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Abstract

Pharmacological effects of cannabinoid ligands are thought to be mediated through cannabinoid CB1 and CB2 receptor subtypes.

Sequence analysis revealed that rat and human cannabinoid CB2 receptors are divergent and share 81% amino acid homology.

Pharmacological analysis of the possible species differences between rat and human cannabinoid CB2 receptors was performed using

radioligand binding and functional assays. Pronounced species selectivity at the rat cannabinoid CB2 receptor (50- to 140-fold) was observed

with AM-1710 (3-(1,1-Dimethyl-heptyl)-1-hydroxy-9-methoxy-benzo[c]chromen-6-one) and AM-1714 (3-(1,1-Dimethyl-heptyl)-1-9-dihy-

droxy-benzo[c]chromen-6-one). In contrast, JWH-015 ((2-Methyl-1-propyl-1H-indol-3-yl)-napthalen-1-yl-methanone) was 3- to 10-fold

selective at the human cannabinoid CB2 receptor. Endocannabinoid ligands were more human receptor selective. Cannabinoid CB2 receptor

antagonist, AM-630 ((6-Iodo-2-methyl-1-(2-morpholin-4-yl-ethyl)-1H-indol-3-yl)-(4-methoxy-phenyl)-methanone) was more potent at the

rat receptor in radioligand binding and functional assays than that of the human receptor. The findings of the pharmacological differences

between the human and rat cannabinoid CB2 receptors in this study provide critical information for characterizing cannabinoid ligands in

in vivo rodent models for drug discovery purpose.

D 2004 Elsevier B.V. All rights reserved.
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1. Introduction

The principal constituent of cannabis (D9THC) exerts a

wide spectrum of therapeutic effects such as analgesic,

appetite-stimulating and antiemetic effects through canna-

binoid receptors, CB1 and CB2. Cannabinoid CB1 receptors

are localized mainly in the central nervous system (Matsuda

et al., 1993), but are also distributed in the periphery in a

variety of tissues, such as cardiovascular and gastro-

intestinal systems (Matsuda et al., 1990; Gerard et al.,

1991; Glass et al., 1997). Activation of the central CB1
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receptor has been associated with psychotropic effects

including sedation, hypothermia and catalepsy. On the

other hand, cannabinoid CB2 receptors, initially identified

in myeloid cells (Munro et al., 1993) are localized largely in

the peripheral tissues, such as the immune system (Galigue

et al., 1995; Klein et al., 1998). It was recently reported that

the expression of cannabinoid CB2 receptor is induced

within the lumbar spinal cord in chronic pain models

associated with peripheral nerve injury, and the appearance

of cannabinoid CB2 expression coincides with activated

microglia (Zhang et al., 2003). It has been shown that

cannabinoid CB2 receptor agonists are efficacious in pre-

clinical models of inflammation and pain (Hanus et al.,

1999; Malan et al., 2001; Iwamura et al., 2001; Ibrahim et

al., 2003). Therefore, an alternative approach to drug
cology 505 (2004) 1–9
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discovery may involve selectively targeting the cannabinoid

CB2 receptor subtype, thereby avoiding cannabinoid CB1

receptor-mediated undesirable central effects.

The cannabinoid CB2 receptor belongs to the G protein-

coupled receptor (GPCR) superfamily containing seven

transmembrane domains with the typical structural motif

such as DRY at the end of the third transmembrane domain,

and is negatively coupled to adenylyl cyclase through the

Gi/o proteins. The human, rat and mouse cannabinoid CB2

receptor cDNAs have been cloned (Griffin et al., 2000). The

human and rat cannabinoid CB2 receptors share 81% amino

acid identity (81% nucleic acid identity), but the rat and

mouse cannabinoid CB2 receptors are more homologous

with 93% amino acid identity (90% nucleic acid identity).

The sequences for rat, human and mouse cannabinoid CB2

receptors share most identity in the putative transmembrane

domains and the largest divergence in their C-termini.

Distinct pharmacology has been observed in rat and human

tissues with endogenous ligand palmitoylethanolamide

(PEA). PEA was shown to be able to displace [3H]WIN-

55212-2 binding in mast cells isolated from rat (Facci et al.,

1995), but had a low affinity for the cloned human

cannabinoid CB2 receptor (Showalter et al., 1996). There-

fore, these discrepancies could be the result of species

differences with the cannabinoid CB2 receptors, as has been

reported for other GPCRs such as bradykinin (Hess et al.,

1994) and histamine H3 (Yao et al., 2003) receptors.

However, detailed analysis of species differences in

cannabinoid CB2 receptor pharmacology has not been

available.

In the present study, cannabinoid agonists and antago-

nists were utilized to characterize and elucidate the species

differences observed between the human and rat cannabi-

noid CB2 receptors stably expressed in HEK cells in

binding and functional assays. High-affinity CB ligand

[3H]CP-55,940 was used to characterize cannabinoid

ligands in binding assays. The cannabinoid receptor

agonists have been mostly characterized using assays

measuring inhibition of cAMP (Howlett, 1985; Felder et

al., 1992). Recently, methods using chimeric G protein

technology have provided an alternative way for pharma-

cological characterization of GPCRs that are linked to

adenylyl cyclase. Conklin et al. (1993) have shown that

chimeric Gaqi or Gaqo allows alteration of Gai/o-induced

inhibition of cyclase activity to activation of phospholipase

C/inositol 1,4,5-triphosphate (IP3)-diacylglycerol pathway

resulting in elevation of [Ca2+]i level. This was achieved by

replacement of the C-terminal amino acids of Gaq with

those of Gai or Gao generating Gaqo and Gaqi chimeric

proteins, respectively. Fluorescence Image Plate Reader

(FLIPR) assay was developed to measure the CB2-evoked

change of [Ca2+]i concentration in this study. The pharma-

cological characterization and detailed analysis of the

species differences observed for cannabinoid ligands at

the human and rat cannabinoid CB2 receptor are summa-

rized here.
2. Materials and methods

2.1. Materials

(�)-cis-3-[2-hydroxy-4-(1,1-dimethylheptyl)phenyl]-

trans-4-(3-hydroxypropyl)cyclohexanol (CP-55,940), (R)-

(+)-[2,3-dihydro-5-methyl-3-[4-morpholinylmethyl]-pyr-

rolo-[1,2,3-de]-1,4-benzoxazin-6-yl](1-naphthyl) methanone

mesylate (WIN-55212-2), (2-Methyl-1-propyl-1H-indol-3-

yl)-napthalen-1-yl-methanone (JWH-015), [6-Iodo-2-

methyl-1-(2-morpholin-4-yl-ethyl)-1H-indol-3-yl]-(4-

methoxy-phenyl)-methanone(AM-630), anandamide and

2-arachidonyl glycerol were purchased from Tocris (Ellis-

ville, MO). [3H]CP-55,940, UniFilter-96 GF/C filter plates

and Microscint-20 were purchased from Perkin-Elmer

(Boston, MA). Fatty acid-free bovine serum albumin,

forskolin and 3-isobutyl-1-methylxanthine (IBMX) were

purchased from Sigma (St. Louis, MO). The human

embryonic kidney (HEK) cell line was obtained from the

American Type Culture Collection (Rockville, MD). Lip-

ofectamine 2000, geneticin and zeocin, Dulbecco’s Modi-

fied Eagle Medium (DMEM), hygromycin and superscript

II were purchased from Invitrogen (Carlsbad, CA) except

that serum was purchased from Hyclone (Logan, UT).

Costar tissue culture flasks, pipettes and V-bottomed 96-

well assay plates were purchased from Corning (Corning,

NY). Biocoatk 96-well poly-l-lysine coated clear-bot-

tomed black wall plates were purchased from BD Bio-

sciences (San Jose, CA). FLIPR assay kit and tube strips

were purchased from Molecular Devices (Sunnyvale, CA).

Robocycler and Quickchange Mutagenesis kit were from

Stratagene (La Jolla, CA); 4-(2-Aminoethyl) benzenesulfo-

nylfluoride, HCl (AEBSF, HCl) from Calbiochem (San

Diego, CA); Protease inhibitor complete tablets from Roche

Diagnostics (Indianapolis, IN) and Advantage-HF2 PCR Kit

from Clontech (Palo Alto, CA).

2.2. Cloning of the rat cannabinoid CB2 receptor cDNA

Single-strand cDNA was synthesized from rat spleen

poly A+ RNA (Clontech) using Superscript II according to

the manufacturer’s instructions. Oligonucleotide primers

were designed according to the sequence of the predicted

translation initiation and termination site of the rat CB2 gene

(GenBank accession number AF176350). The forward

primer contained a Kozak sequence and corresponded to

base pairs 7–30 of the rat genomic sequence (CACCCGGC-

CACCATGGAGGGATGCCGGGAGA). The reverse pri-

mer corresponded to base pairs 1095–1076 of rat genomic

sequence TCAGCAGTTGGAGCAGCCTG. The rat CB2

cDNA was amplified using the Advantage-HF2 polymerase

chain reaction (PCR) Kit according to the manufacturer’s

instructions. Briefly, the reaction mixture was incubated for

15 s at 94 8C and 4 min at 68 8C for 25 cycles with a final

3 min extension at 68 8C. A ~1.1 kb PCR product was

generated, gel purified, digested and cloned into the
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pcDNA3.1n directional TOPO expression vector and the rat

CB2 cDNA sequence was confirmed. Human CB2

pcDNA3.1/GSn containing a zeocin resistance gene was

obtained from Research Genetics, Huntsville, AL, accession

number X74328.

2.3. Generation of Gaqo clone

The Gaqi clone (pCEP-Gqi5) that encodes the Gaq protein

containing 5 C-terminal amino acids of Gai in place of those

of Gaq was obtained from Molecular Devices. Primers were

designed to change the amino acids from the C-terminus of

Gai (DCGLF) to those of Gao (GCGLY) to generate Gaqo.

The Quickchange Mutagenesis kit was used as per

manufacturer’s recommendations, using 0.08 AM forward

primer GCTGAACCTTAAGGGCTGTGGCCTCTACT-

GAATCGAGGCCG and reverse primer CGGCCTCGATT-

CAGTAGAGGCCACAGCCCTTAAGGTTCAGC, as well

as 25 ng of the Gaqi clone (pCEP-Gqi5) as template. PCR

reaction was carried out in a Robocycler by incubation at 96

8C for 30 s followed by 18 cycles of 96 8C for 30 s and 72

8C for 12 min. Clones of the PCR products were sequenced

to confirm that only the targeted changes were incorporated.

2.4. Cell culture and generation of cell lines

HEK cells were grown in DMEM media with high

glucose, containing 10% fetal bovine serum at 37 8C with

5% CO2 in a sterile humidified environment. Transfection of

HEK cells with human CB2 or rat CB2 cDNAs was

performed using Lipofectamine 2000 according to the

protocol provided by the vendor. Stable transformants were

selected in growth medium containing zeocin (25 Ag/ml) for

the human CB2 or geneticin (500 Ag/ml) for the rat CB2.

Colonies were selected (about 2 weeks post-transfection)

and CB2 expression screened with radioligand binding

assays using [3H]CP-55,940. To generate cell lines used

for FLIPR assays, stable human CB2 and rat CB2 cell lines

were transfected with Gaqo cDNA. The stable transformants

were selected in growth media for respective receptors

supplemented with 200 Ag/ml hygromycin.

2.5. Radioligand binding assays

HEK cells stably expressing human or rat cannabinoid

CB2 receptors were grown until a confluent monolayer was

formed. The cells were harvested and homogenized in Tris–

EDTA (TE) buffer (50 mM Tris–HCl, pH 7.4, 1 mM MgCl2,

and 1 mM EDTA) using a polytron for 2�10 s bursts in the

presence of protease inhibitors, followed by centrifugation at

45,000�g for 20 min. The final membrane pellet was re-

homogenized in storage buffer (50 mM Tris–HCl, pH 7.4, 1

mM MgCl2, and 1 mM EDTA and 10% sucrose) and frozen

at �80 8C until used. Saturation binding reactions were

initiated by the addition of membrane preparation (protein

concentration of 5 Ag/well for the human CB2 and 20 Ag/
well for the rat CB2) into wells of a deep-well plate

containing ([3H]CP-55,940 (120 Ci/mmol)) in assay buffer

(50 mM Tris–HCl, pH 7.4, 2.5 mM EDTA, 5 mM MgCl2,

and 0.5 mg/ml fatty acid-free bovine albumin serum). After

incubation at 30 8C for 90 min, binding reaction was

terminated by the addition of 300 Al/well of cold assay buffer
followed by rapid vacuum filtration through a UniFilter-96

GF/C filter plates (pre-soaked in 1 mg/ml bovine serum

albumin for 2 h). The bound activity was counted in a

TopCount using Microscint-20. In some experiments with

endogenous ligands, experiments were performed in the

presence of AEBSF (50 AM). Saturation experiments were

conducted with 12 concentrations of [3H]CP-55,940 ranging

from 0.01 to 8 nM. Competition experiments were con-

ducted with 0.5 nM [3H]CP-55,940 and five concentrations

(1 nM to 10 AM) of displacing ligands. Nonspecific binding

was defined by the addition of 10 AM unlabeled CP-55,940

in both saturation and competition binding assays. Kd values

from saturation binding assays and Ki values from the

competition binding assays were determined with one site

binding or one site competition curve fitting equations using

Prism software (GraphPad, San Diego, CA).

2.6. cAMP assays

HEK cells stably expressing human and rat cannabinoid

CB2 receptors were maintained in DMEM, 10% fetal bovine

serum and 200 Ag/ml geneticin selection for rat CB2 and 25

Ag/ml zeocin for human CB2 prior to cAMP assays. Cells

were plated at 100,000 per well in 100 Al in 96 well poly-l-

lysine-coated clear bottom black plates and grown over-

night. Activation of human and rat cannabinoid CB2

receptors were measured by reduction of forskolin-induced

release of cAMP. Cells expressing the human or rat

cannabinoid CB2 receptors were preincubated for 10 min

at room temperature with IBMX (1 mM) in PBS. Cells were

treated with cannabinoid agonists in PBS plus 0.1% bovine

serum albumin for 10 min at room temperature and further

challenged with 10 AM forskolin for 10 min. The reaction

was terminated by the addition of 0.1 N HCl and centrifuged

to remove the debris. The pH was adjusted to 8 using 1 N

NaOH and the cAMP level was then measured using an

enzyme linked immunosorbent assay (ELISA) kit (Assay

Designs, Ann Arbor, MI). For antagonist assays, cells were

preincubated with AM-630 for 10 min at room temperature

before the addition of CP-55,940. Results are expressed as

percent inhibition of forskolin stimulated cAMP accumu-

lation. Sigmoidal dose response curves were analyzed using

Prism and EC50 values were calculated. The cAMP levels at

each compound concentration were expressed as percentage

inhibition of forskolin stimulated cAMP level.

2.7. FLIPR assays

HEK cells stably co-expressing the Gaqo with either the

human or rat cannabinoid CB2 receptor were seeded the day



Fig. 1. Saturation binding assays of [3H]CP-55,940 at human cannabinoid

CB2 (A) and rat cannabinoid CB2 (B) receptors. Total (5), NSB (E) and

specific (.) represent total, nonspecific and specific bindings, respectively.

Data are representative of three experiments performed in triplicate.
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before the assay at 60,000 cells/well in a 96-well poly-D-

lysine coated clear-bottomed black wall plates and were

incubated overnight. Media was aspirated from 96-well

plates gently so as not to disrupt the cells. One vial of Ca2+

dye (Molecular Devices, product #R8041) was prepared

with 10 ml of assay buffer without bovine serum albumin

and used as a stock of 10� concentration. For the assay,

150 Al of 1� Ca2+ dye in assay buffer (10 mM HEPES, pH

7.4, 130 mM NaCl, 1 mM MgCl2, 5 mM KCl, 2 mM

CaCl2, 0.05% bovine serum albumin) containing 250 AM
probenicid (prepared in a 1:1 solution of assay buffer and 1

N NaOH) was added to wells and incubated with the cells

for 1 h (Martin et al., 2002). Test compounds were

prepared in tube strips in assay buffer at a 4� stock of

the desired concentration. Assay buffer was used as a

vehicle control and 10 AM CP-55,940 as a positive control.

The fluorescence level was measured using FLIPR from 10

s prior to the addition of compound up to 2 min after the

compound addition. For antagonist protocols, antagonist

was added as the first addition, followed by 50 Al of buffer
or 10 AM CP-55,940 as the second addition. The time

interval between the two additions was 5 min. All data

were corrected for background signal by subtracting

vehicle controls and normalized to the response of cells

to 10 AM CP-55,940. Maximum agonist responses were

plotted as percent response compared to 10 AM CP-55,940

(100%) and analyzed using the sigmoidal dose response

curve fitting to obtain the EC50 values with Prism.

Antagonist data were also normalized to the maximum

response of CP-55,940.
3. Results

3.1. Radioligand binding assays using [3H]CP-55,940

ligand for the human and rat cannabinoid CB2 receptors

Stable cell lines were established in HEK cells that

expressed either the rat or the human cannabinoid CB2

receptor. Saturation experiments using membrane prepara-

tions expressing the human cannabinoid CB2 receptor

showed that the radioligand [3H]CP-55,940 binds to the

human receptor (Kd=0.58 nM and Bmax=9.2 pmol/mg) (Fig.

1A). Rat CB2 exhibited Kd value of 0.45 nM and Bmax

value of 1.0 pmol/mg (Fig. 1B). No specific binding of

[3H]CP-55,940 was detected in membranes from untrans-

fected HEK cells (data not shown). Competition experi-

ments were performed using the same membranes

preparations expressing the human or the rat cannabinoid

CB2 receptor. The affinities of cannabinoid ligands were

established based upon their abilities to displace the

binding of [3H]CP-55,940. The cannabinoid ligands used

were from different structural classes. JWH-015 showed 3-

fold higher affinity at the human cannabinoid CB2 receptor

(Ki=54 nM) compared to rat (Ki=150 nM). In contrast,

AM-1714 and AM-1710 showed 10- to 15-fold higher
affinities at the rat cannabinoid CB2 receptor. AM-1714

exhibited Ki values of 2 nM at the rat receptor and 29 nM

at the human receptor, and AM-1710 showed Ki of 3 nM at

the rat compared to 28 nM at human cannabinoid CB2

receptor, respectively. Also, AM-630, a CB2-selective

ligand was more potent at the rat receptor compared to

human with binding affinities of 2.3 and 26 nM at the rat

and human cannabinoid CB2 receptors, respectively. CP-

55,940 and WIN-55212-2 showed comparable affinities at

the rat and human cannabinoid CB2 receptors. The

endocannabinoids showed 2- to 3-fold higher affinity at

the human cannabinoid CB2 receptor compared to rat

receptor. Table 1 summarizes the comparison of affinities at

the human and the rat receptors for the cannabinoid ligands

in binding experiments.

3.2. Functional characterization of human and rat canna-

binoid CB2 receptors using cAMP assays

The human or rat cannabinoid CB2 receptors are

negatively coupled to adenylyl cyclase and the activation

of cannabinoid CB2 receptors inhibit forskolin-stimulated

cAMP production. In cAMP assays, CP-55,940 exhibited a

potency of 9 nM with 74% efficacy at the human

cannabinoid CB2 receptor (Fig. 2A), comparable to that

seen at the rat receptor (19 nM with 74% efficacy). AM-

1714 and AM-1710 showed 2- to 5-fold higher potencies at

the rat cannabinoid CB2 receptor compared to human (Fig.

2B). However, WIN-55212-2 was selective at the human

receptor by 30-fold and, 2-arachidonyl glycerol and



Table 1

Comparison of ligand Ki (nM) values of competition binding assays

Ligand Structure Human Ki (nM)

(95% confidence interval)

Rat Ki (nM)

(95% confidence interval)

Ratio Ki

rCB2/hCB2

CP-55,940 0.68a (0.42–1.1) 0.52 (0.42–0.73) 0.76b

WIN-55212-2 1.2 (1.0–3.1) 2.1 (1.7–5.1) 1.7

JWH-015 54 (41–71) 150 (90 –250) 2.7c

AM-1714 29 (21–41) 1.9 (1.1–4.0) 0.065

AM-1710 28 (24–30) 2.0 (1.7–6.0) 0.071

Anandamide 160 (140–390) 240 (180–310) 1.5

2-arachidonyl glycerol 1100 (920–1200) 3700 (1200–11000) 3.3

AM-630 26 (20–29) 2.3 (1.7–4.2) 0.088

a nz4 experiments.
b Ratiob1 means more potent at the rat receptor.
c RatioN1 means more potent at the human receptor.
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Fig 2. Effects of cannabinoid receptor ligands on forskolin-stimulated cAMP

production in HEK cells expressing human (A) and rat (B) cannabinoid CB2

receptors, respectively. The concentration of forskolin used in these experi-

ments was 10 AM. Points indicate meanFS.E.M. percentage of forskolin

stimulated cAMP calculated from three to four experiments, each performed

in triplicate. The ligands used were CP-55,940, WIN-55212-2, JWH-015,

AM-1710, AM-1714, Anandamide and 2-arachidonyl glycerol.

Fig 3. The effect of 1 AM AM-630 (dotted line) on the CP-55,940 induced

inhibition of forskolin stimulated cAMP production in HEK cells expressing

the human (A) and rat (B) cannabinoid CB2 receptors, respectively. Cells

were preincubated with 1 AM AM-630 before the addition of increasing

concentration of CP-55,940. Each point represents meanFS.E.M. (nz3)

percentage change in forskolin stimulated cAMP production.
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anandamide exhibited weak potencies at the human receptor

but were essentially inactive at the rat receptor (Table 2).

WIN-55212-2 showed EC50 of 11 nM at human cannabi-

noid CB2 receptor comparable to that observed for CP-
Table 2

Comparison of ligand EC50 (nM) values of cAMP and FLIPR assays

Ligand cAMP (hCB2) cAMP (rCB2) Pref

EC50

(nM)

Efficacy

(%)

EC50

(nM)

Efficacy

(%)

spec

CP-55,940 9.1a

(7.3–12)b
78 19

(18–35)

74 Hum

WIN-55212-2 11

(7.5–20)

76 330

(160–490)

29 Hum

JWH-015 61

(38–99)

72 99

(60–160)

70 Hum

AM-1714 70

(58–84)

75 13

(15–20)

78 Rat

AM-1710 49

(25–62)

72 25

(17–31)

79 Rat

Anandamide 230

(180–280)

55 N1 AM 35 Hum

2-arachidonyl

glycerol

2 AM 32 N10 AM 28 Hum

a nz4 experiments.
b 95% confidence interval.
55,940. However, at the rat cannabinoid CB2 receptor,

WIN-55212-2 showed much weaker potency (EC50=330

nM) and efficacy (29%) (Fig. 2B). The endocannabinoid,

anandamide-inhibited forskolin stimulated cAMP produc-

tion at the human cannabinoid CB2 receptor (EC50=230

nM), whereas at the rat receptor the EC50 was N1 AM. 2-

arachidonyl glycerol was not active at the rat cannabinoid

CB2 receptor (EC50N10 AM) and weak at the human CB2
erred FLIPR (hCB2) FLIPR (hCB2) Preferred

ies
EC50

(nM)

Efficacy

(%)

EC50

(nM)

Efficacy

(%)

species

an 40a

(18–89)b
97 17

(11–27)

91 Rat

an 82

(55–160)

79 N10 AM 29 Human

an 540

(260–690)

81 N1 AM 67 Human

N10 AM 48 56

(44–70)

72 Rat

N3 AM 58 66

(47–85)

78 Rat

an N10 AM 59 N10 AM 35 NA

an N8 AM 54 N10 AM 34 NA



Fig 5. Inhibition of CP-55,940 evoked [Ca2+]i response by of 1 AM AM-

630 (dotted line) in HEK cells co-expressing Gaqo protein and either the

human (A) or rat (B) cannabinoid CB2 receptor. Results represent the

meanFS.E.M. of two to three concentration–response curves performed in

duplicate.
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receptor (EC50N2 AM) (Fig. 2B). AM-630, a cannabinoid

CB2 receptor antagonist was utilized to block the effect of

CP-55,940 at the human and rat receptors. Indeed, addition

of 1 AM of AM-630 blocked the CP-55,940 dose response

with EC50=170 nM at human and EC50=110 nM at rat

cannabinoid CB2 receptor (Fig. 3A and B).

3.3. FLIPR assays

FLIPR assays measuring rapid changes in [Ca2+]i level

was performed with HEK cells co-expressing the chimeric

Gaqo protein with either rat or the human cannabinoid CB2

receptor. Significant differences in potencies of cannabinoid

ligands were observed at the rat cannabinoid CB2 receptor

compared to the human receptor in FLIPR assays. JWH-015

and WIN-55212-2 were human selective with EC50 values

of 542 and 82 nM, respectively, but were weak and inactive

at the rat receptor (Figs. 4A and B). In contrast, AM-1714

and AM-1710 were significantly more potent and effica-

cious at the rat cannabinoid CB2 receptor with EC50 values

and efficacies determined as 66 and 56 nM, and 72% to

78%, respectively, but were not active at the human

cannabinoid CB2 (Table 2 and Fig. 4B). CP-55,940

exhibited a potency of 40 nM at the human receptor and

17 nM at the rat receptor. Endocannabinoid anandamide and

2-arachidonyl glycerol were not active in the FLIPR assays

at the human and rat receptors. AM-630 behaved as an

antagonist and blocked the ability of CP-55,940 to increase

[Ca2+]i at human (Fig. 5A) and rat receptors (Fig. 5B).
Fig 4. Ability of cannabinoid ligands to show increases in [Ca2+]i in a

concentration-dependent manner in HEK cells co-expressing the Gaqo

protein and either the human (A) or rat (B) cannabinoid CB2 receptor. EC50

values were derived using nonlinear regression curve fitting by Prism and

are represented by meanFS.E.M. of three to four concentration–response

curves performed in duplicate.
AM-630 (1 AM) was more potent at blocking the rat

(EC50=130 nM) cannabinoid CB2 receptor activation by

CP-55,940 compared to the human (EC50=470 nM).
4. Discussion

Species differences are important aspects of compound

characterization in drug discovery, since animal models are

commonly used for the preclinical evaluation of chemical

leads. The different pharmacological profiles of receptor

proteins of various species are presumably the result of the

sequence heterogeneity of the receptors. Unlike the CB1

receptor, which is conserved across diverse species like

mammals, amphibians, birds and fish (Yamaguchi et al.,

1996; Soderstrom and Johnson, 2000; Soderstrom et al.,

2000; Soderstrom et al., 2000), the cannabinoid CB2

receptors are more divergent (Griffin et al., 2000; Brown

et al., 2002). The human and rat cannabinoid CB2 receptors

share only 81% sequence identity in their amino acid

sequence and the divergent nature of rat and human

cannabinoid CB2 receptors could possibly contribute to

the species differences that are reflected in pharmacological

profiles of receptor ligands.

To compare the rat and human cannabinoid CB2

receptors, radioligand binding assays were carried out in

HEK cells stably expressing human and rat cannabinoid

CB2 receptors. Both the human and the rat receptors

exhibited similar affinities to the radioligand [3H]CP-

55,940 with Kd values of 0.58 and 0.36 nM at the human

and rat cannabinoid CB2 receptors, respectively. In the
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competition experiments, CP-55,940 and WIN-55212-2

showed comparable affinities at the rat and human

cannabinoid CB2 receptors. However, AM-1710 and AM-

1714 were 10- to 15-fold more selective at the rat

cannabinoid CB2 receptor compared to the human receptor.

On the contrary, JWH-015 showed higher affinity at the

human cannabinoid CB2 receptor compared to rat in binding

assays. Also, anandamide and 2-arachidonyl glycerol were

2- to 3-fold weaker at the rat receptor. In our studies, WIN-

55212-2 exhibited similar binding affinity at the human and

rat cannabinoid CB2 receptor, distinct from the report by

Griffin et al. (2000), where WIN-55212-2 was shown to be

10-fold more selective at the human cannabinoid CB2

receptor. This discrepancy is not expected to arise from the

receptor expression level, although the Bmax for the rat

receptor in the current study was 9-fold lower than that of

the human receptor, whereas in the report by Griffin et al.

(2000), the human receptor Bmax was 4-fold less than that of

the rat. First, the affinity of [3H] CP-55,940 was comparable

at the rat and human receptors in our study as well as

comparable to that reported by Griffin et al. (2000). Second,

the majority of the cannabinoid ligands showed comparable

binding affinities in the present study compared to Griffin et

al. (2000) study. In addition, we have performed competi-

tion experiments (data not shown) utilizing membranes from

a cell passage where the human cannabinoid CB2 receptor

was expressed at a lower level, comparable to that of the rat

receptor, and the binding affinities of cannabinoid ligands

were similar to those performed with membrane preparation

from a higher expressing passage.

With the exception of WIN-55212-2, the differences in

binding potencies of the ligands AM-1710, AM-1714, JWH-

015, anadamide and 2-arachidonyl glycerol correlated well

with the differences in the functional potencies. Both AM-

1710 and AM-1714 were highly potent and efficacious at the

rat cannabinoid CB2 receptor compared to the human

receptor in FLIPR and cAMP assays. In contrast, JWH-015

exhibited a higher potency at the human cannabinoid CB2

receptor compared to the rat in both FLIPR and cAMP assays.

Moreover, the endocannabinoids anandamide and 2-arach-

idonyl glycerol were more potent at the rat receptor compared

to human in cAMP assays, similar to findings by Berglund et

al. (1998). However, they were not active in FLIPR assays.

On the other hand, WIN-55212-2 showed similar binding

affinities at the human and rat cannabinoid CB2 receptors, but

exhibited higher potencies at the human receptor in both

FLIPR and cyclase assays. Although the concentration

responses for cannabinoid ligands at the cell lines coexpress-

ing the human or rat cannabinoid CB2 and Gaqo showed

comparable rank order of potencies with respect to binding

(Ki values) and cAMP (EC50 values) assays, the ligands were

about 10-fold weaker in FLIPR assays. It is possible that slow

receptor binding kinetics may contribute to the differences of

potencies in these two assays. The cAMP and binding assays

are performed at equilibrium whereas the FLIPR assays

measures transient increases in [Ca2+]i levels. A similar shift
in potencies was observed in FLIPR assays using chimeric

Gaqi proteins for opioid receptors when compared to other

functional assays (Coward et al., 1999).

WIN55212-2 was significantly more potent at the human

cannabinoid CB2 receptor compared to the rat in both cAMP

and FLIPR assays. JWH-015 showed a similar trend like

WIN-55212-2 and was more potent at the human receptor,

although the effect was more pronounced in FLIPR assays.

In contrast, AM-1714 and AM-1710 were more potent at the

rat receptor than human and the species preference column

(Table 2) depicts that observation. Endocannabinoids were

much weaker at the rat cannabinoid CB2 receptor compared

to human in cAMP assays and are inactive in FLIPR assays.

CP-55,940 was more active at the human receptor in the

cAMP assays compared to FLIPR. However, the 2-fold

difference observed between the two assays was not

significant.

AM-630, a cannabinoid CB2 receptor-specific antagonist

(Ross et al., 1999), exhibited 13-fold higher affinity at the rat

cannabinoid CB2 receptor. The addition of AM-630 at 1 AM
resulted in a dextral shift of CP-55,940 dose–response curve

in both cyclase and FLIPR assays, with more pronounced

shifts at the rat receptor than the human receptor, consistent

with the higher binding affinity of AM-630 at the rat

receptor. In cyclase assays, AM630 significantly blocked

(87% to 91%) the effects of CP-55,940 on adenylyl cyclase

activity. The higher concentrations of CP-55940 could not

be tested in the blocking experiments due to possible DMSO

effects on the assay at high ligand concentration.

In summary, we report the detailed analysis of the species

differences observed between the rat and human cannabinoid

CB2 receptors using radioligand binding assays and cyclase

and FLIPR functional assays. The observed differences

between human and rat species for the cannabinoid CB2

receptor are consistent with the findings reported in earlier

publications (Griffin et al., 2000; Brown et al., 2002).

However, we have extended the finding using functional

assays and have shown that the pharmacological differences

in ligand binding for human and rat cannabinoid CB2

receptors are largely correlated with those in functional

assays. Future studies with mutant receptors altering specific

amino acid residues in the human and rat cannabinoid CB2

receptors, as well as using molecular modeling tools, will

assist in elucidating the key amino acid residues in the

cannabinoid CB2 receptor that are responsible for the species

specificities. Understanding species differences of human

and rat cannabinoid CB2 receptors will provide valuable

information on the action of cannabinoid compounds in in

vivo rodent models and therefore help in extrapolating the

effects observed in rodent models to humans.
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