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Abstract
Metastatic bone cancer causes severe pain that is primarily treated with opioids. A model of bone
cancer pain in which the progression of cancer pain and bone destruction is tightly controlled was
used to evaluate the effects of sustained morphine treatment. In cancer-treated mice, morphine
enhanced, rather than diminished, spontaneous, and evoked pain; these effects were dose-dependent
and naloxone-sensitive. SP and CGRP positive DRG cells did not differ between sarcoma or control
mice, but were increased following morphine in both groups. Morphine increased ATF-3 expression
only in DRG cells of sarcoma mice. Morphine did not alter tumor growth in vitro or tumor burden
in vivo but accelerated sarcoma-induced bone destruction and doubled the incidence of spontaneous
fracture in a dose- and naloxone-sensitive manner. Morphine increased osteoclast activity and
upregulated IL-1β within the femurs of sarcoma-treated mice suggesting enhancement of sarcoma-
induced osteolysis. These results indicate that sustained morphine increases pain, osteolysis, bone
loss, and spontaneous fracture, as well as markers of neuronal damage in DRG cells and expression
of pro-inflammatory cytokines. Morphine treatment may result in “add-on” mechanisms of pain
beyond those engaged by sarcoma alone. While it is not known whether the present findings in this
model of osteolytic sarcoma will generalize to other cancers or opioids, the data suggest a need for
increased understanding of neurobiological consequences of prolonged opioid exposure which may
allow improvements in the use of opiates in the effective management of cancer pain.
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1. Introduction
Common cancers, such as breast and prostate, metastasize to bone eliciting osteolytic and
osteoblastic reactions associated with incapacitating bone pain and fracture (Coleman, 1997,
2001; Luger et al., 2001). Advanced cancer pain is described as “moderate to severe” in
approximately 40–50% and as “very severe or excruciating” in 25–30% of the patients
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(Ripamonti and Dickerson, 2001). Bone cancer pain is continuous and can be exacerbated by
episodes of breakthrough pain (Clohisy and Mantyh, 2003). Cancer pain management follows
the guidelines outlined in the WHO Ladder Approach for Relief of Cancer Pain that suggest
adjusting the strength of the prescribed analgesics according to pain intensity (WHO, 1986;
Blum et al., 2003; Mercadante and Fulfaro, 2005).

Opioids are recommended for treatment of moderate to severe cancer pain, with morphine most
frequently used (Mercadante et al., 2005). In animal models of bone cancer, acute morphine
administration alleviates pain (Luger et al., 2002; Menendez et al., 2003a, b, 2005; Baamonde
et al., 2005; Urch et al., 2005). However, the chronic nature of cancer pain often requires
prolonged opioid administration through controlled release tablets, repeated bolus injections,
or transdermal patches (Heiskanen and Kalso, 1997; Warfield, 1998; Mercadante, 1999a, b;
Allan et al., 2001; Hanks et al., 2001). Moreover, many (but not all) cancer patients require
opioid dose escalation to maintain adequate pain relief due to the diminished analgesia with
repeated opioid administration (i.e., “analgesic tolerance”), the advancement of the disease
resulting in greater pain and therefore requiring more opioid, or both (Mercadante and
Portenoy, 2001; Blum et al., 2003).

Clinical studies have reported that opioids administered through different routes of
administration (transdermal, oral, i.th., i.v.) can unexpectedly produce hyperalgesia and
allodynia, particularly during rapid opioid dose escalation (De Conno et al., 1991; Sjogren et
al., 1993, 1994; Jacobsen et al., 1995; Mercadante et al., 2003; Chu et al., 2006), a phenomenon
described as an Emerging Iatrogenic Syndrome (Mercadante et al., 2003). Preclinical studies
have unexpectedly demonstrated that opioids can paradoxically enhance pain (Gardell et al.,
2002; Ossipov et al., 2004; King et al., 2005a, b). Structurally distinct opioids including
nonpeptidic agonists (e.g. morphine, oxymorphone, fentanyl) as well as peptides acting at μ-
opioid receptors (e.g. DAMGO) have been shown to produce hyperalgesia (Laulin et al.,
1998, 1999; Vanderah et al., 2000; Gardell et al., 2002, 2006; Celerier et al., 2006; Pud et al.,
2006). It is presently unknown how opioid-induced pronociceptive changes might influence
pain or disease progression in bone cancer.

In the present study, osteolytic sarcoma cells were injected and sealed into mouse femurs for
evaluation of possible effects of sustained morphine infusion on pain, tumor burden, bone loss
and spontaneous fracture under tightly controlled conditions. Sustained morphine
administration elicited pronociceptive neuroplastic adaptations and enhanced, rather than
reduced, sarcoma- induced pain in a dose-dependent and naloxonesensitive manner.
Surprisingly, morphine infusion also accelerated sarcoma-induced bone loss and enhanced
spontaneous fracture in a dose-dependent and naloxone- sensitive manner.

2. Methods
2.1. Surgical procedures and drug treatment

2.1.1. Strain of mouse—Male adult C3H/HeJ normal mice, weighing 20–25 g (Jackson
Laboratories, Bar Harbor, ME), were chosen for histo-compatability with the NCTC 2472
tumor line [American Type Culture Collection (ATCC), Rockville, MD], previously shown to
form lytic lesions in bone after intramedullary injection (Clohisy et al., 1995, 1996; Schwei et
al., 1999; Luger et al., 2001).

2.1.2. Murine CCL-11 cells—Murine CCL-11 (NCTC clone 2472) sarcoma cells were
maintained in NCTC 135 media containing 10% horse sera, passaged every 4 days, and
harvested between 2 and 12 passages.
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2.1.3. Surgery—Baseline spontaneous and evoked pain behaviors (described below), and
radiograph images of the femur were obtained. Animals were anesthetized with ketamine/
xylazine and an arthrotomy was performed exposing the condyles of the distal femur. A hole
was drilled into the femur for the injection needle. Radiograph images (Faxitron) were taken
on two planes to verify needle placement inside the intramedullary space of the femur. Sarcoma
cells, 106 in 5 μl of alpha minimal essential medium (α MEM) containing 1% bovine serum
albumin (BSA) or 5 μl of alpha MEM containing 1% BSA alone (control), were injected into
the intramedullary space of the mouse femur of the right leg and the injection site sealed with
dental amalgam.

2.1.4. Drug treatment—Mice were anesthetized with 0.5% halothane in O2 and primed
osmotic minipumps (Alzet # 1007D; 0.5 μl/hour across 7 days) filled with morphine sulfate
(50, 25, 7.5, 2.5 mg/ml) dissolved in saline or with saline were implanted (s.c.) 7 days following
injection of CCL-11 cells into the femur. The concentrations of morphine sulfate resulted in
daily doses of 20, 10, 3, or 1 mg/kg/day. These doses were chosen from, and were within, the
ranges used for bolus and infusion protocols in mice (Luger et al., 2002; Juni et al., 2006) and
did not produce overt signs of sedation or disruption of motor function. Blood morphine levels
for the 10 and 20 mg/kg/day doses of morphine delivered through minipumps have been
reported at 48-h post-pump implantation (Feng et al., 2006). Morphine sulfate
(C34H40N2O10S; molecular weight 668.75) was obtained as a generous gift from National
Institute on Drug Abuse Drug Supply Program (RTI Batch No. 8981-52; Ref. No. 10678).

Naloxone hydrochloride dihydrate (Sigma) was dissolved in saline (25 mg/ml) and
administered (s.c.) via osmotic minipumps. Mice receiving both naloxone and morphine had
two separate minipumps, one per compound, implanted. Pilot experiments demonstrated no
effect of implantation of a second minipump delivering saline on morphine activity and the
second minipump did not disrupt animal behavior or weight gain or produce overt signs of
discomfort.

2.2. Behavioral pain measures
Each mouse was tested for movement-evoked pain, spontaneous pain behaviors (flinching and
guarding), and tactile hypersensitivity, in that order, prior to treatment (BL) and 6, 10, and 12
days following surgery. For the control–saline, control –morphine, sarcoma–saline, and
sarcoma–morphine groups, we used 10–12 mice per group. For the naloxone studies, 8–10
animals were used for each group (sarcoma–saline, sarcoma–morphine, sarcoma–naloxone,
and sarcoma–morphine/naloxone). All pain measures were conducted by the same
experimenter who was blinded to the treatments.

2.2.1. Thermal antinociception—Nociceptive testing was performed by utilizing the 52 °
C hot plate (HP) test. HP test was performed by placing the mouse on a heated surface and
determining the latency until a nociceptive response, demonstrated by licking or withdrawing
of a hindpaw or attempts to jump out of the enclosure, was evident. The HP latencies were
determined once before pump implantation, on day 6 after the surgery, and 24 h after the
implantation of osmotic minipumps. A cut-off latency of 30 s was used to prevent tissue
damage.

2.2.2. Spontaneous pain—Mice were placed in raised plexiglass chambers with a wire
grid floor and allowed to acclimate to the chamber for 1 h. Guarding and flinching behaviors
were measured during a 2 min observation period. The number of flinches was counted, and
the time spent guarding the foot (the foot is lifted off of the floor) was measured.
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2.2.3. Movement-evoked pain—Limb use was assessed as previously described (Luger et
al., 2001). The mouse was placed in an empty mouse pan and observed while walking across
the pan in a continuous motion. Limping and/or guarding behavior of the right (sarcoma treated)
hindlimb was rated on the following scale: 0 = complete lack of use, 1 = partial non-use, 2 =
limping and guarding, 3 = limping, 4 = normal walking.

2.2.4. Tactile hypersensitivity—Paw withdrawal thresholds in response to probing with
calibrated von Frey filaments were determined in the manner described by Chaplan et al.
(1994). Mice were kept in suspended cages with wire mesh floors and the von Frey filament
applied perpendicularly to the plantar surface of the ipsilateral paw until it buckled slightly and
was held for 3–6 s. A positive response was indicated by a sharp withdrawal of the paw. An
initial probe equivalent to 2 g was applied and if the response was negative, the stimulus was
incrementally increased until a positive response was obtained, then decreased until a negative
result was obtained. This up–down method was repeated until three changes in behavior were
determined, and the pattern of positive and negative responses was tabulated. The 50% paw
withdrawal threshold was determined by the non-parametric method of Dixon (1980).

2.3. Determination of bone destruction
Radiographs were taken following behavioral testing using a Faxitron machine with images
captured by a digital camera. Bone loss was rated by an experimenter blinded to treatment
according to a 4-point scale: 0 = normal, 1 = bone loss observed with no fracture, 2 = full-
thickness unicortical bone loss indicating unicortical bone fracture, 3 = full-thickness bicortical
bone loss indicating bicortical bone fracture. This scale was modified from 0 to 5 scale
previously described (Luger et al., 2001).

2.4. Immunohistochemistry, and histological analysis of tumor burden and
osteoclastogenesis

2.4.1. Dorsal root ganglia—Mice received an overdose of ketamine HCL/xylazine (1 ml/
kg) and were perfused transcardially with 0.1 M PBS followed by 10% neutral-buffered
formalin (Sigma, St. Louis, MO, USA). DRG (L4) and ipsilateral femura were removed and
postfixed overnight in 10% neutral-buffered formalin. DRG tissue was cryoprotected with 20%
sucrose in 0.1 M PBS. Frozen DRG sections of 10 μm were washed in 0.1 PBS and then
incubated with rabbit anti-SP antiserum or rabbit anti-CGRP antiserum (1:40,000; Bachem/
Peninsula Labs), or rabbit anti-ATF3 antiserum (1:5000; Santa Cruz Biotechnology). Sections
were then incubated in Alexa Fluor 568 goat anti-rabbit IgG or Alexa Fluor 525 (diluted
1:1000).

2.4.2. Image analysis and quantification—Fluorescence images of DRG sections were
acquired with a Nikon E800 fluorescence microscope outfitted with filter sets for Cy3 and
FITC and a Hamamatsu C5810 color CCD camera and its proprietary Image Processor software
(Hamamatsu Photonic System, Bridgewater, NJ, USA). Stained cells were counted on 8–10
randomly selected L4 DRG sections from three animals per each condition. The results are
expressed as a percentage of the estimated total number of neurons from these sections.

2.4.3. Femora—Femora were collected on day 10 after the surgery, rinsed in water and placed
in Decal solution (RDO-Apex, Aurora, IL) for 1 h for decalcification and embedded in paraffin
for sectioning. Femora were cut in the frontal plane 3-μm thick and stained with hematoxylin
and eosin (H&E) to visualize normal marrow elements and cancer cells under bright field
microscopy on a Nikon E800 at 4× magnification. Tumor or marrow areas within the femur
(3–5 bones per treatment) were measured in mm2 between the epiphyseal plates using
Metamorph imaging software.
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To determine the number of osteoclasts, femurs were stained with Tartrate-resistant acid
phosphatase (TRAP) kit (Sigma) as TRAP is commonly used as a marker of osteoclasts in
bone as previously reported (Halleen et al., 1999; Takano et al., 2004, 2006; Beeton et al.,
2006; Itoh et al., 2006; Ren et al., 2006; Wan et al., 2006). Images were analyzed under bright
field microscopy on a Nikon E800 at 4× and 10× magnification. For all groups, osteoclasts
were counted at the metaphysis of the femur, as bone destruction occurs mainly in this area
(Honore et al., 2000a). Counts were performed across several (3–5) bones per treatment.
Metamorph imaging software was used to quantify the results. The results are expressed as the
mean number of osteocalsts per mm2 of intramedullary space.

2.5. In vitro analysis of sarcoma cell growth
Murine CCL-11 (NCTC clone 2472) sarcoma cells were maintained in NCTC 135 media
containing 10% horse serum, 100 U/ml penicillin and 0.1 mg/ml streptomycin in a humidified
atmosphere with 95% air/5% CO2. To evaluate the effect of morphine on cell growth, cells
were treated with morphine for 2, 4, or 6 days, and for each time-point, the effect of morphine
was evaluated over a concentration range of 10 nM to 100 μM. For each assay, cells were
seeded at 1000 cells/well in 96-well plates and cultured for a total of 4 days, at which time cells
reached a confluency of 50–70%. During the 4-day culture, cells were treated with various
concentrations of morphine (8 wells used per concentration) on the same 96-well plates and
separate plates were used for different duration of treatment. For the 2-day treatment, morphine
was added to the cells 2 days after plating; for the 4-day treatment, morphine was added to the
cells at the time of plating. For the 6-day treatment, cells were treated, in separate 75 cm2 flasks,
with the various concentrations of morphine 2 days prior to seeding onto the 96-well plates,
and the morphine treatment continued for four additional days after plating. Untreated control
cells were included on each plate and assayed in parallel. BrdU was added to all the wells on
day 3, 24 h prior to the termination of morphine treatment and the ELISA. BrdU was analyzed
using Cell Proliferation ELISA, BrdU (colorimetric) kit according to the manufacturer’s
instructions (Roche Applied Sciences, Cat # 11647229). The optical density at 450 nm
(OD450) was read by a plate reader (Multiskan Ascent, Thermo Electron) as required for assays
using the stop solution. For data analysis, the mean OD450 (n = 8) in the morphine-treated cells
is expressed as a percent of that in the untreated control done in parallel. Normalized data from
three independent experiments are expressed as means ± SEM.

2.6. IL-1β analysis in intramedullary exudate
Mice received an overdose of ketamine HCL/xylazine (1 ml/kg) and decapacitated. Femurs
(5–6 per condition) were dissected and the intramedullary space flushed with 1 ml saline.
Samples were analyzed using IL-1β ELISA kit according to the manufacturer’s instructions
(Invitrogen). Protein quantification was done using BCA (bicinchoninic acid) assay (Pierce).
Results are expressed as pg/mg protein.

2.7. Statistical analysis
Statistical comparisons between treatment groups were done using ANOVA. Pairwise
comparisons were made with Student’s t-test, multiple comparisons between groups were done
using Newman–Keuls Multiple Comparison Test. For the rating assays, limb use and bone
loss, statistical comparisons were made with the Mann–Whitney test. Dose–response effects
were done with linear regression analysis of the linear portion of the log dose–response curve.
For all analysis, significance was set at p < 0.05.
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3. Results
3.1. Morphine infusion induces antinociception

Delivery of morphine (1, 3, 10, 20 mg/kg/day) by osmotic minipumps implanted 7 days after
intra-femoral injection of cancer cells or control media elicited dose-dependent thermal
antinociception when measured 24 h after pump implantation. There were no significant
differences in morphine’s antinociceptive effects between control- and sarcoma-treated mice.
Hot plate latencies for control animals increased from baseline latencies of 11.96 ± 0.3 s pre-
pump to 13.66 ± 0.7, 14.90 ± 0.41, 15.38 ± 0.63, and 17.52 ± 0.66 s at 24-h post-pump
implantation for doses of 1, 3, 10 and 20 mg/kg/day, respectively. Hot plate latencies for
sarcoma animals increased from 11.86 ± 0.27 to 12.04 ± 0.36, 14.45 ± 0.7, 16.12 ± 0.56, and
18.94 ± 1.16 s at 24-h post-pump implantation for doses of 1, 3, 10 and 20 mg/kg/day,
respectively. Implantation of saline pumps failed to significantly alter hot plate latencies in
either group. Of note, the highest dose of morphine (20 mg/kg delivered over 24 h) produced
sub-maximal antinociception.

3.2. Sustained morphine enhances sarcoma-induced spontaneous pain
Behavioral analyses of spontaneous pain were employed to assess the effects of morphine
administration on bone cancer-induced pain. In agreement with previous studies, mice injected
with osteolytic sarcoma cells developed spontaneous pain by 12 days post-surgery (Luger et
al., 2001). Morphine infusion beginning on day 7 after administration of cancer cells or control
media enhanced sarcoma-induced flinching behavior at day 10, and this effect persisted
throughout the course of the experiment (Fig. 1a). A higher percentage of sarcoma- treated
mice that received morphine displayed guarding behavior when compared to sarcoma mice
receiving saline infusion at day 10 (55% vs. 40% of all animals, respectively) and day 12 (82%
vs. 60% of all animals, respectively). Sarcoma-treated mice that received sustained morphine
also spent more time guarding the sarcoma-treated hindpaw compared to sarcoma- treated mice
receiving saline infusion 12 days following sarcoma injection (Fig. 1b). Mice injected with
control media and treated with sustained morphine exposure did not exhibit flinching or
guarding behaviors throughout the study. These data indicate that sustained morphine exposure
does not elicit spontaneous pain in control mice, but increases sarcoma-evoked spontaneous
pain.

3.3. Sustained morphine enhances sarcoma-induced evoked pain
To assess the effects of sustained morphine (20 mg/kg/day) on sarcoma-induced tactile
hypersensitivity, the response thresholds of sarcoma or control media-treated mice receiving
sustained morphine or saline infusion were measured with von Frey filaments (Fig. 1c). A
slight decrease in response thresholds was observed in all mice 6 days following surgery, likely
due to the inflammatory consequences of the surgery. Consistent with previous studies, mice
injected with osteolytic sarcoma cells developed enhanced responses to tactile stimuli and
movement-evoked pain by days 10 and 12 post-femoral injections (Honore et al., 2000a) and
morphine administration induced tactile hypersensitivity in control mice within 3 days that
was maintained through 5 days of morphine infusion (days 10 and 12 post-control media
injection, respectively) (Vanderah et al., 2001). Sarcoma-treated mice receiving sustained
morphine exposure showed significantly lower paw withdrawal thresholds than sarcoma-
treated mice receiving saline infusion 10 and 12 days following sarcoma injection. To assess
whether sustained morphine exposure alters sarcoma-induced movement-evoked pain, limb
use was rated in mice as previously described (Honore et al., 2000a). Sarcoma-treated mice
with sustained morphine administration were more likely to be rated for limping behavior 10
days post-sarcoma injection compared to sarcoma-treated mice with saline infusion (Fig. 1d).
Sarcoma- treated mice with saline infusion did not show significant limping behavior compared
to mice treated with control media at the 10 day time-point. Both the saline-and the morphine-
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treated mice showed significantly more limping behavior 12 days post-sarcoma injection with
no significant differences in limb use between saline- and morphine-treated mice at this time-
point. These data indicate that sustained morphine administration enhances sarcoma-induced
evoked pain behaviors.

3.4. Sustained morphine enhances sarcoma-induced spontaneous and evoked pain in a
dose-related manner

To examine whether the sustained morphine-induced enhancement of sarcoma-induced pain
is dose-dependent, we measured spontaneous and evoked pain behaviors in the presence of 1,
3, 10 and 20 mg/kg/day morphine. On day 12 after the surgery and 5 days into morphine
infusion, there was a dose-dependent increase in sarcoma-induced spontaneous flinching (Fig.
2a) and guarding behavior (Fig. 2b), indicating that morphine elicited a dose-related increase
in sarcoma-induced spontaneous pain behaviors. Of note, no flinching or guarding behaviors
were observed in mice treated with control media indicating that morphine fails to induce
spontaneous pain behaviors at any of the doses tested (data not shown). Sarcoma-induced
evoked pain was measured at the same time-point, and sustained morphine infusion enhanced
sarcoma-induced tactile hypersensitivity (Fig. 2c) and decreased limb use (Fig. 2d) in a dose-
dependent fashion, indicating that infusion of morphine increases sarcoma-induced evoked
pain behaviors in a dose-dependent manner. Sustained morphine infusion did not alter limb
use of mice treated with control media at any of the doses tested (data not shown) but decreased
evoked paw withdrawal thresholds in the control mice (R2 = .99, p < 0.05). Collectively, these
data indicate that the observed effects of sustained morphine administration on spontaneous
and evoked behaviors are dose related.

3.5. Sustained morphine-induced effects in DRG cells
To determine possible mechanisms underlying sustained morphine-induced increase in
sarcoma-induced pain, neural markers were evaluated in cell bodies of primary afferent sensory
fibers located within the dorsal root ganglion (DRG) 12 days following femoral injections of
cancer cells (Fig. 3). Consistent with previous studies, sarcoma, but not control media, elicited
ATF3 expression in DRG cells (Peters et al., 2005;Sevcik et al., 2005). ATF3 expression was
not produced by morphine treatment in control mice. However, ATF3 expression was
exacerbated by morphine treatment in sarcoma mice. Morphine infusion doubled the
percentage of total DRG cells showing ATF3 expression, from 11 ± 1%of total DRG cells in
sarcoma–saline-treated animals to 22 ± 2% of total DRG cells in sarcoma–morphine-treated
mice. Control media-treated mice showed very low levels of ATF3 expression in both saline-
and morphine-treated animals, suggesting that morphine treatment alone was not producing
cell damage. Consistent with previous reports (Honore et al., 2000b), sarcoma–saline-treated
mice did not show an increased number of SP or CGRP positive DRG cells compared to saline-
control animals cells (Honore et al., 2000b). However, in both control media and sarcoma
injected mice, sustained morphine exposure significantly increased the percent of SP and
CGRP positive DRG cells (Fig. 3).

3.6. Sustained morphine accelerates sarcoma-induced bone loss and fracture
To assess possible effects of sustained morphine exposure on sarcoma-induced bone loss,
radiographic images were taken following behavioral testing. Radiographs of bones on day 12
(5 days into morphine or saline infusion) show that sustained morphine administration
increased sarcoma-induced bone loss in a dose-dependent fashion (Fig. 4). In the sarcoma-
treated mice, the most severe bone loss was observed in the distal head of the bone, with bone
loss extending along the femur to the proximal head (Fig. 4a). In sarcoma-treated mice with
morphine infusion, there was a significant increase in bone destruction in both the proximal
and distal heads of the femur, with fractures indicated by full-cortical bone loss as indicated
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by the arrows (Fig. 4a and b). Consistent with previous reports (Luger et al., 2001), visual
ratings of the radiographs by an observer blinded to the experimental conditions show that
bone loss is observed by 6 days following femoral injection of sarcoma cells (Fig. 4c). Pre-
morphine bone ratings were equivalent between groups, indicating no baseline group
differences of bone loss prior to morphine and saline infusion. Sarcoma-induced bone loss
increased in both morphine and saline-treated mice in a time-dependent manner. Sustained
morphine exposure enhanced sarcoma-induced bone loss compared to sarcoma-treated mice
receiving saline infusion in a time-dependent manner, with a significant increase in sarcoma-
induced bone loss by 12 days following femoral injection, 5 days into morphine infusion (Fig.
4c). Moreover, the morphine induced increase in bone loss 5 days into morphine infusion was
dose-dependent (Fig. 4d). Sustained administration of morphine across 3 and 5 days doubled
the rate of sarcoma-induced spontaneous fracture rate, indicated by bone loss across the full
thickness of the cortical bone (Fig. 4e). Morphine treatment also increased the rate of sarcoma-
induced spontaneous fracture in a dose-dependent fashion, with higher doses (10 and 20 mg/
kg/day) of morphine doubling the incidence of sarcoma-induced fracture by 5 days into
infusion, 12 days following sarcoma injection into the femur (Fig. 4e). Of note, in our
experiments neither saline nor morphine-infused control mice developed bone loss (Fig. 4a).

3.7. Naloxone antagonizes morphine-induced enhanced pain and bone loss
To examine whether the observed effects of morphine are opioid receptor mediated we
administered naloxone (10 mg/kg/day, s.c.) alone or together with the highest dose of morphine
used in our study (20 mg/kg, s.c.). Spontaneous and evoked pain behaviors were measured 5
days into infusion, 12 days following injection of sarcoma cells into the femur. Co-
administration of naloxone prevented the development of sustained morphine induced increase
in sarcoma-induced spontaneous and evoked pain behaviors (Fig. 5). Naloxone prevented
morphine-induced enhancement of spontaneous pain behaviors, including enhanced flinching
behavior (Fig. 5a) and guarding behavior (Fig. 5b). Naloxone also prevented development of
sustained morphine-induced enhanced evoked pain behaviors, tactile hypersensitivity (Fig. 5c)
and decreased limb use (Fig. 5d). Naloxone administration (without morphine) did not alter
sarcoma-induced spontaneous or evoked pain when compared to sarcoma-treated mice
receiving saline.

Co-administration of naloxone with morphine also blocked sustained morphine-induced
enhanced sarcoma- induced bone loss and increased spontaneous fracture (Fig. 5e and f). Bone
rating scores of sarcoma-treated mice receiving both naloxone and morphine infusion as well
as naloxone alone did not differ (p > 0.05) from sarcoma-treated mice receiving saline infusion
indicating full reversal of sustained morphine-induced increase in sarcoma-induced bone loss
(Fig. 5e). Co-administration of naloxone with morphine also completely blocked the increased
rate of spontaneous fracture, with 100% of the mice treated with morphine showing
spontaneous sarcoma-induced fracture, and 50% of the mice treated with naloxone/morphine
infusion showing spontaneous sarcoma-induced fracture; this value was the same as that seen
for sarcoma-treated mice treated with saline infusion or naloxone infusion (Fig. 5f).
Administration of naloxone alone did not alter sarcoma-induced effects on bone loss.

3.8. Sustained morphine fails to affect tumor burden but enhances osteoclastogenesis
To determine the possible underlying mechanisms of morphine-induced enhanced bone loss
we treated fibrosarcoma cells with different doses of morphine (−4, −5, −6, −7, −8 M) for 2,
4, or 6 days. Addition of morphine to the fibrosarcoma cells failed to alter tumor growth in
vitro, indicating that morphine does not directly alter the growth of these cells (Fig. 6a). To
determine whether sustained morphine altered tumor burden in vivo, femurs were collected 10
days following femoral injection, 3 days into infusion, and were stained with hematoxylin and
eosin (H&E) to visualize normal marrow elements and cancer cells. Stained sections
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demonstrated equivalent distribution of sarcoma cells, with sarcoma observed in 100% of the
metaphysis of the distal head of the femur in both saline- and morphine-treated mice (Fig. 6b).
Analysis of tumor burden within the intra-medullary space of the bone showed that sustained
morphine failed to alter tumor burden, with sarcoma observed in 75% of the bone in saline and
morphine-infused mice. These data indicate that sustained morphine exposure fails to alter
tumor growth or tumor burden within the bone.

Previous studies have shown that osteolytic cancers, such as the sarcoma cell line used in these
studies, upregulate osteoclasts within the bone (Honore et al., 2000a; Sabino et al., 2002b). To
determine whether morphine infusion enhanced sarcoma-induced bone loss by altering in bone
resorption, osteoclasts were stained and counted within the metaphysis of the distal head of
the femur (Fig. 7a and b). Osteoclast staining was significantly increased in sarcoma-treated
animals compared to control animals. Morphine infusion did not alter osteoclast staining in
control animals, suggesting that sustained morphine itself did not alter osteoclastogenesis.
However, sustained morphine infusion increased sarcoma-induced upregulation of osteoclasts,
indicating that sustained morphine increases sarcoma-induced upregulation of
osteoclastogenesis.

3.9. Sustained morphine upregulates osteoclastogenic mediators in sarcoma-treated femurs
To determine potential underlying mechanisms of sustained morphine-induced increase in
sarcomainduced upregulation of osteoclasts, we examined IL- 1β protein content in exudate
from the intramedullary space of the femurs as IL-1 has been shown to play an important role
in osteoclastogenesis (Blair et al., 2005; Wei et al., 2005). Sarcoma-treated mice receiving
morphine infusion across 5 days showed enhanced IL-1β levels compared to all other groups
(Fig. 7c).

4. Discussion
Many bone cancer patients receive treatment with opioids administered through oral
administration of controlled release tablets or transdermal patches designed to keep steady
blood plasma levels of the drug (Heiskanen and Kalso, 1997; Warfield, 1998; Mercadante,
1999b; Allan et al., 2001; Hanks et al., 2001). Using a mouse model in which osteolytic sarcoma
cells are injected and sealed into the bone, we found that sustained morphine administration
through osmostic minipumps that maintain consistent blood levels of morphine across the 7-
day administration period: (a) enhanced, rather than alleviated, sarcoma-induced spontaneous
and evoked pain in a dose-dependent and naloxone-sensitive manner; (b) increased expression
of “pronociceptive” neural markers in the DRG not seen with sarcoma treatment alone; (c)
increased neural markers of cell damage in sarcoma, but not control, mice; (d) increased
osteoclastogenesis, accelerated sarcoma- induced bone loss and increased incidence of
spontaneous fracture in a dose-dependent and naloxone-sensitive manner. The present data
with morphine raise the possibility that maintaining cancer patients on sustained morphine
might worsen, rather than alleviate, cancer-induced pain, and might accelerate cancer-induced
bone loss in osteolytic cancers. It should be noted, however, that many factors are likely to
influence the effects of prolonged opioid exposure on cancer-induced pain including: the
specific opioid administered, the type of metastasis, whether osteolytic vs. osteoblastic lesions
are observed, and the route, dose and/or schedule of opioid administration (Sacerdote et al.,
2003; Tegeder et al., 2003; Ossipov et al., 2004; Urch et al., 2005).

Clinical reports have demonstrated that opioids administered through different routes of
administration (e.g. spinal, transdermal, oral) can unexpectedly produce hyperalgesia in some
patients, and may be associated with rapid opioid escalation (De Conno et al., 1991; Sjogren
et al., 1993, 1994; Jacobsen et al., 1995; Mercadante et al., 2003; Chu et al., 2006). Increasing
opioid dose and opioid rotation are used to achieve full-pain relief in this group of patients
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(Mercadante et al., 2003, 2005). A significant genetic basis for opioid- induced hyperalgesia
may underlie individual variability in opioid response (Kest et al., 2002; Klepstad et al.,
2005; Liang et al., 2005; Mogil et al., 2005). Numerous reports indicate that prolonged opiate
administration can elicit hyperalgesia in rodents (Laulin et al., 1999; Vanderah et al., 2000;
Gardell et al., 2002, 2006; Johnston et al., 2004; Juni et al., 2006). In the present study, morphine
was delivered in a manner designed to produce stable blood morphine levels through
minipumps (Feng et al., 2006) and was found to elicit a dose-dependent enhancement, rather
than alleviation, of sarcoma-induced spontaneous and evoked pain behaviors. Moreover, while
naloxone treatment alone did not alter sarcoma-induced pain, the antagonist prevented
morphine-induced enhancement of sarcoma-induced pain. These data, and the observed
agonist dose–response relationship, indicate that sustained morphine enhancement of sarcoma-
induced pain occurs via morphine interaction with opiate receptors. While many cancer patients
respond well to opioids for pain management (Zech and Lehmann, 1995; Mercadante,
1999a), these data raise the possibility that prolonged opioid administration might exacerbate
bone cancer-induced pain in some patients and thus require supplemental pain medication to
overcome both opioid- and cancer-induced hyperalgesia and pain.

Sarcoma-induced changes in neural markers of pain were similar to previous reports, including
increased expression of activating transcription factor 3 (ATF3), a marker for neuronal damage
(Peters et al., 2005; Sevcik et al., 2005), and no change in SP and CGRP within cell bodies of
primary afferent fibers (Honore et al., 2000b). Sustained morphine administration increased
the excitatory neurotransmitters, SP and CGRP, within primary afferent fibers in mice treated
with control media as previously reported (Ma et al., 2000; Gardell et al., 2002; King et al.,
2005a) as well as in mice treated with sarcoma. The enhanced expression of SP and CGRP in
sarcoma-treated mice receiving morphine could represent an “add-on” mechanism of pain not
normally participating in sarcoma-induced pain. In addition, morphine administration doubled
the number of cells positive for ATF3 in sarcoma-treated mice, but not control, mice. These
results indicate that while sustained morphine exposure does not produce cell damage alone,
it increases sarcoma-induced neuronal damage. The morphine-induced pronociceptive
neuroplastic changes within the primary afferent fibers in combination with the sarcoma-
induced neuroplastic changes within the pain pathways likely play an important role in the
observed morphine-induced increase in sarcoma-induced pain behaviors. Additionally,
morphine treatment accelerated sarcoma-induced bone loss, and doubled the incidence of
sarcoma-induced fracture 10 and 12 days following sarcoma injection. Such increased bone
loss and fracture rate is likely to contribute to the morphine-induced pain in these animals.

One potential contributor to the enhanced sarcoma-induced bone loss in morphine-treated mice
is a change in sarcoma growth and tumor burden in these animals. There are mixed reports on
the effects of morphine on growth of cancer cells which are dependent upon the specific cell
line examined, and the dose/concentration of morphine used in the studies. Several studies
report that morphine inhibits cancer cell growth (Maneckjee and Minna, 1990, 1994; Sueoka
et al., 1996; Sueoka et al., 1998; Tegeder et al., 2003; Zagon and McLaughlin, 2005) while
others report that morphine increases cancer growth and instance of metastasis (Simon and
Arbo, 1986; Ishikawa et al., 1993; Gupta et al., 2002) or no effect on cancer cell growth (Zagon
and McLaughlin, 1984; Tegeder et al., 2003; Zagon and McLaughlin, 2005). In the murine
sarcoma cell line used in these studies, sustained morphine exposure failed to alter tumor
growth or tumor burden, suggesting that the enhanced sarcoma-induced bone loss observed in
the morphine-infused mice may be due to alterations in bone resorption. Bone resorption and
rebuilding take place continuously for bone maintenance and repair and are mediated by
osteoclast (resorption) and osteoblast (building) activity (Boyce et al., 1999, 2003). Previous
studies have shown that osteolytic cancers, such as the sarcoma cell line used in these studies,
upregulate osteoclasts within the bone resulting in bone loss (Honore et al., 2000a; Luger et
al., 2001; Sabino et al., 2002a). Consistent with these reports, osteoclast staining was increased
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in sarcoma-treated mice. Additionally, however, morphine infusion significantly increased
sarcoma-induced upregulation of osteoclasts.

IL-1 plays an important role in osteoclastogenesis through direct mechanisms such as
stimulating differentiation of osteoclast precursors and indirect mechanisms such as increasing
RANKL expression, which plays a critical role in osteoclast maturation, activity and survival
(Clohisy et al., 2003; Blair et al., 2005; Dougall and Chaisson, 2006). Previous studies
demonstrated that sustained morphine administration increases IL-1 protein within the spinal
cord and the lumbosacral CSF (Johnston et al., 2004). In our studies, morphine treatment
increased IL-1β levels within the bone in sarcoma- treated mice, an effect that is likely to
contribute to the observed osteoclastogenesis. IL-1β has also been implicated in peripheral
sensitization after injury leading to inflammatory pain (Sommer and Kress, 2004). Therefore,
morphine-induced increase in IL-1β within the bone is also likely to play a role in the sustained
morphine- induced increase in sarcoma-induced pain.

An alternate explanation for the observed enhanced bone loss in morphine-treated sarcoma
mice is that sustained morphine infusion produces pain relief leading to increased limb use
which in turn results in enhanced bone destruction. This possibility seems unlikely as our data
show that morphine exposure increased limping and guarding behavior, indicating more pain
resulting in less weight applied to the limb and the likelihood of less limb use. It is well
established that reduced loading on the skeleton leads to bone loss (Giangregorio and Blimkie,
2002; Damrongrungruang et al., 2004; Kondo et al., 2005). Indeed, limb disuse (rather than
increased use) is associated with increased bone resorption and decreased bone formation,
resulting in bone atrophy and fragility (Giangregorio and Blimkie, 2002). Thus, enhanced pain
resulting in reduced bone use and diminished mechanical load on the femur may have
contributed to the observed enhanced bone loss in the sarcoma-treated animals receiving
morphine infusion.

In humans, pain resulting from bone metastases is primarily, and appropriately, treated with
opioids. Bolus opioid administration has been shown to effectively alleviate bone cancer pain
in humans as well as in animal models (Mercadante, 1991, 1998; Urch et al., 2005). However,
sustained opioid delivery through patches (i.e. fentanyl) or extended release formulations (i.e.
controlled-release morphine or oxycodone tablets) is becoming more commonly used for pain
management in these patients (Heiskanen and Kalso, 1997; Warfield, 1998; Allan et al.,
2001; Hanks et al., 2001). Our experiments demonstrate that prolonged morphine treatment
may have negative effects on pain and bone mass. Increased understanding of opioid-induced
changes in this controlled model will allow examination of other variables such as other
opioids, drug interaction with other treatments such as bisphosphonates, NSAIDs, or
chemotherapeutic treatments, and opioid effects on other cancers that metastasize to the bone,
such as human prostate and breast cancers. The present data may lay foundations for studies
that will further our basic understanding of opioid-induced actions in cancer pain, disease
progression, and effects within the bone microenvironment and allow for the development of
strategies which may improve the use of opioids for pain management.
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Fig. 1.
Sarcoma cells (sarcoma) or control media (control) were injected into the intramedullary space
of the femur and behavior was tested beginning 6 days later. Saline or morphine osmotic
minipumps were implanted 7 days after sarcoma/media injection and were tested 10 and 12
days after injection (3 and 5 days after minipump implantation). (a) Sarcoma-treated mice with
morphine infusion showed increased flinching compared to all other treatment groups on test
days 10 and 12. (b) All sarcoma-treated mice showed increased guarding behavior compared
to control-treated mice. Sarcoma-treated mice with morphine infusion showed more guarding
behavior compared to sarcoma-treated mice with saline infusion. (c) Mice injected with control
media receiving morphine infusion demonstrated lower paw withdrawal thresholds on test days
10 and 12 (3 and 5 days into morphine infusion) indicating tactile hypersensitivity. All sarcoma-
treated mice showed lower paw withdrawal thresholds on test days 10 and 12, with mice
receiving morphine infusions showing lower paw withdrawal thresholds compared to sarcoma-
treated mice with saline infusions. (d) Sarcomatreated mice showed limping behaviors (score
of 3), with sarcoma-treated mice with morphine infusion developing limping behaviors prior
to saline-infused mice (days 10 vs. 12, respectively). All graphs show means ± SEM. *Indicates
significant difference from control saline group, #indicates significant difference between
saline- and morphine-treated mice within the sarcoma or the control groups.
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Fig. 2.
Sarcoma cells were injected into the intramedullary space of the femur. Saline or morphine
osmotic minipumps delivering morphine sulfate at 1, 3, 10, or 20 mg/kg/days were implanted
(s.c.) 7 days after injection and were tested 12 days after injection (5 days after pump
implantation). (a) Sarcoma-treated mice with morphine infusion showed increased flinching
in a dose-dependent manner. (b) Sarcoma-treated mice with morphine infusion showed
increased guarding behavior in a dose-dependent manner. (c) Sarcoma-treated mice with
morphine infusion showed increased tactile hypersensitivity in a dose-dependent manner. (d)
Sarcoma-treated mice with morphine infusion showed decreased limb use. All graphs show
means ± SEM with linear regression lines. For all analyses, the slopes of the regression lines
were significantly different from zero. Separate groups of six mice were used for each data
point.
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Fig. 3.
Immunofluorescent staining for ATF3, SP, or CGRP within the ipsilateral DRG (L4) on day
12. Graphs indicate % total DRG cells that are ATF3-ir, SP-ir, or CGRP-ir positive. Mice
injected with control media show very low levels of ATF3-ir, with less than 5% ATF3-ir
positive cell bodies within the DRG, irrespective of saline or morphine infusion. Sarcoma
treatment produced a significant increase in ATF3-ir positive cells, with morphine infusion
doubling the percentage of ATF3-ir positive cell bodies. Morphine infusion approximately
doubles the percentage of SP-ir positive cell bodies compared to saline-treated mice equally
sarcoma and control media-treated mice. Sarcoma treatment did not increase the percentage
of SP-ir positive cell bodies compared to control media treatment. Morphine treatment
approximately doubles the percentage of CGRP-ir positive cell bodies equally in sarcoma and
control media-treated mice, and sarcoma treatment does not increase the percentage of CGRPP-
ir positive cell bodies compared to control media treatment. Graphs show means ± SEM.
*Indicates significant difference from control saline group, #indicates significant difference
between saline- and morphine-treated mice within the sarcoma or the control groups.
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Fig. 4.
(a) Radiograph images of the injected femur on day 12. Sarcoma-induced bone loss is greatest
at the distal end of the femur, progressing along the femur to the proximal head of the femur.
Sarcoma-induced bone loss is more extensive in mice that received morphine infusion across
5 days compared to saline-treated mice. Fractures, indicated by arrows, were defined as full-
thickness cortical loss. (b) Enlarged radiograph images of the distal and proximal ends of the
femur showing sustained morphine infusion across 5 days increases sarcoma-induced bone
loss and increases fractures (indicated by arrows). (c) Bone loss ratings of sarcoma-treated
mice with saline or morphine infusions 6, 10, and 12 days following sarcoma injection show
that some sarcoma-induced bone loss is observed 6 days following, with no difference between
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morphine- and saline-treated mice. Unicortical fractures begin to develop 10 days following
sarcoma injection. Mice receiving morphine infusion across 5 days demonstrated more
sarcoma-induced bone destruction on day 12 compared with saline-treated mice, with more
mice showing bicortical fractures. Graphs show means ± SEM. *Indicates significant
difference from control saline group. #Indicates significant difference between saline- and
morphine-treated mice within the sarcoma or the control groups. (d) Sustained morphine
enhanced sarcoma-induced bone loss in a dose-dependent manner. Graphs shows mean ± SEM
with linear regression lines. The slope of the regression line was significantly non-zero.
Separate groups of six mice were used for each data point. (e) Morphine infusion doubled the
percentage of mice with sarcoma-induced spontaneous fractures compared to saline-infused
animals. (f) Morphine infusion increased the incidence of sarcoma-induced spontaneous
fractures in a dose-dependent manner. Graphs shows means ± SEM with linear regression lines.
The slope of the regression line was significantly non-zero. Separate groups of six mice were
used for each data point.

King et al. Page 21

Pain. Author manuscript; available in PMC 2009 July 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig. 5.
Sarcoma cells were injected into the intramedullary space of the femur. Naloxone (10 mg/kg/
day, s.c.) was administered alone and in parallel, through separate minipumps, with the highest
dose of morphine (20 mg/kg/day, s.c.). Minipumps were implanted (s.c.) 7 days after injection
and were tested 12 days after injection (5 days after pump implantation). (a) Administration
of naloxone with morphine prevented the sustained morphine-induced increase in sarcoma-
induced flinching. (b) Administration of naloxone with morphine prevented the sustained
morphine-induced increase in sarcoma-induced guarding. (c) Administration of naloxone with
morphine prevented the sustained morphine-induced increase in tactile hypersensitivity. (d)
Administration of naloxone with morphine prevented sustained morphine-induced increase in
limping behavior. (e) Administration of naloxone with morphine prevented sustained
morphine-induced increase in bone loss. (f) Administration of naloxone with morphine
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prevented the doubling in the incidence of spontaneous fracture. Naloxone alone had no effect
on sarcoma-induced behaviors. Graphs (a–e) represent means ± SEM. *Indicates significant
difference from control saline group.
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Fig. 6.
(a) Sarcoma cell growth was assessed in vitro by measuring BrdU incorporated into the sarcoma
cells by ELISA. Sarcoma cells were untreated (control), or treated with various doses of
morphine for 2, 4, or 6 days prior to assay. All assays were carried out in 96-well plates.
Morphine treatment was timed such that the designated treatment period ended 4 days after
plating, when the cells reached 50–70% confluency in the culture wells. The optical density at
450 nm in the morphine-treated samples is expressed as % of that in the untreated control cells
done in parallel, and data are means ± SEM from three independent experiments. Morphine
had no effect on the BrdU immunoreactivity incorporated into the cultured cells compared to
control cells that were not treated with morphine. (b) Femur sections were stained with
hematoxylin and eosin (H&E) on day 10. The distal ends of femurs from control mice show
normal bone marrow, trabecular bone and cortical bone. The distal ends of sarcoma-treated
femurs show tumor cells throughout the metaphysis of the distal head of the femur in both the
saline- and morphine-treated mice.
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Fig. 7.
(a) Femur sections were stained with tartrate-resistant acid phosphatase (TRAP) on day 10 to
visualize osteoclasts that stained dark red (indicated by arrows). Osteoclast staining was
increased in sarcoma-treated mice compared to control mice. (b) Sarcoma increased the number
of osteoclasts within the metaphysis of the femur. Morphine infusion further increased
osteoclasts compared to saline-infused mice. Osteoclast counts did not differ between
morphine- and saline-infused mice treated with control media. (c) IL-1β protein content was
measured in exudate from the intramedullary space of the femurs on day 12. Sustained
morphine infusion increased IL-1β protein content in sarcoma-treated mice. Sustained
morphine infusion had no effect on IL-1β protein levels in control media-treated mice. Graphs
show means ± SEM. *Indicates significant difference from control saline group, #indicates
significant difference between saline- and morphine-treated mice within the sarcoma or the
control groups.
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