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The endocannabinoid system

The endocannabinoid system consists of endogenous cannabinoids

(endocannabinoids), cannabinoid receptors and the synthetic and

degrading enzymes responsible for synthesis and degradation of

endocannabinoids (1–3). Endocannabinoids are so named because

they were first identified as activating the same receptors as cann-

abinoids, the primary psychoactive components of cannabis. The

first endocannabinoid identified was arachidonoyl ethanolamide

(anandamide; from the Sanskrit for ‘internal bliss’) (2). Anandamide

is only one of a large family of related bioactive acyl ethanolamides

(4). The second endocannabinoid identified was 2-arachidonoyl

glycerol (2-AG) (2).

The synthesis, cellular transport and degradation of endocannabi-

noids are tightly regulated processes (2). A feature that distin-

guishes endocannabinoids from many other neuromodulators is

that they are not synthesised in advance and stored in vesicles.

Rather, their precursors exist in cell membranes and are cleaved by

specific enzymes. This form of synthesis is often referred to as ‘on

demand’. As the discussion of these processes is beyond the scope

of this paper, the interested reader is referred to several recent

papers on the topic (5–8).

The identification of cannabinoid receptors grew out of a

desire to understand the psychoactive effects of D9-tetrahydro-

cannabinol (THC), the principal psychoactive component of canna-

bis. Although several experiments hinted at the existence of

specific protein receptors for D9-THC, Allyn Howlett et al. (2) pro-

vided definitive proof for a cannabinoid receptor. Their work

established that cannabinoids activated a G protein-coupled

receptor (GPCR) that inhibited adenylyl cyclase. Furthermore, they

developed a binding assay for this receptor and showed that

quite high levels of this receptor were present in certain brain

regions (2).

The development of high affinity cannabinoid receptor agonists (a

by-product of pharmaceutical research) permitted the mapping of

cannabinoid receptor distribution in the brain, by both Herkenham

et al. (9) and Jansen et al. (10). Interestingly, cannabinoid recep-

tors are among the most abundant GPCRs. These initial auto-

radiographic studies also established that cannabinoid binding sites

are highest in the brain regions implicated in the actions of cannabis

(9, 10).

The cloning of a cannabinoid receptor by Matsuda et al. (11),

provided the final evidence for the existence of a cannabinoid

receptor and permitted the identification of cannabinoid receptor-

expressing neurones. This cloning was swiftly followed by the clon-

ing of a second cannabinoid receptor, designated CB2, from a

promyelocytic cell line (12). (Of course, the first cannabinoid recep-

tor was then designated as CB1).
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nabinoid receptors and the enzymes that synthesise and degrade endocannabinoids. Many of

the effects of cannabinoids and endocannabinoids are mediated by two G protein-coupled

receptors (GPCRs), CB1 and CB2, although additional receptors may be involved. CB1 receptors

are present in very high levels in several brain regions and in lower amounts in a more wide-

spread fashion. These receptors mediate many of the psychoactive effects of cannabinoids. CB2

receptors have a more restricted distribution, being found in a number of immune cells and in a

few neurones. Both CB1 and CB2 couple primarily to inhibitory G proteins and are subject to the

same pharmacological influences as other GPCRs. Thus, partial agonism, functional selectivity

and inverse agonism all play important roles in determining the cellular response to specific
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Although endocannabinoids clearly activate CB1 and CB2 recep-

tors, they also interact with other GPCRs and ion channels. The best

known and characterised of these ion channel interactions is the

activation of vanilloid receptor-type 1 (TRPV1) channels by ananda-

mide (13), but endocannabinoids also interact with several types of

potassium channels, alpha7 nicotinic receptors and 5-HT3 receptors,

among others (14). A major challenge in this field is to understand

those interactions that are physiologically relevant, those that are

merely a consequence of physical interactions between these lipo-

philic molecules and hydrophobic membrane proteins, and those

that do not occur under relevant patterns of endocannabinoid

release. In addition to their interactions with ligand-gated channels,

endocannabinoids can also activate GPCRs in addition to CB1 and

CB2 receptors. The best known of these is GPR55. Recent studies

indicate that anandamide and, possibly, 2-AG activates GPR55 (15).

Cannabinoid receptor localisation

Much can be learned about the role of a receptor by determining

its localisation. Cannabinoid receptors are a particularly good exam-

ple of this. CB1 receptor localisation has been determined using

quantitative autoradiography, in situ hybridisation and immuno-

cytochemistry (16). Each of these techniques possesses both advan-

tages and disadvantages and offers its own unique insight into the

biology of the system under study. The autoradiographic studies

performed by Herkenham et al. (9) were highly significant for the

field for three reasons. First, they demonstrated that CB1 receptors

were expressed at high levels in the brain regions expected from

the psychoactive effects of D9-THC. Conversely, CB1 receptor

expression was low in brain regions unaffected by cannabinoids,

such as the respiratory centres of the medulla. Second, they

allowed precise quantitation of CB1 receptor levels and demon-

strated that CB1 receptors are expressed more abundantly than

most other GPCRs. Finally, in combination with in situ hybridisation

(see below), they suggested CB1 receptors might be concentrated

on axon terminals.

The cloning of the CB1 receptor led to several in situ hybridisa-

tion studies (17, 18). These established that the pattern of CB1

receptor mRNA expression in the forebrain was dichotomous. On

the one hand, a small number of forebrain neurones expressed very

high levels of CB1 receptor mRNA. On the other, a large number of

neurones expressed CB1 receptor mRNA at more modest levels. In

the case of laminar structures (e.g. hippocampus) or nuclei with

distant axonal projections (e.g. caudate putamen), the combination

of in situ hybridisation and autoradiography suggested the CB1

receptors are preferentially present on axons and their terminals.

Immunoctyochemical studies have provided a very high-resolu-

tion description of CB1 receptor expression (16). High-quality

immunocytochemical studies require a favourable combination of

specific antibodies and abundant protein. Fortunately, CB1 receptors

have a surfeit of highly antigenic domains and the receptor is often

present at high levels. High-resolution anatomical studies in the

forebrain revealed that CB1 receptors are expressed at very high

levels in a subset of GABAergic interneurones, the cholecystokinin

(CCK) containing basket cells (19). Quantitative electron microscopic

studies showed that most CB1 receptors were found on the pre-

terminal axonal segment and the axons themselves (20). Very little

CB1 receptor is present on more proximal axons, dendrites, or the

cell body. In addition to high levels of CB1 receptors on CCK posi-

tive basket cells, these receptors are found at lower levels on many

glutamatergic terminals throughout the brain (21).

CB1 receptors have also been found in a number of peripheral

tissues. Various studies provide evidence (either immunocytochemi-

cal or mRNA) for CB1 receptor expression in fat (adipocytes) (22),

liver (23), pancreas (24) and skeletal muscle (25). Although the

function of these receptors is under investigation, it is possible that

they play a role in the metabolic consequences of CB1 receptor

blockade.

Determination of the distribution of CB2 receptors has lagged

considerably behind that for CB1 receptors. There are many reasons

for this, including the lower abundance of CB2 receptors relative to

CB1 receptors and the difficulty in raising highly selective CB2

receptor antibodies. Nonetheless, strong evidence supports the

notion that CB2 receptors are expressed on a number of immune

cells (particularly those derived from macrophages, such as micro-

glia, osteoclasts and osteoblasts) and neurones, under certain con-

ditions (26–28).

Signalling of cannabinoid receptors

Both CB1 and CB2 receptors primarily signal through the inhibitory

G proteins Gi and Go (2). However, under certain conditions and

with certain agonists, coupling via Gs and Gq ⁄ 11 has been demon-

strated. The implications of inhibitory G protein activation is that

stimulation of CB1 receptors leads to the inhibition of adenylyl

cyclase, the activation of mitogen-activated protein kinases, the

inhibition of certain voltage-gated calcium channels and the activa-

tion of G protein-linked inwardly rectifying potassium channels (2).

Stimulation of CB2 receptors has similar consequences, except the

modulation of ion channels by CB2 receptors is more variable (2).

The activation of these signalling pathways by CB1 receptors and

the high levels of these receptors on presynaptic terminals means

that endocannabinoid stimulation of CB1 receptors suppresses neu-

ronal excitability and inhibits neurotransmission (1). Substantial evi-

dence indicates that endocannabinoids play a major role in several

forms of neuronal plasticity, including short-term (spike time-depen-

dent plasticity, depolarisation-induced suppression of inhibition ⁄
excitation and metabotropic-induced suppression of inhibition ⁄ exci-

tation) and long-term (long-term depression) plasticity (29). Thus,

even though endocannabinoids are produced in a transient fashion,

their effects can be quite long lasting. Although most studies exam-

ining endocannabinoid effects on neurones have focused on neuro-

transmission, there is functional evidence for somatic CB1 receptors,

whose activation hyperpolarises neurones (30).

Integration of endocannabinoid physiology and the
pharmacology of cannabinoid receptor ligands

Assessment of the various pharmacological strategies targeting

cannabinoid receptors requires a thorough understanding of how
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these potential drugs interact with cannabinoid receptors. Thus, the

simple conceptual framework of agonists and antagonists needs to

be refined to account for more complex interactions between

receptors and their ligands. The sections below consider the con-

cepts of partial agonism, functional selectivity and inverse agonism.

Partial agonism

Not all agonists will activate a receptor to the same extent. This

can easily be visualised with dose-response curves. Figure 1 com-

pares the actions of a partial agonist with a full agonist for a

hypothetical drug. What makes a drug a partial agonist? Simplisti-

cally, a receptor can be considered to exist in an active and an

inactive conformation. A full agonist will favour the active confor-

mation. By contrast, a partial agonist does not distinguish as

strongly between the two conformations and, even when all of the

receptors are occupied by the partial agonist, only a fraction of

them will be in the active conformation and thus be able to signal.

The implication of this depends on the density of receptors relative

to downstream signalling molecules. If receptors are limiting, then

the biological response of a partial agonist will be less than that of

a full agonist. On the other hand, if receptors are in excess, the

maximal biological response will not be limited by the fraction of

receptors occupied, but by downstream signalling molecules, and

the maximal responses to a full agonist and partial agonist may be

identical. An example of this is shown in Fig. 2 in an experiment

investigating the activation of inwardly rectifying potassium chan-

nels by CB1 receptors expressed in Xenopus oocytes. Here, when

high amounts of CB1 receptors are expressed (by injecting more

CB1 receptor mRNA) the maximal responses produced by

WIN55,212-2, anandamide and AM356 (methanandamide, a meta-

bolically stable anandamide analogue) are all similar, although

WIN55,212-2 is more potent. By contrast, when less CB1 receptor is

expressed (by injecting less CB1 receptor mRNA), the maximal

responses to anandamide and AM356 are considerably less than to

WIN55,212-2. Because the phenomenon of partial agonists depends

on the relative quantities of signalling proteins, it is most proper to

think of partial agonism as a property of a particular system, and

not the ligand. Thus, the preferred term for an agonist that shows

partial agonism is that it has low intrinsic activity. Anandamide and

D9-THC are low intrinsic efficacy agonists at CB1 receptors, whereas

2-AG is a high intrinsic efficacy agonist (31). This has potential

implications for the interactions of D9-THC with 2-AG (32).

Functional selectivity

Accumulating evidence suggests that the classical concept of all

agonists activating the same signalling pathways is too simplistic.

Rather, it appears that certain agonists can more efficaciously acti-

vate one signalling pathway over another. This phenomenon is

widespread among G protein coupled receptors, and has received

the term agonist-directed trafficking or functional selectivity (33).

An example of this for CB1 receptor signalling is the regulation of

tyrosine hydroxylase (TH) expression. In this example, the CB1

receptor agonist HU210 stimulates the transcription of TH mRNA, a

property shared by other CB1 receptor agonists, such as D9-THC

and WIN55,212-2 (34). Conversely, the CB1 receptor agonist

CP55,940 inhibits the transcription of TH mRNA, as do the structur-

ally related analogues CP55,244 and CP47,947 (34). Functional

selectivity has also been found for CB2 receptor agonists. Here, ade-

nylyl cyclase is inhibited by low concentrations of CP55,940 relative

to those needed to stimulate ERK1 ⁄ 2 phosphorylation (35). By con-

trast, the order of potency is switched for 2-AG: low concentrations

Fig. 1. Schematic of possible responses to various receptor ligands. A full

(efficacious) agonist maximally stimulates a cellular response. A partial ago-

nist (lower intrinsic efficacy) produces an intermediate response. A neutral

antagonist has no detectable effect on the cellular response. Finally, an

inverse agonist produces an effect opposite to that of an agonist.

Fig. 2. Decreasing receptor expression unmasks partial agonism. Xenopus oocytes were injected with either 2 ng (left) or 0.15 ng (right) CB1 receptor cRNA

and a constant amount of cRNA for inwardly rectifying potassium channels (GIRK1). Potassium currents in response to the indicated concentrations of can-

nabinoid agonists were determined using a two-electrode voltage clamp.
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of 2-AG efficaciously stimulate ERK1 ⁄ 2 activity, but higher concen-

trations are needed to inhibit adenylyl cyclase (35). Mechanistically,

these results can be explained if different agonists favour different

receptor conformations, and these different conformations may be

more efficacious in activating distinct signalling pathways. Evidence

that this occurs has been obtained for both CB1 and CB2 receptors

where different agonists favour the coupling to different G proteins

(36–38). Whatever the mechanism, the practical implications of

these studies are considerable: investigations carried out with syn-

thetic compounds, an approach often favoured in the cannabinoid

field because of the practical difficulties inherent in using endoc-

annabinoids, may not activate the same repertoire of signalling

pathways as the endogenous activators of cannabinoid receptors.

Thus, such experiments need to be evaluated with a skeptical eye,

or at least their general findings need to be confirmed with direc-

ted experiments conducted using endocannabinoids.

Inverse agonism

Another important concept in receptor pharmacology is that of

inverse agonism (39). Inverse agonism can be best explained by a

model that assumes receptors exist in equilibrium between active

and inactive states, with a fraction of the receptors being in the

active state, even in the absence of agonist. Thus, in the absence of

agonist, there will be a low level of signalling mediated by the

receptor: ‘basal signalling’. Agonists will shift more of the receptors

to the active state, increasing signalling. A neutral antagonist will

prevent agonists from binding but shows no preference in binding

to either the active or inactive state of the receptor. Thus, it will

not shift the equilibrium between active and inactive receptor, and

will not change the basal level of signalling. However, an inverse

agonist preferentially binds to the inactive state of the receptor

decreasing the fraction of active receptor and suppressing basal

signalling. This is shown schematically in Fig. 1. A neutral antago-

nist does not perturb signalling from its basal state. However, an

inverse agonist can decrease signalling to less than basal levels;

hence the use of the term ‘inverse’ agonist as the effect is in a

direction opposite to that of an agonist.

Since the level of basal signalling is typically proportional to the

number of active receptors, inverse agonism is usually most notice-

able under conditions of high receptor expression, such as occurs

in over expression systems. However, the high level of CB1 receptor

expression in the central nervous system also raises the possibility

that inverse agonism may be relevant for CB1 receptors in vivo.

Another implication of inverse agonists is that G proteins preferen-

tially bind to inactive receptors. Thus, at least theoretically, an

inverse agonist can attenuate signalling by other GPCRs by seques-

tering of G proteins that these other GPCRs require for their signal-

ling (40). Inverse agonism and partial agonism can also interact to

create protean agonism (41). A protean agonist (which necessarily

has a relatively low intrinsic efficacy) will show (partial) agonism in

one system and inverse agonism in a second. This can come about

if basal activity is high in the second system, so that the lower

intrinsic efficacy of the protean agonist is manifested as a reduc-

tion from basal activity. Thus, protean agonism is very dependent

on the system being used to measure activity. AM1241 is a CB2

ligand that can be a protean agonist (42).

Although it is possible to demonstrate inverse agonism in cell

culture systems, it is much more difficult to distinguish between

inverse agonism and antagonism of an endogenous neuromodula-

tor in an intact animal. This is because it is virtually impossible to

eliminate synthesis of a modulator, particularly in the case of en-

docannabinoids because there are multiple pathways for their syn-

thesis (8, 43, 44).
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