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Endocannabinoids are involved in synaptic signaling and neu-
ronal protection; however, our understanding of the mecha-
nisms by which endocannabinoids protect neurons from harm-
ful insults remains elusive. 2-Arachidonoylglycerol (2-AG), the
most abundant endogenous cannabinoid and a full agonist for
cannabinoid receptors (CB; and CB,), is a substrate for
cyclooxygenase-2 (COX-2) and can be metabolized by COX-2.
Here we show, however, that 2-AG is also capable of suppressing
elevation of hippocampal COX-2 expression in response to
proinflammatory and excitotoxic stimuli. 2-AG prevents neuro-
degeneration from toxic assaults that elevate COX-2 expression
and inhibits the COX-2 elevation-enhanced excitatory glutama-
tergic synaptic transmission. The action of 2-AG on suppression
of COX-2 appeared to be mediated via the pertussis toxin-sen-
sitive G protein-coupled CB, receptor and MAPK/NF-kB sig-
naling pathways. Our results reveal that 2-AG functions as an
endogenous COX-2 inhibitor protecting neurons from harmful
insults by preventing excessive expression of COX-2, which pro-
vides a mechanistic basis for opening up new therapeutic
approaches for protecting neurons from inflammation- and
excitotoxicity-induced neurodegeneration.

Endocannabinoids (eCBs)? are endogenous lipid mediators
capable of binding to and functionally activating cannabinoid
receptors (CB; and CB,) to modulate synaptic function and
produce neuroprotection (1-10). Although the role of eCBs in
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synaptic signaling has been investigated extensively, the mech-
anisms underlying the neuroprotection of eCBs are largely
unknown (2, 3). Arachidonoylethanolamide (AEA or anandam-
ide) and 2-arachidonoylglycerol (2-AG), the two most studied
eCBs, have been demonstrated to be involved in a variety of
physiological and pathological processes (1, 4—6, 11). Despite
their similar chemical structure, however, the production and
degradation of 2-AG and AEA are through different pathways
(1,4-6, 11, 12). 2-AG is produced mainly from diacylglycerol
by diacylglycerol lipase and hydrolyzed to arachidonic acid
(AA) by monoacylglycerol lipase (MGL), whereas AEA is
largely synthesized from N-arachidonoylphosphatidylethanol-
amine by phospholipase D and degraded to AA by fatty-acid
amide hydrolase (FAAH). Moreover, stimulation of glutamate
release from Schaffer collaterals in rat hippocampal slices
elevates levels of 2-AG but not AEA (13). Both 2-AG and AEA
are substrates for cyclooxygenase-2 (COX-2), an inducible
enzyme converting AA to classic prostaglandins, and are oxy-
genated by COX-2 to form new types of prostaglandins: pros-
taglandin glycerol esters and prostaglandin ethanolamides
(14-18). However, there are differences in COX-2 oxidative
metabolism of 2-AG and AEA. For instance, COX-2 efficiently
metabolizes 2-AG to prostaglandin glycerol esters as it converts
AA to classic prostaglandins, whereas the reaction of COX-2
metabolism of AEA to produce prostaglandin ethanolamides is
relatively slow (14, 16). Importantly, AEA is a partial CB, and a
weak CB, agonist, as well as an agonist for the vanilloid receptor
(19 -23), whereas 2-AG has been demonstrated to be the most
abundantly endogenous ligand and a full agonist for both CB;
and CB, receptors (1, 11, 23, 24). Increasing evidence shows
that 2-AG, but not AEA, is likely a signaling molecule in medi-
ating CB;-dependent depolarization-induced suppression of
inhibition or depolarization-induced suppression of excitation
(4, 23, 25-30). Also, enzymes that synthesize 2-AG are present
in postsynaptic dendritic spines, providing direct evidence that
2-AG is synthesized in postsynaptic sites and acts on presynap-
tic CB, receptors (31, 32).

Accumulated information suggests that anti-inflammatory
effects of eCBs are important properties for eCB-mediated neu-
roprotection (2—4, 8, 33). Recent evidence indicates that 2-AG
protects neurons via a CB; receptor-dependent inhibition of
proinflammatory cytokines and NF-«B (34, 35). This means
that inflammatory signaling pathways may be involved in the
2-AG-produced neuroprotection, but direct evidence is still
lacking. COX-2 is a key player in neuroinflammation, which has
been implicated in the pathogeneses of neurodegenerative dis-
eases (e.g. multiple sclerosis, Parkinson and Alzheimer dis-
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eases), and the contribution to the traumatic brain injury- and
ischemia-induced neuronal damage (36 —42). We hypothesized
that the neuroprotective effect of 2-AG may be associated with
its suppression of the COX-2 expression in neuroinflamma-
tion. We have demonstrated here that 2-AG is capable of sup-
pressing elevation of COX-2 expression in response to proin-
flammatory and excitotoxic stimuli. The action of 2-AG on
COX-2 suppression is mediated via the pertussis toxin (PTX)-
sensitive G protein-coupled CB, receptor and MAPK/NF-«B
signaling pathways. Our findings provide a mechanistic basis
for opening up new therapeutic approaches of treating, amelio-
rating, or preventing neurodegenerative diseases resulting from
excessive activation of COX-2.

EXPERIMENTAL PROCEDURES

Animals—C57BL6 mice (Charles River), cnrl™/* and
cnrl~/~ (NIMH transgenic core) weighing 20 -25 g were used
according to the guidelines approved by the Institutional Ani-
mal Care and Use Committee of the Louisiana State University
Health Sciences Center. Mice were intraperitoneally injected
with vehicle, lipopolysaccharide (LPS), kainic acid (KA), 2-AG,
URB597, SR141716 (SR-1), and SR144528 (SR-2).

Cell Culture—Primary hippocampal neurons were cultured
as described previously (43, 44). To test whether astroglial cells
are involved in 2-AG-mediated suppression of COX-2, we also
made different cultures in which the extent of neurons and
astroglial cells, controlled by different treatments, was esti-
mated by using immunostaining with NeuN, a neuronal
marker, glial fibrillary acidic protein (GFAP), an astrocytic
marker, and OX-42, a microglial marker, in conjunction with
staining with 4’,6-diamidino-2-phenylindole (43).

Primary hippocampal neurons from rat embryos (E18) were
cultured as described previously (43, 44). After suffocation with
carbon dioxide, unconscious animals were decapitated.
Embryos were taken out after 75% ethanol was sprayed on the
abdominal region of the dam. The hippocampus was dissected
out under microscope and triturated in serum-free culture
medium after meninges were removed. Tissue was incubated in
oxygenated trypsin for 10 min at 37 °C and then mechanically
triturated. Cells were spun down and resuspended in neuro-
basal/B27 medium (Invitrogen) supplemented with 0.5 mm
L-glutamine, penicillin/streptomycin, and 25 um glutamate.
Cells (1 X 10°) were loaded into poly-p-lysine-coated 35-mm
culture dishes for electrophysiological recordings and into
6-well plates for real-time PCR analysis. Cells (4 X 10*) were
plated on poly-p-lysine-coated glass coverslips for immunocy-
tochemistry. Medium was replaced every 3 days with the same
medium without glutamate until use. The extent of astroglial
cells in the culture was ~2-5% at 10 days in vitro (DIV). For
electrophysiological recordings, hippocampal neurons were
cultured from mouse PO as described previously (43). To obtain
relatively pure hippocampal neurons for terminal transferase
dUTP nick end labeling (TUNEL) staining, the proliferation of
astroglial cells was inhibited by treatment of cultures with 5-10
uM cytosine arabinoside. Treatment with AraC led to a reduc-
tion of astroglial cells in culture to ~1% (43). Cultures were
used between 10 and 21 DIV.
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Mixed hippocampal neurons and astroglial cells were cul-
tured from rat P1 pups. The procedure for culturing mixed
hippocampal neurons and astroglial cells was similar to that
described above for primary hippocampal neurons except that
minimum essential medium (MEM) were used during dissec-
tion of hippocampal tissue, and the MEM containing 5% fetal-
bovine serum was used in cell resuspension and plated for the
first 3 days. Then the MEM containing 5% fetal bovine serum
was replaced with serum-free neurobasal medium/B27 until
the culture was used. The extent of astroglial cells in the culture
was estimated to be between 10 and 15% at 10 DIV.

Astroglial cell-enriched primary cultures were prepared using
cells from rat P4-P5 pups. Pups were rapidly decapitated, and cer-
ebral hemispheres were immediately dissected out and cleaned of
meninges. The tissue were incubated in oxygenated trypsin for 10
min at 37 °C and then mechanically triturated in MEM contain-
ing 10% fetal bovine serum. The medium was modified with
extra substances to produce a final composition of 7.5 mm glu-
cose, double concentrations of amino acids, quadruple concen-
trations of vitamins, double concentrations of NaHCO;, 2 mm
L-glutamine, penicillin (250,000 IU/liter), and 0.5% streptomy-
cin. Cells were grown on 35-mm plastic Petri dishes. The
medium were changed after 3 days of culturing and thereafter
three times a week. The cultures were grown at 37 °C in a
humidified atmosphere of 5% CO, until use. The extent of
astroglial cells in the culture was estimated at >95%.

Microglial cell-enriched cultures were prepared by shaking
primary astroglial culture wells. The weakly adherent micro-
glial cells on top of the astrocytic monolayer were detached.
These cells were then transferred to new Petri dishes where
they were cultured in MEM. The microglial cultures were used
24 h after reseeding.

Immunocytochemistry—Immunostaining was performed in
primary cultures of hippocampal neurons and astroglial cells.
The cells were rinsed with PBS after removal of the culture
medium and fixed with prewarmed (37 °C) 4% paraformalde-
hyde, 4% sucrose in 0.1 M phosphate buffer (pH 7.2) at room
temperature. Then the cells were washed four times with ice-
cold PBS and incubated with blocking buffer (1% BSA and 10%
normal goat serum) in PBS at room temperature for 1 h. Pri-
mary antibodies at different dilutions (in PBS containing 1%
BSA) were applied overnight at 4 °C. Rabbit anti-COX-2 and
CB; (1:200) was purchased from Cayman Chemical (Ann
Arbor, MI). NeuN, GFAP, and OX-42 were purchased from
Chemicon (Temecula, CA). After four 10-min washes with PBS
containing 1% BSA, species-specific and highly cross-adsorbed
secondary antibodies coupled to Alexa 488 and CY3 (Molecular
Probes), diluted 1/1000 in PBS containing 1% BSA, were
applied for 1 h at room temperature. Cells were washed four
times, 10 min each, with PBS containing 1% BSA and rinsed
with PBS. Images were taken by a deconvolution microscope
using Slidebook 4.0 software.

RNA Isolation and DNase Treatment—Total RNA was pre-
pared from harvested tissue or cells with the RNeasy mini kit
(Qiagen) and treated with RNase-free DNase (Qiagen) accord-
ing to the manufacturer’s instructions. The RNA concentration
was measured by spectrophotometer (DU 640; Beckman). RNA
integrity was verified by electrophoresis in a 1% agarose gel.
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Reverse Transcription and Real-time Reverse Transcription-
PCR—The iScript cDNA synthesis kit (Bio-Rad) was used for
the reverse transcription reaction. We used 1 ug of total RNA
with 4 ul of 5X iScript reaction mix and 1 ul of iScript reverse
transcriptase. The total volume was 20 ul. Samples were incu-
bated for 5 min at 25 °C. All samples were then heated to 42 °C
for 30 min, and reactions were stopped by heating to 85 °C for 5
min. Specific primers for COX-1, COX-2, CB;, and glyceralde-
hyde-3-phosphate dehydrogenase were selected using Beacon
Designer software (Bio-Rad) and synthesized by Integrated
DNA Technologies (Coralville, IA). The primers are (listed by
name, forward primer, reverse primer (amplicon size), and
GenBank™ number): COX-1, 5 -AGAAGGAGATGGCTGC-
TGAG-3',5'-CACACGGAAGGAAACATAGGG-3' (296 bp),
BC005573; COX-2, 5-AAGCGAGGACCTGGGTTCAC-3,
5-ACACCTCTCCACCAATGACCTG-3 (142 bp), BC052900;
CB,, 5'-TGCTGGTGCTATGTGTCATCC-3’, 5'-GCTGT-
GAAGGAGGCGGTAAC-3’ (202 bp), BC079564; GAPDH,
5-ACCACAGTCCATGCCATCAC-3, 5-ACCTTGCCCAC-
AGCCTTG-3 (134 bp), M32599. The PCR amplification of
each product was further assessed using 10-fold dilutions of
mouse brain cDNA library as a template and found to be
linear over 5 orders of magnitude and at more than 95%
efficiency. All the PCR products were verified by sequencing,
and detailed procedures and calculation were described pre-
viously (43, 44).

Immunoblot—Hippocampal tissues or hippocampal neurons
and astroglial cells in cultures were extracted and immediately
homogenized in a one-to-one volume of modified radioim-
mune precipitation assay lysis buffer consisting of a number of
protease inhibitors. Supernatants were fractionated on 10%
SDS-polyacrylamide gels (Bio-Rad) and transferred onto poly-
vinylidene difluoride membranes (Bio-Rad). The membrane
was incubated with rabbit caspase-3 and cleaved caspase-3, p38
and phospho-p38 MAPK, p44/42 and phospho-p44/42 MAPK,
NE-kB65 and phospho-NF-«B, Akt and phosphor-Akt anti-
bodies (1:1,000, Cell Signaling, Danvers, MA), COX-1 and
COX-2 polyclonal antibodies (dilution of 1:1000, Cayman, Ann
Arbor, MI), and CB; antibody (1:1000, Calbiochem) at 4-°C
overnight. The blot was washed and incubated with a secondary
antibody (goat anti-rabbit 1:10000, Vector Laboratories, Burl-
ingame, CA) at room temperature for 1 h. Proteins were visu-
alized by enhanced chemiluminescence (ECL, Amersham Bio-
sciences). The densities of specific bands were quantified by
densitometry using FUJIFILM MultiGauge software (version
3.0). Band densities were normalized to the total amount of
protein loaded in each well as determined by mouse anti-3-
actin (1:4000, Sigma).

Cytotoxicity Assays—Neurotoxicity assays were performed
as described previously (44). Briefly, glutamate or IL-183 was
applied as the cytotoxic treatment. Control cultures were incu-
bated with Locke’s solution alone for the specified time. For
Hoechst staining, cells were fixed with cold methanol (stored at
—20°C) at room temperature for 10 min. After three washes
with PBS, Hoechst 33258 in PBS was added to fixed cells for 30
min at room temperature. Stained condensed chromatin
appeared small and bright blue, whereas stained normal nuclei
were large and light blue. The proportion of nuclei with con-
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densed chromatin was calculated to reflect the level of injury.
For TUNEL analysis, we used the DeadEnd™ fluorometric
TUNEL system kit (Promega, Madison, WI). The TUNEL-
stained cultures also stained with 4',6-diamidino-2-phenylin-
dole were imaged using a Zeiss inverted deconvolution micro-
scope with Slidebook 4.1 software. The activation of caspase-3
was assayed using the immunoblot technique to detect the
cleaved caspase-3.

PGE, Assay—Mixed hippocampal neurons and astroglial
cells in culture were treated with LPS (1 ug/ml) for 24 h in the
absence and presence of 2-AG or 2-AG plus SR-1. The levels of
PGE, were measured using a PGE, enzyme immunoassay kit
(Cayman Chemical) according to the procedure described by
the manufacturer.

Data Analysis—Data are presented as means * S.E. Unless
stated otherwise, Student’s ¢ test and ANOVA with Fisher’s
PLSD test were used for statistical comparison when appropri-
ate. Differences were considered significant when p was <0.05.

RESULTS

2-AG Prevents Excessive COX-2 Expression in Response to
Proinflammatory Stimulus—To determine whether 2-AG is
capable of suppressing elevation of COX-2 expression in
response to a proinflammatory stimulus, we first determined
the expression of COX-2 in hippocampal tissue from mice
injected with LPS, a commonly used COX-2 inducer. As shown
in Fig. 1a, hippocampal COX-2, but not COX-1, expression was
robustly elevated at the level of protein in animals that received
LPS for 4 h using the immunoblot analysis. Although 2-AG did
not produce a detectable change in basal expression of COX-2
protein in the hippocampus (supplemental Fig. 1), it signifi-
cantly induced a dose-dependent attenuation of the LPS-in-
duced elevation of COX-2 (Fig. 1a, p < 0.001, n = 6, one-way
ANOVA, Fisher’s PLSD). The suppression of 2-AG on COX-2
expression was further confirmed at the level of mRNA using
quantitative real-time PCR analysis in a mixed culture of hip-
pocampal neurons and astroglial cells (the extent of astroglial
cells in the culture was estimated to be between 10 and 15% at
10 DIV; Fig. 1b). 2-AG inhibited LPS-induced elevation of
COX-2 mRNA (p < 0.001, n = 3, one-way ANOVA). These
data indicate that 2-AG acts as a COX-2 inhibitor preventing
excessive elevation of COX-2 expression in response to the
proinflammatory stimulus.

2-AG Limits Excessive Expression of COX-2 in Response to
Excitotoxic Stimulus—Excitotoxicity-induced neuronal injury/
death has been shown to be closely associated with increased
COX-2 expression and activity (45—47). To determine whether
2-AG is also capable of suppressing COX-2 expression in
response to an excitotoxic assault, mice were injected intrap-
eritoneally with KA (10 mg/kg) without or with 2-AG (3
mg/kg). As shown in Fig. 2a, KA significantly elevated hip-
pocampal COX-2 expression. This elevation was suppressed in
the presence of 2-AG, suggesting that 2-AQG is capable of pre-
venting COX-2 elevation from excitotoxicity.

2-AG-induced Suppression of COX-2 Is Mediated via the CB,
Receptor—Several lines of evidence show that 2-AG is a full
agonist for CB; and CB, receptors (1, 4—6, 11). We therefore
decided to determine whether the 2-AG suppression of COX-2
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FIGURE 1. 2-AG suppresses LPS-induced elevation of COX-2 expression.
al,immunoblotanalysis of COX-1and COX-2 expression in mouse hippocam-
pus. 2-AG was injected intraperitoneally 30 min before intraperitoneal injec-
tion of LPS, and COX proteins were analyzed 4 h after LPS injection. a2, quan-
tifications of COX-1 and COX-2 expression. 2-AG induces a dose-dependent
reduction of COX-2 elevation in response to LPS injection (n = 6). b, real-time
PCR analysis of COX-2 expression in mixed culture of hippocampal neurons
and astroglial cells (n = 3). The culture was treated with LPS, and mRNA was
assayed 12 h after LPS treatment. Results are from three independent cultures
with duplicate wells. *, p < 0.05, and **, p < 0.01 compared with vehicle
controls; ##, p < 0.01 compared with LPS.

elevation is mediated via CB,, which is expressed mainly in the
brain (1, 4—6). As shown in Fig. 2, a—c, SR-1, a selective CB,
antagonist (provided by NIMH Chemical Synthesis and Drug
Supply Program), blocked the 2-AG-produced suppression of
COX-2 at the levels of protein and mRNA in response to an
injection of KA or LPS (p < 0.001; one-way ANOVA), suggest-
ing that the CB,; receptor mediates 2-AG suppression of
COX-2. Injection of SR-1 alone did not alter basal COX-2
expression (supplemental Fig. 2). We noticed that the CB,
expression levels at protein and mRNA were not significantly
changed in animals treated with LPS or 2-AG. However, 2-AG
still suppressed the LPS-elevated COX-2 expression. This is
probably because the CB, receptor is expressed abundantly in
the brain (the whole-brain CB, density is similar to whole-brain
densities of receptors for glutamate and y-aminobutyric acid
11) and because the capacity of the expressed CB, receptors is
likely sufficient to exert their signaling function even if there are
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no significant changes in their expression levels. To further
confirm that the CB, receptor mediates the 2-AG suppression
of COX-2, we examined the effect of 2-AG on COX-2 expres-
sion in CB, knock-out mice (provided by NIMH Transgenic
Core) that received LPS (3 mg/kg). As shown in Fig. 2d, the
LPS-induced elevation of COX-2 in the hippocampus was
attenuated by administration of 2-AG in CB; wild type ani-
mals (cnrl™’*) but not in CB, knock-out mice (cnrl~'").
This information suggests that the 2-AG suppression of
COX-2 elevation is mediated via the CB, receptor.

It was thought that the CB, receptor is present mainly in the
immune system. Recent evidence shows that the CB, receptor
is also present in the brain (astroglial cells and brain stem neu-
rons) (48-52). To determine whether the CB, receptor is
involved in 2-AG-produced suppression of COX-2, we used
SR-2, a selective CB, antagonist (provided by NIMH Chemical
Synthesis and Drug Supply Program). As seen in Fig. 2e, 2-AG
significantly suppressed COX-2 elevation induced by LPS in
mixed culture of hippocampal neurons and astroglial cells. This
suppression was prevented by SR-1 but not by SR-2. These
results provide evidence that 2-AG suppression of COX-2 is
mediated mainly via the CB; receptor. This was further con-
firmed in hippocampal tissue from the animals that received
LPS, 2-AG, and SR-2. Inhibition of the CB, receptor failed to
block the 2-AG-produced suppression of COX-2 (Fig. 3¢).

CB, receptor -mediated action of 2-AG in suppressing
COX-2 elevation in neuroinflammation was further assessed by
detecting PGE,, a major COX-2 reaction product. Application
of LPS elevated the PGE, level in a mixed culture of hippocam-
pal neurons and astroglial cells. LPS-induced elevation PGE,
was significantly reduced in the presence of 2-AG; this reduc-
tion was reversed by SR-1 (supplemental Fig. 3, p < 0.001; one-
way ANOVA). These data provide clear evidence that 2-AG is
capable of suppressing COX-2 elevation in neuroinflammation,
which is mediated via the CB, receptor.

Endogenous 2-AG Is Capable of Preventing COX-2 Elevation—
As 2-AG was exogenously administrated in the experiments
described above, we then sought to determine whether endog-
enous 2-AG was also able to suppress the LPS-induced eleva-
tion of COX-2. Monoacylglycerol lipase is the enzyme respon-
sible for hydrolysis of 2-AG, and thus an inhibition of MGL
would raise the levels of 2-AG. To this end, we used a relatively
selective MGL inhibitor, URB602, and a nonselective MGL
inhibitor, arachidonyl trifluoromethyl ketone (ATFMK), which
have been shown to inhibit 2-AG hydrolysis, increase 2-AG
levels, and enhance retrograde signaling (26, 30, 53-56). As
seen in Fig. 34, administration of URB602 or ATFMK signifi-
cantly reduced the LPS-induced elevation of COX-2 in hip-
pocampal slices (p < 0.001, n = 3, one-way ANOVA). The
MGL inhibitor-produced suppression of COX-2 elevation was
also determined in a mixed culture of neurons and astroglial
cells. As shown in Fig. 35, URB602 and ATFMK significantly
decreased the LPS-induced elevation of COX-2; this decrease
was blocked by the CB, antagonist SR-1. This means that an
increase in endogenous 2-AG level, either by inhibiting hydrol-
ysis of 2-AG or by exogenously supplying 2-AG, is able to pre-
vent COX-2 elevation in neuroinflammation. As ATFMK has
been shown to inhibit both MGL and FAAH (53), we decided to
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FIGURE 2. CB, mediates 2-AG suppression of COX-2 elevation in response to inflammatory and excito-
toxic stimuli. a7, immunoblot analysis of COX-2 expression in hippocampus from mice treated with vehicle,
KA, KA + 2-AG, and KA + 2-AG + SR-1. COX-2 protein was detected 4 h after injections. a2, quantifications of
COX-2 expressions under different treatments (n = 3). b, quantitative real-time PCR analysis of COX-1, COX-2,
and CB, expression in hippocampal tissue from mice treated with vehicle, LPS, LPS + 2-AG, and LPS + 2-AG +
SR-1 (n = 4). c1, immunoblot analysis of COX-1, COX-2, and CB, in the hippocampus from mice treated with
vehicle, LPS, LPS + 2-AG, and LPS + 2-AG + SR-1. ¢2, quantifications of protein expressions under different
treatments (n = 4). d1, 2-AG failed to suppress COX-2 elevation in response to LPS injection in CB, knock-out
(cnr1~’7) mice. Immunoblot analysis is shown of COX-2 expression in the hippocampus from animals that
received vehicle, LPS, or LPS + 2-AG. d2, quantifications of COX-2 protein expressions in CB, knock-out (KO)
and wild type (WT) animals (n = 4). e1, CB,, but not CB,, mediates 2-AG suppression of COX-2. Inmunoblot
analysis is shown of COX-2 expression in a mixed culture of neurons and astroglial cells. e2, quantifications of
COX-2 under different conditions (n = 3). **, p < 0.01 compared with vehicle controls; ##, p < 0.01 compared
with LPS or KA.

elevation in response to proinflam-
matory and excitotoxic stimuli. To
determine whether exogenous can-
nabinoids are also capable of inhib-
iting COX-2 in neuroinflammation,
we detected hippocampal COX-2
expression in mice that received
LPS and WIN55,212-2 (WIN) or
CP55,940 (CP), synthetic cannabi-
noid receptor agonists. As shown in
Fig. 4a, the cannabinoids WIN or
CP failed to suppress LPS-induced
elevation of COX-2. To confirm the
capability of 2-AG in suppressing
COX-2,we used 2-arachidonyl glyc-
erol ether, a less potent analogue of
2-AG, on LPS-elevated COX-2
expression. We found that 2-arachi-
donyl glycerol ether significantly
reduced the LPS-elevated hip-
pocampal COX-2 but that a higher
dosage was required for the sup-
pression (Fig. 4b). Because 2-AG is
easily hydrolyzed by MGL to AA, it
is possible that the 2-AG-produced
suppression of COX-2 may result
from the action of AA. To test this
possibility, we treated animals with
AA (50 mg/kg, intraperitoneally). It
appears that AA did not signifi-
cantly inhibit LPS-induced COX-2
elevation (Fig. 4b). To explore pos-
sible mechanisms underlying differ-
ences in suppression of COX-2
between exogenous and endoge-
nous cannabinoids, we detected
mRNA of the CB, in a mixed culture
of astroglial cells and hippocampal
neurons in the presence of 2-AG,
WIN, or CP. As shown in supple-
mental Fig. 4, WIN and CP induced
a down-regulation of the CB,
mRNA, whereas 2-AG did not
induce a detectable change in the
CB;, mRNA. It is likely that WIN-
and CP-induced down-regulation of
the CB1 may be an important mech-
anism contributing, at least in part,

use URB597, a selective FAAH inhibitor, to see whether inhib-
iting FAAH would prevent the LPS elevation of COX-2. It
appeared that administration of URB597 failed to suppress
LPS-elevated hippocampal COX-2 expression (Fig. 3¢), sug-
gesting that the ATFMK-induced reduction of COX-2 expres-
sion was a result of its inhibition of MGL activity in turn result-
ing in an elevated level of 2-AG.

Exogenous Cannabinoids Fail to Prevent LPS Elevation of
COX-2—The results presented above clearly show that 2-AG as
an endogenous cannabinoid is capable of preventing COX-2
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to their failure of suppressing COX-2. This information indi-
cates that the molecular mechanisms of 2-AG in suppressing
COX-2 elevation in response to LPS insult are different from
those of exogenous cannabinoids.

Neurons and Astroglial Cells Are Involved in the 2-AG Sup-
pression of COX-2—Because COX-2 is expressed in both neu-
rons and astroglial cells (Fig. 5, al-a3), we decided to deter-
mine the involvement of neurons and astroglial cells in the
2-AG-mediated suppression of COX-2 induction stimulated by
proinflammatory factors. We measured the expression levels of

JOURNAL OF BIOLOGICAL CHEMISTRY 22605


http://www.jbc.org/cgi/content/full/M800524200/DC1
http://www.jbc.org/cgi/content/full/M800524200/DC1

2-AG-suppressing COX-2 Expression

[ Vehicl
al a2 = B e -LPsI °
v — B [7Z7] LPS+URB
COX-2 | o s S————— 5 4 Ewsmrmx
| ——— i — e = gl
B-Actin G
0D, £
LPS (3 pug/ml) - + + - © 9 7
URB602 (100 yM) - g % . g1 = % ﬂ
ATFMK (30 pM) - : ) 2 g, [ __
b1 b2 Et’ggbcle
. — 10 EZZLPs+URBE02
COX-2 m %‘ [ L PS+URB+SR-1
S B{LpPstaTRMKrSRA
B-Actin | SEEGEGSG———— o o = &
= — = x £
o9 ] i
LPS (2 pg/ml) - + + o+ o+ o+ e 9
ATFMK (10 pM) - -  + + - - Z g
URB602 (20 yM) - - - - +  + = n
SR-1(3pM) - - - + - 4 X o _
c1 c2 E::;icle
EZZ LPS+2-AG
COX—2|—| £ _EmLroronsaor,.
B-Actin | R - |
LPS (3 mg/kg) - + + + + : =
2-AG (3 mg/kg) - - + + - 8 ‘:iu)a 201
SR-2 (3 mg/kg) - - - + - 2 4ol "
URBS597 (1 mg/kg) - = 2 = + g % =
£ ol

FIGURE 3. Endogenous 2-AG suppresses COX-2 elevation. a7, MGL inhibitors URB602 and ATFMK prevent
LPS-induced elevation of COX-2 in hippocampal slices. Hippocampal slices were treated with LPS in the
absence and presence of URB602 or ATFMK. COX-2 expression was detected 6 h after treatments. a2, quanti-
fications of COX-2 in slices treated with LPS in the absence and presence of MGL inhibitors (n = 4). b1, MGL
inhibitors reduce COX-2 expression in response to LPS in mixed culture of hippocampal neurons and astroglial
cells.COX-2 protein was analyzed 24 h after treatments. b2, quantifications of COX-2 in the culture treated with
LPS in the absence and presence of MGL inhibitors or SR-1 (n = 3). c1, FAAH inhibitor or CB2R antagonist does
not prevent 2-AG-produced suppression of COX-2 elevation in hippocampal tissue. Mice were injected intra-
peritoneally with LPS, LPS + 2-AG, LPS + 2-AG + SR144528 (SR-2), and LPS + URB597. COX-2 was determined
4 h after injections. c2, quantifications of COX-2 in the hippocampal tissue from animals that received different
treatments (n = 3). **, p < 0.01 compared with vehicle controls; ##, p < 0.01 compared with LPS.
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FIGURE 4. Cannabinoids WIN55,212-2 and CP55,940 fail to prevent LPS-induced elevation of hippocam-
pal COX-2. a7, immunoblot analysis of COX-2 expression in hippocampi from mice treated with vehicle, LPS,
LPS + WIN, or LPS + CP.WIN and CP were injected 30 min before LPS injection. COX-2 protein was detected 4 h
after the injections. a2, quantifications of COX-2 expressions under different treatments (n = 3). **, p < 0.01
compared with vehicle controls. b1, immunoblot analysis of COX-2 expression in hippocampi from mice
treated with vehicle, LPS, LPS + 2-arachidonyl glycerol ether (2-AGE), or LPS + AA. 2-Arachidonyl glycerol ether
and AA were injected 30 min before LPS injection. COX-2 protein was detected 4 h after injections. b2, quan-
tifications of COX-2 expressions under different treatments (n = 3).**,p < 0.01 compared with vehicle controls;
##, p < 0.01 compared with LPS.
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COX-2 in primary cultures with rel-
atively pure hippocampal neurons, a
mixed culture of hippocampal neu-
rons and astroglial cells, and an
astroglial cell-enriched culture. The
extent of astroglial cells in the cul-
ture was estimated by staining with
NeuN, a neuronal marker, GFAP, an
astrocytic marker, and OX-42, a
microglial marker, in conjunction
with 4’,6-diamidino-2-phenylin-
dole staining as described previ-
ously (43, 44). We found that 2-AG
reduced IL-1B3- or LPS-induced
increase in COX-2 mRNA in differ-
ent cultures (Fig. 5, c—e). Similarly,
the 2-AG suppression of COX-2
was blocked by SR-1, indicating that
the CB; receptor mediates the 2-AG
suppression of COX-2 in both neu-
rons and astroglial cells. We
detected that the CB; receptor is
expressed in neurons and astroglial
cells (Fig. 5, bI-b3), which is con-
sistent with reports by others (8, 12,
33, 57, 58). These results suggest
that both hippocampal neurons
and astroglial cells are involved in
the 2-AG suppression of COX-2
elevation in response to proin-
flammatory stimuli and that the
CB, receptor mediates this sup-
pression process.

Signaling Pathways Involved in the
2-AG Suppression of COX-2—To
examine possible signal transduc-
tion mechanisms underlying the
2-AG suppression of COX-2 eleva-
tion in response to a proinflamma-
tory and excitotoxic stimuli, we
probed the phosphorylation status
of p38 MAPK and NF-«B in hip-
pocampal tissue from mice that had
received LPS, 2-AG, and SR-1. As
indicated in Fig. 6, 4 and b, 2-AG
attenuated the LPS-induced phos-
phorylation of p38 MAPK and
NE-kB. 2-AG-Induced attenuation
of the phosphorylation of p38
MAPK and NF-«kB was blocked by
SR-1. This information indicates
that the 2-AG-induced suppression
of COX-2 elevation in neuroinflam-
mation is likely mediated via the
CB, receptor and p38 MAPK/
NE-kB signaling pathways. How-
ever, p38 MAPK and NF-«B were
not significantly phosphorylated in
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FIGURE 5. Neurons and astroglial cells are involved in the 2-AG-produced suppression of COX-2. al-a3,
COX-2 is expressed in neurons and astroglial cells. Shown is COX-2 immunostaining with NeuN (neuronal
marker), GFAP (astrocytic marker), and OX-42 (microglial marker) in different cultures. Images were taken with
a Zeiss deconvolution microscope using Slidebook 4.0 software with magnification X40. Scales bars = 10 um.
b1-b3, CB, receptors are expressed in neurons and astroglial cells. Shown is CB; immunostaining with NeuN,
GFAP, and OX-42 in different cultures. ¢, 2-AG induces a CB,;-dependent suppression of COX-2 elevation in
response to IL-18 stimulus in relatively pure neuronal culture (astroglial cells ~1%). Neurons in culture were
treated with IL-18 (50 ng/ml), IL-18 + 2-AG (3 um), and IL-18 + 2-AG + SR-1 (3 um). COX-2 mRNA was analyzed
using real-time PCR 24 h after treatments. d, 2-AG suppresses COX-2 expression in response to LPS (1 wg/ml)
stimulus in mixed culture of hippocampal neurons and astroglial cells (astroglial cells 10~15%). The culture
was treated with LPS, LPS + 2-AG, and LPS + 2-AG + SR-1. e, 2-AG prevents excessive expression of COX-2 in
astroglial cell-enriched culture (astroglial cells >95%). Astroglial cells in culture were treated with LPS (0.5
ug/ml), LPS + 2-AG (3 um), and LPS + 2-AG +SR-1 (3 um). **, p < 0.01 compared with controls; ##, p < 0.01

compared with IL-18 or LPS.

the hippocampus from the animals injected with KA (data not
shown). To further explore other possible signaling pathways
that might be involved in COX-2 expression in inflamed tissue,
we detected phosphoinositide 3-kinases and extracellular sig-
nal-regulated kinases (ERK) in hippocampi from animals that
had received LPS, KA, 2-AG, or SR-1. Fig. 6¢ shows that LPS
significantly induced ERK phosphorylation, but not Akt, and
that 2-AG inhibits the LPS-induced phosphorylation of ERK.
Interestingly, KA induced phosphorylation of both ERK and
Akt, and 2-AG prevented KA-induced ERK and Akt phospho-
rylation (Fig. 6d). These data suggest that the downstream sig-
naling pathways that mediate LPS- and KA-elevated COX-2
expression are different. However, 2-AG still is able to suppress
the COX-2 elevation, suggesting that the CB, receptor is linked
to multiple signaling pathways.

It has been well documented that the CB, receptor is coupled
to a PTX-sensitive G;,, protein. To ascertain whether the 2-AG
suppression of COX-2 elevation is mediated via the G, we
treated mixed culture of hippocampal neurons and astroglial
cells with PTX (50 ng/ml) in the presence of LPS or LPS plus
2-AG. Fig. 7 shows that pretreatment with PTX blocked 2-AG
suppression of LPS-elevated COX-2 and phosphorylation of
p38MAP and NF-«B. These results demonstrate that the CB,
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receptor-coupled PTX-sensitive G
protein, G, mediates 2-AG-in-
duced suppression of COX-2.
2-AG Protects Neurons from
Proinflammatory and Excitotoxic
Insults—To determine the functional
consequence of 2-AG-meidated sup-
pression of COX-2 elevation in
response to proinflammatory and
excitotoxic insults, we treated hip-
pocampal neurons in culture with
IL-1P or glutamate (Glu) to induce
neurotoxicity using Hoechst and
TUNEL staining and analysis of
capase-3 activation, an apoptotic
marker. As seen in Fig. 8, 4 and b,
2-AG significantly attenuated the
numbers of TUNEL-positive neu-
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& £ 0 Glu. The blockade of the CB, recep-

o \gﬁ’n g tor with SR-1 reversed the 2-AG-
& produced reduction of injured/dead

neurons. Similarly, 2-AG reduced
LPS-induced neuronal death (sup-
plemental Fig. 5). Hoechst staining
also showed that 2-AG or NS398 (a
selective COX-2 inhibitor) reduced
Glu-induced apoptotic neurons,
and SR-1 blocked the effect of
2-AG (Fig. 8¢). In addition, 2-AG
decreased Glu-induced cleavage
of caspase-3, an effect that was
also blocked by SR-1 (Fig. 84). To
determine whether the elevation
of COX-2 contributed to the Glu-
induced excitotoxicity, we measured COX-2 expression in
hippocampal neurons in cultures treated with Glu in the
absence and presence of 2-AG and SR-1. Fig. 8e shows that
glutamate elevated COX-2 expression and that the elevation
was reduced by 2-AG. The ability of 2-AG to protect neurons
from toxic insults was also evaluated by URB602, which
inhibits hydrolysis of MGL and raises endogenous 2-AG.
The inhibition of MGL also significantly decreases Glu-in-
duced neuronal injury/death (supplemental Fig. 6). These
data clearly demonstrated that 2-AG produced a neuropro-
tective effect against inflammatory or excitotoxic insults,
and the neuroprotective effect is likely via 2-AG suppression
of COX-2 elevation.

2-AG Inhibits COX-2 Elevation-enhanced Excitatory Synap-
tic Transmission—We demonstrated previously that an eleva-
tion of COX-2 expression by LPS or IL-1 in hippocampal neu-
rons in culture enhances excitatory glutamatergic synaptic
release, and the enhancement is inhibited by a selective COX-2
inhibitor (43). If 2-AG is capable of preventing excessive
expression of COX-2, then 2-AG should inhibit COX-2 eleva-
tion-induced enhancement of glutamatergic synaptic transmis-
sion. To test this idea, we treated hippocampal neurons in cul-
ture with IL-18 or LPS in the absence and presence of 2-AG or
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FIGURE 6. ERK, MAPK, phosphoinositide 3-kinase, and NF-«B signaling path-
ways are involved in the 2-AG-induced suppression of COX-2 elevation. a7,
Western immunoblot analysis of phosphorylation of p38 MAPK in hippocampal
tissue from mice that received vehicle, LPS, LPS + 2-AG, and LPS + 2-AG + SR-1.
a2, quantifications of p38 MAPK phosphorylation. b7, immunoblot analysis of
NF-kB phosphorylation in the mouse hippocampus. b2, quantifications of NF-«B
phosphorylation (n = 3).**, p < 0.01 compared with vehicle controls; ##,p < 0.01
compared with LPS. c7, Western blot analysis of ERK1/2 and Akt phosphorylation
in hippocampal tissue from mice injected with vehicle, LPS, and LPS + 2-AG. c2
and ¢3, quantifications of ERK1/2 and Akt phosphorylation. **,p < 0.01 compared
with vehicle controls; ##, p < 0.01 compared with LPS (n = 3). d1, Western blot
analysis of ERK1/2 and Akt phosphorylation in hippocampal tissue from mice
injected with vehicle, KA, KA + 2-AG, and KA + 2-AG + SR-1. 2 and ¢3, quantifi-
cations of ERK1/2 and Akt phosphorylation. **, p < 0.01 compared with vehicle
controls; ##, p < 0.01 compared with KA (n = 3).

SR-1. As shown in Fig. 9, IL-18 or LPS enhanced the frequency
of miniature excitatory postsynaptic currents (mEPSCs). 2-AG
reduced IL-13- or LPS-induced enhancement of mEPSCs, and
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FIGURE 7. G;,, protein mediates 2-AG suppression of COX-2. g, immuno-
blot analysis of COX-2 expression and ERK1/2 and NF-kB phosphorylation in
mixed culture of hippocampal neurons and astroglial cells treated with LPS,
2-AG, and PTX. Neurons in culture were treated with PTX (50 mg/ml) for 30
min before application of 2-AG and 60 min before application of LPS. Proteins
were detected 6 h after treatments. b- d, quantifications of COX-2 expression,
p38 MAPK, and NF-kB phosphorylation. *, p < 0.05,and **,p < 0.01 compared
with vehicle controls; ##, p < 0.01 compared with LPS (n = 3).

this reduction was reversed by SR-1 (p < 0.001; one-way
ANOVA). To confirm that the LPS-induced increase in mEPSCs
was attributable to the increased expression of COX-2, LPS was
added to the culture of hippocampal neurons from COX-2
knock-out mice. It appeared that LPS failed to enhance synaptic
transmission in cultured neurons from COX-2 null mice while
significantly increasing the frequency of mEPSCs in neurons
from wild type animals (supplemental Fig. 7), suggesting that
the elevation of COX-2 augments excitatory synaptic transmis-
sion. These results provided convincing information that 2-AG
is able to suppress COX-2 elevation in neuroinflammation and
to reduce the COX-2 elevation-induced increase in excitatory
synaptic transmission. There were no significant changes in the
frequency or amplitude of mEPSCs in neurons treated with
2-AG or SR-1 alone for 12 h (supplemental Fig. 8).

DISCUSSION

Several lines of evidence show that eCBs play a variety of
physiological and pharmacological roles (1, 4 —6). In particular,
eCBs are likely an endogenous system protecting neurons from
harmful insults (2, 3, 7-10, 59, 60). However, the mechanisms
by which eCBs protect neurons from harmful insults are still
not clear. Our findings provide the first mechanistic evidence
showing that the neuroprotective effect of endocannabinoid
2-AG against inflammatory and excitotoxic assaults is associ-
ated with its capability of limiting COX-2 elevation.

Recent evidence shows that the neuroprotective effect of
2-AG against inflammation and traumatic brain injury is asso-
ciated with its reduction of cytokines, reactive oxygen species,
and PGE, (10, 34, 35, 59, 61), meaning that the action of 2-AG

VOLUME 283 +NUMBER 33+AUGUST 15, 2008


http://www.jbc.org/cgi/content/full/M800524200/DC1
http://www.jbc.org/cgi/content/full/M800524200/DC1

2-AG-suppressing COX-2 Expression

& DAPI TUNEL DAPI TUNEL ¢1 Control Glu the CB, receptor. There is a report
showing that A’-tetrahydrocannab-
inol, a major psychoactive compo-
nent in marijuana but not 2-AG,

T SIS induces CB, receptor-mediated

R
| |
| |
e

b6 c2

e 50

g & " g
@ i 40 #* e
5 z :
e c e
3 2 3
c 2 . c
o c 20 22 g
2 ° L
=] hid =}
= 5 10 5
2 5 <

Glu+2-AG+SR-1

suppression of LPS-induced COX-2
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mouse macrophage cell lines (62).
However, it has also been shown
that marijuana smoking or A®-tetra-
hydrocannabinol elevates PGE,;
this elevation could be antagonized
by nonsteroidal anti-inflammatory
drugs such as indomethacin (63—
65). The synthetic cannabinoid
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strated to elevate COX-2 expression
in murine brain-derived endothelial
cells (66). In the present study, we
observed that WIN55,212-2 and
CP55,940 failed to suppress COX-2.
2-Arachidonyl glycerol ether, an
endogenous analogue of 2-AG, is
also capable of suppressing COX-2
elevation in response to the LPS
stimulus. Therefore, there are dif-
ferences in the mediation of COX-2
induction or suppression between
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FIGURE 8. 2-AG protects hippocampal neurons from proinflammatory and excitotoxic insults. al-a5,
TUNEL images of hippocampal neurons in control (a7), IL-18 (50 ng/ml (a2)), IL-1B8 + 2-AG (1 um (a3)), IL-18 +
2-AG (5 um (a4)), and IL-18 + 2-AG (5 um) + SR-1 (5 um (a5)) for 24 h. a6, percentages of injured neurons under
different treatments (n = 10-12). b1-b5, TUNEL images of hippocampal neurons in control (b7), Glu (50 um
(b2)), Glu + NS398 (20 um (b3)), Glu + 2-AG (5 um (b4)), and Glu + 2-AG (5 um) + SR-1 (5 um (b5)) for 24 h.
b6, percentages of injured neurons under different treatments (n = 10). c7, Hoechst staining of hippocampal
neurons in control, Glu (50 um), Glu + NS398 (20 um), Glu + 2-AG (3 um), and Glu + 2-AG + SR-1 (5 um) for 24 h.
c2, percentages of apoptotic neurons under different treatments (n = 5). d, Western blot analysis of cleaved
caspase-3in control, Glu (50 um), 2-AG (1 and 5 um), and SR-1 (1 um). e, glutamate elevates COX-2 expression,
and 2-AG attenuates Glu-induced elevation of COX-2. Hippocampal neurons in culture were treated with Glu
for 24 hin the absence and presence of 2-AG and 2-AG + SR-1.**, p < 0.01, compared with control; #, p < 0.05,

and ##, p < 0.01 compared with IL-18 or glutamate.

may be related to the inhibition of COX-2. In the present study,
we have provided convincing evidence that 2-AG is capable of
suppressing COX-2 elevation in response to inflammatory and
excitotoxic insults. Importantly, COX-2 elevation could be sup-
pressed by the application of MGL inhibitors, which prevent
the hydrolyzing of endogenous 2-AG, suggesting that 2-AG
may function as an endogenous COX-2 inhibitor. 2-AG sup-
pression of COX-2 appears to be mediated via the CB, receptor,
which is expressed predominantly in the central nervous sys-
tem. This is evident by the facts that the inhibitory effect of
2-AG on COX-2 is blocked or attenuated by SR141716, a selec-
tive CB, antagonist, but not by SR 144528, a selective CB,
antagonist. This is further confirmed by experiments in which
2-AG failed to suppress COX-2 elevation in mice deficient in
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down-regulated it. The difference in
down-regulation of the CB; mRNA
between the two agonists and 2-AG
may not fully account for the dif-
ference in suppressing COX-2, but
it may, in part, explain why
WIN55212-2 and CP55940 failed
to attenuate COX-2 elevation in
response to a proinflammatory
stimulus. It is possible that regula-
tion of the CB; expression levels and different downstream
signaling pathways may contribute to cannabinoid receptor-
mediated effects (67, 68).

In the present study, we have demonstrated that the signaling
pathways mediating LPS- and KA-elevated COX-2 expression
are different. ERK, p38 MAPK, and NF-«B signal transduction
pathways are involved in the LPS-elevated COX-2 expression,
whereas ERK and phosphoinositide 3-kinase contribute to KA-
elevated COX-2. Despite differences in signaling pathways trig-
gered by LPS and KA, the phosphorylation of these signaling
pathways is attenuated by 2-AG. 2-AG suppression of COX-2 is
mediated mainly via the CB, receptor, which indicates that the
CB, receptor is connected to multiple intracellular signaling
transduction pathways. Moreover, the action of 2-AG in sup-

JOURNAL OF BIOLOGICAL CHEMISTRY 22609



2-AG-suppressing COX-2 Expression

Control IL-113 IL-13+2-AG IL-13+2-AG+SR-1
) A AL T T L M L
— T y T W—r,—w-\—mw—'-
a2 o a3 L i
E 1.0 ‘g 200 T b
= e
£ 04 —IiL-18 S 100
S o2 —— IL-1R+2-AG ¥ %
E 00! —— IL-1B+2-AG+SR = o
© oo 05 10 15
Interevent-Interval (sec
a4 fee) ab
140 i
g0 T 120 : -
v 08 Con 8 100 =
= 06 — LB = 80
4 04 I 1B42-AG 5 oo
g 02 —— IL-1R+2-AG+SR € 20
5 0.04 < ‘g
(s} 0 40 80 NSRS
Amplitude (pA) ¥ &
N ‘P‘,‘
&
b
Control LPS LPS+2-AG LPS+2-AG+SR-1
RN O v %
' iy TR}
b2 g 1.0 b3 = 200 ** i
|.§ e Son 8 160
% 04 ——Lps 212 = =
S 02 —LPS+2-AG o 80
£ 0'0 —— LPS+2-AG+SR 2 40
=1 Ll w 0
© 0o 05 10 15
Interevent-Interval (sec
b4 o ik b5
£ 10 = 120
< 08 3 100 — -
2 06 Con . 80
= 04 ——LPS £ 60
= 0.2 —— LPS+2-AG o 40
E 45 —— LPS+2-AG+SR E 20
(3 0.0 <
0 40 80 FoogB N
Amplitude (pA) RN
P
W Kk
Ki

FIGURE 9. 2-AG inhibits COX-2 elevation-induced enhancement of hip-
pocampal excitatory synaptic transmission. al, representative sweeps of
mEPSCs recorded in control, IL-13 (10 ng/ml)-, IL-18 + 2-AG (1 um)-, and IL-13 +
2-AG + SR-1 (1 um)-treated neurons. The culture was treated with IL-8 for 16 h.
2-AG or 2-AG + SR-1 was added 30 min before IL-1 application. a2, cumulative
probability of mEPSC frequency recorded in neurons with different treatments.
a3, mean percentage of change in the frequency of mEPSCs in neurons with
different treatments (n = 10 to 16). a4, cumulative probability of mEPSC ampli-
tude. a5, mean percentage of change in the amplitude of mEPSCs. Scale bar: 20
pA/2s. b1, representative sweeps of MEPSCs recorded in control, LPS (1 ug/ml)-,
LPS + 2-AG (1 um)-, and LPS + 2-AG + SR-1 (1 um)-treated neurons. The culture
was treated with LPS for 24 h. 2-AG or 2-AG + SR-1 was added 30 min before
application of LPS. b2, cumulative probability of mEPSC frequency recorded in
neurons with different treatments. b3, mean percentage of change in the fre-
quency of mEPSCs (n = 7-12). b4, cumulative probability of mEPSC amplitude.
b5, mean percentage of change in the amplitude of mEPSCs. Scale bar: 20 pA/2 s.
** p <0.01 compared with the control; ##, p < 0.01 compared with IL-18 or LPS.

pressing COX-2 appears to be mediated via a PTX-sensitive
G;,, protein, because the inhibitory effects of 2-AG on COX-2
expression and phosphorylation of p38 MAPK and NF-«B are
prevented by pretreatment with PTX.

Astroglial cells play an important role in neurotoxicity. Sim-
ilar to neurons, COX-2 in astroglial cells is rapidly up-regulated
in response to inflammatory and excitotoxic stimuli. We
observed that the magnitude of COX-2 elevation in response to
the stimuli in mixed cultures of neurons and astroglial cells and
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astroglial cell-enriched culture was much greater than that in
relatively pure neuronal cultures. This means that the elevated
COX-2 expression in response to LPS or KA stimulus is derived
largely from astroglial cells. In this study, we confirmed that the
CB, receptor is expressed in both hippocampal neurons and
astroglial cells, which is consistent with reports that the CB;
receptor is present in neurons and astroglial cells (8, 12, 33, 57,
58). Thus, 2-AG suppression of COX-2 may involve both neu-
rons and astroglial cells.

2-AG has been shown to protect neurons from brain ische-
mia, traumatic brain injury, and proinflammatory stimuli (7, 10,
33-35,59, 60). We have demonstrated here that 2-AG protects
neurons from inflammatory and excitotoxic insults and that
this protective effect is through the CB,; receptor-dependent
suppression of COX-2 elevation. Previously, we showed that
COX-2 elevation enhances excitatory synaptic transmission
(43). Interestingly, COX-2 elevation-enhanced excitatory syn-
aptic transmission is prevented by 2-AG in a CB, receptor-de-
pendent manner. These results provide functional evidence
that 2-AG protects neurons by limiting excessive COX-2
expression. 2-AG has been shown to reduce mEPSCs/EPSCs
and synaptic release of excitatory neurotransmitter glutamate
(27, 29, 44). 1t is likely that the immediate effect of 2-AG is to
inhibit excitatory synaptic transmission, whereas the delayed
effect of 2-AG is to limit excessive expression of COX-2 in
neuroinflammation (supplemental Fig. 9).

Recent studies reveal that eCBs are substrates for COX-2 and
can be degraded by COX-2 to form novel prostaglandins (14—
18). In particular, 2-AG is a natural substrate for COX-2, and its
oxygenation is as effective as that of AA (16). Because 2-AG is
capable of suppressing COX-2 expression, as revealed by the
present study, the capacity of 2-AG to inhibit COX-2 induction
will therefore be greatly weakened when COX-2 expression is
abnormally elevated in neuroinflammation. This may be an
important mechanism underlying COX-2-meidated neurode-
generation. Our results suggest that an elevation of endogenous
2-AG levels by facilitating its synthesis, inhibiting its hydrolysis,
or directly supplying 2-AG may result in new therapeutic
approaches to protecting neurons from harmful insults by pre-
venting excessive expression of COX-2. In addition, the inhib-
itory effect of 2-AG on COX-2 expression can also be inferred
as interpreting the analgesic and anticancer effects of 2-AG
because of the involvement of COX-2 in pain and certain car-
cinogenic developments.
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