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ABSTR ACT: Many common cancers have a propensity to metastasize to bone. Although malignancies often go undetected in their native tissues, 
bone metastases produce excruciating pain that severely compromises patient quality of life. Cancer-induced bone pain (CIBP) is poorly managed with 
existing medications, and its multifaceted etiology remains to be fully elucidated. Novel analgesic targets arise as more is learned about this complex and 
distinct pain state. Over the past two decades, multiple animal models have been developed to study CIBP’s unique pathology and identify therapeutic 
targets. Here, we review animal models of CIBP and the mechanistic insights gained as these models evolve. Findings from immunocompromised and 
immunocompetent host systems are discussed separately to highlight the effect of model choice on outcome. Gaining an understanding of the unique 
neuromolecular profile of cancer pain through the use of appropriate animal models will aid in the development of more effective therapeutics for CIBP.
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Introduction
The pain associated with cancer bone metastasis is debilitating 
and difficult to manage clinically. Many common cancers (eg, 
breast, prostate, and lung cancers) go undetected in their native 
tissues but cause excruciating pain upon metastasis to bone.1,2 
Cancer-induced bone pain (CIBP) is a growing health concern, 
as it is both increasingly common and inadequately managed 
with current standard-of-care therapeutics.3 The World Cancer 
Report 2014 prepared by International Agency for Research on 
Cancer estimates that the annual number of cancer cases world-
wide will rise from 14 million in 2012 to 22 million by 2032. A 
significant portion of these patients will experience pain. Can-
cer pain of all types is reported to be suffered by 30%–50% of all 
cancer patients4 and 75%–90% of advanced, late-stage cancer 
patients.5 Of several categories of pain, metastatic CIBP is the 
most common type of pain reported.6

Two classifications of CIBP have been outlined based on the 
experiences of these patients: ongoing pain and breakthrough 
pain. Ongoing pain is dull in character, persistent in presenta-
tion, and progressive in intensity.7 Breakthrough pain is a tran-
sient, debilitating exacerbation of sharp pain sensations that 
“breakthrough” the analgesic regimen designed to control a 
patient’s ongoing pain.8 Breakthrough pain can be associated 
with movement of the afflicted limb or occurs spontaneously 
in the absence of a precipitating event.3,6 Pain intensity varies 
among cancer patients and is related to an individual’s pain 
sensitivity, the type of cancer, and the tumor location.9,10

Current management of CIBP largely revolves around 
the World Health Organization’s (WHO) guidelines for 
cancer pain relief.11 These guidelines outline a treatment pro-
gression from non-opioid analgesics through strong opioids 
with adjuvant supplementation (eg, bisphosphonates, local 
radiotherapy) to treat progressively worsening pain.12 Unfor-
tunately, many of these therapies are associated with severe 
dose-limiting side effects that further compromise quality of 
life of patients.13 Nonsteroidal anti-inflammatory drugs and 
acetaminophen, used to treat minor cancer pain, are associ-
ated with adverse gastrointestinal and renal effects.14 Opi-
oids, used to combat severe cancer pain, are associated with 
nausea, constipation, sedation, cognitive effects, and respira-
tory depression and carry an abuse potential.14 Additionally, 
chronic morphine is associated preclinically with enhanced 
bone loss and increased (twofold) spontaneous fracture rate.15

The development of dose-limiting side effects, combined 
with tumor progression, limits analgesic efficacy in nearly 42% 
of cancer pain patients.16 Thus, clinical management of CIBP 
would be improved by the identification and development of 
innovative agents with analgesic efficacy and a more favor-
able side effect profile. While the etiology of CIBP remains 
to be fully elucidated, increasing evidence suggests that CIBP 
is uniquely complex and is accompanied by neurochemical 
changes distinct from other chronic pain pathologies (eg, 
neuropathic pain, inflammatory pain).1 Tumors within the 
bone medullary space activate primary afferent fibers, alter 
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osteoblast/osteoclast balance, and induce a pronounced 
inflammatory infiltrate.5 A number of animal models have 
been developed to study CIBP’s unique pathology, what might 
drive these types of pain and to identify molecular targets, 
with the end goal of finding novel efficacious analgesics for 
this devastating pain state.

Animal Models of CIBP
Prior to 1999, there existed two strategies for generating 
in  vivo models of solid tumor-induced bone destruction.17 
The first strategy involved injecting tumor cells into the 
left ventricle of the heart (ie, via intracardiac injection) in 
rodents. These cells then spread to multiple sites around the 
body, including the bone marrow. Tumor cell proliferation 
in the bone marrow results in the formation of a solid tumor 
within the intramedullary space and destruction of surround-
ing bone.18,19 This model replicates the clinical observation 
that many common cancers (ie, breast, prostate, and lung 
cancers) have a propensity to metastasize to bone.1 Unfortu-
nately, it is difficult to study CIBP using this strategy because 
of high inter-animal variability in the site and size of metas-
tases;17 the extent of tumor development in any part of the 
animal, including the bone, is uncontrolled. The second strat-
egy involved direct injection of cancer cells into the intra-
medullary space of the mouse tibia or femur.17 This strategy 
had a distinct advantage over intracardiac injection in that 
bone metastasis is ensured. However, the wet, bony surface of 
the femur distal end head precluded sealing of the injection 
site with conventional sealing agents. The unsealed injection 
hole in the bone head resulted in a large and highly variable 
extraskeletal tumor mass. Tumor that had escaped the bone 
and invaded surrounding soft tissue confounded results in 
CIBP studies as this mass (1) interfered with assessment of 

pain-related behaviors and (2) destroyed nerves resulting in 
neuropathic pain.20

The first controlled animal model of CIBP was reported 
in 1999. In this syngeneic model, fibrosarcoma cells (NCTC 
2472) are implanted directly into the mouse femur.21,22 Criti-
cally, by plugging the injection site with dental amalgam (Fig. 
1), tumor cells are confined to the marrow space until expan-
sion of the tumor and cancer-induced bone degradation releases 
the cancer from the femur. The initial tumor proliferates within 
the femur intramedullary space and initially does not invade 
adjacent soft tissues. This model allows for reproducible tumor 
development within the femur and assessment of CIBP-related 
behaviors of the afflicted limb while limiting the confounds of 
soft tissue invasion and secondary metastases. Furthermore, 
intraosseous injection permits simultaneous evaluation of bone 
pain-related behaviors, tumor growth, local and central neu-
rochemical changes, and bone remodeling.23 This strategy of 
arthrotomy followed by tumor cell inoculation and injection site 
plugging was adapted for use in a rat model of bone cancer pain 
in 2002. In this model, Sprague-Dawley MRMT-1 mammary 
gland carcinoma cells are implanted into the tibia of a female 
Sprague-Dawley rat, and the injection site is sealed with den-
tal amalgam.24 To date, the use of arthrotomy and direct bone 
injection followed by injection site plugging has generated tens 
of distinct animal models of CIBP by varying rodent species 
and/or strain, site of implantation (eg, femur, tibia, humerus, 
calcaneus), tumor cell type (eg, fibrosarcoma, mammary adeno-
carcinoma, prostate adenocarcinoma), and tumor cell species of 
origin (eg, human being, mouse, rat) (Table 1).

Selection of host species. CIBP has been modeled in 
many domestic animals, including dogs, cats, and rodents;25 
rodent models predominate preclinical studies. The decision 
to use rats versus mice is largely dictated by three factors: ease 

Figure 1. arthrotomy followed by tumor cell inoculation and injection site plugging. radiographs demonstrating placement of an injection needle into a 
mouse femur intramedullary space (left) and sealing of the injections site with dental amalgam (right). This figure was originally published in: King TE, 
Pawar sC, Majuta L, et al. the role of alpha 6 integrin in Prostate Cancer Migration and Bone Pain in a novel Xenograft Model. Cordes n, ed. PLoS 
ONE. 2008;3(10):e3535. doi:10.1371/journal.pone.0003535. it is reused here under the terms of the Creative Commons attribution (CC BY) license.
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Table 1. selected animal models of CiBP.

SPECIES AND  
STRAIN

TUMOR  
CELL LINE

TUMOR CELL TISSUE OF ORIGIN INJECTION SYNGENEIC REFERENCES

Mouse

BaLB/c 66.1 Mammary Pad—adenocarcinoma (Murine) Femur X 101

BaLB/cJ 4t1 Mammary Pad—adenocarcinoma (Murine) Femur X 165

B6C3/F1 nCtC 2472 Mesenchyme—osteosarcoma (Murine) humerus X 166

C57BL/6 Lewis Lung Lung—Carcinoma (Murine) Femur X 167

C57Bl/6J MC57G Fibrosarcoma (Murine) Femur X 27

CdF1 Colon-26 Colon—adenocarcinoma (murine) intracardiac X 41

C3h/he nCtC 2472 Mesenchyme—osteosarcoma (Murine)
humerus X 166

Calcaneus X 168

C3h/hen nCtC 2472 Mesenchyme—osteosarcoma (Murine) Femur X 165, 169

C3h/henCr nCtC 2472 Mesenchyme—osteosarcoma (Murine) Calcaneus X 170

C3h/heJ nCtC 2472 Mesenchyme—osteosarcoma (Murine)
Femur X 77, 78, 105

tibia X 171

C3h/sCid 4t1 Mammary Pad—adenocarcinoma (Murine) Femur 68

sCid PC3n Prostate—carcinoma (human) Femur 172

nude nu/nu

aCe-1 Prostate—adenocarcinoma (Canine)
intracardiac 173

Femur 68, 71, 75

Mda-MB-231 Breast—adenocarcinoma (human)

intracardiac 41, 56

Mammary Pad 45

Femur 87

Mda-MB- 
231-tXsa

Breast—adenocarcinoma, oPG  
overexpressing (human)

tibia 42

Rat

sprague-
dawley

MrMt1 Mammary Pad—gland carcinoma cells (rat) tibia X 24

walker 256 Mammary Gland—carcinoma (rat) tibia X 82, 110, 111, 114, 174

Copenhagen at-3 Prostate—adenocarcinoma (rat) tibia X 175

wistar MrMt1 Mammary Pad—gland carcinoma cells (rat) tibia 81
 

of use, recapitulation of human pathophysiology, and tech-
nologies available.26 Rats offer larger bones than mice, which 
facilitates intramedullary implantation of tumor cells. Simi-
larities to human presentation (ie, hormone responsiveness 
and premalignant stages) make rats an excellent model organ-
ism for studying breast cancer.26 However, the technologies 
allowing for knock-out or knock-in of a protein of interest in 
rats has lagged behind the development of such techniques in 
mice. Thus, mouse models are superior in this nature (ie, more 
amenable to genetic manipulation). Transgenic animals that 
exhibit over- or underexpression of a protein of interest are 
especially helpful for investigating mechanism-based research 
questions.27 Therefore, the selection of host species, in addi-
tion to status of immune system, must be considered when 
choosing a model for CIBP.

Selection of host immunocompetency. CIBP mod-
els can be categorized according to the immune competency 
of the host. Models using both immunocompromised and 
immunocompetent animal hosts are employed to study CIBP 

pathology. Advantages and disadvantages accompany each 
model, with appropriate model choice depending on question(s) 
under investigation. For example, human neoplasms can be 
studied in immune-deficient mice and rats. These studies 
require nude (athymic) or severe combined immunodeficient 
(SCID) rodents that are T- and B-cell deficient to allow for 
engraftment and growth of the human tumor xenograft.28 In 
addition to compromised adaptive immune systems in these 
animals, there are changes in innate immunity, including 
increased natural killer (NK) cell activity and tumoricidal 
macrophages.28 Non-syngeneic, immunocompromised host 
models, therefore, provide an in vivo system in which human 
cancer cells can be passaged within a bone microenvironment 
and produce tumors with greater histopathological similar-
ity to those encountered in human beings.29 This opportunity 
allows for both the study of genetic changes necessary for the 
survival of tumor cells within the bone microenvironment and 
changes in the bone microenvironment induced by engraft-
ment of human cancer cells.29 Non-syngeneic models with 
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signaling incompatibilities may preclude ligands of the host 
species from interacting with tumor receptors of the donor 
species and vice versa.29 The downfall of using such rodents 
is the inability of the immune system to play its natural role 
in contributing to the proliferative, inflammatory, and painful 
processes.

Syngeneic and autochthonous immunocompetent host 
models better represent the microenvironment built around 
tumor and immune cells, as immune cells are critical driv-
ers of tumor proliferation, bone remodeling, and overall bone 
pain. These tumor–host systems allow a tumor to develop suc-
cessfully in animals with fully intact immune systems, result-
ing in a more complete picture of tumor–immune interaction. 
Missing, however, is the question of whether the animal 
cancer cell line behaves, as would a human cancer cell line. 
Note that immunocompetent and immunocompromised are 
terms used here to describe characteristics of the host animal, 
while syngeneic and non-syngeneic are terms that describe 
the relationship between the implanted tumor cell line and 
the host animal. Immunological incompatibility usually pre-
cludes the use of an immunocompetent host in non-syngenic 
models; implanted tumor cells in these models are xenografts 
or allografts, originating from a different species or rodent 
strain. Syngeneic models use tumor cell lines originating from 
the same rodent strain as the host, thus permitting for the use 
of an immunocompetent host animal.

No CIBP model to date fully recapitulates all interac-
tions between cancer cells and the host tissue. Immunocom-
promised host models are especially lacking in this regard, 
as the artificially modulated immune system results in a dra-
matically different bone-tumor microenvironment. Even in 
immunocompetent hosts, however, intracardiac and skeletal 
injection models fail to account for certain biologic modifica-
tions that metastasizing tumor cells undergo since these cells 
do not originate from primary tumors growing in orthotopic 
sites.29,30 While models involving autochthonous tumor for-
mation allow for the study of metastasis from orthotopic sites, 
they do not provide a robust skeletal metastasis phenotype.17 
Additionally, both syngeneic and autochthonous animal mod-
els limit study to nonhuman tumors and/or tumor cell lines. 
Differences between rodent/canine and human tumors in 
terms of biochemistry and xenobiotic response have not been 
thoroughly documented but are described in the literature.31

Pathophysiology Underlying CIBP
Here, we review mechanistic findings from animal models 
of CIBP (Table 2). Reports from immunocompromised and 
immunocompetent host models are presented separately to 
demonstrate the effect of model choice on outcome, high-
lighting advantages and disadvantages of each. We do not 
include a comprehensive overview of all scientific literature 
employing animal models of CIBP but have selected articles 
that best illustrate the use of animal models to elucidate CIBP 
mechanisms.

Bone remodeling. Several studies in both immuno-
compromised and immunocompetent host systems link 
pathological bone remodeling and CIBP. Osteoclasts medi-
ate bone resorption, in part, by secreting protons, thereby 
making the adjacent microenvironment acidic.32 Acidosis is 
a well-known cause of pain, as extracellular protons sensitize 
primary afferent neurons.33–35 Osteoclasts, the body’s princi-
pal bone-resorbing cell, are required for cancer-induced bone 
destruction.36 Both osteolytic (bone-destroying) and osteo-
blastic (bone-forming) cancers are characterized by osteoclast 
proliferation and hypertrophy.37

Osteoprotegerin (OPG), a member of the tumor necro-
sis factor receptor superfamily, plays a critical role in bone 
remodeling and osteoclastogenesis.38 OPG is a secreted decoy 
receptor for receptor activator of nuclear factor κB ligand 
(RANKL). OPG binding prevents RANKL from associat-
ing with receptor activator of nuclear factor κB (RANK). 
RANK receptor is expressed by both osteoclasts and pre-
osteoclasts and is essential for their differentiation, activation, 
and survival.39,40 By preventing RANKL–RANK binding on 
osteoclast and osteoclast precursors, OPG decreases osteo-
clast activation and function.

Here, we highlight one example of this phenomenon. 
Intracardiac or intramammary pad injection of the human 
breast cancer line MDA-MB-231 in nude mice results in 
osteolytic metastases. Repeated OPG prophylactic treatment 
reduced radiographic osteolytic lesions, eradicated tumor-
associated osteoclasts, and reduced skeletal tumor burden 
by 75% in this model.41 Transplantation of MDA-MB-231-
TXSA breast cancer cells (MDA-MB-231) engineered to 
overexpress full-length human OPG into the tibia of nude 
mice reduced cancer-associated osteolysis and attenuated 
tumor growth.42 These findings were associated with a reduc-
tion in the number of osteoclasts lining the bone surface and 
an increase in bone volume. Positive OPG effects seem to be 
limited to the bone; OPG overexpression resulted in a sig-
nificant increase in the incidence of pulmonary metastasis.42 
In the SCID mice, OPG inhibited human prostate cell line 
C4-2B intratibial growth and cancer-induced osteoclastoge-
neis43 again suggesting local effects in the bone.

Bisphosphonates, a class of selective osteoclast inhibi-
tors, have been shown to reduce osteolysis and tumor burden 
in nude mouse models of breast cancer bone metastasis. In 
MDA-231, innoculated nude mice repeated subcutaneous 
administration of the bisphosphonates ibandronate or risedro-
nate in both prophylactic and therapeutic treatment paradigms 
induced apoptosis in osteoclasts, inhibited the progression of 
osteolytic bone metastases as assessed by radiographic analy-
sis, reduced MDA-231 tumor burden selectively in the bone, 
and prolonged survival.44–46 While CIBP-related pain behav-
iors were not assessed in the above studies, such work on 
cancer-induced bone wasting set the stage for examining the 
effect of OPG and bisphosphonates on pain in immunocom-
petent host systems.
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Table 2. CIBP therapeutic targets identified by use of animal models.

TARGET ABBREVIATION CANCER MODEL HOST 
SPECIES

REFERENCES

Bone remodeling

osteoprotegerin oPG Breast, Prostate Mouse 41–43, 50

transforming growth factor-β tGFβ Breast Mouse 56, 57

Parathyroid hormone-related protein PthrP Breast Mouse 56

receptor activator of nuclear factor κB ligand RANKL Breast, Prostate Mouse 41–43, 50

Farnesyl pyrophosphate synthase FPP synthase Breast Mouse 44–46, 176, 177

Cathepsin K CKI Breast Mouse 178

Neurotrophins

nerve growth factor nGF Breast, Prostate, sarcoma Mouse 68, 71, 75–77

Brain-derived neurotrophic factor BdnF Breast rat 81, 82

tropomyosin receptor kinase a,B trka,B sarcoma Mouse 79

Oxidative and nitrosative stress

Cystine/Glutamate antiporter system xc
- system xc

- Breast Mouse 87

Inflammatory mediators

tumor necrosis factor-α tnFα Breast, Lung, sarcoma Mouse 27, 101–105

interleukin-6 iL-6 sarcoma Mouse 102, 103

interleukin-1β/receptor iL-1r iL-1β/iL-1r sarcoma Mouse 102, 103

Monocyte Chemoattractant  
Protein-1/receptor CCr2

MCP-1, CCL2/CCr2 Breast rat 114

Macrophage Inflammatory Protein-1α MiP-1α, CCL3 Breast Mouse 101

Fractalkine/fractalkine receptor CXCL1/CX3Cr1 Breast rat 110, 111

P38 mitogen-activated protein kinases P38 MAPK Breast rat 111

Cannabinoid receptor 2 CB2 Breast Mouse 101

Neurochemical changes and sensitization

acid-sensing ion channel 3 asiC3 Breast rat 132

acid-sensing ion channel 1a/1b (asiC1a/1b) asiC1a/1b Breast rat 47

transient receptor potential vanilloid type 1 trPV1
sarcoma Mice 121

Breast, sarcoma rat 124, 126, 127

P2X purinoceptor 3 P2X3 Breast rat 136, 137

Micrornas mir-1a-3p and mir-483-3p sarcoma Mice 142
 

In a syngeneic rat model of CIBP in which MRMT-1 
mammary pad tumor cells are inoculated into the tibia of female 
Sprague-Dawley rats, tumor proximity upregulated acid-sens-
ing ion channel 1a/b (ASIC1a/b) expression in the primary sen-
sory neuron.47 The bisphosphonate, zoledronic acid, attenuated 
cancer-induced hyperalgesia, spinal cord c-Fos elevation, and 
dorsal root ganglia (DRG) ASIC1a/b expression.47 Similarly, 
in a syngeneic murine model of CIBP in which 2472 osteolytic 
sarcoma cells are inoculated into the femur of adult male C3H/
HeJ mice, the bisphosphonate ibandronate reduced ongoing 
and movement-evoked cancer pain-related behaviors, neuro-
chemical markers of central sensitization, tumor burden, and 
tumor-induced bone destruction.48 In this same model, 50% 
of the ongoing and movement-evoked pain was blocked with 
elimination of osteoclast activity with OPG at the first sign of 
bone destruction, while the tumor grew unabated.22 Critically, 

because significant skeletal destruction is present in 2% of 
patients at the time of initial diagnosis of breast cancer and in 
30% of patients with recurring breast cancer,49 OPG-induced 
elimination of osteoclast activity assuaged pain in animals 
with advanced tumor-induced bone destruction.50 In these 
animals, OPG halted further bone destruction, reduced ongo-
ing and movement-evoked pain, and reversed several aspects of 
the neurochemical reorganization of the spinal cord.50 While 
OPG clearly reduced advanced bone cancer-related pain, there 
was also a component of the pain that continued despite nearly 
complete inhibition of osteoclast-mediated bone resorption, 
mirroring clinical findings with zoledronic acid or denosumab 
treatment,51 and highlighting the multifaceted nature of this 
pain state.

Following intracardiac injection of the murine colon ade-
nocarcinoma Colon-26 cells, CDF1 mice develop aggressive 
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metastases to bone and to other organs within 10–14 days.41 
In these animals, systemic OPG treatment from the time 
of tumor cell inoculation decreased the number and area of 
radiographically evident lytic bone lesions and skeletal tumor 
burden.41 Tumor burden changes refer to a reduction in aver-
age tumor size but not change in the number of tumor nests. 
This finding suggests that part of the positive benefit of OPG 
in CIBP may be a result of retarded tumor growth, in addi-
tion to inhibition of osteolysis. Taken together, findings from 
immunocompromised host models illustrate the pathological 
bone remodeling that occurs following cancer bone metastasis 
and those from immunocompetent host models provide strong 
evidence for a role of this remodeling in CIBP.

Transforming growth factor-beta (TGFβ) is a bone-
derived growth factor that has been implicated in metastatic 
bone disease and is released during tumor-induced osteolysis.52 
Mineralized bone contains growth factors, one of the most 
abundant of these being the cytokine TGFβ.53 TGFβ, 
released from the matrix during bone resorption, can promote 
tumor cell proliferation54 and the release of osteolytic factors, 
including parathyroid hormone-related protein (PTHrP), 
interleukin-11 (IL-11), and vascular endothelial growth factor 
(VEGF), that further stimulate aberrant osteoclast activity.53 
In this way, TGFβ drives the vicious feed-forward cycle of 
tumor growth and bone destruction characteristic of osteo-
lytic bone metastases.55 Modulating TGFβ levels in the 
bone-tumor microenvironment, blocking TGFβ signaling 
or disrupting PTHrP, IL-11, or VEGF production, and/or  
release may prove valuable strategies in the treatment of bone 
metastases. Indeed, TGFβ signaling through both Smad 
and p38 MAPK pathways enhanced PTHrP production 
by MDA-MB-231 cells.56 Following intracardiac injection 
of MDA-MB-231 cells in nude mice, a PTHrP neutraliz-
ing antibody reduced bone-tumor burden, osteolytic lesion 
area, and osteolytic lesion number.56 Additionally, blockade 
of TGFβ signaling with the TFGβ receptor I kinase inhibi-
tor LY2109761 in this same model decreased intramedullary 
tumor burden as determined by histological staining.57 The 
putative contribution of TGFβ signaling to CIBP has yet to 
be investigated. 

Emerging data suggest that microRNA (miRNA) dys-
regulation may contribute to a number of pathologies, includ-
ing cancer bone metastasis and cancer-induced osteolysis. 
MiRNAs are short noncoding RNA sequences that bind 
and prevent translation of target RNAs, thereby repressing 
protein expression.58 Ell and colleagues59 recently reported 
that tumor-conditioned media elicited changes in osteoclast 
miRNA expression. Critically, cancer-induced increases in 
circulating miRNAs correlated with tumor burden, suggest-
ing that miRNA may be a novel biomarker for bone metasta-
sis. Additionally, systemic administration of cancer-repressed 
miRNA inhibited osteoclasts in vivo and reduced breast 
cancer (MDA-MB-231) bone metastasis following intracar-
diac injection in nude mice.59 Further research is warranted to 

investigate osteoclast miRNA aberrations as pain biomarkers 
and/or CIBP therapeutic targets.

Neurotrophins. Neurotrophins are a family of four 
structurally related polypeptides in mammals: nerve growth 
factor (NGF), brain-derived neurotrophic factor (BDNF), 
neurotrophin-3, and neurotrophin-4/5.60 Through actions at 
tropomyosin receptor kinases (Trks) and p75 neurotrophin 
receptor (p75), these factors regulate survival, development, 
and activity of subsets of sensory and sympathetic neurons.1 
Critically, NGF plays a significant role in the generation of 
pain and hyperalgesia in a variety of acute and chronic pain 
states in rodents.61 NGF expression is enhanced in injured and 
inflamed tissues62 as a result of mast cell degranulation,63 mac-
rophage and neutrophil activation,64 and possible fibroblast 
and/or Schwann cell release.62 Secreted NGF directly activates 
and/or sensitizes primary afferent neurons that express the 
NGF receptors such as tropomyosin receptor kinase A (TrkA) 
and/or p75.65 Of note, NGF may play a role in the survival and 
proliferation of some tumor types, including prostate cancer,66 
and establish mitogenic and antiapoptotic effects in several 
human breast cancer cell lines (eg, MCF-7, T47-D, BT-20, 
MDA-MB-231).67

Given that the majority of nerve fibers that innervate 
the bone expresses neurotrophin receptors trkA and p7568,69 
and that trkA is selectively expressed by nociceptive DRG 
neurons,70 neurotrophins are attractive analgesic targets in 
CIBP. The first evidence of the utility of a neurotrophin-
targeting agent in CIBP came in 2005 when it was reported 
that a blocking antibody to NGF attenuated both early- and 
late-stage bone cancer pain.68 Anti-NGF therapy produced 
a reduction in pain-related behaviors greater than or equiva-
lent to 10 or 30 mg/kg morphine sulfate in nude mice inocu-
lated intrafemorally with the canine prostate carcinoma cell 
line ACE-1.68 Behavioral changes were not associated with 
reduction in tumor-induced bone remodeling, osteoblast pro-
liferation, osteoclastogenesis, or tumor growth. However,  
26 days post tumor cell inoculation in this model, sprouting of 
calcitonin gene-related peptide (CGRP+) and neurofilament 
200 kDa (NF200+) sensory nerve fibers, and the formation of 
neuroma-like features in the periosteum are evident.71

Ectopic sprouting and/or pathological remodeling of sen-
sory nerve fibers drives pain in several other difficult to man-
age human pain states, such as injury-induced neuromas72 and 
complex regional pain syndrome (where the most common 
precipitating event is bone fracture).73,74 A growing body of 
evidence suggests that NGF-induced aberrant nerve growth 
and reorganization contributes to CIBP. TrkA, the receptor 
for NGF, is expressed in fibers that undergo cancer-induced 
sprouting. Ectopic sprouting is a dynamic process wherein 
nerve fibers degenerate as parent cancer cell colonies undergo 
necrosis and new sprouting occurs at the leading, viable edge 
of new daughter cancer cell colonies.75 Fibers innervating the 
tumor-bearing bone appear to undergo active pathological 
remodeling throughout the course of the disease. Preventative 
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anti-NGF therapy, when started at the first sign of pain and 
bone remodeling, blocked ectopic sprouting and attenuated 
cancer pain.75

Similar findings have been documented with the human 
breast cancer cell line MDA-MB-231-BO. Nerve sprouting 
[CGRP+/TrkA+/growth associated protein-43 (GAP43+)] and 
neuroma formation were documented following intrafemoral 
inoculation of MDA-MB-231-BO cells in nude mice.76 As 
with prostate cancer-induced neuronal remodeling, treatment 
with an anti-NGF sequestering antibody at the onset of pain 
attenuated both ectopic sprouting and CIBP. Taken together, 
these data from immunocompromised host models suggest 
that NGF may contribute to CIBP by both direct activation 
and/or sensitization of primary afferent nociceptors, as well as 
through induction of ectopic sprouting.

Similar to findings in immunocompromised host sys-
tems, following intrafemoral inoculation of osteolytic murine 
sarcoma cells (NCTC 2472), male C3He/HeJ mice display 
pathological sprouting and neuroma formation in the perios-
teum that is likely driven by NGF. Sequestration of NGF using 
an anti-NGF antibody largely blocked this pathological reor-
ganization when administered early in the disease course (days 
8–12 post tumor cell inoculation) but not at a later stage of 
disease progression (day 18).77 In accordance, early but not late 
administration of NGF sequestering therapy reduced cancer-
related pain behaviors.77 These findings deviate from those in 
nude mice where both preventive and late administration of 
anti-NGF therapy attenuated tumor-induced nerve sprouting, 
neuroma formation, and cancer pain.75 In both cases, how-
ever, ectopic sprouting and neuroma formation was blocked by 
anti-NGF therapy, suggesting that prevention of pathological 
reorganization inhibits the development of severe cancer pain. 
Anti-NGF treatment also reduced cancer-induced peripheral 
and central neurochemical changes.78

In male C3He/HeJ mice with intrafemoral NCTC 2472 
sarcoma inoculation, oral administration of the small mol-
ecule Trk inhibitor ARRY-470 (with affinity for TrkA, TrkB, 
and TrkC receptors) significantly attenuated CIBP-related 
behaviors and tumor-induced remodeling of sensory nerve 
fibers.79 No change in tumor growth or tumor-induced bone 
remodeling was found. As seen with anti-NGF therapy in 
this model, early (initiated day 6 post tumor cell inoculation), 
but not late (day 18 post tumor cell injection) administra-
tion of ARRY-470 had positive effects on CIBP and ectopic 
sprouting.79

Blockade of Trk receptors prevents downstream signal-
ing not only from NGF but also from other neurotrophins. The 
efficacy of ARRY-470 may be attributable to the inhibition of 
a number of factors in addition to NGF and changes in neu-
ronal excitability independent of sprouting. Recently, a second 
member from the neurotrophin family has been implicated in 
CIBP: BDNF. BDNF, through interaction with TrkB and p75 
receptors, modulates N-methyl-d-aspartate (NMDA) recep-
tor activity and synaptic transmission.80 BDNF expression is 

upregulated in L3 DRG following intratibial inoculation of the 
rat mammary gland carcinoma cell line MRMT-1 in male Wis-
tar rats.81 In a similar rat model of CIBP in which mammary 
gland carcinoma Walker 256 cells are inoculated into the tibia of 
female Sprague-Dawley rats, BDNF-induced NMDA receptor 
activation in the spinal cord or DRG contributed to central sen-
sitization and behavioral hypersensitivity. Intrathecal BDNF 
siRNA prevented CIBP at an early stage of tumor growth and 
attenuated, but did not completely block, established CIBP.82 
By altering the primary or secondary neuron’s response to the 
excitatory neurotransmitter glutamate, BDNF may contribute 
to peripheral and/or central sensitization in CIBP.

Taken together, these data suggest that neurotrophins 
may contribute to prostate, breast, and sarcoma CIBP through 
initiation of aberrant nerve sprouting, neuroma formation, 
and dysregulation of glutamatergic neurotransmission. Nota-
bly, early intervention with neurotrophin-targeting agents 
has been successful at attenuating pain in both immuno-
compromised and immunocompetent host systems, whereas 
late-stage antineurotrophic therapy is ineffective (ie, anti-
NGF therapy, Trk inhibition) or less effective (ie, anti-BDNF 
therapy) in syngeneic models. This dynamic discrepancy of 
anti-neurotrophin efficacy between immune-compromised 
versus immune-intact model system may be attributed to the 
source of neurotrophins driving ectopic sprouting of sympa-
thetic and nociceptive primary afferents or sensitization. For 
example, variation in the efficacy of neurotrophin-targeting 
agents in late-stage metastatic bone disease between immu-
nocompromised and immunocompetent host models may 
stem from changes in neurotrophin production and release 
in immunocompromised animals secondary to loss of NGF 
and BDNF secreting T-lymphocytes. Neurotrophin differ-
ences may also reflect nuances of distinct tumor cell lines. 
Some sarcoma and prostate cancer cell lines produce small but 
significant amounts of NGF,78,83 suggesting that the tumor 
may be a source of this factor. However, the canine prostate 
cell line ACE-1 that does not express any identifiable NGF 
mRNA does induce CIBP and anti-NGF therapy sensi-
tive nerve sprouting.68 These data, together with literature 
illustrating that macrophages, neutrophils, endothelial cells, 
T-lymphocytes, and fibroblasts express significant levels of 
NGF, suggest that most NGF produced in cancers may arise 
from tumor-associated inflammatory, immune, and stromal 
cells, as well as some cancer cells themselves.77,84,85 BDNF 
is also produced and secreted by several types of neuronal 
cells and immune cells (eg, T-lymphocytes, B-lymphocytes, 
monocytes, and hematogenic precursors).86 However, the cel-
lular sources of BDNF are not fully mapped, and the differ-
ences observed with anti-NGF at early-/late-stage CIBP may 
extend to other members of the neurotrophin family.

Oxidative and nitrosative stress. Oxidative stress, an 
established hallmark of tumor burden and known contributor 
to numerous chronic pain states, has a central role in CIBP.13 
The pronociceptive actions of oxidative and nitrosative stress in 
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CIBP are hypothesized to be a function of (1) tumor-derived 
nitrating species altering the response to glutamate by primary 
afferent neurons and (2) the release of glutamate itself as an 
algogenic substance by cancer cells.1,13,87 Sources of oxidative 
and nitrosative stress in the tumor-bone microenvironment 
include tumor-associated immune cells (eg, tumor-associated 
macrophages, tumor-associated neutrophils) and cancer cells 
themselves. In immunocompromised host animal model sys-
tems, the neoplasm may be the major source of reactive oxygen 
and nitrogen species (ROS/RNS). Tumor cells produce ROS/
RNS, as a result of the inefficient use of glucose (Warburg 
effect), leading to reduced antioxidant capacity and excessive 
generation of reactive species as byproducts of respiration.88

In addition to promoting glutamatergic neurotransmis-
sion, ROS/RNS may also drive tumor cell glutamate release. 
Several tumor cell lines, including C3L5 (mouse breast cancer), 
B16F1 (mouse melanoma), B16F10 (mouse melanoma), 
MAT-LyLu (rat prostate cancer), CNS-1 (rat astrocytoma), 
MDA-MB-231 (human breast cancer), and MCF-7 (human 
breast cancer), have been shown to release glutamate via the 
oxidative-stress inducible cystine-glutamate antiporter system 
xc

-.89 A member of the heteromeric amino acid transporter 
family90, system xc

-’s major physiological role is to support two 
pathways for which intracellular cysteine is the rate-limiting 
step: the synthesis of the anti-oxidant molecular glutathione 
and the completion of the cystine-cysteine redox loop.91

System xc
- helps to maintain cellular redox balance and 

is upregulated in response to oxidative challenge.91 Rapid pro-
liferation and tumor burden make survival in the bone-tumor 
microenvironment just such an oxidative challenge. High 
expression levels of system xc

- in tumor cells are thought to be 
maintained in this environment and, consequently, tumor cell 
glutamate release is enhanced.92

Tumor-derived glutamate may stimulate nociceptors by 
activating NMDA, α-amino-3-hydroxy-5-methyl-4-isoxa-
zolepropionic acid, and metabotropic-type glutamate recep-
tors on peripheral endings,1 thus leading to the persistent 
nociceptive state found in CIBP. Furthermore, because of 
glutamate’s role in bone homeostasis, elevated glutamate may 
lead to further dysregulation of bone metabolism. Extracel-
lular glutamate released from bone-tumor cells induces osteo-
clastogenesis and modulates osteoblast function.93

The validity of system xc
- as an analgesic target in CIBP 

is bolstered by recent evidence that repeated administration of 
the anti-inflammatory agent and established system xc

- inhibi-
tor sulfasalazine attenuates pain-related behaviors in a murine 
model of CIBP.87 Systemic sulfasalazine treatment reduced 
nociceptive behaviors and extended time until onset of pain 
but did not alter bone integrity following intrafemoral inocu-
lation of MDA-MB-231 human breast adenocarcinoma cell 
line in female nude mice.87 The potential disease-modifying 
effects (ie, inhibition of bone wasting) of system xc

- targeting 
agents have yet to be fully investigated. Further research is 
needed to evaluate the repurposing of sulfasalazine for CIBP.

While the role of oxidative and/or nitrosative stress in CIBP 
has not been explored in an immunocompetent host model, 
extensive investigation is warranted. Tumor-associated immune 
cells (eg, tumor-associated macrophages, tumor-associated neu-
trophils) are likely critical contributors to the oxidative state of 
the bone-tumor microenvironment; production of ROS/RNS is 
a characteristic of activated myeloid cells.94 As such, oxidative 
and nitrosative stress would be expected to be significantly ele-
vated in immunocompetent host systems, making the study of 
oxidative and nitrosative-stress-related CIBP pathology in these 
models critical. Elevated production of reactive species from 
both immune and tumor cells may lead to increased nitration-
associated dysregulation of glutamate recycling and enhanced 
glutamatergic neurotransmission as well as exaggerated tumor 
cell glutamate release, as compared to that in immunocompro-
mised hosts. The increasing number of redox-active pharma-
cological tools will facilitate the study of oxidative/nitrosative 
stress in the context of CIBP pathophysiology.95,96

Inflammatory mediators. Cytokines are small protein 
mediators that are involved in the communication of immune 
and immune-related cells and play a critical role in regulation 
of the inflammatory response.97 Subtypes of cytokines, includ-
ing pro-inflammatory cytokines and chemokines (chemotactic 
cytokines), contribute to both adaptive and pathologic inflam-
matory pain as well as chronic neuropathic pain.98 Addition-
ally, these mediators (eg, IL-1β, TNFα, IL-6, and TGFβ) act 
at their respective receptors on osteoclasts, which are derived 
from monocyte/macrophage hematopoietic lineage, to stimu-
late osteoclastogenesis and alter bone metabolism.99 Given 
their ability to modulate pain neurotransmission centrally 
and peripherally and stimulate bone resorption, upregulation 
of cytokines in the bone microenvironment likely plays a pro-
found role in both peripheral and central components of CIBP.1

Pro-inflammatory cytokines and chemokines that con-
tribute to CIBP include TNFα, IL-6, IL-1β, TGFβ, MCP-1, 
and MIP-1A. Tumor necrosis factor-α (TNFα) is released 
from cells as a soluble cytokine after being cleaved from its 
membrane-bound precursor protein (tmTNF) by TNF-α-
converting enzyme. Both the soluble and transmembrane forms 
are biologically active and bring about their effects by binding 
to two transmembrane receptors: TNF receptor 1 (TNFR1) or 
TNF receptor 2 (TNFR2). TNFα is produced by immune and 
nonimmune cells, including macrophages, mast cells, granulo-
cytes, T-lymphocytes, NK cells, fibroblasts, neurons, smooth 
muscle cells, and some tumor cells.100 At low concentrations in 
tissues, TNFα is an effective sentinel molecule, initiating host 
defense against invading microbes and the production of other 
inflammatory mediators. At high concentrations, however, 
TNFα can lead to excess inflammation and tissue damage.100

Dysregulation of TNFα occurs in several inflammatory 
diseases, including rheumatoid arthritis, Crohn’s disease, 
ankylosing spondylitis, psoriatic arthritis, plaque psoriasis, 
ulcerative colitis, and, recently, CIBP.100,101 In disease, TNFα 
expression is elevated because of inappropriate activation of 
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both the innate and adaptive immune responses. Indeed, 
postmammary pad adenocarcinoma (66.1) inoculation, femur 
TNFα levels are significantly elevated (threefold) over those 
in nontumor-bearing female Balb/c mice.101 Additionally, 
TNFα protein levels are upregulated in tumor site homog-
enates and in the spinal cord in syngeneic mouse models of 
fibrosarcoma in the calcaneus102 and tibial bone.103 Critical 
to CIBP, TNFα promotes nociception both indirectly by 
increasing prostanoids and sympathetic amines and directly 
via activation of receptors on nociceptive fibers.98 TNFα can 
also sensitize the nociceptor-specific heat transducer ion chan-
nel transient receptor potential vanilloid 1 (TRPV1) channels 
via p38/MAP kinase (mitogen-activated protein) and protein 
kinase C (PKC) pathways to promote pain.104

Given the role of TNFα in driving disease pathology, the 
removal of excess TNFα from sites of inflammation (ie,  the 
bone-tumor microenvironment) has become a therapeu-
tic goal.100 In a murine osteosarcoma CIBP model in which 
NCTC 3472 cells are inoculated into the femur intramedul-
lary space of male C3H/HeJ mice, repeated intraperitoneal 
injection of the TNFα suppressing agent thalidomide attenu-
ated CIBP-related mechanical allodynia and thermal hyper-
algesia.105 Systemic antagonism of TNFα with the soluble 
receptor etanercept, marketed as Enbrel®, reduced tactile 
hypersensitivity, spontaneous, and ambulatory pain in fibro-
sarcoma tumor-bearing C57Bl/6J male mice.27 Likewise, in 
transgenic C57Bl/6J male mice deficient in both TNFR1 
and TNFR2 (TNFR1-/-, TNFR2-/-), the development of 
tactile hypersensitivity following tumor cell injection was 
completely inhibited and spinal astrogliosis was markedly 
reduced, despite increased tumor growth.27 In a soft tissue 
model of cancer pain, TNFα enhanced DRG expression of 
TRPV1 and increased the amplitudes of capsaicin (TRPV1 
agonist) and heat-activated ionic currents via p38/MAP 
kinase and PKC.104 Deletion of TNFR2 (TNFR2-/-) but not 
TNFR1 (TNFR1-/-) attenuated heat hyperalgesia and pre-
vented TRPV1 upregulation in tumor-bearing mice, suggest-
ing a role for TNFR2 in TNFα TRPV1 regulation.104 Thus, 
enhanced CIBP in the presence of increased tumor burden 
may be in part related to interactions between TNFα and 
TRPV1 expression in primary afferent fibers.

Interleukins, IL-1β and IL-6, also play a role in the 
development of CIBP in animal models. IL-1β and IL-6 are 
released from infiltrating immune cells (eg, macrophages, 
monocytes)106 and cancer cells themselves.107 These cytokines 
promote nociception by increasing the expression of other 
pronociceptive factors such as prostaglandins via upregula-
tion of COX-2108,109 and NGF109 as well as increasing the 
production and release of other cytokines.101 As with TNFα, 
IL-1β and IL-6 protein levels are elevated in the bone-tumor 
microenvironment in a syngeneic model of breast cancer in the 
femur and in the bone-tumor microenvironment and spinal 
cord of syngeneic models of fibrosarcoma in the calcaneus102 
and tibial bone.103 A role for peripheral IL-1β is bolstered by 

the observation that systemic, but not intrathecal, administra-
tion of the IL-1 receptor antagonist anakinra attenuated tibial 
osteosarcoma-induced mechanical hyperalgesia.103

Chemokines, including fractalkine (CX3CL1), MCP-1, 
MIP-1A, and the growth factor TGFβ, are also implicated 
in CIBP. Fractalkine and its receptor CX3CR1 mediate spi-
nal cord neuron-to-microglia activation. Spinal, microglial 
CX3CR1 expression is elevated in the Sprague-Dawley—
Walker 256 model of CIBP. In these same rats, a CX3CR1 
neutralizing antibody both delayed the onset of ambulatory 
pain and mechanical allodynia and attenuated established 
mechanical sensitization.110,111 Blockade of CX3CR1 sup-
pressed pain behavior and spinal microglial activation while 
reducing expression of p38 MAPK.111 These findings suggest 
that CX3CR1 may promote pain in the spinal cord through a 
mechanism involving p38 MAPK and microglial activation.

The ability of the bone-derived growth factor TGFβ to pro-
mote the vicious cycle of tumor growth and bone destruction52 
may be cancer and/or environment dependent. Ex vivo cocul-
ture of mouse femur bone and tumor cells confirmed that bone 
is a major contributor of TGFβ112 and demonstrated that bone 
and sarcoma cells synergistically enhanced monocyte chemoat-
tractant protein (MCP-1) secretion, a regulator of monocyte/
macrophage migration and infiltration.112,113 The coculture 
of bone with breast carcinoma cells, in contrast, resulted in a 
reduction in bone TGFβ and MCP-1 release.112 This ex vivo 
study is, however, at odds with in vivo data; tibial implantation 
of a mammary gland carcinoma cell line in rats increased spinal 
MCP-1 and its receptor CCR2.114 Intrathecal administration 
of recombinant MCP-1-induced mechanical hypersensitivity in 
naïve rats that were neutralized by an anti-MCP-1 antibody.114

Our laboratory has demonstrated a significant increase 
in a panel of cytokines and chemokines, including TNFα, 
IL-6, MIP-1A, and MCP-1, in the mouse femur bone-tumor 
microenvironment 14 days postinoculation with the sponta-
neously occurring murine mammary adenocarcinoma cell line 
66.1.101 Upregulation of inflammatory mediators, cytokine/
chemokine release, bone-tumor progression, and pain were 
all attenuated by systemic administration of a cannabinoid-2 
receptor (CB2) agonist.101 The well-documented broad anti-
inflammatory effects of CB2 make it an attractive novel thera-
peutic target in CIBP. Taken together, these data suggest that 
inflammatory mediators have a profound effect on metastatic 
bone pain, the role of which can only be properly studied in 
fully immunocompetent host model systems.

Neurochemical changes and sensitization. A mounting 
body of evidence from syngeneic animal models suggests that 
the DRG and spinal dorsal horn undergo significant alteration in 
response to CIBP. These changes constitute the unique “neuro-
chemical signature” of CIBP: a constellation of changes distinct 
from that of other chronic pain states.21 Persistent inflammatory 
pain, such as that modeled by hindpaw injection of complete 
Freund’s adjuvant, is associated with spinal increases in sub-
stance P, substance P receptor, CGRP, and PKCγ2. In rodent 
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models of neuropathic pain (ie, sciatic nerve transaction, L5 spi-
nal nerve ligation) substance P and CGRP are decreased and 
galanin and neuropeptide Y increased in both spinal cord and 
primary afferent neurons.2 In contrast, in the NCTC 2472—
C3H/HeJ murine model of osteolytic sarcoma—there are no 
spinal or DRG (L4) changes in substance P, CGRP, galanin or 
neuropeptide Y2. CIBP is characterized spinally (ipsilateral to 
cancer-bearing limb) by massive astrocyte hypertrophy without 
neuronal loss, increased neuronal expression of c-Fos, internal-
ization of substance P receptor, and increased number of dynor-
phin-positive neurons in lamina III–VI.2,115

In addition to these spinal alterations, CIBP is associated 
with a marked increase in sensory afferent expression of multi-
ple acid-sensing ion channels, including TRPV1 and ASICs. 
This finding is especially critical given the established prono-
ciceptive roles of these channels116 and the acidity of the bone-
tumor microenvironment.117,118 Note that osteoclasts secrete 
protons to maintain the acidic microenvironment (pH , 5.5) 
needed for bone resorption.119 Other sources of protons in the 
bone-tumor microenvironment include tumor cells, consid-
ered to be because of lactate secretion from anaerobic glycoly-
sis and inflammatory cells.117

TRPV1 is found in small C and Aδ sensory fibers and 
colocalized with TrKA in DRG.120 Critical to CIBP, TRPV1 
is expressed in a significant portion of sensory neurons inner-
vating tumor-bearing bone and TRPV1 expression is main-
tained during disease progression.121 It is activated by low pH 
(,6), capsaicin, resiniferatoxin (a capsaicin analog), noxious 
heat (.43°C), voltage, and endovanilloids.122,123 In the Walker 
256 mammary gland carcinoma tibial injection Sprague-
Dawley CIBP model, ipsilateral expression of TRPV1 and 
capsaicin-evoked inward currents in DRG (L4–6) neurons 
were significantly elevated above those in sham animals.124 
Additionally, blockade of TRPV1 with the selective antagonist 
JNJ-17203212125 in 2472 osteolytic sarcoma-bearing C3H/
HeJ mice attenuated both tumor-induced ongoing nocifensive 
behaviors and movement-evoked allodynia.121 JNJ-17203212’s 
antihyperalgesic effect was evident in TRPV1 wild-type 
(+/+) and TRPV1 heterozygous mutant (+/-) mice but was 
occluded in TRPV1 homozygous mutant (-/-) mice, which 
displayed reduced ongoing and evoked pain-related behaviors 
as compared to wild-type mice, suggesting that a component 
of CIBP is TRPV1 mediated. Of note, certain sarcoma cell 
lines (ie, rhabdomyosarcoma CRL1598 and osteosarcoma 
CRL 1543) produce a soluble, lipophilic factor that activates 
peripheral nociceptors via TRPV1.126 Neuronal activation as 
evidenced by CGRP release and calcium imaging was blocked 
by the TRPV1 inhibitor I-RTX.126,127 These data suggest that 
TRPV1 activation in CIBP may be secondary to both the 
acidic tumor environment and tumor-derived agonists.

ASICs are voltage-insensitive proton-gated cation chan-
nels in the degenerin–epithelial Na+ channel superfamily. The 
ASICs family consists of at least seven subtypes (ie, ASIC1a, 
ASIC1b, ASIC1b2, ASIC2a, ASIC2b, ASIC3, ASIC4) 

encoded by four genes.128 These channels, which form homo-
meric and heteromeric complexes, are widely expressed in the 
nervous system,129 including in DRG,130 and can participate 
in tissue acidosis-induced nociception.131

ASIC3 is capable of detecting a narrow range of acidic 
pH (7.3–6.7) and is expressed abundantly in DRG.132 The 
threshold pH for activation of ASIC3 is dependent on noci-
ceptor co-expression of other ASIC channels.133 Following 
inoculation of Walker 256 mammary gland carcinoma cells 
into the tibial medullary cavity of Sprague-Dawley rats, 
ASIC3 mRNA and protein was upregulated in ipsilateral 
L4/5 DRG neurons, as compared to sham animals.132 In the 
closely related MRMT-1 (mammary gland carcinoma) tibial 
injection Sprague-Dawley rat model, L4/5 DRG ASIC1a/1b 
expression was elevated.47 At odds with the aforementioned 
findings, L4/5 DRG expression of ASIC3 and TRPV1 was 
unchanged in this model.47 The contradictory findings regard-
ing disease regulation of ASIC3 and TRPV1 are surprising, 
given that the models utilized the same host (female Sprague-
Dawley rats) and mammary gland carcinoma cells (Walker 
256 or MRMT-1). The dynamic expression of acid-sensing 
ion channels in CIBP would support their involvement in 
CIBP development and/or maintenance.

In addition to modulation of acid-sensing ion channels, 
CIBP pathology is associated in syngeneic rodent models 
with robust primary afferent upregulation of P2X3 receptors. 
P2X receptors, activated by extracellular adenosine triphos-
phate (ATP), belong to the ligand-gated ion channel family 
and allow for Na+ and Ca2+ influx. Of the seven P2X recep-
tors (P2X1–7) identified to date,134 P2X3 is highly expressed 
by small- and medium-diameter nociceptive DRG neurons 
and may have a significant role in pain processing.135 In the 
Walker 256 Wistar rat intratibial injection model, P2X3 recep-
tor mRNA and protein were upregulated (~50%) in ipsilateral 
L4/5 DRG neurons in rats with bone cancer.136 Intrathecal 
or local injection of the P2X3 receptor antagonist A-317491 
significantly attenuated cancer-induced pain behaviors.136 In 
the MRMT-1 Sprague-Dawley rat intratibial injection model, 
there was a functional upregulation of P2X3 in ipsilateral L4/5 
DRGs137 that were mediated by the neuronal calcium sensor 
protein visinin-like protein-1 (VILIP-1). In this model, the 
orally available P2X3 and P2X2/3 antagonist AF-353 reversed 
cancer-induced pain behaviors. In vivo electrophysiology and 
in vitro ATP tumor cell release studies suggest that AF-353 
may have dual actions at peripheral and central terminals.138 
Enhanced functional expression of P2X3 may contribute to 
DRG hyperexcitability and CIBP.

Other neurochemical changes in primary afferent neu-
rons in response to CIBP include upregulation of activating 
transcription factor (ATF3)139 and downregulation of µ-opioid 
receptors.140 Increased ATF3 immunoreactive DRG neurons 
in cancer-bearing animals suggest tumor-induced injury of 
nerve fibers. A reduction in µ-opioid receptors in NCTC 
2472 sarcoma-bearing mice may explain the observation that 
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higher doses of morphine are needed to produce analgesia in 
bone cancer, as compared with those required for pain man-
agement in nonmalignant inflammatory conditions.140

As with other chronic pain pathologies,141 CIBP is asso-
ciated with a unique miRNA expression “signature” in pri-
mary sensory afferents.142 Injection of fibrosarcoma cells into 
the calcaneus bone of C3H/HeNCrl mice resulted in pertur-
bation of levels of 57 miRNAs (26 upregulated, 31 down-
regulated) in L3–4 DRGs. Reversing cancer-induced miRNA 
upregulation of miR-1a-3p, which regulates chloride chan-
nel 3 (Ccln3), or downregulation of miR-483-3p attenuated 
tumor-associated pain and validated miRNA as therapeutic 
targets in CIBP.142

In sum, neurochemical reorganization in CIBP promotes 
nociceptive transmission and induces central sensitization. 
Elucidating the mechanisms through which CIBP elicits 
these alterations will provide insight into CIBP pathophysiol-
ogy and reveal novel therapeutic targets.

Methodological Considerations
Much has been discovered about the mechanisms underlying 
the development and maintenance of CIBP with the refine-
ment of preclinical models. However, the translational impact 
of animal models on clinical pain research could be enhanced 
by improving methodological quality.143 Results from a sys-
tematic review of 150 publications describing 38 different 
models of bone cancer pain suggest that there is room yet to 
improve the rigger of CIBP scientific investigations. Currie 
and colleagues found reported methodological quality to be 
low, with only 31% of included publications reporting blinded 
assessment of outcome and only 11% reporting random alloca-
tion to group. No publication reported a sample size calcula-
tion. Additionally, studies that included measures to reduce 
bias (eg, blinded behavior assessment) reported smaller differ-
ences in pain-related behaviors between tumor-bearing and 
control animals. Of concern, articles that contained a conflict 
of interest statement reported larger differences in behavioral 
outcomes between tumor-bearing and control animals.143

As there are sex differences in pain perception, sex selec-
tion in animal models is a critical consideration. In human 
beings, women are more likely to be diagnosed with a chronic 
pain-related disorder (eg, migraine, fibromyalgia, irritable 
bowel syndrome),144 show lower mean pain threshold and 
pain tolerance in response to thermal stimuli,145 report greater 
unpleasantness with pain,145 and exhibit greater responsive-
ness to µ- and κ-opioid analgesics,145–147 as compared to men. 
In rodents, females exhibit increased pain sensitivity to chem-
ical, heat, and electrical stimuli144 and blunted responsive-
ness to µ-opioid agonists,148 as compared to males. Of note, 
pain sensitivity is related to menstrual cycle in women149 and 
estrous cycle in rodents.150 Sex selection for animal models 
of CIBP should be determined by tumor tissue of origin and 
epidemiological data on the relative disease burden in men 
and women. For bone-seeking tumors that arise in both men 

and women (eg, lung cancer with male:female incidence ratio 
of 12:10),151 studies of CIBP pathophysiology should include 
both male and female animals.

Increasing evidence suggests that the sex of the experi-
menter may affect behavioral findings, particularly responses 
to noxious stimuli. A recent study reported that male experi-
menters trigger stress-induced analgesia, with mice display-
ing elevated plasma corticosterone levels, decreased facial 
grimacing, and increased tail and paw withdrawal latencies in 
response to thermal stimuli.152 Based on these findings, consis-
tency of the experimenter throughout the study may be critical.

Another methodological concern involves the volume of 
tumor cell suspensions inoculated into murine femurs in some 
models. The volume contained in the intramedullary capacity 
of mouse bones is relatively small and, as such, the injection 
of large volumes of tumor cell suspensions is inappropriate. 
Tumor cell suspensions that are not fully contained in the bone 
intramedullary space can form masses in the surrounding soft 
tissue and result in distal secondary metastases, both of which 
confound pain and biochemical assessments.20 In murine mod-
els of bone cancer involving intrafemoral tumor cell injection, 
reported injection volumes range from 5 to 30 µL.27,101,153,154 In 
C57BL/6 wild-type male mice (20–25 g), the anatomical capac-
ity of the femur is 9.5 µL.155 For comparison, the intramedul-
lary capacity of female Sprague-Dawley (225–275 g) femora is 
estimated to be 510 ± 10 µL and tibias 380 ± 10 µL.156 While 
the volume of the mouse femur intramedullary space varies 
depending on strain, age, weight, and sex of the animal, single 
injections of greater than 10 µL into a mouse femur should be 
avoided because of leakage.155 Thus, care is advised when select-
ing a CIBP model and designing experiments.

Conclusions
In the past two decades, animal models have revealed CIBP 
to be a truly multifaceted disorder. Immunocompetent host 
models have the great advantage of allowing for study of the 
interaction between an intact immune system and tumor 
within the marrow space. A growing body of work suggests 
that interaction is especially critical; recall the profound con-
tribution of inflammatory mediators as sensitizing agents, 
modulators of bone metabolism and initiators of neurochemi-
cal changes to CIBP. Contributing mechanisms include sen-
sitization of nociceptors by bone cell-derived (eg, protons), 
tumor cell-derived (eg, protons, nitrating species, glutamate) 
and immune cell-derived (eg, cytokines, chemokines, neuro-
trophins) algogenic products, periosteal neuroma formation, 
and peripheral and central neurochemical changes. The iden-
tification of such therapeutic targets has led to the develop-
ment of pharmacological agents with validated preclinical 
efficacy against CIBP (Fig. 2). The power of CIBP animal 
models to predict clinical efficacy has yet to be determined 
but will likely be related to both their ability to recapitulate 
human CIBP pathology and the scientific rigger of the studies 
in which they are included.
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Future Directions
It may be possible to improve translation between animal 
and clinical pain research by increasing the scientific rig-
ger of preclinical studies and ensuring that selected animal 
models exemplify human pathology. Measures are cur-
rently being taken in human beings with advanced stages of 
bone cancer, including markers for bone remodeling157 and 
imaging.158 As more is learned about the human condition, 
these markers should be applied to animal models to assess 
model validity. Perhaps notes can be taken in this regard 
from work on oral cancer pain. Much effort has been dedi-
cated in this field to the development of animal models that 
recapitulate natural cancer development and its resulting 

functional impairment. For example, cancer pain-induced 
gnawing dysfunction, the rodent correlate of a clinically rel-
evant impairment, is being assessed following carcinogen 
(4-nitroquinoline 1-oxide)-induced oral malignancy in fully 
immunocompetent mice.159,160 More “natural” models of 
CIBP may be implanted as we learn more about the mecha-
nisms of bone metastasis.

It is fitting that a number of distinct CIBP animal mod-
els exist, as CIBP sufferers are a diverse group of patients, hav-
ing different types of cancer and metastases in diverse, and at 
times multiple bones.161,162 Pain etiology and analgesic drug 
responsiveness may vary with tumor type and host bone and 
between patients with similar cancer types.14,163

Given the multifaceted nature of CIBP, its management 
is likely to involve polypharmacy or agents with polypharma-
cology.14 The more the aspects of human CIBP recapitulated 
in the animal model, the greater the likelihood of identifying 
agents with clinical efficacy in this pain state. Adding an addi-
tional layer of complication, analgesic agents in this patient 
population will likely be coadministered with chemotherapeu-
tic agents (known to produce their own form of neuropathy), 
radiological interventions, and other adjunct therapies. Such 
adjunct therapies may alter the immune competency of the 
patient (eg, chemotherapy)164 and modulate the efficacy 
of immune-targeting CIBP interventions (eg, cytokine/
chemokine neutralizing antibodies). The compatibility of 
analgesic agents with other therapeutics and therapeutic goals 
is essential and should be considered preclinically. For exam-
ple, while anti-TNFα therapy attenuates CIBP, the associated 
increase in tumor growth27 is at odds with the therapeutic 
goal of reducing tumor burden and prolonging survival.

Pain, bone wasting, and tumor burden are not entirely 
independent, and many pharmacological interventions with 
preclinical efficacy address multiple aspects of CIBP pathol-
ogy (Fig. 2). While animal models have begun to shed light on 
the mechanisms underlying CIBP and allowed for the identi-
fication of novel analgesic drug targets, much work remains. 
A more comprehensive understanding of the unique neuro-
molecular profile of cancer pain will aid in the development of 
more effective therapeutics for CIBP.
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