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1 Two cannabinoid receptors, CB1 and CB2, have been identified. The CB1 receptor is preferentially
expressed in brain, and the CB2 receptor in cells of leukocyte lineage. We identified the mRNA for the
CB1 receptor in human neuroblastoma SH-SY5Y cells, and the mRNA and protein for the CB2
receptor in human microglia and THP-1 cells.

2 D9-and D8-tetrahydrocannabinol (THC) were toxic when added directly to SH-SY5Y neuro-
blastoma cells. The toxicity of D9- THC was inhibited by the CB1 receptor antagonist SR141716A but
not by the CB2 receptor antagonist SR144528. The endogenous ligand anandamide was also toxic,
and this toxicity was enhanced by inhibitors of its enzymatic hydrolysis.

3 The selective CB2 receptor ligands JWH-015 and indomethacin morpholinylamide (BML-190),
when added to THP-1 cells before stimulation with lipopolysaccharide (LPS) and IFN-g, reduced the
toxicity of their culture supernatants to SH-SY5Y cells. JWH-015 was more effective against
neurotoxicity of human microglia than THP-1 cells. The antineurotoxic activity of JWH-015 was
blocked by the selective CB2 receptor antagonist SR144528, but not by the CB1 receptor antagonist
SR141716A. This activity of JWH-015 was synergistic with that of the 5-lipoxygenase (5-LOX)
inhibitor REV 5901.

4 Cannabinoids inhibited secretion of IL-1b and tumor necrosis factor-a (TNF-a) by stimulated
THP-1 cells, but these effects could not be directly correlated with their antineurotoxic activity.

5 Specific CB2 receptor ligands could be useful anti-inflammatory agents, while avoiding the
neurotoxic and psychoactive effects of CB1 receptor ligands such as D9-THC.
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Introduction

The medicinal use of cannabis can be traced back as far as

ancient Chinese and Egyptian civilizations. It has continued

into modern times with cannabis preparations being included

in British and United States pharmacopoeias as late as the

1930s. This medicinal potential has since been overshadowed

by the widespread ‘recreational’ use of cannabis. Cannabis is

now classified as an hallucinogenic substance and is banned in

most jurisdictions. Mood, memory, perception and psycho-

motor activity are among the many neuronal functions that are

affected by cannabis ingredients (Dewey, 1986). One conse-

quence of its widespread recreational use, however, has been a

rediscovery of its therapeutic potential, particularly in

inflammatory conditions such as multiple sclerosis (Baker

et al., 2000; Robson, 2001). A dilemma has been created by

these conflicting effects. Discouraging the social use of

cannabis results in withholding a potentially valuable treat-

ment for some intractable diseases. Clearly, an important

advance would result from identifying agents selective for the

immune effects of cannabis while avoiding its psychoactivity.

Such a possibility has been indicated by investigations into

cannabinoid receptors. Two G-protein coupled receptors,

designated as CB1 and CB2, have so far been identified (for

reviews see Pertwee, 1997; Glass & Northup, 1999; Howlett

et al., 2002). The CB1 receptor is highly concentrated in the

central nervous system, while the CB2 receptor, which is also

referred to as the peripheral cannabinoid receptor, is widely

distributed and is particularly strongly expressed by immune

system cells, including monocytes (Cabral & Dove Pettit, 1998;

Klein et al., 1998). These data imply the existence of multiple

endogenous ligands. Endogenous ligands that have so far been

identified include anandamide (AEA) and 2-arachidonylgly-

cerol (Felder & Glass, 1998; Hillard, 2000; Piomelli et al., 2000).

Cannabinoids have already been shown to suppress several

macrophage functions, including phagocytosis, cytolysis and

cytokine secretion (Cabral & Dove Pettit, 1998; Klein et al.,*Author for correspondence; E-mail: mcgeerpl@interchange.ubc.ca

British Journal of Pharmacology (2003) 139, 775–786 & 2003 Nature Publishing Group All rights reserved 0007–1188/03 $25.00

www.nature.com/bjp



1998; Berdyshev, 2000). In this paper, we evaluated the ability

of various cannabinoid receptor ligands to exert direct toxic

effects on human SH-SY5Y neuroblastoma cells, but to

suppress the neurotoxic activity of activated human microglia

and microglia-like THP-1 cells. We tested two specific CB2

receptor ligands, JWH-015 and indomethacin morpholinyla-

mide (BML-190); an endocannabinoid AEA; and two canna-

bis ingredients, D9- and D8-tetrahydrocannabinol (THC).
Specificity of the ligands was evaluated by using the selective

CB1 receptor antagonist SR141716A and the selective CB2

receptor antagonist SR144528.

We first determined that human microglia and human

promyelocytic HL-60 cells selectively express CB2 receptors,

neuronal SH-SY5Y cells selectively express CB1 receptors,

while THP-1 cells express both receptors. We next found that

direct neurotoxicity of cannabinoid ligands was mediated

through the CB1 receptors, while amelioration of THP-1 cell

neurotoxicity was mediated through the CB2 receptors. Our

results suggest that ligands selective for the CB2 receptor

might have anti-inflammatory properties, while ligands selec-

tive for the CB1 receptor might be responsible for the

psychoactive and deleterious neuronal effects.

Methods

Reagents

The following cannabinoid receptor ligands were from Sigma

(St Louis, MO, U.S.A.): D9-THC; D8-THC; the endocannabi-
noid AEA (arachidonylethanolamide) (Facci et al., 1995); the

specific CB2 receptor ligands JWH-015 (1-propyl-2-methyl-3-

(1-naphthoyl)indole) (Showalter et al., 1996; Griffin et al.,

2000; Huffman, 2000) and indomethacin morpholinylamide

(BML-190, Gallant et al., 1996; Chang et al., 2001).

Cannabinoid receptor antagonists were obtained from the

National Institute on Drug Abuse (NIDA, Bethesda, MD,

U.S.A.) and included N-(piperidin-1-yl)-5-(4-chlorophenyl)-1-

(2,4-dichlorophenyl)-4-methyl-1H-pyrazole-3-carboximide hy-

drochloride (SR141716A), which is selective for the CB1

receptor (Pertwee, 1997) and N-[(1S)-endo-1,3,3-trimethylbi-

cyclo[2.2.1]heptan-2-yl]-5-(4-chloro-3-methylphenyl)-1-(4-methyl-

benzyl)-pyrazole-3-carboxamide (SR144528), which is selective

for the CB2 receptor (Glass, 2001; Howlett et al., 2002). Two

inhibitors of the enzymatic hydrolysis of AEA (De Petrocellis

et al., 2001) phenylmethylsulfonyl fluoride (PMSF) and

methylarachidonoyl fluorophosphonate (MAFP) were from

Sigma and Cayman Chemical Company (Ann Arbor, MI,

U.S.A.), respectively. The 5-lipoxygenase (5-LOX) inhibitor

REV 5901 was also supplied by Cayman Chemical Company.

Drugs were dissolved and diluted in dimethyl sulfoxide

(DMSO) with the exception of D9- and D8-THC that were
supplied in ethanol and subsequently diluted in this vehicle.

The final concentration of vehicle solvents in tissue culture

medium was 0.5%. At this concentration, neither of the

vehicles had any effect on the parameters analyzed. Never-

theless, equal amounts of vehicle were added to all control

samples against which the effects of various drugs were

assessed. The following substances used in various assays were

obtained from Sigma: bacterial lipopolysaccharide (LPS, from

E.coli 055:B5), diaphorase (EC 1.8.1.4, from Clostridium

kluyveri, 5.8Umg�1 solid), dimethyl sulfoxide, p-iodonitrote-

trazolium violet, NADþ , MTT (3-(4,5-dimethylthiazol-2-yl)-

2,5-diphenyl tetrazolium bromide), phosphatase substrate

Sigma 104. Human recombinant IFN-g was purchased from
Bachem California (Torrance, CA, U.S.A.) and PeproTech

Canada (Ottawa, ON, Canada). Antibodies used for Western

blotting (216407, rabbit polyclonal anti-CB2 receptor, 1 : 250

dilution) were from Calbiochem (San Diego, CA, U.S.A.),

while peroxidase-labeled anti-rabbit antibodies (1 : 5000) were

purchased from Sigma. Antibodies used for immunocyto-

chemistry included rabbit polyclonal antiglial fibrillary acidic

protein (GFAP) used at 1 : 20,000 dilution and mouse

monoclonal anti-CD68 used at 1 : 400 (both from DAKO,

Carpinteria, CA, U.S.A.), while rabbit polyclonal anti-CB2

receptor antibodies (from Calbiochem) were used at 1 : 1000.

Antibodies used in enzyme-linked immunoabsorbent assays

(ELISA) were as follows: for IL-1b capture, a rabbit
polyclonal (1 : 1000, a gift from Dr H. Ziltener, The Biomedical

Research Centre, Vancouver, BC, Canada); for IL-1b detec-
tion, mouse monoclonal (1 : 50, obtained from Dr A.E. Berger,

The Upjohn Company, Kalamazoo, MI, U.S.A.); for tumor

necrosis factor-a (TNF-a) capture, a mouse monoclonal
(1 : 2000, Chemicon, Temecula, CA, U.S.A.); for TNF-a
detection, biotinylated rabbit polyclonal (1 : 200, PeproTech

Canada). The alkaline phosphatase-labeled anti-mouse anti-

bodies (1 : 3000) were supplied by GIBCO BRL, Life

Technologies (Burlington, ON, Canada), while ExtrAvidin-

alkaline phosphatase (1 : 20,000) was from Sigma. Human

recombinant IL-1b and TNF-a used for ELISA calibrations
were from PeproTech Canada.

Cell culture

The human monocytic THP-1 and promyelocytic HL-60 cell

lines were obtained from the American Type Culture Collec-

tion (ATCC, Manassas, VA, U.S.A.). The human neuroblas-

toma SH-SY5Y cell line was a gift from Dr R. Ross, Fordham

University, NY. These cells were grown in Dulbecco’s

modified Eagle’s medium-nutrient mixture F12 ham

(DMEM-F12) supplemented with 10% fetal bovine serum

(FBS, GIBCO BRL, Life Technologies) and containing

gentamicin (50 mgml�1). All cell lines were used without initial
differentiation.

Human microglial cells were isolated from surgically

resected temporal lobe tissue. We thank Dr J. Maguire,

Department of Pathology and Laboratory Medicine, Vancou-

ver General Hospital for providing the surgical specimens.

Protocols described by De Groot et al. (1997; 2000) were used

with minor modifications. Tissues were placed in a sterile Petri

dish, rinsed with Hank’s balanced salt solution, and visible

blood vessels were removed. After washing tissues two more

times with Hank’s balanced salt solution, tissues were chopped

into small (o2mm3) pieces by using a sterile scalpel. The
fragments were transferred into a 50ml centrifuge tube

containing 10ml of 0.25% trypsin solution, and incubated at

371C for 20min. Subsequently DNase I (from bovine pancreas,

Pharmacia Biotech, Baie d’Urfé, PQ, Canada) was added to

reach a final concentration of 50mgml�1. Tissues were
incubated for an additional 10min at 371C. The cell

suspension was diluted with 10ml of DMEM-F12 with 10%

FBS, and gently triturated by using a 10ml pipette with a wide

mouth. After centrifugation at 275� g for 10min, the cell
pellet was resuspended in the serum-containing medium,
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triturated several times and passed through a 100mm nylon cell
strainer (Becton Dickinson, Franklin Lakes, NJ, U.S.A.). The

cell suspension was then centrifuged once more (275� g for
10min), resuspended into 10ml of DMEM-F12 with 10% FBS

containing gentamicin (50 mgml�1), and plated onto uncoated
10-cm tissue culture plates (Becton Dickinson). Plates were

placed in a humidified 5% CO2, 95% air atmosphere at 371C

for 2 h in order to achieve adherence of microglial cells.

Nonadherent cells with myelin debris were discarded by

replacing the cell medium in the plates. Microglial cells were

cultured for 5–7 days, then detached from the plates by

trypsinization (0.25% trypsin EDTA solution from GIBCO

BRL, Life Technologies), resuspended into DMEM-F12

medium containing 5% FBS and used for cytotoxicity

experiments. Immunostaining (see below) with antibodies

against CD68, which stains microglia as well as macrophages,

and GFAP, which is a marker of astrocytes, showed that the

isolated cultures contained 95.670.7% (N¼ 4) microglial cells.
The viability of monocytic cells and microglia in the presence

of various inhibitors was monitored visually with a phase-

contrast microscope and also by release of lactate dehydro-

genase (LDH), and by MTT assay that detects live cells (see

below). The latter two assays were performed after 24 h

incubation with the drug.

Cytotoxicity of THP-1 cells and microglia towards SH-
SY5Y neuroblastoma

The cytotoxicity experiments were performed as described

previously (Klegeris et al., 1999; Klegeris & McGeer, 2000a).

Briefly, human monocytic THP-1 cells were seeded into 24-

well plates at a concentration of 4� 105 cells per well in 0.8ml
of DMEM-F12 medium containing 5% FBS, while human

microglial cells were used at a five times lower concentration.

The cells were incubated in the presence of various drugs or

corresponding vehicle solutions for 30min prior to the

addition of an activating stimulus (0.5 mgml�1 LPS with
150Uml�1 IFN-g). Cannabinoid receptor antagonists were
added 10min before JWH-015. After 24 h incubation, 0.4ml of

cell-free supernatant was transferred to each well containing

SH-SY5Y cells. The cells had been plated 24 h earlier at a

concentration of 2� 105ml�1 in 0.5ml of DMEM-F12 medium
containing 5% FBS. After 72 h of incubation, the neuronal

culture media were sampled for LDH to determine release

from dead cells, while evaluation of surviving cells was

performed by the MTT assay. Ligands were added to THP-1

cell cultures 30min before their stimulation.

Cell viability assays: LDH release

Cell death was evaluated by LDH release. LDH activity in cell

culture supernatants was measured by an enzymatic test as

described by Decker & Lohmann-Matthes (1988), in which

formation of the formazan product of iodonitrotetrazolium

dye was followed colorimetrically. Briefly, 100 ml of cell culture
supernatants were pipetted into the wells of 96-well plates,

followed by addition of 15 ml lactate solution (36mgml�1 in
phosphate-buffered saline (PBS)) and 15ml p-iodonitrotetra-
zolium violet solution (2mgml�1 in PBS). The enzymatic

reaction was started by addition of 15 ml of NADþ /diaphorase

solution (3mgml�1 NADþ ; 2.3mg solidml�1 diaphorase).

After 15min incubation, the reaction was terminated by

addition of 15ml oxamate (16.6mgml�1). Optical densities
(ODs) were measured by a microplate reader with a 490-nm

filter, and the amount of LDH that had been released was

expressed as a percentage of the value obtained in comparative

wells, where remaining cells were 100% lysed by 1% Triton X-

100. Subsequently, values obtained in the presence of various

inhibitors were normalized against control values obtained in

the presence of corresponding vehicle solution.

Cell viability assays: reduction of formazan dye (MTT)

The MTT assay was performed as described by Mosmann

(1983) and by Hansen et al. (1989). This method is based on

the ability of viable, but not dead, cells to convert the

tetrazolium salt (MTT) to colored formazan. The viability of

SH-SY5Y cells was determined by adding MTT to the SH-

SY5Y cell cultures to reach a final concentration of 1mgml�1.

Following a 1-h incubation at 371C, the dark crystals formed

were dissolved by adding to the wells an equal volume of SDS/

DMF extraction buffer (20% sodium dodecyl sulfate, 50%

N,N-dimethyl formamide, pH 4.7). Subsequently, plates were

placed overnight at 371C and ODs at 570 nm were measured by

transferring 100 ml aliquots to 96-well plates and using the
microplate reader with a corresponding filter to record values.

The viable cell value was calculated as a percentage of the

value obtained from cells incubated with fresh medium only.

Subsequently, values obtained in the presence of various

inhibitors were normalized against control values obtained in

the presence of corresponding vehicle solution.

Measurement of IL-1b and TNF-a

Cytokine levels were measured in cell-free supernatants

following 48 h incubation of cells. ELISA methods were

employed as described previously for IL-6 (Klegeris et al.,

1999) with some modifications. Briefly, cells were seeded into

24-well culture plates (0.6ml, 5� 105 cellsml�1). They were
exposed to a combination of 0.5 mgml�1 LPS and 150Uml�1

IFN-g and, after 48 h incubation, the concentration of
cytokines in cell-free supernatants was measured. Capture

antibodies were diluted in 0.1m bicarbonate coating buffer, pH

8.2. Aliquots (50 ml) were added to each well of Corning
(Acton, MA, U.S.A.) Easy Wash 96-well plates. The plates

were incubated overnight at 41C. Nonspecific binding sites

were blocked by incubation of the wells for 2 h at room

temperature with 200ml of 3% BSA in PBS. Samples and

recombinant cytokine standards diluted in PBS/3% BSA were

added at 100 ml well�1, and plates were incubated for 3 h at
room temperature. Detection antibodies were diluted in PBS/

3% BSA and added at 100 ml to each well. Plates were
incubated for 1 h at room temperature. Alkaline phosphatase-

labeled antibodies (for IL-1b measurement) and ExtrAvidin-
alkaline phosphatase (for TNF-a measurement) were added in
PBS/3% BSA at 100ml well�1, followed by 45min of incuba-
tion at room temperature. After each of the above experi-

mental steps, plates were washed two to eight times with 0.5%

Tween in PBS, pH 7.0. OD at 405 nm was read by a microplate

reader after a 120min incubation of wells with substrate buffer

containing 1mgml�1 Sigma 104 phosphate substrate in 0.1m

diethanolamine buffer, pH 9.8. Concentrations of cytokines in

the experimental samples were calculated according to the

optical densities obtained from wells containing standards of
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recombinant cytokine. For each set of experiments standard

curves were run, where concentrations of cytokines were

reduced to levels that were indistinguishable from readings

obtained with media alone. These blank values were subtracted

from readings of experimental samples. The detection limits,

which correspond to media alone þ 2 s.d.’s were

0.1770.08Uml�1 for IL-1b and 0.370.1Uml�1 for TNF-a.

Reverse transcription polymerase chain reaction (RT–
PCR)

Total RNA from THP-1, HL-60, human microglial and SH-

SY5Y neuronal cell cultures was isolated by utilization of the

Trizol reagent (GIBCO BRL, Life Technologies), according to

the manufacturers’ instructions. Reverse transcription and

PCR analyses were performed essentially as described before

(Klegeris & McGeer, 2000b). The PCR primers used to detect

the CB1 receptor (Genbank accession NM_001840) were:

forward, 50 ATACCACCTTCCGCACCATCACCAC 30; and
reverse, 50 GCTGGGGTTCAGGACCATGAAACAC 30. The
PCR primers used to detect the CB2 receptor (Genbank

accession NM_001841) were: forward, 50 TGAAGATTGG-
CAGCGTGACTATGAC 30; and reverse, 50 AAAAGAG-
GAAGGCGATGAACAGGAG 30. The primers were

designed to produce specific fragments of 314 bp (CB1

receptor) and 285 bp (CB2 receptor). PCR amplification was

carried out using AmpliTaq Gold DNA polymerase (Perkin-

Elmer, Foster City, CA, U.S.A.). The amplification program

consisted of an initial denaturation step at 941C, which was

extended to 9min in order to activate AmpliTaq Gold enzyme.

This was followed by an annealing step at 551C for 30 s, and an

initial synthesis step at 721C for 3min. The remaining cycles

were 1min at 941C, 30 s at 551C, and 1min at 721C. The

number of cycles performed for both the CB1 and the CB2

receptor was 35. It was extended to 42 cycles for those samples

where no product could be observed after 35 cycles. After

amplification, PCR products were separated in a 6%

polyacrylamide gel and visualized by ethidium bromide

staining. Polaroid photographs of the gels were taken.

Immunoblot analyses

Immunoblot analysis for the CB2 receptor was carried out

according to standard protocols. Equivalent amounts of

protein (45 mg per lane) were separated through 7.5% poly-

acrylamide gels and transferred to Immobilon-P membranes

(Millipore, Bedford, MA, U.S.A.). Membranes were dried,

and immunostaining performed after 2 h pretreatment with

5% skimmed milk in Tris-buffered saline. Membranes were

incubated with primary antibodies overnight at 41C, followed

by incubation with secondary peroxidase-labeled antibodies

for 1.5 h at room temperature. After an extensive (2 h) wash

with Tris-buffered saline containing 0.05% Tween-20, the

specific bands were visualized by a chemiluminescence assay

(Pierce Chemical Co., Rockford, IL, U.S.A.).

Immunocytochemistry

Human microglial cell cultures were plated on glass coverslips

and fixed by air drying followed by incubation for 10min in

4% paraformaldehyde in PBS. Subsequently, cell membranes

were permeabilized with an 0.2% solution of Triton X-100 in

PBS (5min). Endogenous peroxidase was inactivated by

incubation for 30min with 0.5% hydrogen peroxide in PBS.

Nonspecific binding sites were blocked by incubation for 1.5 h

with 5% skim milk powder in PBS containing 1% of normal

serum from the animal in which the secondary antibody was

raised. Staining was performed by incubating cells overnight at

room temperature with a primary antibody (see Reagents

section) diluted in 2% skim milk powder in PBS. After several

washes with PBS, the corresponding secondary biotinylated

antibody was added at 1 : 1000, and cells incubated for 1 h

at room temperature. This was followed by PBS washes

and 30min incubation with avidin-biotinylated horseradish

peroxidase complex (1 : 1000, ABC Elite from Vector

Laboratories, Burlingame, CA, U.S.A.). After several PBS

washes, peroxidase labeling was visualized by incubation in

0.3% 3.3-diaminobenzidine containing 1% nickel ammonium

sulfate, 50mm imidazole and 0.001% hydrogen peroxide in

0.05m Tris-HCl buffer, pH 7.6. When a dark-blue color

developed, sections were washed, mounted on glass slides and

coverslipped with Entellan (BDH, Toronto, ON, Canada).

Controls without the primary antibody showed no significant

staining.

Statistical analysis

Data are presented as means7s.e.m. The concentration-
dependent effects of various drugs were evaluated statistically

by the randomized blocks design analysis of variance

(ANOVA). The effect of REV 5901 on the dose-dependent

inhibition by JWH-015 was evaluated by two-factor ANOVA,

while the paired Student’s t-test was used to assess the effects

of the antagonists of cannabinoid receptors and inhibitors of

AEA hydrolysis. Holm’s step-down method was used to

correct for multiple comparisons (Holm, 1979).

Results

Figure 1 shows the results of RT–PCR analysis of the various

cell lines for expression of the CB1 and CB2 receptor genes.

PCR products yielded single bands of the predicted sizes of 314

and 285 bp, respectively. The CB1 receptor was expressed by

THP-1 and SH-SY5Y cells, but not by microglia or HL-60

cells. The CB2 receptor was expressed by THP-1, microglia

and HL-60 cells, but not by the neuronal SH-SY5Y cells.

Thus, neuronal SH-SY5Y cells selectively express the CB1

receptor, while human microglia selectively express the CB2

receptor. THP-1 cells express both receptors.

Figure 2 shows the results of immunoblot experiments for

the CB2 receptor protein. A single band of approximately

50 kDa was obtained for THP-1 and HL-60 cells, which

corresponds well with previously reported values for the CB2

receptor (Munro et al., 1993; Nowell et al., 1998). The human

promyelocytic HL-60 cell line was used as a positive control

since the CB2 receptor was initially identified in these cells

(Munro et al., 1993; Galiegue et al., 1995). Insufficient protein

was available from cultures of human microglia to permit

immunoblotting analysis of these cells. Therefore, immunocy-

tochemistry was carried out on microglial cell cultures

obtained from surgical specimens. Staining of such cultures

with antibodies against CD68 showed that the majority of cells

(95.670.7%, N¼ 4) were of microglial lineage (Figure 3a).
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When cell cultures were stained by antibodies recognizing the

CB2 receptor (Figure 3b), cells with the same morphology

were positive. The few remaining cells were astrocytes as

evidenced by their astrocytic morphology and positive staining

for GFAP (Figure 3c).

Figure 4 illustrates the effects of various ligands and CB

receptor antagonists when applied directly to SH-SY5Y cells.

Concentrations shown to be effective in inhibiting THP-1 cell

toxicity (see Figure 5) were used with the exception of AEA

that exhibited toxicity only at a high dose of 50mm (Figure 4a).
D9- and D8-THC had a prominent and dose-dependent toxic
effect on the cells as demonstrated by the MTT assay while

JWH-015 had no effect. The toxic effect of D9-THC was
abolished by blockade of the CB1 receptors by pretreatment of

SH-SY5Y cells for 10min with the selective antagonist

SR141716A. Similar treatment with the selective CB2 receptor

antagonist SR144528 provided no protection (Figure 4b).

These data indicate that the direct neurotoxic action of

cannabis derivatives on SH-SY5Y neuroblastoma cells was

mediated through their CB1 receptor. Figure 4c shows that the

toxic action of AEA was enhanced by pretreatment of SH-

SY5Y cells for 10min with PMSF and MAFP at two different

concentrations. These drugs inhibit the enzymatic hydrolysis

of AEA (De Petrocellis et al., 2001).

Figure 5 shows the effects of cannabinoids and CB2 receptor

ligands on THP-1 cell secretions that were toxic to neuronal

SH-SY5Y cells. The agents were added to THP-1 cells 30min

before addition of the stimulant combination of LPS and IFN-

g. The reduction of toxicity was assessed in two ways: (1)
through retention of the ability to reduce formazan by cells

surviving in culture, that is, the MTT assay (Figure 5a); and (2)

through measurement of LDH released into the culture

medium by cells dying after being exposed to the neurotoxic

secretions from stimulated THP-1 cells (Figure 5b). THP-1

cells generate neurotoxic secretions only when they are

Figure 1 Polaroid photographs of a typical ethidium bromide-
stained gel demonstrating PCR products for CB1 and CB2 receptors
after 35 amplification cycles. Amplification products are shown for
human THP-1 monocytic cells, human SH-SY5Y neuroblastoma
cells, human postmortem microglia and human promyelocytic HL-
60 cells. Location of molecular size markers in base pairs is shown in
the left lane. Notice that CB1 receptor mRNA bands are observed in
human monocytic THP-1 and SH-SY5Y neuronal cell extracts,
while CB2 receptor bands are present in THP-1, HL-60 and
microglial cell extracts.

Figure 2 An example of immunoblot showing CB2 receptor-
specific bands in extracts of human monocytic THP-1 and
promyelocytic HL-60 cells. Equivalent amounts of protein (45 mg/
lane) were separated through 15% polyacrylamide gels and
visualized by a chemiluminescence assay. Location of molecular
size markers (kDa) is shown in the left lane.

Figure 3 Immunostaining of cultures from surgically resected
human temporal lobe tissue. (a) microglial cell stained with an
antibody to CD68; (b) staining of microglia with an antibody to the
CB2 receptor; (c) staining of one of a small number of astrocytes
that appeared in the cultures with an antisera to GFAP. Calibration
bar in (c) is for all three panels.
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stimulated. The effects of supernatants from unstimulated

THP-1 cells are indistinguishable from medium alone (Klegeris

& McGeer, 2000a). None of the drugs had any effect on

viability of THP-1 cells as measured by LDH and MTT assays

after the 24 h incubation period (data not shown).

The MTT values (Figure 5a) were normalized to zero

inhibitor concentration that was set at 100%. Agents reducing

neurotoxicity enhanced survival so that reductions in neuro-

toxicity were measured as a percent increase over the base

100% value. The mean absolute value of live cells at zero

inhibitor concentration was 50.271.7% (N¼ 39) of total cells
after 72 h.

Figure 5b shows the relative values of LDH released into the

medium during 72 h of SH-SY5Y culture in THP-1 cell

supernatants that had been exposed or not exposed to

inhibitors. The scale is also in percent, where 100% represents

zero concentration of the inhibitor (i.e. medium from

stimulated THP-1 cells only). The reduction of LDH released

in the presence of inhibitors therefore represents the degree of

sparing achieved by each agent. In these experiments, each set

of data was normalized to the zero drug concentration value.

The mean absolute value of dead cells at zero inhibitor

concentration was 41.672.4% (N¼ 39) of total cells after 72 h.
Culture with unstimulated THP-1 cell supernatants resulted in

death of 5.370.6% (N¼ 7) at 72 h, similar to the death
occurring in SH-SY5Y cells cultured in media alone.

Figure 5 shows that the two specific CB2 receptor ligands,

JWH-015 and BML-190, reduced the neurotoxicity of THP-1

cell supernatants in a dose-dependent fashion. At a concentra-

tion of 10mm, cell death declined by 25–50% according to the
LDH assay and cell survival increased by 200–300% in the

MTT assay. The endogenous ligand AEA had much weaker

effects. It failed to demonstrate any reduction in LDH release

and showed only a slight increase at high concentration in the

MTT assay. D9- and D8-THC gave mixed results. When added
to THP-1 cells, these agents reduced release of LDH from SH-

SY5Y cells indicating a reduction in THP-1 cell neurotoxicity.

However, D8-THC showed no effect on the MTT assay and D9-
THC showed only marginal improvement in cell viability.

Moreover, they were the only ligands to reduce the viability of

SH-SY5Y cell when added to these neuronal cells directly.

Since D9- and D8-THC would be expected to persist in the
supernatants transferred from THP-1 cell cultures, a mixed

effect of these two ligands would be anticipated, with

protection being generated from interaction with the THP-1

cell CB2 receptors, but direct neurotoxicity occurring because

of interaction with the CB1 receptors on SH-SY5Y cells.

Figure 5c shows that the antineurotoxic action of JWH-015

was inhibited by pretreatment of cells for 10min with the CB2

receptor antagonist SR144528. Similar treatment with the

selective CB1 receptor antagonist SR141716A was without an

effect. These data indicate that the antineurotoxic action of

JWH-015 on THP-1 cells was mediated through their CB2

receptor.

The inhibitory effect of the specific CB2 receptor ligand

JWH-015 on THP-1 cells was not confined to this particular

Figure 4 Toxicity of cannabinoids and synthetic ligands of
cannabinoid receptors towards SH-SY5Y neuroblastoma cells. (a)
SH-SY5Y cells were incubated with various concentrations of drugs
(mm, shown on the ordinate) alone, and cell viability was assessed
72 h later by the MTT assay. (b) Toxic effect of D9-THC was
abolished by the CB1 receptor antagonist SR141716A, but not by
the CB2 receptor antagonist SR144528. Receptor antagonists (1mm)
or their corresponding vehicle solutions were added 10min before
exposure of SH-SY5Y cells to 5 mm D9-THC. (c) Toxicity of
anandamide was enhanced by inhibitors of the enzymatic hydrolysis
of anandamide (PMSF and MAFP). Inhibitors or their correspond-
ing vehicle solutions were added 10min before exposure of SH-
SY5Y cells to 50 mm anandamide. Data (means7s.e.m.) are
expressed as percent control, where 100% (shown as a dashed line)
is the value obtained in the presence of vehicle solution only. The
dotted lines in (a) and (b) represent s.e.m. intervals. The number of
independent experiments as well as P-values obtained for each of the
drug treatments are presented on the figure. The concentration-
dependent effects of various drugs in (a) were assessed by
randomized blocks design ANOVA, while the effects of receptor
antagonists in (b) and (c) were estimated by the paired Student’s t-
test and corrected for multiple comparisons by Holm’s step-down
method.
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cell line. Figure 6 shows data obtained by using human

microglial cells isolated from tissues of four cases that had

undergone surgical temporal lobe resection. These cells, similar

to THP-1 and human post-mortem microglial cells (Klegeris &

McGeer, 2000a), became toxic towards neuronal SH-SY5Y

cells after LPS and IFN-g stimulation. As was the case with
THP-1 cells, JWH-015 effectively inhibited this cytotoxic

activity of microglial cells. The effects on microglia were even

more potent since JWH-015 in the 5–10mm range was able to
reduce the toxicity to the levels comparable to unstimulated

microglia in both assays. Measurements of the viability of

microglia after the 24-h incubation showed no decrease in cell

viability by JWH-015 treatment.

Figure 7 demonstrates that the antineurotoxic action of

JWH-015 on THP-1 cells can be enhanced further by a specific

5-LOX inhibitor REV 5901. Our previous study showed that

at 1 mm or less REV 5901 had no significant effect in this assay
when added alone, but was able to enhance the effects of

cyclooxygenase inhibitors (Klegeris & McGeer, 2002). Here,

we demonstrate that similar synergism occurs between this 5-

LOX inhibitor and the CB2 receptor ligand JWH-015.

Ligands for cannabinoid receptors have been reported to

influence inflammatory cytokine secretion (Shivers et al., 1994;

Gallily et al., 1997; Molina-Holgado et al., 1999; Puffenbarger

et al., 2000). To determine whether the neuroprotective effects

of cannabinoid receptor ligands could be explained by

Figure 5 Decreased toxicity of THP-1 monocytic cell secretions towards SH-SY5Y cells by cannabinoids and synthetic ligands of
cannabinoid receptors. THP-1 cells were pretreated with various concentrations of drugs (mm, shown on the ordinate) for 30min
before stimulation with LPS (0.5 mgml�1) and IFN-g (150Uml�1). After 24 h incubation, the cell-free supernatants of THP-1 cells
were transferred to the wells containing SH-SY5Y cells. The viability of SH-SY5Y cells was assessed after 72 h by the MTT assay (a)
and by measuring the LDH activity in the supernatants (b). Data (means7s.e.m.) are expressed as % control, where 100% (shown
as a dashed line) is the value obtained from supernatants of stimulated THP-1 cells in the presence of corresponding vehicle solution.
The dash-dotted line represents the mean value obtained from supernatants of unstimulated THP-1 cells, while the dotted lines
represent s.e.m. intervals. The number of independent experiments for each set of data is also shown. The concentration-dependent
effects of various drugs were assessed by randomized blocks design ANOVA and P-values obtained for each of the drug treatments
are presented on the figure. (c) The antineurotoxic effect of JWH-015 was abolished by the CB2 receptor antagonist SR144528 but
not by the CB1 receptor antagonist SR141716A. Receptor antagonists (1 mm) or their corresponding vehicle solutions were added
10min before exposure of THP-1 cells to 5 mm JWH-015. The number of independent experiments for each set of data is shown
together with P-values that were obtained by the paired Student’s t-test (versus THP-1 cells stimulated in the presence of vehicle
solutions only) and corrected for multiple comparisons by Holm’s step-down method.
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alterations in inflammatory cytokine secretion, we tested five

ligands for their influence on IL-1b and TNF-a secretion by
stimulated THP-1 cells (Table 1). The cytokines were measured

in cell-free supernatants of THP-1 cells that had been

stimulated with LPS (0.5 mgml�1) and IFN-g (150Uml�1)
48 h earlier. Mixed results were obtained indicating that the

reduction in neurotoxicity could not be correlated with

changes in cytokine secretion. BML-190 caused a significant

increase in TNF-a secretion, but had no effect on IL-1b
secretion. JWH-015 caused a significant decrease in both IL-1b
and TNF-a. AEA, D9-THC and D8-THC all caused significant
decreases in IL-1b secretion, and trends toward reductions in
TNF-a secretion.

Discussion

The data reported here show that CB2 receptor ligands have

an antineurotoxic action on stimulated THP-1 cells and on

human microglia. These cells express strongly the CB2

receptor, which is in keeping with the conclusion that CB2 is

the predominant receptor on cells of leukocyte lineage

(Galiegue et al., 1995). CB1 receptors have also been reported

to be present on leukocytes and leukocyte cell lines (Daaka

et al., 1995), which is consistent with our identification of CB1

receptors on THP-1 cells. However, it is unlikely that CB1

receptors were making a significant contribution to the

antineurotoxic effect of cannabinoids for the following

reasons. Firstly, the mRNA for the CB1 receptor was not

detected in human microglia extracts. Secondly, the selective

CB2 receptor ligands BML-190 and JWH-015 were the most

active of the compounds tested, and thirdly the antineurotoxic

effect of JWH-015 was blocked by the CB2 receptor antagonist

SR144528 but not by the CB1 receptor antagonist SR141716A.

Although there was a good correspondence between the

LDH and MTT assays in their measurements of the effects of

JWH-015, BML-190 and AEA, the protective effects of D9-
and D8-THC were much stronger according to the LDH assay
than the MTT assay (Figure 5a versus b). This discrepancy

could be because of toxic effects of residual THCs that were

transferred to SH-SY5Y cells with supernatants.

Figure 6 The specific CB2 receptor ligand JWH-015 in a concen-
tration-dependent manner inhibits neurotoxicity of human microglia
derived from surgical specimens. Human microglial cells were
pretreated with various concentrations of JWH-015 ( mm, shown
on the abscissa) for 30min before stimulation with LPS (0.5 mgml�1)
and IFN-g (150Uml�1). After 24 h incubation, the cell-free super-
natants of microglial cells were transferred to the wells containing
SH-SY5Y cells. The viability of SH-SY5Y cells was assessed after
72 h by the MTT assay (a) and by measuring the LDH activity in the
supernatants (b). Data (means7s.e.m.) are expressed as % live (a)
or dead (b) cells. The concentration-dependent effects of JWH-015
were assessed by randomized blocks design ANOVA. Data were
obtained from four independent experiments, F and P-values
obtained for both assays are presented in the figure. Note that
human microglial cells were used at a five times lower concentration
than THP-1 cells.

Figure 7 The antineurotoxic effects of the specific CB2 receptor
ligand JWH-015 on THP-1 cell toxicity towards SH-SY5Y neuronal
cells are enhanced by REV 5901, when this specific inhibitor of 5-
LOX is added at a suboptimal dose of 1 mm. Experiments were
performed as described in Figure 5. The abscissa represents the
concentration of JWH-015 in mm and the ordinate the percent
survival of cells where 100% represents the survival in the presence
of vehicle solution. Note that at 1 mm or less REV 5901 by itself had
no significant effect in this assay (Klegeris & McGeer, 2002). Data
(means7s.e.m.) are expressed as % live (a) or dead (b) cells, N¼ 4,
F and P-values indicate the level of significance, two-factor
ANOVA.

782 A. Klegeris et al Antineurotoxic action of cannabinoids

British Journal of Pharmacology vol 139 (4)



The CB1 receptor is overwhelmingly dominant in the central

nervous system. It has even been reported that the CB2

receptor is not expressed in brain (Griffin et al., 1999) despite

the presence of resident microglia. Neurons therefore must

express the CB1 receptor predominantly, as we have found for

SH-SY5Y cells, and as others have found for neurons both in

vivo and in vitro (Hirst & Lambert, 1995; Lew, 1996; Sanchez

et al., 1998; Hohmann & Herkenham, 2000; Glass, 2001). As

far as microglial cells are concerned, there have not been

studies published on human cells thus far, although the

presence of cannabinoid receptors has been shown on

invertebrate and rodent microglia (Stefano et al., 1996; McCoy

et al., 1999; Waksman et al., 1999; Carlisle et al., 2002). Both

CB1- and CB2-receptor-mediated effects on these cells have

been recorded. Thus Waksman et al. (1999) demonstrated the

presence of functionally active CB1 receptors on cultured rat

microglial cells, and showed that these receptors mediated

inhibition of NO production. Our data showing the mRNA

and protein for the CB2 receptor in human microglial cell

extracts, combined with data on the pharmacological action of

ligands selective for the CB2 receptor, indicate that microglia

preferentially express functional CB2 receptors. These ob-

servations are consistent with previous reports that the CB2

receptor is expressed by cultured rat microglial cells (see Glass,

2001), and with a study showing that CB2 receptors mediate

the effects of D9-THC on murine macrophage antigen

processing (McCoy et al., 1999).

The limited availability of human microglial cells makes it

difficult to use them for extensive pharmacological investiga-

tions. In this study we confirmed the activity of the CB2

receptor ligand JWH-015 on human microglia after initial

studies on THP-1 cells had shown it to be the most effective of

the agents tested. Its activity was more powerful on microglia

than on the THP-1 cells.

THP-1 cells appear generally to be a good model for human

macrophages. They have a range of properties similar to

microglia and other mononuclear phagocytes, including

release of such products as superoxide anion, TNF-a, IL-1b,
prostaglandin E2 and other as yet unidentified neurotoxins

(Giulian et al., 1990; Lorton et al., 1996; Schwende et al., 1996;

Combs et al., 1999; Klegeris & McGeer, 2000a; Yates et al.,

2000). In keeping with human microglia, but unlike rodent

microglia, these cells do not readily express inducible NO

synthase (Denis, 1994; Colton et al., 2000; Walker et al., 2001).

Various standard macrophage stimulants such as LPS, IFN-g
and b-amyloid protein readily induce rodent macrophages/
microglia to generate NO synthase, which has been shown to

be a mediator of rodent microglia-induced neuronal cell death

in vitro (McMillian et al., 1995; Ii et al., 1996) and in vivo

(Weldon et al., 1998).

We found a direct neurotoxic action on SH-SY5Y cells of

the cannabinoids, but not the selective CB2 receptor ligands

BML-190 and JWH-015. AEA had to be used at concentra-

tions higher than those of D9-THC and D8-THC, even though
it is a CB1 receptor agonist as well. This discrepancy could be

due to the rapid metabolism of AEA by SH-SY5Y cells. Thus

it has been reported before that inhibitors of the enzymatic

hydrolysis of AEA enhance its receptor-mediated effects

(Wiley et al., 2000; De Petrocellis et al., 2001). Here we

demonstrate that the same is true in the case of AEA

neurotoxicity (see Figure 4c). The above data indicate that

SH-SY5Y neuron-like cells are adversely affected by D9-THC
and D8-THC. This toxicity appears to be mediated by the CB1
receptors since it was blocked by the CB1 and not by the CB2

receptor antagonist. Such results are consistent with data

showing that D9-THC and other cannabinoids cause neuronal
death after prolonged exposure both in vivo and in vitro

(Scallet, 1991; Chan et al., 1998).

Table 1 Effects of various cannabinoid receptor ligands on IL-1b and TNF-a secretion by stimulated THP-1 cells

Ligand Concentration (mm) IL-1b secretion (% control) P TNF-a secretion (% control) P

D9-THC 10 55713 (5) o0.01 7772 (3) 0.07
5 6477 (5) 9073 (3)
1 9275 (5) 105715 (3)

D8-THC 10 53711 (5) 0.03 79726 (3) 0.07
5 6977 (5) 89720 (3)
1 9275 (5) 107722 (3)

Anandamide 10 64711 (5) o0.01 87720 (3) 0.2
5 8774 (5) 11275 (3)
1 9077 (5) 106712 (3)

BML-190 10 10177 (5) 0.48 147728 (4) 0.04

5 10175 (5) 146720 (4)
1 10073 (5) 140713 (4)

JWH-015 10 69711 (4) o0.01 8478 (4) 0.03

5 81711 (4) 8179 (4)
1 8978 (4) 10576 (4)

Drugs were administered to THP-1 cells 30min before stimulation with a mixture of LPS (0.5mgml�1) and IFN-g (150Uml�1). IL-1b and
TNF-a concentrations in cell-free supernatants were measured 48 h later. Data (means7s.e.m.) are expressed as percent change in cytokine
concentrations, with mean absolute values obtained from stimulated cells in the presence of corresponding vehicle solutions being
1.370.5Uml�1 for IL-1b and 6.872.6 ngml�1 for TNF-a. The number of independent experiments for each set of data is shown in
parentheses. The concentration-dependent effects of various drugs were assessed by randomized blocks design ANOVA and P-values
obtained for each of the drug treatments are presented. Significant P-values are indicated in bold type.
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Toxic effects of D9-THC on SH-SY5Y and other neuro-
blastoma cell types have previously been noted at concentra-

tions equal to or lower than those employed in these

experiments (Blevins & Regan, 1976; Lew, 1996). While such

neurotoxic effects may be mediated primarily by the CB1

receptor (Chan et al., 1998), in some cases cannabinoid

receptor-independent mechanisms could also be involved

(e.g. Howlett, 1995; Di Marzo et al., 2000). Heavy use of

cannabis is also known to have deleterious effects on cognition

and memory (Pope & Yurgelun-Todd, 1996; Solowij et al.,

2002) despite some reports of the neuroprotective effects of

cannabinoids (for a review see Guzman et al., 2001).

In our hands, the effects of the various cannabinoid ligands

on inflammatory cytokine secretion by stimulated THP-1 cells

were variable. They did not correlate with the antineurotoxic

effects of these ligands suggesting that neither IL-1b nor TNF-
a are the principal mediators of THP-1 cell toxicity. For
example, BML-190 significantly increased, and JWH-015

significantly decreased, TNF-a secretion. BML-190 had no
effect on IL-1b secretion, while JWH-015 caused a significant
decrease. These were the ligands that showed the greatest

antineurotoxic action. The mixed ligands D9- and D8-THC and
AEA all decreased secretion of both inflammatory cytokines.

These latter results are consistent with reports in the literature

that ligands for cannabinoid receptors reduce the production

of inflammatory cytokines by rat microglia (Puffenbarger et al.,

2000), as well as mouse and human macrophages (Zheng et al.,

1992), and macrophage cell lines (Fischer-Stenger et al., 1993;

Shivers et al., 1994; McCoy et al., 1999; Chang et al., 2001).

However, results on cytokine secretion can be variable, since

opposing effects on IL-6 and TNF-a production by human
monocytes have been reported, depending on the ligands and

concentration (Berdyshev et al., 1997). Furthermore, both

cannabinoid receptor-dependent (McCoy et al., 1999) and

independent (Puffenbarger et al., 2000) effects on cytokines

secretion have been reported before. Therefore, the complexity

of the effects observed in this study is likely because of a

mixture of cannabinoid receptor-specific and receptor-inde-

pendent mechanisms and will require additional studies.

In addition to BML-190 and JWH-015, several synthetic

agents that have powerful and selective action against CB2

receptors have been described (Huffman, 2000). They may

represent a new and powerful class of anti-inflammatory

compounds. The CB2 receptor acts through selective G-

proteins, which in turn affect adenylate cyclase (Glass &

Northup, 1999). The mechanism of action of CB2 receptor

ligands could therefore be different from other classes of anti-

inflammatory agents so they might be suitable for combination

therapy. An important advantage of using combination

therapies might be use of lower, safer doses of drugs. Here

we demonstrate in our in vitro model an enhanced benefit

from combining a selective CB2 receptor ligand (JWH-015)

with a specific 5-LOX inhibitor (REV 5901, see Figure 7).

Similar synergism was observed before between REV 5901 and

several nonsteroidal anti-inflammatory drugs that inhibit

cyclooxygenases (Klegeris & McGeer, 2002). Since cannabi-

noid receptor ligands are structurally similar to arachidonic

acid and some of them may serve as substrates for

cyclooxygenases and lipoxygenases (Kozak et al., 2000; Chang

et al., 2001), a possibility exists that these drugs may affect the

enzymatic activity of cyclooxygenases by substrate competi-

tion. Alternatively, signaling pathways downstream of the CB2

receptor that are independent of 5-LOX (e.g. adenylate

cyclase) may be responsible for the synergism observed in this

study.

The CB2 receptor appears on all classes of leukocytes.

Cannabinoids are known to suppress the actions of B cells, T

cells and NK cells, as well as macrophages. The net effect is to

reduce resistance to infection (for reviews see Cabral & Dove

Pettit, 1998; Klein et al., 1998; Porter & Felder, 2001). This

could be a negative consequence of CB2 receptor ligand

therapy. Nevertheless, mice deficient in the CB2 receptor

appear to be healthy (Buckley et al., 2000), which points

towards the potential use of specific CB2 receptor ligands as

anti-inflammatory agents, especially in diseases such as

Alzheimer’s disease and multiple sclerosis, where overactive

microglia are believed to promote neuronal damage (reviewed

by Neuroinflammation Working Group, 2000).

This work was supported by a grant from the Jack Brown and Family
Alzheimer’s disease Research Fund, and by a grant from the Alzheimer
Society of Canada/CIHR/Astra Zeneca Canada.
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