1duasnue Joyiny vd-HIN 1duasnue Joyiny vd-HIN

wduosnue Joyiny vd-HIN

o WATIG,

HE

M 'NS;))\

D)

NS

NIH Public Access

Author Manuscript

Published in final edited form as:
JNeuroimmunol. 2012 March ; 244(1-2): 23-31. doi:10.1016/j.jneuroim.2011.12.021.

Repeated morphine treatment-mediated hyperalgesia, allodynia
and spinal glial activation are blocked by co-administration of a
selective cannabinoid receptor type-2 agonist

Suneeta Tumati?, Tally M Largent-Milnes?, Attila Keresztes?, Jiyang Ren?, William R
Roeskea¢€ Todd W. Vanderah?P, and Eva V Varga®d.e.*

aDepartment of Pharmacology, The University of Arizona, Tucson, AZ 85724, USA
bDepartment of Anesthesiology, The University of Arizona, Tucson, AZ 85724, USA
¢Department of Medicine, The University of Arizona, Tucson, AZ 85724, USA

dThe BIOS Institute, The University of Arizona, Tucson, AZ 85724, USA

®Hudson & Lovaas Endowed Chair at The Sarver Heart Center, The University of Arizona,
Tucson, AZ 85724, USA

Abstract

Spinal glial activation has been implicated in sustained morphine-mediated paradoxical pain
sensitization. Since activation of glial CB2 cannabinoid receptors attenuates spinal glial activation
in neuropathies, we hypothesized that CB2 agonists may also attenuate sustained morphine—
mediated spinal glial activation and pain sensitization. Our data indicate that co-administration of
a CB2-selective agonist (AM 1241) attenuates morphine (intraperitoneal; twice daily; 6 days)-
mediated thermal hyperalgesia and tactile allodynia in rats. A CB2 (AM 630) but not a CB1 (AM
251) antagonist mitigated this effect. AM 1241 co-treatment also attenuated spinal astrocyte and
microglial marker and pro-inflammatory mediator (IL-1pB, TNFco) immunoreactivities in morphine-
treated rats, suggesting that CB2 agonists may be useful to prevent the neuroinflammatory
consequences of sustained morphine treatment.
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1. Introduction

Long-term opioid treatment frequently leads to an increased sensitivity to painful
(hyperalgesia) and normally innocuous (allodynia) stimuli in humans (Arner et al., 1988;
Wanigasekera et al., 2011) and in experimental animals (Vanderah et al., 2001b). It was
suggested that long-term opioid-mediated paradoxical pain sensitization may play a role in
apparent antinociceptive tolerance (Vanderah et al., 2001a, Ossipov et al., 2005). However,
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the molecular mechanisms that lead to paradoxical pain sensitization upon chronic opioid
treatment are poorly understood.

Central nervous system (CNS) glia was shown to play an important role in the regulation of
pain sensitivity during inflammatory and neuropathic conditions (Watkins et al., 2005).
Interestingly, it was found that - similar to inflammation and nerve injury - sustained opioid
agonist-treatment also activates CNS microglia and astrocytes (Watkins et al., 2005, 2007).
Glial proinflammatory inhibitors were shown to attenuate sustained morphine-mediated pain
sensitization and to reduce/delay the development of antinociceptive tolerance (Mika et al.,
2007; Raghavendra et al., 2002, 2003) in experimental animals. The molecular mechanisms
leading to sustained opioid-mediated augmentation of glial activity and glial pro-
inflammatory mediator release are presently not entirely clear. Morphine may directly
activate glial opioid receptors (Chang et al., 1998). Alternatively, it has been suggested that
morphine may interact with Toll-like receptors (such as TLR-4) on glial cells (Hutchinson et
al., 2007). Finally, sustained opioid treatment may also activate glial cells indirectly, for
instance by stimulating excitatory modulator release from the sensory neurons (Wang et al.,
2009).

It was suggested that spinal glial activation and glia-derived proinflammatory mediator
(such as IL-1p, tumor necrosis factor-a. (TNF-a), and prostaglandin E, (PGE))) release may
be implicated in long-term opioid treatment-mediated paradoxical pain sensitization and
antinociceptive tolerance (Watkins et al., 2005). Therefore, glial proinflammatory inhibitors
may be useful to prevent the neuroinflammatory consequences of sustained morphine
treatment. Unfortunately, the currently available “classical” glial proinflammatory inhibitors
are either toxic (fluorocitrate) or are not specific for glia (minocycline and propentofylline)
(Mika, 2008; Raghavendra et al., 2003). Thus, novel methods are necessary to regulate CNS
glial activity during opioid agonist treatment.

Interestingly, recent data indicate that CB2 cannabinoid agonists attenuate inflammatory and
neuropathic activation of CNS glia (Fernandez-Ruiz et al., 2007). Inflammation and nerve
injury dramatically increase the expression of CB2 receptors in microglia and astrocytes
(Stella, 2004; Maresz et al., 2005), suggesting glial CB2 receptor activation may serve as a
negative feed-back mechanism to regulate glial activity. Indeed, it was found that a selective
CB2 agonist, (JWH-015) attenuates glial marker expression (Ehrhart et al., 2005) and the
synthesis of glial pro-inflammatory mediators in cultured rodent microglia (Eljaschewitsch
et al., 2006). The molecular mechanism leading to attenuated glial activity and glial
inflammatory mediator synthesis in response to CB2 receptor activation is not entirely clear,
but it was suggested that CB2 agonists may activate glial MAP kinase-phosphatases, leading
to attenuated MAP kinase activity (Eljaschewitsch et al., 2006, Romero-Sandoval et al.,
2009).

Numerous shared characteristics between neuropathic and sustained morphine-induced pain
sensitization and analgesic tolerance led to the suggestion that these processes may share
common mechanisms (Ossipov et al., 2005). Similar to inflammatory and neuropathic
conditions, sustained morphine treatment also induce a time-dependent upregulation of CB2
receptors within the spinal cord dorsal horn (Lim et al., 2005). Therefore, we hypothesized
that systemic co-administration of a CB2-selective agonist will also be able to antagonize
the pro-inflammatory consequences of sustained morphine treatment in the spinal cord. Our
data show that systemic co-administration of morphine with a CB2 agonist (AM 1241)
attenuates repeated morphine administration-mediated thermal hyperalgesia, tactile
allodynia, spinal glial activation and upregulation of spinal pro-inflammatory mediator
concentrations in rats by activation of CB2 receptors.
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2. Methods

2.1 Drug administration

Adult (200-225 g) male Sprague-Dawley rats (Harlan Sprague-Dawley, Indianapolis, IN)
were kept in a climate-controlled room on a 12 hr light/dark cycle with food and water
available ad libitum. Handling, care, maintenance and testing of the animals were performed
in accordance with the policies and recommendations of the International Association for
the Study of Pain and the National Institutes of Health guidelines for the handling and use of
laboratory animals. The experimental protocol was approved by the Animal Care and Use
Committee of the University of Arizona. Repeated morphine administration was
accomplished by intraperitoneal (i.p.) injections of morphine sulfate (NIDA; 5mg/kg/
injection, 1ml/kg volume) to rats twice daily, for 6 days (vehicle-morphine group, n=12
animals). Separate groups of animals received i.p. injections of the CB2-selective agonist,
AM 1241 (0.1-2.5 mg/kg/injection; 1ml/kg injection volume, Sigma, St. Louis, MO) twice
daily for 6 days either together with morphine (morphine-AM 1241 group, n=6) or saline
(AM 1241+saline group, n=12 animals). Separate groups of animals received i.p. injections
of AM 1241 (2.5 mg/kg/injection) along with a CB2 antagonist (AM 630; 600 pg/kg/
injection; Tocris, Ellisville, Missouri) or with a CB1-selective antagonist (AM 251,600 pg/
kg/injection; Tocris, Ellisville, Missouri), either together with morphine (AM 1241+AM
630+morphine group, n=6) or saline (AM 630+saline group, n=6 animals) twice daily for 6
days. The doses of AM 1241, AM 630 and AM 251 were selected based on previous studies
(Ibrahim et al., 2003, 2006) AM 1241, AM 630 and AM 251 were dissolved in physiological
saline, containing 10% Tween 80, 10% DMSO. Control animals received the same volume
of vehicle and saline (vehicle+saline group). Behavioral (thermal hyperalgesia and tactile
allodynia) assays were performed prior to drug administration (naive baseline), every day
during the drug treatment period and 96 h after the last i.p. drug injection. Animals receiving
saline-vehicle injections exhibited pain thresholds similar to those of naive animals. The 96
h after drug withdrawal time point was selected in order to allow for complete drug
clearance after the last drug injection, based on the withdrawal time-response studies
(Largent-Milnes, unpublished observations). Fig. 1. shows a schematic representation of the
experimental paradigm.

2.2. Measurement of thermal hyperalgesia

The method of Hargreaves et al. (1988) was used to assess the sensitivity of rats to mildly
noxious thermal stimulus, as previously described (Largent-Milnes et al., 2008). Briefly, the
animals (6 individual animals in each treatment group, n=2 experiments) were placed on
tempered glass in a Plexiglass container and radiant heat was directed toward the plantar
surface of their hind paw. Paw withdrawal latencies were measured using an automated
motion detector before (baseline) drug administration, after drug treatment on each day of
the drug treatment (9:00 AM) for 6 days and 96 h after the last i.p. drug injection. The
device simultaneously stops the timer and the heat source when the paw is moved. A
maximal cutoff of 33 s was used to prevent tissue damage.

2.3. Measurement of mechanical allodynia

Paw withdrawal thresholds in response to mild, normally innocuous tactile stimuli were
measured by probing the left hind paw of the rats with von Frey filaments (0.4-15.0 g), as
previously described (Vanderah et al., 2000). The paw withdrawal thresholds were
measured before (baseline) drug administration, each day during drug administration (9:30
AM) for 6 days and 96 h after the last i.p. drug injection. Paw withdrawal thresholds were
measured prior to the thermal hyperalgesia assay in each animal group, by sequentially
increasing and then decreasing the stimulus strength (“up-and-down” method). The data
were analyzed using the Dixon nonparametric test (Dixon, 1980; Chaplan et al., 1994).
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2.4. Immunohistochemistry

Immunohistochemisty was performed using a protocol modified from Gardell et al. (2002).
Briefly, after the last behavioral testing, the rats were anesthetized with i.p. ketamine-
xylazine (100mg/kg) injections and transcardially perfused with 0.1 M PBS (pH 7.4) until
the exudate ran clear and then with 10% formalin for 15 min. Lumbar spinal cords were
harvested, fixed in 10% formalin solution overnight and cryoprotected with 20% sucrose in
0.1 M PBS. The fixed tissues were saturated with 30% sucrose in 0.1 M PBS solution and
embedded in Tissue-Tek Optimal Cutting Temperature Compound (Sakura, Torrance, CA)
and sliced in a cryostat at —20°C. Serial lumbar spinal cord sections (20 um each) were
placed onto slides so that each slide contained an ordered series of sections from a lumbar
spinal cord. The mounted sections were extensively rinsed and blocked in 0.1 M PBS
containing 10% goat serum, for 2 h, at room temperature. The sections were incubated
overnight at 4°C with either a mouse monoclonal anti-glial fibrillary acidic protein (GFAP)
antiserum (1:2,000; Chemicon International, Temecula, CA) or a mouse monoclonal anti-
0OX-42 antiserum (1:2,000; Chemicon International, Temecula, CA) in 0.1 M PBS
containing 2% goat serum and 0.3% Triton X-100. The slides were subsequently washed
and incubated (2 h) with an Alexa Fluor 594-conjugated goat anti-mouse secondary
antibody (1:1000; Molecular Probes, Eugene, OR). After the immunoreactions, the sections
were rinsed and mounted in a Vectashield (Vector Laboratories) mounting medium.
Fluorescence images were digitally captured using a Nikon (Tokyo, Japan) E800
fluorescence microscope, equipped with the appropriate standard filters. Images were
acquired and analyzed using a Hamamatsu C5810 color CCD camera and its proprietary
Image Processor Software (Hamamatsu, Bridgewater, NJ). The acquired images were
processed using Adobe PhotoShop (Adobe Systems, San Jose, CA). The images were
quantified by counting the number of pixels within a defined threshold fluorescence
intensity using the Image J software (NIH Image, National Institutes of Health, Bethesda,
MD). Immunoreactive pixel numbers were counted in randomly selected areas of the spinal
cord dorsal horn for 3 rats per treatment group, using six spinal cord slices for each rat.

2.5. Measurement of IL-1f and TNFa concentrations in the lumbar spinal cord of rats

96 h after drug withdrawal, the animals (n=3 per treatment group) were euthanized and the
dorsal half of their lumbar spinal cords were isolated. The tissues were flash frozen in liquid
nitrogen and stored at —80°C. On the day of the experiment, the dorsal lumbar spinal cord
sections were thawed, homogenized in a homogenization buffer centrifuged and the
supernatants were collected as previously described (Tumati et al., 2010). Protein
concentration in these supernatants was determined by the Bradford method. A rat
interleukin-1 B (rat IL-1B) sandwich ELISA kit (R and D systems, Minnesota, MN) was
used for the quantitative determination of rat IL-1p concentration in spinal cord
superfusates. TNFa concentration in the samples was determined using a rat TNFo ELISA
kit (R and D systems, Minnesota, MN). The assays were performed according to the
manufacturer’s instructions. IL-1f and TNFa concentrations (pg/mg total protein) in the
samples were calculated based on standard IL-18 and TNFa concentration-absorbance
curves using the Graph Pad Prism 4.0 software (San Diego, CA).

2.6. Data analysis

Data were analyzed using the GraphPad Prism 4.0 software (San Diego, CA). Thermal and
tactile hypersensitivity data were analyzed by two-way repeated measures ANOVA (post
hoc, Newman-Keuls) while, the IL-1 and TNF-a content were analyzed by nonparametric
one-way ANOVA (post hoc, Newman-Keuls). Statistical differences were considered
significant at p <0.05 (*p < 0.05, **p < 0.01, and ***p < 0.001). Data were presented as
mean=S.E.M, unless otherwise indicated.
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3.1. Co-administration of a CB2-selective agonist, AM 1241, dose-dependently attenuates
repeated morphine-mediated thermal hyperalgesia in rats

Baseline paw withdrawal latencies in naive animals was 23.9+1.2 (n=36; Fig 2A) Rats were
randomly assigned into treatment groups. (n=6 in each group; 2 independent experiments).
Acute paw withdrawal latencies were measured after 30 min of drug treatment.
Subsequently, paw withdrawal latencies were measured once every day in the morning
before drug administration (9:00 AM) for 6 days and 96h after the last drug treatment to
monitor the development of thermal hypersensitivity associated with repeated morphine
treatment and opioid withdrawal. Acute morphine administration significantly increased
radiant heat paw-withdrawal latencies in vehicle-pre-treated rats (vehicle+morphine group;
30.1+1 s, **p < 0.01 relative to the naive baseline of 23.9+1.2 s, two-way ANOVA, n=6).
Control animals treated with vehicle-saline exhibited mean paw withdrawal latencies similar
to the naive baseline value (vehicle+saline group; 20.4+1.09 s; p>0.05 relative to naive
animals, two-way ANOVA, n=6 per group) (Fig 2A). The paw withdrawal latencies of rats
receiving vehicle+saline injections remained similar to the naive baseline value throughout
the treatment period (p>0.05, two-way ANOVA, n=6).

Repeated morphine treatment on the other hand, led to a gradual decrease in radiant heat
paw withdrawal latencies indicating a gradual development of thermal hypersensitivity. The
decrease in paw withdrawal latencies was significant starting from day 3 of morphine
treatment (vehicle-morphine group, 13.1+1.9 s; *p<0.05 relative to naive baseline of
23.9+1.2 s, two-way ANOVA, n=6). 96h after morphine withdrawal there was still a marked
decrease in mean paw withdrawal latency (7.5£1.6 s, ***p<0.001 relative to both naive and
to vehicle-saline treated control, two-way ANOVA, n=6). Interestingly, co-administration of
a selective CB2 agonist (AM 1241, 2.5 mg/kg) completely attenuated repeated morphine-
mediated decrease in paw withdrawal latencies. Paw withdrawal latencies in animals co-
treated with 1 mg/kg AM 1241 were 24.5+0.7 s on day 3 and 21.4+1.8 s at 96h withdrawal
(p>0.05, two-way ANOVA, n=6). The mean paw withdrawal latencies of rats treated with
AM 1241 alone (AM 1241-saline group) were not significantly different from the naive
baseline or vehicle-saline treated control either during drug treatment or after 96 drug
withdrawal (23.2+1.3 s; p>0.05 relative to naive baseline, two-way ANOVA, n=6). All
treatment groups were tested for thermal pain sensitivity on each day (9:00 AM) of the
treatment period.

3.2. Co-administration of a CB2-selective agonist (AM 1241) dose-dependently attenuates
repeated morphine-mediated tactile allodynia in rats

Baseline mechanical sensitivity in naive animals to VonFrey filament stimulation was
15.0+0.0 g (n=36; Fig 3A). Animals treated with vehicle-saline injections showed no
significant changes in paw withdrawal thresholds throughout the treatment period relative to
naive baseline (p>0.05). Acute morphine administration (30 min) did not cause significant
change in the paw withdrawal thresholds of vehicle-treated rats (15.0+0.0 g; vehicle
+morphine group; p>0.05). Acute (30 min) AM 1241 administration (0.1, 1.0, 2.5 mg/kg)
did not affect paw withdrawal thresholds either in the presence (AM 1241-morphine group;
p>0.05 relative to the naive baseline) or absence of morphine (AM 1241 group; p>0.05 for
each doses, two-way ANOVA, n=6).

Repeated morphine treatment led to a gradual decrease in paw withdrawal thresholds. The
decrease was significant starting from day 2 of morphine treatment, (10.2+2.0 s on day 5;
**p<0.01, two-way ANOVA, n=6). 96h after morphine withdrawal there was still a marked
decrease in the mean paw withdrawal threshold (1.0£0.5 g; ***p<0.001 relative to both
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naive and to vehicle-saline treated control, two-way ANOVA, n=6). Rats receiving AM
1241 (2.5 mg/kg) together with morphine did not exhibit significant decrease in paw
withdrawal latencies (12.2+0.8 g at 96 withdrawal; p>0.05 relative to naive baseline; two-
way ANOVA, n=6), indicating that AM 1241 co-treatment attenuates the development of
mechanical allodynia due to repeated morphine treatment and morphine withdrawal in rats
(Fig 3A). In the presence low AM 1241 dose (0.1 mg/kg), repeated morphine treatment
caused a slight decrease in paw withdrawal latency (17.5£1 s; on day 5, *p<0.05, two-way
ANOVA, n=6, Fig. 2B). After 96h drug withdrawal the mean paw withdrawal latency in the
AM 1241 (0.1 mg/kg)+morphine group was not significantly different from the naive
baseline (19.6+1.9 s vs 23.9£1.2 s; p>0.05). Paw withdrawal latencies in animals co-treated
with higher doses (1-2.5 mg/kg) of AM 1241 were not significantly different from naive
baseline (p>0.05, two-way ANOVA) either during drug treatment or after 96h withdrawal.
Paw withdrawal thresholds in animals receiving 2.5 mg/kg AM 1241 alone were slightly
decreased on day 5 (7.2+2.0 g, *p<0.05 relative to naive baseline, two-way ANOVA) and at
96h withdrawal (9.0£2.5 g, *p<0.05 relative to naive baseline, two-way ANOVA),
indicating that repeated treatment with racemic (S,R)AM 1241 alone causes a slight increase
in mechanical sensitivity. These data show that co-treatment with AM 1241 attenuates the
development of mechanical allodynia during repeated morphine treatment and after
morphine withdrawal in rats.

3.3. The anti-hyperalgesic effect of AM 1241 is attenuated by a CB2 (AM 630) but not by a
CB1 receptor antagonist (AM 251)

Mean baseline paw withdrawal latency in naive animals was 24.3+1.5 s (n=48; Fig 4).
Control animals treated with vehicle+saline exhibited mean paw withdrawal latencies
similar to the mean baseline value (p>0.05 relative to baseline, one-way ANOVA, n=6). 96h
withdrawal after repeated morphine treatment (vehicle+morphine group) led to a marked
decrease in mean paw withdrawal latency (***p<0.001 relative to the baseline, one-way
ANOVA, n=6). Rats receiving i.p. AM 1241 (2.5 mg/kg) concurrent with i.p. morphine
(AM 1241+morphine) exhibited paw withdrawal latencies similar to the baseline 96h after
drug withdrawal (p>0.05 relative to baseline, one-way ANOVA, n=6). Co-administration of
a CB2 receptor-selective antagonist AM 630 (600 ug/kg, i.p.) together with AM 1241 (2.5
mg/kg) and morphine significantly attenuated AM 1241-mediated anti-thermal
hypersensitive effects 96h after drug withdrawal (AM 1241+AM 630+morphine; **p<0.01
relative to the baseline and p>0.05 relative to vehicle+morphine, one-way ANOVA, n=6).
On the other hand, co-administration of a CB1 receptor antagonist AM 251 (600 ug/kg, i.p.)
together with AM 1241 (2.5 mg/kg) and morphine did not produce any significant changes
in the anti-thermal hyperalgesic effects mediated by AM 1241 (AM 1241+AM
251+morphine; p>0.05 relative to AM 1241+morphine or baseline, **p<0.01 relative to
vehicle+morphine, one-way ANOVA, n=6). AM 1241 or AM 630 or AM 251 treatment
alone had no significant effect on paw withdrawal latencies (p>0.05 relative to baseline,
one-way ANOVA, n=6 per group) (Fig 4). These data indicate that the anti-thermal
hyperalgesic effects observed upon treatment with AM 1241 are mediated by activation of
CB2 receptors.

3.4. The anti-mechanical hypersensitivity effects of AM 1241 are attenuated by a CB2 (AM
630) but not by a CB1 receptor antagonist (AM 251)

Mean baseline paw withdrawal thresholds in naive animals was 15.0+0.0 g (n=48; Fig 5).
Control animals treated with vehicle+saline exhibited mean paw withdrawal thresholds
similar to the mean baseline value (p>0.05 relative to baseline, one-way ANOVA, n=6).
Withdrawal (96 h) after repeated morphine treatment (vehicle+morphine group) led to a
marked decrease in mean paw withdrawal threshold (***p<0.001 relative to the baseline,
one-way ANOVA, n=6). Rats receiving i.p. AM 1241 (2.5 mg/kg) concurrent with i.p.
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morphine (AM 1241+morphine) exhibited paw withdrawal thresholds that were not
significantly different from the baseline (p>0.05, one-way ANOVA, n=6). Co-
administration of a CB2 receptor-selective antagonist (AM 630, 600 pg/kg, i.p.) together
with AM 1241 and morphine significantly attenuated AM 1241-mediated anti-mechanical
hypersensitive effects (***p<0.01 relative to the baseline and p>0.05 relative to vehicle
+morphine, one-way ANOVA, n=6). Co-administration of a CB1 receptor antagonist (AM
251,600 pg/kg, i.p.) did not produce any significant changes in the anti-allodynic effects
mediated by AM 1241 (AM 1241+AM 251+morphine; p>0.05 relative to AM
1241+morphine, **p<0.01 relative to vehicle+morphine, one-way ANOVA, n=6).
Treatment with AM 1241 or AM 630 or AM 251 alone had no significant effect (p>0.05
relative to baseline, one-way ANOVA) on paw withdrawal thresholds (Fig 5). These data
indicate that the anti-allodynic effect of AM 1241 co-treatment is mediated by activation of
the CB2 receptors.

3.5. AM 1241 co-treatment reduces microglia (OX-42) and astrocyte (GFAP) marker
immunoreactivities in the dorsal horn of the lumbar spinal cord of morphine-withdrawn

rats

After the behavioral assays, the animals were perfused as described in the methods section
and lumbar spinal cords were isolated from three animals in each treatment group.
Fluorescent immunohistochemistry in lumbar spinal cord slices indicated that morphine
treatment increased in both OX-42- and GFAP-like immunoreactivities in the dorsal horn of
the spinal cord (Figs. 6b, 7b). AM 1241 co-administration completely attenuated sustained
morphine-mediated augmentation of both OX-42 and GFAP-like immunoreactivities in the
lumbar dorsal horn of morphine-withdrawn animals (Figs 6c, 7c). Each figure is a
representative of similar immunohistochemistry data obtained from 3 animals in each
treatment group.

3.6. Co-administration of AM 1241 attenuates spinal pro-inflammatory mediator
immunoreactivities in morphine-withdrawn rats

In lumbar dorsal spinal cord tissues collected after 96h drug withdrawal from the vehicle
+morphine-treated animal group, there was a significant increase in spinal IL-1p (Fig 8A,
101+9 pg/mg total protein; *p<0.05 relative to vehicle-saline-treated control, one-way
ANOVA, n=3 per group) and TNFa (Fig 8B, 6514 pg/mg total protein; *p<0.05 relative to
the vehicle+saline group, one-way ANOVA, n=3 per group) concentration. AM 1241 (2.5
mg/mg) co-administration significantly reduced IL-1p (59£10 pg/mg protein; p>0.05
relative to vehicle+saline, *p<0.05 relative to vehicle+morphine; one-way ANOVA, n=3 per
group, Fig 8A) and TNFa (36+6 pg/mg protein; p>0.05 relative to vehicle+saline, *p<0.05
relative to vehicle+morphine group; Fig 8B) immunoreactivities in the lumbar spinal cord of
morphine-withdrawn rats. Inflammatory mediator concentrations in the spinal cord of
animals that received AM 1241 (2.5 mg/kg) alone were not significantly different from
vehicle+saline group (p>0.05 relative to vehicle+saline group, one-way ANOVA, n=3 per
group, Figs 8A, 8B). These data indicate that AM 1241 might mediate its effects by
reducing the release of pro-inflammatory mediators in the spinal cord.

2. Discussion

The present study demonstrates that a) co-treatment of rats with AM 1241, a CB2-selective
cannabinoid agonist attenuates sustained morphine-mediated hyperalgesia and allodynia
(Figs 2,3); b) AM 1241 co-treatment attenuates sustained morphine-mediated paradoxical
pain sensitization by activation of CB2 cannabinoid receptors c) co-treatment of rats with
AM 1241 attenuates spinal microglia and astrocyte marker immunoreactivities in morphine
withdrawn rats (Figs 6,7); and e) co-treatment of rats with AM 1241 attenuates up-
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regulation of pro-inflammatory mediators in the lumbar spinal cord of morphine-withdrawn
rats (Fig 8). Taken together, these data suggest that CB2 agonist co-administration may
attenuate the neuroinflammatory consequences of long-term opioid agonist therapy.

CNS glia play an important role in regulation of the “gain” (or amplification) of neuronal
pain transmission. Activated glial cells release multiple pro-inflammatory neuromodulators
into the spinal cord (DeLeo and Yazierski, 2001). Augmented spinal pro-inflammatory
mediator levels increase the excitability of the primary sensory neurons (Ji and Strichartz,
2004), leading to augmented pain neurotransmitter release in response to external stimuli
(Gardell et al., 2002). Indeed, glial proinflammatory inhibitors (such as fluorocitrate,
propentophylline and minocycline) were shown to attenuate inflammatory and neuropathic
pain sensitization (Cichewicz and Welch, 2003; Romero-Sandoval and Eisenach, 2007).

Interestingly, similar to inflammatory and neuropathic conditions, sustained morphine
treatment also elevates pro-inflammatory neuromodulator concentrations (such as 1L-1p,
IL-6, TNF-a) (Raghavendra et al., 2003) and microglia and astrocyte marker
immunoreactivities (Mika et al., 2007; Raghavendra et al., 2002, 2003; Song and Zhao,
2001; Watkins et al., 2005, 2007) and in the spinal cord of rodents. Spinal glial activation
may play an important role in sustained morphine-mediated paradoxical pain sensitization
and antinociceptive tolerance, since glial proinflammatory inhibitors were found to attenuate
sustained morphine mediated paradoxical pain and to diminish analgesic tolerance in rodents
(Cui et al., 2006, Johnston et al., 2004; Li et al., 2001; Mao et al., 1994; Raghavendra et al.,
2002, 2003; Trang et al., 2004; Watkins et al., 2007).

The molecular mechanisms leading to sustained morphine-mediated augmentation of glial
pro-inflammatory mediator synthesis are presently not entirely clear. Since morphine was
shown to elicit functional responses (such as membrane ruffling and chemotaxis and
enhanced BDNF gene expression (Takayama and Ueda, 2005);); augmented TNFa and IL-1
release (Mahajan et al., 2005) and increased p38 MAP kinase phosphorylation (Mouledos et
al., 2004) in cultured glial cells, opioids may directly interact with glial cell membrane
receptors. However, irregularities in the stereoselectivity of the opioid actions indicate that
these specific glial binding sites may not correspond to classical opioid receptors. Thus,
recently it was suggested that morphine may activate glial cells by interacting with Toll-like
receptors (such as TLR-4) in a (+) naloxone-sensitive manner (Hutchinson et al., 2007).
Alternatively, sustained opioids may also activate glial cells indirectly, for instance by
stimulating excitatory modulator release from the central termini of the primary sensory
neurons and/or from second order spinal neurons (again, either directly or by descending
facilitatory mechanisms (Ossipov et al., 2005; Wang et al., 2009).

Regulation of spinal glial activity may be a useful novel method to increase the efficacy and
duration of opioid antinociception. However, the “classical” glial proinflammatory inhibitors
are either toxic (fluorocitrate) or are not specific for glia (minocycline and propentofylline)
(Mika, 2008; Raghavendra et al., 2003). CNS microglia and astrocytes express numerous G
protein coupled receptors (such as the CB2 cannabinoid receptor) offering new, potentially
more selective methods to regulate glial activity.

The CB2 receptor is a member of the cannabinoid receptor family of G-protein coupled
receptors. CB2 receptors are predominantly present in peripheral tissues, most remarkably,
in the immune system. Interestingly, it was found that despite the predominantly peripheral
localization of the CB2 receptors, CB2 agonists mediate remarkable pain relief in rodents
(Ibrahim et al., 2003, 2006). CB2 agonists are especially efficient antinociceptive agents in
hard-to-treat chronic pain conditions, such as inflammatory and neuropathic hyperalgesia
and cancer pain (Beltramo et al., 2009;Lozano-Ondoua et al., 2010). Since CB2 receptors
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are expressed in very low concentration on CNS neurons, CB2-selective drugs may be
devoid of the well-known centrally-mediated side effects of the classical cannabinoids.
Consequently, CB2-selective cannabinoid agonists are promising new candidates for pain
management. It was suggested earlier that the antinociceptive effect of the CB2-selective
agonists may be due to stimulation of endogenous opioid release in peripheral tissues
(Ibrahim et al., 2006). On the other hand, the mechanism(s) involved in the unexpectedly
high efficacy of CB2-selective agonists against chronic inflammatory and neuropathic pain
are presently not entirely clear.

CNS microglia and astrocytes express multiple functionally active G protein coupled
receptors including the CB2 cannabinoid receptor type (Pocock and Kettenmann, 2007).
Recent data suggest that CB2 agonist-mediated inhibition of glial activation may play an
important role in their efficacy in inflammatory and neuropathic pain. Inflammation and
nerve injury dramatically increases the expression of CB2 receptors in cultured microglia
and astrocytes in vitro and in the spinal cord of rodents in vivo (Maresz et al., 2005; Stella,
2004, Fernandez-Ruiz et al., 2007). Augmented spinal glial CB2 receptor expression may
play a role in regulation of microglia and astrocyte activity and glial excitatory
neuromodulator synthesis (Ehrhart et al., 2006; Fernandez-Ruiz et al., 2007). Recent data
indicate that glial CB2 cannabinoid receptors regulate the synthesis of excitatory
immunomodulators by augmenting MAP kinase phosphatase expression in cultured
microglia, leading to the attenuation of MAP kinase signaling in these cells
(Elijatschewitsch et al., 2006).

Numerous shared characteristics between neuropathic and sustained morphine-induced pain
sensitization and analgesic tolerance led to the suggestion that these processes may share
common mechanisms (Ossipov et al, 2005). Thus, similar to inflammatory and neuropathic
conditions, sustained morphine treatment induced MAP kinase phosphorylation (Cui et al.,
2006) elevated excitatory neuromodulator levels (Raghavendra et al., 2002) and induced a
time-dependent upregulation of CB2 receptors (Lim et al., 2006) within the spinal cord of
rodents. Therefore, we hypothesized that by activation of glial CB2 receptors, CB2 agonists
may be able to attenuate sustained morphine-mediated spinal glial activation and thus,
prevent paradoxical pain sensitization as observed in case of inflammatory and neuropathic
pain states. Our data demonstrate that indeed, co-administration of a selective CB2 agonist
(AM 1241) attenuates repeated morphine-mediated pain sensitization and prevents
withdrawal hyperalgesia and allodynia in rats (Figs 2, 3). Our results also show that the
process is mediated by activation of the CB2 receptor type, since a CB2-selective antagonist
(AM 630) attenuated the protective effects of AM 1241 while a CB1-selective antagonist
(AM 251) had no effect (Figs 4,5). Co-treatment with AM 1241 also reduced astrocyte and
microglia marker immunoreactivities in the lumbar dorsal horn of morphine withdrawn rats
(Figs 7,8), indicating that activation of CB2 receptors reduces spinal glial proliferation.

Activation of spinal glia was shown to augment the concentration of pro-inflammatory
mediators (gliotransmitters) in the spinal cord (Hulsebosch CE, 2008, Hutchinson et al.,
2007) leading to sensitized basal and/or evoked pain neurotransmitter release from the
primary sensory neurons (Hou and Wang, 2003; Tumati et al., 2010). Accordingly, glial
proinflammatory inhibitors reduced spinal inflammatory mediator concentrations and
attenuated pain sensitization in neuropathic and inflammatory conditions (DeLeo et al.,
2001; Watkins et al., 2007; Hulsebosch et al., 2008) Our data indicates that activation of
CB2 receptors by AM 1241 also completely attenuates the upregulation of IL-13 and TNF-a
immunoreactivities in the lumbar spinal cord of morphine-withdrawn rats (Figs 6A, 6B),
indicating that CB2 agonist co-administration may be an effective method to reduce the pro-
inflammatory consequences of sustained opioid analgesic treatment.
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It was suggested that sustained opioid analgesic-mediated paradoxical pain sensitization
may contribute to the need for increased opioid doses during the clinical treatment of
chronic pain (Vanderah et al., 2001a). Higher doses on the other hand aggravate the
dangerous side effects of opioids (such as constipation, respiratory depression and addiction
liability). Our current data provides a novel pharmacological approach, the use of CB2
agonists - devoid of the well-known CNS side effects - to prevent the neuroinflammatory
consequences of sustained opioid analgesic treatment and thus increase the efficacy and
prolong the duration of action of the opioid analgesics in chronic pain treatment.
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Abbreviations

AM 1241 (3-iodo-5-nitrophenyl)-[1-[(1-methylpiperidin-2-yl)methyl]indol-3-

yl]methanone
intraperitoneal

Isoflurane 2-chloro-2-(difluoromethoxy)-1,1,1-trifluoro-ethane

AM 251 1-(2,4-dichlorophenyl)-5-(4-iodophenyl)-4-methyl-N-(1-
piperidyl)pyrazole-3-carboxamide)

AM 630 (6-iodo-2-methyl-1-[2-(4-morpholinyl)ethyl]-1H-indol-3-yl] (4-
methoxyphenyl) methanone)
intrathecal

Ketamine (RS)-2-(2-Chlorophenyl)-2-(methylamino)-cyclohexan-1-one

Morphine (5a,60)-7,8-didehydro-4,5-epoxy-17-methylmorphinan-3,6-diol

Xylazine N-(2,6-dimethylphenyl)-5,6-dihydro-4H-1,3-thiazin-2-amine
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Fig. 1. Experimental design

On day 0 (A), baseline paw withdrawal latency (Radiant heat test) and paw withdrawal
threshold (vonFrey filament test) values were measured for each rat. Subsequently, the
animals received intraperitoneal (i.p.) injections of saline (200 ul) or morphine (5mg/kg in
200 pl) with/without AM 1241 (0.5-2.5mg/kg in 200 ul) and with/without a cannabinoid
antagonist (AM 630; 600 pg/kg or AM 251 (600 pg/kg). The animals were tested for acute
antinociception 30 min after drug administration (B). The injection regimen continued in
each animal group for 6 days (C) twice daily (a total of 12 injections; Day 0 — Day 5). The
animals were tested for paw withdrawal latencies and paw withdrawal thresholds every day
in the morning (9:30) and 96 h (day 9) after the last drug treatment (D). The drug-withdrawn
animals were subsequently euthanized and the spinal cords were isolated for
immunohistochemistry.
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Fig. 2. A. Sustained co-administration of a CB2-selective agonist (AM 1241) attenuates morphine
withdrawal-mediated thermal hyperalgesia in rats

Male Sprague-Dawley rats (6 in each group) received intraperitoneal V¥ :vehicle+saline; 4p:
vehicle+morphine (5 mg/kg); m: AM 1241 (2.5 mg/kg)+saline; e: AM 1241 (2.5mg/kg)
+morphine(5mg/kg) injections twice daily for 6 days. Thermal pain sensitivity was
measured 30 min after the first injectyion (acute) on each day (at 9:00 AM) of the drug
treatment and after 96h drug withdrawal using the Hargreaves test. BL represents the naive
baseline. Fig 2. B. shows the area-under-curve (AUC) values for each treatment group.
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Fig. 3. A. AM 1241 co-administration attenuates morphine withdrawal-mediated tactile

allodynia in rats

Male Sprague-Dawley rats (6 in each group) received intraperitoneal ¥ :vehicle+saline; €p:
vehicle+morphine (5 mg/kg); m: AM 1241 (2.5 mg/kg)+saline; o: AM 1241 (2.5mg/kg)
+morphine(5mg/kg) injections twice daily for 6 days. Thermal pain sensitivity was
measured 30 min after the first injectyion (acute) on each day (at 9:30 AM) of the drug
treatment and after 96h drug withdrawal using VVonFrey filaments. Fig 2. B. shows the area-
under-curve (AUC) values for each treatment group.
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Fig. 4. The anti-hyperalgesic effect of AM 1241 in morphine withdrawn rats is attenuated by
CB2- (AM 630) but not CB1- (AM 251) antagonist

Male Sprague-Dawley rats (6 in each group) received drug treatment twice daily for 6 days.
Mean baseline paw withdrawal latencies were measure in naive animals (dotted line; n=48)
and 96 h after the last injection using the Hargraeves test. (*=p<0.05; **= p<0.01 ***=
p<0.001 relative to the baseline, one-way ANOVA).
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Fig. 5. The antiallodynic effect of AM 1241 in morphine withdrawn rats is attenuated by CB2-
(AM 630) but not CB1- (AM 251) antagonist

Male Sprague-Dawley rats (6 in each group) received drug treatment twice daily for 6 days.
Mean baseline paw withdrawal thresholds were measured in naive animals (dotted line;
n=48) and 96 h after the last injection using VVon Frey filaments.
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Fig. 6. AM 1241 co-administration attenuates spinal astrocyte marker (GFAP) immunoreactivity
in morphine-withdrawn rats

Lumbar spinal cord slices from saline-saline (a), morphine-saline (b) and morphine-AM
1241(c) -treated animals (3 animals from each group) were incubated with a rabbit anti-
GFAP primary antibody followed by incubation with an Alexa Fluor 594-conjugated goat
anti-rabbit secondary antibody. Fluorescent images were collected using a Nikon E800
fluorescence microscope. The images have been collected from matching dorsal horn areas
in each treatment group. Scale bar represents 100 um. (d) the number of pixels occupied by
GFAP immunoreactive cells within a defined threshold in a randomly selected area of the
spinal cord dorsal horn, measured by Image J software (NIH). The data plotted is mean
+SEM obtained from 3 independent rats; 6 spinal cord sections per rat per treatment group.
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Fig. 7. AM 1241 co-administration attenuates spinal microglia marker (OX-42)
immunoreactivity in morphine-withdrawn rats

Lumbar spinal cord slices from saline-saline (a), morphine-saline (b) and morphine-AM
1241 (c) -treated animals (3 animals from each group) were incubated with a rabbit anti-
OX-42 primary antibody followed by incubation with an Alexa Fluor 594-conjugated goat
anti-rabbit secondary antibody. Fluorescent images were collected using a Nikon E800
fluorescence microscope. The images correspond approximately to the same area of the
dorsal horn in the spinal cord of the rats. Scale bar represents 100 pm. (d) the number of
pixels occupied by GFAP immunoreactive cells within a defined threshold in a randomly
selected area of the spinal cord dorsal horn, measured by Image J software (NIH). The data
plotted is mean+SEM obtained from 3 independent rats; 6 spinal cord sections per rat per
treatment group.
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Fig. 8. AM 1241 co-administration attenuates proinflammatory cytokine immunoreactivity in the
lumbar spinal cord of morphine-withdrawn rats

After the behavioral tests, the animals were sacrificed and the lumbar spinal cords were
isolated and flash frozen in liquid nitrogen. The spinal cords were homogenized on ice as
described in the methods sections and the concentrations of IL-1p and TNFa proteins were
measured by ELISA assays.
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