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Abstract

Over the past few years, significant progress has been made in cancer therapy. Indeed, the lifespan
of cancer patients has significantly increased. Although patients live longer, cancer-related pain
remains a daily problem affecting their quality of life, especially when metastases reach the bone.
In patients coping with cancer-induced bone pain, morphine and NSAIDs, often used in
combination with other medications, are the most commonly used drugs to alleviate pain.
However, these drugs have dose-limiting side effects. Morphine and other routinely used opioids
are mu opioid receptor (MOPR) agonists. The MOPR is responsible for most opioid-related
adverse effects. In the present study, we revealed potent analgesic effects of an intrathecally-
administered selective delta opioid receptor (DOPR) agonist, deltorphin 11, in a recently developed
rat bone cancer model. Indeed, we found that deltorphin Il dose-dependently reversed mechanical
allodynia 14 days post-surgery in this cancer pain model, which is based on the implantation of
mammary MRMT-1 cells in the femur. This effect was DOPR-mediated as it was completely
blocked by naltrindole, a selective DOPR antagonist. Using the complete Freund’s adjuvant model
of inflammatory pain, we further demonstrated that deltorphin Il was equipotent at alleviating
inflammatory and cancer pain (i.e., similar EDsg values). Altogether, the present results show, for
the first time, that activation of spinal DOPRs causes significant analgesia at doses sufficient to
reduce inflammatory pain in a rat bone cancer pain model. Our results further suggest that DOPR
represents a potential target for the development of novel analgesic therapies to be used in the
treatment of cancer-related pain.
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Introduction

According to the American Cancer Society, more than 194,000 US patients were diagnosed
with breast cancer and 192,000 with prostate cancer in 2009 (Jemal et al., 2009). Advanced
breast and prostate cancers often metastasize to the skeleton (Coleman, 1997, 2006). Indeed,
bones are among the three most common sites of metastatic diseases (Schulman and Kohles,
2007). Unfortunately, pain is the major debilitating factor in bone metastasis-bearing
patients and is responsible for a reduced quality of life (Coleman, 1997, Mercadante, 1997,
Mantyh et al., 2002, Zeppetella, 2009).

When tumor cells invade bone, the growing tumors induce nerve compression, ischemia and
the release of proinflammatory substances (Honore and Mantyh, 2000). During these
changes within the bone, cancer patients commonly experience intermittent periods of
severe pain against a background of tonic pain, and these intense pain episodes are further
aggravated by the use of the affected limb (movement-evoked pain) (Mercadante, 1997,
Urch, 2004). Although the “World Health Organization analgesic ladder” provides a
structured approach to drug selection for the treatment of cancer pain, most medications
effective for patients coping with bone cancer pain have dose-limiting side effects
(Mercadante, 1997, de Wit et al., 2001, Meuser et al., 2001).

In cancer pain therapy, mu opioid receptor (MOPR) agonists are the most commonly used in
a structured approach treatment (Mercadante and Arcuri, 1998, Ruiz-Garcia and Lopez-Briz,
2008). Morphine and nonsteroidal anti-inflammatory drugs (NSAIDs) are used in
combination and have limited efficacy at reducing bone cancer pain (Portenoy and Lesage,
1999, Kirou-Mauro et al., 2009). In fact, although morphine is efficacious at alleviating
inflammatory pain, higher doses are usually required to treat cancer-related bone pain
(Luger et al., 2002, Wacnik et al., 2003). In some patients, sustained treatment and
escalating doses of morphine may be accompanied by analgesic tolerance and/or opioid-
induced hyperalgesia (Mercadante et al., 2003, Ossipov et al., 2005, Silverman, 2009) in
addition to other common side effects, i.e., constipation, somnolence and sedation (Portenoy
and Lesage, 1999).

Currently, advances in cancer therapy have significantly increased the lifespan of patients
diagnosed with bone cancer metastasis (Halvorson et al., 2006). However, these patients still
suffer from severe episodes of bone-related pain that greatly affect daily activities (Mantyh
et al., 2002, Halvorson et al., 2006, Christo and Mazloomdoost, 2008). Therefore, further
efforts are required to develop novel therapies to alleviate bone cancer-induced pain over
extended periods of time without any adverse side effects.

Early studies have demonstrated that delta opioid receptor (DOPR) agonists produce potent
analgesia when administered intrathecally (i.t.) to mice (Porreca et al., 1987). Over the
years, the DOPR has emerged as a potential new target for the development of novel
painkillers to treat pain arising from different etiologies. Interestingly, in humans coping
with cancer pain, i.t.-administered D-Ala-D-Leu-enkephalin (DADLE), a DOPR-preferred
agonist, has been shown to produce analgesia (Onofrio and Yaksh, 1983, Moulin et al.,
1985, Krames et al., 1986).
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Using a newly validated preclinical model that closely mimics the human conditions of
metastatic breast cancer-induced bone pain (Dore-Savard et al., 2010), we examined the
analgesic properties of i.t. deltorphin 11, a DOPR-selective agonist, to treat cancer-induced
bone pain. For comparison, the analgesic potency of i.t. deltorphin Il in cancer pain was also
determined in the well-characterized complete Freund’s adjuvant (CFA) model of chronic
inflammatory pain.

Experimental Procedures

Cell Culture

Animals

Surgery

Mammary rat metastasis tumor (MRMT-1) cells were provided by the Cell Resource Center
for Biomedical Research Institute of Development, Aging and Cancer (Tohoku University
4-1, Seiryo, Aoba-ku, Sendai, Japan). These cells originated from female Sprague-Dawley
rats. Cells were cultured in RPMI 1640 medium (Gibco, Montreal, Quebec, Canada)
supplemented with 10% fetal bovine serum (FBS, heat-inactivated) and 2% penicillin/
streptavidin (Gibco, Montreal, Qc, Canada). Cells were detached using a gentle mechanical
medium-flow and then prepared for implantation. Briefly, cells were pelleted by
centrifugation (3 min at 200 X g), rinsed with 1 mL of Hank’s balanced salt solution without
calcium, magnesium or phenol (HBSS; Gibco, Montreal, Qc, Canada) and then centrifuged
again (3 min at 200 X g). The pellet was re-suspended in 1 mL of RPMI 1640, and cells
were counted using a hematocytometer. For injection, cells were diluted to achieve a final
concentration of 30,000 cells in 20 pL of RPMI 1640 medium and were maintained on ice
prior to surgery. For the sham group, 20 pL of RPMI 1640 was injected into the femur.

Two adult male Sprague-Dawley rats (175-225 g; Charles River Laboratories, St-Constant,
Quebec, Canada) were housed per cage and maintained on a 12 hour light/dark cycle with
access to food and water ad /ibitum. All animal procedures were approved by the Ethical
Committee for Animal Care and Experimentation of the Université de Sherbrooke (protocol
#170-07) and carried out according to the regulations of the Canadian Council on Animal
Care (CCAC) to refine and reduce the number of animals used and ensure humane
endpoints. Behavioral studies were conducted between 6:00 and 11:00 (light cycle). Rats
were acclimated for 4 days to the animal facility and 3 days to manipulations and devices
prior to behavioral studies.

Animals’ anesthesia was induced with 5% isoflurane (Abbott Laboratories, Montreal, Qc,
Canada) and then maintained with 2.5% isoflurane with an O, flow of 1 L/min during the
surgery. Throughout the surgery, the eyes were protected with an ophthalmic liquid gel
(Tear-gel, Novartis, Mississauga, ON). Next, animals were laid supine, and their left hind
paw was shaved and disinfected with 70% v/v ethanol and 10% v/v povidone-iodine
(Rougier Pharma, Mirabel, Qc, Canada). A minimal skin incision (8—10 mm) exposed the
quadriceps femoris. To reach the femoral condyles, the vastus lateralis was incised (5-8 mm
in length), and the patellar ligament was moved adjacent to the medial condyle to expose the
patellofemoral groove area. Minimal damage was inflicted to the surrounding muscles and
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blood vessels. With this procedure, knee ligaments remained intact. Using a 25-gauge
needle, a small and superficial cavity was bored between the medial and lateral condyle
(approximately 1 mm in depth). A 25-gauge needle was inserted into the cavity at a 45°
angle allowing it to reach the intramedullar canal of the femur. The needle was then
substituted with a blunt-ended 25-gauge needle connected to a 50 uL Hamilton syringe
containing 20 pL of the cell suspension (30,000 cells). The syringe was left in place for 1
min to allow the cell suspension to disperse into the bone marrow. The needle was then
removed, and the cavity was sealed using dental amalgam (Prodigy A3, Kerr, Orange, CA)
and polymerized with a curing light (QHL75, Sinclair Dental, Montreal, Canada). The site
was thoroughly washed with sterile saline solution. The muscle and the connective tissue
were closed using a discontinuous suture made with a synthetic absorbable suture
(Monocryl, Ethicon, Sommerville, NJ). The skin was closed using a continuous suture made
with a non-absorbable surgical suture (Prolene, Ethicon, Sommerville, NJ). Finally, the
wound was washed with 3% v/v peroxide and sprayed with a bitter solution (Aventix animal
health, Flamborough, ON). After the surgery, animals recovered from anesthesia within 3
minutes and could walk easily on their operated-limb immediately following surgery.

Femurs were gently dissected to preserve their unique pathological condition. To preserve
the architecture, rat femurs were immersed in 70 % ethanol for a minimum of 72 hours.
Radiographs of dissected bones from sarcoma- and sham-operated animals 14 days after
surgery were performed using a Faxitron MX-20 (Faxitron, Lincolnshire, IL). Pictures were
taken at 26 kV with an exposure time of 10 s and at 2X magnification. Micro-computed
tomography analyses were performed on the same samples with a 1072 MicroCT system
(Skyscan, Kontich, Belgium). The parameters were as follows: source: 80 kV, 124 yA;
zoom: 20X; pixel size: 14.06 um; exposition time: 3.0 s; rotation: 0.9°.

Induction of Inflammation

Drugs

Unilateral inflammation of the hind limb was induced by a single subcutaneous injection of
100 pL emulsified complete Freund’s adjuvant (CFA 200 ug/100 uL; Calbiochem, San
Diego, CA, USA) into the plantar surface of the left hind paw of rats under brief isoflurane
anesthesia (3%; 1 L/min). Behavioral testing was carried out 6 days after CFA injection. The
level of edema was measured by water displacement with a Plethysmometer (1ITC Life
Science Inc., Woodland Hills, CA, USA).

Deltorphin 1l (lot #077K14561; Sigma, St. Louis, MO, USA, batch no 5/20720; Tocris
Bioscience, Ellisville, MO, USA, and lot #M08048T1; American Peptide, Sunnyvale, CA,
USA) was dissolved in sterile saline solution (0.9% NaCl) to a concentration of 1 mg/mL
and stored at —20°C in aliquots until use. For behavioral testing, deltorphin 11 was diluted in
sterile saline and injected i.t. Briefly, deltorphin 11 or vehicle saline were gently administered
(in 30 pL final volume over 2 s) into the L4-L5 intervertebral space (corresponding to the
cauda equind) using a 26G Y2-inch needle mounted on a Luer tip Hamilton syringe (VWR,
Montreal, Qc, Canada) under light isoflurane anesthesia (3%; 1 L/min). Needle placement
was confirmed by the observation of a light tail flick. Selectivity of deltorphin 1l for the
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DOPR was verified by blocking DOPR binding sites with the selective DOPR antagonist,
naltrindole (72 pg in final volume 30 pL; batch no 10A/93089; Tocris Bioscience, Ellisville,
MO, USA), injected 10 min prior to deltorphin 11. The putative effect of the same dose of
naltrindole alone was also evaluated.

Behavioral testing

von Frey hair test—Sensitivity to non-noxious mechanical stimuli was measured using
the von Frey test. To detect the appearance of allodynia, bilateral hind paw withdrawal
responses to von Frey hair stimulation of the plantar surface of the footpads were determined
at postoperative days 3, 7, 11 and 14. Animals were acclimated to a transparent plastic box
with a wire mesh floor (Stoelting, Wood Dale, IL, USA) for 30 min, during the 3
consecutive days prior to the first test (on day 3). A 15 min habituation period was allowed
before all other testing days (day 7, 11 and 14). The mid-plantar surface of the left hind paw
was stimulated using a series of 8 Touch Test® von Frey hairs with logarithmically
incremental stiffness capable of exerting bending forces of 0.41, 0.70, 1.20, 2.0, 3.63, 5.50,
8.50 and 15.10 g (Stoelting). The force of stimulation that caused rapid withdrawal in 50%
of trials was calculated using the up-and-down Dixon method (Dixon, 1980, 1991). Tests
started with a 2.0 g filament and each filament was held for 10 s. An absence of response led
to a stronger subsequent stimulus, while the next weaker hair was used following a paw
withdrawal event. According to the Dixon method, threshold calculation requires 6
responses in the immediate vicinity of the 50% threshold. In cases where continuous positive
or negative responses were obtained from the entire range of hair stimuli, values of 15.00 g
and 0.25 g were assigned, respectively. The resulting pattern of positive and negative
responses was tabulated using the convention X = withdrawal and O = no withdrawal, and
the 50% response threshold was interpolated using the formula: 50% g threshold =
(10[Xf+x81/10,000) where X; = value (in log units) of the final von Frey hair used; x = tabular
value (Appendix from (Chaplan et al., 1994)) for the positive/negative responses; and & =
mean difference (in log units) between stimuli (here 6 = 0.175).

Testing timeline—MRMT-1 cells were implanted into the femur, or CFA was injected
into the left hind paw, as described above. Fourteen and 6 days after cancer-induction and
CFA injection, respectively, the 50% paw withdrawal threshold (indicated as 0 min) was
measured prior to i.t. injection of saline, deltorphin Il or naltrindole. Thereafter, the 50%
withdrawal threshold was measured every 15 min over a 60 min period. The maximum
possible effects (MPE) of deltorphin 11 in the presence or absence of naltrindole in cancer
animals and CFA-injected rats were calculated according to the following formula: %MPE =
100X [(test 50% paw withdrawal threshold)-(baseline 50% paw withdrawal threshold)]/
[(cutoff value, i.e., 15 g)-(baseline 50% paw withdrawal threshold)]. From the latter
calculation, 0% MPE represents no anti-allodynic effect of the drug while a 100% MPE
corresponds to a complete relief of the mechanical allodynia or hypersensitivity, i.e.,
response withdrawal thresholds to von Frey hair equal to baseline values (prior to cancer
cells or CFA injection).
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Calculations and statistical analysis

Calculations were done using Excel 2007, graphs using SigmaPlot 11.0, and statistical
analysis using GraphPad Prism 5.0. Data are expressed as the mean + standard error of the
mean (S.E.M.).

Results

General observations

Sarcoma and sham animals were frequently weighed throughout the duration of the
experiments. On day 14, no difference in weight was observed between cancer-(331.2+8.9 g;
n=13) and sham-operated rats (332.5£7.3 g; n=8). At that time, sarcoma rats frequently
displayed limping and guarding and avoided bearing body weight on their sarcoma paw,
suggesting the presence of cancer-induced continuous and movement-evoked pain. Such
behaviors were not observed in sham-operated animals.

Bone cancer induced mechanical allodynia

As shown in Fig. 1A, implantation of 30,000 MRMT-1 cells into the femur of Sprague-
Dawley rats resulted in the development of mechanical allodynia. Seven days following
tumor cell injection, the ipsilateral paw of tumor-bearing rats showed decreased withdrawal
threshold to von Frey hair stimuli compared to the contralateral paw (50% withdrawal
threshold = 7.45+1.15 g and 13.37+0.80 g for ipsi- and contralateral hind paw, respectively;
*** P<0.001, two-way ANOVA followed by Bonferroni’s multiple comparison test). Over
the course of the experiment, the 50% paw withdrawal threshold of cancer-bearing rats
progressively decreased reaching 5.51+0.95 g on day 11 and 4.29+0.62 g on day 14 post-
surgery (*** P<0.001 compared to contralateral hind paw, two-way ANOVA followed by
Bonferroni’s multiple comparison test). These data suggest that cancer-bearing rats have
developed mechanical allodynia simultaneously with tumor progression (Fig. 1A). The 50%
withdrawal threshold for the ipsilateral hind paw was not changed over time in sham-
operated rats (Fig. 1A).

Tumor progression induced bone loss and fragility

We have recently reported that proliferation of MRMT-1 cells into the femur induces
structural bone remodeling and bone loss (Dore-Savard et al., 2010). In the present study,
mechanical allodynia was accompanied by enhanced bone fragility 14 days post-surgery.
Whole femur X-rays (Fig. 1B) and tomodensitometry of the distal femur (Fig. 1C) from
tumor-bearing animals revealed structural changes when compared to sham animals. Indeed,
in the cancer-bearing femur, severe cortical bone loss was observed at the distal level (white
arrow; Fig. 1B and 1C).

DOPR activation reversed bone cancer-induced mechanical allodynia

To investigate the possible role of DOPRs in alleviating cancer-induced mechanical
allodynia, increasing doses of deltorphin 11 were injected i.t. 14 days after MRMT-1 cell
implantation. As shown in Fig. 2A, i.t. deltorphin 11 (3-30 pg) time- and dose-dependently
increased the 50% paw withdrawal threshold. The peak response was observed 15 min after
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administration of 3 ug (5.33+£0.93 g) and 10 pg (7.97+1.70 g) of deltorphin Il. When a 30 pg
bolus was administered, the maximal effect of deltorphin Il was maintained from 15 to 30
min after the injection (13.2941.60 g for 15 min and 12.93+1.36 g for 30 min). Responses
returned to baseline values 45 minutes after injection for all doses (Fig. 2A). To determine
whether the anti-allodynic effect of deltorphin Il was DOPR-mediated, naltrindole was
injected i.t. 10 min prior to deltorphin Il. As illustrated in Fig. 2A, a 3:1 molar ratio of
naltrindole (72 pg) completely abolished the analgesic effect of deltorphin Il (30 pg). In the
presence of naltrindole, deltorphin Il failed to produce anti-allodynia (50% paw withdrawal
threshold = 3.31+0.42 g at 15 min and 4.11+0.42 g at 30 min post deltorphin I1; ***
P<0.001 compared with deltorphin 1l alone). The %MPE of 30 ug deltorphin Il in the
presence or absence of 72 pg naltrindole are shown in Fig. 2B. In naltrindole-treated
animals, deltorphin Il was unable to exert analgesic effects at either 15 (%MPE =
—7.3+6.6% compared to 87.7+12.0% for deltorphin 11 alone) or 30 min after administration
(%MPE = -2.9+5.2% compared to 89.0+7.5% for deltorphin 11 alone). As shown in Fig. 2C,
i.t. injection of naltrindole alone had no effect.

DOPR activation reduced CFA-induced tactile hypersensitivity

It has been shown that morphine is less efficacious at alleviating bone cancer pain than
inflammatory pain (Luger et al., 2002, Wacnik et al., 2003). To compare the analgesic
efficacy of deltorphin Il in these pain models, we measured the anti-allodynia in the CFA
model of inflammation. Injection of 100 UL of CFA emulsion into the plantar surface of the
left hind paw rapidly induced the development of edema and swelling. We determined that 6
days after CFA injection, the level of mechanical allodynia was comparable to tumor-
bearing animals at 14 days post-MRMT-1 cell implantation (see Fig. 1A). Six days after the
CFA injection, the ipsilateral hind paw volume (i.e., edema) was 2.52+0.07 mL compared to
1.65+0.03 mL for the contralateral hind paw (*** P<0.0001 when compared to contralateral
hind paw; Student’s two-tailed paired t-test).

As shown in Fig. 3A, i.t. deltorphin Il dose-dependently (3-30 pg) decreased CFA-induced
allodynia. While there was no difference observed following 3 pg of deltorphin 11 (50% paw
withdrawal threshold = 2.98+0.40 g), the analgesic effect using 10 pg and 30 pg peaked 15
min after deltorphin 1l administration (50% paw withdrawal threshold = 8.70+1.71 g and
11.09+1.65 g, respectively). Paw withdrawal thresholds returned to baseline 45 min after
deltorphin Il injection. The anti-allodynic effect of 30 pug deltorphin 11 was DOPR-mediated
because i.t. naltrindole (72 pg) injection 10 min prior to deltorphin 1l administration
significantly reduced deltorphin 1l-mediated analgesia (Fig. 3A; 50% paw withdrawal
threshold = 4.33+£0.38 g at 15 min and 2.73+0.22 g at 30 min post deltorphin I1; ***
P<0.001 compared with deltorphin 11 30 ug). In the presence of naltrindole, the %MPE of
deltorphin Il was 12.8+3.3% and -0.7+4.6% after 15 and 30 min, respectively, whereas it
reached 60.5+16.7% and 41.5+17.7% for deltorphin Il alone (Fig. 3B; * P<0.05 for
naltrindole compared to deltorphin alone, two-tailed unpaired #test). As shown in Fig. 3C,
i.t. injection of naltrindole had no effect by itself.
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Deltorphin Il has equal potency at alleviating bone cancer pain and inflammatory pain

We determined the potency of deltorphin Il to inhibit bone cancer pain and inflammatory
pain. As shown in Fig. 4, doses of deltorphin Il required to induce 50% of the maximal
possible effect (EDsg) at 15 min are 10.1 pg and 17.6 pg for cancer-bearing and CFA
animals, respectively. Note that the %MPE used for this calculation were determined from
the results shown in Fig. 2B and Fig. 3B. The relative potency of deltorphin Il at alleviating
bone cancer pain and inflammatory pain were comparable (P>0.05, two-way ANOVA
followed by Bonferroni’s multiple comparison test).

Discussion

In this study, we investigated the analgesic potency of deltorphin Il in a rat bone cancer pain
model 14 days after MRMT-1 cancer cell implantation in the femur. Our results
demonstrated that i.t. deltorphin I, a selective DOPR agonist, alleviates bone cancer-
induced mechanical allodynia. Interestingly, we also observed that i.t. deltorphin Il is
equally efficacious at reducing bone cancer pain and complete Freund’s adjuvant-induced
inflammatory pain.

Bone cancer pain is among the most difficult types of pain to treat (Honore et al., 2000,
Kirou-Mauro et al., 2009). Although morphine and other MOPR agonists are the most
common treatment of cancer pain, they are ineffective in a large proportion of patients
(Portenoy and Lesage, 1999, Kirou-Mauro et al., 2009). For this reason, it is common that
increasing doses of morphine are required to adequately reduce bone cancer pain, a strategy
often accompanied by unwanted side effects (Portenoy and Lesage, 1999, Mercadante et al.,
2003, Ossipov et al., 2005, Silverman, 2009). More alarmingly, prolonged morphine
treatment has been shown to accelerate bone degradation and fragility and sarcoma-induced
bone pain (King et al., 2007).

Recently, DOPRs became an attractive target to develop new therapies for the treatment of
chronic and severe pain. In fact, drugs selectively acting on DOPR could represent an
interesting alternative to MOPR drugs for the treatment of diverse types of pain. We and
others have reported that spinally-administered DOPR agonists have potent analgesic effects
in preclinical animal models of inflammatory (Stewart and Hammond, 1994, Fraser et al.,
2000, Hurley and Hammond, 2000, Cahill et al., 2003, Petrillo et al., 2003, Morinville et al.,
2004b, Gendron et al., 2007a, Gendron et al., 2007b) and neuropathic pain (Mika et al.,
2001, Petrillo et al., 2003, Holdridge and Cahill, 2007). Bone cancer-induced pain is,
however, a distinct and more complex type of pain. Although bone cancer pain shares
common characteristics with both neuropathic and inflammatory pain, Honore and
colleagues have suggested that bone cancer pain generates a unique set of neurochemical
changes in both dorsal root ganglion (DRG) and spinal cord (Honore et al., 2000).

The present study investigated the role of spinal DOPRs in the treatment of pain induced by
bone cancer. Using a rat model of cancer-induced bone pain characterized in our laboratory
(Dore-Savard et al., 2010), we first measured the onset of mechanical allodynia following
MRMT-1 cell injection in the femur. We observed that mechanical allodynia rapidly and
progressively developed from day 7 to day 14 following tumor cell implantation. At day 14,
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mechanical allodynia was shown to be associated with bone structural changes, degradation,
and microfractures. Additionally, MRMT-1 cells increased osteoclast activity leading to
progressive bone remodeling, as demonstrated previously (Dore-Savard et al., 2010). These
observations are consistent with studies performed in other rat and mouse models of bone
cancer pain (Medhurst et al., 2002, Donovan-Rodriguez et al., 2004, Brainin-Mattos et al.,
2006, King et al., 2007).

The analgesic potency of i.t.-delivered deltorphin 11, a selective DOPR agonist, was thus
measured 14 days after tumor cell implantation. In tumor-bearing rats, i.t. deltorphin I
produced significant dose-dependent anti-allodynic effects. This effect was DOPR-mediated
because it was prevented by naltrindole, a DOPR-selective antagonist. In mouse models of
tibial (Baamonde et al., 2005) and femoral osteosarcoma (Brainin-Mattos et al., 2006),
peripheral (local or systemic) administration of DOPR agonists produced analgesia. This is
however the first study demonstrating that i.t.-delivered DOPR agonist can adequately
alleviate bone cancer-induced pain in rodents. Accordingly, in humans coping with cancer-
induced pain, i.t. DADLE, a DOPR-preferred agonist, was also found to induce potent
analgesia (Onofrio and Yaksh, 1983, Moulin et al., 1985, Krames et al., 1986). In most
patients, DADLE was as potent as morphine in alleviating bone cancer pain (Moulin et al.,
1985). More importantly, DADLE remained active in patients tolerant to systemic (Moulin
et al., 1985) or i.t. opiates (Krames et al., 1986). In the present study, we only evaluated
mechanical hypersensitivity. Additional studies will be necessary to determine whether
spinally-injected DOPR agonists are effective at reducing movement-evoked pain and
spontaneous pain, two modalities often present in patients with cancer pain.

Because morphine was previously shown to have reduced potency in alleviating bone cancer
pain compared to inflammatory pain (Luger et al., 2002, Wacnik et al., 2003), we sought to
determine the analgesic effects of i.t. deltorphin 11 in these two pain models. At comparable
levels of mechanical allodynia for each model, we found that deltorphin Il had a similar
relative potency at alleviating bone cancer- and inflammation-induced pain. These
observations contrast with morphine’s apparent four- to ten-fold lower potency against
tumor-induced bone pain (Luger et al., 2002, Wacnik et al., 2003) and further support the
utility of using DOPR selective agonists to treat this type of pain. The reduced efficiency of
morphine in animals suffering from bone cancer pain could possibly be explained by the
down-regulation of MOPR in a distinct population of DRG neurons (Yamamoto et al.,
2008). Similarly, humans suffering from bone cancer pain generally need higher doses of
morphine compared to individuals coping with inflammatory pain (Mercadante and Arcuri,
1998, Mercadante, 2010). Therefore, it is interesting that a spinal DOPR agonist produced
similar analgesia in both pain models. Because morphine only has a narrow selectivity for
MOPR and DOPR, it could be hypothesized that the high doses of morphine required to
alleviating pain in bone cancer pain patients might also activate DOPR in addition to MOPR.

In a rodent CFA model, we have previously demonstrated that the increased DOPR agonist
efficiency was accompanied by an up-regulation of DOPRs at the cell surface of DRG and
spinal cord neurons (Cahill et al., 2003, Gendron et al., 2006, Gendron et al., 2007a). The
same phenomenon was also observed in neuropathic pain models (Morinville et al., 2004a).
Currently, it is not known if the levels of membrane-associated DOPRs in neurons are
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increased following injection of tumor cells in the femur. However, because the doses of
deltorphin Il used in this study had no effect in the contralateral paw, this suggests that
DOPRs are activated poorly in the absence of pain and therefore, supports the hypothesis
that its membrane expression is enhanced following tumor-induced bone pain. It was shown
previously that DOPR deletion in mice induced exaggerated responses to noxious stimuli
(Martin et al., 2003) and increased neuropathic and inflammatory pain in corresponding
animal models (Nadal et al., 2006, Gaveriaux-Ruff et al., 2008). In the present study, acute
pharmacological blockade of DOPR had no effect on the allodynia induced by bone cancer
pain and by inflammation, suggesting that if these pain conditions changed the properties of
DOPR, naltrindole administration had no hyperalgesic effect.

In addition to the analgesia induced by DOPR agonists (present study and (Baamonde et al.,
2005, Brainin-Mattos et al., 2006), activation of DOPRs was shown to reduce cancer cell
invasion and proliferation (Martin-Kleiner et al., 2003, Jaglowski et al., 2005, Debruyne et
al., 2010, Kuniyasu et al., 2010). In the present study, only acute i.t. administration of
deltorphin Il was performed. Therefore, it is possible that sustained systemic infusion of a
DOPR agonist could decrease MRMT-1 cell proliferation and invasion.

Conclusion

In conclusion, we demonstrated for the first time in a rat bone cancer pain model the
analgesic effects of a spinally-administered selective DOPR agonist, deltorphin II. In
particular, we showed the dose-dependent anti-allodynic effects of deltorphin Il in sarcoma-
induced bone cancer and inflammatory pain. In both models, we found similar analgesic
potency of deltorphin Il. Bone pain symptoms are generated by various mechanisms that
remain unclear. A better understanding of the mechanisms underlying bone cancer pain and
the regulation of DOPRSs in chronic pain conditions will be important in the development of
DOPR-targeted medications.
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Figure 1. Mechanical allodynia and femur remodeling following implantation of MRMT-1 cells
(A) Allodynia was evaluated using the manual von Frey hairs in cancer and sham-operated

rats. In tumor-bearing rats, the 50% paw withdrawal threshold was significantly diminished
by 7 days following tumor cell implantation (*** P<0.001 when compared to paw
withdrawal threshold of the contralateral hind paw of cancer rats; two-way ANOVA
followed by Bonferroni’s multiple comparison test). The contralateral hind paw of cancer-
bearing rats remained similar to both hind paws of sham animals at day 7, 11 and 14 but was
slightly decreased on day 3 (* P<0.05 when comparing cancer contralateral to sham
contralateral hind paw; two-way ANOVA followed by Bonferroni’s multiple comparison
test). Numbers in parentheses indicate the number of animals per group. (B) Faxitron
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radiographs of sham and cancer rats at 14 days post-surgery. In cancer-bearing femurs,
cortical bone integrity is strongly compromised (white arrows) compared to sham-operated
femurs. (C) Microcomputed tomodensitometry of sham-operated and cancer-bearing rat
femurs. Fourteen days after surgery, sham femur showed an intact structure, whereas the
bone integrity of a sarcoma femur is seriously compromised showing marked signs of
potential fracture (white arrows).

Neuroscience. Author manuscript; available in PMC 2013 December 03.



1duosnuey Joyiny ¥HIO 1duosnuey Joyiny JHIO

1duosnuen Joyiny YHID

Otis et al.

Page 16

A —@— Deltorphin; 3 ug (7)
—O— Deltorphin; 10 pg (8)
—w— Deltorphin; 30 ug (8)
16 —A— + Naltrindole; 72 ug (9)
S 14
o
2 12
@
o
£ 10
g
s 8
S
£ 6
2
R4
8 e
0 Y
7 T
BL 0 15 30 45 60
Time after i.t. injection of deltorphin (min)
B
mmmm  Deltorphin
C— + Naltrindole
ok Ak
100
80
60
w
£
X 40
20
0 =
20 15 min 30 min
C
16
ChA —m— Saline (6)
% 12 —{1— Naltrindole; 72 pg (9)
3
210
=
T8
o
2 6
=
= 4
o
w2
0 /L.
—f T T T J
BL 0 15 30 45 60

Time after i.t. injection (min)

Figure 2. Anti-allodynic effects of i.t. deltorphin |1 in cancer rats
(A) Mechanical thresholds were measured using von Frey filaments before (BL) and 14 days

after MRMT-1 cell implantation. The paw withdrawal threshold (in g) was measured every
15 min (from 15 to 60 min) following i.t. injection of deltorphin Il. Time 0 indicates the
latency to paw withdrawal before i.t. injection of deltorphin Il. Intrathecally-administered
deltorphin Il induced a dose-dependent (3, 10, 30 pug) reduction in mechanical allodynia in
the ipsilateral hind paw (Fryeatment=6-50 with P=0.002, two-way ANOVA followed by
Bonferroni post hoc test). The anti-allodynia of deltorphin Il peaked 15 min after the
injection. Intrathecally-administered naltrindole (NT1), 10 min before deltorphin Il (Delt I1)
injection (a 3:1 molar ratio of NTI/Delt Il = 72/30 pg), antagonized deltorphin I1 anti-
allodynic effects at both 15 and 30 min post-injection (Frreatment=32.15 with *** P<0.001,
two-way ANOVA followed by Bonferroni post hoc test). (B) %MPE + S.E.M. were
determined 15 and 30 min after injection of deltorphin Il £ NTI. Percentage MPE of
deltorphin Il administered after NTI are significantly different from %MPE in deltorphin 11-
treated rats, indicating that the effect of deltorphin 1l was DOPR-mediated (*** P<0.001,
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two-tailed unpaired #test). (C) As compared with saline, by itself i.t. NTI (72 pg) has no
effect on the cancer-induced mechanical allodynia (Frreatment=0-38 with P>0.05, two-way
ANOVA followed by Bonferroni post hoc test).
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Figure 3. Anti-allodynic effects of i.t. deltorphin |1 in CFA rats
(A) Rats were injected with CFA in the plantar surface of the left hind paw. Six days after

CFA injection, the 50% paw withdrawal threshold (in g) was measured using von Frey hairs
every 15 min over a period of 60 min following i.t. injection of deltorphin 11 (Delt 11; 3, 10,
30 pg) alone or following naltrindole (NTI; 72 pg) injection. BL indicates the baseline for
50% withdrawal threshold just before CFA injection, and time 0 indicates the paw
withdrawal threshold immediately before deltorphin Il injection. Intrathecally-administered
deltorphin Il induced a dose-dependent (3, 10, 30 ug) reduction of mechanical allodynia of
the ipsilateral hind paw of CFA-treated rats (Fyreatment=15.83 with P<0.0001, two-way
ANOVA followed by Bonferroni post hoc test). The anti-allodynia induced by deltorphin 11
peaked 15 min after the injection. Intrathecally-administered naltrindole, 10 min prior to
deltorphin Il injection (a 3:1 molar ratio of NTI/Delt Il = 72/30 pg), reversed the anti-
allodynia induced by deltorphin 1l at 15 min post-injection (Fyreatment=25.53 with P<0.0001,
two-way ANOVA followed by Bonferroni post hoc test). (B) The %MPE + S.E.M. was
determined 15 and 30 min after injection of deltorphin Il alone or in combination with NTI.
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The %MPE for deltorphin Il injected after NT1 was lower than the %MPE of deltorphin 11-
injected rats, indicating that the effect of deltorphin 1l was DOPR-mediated (* P<0.05 at 30
min, two-tailed unpaired #test). (C) As compared with saline, by itself i.t. NTI (72 ug) has

no effect on the CFA-induced mechanical allodynia (Fyreatment=3-13 with P>0.05, two-way
ANOVA followed by Bonferroni post hoc test).
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Figure 4. Analgesic efficacy of deltorphin Il in bone cancer pain and inflammatory pain
A graph of the effective dose of deltorphin Il (EDsg) inducing 50% relief of the mechanical

allodynia and hypersensitivity was obtained from the data presented in Fig. 2B and 3B at the
corresponding peak responses (i.e., 15 min after i.t. injection of deltorphin 11). No difference
was observed between cancer (ED5p=10.1 ug) and CFA-treated rats (ED5p=17.6 ug)
(Statistical analysis was determined using two-way ANOVA followed by Bonferroni’s post
test).
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