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The primary psychoactive ingredient in cannabis, A9-tetrahydrocannabinol (A9-THC), 
affects the brain mainly by activating a specific receptor (CB1). CB1 is expressed at 
high levels in many brain regions, and several endogenous brain lipids have been 
identified as CB1 ligands. In contrast to classical neurotransmitters, endogenous 
cannabinoids can function as retrograde synaptic messengers: They are released from 
postsynaptic neurons and travel backward across synapses, activating CB1 on presyn- 
aptic axons and suppressing neurotransmitter release. Cannabinoids may affect 
memory, cognition, and pain perception by means of this cellular mechanism. 

Cannabis sativa derivatives (marijuana, 
hashish, bhang, and so forth) have been used 
medicinally and recreationally for thousands 
of years, but our knowledge of the chemistry 
and physiology of cannabinoids is quite re- 
cent. Only in 1964, when the structure of the 
active ingredient A9-THC was finally deter- 
mined by Mechoulam's laboratory, was the 
cannabinoid field placed on a firm footing. 
Indeed, according to Mechoulam, "our inter- 
est in this fascinating field was kindled by the 
contrast of rich folklore and popular belief 
with paucity of scientific knowledge" (1, p. 
36). The identification of A9-THC led to the 
synthesis of high-affinity cannabinoid li- 
gands, which in turn enabled the identifica- 
tion of a brain cannabinoid receptor (CB1) 
(2). First identified as an "orphan" clone cod- 
ing for a putative heterotrimeric GTP-binding 
protein (G protein)-coupled receptor with an 
unknown ligand, CB l's activation by canna- 
binoids came as a surprise to its discoverers. 

CB1 turns out to be one of the most 
abundant neuromodulatory receptors in the 
brain and is expressed at high levels in the 
hippocampus, cortex, cerebellum, and basal 
ganglia (3-5), presumably accounting for 
the striking effects of A9-THC on memory 
and cognition (1). Most central effects of 
A9-THC (e.g., catalepsy, tremor, decreased 
body temperature) are absent in CB1- 
deficient (CB1-/-) mice (6, 7), although 
A9-THC still inhibits the spinal tail-flick 
reflex in these mice (7). This implies that 
CB1 mediates most or all supraspinal ef- 
fects of marijuana, and consistent with this, 
A9-THC-stimulated [3H]GTPyS binding is 
abolished in the brains of CB 1-/- mice (8). 
A second G protein-coupled cannabinoid 
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receptor (CB2) appears to be absent from 
the brain but is enriched in immune tissues 
(9). 

Finally, new data suggest there may be a 
third cannabinoid receptor ("CB3"). Brains 
of CB1 -/- mice still show significant 
(though reduced) binding by the synthetic 
cannabinoid agonist [3H]WIN55212-2. 
Moreover, both WIN55212-2 and the endog- 
enous cannabinoid anandamide (but not A9- 
THC) still stimulate some [3H]GTPyS bind- 
ing in CB 1-/- brain tissue, and this binding 
is blocked by the cannabinoid antagonist 
SR141716 (8). This suggests the presence of 

an uncloned cannabinoid receptor in the brain 
that is sensitive to WIN55212-2, anandamide, 
and SR141716, but not A9-THC. These re- 
sults are consistent with data from the cardio- 
vascular system, where anandamide induces 
mesenteric vasodilation that is blocked by 
SR141716, but that persists in CB1.'- mice 
(10). 

In the hippocampus, immunogold electron 
microscopy shows CB1 localized exclusively 
to a subset of presynaptic GABA (y-ami- 
nobutyric acid)-containing boutons (Fig. i, A 
and B) (11-13), suggesting that a major func- 
tion of hippocampal endocannabinoids is to 
regulate GABA release. Indeed, the agonist 
WIN55212-2 causes a presynaptic depression 
of GABAergic inhibitory postsynaptic cur- 
rents (IPSCs) in hippocampal slices (12, 14 ). 

Two endogenous lipids present in brain 
tissue (anandamide and 2-arachidonylglyc- 
erol) have been identified as CB1 agonists 
(15, 16). These ligands are not stored, as 
classical neurotransmitters are. Instead, they 
are rapidly synthesized by neurons in re- 
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Fig. 1. (A and B) The subcellular localization of hippocampal CB1 by immunogold electron 
microscopy. (A) and (B) are serial sections. Arrowheads, silver/gold-enhanced colloidal gold 
particles indicating CB1 receptors in the axon terminal membrane. Arrow in (A) points to a 
symmetrical (GABAergic) synapse formed by the CB1-positive bouton. Boutons that form asym- 
metric synapses [asterisk in (B)] are always negative for CB1. Bar, 0.2 (Im. [Adapted from Katona 
et al. (13).] (C) An example of depolarization-induced suppression of inhibition (DSI). Intracellular 
recording from a CA1 pyramidal cell (in the presence of ionotropic glutamate receptor antagonists) 
shows spontaneous GABAergic synaptic activity. Following a brief train of postsynaptic action 
potentials (thick horizontal bar), spontaneous events are transiently suppressed (thin bracket). 
[Adapted from Pitler and Alger (23).] 
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sponse to depolarization and consequent 
Ca2+ influx (17, 18). Because the biosyn- 
thetic enzymes that produce endocannabi- 
noids are still being characterized, it is not yet 
possible to localize endocannabinoid produc- 
tion to a particular subcellular compartment. 
It has been suggested, however, that endocan- 
nabinoids might be released from neuronal 
somata and dendrites (19, 20). 

This review will focus on recent studies 
clarifying the synaptic mechanisms of endo- 
cannabinoid signaling, and discuss the func- 
tional implications of these new develop- 
ments. Other aspects of this field are 
reviewed elsewhere (1, 17, 18, 21). 

Synaptic Mechanisms 
How do endocannabinoids function at the 
synapse? Some answers have recently come 
from the study of a curious synaptic phenom- 
enon first described a decade ago by Marty 
(22) and Alger (23). Marty, studying cerebel- 
lar Purkinje cells, and Alger, studying hip- 
pocampal pyramidal cells, showed that brief 
depolarization of a neuron can transiently 
suppress inhibitory GABAergic synaptic 
events in that cell. They dubbed this phenom- 
enon "depolarization-induced suppression of 
inhibition," or DSI (Fig. 1C). Alger and Mar- 
ty's results were exciting because they 
showed that DSI has a presynaptic locus, 
although it is postsynaptic in origin. In other 
words, postsynaptic depolarization must re- 
lease a retrograde messenger that travels 
backward across synapses to suppress release 
of neurotransmitter from axons. DSI is argu- 
ably the most convincing example of rapid 
retrograde signaling in the brain, and as such, 
it clearly contradicts the textbook description 
of the synapse as a "one-way street" of infor- 
mation transfer. The mysterious retrograde 
messenger in hippocampal DSI appeared to 
be highly specific: It does not affect hip- 
pocampal glutamatergic synapses (24), 
which are excitatory. In the cerebellum, by 
contrast, the retrograde messenger in DSI 
affects glutamatergic synapses in an analo- 
gous phenomenon termed DSE (depolariza- 
tion-induced suppression of excitation) (25). 

Recent studies have now shown that hip- 
pocampal DSI and cerebellar DSI and DSE 
are blocked by CB1 antagonists, as well as 
being mimicked and occluded by a CB1 ag- 
onist (25-30). This indicates that the retro- 
grade messenger in DSI and DSE is an en- 
dogenous cannabinoid. 

Postsynaptic mechanisms. Postsynaptic 
depolarization will open voltage-gated Ca2+ 
channels, and three pieces of evidence link 
this Ca2+ influx to DSI and DSE. First, cy- 
toplasmic Ca2+ increases after postsynaptic 
depolarizations that induce hippocampal DSI 
(27). Second, DSI and DSE induction require 
postsynaptic Ca2+; Ca2+ chelators in the 
postsynaptic cell block DSI and DSE (23, 
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25). Third, postsynaptic Ca2+ is sufficient to 
induce hippocampal DSI, because flash pho- 
tolysis-induced release of caged Ca2+ in a 
single postsynaptic cell mimics the DSI in- 
duced by postsynaptic depolarization (29). 
These results agree with biochemical studies 
showing that endocannabinoid synthesis is 
largely Ca2+ dependent (31, 32). Postsynap- 
tic synthesis and release of endocannabinoids 
by this pathway must be fairly rapid. At 
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seem to be required for endocannabinoid syn- 
thesis mediated by this pathway, because a 
postsynaptic Ca2+ chelator does not block 
the effects of a group I mGluR agonist (35). 
Thus, mGluRs and depolarization appear to 
be two independent pathways to endocan- 
nabinoid synthesis (Fig. 2) which, together, 
can additively increase the magnitude of DSI 
(28). 

Presynaptic mechanisms. Because hip- 
pocampal DSI is 
completely absent in 
CB1 knockout mice 
(28, 33), it is likely 
that CB1 is the pre- 
synaptic target for 
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Fig. 2. Retrograde signaling by endocannabinoids. Postsynaptic depolar- 
ization opens voltage-dependent Ca2+ channels; postsynaptic Ca2+ then 
activates enzymes that synthesize endocannabinoids from lipid 
precursors. Activation of postsynaptic mGluRs can also generate endo- 
cannabinoids, possibly by activation of phospholipase C, generating 
diacylglycerol, which is then cleaved by diacylglycerol lipase to yield 
2-arachidonylglycerol. Endocannabinoids then leave the postsynaptic cell 
and activate presynaptic CB1 receptors. G-protein activation liberates 
G ,, which then directly inhibits presynaptic Ca2+ influx. This decreases 
the probability of release of a vesicle of neurotransmitter. 
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absent in CB 1-/- mice (28). Ca2+ does not in CB1 + cell lines ( 
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pocampal pyramidal neurons that express 
CB1 (unlike pyramidal neurons in situ) (40- 
42). 

The putative "CB3" receptor may also 
have a presynaptic role in the hippocampus. 
The CB1 agonist WIN55212-2 suppresses 
glutamate release at excitatory synapses (43) 
even though these synapses do not contain 
CB1 (11-13, 36, 37). This effect persists in 
CB1 knockout mice (44), suggesting that 
"CB3" may be involved. Presynaptic inhibi- 
tion by "CB3" seems mechanistically similar 
to hippocampal DSI and cerebellar DSE/DSI, 
involving a decrease in the probability of 
vesicular release (43). More work is needed 
to determine when and how "CB3" might be 
activated by endogenous ligands. Hippocam- 
pal DSE, for example, might require different 
patterns of postsynaptic excitation, and dif- 
ferent modes of postsynaptic Ca2+ entry (45), 
compared with DSI. Because group I 
mGluRs, which are localized postsynaptical- 
ly (34), inhibit release of glutamate as well as 
GABA at hippocampal synapses (46), this 
pathway may also produce a "CB3" ligand. 

Diffusion and uptake. On the basis of bio- 
chemical data, it has been suggested that endo- 
cannabinoids might diffuse widely though brain 
tissue and affect brain regions remote from their 
site of release (47). Recently, this question has 
been addressed directly with electrophysiolog- 
ical techniques in the hippocampal slice. When 
simultaneous recordings were performed from 
two postsynaptic cells, and one cell was depo- 
larized to elicit DSI, a simultaneous suppression 
of GABAergic events was often observed in the 
nondepolarized cell, likely reflecting diffusion 
of endocannabinoids across the distance sepa- 
rating the two postsynaptic neurons. However, 
spread of DSI was only seen across distances 
s20 Ixm (29). The degree of diffusion may 
vary with the architecture of different brain 
regions: In cerebellar slices, mGluR-dependent 
endocannabinoid synthesis was not observed to 
have any heterosynaptic effects (35). Together, 
these results indicate that endocannabinoids are 
quite local signals. 

It is still unclear how newly synthesized 
endocannabinoids are induced to leave the 
postsynaptic plasma membrane. They may be 
secreted by simple diffusion; alternatively, pas- 
sive (energy-independent) carrier proteins may 
be required to extrude endocannabinoids (18, 
31). After endocannabinoids have been released 
into the extracellular space, a specific transport 
protein on both neurons and glia appears to 
participate in endocannabinoid uptake (18, 31). 
An antagonist of this transporter, AM404, po- 
tentiates the effect of exogenous anandamide 
on cultured neurons (48). In vivo, AM404 in- 
creases the effects of anandamide on blood 
pressure (49) and elevates circulating levels of 
anandamide in plasma (50). Similarly, in hip- 
pocampal slices, AM404 causes a progressive 
suppression of GABA release and decreases 

DSI (29). This suggests that blocking uptake 
causes endocannabinoids to accumulate in the 
slice, resulting in tonic CB1 activation and DSI 
occlusion. 

After endocannabinoids are removed from 
the extracellular space, they are degraded by 
intracellular enzymes. Anandamide is de- 
stroyed by fatty acid amide hydrolase 
(FAAH) (17, 18), and mice deficient in 
FAAH show significantly increased levels of 
brain anandamide, implying that FAAH helps 
regulate endogenous cannabinoid tone (51). 

Together, these new results suggest that 
endocannabinoids are unusual neural signals 
(Fig. 2): These neuromodulatory ligands are 
rapidly synthesized in response to postsynap- 
tic activity, and then move backward across 
synapses, violating the traffic rules of the 
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bulb (21). We focus here on two systems- 
the hippocampus/neocortex, and nocicep- 
tive pathways of the brainstem and spinal 
cord-that are the subject of much recent 
work linking anatomy, cellular physiology, 
and behavior. 

Hippocampus and neocortex. The hip- 
pocampus and neocortex probably use endo- 
cannabinoids to subserve the same functions, 
on the basis of the similarities in CB 1 local- 
ization in these two regions. In both the hip- 
pocampus and neocortex, CB1 is only 
expressed by a morphologically and histo- 
chemically defined subpopulation of 
GABAergic intemeurons (11, 36, 52) (Fig. 
3). A striking property of CB 1 + interneurons 
in the hippocampus and neocortex is that 
these cells generally express the neuromodu- 
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Fig. 3. Endocannabinoids and the inhibitory hippocampal network. Endocannabinoids selectively 
inhibit GABA release from regular-spiking basket cells. These cells also release the neuromodulatory 
peptide CCK and are depolarized by acetylcholine and substance P. CB1+ interneurons use only 
N-type Ca2+ channels at the presynaptic bouton; the function of this presynaptic specialization is 
unknown, but may confer supersensitivity to presynaptic inhibition because N-type channels are 
strongly inhibited by Gp,. Another class of basket cells is negative for CB1 and CCK, fast-spiking, 
and uses only P/Q-type Ca2+ channels for GABA release. Finally, regular-spiking cells forming 
synapses with slow kinetics on distal dendrites use both N- and P/Q-type channels for GABA 
release and are endocannabinoid insensitive. 

brain. Given the wide, apparently exclusively 
presynaptic, distribution of CB1, it is likely 
that this phenomenon will be observed at 
other synapses in the brain. Future work 
should indicate whether retrograde synaptic 
movement represents the major mode of en- 
docannabinoid signaling or whether other 
cellular mechanisms will emerge as equally 
fundamental. 

Systems Effects 
Endocannabinoids have been implicated in 
the function of many brain regions, includ- 
ing the hippocampus, neocortex, brainstem, 
basal ganglia, cerebellum, and olfactory 

latory peptide cholecystokinin (CCK) (11, 
36, 52). Consistent with this, CB1 activation 
suppresses CCK release in addition to GABA 
release (53). CCK generally antagonizes the 
neural and behavioral effects of opioids; thus, 
colocalization of CB 1 .and CCK might be one 
reason why cannabinoids and opioids have 
synergistic effects on the brain (54). CB1+ 
interneurons may also mediate cross talk 
between other neuromodulatory systems, be- 
cause endocannabinoid-sensitive interneu- 
rons are selectively depolarized by acetylcho- 
line (55) and substance P (12). 

CB1 + interneurons are also distinctive in 
that they form GABAergic synapses with 
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particularly fast kinetics (33, 55). Single in- 
hibitory neurons contact hundreds of princi- 
pal neurons in the hippocampus, and this 
widespread connectivity is important in syn- 
chronizing the firing of principal neurons. 
Interneurons forming fast synapses are 
thought to orchestrate fast synchronous oscil- 
lations in the gamma range (20 to 80 Hz) 
(56). Gamma oscillations are synchronized 
over long distances in the brain and are hy- 
pothesized to bind together sensory percep- 
tions and to play a role in cognition (57). 
Because endocannabinoid-sensitive synapses 
are of this fast type, endocannabinoids would 
be predicted to selectively suppress gamma 
oscillations in vivo, an idea supported by 
recent in vitro data (12). 

An equally important function of inhibi- 
tory intemeurons is to control plasticity at 
excitatory synapses. Blocking inhibition gen- 
erally promotes long-term potentiation (LTP) 
at excitatory synapses. Consistent with this 
notion, hippocampal DSI also promotes LTP. 
This interaction of DSI and LTP is blocked 
by antagonists of CB 1 or GABAA receptors, 
implying that DSI indeed facilitates LTP by 
endocannabinoid-mediated disinhibition 
(58). It would be premature, however, to 
conclude that endocannabinoids promote 
learning: CB1 -/- mice reportedly exhibit 
both impaired (6) and enhanced (59) memo- 
ry, and locomotor deficits in these mice (7) 
make it difficult to design meaningful behav- 
ioral tests. Also, the CB1/"CB3" antagonist 
SR141716 has no effect (60, 61) or has even 
a positive effect (62) on memory-although, 
again, hyperlocomotive effects of SR141716 
(63) potentially complicate this picture. 

In addition, ligands that bind "CB3" 
(anandamide, WIN55212-2), and that inhibit 
hippocampal glutamate release, also inhibit 
LTP (43, 64, 65). This effect of "CB3" li- 
gands has a straightforward mechanism: De- 
creased glutamate release means that 
postsynaptic depolarization is insufficient to 
remove the Mg2+ block of N-methyl-D- 
aspartate (NMDA) receptors (43). Future ex- 
periments should indicate whether the endog- 
enous ligands of "CB3" also inhibit LTP in 
the context of physiological release, and if so, 
how this process might interact with DSI to 
regulate plasticity up or down. 

Because A9-THC is apparently not an ef- 
fective ligand for "CB3" (8), marijuana's ef- 
fects on memory may be mediated entirely by 
CB1. This implies that A9-THC in the 
hippocampus acts mainly on GABAergic 
synapses. If marijuana suppresses many hip- 
pocampal inhibitory synapses, this might per- 
mit promiscuous plasticity and possibly cause 
deficits in cognition and recall. However, 
A9-THC does not increase basal firing rates 
of hippocampal neurons and in fact inhibits 
firing elicited by certain sensory stimuli dur- 
ing a learning task (61). This implies that 

marijuana does not produce a global disinhi- 
bition-consistent with the observation that 
many GABAergic synapses are insensitive to 
cannabinoids (27, 33, 55)-and suggests that 
a more complex model may be required to 
explain how marijuana impairs learning and 
memory. 

Pain pathways. Analgesic properties have 
been ascribed to Cannabis sativa since an- 
cient times (1), and endocannabinoids are 
now thought to participate in a natural anal- 
gesic system. Administration of the CB 1 an- 
tagonist SR141716 causes hyperalgesia (66, 
67), implying that endocannabinoids tonical- 
ly regulate nociception by way of CB . Fur- 
thermore, in vivo microdialysis reveals ele- 
vated levels of brainstem endocannabinoids 
after noxious stimuli (68). Although recep- 
tors on primary afferents probably play a role 
in cannabinoid analgesia (69, 70), the most 
important mechanism of analgesia seems to 
be modulation of descending inhibitory in- 
puts from the brainstem to spinal nociceptive 
neurons (67, 71). This brainstem circuit com- 
prises the midbrain periaqueductal gray 
(PAG) and the rostral ventromedial medulla 
(RVM), both of which contain CB 1 (5). Stim- 
ulation of either the PAG or the RVM pro- 
duces analgesia (72), as does microinjection 
of CB 1 agonists into either site (73, 74). This 
suggests that cannabinoids might disinhibit 
both the PAG and RVM. 

Recent in vitro experiments recording 
from brainstem slices provide a cellular basis 
for this hypothesis. The CB1 agonist 
WIN55212-2 reduces GABA release from 
the presynaptic boutons of local intemeurons 
in the RVM (75). This should increase activ- 
ity in a class of RVM neurons that suppress 
nociception. Similarly, WIN55212-2 inhibits 
GABA release from the boutons of interneu- 
rons in the PAG (76), again with predicted 
analgesic effects. In these brainstem sites, as 
in the hippocampus, CB1 appears to be ex- 
clusively presynaptic, and its effects are gen- 
erally disinhibitory (75, 76). More work will 
be necessary to determine which molecules in 
the endocannabinoid signaling cascade repre- 
sent the best targets for analgesic drugs. Be- 
cause FAAH-'- mice exhibit reduced pain 
sensitivity, blocking endocannabinoid degra- 
dation may prove to be a useful strategy (51). 

Future directions. The recent develop- 
ments described here pose some broad func- 
tional questions for the cannabinoid field. 
Why do there seem to be two cannabinoid 
systems in the brain-a CB1 system and a 
"CB3" system? When might these systems be 
differentially activated? Do constitutively ac- 
tive cannabinoid receptors tonically regulate 
these circuits, or are particularly strong stim- 
uli required to generate sufficient levels of 
endocannabinoids? Do endogenous cannabi- 
noids and marijuana generally affect the brain 
in the same way? Or could it be that, whereas 

endocannabinoids are involved in local con- 
trol of neuronal activity, A9-THC activates 
CB1 receptors widely and tonically and dis- 
rupts rather than mimics this local system? 
More selective pharmacological and genetic 
tools may soon permit advances in the neu- 
rophysiology of endocannabinoids and may 
allow us to pose-and ultimately test-these 
questions in more concrete form. 

References and Notes 
1. L L Iversen, The Science of Marijuana (Oxford Univ. 

Press, New York, 2000), p. 36. 
2. L A. Matsuda, S. J. Lolait, M. J. Brownstein, A. C. 

Young, T. I. Bonner, Nature 346, 561 (1990). 
3. M. Herkenham et al., J. Neurosci. 11, 563 (1991). 
4. L A. Matsuda, T. I. Bonner, S. J. Lolait, J. Comp. 

Neurol. 327, 535 (1993). 
5. K. Tsou, S. Brown, M. C. Saniudo-Penia, K. Mackie, J. M. 

Walker, Neuroscience 83, 393 (1998). 
6. C. Ledent et al., Science 283, 401 (1999). 
7. A. Zimmer, A. M. Zimmer, A. G. Hohmann, M. Herken- 

ham, T. I. Bonner, Proc. Natl. Acad. Sci. U.S.A. 96, 
5780 (1999). 

8. C. S. Breivogel, G. Griffin, V. DiMarzo, B. R. Martin, 
Mol. Pharmacol. 60,155 (2001). 

9. S. Munro, K. L Thomas, M. Abu-Shaar, Nature 365, 61 
(1993). 

10. Z. Jbrai et al., Proc. Natl. Acad. Sci. U.S.A. 96, 14136 
(1999). 

11. I. Katona et al., J. Neurosci. 19, 4544 (1999). 
12. N. Hajos et al., Eur. J. Neurosci. 12, 3239 (2000). 
13. I. Katona et al., Neuroscience 100, 797 (2000). 
14. A. F. Hoffman, C. R. Lupica, J. Neurosci. 20, 2470 

(2000). 
15. W. A. Devane et al., Science 258, 1946 (1992). 
16. T. Sugiura et al., Biochem. Biophys. Res. Commun. 

215, 89 (1995). 
17. V. Di Marzo, D. Melck, T. Bisogno, L De Petrocellis, 

Trends Neurosci. 21, 521 (1998). 
18. D. Piomelli, M. Beltramo, A. Giuffrida, N. Stella, Neu- 

robiol. Dis. 5, 462 (1998). 
19. C. L6venes, H. Daniel, P. Soubrie, F. Crepel,J. Physiol. 

510, 867 (1998). 
20. M. Egertova, D. K. Giang, B. F. Cravatt, M. R. Elphick, 

Proc. R. Soc. London B 265, 2081 (1998). 
21. M. R. Elphick, M. Egertova, Philos. Trans. R. Soc. 

London B 356, 381 (2001). 
22. I. Llano, N. Leresche, A. Marty, Neuron 6, 565 (1991). 
23. T. A. Pitler, B. E. Alger,J. Neurosci. 12, 4122 (1992). 
24. J. J. Wagner, B. E. Alger, J. Physiol. 495, 107 (1996). 
25. A. C. Kreitzer, W. G. Regehr, Neuron 29, 717 (2001). 
26. ____ ,J. Neurosci. 21, RC174 (2001). 
27. T. Ohno-Shosaku, T. Maejima, M. Kano, Neuron 29, 

729 (2001). 
28. N. Varma, G. C. Carlson, C. Ledent, B. E. Alger, J. Neu- 

rosci. 21, RC188 (2001). 
29. R. I. Wilson, R. A. Nicoll, Nature 410, 588 (2001). 
30. M. A. Diana, C. Levenes, K. Mackie, A. Marty, J. Neu- 

rosci. 22, 200 (2002). 
31. V. Di Marzo et al., Nature 372, 686 (1994). 
32. N. Stella, P. Schweitzer, D. Piomelli, Nature 388, 773 

(1997). 
33. R. I. Wilson, G. Kunos, R. A. Nicoll, Neuron 31, 453 

(2001). 
34. R. Lujan, J. D. Roberts, R. Shigemoto, H. Ohishi, P. 

Somogyi, J. Chem. Neuroanat. 13, 219 (1997). 
35. T. Maejima, K. Hashimoto, T. Yoshida, A. Aiba, M. 

Kano, Neuron 31, 463 (2001). 
36. K. Tsou, K. Mackie, M. C. Sanfudo-Penfia, J. M. Walker, 

Neuroscience 93, 969 (1999). 
37. M. Egertova, M. R. Elphick,J. Comp. Neurol. 422,159 

(2000). 
38. K. A. Takahashi, D. J. Linden, J. Neurophysiol. 83, 1167 

(2000). 
39. K. Mackie, B. Hille, Proc. Natl. Acad. Sci. U.S.A. 89, 

3825 (1992). 
40. W. Twitchell, S. Brown, K. Mackie, J. Neurophysiol. 

78, 43 (1997). 
41. M. Shen, S. A. Thayer, Brain Res. 783, 77 (1998). 
42. J. M. Sullivan, J. Neurophysiol. 82, 1286 (1999). 

www.sciencemag.org SCIENCE VOL 296 26 APRIL 2002 681 



43. D. L. Misner, J. M. Sullivan, J. Neurosci. 19, 6795 
(1999). 

44. N. Hajos, C. Ledent, T. F. Freund, Neuroscience 106, 1 
(2001). 

45. N. Stella, D. Piomelli, Eur. J. Pharmacol. 425, 189 
(2001). 

46. R. W. Gereau, P. J. Conn,J. Neurosci. 15, 6879 (1995). 
47. T. Bisogno et al., Biochem. Biophys. Res. Commun. 

256, 377 (1999). 
48. M. Beltramo et al., Science 277, 1094 (1997). 
49. A. Calignano, G. La Rana, M. Beltramo, A. Makriyannis, 

D. Piomelli, Eur. J. Pharmacol. 337, R1 (1997). 
50. A. Giuffrida, F. Rodriguez de Fonseca, F. Nava, P. 

Loubet-Lescoulie, D. Piomelli, Eur. J. Pharmacol. 408, 
161 (2000). 

51. B. F. Cravatt et al., Proc. Natl. Acad. Sci. U.S.A. 98, 
9371 (2001). 

52. G. Marsicano, B. Lutz, Eur. J. Neurosci. 11, 4213 
(1999). 

53. M. C. Beinfeld, K. Connolly, Neurosci. Lett. 301, 69 
(2001). 

54. J. Manzanares et al., Trends Pharmacol. Sci. 20, 287 
(1999). 

55. L. A. Martin, D.-S. Wei, B. A. Alger,J. Physiol. 532, 685 
(2001). 

SCIENCE'S COMPASS 

56. M. I. Banks, J. A. White, R. A. Pearce, Neuron 25, 449 
(2000). 

57. G. Buzsaki, J. J. Chrobak, Curr. Opin. Neurobiol. 5, 504 
(1995). 

58. N. Varma, G. C. Carlson, Y. Wang, B. E. Alger, Soc. 
Neurosci. Abstr. 372.5, 973 (2001). 

59. M. Reibaud et al., Eur. J. Pharmacol. 379, R1 (1999). 
60. J. Brodkin, J. M. Moerschbaecher, J. Pharmacol. Exp. 

Ther. 282, 1526 (1997). 
61. R. E. Hampson, S. A. Deadwyler,J. Neurosci. 20, 8932 

(2000). 
62. J. P. Terranova et al., Psychopharmacology 126, 165 

(1996). 
63. D. R. Compton, M. D. Aceto, J. Lowe, B. R. Martin, 

J. Pharmacol. Exp. Ther. 277, 586 (1996). 
64. J. P. Terranova, J. C. Michaud, G. Le Fur, P. Soubrie, 

Naunyn Schmiedeberg's Arch. Pharmacol. 352, 576 
(1995). 

65. G. S. Paton, R. G. Pertwee, S. N. Davies, Neurophar- 
macology 37, 1123 (1998). 

66. J. D. Richardson, L. Aanonsen, K. M. Hargreaves, Eur. 
J. Pharmacol. 319, R3 (1997). 

67. I. D. Meng, B. H. Manning, W. J. Martin, H. L. Fields, 
Nature 395, 381 (1998). 

68. J. M. Walker, S. M. Huang, N. M. Strangman, K. Tsou, 

M. C. Sahudo-PeFa, Proc. Natl. Acad. Sci. U.S.A. 96, 
12198 (1999). 

69. A. G. Hohmann, M. Herkenham, Neuroscience 90, 
923 (1999). 

70. V. Morisset, L. Urban,J. Neurophysiol. 86, 40 (2001). 
71. A. H. Lichtman, B. R. Martin,J. Pharmacol. Exp. Ther. 

258, 517 (1991). 
72. H. L. Fields, M. M. Heinricher, P. Mason, Annu. Rev. 

Neurosci. 14, 219 (1991). 
73. A. H. Lichtman, S. A. Cook, B. R. Martin, J. Pharmacol. 

Exp. Ther. 276, 585 (1996). 
74. W. J. Martin, K. Tsou, J. M. Walker, Neurosci. Lett. 

242, 33 (1998). 
75. C. W. Vaughan, I. S. McGregor, M. J. Christie, Br. J. 

Pharmacol. 127, 935 (1999). 
76. C. W. Vaughan, M. Connor, E. E. Bagley, M. J. Christie, 

Mol. Pharmacol. 57, 288 (2000). 
77. We thank H. R. Bourne, H. L. Fields, D. Julius, G. 

Kunos, K. A. Moore, and M. P. Stryker for comments 
on the manuscript. We also thank B. E. Alger and B. F. 
Cravatt for sharing data before publication. R.A.N. is 
a member of the Keck Center for Integrative Neuro- 
science and the Silvio Conte Center for Neuroscience 
Research. He is supported by grants from the Nation- 
al Institutes of Health and the Bristol-Myers Squibb 
Corporation. 

online manuscript submission 

Science can now receive and review all manuscripts electronically 

online letter submission 

Have your voice be heard immediately 

26 APRIL 2002 VOL 296 SCIENCE www.sciencemag.org 682 

^Ky8f rTT? BTByB^ffil^B 


