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1. Introduction

Cancer pain encompasses all pain states due to tumor occupation of soft tissue or bone and 

peripheral neuropathy resultant from chemotherapeutic treatment [21]. Bone pain (cancer-

induced bone pain, CIBP) is reported by 30–50% of all cancer patients and by 75–90% of 

late-stage patients [50]. CIBP is driven by a combination of peripheral (tumor-associated) 

skeletal, inflammatory and neuropathic mechanisms [36]. Innovations in the treatment of 

bone cancer pain have primarily focused on the development of adjunct therapeutics 

addressing secondary bone loss and vulnerability to painful skeletal-related events. However, 

no therapeutic strategies to date target the neuropathic mechanisms of CIBP. In a clinical 

study, 24% of patients with metastatic bone pain exhibited neuropathic features [45]. 

Furthermore, the persistence of neuropathic characteristics following remission is 

hypothesized to underlie continued pain in recovering patients [10]. Thus, the need for 

efficacious therapeutic interventions rather than palliative care is crucial as the proportion of 

patients recovering from metastatic cancer increases; better understanding of the neuropathic 

features and therapeutic targets of CIBP are critical to the development of such strategies.

Ceramide is a pro-inflammatory, pro-apoptotic sphingolipid whose metabolism has recently 

been associated with pain [51; 57]. Ceramide is formed through de novo synthesis from 

condensation of palmitate and serine to form dihydrosphingosine, which is acylated to 

dihydroceramides and then desaturated to ceramides. Catabolism of sphingomyelin and 

glycosylated ceramides in the lysosome also generates ceramide through the salvage 
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pathway [31]. Ceramides are degraded to sphingosine that can be phosphorylated by 

sphingosine kinase to sphingosine-1-phosphate (S1P), a potent inflammatory sphingolipid 

metabolite [54] that has a causative role in a variety of persistent pain states by binding to 

the S1P receptor 1 (S1PR1) in the nervous system [51]. In addition to the role of the 

ceramide-to-S1P pathway in peripheral inflammation and pain [16; 18], elevated ceramide 

and S1P levels in the spinal cord have been suggested to play a critical role in neuropathic 

pain [26; 47]. For example, elevations in spinal S1P mediate the induction and maintenance 

of paclitaxel-induced peripheral neuropathic pain that can be prevented or attenuated by the 

administration of S1P receptor subtype 1 antagonists [26]. However, there is little known 

about these sphingolipid metabolites in CIBP.

Here, we propose an alteration in spinal sphingolipid content may underlie the maintenance 

of CIBP in a syngeneic 66.1-BALB/c murine breast cancer metastasis model. In the lumbar 

region ipsilateral to the tumor-bearing limb, we observed changes in the sphingolipid 

salvage pathway that lead to dihydro-S1P synthesis, another ligand of S1PR1. Moreover, 

increased degradation of ceramides leads to increases in S1P and accordingly, blockade of 

spinal S1PR1 signaling profoundly attenuated spontaneous cancer-related pain behaviors. 

We demonstrate for the first time the bioactivity of spinal sphingolipid metabolites S1P and 

dihyro-S1P and the ensuing neuroinflammation are critical components of CIBP. These 

findings identify S1PR1 as a potential therapeutic target alone or as an adjunct therapy to 

address the neuropathic qualities of CIBP.

2. Materials and Methods

2.1. Experimental Animals

Female BALB/c mice (18–20g; Harlan, IN, USA) were housed in a climate-controlled 

specific pathogen-free room (12-h light/dark cycle) with ad libitum access to food and water. 

Estrous cycles were not controlled because the study (14 days) was longer than the 4–5 days 

estrous cycle and female mice were housed separately from male mice to induce assumed 

anestrus [1]. Studies were conducted by a blinded observer between the hours of 08:00–

12:00 in accordance with the International Association for the Study of Pain, the National 

Institutes of Health and with the approval of the Saint Louis University and University of 

Arizona Institutional Animal Care and Use Committees.

2.2. Cell Culture

Murine 66.1 cells were grown at 37°C under 5% CO2 in Eagle’s minimum essential medium 

(Mediatech, Manassas, VA), containing 10% fetal bovine serum, 100 IU/ml penicillin and 

100 μg/mL streptomycin, as previously described [36]. All in vivo and in vitro assays used 

cells passaged 10–20 times.

2.3. Femoral arthrotomy

Mouse femoral arthrotomy was performed as previously described by our laboratory [35]. 

Briefly, animals were anesthetized (80 mg/kg ketamine, 12 mg/kg xylazine in 10 ml/kg, i.p.) 

and the condyles of the right distal femur were exposed. The femur was arthrotomized and a 

placement needle was inserted to verify access to the intramedullary space via radiographic 
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imaging (Faxitron, Lincolnshire, IL, USA). A suspension of 66.1 mammary adenocarcinoma 

cells (4×105) in growth medium or growth medium alone was injected into the 

intramedullary space of the femur and the injection site was sealed with dental amalgam. 

Animals were allowed a 7-day period for surgical recovery and tumor manifestation. All 

treatments were initiated on or after post-surgery day 7. For intrathecal drug administration, 

animals were lightly anesthetized with 3% isoflurane/O2 inhalation (maintained on 2% 

isoflurane/O2), the skin over the lumbar region of the spine was shaved, disinfected, and a 

percutaneous injection into the lumbar intrathecal space was performed. For subcutaneous 

infusion studies, animals were anesthetized as described above and a small (<1 cm) incision 

was made between the shoulder blades where a primed subcutaneous osmotic minipump 

(Alzet #1007D; 0.5 μl/hour for 7 days) containing drug or vehicle control was inserted. The 

incision was closed with surgical adhesive and the animals were monitored post-operatively.

2.4. Test Compounds

TASP0277308 was synthesized as previously reported [19]. Fingolimod (FTY720) was 

purchased from Cayman Chemical (Ann Arbor, MI, USA). Sheep anti-rat IL-10 IgG 

antibody was a generous gift from Dr. Linda Watkins at the University of Colorado Boulder. 

The rat IL-10 neutralizing antibodies were raised in sheep at the National Institute of 

Biological Standards and Control (South Mimms, Hertfordshire, UK) and purified by 

Avigen (Alameda, CA, USA) and have been shown to specifically block IL-10 signaling 

when intrathecally administered [34; 53]. Control sheep serum IgG was obtained from 

Sigma Aldrich (St. Louis, MO, USA).

2.5. Behavioral Testing

Pain behaviors were measured in mice prior to surgery (day 0, baseline, BL) and evaluated 

again on post-surgery day 10 for acute treatment studies or on days 7, 10 and 14 for 

continuous treatment studies. To evaluate spontaneous pain behaviors, mice were acclimated 

for 30 minutes in individual chambers with a wire mesh floor. Flinching and guarding 

behaviors were then observed over 2 minute periods. Flinching was characterized by rapid 

flexion and lifting of the right hind paw when not associated with locomotion. Guarding was 

characterized by the retraction of the right hind limb under the torso. CIBP is defined as a 

significant difference in the number of flinches or seconds guarding (typically ≥5 flinches 

and ≥5 seconds guarding over a 2-minute period) when compared to behavior prior to 

femoral arthrotomy on day 0. When behavior is expressed as %Reversal of CIBP, the data 

for each animal was normalized against its baseline (day 0) and its peak pain (day 7) 

according to the following equation: %Reversal of CIBP = (behavior at t – behavior at day 

7) / (behavior at day 0 – behavior at day 7) × 100, where t is the time point measured.

2.6. Sphingolipid analysis by mass spectrometry

Portions of mouse spinal cords from lumbar region ipsilateral to femoral injection site of 

66.1 cells were harvested and placed into 13 × 100 mm borosilicate tubes with a Teflon-

lined cap (VWR, West Chester, PA). Lipids were extracted by adding 2 ml of CH3OH and 1 

ml of CHCl3 together with the internal standard cocktail from Avanti Polar Lipids 

(Alabaster, AL) which was added to samples in 20 μl ethanol:methanol:water (7:2:1) as a 

cocktail of 500 pmol each. Standards for sphingoid bases and sphingoid base 1-phosphates 
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were 17-carbon chain length analogs: C17-sphingosine; C17-dihydrosphingosine; C17-

sphingosine-1-phosphate (S1P); and C17-dihydrosphingosine-1-phosphate (dihydro-S1P). 

Standards for N-acyl sphingolipids were C12-fatty acid analogs: C12-Cer, N-(dodecanoyl)-

sphing-4-enine (d18:1/C12:0); C12-Cer 1-phosphate, N-(dodecanoyl)-sphing-4-enine-1-

phosphate (d18:1/C12:0-Cer1P); C12-sphingomyelin, N-(dodecanoyl)-sphing-4-enine-1-

phosphocholine (d18:1/C12:0-SM); and C12-glucosylceramide, N-(dodecanoyl)-1-β-

glucosyl-sphing-4-enine. Samples were dispersed by sonication and incubated at 48°C 

overnight. After cooling, 150 μl of 1 M KOH in CH3OH was added to cleave 

glycerophospholipids. Extracts were neutralized with 12 μl of glacial acetic acid, 

centrifuged, supernatants transferred to new tubes and evaporated to dryness with a speed 

vac. Residues were reconstituted in 0.5 ml of starting mobile phase solvent for liquid 

chromatography-electrospray ionization-tandem mass spectrometry (LC-ESI-MS/MS), 

sonicated, centrifuged, and clear supernatants transferred to autoinjector vials for analyses. 

Sphingolipids were separated by reverse-phase HPLC coupled to an AB Sciex 5500 

quadrupole/linear ion trap (QTrap; SCIEX Framingham, MA) operating in triple quadrupole 

mode, as described previously [9].

2.7. Cytokines microbead assay

The levels of cytokines within the dorsal lumbar spinal cord were assessed using a 

commercially available magnetic multiplex cytokine kit (Bio-Rad Laboratories). Samples 

were processed as previously described [25], according to manufacturer’s protocol.

2.8. Bone Loss Scoring

Digital radiographs of the lower extremities were taken following behavioral testing on days 

0, 7 and 14 (MX20 DC12, Faxitron XRay, Lincolnshire, IL, USA). Bone loss was rated by 

an observer blinded to treatment group according to a modified 5 point scale: 0 = normal; 1 

= small radiolucent lesions, indicative of bone destruction (1–3 lesions); 2 = increased 

number of lesions (3–6 lesions); 3 = full-thickness unicortical fracture; 4 = full-thickness 

bicortical fracture [4]. Animals receiving a score of 4 were humanely euthanized and 

excluded from the study.

2.9. Serum Biochemical Assay

Immediately following behavioral testing on day 14, mice were anesthetized (80 mg/kg 

ketamine and 12 mg/kg xylazine in 10 ml/kg, i.p.) and whole blood was collected by 

transcardial puncture. Blood was allowed to coagulate at room temperature for 1 hour before 

isolating serum by centrifugation. Serum was stored at -80°C until use. Serum C-telopeptide 

fragment of collagen type I (CTX) was quantified using an ELISA according to 

manufacturer specifications (Immunodiagnostic Systems, Gaithersburg, MD, USA) with a 

detection limit of 2 ng/ml and 50 ng/ml.

2.10. Statistical Analysis of Data

Data are expressed as mean ± SEM for n animals. The ED50 values for the reversal of 

flinching and guarding behavior by test compounds were determined by a three-parameter, 

non-linear regression analysis of normalized data. Time-dependent behavior was analyzed 
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by a two-tailed, two-way ANOVA with Bonferroni post hoc comparisons. Pairwise 

comparisons were made using a Welch’s corrected, unpaired, one-tailed Student’s t-test. The 

false discovery rate (FDR) for the multiple pairwise comparisons of the lipidomic data was 

controlled by Benjamini-Hochberg (B-H) procedure (q<0.05). Significant differences were 

defined as p<0.05 for all data except lipidomic data where significance was defined at 

p<0.032. All statistical analyses were performed using GraphPad Prism 6.0 (Graph Pad Inc., 

San Diego, CA) or IBM SPSS Statistics for Windows, Version 21.0. IBM, Armonk, NY).

3. Results

3.1. CIBP enhances spinal cord levels of dihydro-S1P and S1P

To examine the relevance of central sphingolipids in metastatic cancer pain, we profiled the 

sphingolipidomic changes in the lumbar ipsilateral spinal cord of female mice by LC-ESI-

MS/MS 14 days after femoral arthrotomy and inoculation of spontaneously-occurring 

murine breast cancer 66.1 cells, a commonly used model of CIBP [35]. There were 

significant reductions in the levels of almost all ceramide species (Fig. 1A) and 

monohexosylceramides (Fig. 1B), yet no major changes in levels of sphingomyelin were 

observed (Fig. 1C). These data suggest that ceramide degradation by ceramidase(s) that 

cleave all ceramide acyl chain species is increased in the lumbar spinal cord of bone tumor 

bearing mice. This was accompanied by increased levels of sphingosine, a product of 

ceramidase activity (Fig. 1D), and a corresponding increase in S1P (Fig. 1E), catalyzed by 

phosphorylation of sphingosine by sphingosine kinase. In contrast, there were significant 

increases of dihydroceramides, an intermediate in de novo sphingolipid biosynthesis (Fig. 

2A), and monohexosyldihydroceramides (Fig. 2B) but not dihydrosphingomyelins (Fig. 2C). 

Intriguingly, while dihydrosphingosine remained unchanged (Fig. 2D), significant increases 

of dihydro-S1P (Fig. 2E) in the spinal cord were observed, further indicating sphingosine 

kinase activation in the spinal cord during CIBP.

3.2. Intrathecal and systemic administration of S1PR1 antagonists reverses CIBP pain 
behaviors

Because both S1P and dihydro-S1P are ligands of S1PR1 and our laboratory has previously 

demonstrated that S1PR1 mediates the neuropathic and pro-nociceptive qualities of S1P in 

the spinal cord [26; 51], we next evaluated whether increases in S1P and dihydro-S1P are 

functionally relevant in CIBP by pharmacologically targeting the S1PR1. Following the 

establishment of CIBP (day 11), animals were administered an intrathecal injection of 

vehicle, S1PR1 antagonist TASP0277308 [3] or functional antagonist FTY720 [3]. 

Administration of TASP0277308 or FTY720, but not their vehicle, rapidly (≤30 min) 

reversed flinching and guarding behavior with an effect that peaked within 30 min and 

resolved by 3 h (Figs. 3A, B). Whereas these results suggest a spinal site of action of the 

S1PR1 antagonists, we cannot of course exclude potential contributing effects of S1PR1 

antagonists on S1PR1 expressed on DRG neurons and immune cells as some drugs are 

known to access the DRG site post i.th. injection [51].

To evaluate the clinical applicability of a S1PR1-targeted strategy, FTY720 was 

administered systemically to CIBP animals. FTY720 rapidly (≤30 min) and dose-
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dependently reversed flinching and guarding behavior with an effect that peaked within 1.5 h 

and resolved by 6 h (Figs. 3C, D). Animals displayed no qualitative signs of sedation or 

motor impairment.

3.3. Continuous reversal of CIBP by S1PR1 antagonists requires spinal IL-10 signaling

CIBP is a progressive pain state; therefore therapies are highly vulnerable to the 

development of tolerance and loss of their efficacy to treat CIBP. Indeed, the clinical failure 

of current therapies is most often due to antinociceptive tolerance and disease-related pain 

progression [33; 48]. Therefore, on days 7–14, we administered either a single daily 

injection of FTY720 (1 mg/kg/d, i.p., Figs. 4A, B) or continuous subcutaneous infusion of 

FTY720 (1 mg/kg/d, s.c. osmotic minipump, Figs. 5A, B) to CIBP animals. In both 

therapeutic paradigms, FTY720, but not its vehicle, significantly attenuated flinching and 

guarding behaviors when measured on days 7 and 14. There was no significant decrease in 

the antinociceptive efficacy of FTY720 observed over a 7-day period.

3.4. Involvement of IL-10 in suppression of CIBP by FTY720

To determine the mechanisms involved in S1PR1-mediated continuous antinociception in 

CIBP, we investigated the previously reported anti-neuroinflammatory effects of FTY720 [7] 

in our model of CIBP. Using a microbead cytokine screen (Bio-Rad, Hercules, CA, USA), 

the treatment-associated alterations in TNF, IL-1β, IL-6, IL-10, and MCP-1 levels in the 

ipsilateral lumbar spinal cord on day 14 of CIBP were measured. Preliminary overview of 

the changes revealed that beneficial effects of FTY720 given subcutaneously via an 

implanted minipump were associated with attenuation of spinal expression of pro-

inflammatory IL-1β and promoted spinal expression of anti-inflammatory IL-10 relative to 

untreated tumor-bearing controls (not shown). To evaluate the functional relevance of spinal 

IL-10 in FTY720-mediated relief of CIBP, we co-administered an intrathecal IL-10 

neutralizing antibody or IgG control on days 10 and 14 during continuous subcutaneous 

infusion of FTY720. In previous rodent pain studies by Sloane et al., an intrathecal dose of 

this IL-10 neutralizing antibody blocked the ability of recombinant IL-10 overexpression in 

the spinal cord to provide short and long-term reversal of mechano-allodynia within hours of 

its administration [53]. Here, intrathecal administration of IL-10 neutralizing antibody, but 

not IgG control, rapidly (≤60 min), completely, and reversibly abrogated FTY720 

antinociception on both days 10 and 14 (Figs. 5A, B) indicating that the S1PR1 blockade 

elicited continuous IL-10 signaling as a mechanism of pain relief in CIBP.

3.5. Reversal of CIBP by FTY720 is unrelated to changes in bone growth

Multiple peripheral and central generators of nociception contribute to the state of CIBP 

[17]. To control for bone and tumor-related effects of FTY720, radiographs were taken on 

days 0, 7 and 14. Neither FTY720 (1 mg/kg/d, i.p.) nor its vehicle (5% DMSO control) 

affected the number of observed translucent (osteolytic) lesions in tumor-bearing animals; 

similarly no effects were observed in the sham control group (Figs. 6A,B). In serum 

harvested from these same animals on day 14, tumor burden was associated with an 

elevation in collagen-type I fragment (CTX) as compared to sham control (Fig. 6C), but 

FTY720 treatment did not alter circulating CTX in sham or tumor-bearing animals (Fig. 

6C). These data suggest that repeated dosing of FTY720 does not alter bone metabolism in 
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CIBP and therefore did not produce anti-nociception by reducing the frequency of skeletal-

related events.

3. Discussion

Despite its prevalence, metastatic bone pain is poorly managed in patients using 

combinations of opioids and adjunct therapeutics [10]. The prevalence of bone pain is 

largely due to the propensity of epithelial-origin cancers to colonize the heavily vascularized 

areas of the skeleton, such as the red marrow of the long bones, sternum, pelvis, ribs and 

vertebrae [6]. Using a mammary adenocarcinoma (66.1 breast cancer cells) from a BALB/c 

mouse and placing the cells into the intramedullary space of the femur, we create a syngenic 

(immunocompetent) murine model of breast cancer-induced bone metastasis [35] with the 

dysregulation of bone resorption and deposition that yields osteoclastic and osteoblastic 

lesions [43] and spontaneous pain similar to human metastatic bone cancers [43]. The use of 

this syngenic model and a murine species prone to inflammation [41] better represents the 

pro-inflammatory state seen in human metastatic cancers [42]. Unfortunately, cancer pain is 

ineffectually managed with non-steroidal anti-inflammatory drugs and opioids in >30% of 

patients [55]. WHO guidelines for cancer pain management have remained unchanged since 

1996 [58], which underscores the need for novel therapeutic development. Characterizations 

of CIBP in vivo have demonstrated the formation of peripheral neuropathic features at the 

site of bone-tumor burden, such as neuroma formation and the disruption of periosteal 

innervation [28; 38], as well as central neuropathic pathology in the dorsal horn [23; 60] and 

spinal glia [62]. In a clinical study, 24% of patients with metastatic bone pain exhibited 

neuropathic features [45]. Furthermore, the persistence of neuropathic characteristics 

following remission is hypothesized to underlie continued pain in recovering patients [10]. 

Results presented in this manuscript unravel a previously unrecognized role for dysregulated 

sphingolipid metabolism and the S1PR1 axis in the central nervous system in neuropathic 

characteristics of CIBP using an established model of breast-origin CIBP [35].

For the first time, we demonstrate that painful peripheral bone tumor burden elicited 

alterations in spinal cord sphingolipid metabolism. These changes may represent a novel 

central neuropathic characteristic of CIBP. When compared to sham control animals, intra-

femur cancer animals displayed consistent decreases in monohexosylceramides and 

ceramides in tandem with increases in pro-nociceptive S1P in the lumbar spinal cord 

ipsilateral to the neuro-innervation of femur tumor burden. The decrease of ceramide and its 

glycosylated metabolites is consistent with enhanced lysosomal degradation and the salvage 

pathway [31]. On the other hand, the increase in dihydroceramides implicates increased de 
novo sphingolipid biosynthesis in a manner that favors the formation of dihydro-S1P. It is 

possible that the ipsilateral input from the femur-innoculated cancer cells may alter 

sphingolipid metabolism in other spinal cord segments (i.e., thoracic or cervical cord); 

however, our studies focused on the ipsilateral lumbar cord due to the rapid behavioral 

response of FTY720 after intrathecal administration (≤30min). Altered spinal sphingolipid 

metabolism occurs in neuropathic rodents [26; 29; 47; 51; 57] and is implicated in neuronal 

cell death following both nerve injury [14] and ischemia-reperfusion injury [15]. Moreover, 

S1P levels in the tumor microenvironment are greatly increased by sphingolipid metabolism 

in tumor cells, erythrocytes and platelets that in turn promote tumor migration, proliferation 
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and angiogenesis [44; 49]. It is important to note that while 66.1 cells implanted and sealed 

into the bone do not metastasize within the 14-day test period in the absence of fracture [32] 

and are not likely to contribute directly to increased S1P in the spinal cord, local increases in 

S1P in the tumor-bearing bone could sensitize peripheral afferents [11; 30; 46] and promote 

the development of CIBP and spinal S1P production by provoking adaptive glutamatergic 

and neuroinflammatory changes in the spinal cord [51]. S1P has emerged as a key regulatory 

molecule in breast cancer [22; 37; 49] and thus, reduction of its levels by FTY720 and/or 

altering S1P signaling may reduce breast cancer growth and bone metastasis and may 

partially be responsible for the decrease in CIBP, supporting its clinical use in metastatic 

cancers.

The functional relevance of increases in spinal cord levels of S1P and dihydro-S1P was 

validated using the S1PR1 antagonist TASP0277308 and the functional antagonist FTY720. 

FTY720 is an orally bioavailable highly CNS-permeant [5; 7] drug that is currently 

approved for the treatment of relapsing-remitting multiple sclerosis [24]. Importantly, 

FTY720 requires phosphorylative bioactivation by sphingosine kinase 2 [8; 52]. Binding of 

FTY720-P to S1PR1 results in its rapid ubiquitination, proteasomal degradation, and 

irreversible down-regulation [20; 56] and accordingly, explains the functional antagonistic 

actions of FTY720 [3]. In order to control for the bioactivation requirement and functional 

antagonist nature of FTY720, TASP0277308 was selected as an S1PR1-specific competitive 

antagonist that does not require bioactivation. Indeed, FTY720 and TASP0277308 

demonstrated near-identical reversal of CIBP pain behaviors, validating the importance of 

S1PR1 signaling in CIBP.

Critically, our data demonstrates that FTY720 provides continuous relief from CIBP in a 

fashion that requires the anti-neuroinflammatory effect of IL-10. While initial thoughts 

indicated that clinically observed effects of FTY720 were due to lymphoid sequestration 

[39], new evidence suggests that an effect on glia and specifically astrocytes may underlie 

FTY720-mediated neuroprotection [13]. S1P regulates cell status and neuroinflammation via 

S1PR1, S1PR3 and S1PR5 on astrocytes [12; 59], oligodendrocytes and microglia [40]. 

Astrocytic S1PR1 expression is increased following inflammatory activation by LPS or TNF 

in vitro [27]. Because astrocytes are a key source of IL-10 in the CNS [32], it is possible that 

targeting S1PR1 produces an anti-inflammatory shift in astrocytic phenotype in CIBP. 

Astrocyte-derived IL-10 plays a vital role in regulating microglial phenotype and 

neurotransmission in the hippocampus [2] and furthermore, astrocyte-derived IL-10 is 

reported to limit signaling-related neurotoxicity in vivo [61]. Therefore, it is possible that 

FTY720-mediated antinociception continuously elicits the production of glial IL-10 as a 

neuromodulator that reduces microglial activation and, critically, limits the extent of 

activation in the lumbar spinal cord ipsilateral to injury. In conclusion, our work pioneers the 

characterization of sphingolipid alterations in the lumbar spinal cord ipsilateral to painful 

bone tumor burden using the immune-competent, murine model of metastatic bone disease. 

We demonstrate that the S1PR1 axis plays a critical role in CIBP, and attenuation of this axis 

through an IL-10 dependent mechanism abrogates clinically relevant pain behaviors in mice. 

These findings support the potential fast-track clinical application of the FDA-approved 

drug, FTY720, as a therapeutic avenue for CIBP.
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Figure 1. 
Decreased ceramide and increased S1P in spinal cords of 66.1 bone tumor bearing mice, a 

model of cancer-induced bone pain. Lumbar spinal cord ipsilateral to the site of arthrotomy 

was harvested 14 days post-surgery from sham and 66.1 tumor-bearing mice and 

sphingolipid levels determined by LC-ESI-MS/MS. (A) Total ceramide and ceramide acyl 

chain species. (B) Total monohexosylceramide and its acyl chain species. (C) Total 

sphingomyelin and its acyl chain species. (D) Sphingosine and (E) S1P. Graphs are 

representative of two individual experiments and lipidomic analyses. Data are expressed as 

mean ± SEM for n=5 mice/group and analyzed by Welch’s corrected, unpaired, one-tailed 

Student’s t-test. False discovery rate was controlled by Benjamini-Hochberg procedure 

(q<0.05; q*=0.031). *P<0.03 vs. sham.
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Figure 2. 
Enhanced de novo sphingolipid biosynthesis and increased dihydro-S1P levels in spinal 

cords of 66.1 bone tumor bearing mice. Lumbar spinal cord ipsilateral to the site of 

arthrotomy was harvested 14 days post-surgery from sham and 66.1 tumor-bearing mice and 

dihydrosphingolipid levels determined by LC-ESI-MS/MS. (A) Total dihydroceramide and 

its acyl chain species. (B) Total monohexosyldihydroceramide and its acyl chain species. (C) 

Total dihydrosphingomyelin and its acyl chain species. (D) Dihydrophingosine and (E) 

dihydro-S1P. Data are representative of two individual experiments and expressed as mean ± 

SEM for n=5 mice/group and analyzed by Welch’s corrected, unpaired, one-tailed Student’s 

t-test. False discovery rate was controlled by Benjamini-Hochberg procedure (q<0.05; 

q*=0.031). *P<0.03 vs. sham.
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Figure 3. 
S1PR1 antagonists attenuate spontaneous flinching and guarding CIBP behaviors. Mice 

were evaluated on day 11 when they displayed ≥5 flinches and ≥10 seconds guarding over a 

2-minute period. Treatment was administered at t=0 and mice were tested until the effect 

resolved. (A) When compared to vehicle (3% DMSO control; ◊; n=6), intrathecal 

administration of TASP0277308 (3 nmol; ■; n=9 or 10 nmol; ▲; n=8) or FTY720 (3 nmol; 

● n=7) attenuated CIBP-induced flinching. (B) Likewise, guarding behaviors were 

attenuated with intrathecal administration of TASP0277308 (3 nmol; ■; n=9 or 10 nmol; ▲; 

n=8) or FTY720 (3 nmol; ●; n=7) when compared to vehicle (◊; n=4). Dose-response 

flinching (C) and guarding (D) behaviors to intraperitoneal FTY720 (0.1, ●; 0.3, ■; or 1.0 

mg/kg, ▲; n=8) compared to vehicle (◊; n=4). Data are expressed as mean ± SEM for (n) 

animals and analyzed by two-tailed two-way ANOVA with Bonferroni comparisons. *P 

<0.05 vs. t=0h.
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Figure 4. 
Systemic administration of FTY720 is not subject to tolerance. FTY720 (1 mg/kg/d, i.p.) or 

vehicle (5% DMSO, i.p.) was administered once daily from post-surgical days 7–14. 

Flinching (A) and guarding (B) behaviors are shown before and 1 h after drug administration 

on the first (day 7) and last (day 14) days of treatment. Data are expressed as mean ± SEM 

for n=10 mice/group and analyzed by two-tailed two-way ANOVA with Bonferroni 

comparisons. *P <0.05 vs. sham and †P <0.05 vs. daily baseline.
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Figure 5. 
The beneficial effects of FTY720 on CIBP are IL-10-dependent. On post-surgical day 7 

when mice exhibited sufficient CIBP behaviors (>5 flinches and >10 seconds guarding over 

a 2-minute period, days 10–14), mice were implanted with 7-day subcutaneous minipumps 

containing FTY720 (1 mg/kg/d). When measured on days 10 and 14, FTY720 micropump 

infusion reversed CIBP flinching (A) and guarding (B) behaviors. The ability of FTY720 to 

maintain reversal of CIBP behaviors was attenuated 1 h after intrathecal administration of 

IL-10 neutralizing antibody (αIL10; black arrow; n=8), but not IgG control (n=5). Data are 

expressed as mean ± SEM for (n) mice and analyzed by two-tailed, two-way ANOVA with 

Bonferroni comparisons. #P <0.05 vs. D10 or D14.
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Figure 6. 
Repeated administration of FTY720 does not alter bone metabolism. FTY720 (1 mg/kg/d, 

i.p.) or vehicle (5% DMSO, i.p.) was administered once daily from post-surgical days 7–14. 

(A) Sample post-surgical day 14 sham and tumor-bearing radiographs showing 

radiotranslucent lesions of bone loss (white arrows). (B) Bone loss ratings obtained from 

blinded evaluation of radiographs on post-surgical days 0, 7, and 14 (n=10/group). (C) C-

telopeptide fragment of collagen type I (CTX) was measured in serum harvested from 

animals on post-surgical day 14 (n=5/group). Data are expressed as mean ± SEM for (n) 

mice per group and analyzed by two-tailed two-way (B) or one-way (C) ANOVA with 

Bonferroni comparisons. *P<0.05 vs. sham.
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