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BACKGROUND AND PURPOSE
The endogenous cannabinoid system participates in oligodendrocyte progenitor differentiation in vitro. To determine the
effect of synthetic cannabinoids on oligodendrocyte differentiation, we exposed differentiating cultures of oligodendrocytes
with cannabinoid CB1, CB2 and CB1/CB2 receptor agonists and antagonists. The response of the PI3K/Akt and the mammalian
target of rapamycin (mTOR) signalling pathways were studied as effectors of cannabinoid activity.

EXPERIMENTAL APPROACH
Purified oligodendrocyte progenitor cells (OPC) obtained from primary mixed glial cell cultures were treated for 48 h with
CB1, CB2 and CB1/CB2 receptor agonists (ACEA, JWH133 and HU210, respectively) in the presence or absence of the
antagonists AM281 (CB1 receptor) and AM630 (CB2 receptor). Moreover, inhibitors of the phosphatidylinositol 3-kinase
(PI3K)/Akt and mTOR pathways (LY294002 and rapamycin, respectively) were used to study the involvement of these
pathways on cannabinoid-induced OPC maturation.

KEY RESULTS
ACEA, JWH133 and HU-210 enhanced OPC differentiation as assessed by the expression of stage specific antigens and myelin
basic protein (MBP). Moreover, this effect was blocked by the CB receptor antagonists. ACEA, JWH133 and HU210 induced a
time-dependent phosphorylation of Akt and mTOR, whereas the inhibitors of PI3K/Akt (LY294002) or of mTOR (rapamycin)
reversed the effects of HU-210 on oligodendrocyte differentiation and kinase activation.

CONCLUSIONS AND IMPLICATIONS
Activation of cannabinoid CB1 or CB2 receptors with selective agonists accelerated oligodendrocyte differentiation through the
mTOR and Akt signalling pathways.

LINKED ARTICLES
This article is part of a themed issue on Cannabinoids in Biology and Medicine. To view the other articles in this issue visit
http://dx.doi.org/10.1111/bph.2011.163.issue-7
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Abbreviations
D

9-THC, D9-tetrahydrocannabinol; 2-AG, 2-arachidonoyl glycerol; ACEA, N-(2-chloroethyl)-5Z, 8Z, 11Z, 14Z-

eicosatetraenamide; AM281, 1-(2,4-dichlorophenyl)-5-(4-iodophenyl)-4-methyl-N-4-morpholinyl-1H-pyrazole-3-

carboxamide; AM630, 6-iodo-2-methyl-1-[2-(4-morpholinyl)ethyl]-1H-indol-3-yl](4-methoxyphenyl)methanone; bFGF,

basic fibroblast growth factor; CBs, cannabinoids; DAGLa, diacylglycerol lipase a; DAGLb, diacylglycerol lipase b;

HU210, (6aR)-trans-3-(1,1-dimethylpeptyl)-6a,7,10,10a-tetrahydro-1-hydroxy-6,6-dimethyl-6H-ibenzo[b,d]pyran-9-

methanol; JWH133, (6aR,10aR)-3-(1,1-dimethylbutyl)-6a,7,10,10a-tetrahydro-6,6,9-trimethy-6H-dibenzo[b,d]pyran;

LY294002, 2-(4-morpholinyl)-8-phenyl-4H-1-benzopyran-4-one hydrochloride; MAGL, monoacylglycerol lipase; mTOR,

mammalian target of rapamycin; OL, oligodendrocyte; OPC, oligodendrocyte progenitor cells; PDGF-AA, platelet-derived

growth factor-AA; PI3K, phosphatidylinositol 3-kinase

Introduction

The discovery of the psychoactive principle of Cannabis sativa

L., D9-tetrahydrocannabinol (D9-THC), by Mechoulam over 46

years ago, marked the beginning of a new field of research

into the pharmacological and physiological role of the can-

nabinoids (Gaoni and Mechoulam, 1964). Over the years, the

importance of cannabinoid research has grown and devel-

oped, and it is currently considered by many to be one of the

most exciting areas of neuropharmacology. Indeed, a specific

endocannabinoid system has been shown to exist in the

brain and the therapeutic potential of this system through its

pharmacological manipulation has been explored (Devane

et al., 1992; Mechoulam et al., 1995; Pertwee, 2005a;

Fernandez-Ruiz et al., 2010a; Scotter et al., 2010). Accord-

ingly, and in addition to the well-established behavioural

effects of D

9-THC, many other synthetic, plant-derived and

endogenous cannabinoids exert profound effects on the

immune system and the CNS (Cabral and Griffin-Thomas,

2008).

The therapeutic effects of cannabinoids in models of neu-

rodegeneration have long been recognized (Grundy, 2002;

Marsicano et al., 2003; Fernandez-Ruiz et al., 2010b), and it is

believed that they may slow the neurodegeneration that ulti-

mately leads to chronic disability in patients (Gowran et al.,

2010). However, the role of cannabinoids in brain repair

remains less clear, although several laboratories have found

compelling evidence that cannabinoids may well play a sig-

nificant role in both neuroregeneration and cell differentia-

tion. Indeed, it was recently demonstrated that activation of

the brain endocannabinoid system restored adult neurogen-

esis in the brain (see Molina-Holgado and Molina-Holgado,

2010), and that activation of the cannabinoid CB1 and CB2

receptors (nomenclature follows Alexander et al., 2009)

up-regulates neurogenesis in vivo and in vitro (Aguado et al.,

2006; Palazuelos et al., 2006; Molina-Holgado et al., 2007;

Goncalves et al., 2008). Moreover, the neurogenic actions of

the cannabinoids appear to influence the proliferation and

differentiation of adult neural precursor cells in mice and

rats, and in oligodendrocytes, cannabinoid receptors also

affect progenitor survival and differentiation through

phosphatidylinositol-3 kinase (PI3K)/Akt signalling (Arevalo-

Martin et al., 2007; Molina-Holgado et al., 2002). Accord-

ingly, endocannabinoids in the brain exert an important

influence in neural development and brain repair.

2-Arachidonoyl glycerol (2-AG) is a ligand for the CB1 and

CB2 receptors (Mechoulam et al., 1995; Sugiura et al., 1995;

Sugiura and Waku, 2000), and two closely related diacylglyc-

erol lipases (DAGLa and DAGLb) that synthesize 2-AG have

now been cloned (Bisogno et al., 2003). DAGL activity

hydrolyses DAG into 2-AG, the most abundant endocannab-

inoid in the CNS (Sugiura and Waku, 2000). We recently

showed endogenous 2-AG to be involved in the complex

process of oligodendrocyte differentiation, also demonstrat-

ing that oligodendroglial cells express DAGLa, DAGLb and

monoacylglycerol lipase (MAGL), two enzymes responsible

for the synthesis and degradation of 2-AG (Gomez et al.,

2010). The inhibition of DAGL activity with specific pharma-

cological inhibitors, or disruption of 2-AG synthesis with

specific siRNAs against DAG lipases impairs oligodendrocyte

progenitor differentiation (Gomez et al., 2010), clearly

demonstrating that 2-AG is essential for oligodendrocyte

maturation.

Here, we confirm and expand on these previous studies

demonstrating the relevance of basal cannabinoid activity on

the differentiation of oligodendrocytes. Indeed, we now show

that the activation of CB1 or CB2 receptors by selective exog-

enous agonists accelerates oligodendrocyte differentiation via

the PI3K/Akt and mammalian target of rapamycin (mTOR)

signalling pathways.

Methods

Purification and culture of oligodendrocyte
progenitor cells (OPCs)
All animal care and experimental procedures complied with

current Spanish and European Union legislation (RD 1201/

2005; 86/609/EEC). Primary mixed glial cultures were pre-

pared as described previously (Molina-Holgado et al., 2002)

and according to the modified technique of McCarthy and de

Vellis (1980). Briefly, the forebrain of newborn Wistar rats

(Harlan, Spain) was dissociated in 0.25% trypsin by tritura-

tion. The cell suspension was filtered through a 150 mm nylon
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mesh and the filtrate centrifuged at 190¥ g for 10 min. The

cells were then resuspended in Dulbecco’s modified Eagle

medium (DMEM) containing 10% FCS and plated on poly-L-

ornithine (15 mg·mL-1) coated 75 cm2 flasks (Nunc, Roskilde,

Denmark). After 10 days in culture, the flasks were shaken at

225 rpm at 37°C for 2 h to remove the loosely adherent

microglia, and the remaining OPCs present on the top of the

confluent monolayer of astrocytes were dislodged by shaking

overnight at 260 r.p.m. The cell suspension was filtered

through a 30 mm nylon mesh and then pre-plated on bacte-

rial grade Petri dishes for 2 h. The non-adherent OPCs that

remained in suspension were recovered and further purified

by immunopanning (Barres et al., 1992). Briefly, two 100 mm

Petri dishes were incubated overnight at 4°C in 10 mL Tris

(50 mM, pH 9.5) containing affinity-purified goat anti-mouse

IgM (10 mg·mL-1). The next day, each dish was washed three

times with PBS, and 10 mL of the primary A2B5 antibody was

added (culture supernatants diluted 1:10 in PBS plus 0.2%

BSA) for 1 h at room temperature. After a further three washes

with PBS, 10 mL of DMEM plus 10% goat serum was added

(20 min) to block non-specific binding to the dishes, and it

was removed just before the addition of the cell suspension.

Cells were added to the plates and after 1 h at room tempera-

ture, and the plates were rinsed repeatedly with Hank’s bal-

anced salt solution (HBSS; without calcium and magnesium).

Finally, the adherent cells were released by incubating them

in a 0.125% trypsin solution and then manually pipetting

DMEM plus 10% FCS onto the surface of the dish. The puri-

fied cells were plated onto poly-D-lysine-coated glass cover-

slips (PDL; 5 mg·mL-1) at a density of 40 ¥ 103 cells per cm2 in

6-well (9.6 cm2 per well) and 24-well (2 cm2 per well) tissue

culture dishes, and they were cultured in serum-free defined

medium (SFM) containing 5 ng·mL-1 platelet derived growth

factor–AA (PDGF-AA) + 5 ng·mL-1 basic fibroblast growth

factor (b-FGF) for 2 days to expand the number of OPCs and

prevent their differentiation before use. The SFM used in

oligodendroglial cultures was DMEM supplemented with

50 mg·mL-1 apo-transferrin, 20 nM hydrocortisone,

60 ng·mL-1 progesterone, 10 ng·mL-1 D-biotin, 40 ng·mL-1

selenium, 10 mg·mL-1 insulin, 16 mg·mL-1 putrescine, 0.1%

BSA, 50 U·mL-1 penicillin and 50 U·mL-1 streptomycin. The

purity of the oligodendroglial cultures was assessed by exam-

ining cell morphology by phase-contrast microscopy and

confirmed by immunostaining with cell-type-specific anti-

bodies. More than 98% of the cells were positive for the A2B5

monoclonal antibody, a marker of OPCs, while less than 2%

were GFAP-positive astrocytes or OX-42-positive microglia.

Incubation of OPCs with cannabinoids
To initiate differentiation of OPCs, cultures were switched to

SFM lacking mitogenic growth factors but with 30 ng·mL-1

triiodothyronine (SFM + T3), in the presence or absence of

experimental drugs for the times indicated (up to 48 h).

HU210 and JWH133 were prepared in ethanol, whereas

LY294002, rapamycin, ACEA, AM630 and AM281 were dis-

solved in DMSO and further diluted in SFM to the required

concentrations. Control cultures received the vehicle alone

(0.002%).

The concentrations of the cannabinoid agonists used in

the present study were higher than would be expected based

solely on their in vitro affinity constants. For example, ACEA

has 1400-fold selectivity for CB1 over CB2 receptors (Ki for

CB1, 1.4 nM), JWH133 has a 200-fold selectivity for CB2 over

CB1 receptors (Ki for CB2, 3.4 nM and >10 mM for CB1) and

HU210 displays high affinity for CB1 and CB2 receptors, as

well as potent and relative intrinsic activity as a cannabinoid

receptor agonist (Ki values are 0.061 and 0.52 nM at cloned

human CB1 and CB2 receptors respectively). The Ki values of

cannabinoid receptor ligands are calculated for the in vitro

displacement of tritiated cannabinoid compounds from spe-

cific binding sites on rat, mouse or human CB1 and CB2

receptors, usually using membrane preparations (Pertwee

et al., 2010). It should be noted that our experimental para-

digm involves the incubation of live cells with CB receptor

agonists for up to 48 h. This makes it necessary to increase the

drug concentrations above those indicated by their in vitro

pharmacological values in order to reveal specific effects and

to avoid excessive loss of the compound by degradation in

culture. Thus, the concentrations used in our study were

selected on the basis of previous reports (see Pertwee, 2005b)

and according to our dose–response experiments (see

Figure 1).

Immunofluorescence in cultured cells
For immunostaining of oligodendrocytes, live cells plated

onto PDL-coated coverslips were incubated for 15 min at

room temperature with the mouse monoclonal antibodies

A2B5 or O4 (culture supernatants diluted 1:10). After rinsing

with PBS, cells were incubated for 15 min at room tempera-

ture with secondary Alexa-conjugated anti-mouse IgM. Sub-

sequently, coverslips were washed with PBS, fixed with 4%

paraformaldehyde and mounted on slides or processed for

multiple labelling. For the latter, the coverslips were incu-

bated overnight at 4°C with antibodies against a-tubulin

(1:1000), CB1 (1:3000) or CB2 receptors (1:1000) in PBS con-

taining 5% FCS and 0.1% Triton X-100. Subsequently, the

coverslips were rinsed and incubated for 2 h at room tem-

perature with Alexa-conjugated anti-mouse IgG. The nuclei

were labelled with bis-benzimide (Hoechst 33258; 1 mg·mL-1

for 10 min at room temperature), and the coverslips were

mounted on glass slides with fluorescent mounting medium.

Non-specific interactions of secondary antibodies were veri-

fied by omitting primary antibodies.

For quantification, preparations were visualized by con-

focal microscopy (Leica TCS SP5, Leica Microsystems, Mann-

heim, Germany) with a 40¥ objective, and at least three

independent cultures were examined for each experiment,

five microscopic fields were counted per coverslip and two

coverslips were examined from each culture. Cells were

assigned (without knowledge of the treatments) to one of

three categories of complexity (Figure 4P) according to

Marin-Husstege et al. (2002): cells with simple morphology

(A2B5+) and only a few short primary branches (Type A); O4+

cells with an intermediate morphology had abundant

primary or secondary branches (type B); or O4+ cells with a

complex morphology had profuse tertiary branches (type C).

Western blots
The cells were collected after treatment and lysed in Tris-

buffered saline (TBS: pH 7.6) containing 10% glycerol, 1%

Nonidet P-40, 1 mM EDTA, 1 mM EGTA, 1 mM sodium
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orthovanadate, 2 mM NaF, 5 mM dithiothreitol and a pro-

tease inhibitor cocktail (Molina-Holgado et al., 2002). The

resulting cell extracts were mixed with 5¥ Laemmli sample

buffer and boiled for 5 min, before equal amounts of protein

(25 mg) were resolved on 10 or 12% SDS-polyacrylamide gels.

After electroblotting the proteins to nitrocellulose at 4°C, the

membranes were blocked for 1 h at room temperature in 5%

(w/v) blotting grade non-fat dry milk in TBS plus 0.1%

Tween-20. The membranes were then probed overnight with

antibodies against: phospho-Akt (Ser473) (1:1000), phospho-

mTOR (Ser2448) (1:1000), a-tubulin (1:100 000), myelin-

associated glycoprotein (MAG; 1:500), 2′,3′-cyclic nucleotide

3′-phosphodiesterase (CNPase; 1:1000), myelin basic protein

(MBP; 1:1000), CB1 (1:3000) or CB2 receptors (1:1000). Sub-

sequently, the blots were incubated with horseradish

peroxidase-conjugated secondary antibodies and visualized

by chemiluminescence using SuperSignal West Pico Substrate

Detection Kit. The blots were stripped in a 2% SDS and 0.7%

b-mercaptoethanol solution in 62.5 mM Tris buffer (pH 6.8)

and then reprobed. The optical density of protein labelling

was quantified by densitometry using ImageJ software (NIH,

Bethesda, MD).

Statistical analysis
Data are presented as the mean � SEM of three to four

independent experiments performed on separate cell prepa-

rations. All statistical analyses were performed and the graphs

produced using GraphPad Prism software version 5.00 for

Windows (GraphPad Software Inc., La Jolla, CA, USA). Com-

parisons between experimental groups were made by ANOVA

followed by a post hoc Turkey’s multiple comparison test.

Materials
The culture media and fetal calf serum (FCS) were obtained

from Invitrogen (Barcelona, Spain), while human recombi-

nant PDGF-AA and b-FGF came from PeproTech (London,

UK). The anti-CB1 receptor antibody was from Frontier

Science Ltd. (Ishikari Hokkaido, Japan), and anti-CB2 receptor

antibody was from Cayman Chemical (Ann Arbor, MI). The

anti-a-tubulin, anti-GFAP antibodies and the mTOR inhibitor,

rapamycin, and the CB1 receptor agonist, ACEA, were from

Sigma (Madrid, Spain). Anti-phospho-mTOR was from Cell

signaling (Danvers, MA), and anti-MAG and anti-phospho-

Akt antibodies were from Santa Cruz Biotechnology (Heidel-

berg, Germany). Anti-CNPase and anti-MBP antibodies were

from Covance (Emeryville, CA), while the A2B5 mouse mono-

clonal antibody was from American Type Culture Collection

(CRL 1520, LGC Standards, Barcelona, Spain). The blotting

grade blocking agent, non-fat dry milk and the peroxidase-

conjugated anti-mouse or anti-rabbit antibodies were from

Bio-Rad Laboratories (Hercules, CA). The SuperSignal West

Pico chemiluminescence Substrate Detection Kit was pur-

Figure 1
Treatment of differentiating OPC with selective CB receptor agonists stimulates MBP expression in a dose-dependent manner. Cultures were

maintained for 48 h in the presence of ACEA and JWH133 (0, 0.5 and 1 mM) in SFM + T3. The levels of MBP after ACEA (A–B) or JWH133 (C–D)

treatment relative to a-tubulin were assessed in Western blots by densitometry, and they are shown as the percentage of untreated controls. Values

were obtained as the means � SEM from three independent experiments (**P < 0.01, control vs. 0.5 or 1 mM ACEA or JWH133, one-way ANOVA

followed by Tukey’s post hoc test).

BJPCannabinoids promote oligodendrocyte differentiation

British Journal of Pharmacology (2011) 163 1520–1532 1523



chased from Thermo Scientific (Rockford, IL), and the second-

ary antibodies for immunofluorescence were from Molecular

Probes (Eugene, OR). The CB receptor agonists HU-210 and

JWH133, the CB receptor antagonists AM281 and AM630 and

the selective inhibitor of PI3K, LY294002 were purchased from

Tocris Bioscience (Bristol, UK). HU210 was kindly provided by

Dr Javier Fernández-Ruiz (Universidad Complutense de

Madrid, Spain).

Figure 2
Treatment of differentiating OPC with the selective CB1 and CB2 receptor agonists, ACEA and JWH133, increases MBP levels. (A) Regulation of

CNPase and MBP expression in cultures treated for 24 or 48 h in the presence of ACEA and JWH133 (0.5 mM) in SFM + T3. Molecular weights

of marker proteins are indicated on the right. Western blots were quantified by densitometry, and the expression of MBP after ACEA (B–C) or

JWH133 (D–E) treatment was calculated as the percentage of untreated controls relative to a-tubulin. Values were obtained as means � SEM from

three independent experiments (*P < 0.05, control vs. ACEA or ACEA vs. ACEA + AM281; ***P < 0.001, control vs. JWH133 or JWH133 vs. JWH133

+ AM630, one-way ANOVA followed by Tukey’s post hoc test).
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Results

Exposure of OPCs in culture to selective
cannabinoid receptor agonists increases
myelin protein expression and their
morphological complexity
To determine whether synthetic cannabinoid agonists accel-

erated OPC differentiation, we used the levels of MBP as an

index of oligodendrocyte maturation (Cohen and Guarnieri,

1976), quantified from the Western blots. Cultures of differ-

entiating OPC were treated for 48 h with different concentra-

tions of the selective CB1 or CB2 receptor agonists, ACEA and

JWH133 respectively (0.1, 0.5 and 1 mM). ACEA significantly

increased MBP levels at 0.5 mM (P < 0.01 vs. control) and at

1 mM (Figure 1A and B). However, JWH133 only increased

MBP levels significantly at 0.5 mM (P < 0.01 vs. control;

Figure 1B and C). Thus, in subsequent experiments, these

agonists were used at a concentration of 0.5 mM.

We next quantified the levels of the myelin proteins

CNPase and MBP in Western blots, 24 or 48 h after exposure

to the cannabinoid agonists. In control cultures, MBP was

barely detected after 48 h of OPC differentiation, and it

was not evident at all after 24 h (Figure 2A), whereas CNPase

was found abundantly once OPC initiated differentiation. The

incubation of cultures for 24 h with either ACEA or JWH133

had no effect on myelin protein expression (Figure 2A).

However, when differentiating OPC were exposed for 48 h to

ACEA or JWH133, we noticed a considerable increase in the

levels of MBP (ACEA, P < 0.05 vs. control and JWH133, P <

0.001 vs. control; Figure 2B–E). These effects were specifically

blocked by the selective CB1 or CB2 receptor antagonists

AM281 and AM630 respectively (Figure 2B–E). No effect of

AM630 was observed in cultures treated with ACEA, as seen

with AM281 and JWH133 (data not shown).

To test the effect of AM281 or AM630 alone on the dif-

ferentiation of OPC, cultures were exposed to the antagonists

for 48 h, and the accumulation of MAG was measured as an

index of OPC differentiation (Gomez et al., 2010). In Western

blots, there was no significant change in the levels of MAG

after 48 h (Figure 3A), as confirmed by immunocytochemical

staining with O4, a stage-specific antibody that recognizes

sulphatide-positive pre-oligodendrocytes. After 48 h in the

presence of AM281 or AM630, the proportion of O4+-cells

remained unchanged, and the control values (40 � 3% of

total cells) were similar to those after treatment with AM281

(43 � 6%), AM630 (39 � 9%) or both antagonists together

(43 � 3%: Figure 3B).

In untreated cultures, OPC rapidly differentiate into oli-

godendrocytes in response to mitogen withdrawal, whereas

in the presence of the selective CB1 or CB2 receptor agonists

ACEA and JWH133 for 48 h (0.5 mM), the outgrowth of cel-

lular processes was enhanced, and the cells presented a more

mature phenotype (Figure 4A–O). These effects were quanti-

fied after immunocytochemical staining with the antibodies

O4 and a-tubulin, which better defined the cell’s morphology

and the arborization of the processes. Thus, cells could be

assigned to one of three categories of complexity: type A, cells

with simple morphology and low branching; type B, cells

with normal arborization; type C, cells with intense network

of branched processes (Figure 4P). Both ACEA and JWH133

promoted the morphological differentiation of OPC as mea-

sured by an increase in the proportion of the mature cellular

forms, types B and C, with a concomitant decrease in the type

A cells. In control cultures, almost 80% of cells were scored as

type A with a low complexity, whereas ACEA and JWH133

decreased the proportion of this type to 50% and 35% respec-

tively (Figure 4Q). In contrast, the more mature type B cells

doubled in number after activation of either receptor. Simi-

larly, the more complex morphologies increased three- and

fourfold after exposure to ACEA and JWH133 respectively

(Figure 4Q).

Furthermore, OPC cultures incubated for 48 h with

HU210 (0.5 mM), a high-affinity agonist of both CB1 and CB2

receptors, presented a more mature morphology (Figure 5A–

F). There were more OPC with complex secondary and ter-

tiary branching that were scored as types B and C (Figure 5P).

Figure 3
Effects of AM281 or AM630 on OPC differentiation. (A) In Western

blots, there were no significant changes in MAG levels in cultures

exposed to AM281 or AM630 (1 mM) in SFM + T3 for 48 h. Blots

were quantified by densitometry, and the expression of MAG relative

to a-tubulin was calculated as the percentage of the untreated

controls. The values obtained (means � SEM from three indepen-

dent experiments run in duplicate) are shown in the corresponding

text. Molecular weights of marker proteins are indicated on the right.

(B) In accordance with the Western blots, immunocytochemical

staining with O4 (green) did not reveal changes in the proportion of

O4 + pre-oligodendrocytes or in the branching of cell processes after

a 48 h exposure to AM281, AM630 or both antagonists. Scale bar:

25 mm.
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Interestingly, blockade of either the CB1 or CB2 receptors

abolished the effects of HU210, as occurred with both antago-

nists in combination (Figure 5G–P). In addition, HU210

increased the levels of MBP twofold when compared with the

cells treated with the vehicle alone (Figure 5Q and R). Again,

antagonism of the CB receptors overrode the effect of HU210

on MBP expression.

Finally, we quantified the levels of CB1 and CB2 receptors

in immunoblots of whole cell extracts following treatment

with agonists and antagonists. A 48 h exposure to ACEA or

JWH133 (0.1 and 0.5 mM), and to the antagonists AM281 and

AM630 (1 mM), produced no significant differences in CB1

and CB2 receptors, suggesting that total receptor protein

levels remained unchanged by these treatments (data not

shown).

The cannabinoid agonists ACEA, JWH133
and HU210 activate PI3K/Akt and
mTOR signalling
To investigate the involvement of the PI3K/Akt and mTOR

cascades in agonist-induced signalling in oligodendrocyte

progenitors, phosphorylation of these kinases was assessed by

Western blotting with phospho-specific antibodies. Exposure

of differentiating OPC cultures to HU210 (0.5 mM) caused the

time-dependent phosphorylation of Ser473 in Akt (Figure 6A).

HU210 increased Akt phosphorylation in as little as 5 min,

reaching maximal levels after 10 min that were maintained

for up to 1 h (Figure 6B). Similarly, Akt phosphorylation

increased rapidly upon exposure to ACEA or JWH133

(0.5 mM), reaching maximal levels after 2 min but returning

to control levels thereafter (Figure 6D–F). Exposing cultures

to both ACEA and JWH133 (0.5 mM of each agonist) increased

phospho-Akt levels by 182 � 10% over the control values

after 5 min, an effect not significantly different from that of

either agonist alone (P > 0.05 vs. ACEA or JWH133; n = 3).

The mTOR pathway has recently been identified as a

regulator of oligodendrocyte differentiation; however, the

activation of mTOR by cannabinoid receptor agonists in oli-

godendrocytes has not yet been explored. We found that

mTOR was phosphorylated on Ser2448 in a time-dependent

Figure 4
The selective CB1 and CB2 receptor agonists ACEA and JWH133

enhance oligodendrocyte maturation. (A–O) OPC cultures grown for

48 h in the presence of SFM plus PDGF-AA and b-FGF were switched

to SFM without growth factors but supplemented with T3 (SFM +

T3), and they were treated for 48 h with 0.5 mM ACEA or JWH133

with or without the CB receptor antagonists AM281 or AM630 (both

at 1 mM). ACEA and JWH133 significantly increase the branching of

cell processes as shown by O4 (green) and a-tubulin (red) staining

(D–F and J–L), an effect that was reversed in the presence of AM281

(G–I) or AM630 (M–O). (P) After live staining with O4 (green), cells

were fixed and processed for a-tubulin (red) labelling and then

classified into the following categories according to Marin-Husstege

et al. (2002): type A, cells with simple morphology and only a few

short primary branches; type B, cells with an intermediate morphol-

ogy (O4+) with abundant primary and secondary branches; type C,

cells with a complex morphology (O4+) and profuse tertiary

branches. (Q) The activation of cannabinoid receptors by ACEA or

JWH133 is accompanied by an increase in cells classified as types B

and C with a parallel decrease in the type A population, an effect that

was reversed by the selective antagonists (*P < 0.05; **P < 0.01;

***P < 0.001 vs. control, one-way ANOVA followed by Tukey’s post hoc

test).
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manner after HU210 (0.5 mM) treatment. Maximal phospho-

rylation was observed after 10 min stimulation, and it was

sustained for 60 min (Figure 6A and B). In contrast to Akt

activation, incubation with ACEA or JWH133 provoked tran-

sient mTOR phosphorylation that peaked at 2 min, before

falling below the basal level (Figure 6C–F).

The effects of HU210 on the differentiation of
oligodendrocyte progenitor cells require
PI3K/Akt and mTOR signalling
The results presented above indicated that HU210 activated

the Akt and mTOR pathways. To explore the involvement

of the PI3K/Akt and mTOR cascades in OPC differentiation,

cultures were pretreated 30 min with LY294002 (2.5 mM), a

reversible inhibitor of PI3K, and with rapamycin (1.5 nM), a

macrolide immunosuppressant inhibitor of mTOR, before

10 min treatment with HU210 in the presence of these

inhibitors, and the phosphorylation status of ERK, Akt and

mTOR was examined in Western blots (Figure 7A). Both

LY294002 and rapamycin abolished the phosphorylation of

mTOR, Akt and ERK induced by HU210 (Figure 7A–D).

To further characterize the signalling cascades through

which the CB receptor agonist HU210 enhanced OPC differ-

entiation, the cultures were exposed to the selective protein

kinase inhibitors used before. First, to inhibit the actions of

PI3K, OPC were treated for 48 h in differentiation media with

2.5 mM of LY294002 in the presence of HU210 (0.5 mM),

which led to a 35% reduction in MBP levels (Figure 7E and F).

To demonstrate a role for cannabinoid-induced mTOR phos-

phorylation in oligodendrocyte differentiation, we used rapa-

mycin. Differentiating OPC were treated simultaneously with

rapamycin (0.75 or 1.5 nM) and HU210 (0.5 mM), and in

Western blots, a significant 30% reduction of HU210-

stimulated MBP expression was observed (Figure 7G and H).

Similarly, immunocytochemical analyses revealed that

after exposure to LY294002, the OPC exhibited a simple

bipolar or multipolar morphology as when treated with

HU210 (Figure 8A–F). Cells quantified as type A increased by

25%, while the more complex type B cells decreased by 40%,

and the mature type C cells were nearly absent (Figure 8J).

The results obtained following exposure to rapamycin indi-

cated that O4+ cells displayed a more immature morphology

than when treated with HU210 (Figure 8G–I), the proportion

of type A cells increasing to 30% after rapamycin treatment.

Discussion

The data presented here demonstrated that activation of CB1

or CB2 receptors with selective exogenous agonists acceler-

ated oligodendrocyte differentiation. By pharmacologically

activating CB receptors (CB1, CB2 or both CB1 and CB2 recep-

Figure 5
The CB1/CB2 receptor agonist HU210 augments oligodendrocyte maturation. (A–O) OPC cultures grown for 48 h in the presence of SFM plus

PDGF-AA and b-FGF were switched to SFM + T3 and treated for 48 h HU210 (0.5 mM) with or without the CB receptor antagonists AM281, AM630

or both (1 mM). O4 (green) and a-tubulin (red) staining revealed a significant arborization of the cell processes after exposure to HU210 (D–F)

with an increase in types B and C cells paralleled by a decrease in the type A population (*P < 0.05; **P < 0.01 vs. control, one-way ANOVA followed

by Tukey’s post hoc test). These effects were abolished in the presence of AM281, AM630 or both (P). HU210 increased the expression of MBP

(Q) in relation to the untreated control (R), as seen in Western blots quantified by densitometry and relative to a-tubulin. The values were obtained

as the means � SEM from three independent experiments (***P < 0.001, control vs. HU210; HU210 vs. HU210 + AM281; HU210 vs. HU210 +

AM630 or HU210 vs. HU210 + AM281/AM630, one-way ANOVA followed by Tukey’s post hoc test). Scale bar: 25 mm.
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tors) with specific synthetic CB receptor agonists (ACEA,

JWH133 or HU210), we markedly accelerated oligodendro-

cyte progenitor differentiation in our in vitro system. In addi-

tion, we provide evidence that such an effect was exerted

through a mechanism dependent on the activation of the

PI3K/Akt and mTOR signalling pathways.

In the early nineties, classical autoradiographic studies

demonstrated that CB receptors were expressed in several

regions of the white matter in the CNS (Herkenham et al.,

1991). Although oligodendrocytes are one potential cell type

that might express CB receptors, the precise identification

and the role of these receptors in these cells remained unex-

Figure 6
The CB receptor agonists ACEA, JWH133 and HU210 induce a time-dependent phosphorylation of Akt and mTOR. Cultures of OPC grown for 48 h

in the presence of SFM plus PDGF-AA and b-FGF were switched to HBSS containing 1% FCS, and they were then stimulated with 0.5 mM of

HU210, ACEA or JWH133 for different times. (A, C, E) Western blots probed with antibodies specific for phospho-Akt (Ser473) and phospho-mTOR

(Ser2448). (B, D, F) Immunoblots were assessed by densitometry, and the values were expressed as the means � SEM of three independent

experiments.

Figure 7
Inhibitors of PI3K and mTOR decrease the HU210-induced phosphorylation of Akt, mTOR and ERK, as well as MBP expression. (A) Cultures of OPC

were treated for 30 min with either 0.75 nM rapamycin or 2.5 mM LY290042 and then stimulated for 10 min with HU210 (0.5 mM). (B–D) The

densitometric data represent the mean � SEM of three independent experiments (P-ERK: *P < 0.05 control vs. HU210; P-mTOR: ***P < 0.001,

control vs. HU210; HU-210 vs. HU-210 + Rap or HU-210 + LY; P-Akt: *P < 0.05 control vs. HU210, ***P < 0.001 HU210 vs. HU-210 + Rap or HU-210

+ LY, one-way ANOVA followed by Tukey’s post hoc test). (E–F) Western blot analysis of MBP expression 48 h after differentiation in the presence

of HU210 showed a 2.5-fold increase in MBP levels that diminished significantly in the presence of LY294002 (2.5 mM: ***P < 0.001 control vs.

HU210 or HU-210 vs. HU210 + LY294002, one-way ANOVA followed by Tukey’s post hoc test). After HU210 incubation, a partial reduction in the

levels of MBP was observed with rapamycin (0.75 or 1.5 nM: ***P < 0.001 control vs. HU210 or HU210 vs. HU210 + rapamycin, one-way ANOVA

followed by Tukey’s post hoc test, G–H).
�
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plored. The atypical distribution of CB receptors reported in

the fetal brain (Romero et al., 1997) was confirmed by the

observation of CB receptor binding, mRNA expression and

activation of signal transduction mechanisms in non-

neuronal cells of the white matter (Berrendero et al., 1998).

However, compelling evidence that functional CB receptors

are expressed in purified oligodendrocyte cultures, in the

postnatal and adult corpus callosum, and in the spinal cord

white matter, was later presented (Molina-Holgado et al.,

2002; Arevalo-Martin et al., 2007; Garcia-Ovejero et al., 2009).

The results presented herein further confirm the presence of

CB receptors in oligodendrocytes, and they indicate that syn-

thetic CB1, CB2 and mixed CB1/CB2 receptor agonists (ACEA,

JWH133 and HU210, respectively) exert a strong effect on

OPC, increasing MBP levels as a marker of oligodendrocyte

maturity as soon as 48 h after the differentiation process

starts, as well as increasing the proportion of differentiating

oligodendrocyte morphologies. These effects were receptor

specific since pharmacological blockade of either receptor

with AM281 or AM630 abolished the action of ACEA,

JWH133 and HU210. Thus, a primary function of CB recep-

tors in oligodendroglial cells seems to be to control oligoden-

drocyte development. In support of this statement, previous

studies indicate that the brain of postnatal rats exposed to the

non-selective CB1/CB2 receptor agonist WIN 55,212-2 for 15

days augmented MBP expression in the subcortical white

matter, an effect that was overridden with CB1 or CB2 receptor

antagonists (Arevalo-Martin et al., 2007). These results

demonstrate the specific functional association of brain

endocannabinoids and oligodendrocyte development in a

pathway regulated by CB receptors.

The CB receptors are the most abundant G protein-

coupled receptors in the brain (see Scotter et al., 2010).

However, despite recent advances in understanding the

actions of endocannabinoids on CNS development

(Fernández-Ruiz et al., 2000), the signal transduction path-

ways regulated by CB receptors in oligodendrocytes are poorly

characterized. Cellular responses triggered by CB receptor

activation include activation of the mitogen-activated protein

kinase (ERK/MAPK), the Src family of non-receptor tyrosine

kinases and the PI3K/Akt signalling pathways (Bouaboula

et al., 1995; Gómez del Pulgar et al., 2000; Galve-Roperh et al.,

2002). Previous studies from our laboratory suggest a role for

ERK/MAPK signalling in the actions of endogenous 2-AG-

induced OPC maturation (Gomez et al., 2010), as well as the

involvement of PI3K/Akt signalling in OPC survival after the

withdrawal of trophic support (Molina-Holgado et al., 2002).

The present data extend these studies, indicating for the first

time that the effects of synthetic CB receptor agonists in

oligodendrocyte differentiation are mediated by the PI3K/Akt

and mTOR signalling.

The initial observation that transgenic mice with consti-

tutively active Akt in the oligodendrocyte lineage (Plp-Akt-

DD) begin myelinating earlier and produce more myelin

suggested that this serine/threonine kinase could be one of

the signals regulating myelination (Flores et al., 2008). Inter-

estingly, the only substrate that showed changes in phospho-

rylation in Plp-Akt-DD mice was mTOR. This kinase acts as a

master switch in cell signalling, integrating inputs from mul-

tiple upstream stimuli to regulate cell growth (Wullschleger

et al., 2006). Two different mTOR protein complexes exist,

termed mTOR complexes 1 and 2 (mTORC1 and mTORC2),

and both are related to the PI3K/Akt pathway. The mTORC2

phosphorylates and fully activates Akt, whereas the PI3K/Akt

pathway is among the agents that triggers mTORC1 activa-

tion. It was recently revealed that activation of mTOR is

essential for the generation of GalC+ immature oligodendro-

cyte in vitro (Tyler et al., 2009), consistent with mTOR acting

as a primary target of Akt signalling in Plp-Akt-DD mice

(Narayanan et al., 2009). However, the extrinsic signals that

Figure 8
Inhibitors of PI3K and mTOR decrease HU210-mediated oligoden-

drocyte maturation. (A–I) OPC cultures grown for 48 h in the pres-

ence of SFM plus PDGF-AA and b-FGF were switched to SFM + T3

and treated for 48 h HU210 (0.5 mM) in the presence or absence of

LY294002 (2.5 mM) or rapamycin (1.5 nM). O4 (green) and

a-tubulin (red) staining revealed significant arborization of cell pro-

cesses after HU210 (A–C) that was reversed after LY294002 or rapa-

mycin (D–I). Inhibitors augmented the type A cells, while the mature

types B and C populations diminished (**P < 0.01 vs. HU210; *P <

0.05 vs. HU210, one-way ANOVA followed by Tukey’s post hoc test) (J).
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activate mTOR in differentiating OPC are currently

unknown. As our study shows that CB receptors increase OPC

maturation through the Akt and mTOR pathways, the

endocannabinoids may be the extracellular signals that acti-

vate Akt and mTOR during oligodendrocyte differentiation.

An association between cannabinoid signalling and the

mTOR pathway has been shown to modulate long term

memory in the hippocampus (Puighermanal et al., 2009).

Moreover, insulin-like growth factor 1 (IGF-1) stimulated

protein synthesis and differentiation in oligodendrocyte pro-

genitors require the PI3K/mTOR/Akt and MEK/ERK pathways

(Bibollet-Bahena and Almazan, 2009). Therefore, our study

confirmed that CB receptor stimulation influenced Akt phos-

phorylation and phosphorylation of mTOR in OPC cultures.

Furthermore, in our in vitro system, we demonstrated that

rapamycin and LY294002, the inhibitors of mTOR and PI3K,

respectively, strongly inhibited the cannabinoid receptor-

mediated increase in MBP levels and the appearance of

mature oligodendrocyte phenotypes. In addition, both

inhibitors abolished the phosphorylation of Akt and mTOR

induced by HU210, in agreement with the inhibitory effect of

rapamycin on mTOR and Akt in OPC (Tyler et al., 2009).

Moreover, rapamycin treatment significantly reduces the

effect of IGF-1 on Akt phosphorylation, suggesting that this

drug can impair Akt activity by inhibiting mTOR in OPC

cultures (Bibollet-Bahena and Almazan, 2009). We have now

demonstrated that rapamycin inhibited the effect of HU210

on this kinase. Finally, mTOR is also phosphorylated via

PI3k/AKT signalling (Navé et al., 1999), and LY294002 inhib-

ited HU210-induced phosphorylation of mTOR. These obser-

vations illustrate the complex crosstalk between PI3K/Akt

and mTOR during the process of cannabinoid-induced oligo-

dendrocyte differentiation.

Together, the data presented here suggest that an

up-regulation in endocannabinoid tone might be responsible

for oligodendrocyte differentiation and provide proof-of-

concept that CB receptors and 2-AG/DAGL act as potential

therapeutic targets to counteract the loss of oligodendroglial

cells. Therefore, acute activation of the local endocannab-

inoid system would have a profound positive effect on oligo-

dendrocyte fate and subsequently, on brain repair. As a result,

we propose that the brain endocannabinoid system might

well modulate the progression of demyelinating diseases such

as multiple sclerosis.
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