
After millennia of anecdotal use (both medicinal 
and recreational) of Cannabis plants, as described in 
Chinese, Indian and Arab pharmacopeias1, centuries of 
their documented medicinal use throughout the world, 
and nearly five decades of research on the mechanism 
of action of their bioactive constituents (the phytocan-
nabinoids), the medical use of cannabis extracts was 
approved in June 2010 by ten European countries2. 
This first Cannabis-based medicine (known as nabixi-
mols in the United States and marketed as Sativex (GW 
Pharmaceuticals) in more than 25 countries worldwide) 
was prepared by combining botanical extracts from 
two varieties of Cannabis sativa plants, one produc-
ing mainly Δ9-tetrahydrocannabinol (THC; the major 
psychotropic component in the flowers) and the other 
producing mainly cannabidiol (CBD; an abundant non-
psychotropic phytocannabinoid), with a ratio of approxi-
mately 1:1. Thus, despite the medicinal uses of THC for 
the treatment of emesis and cachexia in patients with 
cancer undergoing chemotherapy, and for promoting 
appetite in patients with AIDS1,3, cannabis extracts were 
finally given bona fide therapeutic status after a decade 
of clinical trials dedicated to the testing of a combina-
tion of THC and CBD on the neurodegenerative disease 
multiple sclerosis.

A wealth of results obtained from animal models 
and human studies over the past two decades greatly 
increased our understanding of the molecular mecha-
nism by which THC, its endogenous ‘counterparts’ (the 
endocannabinoids, eCBs) and its synthetic analogues, 
modulate cannabinoids receptors. These studies also 

provided scientific support for targeting the eCB sig-
nalling system to treat several devastating diseases, 
including neurodegenerative and chronic inflammatory 
diseases. This Review focuses on recent evidence that 
has added a new layer of complexity to the idea of target-
ing the eCB signalling system for therapeutic benefit, as 
it is now clear that the expression level of the different 
molecular components forming this signalling system 
(the receptors and enzymes producing and inactivat-
ing eCBs) change substantially both in the brain and 
peripheral tissues as a function of ageing. This suggests 
that the bioactivity of eCB-based therapeutics is likely 
to vary depending on the age of the patient, the disease 
type and the stage of disease at the time of treatment4,5. 
Accordingly, such treatments may have to be tailored for 
different subsets of patients.

The endocannabinoid system
The first guanine-nucleotide-binding protein (G 
protein)-coupled receptor (GPCR) activated by THC, 
cannabinoid receptor 1 (CB1; encoded by gene CNR1), 
was discovered in the brain in 1988 (REF. 6) and cloned in 
1990, (REF. 7) and the second GPCR, CB2, was identified 
in immune cells in 1993 (REF. 8). More than 70 phyto-
cannabinoids are present in Cannabis plants (in varying 
amounts depending on strain or growing conditions), but 
only THC potently activates CB1 and CB2. The existence 
of these two receptors, of which one (CB1) is the most 
abundant GPCR in the brain, could only be explained 
by the presence of endogenous ligands; the eCBs. These 
were discovered in the early nineties, shortly after the 
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discoveries of CB1 and CB2, as derivatives of the non-
oxidative metabolism of the polyunsaturated fatty acid, 
arachidonic acid. N-arachidonoyl-ethanolamine (anan-
damide)9 and 2-arachidonoyl-glycerol (2-AG)10,11 are the 
two best-studied eCBs so far, and together with enzymes 
involved in their biosynthesis and inactivation12, and the 
two cannabinoid receptors, they form the ‘eCB system’. 
CB1 receptors are most abundant in brain regions such 
as the hippocampus, cortex, basal ganglia and cerebel-
lum, and expressed in both excitatory (glutamatergic) 
and inhibitory (GABAergic) presynaptic terminals, 
although their postsynaptic localization has also been 
observed13,14. In the healthy brain, CB2 receptors are 
barely detectable, although they seem to be present in 
some neuronal populations13. However, CB2 receptor 
expression can increase in both microglia and astro-
cytes under specific conditions of neuroinflammation 
(see below)13. Both CB1 and CB2 receptors couple to G 
protein type Gi/o, and less frequently to the Gq/11 type. 
It is through this coupling that they activate mitogen-
activated protein kinases (MAPK) such as extracellular 
signal-regulated kinase 1 (ERK1), ERK2, p38 MAPKs 
and JUN N-terminal kinases (JNKs), and inhibit ade-
nylate cyclase and cyclic AMP–protein kinase A (PKA) 
signalling. Activation of CB1 receptors also inhibits L-, 
N- and P/Q-type voltage-activated Ca2+ channels and 
stimulates inwardly rectifying K+ channels, the result of 
which is to reduce neurotransmitter release15.

Anandamide is a high-affinity, low-efficacy CB1 ago-
nist, with even lower efficacy at CB2 receptors, whereas 
2-AG has lower affinity, but is a fully effective agonist 
at both CB1 and CB2 (REF. 16). The eCBs are produced 
from phospholipid precursors when intracellular Ca2+ 
is elevated, following either neuron depolarization or 
activation of metabotropic Gq/11-coupled receptors. 
Anandamide, like other N-acylethanolamines (NAEs), 
is produced from the hydrolysis of the corresponding 
N-acyl-phosphatidyl-ethanolamine (NAPE)17. This can 
occur in one step, when catalysed by the NAPE-selective 
phospholipase D (NAPE-PLD) enzyme18, or in two or 
three steps through alternative routes19,20. 2-AG and 
other 2-acylglycerols are produced in one step from the 
hydrolysis of diacylglycerols (DAGs) by either of two dia-
cylglycerol lipases (DAGLs), DAGLα or DAGLβ (REF. 21), 
although in the adult brain it is the former of these two 
enzymes that accounts for nearly all of 2-AG acting as 
an eCB22. DAGs are produced in most cases from the 
hydrolysis of phosphoinositides by phospholipase Cβ 
(PLCβ)23. Although most eCB biosynthetic enzymes 
are sensitive to Ca2+, it is thought that the rate control-
ling and Ca2+-dependent steps in anandamide and 2-AG 
formation are undertaken by NAPE and DAG biosyn-
thesis, respectively. A Ca2+-dependent acyltransferase24 
catalyses the biosynthesis of NAPEs through the transfer 
of the corresponding acyl chains from the sn-1 position 
of phospholipids to the amine group of phosphatidyl-
ethanolamine; however, its molecular identity has not 
yet been reported.

eCBs are taken up by cells through a mechanism 
that is not yet elucidated fully — but likely to involve 
membrane carriers, intracellular carrier proteins and/ or 

possibly endocytosis25 — and are then inactivated by 
enzymatic hydrolysis. For anandamide, this reaction 
is catalysed uniquely by fatty acid amide hydrolase 1 
(FAAH)26, whereas for 2-AG most of this reaction seems 
to be catalysed by monoacylglycerol lipase (MAGL)27, 
although ABHD6 (an abbreviation of α,β hydrolase 6)28 
and ABHD12, as well as FAAH29, are also capable of 
hydrolysing this eCB. Both anandamide and 2-AG are 
also oxidized by the enzyme cyclooxygenase 2 (COX2; 
also known as prostaglandin G/H synthase 2)30.

The postsynaptic and presynaptic distribution in the 
brain of DAGLα and MAGL, respectively, is ideal for ena-
bling the retrograde inhibition of potentially excessive 
neurotransmitter release by 2-AG activation of presyn-
aptic CB1 receptors31 (FIG. 1). Indeed, a flurry of landmark 
studies have demonstrated the pleiotropic nature of the 
eCB system, which is activated locally and on demand 
to regulate specific physiological functions, often fol-
lowing perturbations of homeostasis, to help restore a 
physiological steady state in mammalian cells, organs 
and organisms32.

How eCB signalling controls specific cellular func-
tions, and how various cannabinoid agonists and 
antagonists modulate these functions is now much bet-
ter understood, owing to the power of new pharmaco-
logical tools and genetic models capable of interrogating 
individual components of this system in selected cell 
populations. These approaches demonstrated that CB1 
receptor signalling differs between glutamatergic and 
GABAergic neurons (see below), and also established 
that anandamide can activate non-cannabinoid recep-
tors — the transient receptor potential cation channel 
subfamily V member 1 (TRPV1) channel and, pos-
sibly, the peroxisome proliferator-activated receptor-γ 
(PPARγ)33,34 — which confer further functional flex-
ibility to this mediator. Together, the wealth of studies 
using these powerful tools has provided a picture of the 
role and components of eCB signalling in the healthy 
brain. Here we review how the basic components of this 
signalling system are affected by, and in turn regulate, 
ageing-related processes, and outline the molecular com-
monalities between the deregulation of this signalling 
system in normal ageing and during neuroinflammation 
and neurodegeneration.

Endocannabinoid signalling in ageing
There are numerous lines of evidence from rodents 
and humans to indicate that eCB signalling undergoes 
age-dependent changes. In rodents, the CB1 mRNA 
levels and/or specific binding of CB1 agonists in the 
brain peak at the onset of puberty, stay at a relatively 
stable high level in the adult35, and decline mark-
edly in the cerebellum, cortex, and hippocampal 
and hypothalamic structures of older animals36. The 
old-age-dependent decrease in receptor availability 
to the plasma membrane is likely to be due to post-
transcriptional mechanisms, because changes in CB1 
mRNA levels do not always reflect changes in the 
density of receptor binding and hence the amount of 
CB1 protein36,37. Furthermore, the coupling of CB1 
receptors to G proteins is also reduced in specific 
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brain areas in older animals38. The levels of NAPE-
PLD mRNA and protein increase during early post-
natal development of rats39. This is accompanied by 
increasing brain anandamide concentrations during 
the early postnatal period40, with a peak at the onset 
of puberty41. Studies in humans also showed that CB1 
receptor levels are much higher in younger compared 
to older individuals42,43. The levels of CB1 mRNA 

decrease by approximately 50% (REF. 44), and binding 
of the non-selective cannabinoid receptor agonist [3H]
CP55,940 also decreases in cortical tissues of older 
individuals45. The mRNA levels of eCB biosynthetic 
and metabolic enzymes also change during ageing 
in the human prefrontal cortex. NAPE-PLD levels 
increase continuously during ageing, whereas DAGLα 
peaks in young adulthood and declines in older indi-
viduals. FAAH mRNA shows only a minor increase 
with ageing. MAGL mRNA levels are highest during 
infancy and decrease thereafter, while ABHD6 levels 
increase steadily throughout life44. Notably, we still do 
not know whether these changes correlate with cor-
responding changes in the levels of eCBs. Nevertheless, 
these data indicate that the age-related changes in the 
expression of the components of eCB signalling are 
similar in rodents and humans. These changes might 
be responsible for some of the age-specific altera-
tions in behavioural paradigms measured both under 
basal conditions and following cannabinoid exposure. 
This could explain why, at a young age (2 months), 
animals lacking CB1 show better performance than 
wild-type littermate controls in several learning and 
memory tasks. Remarkably, when older individuals are 
tested, the outcome is the opposite. Specifically, at age 
3–5 months, CB1-null mice no longer perform better, 
and in fact sometimes perform worse, than wild-type 
controls. When they are 12 months old, CB1-null mice 
perform substantially worse than wild-type animals in 
all cognitive tests used in these studies46–48. Exposure of 
animals to doses of THC in the range that cause psy-
choactive effects has been shown to impair cognitive 
functions49, similar to observations in humans after 
cannabis exposure50. These cognitive deficits persist 
even after an extended period of abstinence51, and it has 
been suggested that cannabis use during early life may 
accelerate brain pathologies associated with ageing and 
psychiatric disorders52,53. However, it is important to 
note that almost all studies on these THC effects, even 
in rodents, were performed with younger or adult (but 
not aged) individuals54,.55 and it remains unclear how 
relevant these results are to older individuals.

Evidence obtained with new-generation genetic 
mouse models in which selective components of eCB 
signalling were knocked out globally or in specific cell 
populations indicate that disrupting this system affects 
fundamental aspects of the normal ageing process. For 
example, the age-dependent acceleration of cognitive 
decline in mice with global deletion of CB1 is accompa-
nied by accelerated loss of hippocampal CA1 and CA3 
neurons, and induction of reactive astrogliosis in this 
brain region, as well as an increased number of activated 
microglia and enhanced levels of pro-inflammatory 
cytokines56. This phenotype is similar to that observed 
in mice with a deletion of CB1 selectively in GABAergic 
neurons; however, CB1 deletion in glutamatergic neurons 
does not induce any marked age-related cognitive defi-
cits47,56. These data indicate that absence of CB1 recep-
tors in specific neuronal types accelerates the appearance 
of brain ageing indicators, including neuronal loss and 
chronic neuroinflammation. Importantly, this phenotype 

Figure 1 | Main biosynthetic and inactivating enzymes in endocannabinoid 
signalling. The subcellular distribution in neurons of enzymes regulating the levels of 
endocannabinoids (eCBs) is shown, including the proposed role of these lipid mediators 
in retrograde (mainly for 2-arachidonoyl-glycerol (2-AG)), anterograde and intracellular 
(for anandamide (AEA)) signalling. The biosynthesis of AEA occurs through the action, 
among others, of N‑acylphosphatidylethanolamine (NAPE)-specific phospholipase D 
(NAPE-PLD), which is located in intracellular membranes both pre- and postsynaptically. 
AEA is degraded by fatty acid amide hydrolase 1 (FAAH), which is located 
postsynaptically. This distribution of the enzymes responsible for synthesis and 
degradation of AEA enables this and other N-acylethanolamines (NAEs) to function as 
anterograde signals acting at postsynaptic targets, or as intracellular mediators. 2-AG is 
biosynthesized by diacylglycerol lipase-α (DAGLα), which is located postsynaptically, and 
degraded by monoacylglycerol lipase (MAGL), which instead is presynaptic, thus 
accounting for the retrograde signalling action suggested for this endocannabinoid (see 
FIG. 2b). The complexity arising from the fact that many of these enzymes also regulate 
the levels of eCB-related mediators, with non-cannabinoid receptors as targets, is also 
depicted. For further complexity in eCB signalling see FIG. 4 and Supplementary 
Information S1 (table). Solid arrows denote transformation into active metabolites or 
activation; dashed arrows denote transformation into metabolites inactive at 
cannabinoid receptors; blunt arrow denotes inhibition. AA, arachidonic acid; AGs, 
2-acylglycerols; DAGs, diacylglycerols; ER, endoplasmic reticulum; GPRs, orphan 
G-protein-coupled receptors; MAPK, mitogen-activated protein kinases; PIP

2
, 

phosphoinositide bisphosphate; PKA, protein kinase A; PLCβ, phospholipase Cβ; PPARs, 
peroxisome proliferator-activated receptors; TRPs, transient receptor potential 
channels; VGCCs, voltage-gated calcium channels. 

Nature Reviews | Neuroscience

ER

NAPE-PLD

NAPE AEA

CB1

2-AG

2-AG

DAGs

AGsOther targets
(GPRs?)

VGCCs

PLCβ

DAGLα

NAPE-PLD

NAPE
AEA

NAEs

CB1 on the 
intracellular 
organelles, and 
other targets 
(PPARs, GPRs, 
TRPs)

AA + 
ethanolamine

FAAH

↑MAPK

↓PKA

PIP2

MAGL

AA
Glycerol

Presynaptic 
terminal

Postsynaptic 
terminal

DAGLα

R E V I E W S

32 | JANUARY 2015 | VOLUME 16  www.nature.com/reviews/neuro

© 2014 Macmillan Publishers Limited. All rights reserved

http://www.nature.com/nrn/journal/v16/n1/full/nrn3876.html#supplementary-information
http://www.nature.com/nrn/journal/v16/n1/full/nrn3876.html#supplementary-information


is only observed in the brain and the skin of these ani-
mals, and not in other organs, suggesting a tissue-specific 
aspect of the involvement of eCB signalling in ageing56. 
The expression profile and role of CB2 receptors in 
mouse brain remains to be established clearly, but it is 
interesting to note that mice lacking CB2 receptors show 
a phenotype that is also reminiscent of accelerated age-
ing, although outside of the brain. These mice suffer 
from severe osteoporosis57,58, which is consistent with 
the reported function of this receptor in bone biology. 
Overall, these studies indicate that the disruption of can-
nabinoid receptors seems to enhance age-related decline 
in a number of tissues in which they have important 
physiological functions, and implicate eCB signalling in 
the control of the ageing process59 (FIG. 2).

One of the hallmarks of ageing in rodents that is 
known to be influenced by eCB signalling is the deple-
tion and eventual exhaustion of neural stem cell popu-
lations. Proliferation of progenitor cells in the rodent 
hippocampus and olfactory bulb is reduced by at least 
50% in older animals (aged over 14 months) compared 
to younger individuals (aged 2–6 months)60. This par-
ticular response to ageing probably involves both cell-
extrinsic factors and alterations in the network of genes 
regulating proliferation, in particular those controlling 
eCB signalling61,62. Indeed, pharmacological compounds 
that enhance CB1 and CB2 activity, including inhibitors 
of anandamide degradation by FAAH, stimulate adult 
hippocampal neurogenesis63–66, whereas inhibition of 
eCB biosynthesis reduces it67,68. These pharmacological 
findings are supported by genetic studies showing that 
the deletion of CB1 receptors or the 2-AG-producing 
enzyme DAGLα reduce the proliferation of neuronal 
progenitors to approximately 50% of that of wild-type 
controls67,69. Conversely, mice with deletion of FAAH, 
which exhibit higher levels of anandamide in brain, 
show increased levels of adult neurogenesis70. As these 
experiments were performed in 4-month-old adult 
mice, it will be important to establish whether impaired 
eCB stimulation of neurogenesis underlies at least part 
of the neuronal decline typical of ageing. Furthermore, 
CB1 receptors also have a crucial role in axonal guid-
ance, distance migration of neurons and synapse for-
mation during brain development71, whereas activation 
of both cannabinoid receptors is needed to stimulate 
myelin formation in the subcortical white matter72. 
Notably, eCB signalling is also likely to have a crucial 
role in insult-induced adult neuron replacement and 
remyelination. How this fundamental function of eCBs 
on progenitor cells is affected by ageing is not known.

Endocannabinoids and neuroinflammation
The expression level of both cannabinoid and eCB-
related receptors in neurons and glial cells may change 
independently either as a function of normal ageing 
or earlier in life in response to a neurological disease73 
(FIG. 2). In neurological disease, chronic alterations in 
eCB signalling are often accompanied with chronic acti-
vation of the immune system and a number of immune 
cells that invade the brain parenchyma also express 
such receptors and thus contribute to the number of 

cells that will respond to eCB and cannabinoids74. This 
dynamic change in brain neuroinflammation in eCB 
signalling in neurons, glia and immune cells has been 
mapped in detail in mice undergoing experimental 
allergic encephalomyelitis (EAE), a model of multiple 
sclerosis. For example, resting microglial cells in the 
healthy adult brain express low levels of CB2, whereas 
induction of EAE induces a 200-fold upregulation in the 
expression of this receptor in activated microglia75. As 
CB2 receptors regulate the cellular function of microglia 
and macrophages (both important mediators of EAE 
pathogenesis)76, such a pronounced upregulation of 
these receptors in these cells might at first suggest that 
eCB signalling represents a critical molecular compo-
nent controlling neuroinflammation and pathogenesis 
in EAE mouse models. However, an elegant study per-
formed with a conditional genetic mouse model that 
enabled control of CB2 receptor expression in invad-
ing immune T cells in adult mice showed that it is this 
smaller population of cannabinoid receptors expressed 
by invading immune cells that has a key role in the 
development of the pathogenesis modeled by EAE77. 
These findings provide an example of how low lev-
els of cannabinoid receptors expressed by non-CNS 
cells may critically control disease initiation and pro-
gression (FIG. 3). It is unknown whether the ability to 
control neuroinflammation (and allied neurodegener-
ation through the action of cannabinoids on invading 
T cells) changes as a function of ageing. Furthermore, 
how ageing might predispose individuals affected by 
multiple sclerosis or other neuroinflammatory disor-
ders to cannabinoid-based treatments also remains an 
open question.

Variations in the levels of eCBs are also important 
to survey, as any change in the expression of cannabi-
noid receptors will alter their functionality, particu-
larly if accompanied by a corresponding change in its 
endogenous agonists. Such changes in eCB levels have 
been detected in plasma from patients with multiple 
sclerosis78, as well as in patients with disorders rang-
ing from Parkinson’s disease and Huntington’s disease 
to amyotrophic lateral sclerosis, and/or in tissues from 
the corresponding animal models79. These changes 
are likely to be influenced also by age-related altera-
tions in the composition of the eCB signalling system. 
Therefore, to understand the possible role of this sys-
tem in neuroinflammatory conditions, the field still 
needs to outline how cannabinoid receptor expression 
in neurons, astrocytes, microglia and invading immune 
cells, as well as eCB bioavailability, are affected by age-
ing. A better understanding of these processes will be 
essential if cannabinoid-based treatments are to be 
optimized for patients of different ages suffering from 
distinct disorders.

A key hallmark of ageing is found in the age-
dependent deregulation of intercellular communica-
tion. This deregulation affects neuronal, endocrine and 
immune cell signalling80, and the molecular compo-
nents involved in this process are potential targets for 
the prevention of age-related disorders. One example 
of deregulated intercellular communication that has 
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Figure 2 | Age-related changes at different system levels and their regulation by endocannabinoid signalling. 
Ageing is accompanied by changes in cellular processes, impairments in the integration of cellular activities, and deficits 
in physiological functions. a | At the cellular level, important hallmarks of ageing in the CNS are impairments in 
mitochondrial functions, disruption of proteostasis and autophagy, and alterations in signalling pathways involved in 
nutrient sensing, such as the mammalian target of rapamycin (mTOR) pathway. Endocannabinoids (eCBs) act as 
intracellular signalling molecules that modulate mitochondrial activity through cannabinoid type 1 (CB1) receptors 
located either in the plasma membrane or on lysosomes (l-CB1) and possibly mitochondria (m-CB1). In particular, 
activation of m-CB1 seems to reduce mitochondrial respiration, and to decrease mitochondrial cyclic AMP levels and 
protein kinase A (PKA) activity111. CB1 receptors located on lysosomes enhance the intracellular release of Ca2+, increase 
the permeability of lysosomes and the release of cathepsin D. CB1 receptors on the cell surface also stimulate mTOR 
signalling, through an Akt-dependent mechanism, resulting in an enhanced activity of phosphoprotein 70 ribosomal 
protein S6 kinase (p70S6K). The mechanism by which cannabinoids stimulate autophagy is not entirely clear (indicated by 
a question mark), and is probably independent of mTOR. b | At the tissue level, disruption of intercellular communication is 
another hallmark of ageing. Endocannabinoids are best known as signalling molecules for short-range cell–cell 
communication. At synapses they provide a retrograde feedback system, in which activation of presynaptic CB1 receptors 
reduces neurotransmitter release probability. Endocannabinoids also modulate the activity of astrocytes and microglia. 
These cells may also be a source for brain endocannabinoids (eCBs). Increased numbers of activated microglia and 
astrocytes are typically found in the ageing brain and result in an increased production of pro-inflammatory cytokines 
(PICs). This process leads to a change towards a more pro-inflammatory milieu in the brain. c | At the organism level, eCBs 
modulate the activity of several systems that are important in ageing, such as metabolic processes or hypothalamic 
activity. Cannabinoids are generally protective against age-related pathologies, including neuroinflammation and 
neurodegeneration. They also protect against some age-related pathologies outside the CNS, such as osteoporosis58. Akt, 
serine/threonine Akt; DAG, diacylglycerol; DAGLs, diacylglycerol lipases; DSI, depolarization-induced suppression of 
inhibitory neurotransmission; Glu, Glutamate; IC, intracellular; mGluR, metabotropic glutamate receptor; NMDA, 
N-methyl-d‑aspartate; PKA, protein kinase A; TRP, transient receptor potential channel.
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been studied extensively occurs in monocytes and mac-
rophages — major cellular components of the innate 
immune system — as ageing is often accompanied by 
accumulation of a low-grade pro-inflammatory milieu 
in certain tissues. This phenomenon has been termed 
‘inflammaging’81. Specifically, older individuals have 
elevated levels of pro-inflammatory cytokines and 
nuclear factor-κB (NF-κB) signalling, and consequently, 
increased expression of inflammation-related proteins 
that are regulated by these molecules. This process is not 
unidirectional, as inflammaging also engages counter 
-adaptive processes, which include the activation of the 
hypothalamic–pituitary–adrenal (HPA) axis, result-
ing in an increased release of anti-inflammatory corti-
sol. Thus, it is thought that the balance between these 
opposing processes is an important determinant of the 
health-related consequences of ageing. Although the 
function of eCBs in inflammaging has not been studied 
in detail, decades of research indicate that this signalling 
system is an important modulator of immune cell func-
tions and inflammatory responses. For example, it is 
known that brain eCB signalling is activated by stress82 
as well as by pro-inflammatory stimuli, and is involved 

in the maintenance of HPA and immune homeostasis83. 
As mentioned above, mice with CB1 deletion show all 
characteristics of an increased inflammaging condition in 
the brain, indicating that CB1 activation is important to 
counteract this process. These findings suggest that during 
ageing and neuroinflammation (or when both are present 
together) there is a disruption of brain tissue homeostasis 
that involves eCB signalling, and that this contributes to 
specific cell dysfunction. Furthermore, downregulation 
of CB1 receptors induced by chronic THC administra-
tion, or deletion of CB1, also cause cerebellar microglial 
activation in mice84.

Another hallmark of ageing that is worth exploring 
is how age-related pathology that occurs in one tissue 
can adversely affect other tissues. Indeed, it was shown 
recently that a pro-inflammatory response that develops 
in the hypothalamus of older mice can exacerbate age-
ing-related changes in the physiology outside the brain, 
including changes in muscle endurance, dermal thick-
ness, bone mass, tendon elasticity and cognitive perfor-
mance in the whole animal85. In line with this evidence, 
inhibiting the age-related induction of hypothalamic 
inhibitor of nuclear factor-κB kinase subunit-β (IKK-β) 
or NF-κB (which have both been shown to be crucial to 
hypothalamic inflammation in older mice) reduces the 
age-related cognitive decline of these animals and pro-
longs their lifespan85. Interestingly, eCB signalling in the 
hypothalamus controls the HPA axis82 and modulates 
energy homeostasis in peripheral tissues. Activation of 
hypothalamic CB1 receptors induces orexigenic effects 
and inhibits energy expenditure. However, production 
of eCBs in the hypothalamus is inhibited by leptin86, a 
hormone produced peripherally that has anorexigenic 
effects (increases energy expenditure and suppresses 
appetite) but also has pro-inflammatory actions87. 
In adult mice with obesity induced by a high-fat diet, 
eCB signalling in the hypothalamus becomes deregu-
lated following the development of leptin resistance 
in the arcuate nucleus, but not in other hypothalamic 
and extra-hypothalamic areas (see REF. 88 and refer-
ences cited therein). This response is one likely cause of 
increased food intake and reduced energy expenditure, 
and contributes to further accumulation of adipose tis-
sue and more leptin release. In turn, leptin promotes 
pro-inflammatory responses that might contribute to 
inducing gliosis and hence promote ageing and neuroin-
flammatory disorders, particularly multiple sclerosis87,89. 

Thus, although the activation of eCB signalling in lean 
animals may counteract neuroinflammation (but less so 
in older animals), the opposite may be true during obe-
sity (and possibly more so in older animals), indicating 
an overarching change in the functionality of eCB signal-
ling associated with ageing and disease with different, 
and sometimes even opposing, effects.

eCB signalling, cell metabolism and disease
Many of the signalling events downstream of cannabi-
noid receptors are known to funnel through molecular 
integrators (‘hub’ molecules) within the intracellular 
signalling networks that control basic cell functions, 
including cell viability and, by extension, normal ageing. 

Figure 3 | Effect of neuroinflammation on endocannabinoid signalling. a | In 
healthy brain tissue, neurons express cannabinoid receptor 1 (CB1) receptors in the 
dendritic tree and also higher levels at axon terminals. Resting microglia express low 
levels of CB2 receptors73. Endocannabinoid (eCB) production by neurons is high 
(indicated by the thick arrows), whereas eCB production in microglia is low (indicated 
by the thinner arrow). b | In diseased brain in which the immune system has been 
activated (for example, in multiple sclerosis), the cell-specific expression profile of 
cannabinoid receptors changes, resulting in lower levels of CB1 receptors in both the 
dendritic tree and axon terminal of neurons and higher expression of CB2 receptors in 
activated microglia. In addition, T cells expressing low levels of CB2 receptors invade 
the diseased brain area75,77. eCB production by neurons decreases (indicated by the 
thinner arrows), while eCB production in microglia increases (thick arrow). This overall 
change in the cell-specific expression profile of cannabinoid receptors and eCB levels 
in brain as a function of disease and possibly of the ageing process suggests that the 
responses of humans to cannabinoid-based therapeutics is likely to differ depending 
on the age of the patient and disease phase.
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One key downstream signalling event of CB1 (and lep-
tin) receptors is the serine/threonine kinase mammalian 
target of rapamycin (mTOR), a molecular integrator that 
enables both cellular nutrient sensing and energy home-
ostasis (FIG. 2) through the ERK/MAPK–Akt pathway 
(FIG. 1). Specifically, mTOR is located in two multiprotein 
complexes, mTORC1 and mTORC2, which control ana-
bolic metabolism through regulation of protein transla-
tion90. The mTORC1 complex has a role in regulating 
synaptic plasticity and cognitive functions, including 
memory, through mechanisms that depend on de novo 
protein synthesis. Acute injections of THC induce rapid 
and transient stimulation of mTORC1 activity in the 
hippocampus, striatum, cerebellum, frontal cortex and 
amygdala91,92, whereas repeated administration of THC 
leads to more sustained activation of mTORC1, last-
ing for several days after the cessation of treatment92. 
Accordingly, the amnesic effects of THC depends on 
mTOR signalling and can be abolished by the mTOR 
inhibitor rapamycin. Further supporting a functional 
link between these modalities, deregulated mTOR activ-
ity is associated with metabolic, neurological and psychi-
atric disorders, and overactivation of mTOR signalling 
through enhanced eCB activity contributes to cognitive 
impairment in fragile X syndrome93. Deregulation of this 
system is likely to represent an important sign of ageing59.

The regulation of mTORC1 by CB1 receptors is 
remarkably wide-ranging, as mTOR has also been 
implicated as a central regulator of autophagy, a cel-
lular response thought to contribute to the ageing-
associated loss of protein homeostasis or ‘proteostasis’. 
Proteostasis refers to cellular processes of stabilizing cor-
rectly folded functional proteins, or removing misfolded 
dysfunctional ones through proteasomal or lysosomal 
mechanisms. Fundamentally, autophagy (or specifi-
cally, macroautophagy) is a cytoprotective mechanism 
through which potentially harmful cytoplasmatic com-
ponents are sequestered in vesicles and delivered to lys-
osomes for degradation94. This process can also provide 
nutrients under conditions of starvation. Evidence shows 
that autophagy is reduced in aged tissues and that rapa-
mycin, and hence mTOR inhibition, increases lifespan 
mainly through induction of autophagy95. Interestingly, 
autophagy measured in cancer cells is also induced by 
eCB signalling96–98. However, the underlying mechanism 
of this latter response is unlikely to involve the above-
mentioned CB1 activation of mTOR, as this mechanism 
inhibits (rather than stimulates) autophagy. Indeed, there 
is also evidence for inhibition of autophagy by eCB signal-
ling, as CB1 antagonism and global deletion of CB1 were 
found to enhance autophagy flux in mice, although in an 
mTOR-independent manner99. Mice with CB1 deletion 
show a significantly increased accumulation of lipofus-
cin100, an age-related lipopigment that consists of highly 
crosslinked non-degradable lysosomal aggregates harmful 
to cells101. This phenomenon was related to a decreased 
expression of the lysosomal enzyme cathepsin D, which 
indicates that lysosomal degradation is impaired. Thus, in 
mice with CB1 deletion, the enhanced autophagy may be 
secondary to a reduced expression of cathepsin D, rather 
than inhibition of mTOR100 (FIG. 2).

The depiction of the molecular mechanisms medi-
ating the age-dependent deregulation of eCB signalling 
and regulation of autophagy reveals an overlapping 
signalling framework that encompasses several com-
mon molecular hubs, many of which have also been 
implicated in Huntington’s disease. This devastat-
ing autosomal-dominant neurodegenerative disease 
is caused by CAG expansions in exon 1 of the IT15 
gene (also known as HTT), which encodes the pro-
tein huntingtin102. Mutated huntingtin directly affects 
the expression of many genes and the activity of many 
enzymes that participate together in the develop-
ment of this disease102,103. A remarkably early response 
induced by mutant huntingtin is to inhibit the Cnr1 
promoter in neurons. This early downregulation of CB1 
receptor expression can be detected in the neurons of 
human patients with Huntington’s disease, and genetic 
mouse and cellular models of Huntington’s disease49,104. 
Recently, genetic manipulations (deletion or rescue) of 
CB1 receptor expression in select neuronal populations 
of Huntington’s disease genetic mouse models demon-
strated that downregulation of this receptor has a key 
role in striatal neurodegeneration, including the loss of 
cortical–striatal connections105,106. Thus, an additional 
conceptual link may be drawn that connects the age-
dependent loss of functional CB1 receptors in select 
neuronal populations, which influence mTOR1 signal-
ling, to the ability to promote autophagy in this neu-
ronal population, with the two contributing together to 
the loss of functional synaptic contacts associated with 
Huntington’s disease.

An additional parallel may be found in studies showing 
that eCBs prevents amyloid-β-induced lysosomal desta-
bilization in cortical neurons. Importantly, this activity is 
dependent on lysosomal CB1 receptors, but not on recep-
tors located on the cell surface107. Indeed, it has been sug-
gested recently that eCB signalling may be involved not 
only in intercellular but in intracellular communication 
through its ability to regulate the functions of intracellular 
organelles. In some cells, a substantial proportion of CB1 
receptors are localized on lysosomes108–110, where they may 
be functionally active109. Furthermore, CB1 receptors have 
been found recently on the external membrane of brain 
mitochondria111. Although this finding is still somewhat 
controversial112, these mitochondrial receptors seem to 
regulate neuronal energy metabolism directly, because 
incubation of isolated mitochondria with THC reduces 
the activity of the respiratory chain complex I, decreases 
the level of mitochondrial cAMP, and decreases mito-
chondrial PKA activity112 (FIG. 1). The putative mitochon-
drial CB1 receptors were also shown to contribute to a 
form of eCB-mediated short-term feedback inhibition 
of synaptic activity, termed depolarization-induced sup-
pression of inhibition, with potential impact on cogni-
tive function111. These findings are important in light 
of the fact that mitochondrial dysfunctions contribute 
to physiological ageing59 as well as neurodegenerative 
disorders113.

In summary, the studies reviewed so far, together with 
evidence suggesting that changes in eCB levels might have 
a role in amyotrophic lateral sclerosis and Parkinson’s 
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disease79, outline a molecular framework that connects 
extra- and intracellular eCB signalling to an age- and 
cell-metabolism-dependent deterioration of neural cells 
that might contribute to some neurodegenerative diseases.

The endocannabinoidome in neurodegeneration
Since the discovery of anandamide and 2-AG, it has 
been clear that these signalling lipids are accompa-
nied in tissues by congeners; that is, other NAEs and 
2-acylglycerols. These lipids are biologically active and 
share with the two eCBs their respective biosynthetic 
and inactivating enzymes (FIG. 1), but not their ability to 
activate CB1 and CB2 receptors. We now know that the 
brain concentrations of NAE and 2-acylglycerol conge-
ners increase in animals treated with inhibitors of eCB-
hydrolysing enzymes (FAAH or MAGL), as well as in 
mice lacking these enzymes114,115. Remarkably, most con-
geners activate more than one receptor (Supplementary 
information S1 (table)) and many of these eCB-related 
receptors are expressed by different cell types of the CNS 
and have been shown to be involved in ageing and neu-
roinflammation and/or neurodegeneration. Thus, for 
example, when the activity of FAAH is blocked in animal 
models of Parkinson’s or Huntington’s disease116,117, non-
CB1-, non-CB2-mediated biological responses might be 
produced by NAE congeners, and this needs to be taken 
into consideration when interpreting the role of this 
enzyme in such pathological states.

NAEs and 2-acylglycerols are not the only examples 
of eCB-related mediators produced by cells. Amides 
of several fatty acids with amino acids (known as 
lipo aminoacids) or amine transmitters (such as the 
N-acyldopamines and N-acylserotonins)118–120, have been 
isolated and their bioactivity investigated. Although our 
current knowledge of the biochemistry of these puta-
tive lipid mediators is still limited, it has been observed 
that their biosynthesis or degradation might be affected 
when FAAH is inhibited118,120. The role of these long-
chain fatty acid derivatives in the ageing brain or dur-
ing neurodegenerative disorders is largely understudied, 
yet several molecular targets involved in excitotoxicity 
and neuroinflammation are known to be modulated by 
them (Supplementary information S1 (table)). Striking 
examples are T-type Ca2+ channels (particularly Cav3.2 
and Cav3.3), which are involved in the establishment 
of associative long-term potentiation, and whose levels 
wane with ageing121. These channels are blocked by phys-
iological concentrations of N-arachidonoyldopamine 
and N-arachidonoylserotonin, which exhibit nanomolar 
affinity in binding assays and are therefore among their 
strongest endogenous inhibitors122. Thus, if the levels 
of these eCB-like mediators were to be enhanced or 
reduced following pharmacological inhibition of FAAH, 
this could impact upon synaptic plasticity and potentially 
result in memory disturbances. These memory deficits 
could be more problematic if the levels of these mediators 
were shown to be altered during ageing.

To complicate things further, both anandamide and 
2-AG can be oxidized efficiently by enzymes of the ara-
chidonate cascade, in particular by COX2, and thus yield 
yet another class of bioactive lipids that act through yet 

other sets of receptors30,123. This reaction has now been 
demonstrated to occur also in vivo, especially under con-
ditions in which COX2 is upregulated, and eventually 
leads to prostaglandin ethanolamides (or prostamides) 
and prostaglandin glycerol esters for anandamide and 
2-AG, respectively. These metabolites produce biological 
effects via GPCRs that are pharmacologically different 
from both cannabinoid and prostaglandin receptors and 
are yet to be fully identified at the molecular level124. It is 
reasonable to expect that the formation of these bioac-
tive metabolites is enhanced following pharmacological 
inhibition of the hydrolytic catabolism of eCBs by FAAH 
and MAGL (or ABHD6)123. One example was reported 
in relation to the neurotoxicity model of striatal neurons 
induced by malonate (which, if injected into the stria-
tum of rats, produces effects that recapitulate some of the 
features of Huntington’s disease). In this model, inhibi-
tors of MAGL (which would increase 2-AG accumula-
tion and thus would be expected to be neuroprotective) 
were found, surprisingly, to worsen malonate-induced 
neurotoxicity and neuroinflammation, whereas inhi-
bition of 2-AG biosynthesis by blocking DAGLα pro-
duced beneficial effects125. The mechanism underlying 
these unexpected results appears to involve a bioactive 
COX2 metabolite of 2-AG because treatment of striatal 
neurons with malonate in the presence MAGL inhibi-
tors leads to the formation of prostaglandin E2 glycerol 
ester, which produces neurotoxic effects attenuated by 
a specific antagonist of prostaglandin E2 glycerol ester 
receptors125. Another example comes from experimental 
models of Parkinson’s disease, in which 2-AG, which 
has been known for decades to act as a biosynthetic 
precursor for arachidonic acid and eicosanoids in sen-
sory neurons, may contribute to the neuroinflamma-
tory response. Genetic or pharmacological inhibition of 
MAGL leads to reduced activity in the prostaglandin-
mediated pro-inflammatory signalling cascades that 
underlie the neurodegeneration process measured in 
this model126. A key control was to show that the ame-
lioration of Parkinson’s disease pathogenesis following 
MAGL inhibition was not due to indirect activation of 
cannabinoid receptors, but instead to reduction of pros-
taglandin biosynthesis via the 2-AG–arachidonate path-
way126. Additional evidence comes from animal models 
of Alzheimer’s disease. In one study127, inhibition of 
MAGL was shown to attenuate neuroinflammation and 
lower amyloid-β levels and plaques, effects that seem to 
involve 2-AG-derived prostaglandins. In another study, 
inhibiting MAGL prevented neuroinflammation, neu-
rodegeneration and decreases in integrity of hippocam-
pal synaptic structure and function, thereby improving 
long-term synaptic plasticity, spatial learning and mem-
ory128. In both these studies, the effects were independ-
ent of CB1 and CB2 receptors. Thus, MAGL inhibitors 
might cause opposing actions on neuroinflammation 
depending on whether or not, in a given context and 
experimental set-up, 2-AG acts as a substrate for COX2 
per se, thereby producing pro-inflammatory prosta-
glandin E2 glycerol ester, or only after its hydrolysis to 
arachidonic acid, thereby producing more conventional 
pro-inflammatory prostaglandins (FIG. 4).
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The multifunctionality of these bioactive lipids is still 
more complex than discussed above. At submicromolar 
concentrations, anandamide and 2-AG — even before 
their catabolism — may modulate the activity of addi-
tional non-cannabinoid receptors directly. Modulating 
these other targets may either reduce or enhance the 
potential therapeutic advantage of agents designed to 
pharmacologically manipulate eCB tissue levels. For 
example, activation of TRPV1 channels is perhaps the 
best-established non-CB1-, non-CB2-receptor-mediated 
action of anandamide33. TRPV1 is expressed by both cen-
tral neurons and glial cells (although less abundantly than 

in peripheral sensory neurons), and is involved in exacer-
bating glutamate excitotoxicity and neuroinflammation129; 
yet activation of this channel also contributes to changes 
in synaptic plasticity that can be beneficial to behavioural 
and cognitive deficits associated with neurodegenerative 
disorders129,130. Accordingly, TRPV1 activation can both 
exacerbate and counteract some of the major symptoms 
in animal models of Parkinson’s and Huntington’s dis-
eases116,117,131,132. Another example is found in 2-AG that 
directly enhances GABAA receptor activity133, which 
may influence several aspects of ageing and neurode-
generation, including excitotoxicity, the development of 

• ↓CB1-mediated neuroprotection
• ↓CB2-mediated neurogenesis
• ↑Prostaglandin-mediated inflammation
• ↑Non-CB1- and non-CB2-mediated inhibition of 
    microglial activation
• ↑CB1 overactivation heading to DSI and memory 
    impairment (or, in Parkinson’s disease, excessive 
    CB1-mediated control of striatal MSNs and 
    impaired movement')  

With disease progression

Nature Reviews | Neuroscience

Alzheimer’s disease Huntington’s disease

Early Late
Disease progression

Prostaglandin

Early Late
Disease progression

2-AG
DAGLα 2-AG

PGE2-GE

COX2 COX2

MAGL MAGL
AEA AEA (in brain)

AEA (in plasma)FAAH

FAAH
CB2

CB1

• ↓CB1-mediated crontrol of striatopallidal MSNs and 
    impaired movement
• ↓CB2-mediated anti-inflammatory effects
• ↑PGE2-GE-mediated inflammation and toxicity
• ↑Activation of TRPV1 channels and ensuing neurotoxicity 
    and/or motor impairment

With disease progression

Figure 4 | The endocannabinoidome in neurodegenerative diseases. The complexity of the alterations of components 
of the endocannabinoid (eCB) system and of some elements of the ‘endocannabinoidome’, in terms of redundancy of 
metabolic pathways, involvement of non-cannabinoid type 1 (CB1), non-CB2 receptors and tissue- or time-dependent 
changes is summarized. Time-dependent changes of the brain levels of some of the eCB synthesizing and inactivating 
enzymes and eCBs, and of the expression of eCB molecular targets, in animal models of neurodegenerative diseases (and, 
when available, in post-mortem brains of patients with these disorders) are depicted with their potential consequences. 
Red lines indicate changes in 2-arachidonoyl-glycerol (2-AG) and its metabolic enzymes or products over time during the 
progression of either Huntington’s or Alzheimer’s disease. Time-dependent changes in anandamide (AEA) and fatty acid 
amide hydrolase 1 (FAAH) over the course of these diseases are shown in blue. Purple lines denote changes in CB1 and 
CB2 during Alzheimer’s and Huntington’s disease. Note that CB1 and CB2 receptor levels are unchanged in Alzheimer’s 
disease and Huntington’s disease, respectively (not shown). Dashed branches show when a mediator begins to be partially 
metabolized into another one. In this case, the levels of the mediator being transformed start being reduced and those of 
its product start being increased. Note how the levels of AEA and 2-AG may change in different or opposite ways in the 
two conditions. They can also produce opposite effects147,148, depending on the production of cyclooxygenase 2 (COX2) 
metabolites (in the case of 2-AG)125–128 or because of activation of non-cannabinoid receptors (for example, transient 
receptor potential cation channel subfamily V member 1 (TRPV1) channels in the case of AEA)116,117. Also within the same 
disorder, a given eCB may first increase and then decrease (as with 2-AG in Alzheimer’s disease)147, or change in opposite 
ways in different brain areas or blood (as with AEA in Huntington’s disease)149. Finally, some of the features of Alzheimer’s 
disease, such as the formation of 2-AG-derived prostaglandins, or the participation of CB1 receptors in determining some 
of the symptoms148, also occur in models of Parkinson’s disease. DSI, depolarization-induced suppression of inhibitory 
neurotransmission; MSNs, medium-spiny neurons; PGE2-GE, prostaglandin E2 glycerol ester.
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neuroinflammation and the establishment of synaptic 
plasticity. Finally, both anandamide and 2-AG may also 
activate PPARγ, which is also emerging as a player in the 
control of neuronal activity and neuroinflammation by 
these signalling lipids34,134.

When reviewing this evidence, it is possible to see 
that the discovery of the eCB system has in fact unrav-
elled a new world of lipid mediators, enzymes and 
molecular targets, which could be seen as an ‘endocan-
nabinoidome’ (Supplementary information S1 (table)). 
This concept is not just a matter of mere definitions, or 
of viewing things in a holistic manner, but may influence 
the future planning, design and eventual testing — in 
appropriate patient populations — of drugs that inter-
fere with selected molecular components of this complex 
signalling system.

Concluding remarks
The wealth of studies on the action of eCBs and syn-
thetic cannabinoids at CB1 and CB2 receptors in the 
context of neuroinflammation, neurodegeneration and 
ageing points to several molecular hubs that are likely to 
dictate the cellular response induced by these ligands. 
For example, as eCBs modulate a wide range of biologi-
cal function through specific receptors, the enzymes 
involved in their inactivation provide a target through 
which one can indirectly regulate the activity of such 
receptors and, hence, the pathological consequences 
of their malfunctioning. A control mechanism over 
eCB levels and signalling has been reported for FAAH, 
MGL and ABHD6, and we now understand that these 
enzymatic hubs control the levels of several distinct 
signalling lipids that target a broad panel of receptors 
within a signalling framework. A recent example of this 

complexity was provided with ABHD6 inhibitors that 
control seizure incidence in a mouse model of the juve-
nile form of Huntington’s disease, an effect mediated by 
the action of 2-AG at GABAA rather than cannabinoid 
receptors135. We also appreciate that this fine tuning of 
receptor activity by signalling lipids is in sharp contrast 
to the more sustained bioavailability of synthetic ago-
nists, which is mainly determined by their pharmaco-
kinetic profile typified by their accumulation in brain 
tissue. Thus, it will be important to bear in mind that 
control of cellular responses by synthetic compounds 
will not precisely mimic the more rapid and time- and 
space-specific activation and inactivation by endog-
enous signalling lipids. In particular, when consider-
ing the role of the eCB signalling system in controlling 
multiple modalities involved in ageing, neuroinflam-
mation and neurodegeneration, a framework appears 
in which either one or several components of the endo-
cannabinoidome may have to be targeted for therapy 
(TABLE 1). Specifically, the effects of manipulating eCB 
levels pharmacologically using inhibitors of FAAH 
and MAGL have been tested in experimental models 
of multiple sclerosis, and Alzheimer’s, Parkinson’s and 
Huntington’s diseases, often yielding contradictory 
results, possibly owing to the intrinsic differences and 
heterogeneity of these model systems. Such inhibitors 
produce clear symptomatic relief (in terms of allevia-
tion of spasticity) in chronic or relapsing EAE136, and 
this might be one way by which CBD contributes to the 
anti-spasticity effects of Sativex in multiple sclerosis, 
as this phytocannabinoid is known to inhibit FAAH 
and can lead to increases in AEA levels in humans137,138. 
Importantly, following induction of EAE, reduced neu-
roinflammation and neurodegeneration have also been 

Table 1 | Possible endocannabinoid-system-based approaches for the treatment of neurodegenerative disorders.

eCB-system-based 
drugs

Rationale Advantages Disadvantages Disease Refs*

Inhibitors of eCB cellular 
reuptake and enzymatic 
hydrolysis (by FAAH, 
MAGL, ABHD6)

Mimic the beneficial 
neuromodulatory effects 
of CB1 activation and the 
anti-inflammatory effects 
of CB2 activation in a time- 
and tissue-selective manner

Activity-dependent 
control of 
therapeutic effect, 
and fewer side 
effects

• Indirect activation of 
non-CB1, non-CB2 
receptors (with FAAH 
inhibitors)

• Possible receptor 
desensitization at 
high dose (MAGL 
inhibitors)

• Multiple sclerosis
• Alzheimer’s disease 

(depending on model and 
disease phase)

• Parkinson’s disease

116, 136, 
147, 150

Inhibitors of MAGL Inhibition of 2-AG-derived 
inflammatory 
prostaglandins

Activity-dependent 
control of 
therapeutic effect, 
fewer side effects

Inhibition of 
beneficial effects of 
prostaglandins in 
other tissues or organs

• Alzheimer’s disease
• Parkinson’s disease

126–128

CB2 agonists
Reduction of inflammatory 
component of disease

Relative lack of 
psychotropic 
effects compared 
to CB1 agonists

• Possible receptor 
desensitization at 
high dose

• May favour leukocyte 
infiltration due to 
chemotaxis

• Huntington’s disease
• Amyotrophic lateral 

sclerosis
• Multiple sclerosis

145,

151–153

CB1
 
antagonists or inverse 

agonists
Reduction of the 
neurochemical imbalance 
due to prolonged 
alterations of eCB signalling

Already tested in 
humans

Potential psychiatric 
adverse events 
(anxiety, depression)

Parkinson’s disease and 
Alzheimer’s disease 
(depending on model and 
disease phase)

141, 142, 
154

2-AG, 2-arachidonoyl-glycerol; ABHD6, α,β hydrolase 6; CB1, cannabinoid receptor 1; eCB, endocannabinoid; FAAH, fatty acid amide hydrolase 1; MAGL, 
monoacylglycerol lipase. *Selected references.
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shown in mice with FAAH deletion compared to wild-
type mice139,140. By contrast, studies testing the efficacy 
of FAAH inhibitors in animal models of Alzheimer’s, 
Parkinson’s and Huntington’s diseases and of amyo-
trophic lateral sclerosis have been less successful. 
Possible explanations include: the potential harmful 
role played by eCB signalling in the Alzheimer’s- and 
Parkinson’s-disease-like pathogenesis (to the point 
that CB1 blockers also produce beneficial actions in 
these cases)141,142; the possibility of inducing indirect 
activation of non-cannabinoid receptors (for example, 
TRPV1 channels) when inhibiting FAAH in Parkinson’s 
and Huntington’s diseases116,117; the downregulated 
CB1 receptor expression and/or FAAH activity in 
Huntington’s disease117,143,144; the seemingly opposite 
roles of CB1 and CB2 receptors in determining survival 
in the superoxide dismutase (SOD1) mouse model of 
amyotrophic lateral sclerosis145; and the different role 
of CB1 receptors when expressed on glutamatergic ver-
sus GABAergic terminals (neuroprotective only in the 

former case), for example, in a model of Huntington’s 
disease106. Indeed, differential coupling and func-
tion between CB1 receptors expressed by either gluta-
matergic and GABAergic neurons has been described 
in detail146. Thus, it is also possible that, owing to the 
time- and age-dependent nature of neurodegenerative 
disorders, and the plastic changes and roles of cannabi-
noid and eCB-related receptors in each of their phases 
(FIGS 3,4), similar therapeutic effects might be observed 
with drugs producing opposite actions on eCB actions or 
levels117,125; or an inhibitor of eCB inactivation might pro-
duce both amelioration and worsening of the symptoms, 
in different phases of a given condition147. These con-
siderations provide a strong stepping stone to develop 
new therapies for both symptom alleviation and disease 
modification in neuroinflammatory and neurodegenera-
tive disorders based on the pharmacological manipula-
tion of eCB signalling, which may be a challenging but 
nevertheless fascinating task for our field of research to 
tackle in the future.
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