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Although bone cancer pain can be severe and is relatively common, very little is known about the ba-
sic mechanisms that generate and maintain this debilitating pain. To begin to define the mechanisms
that give rise to bone cancer pain, a mouse model was developed using the intramedullary injection
and containment of osteolytic sarcoma cells in the mouse femur. These tumor cells induced bone de-
struction as well as ongoing and movement-evoked pain behaviors similar to that found in patients
with bone cancer pain. In addition, there was a significant reorganization of the spinal cord that re-
ceived sensory input from the cancerous bone, and this reorganization was significantly different from
that observed in mouse models of chronic neuropathic or inflammatory pain. To determine whether
this mouse model of bone cancer could be used to define the basic mechanisms giving rise to bone
cancer pain, we targeted excessive osteoclast activity using osteoprotegerin, a secreted decoy receptor
that inhibits osteoclast activity. Osteoprotegerin blocked excessive tumor-induced, osteoclast-medi-
ated bone destruction, and significantly reduced ongoing and movement-evoked pain, and the neuro-
chemical reorganization of the spinal cord. These data suggest that this model can provide insight
into the mechanisms that generate bone cancer pain and provide a platform for developing and test-
ing novel analgesics to block bone cancer pain.
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A

 

s advances in cancer detection and therapy
have extended the life expectancy of cancer

patients, there is increasing focus on improving the
patient’s quality of life. More than 1.2 million cases
of cancer will be diagnosed in 2000 in the United
States alone. Approximately 30% to 50% of all can-
cer patients will experience pain, and between 75%
and 90% of patients with advanced cancer will ex-
perience significant, life-altering, cancer-induced
pain. One common type of cancer pain that is diffi-
cult to treat is bone cancer pain [1–3]. This pain oc-
curs in patients with primary bone cancer (sarcoma
or hematologic malignancies) and more commonly
in patients with cancer that has metastasized to
bone from distant sites such as the breast, prostate,
ovary, and lung [4].

The most common symptom of bone cancer is
pain [5–7]. This pain is dull, constant, increases
with time, and is exacerbated by use of involved
portions of the skeleton. As bone cancer progresses,
intermittent episodes of extreme pain occur sponta-
neously, or after weight bearing or movement of
the affected limb [8–10]. Bone cancer pain is com-
monly associated with radiographic evidence of
cancer-induced bone destruction. It has been sus-
pected that all painful bone cancers, whether pri-
mary or metastatic, induce pain at least in part by
stimulating bone destruction, as the extent of bone
destruction is usually correlated with ongoing pain
and with the severity and frequency of intermittent
episodes of incapacitating pain [6,7].

Existing pharmacological treatments for bone
cancer pain can be ineffective, burdensome to ad-
minister, and fraught with side effects [11,12]. The
neurobiologic bases for these treatments are empir-
ical and based on scientific advances in understand-
ing the pathophysiology of other painful condi-
tions. The greatest obstacle to developing new
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treatments for persistent cancer pain and/or opti-
mally coordinating existing treatments is a paucity
of knowledge of the basic neurobiology of cancer
pain. There is no well-accepted animal model of
cancer pain, and the majority of what we know
about the neurochemistry of cancer pain has been
obtained from clinical studies on how to best man-
age pain in patients with cancer. Developing and
characterizing a model of bone cancer pain and de-
fining the cellular and neurochemical changes re-
sponsible for bone cancer pain would significantly
improve the probability of identifying novel treat-
ments for this condition.

 

Model of Bone Cancer Pain

 

Over the past decade, a major thrust in pain re-
search has been to shift the process of discovering
novel analgesics from one based on empirical obser-
vations, to one based on a mechanistic understand-
ing of the biology involved in the generation and
maintenance of different pain states. In an attempt
to define the mechanisms that are important in the
generation and maintenance of bone cancer pain,
we hypothesized that cancer-induced bone destruc-
tion contributes to the pain. The murine model was
induced by injecting murine osteolytic sarcoma cells
into the intramedullary space of the murine femur
(Figure 1); this model appears to share many simi-
larities with bone cancer pain seen in humans [13].
A critical step was to ensure that the osteolytic can-
cer cells are confined within the intramedullary
space of the femur and do not invade adjacent soft
tissues. To accomplish this, following injection of
sarcoma cells into the intramedullary canal of the
femur, the injection hole in the bone was sealed by
placement of an amalgam plug. This confinement of
the tumor to the intramedullary space of the bone
more closely mimics the condition in patients with
primary or metastatic bone cancers.

As the tumor cells grew into the intramedullary
space of the femur and replaced the normal bone
marrow, bone destruction was monitored using
radiographic analysis. By day 6, a small number of
pits of bone destruction were detectable and from
that point on, bone destruction progressed with
increased pitted appearance, loss of medullary
bone, and erosion of cortical bone up to displaced
skeletal fracture at day 21 after sarcoma cell injec-
tion (Figure 1). At the same time, we observed an
increase in the number of osteoclasts in the sar-
coma-injected bone. Parallel to the increased bone
destruction, tumor-bearing mice showed signs of
ongoing and stimulus-evoked pain behaviors (Fig-

 

ure 2). In addition, in the ipsilateral spinal cord
segments that receive primary afferent input from
the cancerous femur, we detected several notable
neurochemical changes that peaked at lumbar
level L4, the major termination site of sensory fi-
bers that innervate the femur. First, there was an
increase in the pro-hyperalgesic peptide dynor-
phin in the deep dorsal horn [14–22]. Second,
there was an increase in the basal number of im-
mediate early gene protein product C-

 

fos

 

 positive
neurons located in the deep dorsal horn [23–31].
Third, there was a massive astrocytic hypertrophy
(Figure 3). Lastly, signs of primary afferent sensi-
tization were also observed as a normally non-

Figure 1 Sarcoma-induced bone destruction in the mouse
femur. Low power radiograph of the murine pelvis and hind
limbs after a unilateral injection of sarcoma cells into the
distal part of the femur, and obturation of the injection site
with an amalgam plug (A, see arrow). Note the loss of min-
eralized bone (white) in the proximal and distal head of the
cancerous femur with the amalgam plug, in contrast to the
normal contralateral femur. High-resolution radiographs of
sarcoma-injected femora (0–3) showing the progressive
loss of bone due to tumor growth. Bone destruction was
quantified on a 0-to-3 scale based on the loss of bone. Im-
ages 0 to 3 are examples of each state of destruction: (0)
normal bone with no signs of destruction; (1) bone destruc-
tion just detectable; (2) loss of medullary bone and erosion
of cortical bone; (3) full thickness cortical bone loss and
displaced skeletal fracture. Line bar 5 2mm.
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noxious palpation of the femur induced release of
substance P, substance P receptor internalization
[32–36], and C-

 

fos

 

 expression [29, 31, 37–40] in
lamina I spinal neuron. All these changes were
correlated to the extent of bone destruction [13].

In assessing any experimental animal model, it is
important to determine how well the model ap-
proximates the human disease. The most common
symptom of bone metastases in humans is bone
pain. Bone destruction can lead to pathological
fractures and/or hypercalcemia [6, 7, 41, 42]. Over
weeks or months, as the tumor grows and stimu-
lates bone destruction, pain progressively becomes
more severe [8, 9]. With increased bone destruc-
tion and time, the pain intensifies and can incapaci-
tate the affected individual. As bone destruction
progresses, acute pain is frequently observed when
the involved bone is moved or palpated. In humans,
the extent of bone destruction, and particularly on-
going osteolytic activity, is correlated with the se-
verity and frequency of breakthrough pain [43].

The murine model appears to mirror many of
the features found in humans with bone cancer-
induced pain. The osteolytic sarcoma cell line ag-
gressively destroys bone and provides localized
pathologic findings similar to that found in human
osteolytic bone cancer [44–46]. Mice with bone
cancer exhibit painful behaviors and these behav-
iors correlate with the extent of bone destruction
[13]. Severe acute pain is also observed in mice
once significant bone destruction has occurred, as
normally non-noxious palpation of the affected
bone results in behaviors indicative of severe pain;

this severe pain is again correlated with the extent
of bone destruction.

 

Neurochemical Signature of Inflammatory, 
Neuropathic, and Bone Cancer Pain

 

The mouse model of cancer pain induced behav-
ioral, cellular, and neurochemical changes that
were correlated with the degree of tumor growth
and bone destruction [13]; but it remained unclear
whether cancer pain is a unique type of pain or
merely a subtype of inflammatory or neuropathic
pain. Previous studies, performed primarily in the
rat, have suggested that there are distinct differ-
ences in the neurochemical changes that occur in
the spinal cord and primary afferent neurons in in-
flammatory and neuropathic pain states [47]. These
findings have generated significant interest, as
these neurochemical changes may be involved in
the different clinical symptoms. Interestingly, these
neurochemical differences mirror the fact that many
analgesics are most efficacious in specific types of
persistent pain [48].

In comparing the neurochemical changes that
take place in mouse models of bone cancer pain
with those that occur in inflammatory or neuro-
pathic pain [49], the most remarkable finding is
how distinct the changes are with each type of per-
sistent pain state. For example, in the inflammatory
model, there was a significant up regulation of SP
and CGRP in the dorsal horn, while there was a
down regulation of these same primary afferent
neurotransmitters in the neuropathic models. In

Figure 2 Spontaneous and movement-evoked pain behaviors observed in sarcoma-injected mice. Results include the
number of spontaneous flinching behaviors in a 2-minute observation period (A) and the nocifensive behaviors during a
2-minute period of normally non-noxious palpation of the femur (B) 17 days after sham and sarcoma injections into the fe-
mur of animals that subsequently received vehicle or osteoprotegerin (OPG). Values represent mean 6 SEM. Daily OPG
treatment significantly reduced both spontaneous and palpation-evoked nociceptive behaviors observed in sarcoma-
injected animals. Dashed line indicates baseline value. One-way ANOVA, Fisher PLSD, * P ,.05, ** P ,.01, *** P ,.001.
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contrast, in the cancer pain model, there was no
significant change in either of these neurotransmit-
ters. Likewise galanin and neuropeptide Y, two
neuropeptides, were dramatically up regulated in
DRG neurons in models of neuropathy, whereas no
change was observed in these neurotransmitters in
cancer pain.

Even more dramatic were the different neuro-
chemical changes that each pain state induced in the
spinal cord. The greatest change we observed in the
spinal cord in response to cancer pain was a massive
astrogliosis that was not observed in models of in-
flammatory or neuropathic pain [49]. These data ar-
gue that cancer pain is not merely a form of inflam-
mation or neuropathy pain, but rather, is a distinct
pain entity. Determining which neurochemical
changes are involved in generating and/or main-
taining each type of persistent pain should provide a
mechanistic platform for designing therapies specif-
ically targeting these different pain states.

 

Mechanism-based Therapy for Bone Cancer Pain

 

To begin to define the mechanisms that give rise to
bone cancer pain, we targeted excessive osteoclast
activity using osteoprotegerin (OPG), a secreted de-
coy receptor that inhibits osteoclast activity [50].
Osteoclasts are the body’s principal bone-resorbing

cell; and it has recently been shown that the forma-
tion, survival, and bone-resorbing activity of these
cells can be potently inhibited by the soluble tumor
necrosis factor receptor (TNFR) family molecule
osteoprotegerin (OPG) [51–53]. Soluble TNFRs
are thought to bind to their cognate ligands, thus
sequestering their ligands and preventing them
from activating their cellular targets. A major action
of OPG appears to be that it binds to and/or seques-
ters OPG ligand (OPGL). In the adult, one of the
richest sources of OPGL is the osteoblast, a cell
critically involved in skeletal homeostasis. Osteo-
blasts participate directly in bone formation and in-
directly by regulating, via OPGL production, osteo-
clast-mediated bone resorption, as OPGL potently
stimulates osteoclast development and activates ma-
ture, pre-existing osteoclasts [51,53]. Thus, OPG
rapidly inhibits osteoclast activity so that 2 days fol-
lowing a single injection of OPG, there is a signifi-
cant inhibition of bone resorption [52,54].

In sarcoma-bearing mice that received OPG
treatment, there was near total elimination of both
tumor-induced bone destruction and osteoclasts at
sites of tumor. In addition, OPG significantly re-
duced, by approximately one-half, both ongoing
and movement-evoked pain behaviors and the neu-
rochemical reorganization of the spinal cord. These
results show that osteoclast-induced bone destruc-

Figure 3 Confocal image showing astrocyte hypertrophy with immunostaining for glial fibrillary acidic protein (GFAP) in
coronal sections of the L4 spinal cord, 21 days following injection of osteolytic sarcoma cells into the intramedullary space
of the femur. Note that the up regulation of GFAP is almost exclusively ipsilateral to the femur with tumor-induced bone
destruction. This confocal image was taken from a 60-mm thick tissue and is projected from 6 optical sections acquired at
4-mm intervals with a 203 lens, scale bar 5 200 mm.
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tion plays a role in bone cancer pain. There are sev-
eral mechanisms by which osteoclasts may be in-
volved in generating and maintaining bone cancer
pain. For osteoclasts to resorb bone, they must
maintain an extracellular microenvironment at acidic
pH (4.0–5.0) at the osteoclast-mineralized bone in-
terface [55]. A population of sensory neurons that
innervate bone expresses acid-sensing ion channels
and vanilloid receptors [56]. These neurons could
be excited and/or sensitized if exposed to the osteo-
clast-induced acidic extracellular microenvironment.
Sensory neurons have been shown to be excited
and/or sensitized by growth factors [57,58], and a
variety of growth factors reside in bone and are re-
leased during cancer-induced bone resorption. Ad-
ditionally, as the tumor continues to induce exces-
sive osteoclast bone resorption, over time the bone
is weakened, becomes mechanically compromised,
and ultimately will fracture.

There is a portion of bone cancer pain that con-
tinues despite inhibition of cancer-induced bone
resorption, as OPG administration reduces but does
not completely abolish the pain behaviors (Figure
2). Previous studies have suggested that there is rel-
atively little direct sensory or sympathetic innerva-
tion of tumors [59], although both mineralized
bone and bone marrow receive sensory and sym-
pathetic innervation [60–62]. Malignant cells are
known to secrete prostaglandins, endothelins, cyto-
kines, epidermal growth factor, transforming growth
factor, and platelet-derived growth factor; and
many of these factors have been shown to excite
primary afferent nociceptors [63–69]. Our data
suggest that there is a component of bone cancer
pain caused by tumor-secreted factors that directly
sensitizes and/or activates primary afferent fibers
that innervate bone and induce central sensitization
in the spinal cord.

 

Summary

 

The mouse model of bone cancer pain shares many
features with bone cancer pain encountered in hu-
mans. Thus, in addition to bone destruction, there
is also peripheral sensitization of primary afferent
fibers and central sensitization with an accompany-
ing neurochemical reorganization of the spinal
cord. While osteoclasts play a significant role in
bone cancer pain, other factors are clearly involved
in generating and maintaining bone cancer pain.
The mouse model of bone cancer pain should be-
gin to allow definition of the basic mechanisms that
generate and maintain bone cancer pain, which

 

should permit the development of novel, mecha-
nism-based therapies.
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