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The type 2 cannabinoid receptor (CB2R) was recently shown to mediate neuroprotection in ischemic

injury. However, the role of CB2Rs in the central nervous system, especially neuronal and glial CB2Rs

in the cortex, remains unclear. We, therefore, investigated anti-ischemic mechanisms of cortical

CB2R activation in various ischemic models. In rat cortical neurons/glia mixed cultures, a CB2R

agonist, trans-caryophyllene (TC), decreased neuronal injury and mitochondrial depolarization

caused by oxygen-glucose deprivation/re-oxygenation (OGD/R); these effects were reversed by the

selective CB2R antagonist, AM630, but not by a type 1 cannabinoid receptor antagonist, AM251.

Although it lacked free radical scavenging and antioxidant enzyme induction activities, TC reduced

OGD/R-evoked mitochondrial dysfunction and intracellular oxidative stress. Western blot analysis

demonstrated that TC enhanced phosphorylation of AMP-activated protein kinase (AMPK) and cAMP

responsive element-binding protein (CREB), and increased expression of the CREB target gene

product, brain-derived neurotrophic factor. However, TC failed to alter the activity of either Akt or

extracellular signaleregulated kinase, two major CB2R signaling pathways. Selective AMPK and CREB

inhibitors abolished the neuroprotective effects of TC. In rats, post-ischemic treatment with TC

decreased cerebral infarct size and edema, and increased phosphorylated CREB and brain-derived

neurotrophic factor expression in neurons. All protective effects of TC were reversed by co-

administration with AM630. Collectively, these data demonstrate that cortical CB2R activation by

TC ameliorates ischemic injury, potentially through modulation of AMPK/CREB signaling, and

suggest that cortical CB2Rs might serve as a putative therapeutic target for cerebral ischemia.

(Am J Pathol 2013, 182: 928e939; http://dx.doi.org/10.1016/j.ajpath.2012.11.024)

Ischemic brain injury emerges as a consequence of complex

pathological cascades, including excitotoxicity, mitochon-

drial depolarization, oxidative stress, and inflammation.1

Much effort has been made to develop neuroprotective

drugs able to interrupt these cascades and demonstrate effi-

cacy, while producing tolerable adverse effects when tested

in clinical trials. Recent studies suggest a protective role

of the cannabinoid signaling system in cerebral ischemia.2

For example, during ischemic injury, endocannabinoids

accumulate, cannabinoid receptors are up-regulated, and

treatment with cannabinoid agonists (either endocannabi-

noids or phytocannabinoids/synthetic cannabinoids) protects

neurons against damage resulting from ischemic stroke.2,3
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The effects of cannabinoids aremainlymediated by action at

G-proteinecoupled type 1 cannabinoid receptors (CB1Rs) and

type 2 cannabinoid receptors (CB2Rs). CB2Rs were initially

thought to be expressed primarily in activated microglia and

peripheral immune cells, regulating antigen presentation,

cytokine/chemokine production, and cell migration.4 Consid-

ering the critical role of inflammation in ischemic patho-

physiological characteristics5 and the protective effects

observed in several peripheral organs6e8 by administration of

CB2R agonists during ischemia-reperfusion injury, selective

activation of the CB2R has drawn much attention as

a potential therapeutic target for treatment of cerebral

ischemia, without producing psychoactive adverse effects

associated with CB1R activation.9,10 For example, recent

studies demonstrate that CB2R agonists produce neuro-

protective effects, andmice lackingCB2Rs aremore sensitive

to cerebral ischemic injury.11e15CB2R expression is also up-

regulated in microglia/macrophages associated with ischemic

brain lesions.13,16Themost commonly proposedmechanisms

responsible for the anti-inflammatory actions underlying the

anti-ischemic effects of CB2R activation include attenuation

of leukocyte rolling and adhesion,11,12 limitation of neutro-

phil recruitment,14 and reduction of pro-inflammatory medi-

ator production.15 Recent studies, however, suggest that

functional CB2Rs exist within immune cells present in the

central nervous system (CNS) and in the neurons and glial

cells. Selective CB2R agonists alter drug abuse behaviors

in CB1R-knockout mice but not in CB2R-knockout mice,

and a possible association of genetic variants of the CB2R

gene and depression in a human population has been

identified.17e19 Furthermore, expression of CB2R mRNA

and protein in CNS neurons, including cortical, hippo-

campal, and cerebellar neurons, and glial cells has been

reported.20e25 Although much evidence indicates the

presence of functional CB2Rs in the CNS, potential neu-

roprotective properties of these CB2Rs and the molecular

mechanisms underlying the effects associated with their

activation during ischemic injury are not yet understood.

A bicyclic sesquiterpene, trans-caryophyllene (TC),

has been reported to be a CB2R-selective agonist (Ki

values of 155 nmol/L for human CB2Rs, with no signif-

icant affinity for binding to CB1Rs), leading to activation

of the Gi/Go subtype of G proteins.26 Interestingly,

although TC is a major cannabinoid derived from the

essential oil of Cannabis sativa L, it has a fundamentally

different structure from the classic cannabinoids, due to

an unusual cyclobutane-containing scaffold.26 Similar to

other CB2R agonists, TC inhibits inflammation, edema

formation, and the expression of inflammatory mediators

in vitro and in vivo.26e33 TC was also found to reduce

oxygen-glucose deprivation (OGD)eevoked cell death in

neuroblastoma cells in vitro.34 However, the anti-

ischemic effect of TC in cerebral ischemia and its

underlying mechanism has yet to be elucidated.

In the present study, TC was found to produce neuro-

protective effects in in vitro and in vivo ischemic models.

The anti-ischemic effects of TC in mixed cortical cultures is

mediated by activation of CB2Rs, most likely leading to an

increase in the levels of AMP-activated protein kinase

(AMPK) and phosphorylation of one of its substrates,

cAMP responsive element-binding protein (CREB). In an

in vivo ischemic rat model, it was further found that post-

ischemic treatment of TC increases the levels of phos-

phorylated CREB and brain-derived neurotrophic factor

(BDNF), one of the target gene products of CREB.

Materials and Methods

Reagents

TC was purchased from Sigma-Aldrich (St. Louis, MO).

AM251 and AM630 were purchased from Tocris (Ellisville,

MO), and compound C (CC) and CREB inhibitor were

obtained from Calbiochem (Darmstadt, Germany). Tetrame-

thylrhodaminemethyl ester (TMRM), 5-(and6-)-chloromethyl-

20,70-dichlorodihydrofluorescein diacetate (CM-H2DCF-DA),

andsecondary antibodies (conjugatedAlexafluorophores)were

obtained from Molecular Probes (Eugene, OR). The following

primary antibodies were used: CB1R (Cayman Chemicals,

Ann Arbor, MI); CB2R (an N-terminus antibody from

Cayman Chemicals); mitogen-activated protein (MAP)-2

(Sigma-Aldrich); neuronal nuclei (NeuN; Chemicon, Tem-

ecula, CA); phosphorylated AMPK (pAMPK), AMPK,

phosphorylated CREB (pCREB), and CREB antibodies (Cell

Signaling, Danvers, MA); and BDNF (Abcam, Cambridge,

MA). Neurobasal medium and B27 supplement were

purchased from Invitrogen (Grand Island, NY). Fetal bovine

serum was obtained from Hyclone (Logan, UT). All other

chemicals were purchased from Sigma-Aldrich.

Primary Mixed Culture of Cortical Neurons/Glia

Dissociated cultures of rat cortical neurons/glia were pre-

pared from embryonic 17- to 18-day-old Sprague-Dawley rat

embryos. In brief, meninges-free cortexes were dissociated

by triturating through a Pasteur pipette (Poulten & Graf

Gmbh,Wertheim, Germany). Neuronal cells (1.5� 103 cells/

mm2) were initially plated in plates precoated with poly-D-

lysine (100 mg/mL) and laminin (4 mg/mL) in neurobasal

medium containing 10% fetal bovine serum. Cells were then

maintained in a B27-supplemented neurobasal medium in

humidified 95% air/5% CO2 at 37�C. Experiments were

performed on cultures 14 to 15 days after initial plating.

Cultures contain 40% to 50% of neurons, as assessed by

immunostaining with cell typeespecific markers.

Oxygen-Glucose Deprivation and Re-Oxygenation

To induce ischemic insult in vitro, cells were replenished with

glucose-free Dulbecco’s modified Eagle’s medium and

transferred to an anaerobic chamber containing 5% CO2 and

10% H2 atmosphere, balanced with N2 (partial pressure of
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oxygen, <2 mm Hg), for 1.5 hours at 37�C. OGD was

terminated by returning plates to the original growth condi-

tions, in oxygenated Dulbecco’s modified Eagle’s medium

supplemented with 25 mmol/L glucose under normoxic condi-

tions. TC was applied immediately before initiation of OGD

and maintained throughout OGD/re-oxygenation (OGD/R). In

a subset of experiments to determine a potential mechanism

of action for TC, cells were exposed to a 30-minute pre-

treatment with AM251 (a selective CB1R antagonist), AM630

(a selective CB2R antagonist), CC (an AMPK inhibitor), or

CREBeCREB-binding protein interaction inhibitor (CREB

signaling inhibitor) before the addition of TC and maintained

throughout OGD/R. Five hours after re-oxygenation, lactate

dehydrogenase (LDH) release was measured to assess cell

injury or death.

Assessment of Cell Injury or Death

Cell injury or death was assessed by morphological exam-

ination using a phase-contrast microscope (DM IL; Leica,

Nussloch, Germany) or by measuring the amount of LDH

released into the culture medium using a diagnostic kit

(Sigma-Aldrich), as previously described.35 Absorbance

readings were measured at 450 nm using a SpectraMax

microplate reader (Molecular Devices, Sunnyvale, CA) and

are expressed as the percentage of total LDH release, which

was derived from sister cultures subjected to repeated

freeze/thaw cycles.

Immunocytochemistry

Cells were fixed in 4% paraformaldehyde for 15 minutes

and permeabilized with 0.2% Triton X-100. After blocking

in 10% normal horse serum for 30 minutes, cells were

incubated with primary antibodies at 4�C overnight: mouse

anti-MAP2 (diluted to 1:300) and either rabbit anti-CB1R

(1:200) or rabbit anti-CB2R (1:200). Cells were then

washed three times with PBS and incubated with goat

secondary antibodies conjugated with Alexa fluorophores

(1:200). After mounting, immunoreactivity was observed

under a confocal laser microscope (Zeiss LSM510; Zeiss,

Oberkochen, Germany), with a 488- and 543-nm laser used

for excitation and 505- to 530-nm band-pass and 560-nm

long-pass filters used for emission.

Measurement of Intracellular Oxidative Stress: DCF-DA
Assay

As previously described, intracellular oxidative stress pre-

cedes neuronal injury, quickly increasing after re-oxygena-

tion.36 At 1 hour after re-oxygenation, cells were loaded with

30mmol/LCM-H2DCF-DA.CM-H2DCF-DAdiffuses through

cell membranes and is hydrolyzed by intracellular esterases to

the non-fluorescent analogue, dichlorofluorescein. Dichloro-

fluorescein then reacts with intracellular free radicals, such as

peroxyl radical, peroxynitrite, or hydrogen peroxide, to form

dichlorofluorescein, a green fluorescent dye. Two hours after

loading, cells were washed with Earle’s balanced salt solution

buffer containing 0.1%bovine serum albumin and 2.5mmol/L

probenecid. Fluorescent intensities were then measured at

488 nm of excitation wavelength and 525 nm of emission

wavelength using a fluorescence microscope (DM ILHC Fluo;

Leica) equipped with a digital camera (DFC420C; Leica). The

intensity of fluorescence was quantified by an image analyzer

(TOMORO ScopeEye 3.5; Techsan Digital Imaging, Seoul,

Korea).

Measurement of Mitochondrial Membrane Potential

Mitochondrial membrane potential was measured by quanti-

fying the accumulation of TMRM, as previously described.37

In brief, cells were loaded with 10 nmol/L TMRM at

37�C, after 1 hour of re-oxygenation; 2 hours after loading,

residual TMRM was removed by washing and the mito-

chondrial uptake of TMRM was measured by a fluorescence

microscope (DM IL HC Fluo). Fluorescent intensity was

analyzed by using an imaging analyzing program (TOMORO

ScopeEye 3.5).

Measurement of Free Radical Scavenging Activities:
DPPH and ORAC Assays

Direct free radical scavenging activities were measured by

the 2,2-diphenyl-1-picrylhydrazyl (DPPH) and oxygen rad-

ical absorbance capacity (ORAC) assays, as previously

described.38,39 In brief, for the DPPH reduction assay, an

organic nitrogen radical generator, DPPH (23.6 mg/mL in

ethanol), was incubated for 30 minutes at 37�C in the

presence of test drugs at various concentrations. The de-

crease in absorbance was then measured at 517 nm by

a microplate reader (SPECTRAmax 340PC; Molecular

Devices). The scavenging activity of free radicals was

expressed as the percentage of maximum inhibition ob-

tained from a standard curve generated by using vitamin C.

For the ORAC assay, various concentrations of antioxidants

react to peroxyl radicals generated from 2,20-azobis-(2-

methylpropionamide)-dihydrochloride (60 mmol/L) in a

competitive manner with a fluorescent indicator, fluorescein

(50 nmol/L). A fluorescence decay curve was measured

every 5 minutes for 3 hours at 37�C by a fluorescence

microplate reader (SpectraMax GeminiEM; Molecular De-

vices) using an excitation wavelength of 485 nm and an

emission wavelength of 530 nm. For quantification of

scavenging capacity of the peroxyl radical, the area under

the curve (AUC) was calculated based on kinetic curves:

AUC Z (0.5 þ f1/f0 þ f2/f0 þ f3/f0 þ . þ fn-2/f0 þ fn-1/f0 þ

fn/f0) � 5, where fi is the fluorescence reading at time i (in

minutes). The net AUC Z AUCsample � AUCblank.

Western Blot Analysis

To examine putative downstream signaling molecules of TC,

the amount of total and phosphorylated proteins for AMPK,

Choi et al
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CREB, or BDNF was analyzed using Western blot analysis,

as previously described.40 In brief, 30 mg per lane of cell

extracts was electrophoresed on 7.5% or 10% Tris-glycine

SDS-PAGE gels and transferred to polyvinylidene difluor-

ide membranes. After blocking with Tris-buffered saline

containing 0.1% Tween 20 and 5% nonfat milk, the

membranes were incubated overnight at 4�C using the

previously described primary antibodies (1:3000 in block-

ing buffer). A standard electrochemiluminescence prime

detection procedure was then used for final visualization

(Amersham Biosciences, Buckinghamshire, UK).

Animals

Male Sprague-Dawley rats, weighing 260 to 270 g, were

purchased from Charles River Laboratories (Seoul, Korea)

and kept on a 12-hour light/dark cycle with ad libitum access

to food and water. Rats were acclimated to environments

Figure 1 TC inhibits OGD/R-induced neuronal

injury via CB2R in rat cortical cultures. A: Expres-

sion of CB1Rs and CB2Rs in cortical mixed

neuronal/glial cultures. Representative confocal

microscopy analyses with anti-MAP2 (a neuronal

somatodendritic marker) and antieglial fibrillary

acidic protein (GFAP; an astrocyte marker) anti-

bodies and nuclear counterstaining with Hoechst

33258. Scale bar Z 50 mm. BeD: Cortical cultures

were exposed to OGD (1.5 hours) and subsequent

re-oxygenation (5 hours). TC, at indicated

concentrations (C) or 1 mmol/L (D), was applied

immediately before OGD and maintained through-

out re-oxygenation in the presence or absence

of either 1 mmol/L AM630 or 100 nmol/L AM251.

Neuronal injury was assessed by morphological

characteristics (B) or measurement of LDH release

into the culture media (C and D). B: Representa-

tive phase-contrast images. Scale bar Z 50 mm. C:

LDH release. Data were expressed as percentage of

total LDH release measured in parallel cultures

exposed to repeated freeze/thaw cycles. Horizontal

bar, median; vertical box, interquartile ranges (Q1

to Q3); and whiskers, minimum/maximum. Data

were analyzed with the Kruskal-Wallis test, fol-

lowed by the U-test. N Z 4 to 15. ***P < 0.001,

significantly different from the untreated OGD/R

group. D: AM630 abolishes the neuroprotective

effect of TC. N Z 5 to 15. *P < 0.05, ***P <

0.001, significantly different between the indicated

groups.
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before use in experiments. All experimental procedures

involving animals were performed in accordance with the

NIH Guide for the Care and Use of Laboratory Animals and

were approved by the Korea University Institutional Animal

Care and Use Committee.

Focal Cerebral Ischemia

For induction of cerebral ischemia, rats were initially anes-

thetized via face mask with 3% isoflurane in a 70% N2O and

30% O2 (v/v) mixture. Anesthesia was maintained with 2%

isoflurane. A rectal temperature probe was introduced, and

body temperature was maintained at 37�C during the entire

surgical period. Focal cerebral ischemia was achieved by

right-sided endovascular middle cerebral artery occlusion

(MCAO), as previously described.35 After 1.5 hours of

ischemia, the occlusion was released and animals were

allowed to recover. TC, 10 mg/kg, was initially dissolved in

dimethyl sulfoxide, further diluted (5%) in sterile saline with

10% Cremophor EL (poluoxyl-35 hydrogenated castor oil;

Merck KGaA, Darmstadt, Germany), and administered i.p. as

a post-ischemic treatment (3 hours after initiation of MCAO)

in the presence or absence of AM630 (1 mg/kg).

Measurement of Infarct Volume

Rats were anesthetized with chloral hydrate and decapitated

24 hours after MCAO. Rat brains embedded in a rat brain

matrix (Ted Pella, Redding, CA)were cut into coronal sections

(2 mm thick). Brain sections were then incubated with 2% tri-

phenyltetrazolium chloride at room temperature for 30 minutes

to reveal ischemic infarctions. The cross-sectional area of an

infarction between the bregma levels of 4mm (anterior) and�6

mm (posterior) was determined with the aid of a computer-

assisted image analysis program (OPTIMAS5.1; BioScan Inc.,

Edmonds, WA). Cerebral edema was determined by calcu-

lating the percentage increase of the ipsilateral (VI)/contralat-

eral (VC) hemisphere area: % Edema VolumeZ [(VI � VC)/

VC] � 100. The total volume of the infarct was quantified by

integrating six sectionswhile compensating for brain edema, as

previously described41: Infarct Volume (mm3) Z IVd � (VC/

VI), where IVd is the ipsilateral volume obtained by direct

measurement; VI, ipsilateral hemisphere area; and VC, contra-

lateral hemisphere area.

Immunohistochemistry

Immunohistochemical (IHC) detection of pAMPK, pCREB,

and BDNF in neurons of ischemic lesions was performed as

previously described.40 In brief, rats were sacrificed 24

hours after MCAO and perfused transcardially with 4%

paraformaldehyde in 0.1 mol/L phosphate buffer. Brains

were postfixed overnight and cryoprotected. Serial coronal

sections (30 mm thick) were incubated in blocking buffer

(10% normal horse serumesupplemented PBS) for 30

minutes. Sections were then incubated overnight at room

temperature with primary antibodies: rabbit anti-CB2R

(1:50), mouse anti-NeuN (1:300), rabbit anti-pCREB (1:100),

or rabbit anti-BDNF (1:25) antibodies in PBS containing

0.3% Triton X-100 and 3% normal horse serum. After

Figure 2 TC reduces OGD/R-evoked mitochondrial depolarization and

intracellular oxidative stress. Cortical cultures were exposed to OGD (1.5

hours)/R (3 hours) in the presence or absence of 1 mmol/L TC and/or

AM630. A: Mitochondrial depolarization assessed by the decrease in TMRM

fluorescence. TMRM, 10 nmol/L, was loaded at 1 hour after R. Represen-

tative images (left panel) and quantification of fluorescence intensities

(F.I.s; right panel). Scale bar Z 50 mm. B: Intracellular oxidative stress

measured by dichlorofluorescin (DCF). CM-H2DCF-DA was loaded 1 hour

after R, and fluorescence was measured at 3 hours after R. Data are given as

representative images and quantified. Data are expressed as means � SD

from four independent experiments each. *P < 0.05, **P < 0.01, signif-

icantly different from the OGD/R group. yP < 0.05, yyP < 0.01, significantly

different between the indicated groups.
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washing with PBS, sections were further incubated with Alexa

fluorophoreeconjugated secondary antibodies for 2 hours at

room temperature (1:100 or 1:300). After mounting, a digita-

lized image of each section was obtained by using a confocal

microscope (Zeiss LSM510) with a 488- and 543-nm laser

used for excitation and 505- to 530-nm band-pass and 560-nm

long-pass filters for emission.

Statistical Analysis

Data were expressed as means � SD and analyzed for

statistical significance using an analysis of variance, followed

by post hoc analysis using Tukey’s test for multiple

comparisons. Before analysis of variance, the normality of

data and the P value of Levene’s Test for Equality of Vari-

ances were confirmed (P > 0.05). Otherwise, data were

expressed as medians � interquartile ranges from quartile 1

(Q1) to quartile 3 (Q3) and analyzed by the Kruskal-Wallis

test, followed by the U-test. P < 0.05 was considered

significant after Bonferroni’s correction.

Results

TC Inhibits Neuronal Ischemic Death via CB2RActivation

Double immunofluorescence of CBRs and a somatoden-

dritic neuronal marker, MAP2, showed that both CB1Rs

and CB2Rs were expressed in cortical neurons (Figure 1A

and Supplemental Figure S1).22,40,42e44 Although CB1Rs

were predominantly expressed in cell bodies and axons of

cortical neurons, CB2R immunoreactivity was observed in

intracellular compartments of neurons, including cell

bodies and apical dendrites, as previously described.42,43

Although relatively weak, CB2R immunoreactivity was

Figure 3 TC neither scavenges free radicals nor increases SOD or catalase activity. A: 2,2-diphenyl-1-picrylhydrazyl (DPPH) assay. The scavenging activity of TC

against nitrogen radical generated fromDPPHwasmeasuredbyadecrease in absorbanceand expressed aspercentageof scavengingactivity comparedwith a standard

curve using vitamin C. Data are expressed as means � SD. N Z 4. B: Oxygen radical absorbance capacity (ORAC) assay. 2,20-Azobis-(2-methylpropionamide)-

dihydrochloride (AAPH)einduced decay in fluorescein fluorescence intensity (F.I.) was measured in the presence of TC or Trolox at the indicated concentrations

(white and black squares, 6.25 mmol/L; white and black triangles, 12.5 mmol/L; white and black circles, 25 mmol/L; and white and black diamonds, 50 mmol/L) and

measured as relative F.I. A representative curve from four independent experiments is shown. Inset, best fit lines between net area under the curve (AUC) and

concentrations of TC or Trolox. CeE: For an antioxidant enzyme assay, cells were exposed to either normoxia or OGD (1.5 hours)/R (3 hours) in the presence or absence

of 1 mmol/L TC. Data were calculated as units per mg protein and expressed as means� SD. NZ 4. C: MnSOD activity assay. D: Cu/ZnSOD activity assay. E: Catalase

assay. NZ 4 each. *P < 0.05, ***P < 0.001, significantly different from the control group. yP < 0.05, significantly different from the OGD/R group.
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also detected in cortical glia (Figure 1A and Supplemental

Figure S1). Other immune cells, including microglia, were

not detected in mixed cortical cultures under our culture

conditions (data not shown). The specificity of the anti-

CB2R antibody used in our study was previously con-

firmed in CB2R-deficient mice20,21 and by use of a blocking

peptide.18,20,21

We first examined whether TC could inhibit OGD/R-

evoked neuronal injury. TC significantly attenuated mor-

phological deterioration and LDH release in mixed cortical

cultures exposed to OGD/R (Figure 1, B and C). Although

a selective CB2R antagonist, AM630, abolished the

protective effect of TC, the CB1R antagonist, AM251, had

no effect (Figure 1, B and D, and Supplemental Figure S2A).

The released amount of LDH reflected neuronal injury,

because glial cells, such as astrocytes, were resistant to OGD/

R-evoked injury under our experimental conditions (data not

shown), as previously reported.36,45 TC maximally reduced

OGD-evoked neuronal injury when cotreated at the onset of

OGD (Supplemental Figure S2B). The neuroprotective

effects were then gradually decreased with an increased delay

in treatment, but the effect of TC was still significant when

treated 30 minutes after OGD.

CB2R Activation Is Involved in the Ability of TC to
Reduce OGD/R-Evoked Mitochondrial Depolarization
and Intracellular Oxidative Stress

Mitochondrial dysfunction and oxidative stress have been

shown to be critical determinants of ischemic neuronal death

and survival.46,47 TC significantly reduced mitochondrial

depolarization (Figure 2A) and intracellular oxidative stress

(Figure 2B) in cortical cultures exposed to OGD/R. We also

found that TC reduced OGD/R-evoked release of a mito-

chondrial protein, cytochrome c (Supplemental Figure S2C).

The inhibitory effect of TC was significantly blocked by

AM630, a CB2R antagonist (Figure 2, A and B). We further

found that TC did not directly scavenge free radicals, such as

nitrogen or peroxyl radicals (Figure 3, A and B). Although

TC attenuated OGD/R-evoked depletion of mitochondrial

Mn superoxide dismutase (SOD), cytosolic Cu/Zn-SOD, and

catalase activity in cortical cultures, it failed to induce those

same antioxidant enzyme activities itself (Figure 3, C and

D). N-methyl-D-aspartic acid (NMDA) receptoremediated

excitotoxicity is a well-established major factor producing

mitochondrial dysfunction and oxidative stress through Ca2þ

overload.46 However, TC did not inhibit NMDA-evoked

neuronal cell death (data not shown).

TC Potently Activates the AMPK and CREB Pathway

The pathways involved in CB2R signaling demonstrate

great diversity, depending on cell type and cellular

context,4 and have not been fully elucidated in neurons. In

neurons or neuron-like PC12 cells, activation of CB2Rs

can trigger signaling cascades involving MAP kinase [eg,

extracellular signaleregulated kinase 1/2 (ERK1/2) and

p38]/c-Jun N-terminal kinase, phosphoinositide 3-kinase/

Akt, inositol 1,4,5-trisphosphate receptor–mediated Ca2þ

release or Cl� channel activity, and AMPK.24,42,48e51

Accordingly, we investigated phosphorylation/expression

of putative candidates affected by TC. TC significantly

Figure 4 TC up-regulated phosphorylation of AMPK and CREB and expression of BDNF. Cortical cultures were subject to OGD (1.5 hours) in the presence or

absence of 1 mmol/L TC. At the indicated time (in minutes) after re-oxygenation after OGD, cell lysates were collected and subjected to Western blot analysis of

pAMPK and AMPK (A), phosphorylated CREB at Ser133 (pCREB) and CREB (B), and BDNF (C). Top panel, immunoblots. Bottom panel, densitometric analyses of

four to six independent experiments. Data were expressed as either ratios of phosphorylated to total proteins (A and B) or total amount (C) after normalization

to b-actin. Each box represents the means � SD. *P < 0.05, **P < 0.01, ***P < 0.001, significantly different from matched control groups at 0 minutes after

re-oxygenation. yP < 0.05, yyP < 0.01, and yyyP < 0.001, significantly different from the untreated group.
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enhanced AMPK activity, as reflected by an elevated level

of phosphorylated proteins in cortical cultures exposed to

OGD (Figure 4A). In contrast, TC did not significantly

alter the level of phosphorylated ERK and phosphorylated

Akt (data not shown). As might have been predicted, TC

also resulted in an increase in phosphorylation of CREB,

one of the AMPK targets (Figure 4B). Among proteins

transcriptionally controlled by CREB,52 TC increased the

expression level of BDNF (Figure 4C), but not B-cell

lymphoma 2 (Bcl-2) and Bcl-XL (data not shown). More

important, the selective AMPK and CREB inhibitors, CC

and CREBeCREB-binding protein interaction inhibitor,

reversed the protective effect of TC against OGD-evoked

neuronal injury (Figure 5), suggesting that AMPK and

CREB mediate the protective effect of TC in cortical

neurons. Neither of the inhibitors evoked LDH release by

themselves (Figure 5).

TC Reduces Infarct Size in Rat Cerebral Ischemia in
a CB2R-Dependent Manner

CB2R immunoreactivity was found in the cortex of both

control and ischemic brains, mostly in cortical neurons and

some glial cells (Figure 6A and Supplemental Figure S1).

Post-ischemic treatment with 10 mg/kg TC (i.p.; initiated 3

hours after beginning MCAO) substantially reduced the

infarct size and edema in rats subjected to 1.5 hours ofMCAO,

followed by 24 hours of reperfusion (53.8% and 51.9%

inhibition, respectively) (Figure 6, B–D). Co-administration

of 1 mg/kg AM630 completely blocked the protective effect

of TC, suggesting the role of CB2R. AM630 alone did not

significantly change the infarct size and edema volume. TC

did not alter body weight or physiological variables, such as

arterial blood pressure, PaO2, PaCO2, pH, and rectal tempera-

ture (data not shown).

Figure 5 Pharmacological inhibition of AMPK and CREB interferes with

the protective effect of TC against OGD-evoked neuronal injury. Cortical

neurons were subjected to OGD/R in the presence or absence of 1 mmol/L

TC. Either 5 mmol/L CC (AMPK inhibitor) or 1 mmol/L CREBeCREB-binding

protein interaction inhibitor (CREB-I) was pretreated 30 minutes before

OGD. Five hours after re-oxygenation, neuronal injury was assessed by LDH

assay. Data were calculated as percentage of total LDH. Horizontal bar,

median; vertical box, interquartile ranges (Q1 to Q3); and whiskers,

minimum/maximum. N Z 5 to 10. **P < 0.01, significantly different from

the untreated OGD/R group; yP < 0.05, significantly different from the TC-

treated group, when analyzed by Kruskal-Wallis test, followed by the Mann-

Whitney test.

Figure 6 Post-ischemic treatment of TC atten-

uates infarct volume in rat focal cerebral ischemia

via CB2R. Rats were subject to MCAO for 1.5 hours

and then reperfused for 24 hours. TC, 10 mg/kg, was

i.p. administered once at 3 hours after initiation of

MCAO in the presence or absence of 1mg/kg AM630.

A: Representative confocal images of CB2R (green)

and a neuronal marker, NeuN (red), immunostaining

in cortical penumbra and merged images. Scale

bar Z 50 mm. B: Representative coronal sections

stained with 2% triphenyltetrazolium chloride.

Quantification of infarct volume (C) and edema

volume (D). Horizontal bar, median; vertical box,

interquartile ranges (Q1 to Q3; whiskers, minimum/

maximum; and open circles, outliers. Data were

analyzed by the Kruskal-Wallis test, followed by the

U-test. N Z 8 to 23. **P < 0.01, significantly

different between the indicated groups.
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CB2R Activation Is Involved in the Ability of TC to
Induce CREB Phosphorylation and BDNF Expression in
Rat Ischemic Cortexes

CREB phosphorylation increases during cerebral ischemia.

CREB phosphorylation in the ischemic core either rapidly

decreases to normal levels by 12 hours of reperfusion or slowly

decreases in the penumbra and the peri-infarct area.53 In the

present study, TC produced an increase in phosphorylation of

neuronal CREB in the ischemic penumbra, which remained

significantly elevated for up to 24 hours after reperfusion

(Figure 7A). Comparedwith the brain sections of sham-treated

rats, 1.5 hours of MCAO increased the level of BDNF

expression in the ischemic brains (data not shown), as previ-

ously described.54 TC further increased expression of BDNF,

a CREB target gene product (Figure 7B). Co-administration

with AM630 abolished all effects produced by TC,

suggesting that a CB2R-dependent CREB pathway might be

involved in neuronal TC signaling in vivo. AM630 did not

itself significantly induce pCREB and BDNF (data not

shown).

Discussion

In the present study, TC significantly reducedOGD/R-evoked

mitochondrial dysfunction and intracellular oxidative stress

(Figure 2), two major, but not mutually exclusive, factors

contributing to ischemic injury cascades.46,55 These events

can be initiated and exacerbated by NMDA receptore

mediated excitotoxicity and subsequent calcium overload.1

Previously, a non-psychoactive cannabinoid, HU-211, ex-

hibited neuroprotective activity by exhibiting antioxidant

activity and limiting NMDA-induced excitotoxicity.56,57

However, in the present study, TC did not decrease NMDA-

induced neuronal injury (data not shown). TC also did not

demonstrate any direct free radical scavenging activity or

induction of antioxidant enzyme activity itself (Figure 3).

These results indicate that the anti-ischemic effect of TC

observed herein is mediated by mechanism(s) distinct from

NMDA receptor antagonism or antioxidant activity.

Indeed, the present study demonstrates, for the first time

to our knowledge, that TC reduces cerebral ischemic injury

via activation of the AMPK-CREB pathway, mediated via

activation of cortical CB2Rs. All effects of TC were com-

pletely reversed by AM630, a CB2R-selective antagonist,

suggesting the importance of CB2R agonist activity in

modulating neuronal survival. Although TC has been shown

to have a unique structure and interacting geometry for

binding to CB2Rs, relative to classic cannabinoids (eg, D9-

tetrahydrocannabinol),26 in the present study, TC was

shown to bind to, and act as, a full agonist at CB2Rs to exert

its anti-ischemic effect. The presence and function of

CB2Rs in the cortex has long been debatable.42,58,59

However, increasing evidence demonstrates CB2R expres-

sion in the CNS, including cortical neurons and glial

cells.19e21,23,42 Data reported herein also support the pres-

ence of CB2Rs in cortical neurons and astroglia. The

expression of CB2Rs in cortical neurons was confirmed by

immunocytochemistry (Figure 1). CB2R immune reactivity

was also detected in cortical astroglia, but was relatively low

compared with that in neurons. Moreover, in cortical cultures

lacking microglia or immune cells, it was demonstrated that

the inhibition of OGD/R-evoked neuronal injury produced

by the CB2R agonist, TC, was reversed by a CB2R antago-

nist, AM630, but not by a CB1R antagonist, AM251

(Figure 1). These observations strongly indicate an important

neuroprotective role for CB2Rs present in cortical neuronal/

glial cells rather than peripheral or microglial cells. We

further demonstrated that TC enhanced expression of

proteins involved in survival signaling (ie, pCREB and

BDNF) in cortical cultures (Figure 4). TC also attenuated the

decrease of pCREB and BDNF occurring in neurons

analyzed from MCAO rats, and these effects were abolished

Figure 7 TC enhances phosphorylation of CREB and expression of

BDNF in neurons of ischemic lesions via CB2R. A: Coronal sections ob-

tained at 24 hours after MCAO were double labeled with anti-NeuN,

a neuronal marker, and anti-phosphorylated (pCREB) (A) or anti-BDNF

(B) antibodies. Representative confocal images of pCREB or BDNF

(green), NeuN (red) immunostaining in ipsilateral cortical penumbra, and

merged images (left panel). Scale bar Z 50 mm. Quantification of

percentage of pCREB- or BDNF-immunoreactivityepositive neurons to

total number of neurons (right panel). Horizontal bar, median; vertical

box, interquartile ranges (Q1 to Q3); and whiskers, minimum/maximum.

Data were analyzed by the Kruskal-Wallis test, followed by the Mann-

Whitney test. N Z 5 to 7. **P < 0.01, significantly different from the

untreated MCAO group. yP < 0.05, significantly different between the

indicated groups.
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by AM630 (Figure 7), suggesting that activation of CB2Rs

might also mediate the neuroprotective effects of TC

observed in vivo. The results presented, however, convinc-

ingly argue against previous reports suggesting a lack of

neuronal CB2R immunoreactivity in ischemic mouse brains

subjected to permanent MCAO.15 Differences between

species and experimental models (transient versus permanent

MCAO) may contribute to differences between studies.

However, a more detailed, systematic comparative study may

be required to resolve such issues.

The CB2R belongs to the G-proteinecoupled receptor

superfamily and is coupled to the inhibitory Gi/Go-subtype of

G-proteins. Although the protective role of CB2R activation in

ischemic/reperfusion injury has been described for several

organs, the signal transduction pathways responsible for

mediating these effects are notwell characterized.Activation of

peripheral CB2Rs in immune cells results in coupling to several

principal signaling pathways, including MAP kinase

(eg, ERK1/2, p38, and P42/44), c-Jun N-terminal kinase,14

ERK, and PI3/Akt pathways.8 At present, CB2R signaling

pathways in cortical neurons and astroglia are poorly under-

stood, in pathophysiological (eg, ischemic) and under physio-

logical conditions. In some disease models, CB2Rs have been

shown to trigger survival signaling cascades involving

MAP kinase/c-Jun N-terminal kinase,48,49 phosphoinositide

3-kinase/Akt,24,50,60 inositol 1,4,5-trisphosphate receptore

mediated Ca2þ release or Cl� channel activity,42 and

AMPK.60 Our study demonstrates that TC-induced CB2R

activation up-regulates pAMPK and pCREB in response to

neuronal ischemic injury (Figure 4). The importance of

AMPK/CREB signaling in CB2R-mediated neuroprotection

was further highlighted when the activity of these pathways

was selectively inhibited. For example, pretreatment with

either the AMPK inhibitor, CC, or the CREB inhibitor,

CREBeCREB-binding protein interaction inhibitor, abol-

ished the neuroprotective effect of CB2R activation by TC

(Figure 5). Interestingly, although TC has previously been

shown to modulate Erk1/2 and p38 signaling in immune

cells,26 it failed to significantly alter either ERK or Akt

activity in cortical cultures under the experimental conditions

examined herein (data not shown). Such apparent diversity in

CB2R signaling between cortical neurons/glia and other types

of cells (ie, immune cells) may be due, in part, to distinct cell

types examined, specific cellular context evaluated, or disease

models investigated. In addition, recent studies report that two

distinct isoforms of the CB2R, CB2A andCB2B, appear to be

differentially expressed in neurons relative to immune cells.61

AMPK, a serine/threonine protein kinase, acts as a key

sensor of cellular energy status in various tissues.62,63

AMPK is activated by AMP binding or phosphorylation at

the Thr172 residue on an increase in the cellular AMP/ATP

ratio and cytosolic calcium levels. AMPK has been shown

to be highly expressed in neurons, and its activity increases

during glucose deprivation, ischemia, and hypoxia.62,63 In

cerebral ischemic injury, AMPK activation may result in

dual functions concerning neuronal survival, in a context-

specific manner (ie, depending on the tissue, degree of

stimulation, or conditions of activation). Because AMPK

activation can either exert protective effects64 or exacerbate

injury, inhibition of AMPK may provide protection, de-

pending on the specific cellular context.65e67 CREB is one

of many well-known prosurvival proteins52,53 and is one of

the several targets regulated by members of the AMPK

family.67,68 In the present study, AMPK activation by TC

appears to produce neuroprotection in cortical neurons,

possibly by increasing phosphorylation of CREB (Figures

4, 5, and 7). Phosphorylation of CREB enhances the

expression of various prosurvival genes, BDNF, Bcl-2, and

Bcl-XL.
52 Among those examined, TC significantly increases

the expression of BDNF under both in vitro and in vivo

conditions (Figures 4 and 7).

In conclusion, our data indicate that CB2R activation by

TC ameliorates ischemic injury potentially through the

AMPK/CREB pathway. Previous studies have focused

primarily on the anti-inflammatory actions of peripherally

located CB2Rs in immune cells.11,12,14,15 To our knowl-

edge, novel data presented in this study provide evidence,

for the first time, supporting a previously unappreciated role

of cortical CB2R, especially neuronal CB2Rs in ischemia,

and further demonstration of AMPK/CREB involvement in

CB2R-mediated neuroprotection. More important, our study

also shows that the anti-ischemic activity of TC can be

observed even when treatment is initiated post-ischemically

(3 hours after initiation of MCAO). Because TC appears to

maintain CB2R agonist activity when administered orally

and is a common ingredient found in many food additives

and folk medicines,26 this study suggests that further

investigation is warranted to establish the clinical usefulness

of TC as a preventative and therapeutic agent for the treat-

ment of stroke.

Supplemental Data

Supplemental material for this article can be found at

http://dx.doi.org/10.1016/j.ajpath.2012.11.024.
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