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⌬9-Tetrahydrocannabinol (THC)3 is a major constituent of
Cannabis and serves as an agonist of the cannabinoid receptors
CB1 (located mainly in neural cells) and CB2 (located mainly on
immune cells). The second major constituent of Cannabis
extract is cannabidiol (CBD), which is virtually inactive at the
CB1 and CB2 receptors (1). Thus, because of its negligible activity at the CB1 receptor, CBD lacks the psychoactive effects that
accompany the use of THC. Moreover, CBD was demonstrated
to antagonize some undesirable effects of THC, including
intoxication, sedation, and tachycardia, while sharing neuroprotective, anti-oxidative, anti-emetic, and anti-carcinogenic
properties (2– 4). Both THC and CBD have been shown to exert
anti-inflammatory properties and to modulate the function of
immune cells, including suppression of humoral response,
immune cell proliferation, maturation, and migration, and antigen presentation (5–9). Despite increasing amounts of such
observations, the molecular mechanisms involved in these cannabinoid-mediated effects are not yet fully understood.
Microglial cells are resident macrophages of the central nervous system and serve as early host defense against pathogens.
Activation of microglial cells leads to the release of proinflammatory and neurotoxic factors and serves as part of the neuroinflammatory process (10). The BV-2 murine microglial cell
line is known to retain morphological, phenotypic, and functional properties associated with freshly isolated microglia such
as expression of nonspecific esterase activity, phagocytic ability,
and the absence of peroxidase activity (11, 12). Furthermore,
these cells release lysozyme and, when stimulated, interleukin
(IL)-1 and tumor necrosis factor ␣ (11, 12). Close similarities
between BV-2 and primary microglia in mechanisms mediating
microglial stimulations, e.g. by lipopolysaccharide (LPS),
S100B, or ␤-amyloid, were reported (13). These properties
make BV-2 cells an appropriate model for studying the activation of microglia in vitro. It has recently been shown that BV-2
cells express elements of the cannabinoid signaling systems,
including the presence of endocannabinoids, i.e. anandamide
and 2-arachidonoylglycerol, and cannabinoid or cannabinoid-
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Cannabinoids have been shown to exert anti-inflammatory
activities in various in vivo and in vitro experimental models
as well as ameliorate various inflammatory degenerative diseases. However, the mechanisms of these effects are not completely understood. Using the BV-2 mouse microglial cell line
and lipopolysaccharide (LPS) to induce an inflammatory
response, we studied the signaling pathways engaged in the
anti-inflammatory effects of cannabinoids as well as their
influence on the expression of several genes known to be
involved in inflammation. We found that the two major cannabinoids present in marijuana, ⌬9-tetrahydrocannabinol
(THC) and cannabidiol (CBD), decrease the production and
release of proinflammatory cytokines, including interleukin1␤, interleukin-6, and interferon (IFN)␤, from LPS-activated
microglial cells. The cannabinoid anti-inflammatory action
does not seem to involve the CB1 and CB2 cannabinoid receptors or the abn-CBD-sensitive receptors. In addition, we
found that THC and CBD act through different, although partially overlapping, mechanisms. CBD, but not THC, reduces
the activity of the NF-B pathway, a primary pathway regulating the expression of proinflammatory genes. Moreover,
CBD, but not THC, up-regulates the activation of the STAT3
transcription factor, an element of homeostatic mechanism(s) inducing anti-inflammatory events. Following CBD
treatment, but less so with THC, we observed a decreased
level of mRNA for the Socs3 gene, a main negative regulator of
STATs and particularly of STAT3. However, both CBD and
THC decreased the activation of the LPS-induced STAT1
transcription factor, a key player in IFN␤-dependent proinflammatory processes. In summary, our observations show
that CBD and THC vary in their effects on the anti-inflammatory pathways, including the NF-B and IFN␤-dependent
pathways.

Cannabinoids and Microglial Activation

EXPERIMENTAL PROCEDURES
Reagents—LPS (Escherichia coli serotype 055:B5) and propidium iodide (PI) were purchased from Sigma. THC and CBD
were obtained from the National Institute on Drug Abuse (Baltimore, MD). SR141716, SR144528, and abn-CBD were obtained
from Tocris (Ellisville, MO). Stocks of these materials in ethanol or
DMSO were kept at ⫺80 °C and diluted into medium just prior to
experiments. Final concentration of ethanol or DMSO in culture
medium was 0.1%. At this concentration, ethanol or DMSO did
not show any significant effect on the investigated parameters.
Microglial Cell Culture—The BV-2 murine microglial cell
line, originally generated by E. Blasi (University of Perugia,
Perugia, Italy (see Ref. 11)), was kindly provided by Prof. E. J.
Choi from the Korea University (Seoul, Korea). The BV-2 cells
were cultured at 37 °C in a humidified atmosphere of 95% air
and 5% CO2 in high glucose Dulbecco’s modified Eagle’s
medium (Invitrogen) supplemented with 5% heat-inactivated
fetal bovine serum, streptomycin (100 g/ml), and penicillin
(100 units/ml) (Biological Industries Ltd., Kibbutz Beit
Haemek, Israel).
Cell Viability Test—BV-2 cell viability was measured by fluorescence-activated cell sorting analysis using PI staining.
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Microglial cells (1 ⫻ 106 cells in 100-mm plates) were pretreated with THC or CBD (both at 10 M in growth medium)
and 2 h later stimulated with 100 ng/ml LPS. The cells were
collected 4 h after LPS stimulation and spun down for 5 min at
2000 rpm; the cell pellets were washed twice with Dulbecco’s
PBS without Ca2⫹/Mg2⫹, pH 7.4, fixed in 70% ethanol at
⫺20 °C overnight, followed by incubation with RNase (0.2
mg/ml) at 37 °C, PBS rinsing, and staining with PI (50 g/ml)
for 15 min on ice. The single cell fluorescence of 20,000 cells
(for each sample) was measured using a flow cytometer
(FACSCalibur, BD Biosciences). The PI emission was detected
in the FL2 channel using an emission filter of 585 nm. The data
were analyzed using the CellQuest software. The apoptotic cells
were defined as cells in sub-G0/G1 phase with hypodiploid
DNA content (19).
Enzyme-linked Immunosorbent Assay (ELISA)—Microglial
cells were pretreated with cannabinoids for 2 h and stimulated
with LPS (100 ng/ml in growth medium) for 4 h. The cultured
media were then collected and spun down for 5 min at 2000
rpm, and the concentrations of IL-1␤, IL-6, and IFN␤ in the
medium were determined by ELISA using specific monoclonal
antibodies and the procedures recommended by the suppliers
(R&D Systems, Minneapolis, MN and PBL Interferon Source,
Piscataway, NJ). The serum in the culture media did not interfere with the assays. Whenever CB1 or CB2 receptor antagonists (SR141716 and SR144528, respectively) or abn-CBD were
applied, they were added 30 min before the beginning of the
THC or CBD treatment.
Western Blot Analysis—To examine the levels of IL-1 receptor-associated kinase 1 (IRAK-1) and of IB proteins and of the
phosphorylated form of the p65 NF-B subunit, BV-2 cells were
incubated with THC or CBD at 1, 5, or 10 M. Two h later the
cells were stimulated for 15 min with 100 ng/ml LPS. The cells
were then rinsed twice with ice-cold PBS and lysed with RIPA
buffer (140 mM NaCl, 20 mM Tris, pH 7.4, 10% glycerol, 1%
Triton X-100, 0.5% sodium deoxycholate, 0.1% SDS, 2 mM
EDTA, 1 mM phenylmethylsulfonyl fluoride, and leupeptin at
20 g/ml). Lysates were centrifuged at 4 °C (10 min, 14,000
rpm) and pellets discarded, and the supernatants were aliquoted and stored at ⫺20 °C for further analysis.
Aliquots of 25 g of proteins (as measured with the Bradford
protein assay) from each sample were separated by 10% SDSPAGE and transferred to nitrocellulose membranes. The membranes were blocked with 5% nonfat milk in 10 mM Tris-HCl,
pH 7.6, containing 150 mM NaCl and 0.5% Tween 20 (TBST).
The blots were incubated overnight at 4 °C with primary antibodies, including rabbit anti-IRAK-1, rabbit anti-IB␣ (Santa
Cruz Biotechnology, Santa Cruz, CA), rabbit anti-phospho-p65
(Ser-536) (Cell Signaling, Danvers, MA), or general rabbit antip65 subunit of NF-B (Santa Cruz Biotechnology). After extensive wash with TBST, horseradish peroxidase-conjugated secondary goat anti-rabbit antibody (Jackson ImmunoResearch,
West Grove, PA) was applied for 1 h at room temperature, and
the blots were extensively washed and visualized using an
enhanced chemiluminescence detection kit (EZ-ECL Biological Industries). The blots were scanned and quantified with
NIH Image 1.63. The intensity of the staining of ␤-actin (using
anti-␤-actin monoclonal antibody, Santa Cruz Biotechnology)
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like receptors such as CB2, GPR55, and abnormal cannabidiol
(abn-CBD)-sensitive receptors but very little CB1 cannabinoid
receptor (14 –16).
In this study, we used the BV-2 microglial cell line and
assessed the effects of THC and CBD on the LPS-activated
microglial secretion of proinflammatory cytokines such as
interleukin IL-1␤, IL-6, and of interferon ␤ (IFN␤). LPS signaling through TLR4 (toll-like receptor 4) is known to activate
several intracellular pathways and to induce broad changes in
gene expression, eventually inducing the release of various
proinflammatory cytokines and neurotoxic factors (17). LPS
activates two basic intracellular pathways via specific adaptor
proteins. The first is the myeloid differentiation factor 88
(MyD88)-adaptor protein-dependent pathway that leads to
activation of NF-B-dependent transcription. The second
pathway (the MyD88-independent pathway) is dependent on
the toll-interleukin-1 receptor (TIR) domain-containing adaptor-inducing interferon-␤ (TRIF) protein. Its activation turns
on the interferon-regulated factor 3 (IRF3)-dependent pathway
that enhances the production of IFN␤ (18). IFN␤, in an autocrine way, acts via the type I interferon receptor and via signal
transducers and activators of transcription (STAT)-dependent
pathways and activates a second wave of gene expression
including chemokines such as chemokine 2 (CCL2 (C-C motif
ligand 2)). We studied the effects of THC and CBD on these two
pathways. In addition, we studied the effect of these materials
on the expression of several genes, belonging to suppressors of
cytokine signaling (SOCS) family, that are involved in the negative regulation of proinflammatory events.
We found that although both THC and CBD exert inhibitory
effects on the production of inflammatory cytokines in activated microglial cells in culture, their activities seem to
involve both different and overlapping intracellular pathways. These effects are not mediated via CB1, CB2, nor abnCBD-sensitive receptors.

Cannabinoids and Microglial Activation
TABLE 1
Sequences of primers used for qPCR amplification of selected gene products
Gene

Accession no.

Forward

Reverse

B2m
Il1b
Ifnb1
Socs3
Cish
Ccl2

NM_009735
NM_008361
NM_010510
NM_007707
NM_009895
NM_011333

AGTTCCACCCGCCTCACATTGAAA
GCAACTGTTCCTGAACTC
TGCCATCCAAGAGATGCTCCAGAA
AGCAGATGGAGGGTTCTGCTTTGT
TGGGCCCAAAGTAGTCCTGAATGT
CATGCTTCTGGGCCTGCTGTTC

TCGGCCATACTGGCATGCTTAACT
CTCGGAGCCTGTAGTGCA
AGAAACACTGTCTGCTGGTGGAGT
ATTGGCTGTGTTTGGCTCCTTGTG
AGAAGAGTGGGAGCCCTTGTGTTT
CATGCTTCTGGGCCTGCTGTTC
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various treatments. The qPCR runnings were repeated 3 times
using mRNA preparations from independent experiments.
Statistical Analysis—The Graph Pad Prism program was
used for statistical analysis. The data are expressed as the
mean ⫾ S.E. and analyzed for statistical significance using oneway analysis of variance (ANOVA), followed by Bonferroni or
Dunnett’s post-hoc tests. p ⬍ 0.05 was considered significant.

RESULTS
Cell Viability—The PI incorporation assay followed by fluorescence-activated cell sorting analysis was used to test BV-2
cell viability. Under control conditions there were 2.6 ⫾ 0.9% of
dead cells. Neither 4 h of stimulation with LPS alone (3.1 ⫾ 0.5%
of dead cells) nor the addition of LPS after 2 h of preincubation
with 10 M THC (2.4 ⫾ 1.1%) or 10 M CBD (5.0 ⫾ 1.8%)
significantly affected the viability of the BV-2 microglial cells. A
6-h THC treatment without LPS resulted in 1.6 ⫾ 0.4% of dead
cells, although incubation with CBD alone resulted in 7.3 ⫾
1.5% of dead cells. One-way ANOVA F(5,20) ⫽ 3.75, p ⬍ 0.05,
Bonferroni post hoc test did not reveal a significant effect of
these treatments versus control, n ⫽ 3–5.
THC and CBD Decrease the Release of Cytokines from LPSstimulated BV-2 Microglial Cells—LPS stimulation induces the
activation of several intracellular pathways involved in innate
immune response. Indeed, as revealed by ELISA, a 4-h LPS
stimulation of BV-2 microglial cells led to release of IL-1␤, IL-6,
and IFN␤ proinflammatory cytokines (Figs. 1 and 2). Pretreatment with THC or CBD (at 1, 5 ,or 10 M) significantly and
dose-dependently decreased the amount of released IL-1␤ and
of released IL-6 (Fig. 1, A and B, respectively). At a 10 M dose,
THC and CBD inhibited the LPS-induced IL-1␤ release by 54 ⫾
13 and 64 ⫾ 9%, respectively (Fig. 1A). Regarding IL-6, THC at
5 M decreased its release by 30 ⫾ 2% and at 10 M by 41 ⫾ 11%,
in comparison with LPS alone. The release of IL-6 was more
strongly inhibited by CBD than by THC. The lowest dose of
CBD used (1 M) reduced the release of IL-6 from LPS-activated microglia by ⬃25% (an effect comparable with that
achieved with 5 M THC), whereas 5 and 10 M reduced the
release of IL-6 by 85 ⫾ 2 and 91 ⫾ 1%, respectively (Fig. 1B).
Both cannabinoids decreased the level of LPS-induced release
of IFN␤. At 10 M, THC and CBD reduced the LPS-induced
release of IFN␤ by 34 ⫾ 12 and 37 ⫾ 7%, respectively (Fig. 2).
Unstimulated BV-2 microglial cells did not release detectable
amounts of either IL-1␤, IL-6, or IFN␤. Moreover, application
of cannabinoids for 6 h at the highest concentration tested (10
M) did not have any effect on cytokine release from unstimulated BV-2 cells (data not shown). Thus, the cannabinoid-induced inhibition of the release of IL-1␤, IL-6, and IFN␤ could
be observed only when the microglial cells were activated.
VOLUME 285 • NUMBER 3 • JANUARY 15, 2010

Downloaded from http://www.jbc.org/ by guest on January 23, 2018

and the total amount of each of the studied proteins were used
as loading controls for data normalization.
The immunoblotting assay served also to detect the activation level of STAT1 and of STAT3 after LPS stimulation in the
presence or absence of cannabinoids. BV-2 cells were pretreated with THC or CBD for 2 h, and 100 ng/ml LPS was then
added for 2 h (for STAT1) or for 2 or 4 h (for STAT3). Cells were
then rinsed twice with ice-cold PBS, lysed with RIPA buffer, and
centrifuged, and aliquots of the supernatants were applied to
immunoblotting analysis as described above. Membranes were
probed with rabbit polyclonal antibodies against phosphoSTAT1 (Tyr-701) or phospho-STAT3 (Tyr-705) or against the
general forms of STAT1 or STAT3 (Santa Cruz Biotechnology)
followed by horseradish peroxidase-conjugated anti-rabbit secondary antibody (Jackson ImmunoResearch).
RNA Extraction—BV-2 cells were pretreated with cannabinoids for 2 h and then stimulated with LPS (100 ng/ml) in the
presence of cannabinoids for an additional 4 h (same conditions
as those used for the ELISA). Total RNA was extracted using
the VersageneTM RNA purification kit and the manufacturer’s
instructions (Gentra Systems, Minneapolis, MN). Purity of
extracted RNA was determined by absorbance ratio at 260/280
nm using the NanoDrop ND-1000 spectrophotometer (NanoDrop Technologies, Wilmington, DE). RNA integrity was
assessed by electrophoresis on ethidium bromide-stained 1.2%
agarose gels.
Quantitative Real Time PCR (qPCR)—cDNA was synthesized using the QuantiTect reverse transcription kit according
to the manufacturer’s instructions (Qiagen AG, Basel, Switzerland). qPCR was carried out as reported earlier (20). The cDNA
of each specific gene was amplified with a pair of specific primers. The primers were designed using the PrimerQuest online
tool and synthesized by Metabion International (Planegg-Martinsried, Germany). GenBankTM accession numbers for the different genes and the primer sequences used for amplification
are given in Table 1. Each qPCR mixture (in 20 l) contained
cDNA samples (in 3 l), 125 nM of each forward and reverse
primers, and 10 l of AbsoluteTM Blue QPCR SYBR Green
ROX Mix (Thermo Fisher Scientific, Epsom, Surrey, UK). For
each of the analyzed gene products, we ran normal and mock
reverse-transcribed samples (in the absence of reverse transcriptase) as well as no template control (total mix without
cDNA). qPCR was carried out using the Rotor-Gene 3000 qPCR
instrument (Corbett Research, Sydney, Australia). RNA
expression level was expressed as fold change using the calculation method described by Pfaffl (21). Quantification was performed by “the comparative cycle of threshold method,” with
␤2-microglobulin (B2m) gene product for normalization, as
B2M mRNA expression was found not to be affected by the
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FIGURE 2. THC and CBD decrease the LPS-induced release of IFN␤ from
BV-2 cells. Cells were pretreated for 2 h with THC or CBD (both at 10 M) and
then activated for 4 h with 100 ng/ml LPS. Cell-free media were then collected
and subjected to ELISA for IFN␤. Each bar represents the mean (in pg/ml) ⫾
S.E. from three independent experiments. One-way ANOVA was used as follows: F(3,8) ⫽ 35.4, p ⬍ 0.001; Bonferroni post hoc test: *, p ⬍ 0.05; ***, p ⬍
0.001 versus LPS-treated BV-2 cells.

qPCR analysis revealed up-regulated levels of IL-1␤ and
IFN␤ mRNA following LPS stimulation of BV-2 microglial
cells. THC and CBD at 10 M decreased the expression of Il1b
transcripts by 69 and 78%, respectively. Similarly, IFN␤ mRNA
level was decreased by 54% by 10 M THC and by 46% by 10 M
CBD (Fig. 3). Thus, the decrease in release seems to be due to
the cannabinoid effect on the mRNA expression of these molecules. However, we cannot rule out additional effects on the
release per se.
CB1 and CB2 Receptors and abn-CBD-sensitive Receptors Do
Not Mediate the THC and CBD Inhibitory Effects on Activated
BV-2 Cells—In search for possible receptor targets for THC and
CBD that could mediate these immunomodulating effects, we
applied selective antagonists of CB1 (SR141716) and CB2
(SR144528) receptors. Because previous observations indicated
that CBD is able to antagonize the abn-CBD-induced migration
JANUARY 15, 2010 • VOLUME 285 • NUMBER 3
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FIGURE 1. THC and CBD inhibit the LPS-induced release of IL-1␤ and IL-6
from BV-2 cells. Cells were preincubated for 2 h with the indicated concentrations of THC or CBD and then activated for 4 h with 100 ng/ml LPS. Cell-free
media were then collected, and the release of IL-1␤ (A) and IL-6 (B) was measured using ELISA. The percentage compared with LPS applied alone (marked
as 100%) is expressed as the mean ⫾ S.E. of three independent experiments.
One-way ANOVA was used as follows: IL-1␤, F(7,16) ⫽ 10.21, p ⬍ 0.001 and
IL-6 F(7,16) ⫽ 81.8, p ⬍ 0.0001. Bonferroni post hoc test: *, p ⬍ 0.05; **, p ⬍
0.01; ***, p ⬍ 0.001 show significant differences from LPS-treated cells.

of BV-2 microglial cells (14, 22), we tested the effect of abnCBD by itself as well as its effect in the presence of CBD.
As shown in Fig. 4A, neither 0.5 M SR141716 nor 0.5 M
SR144528 given 30 min before CBD or THC affected the inhibitory effect of either THC or CBD (both given at 10 M) on
IL-1␤ release. Fig. 4B shows that 1 M abn-CBD (a concentration that induces migration of BV-2 cells (14)) did not affect the
CBD inhibition of LPS-induced IL-1␤ release. Neither 0.5 M
SR141716, SR144528, nor 1 M abn-CBD affected the LPS
effect by themselves. In addition, SR141716, SR144528, and
abn-CBD when given alone (without LPS) did not affect the
basal level of IL-1␤ release (data not shown). These results suggest that CB1 and CB2 receptors as well as abn-CBD-sensitive
receptors are not involved in the anti-inflammatory effects of
THC and CBD in this model of microglial activation.
CBD but Not THC Inhibits the NF-B-dependent Pathway—
The NF-B p65-p50 protein complex is present in an inactive
form in the cytoplasm while bound to its inhibitory protein IB.
It has been shown that LPS activation of TLR4 leads to IB
inactivation via IRAK-1 kinase-dependent phosphorylation of
IB, which is followed by ubiquitin-dependent degradation of
both IRAK-1 and IB. This action allows the NF-B p65 subunit to become phosphorylated and to be translocated to the
nucleus (23).
As shown in Fig. 5, 15 min of LPS (100 ng/ml) stimulation
leads to degradation of IRAK-1 (Fig. 5A) and of IB proteins
(Fig. 5B) in BV-2 microglial cells. LPS-activated cells contain
⬃30% of IRAK-1 protein levels as compared with the control
level (non activated samples). Pretreatment with CBD partially
prevented the LPS-induced reduction in IRAK-1 protein level
achieving ⬃60% of control levels for both 5 and 10 M CBD,
demonstrating that CBD decreases IRAK-1 degradation. Interestingly, pretreatment with THC did not have any significant
effect on the degradation of IRAK-1. None of the THC pretreated samples differed statistically from LPS-only treated
BV-2 cells.
In parallel to the effect on IRAK-1, LPS treatment reduced
the amount of IB by 80% in comparison to nonstimulated cells.

Cannabinoids and Microglial Activation

CBD partially reversed the LPS effect and decreased IB degradation. Thus, in cells preincubated for 2 h with CBD prior to the
LPS application, IB was present at a much higher level reaching 50 –55% of the control (non-LPS) level. On the other hand,
THC had no effect on IB level at all concentrations tested. As
an important control, we show that neither THC nor CBD at 10
M affects the level of IRAK-1 and of IB proteins when added
to the cells in the absence of LPS.
In agreement with these results, LPS activation for 15 min
resulted in profound phosphorylation of the p65 NF-B subunit, and this activation was decreased following pretreatment
with 10 M CBD (and to a lesser extent by 5 M CBD) but not
following THC treatment at any of the concentrations applied
(Fig. 6). The 0.1% ethanol used as cannabinoid vehicle did not
affect the level of phosphorylated p65. CBD or THC applied
without LPS had no effect. Altogether, these observations suggest that CBD, but not THC, inhibits the LPS activation of the
pathway leading to NF-B phosphorylation.
Both CBD and THC Regulate the Activity of the IFN␤
Pathway—As described above, the level of released IFN␤ protein was significantly lowered when BV-2 cells were pretreated
for 2 h with CBD or THC prior to LPS stimulation. It was therefore of interest to study the effect of LPS on IFN␤ signaling
(activated via the MyD88-independent pathway) and to determine the effects of THC and CBD on this cascade. At the first
step, we studied the effects of the cannabinoids on the LPS/
IFN␤-induced activation of the transcription factors STAT1
and STAT3, the major mediators of IFN␤ signaling (24, 25).
Evaluation of the phosphorylation kinetics of STAT1␣ (at
Tyr-701) revealed maximal STAT1␣ activation following 2 h
with LPS (100 ng/ml) (data not shown). A 2-h pretreatment
with 10 M THC (but less so with 1 or 5 M) significantly
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FIGURE 4. CB1 and CB2 receptor antagonists as well as abn-CBD do not
affect the THC- and CBD-induced inhibition of IL-1␤ release from LPSstimulated BV-2 cells. Cells were pretreated for 30 min with SR141716 or
SR144528 (both at 0.5 M) (A) or abn-CBD (1 M) (B), followed by the addition
of 10 M THC or CBD and 2 h later of LPS (100 ng/ml). Cell-free media were
collected 4 h later and assayed for released IL-1␤ by ELISA. The data are
expressed as percentage of released IL-1␤ ⫾S.E. from three to four independent experiments. The amount released with LPS alone is represented as
100%. A, one-way ANOVA was used as follows: F(6,14) ⫽ 6.58, p ⬍ 0.01. Bonferroni post hoc analysis showed that neither SR141716 nor SR144528
affected THC or CBD inhibition of IL-1␤ release. B, one-way ANOVA was used
as follows: F(3,8) ⫽ 14.34, p ⬍ 0.01. Bonferroni post hoc analysis showed that
pretreatment with abn-CBD did not change the effect of CBD on LPS stimulated IL-1␤ release. ns, not significant.

decreased the phosphorylation of STAT1␣ (Fig. 7). CBD
applied 2 h before LPS decreased STAT1␣ activation already at
5 M and showed a very strong inhibition at 10 M. Neither
THC nor CBD given alone at 10 M affected the basal STAT1␣
phosphorylation level (Fig. 7A). Similarly, 0.1% ethanol (the
vehicle for the applied cannabinoids) did not affect the level of
LPS-induced STAT1␣ phosphorylation. The total level of
STAT1␣ remained unaffected by any of the cannabinoid treatments (Fig. 7A).
At the next step, we determined the level of activation of
STAT3 following LPS stimulation. As shown at Fig. 8A, 2 h with
LPS stimulates STAT3 phosphorylation, and this phosphorylation was potentiated when LPS-stimulated cells were preincubated with CBD at 10 M (but less so with 1 or 5 M). THC did
not affect the level of STAT3 activation at any of the concentrations applied (1, 5, or 10 M). Neither THC nor CBD given
alone (10 M) affected the basal level of STAT3 phosphorylaVOLUME 285 • NUMBER 3 • JANUARY 15, 2010
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FIGURE 3. CBD and THC decrease the mRNA levels of LPS-up-regulated
IL-1␤ and IFN␤. Cells were treated for 2 h with 10 M THC or CBD. LPS (100
ng/ml) was then added, and 4 h later the cells were harvested, and RNA was
extracted for qPCR analysis. The bar graphs present the percent of mRNA
expression (average ⫾ S.E. from three independent experiments) versus LPSonly treated samples (taken as 100%). One-way ANOVA was used as follows:
IL-1␤ F(5,12) ⫽ 57.2, p ⬍ 0.001; IFN␤ F(5,10) ⫽ 25.16, p ⬍ 0.001; Dunnett’s post
hoc tests: *, p ⬍ 0.05, ***, p ⬍ 0.001 versus LPS.

Cannabinoids and Microglial Activation
induced CISH mRNA was not significantly affected by either THC or
CBD.
LPS stimulation resulted in increased mRNA for CCL2, an IFN␤
dependent chemokine. This LPS-induced stimulation was decreased by
CBD by 58% but completely unaffected by THC.

DISCUSSION
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In this study, we activated BV-2
microglial cells with LPS and
observed vast release of IL-1␤, IL-6,
and IFN␤ cytokines, all well recognized as key mediators of inflammatory responses (26). Cannabinoid
treatment by either THC or CBD
strongly reduced the LPS-induced
release of IL-1␤, IL-6, and IFN␤.
The inhibitory effects of these two
cannabinoids on the release of
IL-1␤ and IFN␤ were similar. On
the other hand, the release of IL-6
was inhibited to a much stronger
extent by CBD than by THC.
It is well known that THC and
CBD differ in their pharmacology
FIGURE 5. CBD, but less so THC, partially reverses the LPS-induced degradation of IRAK-1 and of IB in toward the currently known cannaLPS-stimulated BV-2 cells. Cells were pretreated for 2 h with THC or CBD at the indicated concentrations
followed by 15 min of incubation with LPS (100 ng/ml) and lysed in RIPA buffer, and 20 g of protein aliquots binoid receptors. THC is a CB1 and
were subjected to Western blot analysis for IRAK-1 (A) and IB (B). ␤-Actin served as a loading control. Bars show CB2 receptor partial agonist,
the average results of three repetitions with 100% representing the amounts of proteins in control cells. whereas CBD exhibits a very low
One-way ANOVA was used as follows for IRAK-1 expression: THC-treated cells F(6,14) ⫽ 16.79, p ⬍ 0.0001, and
for CBD-treated cells F(6,14) ⫽ 6.00, p ⬍ 0.01. One-way ANOVA was used as follows for IB protein expression: affinity toward both receptors (27,
THC-treated samples F(6,14) ⫽ 36.59, p ⬍ 0.0001, and for CBD-treated samples F(6,14) ⫽ 6.39, p ⫽ 0.01, 28). Because CB2 receptors are
followed by Bonferroni post hoc test. *, p ⬍ 0.05; **, p ⬍ 0.01; ***, p ⬍ 0.001 versus control. Cannabinoid vehicle
expressed on various immune cells
(0.1% ethanol; Et) did not affect the LPS-induced IRAK-1 or IB degradation.
(29), including primary microglia
and the BV-2 microglial cell line (14,
tion. In addition, neither of the treatments had any significant 16), they seem to be primary candidates to mediate cannabinoid
effect on the total amount of STAT3 (Fig. 8A). A time-response immunomodulation. Immunosuppressive effects of THC were
experiment (2 and 4 h with LPS) showed increased STAT3 shown to be predominantly CB2 mediated as revealed by using
phosphorylation at 2 h and stronger phosphorylation at 4 h (Fig. knock-out systems (30). Accordingly, CB2 agonists were shown
8, B and C). The potentiation by 10 M CBD was observed for to be immunosuppressive in rat primary microglial cultures
both 2 and 4 h of LPS stimulation, whereas THC had no effect at (31). Rat primary microglial cells were also shown to express
both time points tested (Fig. 8, B and C).
CB1 receptors whose activation leads to induction of NO proThese results indicate that the inhibition exerted by THC and duction (32). To determine whether CB1 or CB2 receptors
CBD on the release of LPS-induced IFN␤ from BV-2 cells is in mediate the THC immunosuppression in our system, we
correlation with the lowered level of STAT1 phosphorylation. On applied the respective antagonists before THC treatment. We
the other hand CBD (but not THC) increases the level of STAT3 found that neither CB1 nor CB2 receptor antagonists interfered
with the THC inhibitory effect on LPS-induced IL-1␤ release,
phosphorylation in LPS stimulated BV-2 microglial cells.
CBD and THC Affect the Level of Negative Regulators of suggesting that other receptor(s) or nonreceptor targets seem
IFN␤/STAT Pathway—Transcripts for negative regulators of the to be involved. The exact reasons for these different results are
IFN␤/STAT pathway, including Socs3 and Cish as well as of the not clear. One possibility is that THC is a very weak agonist of
Ccl2 chemokine whose transcription is dependent on IFN␤ the CB2 (33) and that the CB1 is almost absent in BV-2 cells
release and is induced via STAT1 pathway, were selected for eval- (16). However, we cannot rule out that different inflammatory
uation by means of qPCR, and the results are displayed in Fig. 9.
models may involve somewhat different mechanisms.
We found that LPS-up-regulated the transcription of both
As for CBD, whereas binding assays show negligible affinity
Socs3 and Cish genes. The amount of LPS induced SOCS3 of CBD toward CB1 and CB2 receptors (27), several functional
mRNAs were partially reduced by CBD. The amount of LPS- studies showed that some of the CBD effects may involve can-
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FIGURE 7. THC and CBD decrease LPS-induced STAT1 phosphorylation.
Cells were pretreated for 2 h with various concentrations of either THC or CBD
prior to the addition of LPS for an additional 2 h. A shows representative
Western blots for pSTAT1 (Tyr-701) and the general form of STAT1; B, bar
graph shows the level of phosphorylation of STAT1 from three independent
experiments. One-way ANOVA was used s follows: F(8,18) ⫽ 8.1, p ⬍ 0.001,
followed by Bonferroni post hoc test. *, p ⬍ 0.05, ***, p ⬍ 0.001 versus ethanol
(Et) ⫹ LPS.

nabinoid receptors. Thus, the CB1 antagonist AM251 reversed
the slowing of gastrointestinal motility by CBD in LPS-treated
septic mice (34). Moreover, Sacerdote et al. (35) showed that CB1
and CB2 receptor antagonists reversed the CBD modulation of
IL-12 and IL-10 release in mouse peritoneal macrophages in vitro
and showed that CBD decreased the formyl-methionyl-leucylphenylalanine-induced chemotaxis of macrophages in a CB2-de-
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pendent manner. However, using our model of microglial activation and applying CB1 and CB2 antagonists prior to CBD
treatment, we found that neither of these antagonists affected
CBD diminution of IL-1␤ release suggesting that this CBD
activity is not CB1/CB2-mediated.
CBD may act as a partial agonist toward abn-CBD-sensitive
receptors. These are putative new members of the cannabinoid
receptor family, not yet cloned, but pinpointed pharmacologically in mice lacking CB1 and CB2 receptors (36). abn-CBDsensitive receptors were shown to be present in microglial cells
and regulate their migration (14, 22). However, in our hands
abn-CBD pretreatment did not have any effect by itself and did
not interfere with the CBD suppression of LPS-induced IL-1␤
release, thus excluding the involvement of abn-CBD-sensitive
receptors in these CBD mediated effects.
Several studies pointed out that cannabinoids could have
CB1/CB2 receptor-independent mechanisms of action (37–
41). This observation is in agreement with our current findings
and with the results of Kaplan et al. (42) showing that CBD and
WIN 55212-3 exhibit immunosuppressive effects via non-CB1
and non-CB2 mechanisms. Moreover, Kaplan et al. (42)
showed that both cannabinol (a weak CB2 agonist) and CBD
inhibit IL-2 release from T lymphocytes, although for cannabinol the effect is CB2-dependent but not for CBD. Altogether,
these results indicate that the immunoregulating effects of cannabinoids can be both CB2 receptor- and nonreceptor-mediated even in the same system.
Despite the increasing data on the immune regulatory
effects of cannabinoids in vitro (39, 43, 44) and in vivo (45–
47), the signaling pathways responsible for these effects are
for the most part unknown. Moreover, the modulation of
IFN␤-related processes by cannabinoids has been only
poorly addressed.
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FIGURE 6. CBD, but not THC, reduces LPS-induced NF-B p65 subunit
phosphorylation. Cells were pretreated for 2 h with CBD or THC at the indicated concentrations followed by LPS (100 ng/ml) for 15 min. Cell homogenates (20 g of protein aliquots) were subjected to Western blot analysis
using antibodies against the phospho-form of NF-B p65 (Ser-536) subunit.
The amount of total p65 served as a loading control. Et, ethanol.

FIGURE 8. CBD increases LPS-induced STAT3 phosphorylation. A, cells
were pretreated for 2 h with various concentrations of either THC or CBD prior
to the addition of LPS for additional 2 h. Representative Western blots for
pSTAT3 (Tyr-705) and for the general form of STAT3 are shown. B and C show
the phosphorylation of STAT3 in bar graphs presenting the results from three
independent experiments on cells stimulated with LPS for 2 h (B) or 4 h (C).
B, one-way ANOVA was used as follows: F(3,11) ⫽ 8.32, p ⬍ 0.01, followed by
Dunnett’s post hoc test. *, p ⬍ 0.05 versus LPS. C, ANOVA was used as follows:
F(3,8) ⫽ 27.09, p ⬍ 0.001; *, p ⬍ 0.05; ***, p ⬍ 0.001 versus LPS alone. Et,
ethanol.

Cannabinoids and Microglial Activation

The expression of IL-1␤, IL-6, and IFN␤ gene products are
tightly regulated, and their promoter regions possess binding
sites for specific inducible transcription factors. NF-B is a primary (although not the only one) regulator of IL-1␤ and IL-6
cytokines, whereas IFN␤ is expressed in response to IRF-3 factor activation (48).
The NF-B pathway is a primary intracellular pathway controlling the transcription of many inflammatory genes (23). The
NF-B p65-p50 protein complex is present in the cytoplasm
through association with the inhibitor protein, IB, which
masks the nuclear localization signal present within the NF-B
p65 subunit. The activation of NF-B by extracellular inducers
(including LPS) depends on the rapid phosphorylation of IB by
upstream IRAK-1 followed by ubiquitination and targeting for
proteosome degradation of both proteins, IRAK-1 and IB. The
NF-B p65 subunit then undergoes phosphorylation, followed
by translocation to the nucleus where it regulates the expression of various inflammatory genes, including IL-1␤ and IL-6
(48).
Our data provide several indications for the effects of CBD in
decreasing the activity of the NF-B signaling pathway. The
first includes the partial reversal of the LPS-induced degradaJANUARY 15, 2010 • VOLUME 285 • NUMBER 3
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FIGURE 9. LPS up-regulated SOCS3, CISH, and CCL2 mRNAs are differently modulated by CBD and THC. Cells were treated for 2 h with 10 M THC
or CBD. LPS (100 ng/ml) was then added, and 4 h later the cells were harvested, and RNA was extracted for qPCR analysis. The bar graphs present the
percent of mRNA expression (average ⫾ S.E. from three to four independent
experiments) versus LPS-only treated samples (taken as 100%). One-way
ANOVA was used as follows: for SOCS3 F(5,12) ⫽ 100.5, p ⬍ 0.001; for CISH
F(5,12) ⫽ 20.7, p ⬍ 0.001; for CCL2 F(5,12) ⫽ 32.81, p ⬍ 0.0001. Dunnett’s post
hoc test: ***, p ⬍ 0.001 versus LPS.

tion of IRAK-1 intermediate kinase; the second is the reversal of
IB degradation, and the third is the lowering of the NF-B p65
subunit phosphorylation. Interestingly, treatment with THC
did not significantly affect this cascade at any of these steps,
thus questioning the involvement of the NF-B pathway in the
THC-mediated effects in BV-2 microglia. Several previous
studies suggested the involvement of the NF-B pathway in
cannabinoid-induced immunosuppression in macrophages
(49), thymocytes (50), monocytes (51), and granulomatous tissue (52). In all of these cases, the effects were shown to be CB2
receptor-mediated. It is interesting to note that 2-arachidonoylglycerol endocannabinoid was shown to decrease NF-B
activation in injured murine brain via CB1 receptors (53). However, in our microglial system neither the CB1 (which is present
in a low concentration if at all (16)) nor the CB2 cannabinoid
receptors seem to be involved. Interestingly, the non-CB1/
CB2-mediated anti-inflammatory effects of cannabinoids
mediated via NF-B and other pathways were also observed in
several nonimmune cells, including astrocytes and neuronal
PC12 cells (54, 55).
Other pathways could be affected by cannabinoids promoting anti-inflammatory activities in microglial cells. For example, the released IL-1␤ could promote activation of the NF-B
pathway, whereas IFN␤ promotes the interferon-stimulated
response element (ISRE) pathway, and IL-6 induces the NF-B
as well as several other pathways (e.g. STAT- and ISRE-dependent) (17). Both THC and CBD decrease LPS-induced IFN␤
production and release. These cannabinoids exert their inhibitory activity upstream of IFN␤ synthesis, e.g. at the level of the
MyD88-independent pathway that is leading to the activation
of IRF-3. The IRF-3 pathway is activated following its phosphorylation by TBK1 (TANK-binding kinase 1) associated with
the TRIF adaptor protein of TLR4 receptors. The activated
IRF-3 binds the ISRE DNA sequence inducing the production
of the IFN␤ cytokine (17). IFN␤ expression activates a second
wave of gene expression (including chemokines such as
CXCL10, CCL5, and CCL2) via the IFN receptor and the Janus
tyrosine kinase/STAT pathways. Briefly, the released IFN␤
binds to IFN receptor and induces phosphorylation of the Janus
tyrosine kinase family members leading to the activation of
STAT multifamily proteins. Upon activation, the members
of the STAT family induce the expression of pro- as well as of
anti-inflammatory genes through binding to the various ISRE
as well as to some IFN-␥-activated sequence promoter sites to
induce expression of interferon-stimulated genes (24). The
major mediators of IFN␤ signaling are STAT1 and STAT3 (24,
25). Indeed, we observed profound activation of STAT1 and
STAT3 following LPS stimulation.
STAT1 and STAT3 have similar structures; both are phosphorylated on tyrosine residues upon cytokine stimulation, and
both form homo- or heterodimers through the reciprocal Src
homology 2 domain/phosphotyrosine interactions, move to the
nucleus, bind to respective sequences on promoter sites, and
activate transcription of a large number of genes. Various
STAT1 and STAT3 dimers bind selectively to very similar but
not identical elements and thus activate different but to some
extent overlapping genes. This is likely to account for their different biological effects. For example, STAT1 homodimers
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(but not THC) pretreatment. CCL2
was shown to be up-regulated in
STAT3 knock-out macrophages
(64) pointing to a tight regulation of
CCL2 levels by STAT3. Indeed, we
found that the effect of CBD on the
down-regulation of CCL2 mRNA
parallels the up-regulation of
STAT3 activation and STAT1
down-regulation and further indicates that these STAT molecules
have a role in CBD-induced anti-inflammatory effects.
The IFN␤-inducible Janus tyrosine kinase/STAT pathway is under
the control of feedback inhibitors
belonging to the SOCS family that
include SOCS1–SOCS7 and CISH
(65, 66). The transcription of several
of these inhibitors is up-regulated as
a feedback response to immune
activation by a variety of immune
SCHEME 1. Schematic figure showing possible sites for the anti-inflammatory activities of THC and CBD cytokines and by LPS (67). Indeed,
in LPS-activated BV-2 microglia. Pointed arrows indicate activation, and blunt arrows indicate inhibition.
our qPCR measurement of mRNAs
for SOCS3 and CISH shows that
exert proinflammatory effects via binding to ISRE and IFN-␥- LPS profoundly up-regulates the expression of SOCS3 and of
activated sequence elements, inducing the expression of many CISH in BV-2 microglial cells. CBD, and to a lesser extent THC,
chemokines (e.g. CCL2, ICAM1, and CXCL10), which regulate significantly suppressed the expression of SOCS3, but not of
the migration or adhesion of immune cells (24). In contrast, CISH, suggesting the involvement of particular negative reguSTAT3 exerts anti-inflammatory effects via the increased syn- lators in the anti-inflammatory activity of the cannabinoids.
thesis of IL-10 (an anti-inflammatory interleukin) or via direct Because SOCS3 has been shown to decrease STAT3 activity
binding to consensus elements of various IL-10-inducible genes (68, 69) and the absence of SOCS3 (e.g. in SOCS3⫺/⫺ macro(56). Several reports have revealed mechanisms responsible for phages) led to increased STAT3-mediated anti-inflammatory
STAT3-mediated attenuation of immune responses. For exam- effects (69), the inducible effect of CBD on the activation of
ple, activated STAT3 was shown to suppress LPS-induced IL-6, STAT3 could be mediated via its effect on SOCS3 expression.
tumor necrosis factor ␣, and IL-12 gene expression in macro- This mode of regulation is in line with the CBD anti-inflammaphages and in dendritic cells (57, 58). STAT3 deficiency (or tory activity in LPS-activated microglial cells.
inactivation) makes the mutant mice highly susceptible to LPS
The NF-B pathway can also be regulated by STAT-depenshock and results in increased production of inflammatory dent molecules. Nishinakamura et al. (70) showed that acticytokines such as tumor necrosis factor ␣, IL-1, and IFN␥ from vated STAT3 (STAT3C, a modified form of STAT3) reduced
macrophages or neutrophils (59, 60). In addition, studies on LPS-induced NF-B transcription through ␣CP-1 (an RNASTAT3-deficient cells revealed the existence of reciprocal binding protein that contains a K-homology domain with
STAT1/STAT3 regulatory mechanisms and explained the specificity for C-rich pyrimidine tracts) without affecting the
increase in proinflammatory STAT1 activity in the absence/ TLR4 signal transduction, meaning without affecting phosinactivation of STAT3 (61– 63). Indeed, the balance between phorylation of IB and without affecting the DNA binding
the proinflammatory STAT1 and the anti-inflammatory activity of NF-B. We hypothesize that this regulation may
STAT3 seems to determine the final outcome of cell activation, be responsible at least in part for the diminution of IL-6
i.e. immune tolerance versus chronic inflammatory state (24, release by CBD.
25). Thus, STAT3 forms a feedback loop that is switched on by
As for THC, it did not affect STAT3 phosphorylation and
LPS and serves as a counterbalance mechanism to reduce the had a reduced effect on NF-B. This could explain its reduced
risk of chronic inflammation.
effect on the LPS-induced release of IL-6, in comparison with
In our experiments, we observed that although both canna- the effects of CBD. As for its effects on IL-1␤, this might be due
binoids reduce the activation of the proinflammatory STAT1, to the effect of THC on the release of IFN␤ and the concomitant
CBD (but not THC) strengthens the activation of STAT3. Thus, reduction in STAT1 phosphorylation. Although we did not
CBD seems to decrease the ongoing pro-inflammatory pro- observe a direct effect of THC on the NF-B pathway, an
cesses as well as intensify events counteracting inflammation. increasing number of genome-wide analyses indicate that modMoreover, we observed that LPS-induced STAT1-dependent ulation of IFN␤ pathway activity results in diminished tranexpression of CCL2 mRNA was down-regulated following CBD scription of NF-B-dependent genes (71, 72). This reciprocal

Cannabinoids and Microglial Activation
regulation may be involved in THC-exerted anti-inflammatory
effects.
In summary, our results show that although both THC and
CBD exert anti-inflammatory effects, the two compounds
engage different, although to some extent overlapping, intracellular pathways. Both THC and CBD decrease the activation of
proinflammatory signaling by interfering with the TRIF/IFN␤/
STAT pathway (see Scheme 1). CBD additionally suppresses
the activity of the NF-B pathway and potentiates an anti-inflammatory negative feedback process via STAT3. It is well
known that NF-B, IRF-3, and the STAT factors are induced by
a broad spectrum of endogenous signals whose level is
increased in response to cytotoxic changes. These include
mitogens, cytokines, and neurotoxic factors (73, 74). The cannabinoids by moderating or disrupting these signaling networks may show promise as anti-inflammatory agents.
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