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ABSTRACT 

Pain is the most common reason patients seek out medical attention, although its 

etiology is different case by case. The over-prescription as well as misuse of 

opioid therapeutics has created a crisis within the United States that has proven 

difficult to combat. Metastatic cancer pain as well as orthopedic fracture pain 

have become some of the largest reasons for the prescription of opioid 

therapeutics. Despite acute benefits, these drugs possess little long-term efficacy 

at controlling pain. In addition, there is evidence that chronic opioid use may 

impair bone healing and worsen osteolysis induced by metastatic cancer spread. 

To date, there have been few published studies that suggest why these 

observations may be occurring. Tangentially, there have been studies 

demonstrating that activation of cannabinoid receptors, especially through 

cannabinoid receptor 2 (CB2R) activation, by either direct agonism or through 

modulation of endogenous cannabinoids such as 2-arachidonylglycerol (2-AG) 

by inhibition of catabolic enzyme monoacylglycerol lipase (MAGL) can promote 

analgesia in several models. Additionally, studies have demonstrated a dose 

reduction quality of using CB2 agonists with opioid based therapies for analgesia 

while helping to alleviate some side effects. While CB2 and Mu opioid agonists 

have been investigated for many types of pain, it is unknown what effects chronic 

opioids may have on bone growth and associated bone pain. The purpose of the 

studies were to investigate the effects of chronic opioids on bone pain and its 

associated negative metabolic effects, while investigating the therapeutic 

potential for cannabinoid-based therapies. We determined if the use of a novel 

MAGL inhibitor, MJN110, had beneficial effects at treating cancer induced bone 
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pain as well as if it had any anti-tumor or pro-osteogenic properties. Next, we 

investigated a mechanism for the observation of how morphine may be 

exacerbating osteolysis induced by metastatic cancer spread to the bone via 

TLR4 activation. Finally, we determined if chronic opioid therapies impaired 

fracture healing in a model of traumatic fracture and looked to see if CB2 

agonism could induce analgesia while not impairing bone healing. Here we show 

that chronic morphine treatment induces tolerance and hyperalgesia in a murine 

model of bone cancer, while simultaneously enhancing osteolysis. Additionally, 

we demonstrate that increasing endogenous cannabinoids by MAGL inhibition 

maintains efficacy in this bone cancer model, and doesn’t negatively affect bone 

health. Finally, we show that chronic opioid therapies do not have long term 

efficacy in a murine model of bone fracture and they delay healing of the fracture, 

while CB2 agonism maintains analgesic efficacy and does not impair bone 

healing. This together strongly suggests the further preclinical and clinical 

investigation of CB2 agonists for the treatment of bone pain.  
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CHAPTER 1: INTRODUCTION 

1.1 BONE PHYSIOLOGY, INNERVATION AND THE BONE MULTICELLULAR 
UNIT 

The skeletal system’s major function in the body is to provide stable structural 

support for the body, to protect inner soft tissues, to provide as a calcium 

reserve, and to serve as a compartment in which hematopoiesis can occur. The 

individual unit of the skeletal system, bone, is a highly organized, dynamic 

interplay of many different cell types that respond to various stimuli. Bone is a 

tissue comprised of a cellular component existing within a matrix that has both 

organic and inorganic components. The cellular interplay with this matrix makes 

up the “bone multicellular unit” (BMU), which is composed of the osteoblasts, 

osteoclasts and osteocytes. All of these cells interact through signaling pathways 

and in response to stimuli to promote the remodeling of the bone matrix.  

 Osteoblasts are the bone building cells within the BMU. These cells are 

derived from mesenchymal stem cells and are responsible for depositing the 

bone matrix. Many signaling molecules and pathways are involved in the 

differentiation and activation of osteoblasts. Bone morphogenic proteins regulate 

the differentiation of pre-osteoblastic cells by binding their cognizant receptor and 

activating SMAD proteins to induce the transcription of Runx2, the master 

regulatory gene for osteoblast differentiation (Derynck and Zhang, 2003; Gaur et 

al., 2005). Wnt signaling through its receptor Frizzled is another major regulator 

of osteoblast activity (Bodine and Komm, 2006). It is through this pathway that 

endogenous inhibitors of osteoblast activity act. The secreted proteins Sclerostin 

(SOST) and Dickkopf-related protein 1(DKK1) act to inhibit Wnt signaling and 
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prevent osteoblast differentiation and activity (Diarra et al., 2007; Veverka et al., 

2009). Once active, there are two major roles in the BMU they play. First, these 

cells are responsible for secreting matrix proteins and mineralizing the matrix. 

Secondly, they are responsible for regulating osteoclast activity. Osteoblasts are 

the major cell population that regulate bone degradation. Physiologically, in 

response to hypocalcemia, parathyroid hormone (PTH) acts on the PTH receptor 

to induce the expression of RANKL and decreases expression of osteoprotegerin 

(OPG) by osteoblasts, the endogenous decoy receptor to RANKL, which then 

results in the stimulation and differentiation of pre-osteoclast cells into mature 

osteoclasts. This coupling is essential to normal homeostatic regulation, but 

under pathological conditions, RANKL can arise from other cell types to cause an 

imbalance in bone formation. Once their metabolic roles are finished, osteoblasts 

can finish their maturation into fully differentiated osteocytes, the third cell 

comprising the bone multicellular unit. Mature osteocytes sit in lacunae of the 

bone and make up roughly 90% the bone cells in mature lamellar bone. The 

osteocytes respond to mechanical loading and stress on bone through their 

dendritic processes (Bonewald and Johnson, 2008) and release factors that help 

to regulate bone remodeling (Raggatt and Partridge, 2010). The major factor 

released by these cells is a protein known as sclerostin, which is an endogenous 

inhibitor of Wnt signaling through LRP5/6 on osteoblasts. It has been additionally 

known that sclerostin can also increase the activity of osteoclasts (van Bezooijen 

et al., 2005) and therefore, terminally differentiated osteocytes, once believed to 



 20 

be inert, have major roles in bone remodeling and on function of the bone 

multicellular unit.  

Osteoclasts are the cells responsible for bone breakdown. These cells derive 

their lineage from hematopoietic stem cells through the myeloid cell line. The 

major differentiation factors for these cells are MCSF and RANKL. MCSF is 

responsible for enhancing the viability of the myeloid cells and pushing them 

toward a monocyte cell line (Redlich and Smolen, 2012), at which point RANKL 

can terminally differentiate the cells. RANKL is expressed mainly by osteoblasts 

in response to PTH and binds to its cognizant receptor on the osteoclast cell 

surface. Under pathological conditions, other systems are able to assist in the 

terminal differentiation of osteoclasts. Under states of chronic inflammation, 

cytokines such as IL-1β, TNFα, and IL-6 are able to act on their respective 

receptors that are expressed on monocyte and pre-osteoclast cells to activate 

NFκB and AP-1, leading to expression of pro-osteoclastogenic genes (Guerne et 

al., 1990; Poli et al., 1994; Redlich and Smolen, 2012). The interplay between 

osteoblasts and osteoclasts regulate bone mass under basal conditions and 

bone healing under conditions of disease and fracture. 

Bone is a densely innervated tissue that is complex and has only recently 

been studied in detail. Studies have demonstrated that there are both dense 

sensory and sympathetic innervations to all layers of the bone including 

periosteum, mineralized bone and the marrow cavity (Serre et al., 1999; Mach et 

al., 2002; Alves et al., 2016). The sympathetic innervation to the bone has been 

known to have a homeostatic effect on bone mass by which its activation 
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promotes bone loss by modulating osteoblast activity and enhancing osteoclast 

activity. Osteoblasts express the β2-adrenergic receptor, which when stimulated, 

promotes the expression of Rankl that will allow for the osteoblast cells to 

promote osteoclast differentiation (Elefteriou et al., 2005). This was further 

confirmed by demonstrating that beta-blockade can protect against ovariectomy-

induced osteoporosis (Bonnet et al., 2005), sympathectomy led to decreased 

bone resorption and higher bone mineral density in rats (Choo et al., 1992), β2-

agonists can increase bone resorption and decrease bone mineral density 

(Nilsson et al., 1994), beta-receptor blockade increased bone union rates in mid-

diaphyseal fracture models (Cavalie et al., 2002), and by a small human trial 

showing that beta-blockers can decrease bone resorption (Reid et al., 2005). The 

sensory system has been implicated in bone regulation as well as multiple 

studies showed that decreased sensory innervation to bone resulted in lower 

bone mass (Offley et al., 2005; Fukuda et al., 2013; Heffner et al., 2014). The 

majority of sensory fibers that have been described to innervate bone are 

peptidergic, small diameter fibers such as A-delta and C-fibers that express 

substance P (SP) and calcitonin gene-related peptide (CGRP) and they tend to 

express highly effective NGF receptor Tropomyosin receptor kinase A (TrkA), 

therefore are sensitive to nerve growth factor (Castaneda-Corral et al., 2011; 

Alves et al., 2016).  Although the majority of information regarding bone 

innervation comes from animal models, it has been demonstrated that these 

reliably describe the human patterns of innervation as well (Gronblad et al., 1984; 

Fras et al., 2003). The activity of the bone multicellular unit and its proximity to, 
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and interactions with, the nerves that innervate the tissue come together to 

influence how bone pain is transmitted and perceived under traumatic or 

diseased conditions.  

1.2 BONE FRACTURE PAIN AND THERAPEUTICS 

Bone pain is a notoriously difficult pain to treat and is often extremely severe 

for the patient. Although there are many causes to bone pain, in our studies we 

focus mainly on pain generated from the two major classes of fracture: traumatic 

and pathologic. Traumatic fractures occur when an abnormal or high-energy 

force is applied to an otherwise healthy bone thereby leading to injury. Pathologic 

fractures occur when an innocuous, normal force is applied to a diseased or 

unhealthy bone leading to a fracture. Pathologic fractures can occur for many 

reasons (e.g. osteoporosis, Paget’s, osteomyelitis, Gaucher’s, cancer), but in our 

studies we look at pain arising from metastatic cancer to bone. 

Since fracture repair and healing is a dynamic process, it is logical to believe 

that pain associated with fracture repair changes spatially and temporally along 

with shifting etiologies. Upon initial fracture, pain is likely derived from the 

densely innervated periosteum via mechanosensing fibers and nociceptors, 

which leads to the sharp pain (Santy and Mackintosh, 2001), which is supported 

by evidence demonstrating that anatomic reduction of the fracture and 

stabilization attenuates pain. The ongoing pain, however, is associated more 

commonly with A-delta and C-fiber transmission from all depths of the bone 

including the periosteum and medullar cavity (Jimenez-Andrade et al., 2009). As 

the bone heals, inflammatory mediators are released by the influx of immune 
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cells, which are thought to contribute to the fracture pain and causes 

sensitization, but this isn’t fully understood. Finally, as the callus remodels, there 

is a drastic increase in sprouting of peptidergic neurons and sensitization of 

nociceptors (Kawarai et al., 2014). Depending on the type of fracture and 

underlying cause, there are many reasons the pain may arise, which may help 

direct treatment.  

Currently, opioid-based therapies are widely utilized for the treatment of bone 

pain, especially in fracture treatment. While these may have short term efficacy, 

they lead to tolerance and hyperalgesia (Vanderah et al., 2000). In addition to 

this, chronic MOR agonism by opiate drugs modulate the sensitivities of pain 

fibers over time. The chronic administration can sensitize nociceptive afferent 

fibers to and create irregular firing patterns as well as modulate the threshold for 

firing of these fibers (Hogan et al., 2013). Due to this, it is essential to understand 

the underlying physiology of pain for different fracture types in order to better 

design drugs that may more specifically inhibit these fibers or mitigate the 

hypersensitivity.  

1.2.1 Metastatic cancer-induced bone pain 

Cancer is and will continue to be one of the leading causes of death throughout 

the world. In later stages of cancer progression, cells from the primary solid 

tumors travel to distant sites within the body through the process of metastasis. 

Of these sites, bone tends to be one of the most commonly affected areas by 

metastasis. Multiple different malignant tumors preferentially metastasize to bone 

including sarcomas and carcinomas of the breast, lung, prostate, kidney and 
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thyroid (Luger et al., 2001; Coleman, 2006). The symptoms arising from 

metastatic disease varies, but the most common associated symptom is pain 

(Luger et al., 2005). These tumors can display an osteolytic, osteoblastic or 

mixed phenotype. These all lead to localized destruction of the bone and chronic, 

severe pain that leads to secondary, pathologic fractures and/or hypercalcemia, 

in addition to other skeletal related events (SRE). Due to this chronic destruction 

of the bone and severe pain patients begin to have decreased functional status, 

decreased quality of life and is often associated with high morbidity and mortality 

(Jimenez-Andrade et al., 2010; Vieira et al., 2019).  

Despite the well outlined pain guidelines metastatic cancer pain, up to 50% of 

patients still suffer from inadequate pain control, the reasons for which are 

multifactorial. Lack of knowledge by healthcare professionals, drug, adverse 

effects, tolerance, lack of compliance, variations in confounding comorbidities 

and genetic predispositions to pain medications all may cause under-relieved 

pain (Vieira et al., 2019). Typical therapies to manage CIBP follow the World 

Health Organization’s recommendations of an escalating pharmacological 

strategy. As pain begins, NSAIDs and non-opioid based therapies are utilized, 

but these quickly become ineffective. The next stage is low efficacy opioid 

analgesics such as codeine. Once pain begins to become too great, stronger, 

more efficacious opioids are employed such as morphine, hydromorphone and 

fentanyl (Organization, 1986). In addition to all of these pain medications, 

adjuvant therapies such as bisphosphonates and treating the underlying disease 
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with radiation and chemotherapy may or may not be utilized depending on 

disease progression and patient wishes.  

The pain typically associated with metastatic cancer begins as a dull, aching pain 

that is constant, but worsens over time (Dy et al., 2008). As the disease 

progresses and bone architecture alters, the incidence of sharp, sudden pains 

begin to occur; this is known as breakthrough pain (Mercadante, 1997). This 

breakthrough type pain can occur at random, but commonly is associated with 

movement or weight bearing (Mercadante et al., 2004). The molecular 

mechanisms of cancer induced bone pain have proven to be complex and 

investigation into these mechanisms is ongoing. Due to the unique innervation of 

bone, there are multiple pathways that the tumor ay be causing pain. Tumor 

presence within the bone causes hypercalcemia, acidosis and localized 

destruction within the bone compartment. The acidosis leads to activation of 

ASIC3 channels on bone nociceptors that enhance nociceptive 

neurotransmission (Clohisy et al., 2000). The presence of the immune, tumor and 

stromal cells causes release of factors such as bradykinin, interleukins, 

chemokines and neurotrophic factors – many of which are known to sensitize 

nociceptors or induce further destruction of the bone leading to pain (Mantyh, 

2006; Joyce and Pollard, 2009). Secondary effects from the tumor will also lead 

to enhanced pain states as the bone metabolism is altered. Stromal cells 

surrounding the cancer cells have been demonstrated to release factors such as 

Dickkopf-related protein 1 (DKK1), which can block Wnt signaling and impede 

the maturation and activity of osteoblasts (Diarra et al., 2007); this leads to 
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increased bone loss. Cancer cells are also able to release trophic factors that 

lead to the promotion of osteoclast differentiation such as TNFa, which can 

induce the expression of RANKL by osteoblasts as well as directly activating the 

AP-1, c-Fos, and NF-kB pathways to induce expression of pro-osteoclast genes 

(Grigoriadis et al., 1994; Redlich and Smolen, 2012). These together lead to the 

rapid degradation of bone and this catabolic process can lead to activation of 

nociceptors. Fragility additionally leads to increased risk of fracture, which had 

associated pain.  Mechanical strain on the bone from tumor presence and growth 

leads to activation of mechanosensory fibers within the periosteum and 

nociceptors within the marrow cavity, as well as ensuing fracture, all of which add 

to the multimodal pain state that is cancer-induced bone pain.   

1.2.2 Traumatic fracture pain 

Fracture incidence is expected to increase in the coming decades for many 

reasons. The rapidly ageing population within the United States leads to higher 

risk of osteopenic and osteoporotic fracture. Roughly 50% of women and 22% of 

men will suffer an osteopenic related fracture during their lifetime (Kannus et al., 

2001; Court-Brown and Caesar, 2006). There have also been current trends 

suggesting that the location and types of fractures occurring across ages and 

genders are shifting: namely that hip fracture rate in the elderly is decreasing 

while overall fracture rate is increasing (Amin et al., 2014). Fracture uniformly 

brings about severe pain that must be addressed. Appropriately treating fracture 

pain is paramount to achieving timely and anatomical healing. The early use and 

loading of the fractured bone have been shown to enhance successful union of 
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the fracture (Koval et al., 1998; Brumback et al., 1999). These facts together 

require that pain is managed in order to get patients mobile faster thereby 

promoting their healing. In order to do this, it essential to understand the 

neurobiological mechanisms underlying this type of pain as well as the types of 

therapies available to treat these issues. 

The understanding of bone innervation has been elucidated over the past 

decades, but despite this, there is still little understanding of the complex 

signaling that relates the pain associated with fracture. Currently, it is understood 

that there is immense, rapid sprouting of CGRP+ and SP+ neurons within the 

bone as it remodels following callus formation (Li et al., 2007; Li et al., 2010), 

which may mediate fracture pain during remodeling analogous to neuroma 

formation in cancer-induced bone pain (Jimenez-Andrade et al., 2010; Mantyh et 

al., 2010). In addition, there is transient increased TRPV1 channel expression in 

the DRGs of fractured femurs (Kawarai et al., 2014), which enhance pain 

sensitization of nociceptors as well as counteract the analgesic effects and 

expression of CB2 receptors, which also demonstrate pro-osteogenic properties 

(Rossi et al., 2019). These facts taken together suggest utilizing CB2 agonists as 

potential novel analgesics for fracture pain. CB2 activation not only has 

osteogenic properties via increasing osteoblast activity, decreasing osteoclast 

differentiation (Ofek et al., 2006) and dampening down inflammatory osteolysis 

through their anti-inflammatory properties (Lozano-Ondoua et al., 2013a), but 

also have been demonstrated to be effective analgesics for multiple different 
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types of pain including neuropathic, inflammatory and post-surgical (Grenald et 

al., 2017).  

Current therapies targeted at treating fracture pain vary by severity of fracture, 

pain and the underlying conditions. Majority of fracture are treated using NSAIDs 

and opioid based therapeutics, but often these strategies have low efficacy and 

may have negative impact on healing. Chronic NSAID use has been associated 

with delays in bone repair and ability to achieve union (Giannoudis et al., 2000; 

Simon and O'Connor, 2007; Giannoudis et al., 2015). Additionally, chronic opioid 

use, with other associated adverse effects, have demonstrated impaired fracture 

healing and increased risk of nonunion (Chrastil et al., 2013; Loi et al., 2016).  

1.3 OPIOID PHARMACOLOGY AND ADVERSE EFFECTS 

Opioid analgesics are the most effect drugs that we currently have available 

for pain relief.  Yet, when administered chronically, they can lead to severe side 

effects and negatively impact a patient’s quality of life, limiting their clinical utility 

(McNicol et al., 2003; Ahlbeck, 2011). The current medical gold-standard opiate 

is morphine, which acts at the Mu-opioid receptor (MOR), a GPCR linked to Gai. 

The majority of opioid analgesics target the MOR. Opioid receptors are diverse 

and found throughout the body including the peripheral and central nervous 

system, the immune system and on several tissues including bone (McCarthy et 

al., 2001; Franchi et al., 2012). The analgesic properties of opiates come from 

the fact that their receptors are found on pain fibers throughout the body and 

result in the inhibition by decreasing adenylate cyclase that results in a decrease 

in PKA and a lack of phosphorylation of voltage gated calcium channels – 
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inhibiting pain transmission.  They also can result in the activation of GIRK 

potassium channels that help hyperpolarize the pain fibers of the nervous system 

(Zamponi and Snutch, 1998; Torrecilla et al., 2002; Zamponi and Snutch, 2002; 

Ahlbeck, 2011; Al-Hasani and Bruchas, 2011). These effects to induce analgesia 

function at multiple levels in the peripheral and central nervous systems, all with 

the goal to inhibit pain. The physiology of the receptors allows for anti-

nociception at multiple levels of the pain pathways.  

Despite their utility in acute pain, opioids fail to maintain long term efficacy for 

chronic, non-cancer pain and do not possess an indication for chronic pain (Chou 

et al., 2009). In spite of this, opioids are still widely overprescribed and according 

to the CDC and Prevention, over a quarter of a billion opioid prescriptions were 

written in 2012. Additionally, this over-prescription issue that begets the opioid 

crisis also disproportionally affects rural and Medicare patients, which further 

worsens the economic strain on the health care system and the country (Peirce 

et al., 2012). The significant side effect profiles of opioids are well described and 

include: nausea, constipation, pruritus, sedation, respiratory depression, 

tolerance, addiction and paradoxical hyperalgesia (Vanderah et al., 2000). 

Additionally, it has been recently suggested through previous work in our lab as 

well as collaborating scientists, that chronic opioid use may have negative 

impacts on bone remodeling and healing in the setting of metastatic cancer (King 

et al., 2007; Lozano-Ondoua et al., 2013a), but potentially also in fracture healing 

(Chrastil et al., 2013; Loi et al., 2016). This being the case, it could mean that 

chronic opioid use may unintentionally be exacerbating the problems of these 
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patients and could also be counteracting additional drugs they may be taking to 

improve bone stock such as bisphosphonates (King et al., 2007). Opioids have 

been linked not only to enhanced osteolysis and delayed fracture healing in 

these diseases but also have demonstrated an overall increased risk of fracture 

in patients regardless of age or gender (Vestergaard et al., 2006). Although the 

mechanism of several adverse effects have been elucidated, the processes that 

may underlie this phenomenon of impaired bone remodeling and healing are 

understudied and unknown.  

Recently, it has been discovered that morphine, its metabolite morphine-3-

glucuronide (M3G) and other opioid based therapeutics can also agonize other 

receptors besides the classical opioid receptors, namely the Toll-like family of 

receptors (TLRs) (Hutchinson et al., 2010; Grace et al., 2014). Of the TLRs that 

have been described, TLR4 is the receptor that has been most studied and 

implicated in the binding of morphine and other opioids leading to its activation. 

TLR4 is a low specificity patter recognition receptor (PRR) that has evolved to 

recognize a wide variety of foreign molecular patterns. It exerts its effects 

downstream mainly through the NFκB signaling pathway, although it has the 

ability to activate MAPK and AP1 pathways as well. There has been differential 

literature looking into the effects of morphine treatment on the activation of 

immune system via the TLRs that may be responsible for the opioid analgesic 

tolerance and opioid-induced hypersensitivity (Ellis et al., 2016; Grace et al., 

2016). In neuropathic pain models, administration of single doses of morphine 

were sufficient to induce microglial activation of TLR4 and increases in pro-
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inflammatory cytokines such as TNFα, IL-1 and IL-6 (Ellis et al., 2016). Morphine 

is doing this by activating the inflammatory pathways within the spinal cord and 

causing the prolonged neuropathic pain (Grace et al., 2016). In the periphery, it 

has been documented that morphine can induce immunosuppression in a TLR4 

dependent manner. This is both due to the fact that M3G can act as a partial 

agonist at TLR4, thus attenuating the response to its natural ligand, 

lipopolysaccharide, thus diminishing the immune response by macrophages and 

other immune cells, which leads to increased risk of opportunistic infections 

(Banerjee et al., 2015). One study suggested that alternative MOR signaling 

actually controls the expression of TLR4, which allows for TLR4 downregulation 

in murine macrophages, thus blunting the peripheral immune response (Franchi 

et al., 2012). Other in vitro demonstrated that acute administration of morphine 

caused a shift in the differentiation of T-helper cells.  A decrease in the number of 

Th1 cells relative to Th2 cells was observed and a concomitant decrease in a 

major Th1 cytokine, INF-γ, was found; this effect could be blocked by the MOR 

antagonist naloxone. Not only does this demonstrate that morphine may be 

altering the immune system by altering differentiation and cytokine production, 

but a decrease in the Th1:Th2 ratio causes an increase morbidity and mortality. 

(Mao et al., 2016). All of this together gives insight to the ability for morphine to 

bind and activate receptors outside of the classic opioid system, which warrants 

further investigation into the potential outcomes for chronic use.  

1.4 THE ENDOCANNABINOID SYSTEM AND CANNABINOID 

PHARMACOLOGY  
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The endocannabinoid system is a preserved system throughout many higher 

order mammals and has multiple, and continually growing roles in development, 

neurotransmission and various other physiologic processes. The eCB system is 

composed of enzymes that control the synthesis and degradation of the 

endogenous ligands that are produced. The cannabinoid receptors, CB1 and 

CB2, were identified, isolated and cloned in 1990 and 1993, respectively (Howlett 

et al., 2002). After this, the fields of cannabinoid pharmacology began to be 

explored further. CB1 receptors were found to be mainly localized on neurons, 

specifically at the presynaptic terminals (Matsuda et al., 1990). The CB1 

receptor, a Gai-linked GPCR, was determined to be one of the most highly 

expressed G-protein coupled receptors within the central nervous system 

including areas of the neocortex, the hippocampus, cerebellum and more 

(Herkenham et al., 1991; Tsou et al., 1998; Pertwee, 2006). Additionally, these 

receptors are found throughout the peripheral tissues in intestines, muscles and 

testes (Tam et al., 2010). CB1 receptors are believed to be mainly for the 

regulation of neurotransmitter release, owing to their primary localization upon 

presynaptic terminals, but their ultimate purpose is not fully elucidated. CB1 

agonists, as well as CB2, have been well documented to possess analgesic 

properties (Malan et al., 2001; Ibrahim et al., 2005; Ibrahim et al., 2006; 

Whiteside et al., 2007) and therefore are promising novel alternatives or 

adjuvants to opioid analgesics. The CB1 receptor, while able to elicit analgesia 

due to inhibition of nociceptive neurotransmission, is also known to elicit the 

psychoactive effects of cannabinoids (Mechoulam et al., 1970; Varvel et al., 
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2005). The presence of the CB1 receptor in the mesolimbic dopamine system 

also allows for the reward pathways to be active leading to the potential for 

rewarding/addictive behaviors (Pertwee, 2006). These effects therefore limit the 

therapeutic idealism of CB1 agonists as analgesics.  

The CB2 receptors are believed to function independently of the CB1 

receptors and to have differential effects. CB2 are similarly Gai-linked GPCRs, 

but they are found primarily on immune cells and microglial cells, and expressed 

in low or negligible levels on neuronal cells (Navarro et al., 2016). The CB2 

receptor has been shown to induced anti-inflammatory effects and has been 

demonstrated to treat multimodal inflammatory and neuropathic pain states (Fox 

and Bevan, 2005; Manzanares et al., 2006; King et al., 2007; Lozano-Ondoua et 

al., 2013a). CB2 receptors are also of particular interest in treating pain as well 

as other diseases due to the fact that the receptor is often overexpressed during 

pathological states (Morales et al., 2016), which make it a much more specific 

target for therapy; this would allow for an increased safety profile. 

Endocannabinoid ligands are numerous throughout the body, but 

anandamide (AEA) and 2-arachidonoylglycerol (2-AG) are the most abundant 

and the most studied. AEA is synthesized by two enzymes on the intracellular 

membranes: N-acyl transferase (NAT) and N-acyl phosphatidylethanolamine 

(NAPE)-specific phospholipase D. The catabolism of AEA is mediated through 

the enzyme fatty acid amide hydrolase (FAAH) into arachidonic acid (AA) 

(Guindon and Hohmann, 2009). The cannabinoid 2-AG, expressed at 

approximately 300 fold higher levels than AEA, is similarly synthesized on the 
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intracellular membrane of cells by the enzymes phospholipase C (PLC) followed 

by diacylglycerol lipase (DAGL). 2-AG is degraded into glycerol and arachidonic 

acid (AA) by the enzyme monoacylglycerol lipase (MAGL) (Dinh et al., 2002; 

Dinh et al., 2004).  Both AEA and 2-AG are synthesized mainly in the 

membranes of the post-synaptic neurons and then travel retrograde to act on the 

presynaptic CB1 receptors in order to decrease neurotransmission and vesicular 

release (Ohno-Shosaku et al., 2012). Physiological roles for these cannabinoids 

have been well described with evidence of regulating cardiovascular and 

gastrointestinal activity, as well as satiety, hunger and pain (Pertwee, 2005).  

1.4.1 MAGL inhibition and bone pain 

The pharmacological inhibition of enzymes responsible for the degradation of 

eCB, thereby increasing the amount of eCBs, have been shown to be effective in 

inhibiting thermal, chemical and neuropathic pain (Hohmann et al., 2005; Suplita 

et al., 2005; Wilkerson et al., 2016; Curry et al., 2018). While FAAH inhibitors 

have been extensively researched in various fields, including pain, MAGL 

inhibition has only recently received attention. Both AEA and 2-AG are expressed 

throughout the body, 2-AG is typically at concentrations 300-1000 times higher 

than AEA. 2-AG is also expressed within the CNS and PNS. 2-AG has been 

shown to increase its expression peripherally by immune cells and platelets in 

response to inflammatory factors such as lipopolysaccharide (Varga et al., 1998; 

Di Marzo et al., 1999), which makes the appeal of increasing 2-AG further via 

MAGL inhibition an interesting therapeutic strategy. While MAGL inhibitors have 

demonstrated efficacy at treating various models of individual types of pain 
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(Guindon and Hohmann, 2009), they have not been well studied in the face of 

multimodal pain states such as cancer. Cancer demonstrates characteristics of 

both neuropathic and inflammatory pain. It has been demonstrated that CIBP 

neuropathic components can be potentiated by tumor cell release of glutamate 

through the cysteine/glutamate antiporter system xc- over-activity leading to 

stimulation of nociceptive fibers (Slosky et al., 2016). The inflammatory nature of 

cancer pain arises from the interaction of the immune system attempting to 

attack tumor cells as well as cytokines that the tumor itself release (Jimenez-

Andrade et al., 2010). MAGL expression has more recently been shown to be 

associated with increased primary tumor invasiveness and worse prognosis 

(Kohnz and Nomura, 2014). This suggests that 2-AG degradation and alterations 

in lipid metabolism can lead to increased risk for primary tumor metastasis. It has 

also been shown that if MAGL is inhibited, the pathogenesis of the cancer cells 

can be decreased (Nomura et al., 2010). Additionally, the arachidonic acid that is 

generated from the breakdown of AEA and 2-AG is able to enter the pathways 

leading to synthesis of inflammatory prostaglandins (Nomura et al., 2011), which 

can heighten pain states. 

1.5 CANNABINOID RECEPTORS AND BONE MASS 

 It has been demonstrated that cannabinoid receptors, in addition to their 

neurotransmission and immune functions, are expressed within the bone and 

specifically on cells within the bone multicellular unit (Ofek et al., 2006). It is 

important to note as well that endocannabinoid signaling is important in bone as 

the concentration of the major eCBs in bone is nearly identical to that within the 



 36 

CNS (Tam et al., 2008). The receptor physiology and eCB signaling of the two 

cannabinoid receptors within the bone has yet to be fully elucidated and is 

relatively complex. 

 The CB1 receptor seems to display the most ambiguous and complex 

biology within the bone multicellular unit. The CB1 receptor is mainly found on 

the post-ganglionic nerve terminals of sympathetic fibers (Tam 2006) that 

densely innervate the bone (Serre et al., 1999; Mach et al., 2002). These 

sympathetic fibers mostly innervate the osteoblasts in a quasi-synaptic structure. 

Osteoblasts express the β2-adrenergic receptor and upon activation, the 

osteoblast number decreases and their activity is inhibited thereby exerting a 

negative effect on bone remodeling and bone formation (Elefteriou et al., 2005). 

It has been shown, curiously, that global knockouts of the CB1 receptor lead to 

low trabecular bone mass as well as an enhanced number of osteoclasts 

compared to osteoblasts (Tam et al., 2006). It is suggested that there may be a 

retrograde, inhibitory feedback loop between eCBs, like 2-AG, and the 

sympathetic neurons to promote bone formation. On the other hand, there have 

been studies that isolate the CB1 receptor effects on bone sympathetic terminals 

and demonstrate that in mice with conditional knockout of CB1 receptors in 

sympathetic terminals, the mice actually display enhanced bone formation with 

age and no increases in sympathetic tone (Deis et al., 2018), which questions the 

idea that CB1 is acting as a feedback regulator to sympathetic terminals. This 

suggests that this bone phenotype in the global knockouts may more likely be 

mediated by other cells types such as osteoclasts, osteoblasts or from CNS 
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mediated effects, directly. There is low expression of the CB1 receptor in 

osteoblast, which lowers the possibility that these cell types fully mediate the 

cannabinoid-bone density axis (Jorgensen et al., 2004). Although it has been 

demonstrated that osteoblastic inhibition of CB1 decreases the expression of 

Runx2, which is the major transcription factor for osteoblast gene expression 

(Idris et al., 2009). Recently, there has been a demonstrated, albeit contested, 

viewpoint that osteoclasts express CB1 and their activation leads to enhanced 

osteoclast activity via increased expression of TRAP and cathepsin K, which may 

help to explain this observation of low bone mass in knockouts (Idris et al., 2005; 

Idris and Ralston, 2010). There has been increasingly mounting evidence that 

CNS and neurotransmission influences bone remodeling, which could be altered 

by differential cannabinoid signaling (Patel and Elefteriou, 2007); these effects 

cannot be ruled out or discounted.   

 On the other hand, the CB2 receptor and its roles in bone have been 

much more readily described. Overall, CB2 activation acts as a pro-osteogenic 

factor by promoting the deposition of matrix, while simultaneously inhibiting 

osteoclastogenic activity. CB2 receptors seem to have an important role in 

regulation of bone mass from the knockout studies that have been performed. It 

has been demonstrated that CB2-/- mice achieve normal peak bone mass and 

trabecular volume, but rapidly decline to a bone mass approximately half that of a 

wild-type control (Ofek et al., 2006; Bab and Zimmer, 2008). This is reminiscent 

of human osteoporosis progression, and due to the otherwise healthy animals, it 

is suggested that its main role is to maintain bone homeostasis. Further pre-



 38 

clinical studies have demonstrated the activation of CB2 leads to enhanced 

osteogenesis and limited resorption (Zimmer, 2016). CB2 receptor activation 

promotes the recruitment and differentiation of osteoblasts from mesenchymal 

stem cells (Rossi et al., 2019). 

 To further the evidence for CB2 receptor’s role in bone maintenance, the 

CB2 receptor has been shown to be clinically important in the pathophysiology of 

osteoporosis. In 2005, Karsak investigated and demonstrated that there is a 

polymorphism (Q63R) within the Cnr2 gene that associates with a severe form of 

osteoporosis in a population of females (Karsak et al., 2005). Furthering this, it 

was shown that osteoclasts from groups of menopausal women with or without 

osteoporosis differentially express the CB2 receptor (Rossi et al., 2011). This not 

only suggests that CB2 has a major role in the maintenance of bone mass and 

may not only be a viable target for fracture and healing, but for metabolic issues 

such as osteoporosis. 

1.6 SIGNIFICANCE AND HYPOTHESIS 

 Bone pain, for the aforementioned reasons, is notoriously difficult to 

control and is a world-wide problem. Until recently, specific mechanisms 

underlying the biology and multimodal nature of most types of bone pain, both 

traumatic and pathologic fracture, have been grossly ignored. Current treatments 

for the conditions of cancer-induced bone pain and fracture pain heavily rely on 

the use of opioid painkillers, which lack long term efficacy and possess 

dangerous adverse effects. Recently, it has been demonstrated that, in addition 

to the well-known negative adverse effects such as respiratory depression and 
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addiction, there is a phenomenon of opioid induced osteolysis that still to this day 

is not well understood or studied. This is an issue as pharmacologically 

worsened bone loss complicated onto these fracture conditions will greatly 

increase the morbidity and decrease patient quality of life. Here, we present data 

suggesting a mechanism for morphine induced osteolysis that is independent of 

the MOR, but rather implicates TLR4 receptors in partially mediating this effect. 

Additionally, we present data demonstrating that modulation of the 

endocannabinoid system by either increasing endogenous opioids or 

administering synthetic cannabinoids leads to maintained analgesia for both 

traumatic and pathologic cancer-induced fracture pain, while not affecting bone 

integrity, healing or worsening disease progression. The objective of the following 

studies was to determine potential mechanisms of opioid induced osteolysis and 

hyperalgesia in cancer-induced bone pain and how modulation of the 

endocannabinoid system using MAGL inhibitors could be used as alternative 

therapeutics. Branching from this, we further began to study the effects of chronic 

opioids on bone healing in a model of traumatic fracture coming from the thought 

that fracture healing is an inflammatory process and potentially could be 

exacerbated by chronic opioid therapies. We also investigated targeting the 

endocannabinoid system as a potential novel analgesic target for the treatment 

of this type of pain. We broadly hypothesized that chronic use of mu-opioid 

agonists exacerbate bone loss, slow healing and mediate opioid-induced 

hyperalgesia by exacerbating inflammation and cannabinoid therapies, 
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working through CB2 receptors, would provide maintained analgesic 

efficacy while forgoing or attenuating these negative adverse effects.  

This research plan has multiple aspects, but was designed to investigate the 

following specific aims: 

1) Elucidate the effects of chronic morphine on bone disease in a model of 

cancer induced bone pain 

a. Determine the roles of MOR and TLR4 in the observed effects 

2) Investigate the potential for MAGL inhibition as a novel analgesic strategy 

for CIBP 

a. Determine if endocannabinoid modulation will affect disease 

progression or bone integrity 

3) Investigate the analgesic roles that chronic morphine, MAGL inhibition and 

CB2 agonism play in a model traumatic fracture pain 

a. Investigate each drugs’ effects on bone healing time 

b. Investigate each drugs’ ability to maintain analgesic efficacy 
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CHAPTER 2: MATERIALS AND METHODS 

2.1 COMPOUNDS FOR IN VIVO AND IN VITRO ASSAYS 

 MJN110, a specific monoacylglycerol lipase (MAGL) inhibitor, was 

obtained from Dr. Benjamin Cravatt at the Scripps Research Institute. KML29, a 

structurally distinct MAGL inhibitor was purchased from Cayman Chemical (Ann 

Arbor, MI). JWH015, the CB2 receptor agonist, was purchased from Tocris 

Biosciences (Minneapolis, MN). The CB1 receptor antagonist/inverse agonist 

SR141716A and the CB2 receptor antagonist SR144528 were purchased from 

Cayman Chemical (Ann Arbor, MI). TAK242, a small molecule inhibitor of TLR4 

was purchased from Cayman Chemical (Ann Arbor, MI). The mu-opioid receptor 

antagonists, CTOP and Nalmefene, were purchased from Tocris Biosciences 

(Minneapolis, MN). Morphine sulfate, a mu-opioid receptor agonist, was obtained 

from the NIH National Institutes on Drug Abuse Drug Supply program (Rockville, 

MD). MJN110, KML29, TAK242, SR141716A, and SR144528 were all solubilized 

in 10% DMSO, 10% Tween-80 and 80% saline for all animal studies. For in vitro 

work, these drugs were dissolved in 0.1% DMSO. Morphine sulfate, CTOP and 

nalmefene were solubilized in 0.9% sterile saline for animal studies. For in vitro 

work, these drugs were solubilized in OPTI-MEM (Thermo-Fischer). All animal 

injections were performed at a 10mL/kg volume. Ketamine:xylazine 

(9mg/kg:1mg/kg ratio; Phoenix Pharmaceutical, St. Joseph, MO) or isoflurane 

(5% induction/2.5% maintenance in 2.5L/min oxygen; Sigma, St. Louis, MO) 

were utilized for surgical anesthesia. Gentamicin sulfate was administered as a 

post-surgical antibiotic for all surgeries at a dose of 0.8 mg/kg subcutaneously.  

All drugs were administered to animals either through intraperitoneal injections or 
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via a subcutaneous osmotic minipump. Acute studies were performed following 

one acute, intraperitoneal injection of drug. Chronic studies were performed 

either by daily injections of drug or via drug infusion using a subcutaneous 

osmotic minipump (AZLET, Santa Cruz, CA). Saline or 10:10:80 

DMSO:Tween80:Saline were used as vehicle controls in all animal studies.  

For cell culture experiments, either 66.1 murine breast adenocarcinoma 

cells derived from BALB/c3H mouse or E0771 murine breast adenocarcinoma 

cells derived from C57BL/6J mouse were utilized. Cells were treated with either 

vehicle, morphine, MJN110, KML29, JWH015, TAK242 or Nalmefene prior to 

running assay for 24 hours. Refer to Table 1 for a summary of pharmacological 

agents and preparation.  
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Table 1: Pharmacological compounds utilized for in vivo and in vitro assays 

Drug 
Pharmacological 

Profile 
Dose(s)/Concentration(s) 

Utilized Use 

Vehicle Solutions n/a 

10:10:80 
DMSO:Tween80:Saline In vivo 

Saline In vivo 
0.1% DMSO In vitro 

Morphine Sulfate Mu-opioid receptor 
agonist 

10 mg/kg In vivo 
10µM in vitro 

MJN110 MAGL Inhibitor 
1.0, 3.0, 10.0 mg/kg In vivo 
100nM, 1µM, 10µM In vitro 

KML29 MAGL Inhibitor 100nM, 1µM, 10µM In vitro 

JWH015 CB2 Receptor 
Agonist 

3 mg/kg In vivo 
100nM, 1µM, 3µM, 5µM, 

10µM In vitro 

SR141716A 
(Rimonabant) 

CB1 Receptor 
Antagonist/Inverse 

Agonist 
1 mg/kg In vivo 

SR144528 
CB2 Receptor 

Antagonist/Inverse 
Agonist 

1 mg/kg In vivo 

TAK242 TLR4 antagonist 
10 mg/kg In vivo 

1µM In vitro 

Nalmefene Mu-opioid receptor 
antagonist 

1 mg/kg In vivo 
1µM In vitro 

Ketamine:xylazine Anesthetic 9.0 mg/kg:1.0 mg/kg In vivo 

Isoflurane Anesthetic 5% and 2.5% in 2.5L/min 
O2 In vivo 

Gentamicin Antibiotic 0.8 mg/kg In vivo 
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Table 1: Compounds utilized for in vivo and in vitro assays. Pharmacological 

profiles and doses/concentrations utilized across all studies and experiments.  
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2.2 CELL CULTURE 

Murine 66.1 breast adenocarcinoma cells were obtained from Dr. Amy M. 

Fuller (Walser et al., 2006) and utilized for immunocompatability with the 

BALB/c3H mouse line. 66.1 cells were maintained in Dubucco’s Modified Eagle 

Medium containing 10% fetal bovine serum (v/v) and 100IU-1 penicillin and 100 

µg/mL streptomycin. Murine E0771 breast adenocarcinoma cells were obtained 

from Dr. Kathrine Visser at the Olivia Newton-John Cancer Research Institute 

Metastasis Research Institute (Victoria, Australia) and were utilized for 

immunocompatability with the C57BL/6J mouse strains. E0771 cells were 

maintained in Dulbecco’s Modified Eagle Medium (Mediatech, Manassas, VA) 

supplemented with 10% fetal bovine serum (v/v), 25mM HEPES buffer, 100IU-1 

penicillin and 100 µg/mL streptomycin. All cells were passaged every 4-5 days, 

harvested and used for experiments or surgical implantation between passages 

10 and 20. Cells were incubated at 37°C with 5% CO2. 

2.3 ANIMALS 

 Female BALB/c3H mice ages 7-9 weeks obtained from Envigo, female 

C57CL/6J mice aged 7-9 weeks, male C57BL/6J mice aged 7-9 weeks, female 

C57BL/6J TLR4-/- (B6(Cg)-Tlr4<tm1.2Karp>/J, #029015) mice aged 7-9 weeks 

and female C57BL/6J MOR-/- (B6.129S2-Oprm1<tm1Kff>/J, #007559) mice aged 

7-9 weeks were all obtained from Jackson Laboratories. All procedures were 

approved by the University of Arizona Animal Care and Use Committee, and 

conform to the Guidelines for the Care and Use of Laboratory Animals of the 

National Institutes of Health. Procedures were also in compliance to the 
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guidelines of the International Association for the Study of Pain and are in 

accordance to ARRIVE guidelines for reporting experiments involving animals or 

animal tissues. All animals were maintained on a 12-hour light/dark cycle in 

climate and humidity-controlled rooms and were provided with food and water ad 

libitum. Animals were monitored at regular intervals following surgery to ensure 

no overt signs of morbidity were present. These include, but are not limited to, 

mobility scores and excessive, rapid weight loss (>20% in one week). To 

determine statistical significance, a power analysis was performed using 

GPower3.1 software to verify the number of animals needed for each experiment 

to achieve 80% power to detect a treatment effect of 30% compared to a 

baseline response of 5% at a level of alpha =0.05. After testing was completed, 

all mice were humanely sacrificed under deep ketamine/xylazine or isoflurane 

anesthesia by cutting the diaphragm to perform cardiac puncture for serum draw, 

followed by a rapid cervical dislocation. 

2.4 SURGICAL PROCEDURES 

 2.4.1 Cancer-induced bone pain (CIBP) 

Female BALB/c3H, C57BL/6J wild-type, TLR4-/- and MOR-/- mice were utilized for 

these studies. Intramedullary injections of 66.1 or E0771 cells were performed as 

previously described (Lozano-Ondoua et al., 2013b; Thompson et al., 2019). 

66.1 cells were utilized with the BALB/c3H mouse line due to 

immunocompatability. E0771 cells were utilized with the C57BL/6J mice due to 

immunocompatability. Briefly, mice were anesthetized with ketamine/xylazine 

(9.0mg/mL:1.0mg/mL, i.p.). A lateral incision was made on the right hind leg over 
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the femur to expose the thigh muscle. An arthrotomy was performed and the 

condyles of the distal femur were visualized. A hole was drilled in the 

intercondylar space to access the medullary cavity. 8 x 104 breast 

adenocarcinoma cells (P10-20) suspended in 5uL volume of OPTI-MEM were 

injected into the medullary cavity using an injection cannula affixed via plastic 

tubing to a 10µL Hamilton syringe. Placement of the syringe within the 

intramedullary canal was confirmed using Faxitron x-ray imaging prior to injection 

of cells. Following implantation, the hole in the distal femur was sealed using 

bone cement, arthrotomy was closed using 5-0 Vicryl suture and the skin incision 

was closed using wound clips. Animals were allowed 7 days to recover prior to 

behavioral testing. Wound clips were removed 7 days post-surgery. Animals with 

radiographic signs of fracture prior to day 14 post-surgery, signs of morbidity 

including rapid weight loss (>20% in one week), or limb paralysis were removed 

from the study and their data was not included in analysis. 

 2.4.2 Femoral internal fixation procedure 

Male C57BL/6J mice were utilized for these studies. Internal fixation of the right 

hindlimb was performed as previously described (Thompson et al., 2019). Briefly, 

mice were anesthetized with isoflurane anesthesia (5% induction, 2.5% 

maintenance in 2.5L/min oxygen). A lateral incision was made on the right hind 

limb over the femur to expose the thigh muscles. An arthrotomy was performed 

and the condyles of the distal femur were visualized. A hole was drilled in the 

intercondylar space to access the medullary cavity. A 0.11-inch diameter by 

13mm long stainless-steel pin was then placed into the medullary canal. The 
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specific length of the pin was cut special to each animal based on their individual 

anatomy at time of implantation. All pin placements were verified using plain 

radiographs to ensure the pin was in the correct position and there were no signs 

of cortical fracture upon implantation. The femur was then sealed using bone 

cement, the arthrotomy was closed using 5-0 Vicryl suture and the skin incision 

was closed using wound clips. Animals were allowed 7 days to recovery prior to 

behavioral testing and fracture procedure. Wound clips were removed 7 days 

following surgery. All animals were baselined for spontaneous pain behaviors 

prior to surgical inoculation, then again at days 7, 10 and 14 post-surgery.  

 2.4.3 Mid-diaphyseal fracture procedure 

Male C57BL/6J mice were used for this procedure following successful internal 

fixation of their femur. Internal fixation procedure was performed 1 week prior to 

initiation of fracture. A modified 3-point bending device was constructed and used 

for the fracture procedure. The animal was deeply anesthetized using isoflurane 

anesthesia throughout the procedure. The right femur of the animal was then set 

up within the device with the proximal femur and the condyles resting on either 

platform of the 3-point bending device. Then, a blunted guillotine blade was 

lowered onto the animal femur in the mid-diaphysis. A 200-g weight was then 

dropped from a height of 17 cm above the striking platform that allowed for the 

spring-loaded guillotine blade to induce a fracture onto the femur. The animal 

was immediately radiographed to ensure the fracture was in the correct 

anatomical location and there was no displacement, comminution or gross 

deformity of the femur. If any of the aforementioned issues were evident on 
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radiograph, the animals were euthanized and excluded from analysis. Animals 

were baselined for all measured pain and locomotor behaviors immediately prior 

to fracture, 1, 7, 14, 21, 28, 35, and 42 days post fracture. 

 2.4.4 Subcutaneous osmotic minipump preparation and implantation 

Osmotic minipumps (AZLET) were loaded with drugs for chronic administration if 

the drug was amenable to this route of administration (morphine sulfate, 

nalmefene, saline and 10:10:80 vehicle). The pumps administered drug at a 

constant rate over 7 or 14 days depending on the experimental design. Pumps 

were then primed overnight at 37°C prior to implantation. On day of implantation, 

animals were anesthetized using isoflurane anesthesia and an incision was 

made in the skin over the nape of the neck. The area between the skin and 

underlying fascia was bluntly dissected to create a subcutaneous pocket for 

implantation of the minipump. The pump was implanted and the skin was closed 

using wound clips.  

2.5 BEHAVIORAL ANALYSIS 

 2.5.1 Spontaneous pain measurements (flinching and guarding) 

All behaviors for all treatment paradigms were performed at the same time of day 

in each experiment and were begun approximately within the first two hours of 

the light cycle beginning (0800-0900). Flinching is characterized by the rapid 

flexing of the ipsilateral hind paw while the animal was not moving and is counted 

by the number of flexing movements made. However, if the mouse shook its foot 

while walking, this was also counted as a flinch. Guarding is characterized by the 
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animal holding the ipsilateral hind paw into a retracted position near or under the 

torso. Animals were placed in plexiglass boxes with a wire-mesh floor and 

allowed to acclimate to the chamber for 30 minutes prior to testing. All mice were 

baselined for these behaviors at day 0 prior to surgery. All animals that were 

included in the study were selected for measurements of spontaneous pain. 

Each animal was observed for 2 minutes at all time points and both flinching and 

guarding were recorded. These were done for both acute and chronic dosing 

paradigms.  

In the MJN110 studies on CIBP, the acute time course was to baseline the 

animals on day 7 post-surgery, followed by a single intraperitoneal dose of the 

MJN110 compound, CB1 antagonist, CB2 antagonist, vehicle or a combination. 

Based on the time response curve, a time to maximal effect was determined for 

the highest dose tested and that time point (60 minutes post-injection) was used 

for the subsequent chronic dosing evaluations. In the antagonist studies, the CB1 

and CB2 antagonists were administered 10 minutes prior to injection of MJN110 

to ensure adequate blockade of the receptors.  

 2.5.2 Mechanical allodynia (von Frey) 

Animals were placed in plexiglass boxes with a wire-mesh floor and allowed to 

acclimate to the chamber for 30 minutes prior to testing. Using calibrated von 

Frey filaments and paw withdrawal threshold was determined using the “up-

down” method as described by Chaplan and colleagues (Chaplan et al., 1994). 

Mice were suspended in the cages with wire floor and were probed on the plantar 

surface of the right hind paw perpendicularly with filaments with logarithmically 
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incremental stiffness that ranged from 0.04 g to 4.0 g. The filament was until the 

filament buckled and was held for 2 seconds, as previously described (Lozano-

Ondoua et al., 2010). Following the first positive response by the animal, the test 

was conducted with 4 different filaments. Withdrawal threshold was determined 

using the non-parametric method of Dixon (Dixon, 1980). 

 2.5.3 Thermal hyperalgesia (hot plate) 

Male C57BL/6J mice were used in this testing paradigm. Animals were allowed 

to acclimate to the room where the hot plate was housed for 30 minutes prior to 

any testing. The hot plate was preheated to 55°C before introducing the animal. 

The animal was then monitored for signs of pain including in the ipsilateral paw: 

flinching, guarding, jumping, licking and vocalizing. Times were measured to first 

instance of nociceptive behavior at which point the animal was promptly removed 

from the chamber. A cut off time of 10 seconds was used to ensure the animals 

did not sustain any damage to the paw. If no nociceptive behavior was observed 

by 10 seconds, then the animal was promptly removed from the chamber.  

 2.5.4 Cold allodynia (cold plate) 

Male C57BL/6J mice were used in this testing paradigm. Animals were allowed 

to acclimate to the room where the cold plate was housed for 30 minutes prior to 

any testing. The cold plate was preheated to 4°C before introducing the animal. 

The animal was then monitored for signs of pain including in the ipsilateral paw: 

flinching, guarding, jumping, licking and vocalizing. Times were measured to first 

instance of nociceptive behavior at which point the animal was promptly removed 
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from the chamber. A cut off time of 10 seconds was used to ensure the animals 

did not sustain any damage to the paw. If no nociceptive behavior was observed 

by 10 seconds, then the animal was promptly removed from the chamber.  

 2.5.5 Open field test 

Male C57BL/6J mice were used in this testing paradigm. Animals evaluated for 

open field test were involved in the internal fixation/traumatic fracture study. 

Animals were allowed to acclimate to the testing room for 30 minutes prior to 

testing. All behavioral tests were performed at the same time of day within the 

first 2 hours of the light cycle at pre-defined testing intervals. All animals were 

baselined prior to surgery (naïve), 7 days following internal fixation of femur, 1, 7, 

14, 21, 28, 35 and 42 days following mid-diaphyseal fracture of femur. The 

testing procedure was carried out using AnyMaze Behavioral Analysis software 

(Stoeltling Co., Wood Dale, IL) that tracked the animals’ movements over a 5-

minute period. Total distance, average movement speed, time mobile, time 

immobile, number of mobile episodes and number of immobile episodes were 

recorded at each testing interval. Data was normalized to pre-fracture baseline 

movement information, which corresponded to 7 days post internal fixation time 

point.  

2.6 RADIOGRAPHIC ANALYSIS 

2.6.1 Radiographic analysis of bone lesions in CIBP model 

Procedure was performed as previously described (Lozano-Ondoua et al., 

2013a; Zhang et al., 2018; Thompson et al., 2019). Briefly, mice were 
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anesthetized using isoflurane prior to obtaining radiographs using digital Faxitron 

system. The images were obtained on days 0 (prior to surgery), 7, 10 and 14 and 

evaluated using a 5-point bone rating scale by blinded observers; scores were 

averaged. The bone scoring scale was as follows: 0 = normal bone, 1 = 1-3 

lesions with no fracture, 2 = 4+ lesions with no fracture, 3 = uni-cortical, full 

thickness fracture, 4 = bi-cortical, full thickness fracture. Animals with full cortical 

fracture before day 14 were euthanized, and their data was excluded from 

analysis. 8-12 animals per group were analyzed for radiographic evidence of 

bone lesions to determine an average bone score. 

 2.6.2 Radiographic analysis of fracture healing in traumatic fracture model 

Animals were radiographed at defined intervals prior to and following fracture 

initiation. All radiographs were performed with animal under isoflurane 

anesthesia using the digital Faxitron system. Images were obtained as a naïve 

baseline (Day 0) prior to femoral pin implantation. Animals were then imaged 7 

days later prior to fracture initiation (Pre-Fracture Baseline) to ensure pin 

placement remained stable. Following fracture, animals were immediately 

imaged to ensure the fracture was complete and did not meet exclusion criteria. 

Exclusion criteria included: not mid-diaphyseal, comminution, displacement of 

fracture, or incomplete fracture. If fracture deemed appropriate, animals were 

allowed to enter the study and were the tracked for healing. Serial images of the 

right hind limb were obtained at days 1, 7, 14, 21, 28, 35, and 42 post fracture. 

Fracture callus was measured using ImageJ software (NIH) from days 14-42, as 
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these time points were when radiographically evident callus was seen. Callus 

was measured as the area outside the intact cortical bone.  

2.7 EX VIVO, IN VITRO, AND MICROSCOPIC PROCEDURES 

2.7.1 Marrow protein extraction 

Prior to the starting of sacrifice, a stock solution of 1x phosphate buffered saline 

with 1x protease and phosphatase inhibitors were made and 300µL were loaded 

into a 1 mL syringe with a 25-5/8-gauge needle attached and placed on ice. Mice 

were then humanely euthanized under deep isoflurane anesthesia via cardiac 

puncture and rapid cervical dislocation. The femur was then dissected from the 

body using a 10-blade scalpel to cut through the acetabulum. The skin and 

muscle surrounding the femur was carefully removed using a 10-blade scalpel. 

The distal and proximal ends of the femur were then cut off in order to access the 

intramedullary space. Forceps were used to hold the femur over a 1.5 mL 

microcentrifuge tube and the needle of containing PBS + protease and 

phosphatase inhibitors was then inserted into the space. Lightly pressing down 

on the plunger of the syringe, the marrow contents were forced through the femur 

and into the centrifuge tube. This process was repeated 6 times with the same 

300µL of solution to ensure complete flushing of the mouse femur. 3 femurs per 

treatment group were pooled together in the same 300µL of PBS/protease and 

phosphate inhibitor solution. The pooled contents were then homogenized via 

sonication and then centrifuged at 11,500 rpm for 5 min at 4°C. Supernatant was 

collected in fresh 1.5 mL tubes and stored at -80°C until utilized for analysis. 
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Multiple pooled samples were collected from each treatment groups, evaluated, 

and tested.  

2.7.2 XTT cell viability assay 

Cell viability assay was performed on 66.1 breast adenocarcinoma cells between 

passages 10-20. Briefly, cells were seeded in 96-well plates at a density of 

1x104/well in full-serum media. After 24 hours, cells were then treated with 

MJN110, KML29, JWH015 or 0.1% DMSO in serum free media at various 

concentrations (100nM, 1µM, 10µM) for another 24 hours. Cell viability was 

determined using the tetrazolium salt XTT to assess mitochondrial function as an 

indirect measure of viability and proliferation according to manufacturer’s 

protocols (# 30-1011K, ATCC, Manassas, VA). 

2.7.3 5-bromo-2'-deoxyuridine (BrdU) cell proliferation assay 

Cell proliferation was performed on 66.1 breast adenocarcinoma cells between 

passages 10-20 and were at a density of 1x104/well in full serum media. After 24 

hours in full serum media, cells were treated with the pharmacological agents 

MJN110, KML29, JWH015 and 0.1% DMSO at various concentrations (100nM, 

1µM, 10µM) in serum free media in the presence of 5-bromo-2'-deoxyuridine 

(BrdU) for 24 hours. Cellular proliferation was evaluated using 5-bromo-2’-

deoxyuridine (BrdU) assay according to manufacturer’s protocols (#2752, 

Milipore-Sigma, Danvers, MA). 

2.7.4 C-terminal collagen peptide (CTx) ELISA 
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C-terminal collagen peptide (CTx) was measured in the serum collected from 

animals using enzyme-linked immunosorbent assay according to manufacturer’s 

protocols (AC-06F1, Immunodiagnostic Systems, United Kingdom). 

2.7.5 Osteoprotegerin ELISA 

Osteoprotegerin concentration within the serum was determined post-mortem 

using an enzyme linked immunosorbent assay according to the provided 

manufacturer’s protocols (MOP00, R&D Systems, Minneapolis, MN). 

2.7.6 RANKL ELISA 

RANKL concentration within the medullary cavity of the bone was determined 

post-mortem using enzyme-linked immunosorbent assay according to 

manufacturer’s protocols (ab100749, Abcam, Cambridge, MA).  

2.7.7 Bone histomorphometry and tumor burden  

Female BALB/c3H mice were utilized for this analysis. Animals were deeply 

anesthetized under ketamine/xylazine anesthesia and euthanized on post-

surgical day 14 and the femurs were harvested for histology. Animals were 

perfused transcardially with 0.1M PB solution followed by a 4% 

paraformaldehyde solution in 0.1M PB. Then, femurs were harvested and post-

fixed in 4% paraformaldehyde overnight at 4°C then decalcified in a 10% EDTA 

solution for 14 days prior to sectioning. Femurs were imbedded in paraffin and 

sliced into 5µm frontal sections and mounted onto glass slides. Slides were then 

rehydrated in progressively more dilute ethanol solutions and stained with 

hematoxylin and eosin (H&E). Images were then captured using a Nikon E800 
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bright-field microscope at 4x magnification. Bone morphology and percent tumor 

burden between the epiphyseal plates and within the intramedullary cavity was 

assessed using ImageJ (Lozano 2013). 

 2.7.8 Preparation of femurs for flow cytometry 

On day 14, mice were anesthetized, x-rayed, and sacrificed via by cervical 

dislocation. Full contralateral and ipsilateral femurs were collected, cleaned, and 

placed in microcentrifuge tubes containing cold RPMI media. Individual femurs 

were then placed in FACS buffer and grinded with a ceramic pestle and mortar. 

The resulting suspension was strained through a 70μm cell strainer five times to 

exclude bone fragments and other debris. The run-through collected into 50mL 

tubes. All samples were then centrifuged at 2000RPM for 5 minutes. After 

removing excess media, the pellets were resuspended using 200μL FACS buffer 

(PBS with 2% FBS). 150μL of each sample was transferred to a 96-well plate, 

with the remaining 50μL allocated to create pooled samples for full-minus-one 

controls (FMOs) 

2.7.9 Immunofluorescence staining and flow cytometry 

50μL of Fc-Inhibitor solution (a 1:50 1μL FC-block in 50μL FACS buffer) was 

added to each sample to prevent nonspecific binding. The Fc-block incubated for 

15-20 minutes. Thereafter, samples were stained for surface markers with 50μL 

a prepared antibody solution. The solution was a 1:50 dilution of each antibody 

(CD3, CD11b, CD11c, CD19, CD115, CD117, CD206, NK1.1, F4/80, CD265) in 

FACS buffer. FMOs were created for the following antibodies: CD11c, CD68, 
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CD115, CD117, CD206, and CD265. Samples were then allowed to incubate for 

45 minutes at 4°C. Samples were then washed with 100μL PBS and were then 

centrifuged for 3 minutes at 2000RPM. (Note: A “wash” step includes 

resuspension, centrifugation, and removal of excess media.) This wash was 

repeated with 100μL PBS/well. Following the second wash, each well was 

incubated with 100μL solution of a 1:1000 dilution of Live-Dead viability dye. After 

another 30-45-minute incubation, the cells were washed with 100μL PBS/well 

and then fixed with 200μL/well of BD Cytofix solution. This was allowed to 

incubate for 5-7 minutes. Samples were then washed with 200μL/well FACS 

buffer. After removing excess FACS media, a 100μL of a 1:10 dilution perm-wash 

in dH2O was added to each sample. The samples were then washed three times 

using 100-200μL/well of perm-wash. Cells were then stained intracellularly using 

a 1:50 dilution of CD68 in perm-wash solution, with 50μL pipetted per sample. 

After another 30-45-minute incubation, cells were washed with 100μL and then 

200μL/sample of perm-wash. After removing the excess media, a 1:5 dilution of 

count beads in FACS buffer (500μL beads in 2000μL FACS) was prepared. Each 

sample was resuspended using 50μL of the count bead solution. Single color 

compensations were made using a 1:15 dilution of compensation beads 

(concentration of 10500 beads/μL) in FACS buffer. For every antibody used, a 

microfuge tube containing 100μL of the compensation bead solution was 

prepared. 1μL of antibody was pipetted into its respective microfuge tube. We 

compensated Live-Dead using Anti-human granzyme B (GzB) as it fluoresces in 

the same wavelength (PE TXR). This is because the compensation beads can 
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only bind antibodies and the Live-Dead stain is not an antibody. For the triple 

negative channel (CD3/CD19/NK1.1 with A700 conjugation), 1μL of each 

antibody was pipetted into a single microfuge tube. Rainbow beads were used 

before each run to verify laser and voltage consistency between runs. Data 

collection was standardized to the collection of 2500/5000 count beads, 

depending on overall cell viability. All samples were stained and run through the 

LSRFortessa flow cytometer no more than 12 hours after sample preparation to 

maximize cell viability and antibody conjugation stability 

2.7.10 Gating for flow cytometric analysis of osteoclasts/osteoclast 

precursors 

Preliminary Analysis – All data was collected and analyzed by FlowJoV2 

software. Initial gating was performed by using the Live-Dead stain against the 

histogram. From the live proportion of cells, gating was performed against Side-

Scatter (SSC-A) vs. Forward-Scatter (FSC-A) using a wide range of sizes to 

attempt to encompass the large, mature osteoclast cells. Then, gating was 

performed on the agranulocyte populations against our triple-native gate of 

CD3/CD19/NK1.1; this allowed us to exclude T-cells, B-cells and Natural Killer T-

cells, respectively. We then hypothesized that our cells of interest would be 

within this triple negative population.  

MΦ and M1 Macrophages – Triple negative cells from the preliminary analysis 

were then gated against F4/80 and CD11b and the double-positive population 

was selected. CD11b+F4/80+ cells were then analyzed for markers to identify the 

polarization of cells. We could examine the MΦ, M1 and M2 macrophages using 
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the immunophenotyping panel of CD11c, CD68 and CD206. We determined that 

CD68+ cells were M1 macrophages. M2 macrophages were marked as 

CD206+CD11c-. 

Myeloid Cell Lineage – We determined the population of cells that would contain 

OCP cells to be CD11b-/low expressing. We determined the population of cells 

that would contain late OCP cells were determined to be CD11bmid/+ expressing. 

In order to accomplish this, we visualized the CD11b marker on a histogram by 

intensity of fluorescence, which demonstrated 2 distinct peaks of fluorescence. 

These two distinct peaks allowed for determination of CD11b-/low and CD11bmid/+ 

cells easily. Following this gating protocol, we could then stratify our final 

outcomes by CD115 and CD117 expression to determine early/late OCPs and 

OC cells more readily.  

Early/Late OCP and OC Cells – Following the use of varied CD11b expression to 

dissect out the populations of cells where early OCPs, late OCPs and OC cells 

may be found, we gated using the markers CD115 and CD117. CD115+CD117+ 

cells were determined to be early OCPs. CD115+CD117- cells were determined 

to be late OCPs. 

Osteoclast Cells – Following determination of late OCPs, these populations were 

further gated against CD68 and CD265 (RANK). Cells that were CD68+RANK+ 

were hypothesized to be mature osteoclasts.   
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Figure 1 
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Figure 1: Gating scheme for flow cytometric analysis of femur extrudates to 

determine populations of cells. The following cell types described are: (A) Live 

Cells (B) Proliferating lymphocytes (C) B-cell, T-cell, NK-cell dump (D) 

Macrophage (M0) (E) M1 Macrophages (F) CD11blow precursors (G) Early 

OCPs (H) MPP/CMPs (I) CD11b+ late precursors (J) CD115+ CD117- Late 

OCPs (K) RANK+ OCPs and OCs. 
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Table 2. 

Antibody Target Protein Cell Identified 

CD3 T cell co-
receptor T lymphocytes 

CD11b Integrin αM Macrophages/Dendritic 
Cells 

CD11c Integrin αX Macrophages/OCPs 

CD19 
B lymphocyte 

surface antigen 
B4 

B Lymphocytes 

CD115 MCSF 
Receptor Early/Late OCP 

CD117 c-Kit Early 
OCPs/Macrophages 

CD206 Mannose 
Receptor 

Macrophages/Dendritic 
Cells 

CD265 RANK Late OCP/OC 

NK1.1 Killer cell lectin-
like receptor  Natural Killer Cells 

F4/80 

EGF-like 
module-

containing 
mucin-like 
hormone 

receptor-like 1 

Macrophages/Dendritic 
Cells 

 

  



 65 

Table 2: Flow cytometry antibodies and cognizant target proteins and cells. 
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2.8 STATISTICAL ANALYSIS 

 All animals were randomly assigned to the various experimental groups in 

all presented studies and the experimenter was blinded to treatments. Power 

analyses were performed on cumulated data by using GPower3.1 software to 

estimate the optimal numbers necessary to achieve statistical separation 

required for each group to detect 0.80 differences between groups at p<0.05. 

Data was analyzed using either one-way or ordinary and repeated measure two-

way ANOVA depending on experimental design with either Tukey’s HSD or 

Bonferroni post-hoc corrections. All data presented within was represented as 

the mean ± standard deviation (SD) or standard error of the mean (SEM) 

depending on experimental design. All data analysis was performed on 

GraphPad Prism 7.0 (Graph Pad Inc., San Diego, CA).  

  



 67 

 

 

 

 

 

 

 

 

 

 

 

CHAPTER 3: ENDOGENOUS CANNABINOID MODULATION VIA MAGL 
INHIBITION MAINTAINS ANALGESIA IN CANCER INDUCED BONE PAIN 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 68 

CHAPTER 3: ENDOGENOUS CANNABINOID MODULATION VIA MAGL 
INHIBITION MAINTAINS ANALGESIA IN CANCER INDUCED BONE PAIN 

3.1 INTRODUCTION 

 Malignant tumors commonly will metastasize to distant sites throughout 

the human body as disease progresses and worsens in stage, which typically 

indicates higher mortality. Of these, bone seems to be a common site for tumors 

to spread especially tumors of the breast, lung, prostate, kidney and thyroid 

(Luger et al., 2001; Coleman, 2006). When this occurs, pain is typically the first 

and most prevalent symptom and often is the reason for a patient to seek a 

doctor (Luger et al., 2005). Tumors that spread to bone can display osteolytic, 

osteoblastic or mixed phenotypes, which can lead to a multitude of radiographic 

signatures. All of these types, though, lead to local destruction of the bone 

microarchitecture and the tumor will inevitably cause severe, chronic pain that 

may lead to secondary fracture and/or hypercalcemia. The resulting persistent 

pain that comes from the tumor presence and the tumor induced destruction of 

the bone leads to functional decline, decreased quality of life (Jimenez-Andrade 

et al., 2010) and will lead to increases in morbidity and mortality. Therefore, in 

addition to treating the underlying disease itself, it is essential the adequate pain 

control is achieved.  

 Treatment for bone cancer pain is a multidisciplinary task due to the 

complex etiology of this pain. Cancer-induced bone pain (CIBP) pain arises from 

complex interactions of inflammatory and neuropathic pain and displays 

characteristic aspects of both. In addition to treating the underlying disease with 

radiation, hormonal, biologic and bisphosphonate adjuvant therapy, the pain is 
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attempted to be controlled with analgesics (Mercadante and Fulfaro, 2007). 

Analgesic therapies are administered and stratified depending on pain severity 

as well as the presences of breakthrough pain. These therapeutic strategies can 

include non-narcotic therapies such as NSAID pain relievers, but commonly will 

also include opioid therapeutics. On one hand, NSAID therapies are effective at 

treating mild to moderate pain and function to inhibit inflammatory pain; these 

drugs will not inhibit the neuropathic component of the pain as effectively. 

Additionally, as disease progresses, these analgesics become ineffective at 

controlling pain. NSAIDs also do not come without risk: GI ulcers, gastritis, renal 

dysfunction, cardiovascular dysfunction have all been associated with their use 

and may be further increased in patients with other comorbidities (Jin, 2015). 

Opioid therapies, on the other hand, are effective at resolving acute, severe pain 

by targeting central opioid receptors at the level of the spinal cord and brain, 

when used chronically display a vast array of negative effects. Adverse effects 

such as constipation, sedation, respiratory depression, tolerance, hyperalgesia 

and addiction (Vanderah et al., 2000) all are common. Preclinical models of CIBP 

have recently demonstrated that chronic morphine treatment in animals 

accelerate bone loss and increase fracture risk overtime compared to non-

treated control animals (King et al., 2007; Lozano-Ondoua et al., 2013a).  

 It has been demonstrated recently that various cannabinoid compounds 

can function as potent and efficacious analgesics for acute, chronic and 

neuropathic pains (Malan et al., 2001; Ibrahim et al., 2005; Ibrahim et al., 2006; 

Whiteside et al., 2007). Cannabinoid compounds exert their functions as 
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analgesics via the CB1 receptor, CB2 receptor or a combination of the two. CB1 

receptors are one of the most abundant GPCRs found in the CNS. They are 

typically found on the pre-synaptic terminals of neurons, which is the purposed 

reason for the majority of CB1 agonist affects, but are also found in areas of the 

body such as testes, peripheral nociceptors, intestines and muscles (Tam et al., 

2010). CB1 receptors are also responsible for the psychotropic effects 

associated with cannabis. It has been well documented that the CB2 receptor 

activation effectively produce both anti-inflammatory and anti-nociceptive effects 

without psychotropic effects. The anti-nociceptive effects have been effectively 

demonstrated in cancer-induced bone pain (Lozano-Ondoua et al., 2010; 

Lozano-Ondoua et al., 2013a). Recently, it has also been demonstrated that 

CB2R signaling may have positive effects on bone mineral density, which makes 

this receptor a desirable target for patients with bone cancer pain as this positive 

effect may further help to alleviate their pain and improve their quality of life (Ofek 

et al., 2006; Lozano-Ondoua et al., 2013a). Additionally, studies that have been 

performed in CB2R deficient animals demonstrate enhanced trabecular bone 

loss, overwhelming cortical thinning and an osteoporotic phenotype that closely 

mimics the human phenotype; these findings provide strong evidence that the 

endocannabinoid system is strongly associated with the development and 

maintenance of the skeletal system (Ofek et al., 2006).  

The endogenous cannabinoid system has been well documented in 

demonstrating high affinity binding to, activation of and exert known physiological 

effects through the CB1 and CB2 receptors. Although there are many 
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endogenous cannabinoids that are produced by the body, the most studied are 

also the most highly concentrated within the body: anandamide (AEA) and 2-

arachyidonoylglycerol (2-AG). Anandamide is synthesized from phospholipids 

within the cell membranes by the enzymes NAPE and is degraded via the 

enzyme FAAH. 2-AG, similarly, is synthesized mainly on the post-synaptic 

membranes by the enzymes phospholipase C and diacylglycerol lipase (DAGL), 

which are tethered to the intracellular membrane. The synthesis of 2-AG then 

acts as a retrograde signal to the presynaptic nerve terminals to act on CB1 

receptors to block neurotransmission (Ohno-Shosaku et al., 2012). 2-AG is then 

degraded by the enzyme monoacylglycerol lipase (MAGL) into arachidonic acid 

(AA) and glycerol (Dinh et al., 2002; Dinh et al., 2004), where AA is then able to 

enter the pathways leading to synthesis of inflammatory prostaglandins. 

Designing pharmacological inhibitors of the enzymes that cause the catabolism 

of the eCBs have been shown to be effective at alleviating thermal, chemical and 

neuropathic pain (Hohmann et al., 2005; Suplita et al., 2005; Wilkerson et al., 

2016; Curry et al., 2018). Additionally, MAGL has been shown to be 

overexpressed by many human cancer cells and its expression is thought to be 

associated with increased metastatic potential and invasiveness (Kohnz and 

Nomura, 2014). These together suggest that inhibition of MAGL can both inhibit 

pain, promote bone integrity and potentially lower the pathogenicity of solid 

tumors (Nomura et al., 2010; Hanlon et al., 2016).  

In the following studies, we demonstrate that inhibition of MAGL has viable 

therapeutic application in treating cancer induced bone pain in a murine model. 
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Inhibition of MAGL significantly decreased the spontaneous pain behaviors in the 

animals and also decreased the in vitro cancer cell viability. Therefore, we 

suggest that MAGL inhibition, utilizing the drug MJN110, is an effective strategy 

for helping to alleviate the multimodal pain state associated with metastatic 

cancer to bone.  

 

3.2 MAGL INHIBITION USING NOVEL COMPOUND, MJN110, IS EFFECTIVE 

AT RELIEVING ACUTE PAIN BEHAVIORS IN A MURINE CIBP MODEL 

 In order to examine the effects of MJN110 on bone derived pain due to 

metastatic breast cancer, we used an established model that reliably and 

effectively replicates long bone pain in the setting of metastatic cancer (Lozano-

Ondoua et al., 2013a; Thompson et al., 2019). In this syngeneic model, 66.1 

breast adenocarcinoma cells were introduced into the medullary cavity of female 

BALB/c3H mice and allowed to grow for 7 days. On day 7 post-surgery, animals 

were baselined for spontaneous pain behaviors in order to determine if the 

cancer had appropriately seeded in the femur of the animal (CIBP baseline). 

Following day 7 baseline measurements for pain and radiographs, all animals 

were injected with 1mg/kg, 3 mg/kg, 10mg/kg MJN110, or 10:10:80 vehicle. 

Following injection, flinching and guarding behaviors were monitored at 30, 60, 

90, 120, 180, 240 minutes post injection in order to construct dose-response and 

time-response curves. Compared to vehicle control, MJN110 dose-dependently 

reduced the observed spontaneous flinching behaviors. Significant decreases 

from the time matched vehicle controls were achieved by the 10mg/kg dose at 
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30, 60, 90 and 240 minute time points (Figure 2A). There were no time points at 

which the guarding behaviors were significantly reduced compared to time 

matched vehicle controls (figure 2B). Time to maximal effect was determined to 

be 60 minutes for the flinching behaviors at the 10mg/kg dose and therefore this 

was the evaluated time point for the chronic administration studies.  

 Based on this time to maximal effect for flinching, a dose response curve 

was generated and an EC50 value was calculated. The percent anti-nociception 

was calculated for each dose and area under the curve was determined (Figure 

2C) with the EC50 determined to be 2.093 mg/kg (95% CI 1.246 – 3.34 mg/kg) 

for flinching (Figure 2D).  
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Figure 2. 
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Figure 2: MAGL inhibitor MJN110 acutely reverses established CIBP induced 

spontaneous pain. (A) Flinching was dose-dependently and significantly reduced 

by systemic injection of MJN110 (i.p.) seven days after femoral inoculation with 

66.1 breast adenocarcinoma cells. (B) Guarding induced by CIBP was 

significantly attenuated with the highest dose of MJN110 evaluated on D7 post 

CIBP induction. Arrows indicate beginning of daily drug injections. (C) Area under 

the curve was determined from the acute flinching time course for each dose 

tested. (D) Dose-response curve was generated and EC50 was determined to be 

2.093 mg/kg (95% CI 1.246-3.34).  *p<0.05, **p<0.01, n= 8-12 (Two-way RM 

ANVOA, Bonferroni). 
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3.3 CHRONIC ADMINISTRATION OF MJN110 CAUSES SIGNIFICANT 
REDUCTION IN PAIN BEHAVIORS  

 Following the acute studies, each treatment group was continued to be 

dosed once-daily in the morning with vehicle or MJN110 (1mg/kg, 3mg/kg or 

10mg/kg) from days 7-14 post-surgery to study the effects of chronic treatment 

on the pain phenotype as well as disease progression. Behavior was measured 

on days 10 and 14 post-surgery at baseline and then up to 90 minutes post-

injection. Similar to the acute studies, MJN110 effectively decreased flinching 

behaviors at 60 minutes post injection. Compared to both time-matched vehicle 

and to CIBP baseline, all 3 doses administered significantly decreased the 

flinching behaviors observed (2.69, 2.11 and 1.93 flinches vs. 5.75, p<0.01, 

Figure 3A). Time to maximal effect was similarly observed at 60 minutes post 

injection for the D10 post-surgery groups as was seen in the acute-dosing study. 

Similar to the acute study, no significant differences in guarding behaviors were 

noticed across all the groups and time points (Figure 3B). 

 On day 14 post-surgery and following 7 days of drug administration, 

flinching and guarding behaviors were again observed at baseline and then 60 

minutes following treatment administration. Following a similar trend as in the 

acute and D10 studies, treatment with MJN110 at the 3mg/kg and 10mg/kg 

doses significantly decreased the flinching behaviors compared to the time 

matched controls (1.89 and 2.69 flinching vs. 6.25 flinches, respectively, p<0.01), 

but no significant difference was observed at the 1mg/kg dose (Figure 3A). The 

guarding behaviors were not significantly different from vehicle at any dose 
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tested (Figure 3B). Moving forward, only flinching behaviors were assessed as 

behavioral outcomes and reported on for the antagonist studies.  
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Figure 3. 
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Figure 3: MAGL inhibitor MJN110 dosed chronically reverses established CIBP 

induced flinching. (A) Flinching was dose-dependently and significantly reduced 

by systemic injection of MJN110 (once daily, 7 days) after femoral inoculation 

with 66.1 breast adenocarcinoma cells. (B) Guarding behaviors were not 

significantly reduced with chronic dosing of MJN110. Arrow indicates beginning 

of daily drug injections. *p<0.05; **p<0.01, n= 8-12 (Two-way RM ANOVA, 

Bonferroni test) 
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3.4 CB1 AND CB2 RECEPTORS MEDIATE THE MJN110 ANTINOCICEPTIVE 
EFFECTS 

In order to determine the receptor dependency for the anti-nociceptive 

effects of MJN110 in vivo, we utilized the specific antagonist/inverse agonists 

SR141716A and SR144528 to selectively inhibit CB1R and CB2R activation, 

respectively. Previously, our lab has demonstrated that these antagonists, alone, 

do not elicit behavior effects for the outcome measures that were being 

evaluated (Lozano-Ondoua et al., 2013a). All behavioral tests for the antagonist 

studies were performed at 60 minutes post injection, which was the time to 

maximal effect seen for MJN110. On day 7 post-surgery, animals were tested to 

determine a CIBP baseline. Pharmacological inhibition of either CB1R or CB2R 

was induced by pre-treatment of animals with the CB1R antagonist SR141716A 

(1000 fold selective for CB1R over CB2R) or the CB2R antagonist 

SR144528(660 fold selective for CB2R over CB1R), followed by 10mg/kg 

MJN110. Inhibition of either CB1R or CB2R followed by MJN110 administration 

led to the blockade of anti-nociceptive effects of MJN110 (flinch count = 4.78 and 

5.40 vs. 1.79, respectively, p<0.01, Figure 4) and there was no significant 

difference between the antagonist treated animals and vehicle controls. This 

same trend was observed following chronic administration of antagonists with 

MJN110 as well at days 10 and 14 post-surgery. On day 14, blockade of the 

CB1R followed by MJN110 administration caused flinching behaviors to 

significantly increase higher than vehicle, 10mg/kg MJN110, and the 
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CB2/MJN110 groups (11.00 vs. 6.46, 2.90, and 5.90, respectively, p<0.01, Figure 

4). 
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Figure 4. 
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Figure 4: Both CB1 and CB2 antagonists attenuate MJN110 effects against 

cancer induced flinching behaviors. Both co-administration of the CB1R 

antagonist SR141716A (1mg/kg) with MJN110 or the CB2R antagonist 

SR144528 (1mg/kg) significantly reversed MJN110 attenuation of CIBP induced 

flinching. **p<0.01,***p<0.001, n=8-12/group (Two-way RM ANOVA, Bonferroni 

test). 
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3.5 CHRONIC MJN110 ADMINISTRATION HAS NO EFFECTS ON 
RADIOGRAPHICALLY EVIDENT BONE DISEASE IN MODEL OF METASTATIC 
BREAST CANCER 

In order to assess bone morphology and diseases progression, serial 

radiographs were obtained for all animals at pre-defined time points throughout 

the studies. The radiographs were obtained using a Faxitron system and were 

obtained at baseline, then at days 7, 10 and 14 post-surgery. Pre-surgery, there 

was no difference between any of the groups tested (P>0.999). At day 14 post-

surgery, there was no significant difference between any of the treatment groups. 

Therefore, this suggests that MJN110 has no effect on radiographically evident 

bone lesions and metastatic disease progression (Figure 5A,B). 
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Figure 5. 
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Figure 5: Radiographic analysis of MJN110 effects on bone integrity (A) 

Radiographs were taken of the ipsilateral femur at day 0 prior to surgery and at 

day 14 at the end of the study. Compared to vehicle control, there was no 

significant difference found between groups (F=1.205, p=0.4704). Images 

displayed are representative at D14 post-surgery. (B) Bones were evaluated 

using a 5-point bone rating scale by 3 blinded individuals and scores were 

averaged. The bone scoring scale was as follows: 0 = normal bone, 1 = 1-3 

lesions with no fracture, 2 = 4+ lesions with no fracture, 3 = unicortical, full 

thickness fracture, 4 = bicortical, full thickness fracture. (Two-way RM ANOVA, 

Bonferroni test). 
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3.6 VIABILITY OF 66.1 CELLS IS DECREASED IN RESPONSE TO MJN110 
TREATMENT IN VITRO 

In order to further determine the effects of MJN110 treatment on tumor 

cells and their viability, we utilized an XTT assay, which measures mitochondrial 

function and is a surrogate for cell proliferation and viability. MJN110 was 

administered to 66.1 breast cancer cells at various concentrations (100nM, 1µM, 

10µM) and compared to a 0.1% DMSO vehicle control. Additionally, an 

alternative MAGL inhibitor (KML29) and a CB2 agonist (JWH015) were 

administered at varying doses in order to construct dose response curves. 

MJN110 doses-dependently and significantly decreased the cellular viability at 

100nM (p<0.05), 1µM (p<0.05 and 10µM (p<0.0001) doses compared to vehicle 

control as assayed by XTT (Figure 6A). When compared to the alterative MAGL 

inhibitor, KML29, and the CB2 agonist, JWH015, each drug modestly decreased 

the cell viability compared to DMSO control, but not significantly. Based on the 

dose response curve that was generated for each compound, MJN110 was 

determined to be much more potent and efficacious at decreasing 66.1 cell 

viability in vitro over the tested concentration ranges (Figure 6B). 
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Figure 6. 
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Figure 6: Effects of MJN110 on 66.1 cancer cell viability in vitro. (A) Across three 

concentrations tested, MJN110 significantly decreased the cell viability of 66.1 

cells in vitro at the 10µM dose as assessed by XTT assay. One-way ANOVA with 

Bonferroni post-hoc correction *p<0.05, **p<0.01, ***p<0.001 (n=8/group).  (B) 

Dose-response curve was generated for MJN110 and compared to the CB2 

agonist JWH015 and the MAGL inhibitor KML29 to determine effects on cell 

viability of 66.1 cells in vitro. 
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3.7  66.1 CELL PROLIFERATION IS DECREASED IN RESPONSE TO MJN110 
TREATMENT IN VITRO 

Following up on the observation that MJN110 was able to effectively 

decrease 66.1 cell viability in vitro, we then additionally performed a study to 

more accurately ascertain whether this was affecting the proliferation of these 

cells in vitro or if the decrease in viability was due to some other toxicity to the 

cells. In order to do this, we employed a 5-bromo-2'-deoxyuridine (BrdU) assay 

using the same conditions and treatment paradigms as were implemented in the 

XTT assay. Based on this we demonstrated that MJN110 dose-dependently and 

significantly decreased proliferation of 66.1 breast adenocarcinoma cells (Figure 

7A,B). KML29, a structurally distinct MAGL inhibitor, had no effect on cancer cell 

proliferation. JWH015, the CB2 agonist, had a significant, but not as robust effect 

at decreasing cellular proliferation when compared to MJN110 compound, 

suggesting that MJN110 can effectively decrease cancer cell proliferation in vitro. 
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Figure 7. 
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Figure 7: 66.1 cell proliferation is decreased in response to MJN110 treatment in 

vitro. BrdU assay was performed in order to better assess changes in 

proliferation of 66.1 cells in response to MJN110 (A) Across three concentrations 

tested, MJN110 significantly decreased the proliferation of 66.1 cells in vitro at 

the 10µM dose. One-way ANOVA with Bonferroni post-hoc correction *p<0.05, 

**p<0.01, ***p<0.001 (n=8/group).  (B) Dose-response curve was generated for 

MJN110 and compared to the CB2 agonist JWH015 and the alternative MAGL 

inhibitor KML29 to determine effects on cell proliferation in vitro.  
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3.7 TUMOR BURDEN IN VIVO IS NOT AFFECTED BY CHRONIC MJN110 
ADMINISTRATION 

 On day 14 post-surgery, following all behavioral testing necessary, the 

mice were sacrificed and their ipsilateral femurs were harvested to assess tumor 

burden within the medullary cavity. Bones were dissected from the surrounding 

soft tissues, fixed in paraformaldehyde and decalcified in EDTA prior to paraffin 

embedding and sectioning for H&E staining. Using previously published 

techniques and ImageJ software (NIH), the tumor burden was quantified by 

measuring the area within the medullary canal between the epiphyseal plates. 

Bones were collected from the vehicle, 1 mg/kg and 10mg/kg groups following 

chronic dosing in order to capture the effects over a range of doses. Chronic 

administration of MJN110 did not affect overall tumor burden in a significant 

manner across the dosing range compared to vehicle treated controls (p=0.47, 

Figure 8A,B).  
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Figure 8.  
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Figure 8: MJN110 has no effects on tumor burden in vivo (A) Representative 

H&E images of cross sections of femurs from animals treated with vehicle or 

doses of 1 and 10 mg/kg MJN110 once a day for 7 days. Imaged at 4x 

magnification. (B) H&E Images were then quantified for tumor burden which 

demonstrated that there was no significant change in tumor burden within the 

medullary cavity across the doses tested. Data analyzed using one-way ANOVA 

(F=0.1956, p=0.8297). 
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Figure 9. 
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Figure 9: Schematic of proposed mechanisms underlying MJN110 efficacy at 

inhibiting CIBP. MAGL is known to be expressed within tumor cells and its 

expression is correlated with increased invasiveness and aggression of the tumor 

within the local environment. Targeting MAGL with MJN110 would lead to 

increased 2-AG levels, which can permeate the cell membrane and act upon 

localized glial and immune cells through a CB2 dependent mechanism leading to 

a decrease in inflammatory cytokines, which help to decrease a source of pain. 

Additionally, 2-AG would be able to act on nociceptive fibers that innervate the 

bone via CB1 receptors and block neurotransmission from the periphery to the 

central nervous system.  The inhibition of MAGL not only results in an increase in 

2AG but also decreases the degradation product of prostaglandins that are 

known to promote pain and inflammation.  
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CHAPTER 4: CHRONIC OPIOID USE LEADS TO HYPERALGESIA AND 
ENHANCED OSTEOLYSIS IN CANCER-INDUCED BONE PAIN 

4.1 INTRODUCTION 

Various common cancers, including those of the breast, prostate, lung, 

thyroid and kidney all have high affinity for metastatic spread to the bone in later 

stages of disease (Anract et al., 2017). As this occurs, the seeding and growth of 

cancer within the bone cavity leads to neuroinflammatory (Mantyh et al., 2010; 

Lozano-Ondoua et al., 2013a; Slosky et al., 2016), mechanosensory (Salter et 

al., 1997) and bone homeostatic (Raisz et al., 1974) changes that contribute to 

the multi-modal pain state of cancer-induced bone pain (CIBP). Cancer 

metastasis to bone leads to not only pain, but progressive destruction of the bone 

structure leading to increased risks of pathological fracture, which enhance the 

bone pain phenotype (Johnson and Suva, 2018). Cancer pain can be temporally 

sorted into two broad categories: ongoing pain which is progressive, chronic dull 

aching pain that worsens in severity over time, and breakthrough pain which is 

sharp, sudden, severe pain that arises spontaneously or in association with 

movement or palpation (Caraceni et al., 2004). Opioid-based analgesics are the 

gold standard for treating CIBP despite the fact moderate-to-severe cancer pain 

is still not adequately controlled using these in greater than 30% of CIBP patients 

(van den Beuken-van Everdingen et al., 2007b; van den Beuken-van Everdingen 

et al., 2007a).  

In addition to the lack of long term efficacy, morphine and other opioid 

analgesics have many adverse effects including constipation, nausea, tolerance, 

respiratory depression, physical dependence, addiction and paradoxical 
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hyperalgesia (Vanderah et al., 2000). The hyperalgesia phenomenon has not 

been mechanistically well worked out and there is a possibility that many 

mechanisms interact to lead to this phenomenon, as well as the mechanism of 

injury. Studies have demonstrated that opioid induced hyperalgesia does not 

occur in animals devoid of the TLR4 receptor (Araldi et al., 2019). Additionally, it 

has been implicated that both tolerance and hyperalgesia due to chronic opioid 

use rely on a TLR4 dependent mechanism (Bai et al., 2014). In contrast, there is 

evidence that hyperalgesia due to chronic, high dose opioid therapies may be 

mechanistically independent from the TLR4 receptor, but rather through specific 

nerve terminals that mediate the effects (Aguado et al., 2018), which brings 

controversy as to how this phenomenon may be occurring.   

Recently, it has been suggested that chronic morphine use may 

exacerbate osteolysis and bone loss that comes with cancer metastasis, which is 

not only counterproductive to the adjunctive anti-resorptive drugs that are co-

administered to help with bone metabolism and pain (King et al., 2007), but will 

likely enhance the pain that these drugs set out to treat. This ability of opioids to 

cause bone loss has been documented clinically in men (Dursteler-MacFarland 

et al., 2011; Grey et al., 2011), women (Sharma et al., 2011), the elderly (Shorr 

et al., 1992) and in meta-analyses that uncovered the association of opiate use 

and increased risk of fracture regardless of age or gender (Vestergaard et al., 

2006; Teng et al., 2015). In cancer patients, this possible link is increasingly 

problematic due to the fact that skeletal health and bone integrity is closely linked 
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to quality of life and functional status, which are essential to decrease the already 

high morbidity and mortality of the underlying disease.  

Tumor presence within the marrow microenvironment leads to the influx of 

inflammatory cells and increases in inflammatory cytokines such as IL-6, IL-1β 

and TNF superfamily (Johnson and Suva, 2018), which can contribute to the 

multimodal pain phenotype. These factors also lead to the increased maturation 

and activation of osteoclasts, cells that mediate bone breakdown (Redlich and 

Smolen, 2012).  It has been demonstrated pre-clinically that chronic morphine 

administration may enhance tumor-induced bone loss and worsen pain behaviors 

(Vermeirsch et al., 2004; King et al., 2007). Despite these observations, the 

mechanism underlying these phenomena is not well understood. Recently, it has 

been discovered that morphine treatment and its metabolite morphine-3-

glucuronide produce off-target activation of the TLR4 receptor and lead to its 

downstream signaling (Hutchinson et al., 2007; Wang et al., 2012; Jacobsen et 

al., 2014; Ellis et al., 2016). TLR4 downstream signaling leads to the activation of 

nuclear factor kappa-light-chain-enhancer of activated B cells (NF-κB), which is a 

master regulator of inflammatory gene expression as well as cell differentiation. 

Notably, NF-κB is a key regulator of osteoclast differentiation and activation, 

which can be mediated through inflammatory cytokines such as IL-6 and TNFα or 

through receptor activator of NF-κB ligand (RANKL) (Redlich and Smolen, 2012). 

Based on this, we hypothesize that chronic morphine treatment leads to TLR4 

activation and enhances osteoclastogenesis resulting in increased bone 

breakdown in a model of CIBP. Additionally, we hypothesize morphine-induced 
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activation of TLR4 leads to the production of downstream signaling that enhance 

the pain behaviors seen in the phenomenon of morphine-induced hyperalgesia. 

 

4.2 CHRONIC MORPHINE ADMINISTRATION INDUCES HYPERALGESIA IN A 

MODEL OF CANCER INDUCED BONE PAIN 

In order to study the effects of morphine treatment on bone derived pain 

from metastatic breast cancer, we utilized an established and previously 

published model that reliably replicates long bone pain due to cancer (Lozano-

Ondoua et al., 2013a; Thompson et al., 2019). Our group has previously 

demonstrated that prostate sarcoma models when exposed to chronic morphine 

demonstrate exacerbated osteolysis compared to vehicle control (King et al., 

2007) and it was our goal to determine if this held true in another commonly 

encountered model of bone metastasis. In our syngeneic model, the E0771 

breast adenocarcinoma cell line or sham media control were injected into the 

medullary canal of healthy female C57BL/6J mice and allowed to seed the site 

for 7 days. On day 7 post-surgery, flinching and guarding behaviors were 

observed and recorded over 2 minutes to obtain a post cancer baseline. 

Immediately following baseline, subcutaneous osmotic minipumps were 

implanted to deliver 10mg/kg/day morphine sulfate or saline vehicle for the next 7 

days. Flinching and guarding behaviors were then monitored on days 10 and day 

14 post CIBP surgery into order to ascertain analgesia. On day 7, a significant 

increase in flinching behavior was observed in the mice seeded with cancer 

compared to the sham groups. Cancer-morphine groups had significantly higher 
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flinching values compared to sham-morphine and shame-saline (7.4 vs. 2.7 and 

2.17, p<0.001, Figure 10A). Cancer-saline similarly had significantly higher 

flinching values compared to sham-morphine and sham-saline, respectively (8.75 

vs. 2.7 and 2.17, P<0.001, Figure 10A). On day 10, the cancer animals treated 

with morphine had significantly reduced flinching behaviors compared to the 

cancer-saline group (3.54 vs. 7.42, p=0.0009, Figure 10A). On day 14, the 

animals treated with morphine had a reversal of the analgesic effects of 

morphine to that greater than saline alone, suggesting tolerance and 

hyperalgesia, although not achieving significance (10.00 vs. 8.5, p=0.80, Figure 

10A). There was a significant increase in flinching behaviors for the cancer-

morphine group compared to both sham-morphine and sham-saline groups 

(10.00 vs. 2.8 vs. 3.00, p<0.0001, Figure 9A). No significant difference in 

guarding values was observed until D14 at which point, the animals treated with 

morphine demonstrated markedly elevated amount of guarding compared to 

cancer-saline treated alone, further confirming the hyperalgesia phenomenon 

(2.06 vs. 0.60, p<0.0001, Figure 9B). Sham-morphine, sham-saline and cancer-

saline had no significant differences in guarding behaviors at D14 (Figure 9B). 
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Figure 10. 
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Figure 10: Chronic morphine treatment leads to hyperalgesia in murine model of 

cancer induced bone pain. Spontaneous pain behaviors (flinching and guarding) 

were measured prior to and at regular intervals following cancer inoculation in 

female C57BL/6J mice. (A) At D7 post-surgery, animals inoculated with E0771 

breast adenocarcinoma cells had significantly elevated flinching behaviors 

compared to sham animals. At D10, following treatment, morphine treated cancer 

animals had significantly reduced flinching compared to saline treated cancer 

animals; cancer-morphine animals had similar flinching behaviors as sham 

controls. At D14, cancer-morphine treated animals had significantly elevated 

flinching behaviors compared to D10 and compared to sham controls, indicating 

tolerance and hyperalgesia. Interaction F(9,129)=8.753, p<0.0001. (B) No 

significant guarding behavior was observed until D14 post-surgery, which 

showed animals treated with morphine demonstrated significantly elevated 

amounts of guarding compared to the three other groups. Interaction F(9, 

132)=4.227, p<0.0001. Red arrows indicated start of drug treatments. Data are 

expressed as means ± S.E.M. ***p<0.001, n=11-13/treatment (Two-way RM 

ANOVA, Bonferroni post hoc). 
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4.3 OSTEOLYSIS IS ENHANCED IN A MODEL OF CANCER INDUCED BONE 
PAIN WITH CHRONIC MORPHINE ADMINISTRATION  

Concurrently, while monitoring the analgesic effects of chronic morphine 

on these animals, the disease progression was examined in vivo using 

radiography. In order to evaluate the effects of morphine on tumor-related bone 

loss, radiographs were obtained at baseline (prior to surgery), day 7, 10 and 14 

post inoculation. Animals were then compared at day 14 to assess tumor-

induced osteolysis using a previously described 5-point bone rating scale (Zhang 

et al., 2018; Thompson et al., 2019). Animals inoculated with cancer cells had 

significantly elevated bone scores compared to sham inoculated controls, 

regardless of their treatment (2.7/3.46 vs. 0.75/0.67, p<0.0001, Figure 11A,B). 

Between the cancer groups, the animals treated with morphine displayed a 

further elevated bone score, which indicates that morphine treatment enhanced 

the tumor induced osteolysis compared to animals treated with saline alone (3.46 

vs. 2.70, p<0.0001, Figure 11A,B).  

In order to further evaluate this phenomenon, we performed flow 

cytometry on the ipsilateral femurs to determine changes in osteoclast cell 

lineages. Mature osteoclasts (OC), to date, have not been reliably sorted using 

published flow cytometric methods. Yet, their direct osteoclast precursors (OCPs) 

have been able to be successfully sorted using an antibody panel that was 

adapted from previously described methods to identify OCPs (see Figure 1 for 

gating scheme) (Xiao et al., 2013; Pippenger et al., 2015). It was observed that 

compared to naïve and sham animals, animals with cancer had significantly 

elevated amounts of OCP within the ipsilateral bone. Although not achieving 
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significance, animals treated with morphine had a further increased frequency of 

these cells (Figure 11C). With additional gating schemes, we additionally looked 

at the populations of CD11b-/low, which will decrease as OCPs mature into mature 

osteoclasts, indicating increased amount of CD11b expression in animals with 

cancer compared to naïve and sham animals (Figure 11D). 
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Figure 11. 
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Figure 11: Chronic morphine treatment leads to enhanced osteolysis evident on 

plain radiograph in mouse models of CIBP. (A) Representative radiographs of 

right femur of mouse D14 post-surgery. Plain radiographs were obtained prior to 

surgery and at D14 post-surgery to monitor cancer induced lesion. (B) 

Quantification of bone scores (n=9-13/treatment). Bones scores were determined 

on a 5-point scale by blinded observers. The scoring system was as follows: 0 = 

normal bone, 1 = 1-3 lesions with no fracture, 2 = 4+ lesions with no fracture, 3 = 

unicortical, full thickness fracture, 4 = bicortical, full thickness fracture. (C) 

Contents of the marrow cavity were obtained upon sacrifice and cells were 

collected for flow cytometry. Relative OCP frequency was determined across the 

groups demonstrating the morphine treated cancer animals had a significantly 

higher amount of OCP cells compared to sham and naïve animal (n=5/treatment) 

(D) Cancer treated animals had a significantly lower frequency of CD11b-/low 

cells within the ipsilateral bone, which is indicative of cellular differentiation 

toward macrophage/dendritic cell/osteoclast cell line (n=5/treatment). ANOVA 

F(4, 20) = 19.16, p<0.0001. Data are expressed as means ± S.E.M. *p<0.05, 

**p<0.01, ***p<0.001 (One-way ANOVA, Tukey’s HSD post-hoc). 
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Figure 12. 
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Figure 12: Schematic overview of myeloid cell differentiation into mature 

macrophages and osteoclasts. The schema also demonstrates key cytokines 

and signals that determine cellular fate from hematopoietic stem cells.  

Additionally, key cellular markers for each cellular fate are indicated. 
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4.4 ANTAGONISM OF TLR4 LEADS TO LOSS OF MORPHINE INDUCED 
HYPERALGESIA AND ATTENUATED MORPHINE INDUCED OSTEOLYSIS 

To further elucidate the mechanisms underlying morphine induced 

hyperalgesia, we chronically co-administered morphine and the TLR4 specific 

antagonist, TAK242, from day 7-14 post-surgical inoculation. We collected 

spontaneous pain behavioral measurements at days 7, 10 and 14 to determine if 

analgesia is maintained. There was no significant difference in flinching 

behaviors at D7 between the groups. On day 10, morphine exhibited normal 

analgesic efficacy in combination with TAK242 compared to morphine treatment 

alone (3.30 vs. 3.54, p>0.999, Figure 13A). Additionally, both morphine-TAK242 

and morphine alone had significantly lower flinching behaviors compared to the 

saline-TAK242 and saline alone groups (3.30 vs. 3.54 vs. 7.80 vs. 7.41, p<0.01, 

Figure 13A). On day 14, animals treated with morphine/TAK242 had significantly 

reduced amount of flinching compared to morphine treated (5.10 vs. 10.00, 

p=0.003, Figure 13A) animals alone. TAK242 alone had no significant effect on 

lowering or exacerbating flinching or guarding behaviors when compared to 

either morphine treated (1.67 vs. 2.06, p=0.47, Figure 13B) or saline treated 

(1.67 vs. 0.601, p=0.601, Figure 13B). These data suggest that morphine 

induced hyperalgesia in our CIBP model is regulated, in part, via TLR4-mediated 

mechanism.  
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Figure 13. 
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Figure 13: Pharmacological inhibition of TLR4 leads blunting of hyperalgesia and 

maintained efficacy of morphine-induced anti-nociception in CIBP. Spontaneous 

pain behaviors (flinching and guarding) were measured prior to and at regular 

intervals following cancer inoculation in female C57BL/6J mice. (A) At D7, all 

groups developed similar levels of flinching prior to treatment initiation. At D10, 

morphine administration significantly lowered flinching behavior compared to 

saline control regardless of TLR4 inhibition. At D14, TLR4 inhibition when co-

administered with morphine maintained analgesic efficacy and significantly 

reduced flinching behaviors compared to all other groups. Interaction F(9, 123) = 

5.328, p<0.0001. (B) At D7, no significant difference in guarding behaviors was 

observed between groups. At D10, treatment with TAK242 alone had no effect 

on guarding behavior and was significantly elevated compared to cancer-saline 

and cancer-morphine alone. At D14, TAK242 and morphine was not significantly 

different from any of the other groups, but was trending lower than cancer-

morphine or cancer-TAK242 alone. Red arrows indicate start of treatment. 

Interaction F(9, 123) = 2.146 p=0.0304. Data are expressed as means ± S.E.M. 

*p<0.05, **p<0.01, ***p<0.001 n=10-12/treatment. (Two-way RM ANOVA, 

Bonferroni post hoc). 
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To evaluate the effect of morphine on bone tumor-related bone loss, 

radiographs of the ipsilateral femur were taken for analysis at 0- and 14-days 

post-surgery (dps) (Figure 14A).  On day 14, following 7-day drug treatment, 

morphine-treated mice demonstrated a greater degree of bone loss than cancer-

inoculated vehicle controls; however, bone loss in morphine/TAK242 -treated 

mice was indistinguishable from cancer-inoculated vehicle controls suggesting 

the blockade of TLR4 attenuated the morphine-induced osteolysis (Figure 14B).  

TAK242 alone had no effect on bone integrity.  These data suggest that 

morphine-induced bone loss that occurs in the E0771-C57BL/6J model is 

mediated, in part, via a TLR4-dependent mechanism. 

4.5 TLR4-/- MICE, BUT NOT MOR-/- MICE, HAVE BLUNTED MORPHINE 
INDUCED HYPERALGESIA 

In order to further confirm our previous findings using pharmacological 

antagonists, we examined if genetic knockouts could recapitulate the findings 

that were observed in the antagonist studies. Using Tlr4<tm1.2Karp> knockout 

mice, a global TLR4 deficient mouse obtained from Jackson Laboratories, we 

preformed the experimental protocol identical to the wild type studies. We tested 

spontaneous pain behaviors at days 0 (baseline), 7 (pre-treatment), 10 and 14 

before sacrificing. Morphine induced anti-nociception for flinching and guarding 

was similar to that of wild type at day 10 (Figure 15A). On day 14, morphine 

induced anti-nociception was maintained and both flinching and guarding 

behaviors were significantly lower than wild type animals treated with morphine 

(Figure 15A,B).  
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We then performed the same experiments utilizing global mu-opioid 

receptor deficient mice, Oprm1<tm1Kff> obtained from Jackson Laboratories. In 

this animal, no significant difference was observed in flinching or guarding 

behaviors across the time course between knockouts and wild type animals 

(Figure 15C,D). These data taken together, along with the pharmacological 

antagonist studies, that TLR4 plays a role in mediating opioid induced 

hyperalgesia in cancer-induced bone pain. 
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Figure 14. 
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Figure 14: TLR4 inhibition reduces morphine-induced osteolysis in CIBP. (A) 

Representative radiographs of right femur of mouse D14 post-surgery. Plain 

radiographs were obtained prior to surgery and at D14 post-surgery to monitor 

cancer induced lesions. (B) Quantification of bone scoring in response to TLR4 

inhibition by TAK242. There was no significant difference between the 

morphine/TAK242, saline/TAK242 or saline alone treated cancer animals (3.00 

vs. 3.10 vs. 3.00, p=0.999, n=9-10/group). When compared to the morphine 

treated alone, TAK242 treatment in combination demonstrated a significantly 

lower bone score (3.78 vs 3.00, p=0.001, n=9-10/group). Yellow arrows = areas 

of osteolysis and bone degeneration, Red arrows = areas of aberrant 

osteoblastic activity. Data represented as mean score ± SEM. Interaction F(3,34) 

= 5.174, p=0.0047 n = 9-10/treatment. *p<0.05, **p<0.01 ***p<0.001. (Two-way 

RM ANOVA, Bonferroni post-hoc). 
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Figure 15. 
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Figure 15. 
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Figure 15: Genetic deletion of TLR4, but not MOR, attenuates morphine induced 

hyperalgesia allows for maintained morphine analgesic efficacy. (A) Flinching 

behaviors were recorded for the various groups at days 7, 10, and 14 post 

inoculation. At D14, the time at which morphine induced hyperalgesia is typically 

noted, it was observed that in the TLR4-/- mice, there was a significant reduction 

in flinching behaviors compared to the wild-type controls treated with morphine 

(TLR4/MS: 6.58 vs. WT/MS: 10.00 flinches, p=0.013). (B) Guarding behaviors 

were also recorded in these groups and similarly demonstrated a significant 

reduction in guarding behavior at D14 in the TLR4/MS group compared to the 

WT/MS group (0.864 vs. 2.06, p=0.02). (C) Similar studies were carried out in 

MOR-/- mice and at D14 there was no significant difference in flinching behavior 

between the knockout animals and the wild-types, regardless of treatment. (D) 

Guarding behavior was also monitored and similar to the flinching behaviors, 

there was no significant difference in the behaviors at D14 (F(9,176)=1.733, 

p=0.085). All data represented as mean ± SEM. *p<0.05, **p<0.01 ***p<0.001, 

n=12-13/group (Two-way RM ANOVA, Bonferroni post hoc). 
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4.6 MORPHINE INDUCED OSTEOLYSIS IN A CIBP MODEL IS ATTENUATED 

IN TLR4-/- BUT NOT MOR-/- MICE 

We then evaluated the bone scores for the TLR4-/- and MOR-/- animals 

and compared these to wild-type control animals. In the TLR4-/- mice, no 

significant difference in bone score was observed between the morphine treated 

and the vehicle treated cancer animals, but had a significantly lower bone score 

compared to the wild type cancer/morphine treated animals (Figure 16A,B). In 

the MOR-/- mice, although trending, there was no significant difference in bone 

scores between the wild type cancer morphine and the MOR-/- morphine 

(p=0.08, Figure 16A,B). These data together suggest that TLR4, but not MOR 

are necessary for morphine induced osteolysis. 

4.7 EFFECTS OF CHRONIC MORPHINE ON MOLECULAR BIOMARKERS OF 

DYSREGULATED BONE REMODELING 

 Throughout the study we sought to detect if biomarkers were changing 

within the animal that may help to understand what may be changing to increase 

the osteolysis set out by morphine. First, we investigated a marker of osteoclast 

regulation, osteoprotegerin (OPG) within the serum. No differences were 

observed in serum osteoprotegerin levels regardless of treatment. (F=0.8745, 

p=0.54, Figure 17).  

 We also examined the serum for the biomarker of bone degradation, c-

terminal telopeptide of type 1 collagen (CTx) via ELISA. CTx is a clinical 
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biomarker of type 1 collagen breakdown and has been associated with increased 

bone turnover in patients (Chubb, 2012). We took harvested serum from animals 

following chronic morphine or saline treatment and measured levels of CTx. We 

found no significant differences in the treatment groups, which indicates that the 

bone turnover may not be achieving systemic levels that are detectable within the 

serum. (Figure 18).  

 Next, we sought to determine if the major osteoclast differentiation signal, 

RANKL, changed in response to morphine treatment. For this, we decided to 

examine the local tumor microenvironment by extracting protein from the marrow 

cavity and testing for changes in RANKL levels. Again, we detected no difference 

in RANKL protein concentrations within the marrow cavity in the limited samples 

tested, but effect may be due to small sample size. (F=0.3371, p=0.799, Figure 

19). 
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Figure 16. 
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Figure 16: Genetic deletion of TLR4, but not MOR, attenuates morphine induced 

osteolysis in a murine model of CIBP. (A) Representative radiographs are 

presented to demonstrate the effects on cancer on bone integrity at D14 post 

inoculation. (B) Quantification and comparison of bone scores at D14 post 

inoculation. Wild-type Cancer/Morphine (WT/MS) treated animals had a 

significantly higher bone score at D14 compared to WT/Sal TLR4/MS, TLR4/Sal 

or MOR/Sal groups (3.46 vs. 2.70 vs. 2.58 vs 2.42 vs. 2.64, respectively, 

p<0.01). MOR/MS group did not have a significantly different bone score 

compared to WT/MS (2.92 vs. 3.46, p=0.08). All data represented as mean ± 

SEM. Interaction F(5, 64) = 3.961 p=0.0034, n=10-12/group. **p<0.01, 

***p<0.001 (Two-way RM ANOVA, Bonferroni post hoc).  
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Figure 17.  
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Figure 17: Chronic morphine treatment has no effect on serum OPG 

concentration. OPG concentration was measured by ELISA in animals following 

chronic morphine or saline treatment in the wild type as well as TLR4 and MOR 

knockout animals. No significant changes in serum OPG concentration was 

detected in any of the groups tested. Interaction F=0.8745, p=0.54, 

n=4/treatment (One-way ANOVA, Tukey’s HSD post hoc). 
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Figure 18. 
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Figure 18: Chronic morphine treatment did not alter measurably serum CTx 

levels. OPG concentration was measured by ELISA in animals following chronic 

morphine or saline treatment in the wild type as well as TLR4 and MOR knockout 

animals. Significant difference between sham/vehicle and cancer vehicle groups 

was the only significant difference detected. All other treatments and groups had 

no statistical difference. *p<0.05, **p<0.01 n=4/treatment (One-way ANOVA, 

Tukey’s HSD post hoc)  
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Figure 19. 
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Figure 19: Chronic morphine treatment did not lead to increased RANKL 

concentration within marrow cavity. RANKL concentration was measured via 

ELISA following chronic morphine treatment in the presence or absence of TLR4 

inhibitor, TAK242. No significant differences in RANKL concentration were 

detected between the groups upon comparison. F=0.3371, p=0.799 

n=3/treatment (One-way ANOVA, Tukey’s HSD post hoc). 
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CHAPTER 5: ENHANCED PAIN AND DELAYED FRACTURE HEALING 
CAUSED BY CHRONIC OPIOID, BUT NOT CANNABINOID, THERAPIES 

5.1 INTRODUCTION 

Bone fracture is a routine and common cause of orthopaedic visits 

throughout the world and this problem comes with significant pain associated. 

Since 2005, it is estimated that fracture incidence is expected to increase roughly 

30% by 2025 solely due to the aging population (Amin et al., 2014). In addition, 

hip fracture alone is a huge financial burden on the U.S. healthcare system, 

costing anywhere from an estimated $10-15 billion annually (Judd and 

Christianson, 2015). This expensive and rising problem of fracture pleads the 

need for better attention to its treatment.  

 Fracture is associated with severe pain that requires analgesic treatment 

for multiple reasons. Requirements for analgesia differ between patients based 

on severity, but the cornerstone of treatment relies on opioid-based and NSAID 

pain relievers. Pain is essential to treat as inadequate pain control leads to the 

less usage of the limb following reduction and fixation. Studies demonstrate that 

early load-bearing and use are major predictors for faster healing and decreased 

risk for nonunion, which is a feared complication of fracture (Koval et al., 1998; 

Brumback et al., 1999).  

 Opioids in the acute setting are highly effective at reducing the initial, 

severe pain associated with fracture, but their long-term efficacy has been 

questioned. Additionally, multiple studies have shown that taking opioids for short 

term use greatly increases the likelihood for long term use and abuse (Shah et 

al., 2017; Brat et al., 2018). The misuse and over prescription of opioids greatly 
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increases the risks of adverse effects associated with opioids including addiction 

and even death.  

 Literature has begun to suggest that chronic opioid use following fracture 

fixations may negatively impact healing and may be a risk factor for initial 

fracture. Multiple clinical studies have demonstrated that opioid use increases the 

risk for fracture in adults. Two large meta-analyses looking at the association 

between fracture risk and opioid use in adults demonstrated that opioids increase 

the risk of fracture significantly (Vestergaard et al., 2006; Teng et al., 2015). 

Fracture nonunion rates were also increased following opioid use in multiple 

studies (Zura et al., 2016; Buchheit et al., 2018). This suggests that not only does 

the opioid use increase the chance for fracture to occur, but treatment with 

opioids following the injury leads to increased healing time and increased risk for 

nonunion, which requires further, often surgical, treatment, thus increasing the 

economic cost to the healthcare system and decreased quality of life for the 

patients.  

 Clinical literature has suggested this link between opioids and impaired 

bone healing, but to date no mechanisms exist to explain the phenomenon. 

Preclinical models have been established to study the effects of opioids on bone 

in fracture. Opioids are known to induce gonadal hormone deficiencies in human 

and animals, which have a negative impact on bone health. Chrastil et. al. 

demonstrated that although this occurs in an animal model of fracture, delays in 

healing due to opioids were independent of the androgen deficiencies as 

hormonal supplementation did not alter the healing time (Chrastil et al., 2014).  
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 Cannabinoid therapies have demonstrated efficacy as analgesics in 

multiple different types of pain. Bone pain has been targeted as a use for 

cannabinoid analgesics due to its efficacy in preclinical models (Lozano-Ondoua 

et al., 2013a; Lozano-Ondoua et al., 2013b; Grenald et al., 2017). CB2 agonists 

specifically have a special interest in bone pain associated with fracture for their 

pro-osteogenic capabilities. CB2 agonism is known to inhibit bone resorption and 

promote osteoblastogenesis (Bab and Zimmer, 2008). Additionally, the anti-

inflammatory properties of CB2 agonists are attractive as chronic inflammation 

can be associated with decreased osteoblast function and increased osteoclast 

function – leading to weakening of the bone (Redlich and Smolen, 2012).  

 We sought to determine the effects of chronic morphine, CB2 agonists 

and MAGL inhibitors on fracture pain and healing. Utilizing a murine model of 

femur fracture, we monitored the animals over 6 weeks for signs of pain as well 

as tracked the healing and remodeling of the bone. In the present study, we 

demonstrate that opioid based therapeutics not only are ineffective as long term 

therapies at treating fracture pain, but may also inhibit the bone healing that is 

occurring. We also demonstrate that CB2 agonists are efficacious at treating 

fracture pain, maintain their efficacy over time and do not negatively impact bone 

healing. This supports further investigation for CB2 agonists as potential novel 

analgesics for treating fracture pain.  

5.2 CHRONIC MORPHINE AND CANNABINOID-BASED THERAPIES DO NOT 

DECREASE LOCOMOTOR ACTIVITY OF FRACTURED MICE 
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 In order to determine if the drug treatments had any effect on the 

locomotor patterns of the animals following fracture, which could have negative 

effects on healing due to decreased loading, we utilized an open field paradigm 

to track the total distance the animals moved in a five minute period at days 1, 7, 

14, 21, 28, 35 and 42 post fracture. Following fracture, all groups had a decrease 

in the movement compared to baseline by roughly 50% at day 1, which was 

predicted. By D28 post fracture, morphine and vehicle had increased their motion 

above baseline and this trend continuously increased through day 42 (Figure 20). 

MJN110 treated animals never returned to baseline movement distances and 

from day 28 through 42 post fracture, had a significantly movement compared to 

morphine treated animals (Figure 20). Overall, morphine and JWH015 had no 

appreciable effect on locomotor activity from baseline, while MJN110 treatment 

seemingly decreased activity from baseline throughout the course of 

administration.  
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Figure 20. 
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Figure 20: Effects of morphine, JWH015 and MJN110 on locomotion following 

fracture. D1 post fracture caused a reduction in locomotor behaviors in all 

groups. Morphine and vehicle groups trended to increase their movement activity 

above their baselines throughout the course of the study. JWH015 appeared to 

have no significant effect on locomotor activity throughout the course of the 

study. MJN110, however, appeared to decrease the locomotor activity of the 

animals compared to baseline over the course of the study. Black arrow indicates 

fracture procedure, Red arrow indicates drug treatment initiation. Each group 

was compared to baseline movement to determine significance at each time 

point. Interaction F(21, 259)=5.41, p<0.0001. *p<0.05, **p<0.01, ***p<0.001 

n=10/treatment (Two-way RM ANOVA, Bonferroni post hoc).  
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5.3 EFFECTS OF CHRONIC MORPHINE AND CANNABINOID THERAPIES ON 

SPONTANEOUS AND THERMAL PAIN BEHAVIORS IN TRAUMATIC 

FRACTURE 

 Following fracture, animals were monitored for spontaneous pain 

behaviors for 6 weeks after fracture. Flinching behaviors were recorded at days 

1, 7, 14, 21, 28, 35, and 42 post fracture. At D1 post fracture, there was no 

significant difference in flinching behaviors between the groups. By D7 post 

fracture, there didn’t appear to be any analgesic effect of the drugs compared to 

D1, but there were significant differences between the morphine and MJN110 

treated animals and the JWH015 and vehicle treated animals (p<0.05, Figure 

21A). Vehicle treated animals tended to have increased flinching behaviors 

compared to morphine, JWH015 or MJN110 treated animals, although this was 

not consistently significant. Overall, it did not appear as though treatment with 

morphine, JWH015, or MJN110 had a significant effect at attenuating 

spontaneous flinching behaviors. 

Spontaneous guarding behaviors were also recorded throughout the 

course of the study. Following fracture, there was a robust increase in guarding 

behavior of the ipsilateral limb in all groups. After 7 days of drug treatment, 

morphine treated animals had a significantly increased amount of guarding 

compared to JWH015, MJN110 or vehicle, which may indicate hyperalgesia that 

can be seen with chronic opioid treatment. From days 14 through 42 post 

fracture, there was no significant differences in guarding behaviors and in some 

cases, guarding was completely abolished (Figure 21B). Overall, it did not 
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appear as though treatment with morphine, JWH015, or MJN110 had a 

significant effect at attenuating spontaneous guarding behaviors after D7 post 

fracture. 

In addition to spontaneous behaviors, measures of thermal allodynia were 

also recorded throughout the course of the study. Hot plate (55°C) was utilized to 

measure heat induced allodynia. Prior to fracture, there was no difference in the 

withdrawal thresholds to the heat stimulus. Interestingly, following fracture at D1, 

there was no change from pre-fracture in withdrawal threshold, indicating that the 

fracture itself did no induce heat allodynia on its own, which had been previously 

reported (Zhang et al., 2016). At D21 post fracture, however, JWH015 treated 

animals had significantly higher withdrawal thresholds compared to both 

morphine treated and vehicle treated animals (Figure 22A). This however was 

not due to an increase in withdrawal threshold by JWH015 treated animals, but 

rather due to a lowering of morphine and vehicle treated animals’ thresholds, 

indicative of increased sensitivity to heat stimuli in these groups. From D28 

through D42, morphine treated animals continually displayed increased 

sensitivity to thermal stimuli, while JWH015 treatment maintained their 

withdrawal thresholds (Figure 22A). This indicates that although heat allodynia 

was not present at onset of fracture, in animals with fracture and chronic opioid 

treatment, thermal hypersensitivity develops overtime.   
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Figure 21. 
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Figure 21: Effects of chronic morphine, JWH015 and MJN110 on spontaneous 

pain behaviors in model of traumatic fracture. (A) Spontaneous flinching behavior 

were monitored over 42 days following fracture. No significant difference 

between groups was observed D1 post fracture. At D7, no attenuation in flinching 

behaviors were observed in any of the treatment groups. Over the course of the 

study, vehicle treated animals tended to display increased flinching behavior 

compared to the other treatments, although this was not significant at all time-

points. Interaction F(24,296)= 3.56, p<0.0001 (B) Guarding behavior was 

monitored over the 42 days following fracture. Additionally, D1 post fracture there 

was a robust increase in guarding behavior in all groups. At D7 post fracture, 

morphine treated animals had a significant increase in guarding compared to 

JWH015, MJN110 and vehicle groups. From days 14 to 42, guarding behavior 

precipitously decreased to near zero guarding by day 42. Significance on multiple 

comparison for guarding could not be determined at interaction was not 

significant on evaluation. Interaction F(24,296)=1.86, p=0.0695. Black arrow 

indicates fracture procedure, Red arrow indicates drug treatment initiation. 

*p<0.05, **p<0.01, ***p<0.001 n=10/treatment (Two-way RM ANOVA, Bonferroni 

post hoc). 
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Figure 22. 
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Figure 22: Effects of morphine, JWH015, and MJN110 on thermal sensitivities 

following fracture. (A) Hot plate test was utilized to determine heat-induced 

allodynia was present in the animals following fracture and chronic treatment with 

morphine, JHW015 or MJN110. D1 post fracture, there was no difference in 

withdrawal threshold between the groups.  (B) Cold plate test was utilized to 

determine cold-induced allodynia was present in the animals following fracture 

and chronic treatment with morphine, JHW015 or MJN110. At baseline, animals 

did not differ significantly in their withdrawal thresholds. Following fracture, the 

JWH015 group had a significantly increased paw withdrawal threshold prior to 

drug treatment, which confounds the inference on analgesic efficacy for this 

paradigm. All other treatment groups had a significant reduction in withdrawal 

threshold following fracture. MJN110 and vehicle treatments slowly increased the 

withdrawal thresholds back to baseline by D14. Morphine treated animals had 

significantly lower withdrawal thresholds compared to MJN110 treated animals at 

D7, D14, D21 and D42 post fracture indicating that morphine did not promote 

maintained analgesia and promoted cold allodynia. Black arrow indicates fracture 

procedure, Red arrow indicates drug treatment initiation. *p<0.05, **p<0.01, 

***p<0.001 n=10/treatment (Two-way RM ANOVA, Bonferroni post hoc). 
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5.4 CHRONIC MORPHINE PROMOTES MECHANICAL ALLODYNIA, WHILE 

CANNABINOIDS MAINTAIN ANALGESIC EFFICACY 

 Animals were additionally monitored for mechanical allodynia, which can 

be associated with chronic pain that develops in some patients following fracture 

fixation. Mechanical allodynia was assessed using calibrated von Frey filaments 

on the ipsilateral paw. Following fracture, a significant decrease in paw 

withdrawal threshold was seen in all groups. Following 7 days of treatment, 

JWH015 had a significantly higher paw withdrawal threshold compared to 

animals treated with morphine or vehicle (p<0.004 and p<0.0009, respectively, 

Figure 23). This analgesic efficacy over morphine was maintained throughout the 

remainder of the study and at all tested time points, JWH015 had a significantly 

higher paw withdrawal threshold compared to morphine treated animals (Figure 

23). Albeit not as robust, MJN110 demonstrated analgesic efficacy over 

morphine at D14 that was maintained until D28 (D14: p=0.02 D21: p=0.008 D28: 

p=0.54). JWH015 proved to be most efficacious at reversing mechanical 

allodynia as it significantly increased paw withdrawal threshold above MJN110 

treatment at days D21 and D28 post fracture (D21: p=0.008 D28: p=0.008, 

Figure 23). Morphine treated animals never returned to baseline over the course 

of the 42 day study and did not significantly attenuate allodynia with chronic 

administration.   
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Figure 23. 
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Figure 23: Chronic morphine administration leads to hyperalgesia, while chronic 

cannabinoid system modulation leads to maintained analgesic efficacy in model 

of traumatic fracture. Following fracture initiation, a significant decrease in paw 

withdrawal threshold was noted. JWH015 demonstrated maintained analgesic 

efficacy compared to morphine and vehicle treatments alone over the course of 

the study. Vehicle treatment slowly allowed for animals to return to baseline 

withdrawal threshold, but this took nearly six weeks to achieve. MJN110 

promoted analgesia over the course of the study, but to a lesser degree than 

JWH015.  Black arrow indicates fracture initiation, red arrow indicates drug 

treatment initiation. Interaction F(24, 296)=2.024 p=0.0037. *p<0.05, **p<0.01, 

***p<0.001 n=10/treatment (Two-way RM ANOVA, Bonferroni post hoc). 
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5.5 CHRONIC MORPHINE DELAYS HEALING TIME IN MODEL OF 

TRAUMATIC FRACTURE 

 Throughout the study, serial images of the ipsilateral limb were collected 

in order to assess fracture type, location and severity as well as callus formation 

and remodeling (Figure 24A). All of this was done as a surrogate to infer fracture 

healing time and fracture stability, as callus size relates to stability of fracture. 

First time point at which radiographically evident fracture callus was observed on 

D14, therefore, D14 is when measurements started. At D14 post fracture, there 

was no significant difference between the groups in callus size, which was 

continuously observed through the D28 post fracture time points, although 

morphine treated animals tended to have larger callus sizes, but not achieving 

significance at this time point (Figure 24B). By D35 post fracture, morphine 

treated animals had significantly larger callus area as evidenced by plain 

radiographs compared to JWH015, MJN110 or vehicle treated animals (37.94 

mm2 vs. 19.41 mm2, 19.92 mm2, 22.99 mm2, respectively, p<0.01). At D42 post 

fracture, morphine treatment still caused significantly larger callus sizes 

compared to the JWH015, MJN110 and vehicle treated groups (33.18 mm2 vs. 

16.41 mm2, 17.99 mm2, 17.65 mm2, respectively, p<0.05). Taken together, these 

data suggest that morphine slows fracture and callus remodeling, which is 

associated with decreased fracture stability and slower time to union.  
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Figure 24. 
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Figure 24: Chronic cannabinoid administration does not alter fracture healing, 

while morphine administration delays healing. (A) Representative radiographs 

demonstrating the callus remodeling at days 14, 28 and 42 post fracture for each 

of the tested treatment groups. (B) Quantification of callus area from days 14 to 

42 post fracture. On days 35 and 42 post fracture, morphine treated animals had 

a significantly larger callus compared to JWH015-treated. MJN110-treated or 

vehicle-treated animals (D35: 37.94 mm2 vs. 19.41 mm2, 19.92 mm2, 22.99 mm2, 

respectively, p<0.01. D42: 33.18 mm2 vs. 16.41mm2, 17.99 mm2, 17.65 mm2, 

respectively, p<0.05). Yellow arrows indicate callus remodeling progression 

around the site of fracture. Interaction F(12,140)=2.829, p=0.0017. *p<0.05, 

**p<0.01, ***p<0.001 n=10/treatment (Two-way RM ANOVA, Bonferroni post 

hoc). 
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CHAPTER 6: DISCUSSION 

 Pain is a response to a potentially harmful stimulus that contains both a 

neurological and emotional component. The acute system of pain is an evolved 

response that serves a protective role to the human body. However, chronic pain 

can become a debilitating experience and greatly decrease one’s quality of life.  

Humankind has, for millennia, attempted to find new, curative ways to treat both 

types of pain.  

 The goal of any type of pain research is to attempt to find novel ways to 

treat patients with debilitating disease and manage their pain in order to improve 

their quality of life. To date, the gold standard for the treatment of severe pain is 

opioid based therapies. Although they are effective in the acute setting, long term 

use of opioid narcotics has been associated and blamed for the rising opioid 

crisis that is devastating the United States (Young et al., 2012), in addition to the 

other negative adverse effects these drugs have. Due to the severe opioid 

addiction crisis that has plagued the U.S., further efforts have been placed on 

finding alternative analgesics for the treatment of pain, with cannabinoid-based 

therapies gaining interest rapidly.  

Since the discovery and cloning of the eCB receptors, the potential of 

designing pharmaceutical compounds that act on these receptors has been 

attractive. In recent years, synthetic cannabinoids have been designed and 

implemented into the clinic in the US for cachectic patients with diseases such as 

terminal cancer and AIDS as well as around the world for neuropathic pain and 

spasticity in multiple sclerosis. Cannabinoid compounds have been shown to be 
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not only efficacious, but also safe in certain treatment resistant epileptiform 

disorders in adults and pediatric populations (Friedman and Devinsky, 2015). 

The cloning of the cannabinoid receptors, CB1 and CB2, was serendipitous 

and led to the investigation for their endogenous ligands. With the discovery of 2-

arachidonoylglycerol (2-AG) and anandamide (AEA), and the subsequent study 

of their synthesis, metabolism and physiological effects, compounds have been 

designed to affect their metabolism. The main two enzymes responsible for their 

catabolism are MAGL and FAAH, respectively (Di Marzo, 2018). It has been 

demonstrated that inhibition of these enzymes amplifies levels of the 

endogenous cannabinoids and their activity with temporal and spatial fidelity. 

Inhibition of MAGL and subsequent elevations in 2-AG have demonstrated 

efficacy in alleviating depressive, anxious and nociceptive behaviors in preclinical 

models (Ignatowska-Jankowska et al., 2015; Zhang et al., 2015). 

Despite the promising data being put forward in both preclinical and clinical 

studies, there is still a concern about synthetic cannabinoids and medicinal 

marijuana due to their unpredictable adverse effect profile, mainly the 

psychotropic effects. In addition to this, it has been demonstrated that CB1 

receptor agonists, including Δ9-tetrahydrocannabinol, can induce both anxiolytic 

and anxiogenic behaviors, depending on dose (Moreira and Lutz, 2008). This 

heterogeneity of response observed has given rise to investigations into how to 

optimize the use of this system to exploit its therapeutic benefits while minimizing 

the potential undesired adverse effects. CB2 agonists, on the other hand, are 

non-psychotropic and have been shown pre-clinically to be extremely effective 
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analgesic compounds for varieties of pain states (Malan et al., 2001; Ibrahim et 

al., 2005; Ibrahim et al., 2006; Wilkerson et al., 2012; Grenald et al., 2017). 

Currently, however, the only clinically available compounds are mixed CB1/CB2 

agonists, which still demonstrate psychotropic side effects.  

In our present studies, we further confirm that modulation of the endogenous 

cannabinoid system through enzymatic inhibition of MAGL or use of exogenous 

agonists are not only efficacious analgesics for fracture pain, but have great 

potential upside compared to currently employed opioid-based therapeutics.  

We have demonstrated that not only are opioids ineffective as long term 

analgesics for cancer and traumatic fracture pain, but they are also hindering the 

bone healing, bone turnover and time to union for these conditions. At the same 

time, we have uncovered that both exogenous and endogenous manipulation of 

the endocannabinoid system allows for maintained analgesic efficacy, while not 

altering bone metabolism, osteolysis or healing time. These outcomes are novel 

and not well understood from a mechanistic standpoint. 

Cancer pain is a severe multimodal pain state that arises due to many 

factors. Metastatic cancer spread to bone leads to severe pain and often is the 

first sign of disease spread, which leads patients to seek medical help. Despite 

optimal analgesic treatments, upwards of 40% of metastatic cancer patients 

claim to achieve adequate pain control (van den Beuken-van Everdingen et al., 

2007b; van den Beuken-van Everdingen et al., 2007a), which implores us to seek 

out novel ways to address this problem. In order to address this, we 

demonstrated for the first time that the use of a novel MAGL inhibitor, MJN110, 
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could effectively decrease the spontaneous pain related to metastatic cancer 

spread. This approach was rational as inhibition of MAGL leads to increases in 2-

AG, an endogenous cannabinoid, that can then inhibit both nociceptive fibers 

within the bone via CB1 activation as well as increase anti-inflammatory effects 

via the CB2 receptor (Ignatowska-Jankowska et al., 2015). We demonstrated 

that not only was MAGL inhibition effective in acute treatment of cancer pain, but 

maintained its efficacy over the entire course of the study upon chronic 

administration; a profile that is not classically seen with chronic opioid 

administration. 

 We demonstrated that, in vitro, chronic administration of MJN110 caused 

a decrease in cancer cell viability at lower doses than other MAGL inhibitors or 

CB2 agonists, alone. The difference in the observed potency of the MJN110 

compound over another MAGL inhibitor, KML29, is likely due to differential 

chemistry between KML29 and MJN110 and how they are able to bind and 

inactivate serine hydrolases (Niphakis et al., 2013). Simultaneously, we 

investigated the effects of MJN110 on cellular proliferation in order to better 

assess if the viability effect was due to direct cytotoxicity or a cell cycle arresting 

factor. We demonstrated that MJN110 decreased the proliferation of 66.1 cells in 

vitro, while the alternative MAGL inhibitor, KML29, had no effect on proliferation 

at any tested dose. The CB2 agonist, JHW015, had an anti-proliferative effect on 

the 66.1 cells in vitro, but the effect was not as large as the MJN110 effect on 

halting proliferation. The decreased proliferation seen with JWH015 is not 

surprising as previously published works have demonstrated that CB2 agonists 
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can decrease 66.1 and other cancer cell activity, proliferation and metastatic 

potential in vitro and in vivo (Lozano-Ondoua et al., 2010; Lozano-Ondoua et al., 

2013a; Coke et al., 2016; Hanlon et al., 2016; Khan et al., 2018).  Interestingly, in 

vivo, we did not observe any difference in tumor burden within the animals 

following administration of the compounds at the tested doses. The discrepancy 

between the in vitro ability for MJN110 to decrease cell viability as measured by 

mitochondrial function and the in vivo tumor burden was surprising. We 

hypothesize that it could be due to differences in the pharmacokinetics of the 

drug when administered in vivo that lead to a sub-threshold dose at the site of 

the tumor to elicit the anti-proliferative effects; higher doses may be tried in order 

to elicit the anti-tumor effects. It has been demonstrated with other anti-cancer 

therapeutics that strong in vitro anti-tumor abilities can have minimal effects in 

vivo depending on the dose and the routes of administration (Theiner et al., 

2015). Therefore, pharmacokinetics of the drug and route of administration ought 

to be considered and higher doses may be able to elicit antitumor effects, 

although these have not been studied to date. Additionally, we do not fully 

understand if there are any changes to the implanted tumor cells based on their 

microenvironment leading to changes in the uptake of the compounds in vivo 

compared to in vitro. This is another plausible mechanism for the anti-tumor 

effects of MJN110 in vitro, but not in vivo. It is possible the cells, in response to 

surrounding factors, upregulate the expression of genes that may actively 

extrude or inactivate the drugs therefore blocking their anti-proliferative 
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capabilities, but still allowing for the analgesia due to neuronal action of the 

increased 2-AG concentrations. 

These studies have demonstrated that we have found a potential novel 

treatment for cancer induced bone pain, there are still limitations to the study. 

First, we do not currently know how chronic enzymatic inhibition may alter 

expression of MAGL or other compensatory systems. We did not directly 

measure enzyme expression in these studies, but it is likely that over time, the 

body or the tumor cells may cause a compensatory increase the in the 

expression of MAGL leading to decreased efficacy of a given dose of MJN110.  

As we previously demonstrated, cannabinoid based therapies (Lozano-

Ondoua et al., 2013a; Hanlon et al., 2016) and therapies focused around 

modulating the endogenous cannabinoid system seem to be promising 

analgesics for cancer pain and its related effects. Despite their efficacy 

preclinically, it is unlikely that opioid therapeutics will be supplanted any time 

soon and opioids are still hold key pharmacological roles for the treatment of 

cancer pain and other severe pain disorders. Therefore, it is important to 

understand how these treatments may be affecting the patients other than simply 

modulating their pain.  

It has been well documented that chronic opioid use can lead to a 

phenomenon known as opioid induced hyperalgesia, in which the patients 

experience increased pain compared to prior to their start on medication known 

as opioid-induced hyperalgesia (OIH). To date, this complex phenomenon does 

not have a well-defined mechanism. Using the CIBP model of cancer, we 



 160 

demonstrated for the first time that the pattern recognition receptor, TLR4, is, in 

part, responsible for this phenomenon of OIH. TLR4 had been implicated in the 

phenomenon in the past in models of neuropathic injury and chronic use (Bai et 

al., 2014; Aguado et al., 2018). Although this has been promising, it has been 

heavily debated whether this is a true effect as other studies have demonstrated 

that TLR4 is not implicated and rather other molecular pathways may be driving 

the issue. We provide further evidence in a model of multimodal, complex cancer 

pain that through both genetic deletion and pharmacological inhibition of TLR4, 

opioid induced hyperalgesia is, in part, mediated through TLR4 receptor activity.  

Recently, it has been noted that chronic opioid therapies can worsen the 

bone loss that is associated with metastatic cancer spread to bone (King et al., 

2007), but again, mechanistically, this is a poorly demonstrated phenomenon. 

We hypothesized that the TLR4 receptor is also at the heart of this issue. Opioid 

compounds from morphine to fentanyl have been demonstrated to be able to 

bind and activate the TLR4 receptor (Hutchinson et al., 2007; Hutchinson et al., 

2010; Grace et al., 2014; Grace et al., 2016). Cancer presence within the bone 

additionally will increase the amount of immune cells within the cavity, many of 

which express TLR4; this effectively increases the ability for opiate administration 

to increase inflammation beyond what is already occurring, thus leading to 

inflammatory bone loss and worsening of the osteolysis that occurs due to tumor 

presence. We demonstrated that, in a model of CIBP, chronic morphine 

administration led to enhanced osteolysis compared to vehicle treated controls, 
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and this effect could be abolished by the pharmacological inhibition of TLR4 

using TAK242 or genetic deletion of the TLR4 receptor from the animal.  

 Following these observations that TLR4 is implicated in the phenomenon 

of morphine induced osteolysis, we sought to determine if any systemic markers 

may change in response to treatment. We based this on the hypothesis that 

chronic opioid therapies in the setting of inflammatory conditions could 

exacerbate the inflammatory local milieu via its activity at TLR4. It has been 

described that inflammation can upregulate the expression of RANKL and 

decrease OPG expression by osteoblast cells (Redlich and Smolen, 2012). 

Although no literature published to date has demonstrated the ability of opiates to 

directly modulate expression of RANKL or OPG, we hypothesized that these may 

change indirectly due to morphine’s supposed effects to induce inflammation via 

TLRs. Therefore, we tested major regulators of osteoclast function, RANKL and 

OPG. No changes were observed in these proteins as measured by ELISA. It is 

possible that a larger sample size would be needed to reliably detect a difference 

as only 3 samples/group were utilized. Additionally, to measure marrow protein 

accurately, three animals need to be pooled together to create one sample, 

therefore we needed 9 animals to get 3 biological replicates; a greater number of 

animals would be needed to increase the statistical power to potentially detect a 

difference. It is also possible, for proteins like OPG or other factors that would 

circulate within the serum, that the destruction and inflammation is localized to 

the bone and therefore these factors don’t appreciably elevate within the serum, 

thus evading detection or change overall. This is with precedent as it has been 
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noted in previous literature that some factors that either potentiate osteolysis 

(e.g. IL-6) do not raise systemically in models of inflammatory osteolysis and are 

undetectable from controls within the serum, leading to the suggestion that it may 

be a paracrine or autocrine function (Roodman et al., 1992). This autocrine 

function of osteoclastic mediators has been known since osteoclasts, for 

example, once activated can induce their own inflammation by expressing 

cytokines such as IL-6 and IL-1β (Redlich and Smolen, 2012). These biomarker 

effects, however, must be further investigated to fully understand the 

mechanisms. 

 In addition to these studies, it would be interesting to investigate how 

these models may be affecting endogenous cannabinoid signaling. In our CIBP 

models, we have confirmed that the cancer cells express the MAGL enzyme, 

which can clinically be a marker for the aggressiveness of the tumor cells. 

Although we did not directly interrogate this, it would be worth examining if 

chronic opiate treatment would modulate the levels of endocannabinoids within 

the medullary cavity and the enzymes that regulate endocannabinoid levels (e.g. 

FAAH and MAGL). It has been previously demonstrated that chronic opiate 

treatments in the brain, specifically areas like the hippocampus, cortex and 

hypothalamus, can lead to a decrease in 2-AG concentrations while not affecting 

AEA levels (Vigano et al., 2003). This suggests that chronic opiates either 

decrease the synthesis of 2-AG or increase the metabolism by altering levels of 

the anabolic enzyme DAGL or the catabolic enzyme MAGL. If this were occurring 
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in the periphery it may add another explanation for the experienced hyperalgesic 

effects seen with chronic opiates.  

 Recently, it has been shown that certain types of acyl glycerol 

compounds, such as cardiolipin, actually function to modulate TLR4 and, 

depending on their chain saturation and confirmation, these can act as agonists 

or antagonists of the receptor (Pizzuto et al., 2019). Since endocannabinoids are 

structurally similar to these molecules and they are, themselves, acyl glycerol 

compounds, it is important to know if the endocannabinoids 2-AG and AEA can 

somehow modulate TLR4. As we have seen in our studies, the antagonism of 

TLR4 leads to decreased tolerance and hyperalgesia in response to opioids and 

improves bone health. We have previously seen through studies in the lab that 

cannabinoids can have the same effects on pain behaviors and bone health in a 

cancer induced bone pain model (Lozano-Ondoua et al., 2010; Lozano-Ondoua 

et al., 2013a) as TLR4 antagonism seen in the aforementioned study. It would be 

prudent to investigate if the endocannabinoid system, in addition to already 

established cannabinoid receptor signaling, functions as a sort of “break” on 

innate immune mediated inflammation by working to block pattern recognition 

receptors (PRR) like TLR4. Additionally, if the levels of endocannabinoids are 

modulated by chronic opiate administration as has been suggested in the 

literature, this would therefore take away the block on this proposed pathway and 

TLR4 mediated inflammation in a localized space may be exacerbated as now 

the opiates can bind to and activate these receptors.  
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These findings have implication clinically as TAK242, known as resatorvid, 

has already been clinically tested and completed phase 3 clinical trials for adults 

with sepsis (NCT00143611) without any safety concerns. This means that 

TAK242 could feasibly be repurposed in the clinic with relative ease for trials with 

different applications. It would be prudent to investigate if the addition of TAK242 

to patients with metastatic cancer pain could potentially work as an opioid dose 

reduction strategy for pain as well as determine if it helps improve the osteolytic 

effects of the metastatic tumor as was seen in the preclinical work. Additionally, 

the inhibition of TLR4 has been studied recently for its potential anticancer 

effects. TLR4 inhibition has shown to be effective in preclinical and in vitro at 

decreasing the pathogenicity, metastatic potential and the cellular viability of 

breast, ovarian and skin cancers (Blohm-Mangone et al., 2018; Kashani et al., 

2019; Zandi et al., 2020). These taken together show promise of the use of TLR4 

inhibitors to not only help to treat pain and side effects of the pain medications 

used for these patients, but may act as additional anti-cancer therapeutics that 

could improve chemotherapeutic regimens.  

Interested in the observation that opioids may worsen bone healing and 

disease burden by exacerbating inflammation, we decided to look at another 

model of bone pain: traumatic fracture. Fracture associated with metastatic 

cancer spread is far more inflammatory than traumatic fracture, but inflammation 

is a major part of fracture healing, especially secondary fracture healing. Acute 

inflammation is necessary to fracture healing, but chronic inflammation can 

actually inhibit osteoblast function and enhance osteoclast activity and 
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maturation (Redlich and Smolen, 2012; Loi et al., 2016). This evidence comes 

mainly from the autoimmune literature demonstrating that in conditions such as 

systemic lupus erythematosus, rheumatoid arthritis, inflammatory bowel disease 

and many others, that there are increased fracture rates and increased incidence 

of osteopenia and osteoporosis (Grisar et al., 2002; Ali et al., 2009; Mendoza-

Pinto et al., 2018), which is collectively known as a phenomenon of inflammatory 

osteolysis. Therefore, we sought to determine if opioids may negatively impact 

fracture and investigate their efficacy as long term analgesics. Simultaneously, 

we how cannabinoid based therapies function as analgesics and their effects on 

fracture healing.  

Previous studies have demonstrated that in preclinical animal models of 

fracture that opioid use has negative impacts on fracture healing (Chrastil et al., 

2013). It was also suggested that this effect is independent of opioid induced 

androgen deficiency, as common issue seen among long term opioid users and 

abusers clinically (Chrastil et al., 2014). Clinical evidence has also pointed to the 

relationship between opioid use and fracture risk and risk of nonunion following 

fracture (Teng et al., 2015; Zura et al., 2016; Buchheit et al., 2018). Opioid 

therapeutics may additionally be prescribed long term following fracture as a 

percentage of patients following fracture and fixation develop a severe pain 

syndrome known as complex regional pain syndrome (CRPS) (Bruehl, 2015; 

Rand et al., 2019). This can resolve within months typically, but some cases will 

persist for years and it is notoriously difficult to manage as these patients 

typically will fail traditional therapies. Owing to the hyperalgesic and allodynic 
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characteristics that define this syndrome, along with associated changes in 

personal affect, it has been suggested that cannabinoids and medical marijuana 

may be a viable option for this syndrome as these compounds have been 

demonstrated to effectively treat these types of pain and help to shift patient 

moods more positively (Bossong et al., 2013; Whiting et al., 2015).  This, in 

addition to over-prescription, may lead to the long term use of opioid analgesics, 

which may have negative impact on bone healing as well as pain. We described 

in our studies that chronic opioid use does increase the healing and remodeling 

time of fracture callus compared to the vehicle treated control as a well as the 

animals receiving CB2 agonist, JWH015, and the MAGL inhibitor, MJN110. 

Mechanical allodynia and hyperalgesia developed in the animals chronically 

treated with morphine as well, which indicated that their pain was no adequately 

controlled throughout the study. Similarly, animals developed thermal allodynia 

when treated with chronic opioid therapies. Both of these were not seen in 

animals receiving either JWH015 or MJN110.  

Since adequate analgesia is paramount to fracture healing, it was important 

to investigate the efficacy of these compounds. Without proper pain 

management, it has been shown that patients cannot participate in proper 

loading of the bone, which will limit healing time (Koval et al., 1998; Brumback et 

al., 1999). We also demonstrated that CB2 agonist, JWH015, does not affect the 

locomotion of the animals, which is notable because activity levels should be 

maintained to facilitate healing. We did observe that animals receiving MJN110 

had decreased locomotor activity compared to baseline. This is likely due to the 
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nonselective receptor affinity of 2-AG and this is hypothesized to be a CB1 

mediated affect (McLaughlin et al., 2013; Smoker et al., 2019), as this was not 

seen with a pure CB2 agonist. 

From this study, we demonstrated that chronic opioids cause decreased 

callus remodeling compared to vehicle or the two cannabinoid therapies tested. 

We utilized callus size as a surrogate for fracture healing and remodeling since, 

in secondary bone healing, callus formation only occurs with relative instability 

between the fracture ends. Therefore, the larger the callus, the more movement 

is occurring. If the callus size is decreasing at a slower rate over time, this is 

believed to demonstrate greater fracture instability, which can increase the risk of 

nonunion. It will be important in future studies to determine if tensile strength and 

stiffness of the fractured bone is affected by chronic morphine or cannabinoid 

therapies, as callus size has been demonstrated to not correlate with strength of 

bone (Eastaugh-Waring et al., 2009). While it is important to understand the 

effects on healing, it is more important to understand if the bone, once healed, 

has differing mechanical properties that may lend itself to easier injury. Based on 

our finding, CB2 agonists like JWH015 should be investigated further as potential 

novel analgesics for fracture pain as they do not inhibit healing and they maintain 

analgesic efficacy over time.  

Though these two animal models have distinct etiologies and replicate bone 

pain with varying complex pathophysiology, the underlying effects remained 

consistent: chronic opioid therapies in settings of inflammation function to inhibit 

the proper remodeling, healing and resistance to degradation. It was important to 
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note that both pathologic fracture due to cancer as well as traumatic fracture 

healing involve inflammation of the tissues. This initial inflammatory state brings 

in cells such as macrophages and other immune cells that functionally express 

TLR4 thereby increasing the opportunity for opioid compounds to bind to, 

activate and exacerbate inflammatory states, which can lead to hindered bone 

remodeling. Inflammation has been long associated with changes within the bone 

microenvironment and is known to have pro-osteoclast and anti-osteoblast 

effects. Factors such as TNF, which is expressed following TLR4 activation and 

is an acute phase reactant (Redlich and Smolen, 2012; Liu et al., 2017), promote 

the expression of osteoblast differentiation antagonists such as Dickkopf-related 

protein (DKK), which inhibits osteoblasts by blocking Wnt signaling. Additionally, 

and particularly important to fracture, estrogen deficiency has been demonstrated 

to increase TNFα expression chronically, which is in part responsible for post-

menopausal osteopenia and osteoporosis, thus increasing fracture risk (Roggia 

et al., 2001). Simultaneously, other early inflammatory proteins such as IL-6, 

especially when chronically elevated, leads to hypothalamic activation and 

release of glucocorticoids, which are catabolic to bone when elevated (Chrousos, 

1995). Inflammatory cytokines such as IL-6 and IL-1β also are known to increase 

the expression of proteins like RANKL (Redlich and Smolen, 2012), which 

induces osteoclastogenesis and promotes bone catabolism.  

We suggest that cannabinoids, specifically CB2 agonists, is a good 

alternative therapy to investigate as analgesics owing to their known efficacy as 

well as their anti-inflammatory nature. Additionally, CB2 agonists are rational 
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choices for this purpose as CB2 receptors are heavily expressed within the bone 

compartment on cells of the BMU as well as on immune cells (Idris and Ralston, 

2012). In fact, it is accepted that CB2R is much more highly expressed compared 

to CB1 receptor within bone, which makes it a good therapeutic target for these 

issues as CB2 activation will have pro-osteogenic, anti-inflammatory and 

analgesic properties (Whyte et al., 2012). Targeting endogenous cannabinoids 

by inhibiting MAGL is also a rational approach to mitigating these issues as these 

compounds have proven to be effective analgesics (Cravatt and Lichtman, 2004; 

Hohmann et al., 2005; Guindon et al., 2011; Niphakis et al., 2013). Targeting 

MAGL and increasing 2-AG may also be a beneficial target as it has been 

demonstrated that 2-AG has a higher affinity for the CB2 receptor, therefore 

decreasing some of the CB1 mediated effects (Preedy, 2017), although this has 

been debated.  

To date, there have been many clinical and preclinical studies that have 

demonstrated the relationship between opioid use and fracture, nonunion and 

enhanced osteolysis in metastatic cancer (King et al., 2007; Teng et al., 2015; 

Zura et al., 2016), but no mechanisms have been suggested. Based on our data, 

and previously published literature, we suggest that chronic opioid treatment in 

conditions of traumatic and pathologic fracture activates TLR4, enhances the 

inflammatory state within the bone microenvironment and this leads to the 

observed effects seen. Cannabinoid therapies not only are proven analgesics, 

but we suggest that they may mitigate the osteolytic effects by decreasing overly 
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inflammatory states and inhibiting inflammasome formation, as previously 

described in other models (Figure 25). 

A shortcoming of the presented studies is the lack of consideration for the 

nervous system’s effects on the regulation of bone mass. While it has been 

previously expanded that the sympathetic nervous system has a role in 

regulating bone mass via actions on the adrenoreceptors on osteoblasts, we did 

not directly interrogate the effects this may have played in our studies. Moving 

forward, it would be important to knockout in a cell specific manner the MOR in 

sympathetic and nociceptive terminals and reassess the outcomes in both the 

CIBP and traumatic fracute models. It is possible that the nerves that innervate 

bone may have a metabolic function in regulating the remodeling and the 

homeostasis of these tissues under these pathological conditions.  

Finally, it is important to discuss the scope in which this purposed 

inflammatory exacerbation by opiates is occurring. In our models, there are 

minimal signs and symptoms of systemic inflammation, therefore the working 

hypothesis to support our findings is based in localized inflammation. This has 

been supported by other inflammatory bone pain models such as collagen-

induced arthritis (Zhu et al., 2019). These animals do not have overwhelming 

systemic inflammation and the TLR4 activation mediated by chronic opiate 

therapy seems to be localized to sites of injury or tumor growth. This was 

evidenced by the fact that chronic opiates in the absence of a predisposing 

localized insult (sham operated animals) had no hyperalgesia or bone loss, but 

only when cancer was present or fracture was initiated was there an observable 
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morphine effect. This is logical as administration of opiates to animals or patients 

does not initiate overall systemic inflammation as would be expected if morphine 

or other opiates could bind to all TLR4 receptors within the body; it must be a 

more localized process. Additionally, the extent to which this occurs must also be 

dose and formulation dependent since, if it is a localized response, the 

pharmacokinetics must be considered and penetrant concentrations must be 

high enough to elicit the effects. Therefore, one way to potentially mediate some 

of these effects is not only to eliminate opiates, but find dose-reduction strategies 

for these patients in order to reduce the drug concentrations at the site of injury. 

This could include cannabinoid-based therapies like MAGL inhibitors and CB2 

agonists as both of these have been found effective at dose-reduction and side 

effect reduction strategies for opiates (Wilkerson et al., 2016; Grenald et al., 

2017) and they have been shown to have pro-osteogenic properties in multiple in 

vitro and in vivo models (Idris et al., 2005; Ofek et al., 2006; Bab and Zimmer, 

2008; Idris and Ralston, 2012; Zhu et al., 2019).  

While our data has investigated the role of TLR4 mediating this process, it 

must be considered that other pathogen associated molecular pattern (PAMP) 

receptors or alternative signaling may be involved. The TLR family consists of 11 

different subtypes in humans each with unique, but non-specific ligands and 

sequences of patterns they recognize (Anthoney et al., 2018). TLR4 has been 

the most widely implicated with the biophysical binding of various opiates 

including morphine, fentanyl and oxycodone, but is not the only TLR that may be 

involved .For example, localized IL-17 mediated inflammation that occurs in 
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pneumonia as an attempt by the mucosal immune cells to fight infection can be 

downregulated by chronic morphine administration, which increases the 

susceptibility to further infection and worsened outcomes. It was demonstrated 

that this is actually mediated through altered TLR2 signaling in the presence of 

morphine and the gram-negative bacterial membrane product lipoteichoic acid 

(LTA) (Banerjee et al., 2015). Upon further interrogation of this pathway, it was 

shown that the MOR actually was involved in decreasing the ability of TLR2 to 

induce IL-17 signaling and therefore caused a deficiency and worsened infection. 

This opens another possibility that needs to be explored: the role that MOR 

signaling has in altering the function TLRs. Downstream interactions between 

these receptors may be causing some of the observed effects and ought to be 

investigated. It would be understandable if MOR had an interaction with TLR 

signaling in our model of CIBP. It was observed that, across the groups, animals 

with either a TLR4 or MOR genetic knockout had reduced bone scores compared 

to their wild-type counterparts. This could suggest a similar cross talk in 

downstream signaling between these receptors leading to a similar phenotype. 

Therefore, in addition to targeting TLR signaling, it may be prudent to investigate 

further the downstream and collaborative pathways between the two receptors 

for pharmacological targeting. Although the MOR-/- bone scores treated with 

morphine were non-statistically significant from the wild type animals treated with 

morphine (p=0.08), it is likely that this more of a statistical aberration rather than 

a true “no effect”.  
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Taken together, our studies and findings indicate that chronic morphine 

administration not only is ineffective for long term analgesic management of bone 

pain, but also decreases bone health. We have investigated the role of 

cannabinoid receptor 2 as a potential analgesic for both pathologic and traumatic 

fracture pain, which indicate a potential therapeutic role for these drugs. Unlike 

morphine, CB2 agonists not only maintain analgesic efficacy in the management 

of bone pain over time, do also inhibit bone healing and do not enhance 

osteolysis. These data suggest and warrant further investigation of CB2 agonists 

and the endogenous cannabinoid system as novel therapeutics for bone pain 

owning to their analgesic efficacy and pro-osteogenic qualities.  
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Figure 25. 
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Figure 25: Proposed schematic of how morphine induced inflammation within the 

bone and how cannabinoids may mitigate these effects. Chronic morphine 

administration is able to bind to and activate TLR4. In the presence of 

inflammation, this process can exacerbate production of inflammatory cytokines 

like IL-6, TNFα and IL-1β. These have differential effects on osteoclasts and 

osteoblasts. Chronic inflammation has a negative effect on osteoblastic 

differentiation and activity. Acting through multiple receptors including IL-6R and 

TNFR, the upregulation of genes like sclerostin and RANKL lead to enhanced 

osteoclast activity, while the downregulation of Runx2 leads to decreased 

osteoclast differentiation. Alternatively, on osteoclasts there these same 

inflammatory factors lead to the upregulation of osteoclastic genes like Ca2, 

Trap, and Csk, which results in enhanced bone resorption. Additionally, this 

upregulation in inflammatory genes leads to the promotion of inflammatory pain 

states and the enhanced bone loss leads to greater pain and increased risk of 

pathologic fracture. These effects are observed to be blocked by the TLR4 

specific antagonist, TAK242. Similarly, Cannabinoid compounds may combat this 

by decreasing inflammation via inhibiting the release of inflammatory factors from 

immune cells. Additionally, CB2 receptors on osteoblasts enhance their 

differentiation and decreases their expression of RANKL, which decreases 

osteoclast function. On osteoclasts, the activation of CB2 receptors inhibits 

pathways that lead to NF-κB activation, thus decreased OC activity. CB2A = 

cannabinoid receptor 2 agonist, Runx2 = Runt-related transcription factor 2, Pthr 

= Parathyroid hormone receptor, Opg = Osteoprotegerin, Rankl = Receptor 
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activator of NF-κB ligand, Sost = Sclerostin, Trap = Tartrate-resistant acid 

phosphatase, Csk = Cathepsin K, IL-1β = Interleukin 1β, IL-6 = Interleukin 6, Ca2 

= Carbonic anhydrase 2, Ctr = Calcitonin receptor 
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