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BACKGROUND AND PURPOSE
Bone cancer pain is chronic and often difficult to control with opioids. However, recent studies have shown that several
opioids have distinct analgesic profiles in chronic pain.

EXPERIMENTAL APPROACH
To clarify the mechanisms underlying these distinct analgesic profiles, functional changes in the m-opioid receptor were
examined using a mouse femur bone cancer (FBC) model.

KEY RESULTS
In the FBC model, the Bmax of [3H]-DAMGO binding was reduced by 15–45% in the periaqueductal grey matter (PAG), region
ventral to the PAG (vPAG), mediodorsal thalamus (mTH), ventral thalamus and spinal cord. Oxycodone (10-8–10-5 M) and
morphine (10-8–10-5 M) activated [35S]-GTPgS binding, but the activation was significantly attenuated in the PAG, vPAG, mTH
and spinal cord in the FBC model. Interestingly, the attenuation of oxycodone-induced [35S]-GTPgS binding was quite limited
(9–26%) in comparison with that of morphine (46–65%) in the PAG, vPAG and mTH, but not in the spinal cord. Furthermore,
i.c.v. oxycodone at doses of 0.02–1.0 mg per mouse clearly inhibited pain-related behaviours, such as guarding, limb-use
abnormalities and allodynia-like behaviour in the FBC model mice, while i.c.v. morphine (0.05–2.0 mg per mouse) had only
partial or little analgesic effect on limb-use abnormalities and allodynia-like behaviour.

CONCLUSION AND IMPLICATIONS
These results show that m-opioid receptor functions are attenuated in several pain-related regions in bone cancer in an
agonist-dependent manner, and suggest that modification of the m-opioid receptor is responsible for the distinct analgesic
effect of oxycodone and morphine.

Abbreviations
[3H]-DAMGO, [tylosil-3,5-(3)H(N)]-[D-Ala(2),N-Me-Phe(4),Gly-ol(5)]enkephalin; DAMGO, [d-Ala2, N-Me-Phe4, Gly5-ol]
enkephalin; Emax, maximum activation; FBC, femur bone cancer; MPE, maximum possible effect; mTH, mediodorsal
thalamus; nor-BNI, nor-binaltorphimine dihydrochloride; PAG, periaqueductal grey matter; vPAG, region ventral to
PAG; vTH, ventral thalamus; b-FNA, b-funaltrexamine hydrochloride
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Introduction

Cancer pain is treated using various therapeutic modalities,
including non-steroidal anti-inflammatory drugs, opioids,
radiation and surgical intervention (Levy, 1996; Cherny,
2000). For advanced cancer pain, opioids are often the main-
stay of analgesic therapy (Koshy et al., 1998; Portenoy et al.,
1999; Cherny, 2000); however, opioids are often insufficient
in treating bone cancer pain (Mercadante and Arcuri, 1998;
Portenoy et al., 1999). Recent studies have shown that mor-
phine has different effects on bone cancer pain and inflam-
matory pain in animal models (Luger et al., 2002; Yamamoto
et al., 2008), and that higher doses of morphine are required
to obtain significant analgesic effects in a bone cancer pain
model than in an inflammatory pain model. In the clinical
setting, oxycodone effectively relieves bone cancer pain
(Heiskanen and Kalso, 1997; Watson and Babul, 1998; Becker
et al., 2000; Gimbel et al., 2003; Watson et al., 2003; Kalso,
2005; Bercovitch and Adunsky, 2006; Silvestri et al., 2008).
Previously, we reported that oxycodone inhibited different
pain-related behaviours in femur bone cancer (FBC) and noci-
ceptive pain models over a similar dose range, whereas mor-
phine was less effective in the FBC models (Minami et al.,
2009). These results suggested that oxycodone had a unique,
distinct analgesic profile in bone cancer pain.

Most strong opioids, including morphine and oxycodone,
are m-opioid receptor agonists, and several studies have
addressed the pharmacological mechanism underlying the
actions of opioids. m-Opioid receptors are expressed in several
brain regions that modulate ascending pain signal transmis-
sion from peripheral nociceptive sensory neurons to the CNS,
including the spinal cord, periaqueductal grey matter (PAG),
lateral thalamus and mediodorsal thalamus (mTH) (Cohen
and Melzack, 1985; Basbaum and Jessell, 2000; Narita et al.,
2008). The m-opioid receptor belongs to the large GPCR super-
family (Cox and Weinstock, 1964; Veatch et al., 1964; Pert
and Snyder, 1973; Martin et al., 1976; Chen et al., 1993; Min
et al., 1994; Narita et al., 2008). Binding of a m-opioid receptor
agonist changes the receptor conformation allosterically,
leading to the activation of G-proteins. Since a m-opioid
receptor agonist induces the binding of [35S]-GTPgS to G pro-
teins, measuring [35S]-GTPgS binding to the m-opioid receptor
in pain-related brain regions is valuable for assessing func-
tional changes in this receptor induced by opioid agonists
(Lazareno, 1997; Narita et al., 1999).

In this study we investigated the mechanism underlying
the unique analgesic profile of oxycodone by comparing it
with morphine in a bone cancer pain model. One potential
mechanism – differential activation of the m-opioid receptor
by oxycodone and morphine under the bone cancer pain –
was observed in this model.

Methods

Animals
Two hundred and sixty four C3H/HeN mice (body weight
18–23 g) (CLEA Japan, Tokyo, Japan) were used in this study.
The animals were housed in a room maintained at 23 � 1°C
under a 12-h light/12-h dark cycle and allowed access to

water and food ad libitum. All procedures for the animal
experiments were approved by the Animal Care and Use
Committee of Shionogi Research Laboratories, Osaka, Japan
in agreement with the internal guidelines for animal experi-
ments and in adherence to the ethics policy of Shionogi &
Co. The results of all studies involving animals are reported in
accordance with the ARRIVE guidelines for reporting experi-
ments involving animals (Kilkenny et al., 2010;McGrath
et al., 2010).

Drugs
Oxycodone (oxycodone hydrochloride) and morphine
(morphine hydrochloride) were from Shionogi & Co.
(Osaka, Japan). b-Funaltrexamine hydrochloride (b-FNA),
[d-Ala2, N-Me-Phe4, Gly5-ol] enkephalin (DAMGO) and nor-
binaltorphimine dihydrochloride (nor-BNI) were purchased
from Tocris Bioscience (Bristol, UK). All drugs were dissolved
in 0.9% physiological saline (Otsuka Pharmaceutical, Tokyo,
Japan) for in vivo experiments and dissolved in the appropri-
ate assay buffer for in vitro experiments.

The FBC model
The NCTC2472 tumour cells (American Type Culture Collec-
tion, Manassas, VA, USA) were maintained in DMEM (Invit-
rogen, Carlsbad, CA, USA), supplemented with 10% FBS
(Invitrogen), 100 units·mL-1 penicillin and 100 mg·mL-1 strep-
tomycin (Invitrogen) and cultured at 37 � 0.2°C in a humidi-
fied atmosphere of 5% CO2. To prepare the FBC model, the
NCTC2472 tumour cells were injected following a previously
described protocol (Honore et al., 2000; Minami et al., 2009).
In brief, C3H/HeN mice were anaesthetized with 3% isoflu-
rane, and a left knee arthrotomy was performed; the level of
anaesthesia was monitored by measuring their reaction to tail
pinch. Tumour cells [1 ¥ 105 cells in 5 mL of Hank’s balanced
salt solution (Invitrogen)] were injected directly into the
medullary cavity of the distal femur, and the drill hole in the
bone was closed with resin cement (ADFA; Shofu, Kyoto,
Japan). In the sham group, 5 mL of Hank’s balanced salt solu-
tion were injected instead of the tumour cells in the same
manner. Fourteen days after tumour implantation, pain-
related behaviour(s) was evaluated to confirm the phenotypic
behaviour of the FBC model using previously described pro-
tocols (Minami et al., 2009). Mice showing guarding times
that changed from 0–2 s (before tumour implantation) to
8–16 s were used for the in vitro experiments, and mice
showing the above change in the guarding times and limb-
use abnormality score that produced more than 3 on the
ipsilateral side (14 days after tumour implantation) were used
for the in vivo experiment.

Measurements of Bmax and Kd for m-opioid
receptors using [3H]-DAMGO
Tissue samples were prepared from sham-operated mice and
from FBC model mice showing guarding behaviour for 8–16 s
14 days after the surgery. The PAG, region ventral to the PAG
including red nucleus (vPAG; which does not contain the
PAG.), mTH, ventral thalamus (vTH) and ipsilateral spinal
cord were removed quickly after decapitation. Briefly, refer-
ring to the mouse brain atlas (Paxinos and Franklin, 2008), a
coronal block of the PAG and vPAG was obtained from 2.7 to
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3.7 mm posterior to the bregma, and a coronal block of the
mTH and vTH was obtained from 1.0 to 2.0 mm posterior to
the bregma. The collected tissues were then transferred to a
tube filled with ice-cold sucrose (320 mM). The tissues were
homogenized by the high-velocity revolution homogenizer.
The homogenate was centrifuged at 4°C for 20 min at 2000¥
g, and the supernatant was centrifuged at 4°C for 20 min at
48 000¥ g. The pellet was resuspended in ice-cold assay buffer
containing 50 mM Tris-HCl (pH 7.4), 5 mM MgCl2 and 1 mM
EDTA as the membrane fraction. The membrane proteins were
quantified using a bicinchoninic acid compatible protein
assay kit (Pierce, Rockford, IL, USA) with BSA as the standard.
The amount of protein used in each assay was adjusted to
within the range 100–150 mg depending on the region.

A saturation binding experiment was performed in
duplicate with increasing concentrations of [3H]-DAMGO
(0.5–16 nM; specific activity, 59.0 Ci·mmol-1; PerkinElmer
Life Science, Arlington Heights, IL, USA) in a final volume of
0.5 mL. The binding assay preparation was incubated in the
assay buffer (50 mM Tris-HCl (pH 7.4), 5 mM MgCl2 and
1 mM EDTA) for 1 h at 25°C, and non-specific binding was
determined in the presence of 10 mM DAMGO. The binding
was terminated by rapid filtration through Whatman GF/C
glass filters (Brandel, Gaithersburg, MD, USA). The filters were
then washed three times with 50 mM Tris-HCl, pH 7.4 and
transferred to scintillation vials. Next, 5 mL of Clear-sol 2
(Nacalai Tesque, Kyoto, Japan) were added to the vials. Radio-
activity in the samples was determined using a liquid scintil-
lation analyser.

[35S]-GTPgS binding assay
Tissue samples were prepared from sham-operated mice and
from FBC model mice showing guarding behaviour of 8–16 s
14 days after the operation. The PAG, vPAG, mTH, vTH and
ipsilateral spinal cord were removed quickly after decapita-
tion, as described earlier. The collected tissues were then
transferred to tubes filled with ice-cold 50 mM Tris-HCl
buffer, pH 7.4, 5 mM MgCl2 and 1 mM EDTA. The membrane
homogenate (5–10 mg per assay) was prepared as described
previously (Narita et al., 2001) and incubated at 25°C for 2 h
in 0.5 mL of assay buffer (50 mM Tris-HCl, pH 7.4, 5 mM
MgCl2, 1 mM EDTA and 100 mM NaCl) with various concen-
trations of the opioid agonist, 30 mM GDP and 50 pM [35S]-
GTPgS (specific activity, 1000 Ci mmol-1; PerkinElmer Life
Science). Agonist (oxycodone or morphine) and antagonist
(b-FNA or nor-BNI) were applied simultaneously and
co-incubated (Figures 2E, F, 3E, F, and 4C). It has been
reported that the GTP activity of morphine is not inhibited
by a d-opioid receptor antagonist or a k-opioid receptor
antagonist but is completely antagonized by b-FNA, a
m-opioid receptor antagonist under the similar co-incubation
method (Narita et al., 2008), suggesting that the b-FNA treat-
ment in the present study selectively antagonized the
m-opioid receptor activity. The reaction was terminated by
filtration using Whatman GF/C glass filters (Brandel) that had
been pre-soaked in 50 mM Tris-HCl, pH 7.4 and 12.5 mM
MgCl2 at 4°C for 2 h. The filters were washed three times with
5 mL of ice-cold 50 mM Tris-HCl buffer, pH 7.4, and then
transferred to scintillation-counting vials. Then, 5 mL of
Clear-sol 2 (Nacalai Tesque) were added to the vials. Radioac-
tivity in the samples was determined using a liquid scintilla-

tion analyser. Non-specific binding was measured in the
presence of 10 mM unlabelled GTPgS. G-protein activation by
each agonist was expressed as % stimulation, which was
calculated as (T1 - T0)/(T2 - T0) ¥ 100, where T0 is the non-
specific activity, T1 is the [35S]-GTPgS activity in the presence
of various concentrations of oxycodone or morphine and T2

is the [35S]-GTPgS activity in the absence of the agonist. The
inhibition ratio of G-protein activation between samples
from the tumour-implanted and sham-operated mice was
reported as % inhibition for each opioid, which was calcu-
lated as 100 - (T3/T4) ¥ 100, where T3 is % stimulation of the
tumour-implanted mice samples treated with either 10-5 M
oxycodone or morphine and T4 is % stimulation of the sham-
operated mice samples treated with 10-5 M of the respective
opioid.

Measurement of m-opioid receptor binding
affinities of oxycodone and morphine
using [3H]-DAMGO
The m-opioid receptor binding affinities were measured by
displacement of [3H]-DAMGO. Sample preparation, the
amount of membrane proteins, composition of assay buffer,
incubation time and filtration method were as described
earlier (Measurements of Bmax and Kd for m-opioid receptor
using the [3H]-DAMGO). The m-opioid receptor binding of
each agonist was measured by displacement of [3H]-DAMGO
(2 nM) binding by different concentrations of oxycodone
(10-10–10-6 M) or morphine (10-10–10-6 M), and was expressed
as % of [3H]-DAMGO binding, in which the [3H]-DAMGO
binding in the absence of oxycodone or morphine was
defined as 100%. The value of each sample was calculated as:
(T1 - T0)/(T2 - T0) ¥ 100, where T0 is the non-specific binding,
T1 is the [3H]-DAMGO binding in the presence of various
concentrations of oxycodone or morphine and T2 is the
[3H]-DAMGO binding in the absence of respective agonist.

Measuring pain-related behaviour in the
FBC model
Before evaluation, the mouse was placed in a clear plastic
observation box and allowed to habituate for 15 min. Spon-
taneous guarding behaviour, that is the amount of time the
hind paw on the ipsilateral side was lifted during ambulation,
was assessed for a 2-min observation period. Limb-use abnor-
mality on the ipsilateral side during spontaneous ambulation
was scored on a scale of 0 to 4: 0, normal limb use; 1, slight
limp; 2, obvious limp; 3, partial non-use of the limb; and 4,
complete non-use of the limb.

Allodynia-like behaviour was recognized as paw with-
drawal in response to tactile stimuli using a series of von Frey
monofilaments (pressure: 0.008, 0.02, 0.04, 0.07, 0.16, 0.4,
0.6 and 1 g). The up–down method of the von Frey mono-
filament test (Zhao et al., 2007) was used, as described previ-
ously (Minami et al., 2009).

The effects on guarding time and limb-use abnormality
are expressed as % maximum possible effect (MPE), which
was calculated as ([T0 - T1] ¥ 100/T0), where T0 and T1 are the
values (time or score) before and after administering the
agonist in each animal, respectively. The inhibition of
allodynia-like behaviour is expressed as % MPE, which was
calculated as ([T2 - T1] ¥ 100/[T0 - T1]), where T0 is the thresh-
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old stimulation (g) before tumour implantation, and T1 and
T2 are the respective threshold stimulations (g) before and
after administering the agonist in each animal.

Tail-flick test
The anti-nociceptive effects of oxycodone and morphine
were determined by the tail-flick test (UGO-BASILE, Comerio,
VA, Italy). The intensity of the heat stimulus was adjusted so
that the animal flicked its tail within 2–4 s after the applica-
tion of the stimulus. Anti-nociceptive effect is expressed as %
MPE and was calculated by (T1 - T0) ¥ 100/(T2 - T0), where T0

and T1 are the tail-flick latencies before and after the admin-
istration of opioid agonist, respectively, and T2 is the cut-off
time (set at 10 s) in the tests to avoid damage to the tail.

I.c.v. administration
I.c.v. drug administration was performed as described previ-
ously, with some modifications (Narita et al., 2008). The day
before i.c.v. administration, the mice were anaesthetized
briefly with 3% isoflurane, and a 2 mm double needle (tip:
27G, 2 mm; base: 22G, 10 mm, Natsume Seisakusyo, Tokyo,
Japan) attached to a 25 mL Hamilton microsyringe was
inserted into a unilateral injection site in order to make a hole
in the skull for injection. The unilateral injection site was
approximately 2 mm caudal and 2 mm lateral from the
bregma, and the needle was inserted perpendicular to the
skull. When drugs were administered, the injection volume
was 2 mL for each mouse. Each solution was injected without
injection cannulae.

Statistical analysis
The data are expressed as mean � SEM. SAS (ver. 8; SAS
Institute, Tokyo, Japan) and GraphPad Prism 4.0 (Graphad
Software Inc., La Jolla, CA, USA) were used for the statistical
analysis. The Kd and Bmax of saturation binding and IC50 of
displacement binding were calculated using GraphPad Prism
4.0. The ED50 and IC50 values were determined from the
regression analysis. The dose-dependent analgesic response,
G-protein activation and receptor binding curves were fitted
using GraphPad Prism 4.0. The statistical significance of dif-
ferences among groups was assessed using two-way ANOVA
followed by Dunnett’s or Bonferroni multiple comparison
tests. A probability value (P) of <0.05 was considered to be
statistically significant.

Our drug/molecular target nomenclature conforms to
British Journal of Pharmacology’s Guide to Receptors and Chan-
nels (Alexander et al., 2011).

Results

Reduction in m-opioid receptors on cell
membranes in supraspinal sites and the
spinal cord in the FBC model
One of the possible mechanisms by which opioid potency in
bone cancer pain is reduced is via a reduction in m-opioid
receptors. Therefore, we examined whether the total number
of m-opioid receptors was affected in chronic bone cancer
pain in the FBC model by measuring the Bmax and Kd of the
m-opioid receptor (Figure 1).

We evaluated [3H]-DAMGO saturation binding to cell
membranes prepared from pain-related regions, including
the PAG (Figure 1A), vPAG (Figure 1B), thalamus (mTH or
vTH; Figure 1C, D) and spinal cord (Figure 1E) in sham-
operated and tumour-implanted mice. High specific binding
of [3H]-DAMGO was observed in membrane samples prepared
from the mouse brain regions and spinal cord, and specific
binding increased linearly with protein concentration up to
400 mg (data not shown). Figure 1 shows the saturation
curves of [3H]-DAMGO (0.5–16 nM) binding to membrane
samples from the PAG, vPAG, mTH, vTH and spinal cord in
sham-operated and tumour-implanted mice. Scatchard plot
analysis showed that the Bmax of [3H]-DAMGO decreased sig-
nificantly by 15–45% in all regions in tumour-implanted
mice as compared with sham-operated mice, while the Kd of
[3H]-DAMGO binding did not differ significantly between
sham-operated and tumour-implanted mice (Figure 1F). This
showed that the total amount of m-opioid receptors on tissue
membranes was reduced in the brain regions and spinal cord
in the FBC model mice.

Different activation of GTPgS binding by
oxycodone and morphine in the supraspinal
sites and spinal cord in the FBC model
In order to examine the mechanism underlying the distinct
analgesic profiles of the opioids, we investigated the m-opioid
receptor agonist activities of oxycodone and morphine in
several pain-related regions in the FBC model (Figures 2–5).

In the PAG, oxycodone (10-8–10-5 M) increased [35S]-
GTPgS binding in a concentration-dependent manner, but
the maximum activation (Emax) of [35S]-GTPgS binding was
reduced in tumour-implanted mice (Emax = 38.6%) as com-
pared with control mice (Emax = 51.6%) (Figure 2A). Morphine
(10-8–10-5 M)-induced G-protein activation was also attenu-
ated in tumour-implanted mice (Emax: tumour-implanted
mice = 25.2%, sham control mice = 72.6%) in the PAG
(Figure 2C). In the vPAG, the difference between the two
opioids was more apparent. Similarly, oxycodone (10-8–
10-5 M) induced G-protein activation in both tumour-
implanted (Emax = 38.8%) and sham-operated (Emax = 42.9%)
mice (Figure 2B), while m-opioid receptor activation by mor-
phine (10-8–10-5 M) was significantly attenuated in the
tumour-implanted mice (Emax = 27.3%) as compared with
sham control mice (Emax = 64.5%) (Figure 2D).

A similar result was observed for the mTH; oxycodone
(10-8–10-5 M)-induced G-protein activation was reduced in
tumour-implanted mice (Emax: sham-operated mice = 57.0%,
tumour-implanted mice = 41.3%), and the morphine effect
was significantly and more severely attenuated in tumour-
implanted mice (Emax: sham-operated mice = 81.5%, tumour-
implanted mice = 44.6%) (Figure 3A, C). By contrast, the
effects of oxycodone and morphine on G-protein activation
in the vTH (Emax in sham-operated mice: oxycodone = 39.9%,
morphine = 102.7%) were not altered in tumour-implanted
mice (Emax in tumour-implanted mice: oxycodone = 34.1%,
morphine = 106.2%) (Figure 3B, D). In the ipsilateral spinal
cord of sham control mice, both oxycodone and morphine
produced concentration-dependent G-protein activation
(Emax: oxycodone = 46.6%, morphine = 85.1%) and Emax was
attenuated in the tumour-implanted mice (Emax: oxycodone =
32.2%, morphine = 38.9%) (Figure 4).
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Figure 1
Saturation curves for the specific binding of [3H]-DAMGO on cell membranes of PAG, vPAG, mTH, vTH and spinal cord prepared from
sham-operated and FBC model mice. Tissue samples were collected 14 days after the sham operation (Sham) or tumour implantation
(tumour-implanted), and membranes prepared from the PAG (A), vPAG (B), mTH (C), vTH (D) and spinal cord (E) were used for the binding assay.
[3H]-DAMGO binding was examined using concentrations from 0.5 to 16 nM. Specific binding was defined as the difference in binding observed
in the absence and presence of 10 mM unlabelled DAMGO. Each value represents the mean � SD of two independent experiments (eight mice
per sample in each experiment). The Kd and Bmax of [3H]-DAMGO in those regions are shown in (F). The values were determined from the saturation
curves and Scatchard plots analysis, and at least six concentrations were used for each analysis. ***P < 0.001 versus sham group (two-way ANOVA,
Dunnett’s multiple comparison test).
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GTP binding induced by oxycodone and morphine in the
brain regions and spinal cord was inhibited completely by
b-FNA (10-6 M), a m-opioid receptor-selective antagonist, but
not affected by nor-BNI (10-6 M), a k-opioid receptor-selective
antagonist. These results confirm that the observed GTP
binding was predominantly due to m-opioid receptor activa-
tion (Figures 2E, F, 3E, F and 4C).

The ratio of the inhibition of m-opioid receptor activation
in the tumour-implanted group to that in the sham operated
group was compared between the two opioids at the
maximum concentration (10-5 M) (Figure 5). In the PAG,
vPAG and mTH, the activation of m-opioid receptors was
reduced more severely (i.e. % inhibition was increased signifi-
cantly) in the morphine-treated group (PAG = 65.3%, vPAG =

Figure 2
Concentration–response curves of oxycodone and morphine for [35S]-GTPgS binding to cell membranes of PAG and vPAG. The cell membranes
of PAG (A, C) and vPAG (B, D) were prepared 14 days after the sham operation (Sham) or tumour implantation (tumour-implanted) and incubated
in the presence of different concentrations of oxycodone (10-8–10-5 M) (A, B) or morphine (10-8–10-5 M) (C, D). The membrane-bound
[35S]-GTPgS was measured and expressed as % stimulation relative to the basal level. Each symbol represents the mean � SEM of three
independent samples (four mice per sample). The effects of the m-opioid receptor antagonist b-FNA (10-6 M) and k-opioid receptor antagonist
nor-BNI (10-6 M) on oxycodone- (10-5 M) or morphine- (10-5 M) induced [35S]-GTPgS binding in the PAG (E) and vPAG (F) of tumour-implanted
mice are also shown. Each column represents the mean � SEM of three independent samples (four mice per sample). In each graph, the y-axis
indicates % of G-protein activation by each agonist. F(1,28) = 4.822; *P < 0.05 versus sham oxycodone group, F(1,28) = 9.203; ##P < 0.01 or F(1,28) =
18.94; ###P < 0.001 versus sham morphine group (two-way ANOVA; A, C or D). +P < 0.05 or ++P < 0.01 versus sham morphine group (Bonferroni
multiple comparison post test; C). ***P < 0.001 versus oxycodone alone group, ###P < 0.001 versus morphine alone group (two-way ANOVA,
Dunnett’s multiple comparison test; E or F).
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57.5% and mTH = 46.0%) as compared with the oxycodone-
treated group (PAG = 18.9%, vPAG = 11.5% and mTH =
26.8%). By contrast, the effects of the two opioids were
reduced similarly in the spinal cord (oxycodone 43.2%, mor-
phine 54.5%). Thus, the functional activation by oxycodone
and morphine was attenuated in several regions related to
pain signalling with tumour implantation; interestingly, the
activation by morphine was attenuated more severely than
that by oxycodone in the mTH, PAG and vPAG.

No change in binding affinity of oxycodone
or morphine to m-opioid receptors in the
supraspinal sites and spinal cord in the
FBC model
We next investigated whether the m-opioid receptor binding
affinity was reduced depending on the agonists under the
bone cancer pain condition. We performed competitive
displacement-binding assay of [3H]-DAMGO with different

Figure 3
Concentration–response curves of oxycodone and morphine for [35S]-GTPgS binding to cell membranes from the mTH (A, C) and vTH (B, D). The
membranes were prepared 14 days after the sham operation (Sham) or tumour implantation (tumour-implanted) and incubated in the presence
of different concentrations of oxycodone (10-8–10-5 M) (A, B) or morphine (10-8–10-5 M) (C, D). The membrane-bound [35S]-GTPgS was measured
and expressed as % stimulation relative to the basal level. Each symbol represents the mean � SEM of three independent samples (four mice per
sample). The effects of b-FNA (10-6 M) and nor-BNI (10-6 M) on oxycodone- (10-5 M) or morphine- (10-5 M) induced [35S]-GTPgS binding in the
mTH (E) and vTH (F) of tumour-implanted mice are also shown. Each column represents the mean � SEM of three independent samples (four
mice per sample). In each graph, the y-axis indicates % of G-protein activation by each agonist. F(1,28) = 10.71; ##P < 0.01 versus sham morphine
group (two-way ANOVA; C). *P < 0.05 or **P < 0.01 versus oxycodone alone group, ###P < 0.001 versus morphine alone group (two-way ANOVA,
Dunnett’s multiple comparison test; E or F).
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concentrations (10-10–10-6 M) of unlabelled opioid agonist
using membrane samples from sham-operated and tumour-
implanted mice (Figure 6). The [3H]-DAMGO binding was
displaced by oxycodone or morphine in a concentration-
dependent manner in the membrane samples from all
regions (Figure 6A–E). When the levels of [3H]-DAMGO dis-
placement were compared between the sham-treated group
and the tumour-implanted group in the respective opioids,
displacement curves were similar between two groups, sug-
gesting that affinities of these two opioids to m-opioid recep-
tor were not altered in the FBC model (Figure 6A–E). The IC50

value of either oxycodone or morphine did not differ signifi-
cantly between sham-operated and tumour-implanted mice
(Figure 6F). These results suggest that the change in the
m-opioid receptor binding affinity is not likely to be the
mechanism for the agonist-dependent attenuation of
m-opioid receptor activation under the bone cancer pain
condition.

Analgesic effects induced by the i.c.v.
administration of oxycodone and morphine
in the FBC model
Since the proportionate reduction of GTPgS stimulation was
distinct for morphine compared to oxycodone in the pain-
related supraspinal sites, we next examined whether the anal-
gesic effects of supraspinal oxycodone and morphine were
affected in the FBC model (Figure 7).

The i.c.v. administration of oxycodone (0.02–1.0 mg per
mouse) reduced the guarding time and limb-use abnormality
score and reversed the lowered paw withdrawal threshold
in the FBC model (Figure 7), indicating that oxycodone
dose-dependently ameliorated all pain-related responses. The
highest dose (1.0 mg per mouse) had a 91% MPE for guarding
behaviour, 76% MPE for limb-use abnormality and 96% MPE
for allodynia-like behaviour. The i.c.v. morphine produced
dose-dependent analgesic effects on guarding (0.05–2.0 mg

Figure 4
Concentration–response curves of oxycodone and morphine for [35S]-GTPgS binding to cell membranes of the ipsilateral spinal cord. Spinal cord
cell membranes (A, B) were prepared 14 days after the sham operation (Sham) or tumour implantation (tumour-implanted) and incubated in the
presence of different concentrations of oxycodone (10-8–10-5 M) (A) or morphine (10-8–10-5 M) (B). The membrane-bound [35S]-GTPgS was
measured and expressed as % stimulation from the basal level. Each symbol represents the mean � SEM of three independent samples (four mice
per sample). The effects of b-FNA (10-6 M) and nor-BNI (10-6 M) on oxycodone (10-5 M)- or morphine (10-5 M)-induced [35S]-GTPgS binding in
the spinal cord (C) of tumour-implanted mice are also shown. Each column represents the mean � SEM of three independent samples (four mice
per sample). In each graph, the y-axis indicates % G-protein activation by each agonist. F(1,28) = 34.41; ***P < 0.001 versus sham oxycodone group,
F(1,28) = 8.252; #P < 0.05 versus sham morphine group (two-way ANOVA; A or B). +++P < 0.001 versus sham oxycodone group or ++P < 0.01 versus
sham morphine group (Bonferroni multiple comparison post test; A or B). **P < 0.01 versus oxycodone alone group, ###P < 0.001 versus morphine
alone group (two-way ANOVA, Dunnett’s multiple comparison test; C).
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per mouse) (Figure 7A) and allodynia-like (0.05–0.5 mg per
mouse) behaviours (Figure 7C), but did not improve limb-use
abnormalities in the dose range used (0.05–2.0 mg per mouse)
(Figure 7B). The highest dose of morphine exhibited 65%
MPE for guarding behaviour and 50% MPE for allodynia-like
behaviour.

Table 1 shows the ED50 values of the analgesic effects of
i.c.v. oxycodone and morphine on the pain-related behav-
iours calculated using regression equations. The ED50 of i.c.v.
oxycodone for guarding, limb-use and allodynia-like behav-
iours was 0.096, 0.28 and 0.097 mg per mouse, respectively.
The ED50 of morphine for guarding and allodynia-like behav-
iours was 0.69 and 0.50 mg per mouse, respectively, while the
ED50 for the limb-use abnormality could not be calculated
because morphine did not improve limb-use abnormalities in
the dose range used (0.05–2.0 mg per mouse). This shows that
oxycodone had approximately 5–7 times greater potency for
the inhibition of guarding and allodynia-like behaviours than
morphine, and that overall analgesic potency was greater
than morphine after i.c.v. administration in the FBC model.

In order to compare the analgesic potency of oxycodone
and morphine under the sham-operated condition, we
compared antinociceptive potency of i.c.v. administered
oxycodone and morphine in sham-operated mice using the
tail-flick test. The i.c.v. administration of both oxycodone
(0.3–10 mg per mouse) and morphine (0.3–10 mg per mouse)
dose-dependently increased the tail-flick latency in sham-
operated mice with 100% MPE at the highest dose (10 mg per
mouse) (data not shown). The ED50 values were 0.28 mg

per mouse in the oxycodone-treated groups and 0.23 mg per
mouse in the morphine-treated groups (Table 1), showing
that both oxycodone and morphine possess similar anti-
nociceptive potencies in the sham-operated mice.

Discussion

In this study, we found that m-opioid receptor activation by
oxycodone and morphine was attenuated in the PAG, vPAG,
mTH and spinal cord in the FBC model. In addition, the
attenuation of m-opioid receptor activation by oxycodone was
less than that of morphine in supraspinal regions, such as the
PAG, vPAG and mTH. Therefore, in bone cancer pain,
m-opioid receptor activation in the brain regions related to
pain signalling was modified in an agonist-dependent
manner. Consistent with this, when the analgesic effects of
i.c.v. oxycodone and morphine were examined using three
different pain-related behaviours in the FBC model, the
overall analgesic potency of oxycodone was greater than that
of morphine.

Bone cancer pain is often insufficiently controlled by
opioids (Mercadante and Arcuri, 1998; Portenoy et al.,
1999). The FBC model is a good animal model for investi-
gating the mechanisms of bone cancer pain (Honore et al.,
2000; Minami et al., 2009), because this model mimics
some clinical features of human bone cancer pain (Komiya
et al., 1999; Pandit-Taskar et al., 2004). For example, patho-
logical changes, such as bone destruction and nerve com-
pression, appear within a few weeks after the implantation
of tumour cells (Luger et al., 2002; Minami et al., 2009).
Since we have reported that oxycodone has a unique anal-
gesic profile as compared with other opioids in this model
(Minami et al., 2009), the mechanism underlying the dis-
tinct analgesic effects of oxycodone in bone cancer pain can
be investigated.

In the receptor binding assay, FBC mice exhibited a
marked decrease in the Bmax of [3H]-DAMGO binding without
affecting the Kd in pain-related regions, indicating that the
number of m-opioid receptors on cell membranes was reduced

Figure 5
Change in the maximum activation of m-opioid receptors by oxyco-
done and morphine in the FBC model. Activation of the m-opioid
receptor was determined by the [35S]-GTPgS assay, and the levels
stimulated by oxycodone (10-5 M) or morphine (10-5 M) were com-
pared between the sham and tumour-implanted groups. The y-axis
represents the inhibition ratio of G-protein activation in the samples
from the tumour-implanted mice as compared with those from the
sham-operated mice. Each column represents the mean � SEM of
three independent experiments. The inhibition ratio of G-protein
activation between samples from the tumour-implanted and sham-
operated mice was calculated as % inhibition for each opioid as
described in the text. The variability of the inhibition ratio was
determined by the variability of the ratio of the GTP activation
between the tumour-implanted and sham-operated group among
the three experiments, and therefore, the SEM values in this figure
are different from those in Figures 2–4. *P < 0.05, **P < 0.01 versus
oxycodone group (two-way ANOVA, Dunnett’s multiple comparison
test).

Table 1
ED50 values for the analgesic effects of oxycodone and morphine

i.c.v.
administration

ED50 (mg per mouse)

Oxycodone Morphine

Tumour-implanted

Guarding behaviour 0.096 (0.080–0.12) 0.69 (0.48–0.99)

Limb-use abnormality 0.28 (0.20–0.40) N.D.

Allodynia-like
behaviour

0.097 (0.075–0.12) 0.5 (0.22–1.10)

Sham-operated

Tail-flick test 0.28 (0.21–0.38) 0.23 (0.16–0.33)

The ED50 was determined by ANOVA and linear regression using
data from at least four doses for each opioid. Values in paren-
theses indicate the 95% confidence range.
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Figure 6
Displacement of [3H]-DAMGO binding on membranes of PAG, vPAG, mTH, vTH and spinal cord by oxycodone or morphine. Tissue samples were
collected 14 days after sham operation (sham) or tumour implantation (tumour-implanted), and membranes prepared from PAG (A), vPAG (B),
mTH (C), vTH (D) and spinal cord (E) were used for the displacement assay. Experiments were performed in the presence of [3H]-DAMGO (2 nM)
and increasing concentrations of oxycodone (10-10–10-6 M) or morphine (10-10–10-6 M). The specific binding was defined as the difference in
bindings observed in the absence and presence of 10 mM unlabelled DAMGO. Each column represents the mean � SEM of three independent
samples (eight mice per sample). The IC50 values for oxycodone and morphine are shown in (F). The IC50 values were determined by ANOVA and
linear regression techniques, and at least nine concentrations were used for each analysis. Values in parentheses indicate the 95% confidence
range.
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in bone cancer pain. Yamamoto et al. (2008) reported that
m-opioid receptor levels were reduced in the spinal cord and
dorsal root ganglion in bone cancer pain model mice. In this
study, we also found a reduction in m-opioid receptors, not
only in the spinal site but also in the supraspinal region. The
reduction in m-opioid receptors may result from their phos-
phorylation and/or internalization with the continuous
release of endogenous opioids. It has been reported that pain
and electrical stimulation induces the release of endogenous
opioids in the brain (Zangen et al., 1998; Zubieta et al., 2001),
and the endogenous opioids rectify pain by stimulating the
m-opioid receptor as an internal compensation system.
Although we did not measure endogenous opioid release in
this model, perhaps such a change in the endogenous opioid
level plays a role in the reduction in m-opioid receptors on cell
membranes in pain-related regions.

Our results showed that reduction in the m-opioid recep-
tor levels depended on the brain regions. When we analysed
the relationship between changes in the m-opioid receptor
levels and changes in the GTP activities by oxycodone and
morphine, a consistent correlation was not observed. For
example, while both the reduction in the number of m-opioid
receptors and that in the opioid-activated GTP level were
relatively small at the vTH compared with other regions, the
reduction in the m-opioid receptor level was only 25% in PAG,
although the morphine-activated GTP level was more
severely decreased (as about 60% reduction) at the PAG.
These results showed that the magnitude of the change in the
m-opioid receptor level does not simply reflect the magnitude
of the change in the agonist activity level.

One of our main findings was the limited attenuation of
m-opioid receptor activation (measured by GTPgS binding
activity) induced by oxycodone as compared with morphine
in the pain-related regions in bone cancer pain. There are at
least three possibile mechanisms that may explain the
agonist-dependent attenuation of m-opioid receptor activa-
tion; (i) a change in the number of m-opioid receptors; (ii) a
change in the m-opioid receptor binding affinity; and (iii) a
change in regulatory mechanism of G-protein activation. It
has been reported that agonist activity of a partial agonist
tends to be more affected by the change in the number of
receptors than that of a full agonist (Cordeaux et al., 2000;
McDonald et al., 2003). Since our data and the previous
studies by others (Lemberg et al., 2006; Narita et al., 2008)
showed that oxycodone is a more nearly partial agonist than
morphine, a reduction of m-opioid receptors in the FBC
model mouse would be expected to affect the agonist activity
of oxycodone more than that of morphine. However, our
results do not corroborate this prediction and, therefore, this
possibility is unlikely. The second possibility is that m-opioid
receptor binding affinity was reduced depending on the ago-
nists under the bone cancer pain condition. However, when
we examined whether the m-opioid receptor binding affinities
of oxycodone and morphine were affected in the FBC model,
no significant change was observed in the displacement levels
of [3H]-DAMGO binding by either oxycodone or morphine
between the tumour-implanted mice and sham-operated
mice. This suggests that changes in m-opioid receptor binding
affinity are an unlikely mechanism for the attenuation of
m-opioid receptor activation. The third possibility is that a
regulatory mechanism of GDP-GTP exchange is responsible

Figure 7
Dose–response curves for the analgesic effects induced by i.c.v. oxy-
codone and morphine in the FBC model. The analgesic effects of
oxycodone (0.02–1 mg per mouse, i.c.v.) and morphine (0.05–2 mg
per mouse, i.c.v.) on ongoing pain, ambulatory pain and the
allodynia-like response were evaluated based on guarding behaviour
(A), limb-use abnormalities (B) and the von Frey test (C), respectively.
FBC model mice were used 14 days after tumour implantation, and
the analgesic effects were determined 10 min after opioid adminis-
tration. The y-axes represent % MPE of the analgesic effect. Data
plotted are the mean � SEM of 6–8 mice.
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for the the agonist-dependent modulation in the FBC model.
Since we used a non-hydrolysable analogue of GTP ([35S]-
GTPgS) in this study, the processes involved in GTP hydroly-
sation cannot account for the differences in GTP stimulation,
and the distinct m-opioid receptor activation caused by
oxycodone and morphine is probably due to the cellular
processes following ligand binding to the receptors, before
Ga-GDP is exchanged for Ga-GTP. Thus, the differential acti-
vation of the m-opioid receptor by oxycodone and morphine
might be due to the mechanism that regulates the binding of
GTP to G proteins in the FBC model. Our hypothesis is
supported by previous findings showing that the GDP-GTP
exchange factor modulates agonist-induced pharmacological
effects (Birukova et al., 2006). However, little is known about
the importance of the GDP-GTP exchange mechanism in the
regulation of GTP activation by opioid agonists; further
studies are required to identify the underlying mechanism of
the observed agonist-dependent effect.

Since oxycodone and morphine activate m-opioid recep-
tors differently in pain-related brain regions, the supraspinal
administration of oxycodone and morphine leads to distinct
analgesic effects in the FBC model. While i.c.v. oxycodone
and morphine had equipotent antinociceptive effects in the
sham-operated mouse of FBC (C3H/HeN mouse; Table 1) and
the naïve mouse (Narita et al., 2008), i.c.v. oxycodone had
5~7 times greater analgesic potency than morphine in the
evaluation of guarding and allodynia-like behaviours in the
FBC model. Consequently, the analgesic potencies of oxyco-
done and morphine are consistent with their profiles of
m-opioid receptor activation in supraspinal sites in the FBC
model.

Of the regions examined in this study, the PAG and mTH
are thought to play important roles in the analgesic effects of
opioids. The PAG is part of the descending analgesic pathway,
and morphine suppresses the release of the neurotransmitter
GABA from neurons in the PAG (Basbaum and Fields, 1984).
In the mTH, the stimulation of m-opioid receptors by opioids
results in an increase of the inwardly rectifying potassium
channel current, which hyperpolarizes the cell and changes
its firing pattern on the postsynaptic membrane (Brunton
and Charpak, 1998). The unique m-opioid receptor activation
profiles in the PAG and mTH with bone cancer pain may
result in the distinct in vivo analgesic potency of oxycodone.

A previous study using a neuropathic pain model reported
that morphine-induced m-opioid receptor activation in the
PAG, thalamus and spinal cord did not differ significantly
between sham-operated and sciatic nerve-ligated mice (Narita
et al., 2008). In our study, on the other hand, the Emax of
morphine for m-opioid receptors was attenuated markedly in
several regions in the FBC model. These results suggest that
the function of m-opioid receptors is differentially modulated
depending on the type of pain.

There are reports that the antinociceptive effect of oxyco-
done is antagonized by nor-BNI, a k-opioid receptor antago-
nist, at a dose that did not affect the antinociceptive effect of
morphine in two rat neuropathic pain models (Ross and
Smith, 1997; Nielsen et al., 2007). This suggests that oxyco-
done produces its analgesic effect by acting on the k-opioid
receptor. Conversely, several different groups have reported
that oxycodone-induced antinociception is mediated by the
m-opioid receptor, and that oxycodone binds selectively to

m-opioid receptors (Lemberg et al., 2006; Peckham and
Traynor, 2006; Narita et al., 2008). There is a possibility that
the discrepancies of the receptors responsible for the oxyco-
done effect might be due to the different routes of adminis-
tration. Since oxycodone is metabolized to oxymorphone, an
active metabolite, by the peripheral administration, the
oxycodone-induced pharmacological effect may be the result
of both oxycodone and oxymorphone. It has been reported,
however, that both oxycodone- and oxymorphone-induced
antinociception are mediated by m-opioid receptors rather
than k-opioid receptors (Lemberg et al., 2006). These studies
suggest that the difference in the administration route does
not simply account for the different roles of the m- and
k-opioid receptor in the opioid analgesic effects. In the
present study, we showed that increased GTPgS binding by
oxycodone and morphine was antagonized by b-FNA, but not
by nor-BNI. Our data are consistent with the idea that the
pharmacological effects, for example analgesic effects, of both
oxycodone and morphine are mediated via the m-opioid
receptor.

Finally, this study showed that the effects of oxycodone
and morphine are modulated differently in bone cancer pain,
and that m-opioid receptor activation by oxycodone in brain
regions related to pain signalling was attenuated less as com-
pared with the effects of morphine. Consistent with this, the
overall analgesic potency of oxycodone was stronger than
that of morphine when they were administered i.c.v. in the
FBC model. Therefore, the modulation of m-opioid receptor
function under bone cancer pain appears to be one of the
mechanisms underlying the unique analgesic profile of oxy-
codone, and such modulation may determine analgesic effi-
cacy of a particular opioid in chronic pain.
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