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Inhibition of microglial activation is effective in treating various neurological disorders. Activation of
microglial cannabinoid CB2 receptor induces anti-inflammatory effects, and the mechanism, however, is
still elusive. Microglia could be activated into the classic activated state (M1 state) or the alternative
activated state (M2 state), the former is cytotoxic, and the latter is neurotrophic. In this study, we used

Keyworflsi ) lipopolysaccharide (LPS) plus interferon-y (IFNy) to activate N9 microglia and hypothesized the pre-
Cannabinoid CB2 receptor treatment with cannabinoid CB2 receptor agonist AM1241 attenuates microglial activation by shifting
f;felgr;ar;r:g:; microglial M1 to M2 state. We found that pretreatment with 5 uM AM1241 at 1 h before microglia were
Microglia exposed to LPS plus IFNy decreased the expression of inducible nitric oxide synthase (iNOS) and the

release of pro-inflammatory factors, increased the expression of arginase 1 (Arg-1) and the release of
anti-inflammatory and neurotrophic factors in microglia. However, these effects induced by AM1241
pretreatment were significantly reversed in the presence of 10 M cannabinoid CB2 receptor antagonist
AMG630 or 10 uM protein kinase C (PKC) inhibitor chelerythrine. These findings indicated that AM1241
pretreatment attenuates microglial activation by shifting M1 to M2 activated state via CB2 receptor, and
the AM1241-induced anti-inflammatory effects may be mediated by PKC.

Protein kinase C

© 2015 Elsevier Inc. All rights reserved.

1. Introduction

Microglia, the specialized macrophages, are the major cellular
source and target of inflammatory mediators in the central nervous
system (CNS) [1,2]. They can be activated during both neuro-
inflammatory and neurodegenerative disorders, including brain
ischemia, trauma, and Alzheimer's disease [3,4]. Activated micro-
glial cells secrete a variety of inflammatory factors, including tumor
necrosis factor-o (TNF-a), interleukin-1f (IL-18) and IL-10, which
contributes to the pathogenesis of neural damage in many CNS
diseases [5]. Therefore, inhibiting microglial over-activation may be
an important therapeutic approach for these neurological diseases.

Abbreviations: LPS, lipopolysaccharide; IFNYy, interferon-y; iNOS, inducible nitric
oxide synthase; Arg-1, arginase 1; PKC, protein kinase C; CNS, central nervous
system; TNF-a, tumor necrosis factor-a; IL-1p, interleukin-18; BDNF, brain-derived
neurotrophic factor; GDNF, glial cell-derived neurotrophic factor.
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However, many studies have demonstrated that two microglia/
macrophage states exist (M1 and M2), reflecting the cell polari-
zation [6]. The former is cytotoxic by secreting pro-inflammatory
factors, such as TNF-o, IL-18 and IL-6. As a comparison, the
latter is beneficial due to inhibiting inflammatory responses by
producing anti-inflammatory and neurotrophic factors, including
IL-10, brain-derived neurotrophic factor (BDNF) and glial cell-
derived neurotrophic factor (GDNF) [7]. Based on a series of
studies about the field of macrophage M1 and M2 states and the
fact that microglial cells are the member of macrophage lineage,
we chose the markers of macrophage M1 and M2 states to explore
microglial polarization. Then, it is a key issue that how to shift M1
to M2 state and alleviate microglial over-activation during
neuroinflammation.

Cannabinoid CB2 receptor is a G protein-coupled receptor
expressed mainly in microglia and peripheral immune cells,
modulating antigen presentation, cytokine/chemokine produc-
tion, and cell migration [8]. The expression of CB2 receptor was
increased in brain injury and many types of neurodegenerative
diseases including Alzheimer's disease, amyotrophic lateral
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sclerosis, Huntington's chorea [9,10]. Especially, many studies
have confirmed that CB2 receptor activation, by using CB2 re-
ceptor agonists and/or knockout mice, is protective against cere-
bral ischemia/reperfusion (I/R) injury by attenuating the
endothelial cell activation and inflammatory response, suggesting
CB2 receptor may be a target for the treatment of neuro-
inflammation and neurodegeneration [11,12]. However, whether
CB2 receptor activation-induced reduction of inflammatory
response is by inhibiting microglial over-activation and regulating
M1/M2 states is still unknown. In addition, Xu et al. reported that
inhalable anesthetic isoflurane-induced anti-inflammation was
mediated by protein kinase C (PKC) in microglial cells exposed to
lipopolysaccharide (LPS) plus interferon-y (IFNy) [13], and we
have ever found that electroacupuncture (EA)-induced neuro-
protection against ischemia was also mediated by PKC via endo-
cannabinoid system [14]. However, whether PKC is involved in
AM1241 pretreatment-induced anti-inflammatory effects in
microglia has not been investigated.

In the present study, we used mouse N9 microglia exposed to
LPS plus IFNYy to induce microglial activation and hypothesized that
CB2 receptor agonist AM1241 can attenuate the activation of
microglia exposed to LPS plus IFNy by shifting M1 to M2 activated
state, and the AM1241-induced anti-inflammation may be medi-
ated by PKC.

2. Materials and methods
2.1. Materials

N9 cells, a mouse microglial cell line (a gift provided by Prof.
Yingying Le, Shanghai Institutes for Biological Sciences, Chinese
Academy of Sciences, Shanghai, China), were generated by
immortalization of E13 mouse embryonic cultures with the 3RV
retrovirus. The N9 cells are similar to primary microglial cultures in
producing pro-inflammatory substance, including nitric oxide (NO)
and various cytokines after stimulation [15]. (R,S)-3-(2-lodo-5-
nitrobenzoyl)-1-(1-methyl-2-piperidinylmethyl)-1H-indole
(AM1241) and 6-lodo-2-methyl-1-[2-(4-morpholinyl)ethyl]-1H-
indol-3-yl](4-methoxyphenyl) methanone (AM630) were pur-
chased from Alexis Biochemicals (CH). Iscove's modified Dulbecco's
medium (IMDM), fetal bovine serum (FBS), LPS (Escherichia coli
055:B5), and recombinant rat IFNy produced from E. coli were
purchased from Invitrogen Corporation (Carlsbad, CA, USA). Che-
lerythrine was obtained from Biomol (Plymouth Meeting, PA, USA).

2.2. Cell culture

The mouse N9 microglial cells were cultured in IMDM medium
containing 5% FBS, 100 U/ml penicillin, 100 pg/ml streptomycin and
2 mM glutamine in humidified atmosphere of 95% air and 5% CO; at
37 °C. The medium was changed every 3 days. Stock cells were
passaged 2—3 times/week with 1:4 split ratio and used within 8
passages.

2.3. Immunohistochemistry

N9 cells were seeded into confocal microscopy special dishes at
a density of 2 x 10% cells/dish. After treatment, the cells were then
fixed with 4% paraformaldehyde solution for 1 h. The fixed cells
were blocked with 50 mg BSA/ml in PBS for 30 min. The cells were
then washed three times with PBS, followed by incubation at 4 °C
overnight with anti-iNOS (1:1000) or anti-Arg-1 (1:1000) primary
antibodies, respectively. At the end of the incubation, 200 pl of DAPI
staining solution was added into each dish. Then, the cells were
incubated in Cy3-labeled secondary antibody solution (1:800,

Invitrogen) or FITC-labeled secondary antibody solution (1:500,
Sigma, USA) for 1 h at room temperature. Then, the dishes were
washed three times before observation with microscope. Images
were captured using a laser confocal microscope (Olympus, Japan).

2.4. Western blot analysis

After different treatments, the total protein was collected. The
protein concentration was determined by the Bradford method,
and Western blot analysis was performed as previously described
[16]. The following primary antibodies were used: anti-iNOS and
anti-Arg-1 (1:1000, Chemicon, USA), and anti-GAPDH antibody
(1:1000, CWBIO, China). The secondary horseradish peroxidase-
conjugated goat anti-rabbit antibody (1:10,000, CWBIO, China)
was used. Antigens were detected using the chemiluminescence
technique (Amersham Pharmacia Biotech Piscataway, USA). Image
analysis was accomplished with the assistance of computerized
analysis software (Bio-Rad Laboratories, Hercules, USA).

2.5. Enzyme-linked immunosorbent assay

The supernatants of the cell culture were harvested and
measured for cytokine concentrations of IL-1p, IL-6, TNF-a, IL-10,
BDNF and GDNF (PeproTech Inc., USA) by using the corresponding
quantification enzyme-linked immunosorbent assay (ELISA) Kkits
according to the manufacturer's instructions. Determinations were
performed in duplicate and repeated in three independent exper-
iments. The results are expressed in nanograms per liter.

2.6. Statistical analysis

SPSS 13.0 for Windows (SPSS Inc., Chicago, USA) was used to
conduct statistical analysis. All values were presented as the
means + SD, and were analyzed by one-way ANOVA. Between-group
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Fig. 1. AM1241 alleviated iNOS expression in N9 microglia exposed to LPS plus IFNy in
a concentration dependent manner. The mouse N9 microglial cells were pretreated
with or without various concentrations of AM1241. They were then exposed to 10 ng/
ml LPS plus 10 U/ml IFNy for 24 h at 1 h after AM1241 pretreatment. The expression of
iNOS was evaluated by Western blot analysis (n = 6). Data are means + SD. **: P < 0.01;
**: P < 0.001.
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differences were detected with post-hoc Student—Newman—Keuls
tests. P < 0.05 was considered statistically significant.

3. Results

3.1. AM1241 alleviated microglial activation induced by LPS plus
IFNy

We used selective CB2 receptor agonist AM1241 to investigate
whether the activation of CB2 receptor could reduce microglial
over-activation. The expression of iNOS was measured as the
marker of microglial activation by Western blot analysis. To find a
suitable AM1241 concentration, microglia were exposed to
AM1241 at 1 pM, 2.5 pM, 5 pM and 10 pM, respectively, at 1 h
before the exposure of 10 ng/ml LPS plus 10 U/ml IFNy for 24 h. The
expression of iNOS was significantly decreased in the presence of
AM1241 at 2.5 uM (P < 0.01), 5 uM (P < 0.001) and 10 uM
(P < 0.001), and 5 M AM1241 was used in the subsequent ex-
periments (Fig. 1).

3.2. CB2 receptor antagonist reversed the AM1241-induced effects
on iNOS and Arg-1 expressions

The M1/M2 states of microglia were assessed by detecting the
expressions of M1 marker iNOS and M2 marker Arg-1 at 24 h after
the exposure of LPS plus IFNy. The expressions of iNOS and Arg-1
were analyzed by immunocytochemistry and Western blot anal-
ysis. Pretreatment with 5 pM AM1241 for 1 h significantly

LPS/IFNy

attenuated iNOS expression (Fig. 2A and C, P < 0.05) and increased
Arg-1 expression (Fig. 2B and C, P < 0.05) in the microglia exposed
to LPS plus IFNy. Co-administration of 10 uM CB2 receptor antag-
onist AM630 significantly reversed the benefits induced by AM1241
pretreatment (P < 0.05), suggesting CB2 receptor may be involved
in the AM1241-induced modulation of microglial M1/M2 states in
N9 microglia.

3.3. AM1241 decreased pro-inflammatory factor release and
increased anti-inflammatory and neurotrophic factor release

Pro-inflammatory factors such as TNF-qa, IL-13 and IL-6 are
biomarkers of microglial M1 activated state; in contrast, anti-
inflammatory factor IL-10 and neurotrophic factors BDNF and
GDNF are the biomarkers of M2 state. The levels of TNF-a, IL-18
and IL-6 showed significant increase in the LPS plus IFNy group
compared with the control group (P < 0.05). Pretreatment with
5 uM AM1241 attenuated the levels of TNF-o, IL-18 and IL-6
(P < 0.05) in the supernatants. The benefits induced by
AM1241 were partially reversed in the presence of selective CB2
receptor antagonist, AM630 (Fig. 3A—C, P < 0.05). Moreover,
AM1241 increased the levels of IL-10, BDNF and GDNF (P < 0.05)
and the AM1241-induced benefits were also significantly
reversed by AM630 (Fig. 3D—F, P < 0.05). These findings indi-
cated that AM1241 pretreatment could improve the pro-/anti-
inflammatory factors balance between microglial M1 and M2
activated state.
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Fig. 2. AM1241 pretreatment decreased iNOS expression and increased Arg-1 expression via CB2 receptor in N9 microglia. The mouse N9 microglial cells were pretreated with or
without 5 pM AM1241 in the presence or absence of 10 uM CB2 antagonist AM630. They were then exposed to 10 ng/ml LPS plus 10 U/ml IFNy for 24 h at 1 h after AM1241
pretreatment. The expressions of iNOS (A and C) and Arg-1 (B and C) were analyzed by immunocytochemistry and Western blot analysis (n = 6). Scale bars = 10 um. Data are

means + SD. *: P < 0.05; n.s.: no significance.
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Fig. 3. Effects of AM1241 on the releases of pro-inflammatory, anti-inflammatory and neurotrophic factors from N9 microglia. The mouse N9 microglial cells were pretreated with
or without 5 M AM1241 in the presence or absence of 10 uM CB2 antagonist AM630. They were then exposed to 10 ng/ml LPS plus 10 U/ml [FNy for 24 h at 1 h after AM1241
pretreatment. The levels of TNF-a (A), IL-18 (B), IL-6 (C), IL-10 (D), BDNF (E) and GDNF (F) in the supernatants were measured by ELISA assay (n = 8). Data are means + SD. *:

P < 0.05; n.s.: no significance.

3.4. The benifits of AM1241 pretreatment were significantly
abolished by protein kinase C inhibitor

We also investigated the role of PKC in AM1241-induced anti-
inflammation in microglia exposed to LPS plus IFNy. AM1241
pretreatment attenuated iNOS expression, TNF-¢. and IL-18
release and increased IL-10 secretion in microglia exposed to LPS
plus IFNy (Fig. 4, P < 0.05). The benefits of AM1241 pretreatment
were significantly reversed by 10 uM chelerythrine (Che), a PKC
inhibitor (P < 0.05), suggesting PKC may be involved in the
AM1241-induced anti-inflammation in microglia exposed to LPS
plus IFNy.

4. Discussion

In the present study, we found that pretreatment with CB2 re-
ceptor agonist AM1241 alleviated microglial activation induced by
LPS plus IFNY, decreased the expression of M1 marker iNOS and
increased M2 marker Arg-1 expression in N9 microglia exposed to
LPS plus IFNy. In addition, AM1241 attenuated the releases of pro-
inflammatory factors, enhanced the releases of anti-inflammatory
and neurotrophic factors from microglia exposed to LPS plus
IFNy. These AM1241 pretreatment-induced benefits were signifi-
cantly abolished in the presence of selective CB2 receptor antago-
nist AM630 or PKC inhibitor chelerythrine. These findings suggest
that activation of CB2 receptor reduces microglial activation by
shifting microglial M1 to M2 state, and PKC may participate in the
benefits of AM1241 pretreatment.

Inflammatory reaction is involved in the pathophysiological pro-
cess of many diseases in the CNS including brain trauma, stroke and
neurodegenerative diseases [17,18]. Microglial cells, the resident
macrophages in brain, play a key role in regulating cerebral inflam-
matory reactions [18]. In normal condition, microglial cells are
quiescent. However, several agents can activate microglia, such as
virus and B-amyloid (AB), to produce iNOS and pro-inflammatory
factors which can induce neuron death [19]. In the present study, we
used LPS plus IFNY to activate mouse N9 microglia. LPS is a constituent
of the outer membrane of gram-negative bacteria and has been used
widely to induce experimental inflammatory reactions [20]. IFNy can
be used to enhance these effects of LPS [21]. The combination of the
two agents is powerful to activate microglia into M1 state [22].

In the CNS, unlike other cells, microglial cells are the primary
responding cells against pathogen infection [23]. Like macro-
phage, microglia polarize to M1 state by stimulation with LPS plus
IFNy and produce reactive oxygen species (ROS) and pro-
inflammatory factors, such as TNF-a, IL-16, IL-6 [23]. In contrast,
several studies showed that IL-4 and IL-13 can up-regulate the
expressions of Arg-1, Ym1, and CD36 in activated microglia and
decrease the level of TNF-a in the CNS of mice [24]. So, IL-4 and
IL-13 can induce microglia to polarize to M2 state, which express
M2 markers, anti-inflammatory and neurotrophic factors, such as
IL-10, BDNF and GDNF [23,25]. Therefore, it is possible that
inducing the shift of microglial M1 to M2 state plays an important
role in alleviating neuroinflammation in the CNS. The mouse N9
microglial cell line used in this study, like primary microglia, can
be polarized into M1 or M2 state and secrete the markers of
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Fig. 4. The anti-inflammatory effects of AM1241 pretreatment were significantly abolished by PKC inhibitor in N9 microglia. The mouse N9 microglial cells were pretreated with or
without 5 tM AM1241 in the presence or absence of 10 uM chelerythrine, a PKC inhibitor. They were then exposed to 10 ng/ml LPS plus 10 U/ml IFNy for 24 h at 1 h after AM1241
pretreatment. (A) The expression of iNOS was analyzed by Western blot analysis (n = 6). The levels of TNF-¢. (B), IL-18 (C) and IL-10 (D) in the supernatants were measured by ELISA

assay (n = 8). Data are means + SD. *: P < 0.05; n.s.: no significance.

microglial M1 and M2 states, such as iNOS, TNF-a, IL-1p and Arg-
1, in the presence of stimulus [26,27]. Thus, we used N9 microglia
to study microglial M1 and M2 states in this investigation.

It is well known that CB2 receptor activation can produce anti-
inflammatory effects [28]. Especially, activation of CB2 receptor
during neuroinflammation diminishes the production of NO and
TNF-o. in primary microglia [29,30]. In this study, CB2 agonist
AM1241 pretreatment attenuated the expression of M1 marker
iNOS and the levels of pro-inflammatory factors including TNF-a,
IL-1B and IL-6; increased the expression of M2 marker Arg-1 and
the levels of anti-inflammatory and neurotrophic factors including
IL-10, BDNF and GDNF in N9 microglia exposed to LPS plus IFNy.
The benefits of AM1241 were significantly reversed in the presence
of CB2 receptor antagonist AM630. In addition, several studies have
showed that various isoforms of PKC could be activated in microglia
by LPS, AP or INFy [31—33], and some researchers found that
inhalable anesthetic isofurane-induced anti-inflammation in
microglia and macrophages was mediated by PKC [13,34]. More-
over, we have ever reported that epsilon PKC mediated
electroacupuncture-induced neuroprotection by activating canna-
binoid CB1 receptor [14]. Therefore, we inferred that PKC may
participate in the CB2 agonist AM1241-induced anti-inflammation.

In the present study, we found that the benefits of AM1241 pre-
treatment were partially reversed by chelerythrine, a PKC inhibitor,
indicating PKC may be involved in the AM1241-induced anti-
inflammation in N9 microglial cells.

In this study, we found that CB2 agonist pretreatment attenu-
ated microglial activation by shifting microglial M1 to M2 state, and
induced anti-inflammatory and neurotrophic effects. Our investi-
gation suggests that CB2 receptor in microglia may be a potential
novel target for the treatment of neuroinflammatory disorders.

In summary, this study has shown that CB2 agonist AM1241
pretreatment inhibits microglial activation by inducing the shift of
M1 to M2 state in the presence of LPS plus IFNy, and the AM1241
pretreatment-induced benefits may be mediated by PKC.
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