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Abstract

Over half of all chronic cancer pain arises from metastases to bone and bone cancer pain is one of
the most difficult of all persistent pain states to fully control. Currently, bone pain is treated primarily
by opioid-based therapies, which are frequently accompanied by significant unwanted side effects.
In an effort to develop non-opioid-based therapies that could rapidly attenuate tumor-induced bone
pain, we examined the effect of intravenous administration of the bisphosphonate, ibandronate, in a
mouse model of bone cancer pain. Following injection and confinement of green fluorescent protein-
transfected murine osteolytic 2472 sarcoma cells into the marrow space of the femur of male C3H/
HeJ mice, ibandronate was administered either as a single dose (300 pg/kg), at day 7 post-tumor
injection, when tumor-induced bone destruction and pain were first evident, or in three consecutive
doses (100 pg/kg/day) at day 7, 8 and 9 post-tumor injection. Intravenous ibandronate administered
once or in three consecutive doses reduced ongoing and movement-evoked bone cancer pain-related
behaviors, neurochemical markers of central sensitization, tumor burden and tumor-induced bone
destruction. These results support limited clinical trials that suggest the potential of ibandronate to
rapidly attenuate bone pain and illuminate the mechanisms that may be responsible for limiting pain
and disease progression.
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Introduction

The most frequent presenting symptom of tumor metastasis to the skeleton is bone pain. Pain
originating from skeletal metastases usually increases in intensity with the evolution of the
disease and is commonly divided into three categories: ongoing pain, spontaneous
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breakthrough (incident) pain, and movement-evoked breakthrough pain.ll 2 Ongoing pain,
which is the most frequent initial symptom of bone cancer, begins as a dull, constant, throbbing
pain that increases in intensity with time.3: 4 As bone cancer progresses, intermittent episodes
of extreme pain can occur spontaneously, or more commonly, after weight-bearing or
movement of the affected limb.3: 4 Of these types of pain, breakthrough pain is the most
difficult to control, as the dose of opioids required to fully control this pain are generally high
and accompanied by significant unwanted side effects, such as somnolence, cognitive
impairment, and constipation.3'

In an effort to identify non-opioid therapies that could attenuate bone cancer pain we focused
on the bisphosphonate, ibandronate, as it is highly potent, can be administered orally or
intravenously (IV), and has a favorable renal safety profile.6 A third-generation
bisphosphonate, such as ibandronate, displays a high affinity for mineralized bone such that
within a few hours following a single subcutaneous or IV administration about 40-60% of the
bisphosphonate is incorporated into mineralized bone.”> 8 Once bound to bone,
bisphosphonates are internalized by the osteoclasts during the bone resorption process. This is
followed by a subsequent induction of apoptosis by two different modes of action. They either
form cytotoxic metabolites (non-nitrogen-containing bisphosphonates, such as etidronate or
clodronate) or inhibit protein tyrosine phosphatases (nitrogen-containing bisphosphonates,
such as alendronate, risedronate or ibandronate).gv10 In animals or humans that receive chronic
bisphosphonate treatment, the concentration of bisphosphonate at the mineralized bone/
osteoclast interface has been estimated to be in the order of 104 M to 10~ 3 M.11 The final
concentration depends on the dose, potency and duration of treatment of the respective
bisphosphonate, and on the underlying disease.

In light of the severity and frequency of bone pain and the relatively limited therapeutic options
to rapidly reduce this pain, bisphosphonate therapy has been incorporated into clinical practice
based on observation and a few trials. For example, 1V infusion of ibandronate in patients with
metastatic bone pain due to breast cancer was reported to induce rapid and significant reduction
in pain.12 However, what remains unclear is what specific sites in the bone or related
nociceptive systems are influenced by ibandronate infusion.

In the present report, we explore whether this clinical observation can be appropriately
simulated in an in vivo model of bone cancer pain by IV infusion of ibandronate, and thereby
gain insight into the underlying mechanisms. In these experiments, we used a mouse model,
in which osteolytic murine sarcoma cells, stably transfected with green fluorescent protein
(GFP), are injected and confined to the marrow space of the mouse femur.13: 14 As the tumor
cells are injected directly into the femur and the injection site sealed with dental grade amalgam
to prevent escape of tumor cells, the cells are confined to the femur without the confound of
extensive tumor growth outside the bone. We show that within days of either single or multiple
IV infusions of ibandronate, there was significant attenuation of both movement-evoked and
spontaneous bone cancer pain, markers of central sensitization, tumor-induced bone
destruction and tumor burden.

Experiments were performed on a total of 91 adult male C3H/HeJ mice (Jackson Laboratories,
Bar Harbor, Maine, USA), weighing 20-25g. The mice were housed in accordance with the
National Institutes of Health guidelines under specific pathogen free (SPF) conditions in
autoclaved cages maintained at 22°C with a 12-hour alternating light and dark cycle and were
given autoclaved food and water ad libitum. All procedures were approved by the Institutional
Animal Care and Use Committee at the University of Minnesota.
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Culture and Injection of Tumor Cells

Osteolytic murine sarcoma cells were obtained (NCTC 2472, ATCC, Rockville, Maryland,
USA), stablg/ transfected with green fluorescent protein (GFP), and maintained as previously
described.! Following induction of general anesthesia with ketamine:xylazine (75 mg/kg,
intramuscularly), an arthrotomy was performed exposing the condyles of the distal femur. The
bone was cored with a 30 gauge needle inserted at the level of the intercondylar notch. The
coring needle was then replaced with a 29 gauge hypodermic needle (Terumo Medical
Corporation, Elkton, Maryland, USA), used to inject either Hank’s buffered sterile saline as
the control (HBSS, Sigma, St. Louis, Missouri, USA; 20ul; sham, n=20) or HBSS containing
10° sarcoma cells (20ul; sarcoma, n=71) into the intramedullary space. In order to prevent cell
reflux following injection, the injection site was sealed with dental grade amalgam (Dentsply,
Milford, Delaware, USA), using an endodontic Messing gun (Union Broach, Emigsville,
Pennsylvania, USA), followed by copious irrigation with sterile filtered water (hypotonic
solution). Wound closure was achieved using a single 7mm auto wound clip (Becton
Dickinson, Sparks, Maryland, USA). Animals injected with sarcoma cells were further divided
into two groups, one group euthanized and processed at day 10 post-tumor injection (n = 39)
and the other second group at day 14 post-tumor injection (n = 32). A day 10 endpoint was
selected from one group of animals to more accurately quantify bone destruction and tumor
proliferation in the sarcoma + vehicle and sarcoma + ibandronate animals. The day 14 endpoint
was used as the time point of maximal expression of cancer-related pain behaviors and changes
in expression of neurochemical markers of peripheral and central sensitization. Sham animals
were used for control analysis of neurochemical changes and bone histology as they have
previously been shown not to be significantly different behaviorally, neurochemically, or
histologically from naive animals. 16, 17

Treatment with Ibandronate

Mice were randomly placed into three treatment groups receiving either sterile saline (sham +
vehicle: n=20; sarcoma + vehicle: n=24; 5 ml/kg 1V, given as a 10sec administration), the
bisphosphonate, ibandronate, on three consecutive days (sarcoma + ibandronate: n=33, 100
pg/kg/d 1V, from Roche Diagnostics GmbH, Penzberg, Germany), or ibandronate as a single
dose (sarcoma + ibandronate: n=5, 300 pg/kg 1V). Treatment was initiated at day 7 following
tumor cell or sham inoculation which is based on the time at which observable bone destruction
begins14 and was terminated at either day 10 or day 14 post-injection for consecutive dosing
or day 14 post-injection for the single dose.

Characterization of Study Medication

In vivo, ibandronate is 2-, 10-, 50- and 500-fold more potent at inhibiting bone resorption than
risedronate, alendronate, pamidronate and clodronate, respectively.18 Ibandronate can,
therefore, be used at lower doses than most bisphosphonates.

Consistent with other bisphosphonates,8 preclinical data show that ibandronate distributes
rapidly and concentrates predominantly in calcified tissue. In rats, IV administration of 0.1 mg/
kg [14C]ibandronate showed that ibandronate is rapidly cleared from plasma and that renal
excretion is the predominant route of elimination.8 As with other bisphosphonates, ibandronate
is not metabolized, so the radioactivity was entirely accounted for by the intact drug.
Radioactivity was 17-38 times higher in calcified versus non-calcified tissue. A total of 40—
50% of the dose was found in the entire skeleton, with a terminal elimination half-life of 440-
500 days for the trabecular and cortical sections of long bones.8

Renal clearance accounts for 50-60% of the elimination of ibandronate from the plasma (54—
112 ml/min) and is directly related to creatinine clearance.19 The remaining ibandronate is
absorbed into the bonel® and slowly clears as it redistributes in the blood. As a result, plasma
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elimination is multiphasic, with a half-life of 10-60 h in humans.19 When administered
repeatedly over one year, the concentration of ibandronate in rat bone was found to be linearly
related to the systemic dose, suggesting linear Kinetics in the dose range tested (0.2-25 pg/kg/
day, resulting in a total cumulative dose of approximately 0.07-9.1 mg/kg).20 Studies in
estrogen-depleted rats and dogs indicate that the pharmacodynamic effects of ibandronate on
bone is related to the total cumulative dose administered over a given time period and is
independent of whether the dose was given daily or less frequently in that period.zov 21 The
pharmacodynamic effects of ibandronate are related to its concentration in bone, which
provides the basis for this total dose concept and allows long dose-free treatment intervals.
19,20 1y addition to rats and dogs, the efficacy of intermittent treatment with ibandronate on
bone mass, strength, architecture and bone turnover has been demonstrated in monkeys and
minipigs following estrogen-depletion or chronic corticoid treatment.22, 23

Behavioral Analysis

Mice were tested 7, 8, 9, 10, 12 and 14 days following tumor cell or sham inoculation to assess
efficacy of ibandronate therapy (100ug/kg, 1V at days 7, 8 and 9 post sham or sarcoma injection)
in attenuating pain-related behaviors. Animals were observed over a standardized two-minute
period each day, during which we characterized the ongoing and palpation-evoked bone cancer
pain behaviors, as previously described.13: 24, 25 Briefly, the number of flinches and time
spent guarding the tumor-bearing limb were recorded as measures of ongoing pain, as these
measures mirror patients in a clinical setting with bone cancer who protect or suspend their
tumor-bearing limb. Movement-evoked pain due to palpation of the injected limb was
evaluated using previously validated tests. 17, 25 Palpation-evoked pain behaviors were
examined as animals received a normally non-noxious palpation of the tumor cell- or sham-
injected limb for two minutes prior to observation.1” Mice were monitored over a two-minute
period, and the number of flinches and time spent guarding were recorded. Palpation-evoked
behavior tests were developed to reflect the clinical condition when patients with bone cancer
experience increased pain following normally non-noxious movement of the tumor-bearing
limb. The ibandronate therapy was compared to acute morphine (Baxter, Deerfield, 1llinois;
10mg/kg subcutaneously) treatment and the morphine was administered 15 minutes prior to
behavi(z)rﬁal testing to ensure that animals were tested within the therapeutic window of drug
action.

Euthanasia and Processing of Tissue

Mice were sacrificed at day 10 or 14 post-tumor injection and the tissues were processed for
immunohistochemical analysis of spinal cord and femora as previously described.14 17, 27,
28 Briefly, mice received a normally non-noxious mechanical stimulation of the injected femur
90 minutes prior to euthanasia for induction of c-Fos expression.27’ 29 Following this
manipulation, mice were euthanized with CO, and perfused intracardially with 12ml 0.1 M
phosphate buffered saline (PBS) followed by 25 ml 4% formaldehyde/12.5% picric acid
solution.

Spinal cord segments (L2-L4) were removed, post-fixed in the perfusion fixative overnight
and cryoprotected in 30% sucrose at 4° C for 24 hours. Serial frozen spinal cord sections, 60
pm thick, were cut on a sliding microtome, collected in PBS, and processed as free floating
sections.

Following sectioning, spinal cord sections were briefly rinsed in PBS and then incubated in

blocking solution at 22° C (3% normal donkey serum (NDS) 0.3% Triton X-100 in PBS) for
one hr followed by incubation overnight at 22° C in the primary antibody. Spinal cord sections
were immunostained for c-Fos protein (1:2,000, Oncogene Research, San Diego, California,
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USA) and prodynorphin (polyclonal guinea pig anti-prodynorphin, 1:1,000, Neuromics,
Minneapolis, Minnesota, USA).

After incubation in primary antibody solutions, sections were rinsed in PBS three times for 10
minutes each and then incubated in the secondary antibody solution for 3 hours at 22° C.
Secondary antibodies, conjugated to Cy3 or biotin (Jackson ImmunoResearch, West Grove,
Pennsylvania, USA), were used at 1:600 or 1:500, respectively. In order to detect secondary
antibodies conjugated to biotin, following secondary incubation, sections were rinsed in PBS
and incubated in Cy3 conjugated streptavidin (1:4000; Jackson ImmunoResearch) for 45
minutes. To confirm specificity of the primary antibodies, controls included omission of the
primary antibody or preabsorption with the corresponding synthetic peptide. Following
immunostaining procedures, spinal cord sections were mounted onto gelatin-coated slides. All
mounted sections were then dehydrated in a successive alcohol gradient scheme (70, 90, 100%),
cleared in xylene and coverslipped with DPX (Fluka, Buchs, Switzerland).

Following radiological examination, the animals were perfused at day 10 or day 14 as described
above and the right (internal control) and left (tumor-bearing) femora were removed and fixed
in picric acid and 4% formalin at 4°C overnight followed by decalcification in 10% EDTA
(Sigma., St. Louis, Missouri) for no more than 14 days. Bones were then embedded in paraffin.
Femoral sections, 5 mcm thick, were cut in the medial-lateral plane and stained with tartrate-
resistant acid phosphatase (TRAP) and hematoxylin and eosin (H&E) to visualize histological
features of the normal bone marrow, tumor, osteoclasts and macrophages.

Radiographic Analysis of Tumor-Induced Bone Destruction

Radiographs (Faxitron X-ray Corp., Wheeling, Illinois, USA) of dissected femora were
obtained at the day 10 and day 14 time points to assess bone destruction. Images were captured
on Kodak Min-R 2000 mammography film (Eastman Kodak Co., Rochester, New York, USA,;
exposure settings: 7 sec, 21 kVp). The extent of tumor-induced femoral bone destruction was
radiologically assessed in the medial-lateral plane of whole bone images at 5X magnification
using a0to 5 scale (9 normal bone with no signs of destruction and 5, full-thickness bicortical
bone Ioss).14' 17,2

Micro-Computed Tomographic Analysis of Tumor-Induced Bone Destruction

A desktop eXplore Locus SP MicroCT imaging system (GE Healthcare, London, Ontario,
Canada) was used to visualize densitometric and architectural parameters in tumorbearing
sarcoma + vehicle and sarcoma + ibandronate therapy bones as compared to sham + vehicle
bones. The system is equipped with a microfocal X-ray tube providing an 8 um focal spot. The
source produces a fan beam that is detected by a charge coupled device (CCD) array with 1024
elements. The specimen is loaded on a turntable that can be shifted automatically in the axial
direction. After a data acquisition time set at 300 ms, the turntable with the specimen is rotated
by 1° and a new data acquisition process is performed. A standard convolution back projection
procedure is used to reconstruct the CT images in 1024x1024 pixel matrices. From the 2D
slices obtained, a 3D reconstruction was automatically performed by using a triangulation
algorithm.

Analysis of Osteoclasts and Macrophages in Bone

Osteoclast numbers was determined by quantifying the number of TRAP positive osteoclasts
at the bone/tumor interface for sarcoma-injected mice and at the normal marrow/bone interface
on TRAP stained femoral sections obtained from sham controls as previously described.14 In
brief, osteoclasts are histologically differentiated cells which are TRAP positive, closely

associated with regions of bone resorption, multinucleate, and are found in resorption lacunae
along the cortical and trabecular bone. Macrophage numbers were determined by quantifying
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the number of TRAP positive cells that were freely dispersed throughout the tumor mass and
normal hematopoeitic intramedullary space. Macrophages within the bone have been reported
to become activated due to tumor released factors that stimulate the cells,30 and the cellular
appearance of these activated macrophages is marked by their highly irregular surface, multiple
lamellipodia and phagocytic vacuoles.31 Results are expressed as the mean number of
osteoclasts per mm? of intramedullary space or macrophages per mm? of intramedullary space.

Quantification of Tumor Growth and Viability

Sections from tumor-bearing femurs were imaged using bright field microscopy on a Olympus
BX51 microscope equipped with a Olympus DP70 digital camera utilizing DPController image
capture software (Olympus, Melville, New York, USA). The total area of intramedullary space
and the percent of intramedullary space occupied by tumor and remaining hematopoeitic cells
was calculated using Image Pro Plus v6.0 software (Media Cybernetics, Silver Spring,
Maryland, USA). Area of tumor and remaining hematopoeitic cells are presented as a
percentage of total intramedullary area.

Quantification of Spinal Cord Immunohistochemistry

Fluorescently-labeled spinal cord tissue sections were analyzed for c-Fos and prodynorphin
expression using either an Olympus Fluoview 1000 confocal microscope imaging system or
an Olympus DP70 digital camera on an Olympus BX-51 fluorescence microscope with
DPController image capture software.

Quantification was carried out in spinal cord sections at lumbar levels L2-L4 as these spinal
segments receive significant afferent input from the L1-L5 dorsal root ganglia, which are the
principal ganglia that provide afferent input to the mouse femur.32-35 Quantification of spinal
cord sections for prodynorphin was performed on four randomly selected L2-L 4 coronal spinal
cord sections per animal. The number of prodynorphin-immunoreactive (IR) neurons in spinal
cord laminae I11-V1 were counted at 200x magnification and expressed as mean number of
neurons per 60um L2-L4 section per animal. The number of c-Fos-IR neurons was counted in
laminae I11-V1 of the dorsal horn in eight randomly selected L2—L4 coronal spinal cord sections
per animal.

Statistical Analysis

Results

The Statview computer statistics package (SAS Institute, Inc., Cary, North Carolina, USA)
was used to perform statistical tests. One-way ANOV A was used to compare behavioral results,
bone histological results, and immunohistochemical measures among the experimental groups.
For multiple comparisons, Fishers’s PLSD (protected least significant difference) posthoc test
was used. Significance level was set at P<0.05. The individual investigator responsible for
behavior, immunohistochemical analysis and scoring bone remodeling was blind to the
experimental situation of the animal to be analyzed. Results are presented as mean +/— standard
error of the mean (SEM).

Ibandronate Therapy Significantly Reduces Bone Cancer Pain-Related Behaviors

Ongoing pain was analyzed by measuring spontaneous guarding and flinching over a two-
minute time period. Sarcoma + vehicle mice exhibited significantly greater time spent
guarding, as compared to the sham + vehicle controls (Figure 1A). Additionally, sarcoma +
vehicle mice exhibited a significant increase in number of flinches as compared to sham +
vehicle controls (Figure 1B). Administration of ibandronate (IV, at days 7, 8 and 9) in
sarcomainjected mice significantly attenuated spontaneous guarding as compared to sarcoma
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+ vehicle mice (Figure 1A). Ibandronate treatment also significantly reduced spontaneous
flinching in sarcoma-injected mice (Figure 1B) as compared to sarcoma + vehicle.

Movement-evoked pain was analyzed by measuring palpation-induced responses. Sarcoma +
vehicle mice exhibited significantly greater time spent guarding after palpation as compared
to the sham + vehicle controls (Figure 1C). Sarcoma + vehicle mice also exhibited a significant
increase in number of flinches after palpation as compared to sham + vehicle controls (Figure
1D). Ibandronate treatment in sarcoma-injected mice significantly reduced both palpation-
evoked guarding (Figure 1C) and palpation-evoked flinching (Figure 1D). In these studies, no
significant side effects, such as ataxia, illness, or lethargy, were observed between animals
receiving either vehicle or ibandronate therapy. No significant body weight differences were
observed between sarcoma or sham-injected animals or animals receiving either vehicle or
ibandronate therapy.

Animals were also tested to compare the efficacy of ibandronate therapy to the acute
administration of morphine sulfate (10mg/kg) in reducing bone cancer-related pain behaviors.
Behavioral assessment on day 10 revealed that sarcoma + vehicle animals showed statistically
significant longer spontaneous time guarding (Figure 1A; 8.5+0.4 sec) and flinching (Figure
1B; 12.7+0.6 flinches), as well as increased time guarding (Figure 1C; 10.2+0.7sec) and
flinching (Figure 1D; 15.2+0.7 flinches) in response to palpation of the injected limb as
compared to sham + vehicle animals. Treatment with either ibandronate (100ug/kg/day 1V
given on three consecutive days beginning at day 7) or acute morphine sulfate (10 mg/kg
subcutaneously) significantly and to a similar extent reduced both ongoing and movement-
evoked guarding and flinching behaviors at day 10 post-tumor injection (Figure 1A, B), as
compared to sarcoma + vehicle mice. Sarcoma + ibandronate was significantly different from
sham + vehicle for both ongoing and movement-evoked pain behaviors at all time points. The
one-time single dose (300ug /kg 1V) given as a loading dose was as effective in reducing
ongoing and movement-evoked guarding behavior (Figure 1E, F).

Ibandronate Therapy Prevents Bone Destruction and Induces Tumor Cell Necrosis

The effects of ibandronate therapy on bone destruction, osteoclast proliferation, and tumor
growth were examined at day 10 and day 14 post-tumor injection. Sham-inoculated vehicle-
treated mice did not demonstrate significant bone destruction (bone score 0.6+0.1; Figure 2A)
or osteoclast proliferation throughout the entire intramedullary bone/normal marrow interface,
including the maintained trabecular regions/marrow interfaces (18+1 osteoclasts/mm?) (Figure
3A,D), as assessed by radiological, microCT, TRAP and H&E analysis, respectively. In
sarcoma + vehicle mice, there was extensive bone destruction, as observed and characterized
by multifocal serrated cortical bone radiolucencies and extensive loss of trabecular bone
regions in the distal diaphysis (bone score 3.4+0.8; Figure 2B). In addition to osteoclasts along
the cortical bone/tumor interface (41+4 osteoclasts/mm?2), the tumor had completely filled the
intramedullary space (100+0.0% of intramedullary space; Figure 3B, E). Treatment of
sarcoma-injected mice with ibandronate at days 7, 8 and 9 post-tumor inoculation resulted in
a significant change in bone resorption (1.7+0.4; Figure 2C), but did not significantly reduce
osteoclast proliferation at the bone/tumor interface (361 osteoclasts/mm?) or tumor growth
(93.0£0.6% of intramedullary space; Figure 3C, F) as compared to sarcoma + vehicle animals.
However, in contrast to vehicle, ibandronate induced extensive tumor cell necrosis in tumor-
bearing animals.

At 14 days following tumor injection, sarcoma + vehicle mice displayed a significant number
of macrophages (41+8 macrophages/mm? intramedullary space) and this number was not
significantly different from ibandronate-treated sarcoma-inoculated mice (32+2 macrophages/
mm? intramedullary space); however both sarcoma + vehicle and sarcoma + ibandronate-
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treated animals displayed a significant increase in macrophage infiltration as compared to sham
+vehicle inoculated animals (8+1 macrophages/mm? intramedullary space) (Table 1).

Using micro-computed tomographic reconstruction, significant visible differences in the
degree of osteolytic bone resorption in regions of trabecular bone were apparent at the day 10
endpoint in sham-injected (Figure 2F), sarcoma + vehicle (Figure 2G) and sarcoma +
ibandronate-treated animals (Figure 2H): Sarcoma + vehicle animals present extensive
trabecular bone resorption, while ibandronate therapy reduce the extent of bone resorption in
sarcoma + ibandronate animals such that these femurs closely resembled the features of sham-
inoculated controls.

Ibandronate Therapy Prevents Changes Indicative of Neuronal Activation and Central
Sensitization in the Spinal Cord

Immediate-early gene activation was attenuated by ibandronate treatment. The expression of
c-Fos in the deep dorsal horn (laminae 111-V1) has been utilized as a marker of central
sensitization in sarcoma-induced bone cancer pain.14v 17,36, 37 Normal, non-noxious
palpation of sham-operated animals resulted in minimal expression of c-Fos in deep laminae
(8.3%2.8; cFos-IR neurons/L3/L4 section; Table 1). Sarcoma + vehicle mice exhibited an
increased number of c-Fos immunoreactive (IR) neurons (33.7+7.0; cFos-IR neurons/L3/L4
section; Figure 4A) and treatment with ibandronate significantly prevented this expression (7.2
+2.4; cFos-IR neurons/L3/L4 section; Figure 4B).

Expression of dynorphin has been shown to be involved in the maintenance of chronic pain.
38,3 Dynorphin expression has also been shown to be up-regulated in the dorsal horn of the
spinal cord in several persistent pain states.37: 40,41 | sham + vehicle mice, asmall population
of spinal neurons expressed the dynorphin precursor peptide, prodynorphin, in deep spinal
laminae (2.3£0.6 DYN-IR neurons/L3/L4 section). In contrast, sarcoma + vehicle mice
expressed significantly more prodynorphin-IR neurons (4.9£0.6 DYN-IR neurons/L3/L4
section; Figure 4C). Ibandronate treatment significantly prevented the up-regulation of
prodynorphin expression (2.3+0.6 DYN-IR neurons/L3/L4 section; Figure 4D) in sarcoma-
injected mice.

Discussion

Mechanisms by Which Ibandronate Rapidly Attenuates Bone Cancer Pain

Following confinement and establishment of the tumor in the intramedullary space of the
mouse femur, IV administration of the bisphosphonate ibandronate rapidly attenuated ongoing
and movement-evoked cancer pain-related behaviors. There are several mechanisms by which
ibandronate may inhibit bone cancer pain. First, osteoclasts and tumor cells generate an acidic
environment; osteoclasts resorb bone by generating an acidic extracellular microenvironment
(pH 4.0 — 5.0) at the osteoclast-mineral interface of bone.42 The marrow, mineralized bone
and periosteum receive extensive innervation by primary afferent sensory neurons 43 and many
of these neurons express ion-sensing channels, such as the TRPV1 receptor44’ 45 or the acid-
sensing ion channel-3.46-48 [pandronate is taken up by osteoclasts that are actively involved
in resorption at the bone-nerve interface. Once the osteoclast have a significant concentration
of ibandronate within the cell, the mevalonate pathway will be blocked, with resulting loss of
the normal activation and localization of GTPases that are involved and required for vesicular
trafficking, signal transduction and cytoskeleton function. As all of these are required for the
formation of the highly acidic resorption lacunae, the extracellular acidosis that is generated
by activated osteoclasts and tumor cells in bone cancer should be attenuated by a reduction of
osteoclasts and overall tumor burden, with a resulting decline in the activation of acid sensing
ion channels expressed by sensory neurons that innervate the tumor bearing bone.49, 50
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If ibandronate can reduce the sensitization and activation of nociceptors as described above,
ibandronate therapy may also attenuate the central sensitization that may occur in the spinal
cord following sustained activation of nociceptors. One marker that is frequently up-regulated
with the development of central sensitization in the spinal cord is prodynorphin and this up-
regulation is observed as bone cancer pain increases in severity.®’ Previous studies have shown
that up-regulation of the pro-hyperalgesic peptide prodynorphin in the spinal cord can be
involved in the maintenance of chronic pain, such as that induced by peripheral nerve injury.
Thus, cleavage of prodynorphin results in the production of dynorphin, which upon release has
been shown to bind to the pro-algesic bradykinin receptors present in the spinal cord.39 51~
54 Together, these studies suggest that ibandronate treatment not only attenuates tumor-
induced activation and injury of sensory fibers in the bone, but also reduces the neurochemical
changes in the peripheral and central nervous system that are hypothesized to be involved in
generation and maintenance of bone cancer pain.

Ibandronate and Bone Remodeling and Tumor Viability

Within three days of the initial ibandronate administration, there was a significant reduction
in tumor-induced bone resorption, as assessed by high resolution x-ray (faxiton), micro-CT
and histological analyses. The mechanisms by which ibandronate reduces tumorinduced bone
resorption are suggested by previous reports that demonstrate that bisphosphonates inhibit
osteoclast recruitment,55 adhesion,55‘ 0 and activity.55’ 61 While we did not observe a
significant reduction in the total number of osteoclasts, the time points that we examined were
only at 4 to 8 days post-administration of ibandronate and does not reflect the clinical situation
in human metastatic bone disease, in which long-term treatment (month-years) is the standard.
8 The present observations, which focus primarily on bone pain, are in agreement with previous
reports, 62-64 suggesting that the initial effect of administration of a nitrogen-containing
bisphosphonate is a reduction in osteoclast activity, with reduction in osteoclast number due
to apoptosis being a secondary phenomena that is observed at later time points. 6

In contrast to long-term studies,56’ 65 short-term administration of ibandronate did not appear
to reduce tumor growth, but did result in decreased tumor survival. Thus, at 14 days following
injection of tumor cells into the femur the 2472 tumor cells robustly express GFP and show
little if any signs of tumor necrosis.13 In contrast, in animals that had received ibandronate,
the tumor cells that filled the intramedullary space began to display histological signs of
necrosis. In Iigsht of the present and previous studies concerning bisphosphonates’ impact on
tumor growth, 6, 65 3 critical and largely unresolved question is the mechanism(s) by which
ibandronate appears to impact tumor growth and viability. Previous reports have suggested
that bisphosphonates can have direct tumoricidal actions,66' 67 influence neovascularization,
68, 69 and have a marked impact on the release of growth factors from bone (by bIocking]
osteoclastmediated bone resorption) that may promote tumor growth and/or survival./0: 71
While the present results clearly demonstrate that ibandronate can influence tumor viability in
the in vivo bone, understanding the specific mechanism(s) by which bisphosphonates reduce
tumor growth and/or tumor survival remains an important but unanswered question in tumor
and bone biology.

In summary, we have demonstrated, using a single in vivo mouse model, that IV ibandronate
rapidly attenuates ongoing and movement-evoked bone cancer pain, the neurochemical
reorganization of the peripheral and central nervous system, bone destruction and tumor
survival. Interestingly, the relief of bone pain afforded by ibandronate was similar to that
afforded by acute morphine treatment. Understanding the mechanisms by which
bisphosphonates reduce bone pain, tumor growth and tumor-induced skeletal destruction may
allow the development of more effective mechanism-based therapies to treat metastatic bone
pain as well as the growth and survival of tumor cells that have metastasized to bone.
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Figure 1.

Ibandronate therapy attenuates bone cancer pain-related behaviors. Ibandronate treatment (100
pg/kg at days 7, 8 and 9 post sham or sarcoma injection, 1V) attenuated both ongoing and
movement-evoked bone cancer pain behaviors throughout the progression of the disease. The
time spent guarding and number of spontaneous flinches of the sarcoma injected limb over a
2-minute observation period was used as a measure of ongoing pain. This standardized 2-
minute observation of the animals behavior was performed at 7, 8, 9, 10, 12 and 14 days post
sham or sarcoma injection (A,B). Parameters of movement-evoked pain included
quantification of time spent guarding and the number of flinches over a 2-minute observation
period following a normally non-noxious palpation of the sham or sarcoma-injected femur (C,
D). Note that ibandronate treatment (large triangle at days 7, 8 and 9) post-tumor injection
(closed square) significantly reduced ongoing and palpation-evoked pain behaviors on days 8,
9, 10, 12 and 14 as compared to sarcoma + vehicle (open square). Acute morphine sulfate
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(small open triangle; 10 mg/kg subcutaneously) also significantly reduced both ongoing and
movement-evoked guarding and flinching behaviors at day 10 post-tumor injection (Figure
1A, B), as compared to sarcoma + vehicle mice. At 7, 8, 9, 10, 12 and 14 days post injection,
sham + vehicle (open circle) are significantly different from sarcoma + vehicle. Note that a
one-time single dose (300pg/kg V) was as effective as a loading dose in reducing ongoing (E)
and movement-evoked (F) guarding behavior. Sarcoma + ibandronate was significantly
different from sham + vehicle for ongoing and movement-evoked pain behaviors at all time
points. Error bars represent S.E.M. * = P<0.05 vs. sarcoma + vehicle; + = P<0.05 vs. sham +
vehicle.
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Figure 2.

Ibandronate therapy has a significant effect on reducing tumor-induced bone destruction at day
10 and day 14 post-tumor injection as assessed by high-resolution faxitron analysis. Sham
animals, (A) show no radiographically apparent bone destruction at day 10, whereas sarcoma
+ vehicle (B) animals show a transition from the radio-opaque bone tissue to a radio-lucent
appearance by day 10. Sarcoma + ibandronate (C) animals present a markedly reduced pattern
and extent of bone destruction as sarcoma + vehicle animals. Sham-injected mouse femurs (F)
present a net maintenance of trabecular bone while 2472 sarcoma-injected femurs (G) display
osteolytic resorption of trabecular structure at the distal diaphysis of the femur when analyzed
with microCT imaging at day 10 post-tumor injection. Treatment with ibandronate
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significantly attenuates the loss of trabecular bone when viewed with microCT imaging (G) at
day 10 post-tumor injection. Scale bars: A-H; .4mm. AU: .4 OR 4?
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Figure 3.

Hematoxylin and eosin-stained histological comparison of tumor burden and necrosis in sham,
sarcoma + vehicle and sarcoma + ibandronate treated femurs day 14 post-tumor injection.
Sham-injected mouse femurs (A) present neither visibly detectable newly formed bone or bone
destruction when assessed after hematoxylin and eosin staining (H&E). 2472 sarcomainjected
femurs display primarily osteolytic characteristics and replacement of the intramedullary space
with tumor cells and limited necrosis (B) where tumor cell apoptosis has occurred. Sarcoma +
ibandronate femurs present complete replacement of the intramedullary space with tumor cells
and extensive necrosis of the tumor mass at day 14 post-injection. High power images of sham
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(D), sarcoma + vehicle (E) and sarcoma + ibandronate (F) intramedullary space. A-C; Scale
bar = 4mm, D-F; Scale bar = 0.25mm. T= tumor; H= hematopoeitic cells; N= necrosis.
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Neurochemical changes associated with central sensitization are attenuated by administration
of ibandronate. Representative confocal images of c-Fos expressing neurons of the spinal cord
in sarcoma + vehicle (A) and sarcoma + ibandronate (B) mice. Following a normally non-
noxious palpation of tumor-bearing limbs, sarcoma + vehicle mice showed an increased
expression of c-Fos protein in neurons within the deep laminae. In sarcoma animals that
received ibandronate therapy, there was a significant reduction of this increased expression of
c-Fos protein. Representative confocal images of prodynorphin expression (DY N) in the dorsal
horn of the spinal cord in sarcoma + vehicle (C) and sarcoma + ibandronate (D) mice. Sarcoma
+ vehicle mice displayed an increase in prodynorphin-IR neurons in deep laminae of the
ipsilateral spinal cord (C), whereas ibandronate therapy significantly attenuated the increase
in prodynorphin expression (D). Scale bar: A, B 150mcm; insets in C,D 200mcm.
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Table 1
Histological & Immunohistochemical qualification of bone remodeling, tumor progression, and neurochemical changes
in ibandronate (3 x 100ug/kg cum.) and 2472 + Vehicle treated Mice

Sham + Vehicle 2472 + Vehicle 2472 + Ibanreonate
1. Bone Histomorphometry (Day 14)
Osteoclasts 1934 3454702 323+142
(OC # throughout the intramedullary space)
Macrophages 192 77472 68+22
(Ms # throughout the intramedullary space)
Tumor cells 0£0 100202 93462
(% intramedullary space occupied)
Hematopoetic Cells 100+0 0+02 7442
(% intramedullary space occupied)
2. Immunohistochemistry (Day 14)
Spinal Cord
c-Fos (LII=V1) 8.542.8 334780 7.242 48D
Dynorphin (LII-VI) 2.310.6 4.9+0.680 2.3+0.6%P
Gilal Fibrillary Acidic Protein (GFAP) 100+11 126+48 11247

Expressed as % of Sham Value

aP<0.005 versus sham + vehicle (one way ANOVA, Fisher’s PLSD).

bP<0.005 versus 2472 + vehicle (one way ANOVA, Fisher’s PLSD).
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