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Increased production of proinflammatory cytokines has a prominent role in
tolerance to opioids. The objectives of this study were to examine whether p-
opioid receptor affects proinflammatory signalling through the activation of
NF-kB in microglia. The novelty of the described research is that a low dose
of morphine, exerting its effects via the p-opioid receptor, increases the
DNA-binding activity of NF-kB via PKCg, while a high dose of morphine
triggers a nonopiate receptor response mediated by TLR4 and, interestingly,
PKCs signalling. The identification of morphine as a crucial upstream regula-
tor of PKCe-NF-kB signalling in microglia argues for a central role of these
pathways in neuroinflammation development and progression. Therefore, the
morphine-PKCe-NF-kB pathway may provide novel targets to induce neuro-
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protective mechanisms, thereby reducing tolerance to opioids.
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Opioids are useful analgesic drugs for the management
of pain. They induce important signalling transduction
mechanisms through three G protein-coupled receptors
named p-, - and x-opioid receptors. The well-known
effects of morphine are mediated specifically by the p-
opioid receptor subtype, which is able to bind not only
morphine but also the opioid drugs used in therapy
[1]. Unfortunately, the long treatment with opiates
results in a significant decrease in their pharmacologi-
cal effects, thereby leading to a lack of analgesic effi-
cacy. As a consequence, the extended application of
these drugs in therapeutic protocols has to be pre-
vented. It has not been well explained how opiates
induce tolerance but proinflammatory cytokines pro-
duced by microglia seem to play an important
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pathogenic role. Indeed, activated microglia can pro-
mote a neuroinflammatory response through the
release of inflammatory mediators, including inter-
leukin 1B (IL-1B), tumour necrosis factor o (TNF-a),
prostaglandin E, (PGE,) and nitric oxide (NO) [2-4].
Furthermore, microglia has the ability to distribute
proinflammatory cytokines in the spinal cord, thus
promoting pain states and morphine tolerance [5-8].
Therefore, a primary area of interest in this research
field is drug screening and lead optimization pro-
grammes that characterize selective and potent inhibi-
tors of proinflammatory cytokine release to manage
pain and analgesic drug tolerance [9,10].

Opiates can activate the novel PKCe isoform which
in turn induces a specific signalling inside the cells

ANOVA, analysis of variance; DAPI, 4’,6'-diamino-2-phenyl-indole; DMEM/F12, Dulbecco’s modified Eagle medium; ERK, extracellular signal-
regulated kinase; IKK, 1kB kinase; IL, interleukin; iNOS, inducible nitric oxide synthase; LPS, lipopolysaccharide; MAPK, mitogen-activated
protein kinase; NF-kB, nuclear factor-kB; NO, nitric oxide; PE, phycoerythrin; PGE2, prostaglandin E,; PKC, protein kinase C; PS, phosphatidyl
serine; siRNA, small interfering RNA; TLR, toll-like receptor; TNF, tumour necrosis factor.
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mediating opioid tolerance and dependence. Not least,
PKCe has a central role in different pain states, for
instance, acute versus chronic pain [11]. The signalling
induced by morphine involves the PKCe pathway
through Akt and ERK phosphorylation, receptor
desensitization and proinflammatory cytokine secretion
[12,13]. The antinociceptive tolerance is reduced by
PKC inhibitors [14] according to the increased
responses to morphine observed in mice that lack
PKCe isozyme (PKCe’7) [15]. These animals have
macrophages inadequate to produce TNF-o, IL-1,
PGE, and NO, and to activate mitogen-activated pro-
tein kinase (MAPK) and nuclear factor-kB (NF-kB)
[16,17]. In particular, PKCe ™/~ murine macrophages
were found to display an impairment in LPS-induced
IkB-o degradation and consecutive NF-kB activation
[16]. Furthermore, it has been reported that NF-kB
activity in different cell types is either increased [18,19]
or decreased [20-22] in response to opioids.

We designed the present study to address the molec-
ular mechanisms linking morphine to the increase in
inflammatory mediators in LPS-activated microglial
cells. In particular, the aim of this work was to define
whether morphine, through its p-opioid receptors, reg-
ulates NF-kB via the PKCe-Akt-MAPK pathway in
activated microglia.

Materials and methods

Animals

One-day-old Balb/c mice were obtained from Charles River
(Calco, Italy). Animal care procedures conformed to the
guidelines issued by the European Council (86/609/EEC)
were approved by the local Animal Care and Ethics Com-
mittee. All studies involving animals are reported in accor-
dance with the ARRIVE guidelines for reporting
experiments involving animals [23].

Reagents and antibodies

Tissue culture media and growth supplements were from
Euroclone (Milan, Italy). Morphine was from Salars
(Como, Italy). U0126 was from Promega (Milan, Italy).
The NF-kB pathway sampler kit containing IKKa, IKK,
NF-xB p65/RelA and IxkBa and anti-iNOS were from Cell
Signalling Technology (Euroclone, Milan, Italy). SHS was
from Enzo Life Sciences (Vinci-Biochem, Vinci, Florence,
Italy). Small interfering RNA (siRNA) PKCe and siRNA
MOR-1 were from Santa Cruz Biotechnology (DBA,
Milan, Italy). RNAiFect™ Transfection Kit was from Qia-
gen (Milan, Italy). BAY 11-7082 was from Calbiochem
(Milan, Italy). Unless otherwise stated, all other chemicals
were purchased from Sigma (Milan, Italy).
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Primary microglial cell cultures

Primary glial cultures were prepared as described in a previ-
ous study [24]. The purity of microglial cultures was assessed
by examining cell morphology under phase-contrast micro-
scopy, and was confirmed by flow cytometry with Mac-1
anti-CD11b antibody (BD Pharmingen, Milan, Italy).

Cell cultures

Cells were maintained in Dulbecco’s modified Eagle’s med-
ium (DMEM)/F12 medium containing 10% FBS, penicillin
(100 U-mL™"), streptomycin (100 pg-mL~") at 37 °C in 5%
CO,/95% air.

Flow cytometry of primary microglial cells

Cells were incubated for 40 min at 4 °C with either specific
Phycoerythrin (PE)-labelled antibodies, or isotype-matched
irrelevant IgG-PE (Beckman Coulter, Fullerton, CA, USA)
as negative control. Cells were washed with PBS and char-
acterized for CD11b and GFAP expression by flow cytome-
try with PE-labelled anti-CD11b MoAb (BD Pharmingen)
and FITC-labelled anti-GFAP MoAb (BD Pharmingen). In
particular, GFAP immunophenotyping was performed in
permeabilized cells, using IntraPrep™ fixing/permeabiliza-
tion reagent (Beckman Coulter) [25]. Analysis was per-
formed on an Epics XL flow cytometer (Beckman Coulter)
using Expo ADC software (Beckman Coulter).

Primary microglial cell exposure to opioids and
LPS treatment

Microglial cells were treated with 1 pgmL~' LPS (from
Escherichia coli, serotype 055:B5) before incubation with
opioid ligands. Unless otherwise stated, the concentration
of morphine, naloxone, DAMGO, DPDE, U69593 and
CTAP was 100 nm, which is the ligand concentration able
to occupy 99% of the receptors at equilibrium.

PKCs activity

PKCe activity has been modulated by ¢€VI-2
(CEAVSLKPT) peptide conjugated by a cysteine disulphide
bound to TAT47;_s7 (CYGRKKRRQRRR) [26], generously
donated by Prof. P. Mirandola, University of Parma, Italy.
Briefly, €V1-2 is a specific PKCe inhibitor designed from
C2 region of PKCeg protein that acts as a competitor of
binding between PKCe and its anchoring protein eRACK.
Microglial cells were treated with 1 pm of €V1-2.

Nitrite assay for primary microglial cells

NO synthase activity was assessed indirectly by measur-
ing nitrite (NO,) accumulation in the cell culture media
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using a colorimetric kit (Calbiochem) according to a
modified Griess method [27]. Values were obtained by
comparison with the reference concentrations of sodium
nitrite.

Enzyme-linked immunosorbent assay

The levels of IL-1f, TNF-a and IL-6 protein secreted by
the cells in the medium were determined by ELISA kits
according to the manufacturer’s instructions (R&D Sys-
tems) [28]. The data were presented as mean + SE from
four independent experiments performed in triplicate.

NF-kB activation assay

Nuclear extracts from microglial cells were obtained using
a nuclear extract kit (Active Motif, Carlsbad, CA, USA)
according to the manufacturer’s instructions. The NF-kB
activation was evaluated by detecting phosphorylated p65
proteins in nuclear extracts using the TransAM NF-kB kit
(Active Motif).

Western blotting

Western blot assay was performed as previously described
[27]. Aliquots of protein sample were analysed using anti-
bodies specific for the key proteins in the NF-kB path-
way (IKKa, IKKP, NF-kB p65/RelA and IkBa). The
cytosolic and nuclear fractions of cells were also prepared
for western blot analysis of p65. Specific reactions were
revealed with Enhanced Chemiluminescence western blot-
ting detection reagent (Amersham Corp., Arlington
Heights, IL, USA). The membranes were then stripped
and reprobed with tubulin (1 : 250) to ensure equal pro-
tein loading.

Densitometry analysis

The intensity of each immunoblot assay band was quanti-
fied using a VersaDoc Imaging System (Bio-Rad, Milan,
Italy). Mean densitometric data from independent experi-
ments were 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

Transfection of siRNApgc, or siRNA, was performed at a
concentration of 100 nm using RNAiFect™ Transfection
Kit (Qiagen). Total proteins were isolated at 24, 48 and
72 h for western blot analysis of PKCe and p-opioid recep-
tor protein. A randomly chosen nonspecific siRNA was
used under identical conditions as control [27].

Morphine increases neuroinflammation in microglia

Statistical analysis

All data are reported as mean + SE of independent experi-
ments and are indicated in the figure legends. Each experi-
ment was performed 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 analysis of variance
(ANOVA) for comparisons between multiple groups and
Dunnett’s test for comparing a control group to all other
groups (when necessary). A P value of less than 0.05 was
considered statistically significant.

Results

Morphine alters the LPS-induced activation of
NF-kB

We determined the expression of the myeloid cell sur-
face antigen CDI1b in primary microglial cells
through flow cytometry analysis. Cells were treated
with specific MoAbs or isotype-matched irrelevant
MoAbs. We found that microglia were negative for
the astrocyte-specific protein GFAP while showed sig-
nificant positive staining for CDI11b, as compared to
the isotype control. These results indicate high expres-
sion levels of the marker CD11b in the isolated micro-
glial cells (data not shown).

We examined the activation of the NF-kB sig-
nalling pathway by detecting phosphorylated p65
proteins in nuclear extracts using the TransAM NF-
kB kit in microglia. Our results show that the treat-
ment with morphine alone (0.1 and 10 pm), for
15 min, did not change NF-«xB activity. On the con-
trary, NF-xB activity was increased in microglia
stimulated with LPS 1 pg-mL~"' for 15 min. Further-
more, morphine 0.1 and 10 pm for 15 min signifi-
cantly increased NF-kB activity in LPS-activated
microglial cells (Fig. 1A). To evaluate the potential
role of p-opioid receptors, we reduced their expres-
sion in primary microglial cells by siRNA transfec-
tion. Primary microglial cells were transfected with
nonspecific random control ribonucleotides (siRNA
scramble, siRNA.,) or with small interfering RNAs
that target p-opioid receptor mRNA (siRNA,) for
degradation. Forty-eight hours after siRNA, transfec-
tion, primary microglial cells were treated with either
LPS | pgmL~', or LPS + morphine 0.1 and 10 pm,
for 15 min, after which nuclear fractions of cells were
prepared for NF-kB activity assay. We found that
the inhibition of p-opioid receptor expression blocked
the increases of NF-kB activity in LPS-activated
microglia induced by morphine 0.1 pm, while only
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Fig. 1. Effect of morphine on NF-kB activation which was
evaluated by detecting activated p65 proteins in nuclear extracts.
(A) Microglial cells were treated with either morphine 0.1 pm (MOR
0.1), morphine 10 um (MOR 10), LPS 1 pg-mL~", LPS + morphine
0.1 pm, or LPS + morphine 10 uwv for 15 min. Plots are mean + SE
values of four separate experiments (one of which is shown)
performed in triplicate (n = 4). *P < 0.01 versus control conditions
(absence of drugs, CTR); #P < 0.01 versus LPS conditions (CTR-
LPS); analysis was by ANOVA followed by Dunnett's test. (B)
Primary microglial cells were treated with either siRNA;, or siRNA,,
for 48 h and cultured without or with LPS 1 ug-mL~" alone or plus
morphine 0.1 um  (LPS + MOR  0.1), or morphine 10 pm
(LPS + MOR 10), for 15 min. Plots are mean + SE values of four
separate experiments (one of which is shown) performed in
triplicate (n = 4). *P < 0.01 versus LPS conditions; analysis was by
ANOVA followed by Dunnett’s test.

reduced those induced by morphine 10 um (Fig. 1B).
These results indicate that the low dose effect of
morphine is via the p-opioid receptor while a high
dose of morphine would engage a nonopiate receptor
response.

S. Gessi et al.

Effect of opioid receptor ligands on LPS-induced
activation of NF-kB

To confirm that the low dose effect of morphine 100 nm
is via the p-opioid receptor, we analysed the effect of
opioid receptor ligands on LPS-induced activation of
NF-kB. Pretreatment of cells with the broad-range opi-
oid receptor antagonist naloxone 100 nm, for 30 min,
abolished the induction of NF-kB induced by morphine
100 nm at 15 min in LPS-activated microglial cells
(Fig. 2A). Furthermore, DAMGO (100 nm), a p-opioid
receptor selective agonist, mimicked morphine effects
on microglial NF-kB activation (Fig. 2A). Conversely,
DPDPE (100 nm) and U-69593 (100 nm), - and k-
receptor selective agonists respectively, had no effect on
LPS-induced NF-kB activation (Fig. 2A). Finally,
pretreatment of microglial cells with CTAP 100 nm, a
p-opioid receptor selective antagonist, before the treat-
ment with DAMGO 100 nm, abolished p-opioid recep-
tor agonist’s effect on LPS-induced NF-kB activation
(Fig. 2A). These results demonstrate that morphine
100 nm activates NF-kB in mouse-activated microglial
cells via the p-opioid receptor.

To investigate the signalling engaged by the high
dose of morphine (10 um), we analysed the effect of
eVI-2 (1 um), a selective PKCe inhibitor, and of CLI-
095 (1 pum), a toll-like receptor (TLR) 4 inhibitor, on
LPS-elicited NF-kB activity. Microglial cells were pre-
treated with €VI1-2 (1 um) or CLI-095 (1 pum) for 2 h
and then treated with LPS 1 pgmL™' alone or
LPS + morphine 10 um. Subsequently, whole-cell
lysates were prepared and analysed for NF-kB activity.
PKCe and TLR4 inhibitors reduced LPS-induced acti-
vation of NF-kB. Similarly, morphine 10 pm did not
increase NF-kB activity in activated microglial cells
pretreated with €V1-2 and CLI-095, indicating that the
increased DNA-binding activity induced by morphine
10 um was dependent on the activation of PKCe and
TLR4 (Fig. 2B).

Morphine alters the LPS-induced activation of
NF-kB through PKCs-Akt-ERK1/2 signalling

Microglial cells were pretreated with U0126 and SH-5,
inhibitors of ERKI1/2 and Akt, respectively, for
30 min before LPS 1 pug-mL~" plus morphine 100 nm
stimulation for 15 min. Figure 3A shows that mor-
phine 100 nm did not significantly increase NF-kB
activity in activated microglial cells in the presence of
SH-5 and U0126. These results indicate that the acti-
vation of Akt and ERK1/2 by morphine 100 nm in
reactive  microglia  occurs  upstream  NF-kB
involvement.
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Fig. 2. Effect of opioid receptor ligands and of signalling inhibitors
on NF-kB activation which was evaluated by detecting activated
p65 proteins in nuclear extracts. (A) Microglial cells were treated
with either LPS 1 pg-mL~" alone, LPS + morphine 100 nm (MOR),
LPS + Naloxone 100 nm  (NALOX), LPS + DAMGO 100 nwm,
LPS + DPDPE 100 nm, LPS + U69593 100 nm, or LPS + CTAP
100 nm for 15 min. The antagonists were added 30 min before
morphine or DAMGO. Plots are mean + SE values of four
separate experiments (one of which is shown) performed in
triplicate (n=4). *P < 0.01 versus control conditions (absence of
drugs, CTR); #P < 0.01 versus LPS conditions (0); P < 0.01 versus
LPS + MOR; P <0.01 versus LPS + DAMGO; analysis was by
ANOVA followed by Dunnett's test. (B) Microglial cells were
pretreated with €V1-2 (1 uwm), or CLI-095 (1 pum) before LPS and
morphine 10 um stimulation for 15 min. NF-kB activation, which
was evaluated by detecting activated p65 proteins in nuclear
extracts, is shown. Plots are mean + SE values of four separate
experiments (one of which is shown) performed in triplicate
(n=4) and normalized to the result obtained in untreated cell
cultures (CTR) set to 100%. *P < 0.01 versus control conditions
(absence of drugs, CTR); #P < 0.01 versus LPS conditions;
fP<0.01 versus LPS + MOR; analysis was by ANOVA followed
by Dunnett’s test.

5
2 700 #
T
w S 600
22 500
- 8 T 1
v 8 400 * .l.
[« %
o= 300 #
X 0
;*5200
S 100
: o "
=~ e O P v Vo Vo
N Ol PNV N W
o LSS 2 8

700
600
500
400
300
200
100

NF-kB p65 levels
(% of control in basal condition)

Fig. 3. PKCe is involved in mediating morphine-induced Akt-ERK1/2-
NF-kB activation in primary microglial cells. (A) Microglial cells were
pretreated with €V1-2 (1 pwm), U0126 (1 pm) or SH-5 (1 wm) before LPS
and morphine 100 nm stimulation for 15 min. NF-kB activation, which
was evaluated by detecting activated p65 proteins in nuclear extracts,
is shown. Plots are mean + SE values of four separate experiments
(one of which is shown) performed in triplicate (n = 4) and normalized
to the result obtained in untreated cell cultures (CTR) set to 100%.
*P < 0.01 versus control conditions (absence of drugs, CTR);
#P<0.01 versus LPS conditions; TP <0.01 versus LPS + MOR;
analysis was by ANOVA followed by Dunnett's test. (B) Primary
microglial cells were treated with either siRNA;, or siRNApkc, for 24 h
and cultured with LPS 1 pg-mL~" alone or plus morphine 100 nm
(MOR) for 15 min. NF-kB activation, which was evaluated by detecting
activated p65 proteins in nuclear extracts, is shown. The mean values
of three 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 with respect to the
unstimulated control (CTR); P < 0.05 with respect to the cells treated
with LPS; TP < 0.01 versus LPS + MOR of cells treated with SiRNA;
analysis was by ANOVA followed by Dunnett’s test.
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To confirm the role of PKCe in the signalling under
investigation, we examined the effect of eVI1-2 (1 um),
a selective PKCeg inhibitor, and of siRNApkgce on
p-opioid receptor-elicited NF-kB activity.

Microglial cells were pretreated with eVI-2 (1 pm)
for 2 h and then treated with LPS 1 pg-mL ™' alone or
LPS + morphine 100 nm. Subsequently, whole-cell
lysates were prepared and analysed for NF-kB activity.
PKCe inhibitor reduced LPS-induced activation of
NF-kB. Similarly, morphine 100 nm did not increase
NF-kB activity in activated microglial cells pretreated
with €V1-2, indicating that the increased DNA-binding
activity induced by morphine 100 nm was dependent
on the activation of PKCe.

We reduced PKCe expression in primary microglial
cells by siRNA transfection. Primary microglial cells
were transfected with nonspecific random control
ribonucleotides (siRNA scramble, siRNA.;) or with
small interfering RNAs that target PKCe mRNA (siR-
NApkce) for degradation. Twenty-four hours after
siRNApk . transfection, primary microglial cells were
treated with either LPS 1 pgmL™' alone or
LPS + morphine 100 nm for 15 min, after which NF-
kB activity was measured. The results revealed that
the inhibition of PKCeg expression is sufficient to block
NF-kB activity increased by morphine 100 nm in LPS-
treated microglia (Fig. 3B).
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p-opioid receptor activation results in the
activation and nuclear translocation of p65 NF-kB
protein

To determine whether the increased DNA-binding
activity of NF-kB was due to nuclear translocation of
NF-kB p65 subunit, we analysed phosphorylation
levels and nuclear translocation of p65 in microglial
cells by western blotting (Fig. 4). In particular, micro-
glial cells were treated with either LPS 1 pg-mL ™'
alone or LPS + morphine 100 nm for 0, 15, 30, 60 or
120 min. The cytosolic and nuclear fractions of cells
were subsequently prepared for western blot analysis
of p65. The presence of p65 was determined in unstim-
ulated microglial cells. We found that LPS induces
translocation of p65 to the nucleus in a time-depen-
dent manner (Fig. 4A-B). In the presence of morphine
100 nMm, p65 translocation induced by LPS was signifi-
cantly higher than LPS alone, with a maximal activa-
tion at 15 min (Fig. 4A-B). A decrease in p65
translocation induced by LPS + morphine was
observed at 30 min (Fig. 4A-B). Furthermore, to con-
firm that the translocation of p65 leads to p65 activa-
tion, we have shown the presence of phosphorylated
p65 at Ser536 on nuclear fractions. As shown in
Fig. 4C-D, there was a significant increase in the
nuclear expression of p65 phosphorylation induced by
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Fig. 4. Expression and morphine-induced phosphorylation and nuclear translocation of p65 isoform in LPS-activated primary microglia.
Microglial cells were treated with either LPS (1 pg-mL~") alone or LPS + morphine (100 nwm) for 0-120 min. (A) p65 expression in nuclear (n)
and cytosplasmatic (c) fractions of cells. (B) Densitometry of nuclear versus cytosplasmatic p65. (C) Phospho-p65 expression in nuclear
fractions of cells is shown. (D) Densitometry of phospho-p65 expression relative to Lam B. Plots are mean + SE values of four separate
experiments (one of which is shown) performed in triplicate (n = 4). *P < 0.01 versus control conditions (absence of drugs, 0); *P < 0.01
versus LPS conditions; analysis was by ANOVA followed by Dunnett’s test.
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LPS + morphine (for 15 min), significantly higher than
LPS alone. These data indicate that the activation of
p-opioid receptor induces nuclear translocation of the
p65 subunit of NF-kB, which could result in enhanced
DNA-binding activity of NF-kB.

Effect of p-opioid receptor activation on the LPS-
induced degradation of IkBa and activation of
IKKa-B, IkBa and p65 in microglial cells

In its inactive state, NF-kB binds with its inhibitor
protein, IkBa, in the cytoplasm. However, after cellu-
lar stimulation, TkBa is phosphorylated and undergoes
polyubiquitination and proteasomal degradation,
which frees NF-kB and allows it to be translocated to
the nucleus [29]. As shown in Fig. 5, IkBa became
phosphorylated and increased upon the treatment with
LPS 1 pg-mL~' for 15 min. Morphine and DAMGO

Morphine increases neuroinflammation in microglia

100 nwm significantly increased IkBo phosphorylation in
LPS-activated microglial cells. The increases observed
with morphine and DAMGO were abrogated by the
antagonists naloxone and CTAP 100 nm respectively.
Accordingly, LPS-activated cells contain ~ 70% of
IkBa protein levels as compared with the control level
(nonactivated samples) and morphine and DAMGO
100 nm increased the LPS-induced degradation of
IkBa in microglial cells. The response of morphine
and DAMGO on IkBa degradation was reversed in
the presence of the antagonists naloxone and CTAP
100 nm respectively (Fig. 5). As IKKo and B are
upstream kinases of IkBa in the NF-kB signal path-
way, we examined the effects of p-opioid receptor acti-
vation on LPS-induced IKKao and IKKRB activation. It
was found that morphine and DAMGO markedly
increased LPS-induced IKKa/B phosphorylation,
whereas they did not affect the total amounts of IKKa
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Fig. 5. Modulation of the total level of 1kBa, IKKa, IKKB and of IKKa/B, IkBo and p65 phosphorylation by opioid receptor ligands in microglia.
The cells were treated with either LPS alone, LPS + morphine 100 nm (MOR), LPS + DAMGO 100 nm, LPS + Naloxone 100 nm (NALOX), or
LPS + CTAP 100 nm for 15 min. The antagonists were added 30 min before morphine or DAMGO. At the end of the incubation,
cytoplasmic or nuclear extracts were collected and western blot was performed to measure p-IKKo/B, IKKa, IKKB, p-lkBo, 1kBoo and p-p65
respectively. Plots are mean + SE values of four separate experiments (one of which is shown) performed in triplicate (n = 4). *P < 0.01
versus control conditions (absence of drugs, CTR); #P < 0.01 versus LPS conditions (0); P < 0.01 versus LPS + MOR; TP < 0.01 versus
LPS + DAMGO; analysis was by ANOVA followed by Dunnett’s test.
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and TKKB. The increases of IKKa/B phosphorylation
induced by morphine and DAMGO in LPS-activated
microglial cells were abrogated by the antagonists
naloxone and CTAP 100 nm respectively. Finally, we
observed that also the increases of p65 phosphoryla-
tion induced by morphine and DAMGO in LPS-acti-
vated microglial cells were abrogated by the
antagonists naloxone and CTAP 100 nm respectively.

PKC:¢ activation results in nuclear translocation
of p65 NF-kB protein

To verify whether the effect of LPS + MOR on the
nuclear translocation of NF-kB is dependent on
PKCe, we examined the effect of siRNApgc, on p-
opioid receptor-elicited NF-kB activation. Microglial
cells with PKCe expression strongly reduced after 24 h
of siRNApkc, treatment were treated with either LPS
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1 ygmL~', LPS + morphine 100 nm or LPS +
DAMGO for 15 min, then protein extracts were pre-
pared for NF-kB analysis. A reduction in the phos-
phorylation of IKKao/Bf was detected in LPS- and
LPS + morphine- or LPS + DAMGO-treated micro-
glia with PKCe downregulated, when compared with
that of controls. Furthermore, pretreatment with siR-
NApkce showed an impaired increase in IkBo phos-
phorylation in response to LPS (Fig. 6), demonstrating
that LPS increases IkBo activation through PKCe.
Accordingly, in the presence of siRNApkc,, both mor-
phine and DAMGO 100 nm attenuated degradation of
IkBa, when compared with TkBa level in untransfected
cells treated with morphine and DAMGO. In agree-
ment with these results, while LPS activation for
15 min resulted in profound phosphorylation of the
p65 NF-kB subunit, this activation was impaired fol-

lowing the pretreatment of microglial cells with
siRNApc, SIRNAG, SiRNApkc, SIRNAG,
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Fig. 6. Modulation of the total level of 1kBa, IKKa, IKKB and of IKKa/B, kBa and p65 phosphorylation by opioid receptor ligands in microglial
cells treated with either siRNAy, or siRNApgc, for 24 h and cultured with LPS 1 pg-mL~" alone, plus morphine 100 nm (MOR) or plus
DAMGO for 15 min. At the end of the incubation, cytoplasmic or nuclear extracts were collected and western blot was performed to
measure p-IKKo/B, IKKa, IKKB, p-IkBa, IkBo and p-p65 respectively. Plots are mean + SE values of four separate experiments (one of which
is shown) performed in triplicate (n = 4). ¥*P < 0.01 versus control conditions (absence of drugs, CTR); #P < 0.01 versus LPS conditions (0);
TP < 0.01 versus LPS + MOR of cells treated with siRNA; analysis was by ANOVA followed by Dunnett’s test.
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siRNApk e, indicative that downregulation of PKCe
results in impaired NF-kB signalling.

p-opioid receptor gene silencing and
translocation of p65 NF-kB protein

Microglial cells with p-opioid receptor expression
reduced after 48 h of treatment with siRNA, were
treated with either LPS 1 pgmL~', LPS + morphine
100 nm or LPS + DAMGO for 15 min, after which
protein extracts were prepared for NF-kB analysis. We
found that the inhibition of p-opioid receptor expres-
sion blocks morphine and DAMGO increases in the
translocation of NF-kB p65 protein in microglia.
Indeed, in the presence of siRNA,, both morphine and
DAMGO 100 nm attenuated degradation of IkBa,
when compared with IkBa level in untransfected cells
treated with morphine and DAMGO. Accordingly,
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pretreatment with siRNA, showed an impaired
increase in IkBo phosphorylation in response to
LPS + morphine or LPS + DAMGO, demonstrating
that morphine and DAMGO increased 1kBo degrada-
tion through p-opioid receptor. Furthermore, a reduc-
tion in the phosphorylation of IKKao/f was detected in
LPS-treated microglia cells with p-opioid receptor
downregulated, when compared with that of controls.
These results show the connection between p-opioid
receptor stimulation, morphine, and NF-kB signalling
in activated primary microglial cells (Fig. 7).

Activation of NF-kB by morphine in reactive
microglia occurs downstream Akt-ERK1/2 kinase

To identify whether Akt and ERK1/2 signalling path-
ways are necessary for p-opioid receptor-PKCe-
induced activation of NF-kB, we selectively blocked
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Fig. 7. Modulation of the total level of 1kBa, IKKa, IKKB and of IKKa/B, kBa and p65 phosphorylation by opioid receptor ligands in microglial
cells treated with either siRNA;, or siRNA,, for 48 h and cultured with LPS 1 pg-mL " alone, plus morphine 100 nm (MOR) or plus DAMGO
for 15 min. At the end of the incubation, cytoplasmic or nuclear extracts were collected and western blot was performed to measure p-
IKKo/B, IKKa, IKKB, p-IkBa, I1kBa and p-p65 respectively. Plots are mean + SE values of four separate experiments (one of which is shown)
performed in triplicate (n = 4). *P < 0.01 versus control conditions (absence of drugs, CTR); #P < 0.01 versus LPS conditions (0); TP < 0.01
versus LPS + MOR of cells treated with siRNA; analysis was by ANOVA followed by Dunnett’s test.

FEBS Letters 590 (2016) 2813-2826 © 2016 Federation of European Biochemical Societies

2821



Morphine increases neuroinflammation in microglia

S. Gessi et al.

LPS LPS
f 1 400 T
12 3 45 6 7 £<
” 2k 300
] v =
= — — — ——— — T ‘5_ \2 100
I a s
e e W ﬁ v 8 0 n ©Ww ©
Tz % g 2 °°i828%
%3 R L s
xr + x T
s g : g
= = =

Fig. 8. Modulation of p65 phosphorylation by SH-5 (1 um) or U0126 (1 um) alone or in combination with morphine (100 nv) before LPS and
morphine stimulation for 15 min. The inhibitors were added 30 min before morphine. At the end of the incubation, nuclear extracts were
collected and western blot was performed to measure p-p65. The mean values of three independent experiments (one of which is shown)
were normalized to the result obtained in the cells in the absence of LPS. The unstimulated control was set to 100%. *P < 0.05 with
respect to the unstimulated control (0); #P < 0.05 with respect to the cells treated with LPS; TP < 0.01 versus LPS + MOR; analysis was by

ANOVA followed by Dunnett’s test.

Akt and ERKI1/2 pathways with SH-5 and U0126,
inhibitors of Akt and ERKI/2, respectively, for
30 min before LPS plus morphine 100 nm stimulation
for 15 min. Figure 8 shows that the inhibition of
ERK1/2 and Akt by U0126 (1 um) and SH-5 (1 pm),
respectively, abolished LPS + morphine-induced phos-
phorylation of NF-kB p65 protein in activated micro-
glial cells. These results indicate that morphine utilizes
both the Akt and ERK1/2 signalling pathways to acti-
vate NF-kB in microglial activated cells.

Activation of NF-kB is required for the induction
of chemokine and NO production by p-opioid
receptor

We measured cytokine and nitrite levels in microglial
cells pretreated with the NF-kB inhibitors BAY 11-
7082 and MG132. BAY 11-7082 was used as it blocks
the NF-kB signalling pathway by inhibiting the phos-
phorylation of IkB, while MGI132 is a proteasome
inhibitor that inhibits the degradation of phosphory-
lated TkB. These inhibitors allowed us to explore the
role of NF-kB in the regulation of cytokine expression
and nitrite levels. Primary microglial cells were main-
tained in LPS in combination with morphine 100 nm
for 24 h. We show that LPS-induced IL-18, TNF-a,
IL-6 and nitrite release was significantly increased in
the presence of morphine in primary microglial cells.
However, the stimulatory response of morphine on
cytokine and nitrite production was reversed in the
presence of MG132 or BAY 11-7082 1 um (Fig. 9A).
Finally, microglial cells were pretreated with BAY
11-7082 and MG132 for 30 min before LPS plus mor-
phine 100 nm stimulation for 4 h. Subsequently,
whole-cell lysates were prepared for western blot anal-
ysis of iNOS. The results demonstrate that BAY

11-7082 and MGI132 significantly blocked the ability
of morphine to increase iNOS production in the pres-
ence of LPS (Fig. 9B), indicating that the activation of
NF-kB occurs upstream iNOS induction induced by
LPS and morphine in reactive microglia.

Discussion

Microglial cells express the TLR4 which increases
inflammation [30]. Previous work has shown that mor-
phine may activate glia through different ways from
classical opioid receptors by an interaction with
TLR4-MD2 [31-34]. In particular, opioid receptor
antagonists reversed this activation in a nonstere-
ospecific fashion [35-37]. These data indicated that
morphine and other opioids may signal as direct
TLR4 ligands leading to neuroinflammation [38].
Accordingly, here we have found that the high dose of
morphine is not mediated by the p-opioid receptor, as
indicated in the literature data showing that morphine
mediates neuroinflammatory effects not via p-opioid
receptors, but in a manner parallel to endotoxin,
through the activation of TLR4 signalling [34,38]. Sim-
ilarly, we have found that the activation of NF-kB
induced by the high dose of morphine is mediated
through TLR4 and, interestingly, via PKCe signalling.

However, in the present study, based on the KO
data and through the use of a p-opioid specific ago-
nist, we have demonstrated that the p-opioid receptor
is playing a role in microglial cells. While morphine by
itself had no effect, we have found that the low dose
of morphine stimulates p-opioid receptors in activated
microglial cells, thereby inducing the transcription fac-
tor NF-kB and that this pathway serves as down-
stream signalling target of the e-isoform of PKC. The
activation of Akt and ERKI1/2 kinases is a critical
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or plus morphine 100 nm (MOR), DAMGO B LPS
(100 nm), MG 132 1 pm, BAY 11-7082 I 1
1 v, alone or in combination, for 24 h (IL- 1 2 3 45 6 7 s
1B, IL6, TNF-o, Nitrite, panel A) or 4 h - ———— NOS 'Ll
(iINOS, panel B). Densitometric analysis of 1.4 #
iNOS is reported. Plots are mean + SE —————— v Tubulin % 1.2
values of four separate experiments (one 5 % 1 %
of which is shown) performed in triplicate o o g a9 9 % E 2 p8 T 1-
(n=4). *P < 0.01 versus control s G E. 5 ~ g 5 0.6
conditions (absence of drugs, CTR); = = ? = % g 0.4
#P < 0.07 versus LPS conditions; = & % € oo
P < 0.01 versus LPS + MOR: P < 0.01 m s @ 0
versus LPS + DAMGO; analysis was by g & °¢°@ ®© @?Q,\\"Q__g?
ANOVA followed by Dunnett's test. = ® @

intermediate signalling step during p-opioid receptor-
PKCe-induced activation of NF-kB and both of these
pathways are necessary to produce the activation of
the transcription factor. Furthermore, we have demon-
strated that p-opioid receptor determined NF-kB-regu-
lated proinflammatory IL-1B, TNF-a, IL-6 cytokines
along with iNOS and NO production increase.

The involvement of PKC and opioids in regulating
NF-kB has been reported [39,40]. In particular, in pre-
vious studies performed in rat cortical neurons [41], in
the human neuroblastoma cells [18] and in murine
macrophages [42], morphine treatment differentially
modulates LPS-inducible gene expression through the
regulation of NF-kB. The effects appear diverse and
often cell type-dependent, even if NF-kB is considered
as a critical component in opioid function and recep-
tor gene expression [43]. However, the implication of
individual PKC isozymes in the control of this

FEBS Letters 590 (2016) 2813-2826 © 2016 Federation of European Biochemical Societies

pathway remained to be elucidated. In human leuco-
cytes, opioids increased chemokine expression through
NF-kB activity induced by PKCC [44]. Here, we found
that p-opioid receptors, by the recruitment of Akt and
ERK1/2 pathways, increase IkBo phosphorylation,
thus resulting in the stabilization of p65 subunit in the
cytoplasm. As a consequence, NF-kB translocates into
the nucleus then driving an enhanced inflammatory
response via PKCe signalling. In particular, this study
provides evidence that, in microglial cells, PKCe deple-
tion or inhibition diminishes LPS-induced IxBa phos-
phorylation and degradation, NF-«kB nuclear
translocation, and transactivation potential. Therefore,
PKCe is required for the increased NF-xB activation
observed in morphine-stimulated microglial cells.

To our knowledge, this is the first report describing
that p-opioid receptors through PKCe-Akt-ERK1/2
signalling govern the activity of NF-kB in microglia,
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further underscoring the role of opioid system in
microglia activation.

The establishment of NF-kB role in morphine sig-
nalling may provide a means to treat opioid develop-
ment of tolerance and dependence. However, even if
ideally the inhibition of NF-kB would be a worthwhile
therapeutic strategy, the blockade of important physio-
logical functions, such as innate immunity and cell sur-
vival, mediated by NF-kB proteins may account for
the difficulty in the validation of a NF-kB inhibitor as
a drug. Therefore, it is possible to target the pathway
in some conditions but problems may arise.

Consequently, the identification of PKCe as a cru-
cial upstream regulator of NF-kB signalling in micro-
glia argues for a fundamental role of this kinase in the
control of pathways involved in neuroinflammation
development and progression. It is important to high-
light that there has been significant interest in the
development of PKCe inhibitors as anti-inflammatory
and anticancer agents [45-47]. Certainly, the in vivo
observations that PKC inhibitors can reduce morphine
antinociceptive tolerance [14] provide evidence that the
selective inhibition of those PKCs involved might pro-
vide useful adjuncts to chronic therapy with opioid
drugs. Furthermore, selective PKCe inhibitors can be
effective candidates for the sensitization of microglia
to therapeutic agents, as shown previously for NF-kB
inhibitors. Inhibition of a kinase required for so many
important biological functions may be expected to
result in substantial side effects. However, several inhi-
bitors of PKC have proven to be well tolerated in clin-
ical trials [48-50]. We may hope for a similar advance
with regard to PKCe selective inhibition. Thus, target-
ing the PKCe-NF-kB pathway may provide novel
means to induce neuroprotective mechanisms, thereby
reducing tolerance to opioids.
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