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Figure 1 Activation of the perisynaptic signaling machinery (PSM)

evokes retrograde endocannabinoid signaling. (a—c) Schematic diagrams
illustrating the proposed physiological role of endocannabinoid-mediated
retrograde synaptic signaling at glutamatergic synapses. (a) Basal synaptic
activity involves gating of ionotropic glutamate receptors—predominantly
Aamino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA), but also
N-methyl-p-aspartate (NMDA), located in the postsynaptic density (PSD)—
by synaptically released glutamate (GLU), which is triggered by Ca2+

influx through voltage-gated calcium channels. (b) In the case of excess
presynaptic activity (depicted by highly elevated Ca2* concentration in the
axon terminal), increased release results in a spillover of glutamate from
the synaptic cleft, where it will activate mGIuRs associated with the PSM.
(c) Signal transduction in the PSM begins with mGluR 5 activation, which
triggers enzymatic activity of phospholipase C- B(PLC- B via Gq1 signaling.
PLC- Bcleaves the phosphatidyl inositol bisphosphate (PIP,) pool into the
signal transduction molecules inositol trisphosphate (1P3) and diacylglycerol
(DAG), the latter then further hydrolyzed by DGL- Ato produce 2-AG. Notably,
the molecular elements of the PSM are held together by the scaffolding
protein Homer, as both mGIuR5 and DGL- Acontain a Homer-binding motif
in their C termini. Several well known features of synaptic transmission and
plasticity (for example, NMDA receptors and other Homer-binding partners)
are not indicated for reasons of clarity.

ing enzyme of 2-AG, are all positioned in close proximity (albeit on
opposite sides) at synapses in several brairtatédd-35Conversely,
anandamide elimination takes place at a considerable distance from
presynaptic CBreceptors, because FAAH does not show a preferen-
S tial distribution at synapses and is instead predominantly located on
Homer % 4 . intracellular membranes in postsynaptic ¢8lIEinally, an exciting
' Fe possibility for the cross-talk of anandamide and 2-AG signaling was

recently proposed on the basis of findings at striatal synapses, where
anandamide acted as an inhibitor of 2-AG biosynthesis instead of
competing for CBreceptord’. Though these findings all converge on
2-AG as being the primary candidate feyaaptic endocannabinoid,
it is necessary to emphasize that anandamide may still turn out to be a
bona fiddigand of CBreceptors under as yet unexplored conditions
or in certain signaling processes at some selected parts of the body or
even in the nervous system. In addition, anandamide may also influ-
ence physiological and pathophysiological processes via activation of
several other molecular targéts

If 2-AG is a key endocannabinoid molecule at central synapses,
then information on the upstream physiological events triggering its
biosynthesis and release is crucial to understanding the functional
significance of synaptic endocannabinoid signaling. Notably, the
precursor molecule of 2-AG is diacylglycerol, a ubiquitously distrib-
uted signal transduction molectfe Thus 2-AG biosynthesis may
terminate signaling initiated by diacylglycerol (for example, the pro-
tein kinase C pathway), though spatial segregation of certain signal-
ing machineries may circumvent this possibility. Indeed, not every
upstream signaling molecule that triggers the diacylglycerol signal
electrophysiological studies uncovered robust effects on synagpéic also evoke 2-AG release. The most striking examples are the type
neurotransmission by regulating 2-AG metaboR$ré’but did not 1 metabotropic glutamate receptors (mGluRs), namely mGaungl
reveal significant changes upon pharmacologically modulating anarGIuRs (ref. 39). Both mGIuRs are primarily postsynaptic molecules
damide leveR$:28 Furthermore, if 2-AG degradation was inhibiteddistributed within similar synapse ty(j&sThe rationale for this colo-
the regional pattern of endogenous 2-AG accumulation overlappedization is unknown, but, remarkably, activation of only one type
with CB; receptors’ distribution, and thiacreased 2-AG levels trig-of mGIuR induces retrograde endocannabinoid signaling. At most
gered CB-mediated signaling throughout the brdfhin contrast, synapses, mGlyRctivation initiates 2-AG releddé4:36.:39.41.4pt,
elevation of anandamide levels by pharmacological inhibition of @scasionally, mGluRactivates the signalif®y*344 The reason for
degrading enzyme fatty acid amide hydrolase (FAAH) did not infliiris selectivity is intriguing, given that both type 1 mGluRs gie G
ence the activity of GBeceptors®. Moreover, CBreceptors share coupled receptors, and their activation is known to be followed by the
an evolutionary history with a recently identified major biosynthetghospholipase C—hediated cleavage of the phosphatidyl inositol
enzyme of 2-AG called diacylglycerol lipas@@L- A30 but not bisphosphate pool into inositol trisphosphate and diacylglycerol.
with enzymes responsible for anandamide metab8ligmaddition, The paradox that either mGlygRor mGIuR can predominantly
these two proteins and monoacylglycerol lipase (M&the degrad initiate 2-AG release can be resolved by hypothesizing that certain
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specific signal transduction molecules are assembled together iat(
distinct signaling machineries within the same postsynaptic struc- = AjipA
ture. Quantitative neuroanatomical observations showed that both
type 1 mGluRs and DGL-have a striking overlapping distribution

at central glutamatergic synap$e¥-4045None of these proteins
was found intrasynaptically; instead, both were concentrated peri- “Ane,
synaptically within a ~100-nm-wide annulus around the postsynaptic §
density (PSD). Remarkably, biochemical evidence suggests both typ
1 mGIluRs and DGL- Bave a Homer-binding motif and are cross-
linked via this key synaptic scaffolding proféitf. This indicates that
excitatory synapses consist of functionally distinct domains. Adjacen
to the PSD, which contains most of the neurotransmitter receptors
involved in basal synaptic neurotransmission (Fiy.thare is a peri-
synaptic signaling machinery (PSM) (Fig. 1c), which is designed to
detect the spillover of glutamate from the synaptic cleft by means
of perisynaptic type 1 mGluRs and translate this signal into a ret
rograde endocannabinoid (2-AG) message via activation of DGLjyA

(Fig. 1bg). It is noteworthy that the above molecular machinery for s Cazf_'

the negative feedback pathway is conserved at glutamatergic syr / '

apses, as accumulating evidence indicates that this is so in the spin 8 - 5
cord (R. Nyilas and I.K., unpublished datajdbrain3>, striatur®?, C 5+ (CAP
hippocampud*45and in the prefrontdf and somatosensory corti- a 2

ces (B. Dudok, T.F.F. and |.K., unpublished data). Because Homer i $NCat

an important core protein of this perisynaptic signaling machinery,
we must also emphasize that dysregulation of Homer signaling was
shown to disrupt type 1 mGluR—mediated inhibition of glutamatergic
excitatory postsynaptic currefifsa phenomenon also known to be
dependent on retrograde endocannabinoid sign&fifig*?

The above scenario suggests that 2-AG is synthesized by perisy
aptic DGL-Aenzymes located on the postsynaptic neuron and then
activates presynaptic ¢Bceptors. How and where does the retro-
grade 2-AG signal terminate? A recent functional proteomic approach
uncovered that 85% of the brain 2-AG content is eliminated by tFigure 2 Operation of the perisynaptic signaling machinery as a synaptic
serine hydrolase MGR50 |n accordance with this data, high amountsireuit bregker. (a) Postsynaptically relleased 2-AG trgve!s retrogradely through
of MGL were found in glutamatergic and selected GABAergic axhy"2PLic cleft to engage presynaptic CB; cannabinoid receptors. Upon

. 3 L. . . .. arrival and binding, a short-term suppression of neurotransmitter release
t_ermmal§ » where it is situated in an '_de’?‘l p_OSItI(_)n to regulate t%l be induced by the B G subunit of;Gnhibiting voltage-gated calcium
time course of retrograde endocannabinoid signaling. Taken togethgfanels. (b) A loss of CB; receptors from glutamatergic axon terminals
the presynaptic localization of MGL and its predominant role in 2-A4ad the consequent impairment in both short-term and long-term control of
degradation also implies that the vast majority of 2-AG molecugigamate release probably results in runaway excitation and a decreased
found in the brain may function as retrograde synaptic signals. Seizure threshold, as observed both in humans and in animal models®®:5.

The entire process is depicted in Supplementary Video 1 online.

Operation and malfunctioning of a synaptic circuit breaker
Presynaptic CBreceptors have an unusually clear effect on axen tealing is always a decrease in synaptic transmission, the time course of
minal activity. Irrespective of the chemical nature of a given boutexpression of this phenomenon divides endocannabinoid-mediated
(for example, glutamatergic or GABAergic), its regional localizatispnaptic plasticity into two types with potentially distinct physio-
in the nervous system or the type of,@8and applied (for example, logical and pathophysiological implicatiGRsShort-term synaptic
exogenous or endogenous cannabinoid), activation of presynagtic @8pression has a rapid onset (<1s), but it is a transient event lasting
receptors always results in the attenuation of neurotransmitter 2leaseconds or sometimes minwtgdn contrast, the endocannabinoid-
Although the direction of the effect is always the same, its magnitodaliated form of long-term synaptic depression requires a longer
varies. However, when the readout of the physiological experimentindsction paradigm, but it is sustained for at least several Pours
highly specific (for example, in paired recordings, when the measuxedably, although CBreceptor activation is a necessary condition
synaptic currents originated from a single presynaptic neuron), fioe both type&3, the underlying downstream signal transduction cas-
activation of CB receptors could almost entirely block neurotranszades are different (Figsa@d 3). Rapid but transient attenuation
mitter release from both glutamatergic and GABAergic boBiteRs of neurotransmitter release is probably a membrane-delimited pro-
Whether such robust veto of synaptic neurotransmission also d@ecursess requiring Ggnediated inhibition of voltage-gated €ahan-
vivois not known; nevertheless, the same effect can also be achievesl®yVGCCS¥-52 In contrast, engagement of CRceptors may
the synaptic release of 2-AG from postsynaptic ned¥§Asndicating also initiate downregulation of the adenylyl cyclase—protein kinase
that the perisynaptic signaling machinery has the intrinsic capacity\AtgAC-PKA) pathway through G-goupling, resulting in long-term
synthesize and release enough endocannabinoid molecules to balepression of synaptic transmission via the active zone protein Rab3-
as a synaptic circuit breaker (Figantl2). interacting molecule-1 ®RIM-1 A (for example, at GABAergic syn-

Although the general outcome of retrograde endocannabinoid sigse®) or via permanent inhibition of PQ-type &achannels (for

NATURE MEDICINE VOLUME 14| NUMBER 9| SEPTEMBER 2008 925



REVIEW

example, at glutamatergic termirfdjs An intriguing question to be

answered in the future is how a given axon terminal and its presyn

aptic CB receptors determine which signaling pathway and type of CABAx
plasticity should be triggered. Are there two distinct macromoleculat
signaling complexes both linked to Cf&ceptors on a single axon
terminal? In the case of hippocampal GABAergic boutons, high-
resolution immunogold labeling showed two distribution peaks of
CB, receptorsl, which may indeed reflect two functionally distinct
populations. One population is positioned close to the presynaptic
active zone and may react to local, postsynaptically released 2-2
and then directly act on VGCEsAnother population is found on
the preterminal segments, where it may be activated by 2-AG derive
from heterosynaptic sources (as has been shown for hippocamp
GABAergic termina®) and may regulate the AC-PKA path@fapn
alternative possibility is that the same, @&eptor protein can initi-
ate the two distinct signal transduction pathways by the two effecto
limbs of G protein activation (thé and B [Bnbs,Figs. 2and3), and
a coincident signal—for example, activation of presynaptic NM
receptor8® or activation of the serine-threonine phosphatase, cal-
cineurin, after repetitive firing of the presynaptic ne¢fifig. 3b)—
determines whether the long-term pathway can continue after the
rapid decay of the short-term effect.

The step-by-step delineation of the crucial role of the endocannabi
noid system in synaptic physiology and in short- and long-term syn-
aptic plasticity evoked a clear paradigm shift in neurological researc
seeking to exploit this fascinating messenger system for therapeult
purposes. Evidence is rapidly accumulating for how synaptic endo
cannabinoid (or, more precisely, 2-AG) signaling is affected in certait
neurological disorders, as well as for how pharmacological regulatio
of synaptic 2-AG levels or ¢Bctivity may be therapeutically ben-
eficial. The recent development of several new pharmacological a
genetic tools targeting the endocannabinoid system, together with a
increasing number of human studies, all contributed significantly to 7
the change in this field. ' : - .

If CB, receptors are key presynaptic regulators of synaptic traﬁgyre:& Molecular mechanism of endocannabinoid-mediated long-term

L . . . epression. (a) Before 2-AG (synthesized by the postsynaptic cell) reaches
mission, then one of their most prominent applications may be t presynaptic terminal, transmitter release is mediated by Ca2* influx and

control of excess presynaptic activity. Increased abundance of gigtactive zone proteins (for example, by RIM-1 A(ref. 58)) that are activated
mate is a feature of traumatic insults causing neuronal damage b§arKA-mediated phosphorylation. (b) Upon CB; receptor activation, the
example, during cerebrovascular ischemia or epileptic seizures. Inde8KA pathway will be inhibited through G A-coupling, which may result
excitotoxicity-related neuronal damage and epilepsy are among |fh|@ng—tem depression of synaptic transm|55|on (for e35x6anjple, at GABAergic
most intensively researched areas of the Cannabinoialﬁéltﬂa.rge synapses in the basolateral amygdala or hippocampus®®, illustrated here, or

. K . t prefronto-accumbens glutamatergic synapses®’). In addition, presynaptic
body of literature shows that various forms of neuronal insults (ftzg)eﬁl firing ensures activation of the serine/threonine phosphatase calcineurin

example, closed-head injury or convulsants) induce the releasecgX) by elevating intracellular Ca2+ levels. CaN then inhibits the activity of
endocannabinoids, including 2-A&%3 and, in several experimen-as yet unidentified active zone proteins (depicted by ‘?"; this protein may be
tal models, CBreceptor agonists alleviate excitotoxicity and aRéM-1 Aat GABAergic synapses).
neuroprotectiv&l62.64-66|n contrast, CBantagonists reduce seizure
threshold, further deteriorate malignant excitotoxic processes anehtment, whereas a compound with an antagonistic profile—for
increase neuronal de&ff8 The underlying cellular and molecularexample, the recently approved (in the EU) antiobesity drug rimona
processes of the involvement of synaptic endocannabinoid signalingant—may hold risks in individuals with a history of convulsions
the brain’s own protective system began to unfold after developm@mespective of the underlying causes). In addition, these findings
of mouse models in which GBeceptors were deleted exclusively frombtained in animal models also pose the question of whether impair
selected cell typ®st8 Although forebrain GABAergic axon terminalsnent of endocannabinoid signaling contributes to increased network
carry three to ten times more ¢Beceptors than their glutamater excitability in humans with epilepsy. In individuals with intractable
gic counterparts®34 selective inactivation of GBeceptors on these temporal lobe epilepsy, the expression of, @Reptor mRNA is
inhibitory axons surprisingly does not change the susceptibilityrobustly downregulated together with DGL{r&f. 69). Moreover,
mice to convulsan®8 Conversely, when GBas deleted exclusively inthe majority of glutamatergic axon terminals in the dentate gyrus,
principal forebrain neurons (which are glutamatergig;, 2b), these which is a key subregion in epileptogenesis owing to its recurrent
miceexpressed a severely reduced seizure threshold and showelisgihaptic excitatory circuitry, lost their ¢Beceptor® (Fig. 2b).
they survived) augmented neuronal déa## In contrast, but in parallel with the animal models, GABAergic axon
These findings indicate that promoting endocannabinoid signaérminals were not affectét Thus, it seems that the neuroprotective
ing at glutamatergic synapses may have a beneficial effect in epitapshinery involving synaptic endocannabinoid signaling may be

GABA,

GABAA
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impaired in people with epilepsy (Fig. 2b), which may further aggexplores the role of the endocannabinoid pathway in drug addic
vate the progression of epileptic activity and neuronal damagetion’8. Although at first glance these neurological diseases may have
reducing seizure threshold. entirely different etiologies, it seems that at least the contribution of
It seems that not only presynaptic 3Bceptors but also the entireendocannabinoid-mediated long-term synaptic plasticity follows a
perisynaptic signaling machinery responsible for retrograde 2-Ai&ilar logic.
signaling should remain intact to enable protection against exced3endritic spine heads in the dorsal striatum are equipped with
presynaptic activity. Perisynaptically positioned mGlugteptors the perisynaptic signaling machinery to release 2-AG upon mGIuR
monitor the amount of glutamate spillover and initiate the entiractivatior?4, which can initiate both short- and long-term synap
retrograde signaling process. Notably, these mgie€eptors were tic depressioff-’7 Recent data suggest that endocannabinoid-LTD
shown to be profoundly impaired after status epilepticus and kioan be elicited in synapses formed by cortical neurons on striatal
dling, whereas mGluReceptors remained unaffected, further indimedium spiny neurons projecting to the lateral globus pallidus (indi-
cating that they may have a separate signaling furfétidoreover, rect pathwayy'. It is noteworthy that both Pdopamine— and CB
epileptic seizures also reduced the level of the long isoform H8mersceptor—deficient mice show characteristic movement impairments
which cross-link mGluRand DGL- Aat glutamatergic synap$és resembling symptoms of Parkinson’s dise&%d hus, the synerges-
and retrograde synaptic signaling did not operate properly in piltic activation of type 1 mGIluRs coincidently with fl2ceptors may
carpine-treated epileptic rdfs Activation of mGIuR stimulates be required to achieve the most efficient synaptic deprégsion
Gq11-mediated signaling, and forebrain principal cell-specific delBhis indicates that impaired dopaminergic innervation may have an
tion of both G Aypes markedly diminishes seizure thresholds, witimpact on the operation of endocannabinoid signaling, and, indeed,
several micdeveloping spontaneous epileptic seizures and dyingra mouse model of Parkinson’s disease, the authors were unable
a younger agé Excitotoxicity-induced 2-AG release was missirig evoke endocannabinoid-LTH However, application of the D
in these double-knockout mice, providing important evidence thegceptor agonist quinpirole, together with inhibition of endocannabi
excess neuronal activity evokes retrograde 2-AG sigtaligally, noid degradation (both 2-AG and anandamide), was able to rescue
PLC- B—deficienmmice also develop severe epiléhsydicating that endocannabinoid-LTDn vitro and compensate for the profound
this component of the perisynaptic signaling machinery is also crucmitor deficits due to the dopamine depletion used in the nfédel
for the proper functioning of the synaptic circuit breaker in controlt is tempting to speculate that, although synaptic endocannabinoid
ling network excitability. signaling follows a similar scheme throughout the central nervous
Emerging evidence also points to the central role of endocaypstem, variations on this common theme may have their specific
nabinoid signaling in other neurological diseases, especially thogghirsiological significance in certain brain areas, cells or synapse types.
which neuronal damage is prominent. For example, 2-AG abundaiite pivotal role of Dreceptors in the striatum (another example
is increased tenfold after closed head ifffiand markedly reduces from the hypothalamus is described below) suggests that regulation
the size of brain edema via QBceptor activatioff. In accordance of the initiation of endocannabinoid signaling may be a particularly
with these results, GBctivation reduced infarct volume and dimin-good target to refine the operation of the endocannabinoid pathway
ished neuronal cell loss by ~50% after both focal and global cereacabrding to specialized physiological requirements.
ischemi&? In the animal model for multiple sclerosis, experimen- Addiction and related long-term reorganization of the brain’s
tal autoimmune encephalomyelitis, cannabinoid administration isward circuitry is also known to require an intact endocannabin-
neuroprotective through the activation of Qceptors on neurons, iod syster®. Genetic deletion or pharmacological blockade of CB
probably by reducing the consequences of the immune attack—evakeeéptors either eliminates or at least robustly diminishes the addic-
excitotoxicity273 which would otherwise further stimulate inflam-tive properties of most drugs of abuse, including nicotine, morphine,
mation. Interestingly, in this fight, their partners are thg @Beptors heroine, ethanol, cocaine &-THC itself (for review, see ref. 78). The
on autoreactive T cells, which, when activated by endocannabinaigislerlying neurobiological substrates are complex; endocannabinoid
suppress T cell proliferation and cytokine productfoMicroglial ~ signaling is thought to contribute to the motivational aspects of drug-
cells also join the battle; they produce 2-AG upon stimulation s#eking behavior and also to be responsible for the relapse phenom-
P2X7 receptors by ATP spilled from damaged’éelsfortunately, enon induced by environmental stimuli and drug re-exposure at the
encephalitogenic T cells may also fight back with interferaritich level of the nucleus accumbens. In addition, it mediates the primary
results in a decrease in 2-AG and disrupted endocannabinoid-meedivarding effects of several drugs at the level of the midbrain ventral

ated neuroprotectiof?. tegmental area (VTA). Despite the multiple sites of action, substantial
modification of synaptic efficacy is the main underlying mechanism
Synaptic endocannabinoid signaling in neurological disease in both brain areas. Although variations may turn out to be important

Several lines of recent evidence suggest that endocannabinoidatarertain synapses, for example, in the regulation of 2-AG release,
involved in remodeling of neuronal activity patterns by long-terme molecular and anatomical organization of the endocannabinoid
synaptic plasticity, and these processes play a part in various Bygstem and its mode of action seems to be remarkably coridely/ed
disorders. The first discovery that long-term depression of centtags of abuse themselves regulate synaptic endocannabinoid signal-
synapses is also mediated by retrograde endocannabinoid signalimoth in the nucleus accumbens and in the VTA. A single adminis-
was made in the dorsal striatdfrand ventral striatud? (nucleus tration of either cocaine of-THC eliminates both a homosynaptic
accumbens). The molecular machinery of the endocannabinédm of endocannabinoid-mediated long-term depression at prefron-
system is indeed present at corticostriatal glutamatergic syffapsesaccumbens synap§é$§2and a heterosynaptic form of long-term
From the medical point of view, synaptic endocannabinoid signalidgpression induced by activation of hippocampal glutamatergie affer
may have a prominent pathophysiological role in both striatal areasts but expressed at neighboring GABAergic syr#pshis latter
Movement disorders, especially Parkinson’s disease, have been stimss-talk between distinct types of synapses was also shown to be
to be regulated by synaptic endocannabinoid signaling in the dopmalsent in the VTA, where repeatediivo administration of cocaine
striatum’’, whereas research in the nucleus accumbens primatdgether with excitatory afferent stimulation triggered long-term
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depression of GABAergic synapses on dopaminergic nédronsathophysiology of depression, can also initiate retrograde endocan-
Notably, the type 1 mGIUR-PLG-IBGL- A-CB, receptor pathway nabinoid signaling via activation of thgGcoupled 5-HT, recep
mediated this phenomenon, whereasrEceptors contributed to the tors, which results in profound suppression of excitatory synapses
detection of coincident administration of cocaine, a dopamine uptakie engagement of presynaptic ,QBceptor8L This implies that
inhibitor83. This heterosynaptic phenomenon may free dopaminergimonabant may counteract serotonergic signaling and suggests that
neurons from GABAergic inhibition, shifting them into burst firingt may also interfere with some of the beneficial effects of selective
mode, and thereby may have a particularly key role in the primagrotonin reuptake blockers in mood disorders.
rewarding effects of drugs of abuse. Another promising approach to treating neurological disorders
Appreciation of ‘natural rewards’ in the brain is also an endocanay be the potentiation of endocannabinoid signaling. This is a very
nabinoid-dependent process. The strong orexigenic (appetite stimydeemising option, because it seems that the synaptic endocannabinoid
tory) effect ofCannabis is exploited in several countries as an effeathachinery is only activated at certain synapses in a manner restricted
treatment for anorexia. The underlying neurobiological basis sedmgh when and where it is required for homeostatic operations of syn-
to be the regulation of synaptic plasticity; for example, similar apses and neuronal networks. Thus, a blockade of endocannabinoid
the process in the VTA, perifornical lateral hypothalamic neurodsgradation may be a fairly selective approach. At least three differ
also need to escape from their GABAergic inhibition, which thegt families of chemical compounds have been identified as first-
achieve by initiating retrograde synaptic endocannabinoid signgéneration inhibitors of MGY:92:93 Although not yet efficacious or
ing®4. LeptirP5, an important anorexigenic hormone, downregulateselective, these molecules can serve as a good proof of principle for the
endocannabinoid release by reducing the depolarization-induagaproach itself, because their peripheral and central antinociceptive
calcium increase required for PLBand DGL-Aactivity in the post and anti-inflammatory effects have already been shb¥mn even
synaptic hypothalamic neurd#sLeptin-deficient mice have elevatednore selective approach could be the delineation of cell type—specific
hypothalamic endocannabinoid abundafitand show six times lon- physiological signals contributing to the stimulation of endocannabi-
ger, but still transient, short-term synaptic depression, also indicatimgd release, which, in a cocktail with MGL inhibitors, could further
that the abundance of available endocannabinoids is an importaramote endocannabinoid signaling at the required synapses.
determinant factor in the efficacy of retrograde inhibition of neu- Finally, we must emphasize that 2-AG may only be the tip of the
rotransmitter relea$é Whereas leptin acts against endocannabinoickberg, as other chemically related endogenous molecules are also
signaling in the hypothalamus, glucocorticoids have been showmapidly emerging, and their widespread, but patterned, distribution
support such signaling in the hypothalamic paraventricular nucleursthe brain suggests that these molecules may be involved in various
In this structure, glucocorticoids evoke an endocannabinoid-megireviously undescribed signaling pathvdyanandamide is already
ated depression of excitatory inputs on parvocellular neurosecretamsll known, and a selective inhibitor of its degrading enzyme, FAAH,
neurons$® which may be a key step in negative feedback controhas shown its potential as an anxiolytic, antidepressant and antinoci-
glucocorticoid action on the hypothalamic-pituitary-adrenal #kis ceptive compoun®P~97 Such new classes of lipid signaling molecules
Despite the fact thaCannabis is an ancient analgesic, and thad the complex enzymatic networks regulating their life cycle may
molecular machinery for retrograde endocannabinoid signalingrépresent further research targets to be explored.
present along the nociceptive signal transmission pathway (R. Nyilas ] o ) o .
and 1.K., unpublished data), surprisingly little is known about tH\éote: Supplementary information is available on the Nature Medicine website.
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