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BACKGROUND AND PURPOSE

Among several pharmacological properties, analgesia is the most common feature shared by either opioid or cannabinoid
systems. Cannabinoids and opioids are distinct drug classes that have been historically used separately or in combination to
treat different pain states. In the present study, we characterized the signal transduction pathways mediated by cannabinoid
CB, and p-opioid receptors in quiescent and LPS-stimulated murine microglial cells.

EXPERIMENTAL APPROACH
We examined the effects of u-opioid and CB, receptor stimulation on phosphorylation of MAPKs and Akt and on IL-1,
TNF-a, IL-6 and NO production in primary mouse microglial cells.

KEY RESULTS

Morphine enhanced release of the proinflammatory cytokines, IL-18, TNF-c, IL-6, and of NO via p-opioid receptor in activated
microglial cells. In contrast, CB, receptor stimulation attenuated morphine-induced microglial proinflammatory mediator
increases, interfering with morphine action by acting on the Akt-ERK1/2 signalling pathway.

CONCLUSIONS AND IMPLICATIONS
Because glial activation opposes opioid analgesia and enhances opioid tolerance and dependence, we suggest that CB,
receptors, by inhibiting microglial activity, may be potential targets to increase clinical efficacy of opioids.

Abbreviations

AM 251, N-(piperidin-1-yl)-5-(4-iodophenyl)-1-(2,4-dichlorophenyl)-4-methyl-1H-pyrazole-3-carboxamide; AM 630,
6-iodopravadoline; CHO-hCB;, CHO cells transfected with human CB, receptor; CTAP, D-Phe-cyc[Cys-Tyr-D-Trp-Arg-Thr-
Pen]-Thr-NH,; DAMGO, Tyr-DAla-Gly-[NMePhe]-NH(CH),; DPDPE, cyc[DPen?, DPen®]enkephalin; FBS, fetal bovine
serum; JWH-0135, (2-methyl-1-propyl-1H-indol-3-yl)-1-naphthalenylmethanone; PE, phycoerythrin; siRNA, small
interfering RNA; THC, A’tetrahydrocannabinol; U69593, 5¢,7 ¢,8-(-)-N-methyl-N-(7-[1-pyrrolidinyl]-1-oxasipro(4,5)dec-
8-yl)benzeneacetamide
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Introduction

Opioids produce their pharmacological effects by acting
mainly through three types of receptors, namely u, § and «
(Satoh and Minami, 1995; receptor nomenclature follows
Alexander et al. (2011). Opioids are the drugs of choice for
treating severe pain, despite the development of tolerance,
dependence and hyperalgesia (da Fonseca Pacheco etal.,
2008). The cellular and molecular mechanisms involved in
this phenomenon are complex and may involve receptor
desensitization and endocytosis, intracellular signalling
hyperactivity, secondary activation of excitatory amino acid
receptors, and subsequent intracellular cascades, as well as
glial activation and the release of proinflammatory media-
tors (Mayer et al., 1999; Watkins et al., 2005). Glial activa-
tion by opioids is an important phenomenon to understand,
as it opposes opioid analgesia and enhances opioid toler-
ance, dependence and other negative side-effects, such as
respiratory depression (Watkins et al., 2009). In particular,
there is good evidence that glia and glia-derived proinflam-
matory mediators, such as IL-1B, TNF-a and IL-6, could be
involved in tolerance to the anti-nociceptive properties of
morphine. Glial cells are also considered to be crucial
sources of nitric oxide (NO), responsible for morphine tol-
erance (Mayer etal, 1999; Chen and Sommer, 2009).
Repeated morphine treatment can activate glia and hence
up-regulate these various mediators (Raghavendra efal.,
2002; 2004; Johnston etal., 2004; Watkins et al., 2005)
through the MAPK, PKC and PI3K/Akt pathways, key players
in the intracellular signalling cascade leading to the devel-
opment of morphine tolerance (Mayer et al., 1999; Watkins
et al., 2001; Raghavendra et al.,, 2002; 2004; Galeotti et al.,
2006; Cunha et al., 2010).

In the nervous system, neurotransmission and neuroin-
flammation are mediated by the endocannabinoid signalling
system (Fernandez-Ruiz, 2009; Mazrrs et al., 2010). To date,
two cannabinoid receptors have been identified by molecular
cloning - CB; and CB, receptors. The CB; receptors are
expressed by the neurons and regulate the release of neuro-
transmitters, while CB, receptors are expressed by the micro-
glia, regulating their motility and immunomodulator
production (Atwood and Mackie, 2010; Pertwee et al., 2010).
In the nervous system, activation of CB; and CB, receptors is
induced by the endocannabinoids, arachidonoylethanola-
mide (anandamide, AEA) and 2-arachidonoylglycerol, pro-
duced by the neurons and glia. However, ample evidence
suggests that additional receptors may contribute to the
behavioural, vascular and immunological actions of
A’-tetrahydrocannabinol (THC), the major psychoactive con-
stituent of marijuana, and endocannabinoids (Begg et al.,
2005). In particular, it has been established that GPRSS is an
additional novel cannabinoid receptor (Lauckner etal.,
2008).

Microglia, a specialized population of macrophages found
in the CNS, are quiescent in normal brain. However, after
CNS injury or after interaction of LPS with toll-like receptor
(TLR)-4 during bacterial infection (Gonzilez-Scarano and
Baltuch, 1999), these cells can be activated by cytokines
produced by infiltrating immune effector cells. Thus, LPS
stimulation of the microglia is a useful model for the study
of mechanisms underlying neuronal injury by various
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proinflammatory and neurotoxic factors released by activated
microglia (Jung et al., 2010).

CB receptor agonists produce pain relief in a variety of
animal models (Richardson, 2000). Cannabinoids act on glia
and neurons to inhibit the release of proinflammatory mol-
ecules, including IL-1B, TNF-oo and NO (Molina-Holgado
etal.,, 1997; 2002; Shohami et al., 1997; Puffenbarger et al.,
2000; Cabral etal., 2001), and enhance the release of the
anti-inflammatory cytokines IL-4, IL-10 (Klein et al., 2000)
and IL-1 receptor antagonist (Molina-Holgado et al., 2003). It
is known that the anti-inflammatory properties of CB recep-
tor agonists are expressed through the activation of CB,
receptors (Klein and Newton, 2007; Romero-Sandoval et al.,
2009; Correa et al., 2010; Hsieh et al., 2011). In particular, the
activation of CB, receptors expressed in brain microglia
during neuroinflammation (Benito et al., 2008; Atwood and
Mackie, 2010) reduced NO production and TNF-o. in primary
microglia (Ehrhart et al., 2005; Merighi et al., 2012). Further-
more, such activation protects against human microglial neu-
rotoxicity by enhancing IL-10 production (Klegeris et al.,
2003; Correa et al., 2005; 2010; Eljaschewitsch et al., 2006).
The activation of CB, receptors also reduces the release of
proinflammatory factors in animal models of peritoneal
hypoxia-ischemia and Huntington’s disease (Benito et al.,
2008). In the periphery, both CB; and CB, receptors partici-
pate in pain control (Malan et al., 2001).

Interestingly, receptors for opioids and cannabinoids are
coupled to similar intracellular signalling mechanisms,
leading to a decrease in cAMP production through the acti-
vation of G; proteins (Satoh and Minami, 1995; Pertwee et al.,
2010). Therefore, following the discovery that opioids and
cannabinoids produce not only similar biochemical effects
but also similar pharmacological effects, the interaction
between these two classes of drugs has been extensively
studied (Manzaneres et al., 1999). Cannabinoids can enhance
the antinociceptive properties of opioids (Cichewicz, 2004;
Wilson et al., 2008; Parolaro etal., 2010) and adolescent
exposure to chronic THC blocks opiate dependence in mater-
nally deprived rats (Morel et al., 2009). However, the molecu-
lar signalling underlying the participation of cannabinoids in
the side effects induced by opioids is still unknown. Never-
theless, it is possible that cannabinoids may interfere with the
tolerance and dependence effects induced by opioids because
the administration of low-dose combinations of cannabi-
noids and opioids seems to be an alternative regimen that
reduces the need to escalate opioid dose, while increasing
opioid potency.

Therefore, the aim of the present study was to explore
whether and how CB, receptor stimulation affected opioid
actions on activated microglia, with a view to improving pain
control by increasing the clinical efficacy of opioids.

Methods

Animals

All animal care and experimental procedures conformed to
the guidelines issued by the European Council (86/609/EEC)
and were approved by the local Animal Care and Ethics
Committee. The results of all studies involving animals are



reported in accordance with the ARRIVE guidelines for
reporting experiments involving animals (McGrath et al.,
2010). One-day-old Balb/c mice (50 in total) were obtained
from Charles River (Calco, Italy).

Cell line, reagents and antibodies

CHO cells transfected with the human recombinant CB,
receptor cDNA (CHO-hCB,) were purchased from Perk-
inElmer (Milan, Italy). Tissue culture media and growth sup-
plements were obtained from Cambrex, Bergamo, Italy.
U0126 (MEK-1 and MEK-2 inhibitor, soluble in DMSO);
human anti-ACTIVE®MAPK (phosphorylated Thr'®?/Tyr'®5)
and human anti-ERK1/2 pAb were provided by Promega
(Milan, Italy). Phosphorylated (Thr'®’/Tyr'¥?) and total p38,
phosphorylated (Thr'®*/Tyr'®) and total JNK1/2 antibodies
were from Cell Signalling Technology (Celbio, Milan, Italy).
JWH-015 (1-propyl-2-methyl-3-(1-naphthoyl)indole) (soluble
in ethanol), SHS (inhibitor of Akt), blocking peptide for pAb
to CB, receptor (ALX-153-027) and anti-CB, receptor rabbit
polyclonal antibody (ALX-210-198) were from Enzo Life Sci-
ences (Vinci-Biochem, Florence, Italy). The immunogen for
the CB, receptor antibody was a synthetic peptide corre-
sponding to aa 20-33 of the human CB, receptor N-terminal.
Anti-MOR-1 (H80) (sc-15310), small interfering RNA (siRNA)
for the CB, receptor (sc-39913) and MOR-1 siRNA (sc-35958)
were from Santa Cruz Biotechnology (DBA, Milan, Italy).
AM 251  (N-(piperidin-1-yl)-1-(2,4-dichlorophenyl)-5-(4-
iodophenyl)-4-methyl-1H-pyrazole-3-carboxamide) and AM
630 (6-iodo-2-methyl-1-[2-(4-morpholinyl)ethyl]-1H-indol-3-
yl](4-methoxyphenyl)methanone(6-iodopravadoline) (both
soluble in DMSO) were from Tocris Bioscience (Bristol, UK).
RNAiFect™ Transfection Kit was from Qiagen (Milan, Italy).
Unless otherwise stated, all other chemicals were purchased
from Sigma (Milan, Italy).

Primary microglial cell cultures

Primary glial cultures were prepared as described in a previous
study (Molina-Holgado et al., 2002). Briefly, after anaesthesia
(Zoletil 100, 30 mg kg, Virbac Laboratories, Carros, France)
and decapitation, forebrains from newborn Balb/c mice were
excised, meninges removed and tissue dissociated mechani-
cally. Cells were re-suspended in DMEM supplemented with
10% heat-inactivated FBS and 1% penicillin/streptomycin,
then plated on poly-D-lysine-coated (5 ug-mL™) 75 cm? flasks
(Falcon; Celbio, Milan, Italy). After 15 days, the flasks were
shaken vigorously to remove loosely adherent microglia. The
supernatant was plated on multi-well culture plates for 2 h,
and the medium was changed to remove non-adherent cells.
Cells were grown in a humidified environment containing
5% CO, at a constant temperature of 37°C. The purity of
microglial cultures was assessed by examining cell morphol-
ogy under phase-contrast microscopy, and was confirmed by
flow cytometry with Mac-1 anti-CD11b antibody (BD
Pharmingen, Milan, Italy).

Cell cultures

Cells were maintained in DMEM (primary microglia) or
Ham’s (CHOh-CB, cells) medium containing 10% fetal calf
serum, penicillin (100 U-mL™), streptomycin (100 ug-mL™),
and L-glutamine (2mM) at 37°C in 5% CO,/95% air.

CB; and morphine signalling in microglia

Geneticin (G418, 0.4 mg-mL™") was added to CHO-hCB; cells.
Cells were split two or three times weekly at a ratio between
1:5 and 1:10.

Flow cytometry of primary microglial cells
Aliquots of 0.5 x 10° cells were incubated for 40 min at 4°C
with either specific phycoerythrin (PE)-labelled antibodies, or
isotype-matched irrelevant IgG-PE (Beckman Coulter, Fuller-
ton, CA, USA) as negative control. Cells were washed with PBS
and characterized for CD11b and glial fibrillary acidic protein
(GFAP) expression by flow cytometry with PE-labelled anti-
CD11b MoAb (BD Pharmingen) and the fluorescein isothio-
cyanate (FITC)-labelled anti-GFAP MoAb (BD Pharmingen). In
particular, GFAP immunophenotyping was performed in per-
meabilized cells, using IntraPrep™ fixing/permeabilization
reagent (Beckman Coulter) (Gobbi et al., 2003). Analysis was
performed on an Epics XL flow cytometer (Beckman Coulter)
using Expo ADC software (Beckman Coulter).

Primary microglial cell exposure to
cannabinoids, opioids and LPS treatment

LPS, a cell wall component of Gram-negative bacteria, is a
potent activator of glia. Hence, microglial cells were treated
with 1 ug-mL™" LPS (from Escherichia coli, serotype 055:B5)
(soluble in cell culture medium) before commencing
incubation with CB and opioid receptor ligands. Unless
otherwise stated, the concentration of morphine (Salars,
Como, Italy), naloxone, Tyr-DAla-Gly-[NMePhe]-NH(CH,),
(DAMGO), cyc[DPen?, DPen®lenkephalin (DPDE), S5¢,7¢,
8- (-)-N-methyl-N-(7-[1-pyrrolidinyl]-1-oxasipro(4,5)dec-8-
yl)benzeneacetamide (U69593), D-Phe-cyc[Cys-Tyr-D-Trp-
Arg-Thr-Pen]-Thr-NH, (CTAP), JWH-015 (Enzo Life Sciences,
Vinci-Biochem, Vinci, Florence, Italy), AM 630 and AM 251
was 100 nM, which is the ligand concentration able to
occupy 99% of the receptors at equilibrium. Microglia were
then maintained in DMEM containing cannabinoids,
opioids or their vehicle, and harvested after treatment at
the indicated times.

Nitrite assay for primary microglial cells

NO synthase activity was assessed indirectly by measuring
nitrite (NO;) accumulation in the cell culture media using a
colorimetric kit (Calbiochem, Milan, Italy). At the end of the
treatment period, the nitrite concentration in the conditioned
media was determined according to a modified Griess method
(Green etal., 1982). Briefly, the NADH-dependent enzyme
nitrate reductase was used to convert the nitrate to nitrite prior
to quantification of the absorbance, measured at 540 nm by a
spectrophotometric microplate reader (Fluoroskan Ascent
Labsystems, Stockholm, Sweden). Values were obtained by
comparison with reference concentrations of sodium nitrite.

ELISA

The levels of IL-18, TNF-o and IL-6 protein secreted by the
cells in the medium were determined by ELISA kits (R&D
Systems). In brief, subconfluent cells were changed into fresh
medium in the presence of solvent or various concentrations
of drugs. The medium was collected, and IL-13, TNF-a and
IL-6 protein concentrations were measured by ELISA according
to the manufacturer’s instructions. The results were normal-
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ized to the number of cells per plate. The data are presented
as mean * SE from four independent experiments performed
in triplicate.

Western blotting for primary microglial cells
Western blot assay was performed as previously described
(Merighi et al., 2009). Aliquots of total protein sample (50 ug)
were analysed using antibodies specific for phosphorylated or
total p44/p42 MAPK (1:5000 dilution), phosphorylated or
total p38 (1:1000 dilution), phosphorylated or total JNK1/2
(1:1000 dilution), phosphorylated or total Akt (1:1000 dilu-
tion), for CB, and p-opioid receptors. Specific reactions were
revealed with enhanced chemiluminescence Western blot-
ting detection reagent (Amersham Corp., Arlington Heights,
IL, USA). The membranes were then stripped and re-probed
with tubulin (1:250) to ensure equal protein loading.

Densitometry analysis

The intensity of each immunoblot assay band was quantified
using a VersaDoc Imaging System (Bio-Rad, Milan, Italy).
Mean densitometric data from independent experiments was
normalized to the results obtained with control cell cultures.
The ratio of phospho-protein to total protein was reported in
a densitometric analysis.

Treatment of primary microglial cells

with siRNA

Microglial cells were plated in six-well plates and grown to
50-70% confluence before transfection. Transfection of siR-
NAcg, or siRNA, was performed at a concentration of 100 nM
using RNAiFect™ Transfection Kit (Qiagen). Cells were cul-
tured in complete media and total proteins were isolated at
24, 48 and 72 h for Western blot analysis of CB, and p-opioid
receptor protein. A randomly chosen non-specific siRNA was
used under identical conditions as control (Merighi et al.,
2005; 2007).

Statistical analysis

All data are reported as mean *+ SEM of independent experi-
ments and are indicated in the figure legends. Each experi-
ment was performed by using the microglial cells derived
from one single mouse, and was performed in triplicate. The
experiments were repeated at least four times as indicated
from n values that represent the number of mice used.

Data sets were examined by ANOVA for comparisons
between multiple groups and Dunnett’s test for comparing a
control group to all other groups (when necessary). A P value
< 0.05 was considered statistically significant.

Results

CB, and u-opioid receptor exf)ression in
primary mouse microglial cells

The expression of the myeloid cell surface antigen CD11b was
analysed in primary microglial cells by flow cytometry. Cells
were treated with specific MoAbs or isotype-matched irrel-
evant MoAbs. Microglia were negative for the astrocyte-
specific protein GFAP but showed significant positive staining
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Figure 1

Detection of CB, and p-opioid receptors in primary microglial cells.
(A), Cell surface expression of CD11b and intracellular expression of
GFAP by flow cytometry analysis. Primary microglial cells were
treated with specific monoclonal antibodies (black histograms) or
with isotype-matched irrelevant monoclonal antibodies (empty his-
tograms, controls). (B), CB, and p-opioid receptor detection by
Western blot assay in quiescent and LPS-activated (1 pg-mL™" for
30 min) primary microglial cells. Tubulin shows equal loading of
protein. The expression of CB, receptors in CHO-hCB, cells and of
u-opioid receptors in mouse brain extracts, used as positive controls
(Control), is shown. (C), CB, receptor detection by Western blot
assay in quiescent and LPS-activated (1 ug-mL™" for 6, 12 and 24 h)
primary microglial cells. Tubulin shows equal loading of protein.

for CD11b, as compared to the isotype control, thereby indi-
cating high expression levels of the microglial cell marker
CD11b (Figure 1A).

The expression of CB, receptors in CHO-hCB; cells (used
as positive control), in quiescent and LPS-activated primary
microglial cells is shown in Figure 1B. The molecular weight
of the protein detected in these cells was 50 kDa, comparable
with the calculated molecular weight of CB, receptors. To
ascertain the specificity of the CB, receptor antibody used in
Western blots, antigen preabsorption experiments were
carried out with the corresponding blocking peptide.
Co-incubation with the immunizing peptide completely pre-
vented the signal (data not shown). CB, receptor protein
expression was not modified by 30-min treatment with
1ug-mL™ LPS (Figure 1B). Similarly, the expression of
u-opioid receptors in mouse brain extracts (used as positive
control) in quiescent and LPS-activated primary microglial
cells is shown in Figure 1B. Therefore, CB, and p-opioid
receptors were expressed in primary mouse microglial cells.
To evaluate whether LPS induced changes in CB, receptor
expression, we assayed CB, receptors over 24 h of LPS treat-



IL-1B (pg-mL"")

TNF-o (pg-mL-")

Figure 2

IL-6 (pg-mL-")

Nitrite (uM)

CB; and morphine signalling in microglia

Effect of opioid receptor ligands on LPS-induced production of proinflammatory cytokines and nitrite in primary microglial cells. Microglial cells
were treated with either LPS alone, LPS + morphine 100 nM (MOR), LPS + naloxone, a non-selective opioid receptor antagonist (Nal; 100 nM,),
LPS + DAMGO, a selective pi-opioid receptor agonist (100 nM), LPS + DPDPE, a selective §-opioid receptor agonist (100 nM), LPS + U69593, a
selective k-opioid receptor agonist (100 nM) or LPS + CTAP, a selective p-opioid receptor antagonist (100 nM) for 24 h. The antagonists were
added 30 min before morphine. Data shown are mean * SEM values of four separate experiments performed in triplicate (n = 4). *P < 0.01
significantly different from control conditions (absence of drugs, CTR); P < 0.01 significantly different from LPS conditions (0); P < 0.01
significantly different from LPS + MOR; "P < 0.01 significantly different from LPS + DAMGO; analysis was by ANOVA followed by Dunnett’s test.

ment. In agreement with published data (Carlisle et al., 2002),
LPS 1 ug-mL™" produced a time-dependent increase in CB,
receptor expression over the period from 6 to 24 h
(Figure 1C).

Effect of opioid receptor ligands on cytokine
and nitrite production in primary

microglial cells

To investigate the effect of opioid receptor ligands on micro-
glial activation, the ability of morphine to induce inflamma-
tory mediator production, such as IL-13, TNF-a, IL-6 and
nitrite, was examined in LPS-stimulated microglial cells. The
TLR-4 agonist LPS was used to induce IL-1f3, TNF-0, IL-6 and
NO (as nitrite) release from primary microglial cells. Prelimi-
nary studies in our laboratory demonstrated that LPS induced
release of these mediators from primary microglial cells in a
concentration-dependent manner, with maximum release
occurring at a concentration of 1 ug-mL™ (data not shown).
As shown in Figure 2, non-stimulated microglial cells showed
a very low level of IL-1B, TNF-a, IL-6 and nitrite but LPS
triggered a robust increase in the release of these mediators

into the culture media. Then, we went on to investigate how
the activation of opioid receptors interferes with the signal-
ling pathways modulated by LPS by maintaining primary
microglial cells in LPS-supplemented (1 ug-mL') DMEM in
combination with the opioid receptor agonist morphine
(100 nM) for 24 h. As shown in Figure 2, LPS-induced
cytokine and nitrite release was significantly increased in the
presence of morphine in primary microglial cells. The stimu-
latory response of morphine on cytokine and nitrite produc-
tion was reversed in the presence of the broad-range opioid
receptor-antagonist naloxone (Figure 2). Furthermore,
DAMGO (100 nM), a p-opioid receptor-selective agonist,
mimicked the effects of morphine on microglial cytokine and
nitrite induction (Figure 2). Conversely, DPDPE and U-69593,
8- and k-receptor-selective agonists, respectively, had no
effect on LPS-induced microglial cytokine and nitrite produc-
tion (Figure 2). Finally, pretreatment of microglial cells with
CTAP (100 nM), a selective antagonist of p-opioid receptors,
before treatment with morphine (100 nM) or DAMGO
(100 nM), abolished the effects of opioid receptor agonists on
LPS-induced cytokine and nitrite production by microglia

(Figure 2).
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Effect of opioid and CB receptor ligands on LPS-induced production of proinflammatory cytokine and nitrite in primary microglial cells. Microglial
cells were treated with either LPS alone, LPS + morphine (MOR; 100 nM), LPS + JWH-015 a CB; receptor agonist (JWH; 100 nM)), LPS + DAMGO
(100 nM), LPS + AM 251 a selective CB, receptor antagonist (100 nM) or LPS + AM 630 a selective CB, receptor antagonist (100 nM) for 24 h.
The antagonists were added 30 min before morphine. Data shown are mean =+ SE values of four separate experiments performed in triplicate
(n=4).*P<0.01 significantly different from control conditions (absence of drugs, CTR); *P < 0.01 significantly different from LPS conditions (0);
P < 0.01 significantly different from LPS + MOR; TP < 0.01 significantly different from LPS + MOR + JWH; analysis was by ANOVA followed by

Dunnett’s test.

Influence of CB; receptors on p-opioid
receptor-induced cytokine and nitrite
production in primary microglial cells

The effect of CB, receptor stimulation on p-opioid receptor-
induced cytokine and nitrite production in primary micro-
glial cells was studied using JWH-015, a CB receptor agonist
known to bind more readily to CB, than CB; receptors
(Merighi et al., 2010). By this means we tested whether CB,
receptors can modulate cytokine and nitrite production in
activated microglial cells. As shown in Figure 3, JWH-
015 (100 nM) significantly decreased LPS-induced IL-1,
TNF-a, IL-6 and nitrite levels. Furthermore, co-administration
of LPS (1ugmL™"), morphine (100 nM) and JWH-015
(100 nM) significantly attenuated the morphine-induced
increases in cytokine and nitrite production (Figure 3). The
anti-inflammatory response of JWH-015 in LPS-activated
microglial cells treated with morphine was reversed in the
presence of the CB, receptor antagonist AM 630 (100 nM)
(Figure 3). In contrast, the CB; antagonist AM 251 (100 nM)
did not affect the ability of JWH-015 to down-regulate the
increase in IL-1B, TNF-o, IL-6 and nitrite induced by mor-
phine in LPS-activated microglial cells (Figure 3).
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Signalling induced by morphine on quiescent
and activated microglial cells

We went on to investigate whether the stimulatory effect of
morphine on cytokine and nitrite release induced by LPS is
mediated via the MAPK and Akt pathways. We tested whether
morphine could induce ERK1/2, p38, JNK1/2 and Akt phos-
phorylation in primary murine microglial cells, treated for
30 min at 37°C, in a concentration-dependent manner. As
shown in Figure 4A, morphine (1-1000 nM) increased
p-ERK1/2 and pAkt expression levels but did not modulate
pp38 and pJNK1/2. In particular, morphine (100 nM)
induced a rapid and sustained (up to 60 min) stimulation of
ERK1/2 and pAkt (Figure 4B). Furthermore, we have investi-
gated how the activation of microglial cells interferes with
the signalling pathways modulated by morphine. Thus,
microglial cells were maintained in DMEM containing LPS
(1 ug'mL™), and the ability of morphine (100 nM) to modu-
late ERK1/2 and Akt phosphorylation was evaluated at 15, 30
and 60 min. As shown in Figure 4B, LPS stimulation of micro-
glial cells resulted in a rapid (15 min) increase in ERK1/2 and
Akt phosphorylation, which was maximal at 30 min and
declined towards basal levels within 60 min. In the presence
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Figure 4

Morphine-enhanced Akt and ERK1/2 phosphorylation in a u-opioid receptor-dependent manner. (A), Western blot analysis of Akt, ERK1/2, p38,
and JNK1/2 phosphorylation in primary microglial cells incubated for 30 min with morphine (MOR) (1-1000 nM). The immunoblot signals were
quantified using a VersaDoc Imaging System (Bio-Rad). The ratio of phospho-protein to total protein is used. The mean values of four independent
experiments (one of which is shown) were normalized to the result obtained with morphine-untreated cell cultures (0). Densitometric analysis is
shown. The unstimulated control (0, cells in the absence of morphine) was set to 100%. Data shown are mean = SE values of four separate
experiments performed in triplicate (n = 4). *P < 0.05 significantly different from unstimulated control; analysis was by ANOVA followed by
Dunnett’s test. (B), Primary microglial cells were treated with morphine (100 nM) for 0, 15, 30 and 60 min, subjected to Western blot analysis
and probed with anti-pERK1/2, anti-pAkt, then Akt and ERK1/2 antibody. The ratio of phospho-protein to total protein is used. Data shown are
mean = SE values of four separate experiments performed in triplicate (n = 4). *P < 0.01 significantly different from control conditions (0); *P <
0.01 significantly different from LPS conditions; analysis was by ANOVA followed by Dunnett’s test. (C), Image of Western blot membrane probed
with anti-pERK1/2, anti-pAkt, then Akt and ERK1/2 antibody of primary microglial cells pre-treated for 30 min with 0 or 100 nM of the p-opioid
receptor antagonist CTAP, then treated for 30 min with 0 or 700 nM morphine. The ratio of phospho-protein to total protein is used. Data shown
are mean = SEM values of four separate experiments performed in triplicate (n = 4). *P < 0.01 significantly different from untreated cells; analysis
was by ANOVA followed by Dunnett’s test.
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of morphine (100 nM), ERK1/2 and Akt phosphorylation
were significantly higher than LPS alone. To evaluate whether
the morphine-induced changes in ERK1/2 and Akt phospho-
rylation levels were p-opioid receptor-dependent, we used the
selective antagonist of p-opioid receptors, CTAP. Primary
microglial cells were pretreated with CTAP, then exposed to
morphine for 30 min. Morphine-induced p-ERK1/2 and
p-Akt increased levels were reduced with CTAP pretreatment
(Figure 4C), indicating that the effect of morphine was medi-
ated via the p-opioid receptor subtype.

Signalling induced by morphine and
JWH-015 on LPS-activated microglial cells
Primary microglial cells were treated with either LPS alone,
LPS + JWH-015 (100 nM) or LPS + morphine (100 nM) for
30 min. As shown in Figure 5, LPS significantly increased all
kinases measured. Furthermore, while the CB, receptor
agonist JWH-015 failed to modulate the activity of LPS on
p38 and JNK1/2, it significantly decreased ERK1/2 and Akt
phosphorylation levels in LPS-activated cells (Figure 5). Simi-
larly, the phosphorylation of ERK1/2 and Akt were signifi-
cantly increased by morphine (100 nM) added LPS-activated
cells, compared with treatment with LPS alone. In contrast,
morphine did not modulate LPS-induced phosphorylation of
p38 and JNK (Figure 5). Finally, when microglial cells were
treated with LPS (1 ug-mL™) plus morphine (100 nM) in com-
bination with JWH-015 (100 nM), we found that JWH-015
decreased ERK1/2 and Akt activation induced by LPS plus
morphine, without affecting pp38 and pJNK1/2 levels
(Figure 5).

The effect of morphine and JWH-015 on ERK1/2 and Akt
activation was reversed in the presence of the antagonists
naloxone and AM 630 respectively (Figure 6). In contrast, the
CB; receptor antagonist AM 251 (100 nM) did not reverse the
ability of JWH-015 to down-regulate the increase in p-ERK1/2
and p-Akt induced by morphine (Figure 6).

Akt and MEK-1/2 inhibition decreases
LPS-induced inflammatory effects in
microglial cells

To elucidate the mechanisms involved in the effects of mor-
phine and JWH-015 on cutokine and nitrite production by
activated microglial cells, we investigated the effects of inhib-
iting ERK1/2 or Akt signalling pathways,.with the MEK1/
MEK2 inhibitor U0126 (1 uM) or the Akt inhibitor SH-5
(1 uM). To confirm the activity of these inhibitors, primary
microglial cells were treated with U0126 (1 uM) and with
SH-5 (1 uM) for 30 min and ERK-1/2 or Akt activation were
measured. We observed that 30 min incubations of microglial
cells with either U0126 or SH-5 resulted in significant
decreases in active ERK-1/2 or Akt respectively, when com-
pared with control cells incubated for 30 min with DMSO
(U0126 = 32 = 5% of control; n = 3; SH-5 = 28 += 3% of
control; n = 3). As shown in Figure 7, U0126 significantly
reduced the production of TNF-o, IL-6 and nitrite induced by
LPS-stimulated microglial cells. Similarly, the inhibition of
the Akt pathway, by SH-5 (1 uM), resulted in a significant
reduction of TNF-o, IL-6 and nitrite levels (Figure 7).
However, while LPS-induced expression of IL-13 was signifi-
cantly reduced by addition of SH-5, IL-1p expression was not
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Figure 5

Effect of CB, receptor stimulation in morphine-treated activated
primary microglial cells. JWH-015 and morphine (MOR) effect on
Akt, ERK1/2, p38 and JNK1/2 phosphorylation in primary microglial
cells treated with LPS. Microglial cells were incubated with DMSO
vehicle (CTR), with MOR (100 nM), or with JWH-015 (100 nM) alone
and in combination in the presence of LPS 1 pg-mL™" for 30 min. The
mean values of four independent experiments (one of which is
shown) were normalized to the result obtained in cells in the absence
of LPS (CTR). Data shown are mean = SEM values of four separate
experiments performed in triplicate (n = 4). CTR was set to 100%.
The immunoblot signals were quantified using a VersaDoc Imaging
System (Bio-Rad). Densitometric analysis of kinase activation is
shown. The ratio of phospho-protein to total protein is used. *P <
0.05 significantly different from CTR; #P < 0.05 significantly different
from cells treated with LPS; 8P < 0.05 significantly different from cells
treated with LPS + morphine; analysis was by ANOVA followed by
Dunnett’s test.

affected by U0126 in LPS-treated microglia (Figure 7). These
results suggest that ERK and Akt could mediate the enhancing
effects of LPS on TNF-q, IL-6 and nitrite induction. In con-
trast, while the Akt pathway was involved in LPS-induced
IL-1B production, the ERK pathway was not implicated.

CB, and u-opioid receptor gene silencing in
microglial cells

To confirm the apparent role of CB, receptors and to investi-
gate the involvement of p-opioid receptors, we reduced CB,
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Figure 6

Effect of CB and opioid receptor blockade in morphine-treated acti-
vated primary microglial cells. Primary microglial cells were incu-
bated with either DMSO vehicle (lane 1), morphine (MOR; 100 nM),
naloxone a non-selective opioid receptor antagonist (Nal; 100 nM,),
JWH-015 100 nM, AM 251 a selective CB; receptor antagonist
(100 nM) or AM 630 a selective CB, receptor antagonist (100 nM) in
the presence of LPS (1 ug-mL™") for 30 min. The mean values of four
independent experiments (one of which is shown) were normalized
to the result obtained in cells in the absence of LPS (lane 1). Data
shown are mean = SEM values of four separate experiments per-
formed in triplicate (n = 4). The unstimulated control (lane 1) was set
to 100%. The immunoblot signals were quantified using a VersaDoc
Imaging System (Bio-Rad). Densitometric analysis of kinase activation
is shown. The ratio of phospho-protein to total protein is used. *P <
0.05 significantly different from untreated cells (lane 1); *P < 0.05
significantly different from cells treated with LPS (lane 2); ¢P < 0.05
significantly different from cells treated with LPS + morphine (lane 5);
TP < 0.05 significantly different from LPS + morphine + JWH-015 (lane
6); analysis was by ANOVA followed by Dunnett’s test.

and p-opioid receptor expression in primary microglial cells
by siRNA transfection, in order to cause transient knockdown
of the CB, and p-opioid receptor genes. Primary microglial
cells were transfected with non-specific random control ribo-
nucleotides (siRNA scramble, siRNA.,) or with small interfer-
ing RNAs that target CB, or p-opioid receptor mRNAs
(siRNAcg; or siRNA,, respectively) for degradation.

As shown in Figure 8, CB, and p-opioid receptor protein
expression were strongly reduced after 48 and 72 h of treat-
ment with siRNAc;, and siRNA, respectively. Therefore, 48 h
after siRNAcg, or siRNA, transfection, primary microglial cells
were treated with either LPS (1 ug-mL™), JWH-015 (100 nM)
or morphine (100 nM), alone and in combination, for
30 min, after which ERK1/2- and Akt-phosphorylated protein
levels were measured. This revealed that inhibition of CB,
receptor expression was sufficient to block the JWH-015-
induced inhibition of ERK1/2 and Akt phosphorylation
levels, increased by morphine in LPS-treated microglia
(Figure 9). Furthermore, inhibition of the expression of
u-opioid receptors blocked morphine-induced increases in
pERK1/2 and pAkt in microglia (Figure 9). These results
clearly show the connection between CB, receptor stimula-
tion, morphine, ERKs and Akt signalling in activated primary
microglial cells.

We also measured cytokine and nitrite levels in microglial
cells in which CB, or p-opioid receptors were down-regulated.
We found that, in microglial cells with p-opioid receptors
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Figure 7

Effect of kinase inhibitors on LPS-induced production of proinflam-
matory cytokines and nitrite in primary microglial cells. Microglial
cells were treated with LPS with either the MEK-1/2 inhibitor U0126
(1 uM) or the Akt inhibitor SH-5 (1 uM) for 24 h. The inhibitors were
added 30 min before LPS. Data shown are mean * SEM values of
four separate experiments performed in triplicate (n = 4); *P < 0.01
significantly different from control conditions (CTR); *P < 0.01 sig-
nificantly different from LPS conditions; analysis was by ANOVA fol-
lowed by Dunnett’s test.

down-regulated, morphine did not significantly increase
IL-1B, TNF-o0,, IL-6 and nitrite protein levels when compared
to LPS. Similarly, the CB, agonist JWH-015 did not signifi-
cantly reduce cytokine and nitrite levels in microglial cells
with down-regulated CB, receptors, compared with those
after LPS alone (Figure 10).

Discussion and conclusions

The presence of opioid receptors on glia and the ability of
morphine to prime microglia for enhanced production of
proinflammatory cytokines supports a possible direct interac-
tion of morphine with glial cells (Chao et al., 1994). As micro-
glial differentiation and immune function is regulated by
activation of CB, receptors (Stella, 2010), we set out to char-
acterize the signalling pathways modulated by both p-opioid
and CB, receptors expressed in microglial cells. CB, and
u-opioid receptor ligands (agonist and antagonist) and CB,-
and p-opioid receptor-knockout microglial cells were used to
determine the role of the CB and opioid system in primary
microglial cells. We have described the mechanisms by which
CB; and opioid receptors modulate the MAPK signal response
to LPS, an agent widely used experimentally to create inflam-
mation in the brain (Lehnardt et al., 2002).
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CB; and p-opioid receptor expression silencing. (A), Primary microglial cells were treated with either scrambled (-) (SiRNAcontror), With siRNAcg, (+)
or with siRNA, and cultured for 24, 48 and 72 h. Tubulin shows equal loading of protein. Densitometric quantification of CB, and u-opioid receptor
by Western blot is shown; the immunoblot signals were quantified using a VersaDoc Imaging System (Bio-Rad). Plots are mean + SEM values of
four separate experiments performed in triplicate (n = 4); *P < 0.01 significantly different from control (scrambled siRNA transfected cells); analysis

was by ANOVA followed by Dunnett’s test.

In this study, we demonstrated that (1) morphine
enhanced the release of NO and the proinflammatory
cytokines, IL-1f, IL-6, TNF-0, from activated microglial cells;
(2) CB, receptor stimulation attenuated morphine-induced
microglial  proinflammatory mediator increases; (3)
morphine-induced microglial proinflammatory mediator
increases were [-opioid receptor dependent; and (4) CB, recep-
tor stimulation interfered with morphine action by acting on
Akt-ERK1/2 signalling. Together, these results suggest that CB,
receptors are critical to the activity of microglia, opposing the
morphine-induced release of NO and cytokines from micro-
glial cells. Therefore, we suggest a novel interaction between
p-opioid- and CB,-receptor systems in microglia, which is
likely to be mediated via the Akt/ERK1/2 pathways.

The influence of CB, receptor stimulation on p-opioid
receptor-induced cytokine and nitrite production in primary
microglial cells was studied using JWH-015, a CB receptor
agonist known to bind more readily to CB, than CB, receptors
(Merighi et al., 2010). However, JWH-015 also stimulates
GPRSS (Lauckner etal., 2008). Similarly, different studies
have demonstrated that the CB; receptor antagonist AM251
induces GPRSS activity (Lauckner et al.,, 2008; Henstridge
et al., 2010; Anavi-Goffer et al., 2012). Therefore, even if the
activity of CB receptor ligands at GPRSS is influenced by the
assay used to assess receptor-mediated downstream signalling
(Henstridge et al., 2010), a role for GPRS5S5 activation needs to
be considered in further pharmacological studies of cannabi-
noid actions. Furthermore, a non-selective CB agonist
enhanced morphine antinociception via the CB,; receptor,
pointing to the involvement of CB; receptors in cannabinoid
antinociception produced by CB receptor ligands (Wilson
et al., 2008).
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The first report linking glia to morphine tolerance dem-
onstrated that chronic systemic morphine increased glia
activation in the spinal cord (Song and Zhao, 2001). Other
authors have also shown that chronic morphine administra-
tion activated astroglia and microglia (Raghavendra et al.,
2002; Cui etal., 2006). Activated microglial cells in the
spinal cord may release proinflammatory cytokines and
other substances thought to facilitate pain transmission
(Watkins etal.,, 2001; 2003). Therefore, pharmacological
attenuation of glial activation represents a novel approach
for controlling neuropathic pain (Watkins et al., 2005). Neu-
ropathic hyperalgesia could lead to lowered morphine effi-
cacy and quicker development of morphine tolerance
(Mayer et al., 1999), and some authors have suggested that
uncontrolled activation of microglial cells after nerve injury
can lead to altered activities of opioid systems or opioid-
specific signalling (Watkins ef al., 2005; 2007). It is already
known that microglia release neuroexcitatory substances in
response to morphine, thereby opposing its effects (Watkins
et al., 2001; 2005; 2007). This raises an older hypothesis that
suppression of glial activation and the resulting blockade of
proinflammatory cytokine synthesis can improve morphine
efficacy (Song and Zhao, 2001; Raghavendra etal., 2002;
Watkins etal., 2007). The mechanism underlying the
involvement of glial cells in morphine tolerance is unclear.
It is possible that morphine can act directly on glial cells,
triggering alterations in their morphology and functions
(Raghavendra et al., 2002; 2004). Additionally, glial cells are
also considered to be crucial sources of NO, cytokines and
cyclooxygenase products that influence synaptic transmis-
sion in the CNS. Inhibition of these factors may delay mor-
phine tolerance (Powell ef al., 1999).
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Figure 9

Primary microglial cells were treated with either siRNA,, siRNAcg, or siRNA, for 48 h and cultured with LPS (1 ug-mL™") alone or plus morphine
(MOR; 100 nM), JWH-015 (JWH; 100 nM) alone and in combination for 30 min. Densitometric analysis of phosphorylated isoform is shown. The
ratio of phospho-protein to total protein is used. The immunoblot signals were quantified using a VersaDoc Imaging System (Bio-Rad). The mean
values of four independent experiments (one of which is shown) were normalized to the result obtained in cells in the absence of LPS. The
unstimulated control was set to 100%. *P < 0.05 significantly different from unstimulated control (CTR); #P < 0.05 significantly different from cells
treated with LPS; 8P < 0.05 significantly different from LPS + MOR; analysis was by ANOVA followed by Dunnett’s test.

Many current studies aim to find substances inhibiting
the biosynthesis of proinflammatory cytokines. Propentofyl-
line, minocycline and ibudilast inhibit cytokines and
decrease astroglia and microglia activation, thereby suppress-
ing the development of neuropathic pain (Romero-Sandoval
et al., 2008). The beneficial effects of minocycline are associ-
ated with a reduction of inducible NO synthase and
cyclooxygenase-2 expression and a decrease in cytokine and
prostaglandin release in microglia (Yrjanheikki et al., 1998;
1999). Further studies have shown that minocycline reduced
microglial activation by inhibiting p38 MAPK in microglia
and, in this way, delayed morphine tolerance (Romero-
Sandoval et al., 2008). Ibudilast may counteract opioid toler-
ance by blocking the activation of glial cells in the spinal cord
in rodents (Romero-Sandoval et al., 2008). In the present
work, we found that in activated microglial cells, morphine
increased Akt and ERK kinase phosphorylation. ERK1/2
kinases are known to regulate the production of proinflam-
matory mediators from glial cells (Watkins et al., 2001). Fur-

thermore, p38 and ERK kinases have been implicated in the
development of morphine-induced hyperalgesia and antino-
ciceptive tolerance (Cui et al., 2006; Wang et al., 2009). There-
fore, it is of interest that CB, receptor stimulation was able to
downregulate Akt and ERK1/2 activation induced by mor-
phine in activated microglial cells. Our data indicate that the
CB, receptor did not mediate its effects through p38 and
JNK1/2 kinases. However, B-caryophyllene, a CB, receptor
selective agonist, modulates JNK1/2 in LPS-stimulated mono-
cytes (Gertsch et al., 2008). As microglia are considered as the
resident macrophage-like cells in the brain, we suggest that
this contrasting behaviour may be due to the different experi-
mental conditions, for example, time of ligand incubation
(30 min vs. 3 h for microglia and monocytes respectively) or
LPS concentration (1 ug-mL™" vs. 0.313 pug-mL™" for microglia
and monocytes respectively). As for ERK1/2 signalling, it has
been previously observed that CB, receptor stimulation leads
to ERK-mediated cellular activation and anti-inflammatory
effects in monocytes/macrophages and microglia (Gertsch
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Primary microglial cells were treated with either siRNAq;, siRNAcg, or with siRNA, for 48 h and cultured with LPS (1 ug-mL™") alone or plus
morphine (MOR; 100 nM) or JWH-015 (JWH; 100 nM) alone and in combination for 24 h. The unstimulated control (CTR) was set to 100%. Data
shown are mean =+ SEM values of four separate experiments performed in triplicate (n = 4); *P < 0.05 significantly different from CTR; *P < 0.05
significantly different from LPS; 3P < 0.05 significantly different from LPS + MOR; analysis was by ANOVA followed by Dunnett’s test.

et al., 2008; Correa et al., 2010). Similarly, a more recent study
has demonstrated that CB, receptor stimulation in microglial
cells induced an anti-inflammatory phenotype and reduced
migration via MKP-induced ERK dephosphorylation
(Romero-Sandoval etal., 2009). Agonist at CB receptors
inhibited the production of proinflammatory molecules,
which were induced by LPS, in CNS glial cells (Molina-
Holgado et al., 2002; Fachinetti et al., 2003; Ortega-Gutiérrez
et al., 2005; Sheng et al., 2005; Correa et al., 2008; 2009). In
particular, CB, receptors influence the production of the
potent inflammatory mediator NO, released from quiescent,
and, to a greater extent, from activated microglia (Stella,
2010). In this work, we have described the activation of the
ERK1/2 and Akt pathways by LPS leading to an increment in
TNF-0, IL-6 and nitrite production. In contrast, while Akt is
engaged as the signalling pathway generating IL-1$ in LPS-
activated microglia, the ERK pathway was not implicated.
The involvement of the ERK-MAPK pathway in IL-1 produc-
tion by LPS is controversial. Some reports show that the ERK
cascade is important for LPS-stimulated production of IL-183
in macrophage cell lines and monocytes (Scherle et al., 1998;
Caivano and Cohen, 2000). However, it has also been
reported that the ERK pathway is not essential for IL-1f pro-
duction in BV-2 microglia (Watters et al., 2002). Consistent
with findings on BV-2 microglia cell lines, our study indicates
that the regulation of LPS-stimulated IL-1f production is ERK-
independent also in primary microglia.
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According to previous studies showing that CB, receptor
mRNA and protein are modulated in vitro differentially in
relation to cell activation state (Carlisle et al., 2002; Cabral
et al., 2008), we have demonstrated that LPS increases CB,
receptor expression level in primary microglial cells. It is
important to mention that CB, receptors, identified in the
healthy brain, mainly in glial elements, and, to a lesser
extent, in certain subpopulations of neurons, are dramati-
cally up-regulated in response to damaging stimuli, which
supports the idea that the cannabinoid system behaves as an
endogenous neuroprotective system. This CB, receptor
up-regulation has been found in many neurodegenerative
disorders, which supports the beneficial effects found for CB,
receptor agonists in these pathologies (Fernandez-Ruiz et al.,
2011). Now, we have characterized, for the first time, the
events occurring in LPS-activated microglia via CB, receptor
stimulation, which reduces not only ERK1/2- but also Akt-
phosphorylation increases induced by LPS. Therefore, CB,
receptors expressed in microglia may participate in regulat-
ing neuroinflammation and provide neuroprotection by
tempering morphine-induced cytokine and NO synthesis
through ERK1/2 and Akt signalling in activated microglia.
Interestingly, in microglia, we showed that the effects of
morphine were mediated by the p-opioid receptor subtype.
This accords with previous observations describing the
involvement of endocannabinoids in the peripheral antino-
ciception induced by the u-opioid receptor agonist mor-



phine. In contrast, the release of endocannabinoids appears
not to be involved in the peripheral antinociceptive effect
induced by x- and &-opioid receptor agonists (da Fonseca
Pacheco et al., 2008). At the same time, it would be possible
that certain effects of CB, receptor agonists in different
models for inflammation and possibly their analgesic effects
previously reported, actually reflect their interaction with
endogenous opioids. In particular, it has been demonstrated
that morphine is present in human gliomas (Olsen et al.,
2005) and that it increases the proliferation of human gliob-
lastoma cells (Lazarczyk et al., 2010). Because morphine is
used to alleviate pain associated with cancers, this study
suggests that a combination of CB, receptor agonists to
prevent morphine-induced proliferation may have clinically
important implications.

In conclusion, the novel finding of this study is the
existence of a receptor-receptor interaction when the recep-
tors are co-expressed in the same cells leading to the inter-
action of their intracellular pathways. In particular, CB,
receptor stimulation counteracts the ability of morphine to
upregulate Akt and ERK1/2 activation induced by LPS, thus
reducing NO and proinflammatory cytokine release, a
process which is ERK- and Akt-dependent. The studies pre-
sented here are the first to assess the signalling mechanisms
through which CB, receptor stimulation modulates mor-
phine effects on microglia and MAPK activation. The ability
to modulate microglia and MAPK is very interesting because
their activation in the central and peripheral nervous
system contributes to morphine tolerance and dependence
(Mayer et al., 1999; Watkins et al., 2001; Raghavendra et al.,
2002; 2004; Galeotti et al., 2006; Cunha et al., 2010). Our
results indicate a regulatory role for CB, receptors in pre-
venting excessive microglial cell response to injury in acti-
vated microglia. Based on the findings obtained in the
present study, we will advance our research to reinforce the
idea that the cannabinoid system exerts an important
control on the tolerance and dependence effects induced by
opioids. In particular, it will be interesting to evaluate the
impact of low-dose combinations of cannabinoids and
opioids to effectively treat acute and chronic pain, espe-
cially pain that may be resistant to opioids alone. It is well
known that the use of cannabinoids, like that of the
opioids, has liability for abuse potential. The use of mari-
juana as a therapeutic pain management tool has generated
a great deal of publicity and controversy. However, it should
be noted that CB, receptor agonists, in comparison with
CB; agonists, lack the undesirable CNS side effects, like
sedation and psychotomimetic effects (Ferndndez-Ruiz et al.,
2011). Therefore, the development of selective CB, receptor
agonists might open new avenues of therapeutic interven-
tion to reduce the release of proinflammatory mediators
especially during morphine therapy. Accordingly, CB, recep-
tors may be potential targets for reducing morphine toler-
ance and dependence.
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