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Abstract

Systemic administration of morphine induced a hyperalgesic response in the hot plate test, at an extremely low dose (1–10 lg/kg).
We have examined in vivo whether morphine, at an extremely low dose, induces acute central hypernociception following activation
of the opioid receptor-mediated PLC/PKC inositol-lipid signaling pathway. The PLC inhibitor U73122 and the PKC blocker, cal-
phostin C, dose dependently prevented the thermal hypernociception induced by morphine. This effect was also prevented by pre-
treatment with aODN against PLCb3 at 2 nmol/mouse and PKCc at 2–3 nmol/mouse. Low dose morphine hyperalgesia was dose
dependently reversed by selective NMDA antagonist MK801 and ketamine. This study demonstrates the presence of a nociceptive
PLCb3/PKCc/NMDA pathway stimulated by low concentrations of morphine, through lOR1 receptor, in mouse brain. This sig-
naling pathway appears to play an opposing role in morphine analgesia. When mice were treated with a morphine analgesic dose
(7 mg/kg), the downregulation of PLCb3 or PKCc at the same aODN doses used for the prevention of the hyperalgesic effect
induced, respectively, a 46% and 67% potentiation in analgesic response. Experimental and clinical studies suggest that opioid
may activate pronociceptive systems, leading to pain hypersensitivity and short-term tolerance, a phenomenon encountered in post-
operative pain management by acute opioid administration. The clinical management of pain by morphine may be revisited in light
of the identification of the signaling molecules of the hyperalgesic pathway.
� 2006 International Association for the Study of Pain. Published by Elsevier B.V. All rights reserved.
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1. Introduction

A growing body of evidence suggests that lOR opi-
oid agonists induce not only analgesia, but may also
enhance sensitivity to pain. This paradoxical effect has
been demonstrated both in clinical (Guignard et al.,
0304-3959/$32.00 � 2006 International Association for the Study of Pain. P
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protein kinase Cc; PLCb, phospholipase Cb
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2000; Angst et al., 2003; Compton et al., 2003) and lab-
oratory studies (Laulin et al., 1998; Celerier et al., 1999,
2000, 2001; Laulin et al., 2002; Van Elstraete et al.,
2005). Morphine, at higher doses, induces analgesia.
The alkaloid, via opioid receptors and PTX sensitive
inhibitory G protein (Gi), inhibits cyclic AMP (cAMP)
formation, Ca2+ conductance and activates K+ conduc-
tance leading to hyperpolarization of a cell and exerting
an inhibitory effect (Nestler, 1992). Otherwise, extremely
low doses of morphine (1–10 lg/kg) can elicit acute
hyperalgesia in animal models of pain, i.e., tail flick,
Freund’s adjuvant-induced arthritic rats (Kayan et al.,
ublished by Elsevier B.V. All rights reserved.
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1971; Kayser et al., 1987; Crain and Shen, 2001). A dual
effect of opioids on cAMP formation was reported in
cell culture. A low concentration (10�9 M) of DAMGO,
a selective lOR agonist, stimulated cAMP production,
while a higher concentration (10�7 M) of the agonist
inhibited cAMP production (Rubovitch et al., 2003).
Stimulatory effect of a single administration of opioids
at very low doses in dorsal root ganglion isolated cells
has been demonstrated to be mediated by coupling of
opioid receptors to cholera toxin sensitive second excit-
atory messenger proteins (Crain and Shen, 1998). Others
have reported in cultured cells stimulatory effects for
opioid receptors, following coupling to Gi proteins that
also mediate the better known inhibitory effects. The
opioid-induced stimulatory effect leads to activation of
PLC in various cell types via PTX sensitive Gi proteins
(Smart et al., 1995; Tsu et al., 1995; Chan et al., 2000),
triggering the activation of the phosphoinositide-signal-
ing cascade (Smart and Lambert, 1996). Most impor-
tantly, opioid receptors have the ability to activate the
PLCb isoenzymes via the bc subunit of Gi protein (Park
et al., 1993), suggesting a role for these isoenzymes in
morphine-induced hyperalgesia. In the phosphoinosi-
tide-signaling pathway, the activation of PLCb results
in the hydrolysis of phosphatidylinositol 4,5-bisphos-
phate (PIP2) followed by the generation of two impor-
tant second messengers, inositol 1,4,5-trisphosphate
(InsP3) and 1,2-diacylglycerol (DAG). The former
increases the release of Ca2+ from intracellular stores
and the latter activates protein kinase Cc (PKCc), one
of the major PKC isoforms (Fig. 1). PKCc has been
identified in neurons of CNS and strongly modulates
opioid-signaling efficacy triggering the activation of
N-methyl-D-aspartate (NMDA) glutamatergic receptors
and the recruitment of the glutamatergic NMDA sys-
tems involved in pain stimulation (Celerier et al., 1999,
2004; Sanchez-Perez and Felipo, 2005).

In the present report, we determined the signaling
pathway involved in the brain mechanisms associated
with low dose morphine-induced hyperalgesia in mice.
In this regard, we used supraspinal administration of
activators, inhibitors and antisense phosphodiester oli-
Fig. 1. PLC/PKC inositol-lipid signaling pathway is represented in the
scheme.
gonucleotides (aODNs) against the main signaling com-
ponents of the nociceptive pathway in order to
determine which messenger molecules are responsible
for the change in nociceptive thermal threshold after
systemic morphine administration in mice.
2. Materials and methods

2.1. Animals

Sexually mature male Swiss Webster mice (Morini, S. Polo
d’Enza, Italy), weighing 23–30 g, were used. The animals were
fed a standard laboratory diet and water ad libitum, kept at
23 ± 1 �C with a 12-h light/dark cycle and previously habituat-
ed to the laboratory according to Abbott et al. (1986). All
experiments were carried out in accordance with the European
Community Council Directive of November 24 1986 for the
care and use of laboratory animals.

2.2. Drugs

The following drugs were used: (E)-7-benzylidenenaltrex-
one tartrate (BNTX), D-Phe-Cys-Tyr-D-Trp-Orn-Thr-Pen-
Thr-NHh2 (CTOP), forskolin, ketamine, morphine HCl,
MK-801, naloxone, naloxone methiodide, naltriben, naloxon-
azine and norbinaltorphimine HCl (nor-NBI) (Sigma
Chemicals, St. Louis, MO, USA); calphostin C, 1-[6-[[17b-3-
methoxyestra-4,3,5(10)-trien-17-yl]amino]hexyl]1H-pyrrole-2,
5-dione (U-73122) and 1-[6-[[17b-3-methoxyestra-1,3,5(10)-tri-
en-17-yl]amino]hexyl]-1H-pyrrolidinedione (U-73343) (Calbio-
chem, Milan, Italy). Drugs were administered in a volume of
5 ll per mouse by intracerebroventricular (i.c.v.) injection,
and 10 ml/kg by subcutaneous (s.c.) administration. Calpho-
stin C, forskolin, U-73122 and U-73343 were dissolved in
0.5% DMSO, whereas all other drugs were dissolved in isoton-
ic (NaCl 0.9%) saline solution immediately before use. Doses
and administration schedules of substances applied in this
study were based on doses shown to be effective in previous
reports. Morphine was administered s.c. immediately prior
estimation of hot plate licking latency (Glare and Walsh,
1991). Calphostin C was injected i.c.v. 60 min before morphine
administration (Ghelardini et al., 2002); naltriben was adminis-
tered i.c.v. 30 min prior morphine (Rawls et al., 2005); U-73122,
U-73343, BNTX (Rady et al., 1994), ketamine (Ji et al., 2004)
and MK-801 (Lee et al., 2002) were administered i.c.v. 10 min
prior morphine; CTOP (Suh and Tseng, 1990), forskolin (Suh
et al., 1996) and nor-NBI (Janecka et al., 2005) were injected
i.c.v. immediately before morphine administration; naloxon-
azine was administered i.c.v. 24 h before morphine (Simone
et al., 1986); naloxone (Jinsmaa et al., 2005) and naloxone
methiodide (Wu et al., 1997) were administered s.c., respectively,
10 and 30 min before morphine administration.

2.3. Antisense oligodeoxynucleotides

Phosphodiester oligonucleotides (ODNs) protected by ter-
minal phosphorothioate double substitution (capped ODNs)
against possible exonuclease-mediated degradation were
obtained from Tib Molbiol (Genoa, Italy). The following
aODN was produced against PLCb3: 5 0-T*GG*TGGTCATCT
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GGGATG*T*A-3 0 where * indicates the phosphorothioate
residue. Anti-PLCb3 ODN was designed from the sequence
2649 to 2669 of the gi: 31982121 NCBI Sequence Wiewer; this
sequence was searched through GenBank and found to be
unique to its respective PLCb3 isoenzyme and was based on
mouse sequence. The aODN against PKCc was the following:
50-A*C*GAAGTCCGGGTTCACA*T*A-30. Anti-PKCc ODN
was designed from the sequence 2359 to 2378 of the gi:
31982442 NCBI Sequence Wiewer; this sequence was searched
through GenBank and found to be unique to its respective
PKCc isoenzyme and was based on mouse sequence. Three
base pairs in the antisense sequence were reversed to obtain
the following mismatch sequence (mODNs): 5 0-T*GG*TG
TGCATCGTGGTAG*T*A-3 0 and 5 0-A*C*GAGATCGCGG
TTACCA*T*A-3 0 sequence, respectively, for PLCb3 and
PKCc isoenzymes. The 17 and 20mer fully degenerated ODNs
(dODNs), where each base was randomly G, or C, or A, or T,
were used as degenerate ODN (dODN). Antisense ODNs,
mODNs and dODNs were preincubated at 37 �C for 30 min
with an artificial cationic lipid (13 lM DOTAP, Sigma) and
i.c.v. injected to mice in a 5 ll final volume of DOTAP accord-
ing to a previously described method (Haley and McCormick,
1957). The ODNs were supplied to mice by i.c.v. injection 72,
48 and 24 h prior morphine administration.

2.4. Cyclic AMP determination

Mice were subcutaneously administered with 1 lg/kg or
7 mg/kg morphine or saline and sacrificed 15 or 30 min after
morphine administration, at the time of the maximum thermal
hyperalgesic effect according to behavioural studies. Liquid
nitrogen frozen brain areas were obtained from mice and
homogenized in 1 M acetic acid (1:2 w/v). After incubation
in a 95 �C water bath for 15 min, brain tissue was centrifuged
at 1500g for 15 min. Supernatant was homogenized in 5% tri-
chloroacetic acid and centrifuged for 30 min at 3000g for
20 min at 4 �C. Supernatant fraction was trichloroacetic acid
removed by extracting with three volumes of water saturated
ethyl ether, adjusted to pH 6.2 and submitted to radioimmuno-
assay for cAMP according to Steiner (1974).

2.5. DAG determination

Mice were subcutaneously administered with 1 lg/kg mor-
phine or saline and sacrificed 15 or 30 min after morphine
administration. The extraction of DAG from mouse brain was
carried out according to the method of Bligh and Dyer (1959).
Liquid nitrogen frozen areas from both cerebral hemispheres
of mouse brain were homogenized (1:10 w/v) with chloroform/
methanol solution (1:2 v/v). A reagents system (Amersham Bio-
sciences, USA) was used, based on a radioenzymatic assay
employing diacylglycerol kinase quantitatively converting
DAG to [32P]phosphatidic acid in the presence of [c-32P]ATP.
[32P]Phosphatidic acid was separated on Amprep minicolumns
and quantified using liquid scintillation spectrometry.

2.6. Hot plate test

The adopted method was previously described (O’Calla-
ghan and Holtzman, 1975). Mice were placed inside a
stainless steel container, which was set thermostatically at
52.5 ± 0.1 �C in a precision water bath from KW Mechan-
ical Workshop, Siena, Italy. We used a lower temperature
in the hot plate test (52.5 �C instead of 54 �C) to reveal
potential, subtle alterations that may occur in basal thermal
nociception. Reaction times (s) were measured with a stop-
watch immediately before morphine or vehicle or saline
administration and 15, 30 and 45 min after; each treatment
was blind to the experimenter. The endpoint for the licking
response was the first paw lick whether it was lick of the
front or rear paw. Those mice scoring less than 12 and
more than 18 s in the pretest were rejected. All treatments
for a same experiment were performed on the same period
of time. All the experiments were performed at the same
hours (9–13 a.m.). Mice were randomly assigned to each
group. Dose–response experiments were done using inde-
pendent groups.

2.7. Controls

The mice which underwent the hot plate test were submit-
ted to paw temperature measurement 24 h, 10 and 1 min
before estimation of hot plate latency. The temperature was
measured with an infrared thermometer (Omega, Stanford,
CT). At the conclusion of the experiments, the mice were anes-
thetized, their brains were excised and cut coronally to check
the visible path of i.c.v. injection. Only data from mice in
which the injection was correctly located within ventricles were
considered.

2.8. Motor coordination

Groups of mice pretreated with all the used drugs or ODNs
at the highest doses used in the above experiments were sub-
mitted to rota-rod (Vaught et al., 1985) and hole-board (Ghe-
lardini et al., 2002) behavioural tests.

2.9. Western blot analysis

Western blot analysis was performed as previously
described in detail (Pan et al., 1995). In summary, mem-
brane homogenates (1 lg/ll protein) from different brain
regions of aODN, dODN, mODN and vehicle pretreated
mice were solubilized in SDS buffer and separated on 10%
polyacrylamide gels (1.5 mm). Proteins were transferred to
nitrocellulose (1.5 h at 190 mA) and the membranes were
blocked in PBS containing 3% BSA for 1 h before addition
of primary antisera. Sc403 (PLCb3), sc-211 (PKCc) and Sc-
5274 (b-tubulin) (Santa Cruz Biotechnology, Santa Cruz,
USA) were used as probes at 1:1000 dilution. The blotting
was visualized using a chemiluminescence detection system
(Pierce Biotechnology Inc., Rockford, IL, USA) and quanti-
fied with the Versa Doc 1000 Imaging System (Bio-Rad
Laboratories, Hercules, CA, USA). Protein was determined
as Lowry method (Lowry et al., 1951) using BSA as stan-
dard. Samples from the same brain region of aODN,
dODN, mODN and vehicle treated mice were processed
simultaneously in the same gel. Each experiment was repeat-
ed three times at the same protein concentration. The differ-
ences observed as density average values corresponding to
aODN and mODN treated mice were expressed as a
percentage.



Fig. 2. Effect of increasing morphine doses on the licking latency response in the hot plate test. The licking latency values were measured 15, 30 and
45 min after s.c. morphine administration (0.01–7000 lg/kg). The values reported in figure are at 15 min after morphine administration. Vertical bars
represent SEM and *a < 0.05 in comparison with saline treated value. The number reported on the top of bar graph represents the number of animals
used in each experiment.
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2.10. Statistical analysis

All experimental results were given as means ± SEM. Anal-
ysis of variance ANOVA, followed by Fisher’s protected least
significant difference procedure for post hoc comparison, was
used to verify significance between two means of behavioural
results. Data were analyzed with the StatView software for
the Macintosh (1992). A significance level (a) less than 0.05
was considered significant.

2.11. Data analysis

The percentage of maximum possible effect (%MPE) was
calculated for each mouse at each dose and time point accord-
ing to the following formula:

%MPE¼ðpostreatment latency�pretreatment latencyÞ
ðcutoff latency�pretreatment latencyÞ �100;

where licking latency was measured in seconds and cutoff
latency was selected at 30. The trapezoidal rule, without
extrapolation to infinite time, was used to calculate area under
the %MPE versus time curves (AUCs) for each individual
animal.

3. Results

3.1. Dose–response curve of morphine in hot plate test

Morphine s.c. administered at different doses
(0.01–7000 lg/kg) induced a bimodal response in the
Table 1
Effect of different opioid antagonist pretreatment on licking latency at 15, 3

Treatment Before

Saline 15.4 ± 0.7
MF (1 lg/kg) 15.1 ± 0.5
MF + naloxone (2 mg/kg) 14.4 ± 0.7
MF + naloxone methiodide (4.7 mg/kg) 15.5 ± 0.9
MF + CTOP (0.001 lg/mouse i.c.v.) 14.7 ± 0.7
MF + naloxonazine (1 lg/mouse i.c.v.) 14.9 ± 0.9
MF + naltriben (19 lg/mouse i.c.v.) 15.7 ± 1.2
MF + BNTX (3.5 lg/mouse i.c.v.) 14.7 ± 0.8
MF + nor-NBI (735 lg/mouse i.c.v.) 15.4 ± 0.6

MF, morphine (1 lg/kg); before, before MF administration; �a < 0.05 versu
hot plate test (Fig. 2). The maximum hyperalgesic effect
was reached at 1–10 lg/kg; this effect appeared 15 min
after administration and persisted almost unchanged
up to 45 min and then diminished. Doses ranging
between 30 and 300 lg/kg were devoid of any effect
on mice nociceptive threshold, whereas, at a dose of
1–7 mg/kg, morphine induced analgesia. Naloxone
administration completely reversed the hyperalgesic
effect whereas naloxone methiodide administration
lacked to reverse the hyperalgesic effect (Table 1). The
lOR antagonist CTOP and lOR1 selective antagonist
naloxonazine completely reversed the 1 lg/kg morphine
hyperalgesic effect whereas the d1 antagonist BNTX, the
d2 antagonist naltriben and the j antagonist nor-NBI
failed to reverse the hyperalgesic effect (Table 1). The
same treatments, when administered alone, did not
modify the licking latency of mice in comparison with
saline administered animals (data not shown).

3.2. Cyclic AMP and DAG determination

The administration of forskolin at different concen-
trations (0.03–0.06 lg/kg i.c.v.) did not modify the lick-
ing latency response in the morphine hyperalgesic dose
treated mice compared to forskolin untreated mice (data
not shown). Acute administration of morphine at anal-
gesic dose (7 mg/kg) significantly decreased cAMP levels
in different mouse brain areas in comparison with saline
0 and 45 min after 1 lg/kg s.c. morphine administration

15 min after 30 min after 45 min after

14.9 ± 1.0 14.8 ± 0.9 15.6 ± 0.9
12.1 ± 0.6� 12.4 ± 0.7� 14.5 ± 0.7
15.1 ± 0.5 15.4 ± 0.6 15.1 ± 0.8
12.4 ± 1.1� 12.9 ± 0.7� 15.0 ± 0.7
14.9 ± 1.0 15.2 ± 0.9 15.0 ± 0.8
15.1 ± 1.1 15.0 ± 0.8 15.8 ± 0.7
12.1 ± 0.5� 12.9 ± 0.9� 14.3 ± 0.7
12.8 ± 0.7� 12.9 ± 0.9� 15.2 ± 1.0
12.2 ± 0.6� 12.8 ± 0.9� 14.9 ± 0.8

s saline.



Table 2
Cyclic AMP and DAG level determined in different regions from mouse brain at different times after morphine or saline s.c. treatment

Treatment C S HP PAG

cAMP (fM/mg protein)

Saline (15 min) 14.0 ± 0.7 9.6 ± 0.3 18.4 ± 1.2 10.2 ± 0.5
Morphine (15 min) (1 lg/kg) 14.5 ± 0.4 10.1 ± 0.4 19.1 ± 0.9 11.0 ± 0.7
Morphine (30 min) (1 lg/kg) 16.1 ± 2.1 9.4 ± 0.7 16.7 ± 1.1 12.1 ± 1.3
Morphine (15 min) (7 mg/kg) 5.2 ± 0.1� 4.6 ± 0.3� 7.9 ± 0.3� 6.0 ± 0.1�

DAG (nM/g protein)

Saline 50 ± 4.1 38 ± 3.9 54 ± 3.4 62 ± 5.1
Morphine (15 min) (1 lg/kg) 96 ± 7.3� 41 ± 4.9 83 ± 4.9� 103 ± 5.2�

Morphine (15 min) (7 mg/kg) 65 ± 11 37 ± 5.6 62 ± 9.8 74 ± 12
Morphine (30 min) (7 mg/kg) 122 ± 16� 44 ± 5.1 99 ± 8.2� 168 ± 14�

Measurement times are reported in brackets. Each value is the mean of three independent experiments. �a < 0.05 versus saline. C, cerebral cortex;
S, striatum; HP, hippocampus; PAG, periaqueductal grey matter.
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(Table 2). The cAMP levels were not affected by mor-
phine treatment at hyperalgesic dose (1 lg/kg) when
compared with saline administration (Table 2). A signif-
icant increase of DAG occurred in cortex, periaqueduc-
tal grey matter and hippocampus brain areas from mice
administered with morphine hyperalgesic dose com-
pared with saline administered animals whereas striatal
region did not show a significant increase in DAG level
in presence of low dose morphine administration to mice
(Table 2). DAG level after analgesic morphine dose
administration did not show any significant increase
a

b

Fig. 3. Reversal of morphine-induced hyperalgesia by pretreatment
with U73122 at different doses (a) and U73343 (5 lg/mouse) (b). The
licking latency values of hot plate test were measured before and 15, 30
and 45 min after 1 lg/kg s.c. morphine administration. The results are
represented in figure at 15 min after morphine administration. MF,
morphine. Vertical bars represent SEM and *a < 0.05 in comparison
with saline or vehicle treated value. The number reported on the top of
bar graph or nearby data plot represents the number of animals used in
each experiment.
with respect to saline control at 15 min after morphine
administration whereas a significant increase appeared
at 30 min after (Table 2). The DAG increase lasted for
45 min (data not shown).
3.3. Effect of PLC and PKC inhibitors on morphine-

induced hyperalgesia

The PLC inhibitor U73122 dose dependently prevent-
ed the thermal hypernociception induced by morphine
(1 lg/kg) in the mouse hot plate test (Fig. 3a). The rever-
sal of the hyperalgesic effect appeared 15 min after
administration and persisted almost unchanged up to
30 min and then diminished. By contrast, U73343, an
inactive analog of U73122 and used as a negative
control, did not alter the reaction of pain threshold pro-
duced by the hyperalgesic morphine dose (Fig. 3b). Pre-
treatment with the PKC blocker calphostin C produced
a dose-dependent inhibition of 1 lg/kg morphine-in-
Fig. 4. Reversal of morphine-induced hyperalgesia by pretreatment
with Calphostin C at different doses. The licking latency values of hot
plate test were measured before and 15, 30 and 45 min after 1 lg/kg
s.c. morphine administration. The results are represented in figure at
the time of the maximum effect induced by pretreatment (15 min after
morphine administration). MF, morphine. Vertical bars represent
SEM and *a < 0.05 in comparison with saline or vehicle treated value.
The number reported on data plot represents the number of animals
used in each experiment.



Fig. 5. Effects of aODN, dODN and mODN against PLCb3 on
hyperalgesia induced by 1 lg/kg s.c. morphine administration. Licking
latencies were measured before morphine administration and 15, 30,
and 45 min after. Vertical bars represent SEM and *a < 0.05 in
comparison with saline or vehicle treated value. The number reported
on the top of bar graph represents the number of animals used in each
experiment.
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duced hyperalgesia in the hot plate test (Fig. 4). The
reversal of the hyperalgesic effect appeared 15 min after
administration, slightly decreased 30 min after and then
diminished. All the compounds used in pretreatments,
injected alone, produced neither a hyperalgesic nor an
analgesic effect (Figs. 3 and 4).

3.4. Effect of PLCb3 and PKCc downregulation on

morphine-induced hyperalgesia

The thermal hypernociception induced by morphine
was prevented by pretreatment with the aODN against
PLCb3, at 2 nmol/mouse (Fig. 5). 1 nmol/mouse was
ineffective; 2 nmol/mouse prevented the morphine-in-
duced hypernociception, whereas it mildly increased
the nociceptive threshold (Fig. 5). Higher doses of
PLCb3 aODN could not be administered because this
was lethal. Pretreatment with aODN against the
PKCc isoform (0.5–3 nmol/mouse) prevented the
hyperalgesia induced by low dose morphine (1 lg/kg)
in a dose-dependent manner (Fig. 6). Lower aODN
doses (0.5–1 nmol/mouse) were ineffective in modifying
the hyperalgesic effect whereas higher doses (2–3 nmol/
mouse) prevented the hyperalgesic response revealing a
mild analgesic effect. Mismatch ODNs and dODNs
Fig. 6. Effects of aODN, dODN and mODN against PKCc on hyperalgesia
measured before morphine administration and 15, 30, and 45 min after. Ve
vehicle treated value. The number reported on the top of bar graph represen
against both isoenzymes, when used at the higher doses
in presence or absence of morphine hyperalgesic dose,
did not significantly modify the nociceptive threshold
in hot plate test with respect to morphine or vehicle
administered animals (Figs. 5 and 6). The area under
curves of average percent maximum possible effect
(%MPE) versus time for morphine in aODN treated
mice, linearly increased with respect to PLCb3 and
PKCc aODN doses (Fig. 7). The prevention of mor-
phine hyperalgesia produced by aODNs against PLCb3

and PKCc at highest active doses disappeared 7 days
after the end of the aODN pretreatment (data not
shown).

3.5. Immunoblotting

Immunoblotting revealed a significant decrease of
PLCb3, PKCc expression, respectively, in different brain
areas from mice previously treated with corresponding
aODNs with respect to mODN treated mice (Fig. 8;
Table 3). Immunoblot was re-probed for a non-regula-
tory protein, b-tubulin, and no significant density differ-
ence was revealed for this protein between samples from
the PLCb3 and PKCc downregulated brain regions
(data not shown).

3.6. Effect of NMDA receptor antagonists on

hyperalgesia

The administration of site-specific NMDA receptor
antagonist MK801 and ketamine to mice completely
reversed the hyperalgesic effect induced by 1 lg/kg mor-
phine (Fig. 9). Pretreatment with MK801 at 0.005–
0.3 lg/mouse produced a dose-dependent inhibition
of 1 lg/kg morphine-induced hyperalgesia in the hot
plate test (Fig. 9a). At the highest MK801 dose, the
reversion of the hyperalgesic effect appeared 15 min
after administration, slightly decreased 30 min after
and then diminished. Pretreatment with ketamine at
0.05–0.5 lg/mouse produced a dose-dependent inhibi-
tion of 1 lg/kg morphine-induced hyperalgesia in the
hot plate test (Fig. 9b). At the highest ketamine dose,
induced by 1 lg/kg morphine administration. Licking latencies were
rtical bars represent SEM and *a < 0.05 in comparison with saline or
ts the number of animals used in each experiment.



Fig. 7. Area of %MPE versus time curves for aODN tested in morphine-induced hyperalgesia. Licking latency versus time curves in hot plate test
after saline, 1 lg/kg morphine administration in mice or 1 lg/kg morphine administration in PLCb3 and PKCc aODN treated mice are plotted in (a).
Areas under the average percent maximum licking latency effect (%MPE) versus time curves (AUCs) are represented in (b) for aODN treatment at
different doses in presence of 1 lg/kg morphine dose. Vertical bars represent SEM.

300 N. Galeotti et al. / Pain 123 (2006) 294–305
the reversion of the hyperalgesic effect appeared 15 min
after administration, almost unchanged 30 min after and
then diminished. All the compounds used in pretreat-
ments, injected alone, produced neither a hyperalgesic
nor an analgesic effect (data not shown).

3.7. Effect of PLCb3 and PKCc downregulation on

morphine-induced analgesia

In PLCb3 pretreated mice the analgesic effect induced
by 7 mg/kg morphine dose was significantly potentiated
at 15 and 30 min after morphine administration
(Fig. 10). In PKCc pretreated mice, the potentiation of
the analgesic effect induced by 7 mg/kg morphine dose
Fig. 8. Immunoblots of PLCb3 or PKCc downregulated mouse brain.
Brain PAG from PLCb3 or PKCc aODN, mODN, dODN at the
highest dose (2 and 3 nM/mouse) and vehicle pretreated mice were
revealed for PLCb3 (a) and PKCc (b). The molecular weight markers
(kDa; Bio-Rad) are indicated on the left.
started at 30 min and was prolonged until 45 min after
morphine administration. When an analgesic morphine
dose (7 mg/kg) was administered to mice pretreated with
aODNs against PLCb3 and PKCc at the effective doses,
a 46% and 67% increase in the analgesic response,
respectively, was induced in comparison with aODN
untreated animals, as shown by area under average per-
cent maximum possible effect (%MPE) versus time
course (AUC) (Fig. 11).

3.8. Effect of treatments on mouse behavior

The endurance time on the rotating rod, evaluated
before and 15, 30 and 45 min after 1 lg/kg morphine
administration, indicated a lack of any impairment in
the motor coordination of animals pretreated with drugs
and ODNs at the same time administration and doses
(data not shown). The spontaneous motility as well as
the inspection activity of mice, expressed as counts in
10 min, was unmodified by the above-mentioned com-
pounds in comparison with the corresponding control
group (data not shown). The skin temperature of the
mice paws remained unchanged after administration of
the different pretreatments (data not shown) showing
that these compounds do not induce any significant
change in basal temperature.
Table 3
Percent decrease of the density values revealed by immunoblotting
from PLCb3 and PKCc aODN treated versus mODN treated mice was
computed for each brain region

Brain region aODN C S HP PAG

PLCb3 66 ± 9 – 70 ± 11 82 ± 9
PKCc 63 ± 7 74 ± 8 65 ± 8 78 ± 10

Density value obtained from mODN treated mice was assumed as
100%. Values are means ± SEM from three independent experiments.
C, cerebral cortex; S, striatum; HP, hippocampus; PAG, periaqu-
eductal grey matter; –, not detectable.



Fig. 9. Effect of pretreatment with NMDA antagonists on morphine-induced hyperalgesia. Plotting of licking latency versus time curves in hot plate
test after saline or morphine (1 lg/kg) administration in untreated mice or 1 lg/kg morphine (MF) administration in mice pretreated with MK801
(0.005–0.3 lg/mouse i.c.v.) and ketamine (0.05–0.5 lg/mouse i.c.v.) is represented on left side. Areas under the average percent maximum licking
latency effect (%MPE) versus time curves (AUCs) are represented for NMDA antagonists tested in morphine-induced hyperalgesia on right side.
Vertical bars represent SEM and *a < 0.05 in comparison with saline treated value. The number reported on data plot represents the number of
animals used in each experiment.

Fig. 10. Effects of aODN, dODN and mODN against PLCb3 (a) and
PKCc (b) on analgesia induced by 7 mg/kg s.c. morphine administra-
tion. Licking latencies were measured before morphine administration
and 15, 30, 45 and 60 min after. �a < 0.05 in comparison with 7 mg/kg
morphine dose. Vertical bars represent SEM. The number reported on
the top of bar graph represents the number of animals used in each
experiment.
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4. Discussion

The present study confirms that low dose morphine
systemic administration induced hyperalgesia in normal
mice submitted to a condition of acute thermal nocicep-
tion. The hyperalgesic effect was reached at 1–10 lg/kg
subcutaneous morphine administration, as demonstrat-
ed by the significant decrease in nociceptive threshold.
This effect was completely reversed by the administra-
tion of naloxone. The CNS origin of low dose morphine
hyperalgesia was shown because the hyperalgesia was
completely blocked by naloxone, which crosses BBB,
and not by naloxone methiodide, administered at a dose
which blocks the peripheral effects of morphine in
rodents but does not cross the BBB. The effect of nalox-
one was reproduced using the selective lOR antagonist
CTOP and lOR1 antagonist naloxonazine but not the
d-opioid receptor antagonists naltriben and BNTX, or
the j-opioid receptor antagonist nor-NBI administered
at effective doses. These data demonstrate that the
hyperalgesic effect is mediated by a specific opiate recep-
tor subtype, i.e., lOR1.

Cyclic AMP levels measured at the time of the max-
imum hyperalgesic effect in mice previously adminis-
tered with 1 lg/kg morphine dose did not significantly
change with respect to control mice whereas, as expect-
ed, cAMP values significantly decreased in mice admin-
istered with morphine at the analgesic dose.
Administration of forskolin, an adenylate cyclase activa-
tor, at a dose which increases cAMP level in rodents, did
not significantly modify the hyperalgesic effect. These



Fig. 11. Areas under the average percent maximum licking latency effect (%MPE) versus time curves (AUCs) for aODNs tested in morphine-induced
analgesia. Licking latency versus time curves in hot plate test after vehicle or morphine (7 mg/kg) administration in untreated mice or 7 mg/kg
morphine administration in PLCb3 (2 nM/mouse) and PKCc (3 nM/mouse) aODN treated mice are plotted in (a). Areas under %MPE versus time
curves (AUCs) are represented in (b) for each treatment. Vertical bars represent SEM.
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data did not suggest that stimulatory effect induced by
morphine low dose administration in vivo was due to
cAMP stimulation.

In our experiments, the administration of the non-
selective isoform PLC inhibitor U73122 to mice dose
dependently prevented the hyperalgesia induced by low
dose morphine exposure. By contrast U73343, a succin-
imido analog used as negative control for U73122 and a
weak PLC inhibitor failed to reverse the hyperalgesia.
Thus, morphine-induced hyperalgesia appeared to be
mediated by PLC activation. Among the PLCb iso-
forms, the downregulation of PLCb3 isoenzyme in
mouse brain by anti-PLCb3 aODN pretreatment
induced a reversion of low dose morphine stimulated
hyperalgesic effect, which was mildly antinociceptive at
the highest anti-PLCb3 aODN dose. Control experi-
ments excluded toxicity and hybridization-dependent
artefacts. Considering that PLC stimulates PKC in
PLC/PKC inositol-lipid signaling pathway, the activa-
tion of PKC was also investigated. This hypothesis
was supported by the increase in value of DAG, a prod-
uct of PLCb, obtained in different brain regions of mice
administered with morphine hyperalgesic dose with
respect to saline administered mice. Pretreatment with
calphostin C, a selective PKC inhibitor, dose dependent-
ly prevented the hyperalgesia induced by morphine.
These findings suggest that activation of PKC consti-
tutes a significant step in morphine-induced hyperalge-
sia. In particular, PKCc appears to participate in
increased pain sensitivity (Malmberg et al., 1997; Martin
et al., 2001; Celerier et al., 2004). We further demon-
strated that the downregulation of PKCc in mouse brain
by anti-PKCc aODN pretreatment induced a reversal of
morphine hyperalgesic effect in mice and, at the same
time, a mild analgesic effect. Control experiments
excluded toxicity and hybridization-dependent artefacts.

Furthermore, lOR stimulation triggers the activation
of NMDA receptors by increasing intracellular PKC
activity (Chen and Huang, 1991) as well as translocation
of the cytosolic PKCc to the plasma membrane leading
to phosphorylation of the NMDA receptors implicated
in pain promotion (Suen et al., 1998). Evidence for
NMDA receptor activation during the hyperalgesic
response to low dose morphine administration was
recently demonstrated (Holtman and Wala, 2005). In
our behavioural test, low dose morphine-induced hyper-
algesia was prevented by NMDA high affinity, non-com-
petitive antagonist MK801 and ketamine. This effect was
dose dependent. PKCc associates physically with
NMDA NR1 subunit in the postsynaptic density in rat
brain, suggesting that these receptors may be directly
phosphorylated by the kinase, leading to enhancement
of synaptic activity (Suen et al., 1998). The majority of
NMDA NR1 labeled dendrites contained lOR labeling
in ventrolateral PAG (Commons et al., 1999), a supraspi-
nal brainstem region of interest because of its established
role in modulation of nociceptive transmission. This area
was found PKCc and PLCb3 positive in our immuno-
blotting experiments. Cortex electrical stimulation pro-
duced significant decrease in tail flick latency
(Calejesan et al., 2000), suggesting that cortical areas
support the descending facilitatory modulation of noci-
ceptive response. NMDA receptors in anterior cingula-
ted cortex are involved in descending facilitation
through a relay in the rostral ventromedial medulla
(RVM) (Calejesan et al., 2000; Zhang et al., 2005). The
hippocampal formation, a high density lOR area, has
been involved in affective-motivational response to nox-
ious-aversive events. Microinjection of a glutamate
receptor antagonist into the dorsal hippocampal forma-
tion of the rat attenuated the nociceptive behavior to the
unconditioned hind paw injection of the algogen forma-
lin (McKenna and Melzack, 2001). Both PLCb3 and
PKCc could be detected by immunoblotting in cortical
and hippocampal areas. Otherwise, PLCb3 was not
revealed by our immunoblotting in striatum. Therefore,
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we surmise that this area is not implicated in circuits for
low dose morphine-induced hyperalgesia. PKCc was
expressed in very few of the lOR positive cells in the
spinal cord in absence of stimulus, suggesting that this
isoform does not underlie the interaction between lOR
and NMDA receptors at spinal level (Zeitz et al.,
2001). Otherwise, PKCc immunoreactivity increased in
spinal cord after chronic morphine administration and
was prevented by NMDA antagonist administration
(Mao et al., 1995).

Pronociceptive actions are promoted by the PAG/
RVM circuit (Basbaum and Fields, 1984), classically
involved in antinociception, depending on the intensity
of the triggering stimulus (Lima and Almeida, 2002).
Facilitation of the nociceptive response capacity medi-
ated by RVM, a brainstem area receiving projections
from PAG, is triggered by much less intense local chem-
ical or electrical stimulation than that resulting on inhi-
bition (Zhuo and Gebhart, 1997). We surmise that the
PAG/RVM circuit acts at supraspinal level, inducing
hyperalgesia through the nociceptive PLCb3/PKCc/
NMDA pathway stimulated by low doses of morphine,
through lOR1 receptor, in mouse brain. Otherwise, a
different molecular pathway of bimodal excitatory/in-
hibitory action induced by opioid agonists on dorsal
root ganglionic sensory neurons was proved, suggesting
that different types of mechanism act depending on ner-
vous system areas. Strong evidence indicates that opioid
receptor can be interconverted rapidly between inhibito-
ry Gi/o coupled and excitatory (Gs coupled) mode, fol-
lowing physiological alterations in the concentration of
cAMP/PKA-dependent glycolipid GM1 ganglioside in
neuronal sensory cell membranes (Crain and Shen,
1998, 2000, 2004).

The PLCb3/PKCc pronociceptive-signaling pathway
appears to play an opposing role in morphine analgesia.
When mice were treated with a morphine analgesic dose
(7 mg/kg), the downregulation of PLCb3 or PKCc at the
same aODN doses used for the prevention of the hyper-
algesic effect induced a potentiation in analgesic
response. The magnitude of difference in morphine-
induced analgesia was dramatically greater in PLCb3/
PKCc downregulated mice (AUC 46% and 67%, respec-
tively, greater in aODN treated compared with untreat-
ed mice). The potentiation of the analgesic effect was
observable at the earlier time and, in PKCc downregu-
lated mice, lasted longer. These results suggest that
increased morphine-induced analgesia observed in the
PLCb3 or PKCc aODN treated mice does not result
from a true potentiating effect of PLCb3 or PKCc down-
regulation, rather to the blockade of the pain facilitatory
system activated by these enzymes.

Dual effects have been encountered in postoperative
pain management by opioids. Hyperalgesia and allo-
dynia have been observed in human volunteers after
opiod analgesia (Guignard et al., 2000; Angst et al.,
2003; Compton et al., 2003). This paradoxical effect
was usually ascribed to progressive reduction of opioid
effects, occurring over a period of weeks, with repeated
drug administration (tolerance) or following a single
opiate administration (short-term tolerance). Hyperal-
gesia is apparent both immediately after administration
of a low (1–10 lg/kg) dose of morphine to mice or, at a
later time, after analgesic morphine dose administra-
tion when the opiate concentration is expected to be
as low as morphine brain concentration after low dose
administration (Glare and Walsh, 1991). The hyperal-
gesic effect has typically been observed as a delayed
response seen subsequent to the analgesic response pro-
duced by central or systemic administration of opioid
agonists (Celerier et al., 2000; Mao, 2002; Richebe
et al., 2005). Therefore, tolerance – especially short-
term tolerance – may be not mainly due to a decrease
in opioid effectiveness, as conventionally described, but
might result from the expression of nociceptive facilita-
tory systems which, at later times after morphine anal-
gesic dose administration, are not overwhelmed by the
opponent antinociceptive inhibitory systems. The con-
ventional practice of opioid therapy in presence of
diminishing analgesic efficacy in the perioperative set-
ting is based on a dose escalation to restore analgesic
effects, assuming the development of opioid short-term
tolerance. Otherwise, morphine decreased efficacy may
be ascribed to paradoxical opioid-induced pain sensi-
tivity. We surmise that the clinical management of pain
by morphine can be revisited in light of the identifica-
tion of the signaling molecules of the hyperalgesic
pathway. New strategies are needed to reduce opioid-
induced pain sensitivity such as a combined use of
morphine and clinically available inhibitors of the
pronociceptive system.
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