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Abstract-Anandamide (arachidonylethanolamide) is a compound recently isolated from porcine brain 
as a putative endogenous ligand at cannabinoid receptors. The present studies examined the effects of 
anandamide on cannabinoid receptor binding sites and adenylyl cyclase in rat brain membranes. Receptor 
binding experiments, conducted at 25” for 9Omin, apparently resulted in significant degradation of 
anandamide, since anandamide (1OpM) had little effect on [‘HIWIN 55212-2 binding in cerebellar 
membranes. Addition of the general serine protease inhibitor phenylmethylsulfonyl fluoride (PMSF) 
nrotected against this degradation, resulting in an ICY value of 90 nM for anandamide versus 13H]WIN 
55212-2 binding. Anandamide inhibited adenylyl cychtse in cerebellar membranes in a GTP-dependent 
manner. exhibitine a maximal inhibition level sliahtlv less than that of WIN 55212-2 and CP-55.940. 
with an’rcx, vahte”of 1.9 PM. The effect of anandamide on adenylyl cyclase was region-specific, ‘with 
maximal inhibition occurring in cerebellum and striatum. These results suggest that anandamide acts 
at G-protein-coupled cannabinoid receptors in brain with properties similar to those of exogenous 
cannabinoids. 
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The discovery that TI-ICt and more potent 
cannabinoid analogs bound to specific receptors 
[l-3] represented an important breakthrough in 
elucidating the mechanism of action of cannabinoids. 
The subsequent cloning of these receptors by 
Matsuda et al. [4] established the cannabinoid 
receptor as a typical member of the G-protein- 
coupled superfamily of receptors. Like many other 
members of this superfamily, cannabinoid agonists 
inhibit adenylyl cyclase [ 1,2,5-71. Moreover, recent 
studies have shown that cannabinoid receptors are 
negatively coupled to Ca2+ channels in NGlOS-15 
cells [8,9] and positively coupled to potassium A 
channels in hippocampal neurons [lo]. Although 
these studies have clearly established the specificity 
of these sites by demonstrating that the regional 
distribution in brain [ll-141 and the pharmacology 
[15] of these sites correlate with many of the known 
behavioral effects of THC in animals, the major 
unsolved problem in this area has been the question 
of whether endogenous ligands exist for these 
receptors in mammalian brain. Preliminary studies 
by Evans et al. [16] showed that stimulation of brain 
slices released material that inhibited cannabinoid 
receptor binding in brain membranes. However, the 
structure of this material was not known then. 

Recently, Devane et al. [17] reported the structure 
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of a putative endogenous cannabinoid ligand, 
anandamide. This compound was the ethanolamine 
amide of arachidonic acid, and inhibited cannabinoid 
receptor binding to brain membranes with an 1~~0 

value of 90 nM. It also inhibited electrically induced 
contractions of the mouse vas deferens like traditional 
cannabinoid ligands. However, pharmacological 
information about anandamide was relatively limited 
since its binding potency was examined against only 
one cannabinoid ligand. Moreover, no information 
was known about its ability to inhibit adenylyl 
cyclase. A recent study [18] showed that anandamide 
inhibited adenylyl cyclase in COS cells transfected 
with cannabinoid receptors. The present studies 
examined these issues in rat brain membranes, and 
demonstrated not only that anandamide inhibits 
adenylyl cyclase in brain with properties consistent 
with a cannabinoid ligand, but also showed that 
receptor binding assays with anandamide must be 
conducted in the presence of amidase inhibitors. 

MATERIALS AND METHODS 

[3H]WIN 55212-2 binding was conducted in rat 
cerebellar membranes according to the method 
of Haycock et al. [19] and Kuster et al. [20]. 
Male Sprague-Dawley rats (150-200 g; Zivic-Miller , 
Zeleinople, PA) were decapitated and the cerebella 
were dissected quickly on ice. The tissue was 
homogenized in 10mL of HEPES-Mg2+ buffer 
(20mM HEPES, 1 mM MgC12, pH7.0), with a 
Polytron homogenizer and centrifuged at 48,000g 
for 10min. To inhibit anandamide breakdown, 
50 PM PMSF (diluted in buffer from a 10 mM stock 
solution in n-butanol) was added to the HEPES 
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buffer before homogenization of tissue. The pellet 
was then resuspended in HEPES-Mg” buffer and 
centrifuged at 48,000g for 10min; the resulting 
pellet was resuspended in HEPES-Mg*+ buffer to 
provide a final concentration of 2.5 mg protein/ml 
in the assay tubes. [3H]WIN 55212-2 (60Ci/mmol; 
New England Nuclear, Boston, MA) was diluted in 
HEPES-Mg*+ buffer containing 5 mg/mL BSA. 
Membranes were added to assay tubes containing 
80,OOOdpm (0.67nM) of [3H]WIN 55212-2 and 
various drugs in HEPES-Mg*+ buffer containing 
0.1% BSA, with a total volume of 1 mL. Non- 
specific binding was determined in the presence of 
1 PM unlabeled WIN 55212-2.Tubes (in triplicate) 
were incubated at 25” for 90 min and filtered through 
Whatman GF/B filters presoaked in HEPES buffer 
containing 5 mg/mL BSA. The filters were washed 
three times with 5 mL each of HEPES buffer 
containing 0.05% BSA, and radioactivity was 
determined by liquid scintillation spectrophotometry 
(50% efficiency) after overnight extraction of the 
filters in 5 mL of Ecolite (ICN) scintillation fluid. 
The typical binding experiment resulted in 4400 dpm 
total binding, with 360 dpm non-specific binding, 
thus providing 0.13 pmol [3H]WIN 55212-2 binding/ 
mg protein. 

Adenylyl cyclase was determined in rat brain 
membranes as previously described [6]. Briefly, male 
Sprague-Dawley rats (150-200 g) were decapitated 
and cerebella or selected brain regions were dissected 
quickly on ice. Because PMSF had little effect on 
anandamide inhibition of adenylyl cyclase (see 
Results), these membranes were not routinely 
prepared with PMSF. The tissue samples were 
homogenized in a Polytron homogenizer in assay 
buffer (50 mM Tris-HCl, 2 mM MgS04, pH 7.4) and 
centrifuged at 20,000 g for 10 min. Membranes were 
pretreated at low pH as previously described [21,22] 
by incubating membranes in pH 4.5 buffer (50 mM 
sodium acetate, 3 mM MgC12, 1 mM dithiothreitol, 
pH4.5) on ice for 10 min. The low pH treatment 
was terminated by the addition of a lo-fold excess 
volume of cold assay buffer (pH 7.4), and 
centrifugation at 48,000 g for 10 min. The resulting 
membranes were resuspended in assay buffer 
containing 10 mM theophylline, 50 yM GTP, 30 PM 
CAMP, 100pM ATP (with 1 @i [3H]ATP), 
20 mM creatine phosphate and 1OU of creatine 
phosphokinase in a total volume of 100 pL. Adenylyl 
cyclase activity was assayed as previously described 
[23]. Protein values were determined by the method 
of Bradford [24]. Results were expressed as percent 
of basal adenylyl cyclase activity. In both binding 
and adenylyl cyclase experiments, rcsO values 
represent mean values 2 SEM of at least three 
separate experiments. 

Anandamide was prepared as a stock solution of 
lOmg/mL (29 mM) in 95% ethanol; the working 
solution was 1 mM in 25% ethanol. In the 
adenylyl cyclase assays, the highest concentration of 
anandamide was 40pM, containing 1% ethanol. 
Control experiments (not shown) revealed no effect 
of ethanol on basal adenylyl cyclase at this 
concentration. Maximal levels of ethanol were much 
lower in the receptor binding assays (0.025% 
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Fig. 1. Effect of PMSF on displacement of [3H]WIN 55212- 
2 binding to rat cerebellar membranes by unlabeled WIN 
55212-2 (WIN) and anandamide (ANAND). Membranes 
were pretreated with PMSF or buffer as described in 
Materials and Methods, and then incubated with [3H]WIN 
55212-2 and drugs to 90min at 25”. Results are from a 

typical experiment that was replicated three times. 

ethanol), which had no effect on [3H]WIN 55212-2 
binding (not shown). 

RESULTS 

In previous studies [ 171, the ability of anandamide 
to displace radioligand binding to cannabinoid 
receptors utilized only one cannabinoid radioligand, 
[3H]HU-243. To help determine its cannabinoid 
specificity, the present study examined its ability 
to displace binding of a structurally unrelated 
cannabinoid ligand, [3H]WIN 55212-2 [13, 19,201. 
In preliminary assays, (data not shown), anandamide 
had little effect on [3H]WIN 55212-2 binding in rat 
cerebellar membranes up to concentrations of 10 PM. 
Because it is a derivative of arachidonic acid, and 
likely to be metabolized quickly by amidase activities 
in brain membranes, binding experiments were 
performed in membranes treated with the general 
serine esterase/protease inhibitor, PMSF. The results 
(Fig. 1) showed a significant effect of PMSF on the 
binding potency of anandamide. In the absence of 
PMSF, anandamide had no effect on [3H]WIN 
55212-2 binding until 1 PM, where it inhibited 
binding by 35%. In membranes pretreated with 
50 ,uM PMSF, anandamide displaced [3H]WIN 
55212-2 binding in a concentration-dependent 
manner, with an rcso value of 90 + 11 nM. The ability 
of unlabeled WIN 55212-2 to displace [3H]WIN 
55212-2 binding was not affected by PMSF, since it 
displayed an lcso value of 0.45 t 0.09 nM in both 
the presence and absence of PMSF. 

Since cannabinoid receptors are present in 
relatively high density in the cerebellum [ 11, 121, 
cannabinoid agonists produce maximum inhibition 
of adenylyl cyclase in membranes from this region 
[6]. Figure 2 shows concentration-effect curves of 
two cannabinoid agonists, CP-55,940 and WIN 
55212-2, compared with anandamide, in inhibiting 
adenylyl cyclase in cerebellar membranes. These 
data showed that anandamide inhibited adenylyl 
cyclase activity in a concentration-dependent 
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Fig. 2. Inhibition of adenylyl cyclase activity in rat cerebeilar 
membranes by WIN 55212-2 CP-55,940 and anandamide. 
Adenylyl cyclase was assayed in the presence of the 
indicated concentrations of drugs in cerebellar membranes 
pretreated at pH 4.5 as described in Materials and Methods. 
Data are expressed as percent of basal activity (360 pmol/ 
min/mg), and represent mean values 2 SEM of three 

separate experiments. 

Fig. 4. Regional distribution of anandamide and WIN 
55212-2 inhibition of adenylyl cyclase in rat brain. Various 
rat brain regions were dissected, treated at pH4.5, and 
assayed with 5 PM WIN 55212-2 or 20 PM anandamide, as 
described in Materials and Methods. Abbreviations (with 
basal activity indicatedin arentheses) forregions: CEREB, 
cerebellum (302 pmol min/mg); STRIAT, striatum 
(110 

P 
mol/min/mg); 

P 

min 
F CORT, frontal cortex (212 pmol/ 

mg); AMYG, amygdala (243 pmol/min/mg); HIPPO, 
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Fig. 3. Effect of GTP on inhibition of adenylyl cyclase 
activity in rat cerebellar membranes by anandamide. 
Adenylyl cyclase was determined in cerebellar membranes 
with various concentrations of anandamide, in the presence 
and absence of 50 PM GTP. Data are expressed as percent 
of basal activity (385 pmol/min/mg), and represent mean 

values 2 SEM of three separate experiments. 

manner. The maximal effects of both CP-55,940 and 
WIN 55212-2 on adenylyl cyclase activity were both 
the same (40 f 3% of basal activity for CP-55,940, 
and 41 2 3% for WIN 55212-2), whereas the maximal 
effect of anandamide was slightly less (33 A 4% of 
basal activity). The potency of anandamide was 
significantly lower than that of either WIN 55212-2 
or CP-55,940: whereas the lcso values of CP- 
55,940 and WIN 55212-2 were 0.06 f 0.02 and 
0.1 2 O.O7,uM, respectively, the ICKY value for 
anandamide was 1.9 f 0.8 PM (P < 0.05 vs either 
CP-55,940 or WIN 55212-2 by Student’s unpaired t- 
test). 

To determine whether inhibition of adenylyl 
cyclase by anandamide occurred through G-proteins, 
the effect of anandamide on adenylyl cyclase was 
determined in the presence and absence of GTP 
(Fig. 3). In the presence of 50 PM GTP, anandamide 
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hippocampus (259 pmol/min/mg); HYPO, hypothalamus 
(285 mol/min/mg); THAL, thalamus (272pmol/min/mg); 
COLLIC, superior colliculus (262 pmol/min/mg); and 
B STEM, brain stem (92pmol/min/mg). Data are 
expressed as percent of basal activity, and represent mean 

values f SEM of three separate experiments. 

inhibited adenylyl cyclase activity by approximately 
40%) with a potency similar to that observed in Fig. 
2. When GTP was omitted from the adenylyl cyclase 
assay, anandamide had no significant effect on basal 
adenylyl cyclase activity. These results confirmed 
that anandamide inhibited adenylyl cyclase in a 
GTP-dependent manner, and suggested that this 
inhibition occurred through inhibitory G-proteins. 
Other evidence of G-protein involvement came from 
low pH pretreatment of cerebellar membranes. 
Previous studies [21,22] have shown that inhibition 
of adenylyl cyclase through several Gi-coupled 
receptors is increased by pretreatment of membranes 
at pH 4.5. When anandamide inhibition of adenylyl 
cyclase was compared in low pH pretreated versus 
untreated membranes, a similar increase in efficacy 
was observed (data not shown): maximal inhibition 
of adenylyl cyclase by anandamide in untreated 
membranes was 25%, compared with 45% maximal 
inhibition in low pH pretreated membranes. No 
effect of low pH pretreatment was observed on the 
potencies of these agonists in inhibiting adenylyl 
cyclase. In all subsequent experiments, all assays 
were performed in low pH pretreated membranes. 

Previous studies comparing cannabinoid inhibition 
of adenylyl cyclase in different brain regions revealed 
that significant cannabinoid inhibition of activity was 
observed in cerebellum and striatum, with a smaller 
amount in frontal cortex and no significant inhibition 
of adenylyl cyclase in other brain regions [6]. To 
determine whether anandamide inhibited adenylyl 
cyclase with the same regional specificity as other 
cannabinoids, adenhylyl cyclase activity was assayed 
in nine different rat brain regions in the presence of 
either 2OpM anandamide or 5pM WIN 55212-2 
(Fig. 4). These results showed that anandamide 
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inhibited adenylyl cyclase with the same regional 
specificity as WIN 55212-2, with the largest inhibition 
occurring in cerebellum, followed by striatum and a 
small inhibition in frontal cortex. No significant 
inhibition for either cannabinoid agonist was 
observed in any other region. However, the maximal 
inhibition by anandamide was always slightly less 
than that of WIN 55212-2 in every region where 
there was significant inhibition by WIN 55212-2. 

DISCUSSION 

The finding that the potency of anandamide was 
increased significantly when brain membranes were 
treated with PMSF suggests that this derivative of 
arachidonic acid is metabolized rapidly under 
conditions of standard receptor binding assays 
(90 min at 25”). While the identities of the enzymes 
that degrade anandamide are not known at this 
point, these results would suggest that a significant 
amount of anandamide degradation is produced by 
an amidase containing a serine residue in the active 
site of the enzyme. The fact that Devane et al. [17] 
did not appear to detect significant anandamide 
degradation in their experiments probably arises 
from technical differences in binding assays. Devane 
et al. [17] used relatively low concentrations of brain 
membrane protein in their binding experiments. 
Such quantities of protein provide relatively low 
binding levels, and may have prevented some of the 
degradation of anandamide. Most groups use larger 
levels of membrane protein in their binding assays, 
and under those conditions should utilize inhibitors 
such as PMSF to obtain relevant binding data. 

Interestingly, addition of PMSF had little effect 
on the potency of anandamide in inhibiting adenylyl 
cyclase in cerebellar membranes. In fact, the potency 
of anandamide is similar to that of THC in inhibiting 
adenylyl cyclase in cerebellum [7]. This lack of effect 
by PMSF in adenylyl cyclase assays may be due to 
the shorter incubation times for adenylyl cyclase 
compared with binding assays (10 vs 90 min), or 
perhaps the low pH pretreatment of brain membranes 
for adenylyl cyclase assay also inhibited anandamide 
breakdown. In comparing the two assays in relative 
terms, WIN 55212-2 was approximately 15 times 
more potent than anandamide in adenylyl cyclase 
assays, compared with the 180 times difference 
between anandamide and WIN 55212-2 observed in 
binding assays. It is possible that PMSF had 
not completely protected anandamide degradation 
during the longer incubation period required for 
binding compared with adenylyl cyclase assays. 

This study also showed that anandamide inhibited 
[3H]WIN 55212-2 receptor binding (as long as 
measures are taken to protect it from degradation) 
with a potency that was similar to its I& value versus 
[3HJHU-243 binding [17]. Moreover, by inhibiting 
adenyl cyclase in brain membranes analogous to 
other cannabinoid agonists, these data suggest that 
anandamide binds to G-protein-coupled receptors 
in brain in a manner that is consistent with a 
cannabinoid agonist. Therefore, anandamide is a 
good candidate for an endogenous cannabinoid 
ligand. However, several questions have yet to be 
answered about this compound. For example, the 

selectivity of anandamide has not yet been 
determined against G-protein-coupled receptors 
other than the cannabinoid receptor [17]. It would 
be particularly interesting to determine its affinity 
at various eicosanoid receptors. Moreover, data both 
from our laboratory (M. Pacheco and S. Childers, 
unpublished observations) and from Howlett and 
colleagues [+6] suggest that other cannabinoid 
ligands with properties significantly different from 
those of anandamide may be present in brain 
extracts. In this regard, it is interesting to note that 
the maximal efficacy of anandamide in adenylyl 
cyclase assays was slightly, but significantly, lower 
than that of exogenous cannabinoids like WIN 
55212-2 and CP-55,940. It is possible that the vehicle 
used to dissolve anandamide in these experiments 
(ethanol) interfered with the adenylyl cyclase assay 
to prevent full agonist activity. Although such a 
problem cannot be totally ruled out, it is unlikely 
for several reasons. First, the vehicle had no effect 
on basal adenylyl cyclase at the highest concentration 
of ethanol added (see Materials and Methods). 
Second, the same concentration of ethanol had no 
effect on the maximal inhibition of adenylyl cyclase 
by CP-55,940 and WIN 55212-2 (data not shown). 
Finally, the lower efficacy of anandamide compared 
with other cannabinoids has been reported by two 
other groups in two different systems, including 
adenylyl cyclase assays in transfected cells [18], and 
effects on calcium conductance in neuroblastoma 
cells [25]. These results suggest that, in these systems, 
anandamide may act as a partial agonist. If so, the 
existence of other cannabinoid ligands is a distinct 
possibility. Isolation and characterization of these 
other ligands should answer some of these questions. 

Acknowledgements-This research was supported in part 
by PHS Grant DA-06784 from the National Institute on 
Drug Abuse. 

1. 

2. 

3. 

4. 

5. 

6. 

7. 

8. 

REFERENCES 

Howlett AC, Cannabinoid inhibition of adenhylate 
cyclase. Biochemistry of the response in neuroblastoma 
cell membranes. Moi Pharmacol27: 429-436, 1985. 
Howlett AC, Qualy JM and Khachatrian LL, 
Involvement of G, in the inhibition of adenylate cyclase 
by cannabimimetic drugs. Mol Pharmacol29: 307-313, 
1986. 
Devane WA, Dysarz FA III, Johnson MR, Melvin LS 
and Howlett AC, Determination and characterization 
of a cannabinoid receptor in rat brain. Mol Pharmacol 
34: 605-613, 1988. 
Matsuda LA, Lolait SJ, Brownstein MJ, Young AC 
and Bonner TI, Structure of a cannabinoid receptor 
and functional expression of the cloned cDNA. Nature 
346: 561-564, 1990. 
Bidaut-Russell M and Howlett AC, Cannabinoid 
receptor-regulated cyclic AMP accumulation in the rat 
striatum. .I Neurochem 57: 1769-1773, 1991. 
Pacheco MA, Childers SR, Arnold R, Casiano F and 
Ward SJ, Aminoalkylindoles: Actions on specific G- 
protein-linked receptors. .l Pharmacol Exp Ther 257: 
17@183, 1991. 
Pacheco MA, Ward SJ and Childers SR, Identification 
of cannabinoid receptors in cultures of rat cerebellar 
granule cells. Brain Res 603: 102-110, 1993. 
Mackie K and Hille B, Cannabinoids inhibit N-type 



cannabinoid receptors 71.5 

Stevenson LA, Griffin G, Gibson D, Mandelbaum A, 
Etinger A and Mechoulam R, Isolation and structure 
of a brain constituent that binds to the cannabinoid 
receptor. Science 258: 1946-1949, 1992. 

18. Vogel Z, Barg J, Levy R, Saya D, Held~n E and 
Mechouiam R, Anandamide, a brain endogenous 
compound, interacts specifically with cannabinoid 
receptors and inhibits adenylate cyclase. J Neurochem 
61: 352-355, 1993. 

19. Haycock DA, Kuster JE, Stevenson JI, Ward SJ and 
D’Ambra T, Characterization of aminoalkylindole 
binding: Selective displacement by cannabinoids. 
N~~A-Res Monogr 105: 304-305, 19%. 

20. Kuster JE. Stevenson JI. Ward SJ. D’Ambra TE and 

calcium channels in neuroblastoma-glioma cells. Proc 
Nat1 Acad Sci USA 89: 3825-3829, 1992. 

9. Caulfield MP and Brown DA, Cannabinoid receptor 
agonists inhibit C current in NG10815 neuroblastoma 
cells via a Pertussis toxin-sensitive mechanism. Br J 
Pharmaco~ 106: 231-232,1992. 

10. Deadwyler SA, Hampson RE, Bennett BA, Edwards 
TA, Mu J, Pacheco MA, Ward SJ and Childers SR, 
Cannabinoids modulate potassium current in cultured 
hippocampal neurones. Receptors Channels 1: 121- 
134, 1993. 

11. Herkenham M, Lynn AB, Little MD, Johnson MR, 
Melvin LS, De Costa BR and Rice KC, Cannabinoid 
receptor localization in brain. Proc Nat1 Acad Sci USA 
87: 1932-1936, 1991. 

12. Herkenham M, Groen BGS, Lynn AB, De Costa BR 
and Richfield EK, Neuronal localization of cannabinoid 
receptors and second messengers in mutant mouse 
cerebellum. Brain Res 552: 301-310, 1991. 

13. Jansen EM, Haycock DA, Ward SJ and Seybold VS, 
Dist~bution of cannabinoid receptors in rat brain 
determined with aminoalkylindoles. Brain Res 575: 93- 
102, 1992. 

14. Mailleux P and Vanderhaeghen JJ, Distribution of 
neuronal cannabinoid receptor in the adult rat brain: 
A comparative receptor binding radioautography and 
in situ hybridization histochemistry. Neuroscience 48: 
655-668,1992. 

15. Compton DR, Rice KC, DeCosta BR, Razdan RK, 
Melvin LS, Johnson MR and Martin BR, Cannabinoid 
structure-activity relationships: Correlation of receptor 
binding and in vivo activities. J Pharmacol Exp Ther 
265: 218-226, 1993. 

16. Evans DM, Johnson MR and Howiett AC, Calcium- 
dependent release from rat brain of a cannabinoid 
binding activity. J Neuro~~em 58: 780-782, 1992. 

17. Devane WA, Hanus L, Breuer A, Pertwee RG, 

Haycock ‘DA, Aminoalkylindole binding in rat 
cerebellum: Selective displacement by natural and 
synthetic cannabinoids. J Pharmacol Exp Ther 264: 
1352-1363, 1993. 

21. Childers SR and LaRiviere G, Modification of guanine 
nucleotide regulatory components in brain membranes. 
II. Relationship of GTP effects on opiate receptor 
binding and coupling receptors with adenylyl cycfase. 
J Neurosc 4: 2164-2771, 1984. 

22. Childers SR, Opiate-inhibited adenylate cyclase in rat 
brain membranes depleted of C&-stimulated adenylate 
cyclase .J Neurochem 50: 543-553, 1988. 

23. Childers SR, A high performance liquid chroma- 
tography assay of brain adenylyl cyclase using 13H]- 
ATP as substrate. Neurochem Res 11: X31-171, 1986. 

24. Bradford MM, A rapid and sensitive method for the 
quantitation of microgram quantities of protein utilizing; 
the principle of protein-dye binding. Anal Biochem 72: 
248-252, 1976. 

25. Mackie K, Devane WA and Hille B, Anandamide, an 
endogenous cannabinoid, inhibits calcium currents as 
a partial agonist in Nl8 neuroblastoma cells. Mof 
PharmacoI44: 498-503, 1993. 


