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MORPHINE PRIMING IN RATS WITH CHRONIC INFLAMMATION
REVEALS A DICHOTOMY BETWEEN ANTIHYPERALGESIC
AND ANTINOCICEPTIVE PROPERTIES OF DELTORPHIN

L. GENDRON,®" M. J. ESDAILE,? F. MENNICKEN,?
H. PAN,® D. O’'DONNELL,? J.-P. VINCENT,® L. A. DEVI,®
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2Department of Neurology and Neurosurgery, Montreal Neurological
Institute, Room 896, 3801 University Street, McGill University, Mon-
treal, Quebec, Canada H3A 2B4

bAstraZeneca R&D Montreal, Ville St.-Laurent, Quebec, Canada H4S
129

°Department of Pharmacology and Toxicology, Botterell Hall, Queen’s
University, Kingston, Ontario, Canada K7L 3N6

9Department of Pharmacology and Biological Chemistry, Mount Sinai
School of Medicine, New York, NY 10029, USA

®Institut de Pharmacologie Moléculaire et Cellulaire, Unité Mixte de
Recherche 6097 du CNRS, 06560 Valbonne, France

Abstract—We previously showed that prolonged morphine
treatment and chronic inflammation both enhanced delta
opioid receptor (60R) cell surface density in lumbar spinal
cord neurons. Here, we sought to determine whether ad-
ministration of morphine to rats with chronic inflammation
would further increase the bio-availability of 60R, and
thereby the analgesic properties of the 60R agonist deltor-
phin, over that produced by inflammation alone. We found
that chronic inflammation produced by injection of com-
plete Freund’s adjuvant (CFA) into the hind paw resulted in
a bilateral increase in the binding and internalization of
fluorescent deltorphin in neurons of the lumbar spinal cord
as did prolonged morphine treatment [Morinville A, Cahill
CM, Aibak H, Rymar VV, Pradhan A, Hoffert C, Mennicken F,
Stroh T, Sadikot AF, O’Donnell D, Clarke PB, Collier B,
Henry JL, Vincent JP, Beaudet A (2004a) Morphine-induced
changes in delta opioid receptor trafficking are linked to
somatosensory processing in the rat spinal cord. J Neuro-
sci 24:5549-5559]. This effect was accompanied by an
increase in the antinociceptive efficacy of intrathecal del-
torphin as measured using the tail-flick test. Treatment of
CFA-injected rats with morphine decreased the cell surface
availability of 60R in neurons of the dorsal horn of the
lumbar spinal cord as compared with treatment with CFA
alone. Behaviorally, it significantly enhanced the antihy-
peralgesic effects of deltorphin (plantar test; % maximum
possible antihyperalgesic effect (MPAHE)=113.5%+*32.4%
versus 26.1%=11.6% in rats injected with CFA alone) but
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strongly reduced the antinociceptive efficacy of the drug
(tail-flick test; % maximum possible antinociceptive effect
(MPE)=29.6%=*3.6% versus 66.6%=*=6.3% in rats injected with
CFA alone) suggesting that the latter, but not the former, is
linked to the 6OR trafficking events observed neuroanatomi-
cally. These results demonstrate that in chronic inflamma-
tion, the antihyperalgesic effects of 60R agonists may be
enhanced by morphine pre-treatment. They also reveal a di-
chotomy between mechanisms underlying antihyperalgesic
and antinociceptive effects of 60R agonists. © 2006 IBRO.
Published by Elsevier Ltd. All rights reserved.

Key words: delta opioid receptor, deltorphin, chronic inflam-
mation, antihyperalgesia, antinociception, tolerance.

Agonists acting through the mu opioid receptor (wOR),
such as morphine and its derivatives, induce potent anal-
gesic effects (Bodnar and Klein, 2004). However, they also
give rise to undesirable side-effects such as nausea, con-
stipation, and respiratory depression (Colpaert, 1996;
Kreek, 1996). In addition, chronic stimulation of wOR in-
duces tolerance and physical dependence (Cowan et al.,
1988). By contrast, drugs acting on 60R produce more
limited analgesia, but also give rise to considerably less
undesirable side-effects and induce virtually no tolerance
(Porreca et al., 1984; May et al., 1989; Sheldon et al.,
1990; Szeto et al., 1999; Gallantine and Meert, 2005). For
these reasons, 6OR agonists have been proposed as pos-
sible alternatives to wOR agonists for the treatment of
chronic pain, including neuropathic (Mika et al., 2001; Petrillo
et al., 2003; Morinville et al., 2004a) and chronic inflammatory
pain (Desmeules et al., 1993; Stewart and Hammond, 1994;
Fraser et al., 2000; Hurley and Hammond, 2000; Qiu et al.,
2000; Cahill et al., 2003; Petrillo et al., 2003).

One of the reasons for the relatively poor analgesic
efficiency of 8OR agonists may be that only a small pro-
portion of 8OR is actually present on neuronal plasma
membranes under baseline conditions (Cheng et al., 1995,
1997; Elde et al., 1995; Zhang et al., 1998; Cahill et al.,
2001a). However, under conditions of chronic inflamma-
tion, such as produced in rodents by injection of complete
Freund’s adjuvant (CFA) in the hind paw, we observed a
massive recruitment of SOR from intracellular stores to the
plasma membrane in neurons of the dorsal horn of the
spinal cord (Cahill et al., 2003; Morinville et al., 2004b).
This increase in the pharmacological availability of 60R
was postulated to account for the enhanced antihyperal-
gesic efficacy of the centrally administered SOR agonists
reported in conditions of chronic inflammation (Hylden
et al., 1991; Stewart and Hammond, 1994; Fraser et al.,
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2000; Hurley and Hammond, 2000; Cahill et al., 2003;
Morinville et al., 2004b). The CFA-induced up-regulation of
cell surface 80R in spinal cord neurons involves the par-
ticipation of wOR as it can no longer be elicited in uOR
knockout mice (Morinville et al., 2004b). The effect of
chronic inflammation on 8OR trafficking is therefore akin to
that of prolonged treatment with wOR-preferring agonists
(including morphine, fentanyl, methadone and etorphine),
which was shown to induce a selective membrane recruit-
ment of 8OR in neurons of layers |-VI of the rat lumbar
spinal cord (Cahill et al., 2001b; Morinville et al., 2003). As
in animals with chronic inflammation, this increased den-
sity of cell surface 60OR translates into a potentiation of the
antinociceptive properties of deltorphin Il injected intrathe-
cally (i.t.) (Cahill et al., 2001b; Morinville et al., 2003).
However, it is unclear whether chronic inflammation and
sustained morphine treatment affect the same neuronal
populations in the lumbar spinal cord and whether their
effects are independent or cumulative.

The aim of the present study was therefore to investi-
gate the distribution of neurons which up-regulate cell
surface 80OR in the lumbar spinal cord in response to
chronic inflammation of the hind paw and to determine
whether this up-regulation is affected by a morphine treat-
ment in an attempt to determine if pre-treatment of animals
with morphine (to heighten the cell surface density of SOR)
would further enhance the analgesic efficacy of 6OR ago-
nists in the treatment of chronic pain.

EXPERIMENTAL PROCEDURES
Animals

All experiments were carried out in adult male Sprague—Dawley
rats (220-280 g; Charles River, St-Constant, Quebec, Canada),
maintained on a 12-h light/dark cycle. All experiments were ap-
proved by the local animal care committees of McGill University,
Queen’s University, or AstraZeneca R&D Montreal and conformed
to Canadian Council on Animal Care guidelines on the ethical use
of animals. All experiments were designed to minimize the number
of animals used and their suffering.

Induction of chronic inflammation

Chronic inflammation was induced by a s.c. injection of 100 pul
CFA (Calbiochem, San Diego, CA, USA) in the plantar surface of
the left hind paw of rats under ketamine/xylazine (i.p. 20/4 mg per
100 g of body weight) or isoflurane anesthesia (3%, 1 L/min).
Control rats were left untreated (naive). Behavioral testing or
in vivo 80OR internalization assays were carried out 72 h after CFA
injection as described below. To evaluate the level of inflamma-
tion, following behavioral testing the hind paws were cut at the
level of the ankle joint and weighed.

Prolonged morphine treatment

Naive rats and rats injected with intraplantar CFA 24 h earlier
received s.c. injections of increasing doses of morphine sulfate
(MS; Sabex Inc., Boucherville, Quebec, Canada) every 12 hours
for 48 h (5, 8, 10 and 15 mg/kg; standard dose), as described
elsewhere (Cahill et al., 2001b). The drug was diluted in aqueous
0.9% NaCl solution (saline) from a 50 mg/ml stock solution in
saline. Control rats (saline) received corresponding volumes of
saline. Behavioral testing or in vivo 80R internalization assays

were carried out 12 h after the last morphine or saline injection. To
determine the dose-response of morphine pre-treatment on the
antinociceptive efficacy of deltorphin, additional groups of naive
rats were treated: (1) for 48 h with half (1, 3, 5, and 8 mg/kg; low
dose) or twice (10, 15, 20 and 30 mg/kg; high dose) the standard
morphine dose; or (2) for 96 h with a modified standard morphine
dose (5, 8, 10, 10, 10, 10, 10, 15 mg/kg).

In vivo 60R internalization assay

To assess the cell surface availability of SOR in neurons of the
lumbar spinal cord (L4-5), naive rats (n=3), rats treated with CFA
72 h earlier (n=3), and rats treated with CFA and subjected to
prolonged treatment with morphine (standard dose; n=3) were
injected i.t. with 30 ul of w-Bodipy 576/589 deltorphin-I 5-amin-
opentylamide (Fluo-DLT) as described (Morinville et al., 2004a).
Briefly, animals were anesthetized with sodium pentobarbital
(Somnotol; MTC Pharmaceuticals, Cambridge, Ontario, Canada,
6.5 mg/100 g of body weight) and injected i.t. via a lumbar punc-
ture with 0.8 nmol Fluo-DLT diluted in 30 ul saline at the L5-L6
intervertebral space. Appropriate placement of the needle was
validated by the observation of a little flick of the tail. Twenty
minutes after injection of the fluorescent ligand, rats were killed by
intra-aortic arch perfusion of, in succession, 4% paraformalde-
hyde (PFA) in 500 ml 0.1 M phosphate buffer (PB, pH 7.4) at 4 °C
and 100 ml each of 10%, 20%, and 30% sucrose in 0.2 M PB (pH
7.4). The lumbar segment of the spinal cord was snap-frozen in
isopentane at —45 °C and stored at —80 °C until sectioning.
Tissues were sectioned on a cryostat at a thickness of 20 um and
thaw-mounted onto chrome alum/gelatin-coated slides (without
coverslips).

Neurons having specifically bound and internalized Fluo-DLT
(characterized by the presence of intra-cytoplasmic fluorescent
puncta) were visualized using a Zeiss confocal laser scanning
microscope LSM510 (Carl Zeiss Canada Ltd., Toronto, Ontario,
Canada) equipped with an inverted microscope (oil-immersion
objectives, 25X, 40X and 63X) and a He/Ne laser with an exci-
tation wavelength of 543 nm. For each animal, five representative
images were acquired on each side of the lumbar spinal cord,
contralateral and ipsilateral to the inflamed paw, in each of lami-
nae lll, V=VI, and IX. The measurement of internalized Fluo-DLT
in laminae I-ll was excluded because distinct neuronal profiles
were difficult to identify. Indeed, in these superficial layers, the
labeling is mainly in processes and the level of background fluo-
rescence is higher than in the deeper layers. Images were con-
verted to a gray scale and an internal background value defined.
The fluorescence-labeling density above the background was
measured (by an experimenter blinded to treatments) for each
single cell profile using NIH Image J software. Only cells in which
the nucleus could be clearly discerned were analyzed (three to
seven cells per image). Fluorescence intensity values were aver-
aged for each lamina sampled in each animal. Means were then
determined for each experimental group (n=3 per group) and
expressed as relative fluorescence intensity (in arbitrary
units)*=S.E.M. Calculations and statistical analyses were carried
out using Microsoft Excel 2000, Prism GraphPad 3.0 and Sigma
Plot 2001.

Real-time PCR analysis of 60R expression

To determine whether prolonged treatment with morphine or in-
traplantar injection of CFA affected the expression of 6OR in the
lumbar spinal cord, rats left untreated (naive animals), rats treated
either with saline or morphine (standard dose: 5, 8, 10 and 15 mg/
kg), and rats injected with CFA (100 ul in the left hind paw) were
anesthetized with sodium pentobarbital (Somnotol; 6.5 mg/100 g
of body weight) and humanely killed by decapitation. The spinal
cord was removed by pressure extrusion and the L4-5 lumbar
segments were dissected. In CFA-treated animals, these lumbar
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segments were further divided in four sub-sections: dorsal and
ventral horns of ipsi- and contralateral sides.

Tissue samples were then processed for RNA extraction us-
ing the SV total RNA isolation system (Promega, Madison, WI,
USA). Amplification of SOR mRNA was achieved using the one-
step QuantiTect® SYBR® Green RT-PCR kit (Qiagen, Missis-
sauga, Ontario, Canada) as described by the supplier. Briefly, 120
ng of template RNA was mixed on ice with 12.5 pmol of both
sense (position 306 in exon 1: 5-TGCTCGTCATGTTTG-
GAATCGTC-3') and antisense (position 386 in exon 2: 5’-GC-
CAAGGCCAGATTGAAGATGTAG-3') primers (amplicon’s length
is 79 bp, with a melting temperature of 81.3 °C), 12.5 ul of the 2X
QuantiTect® SYBR® Green RT-PCR Master Mix, and 0.25 ul of
QuantiTect® RT mix in a final reaction volume of 25 ul. A primer
pair was also specifically designed for the amplification of rat
GAPDH (5'-TGGTGCCAAAAGGGTCATC-3' and 5'-CTTCCAC-
GATGCCAAAGTTG-3’ for sense and antisense primers, posi-
tions 366 and 541 of exons 6 and 7, respectively), used as internal
standard (the amplicon’s length is 176 bp, with a melting temper-
ature of 85.2 °C). The one-step, real-time RT-PCR analysis was
performed on a Rotor-Gene RG-3000 and data were analyzed
with RotorGene 4.6 software (Corbett Research, MBI, Montreal,
Quebec, Canada). The following parameters were used: Reverse
transcriptase reaction was performed at 50 °C for 30 min, after
which the enzymes (Omniscript® and Sensiscript® reverse tran-
scriptases) were inactivated at 95 °C for 15 min. The latter step
also served in activating the HotStartTag® DNA polymerase. Am-
plification was then achieved with 35 cycles of denaturation (15 s
at 94 °C), annealing (30 s at 54 °C), and extension (30 s at 72 °C;
fluorescence intensity was read at the end of this step). Compar-
ative concentration of SOR mRNA in each sample was determined
with RotorGene 4.6 software and Excel 2000 (Microsoft Corpora-
tion, Seattle, USA), using GAPDH as the housekeeping gene, i.e.
the ratio of SOR/GAPDH mRNA fluorescence signal levels.

Behavioral testing

Plantar test.  To test for thermal withdrawal thresholds, rats
treated with 0.9% NaCl (saline; n=6 animals), rats treated with
prolonged morphine (standard dose; n=5), rats injected with CFA
72 h prior to testing (n=6), and rats injected with CFA and sub-
jected to prolonged treatment with morphine (standard dose; n=6)
were placed in Plexiglas® boxes positioned on a glass surface
(IITC Life Science Inc., Woodland Hills, CA, USA). After a 15 min
habituation period, the heat source was positioned under the
plantar surface of the hind paw and the paw withdrawal latency in
response to radiant heat was measured. For animals injected with
CFA and with CFA and morphine, the paw withdrawal latency in
response to radiant heat was measured prior to, and every 10 min
after, deltorphin injection (10 ug in 30 ul of 0.9% saline, i.t.) over
a period of 30 min. Appropriate placement of the needle was
validated by the observation of a little flick of the tail. The intensity
of the light beam was adjusted so that baseline latencies were
6—8 s in naive rats. A cutoff time of 3X baseline was imposed to
prevent tissue damage. The cutoff time was calculated indepen-
dently for each paw. If an animal reached the cutoff, the light beam
was turned off and the animal was assigned the maximum score.
The maximum possible antihyperalgesic effect (MPAHE, return to
baseline pre-injury withdrawal thresholds) of deltorphin in CFA
rats was calculated, for the inflamed hind paw (i.e. the paw in-
jected with CFA), according to the following formula:

%MPAHE=100x

(test latency) — (baseline latency following CFA)
(baseline prior to CFA) — (baseline latency following CFA)

From the latter calculation, a MPAHE of 0% represents no
antihyperalgesic effect of the drug while a MPAHE of 100% cor-

responds to a complete relief of the hyperalgesia, i.e. to a re-
sponse latency to radiant heat identical to baseline (prior to CFA
injection).

The maximum possible antinociceptive effect (MPE; con-
tralateral hind paw) of deltorphin in rats injected with CFA and
treated or not with morphine (5, 8, 10, and 15 mg/kg) was calcu-
lated according to the following formula:

(test latency) — (baseline latency)

9 =
%MPE=100x (cutoff) — (baseline latency)

Tail-flick test. To test for deltorphin’s antinociceptive ef-
fects, tail-flick latencies were measured in rats injected with saline
(n=6) and in rats treated with CFA for 72 h (n=6) and subjected
or not to prolonged treatment with morphine (low doses; n=6,
standard doses; n=8), before and every 10 min after deltorphin
injection (10 ug in 30 ul of 0.9% saline, i.t.) over a period of 50
min. Appropriate placement of the needle was validated by the
observation of a little flick of the tail. In an additional set of
experiments, deltorphin challenge was carried out in rats treated
for 48 h with standard (5, 8, 10 and 15 mg/kg; standard doses,
n=7), half (1, 3, 5, and 8 mg/kg; low doses, n=7), or double (10,
15, 20 and 30 mg/kg; high doses, n=9) doses of morphine, or for
96 h with modified standard doses (5, 8, 10, 10, 10, 10, 10,
15 mg/kg, n=4). Five centimeters of the tail was immersed in a
waterbath maintained at 52 °C. Latency to response was deter-
mined by a vigorous tail-flick. A cutoff time of 10 s was imposed to
avoid tissue damage. If an animal reached cutoff, the tail was
removed from the water and the animal was assigned the maxi-
mum score. The MPE of deltorphin was calculated according to
the following formula:

(test latency) — (baseline latency)

0, =
%MPE=100% (cutoff) — (baseline latency)

Met-enkephalin measurements

To determine whether injection of CFA induced the release of
met-enkephalin in the spinal cord, untreated rats (naive; n=3) or
rats treated with CFA for 72 h (n=4) were anesthetized with
sodium pentobarbital (Somnotol; 6.5 mg/100 g of body weight)
and killed by decapitation. The spinal cord was rapidly removed by
pressure extrusion and the L4-5 lumbar segments were dissected
out. These lumbar segments were further divided in four sub-
sections: dorsal and ventral horns of ipsi- and contralateral sides,
and immediately frozen on dry ice. Tissue samples were then kept
at —80 °C until assayed. The spinal cord tissue was homogenized
in 1 ml of 50 mM Tris—HCI (pH 7.5) containing 10% sucrose and
protease inhibitors (cocktail containing peptstatin A, E-64, besta-
tin, leupeptin, and aprotinin and 4-(2-aminoethyl)benzenesulfonyl
fluoride; Sigma). An aliquot was removed for protein estimation.
The homogenate was incubated at 90 °C for 30 min to inactivate
proteases and clarified by centrifugation at 13,000xg for 15 min.
Approximately 200 ul of sample supernatant was analyzed for
ir-Met-Enk using the Met-enkephalin radioimmunoassay (RIA).
For this, the samples were incubated with a 1:750 dilution of
Met-enkephalin antiserum (Bachem Bioscience Inc, Philadelphia,
PA, USA) in a RIA buffer (10 mM Tris—HCI buffer, pH 7.5, con-
taining 0.1% gelatin (Bio-Rad, Hercules, CA, USA), 0.1% bovine
serum albumin (protease-free; Sigma), 0.1% Triton X-100, and
0.02% sodium azide). On the following day, '?°I-Met-enkephalin
(~10,000 cpm/tube; Bachem Bioscience Inc.) was added and the
tubes were incubated overnight at 4 °C. To terminate the reaction,
100 ul of goat anti-rabbit globulin and 100 ul of normal rabbit
serum were added. The antigen-antibody complex was separated
from the unbound radioligand according to the manufacturer’s
protocol (Peninsula Laboratories Inc, San Carlos, CA, USA).
Since there was no significant difference between them, data from
contra- and ipsilateral sides were pooled.
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RESULTS

Effect of CFA injection, followed or not by a 48 h
treatment with morphine, on the cell surface
availability of 60R in rat lumbar spinal cord

To determine the distribution of neurons showing in-
creased cell surface recruitment of SOR in rats subjected
to chronic inflammation and to assess whether this recruit-
ment would be affected by treating the animals with mor-
phine for 48 h, we used an in vivo internalization assay
based on the i.t. injection of the fluorescent deltorphin
analog, Fluo-DLT. As previously described elsewhere
(Morinville et al., 2004a), this assay is based on the prin-
ciple that the amount of Fluo-DLT internalized over a 20
min period, as quantified by densitometry in confocal im-
ages of the spinal cord, reflects the density of cell surface
receptors available to bind and internalize the fluorescent
ligand during this period.

In sections from the lumbar spinal cord of saline-
treated, CFA-injected, and CFA-injected plus morphine-
treated rats, numerous fluorescently-labeled neurons were
detected by confocal microscopy throughout the gray
matter of the spinal cord. Labeled cells were filled with
small fluorescent puncta, typical of endocytosed Fluo-
DLT (Fig. 1). Densitometric quantification of intracellular
fluorescence levels revealed that Fluo-DLT internalization,
and by extension cell surface availability of 8OR, was
higher in rats subjected to CFA injection than in naive rats
in lamina 111 (1.31x0.06 fold; P<<0.01) and in laminae V-VI
(1.53+0.05 fold; P<0.01) on the side ipsilateral to the
inflammation (Fig. 1A, B and 1F, G, respectively; Fig. 2A, B).
This effect was selective for neurons of the dorsal horn, as
no significant difference between naive and CFA-injected
rats was observed in motor neurons of lamina IX (Fig. 1K,
L; Fig. 2C; P>0.05, ANOVA, Tukey’s multiple comparison
test). A significant increase in Fluo-DLT internalization was
also observed on the side contralateral to the inflammation
(lamina lll: P<0.01; laminae V-VI: P<0.05 as compared
with saline; ANOVA, Tukey’s multiple comparison test).

The increase in Fluo-DLT internalization observed
here following CFA injection occurred in the same layers of
the lumbar spinal cord as those previously reported follow-
ing prolonged treatment with morphine (Morinville et al.,
2004a). However, when morphine was administered to
CFA-treated animals, we observed a bilateral reduction
in fluorescence intensity levels, and hence in 860R avail-
ability, in neurons from lamina 11l (P<0.001) and laminae
V-VI (P<0.01 and P<0.05 for ipsi- and contralateral
sides, respectively) as compared with rats treated with
CFA alone (Fig. 1D, E and |, J, versus Fig. 1B, Cand G, H
respectively; Fig. 2) (ANOVA, Tukey’s multiple comparison
test).

Effect of prolonged morphine treatment and of
chronic inflammation on the expression of 60R in
the lumbar spinal cord

To determine whether the increase in 60R cell surface
availability observed after CFA injection and the decrease
observed after combined CFA/morphine were pure traffick-

ing events or could be attributed, at least in part, to mod-
ified levels of expression of the receptor, we quantified by
real-time PCR 80R mRNA levels in the spinal cord of
morphine-treated, CFA-, or CFA/MS-injected rats and
compared them to those in saline-injected (s.c.) and un-
treated controls (naive), respectively.

As shown in Table 1, no significant differences in 60OR
mRNA levels were apparent between the lumbar spinal
cords of CFA-, CFA/MS, and naive animals (P>0.05,
ANOVA, Tukey’s multiple comparison test) or between
ipsi- and contralateral dorsal or ventral horns in CFA- and
CFA/MS-treated rats (P>0.05, ANOVA, Tukey’s multiple
comparison test). Likewise, there was no statistically sig-
nificant difference in lumbar spinal cord SOR mRNA levels
between morphine-treated and saline-injected rats (P=
0.745, two-tailed unpaired t-test; Table 1).

Effect of prolonged morphine treatment
on the antihyperalgesic effects of deltorphin I
in CFA-injected rats

We previously showed that deltorphin had a greater anal-
gesic potency in CFA-treated rats than in control animals
(Canhill et al., 2003). In the present study, we sought to
characterize the antihyperalgesic effects of deltorphin in
this model of chronic inflammation and to determine whether
these effects could be further enhanced by subjecting the
animals to prolonged morphine exposure, since prolonged
morphine treatment on its own had also been shown to
augment 60R-mediated antinociception (Cahill et al., 2001b).
To address this issue, we compared plantar thermal with-
drawal latencies of the inflamed paw following i.t. injection of
deltorphin in rats: (1) injected with CFA alone; and (2) injected
with CFA and treated with morphine (CFA/MS).

To ensure that all of our animals had comparable
levels of inflammation and hyperalgesia, we first assessed
the gain in weight (edema) and the plantar thermal with-
drawal latency of the inflamed paw in rats injected with
CFA alone and in rats injected with CFA and then treated
with morphine. Three days post-CFA injection, there was
no significant difference (P=0.177, two-tailed unpaired t-test)
in the weight of the inflamed hind paw between CFA-injected
rats pre-treated (137%=*=2% that of naive rats, n=9) or not
(133%*2% that of naive rats, n=9) with morphine. At that
time, both groups of animals had developed comparable
unilateral hyperalgesia (i.e. decreased latency to response in
the plantar test 72 h post-CFA injection compared with naive
animals; Table 2). No hyperalgesic symptoms were apparent
on the contralateral side in either group of animals (Table 2).
Thus, using our parameters for the plantar test, morphine
treatment did not affect CFA-induced hyperalgesia (as tested
12 h after the last morphine injection) when administered
after the pro-inflammatory drug.

As illustrated in Fig. 3A, i.t. administration of deltorphin
produced a slight antihyperalgesic effect (%MPAHE=
26.1%+*11.6%) in rats injected with CFA alone but a com-
plete relief of hyperalgesia (i.e. response latency to radiant
heat identical to baseline prior to CFA injection) in CFA-
injected rats submitted to prolonged morphine exposure
(%MPAHE=113.5%=*+32.4%, P=0.035 as compared with
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Fig. 1. Effect of CFA and CFA followed by a MS treatment on Fluo-DLT internalization in rat spinal cord. Naive (A, F and K), CFA- (B—C, G-H and
L-M), and CFA/MS-treated animals (D-E, I-J and N-O) were injected i.t. with 0.8 nmol of Fluo-DLT and processed for confocal microscopic analysis
as described in Experimental Procedures. Red—white glow-scale images (scale bar=20 um) of neurons from lamina Ill (A-E), laminae V-VI (F-J) and
lamina IX (K-0).
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Fig. 2. Densitometric analysis of the effect of CFA, MS, and CFA+MS on Fluo-DLT internalization in rat spinal cord. Quantitative analysis of Fluo-DLT
internalization in neurons of lamina Il (A), laminae V-VI (B), and lamina IX (C). Fluorescence intensities (corresponding to Fluo-DLT internalization
levels) are the mean+S.E.M. of three rats in each condition. CFA treatment selectively enhances the mean fluorescence intensity in neurons from the
dorsal horn (lamina Il and laminae V-VI) of the rat lumbar spinal cord, bilaterally. In rats administered CFA+MS, fluorescence intensity levels are
significantly lower than in rats injected with CFA alone. Note the absence of effect in neurons of lamina IX in all conditions. (* P<<0.05 and ** P<0.01
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versus naive animals; ANOVA, Tukey’s multiple comparison test).

animals injected with CFA alone; two-tailed unpaired t-test;
n=5). Deltorphin injection did not modify the latency to paw
withdrawal in the contralateral, uninflamed hind paw (Fig. 3 B;

%MPE=1.6%*0.7% and 8.1%=*3.0% respectively for CFA

and CFA/MS groups). Note that %MPE=0% means absence

of analgesic properties.
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Effect of prolonged morphine treatment
on the antinociceptive effects of deltorphin Il
in CFA-injected rats

To determine whether the increase in the antihyperalgesic
effects of deltorphin observed after morphine treatment on
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Table 1. Ratio of SOR/GAPDH mRNA expression in the rat lumbar
spinal cord

Group Dorsal horn Ventral horn

Naive 0.152+0.004 (5) 0.188+0.017 (5)
CFA Contra 0.160=0.017 (4) 0.164=0.037 (4)
CFA Ipsi 0.169+0.026 (4) 0.198+0.043 (4)
CFA/MS Contra 0.1660.011 (5) 0.175+0.014 (5)
CFA/MS Ipsi 0.145+0.006 (5) 0.178=+0.006 (5)

Data are the mean=SEM of the ratio of SOR/GAPDH mRNA ex-
pression in the rat lumbar spinal cord. Significance was calculated
using a one-way ANOVA followed by a Tukey’s multiple comparison
test. No significant difference (P>0.05) was found between any
groups. Numbers in parentheses represent the number of animals
tested for each group. MS standard doses, morphine 48 h (5, 8, 10 and
15 mg/kg); CFA/MS, CFA+morphine 48 h (5, 8, 10 and 15 mg/kg);
Contra, side contralateral to CFA injection; Ipsi, side ipsilateral to CFA
injection. Saline-injected, 0.194+0.055 (4); MS standard doses,
0.220+0.053 (4).

the side ipsilateral to the injection of CFA was accompa-
nied by an overall augmentation of the antinociceptive
properties of deltorphin, heat-induced tail-flick latencies
were measured in rats: (1) treated with standard morphine
doses alone (48 h: 5, 8, 10 and 15 mg/kg); (2) injected with
CFA alone; (3) injected with CFA and then treated with low
(CFA/MS Low) or standard doses of morphine (CFA/MS
Standard); (4) treated with saline (saline). As illustrated in
Fig. 4A, i.t.-injected deltorphin produced peak antinocicep-
tive responses in the tail-flick test 20 min after injection in
all groups of animals with the exception of the saline-
treated group. Comparison of the %MPE at 20 min post-
injection indicated that when administered independently,
MS and CFA both strongly increased the antinociceptive
effects of deltorphin as compared with naive animals
treated with saline (80.6%=*5.1% and 66.6%*+6.3%, re-
spectively, as compared with 11.3%=*=3.8% in saline-
treated rats; P<0.001; Fig. 4B). By contrast, when stan-
dard morphine doses and CFA treatments were adminis-
tered jointly, the antinociceptive effects of deltorphin were
reduced (29.6% = 3.6% for CFA/MS standard doses versus
80.6%*+5.1% and 66.6%*+6.3% for MS and CFA groups,

Table 2. Baseline paw withdrawal latencies

Group Thermal latency (s) ANOVA

Naive 6.8+0.3 (6)

CFA Contra 5.6+0.4 (6)

CFA Ipsi 3.3+0.2 (5) P<0.001 vs. naive
CFA/MS Contra 6.6+0.7 (6)

CFA/MS Ipsi 2.9+0.4 (5) P<0.001 vs. naive

Data are the mean=SEM of the basal thermal latencies expressed
in seconds (s). Numbers in parentheses represent the number of
animals tested for each group. Significance was calculated using a
one-way ANOVA followed by a Tukey’s multiple comparison test. No
hyperalgesia was apparent on the contralateral side in either group of
CFA-injected animals. Moreover, morphine did not decrease the basal
thermal latencies when administered to CFA-injected animals (as
compared with CFA-injected animals). Contra, side contralateral to
CFA injection; Ipsi, side ipsilateral to CFA injection; MS, morphine
48 h (5, 8, 10 and 15 mg/kg).

A B
Paw withdrawal Paw withdrawal
(ipsilateral) (contralateral)
p=0.035
160 1 50
140 - { 5
LLj 120
T 100 - w
2 o %
D_: 80 =
S 60 - = &0
R ]
40 1 10 I
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0 - (I
CFA CFA/MS CFA CFA/MS

Fig. 3. Effect of prolonged MS treatment on SOR-mediated antihyper-
algesia in CFA-injected rats. Thermal latencies (in s) to noxious heat
(plantar test) were recorded every 10 min following i.t. administration
of deltorphin Il (10 ng). Percentages of maximal possible antihyperal-
gesic effects (MPAHE)=S.E.M. (A) and percentages of maximal pos-
sible antinociceptive effects (MPE)=S.E.M. (B) were determined 20
min after injection of deltorphin Il. I.t. deltorphin has greater antihyper-
algesic effects in CFA animals treated with morphine (5, 8, 10 and
15 mg/kg) than in animals treated with CFA alone (P=0.035, two-tailed
unpaired t-test). No antinociceptive effects of deltorphin was observed
on the contralateral hind paw.

respectively; P<0.001), as if the two treatments were an-
tagonistic to each other (Fig. 4A, B). Administration of
lower doses of morphine to animals injected with CFA had
no effect on the CFA-induced antinociceptive effects of
deltorphin (61.3%*5.9% in CFA+MS low versus 66.6% *
6.3% in CFA alone; P>0.05, ANOVA, Tukey’'s multiple
comparison test; Fig. 4A, B).

Dose-response of morphine pre-treatment on the
antinociceptive effects of deltorphin Il

Based on our earlier observations that the increased tar-
geting of SOR in neurons of the lumbar spinal cord follow-
ing CFA injection could no longer be elicited in wOR-KO
mice (Morinville et al., 2004b), we postulated that this
effect was due to stimulation of LuOR by endogenously
released opioids and that, consequently, the loss of poten-
tiation of deltorphin antinociceptive effects observed here
in rats treated with CFA and then with morphine reflected
a cross-tolerance-like mechanism due to overstimulation
of wOR. To test this hypothesis, we investigated whether
rats treated with doses of morphine twice as high as our
standard doses would likewise exhibit cross-tolerance to
deltorphin.

As seen in Fig. 5A, in animals pre-treated with high
doses of morphine, i.t.-injected deltorphin produced peak
antinociceptive responses in the tail-flick test 20 min after
injection, as it did in animals pre-treated with the standard
or lower doses of morphine. However, in contrast to the
standard morphine pre-treatment which increased the
%MPE of deltorphin over sevenfold as compared with
saline-treated rats (80.6%*=5.1% versus 11.3%*+3.8%),
pre-treatment with low or high doses of morphine as well
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Fig. 4. Comparative analgesic effects of deltorphin Il in animals
treated with CFA and/or with MS. (A) Tail-flick latencies (in s) were
determined every 10 min following i.t. administration of deltorphin I
(10 ng) to rats treated with: (1) saline but absence of CFA (n=6); (2)
standard doses of morphine but absence of CFA (MS, 48 h: 5, 8, 10
and 15 mg/kg, n=7); (3) CFA (injected in the left hind paw; 72 h
postinjection; n=6); (4) CFA together with either low (MS, 48 h: 1, 3, 5
and 8 mg/kg, n=6) or standard doses of morphine (n=7). Data corre-
spond to the mean=S.E.M. (B) Percentage of maximal possible an-
tinociceptive effect (MPE)=S.E.M. determined 20 min after injection of
deltorphin Il. Percent MPEs for MS, CFA, CFA/MS (low doses) and
CFA/MS (standard doses) are significantly different from %MPE in
saline-treated rats (** P<<0.001). Percent MPEs are also significantly
different between MS- and CFA/MS- (standard doses) treated rats
(P<0.001) and between CFA- and CFA/MS- (standard doses) treated
animals (P<0.001). Statistical significance determined using one-way
ANOVA followed by Tukey’s multiple comparison test.

as longer treatment (up to 96 h; modified standard doses)
only increased the antinociceptive effects of deltorphin by
two- to threefold compared with saline-treated rats (re-
spectively 30.8%*+5.3%, 23.0%*+4.5% and 31.2%=*9.0%
for low, high doses and modified standard doses versus
11.3%+3.8% in saline-treated rats) (Fig. 5A, B).

Effect of chronic inflammation on met-enkephalin
levels in the lumbar spinal cord

The similarity between the loss of potentiation of deltorphin
antinociceptive effects observed after treatment with high
doses of morphine versus after CFA followed by standard
doses of morphine suggested to us that the chronic inflam-
mation induced by CFA injection caused the release of

endogenous opioid agonists. Indeed, increased enkepha-
lin immunoreactivity was reported in chronic inflammatory
states (Faccini et al., 1984; Millan et al., 1986, 1988;
Hurley and Hammond, 2001). We sought to determine
whether in the present chronic inflammation model, endog-
enous met-enkephalin levels were modified in the rat lum-
bar spinal cord. As illustrated in Fig. 6, we found that 72 h
post-CFA injection, the levels of met-enkephalin in both
dorsal and ventral horns of CFA animals were not signifi-
cantly different from those measured in naive animals
(P>0.05, two-tailed unpaired f-test). Note that because no
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Fig. 5. Analgesic effects of deltorphin Il following different morphine
pre-treatment paradigms. (A) Tail-flick latencies (in s) were determined
every 10 min following i.t. administration of deltorphin Il (10 ng) to
saline-treated animals (n=6) or to animals pre-treated with low doses
(1, 3, 5 and 8 mg/kg; n=7), standard doses (5, 8, 10 and 15 mg/kg;
n=7), or high doses (10, 15, 20 and 30 mg/kg; n=9) of morphine, or
with a modified standard morphine doses paradigm (96 h: 5, 8, 10, 10,
10, 10, 10 and 15 mg/kg; n=4). Note that these experiments were
conducted in the absence of CFA. Data correspond to the
mean+S.E.M. (B) Percentages of maximal possible antinociceptive
effects (MPE)=S.E.M. were determined 20 min after injection of del-
torphin Il. Percent MPE for morphine (standard doses) and modified
standard morphine doses are significantly different from the %MPE in
saline-treated rats (** P<<0.001 and * P<0.05 respectively). Percent
MPEs in animals treated with high, low, or modified standard doses of
morphine are significantly lower than in rats treated with standard
doses of morphine (P<<0.001). Statistical significance determined us-
ing one-way ANOVA followed by Tukey’s multiple comparison test.
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Fig. 6. Met-enkephalin levels in dorsal and ventral horn of lumbar
spinal cord of rats injected with CFA. Immunoreactive levels of met-
enkephalin in dorsal and ventral horns of rat lumbar spinal cord were
determined by RIA in naive animals (n=3) and in animals injected with
CFA in the left hind paw 72 h prior to kill (n=4). Results are expressed
as fmol of met-enkephalin/mg of protein =S.E.M. No significant differ-
ence is observed between CFA-treated and naive animals (P>0.05).
Statistical significance determined using a two-tailed unpaired t-test.
Because no difference was observed between them, data from contra-
and ipsilateral sides were pooled.

difference was observed between them, data from contra-
and ipsilateral sides were pooled.

DISCUSSION

The present study investigated the effects of morphine
priming on the analgesic properties of deltorphin Il, a se-
lective delta opioid receptor (60OR) agonist, in the CFA
model of chronic inflammation. Our results reveal that
whereas antihyperalgesic effects (plantar test) of i.t. ad-
ministered deltorphin are potentiated by a pre-treatment
with morphine, antinociceptive effects (tail flick test) are
markedly reduced when morphine is administered to CFA-
treated rats.

We previously demonstrated that prolonged treatment
of rodents with wOR agonists including morphine induced
a selective increase in cell surface density of 30OR (Cahill et
al., 2001b; Morinville et al., 2003) and internalization of
S80OR agonists in neurons of layers 1-VI of the lumbar spinal
cord (Morinville et al., 2004a). We also showed that
chronic inflammation resulting from the injection of CFA
into the rat hind paw similarly enhanced, bilaterally, the
membrane density of 8OR in neurons of the dorsal horn
(Canhill et al., 2003). However, it was still unknown if the
distribution of neurons affected by CFA injection was the
same as the one showing up-regulation of cell surface SOR
after morphine treatment.

We demonstrate here that the effect of chronic inflam-
mation on the cell surface availability of 60R selectively
occurs in neurons of the dorsal horn as was found to be the
case for prolonged morphine treatment (Morinville et al.,
2004a). Furthermore, this effect is bilateral, as was the
effect of sustained morphine (Morinville et al., 2004a). This
is not to say, however, that both regimens affect the same
neuronal populations. Indeed, in dorsal root ganglia

(DRG), morphine treatment increases cell surface 6OR in
neurons of all types and sizes, whereas CFA injection
selectively up-regulates cell surface 8OR in small- and
medium-sized ganglion cells (Gendron et al., 2006).

The enhanced availability of cell surface 6OR observed
in CFA-injected rats is likely due to an increase in the
membrane recruitment of intracellular reserve receptors
rather than to the neosynthesis of 60R since no change in
the expression of 5OR mMRNA was observed in the spinal
cord of these animals using quantitative PCR on whole
spinal cord quadrants. Likewise, CFA injection in the hind-
limb selectively affected trafficking as opposed to expres-
sion of SOR in rat lumbar DRGs (Gendron et al., 2006).
However, we previously observed a bilateral increase in
80R mRNA in a discrete subpopulation of the dorsal horn
neurons of CFA-treated animals using quantitative in situ
hybridization (Cahill et al., 2003), suggesting that a small
number of neurons exhibiting enhanced 8OR availability,
diluted in the sample assayed here, might be up-regulating
S60R.

To determine whether prolonged morphine treatment
would affect the increase in 8OR availability observed in
the lumbar spinal cord following chronic inflammation, we
repeated our in vivo Fluo-DLT internalization assay in
CFA-injected animals treated for 48 h with our standard
morphine regimen. Surprisingly, not only did this morphine
treatment fail to further increase cell surface availability of
80R as compared with animals treated with CFA alone,
but it totally abolished the effect produced by injection of
CFA.

To correlate our anatomical findings with the pharma-
cological effects of i.t.-administered deltorphin, we mea-
sured the antihyperalgesic effects of deltorphin in CFA-
injected rats treated or not with morphine, using the plantar
test. As previously reported (Cahill et al., 2003), deltorphin
induced antihyperalgesic effects when administered i.t. to
CFA-injected rats. Surprisingly, treatment of CFA-injected
animals with morphine further enhanced the antihyperal-
gesic effect of i.t. deltorphin as compared with animals
treated with CFA alone, despite the fact that it abolished
the CFA-induced increase in the binding and internaliza-
tion of Fluo-DLT in the lumbar spinal cord. These results
suggest that the antihyperalgesic effects of deltorphin in
the CFA model are unrelated to the increase in the cell
surface availability of SOR in neurons of the dorsal horn.
Alternatively, they might be related to the increase in SOR
cell surface density observed in small- and medium-sized
DRG neurons following CFA injection (Gendron et al.,
2006). The enhancement of 80R’s functional competence
recently reported in trigeminal nociceptors following acti-
vation of bradykinin B2 receptors supports this interpreta-
tion (Patwardhan et al., 2005). Admittedly, membrane §OR
were also shown to be increased in peripheral neurons
(Patwardhan et al., 2005), suggesting that the enhanced
antihyperalgesic effects of deltorphin could result from
stimulation of peripheral receptors. This interpretation ap-
pears unlikely, however, since deltorphin was injected i.t.
and does not cross the blood—brain barrier. Whatever the
underlying mechanism involved, the present study indi-
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cates that the antihyperalgesic efficiency of SOR agonists
in chronic inflammation may be further enhanced by treat-
ing the animals with morphine.

Very different results were obtained when the antino-
ciceptive effects of i.t. deltorphin were assessed using the
tail-flick test in CFA-injected rats. Injection of CFA alone
resulted in an augmentation of the antinociceptive effects
of i.t. deltorphin comparable to those observed after pro-
longed morphine treatment. This result was surprising in
itself since CFA-induced inflammation affects lumbar so-
matosensory inputs while the tail-flick test measures a
sacral reflex. However, primary afferent nociceptors have
been shown to project both rostrally and caudally in the
cervical spinal cord (Abbadie et al., 2002) and L5-L6 nerve
injury was found to induce extrasegmental changes ex-
tending downward into S1-S2 (Ossipov et al., 1995; Malan
et al.,, 2000; Wang et al., 2003). Furthermore, electrical
stimulation of various acupuncture points in the limbs was
reported to elicit an inhibition of the tail nociceptive with-
drawal reflexes (Romita and Henry, 1996), further support-
ing the existence of neuronal connections between lumbar
and sacral segments. In animals co-treated with CFA and
morphine, the antinociceptive effects of i.t. deltorphin were
no longer different from those recorded in saline-injected
rats. Therefore, antinociceptive (unlike antihyperalgesic)
behavior correlated with the return to baseline cell surface
S80R availability levels measured in the lumbar spinal cord
using our in vivo deltorphin internalization assay.

The question arises as to why, when administered
together, CFA and morphine treatments neutralize both
the anatomical and behavioral effects that they exert indi-
vidually. One possibility is that systemic morphine acts on
peripheral nerves to induce nerve block, thereby reducing
the CFA-induced afferent drive. This interpretation could
account for the observed behavioral, but not for 6OR traf-
ficking events. Another possibility is that both effects have
a joint central origin. Peripheral inflammation is known to
increase the release of endogenous opioid peptides, both
in the periphery (Cabot et al., 1997) and in the CNS (Millan
et al., 1986, 1988; ladarola et al., 1988; Hurley and Ham-
mond, 2001; Parra et al., 2002). Specifically, unilateral
inflammation of the hindlimb was reported to rapidly in-
crease both the mRNA levels of dynorphin and enkephalin
precursors (ladarola et al., 1988; Noguchi et al., 1992) as
well as the level of immunoreactive dynorphin (ladarola et
al., 1988; Millan et al., 1988; Parra et al., 2002). Bilateral
changes in the level of met- and leu-enkephalin peptide
content were also observed in the superficial dorsal horn of
the rat spinal cord 5 weeks after CFA injection (Millan et
al., 1988). Thus, although our own RIA showed no in-
crease in enkephalin levels 72 h after CFA injection, the
bilateral augmentation in 8OR bio-availability observed in
neurons of the lumbar spinal cord could be due to en-
hanced release of endogenous opioid peptides acting on
1wOR, which would be coherent with the fact that it is not
present in wOR knockout animals (Morinville et al., 2004b).
Because prolonged morphine treatment can induce spinal
changes and central sensitization (Ossipov et al., 2005;
Trang et al., 2005), we figured that the addition of an

exogenous pwOR agonist (morphine) to the endogenous
opioid stimulus would result in an overstimulation of uOR
and, through a opioid tolerance mechanism, reduce both
80R ftrafficking and the antinociceptive effects of
deltorphin.

To determine whether an overstimulation of wOR
would indeed reduce the antinociceptive effects of deltor-
phin, we repeated the tail-flick experiments in animals
pre-treated with high doses of morphine alone. We found
that this heightened morphine regimen significantly de-
creased the antinociceptive effects of i.t. deltorphin, in
much the same way as did our standard doses of morphine
in CFA-treated rats. Furthermore, we also observed that
low doses of morphine administered to CFA-treated rats
did not reduce the antinociception induced by deltorphin.
Taken together, these results suggest that these priming
effects of morphine operate within a narrow dose range
and that too high a dose of morphine may reduce the
responsiveness to 80OR agonists.

CONCLUSION

In sum, the present findings demonstrate that the antihy-
peralgesic effects of SOR agonists may be enhanced by
prolonged exposure to morphine in a model of chronic
inflammation and that under such priming conditions, SOR
agonists able to cross the blood—brain barrier could pro-
vide effective analgesia in chronic inflammation states. Our
results also show, however, that 8OR targeting to the
plasma membrane of dorsal horn neurons, and by way of
consequence the pharmacological sensitivity of spinal
S80R, are highly sensitive to primer doses of wOR agonists,
i.e. to the intensity of wOR stimulation. Finally, the present
study demonstrates that different cellular mechanisms un-
derlie antihyperalgesic and antinociceptive efficacy of i.t.
deltorphin in CFA-treated rats. A better understanding of
the mechanisms underlying the morphine-induced poten-
tiation of the antihyperalgesic effects of SOR agonists in
chronic inflammation will be pivotal in the development of
60R-targeted medication for the treatment of chronic pain.

Acknowledgments—This work was supported by grants MOP-
38014 and MOP-66986 from the Canadian Institutes for Health
Research (CIHR) to A.B. and C.M.C., respectively, and by grant
from AstraZeneca Canada Inc. L.G. was funded by fellowship
MFE-63497 from the Canadian Institutes of Health Research
(CIHR). The authors thank Clélia Tommi, Mariette Lavallée, and
Shannon Parker for their technical assistance and Claude Rob-
erge for her expert help in the design of real-time PCR primers.
This work was presented in part at the Society for Neuroscience’s
meeting 2004, in San Diego, CA, USA: L. Gendron, A.-L. Lucido,
F. Mennicken, D. O’Donnell, T. Stroh and A. Beaudet. Increased
delta opioid receptor internalization in rat dorsal root ganglia fol-
lowing prolonged morphine treatment or chronic inflammatory
pain. Program No. 406.5 2004 Abstract Viewerlltinerary Planner.
Washington, DC: Society for Neuroscience, 2004. Online.

REFERENCES

Abbadie C, Lombard MC, Besson JM, Trafton JA, Basbaum Al (2002)
Mu and delta opioid receptor-like immunoreactivity in the cervical



L. Gendron et al. / Neuroscience 144 (2007) 263-274 273

spinal cord of the rat after dorsal rhizotomy or neonatal capsaicin:
an analysis of pre- and postsynaptic receptor distributions. Brain
Res 930:150-162.

Bodnar RJ, Klein GE (2004) Endogenous opiates and behavior: 2003.
Peptides 25:2205-2256.

Cabot PJ, Carter L, Gaiddon C, Zhang Q, Schafer M, Loeffler JP, Stein C
(1997) Immune cell-derived beta-endorphin. Production, release, and
control of inflammatory pain in rats. J Clin Invest 100:142—148.

Cahill CM, McClellan KA, Morinville A, Hoffert C, Hubatsch D,
O’Donnell D, Beaudet A (2001a) Immunohistochemical distribution
of delta opioid receptors in the rat central nervous system: evi-
dence for somatodendritic labeling and antigen-specific cellular
compartmentalization. J Comp Neurol 440:65—84.

Cahill CM, Morinville A, Lee MC, Vincent JP, Collier B, Beaudet A
(2001b) Prolonged morphine treatment targets delta opioid recep-
tors to neuronal plasma membranes and enhances delta-mediated
antinociception. J Neurosci 21:7598—-7607.

Cahill CM, Morinville A, Hoffert C, O’'Donnell D, Beaudet A (2003) Up-
regulation and trafficking of delta opioid receptor in a model of chronic
inflammation: implications for pain control. Pain 101:199-208.

Cheng PY, Liu-Chen LY, Pickel VM (1997) Dual ultrastructural immu-
nocytochemical labeling of mu and delta opioid receptors in the
superficial layers of the rat cervical spinal cord. Brain Res
778:367-380.

Cheng PY, Svingos AL, Wang H, Clarke CL, Jenab S, Beczkowska
IW, Inturrisi CE, Pickel VM (1995) Ultrastructural immunolabeling
shows prominent presynaptic vesicular localization of delta-opioid
receptor within both enkephalin- and nonenkephalin-containing
axon terminals in the superficial layers of the rat cervical spinal
cord. J Neurosci 15:5976-5988.

Colpaert FC (1996) System theory of pain and of opiate analgesia: no
tolerance to opiates. Pharmacol Rev 48:355-402.

Cowan A, Zhu XZ, Mosberg HI, Omnaas JR, Porreca F (1988) Direct
dependence studies in rats with agents selective for different types
of opioid receptor. J Pharmacol Exp Ther 246:950-955.

Desmeules JA, Kayser V, Gacel G, Guilbaud G, Roques BP (1993)
The highly selective delta agonist BUBU induces an analgesic
effect in normal and arthritic rat and this action is not affected by
repeated administration of low doses of morphine. Brain Res
611:243-248.

Elde R, Arvidsson U, Riedl M, Vulchanova L, Lee JH, Dado R, Nakano
A, Chakrabarti S, Zhang X, Loh HH, et al. (1995) Distribution of
neuropeptide receptors. New views of peptidergic neurotransmis-
sion made possible by antibodies to opioid receptors. Ann N Y
Acad Sci 757:390—-404.

Faccini E, Uzumaki H, Govoni S, Missale C, Spano PF, Covelli V, Tra-
bucchi M (1984) Afferent fibers mediate the increase of met-enkepha-
lin elicited in rat spinal cord by localized pain. Pain 18:25-31.

Fraser GL, Gaudreau GA, Clarke PB, Menard DP, Perkins MN (2000)
Antihyperalgesic effects of delta opioid agonists in a rat model of
chronic inflammation. Br J Pharmacol 129:1668-1672.

Gallantine EL, Meert TF (2005) A comparison of the antinociceptive
and adverse effects of the mu-opioid agonist morphine and the
delta-opioid agonist SNC80. Basic Clin Pharmacol Toxicol 97:
39-51.

Gendron L, Lucido AL, Mennicken F, O’'Donnell D, Vincent JP, Stroh T,
Beaudet A (2006) Morphine and pain-related stimuli enhance cell
surface availability of somatic delta-opioid receptors in rat dorsal
root ganglia. J Neurosci 26:953-962.

Hurley RW, Hammond DL (2000) The analgesic effects of supraspinal
mu and delta opioid receptor agonists are potentiated during per-
sistent inflammation. J Neurosci 20:1249-1259.

Hurley RW, Hammond DL (2001) Contribution of endogenous en-
kephalins to the enhanced analgesic effects of supraspinal mu
opioid receptor agonists after inflammatory injury. J Neurosci
21:2536-2545.

Hylden JL, Thomas DA, ladarola MJ, Nahin RL, Dubner R (1991)
Spinal opioid analgesic effects are enhanced in a model of

unilateral inflammation/hyperalgesia: possible involvement of
noradrenergic mechanisms. Eur J Pharmacol 194:135-143.

ladarola MJ, Douglass J, Civelli O, Naranjo JR (1988) Differential
activation of spinal cord dynorphin and enkephalin neurons during
hyperalgesia: evidence using cDNA hybridization. Brain Res
455:205-212.

Kreek MJ (1996) Opioid receptors: some perspectives from early
studies of their role in normal physiology, stress responsivity, and
in specific addictive diseases. Neurochem Res 21:1469-1488.

Malan TP, Ossipov MH, Gardell LR, Ibrahim M, Bian D, Lai J, Porreca
F (2000) Extraterritorial neuropathic pain correlates with multiseg-
mental elevation of spinal dynorphin in nerve-injured rats. Pain
86:185-194.

May CN, Dashwood MR, Whitehead CJ, Mathias CJ (1989) Differen-
tial cardiovascular and respiratory responses to central adminis-
tration of selective opioid agonists in conscious rabbits: correlation
with receptor distribution. Br J Pharmacol 98:903-913.

Mika J, Przewlocki R, Przewlocka B (2001) The role of delta-opioid
receptor subtypes in neuropathic pain. Eur J Pharmacol 415:
31-37.

Millan MJ, Czlonkowski A, Morris B, Stein C, Arendt R, Huber A, Hollt
V, Herz A (1988) Inflammation of the hind limb as a model of
unilateral, localized pain: influence on multiple opioid systems in
the spinal cord of the rat. Pain 35:299-312.

Millan MJ, Millan MH, Czlonkowski A, Hollt V, Pilcher CW, Herz A,
Colpaert FC (1986) A model of chronic pain in the rat: response of
multiple opioid systems to adjuvant-induced arthritis. J Neurosci
6:899-906.

Morinville A, Cahill CM, Aibak H, Rymar VV, Pradhan A, Hoffert C,
Mennicken F, Stroh T, Sadikot AF, O’'Donnell D, Clarke PB, Collier B,
Henry JL, Vincent JP, Beaudet A (2004a) Morphine-induced changes
in delta opioid receptor trafficking are linked to somatosensory pro-
cessing in the rat spinal cord. J Neurosci 24:5549-5559.

Morinville A, Cahill CM, Kieffer B, Collier B, Beaudet A (2004b) Mu-
opioid receptor knockout prevents changes in delta-opioid receptor
trafficking induced by chronic inflammatory pain. Pain 109:266—
273.

Morinville A, Cahill CM, Esdaile MJ, Aibak H, Collier B, Kieffer BL,
Beaudet A (2003) Regulation of delta-opioid receptor trafficking via
mu-opioid receptor stimulation: evidence from mu-opioid receptor
knock-out mice. J Neurosci 23:4888—-4898.

Noguchi K, Dubner R, Ruda MA (1992) Preproenkephalin mRNA in
spinal dorsal horn neurons is induced by peripheral inflammation
and is co-localized with Fos and Fos-related proteins. Neuro-
science 46:561-570.

Ossipov MH, Lai J, King T, Vanderah TW, Porreca F (2005) Underly-
ing mechanisms of pronociceptive consequences of prolonged
morphine exposure. Biopolymers 80:319-324.

Ossipov MH, Lopez Y, Nichols ML, Bian D, Porreca F (1995) Inhibition
by spinal morphine of the tail-flick response is attenuated in rats
with nerve ligation injury. Neurosci Lett 199:83—86.

Parra MC, Nguyen TN, Hurley RW, Hammond DL (2002) Persistent
inflammatory nociception increases levels of dynorphin 1-17 in the
spinal cord, but not in supraspinal nuclei involved in pain modula-
tion. J Pain 3:330-336.

Patwardhan AM, Berg KA, Akopain AN, Jeske NA, Gamper N, Clarke
WP, Hargreaves KM (2005) Bradykinin-induced functional compe-
tence and trafficking of the delta-opioid receptor in trigeminal no-
ciceptors. J Neurosci 25:8825-8832.

Petrillo P, Angelici O, Bingham S, Ficalora G, Garnier M, Zaratin PF,
Petrone G, Pozzi O, Sbacchi M, Stean TO, Upton N, Dondio GM,
Scheideler MA (2003) Evidence for a selective role of the delta-
opioid agonist [8R-(4bS*,8aalpha,8abeta,12bbeta)]7,10-dimethyl-
1-methoxy-11-(2-methylpropyl)oxycarbonyl5,6,7,8,12,12b-hexahydro-
(9H)-4,8-methanobenzofuro[3,2-e]pyrrolo[2,3-gliso quinoline hy-
drochloride (SB-235863) in blocking hyperalgesia associated with
inflammatory and neuropathic pain responses. J Pharmacol Exp
Ther 307:1079-1089.



274 L. Gendron et al. / Neuroscience 144 (2007) 263-274

Porreca F, Mosberg HI, Hurst R, Hruby VJ, Burks TF (1984) Roles of
mu, delta and kappa opioid receptors in spinal and supraspinal
mediation of gastrointestinal transit effects and hot-plate analgesia
in the mouse. J Pharmacol Exp Ther 230:341-348.

Qiu C, Sora I, Ren K, Uhl G, Dubner R (2000) Enhanced delta-opioid
receptor-mediated antinociception in mu-opioid receptor-deficient
mice. Eur J Pharmacol 387:163—169.

Romita VV, Henry JL (1996) Intense peripheral electrical stimulation
differentially inhibits tail vs. limb withdrawal reflexes in the rat. Brain
Res 720:45-53.

Sheldon RJ, Riviere PJ, Malarchik ME, Moseberg HI, Burks TF, Por-
reca F (1990) Opioid regulation of mucosal ion transport in the
mouse isolated jejunum. J Pharmacol Exp Ther 253:144—-151.

Stewart PE, Hammond DL (1994) Activation of spinal delta-1 or delta-2
opioid receptors reduces carrageenan-induced hyperalgesia in the
rat. J Pharmacol Exp Ther 268:701-708.

Szeto HH, Soong Y, Wu D, Olariu N, Kett A, Kim H, Clapp JF (1999)
Respiratory depression after intravenous administration of delta-
selective opioid peptide analogs. Peptides 20:101-105.

Trang T, Quirion R, Jhamandas K (2005) The spinal basis of opioid
tolerance and physical dependence: Involvement of calcitonin
gene-related peptide, substance P, and arachidonic acid-derived
metabolites. Peptides 26:1346—-1355.

Wang R, Guo W, Ossipov MH, Vanderah TW, Porreca F, Lai J (2003)
Glial cell line-derived neurotrophic factor normalizes neurochemi-
cal changes in injured dorsal root ganglion neurons and prevents
the expression of experimental neuropathic pain. Neuroscience
121:815-824.

Zhang X, Bao L, Arvidsson U, Elde R, Hokfelt T (1998) Localization and
regulation of the delta-opioid receptor in dorsal root ganglia and spinal
cord of the rat and monkey: evidence for association with the mem-
brane of large dense-core vesicles. Neuroscience 82:1225-1242.

(Accepted 29 August 2006)
(Available online 19 October 2006)



	MORPHINE PRIMING IN RATS WITH CHRONIC INFLAMMATION REVEALS A DICHOTOMY BETWEEN ANTIHYPERALGESIC AND ANTINOCICEPTIVE PROPERTIES OF DELTORPHIN
	EXPERIMENTAL PROCEDURES
	Animals
	Induction of chronic inflammation
	Prolonged morphine treatment
	In vivo OR internalization assay
	Real-time PCR analysis of OR expression
	Behavioral testing
	Plantar test
	Tail-flick test

	Met-enkephalin measurements

	RESULTS
	Effect of CFA injection, followed or not by a 48 h treatment with morphine, on the cell surface availability of OR in rat lumbar spinal cord
	Effect of prolonged morphine treatment and of chronic inflammation on the expression of OR in the lumbar spinal cord
	Effect of prolonged morphine treatment on the antihyperalgesic effects of deltorphin II in CFA-injected rats
	Effect of prolonged morphine treatment on the antinociceptive effects of deltorphin II in CFA-injected rats
	Dose-response of morphine pre-treatment on the antinociceptive effects of deltorphin II
	Effect of chronic inflammation on met-enkephalin levels in the lumbar spinal cord

	DISCUSSION
	CONCLUSION
	Acknowledgments
	REFERENCES




