in total STAT3 in response to the treatments provided (Fig. 17B).    

6.5 TB-2-081 reduces expression of RANKL in osteoblast cultures 

 Upon binding to IL-6R located on osteoblasts, IL-6 is responsible for 

increasing expression of membrane-bound and soluble versions of RANKL, 

which are necessary to induce osteoclastogenesis. We wanted to determine if 

TB-2-081 pretreatment could block IL-6 induced expression of RANKL. 

Osteoblasts cultures were allowed to grow for 6 days following harvest from 

neonatal rat pups. Cultures were pretreated with TB-2-081 (10ug/ml) or 0.1% 

DMSO for 2 hours, then challenged with IL-6 (5ng/mL) for 1 hour. Cells were 
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immediately fixed and analyzed for RANKL expression (Fig. 18A). Vehicle 

treated cells display higher levels of membrane-bound RANKL compared to TB-

2-081 treated cells (Fig. 18B, *p<0.0001). Cultures were analyzed for alkaline 

phosphatase expression and stained with hematoxylin and eosin to confirm 

osteoblast presence (Fig. 18A). Soluble RANKL levels were undetectable (Figure 

not shown). Based on the data collected, we have created a schematic depicting 

how TB-2-081 interacts with tumor and bone cells to modulate the bone 

microenvironment (Fig. 19). 
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Figure 13 

  

 

 

 

 

 

 

 

Figure 13. Interleukin-6 is produced by cancer cells, and aids in their self-

growth. A. Elevated levels of IL-6 were detected in cancer cell medium. B. 

Cancer-bearing rats display significantly increased amounts of bone extrudate IL-

6 compared to their sham counterparts, *p<0.05, n=4-6. C. MAT B III cells 

display dose- and time-dependent increases in cell viability in response to IL-6 

treatment, *p<0.0001, #p<0.05. All graphs show mean ± SEM.  
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Figure 14 

 

  

 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 14. Acute blockade of IL-6 reverses tactile hypersensitivity, but fails 

to control ongoing pain. A. Systemic administration of TB-2-081 (10mg/kg, i.p.) 

reverses cancer-induced tactile hypersensitivity, with peak effect at 30 min post-

administration. *p<0.0001, #p<0.05, n=4-9. B. Pretreatment with TB-2-081 failed 

to block preference to saphenous lidocaine in cancer rats. No preference was 

observed in sham rats, regardless of pretreatment. *p<0.05, n=6-14. C. 

Difference scores reveal that cancer-bearing rats spent significantly more time in 

the lidocaine-paired chamber. *p<0.05, n=6-14. All graphs show mean ± SEM. 
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Figure 15 

 

 

 

Figure 15. Sustained blockade of IL-6 signaling produces time-dependent 

effects on tumor-induced bone remodeling and pain behaviors. A. Cancer 

rats treated with TB-2-081 starting at Day 7 post-cancer implantation show 

attenuation in tactile hypersensitivity (*p<0.005, n=8-12), however B. Radiograph 

analysis reveals the presence of osteolytic lesions in both drug and vehicle 
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treated cancer rats. C. Cancer-bearing rats with onboard TB-2-081 starting Day 0 

display significant attenuation in tactile hypersensitivity compared to their vehicle-

treated counterparts. *p<0.0001, n=8-24. D. Radiograph analysis reveals a 

reduction in osteolytic lesion development in TB-2-081 treated cancer rats. All 

graphs show mean ± SEM. 
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Figure 16 

 

 

 
 
Figure 16. TB-2-081 reduces IL-6 in vivo by acting indirectly on tumor cells. 

A. Bone extrudates analysis of IL-6 levels in naïve rats reveals no differences 

between ipsi- and contra-lateral tibias. p>0.05, n=8-20. B. ELISA analysis 

displays markedly reduced levels of IL-6 in bone extrudates of cancer rats 

treated with continuous TB-2-081 compared to vehicle administration. *p<0.001, 

n=4-20. Sham rats display no changes in levels of IL-6, regardless of treatment 

provided. C. MAT B III cells treated with increasing concentrations of TB-2-081 
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for 2 and 24 hours show no changes in cell viability, p>0.05. All graphs show 

mean ± SEM. 
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Figure 17 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 17. In vitro blockade of the Jak/STAT cascade by TB-2-081. A. Cells 

pretreated with 0.1% DMSO (V) display higher levels of pSTAT3 following IL-6 

challenge compared to TB-2-081 (D) pretreated cells, while naïve (N) cells 

display low levels of pSTAT3. C. Naïve (N), vehicle (V), and TB-2-081 (D) 

pretreated cells display similar amounts of total STAT3 following IL-6 challenge. 
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Figure 18 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 

 

 

 

Figure 18. TB-2-081 blocks IL-6 induced expression of RANKL. A. Images 

displaying RANKL immunofluorescence, alkaline phosphatase staining, and 

hematoxylin and eosin staining of osteoblast cultures pretreated for 2 hours with 

either vehicle or TB-2-081, then followed with 1 hour of IL-6 treatment. B. 

Osteoblasts pretreated with TB-2-081 show reduced levels of membrane bound 
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RANKL compared to osteoblasts pretreated with 0.1% DMSO. *p<0.0001. Graph 

shows mean ± SEM. 
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Figure 19 

 

Figure 19. Hypothesized mechanism of action for TB-2-081. Tumor cells use 

IL-6 to upregulate the Jak/STAT3 pathway, helping to upregulate transcription of 

cell proliferation and pro-survival genes. IL-6 also binds to osteoblasts, forcing 

them to increase production of RANKL, which binds to osteoclast progenitor 

cells, signaling for their differentiation and maturation into mature osteoclasts. 

TB-2-081 acts on both tumor cells and osteoblasts to block activation of the 

Jak/STAT3 cascade. In turn, this slows down the growth of the tumor cells, and 

reduces osteoclastogenesis as well. This would significantly reduce tumor-

induced bone remodeling and bone pain caused by the tumor. 
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CHAPTER 7: DISCUSSION 

Cancer is a notoriously deadly disease, defined by uncontrollable growth 

and spread of atypical cells. Several factors can contribute to accumulations of 

cellular mutations, including inherited familial genetics, as well as external 

elements, including exposure to carcinogens, radiation, and infectious 

organisms. In total, roughly 14.5 million living Americans have had or are 

currently affected by cancer [268]. In 2011, the total economic burden of treating 

cancer patients was $88.7 billion [267].  

Mounting evidence has contradicted the previously accepted notion that 

metastatic spread occurs in late stage disease. New research has confirmed the 

presence of circulating tumor cells (CTC) and disseminated tumor cells (DTC) 

during the preneoplastic lesion stage, preceding the primary tumor itself [140]. 

Mouse models of pancreatitis and inflammatory bowel disease displayed 

increased levels of circulating pancreatic cells and epithelial cells in the blood 

stream, respectively, further emphasizing how inflammation plays a major role in 

contributing to disease states [248].  

This year alone, an estimated 30% of new cancer cases diagnosed in 

women will be breast and lung, and in men, prostate and lung [268]. The 

unfortunate truth is that these cancers have a high occurrence of developing 

macrometastases to the bone in greater than 70% of these patient populations 

[57]. Breast cancer bone metastasis has been documented as far back as 4,200 

years, based on a recent finding of a female skeleton displaying bone metastasis 
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[200]. In reality, our understanding of the underlying mechanisms that drive 

BCBM are still in the early stages.  

What we do understand is that once tumor cells inhabit the bone, they 

initiate a positive feedback cycle with the surrounding bone microenvironment 

[201; 294]. Extensive deterioration of the bone matrix leads to a massive release 

of stored nutrients and growth factors into the bone marrow milieu, which helps to 

fuel tumor growth. These rapid and compounding changes create and maintain 

the underlying inflammatory, neuropathic, and mechanical components that drive 

CIBP in these patients [23; 102; 122; 123; 131; 169; 232].  

Cancer-induced bone pain is often described as an ongoing, dully, achy 

pain that amplifies over time [181]. Intermittent spikes of agonizing, 

uncontrollable breakthrough pain also afflict sufferers of this disease state [184]. 

Chronic pain severely limits daily activities in 41% of patients who report mild-to-

moderate pain, and in 94% of patients who report moderate to severe pain [61]. 

Pain is a multidimensional, subjective experience and differs greatly between 

individuals [263]. Clinically, there remains a lack of standardization in how to 

approach the treatment of CIBP. Physicians continue to utilize opioid-based 

pharmacotherapy as the primary mainstay to manage cancer pain, as was first 

suggested by the WHO in 1986 [1; 48; 185]. The issue that fails to be addressed 

is why more than half of these patients receive inadequate pain relief.  

Initial treatment with opioids aid in controlling ongoing CIBP. Patients on 

sustained treatment with opioids, however, have reported 1.) A plethora of 

unwanted gastrointestinal and cognitive side effects; 2.) Tolerance due to 
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desensitization at the mu-opioid receptor level, requiring an increase in opioids to 

produce analgesia; and 3.) Opioid-induced hyperalgesia, wherein increased 

doses of opioids, primarily morphine, paradoxically exacerbate pain instead of 

controlling it [34; 35; 198; 219; 220]. Interestingly, recent literature has 

demonstrated that morphine treatment can increase osteolysis and pain 

behaviors in a mouse model of BCBM [146]. Simultaneous administration of (+) 

naloxone, a mu-opioid receptor antagonist, with morphine was able to attenuate 

osteoclast-induced bone degradation and manage pain behaviors (unpublished 

data, Symons-Liguori et al.). 

Our understanding of the underlying mechanisms of CIBP has greatly 

improved over the past decade due to seminal work conducted in mouse models 

of bone metastasis [262]. Despite this, major gaps in our knowledge remain to be 

addressed, including understanding how peripheral and centrally mediated 

mechanisms contribute to the initiation and maintenance of bone pain. Using a 

rat model of BCBM, our goals were to 1.) Characterize a model of ongoing CIBP, 

2.) Develop and characterize the first known model of cancer-induced BTP, and 

3.) Investigate the contributions of known inflammatory mediators, TRPV1 and 

IL-6, in driving these pain states. 

7.1 Ongoing Pain Study 

In our first study, we demonstrate the presence of ongoing CIBP by 

assessment of behavioral and neurochemical endpoints in our rat model. We 

show that effective treatments including peripheral nerve block and s.c. morphine 

produce or block place conditioning, respectively, and elicit DA release within the 
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NAc shell selectively in tumor bearing animals. Using these measures, we 

demonstrate that (a) ongoing pain from cancer growth within the bone is 

dependent on afferent input from the tumor microenvironment; (b) can be 

controlled by morphine, but not by a dose of diclofenac that fully reverses evoked 

hypersensitivity and (c) morphine-induced relief of ongoing pain is mediated by 

morphine actions on rACC MOR. In addition, we demonstrate that rewarding 

effects of pain relief produced by morphine can be detected and differentiated 

from intrinsic reward of this drug. These data demonstrate a novel approach to 

unmask persistent, ongoing tumor-induced bone pain through analysis of the 

reward of pain relief. 

To date, preclinical studies on cancer-induced bone pain have relied upon 

measures of reflexive withdrawal from external stimuli, impaired use of the tumor 

bearing hindlimb, and flinching and guarding as measures of ongoing pain in 

mouse models of cancer-induced bone pain [122; 163; 254]. However, in this rat 

model of CIBP, flinching and guarding behaviors are not routinely observed. We 

have previously shown that ongoing pain may be unmasked by measurement of 

pain relief-induced CPP [68; 147; 216; 217]. In the present studies, blockade of 

peripheral sensory input from the tumor-bearing tibia by lidocaine administration 

to the saphenous nerve reversed tumor-induced tactile hypersensitivity and 

improved limb use in cancer treated animals, suggesting that tumor-induced 

referred pain and impaired limb use are dependent on sensory input from the 

tumor bearing bone. Saphenous lidocaine administration did not induce hindlimb 

paralysis consistent with observations that the saphenous nerve consists of 
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sensory, but not motor, nerve fibers [290]. Lidocaine administration to the 

contralateral saphenous nerve failed to block tactile hypersensitivity, indicating 

that the effects of lidocaine administration are due to local, not systemic effects. 

Saphenous lidocaine also induced CPP selectively in injured animals, confirming 

the expectation that tumor growth within the tibia induces ongoing pain.  

To determine if this model of cancer-induced bone pain is reflective of 

observations in the clinical setting, we followed the World Health Organization’s 

3-Step Analgesic Ladder for Pain Management [1]. The first step recommends 

NSAIDs or paracetamol alone for mild pain, moving to use of opioids with or 

without continued administration of NSAIDs as pain intensity increases [1]. The 

rationale for continuing NSAID treatment in addition to opioids is to improve 

analgesic efficacy while minimizing the potential for aversive effects witnessed by 

opioid treatments alone, i.e., producing opioid sparing effects [187]. However, 

continuation of NSAIDs with opioids is controversial due to development of side 

effects to the NSAIDs and limited evaluation of whether patients receive 

improved pain relief with the co-administration of NSAIDs with opioids [177; 187]. 

Our data demonstrate that acute diclofenac administration at a dose that blocks 

tumor-induced tactile hypersensitivity failed to induce CPP or DA release within 

the NAc shell, suggesting that it is not effective in alleviating the tumor-induced 

ongoing bone pain in this model at the time-point tested. In contrast, morphine 

treatment across a period of 20-24 hours effectively alleviated the tumor-induced 

ongoing pain. This is consistent with reports from patients in which treatment with 

morphine or other opioids, such as fentanyl, effectively alleviates tumor-induced 
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ongoing pain in some, but not all patients whereas NSAIDs are not sufficient to 

block moderate to severe cancer bone pain [92; 185; 187; 236]. Reasons for the 

inadequate pain relief in response to opiates are complex, and barriers to 

effective treatment include governmental regulation on prescription and use of 

opioids, fears by doctors and patients regarding addiction liability, and adverse 

side effects limiting the ability to dose accordingly in some patients [186; 188; 

236]. Our data indicate that, at the time-point tested, tumor-induced ongoing 

bone pain is resistant to NSAIDs, but can be controlled by morphine, consistent 

with patients with bone metastases reporting moderate to severe cancer-induced 

bone pain. Whether combined administration of diclofenac and morphine would 

offer benefit in producing opioid sparing actions in this model has yet to be 

determined. 

The demonstration of CPP to saphenous nerve block suggests that 

alleviation of the tumor-induced ongoing pain aversiveness is rewarding, as 

previously demonstrated in rats with incisional pain [206]. Supporting this, 

saphenous nerve block in tumor bearing rats elicited DA release within the NAc 

shell. These observations are consistent with previous findings by our laboratory 

wherein activation of the mesolimbic reward-valuation circuitry occurs in 

response to manipulations that produce pain relief in rat models of hindpaw 

incision [206; 299], nerve injury [299], and cephalic pain [68]. These data indicate 

that activation of the mesolimbic reward valuation circuitry occurs in response to 

pain relief [207], which is consistent with observations within the clinical setting 

that fMRI readings from the NAc change in response to pain onset and offset [15] 
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and during placebo analgesia [264]. Time-course analysis of DA release within 

the NAc shell following morphine pellet administration demonstrated a transient 

increase in DA efflux in cancer-bearing rats compared to their sham 

counterparts. An irreversible µ-opioid receptor antagonist, β-FNA, blocked this 

enhanced DA release administered within the rACC. Previous studies 

demonstrated that lesions of the rostral anterior cingulate cortex (rACC) blocked 

CPP to pain relief in rats with experimental neuropathic pain, consistent with 

preclinical and clinical observations that the ACC is required to mediate the 

affective component of pain processing [134; 135; 243; 245]. Blockade of the 

enhanced morphine-induced DA release by the β-FNA injection into the rACC 

suggests that the difference in DA release between the tumor bearing and sham 

rats is likely due to the reward of pain relief rather than the inherent rewarding 

properties of the opioid. These observations are consistent with the hypothesis 

that different neural pathways mediate relief of pain and innate reward, as 

previously proposed [86; 87]. 

7.2 Breakthrough Pain Study 

 In patients with bone metastases, voluntary (switching positions) or 

involuntary (cough) movement can trigger breakthrough cancer pain that results 

in greatly diminished quality of life [182; 183]. Development of novel therapeutics 

has been hampered by the lack of knowledge of the mechanisms driving BT 

cancer pain, and how they may differ from ongoing pain [21]. One limitation has 

been the relative inability to assess ongoing and cancer BTP in preclinical 

models. Using a rat model of CIPB, we have developed an approach that reveals 
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BTP following limb palpation in tumor bearing rats. We demonstrate that 

palpation of the tumor-bearing hindlimb, simulating movement of the site of bone 

metastasis in patients, produces an aversive state that elicits CPA to a context 

with which it is paired. This likely reflects an increase in the unpleasantness of 

the pain state, similar to reports in patients experiencing BTP [113; 182; 194]. 

Further, we demonstrate that palpation induces CPA in rats treated with 

morphine demonstrated to be sufficient to control tumor-induced ongoing pain, 

an important criteria for diagnosis of BTP in cancer patients [113; 182; 194]. This 

is, to our knowledge, the first animal model of BTP. Using this model, we 

demonstrate that sensory input from the tumor bearing bone is required for 

initiation of the BTP, but that blockade of sensory input after palpation fails to 

block the BTP. These observations indicate important differences in mechanisms 

initiating and maintaining breakthrough cancer bone pain and help to separate 

the different mechanisms facilitating ongoing and breakthrough pain states.  

 Blockade of sensory input from the tumor-bearing tibia prior to volitional 

movement blocks palpation-induced CPA, suggesting that initiation of BT cancer 

pain is dependent on sensory input from the tumor bearing bone. Within the bone 

microenvironment, multiple disease-related factors are proposed to sensitize and 

directly drive nociceptive afferent fibers ([170-172]). In addition, recent studies 

report tumor-induced pathological reorganization of sensory and sympathetic 

nerve fibers, characterized as nerve sprouting and neuroma formation, within the 

periosteal tissue and the bone in mouse models of breast cancer, osteosarcoma, 

and prostate cancer-induced bone pain [23; 101; 173]. Nerve-injury induced 
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neuroma formation is associated with ectopic discharge and is a proposed 

mechanism of spontaneous neuropathic pain [73; 74], raising the possibility that 

tumor-induced neuroma formation within the periosteum and bone contributes to 

ongoing pain. In addition, it has been proposed that formation of these neuromas 

within the periosteum may play a role in spontaneous BTP [84; 173]. The relative 

role of these factors on tumor induced ongoing, breakthrough, and referred bone 

pain have yet to be thoroughly examined but may be amenable to the approach 

described here.  

 Once palpation-induced BTP is established, blockade of sensory input 

from the tumor-bearing tibia failed to block palpation-induced CPA. These 

observations indicate that once established, blocking sensory input from the 

tumor bearing bone is no longer sufficient to reverse palpation induced 

breakthrough pain, suggesting potentially important mechanistic differences in 

maintenance of persistent ongoing compared to BT cancer pain. One possibility 

is that sites within the central nervous system maintain BTP. Several central pain 

facilitatory processes have been studied, including descending pain facilitatory 

pathways from the RVM, implicated in both ongoing and evoked neuropathic pain 

states [147; 221]. Others have described a reverberating circuit between the 

spinal cord dorsal horn and the dorsal reticular nucleus within the caudal 

medulla, proposed to promote enhanced response capacity of spinal neurons to 

noxious stimulation and implicated in acute pain responses to noxious heat and 

formalin [159]. Such descending pain facilitatory pathways may be critical in 

maintaining BTP and deserves further study. As some instances of BT cancer 
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pain are associated with unplanned movement, such as cough, a better 

understanding of the mechanisms maintaining breakthrough pain is critical for 

development of therapeutic options for reversal of breakthrough pain triggered by 

unexpected movement. 

 Palpation of a tumor-bearing hindlimb produces CPA in animals treated 

with morphine sufficient to block tumor-induced ongoing pain. The ability of 

movement to generate pain that breaks through opioid medication controlling 

persistent background cancer pain suggests that these pain states are 

mechanistically distinct [21]. Within the clinical setting, cancer BTP occurs in the 

presence of opiates at doses likely sufficient to block activity of mu opioid 

receptor (MOR) expressing afferents. This suggests that movement recruits 

additional MOR-negative nociceptive sensory fibers. Multiple studies have 

characterized peripheral nociceptors and have broadly defined two populations 

classified as peptidergic (i.e., CGRP+, TrkA+) and non-peptidergic (IB4+/P2X3+) 

fibers [14]. Studies in mice show that both the periosteum and the bone 

intramedullary space are innervated almost exclusively by small, peptidergic, 

CGRP+/TRPV1+ C-fibers [170]. However, evidence exists for innervation of bone 

by both peptidergic and non-peptidergic (IB4+/P2X3+) fibers in the rat [137]. 

These classes of fibers have been demonstrated to differentially mediate 

responses to thermal and mechanical stimuli [40; 145; 158; 216; 218]. Notably, 

recent evidence indicates selective expression of MOR on peptidergic fibers, but 

not on non-peptidergic fibers [259]. Such observations indicate potentially 

differential roles for these subtypes of nociceptive fibers in mediating different 
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aspects of cancer induced bone pain. However, the relative roles of these 

subtypes of nociceptive fibers in ongoing and BTP are unknown and require 

further investigation.  

 Several lines of investigation have explored the potential for treatments 

targeting molecules primarily expressed on peptidergic fibers. One example is 

the development of strategies to block NGF signaling through administration of 

anti-NGF monoclonal antibodies or TrkA receptor antagonists, which have been 

shown to attenuate cancer pain as well as pathological sprouting of peptidergic 

fibers in tumor bearing mice [101; 173]. Others are exploring the ability of the 

ultrapotent capsaicin analogue, resiniferotoxin (RTX) to block cancer-induced 

pain within clinical trials [127]. As TRPV1 as well as TrkA receptors are primarily 

expressed on peptidergic fibers [14], which are also most likely to express MOR 

[259] whether such strategies will effectively block both ongoing and BT cancer 

pain is unclear. Together, the measures described to capture ongoing CIBP and 

cancer BTP gives us tools with which to examine the effectiveness of novel 

treatments on both ongoing and BT cancer pain. Such studies will allow proof of 

concept for targeting specific components of tumor-induced cancer pain, as well 

as allow for analysis of potentially important mechanistic differences underlying 

these pain states. 

7.3 TRPV1 Study 

 Ligand gated ion channels, particularly transient receptor potential 

vanilloid 1 (TRPV1), have seen a great surge in investigative interest due to their 

location on nociceptive fibers and their role in mediating noxious chemical and 
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inflammatory input [26; 128; 211; 297]. The present study demonstrated 

mechanistic differences between evoked and ongoing in response to acute 

blockade of TRPV1 channels. A potent TRPV1 antagonist, AMG9810, completely 

blocked CFA-induced thermal hypersensitivity, however, failed to block tactile 

hypersensitivity in a rat model of CIBP. Pre-treatment with AMG9810 failed to 

block preference to saphenous lidocaine and did not yield DA release from the 

NAc when administered. Our data indicate the acute blockade of TRPV1 

channels in a setting of solely inflammatory pain was able to manage evoked 

pain behaviors, but in a model of BCBM, was insufficient in managing evoked 

and ongoing pain.  

 CFA-induced tissue inflammation increases DRG expression of TRPV1 

[216]. Furthermore, TRPV1-/- mice displayed impaired thermal hypersensitivity to 

tissue inflammation [6]. Combined, these suggest that blockade of TRPV1 

channels could attenuate inflammation-induced pain conditions. Because our 

model of CIBP failed to demonstrate thermal hypersensitivity to an IR stimulus, 

we used a well-established model of tissue inflammation to test the on-target 

effects of AMG9810. Complete Freud’s Adjuvant (CFA) injected into the 

intraplantar surface of the hindpaw of a rat produced distinctive thermal 

hyperalgesia 24-hours post administration. Acute administration of AMG9810, at 

a dose previously shown to be efficacious at controlling inflammatory pain, fully 

reversed thermal hypersensitivity at 20 minutes post-injection, an effect that 

persisted for 1 hour. This effect parallels previously published data and validates 

AMG9810’s antagonistic effects at the TRPV1 receptor.  
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 Previous literature has indicated that blockade of TRPV1 receptors is 

sufficient to attenuate evoked and spontaneous behaviors in a mouse model of 

CIBP [102]. Using our rat model of CIBP, cancer-bearing rats do not display any 

change in tactile hypersensitivity following AMG9810 administration. Pre-

treatment with AMG9810 15 min prior to a peripheral nerve block failed to block 

CPP. Similarly, no DA release was detected from the NAc in response to 

treatment with AMG9810. Acute blockade of TRPV1 produced similar results in 

an MIA-induced osteoarthritis model, in which AMG9810 administration blocked 

thermal hypersensitivity, but failed to control ongoing pain. 

 TRPV1 expression was significantly increased in a mouse model of CIBP 

selectively in CGRP+ and NF200+ DRG neurons, echoing observations that 

occurred in a solely inflammatory setting [102]. But unlike inflammatory injuries, 

CIBP is comprised of multiple components, including neuropathic and 

mechanical [169]. Thus, acute blockade alone may not be sufficient to manage 

ongoing pain. As the Ghilardi et al study implemented sustained administration of 

a TRPV1 antagonist, likewise, blockade of TRPV1 channels may be more 

effective with continual drug treatment beginning at the onset of pain behaviors.  

7.4 Interleukin-6 Study 

 Interleukin-6 (IL-6) is a pleiotropic cytokine involved in the pro-

inflammatory cascade and has been implicated in a multitude of events 

surrounding disease progression of breast cancer bone metastasis, including 

osteoclast differentiation and subsequent osteolysis, tumor cell proliferation, and 

additional cytokine production [71; 169; 294]. IL-6 is frequently upregulated in 
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pathophysiological conditions where patients display evoked and spontaneous 

pain symptoms [70; 205; 270]. The potential role of blockade of IL-6 signaling in 

tumor-induced bone remodeling, tumor growth, or bone pain is unclear. 

 Many cancer cell types that metastasize to the bone display endogenous 

secretion of IL-6. MAT B III cell culture medium had measurable quantities of IL-6 

compared to cell culture medium alone. Additionally, MAT B III cells underwent 

rapid proliferation in a dose- and time-dependent manner to IL-6 treatment, 

confirming that IL-6 is a direct growth stimulator. In the bone, major contributors 

of IL-6, in addition to tumor cells, include macrophages, endothelial cells, 

prostaglandins, and cytokines [8; 209]. Analysis of bone extrudates showed 

significantly elevated levels of IL-6 in cancer-bearing rats exclusively.  

 Interleukin-6 promotes, while blockade of IL-6 signaling diminishes, 

evoked pain-related behaviors in preclinical models of injury, denoting a 

predominant role in directly modulating nociceptive sensitization [30; 142; 258]. 

Acute blockade of IL-6 signaling by a novel receptor antagonist, TB-2-081, 

reversed tactile hypersensitivity with peak effect observed at 30 min post-

administration. Our data demonstrate that while TB-2-081 was able to mediate 

tactile hypersensitivity, pretreatment failed to block preference induced by 

saphenous lidocaine. Preclinically, levels of IL-6 have been shown to be 

upregulated locally at the site of injury, within the DRG of nociceptive afferents, 

as well as within the ipsilateral dorsal horn of the spinal cord, indicating 

peripheral and central mechanisms of action [202; 213; 262]. Based on this 

rationale, successful reversal of IL-6 driven ongoing CIBP would be difficult to 
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accomplish acutely. We decided to investigate whether sustained blockade of IL-

6 signaling could prevent the onset of tumor-induced pain and osteolysis instead. 

 Two time points were investigated for the start of sustained TB-2-081 

treatment: day 0 (D0) and day 7 (D7). Both cancer groups saw a significant 

attenuation in cancer-induced tactile hypersensitivity as measured on days 10 

and 12. Interestingly, D12 radiograph analysis revealed that D7 cancer cohorts 

displayed osteolytic lesions along the cortical shaft of the bone, while D0 treated 

rats had minimal to no detectable lesions. These data suggested that early 

targeting of IL-6 is key to blocking cancer cells from fully integrating into the bone 

microenvironment and inducing osteolysis. Furthermore, IL-6 inhibition 

demonstrated significant benefits at reducing evoked pain responses when 

administered before or during metastatic colonization. Together, this emphasizes 

that early stage IL-6 intervention plays a key role in mitigating changes in the 

tumor microenvironment and improves tactile hypersensitivity overall. 

Quantification of bones will be performed using µCT analysis to observe changes 

in bone density and remodeling in response to TB-2-081 treatment. Rating of 

bone radiographs will also occur by an experimenter blinded to the experiment. 

 No cytotoxicity is observed in response to TB-2-081 treatment in MAT B III 

cells. Interleukin-6 challenge following pretreatment with this compound 

demonstrated a partial reduction in pSTAT3. Both results are consistent with 

similar in vitro analyses of this drug confirming that it acts indirectly on tumor 

cells through inhibition of the Jak/STAT pathway.  
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 Binding of IL-6 to receptors on osteoblasts (OB) stimulates production of 

RANKL, a protein necessary for the induction of osteoclastogenesis [294]. Bone 

metastases have high levels of detectable RANKL expression and almost non-

existent level of osteoprotegerin (OPG), a decoy receptor for RANKL [54; 170; 

176]. Because D0 sustained administration of TB-2-081 saw drastically reduced 

lesion presence along the rat tibias, we hypothesized that TB-2-081 was not only 

acting on the tumor cells, but also OB as well. Following TB-2-081 pretreatment/ 

IL-6 challenge of OB cultures, immunofluorescence analyses displayed 

significantly reduced expression of membrane bound RANKL compared to 

vehicle pretreated cultures. ELISA analysis of osteoblast medium failed to detect 

the second form of RANKL, soluble RANKL (sRANKL). This could be attributed 

to the understanding that these cultures are 1.) Two-dimensional, thus not 

replicating the entire complexity of the bone microenvironment, and 2.)  

Treatment was done in an acute setting and sRANKL may be present in higher 

quantities in persistent inflammatory conditions. 

 Given the amount of literature attesting to IL-6 role in angiogenesis, tumor 

growth and proliferation, osteoclastogenesis, and chemotherapeutic resistance, 

inhibition of the IL-6 signaling cascade is a logical and rational step [8; 17; 22; 28; 

59; 70; 107; 151; 193; 257; 281]. Current drug treatments either target the bone 

microenvironment (bisphosphonates, RANKL inhibitors) or attempt to control the 

pain state (radiotherapy, opioids, gabapentin). While NSAIDs may initially be 

helpful at reducing the inflammatory burden associated with BCBM, ultimately 

they fail to have long-lasting efficacy in patient populations. Targeting the pro-



  148   

 

inflammatory cytokine IL-6 in CIBP is a promising route given that inhibition 

blocks autocrine signaling by tumor cells, paracrine signaling to OB and 

subsequent osteoclastogenesis by inhibiting RANKL production, and block pain-

related behaviors too. Tociluzimab, a completely humanized monoclonal 

antibody, is the only FDA approved drug that actively targets IL-6 [8]. Indicated 

for patients with rheumatoid arthritis, it shows excellent tolerability and efficacy. 

Sustained blockade of IL-6 in our animal model showed no observable side 

effects, nor did it interfere with the bodies healing capabilities following surgical 

incision.  

 It is well documented that many tumor types display constitutively activate 

Jak/STAT signaling [29; 32]. These tumors have a predilection for signaling 

through either STAT1 or STAT3, which regulate transcription of pro-survival and 

pro-apoptotic genes. Aberrant tyrosine kinase signaling can be attributed to 1.) 

Continuous cytokine stimulation by IL-6, or 2.) Epidermal growth factor receptor 

signaling by TGF-α. [99]. By stratifying patients based on the mechanism 

facilitating Jak/STAT signaling, those with IL-6 driven activation could receive 

targeted therapy that could reduce tumor burden and increase sensitivity to 

chemotherapeutic agents, ultimately improving survival expectancy in cancer 

patients [32; 105; 107]. 

 In oncology, it is stressed that prevention is key. However, in patients who 

have battled cancer, the fear of metastatic spread is ever present. Thus, 

prevention should not only be for the primary tumor, but also for secondary 

tumors as well. Our data indicate that an IL-6 targeted compound could be the 
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ideal drug, in that it could be administered long-term to patients in low, tolerable 

doses with the benefit of delaying and/or preventing skeletal metastases without 

fear of negatively interfering with the immune system.  

7.5 Summary 

 The most commonly diagnosed cancers such as prostate, lung and breast 

have a high propensity to metastasize to the bone. Multiple aspects of disease 

progression, including bone destruction and inflammatory factors associated with 

tumor growth, contribute to CIBP [170-172]. In summary, this dissertation 

successfully characterized a preclinical rat model of breast cancer-induced bone 

pain based on the WHO 3-step ladder for pain management that includes 

behavioral and biochemical measures of relief of ongoing pain not evoked by the 

experimenter. Utilizing this model, we explored two investigational antagonists, 

AMG9810 (TRPV1) and TB-2-081 (IL-6), and evaluated their capability in 

mediating ongoing pain, tumor progression and bone remodeling [24]. Although 

morphine controls this ongoing pain, up to an estimated 43% of cancer patients 

worldwide fail to receive adequate pain relief [21; 186; 187; 236]. Moreover, 

doses required to produce adequate pain relief in these patients are commonly 

associated with adverse side effects further diminishing the quality of life in these 

patients [177; 187; 196; 208; 234].  

 A large portion of patients with bone metastases experience movement-

induced breakthrough pain that breaks through continuous opiate administration 

sufficient to control ongoing pain [113; 194]. We demonstrate that that palpation 

of the tumor-bearing limb produces CPA that is observed in the presence of 
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morphine treatment that controls cancer-induced ongoing pain. These 

observations are consistent with BTP described by patients with bone 

metastases.  

 Combined, these measures of cancer-induced ongoing and breakthrough 

pain may provide a means to delineate differences in the molecular mechanisms 

driving these aspects of cancer-induced bone pain. Such an understanding will 

allow for development of therapeutic strategies to more effectively target 

individual aspects of cancer-induced bone pain and provide opioid sparing 

effects. In addition, these measures will also serve as a preclinical means to 

study the combination of existing therapies for individual pain states arising from 

cancer, with the overarching goal of discovering treatments that will provide 

prolonged pain relief with minimal side effects, ultimately improving the quality of 

life in cancer patients with metastatic breast cancer to bone.  
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7.6 Future Directions 

 Based on our initial findings in the IL-6 study, some important questions 

arose that need to be further explored. First, does sustained inhibition of IL-6 

signaling prevent neuroplastic changes in the periphery of a rat model of CIBP? 

To answer this, we would need to determine what fiber populations contribute to 

evoked, ongoing, and breakthrough pain in our rat model utilizing anatomical and 

functional methods to characterize specific fiber cohorts. By characterizing 

different afferent populations that contribute to pain, potential targeted 

therapeutic interventions may be created.  

 Second, while we answered the question about IL-6-induced stimulation of 

RANKL secretion from osteoblasts, we cannot definitely state yet that systemic 

blockade of IL-6 signaling prevented and/or stabilized tumor-induced bone 

remodeling through blockade of osteoclastogenesis. Therefore, we need to 

conduct histology of paraffin embedded bones to look at OC cell presence via 

tartrate resistant acid phosphatase positive cells, a marker of osteoclast activity. 

We would also want to confirm that IL-6 blockade could also prevent osteoclast 

precursor cells from differentiating into mature OC in vitro.  

 In our BTP study, we demonstrated that peripheral afferent input initiates 

BTP, however, this pain state is not maintained by the same mechanisms, as 

localized blockade of sensory input following palpations failed to block CPA. This 

would suggest that central mechanisms contribute to the maintenance of BTP 

once initiated in the periphery. Microinjection of lidocaine into the rostral 

ventromedial medulla (RVM) produced CPP in cancer-bearing rats with ongoing 
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pain. Because this is the proposed final relay in the supraspinal circuitry, 

inactivation of this brain region by lidocaine should be able to block palpation-

induced CPA. Furthermore, RVM off-cells, which turn off in the presence of 

nociceptive input, express mu-opioid receptors (MOR). Thus, injection of 

morphine into the RVM should activate the off-cells and be able to block CPA to 

palpations as well. 

Figure 20 

 
 

 

 

 

 

 

 

 

Figure 20. Inactivation of the RVM produces CPP selectively in tumor-

bearing rats. A. Sham rats display no preference for the saline or lidocaine-

paired chambers, while cancer-bearing rats spent significantly more time in the 

chamber paired with the lidocaine (*p<0.005, n=13-16). B. Difference scores 

demonstrate that only cancer rats display preference for RVM lidocaine 

(*p<0.005, n=13-16).   
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