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Abstract: The endocannabinoid system participates in the regulation of CNS homeostasis and func-
tions, including neurotransmission, cell signaling, inflammation and oxidative stress, as well as 
neuronal and glial cell proliferation, differentiation, migration and survival. Endocannabinoids are 
produced by multiple cell types within the CNS and their main receptors, CB1 and CB2, are ex-
pressed in both neurons and glia. Signaling through these receptors is implicated in the modulation 
of neuronal and glial alterations in neuroinflammatory, neurodegenerative and psychiatric condi-
tions, including Alzheimer’s, Parkinson’s and Huntington’s disease, multiple sclerosis, amyotrophic 
lateral sclerosis, stroke, epilepsy, anxiety and depression. The therapeutic potential of endocannabi-
noid receptors in neurological disease has been hindered by unwelcome side effects of current drugs 
used to target them; however, due to their extensive expression within the CNS and their involve-
ment in physiological and pathological process in nervous tissue, they are attractive targets for drug 
development. The present review highlights the potential applications of the endocannabinoid sys-
tem for the prevention and treatment of neurologic and psychiatric disorders. 

Keywords: Endocannabinoids, endocannabinoid receptors, neuroinflammation, neurodegeneration, psychiatric disease, drug 
targets. 

1. INTRODUCTION 

 The term “endocannabinoid” (eCB) derives from the 
similarities between the main active compound found in the 
plant Cannabis sativa, Δ9-tetrahydrocannabinol (Δ9-THC), 
and endogenous substances produced within the organism. 
The eCB system was first detected in the 1980’s, with the 
identification of anandamide (from the Sanskrit ananda, 
bliss) in the brain of pigs, followed by the identification of 
its main receptor in the 1990’s. Since its discovery and char-
acterization, eCBs have been a subject of constant study due 
to their relevance for the regulation of systemic and tissue-
specific homeostasis. In the nervous system, eCBs partici-
pate in a wide range of biological activities, particularly in 
the modulation of neurotransmission, neuronal survival, syn-
aptic plasticity and inflammatory responses. Therefore, al-
terations in eCB functions have been related to the develop-
ment of neuropathology ranging from Parkinson’s disease to 
stroke and depression and may thus be relevant targets for 
therapeutic intervention in these pathologies. 

2. THE ENDOCANNABINOID SYSTEM 

 The eCB system consists of two main ligands, anadamide 
(N-arachidonoylethanolamine, AEA) and 2-arachidonoylglycerol  
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(2-AG). AEA is derived from the cell membrane phosphol-
ipid arachidonic acid by the action of the enzymes N-
acylphosphatidylethanolamine-phospholipase D (NAPE-
PLD), which produces AEA and phosphatidic acid. 2-AG is 
produced by the action of phospholipase C (PLC) and dia-
cylglycerol lipase (DAGL), generating also diacylglycerol 
(DAG) [1, 2]. eCBs are produced as required by cells in re-
sponse to changes in intracellular calcium concentrations and 
are subsequently re-uptaked and inactivated principally by 
the enzymes fatty acid amide hydrolase (FAAH) and monoa-
cylglycerol lipase (MAGL), which degrade AEA and 2-AG, 
respectively [3, 4]. 2-AG is considered the main ligand for 
cannabinoid receptors and appears to be present at higher 
concentrations than AEA in nervous tissue [5]. 

 Cannonical eCB receptors belong to the G protein-
coupled receptor (GPCR) family. The main receptor, CB1, 
has been detected in multiple tissues, including skeletal mus-
cle, vascular endothelium, gastrointestinal system, liver, 
pancreas, adipose tissue, spleen, heart and immune cells, and 
it is particularly abundant at neuronal synapses in the central 
nervous system (CNS). CB1 is considered the most abundant 
GPCR and can be found in multiple areas, including the cor-
tex, hippocampus, hypothalamus, basal ganglia, cerebellum 
and brainstem [6-9]. CB1 expression can also be found in the 
peripheral nervous system, mainly at sensory neuron synap-
tic terminals [10-12]. CB1 is found in both glutamatergic and 
GABAergic circuits, although it modulates release of other 
neurotransmitters, including dopamine, serotonin, acetylcho-
line and norepinephrine, through regulation of glutamate or 
GABA release from pre- or postsynaptic neurons. This re-
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ceptor acts predominantly through retrograde modulation of 
neurotransmitter release in the presynaptic neuron [11, 13-
17]. In contrast, CB2 is expressed at higher densities in leu-
kocytes and lymphoid tissues, including the spleen, thymus 
and lymph nodes, although it is also expressed in the gastro-
intestinal and cardiovascular systems, liver and adipose  
tissue. This receptor is also expressed in low levels in the 
brain, both in neurons and glial cells. Its expression increases 
in glial cells upon activation and recent studies are beginning 
to elucidate its neuromodulatory and homeostatic functions 
[10-12, 17]. Stimulation of both CB1 and CB2 receptors usu-
ally promotes activation of Gi/Go subunits, inhibiting adeny-
late cyclase activity and decreasing intracellular cyclic AMP 
concentrations. This causes inhibition of protein kinase A 
(PKA) and mitogen-activated protein kinases (MAPKs) ac-
tivity, as well as modulation of voltage-gated Ca2+ channels 
and inwardly rectifying K+ channels [11, 12, 17]. 

3. ENDOCANNABINOID-DEPENDENT REGULATION 
OF SYNAPTIC PLASTICITY 

 As CB1 receptors are the most abundant type of GPCRs 
in the brain, their effects on the activity of Ca2+ and K+ 
channels promote significant alterations in neuronal func-
tions. eCBs are known to participate in both short- and long-
term changes in synaptic plasticity. Fast-acting (in the order 
of seconds) CB1-dependent inhibition of voltage-gated Ca2+ 
channels in presynaptic neurons affects short-term synaptic 
plasticity in GABAergic and glutamatergic circuits by modi-
fying the activity of depolarization-induced suppression of 
inhibition (DSI) and depolarization-induced suppression of 
excitation (DSE), respectively [16, 18]. DSI and DSE are 
based on transient and reversible inhibition of afferent syn-
aptic signals caused by depolarization of postsynaptic neu-
rons, which inhibits neurotransmitter release by the presyn-
aptic neuron. In contrast, long-term modulation of synaptic 
plasticity is achieved by sustained (in the order of minutes) 
or repetitive CB1-dependent stimulation of neuronal circuits. 
This leads to the inhibition of adenylate cyclase activity, 
reduction in cAMP concentrations and PKA activity, as well 
as induction of long-term depression (LTD) in GABAergic 
and glutamatergic circuits [16, 18, 19]. In addition, there is 
accumulating evidence demonstrating CB1 expression at the 
mitochondrial membrane in hippocampal and hypothalamic 
neurons and its relationship to regulation of mitochondrial 
respiration and ATP production, which may have significant 
effects on neuronal functions [12, 19, 20]. 

 Integration of synaptic activity and eCB signaling is 
achieved by the activation of eCB synthesis in the postsyn-
aptic neuron in response to neurotransmitter release by the 
presynaptic neuron. Group I metabotropic glutamate recep-
tors (mGluRs 1/5), along with m1/m3 muscarinic receptors, 
are known to promote activation of phospholipase C (PLC), 
increasing intracellular concentrations of DAG and synthesis 
of 2-AG, the main ligand for CB1 receptors [17]. Impor-
tantly, 2-AG appears to be produced constitutively by post-
synaptic neurons, with its effects being regulated by expres-
sion of MAGL in presynaptic neurons [20]. Anadamide, on 
the other hand, is synthesized in response to the activation of 
neurotransmitter receptors, such as the dopamine D2 recep-
tors, which are also necessary for induction of changes in 

long-term synaptic plasticity [17]. Anandamide also modu-
lates constitutive 2-AG signaling by activation of transient 
receptor potential vanilloid-1 (TRPV1) receptors in 
GABAergic neurons [21]. 

 Control of the duration of eCB stimulation is controlled 
by regulated expression of their degradative enzymes. 
MAGL, the main enzyme for degradation of 2-AG, is ex-
pressed predominantly in the presynaptic neuron, whereas 
the presence of the fatty acid carrier proteins FABP5 and 
FABP7 allows transport of AEA into intracellular compart-
ments containing FAAH, for its degradation [22]. Continu-
ous activation of CB1 receptors decreases its signaling effi-
cacy by inducing tolerance to eCBs, as well as activating β–
arrestin-dependent internalization of membrane-bound CB1 
receptors, reducing the overall density of CB1 receptors at 
the cell surface [10, 19]. In contrast, repetitive activation of 
neuronal synapses enhances the expression of CB1 receptors 
in the presynaptic neuron, thus regulating neurotransmission 
and preventing overexcitation of the neuronal circuit [19]. 
Furthermore, neural stem cells responsible for the mainte-
nance of neurogenesis at specific areas of the nervous system 
express both CB1 and CB2 receptors and treatment with AEA 
or CB1-specific agonists, but not by CB2 agonists, promotes 
their differentiation to mature neurons by inhibiting ERK 1/2 
signaling, demonstrating the importance of CB1-dependent 
signals for neurogenesis [23]. 

 In contrast to CB1, CB2-dependent modulation of synap-
tic activity has not been as extensively studied, due to the 
limited expression of CB2 receptors in neurons. However, 
previous studies have demonstrated that CB2 receptors are 
expressed at low levels in hippocampal and cortical neurons, 
where they regulate synaptic plasticity by inducing 2-AG-
dependent hyperpolarization of pyramidal neurons, altering 
the activity of the sodium-bicarbonate co-transporter and the 
intracellular concentrations of Na+ and Cl-, promoting long-
lasting neuronal hyperpolarization at the CA2 and CA3 areas 
in vivo [24, 25]. In vitro studies in transfected cell cultures 
have demonstrated that 2-AG activation of presynaptic CB2 
receptors can induce DSE in CB1-knockout hippocampal 
neurons, maintaining tonic inhibition of neurotransmission 
that could be reversed by specific CB2 antagonists or DAGL 
inhibitors [26]. There is also evidence for pre- and postsyn-
aptic neuronal expression of CB2 at the prefrontal cortex, 
basal ganglia, thalamus, brain stem and cerebellum, as well 
as in oligodendrocytes, astrocytes, microglia and endothelial 
cells of the blood-brain barrier (BBB) and its expression is 
upregulated under inflammatory conditions [27, 28]. 

 Although most of the functions of 2-AG appear to de-
pend on the activation of CB receptors in the CNS, AEA also 
plays a very important role in the modulation of synaptic 
activity, particularly through activation of other receptors, 
such as TRPV1. TRPV1 receptors are part of the transient 
receptor potential channel family and are found particularly 
in the peripheral nervous system, where they are related to 
transmission of painful stimuli [29]. They are involved in the 
induction of AEA-dependent postsynaptic LTD in neurons 
expressing D2 dopamine receptors, after activation of 
mGluR5, thus being related to the regulation of synaptic 
plasticity in glutamatergic circuits [30]. 
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 eCBs have multiple effects in different areas of the brain. 
In the hippocampus, for example, CB1 receptors appear to be 
preferentially expressed in GABAergic neurons and their 
activity has been related to enhancement of LTP and con-
tributing to learning and memory processes [31]. The cortex 
presents abundant CB1 expression in GABAergic interneu-
rons and is also found in glutamatergic fibers and modulates 
both excitatory and inhibitory neurotransmission at specific 
cortical layers [19, 24]. In the somatosensory cortex in ro-
dents, LTP stimulation by eCBs is related to activation of 
NMDA receptors and increased secretion of brain-derived 
neurotrophic factor (BDNF), which may in part be depend-
ent of eCB activation of astrocytes and release of glutamate 
[24]. At the basal ganglia, activation of NMDARs, mGluRs 
and dopamine D2 receptors promote the release of eCBs that 
modulate both LTP and depotentiation in the striatum and 
have significant effects on behavior and dopamine-
dependent motor control and there is evidence of potential 
interaction between serotonin 5-HT2, µ-opiod and CB1 re-
ceptors in the nucleus accumbens [32]. 

 eCB-dependent modulation of neuronal functions does 
not rely only on eCB synthesis and signaling on neurons. 
Both 2-AG and AEA can be produced by astrocytes and mi-
croglia and these cells, along with oligodendrocytes, express 
proteins involved in eCB synthesis [33-37]. Astrocytes, in 
particular, respond to eCBs via CB1-dependent activation of 
PLC, releasing glutamate at neuronal synapses and partici-
pating in the modulation of neurotransmission [38]. Astro-
cyte-dependent glutamate release in response to eCB signal-
ing stimulates NMDARs on hippocampal neurons and pro-
motes neuronal excitability and neurotransmitter release, 
leading to modulation of synaptic plasticity, including induc-
tion of LTD in cortical neurons and inhibition of neuro-
transmission in the hippocampus [39], although further stud-
ies also report that glutamate and D-serine release by astro-
cytes in response to eCB signaling are also involved in the 
induction of LTP in glutamatergic circuits in the hippocam-
pus, striatum and cortex, possibly by enhancing expression 
or activation of NMDARs and mGluRs, as well as release of 
BDNF and nitric oxide in response to astrocyte activity at the 
synapse [40]. The relevance of eCB-dependent astrocyte 
activity for neuronal functions has been demonstrated in 
animal models of selective CB1 deficiency in astrocytes, 
which suggest a possible role for astrocytes in the regulation 
of learning and memory processes after Cannabis use [41]. 
As evidenced here, the ample distribution of the eCB system 
within the CNS allows it to modulate a variety of neuronal 
functions, therefore making it relevant for the study of neu-
ronal homeostasis and dysfunction. 

4. ENDOCANNABINOIDS AND NEUROLOGICAL 
DYSFUNCTION 

 The eCB system participates in the regulation of multiple 
physiologic processes in the nervous system, including the 
regulation of neurotransmission, neurogenesis and synaptic 
plasticity, thus affecting multiple cognitive processes, par-
ticularly learning and memory, as well as the control of be-
havior and emotions, sleep, appetite, nociception, inflamma-
tion and oxidative stress [42]. As its main mechanism of 
action on neurons is thought to depend on CB1-dependent 

modulation of neurotransmitter release via retrograde signal-
ing at neuronal synapses, the system is a key component in 
the maintenance of nervous system homeostasis. Following 
this paradigm, it has been demonstrated that eCB receptor 
expression is altered during neuroinflammatory conditions 
and the expression patterns may vary in different conditions 
and during disease evolution. In general, alterations in CB1 
and CB2 expression in nervous and immune system cells and 
tissues, as well as plasma concentrations of eCBs, are ob-
served in neuroinflammatory and neurodegenerative condi-
tions, including multiple sclerosis, Alzheimer’s disease, 
Parkinson’s disease, Huntington’s disease, amyotrophic lat-
eral sclerosis, stroke, traumatic brain injury and epilepsy [42-
48]. Furthermore, altered eCB signaling is involved in the 
pathological characteristics of patients with psychiatric dis-
orders such as schizophrenia, anxiety, depression and 
chronic stress [49-52]. 

 In addition, eCBs may also affect neuronal functions 
through interaction with glial cells. In particular, astrocytes 
are known to express functional CB1 receptors and respond 
to neuronal eCB production by releasing neurotransmitters, 
in turn modulating neurotransmission and neuronal functions 
even beyond the originating synapse [53]. Although the con-
tribution of glial-derived eCB-dependent signals to devel-
opment of neurological dysfunction has not been properly 
determined, there is evidence for their involvement in cogni-
tive dysfunction, including learning and memory deficits and 
in the pathogenesis of epilepsy [53]. 

4.1. eCB-dependent Modulation of the HPA Axis 

 eCBs have been implicated in the regulation of the hypo-
thalamic-pituitary-adrenal (HPA) axis, participating in the 
modulation of the stress response by altering production of 
relevant systemic signaling molecules, such as glucocorti-
coids, which usually promote anti-inflammatory effects. It 
has been demonstrated that repeated stressful stimuli de-
crease AEA concentrations in the limbic system while in-
creasing 2-AG production in the amygdala, leading to adap-
tive stress responses in vivo [54]. Release of corticosterone 
decreases hypothalamic 2-AG concentrations in vivo, in 
models of acute stress, which is in turn negatively regulated 
under chronic stress by increased 2-AG production in the 
CNS, suggesting a model in which eCBs modulate the pro-
duction of stress hormones differentially under acute and 
chronic stress conditions, hence maintaining CNS homeosta-
sis [55]. 

 eCB-dependent regulation of glucocorticoid production is 
a relevant aspect in CNS homeostasis, as both types of com-
pounds have shown neuroprotective effects in various ex-
perimental models of neurodegeneration, promoting anti-
inflammatory and anti-oxidative functions individually; 
however, there is also evidence for negative effects when 
both types of compounds act together on the same cell popu-
lations [54]. Of note, alterations in HPA axis functions have 
been related to development of neurological alterations ob-
served in patients with depression and inhibition of CB1-
mediated signaling is related to increased concentrations of 
ACTH and development of depressive-like behavior in ani-
mals [56]. 
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4.2. Regulation of BBB Integrity by eCB Receptors 

 Maintenance of the structural integrity of the BBB is 
critical for CNS homeostasis, as it prevents the free flow of 
potentially detrimental substances, inflammatory mediators 
and activated immune cells into the CNS. However, under 
inflammatory conditions, the endothelial cells lining the 
BBB become activated, decreasing their expression of tight 
junction proteins while increasing their expression of 
chemokines and adhesion molecules, thus enhancing the 
diffusion of soluble mediators across the endothelial barrier, 
as well as leukocyte adhesion and diapedesis [57-60]. eCBs 
contribute to the maintenance of BBB functions, particularly 
during neuroinflammatory conditions. AEA-dependent acti-
vation of CB1 receptors downregulates the expression of the 
endothelial adhesion molecule VCAM-1, also decreasing 
leukocyte traffic and microglial activation in experimental 
models of viral encephalitis, an effect that could be blocked 
by administration of a specific CB1 receptor antagonist, 
therefore demonstrating their dependence on CB1 activation 
[61]. In addition, CB1-deficient animals showed enhanced 
microgliosis and BBB expression of VCAM-1 after viral 
infection compared to wild-type animals, exposing the role 
of CB1 in the regulation of neuroinflammation [61]. In-
creased expression of VCAM-1 has also been observed in 
cerebrospinal fluid and brain tissue from patients with multi-
ple sclerosis and other neuroinflammatory conditions [62-
64]. In addition, eCBs inhibit the adhesion of encephalito-
genic T cells to brain venules in an in vivo model of neuroin-
flammatory pathology [65]. This effect is achieved in an 
adhesion molecule-independent manner, by CB1-dependent 
increase in cAMP and PKA activation that can be reversed 
by inhibition of CB1 signaling, thus demonstrating the rele-
vance of eCBs for the regulation of leukocyte adhesion to the 
BBB under inflammatory conditions [65]. 

 Supporting the anti-inflammatory effects of CB2-
dependent signaling in other cell types, administration of 
selective CB2 agonists JWH133 or O-1966 reduces BBB 
permeability and expression of ICAM-1 and VCAM-1 in 
vivo in an animal model after administration of lipopolysac-
charide (LPS), as well as increasing the expression of tight 
junction proteins in an in vitro endothelial barrier model, 
suggesting that CB2 activation inhibits leukocyte migration 
across the BBB [47]. Additionally, activation of CB2 recep-
tors in leukocytes also decreases their adhesion to LPS-
activated BBB endothelial cells in vivo and in vitro by down-
regulating leukocyte expression of the adhesion molecules 
LFA-1 and VLA-4 [66] (Fig. 1). 

 These data show that specific activation of CB2 at endo-
thelial cells is useful for the maintenance of BBB integrity 
under neuroinflammatory conditions. Interestingly, CB1 and 
CB2 may present opposing functions at the BBB under cer-
tain conditions. For example, production of nitric oxide and 
expression of proteins used for transport of AEA at the BBB 
are induced by activation of CB1 receptors and inhibited by 
activation of CB2 [67]. Furthermore, eCBs affect BBB per-
meability not only through CB receptor-dependent signaling, 
but also via TRPV1, calcitonin gene-related peptide (CGRP) 
receptor and peroxisome proliferator-activated receptors 
(PPARs), although the latter two appear to react specifically 
to AEA and the endocannabinoid-like N-oeoylethanolamide 

(OEA), respectively, decreasing BBB permeability under 
ischemia-reperfusion conditions in vitro [68]. 

4.3. Modulation of Glial Inflammatory Responses by eCB 
Receptors 

 As mentioned previously, eCB receptors have been de-
tected in all glial cell types in the CNS and astrocytes and 
microglia are known to produce both AEA and 2-AG [12, 
69]. Microglial activation and acquisition of a M1-like (pro-
inflammatory) phenotype is a common feature of neuroin-
flammatory conditions and pathologies like Alzheimer’s 
disease, Parkinson’s disease and multiple sclerosis [70]. Mi-
croglia are considered an important source of AEA in the 
CNS and express both CB1 and CB2 receptors, with CB2 ex-
pression in particular increasing after microglial activation in 
animal models [71]. Recent studies demonstrate that CB1-
dependent signaling is involved in the maintenance of a rest-
ing phenotype in microglia in the hippocampus through an 
indirect mechanism involving eCB control of GABAergic 
neurons, as microglia from mice with a targeted deletion of 
CB1 on this neuronal population presented a pre-activated 
phenotype resembling LPS-stimulated microglia, with in-
creased production of TNF-α and decreased expression of 
CX3CL1 by neurons [72]. 

 Likewise, administration of AEA or 2-AG to cultured 
microglia before antigenic stimulation with LPS decreases 
microglial activation and production of TNF-α and nitric 
oxide and use of a CB1 antagonist did not change the ob-
served effect, indicating a CB1-independent mechanism, 
[71]. Nonetheless, microglial response to AEA was blocked 
by the use of a CB2 antagonist, supporting the CB2-
dependent anti-inflammatory effects of eCBs on leukocytes 
in the CNS [71]. Additional studies have shown that micro-
glial responses to CB2 include the mitogen-activated protein 
kinase-phosphatase (MKP) 1 and 3-dependent inhibition of 
extracellular signal-regulated kinase (ERK) activity after in 
vitro LPS stimulation [73]. Use of a CB2 agonist increases 
microglial MKP expression and causes a reduction in the 
production of pro-inflammatory cytokines and microglial 
mobilization after LPS stimulation [73]. Activation of CB2 
enhances production of both IL-4 and IL-10, while decreas-
ing production of nitric oxide and response to chemokines 
like CCL2, suggesting that activation of this receptor in mi-
croglia promotes phenotype switching to alternative M2-like 
cells, reducing classical pro-inflammatory responses [74]. 
An additional mechanism that has been proposed to explain 
the anti-inflammatory properties of eCBs in neuroinflamma-
tion is an AEA and CB2-dependent enhancement of the ex-
pression of the immune suppressor protein CD200R1 in an-
tigen-stimulated microglia, leading to decreased production 
of pro-inflammatory cytokines, increased production of IL-
10 and increased neuronal survival in an animal model of 
virus-induced demyelination [75]. AEA supplementation 
increases the expression of both CD200 and CD200R1 in the 
brain, decreasing the severity of disease in this model [75]. 

 Similarly, astrocyte activation is an essential component 
of the neuroinflammatory response observed in multiple 
pathologic conditions and there is solid evidence demonstrat-
ing that eCBs also inhibit astrocyte activation and production 
of pro-inflammatory mediators. In vitro studies have shown 
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that stimulation with AEA decreases production of TNF-α 
and IL-1β by astrocytes after infection with Theiler’s virus 
[73]. Deletion of MAGL, the enzyme responsible for degra-
dation of 2-AG, in astrocytes, causes accumulation of this 
molecule in the CNS in vivo, leading to reduced production 
of prostaglandins and pro-inflammatory cytokines after anti-
genic challenge [76]. Importantly, these effects are only par-
tially reversed by administration of CB1 antagonists, demon-
strating not only the relevance of eCB signaling in astrocytes 
as mediator of the inflammatory response within the CNS, 
but the existence of CB1-independent pathways for eCB 
regulation of astrocyte functions [76]. eCB-dependent neu-

roprotective effects appear to be variable and rely on their 
interaction with other signaling molecules. For example, 
eCBs have shown significant capacity to decrease production 
of pro-inflammatory cytokines by activated leukocytes by 
signaling through CB2, but this capacity is lost when com-
bined with glucocorticoids, an effect that can be reversed by 
blocking CB2-dependent signals [77] (Fig. 1). 

4.4. eCB Receptors in the Ageing Brain 
 Neurons and glial cells undergo physiological changes 
during ageing that modify their responses to various stimuli. 
eCB signaling in the CNS changes throughout ageing, with 

 

Fig. (1). Effects of eCB receptor activation on the blood-brain barrier and glial inflammatory response. Activation of CB1 and CB2 
receptors by their endogenous ligands or exogenous agonists at the BBB decreases endothelial permeability and leukocyte infiltration into 
the CNS by reducing the expression of intercellular adhesion molecules both at the endothelial layer and on leukocytes, while also increasing 
the expression of tight junction proteins. On glial cells, signaling through CB2 decreases production of pro-inflammatory cytokines and nitric 
oxide by microglia, while increasing the production of inhibitory molecules. In astrocytes, a similar effect is achieved by activation of CB1. 
(Figure created by the authors). (A higher resolution / colour version of this figure is available in the electronic copy of the article). 
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studies in rodents and humans demonstrating that CB1 ex-
pression reaches its highest level in puberty and adulthood, 
declining as individuals grow older. Comparisons between 
young (3 months) and old (more than 2 years) rats found 
alterations in CB1 mRNA and protein levels in the cortex, 
hippocampus, cerebellum and hypothalamus, with the most 
significant being decreased receptor-agonist binding in the 
cerebellum and a very significant increase (over 211%) in 
CB1 mRNA in the brainstem of aged rats [78]. In humans, 
decreased CB1 expression was evident in adult brains, com-
pared to fetal and neonatal tissue, particularly in the basal 
ganglia, substantia nigra and cerebellar cortex [8]. CB1 
mRNA decreases by as much as 50% in the prefrontal cortex 
of adults [79] CNS AEA concentrations increase with age 
into adulthood, when they reach their peak in the hypothala-
mus [80]. Changes in eCB signaling related to age have been 
shown to have significant effects on cognition, affecting 
learning and memory performance in various experimental 
settings, whereas use of THC is known to promote cognitive 
impairment in humans and has been suggested to promote 
neurological alterations that may promote development of 
psychiatric pathologies [81]. 

 Absence of CB1 receptors in GABAergic neurons pro-
motes development of inflammation at the hippocampus, 
dependent on activation of astrocytes and microglia, with 
increased neuronal apoptosis [82]. In contrast, lack of CB2 
receptors appears to enhance the deleterious effects of ageing 
in other tissues, such as bone, although these receptors may 
also be important in the regulation of neuroinflammatory 
conditions that arise as a consequence of ageing [81]. Impor-
tantly, enhancing AEA-dependent functions by use of FAAH 
inhibitors or in FAAH-knockout mice increases hippocampal 
neurogenesis in adult animals, which may be reduced by as 
much as 50% in old individuals and may also be reduced by 
knocking out CB1 receptors or decreasing 2-AG production 
in the CNS, supporting the relevance for eCB-dependent 
signaling in maintenance of CNS homeostasis and cognitive 
functions in aged organisms [81]. 

 Glial reactivity is a prominent characteristic among the 
cellular changes that appear in aged nervous tissue, an effect 
that is enhanced by absence of CB1 receptors. Aged astro-
cytes and microgllia from CB1-knockout mice become more 
susceptible to activation and production of pro-inflammatory 
cytokines, even in the absence of antigenic stimulation [82, 
83]. Although astrocytes do not express eCB receptors at 
high levels under normal conditions, they are known to re-
spond to eCBs via activation of CB1 receptors, as well as 
producing both AEA and 2-AG [83]. Interestingly, studies in 
mice with specific deletion of the CB1 receptor on GABAer-
gic neurons demonstrate that absence of CB1 expression on 
these cells promotes an activated phenotype in astrocytes, 
with characteristic morphological changes and increased 
expression of GFAP and TNF-α by these cells in the hippo-
campus of aged animals [82, 83]. 

 Aged microglia undergo similar changes to those ob-
served in aged astrocytes. They become more susceptible to 
activation and acquisition of a pro-inflammatory phenotype, 
and while they also express low levels of CB1 receptors in 
normal conditions, they express high amounts of CB2, which 

increases after activation [84]. Microglia are the main pro-
ducers of 2-AG within the brain, therefore being a relevant 
part in eCB-dependent modulation of neuronal and glial ac-
tivity [36]. CB1/CB2-dependent eCB signaling on microglia 
promotes anti-inflammatory effects in multiple models of 
neuroinflammation [85, 86] and is also susceptible to CB1-
activated functions of neurons, as studies in the GABAergic 
CB1-knockout model demonstrate that absence of CB1 sig-
naling in these cells enhances the activated pro-inflammatory 
phenotype of microglia in the hippocampus in vivo [72]. 
Neuron-dependent alterations in glial phenotypes have been 
attributed to a decreased production of eCBs, particularly 2-
AG, in the ageing brain, which may in turn decrease its effi-
cacy as an anti-inflammatory mediator and promote micro-
glial and astrocyte activation [72, 83], Increased activation of 
these cells promotes pro-inflammatory responses, thus con-
tributing to neuronal dysfunction and possibly to the devel-
opment of neurological pathologies, although there may be 
additional as yet unknown factors contributing to the altera-
tions described here. 

4.5. eCB Receptors in Alzheimer’s Disease 

 Pathological features of Alzheimer disease include the 
accumulation of amyloid beta (Aβ) and hyper-
phosphorylation of Tau proteins, leading to the formation of 
amyloid plaques and neurofibrillary tangles that promote 
CNS inflammation and neurotoxicity [87]. The inflammatory 
response in this pathology depends mostly on activation of 
microglia and astrocytes, promoting production of pro-
inflammatory cytokines and nitric oxide, affecting neuronal 
functions [88, 89]. Under pathologic conditions, damage to 
neurons usually increases eCBs production [90]. Due to their 
role in the regulation of neurotransmission and neuronal ho-
meostasis, eCBs may be relevant in the development and 
progression of Alzheimer’s disease. This has been demon-
strated in studies reporting decreased 2-AG degradation in 
areas of Aβ accumulation in late-stage Alzheimer’s patients 
[91]. In contrast, there is evidence for decreased production 
of AEA in areas of Aβ accumulation in the cerebral cortex of 
patients [92]. Furthermore, decreased AEA levels may be 
associated with enhanced microglial expression of FAAH, 
which has been detected in neuritic plaques [93]. 

 Despite well-documented alterations in eCB production 
in Alzheimer’s disease patients, there is no clear evidence 
regarding changes to CB1 expression in the brain in this pa-
thology. Some studies have reported decreased expression in 
specific brain areas of patients, whereas others have not 
found significant changes related to the pathology [94, 95]. 
Nevertheless, enhanced CB2 expression corresponding with 
Aβ plaque formation and microglial activation, has been well 
established in animal models and humans [91, 96]. Support-
ing the relevance for CB2 in Alzheimer’s pathology, in vitro 
studies have shown that administration of AEA, AEA ana-
logs, FAAH inhibitors (which maintain AEA concentrations 
in the culture medium) and CB2 agonists, prevents Aβ accu-
mulation, production of inflammatory lipid mediators and 
cell death in human neuronal cell lines, while these effects 
can be reversed using CB1 and CB2 receptor antagonists 
[97]. Similarly, CB2 agonists enhance phagocytosis of amy-
loid peptides which is compromised by a CD40-dependent 
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mechanism in animal models and they also decrease amyloid 
peptide-dependent microglial activation and release of pro-
inflammatory cytokines [98]. 

 Direct administration of eCBs, including AEA, 2-AG and 
noladin ether, has demonstrated significant protective effects 
in in vitro studies and animal models of Alzheimer’s disease. 
These agonists are thought to inhibit Aβ–induced neuroin-
flammation by reducing the production of pro-inflammatory 
cytokines, chemokines and nitric oxide, as well as decreasing 
neuronal apoptosis and improving cognitive performance by 
stimulating receptors on neurons and glial cells [48, 99-101]. 
Similar effects have been reported using exogenous cannabi-
noids or synthetic CB receptor agonists [99]. Supplementa-
tion of neuronal cell lines engineered to accumulate Aβ with 
eCBs or eCB analogs has demonstrated beneficial effects, 
preventing intracellular accumulation of toxic protein and 
inhibiting eicosanoid production, promoting cell survival 
[97]. Additionally, AEA has been proposed as an enhancer 
of neurogenesis in conditions of Aβ toxicity in vitro [102], 
and hippocampal neurogenesis can be improved by PPARγ 
activation by cannabidiol in an animal model of Alzheimer’s 
disease [103]. 

 CB2-specific agonists have demonstrated beneficial ef-
fects in animal models of this pathology, not only by de-
creasing microglial activation, but also by ameliorating Aβ 
deposition in the cerebral cortex and decreasing cognitive 
dysfunction [104]. CB2 activation has also shown positive 
effects in enhancing eCB-dependent Aβ clearance across the 
blood-brain barrier both in vitro and in vivo [105], as well as 
by decreasing Tau hyper-phorphorylation and cognitive defi-
cits in animal models of Alzhemier’s disease [106]. Fur-
thermore, stimulation of CB1 receptors with selective ago-
nists decreases nitric oxide-dependent oxidative stress and 
also reduces neuronal Tau hyper-phosphorylation and toxic-
ity both in vitro and in vivo [107, 108]. In addition, there is 
evidence for decreased astrocyte activation and production of 
interferon-gamma after CB1 stimulation with selective ago-
nists in animal models [108]. 

 Studies in humans have focused mostly on the use of 
THC analogs for amelioration of the clinical characteristics 
of Alzheimer’s patients. These studies have been limited by 
low sample sizes and the most significant findings reported 
are related to improvement in behavioral abnormalities in 
patients, without significant effects on cognitive decline pa-
rameters [109, 110]. Nevertheless, the accumulated data 
demonstrates that eCBs are relevant for protection from 
amyloid neurotoxicity and may be useful therapeutic alterna-
tives for the prevention of Alzheimer’s disease (Fig. 2). 

4.6. eCB Receptors in Parkinson’s Disease 

 Parkinson’s disease is characterized by the loss of dopa-
minergic neurons in neuronal circuits responsible for the 
regulation of motor functions, leading to movement dysfunc-
tion like dyskinesia, bradykinesia, rigidity and constant mus-
cle tremors. Although previous studies have not been able to 
show clear beneficial effects of cannabinoids in the treatment 
of Parkinson’s disease [111], there is evidence that their 
therapeutic targeting may be worthwhile for the treatment of 
this disease, since data gathered from animal models and 

human patients demonstrate altered CB1 expression and eCB 
concentrations in the CSF and specific areas of the brain in 
this pathology, although their involvement has been sug-
gested to be mostly in the regulation of the neuroinflamma-
tory response [112]. 

 Regarding eCBs, AEA production is elevated more than 
two-fold in untreated Parkinson’s disease patients compared 
to healthy controls, and its levels respond to dopamine re-
place therapy [113]. AEA is known as an endogenous regu-
lator of motor activity in vivo and thus, seems to have an 
essential role in the pathogenesis of Parkinson’s disease 
[114, 115]. eCBs regulate motor circuits in part through indi-
rect control of neuronal dopamine release via regulation of 
glutamate- and GABA-dependent neurotransmission. 
GABAergic neurons in basal ganglia circuits co-express CB1 
eCB receptors and D1 and D2 dopaminergic receptors, thus 
being able to respond to both types of stimuli [116, 117]. 
Increased CB1 expression and signaling has been detected in 
the basal ganglia of Parkinson’s disease patients, as well as 
in animal models [118-120]. In contrast, there are reports on 
decreased CB1 expression in the substantia nigra in patients 
with Parkinson’s [121]. The relevance of CB1 in the regula-
tion of motor circuits in the brain is also exemplified in ani-
mal models of CB1 deficiency, which display reductions in 
dopaminergic neuronal synapses in the nucleus accumbens 
[121]. In addition, CB1-deficient animals show decreased 
motor signs in experimental models of Parkinson’s disease 
[122]. 

 Similar to other neurodegenerative conditions, CNS in-
flammation is a characteristic of this disease, with activated 
microglia and enhanced production of multiple pro-
inflammatory cytokines [48]. In accordance with this, it has 
been demonstrated that CB2 expression is increased in the 
brain of Parkinson’s disease patients, particularly in acti-
vated microglia that produce pro-inflammatory cytokines in 
the substantia nigra, the area where dopaminergic neuron 
loss is more evident in this pathology [123]. Studies in ani-
mal models of Parkinson’s-like disease have shown that use 
of CB2 agonists reduces microglial activation and production 
of pro-inflammatory cytokines, contributing to the survival 
of tyrosine hydroxylase positive neurons in the striatum and 
the maintenance of neurological functions, while lack of CB2 
receptors exacerbates neuroinflammation and neuronal dys-
function [124, 125]. Notably, neuroprotection in these mod-
els appears to be independent of CB1 signaling, as use of 
selective CB2 agonists protects dopaminergic neurons in the 
substantia nigra even in CB1-deficient mice and the effect is 
blocked by CB2 antagonists [124] (Fig. 2). In addition, trans-
genic overexpression of CB2 receptors promotes survival or 
dopaminergic neurons and ameliorates motor and behavioral 
alterations in animal models of Parkinson’s disease [126]. 

 Studies in animal models have shown that administration 
of exogenous cannabinoids prevents dopaminergic neuron 
loss in vitro and in vivo [127]. However, studies in humans 
have reported contradictory findings, with significant ame-
lioration of motor deficits reported in Parkinson’s disease 
patients using exogenous cannabinoids, improving bradyki-
nesia, muscle rigidity and tremors [128, 129], and no signifi-
cant effects able to be replicated in studies with stricter con-
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trols [111]. Use of the CB1/CB2 receptor agonist nabilone 
has demonstrated potential benefits reducing the severity of 
levodopa-induced dyskinesia in Parkinson’s patients [130], 
while use of the CB1 antagonist rimonabant did not show 
significant effects [131]. The contrast between the results 
obtained for the effects of cannabinoids in uncontrolled and 
controlled studies is striking. These contradictory results 

highlight the need for further research to determine the spe-
cific contributions of eCB receptors in this pathology. 

4.7. eCB Receptors in Multiple Sclerosis 
 Multiple sclerosis is considered a primordially autoim-
mune neuroinflammatory pathology characterized by demye-
lination and neuronal death. Production of pro-inflammatory 

 
Fig. (2). Beneficial effects of eCB receptor activation in experimental models of neurological disease. A. In neurological pathologies 
such as Alzheimer’s and Parkinson’s disease, pathologic accumulation of misfolded or aggregated proteins (Amyloid β, α-synuclein, hyper-
phosphorylated Tau) promotes neuronal damage and development of inflammatory responses. In multiple sclerosis, aberrant recognition of 
self-antigens promotes demyelination and neuronal damage, causing CNS inflammation. Inflammatory responses in the CNS lead to activa-
tion of glial cells that produce proinflammatory mediators, promoting leukocyte recruitment and in some cases inducing differentiation of 
Th1 and Th17 cells that cause neuronal cell death. B. Activation of CB1 and CB2 receptors in leukocytes, glia and neurons prevent neuronal 
damage by decreasing classical microglial activation, improving the removal of myelin, decreasing the differentiation of Th1 and Th17 cells 
and promoting the differentiation of oligodendrocyte precursor cells (OPCs) to mature oligodendrocytes, improving remyelination and de-
creasing excitotoxic neuronal death. (Figure created by the authors). (A higher resolution / colour version of this figure is available in the 
electronic copy of the article). 
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cytokines by glial cells is a major factor promoting BBB 
disruption, CNS leukocyte infiltration and activation of 
adaptive responses against oligodendrocytes and neurons 
[57]. Due to their anti-inflammatory properties, eCB recep-
tors have been explored as regulators of the immune re-
sponse in multiple sclerosis patients. There is evidence 
showing that cannabis and other CB receptor agonists im-
prove the clinical signs and symptoms of these patients, al-
though the precise mechanisms of action are not fully under-
stood [73, 132]; however, previous studies have shown that 
both THC and cannabidiol are able to inhibit production of 
IL-6 and IL-17 by antigen-stimulated encephalitogenic T 
cells in a dose-dependent manner in animal models [133]. 
Enhanced eCB production in this pathology is thought to act 
as a modulatory process to limit neuroinflammation and sup-
port neuronal function and survival through activation of 
both CB1 and CB2 receptors, although their specific func-
tions may vary, with CB1 being more related to neuronal 
homeostasis and regulation of neurotransmission, whereas 
CB2 would be involved in regulation of microglial and astro-
cyte activation and decreased inflammatory responses [132]. 

 Clinical improvement in experimental models and human 
patients has been attributed mainly to activation of CB1 re-
ceptors [132], as well as alterations in both AEA and 2-AG 
production in different stages of disease that may be medi-
ated by production of pro-inflammatory cytokines in the 
CNS [134]. In support for the role of CB1 in the regulation of 
pathology, studies in CB1 knockout models have demon-
strated that neurological pathology is exacerbated in the ab-
sence of CB1, corresponding with increased excitotoxic neu-
ronal damage [132]. Production of AEA has been related to 
neuronal protection from excitotoxic damage by modulation 
of neuronal calcium influx via signaling through CB1 recep-
tors in vivo [134] and to prevention of AMPA and NMDA-
dependent neuronal excitotoxicity in vitro [135]. Similarly, 
2-AG has been shown to have neuroprotective effects 
through enhanced expression of CB1 receptors in neurons 
and glial cells, reducing the severity of disease in the animal 
model experimental autoimmune encephalomyelitis [136]. In 
addition, there is evidence for direct CB1-dependent anti-
inflammatory effects in the CNS, decreasing microglial acti-
vation and production of pro-inflammatory cytokines in 
animal models [132]. 

 The immune response in this pathology is considered to 
be dependent on the activation and maintenance of an auto-
immune Th1 and Th17 responses, and these responses are 
often attained by microglial- and astrocyte-dependent pro-
duction of pro-inflammatory cytokines like IL-12 and IFN-γ 
[137]. Enhanced CB2 expression has been detected in micro-
glia at lesion sites in multiple sclerosis patients [73]. Studies 
in animal models of virally-induced MS-like disease have 
shown significant reductions in disease severity and neuroin-
flammation, along with enhanced remyelination, after activa-
tion of CB2 receptors using selective agonists, correlated to 
decreased IL-12 production by microglia, macrophages and 
T cells after antigenic stimulation, therefore decreasing Th1 
polarization [73]. Similarly, cannabidiol supplementation 
decreases disease severity by preventing axonal damage, 
leukocyte recruitment and inflammation within the CNS in 
the same model, although these effects appear to be inde-

pendent of the classical CB receptors [138]. A recent study 
has demonstrated that supplementation with 2-AG in this 
models promotes significant beneficial effects on remyelina-
tion and functional recovery by enhancing microglia-
dependent removal of myelin debris and improving differen-
tiation of oligodendrocyte precursor cells, demonstrating the 
importance of eCB signaling for recovery of CNS homeosta-
sis after virus-induced demyelination [139] (Fig. 2). 

 Furthermore, CB2-deficient animals are more susceptible 
to induction of experimental autoimmune encephalomyelitis 
than wild-type animals and the disease shows increased se-
verity and mortality [140]. In this model, disease severity 
correlates specifically with CB2 expression on encephalito-
genic T cells, rather than microglia or CNS cells, although 
CB1 deficiency on neurons promotes a similar effect to that 
of CB2 deficiency on T cells, hence demonstrating the rele-
vance of concerted CB1 and CB2 signaling in the regulation 
of neuroinflammation [140]. Furthermore, use of highly se-
lective CB2 agonists in this model has shown that CB2-
dependent leukocyte activation is useful in decreasing dis-
ease severity, reducing neuronal damage and demyelination 
by preventing Th1 and Th17 cell differentiation in secondary 
lymphoid organs [141]. CB2 agonists also decrease CNS 
accumulation of encephalitogenic T cells by inhibiting ex-
pression of chemokine receptors and adhesion molecules by 
leukocytes, thus demonstrating the relevance of CB2 signal-
ing for disease pathogenesis in this model [141] (Fig. 2). 

 In spite of the extensive evidence for potential therapeu-
tic benefits of CB receptor stimulation in experimental mod-
els of multiple sclerosis, studies regarding the therapeutic 
potential of the eCB system in multiple sclerosis have fo-
cused on the use of exogenous cannabinoids. Significant 
amelioration of spasticity and pain has been reported in pa-
tients after a 15-week regime of THC or Cannabis extracts 
administration, although no effects were observed in the lev-
els of inflammatory cytokines or T cell activity or in the 
modulation of disease progression [142]. 

4.8. eCB Receptors in Psychiatric Disorders 

 Although the precise mechanisms involved in develop-
ment and evolution of psychiatric disorders are still a matter 
of controversy, there is extensive evidence linking eCB sys-
tem dysfunction with the development and clinical character-
istics of psychiatric disease. eCB receptors can be found in 
multiple brain areas related to the control of emotion and 
behavior, including the prefrontal cortex, hippocampus and 
amygdala, particularly on GABAergic CCK-positive neu-
rons, although they are also present in glutamate-, dopamine-, 
serotonine- and acetylcholine-producing neurons and are 
thus essential for the global regulation of neurotransmission 
[6-8]. Regarding behavioral and emotional responses, the 
eCB system has been well established as an important regu-
lator of these processes. CB1-deficient mice show heightened 
anxiety responses compared to wild-type animals, although 
this effect may be reversed by specific CB1 deletion in 
GABAergic neurons in the forebrain, demonstrating oppos-
ing roles for CB1-dependent signaling at specific brain areas 
for the control of anxiety-like behavior [143]. This is also 
relevant in the context of dose-dependent effects for exoge-
nous cannabinoids in the control of anxiety, since research in 
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animal models and humans has shown that low doses of can-
nabinoids promote anxiolytic effects by activating CB1 re-
ceptors on cortical glutamatergic cells, whereas high doses 
activate CB1 receptors on GABAergic neurons in the fore-
brain and are anxiogenic [144]. Decreased production of 2-
AG has also been involved in development of anxiety-like 
behavior that can be prevented by inhibition of MAGL 
[145]. 

 eCB signaling is also important in the pathogenesis of 
depression. Decreased production of AEA and 2-AG have 
been detected in the circulation and cerebrospinal fluid of 
patients with depression [146]. Similarly, absence of CB1 
expression in knockout models or pharmacological inhibition 
of CB1-dependent signaling increase the incidence of depres-
sive-like behavior, whereas inhibition of eCB degradation 
leading to increased AEA levels in the CNS has shown anti-
depressant effects [74]. eCB-dependent anti-depressant ef-
fects are thought to rely at least in part in modulation of sero-
tonin production and signaling and may be affected in turn 
by serotonin reuptake inhibitors [147]. Similarly, although 
there is no solid evidence for alterations in eCB receptor 
expression in schizophrenic patients, there are reports relat-
ing increased eCB concentrations in the CSF and clinical 
symptoms of disease [49]. Data is contradictory on the ef-
fects of THC and cannabidiol in schizophrenic patients, with 
the former being related to worse symptomatology and the 
latter to amelioration of symptoms [148, 149]. 

 Concerning stress responses, it has been demonstrated 
that acute stress inhibits CNS production of both AEA and 2-
AG, particularly in the prefrontal cortex and amygdala, 
which in turn promote activation of the HPA axis and pro-
duction of glucocorticoids [150]. This response, in turn, en-
hances eCB production within the CNS, achieving mutual 
regulation of the stress response and maintenance of CNS 
homeostasis [143, 151]. In a similar way, chronic stress al-
ters hippocampal CB1 expression in animal models, decreas-
ing AEA production and CB1-dependent signaling in the 
prefrontal cortex, amygdala, hippocampus and hypothalamus 
[152]. In general, stressful conditions are thought to promote 
eCB synthesis, which in turn decreases the negative effects 
of adrenocortical hormones on the CNS, ameliorating the 
cognitive and emotional effects of stress on the organism 
[143]. Importantly, it has been determined that stress-
induced cognitive impairments are significantly related to 
CB1 expression on β-hydroxylase-expressing adrenergic neu-
rons and that inhibition of CB1-dependent signals either in 
the peripheral or central nervous systems prevents stress-
induced cognitive dysfunction in vivo [153]. 

 Regarding CB2, there is evidence that CB2 gene polymor-
phisms and decreased expression are related to psychiatric 
disorders like schizophrenia, depression, anxiety, autism 
spectrum disorders, chronic stress and alcohol dependence 
[154]. Use of CB2 agonists decreases anxiety-like behavior 
in animal models of chronic stress, whereas CB2 antagonists 
exacerbate the symptomatology [154]. CB2-dependent ef-
fects on stress-related behavior may be due to its previously 
mentioned properties for the regulation of the HPA axis and 
the production of glucocorticoids [54]. Similarly, enhanced 
CB2-dependent signaling induced by transgenic overexpres-
sion of this receptor or by the use of CB2 agonists reduces 

anxiety and depressive-like behavior in animal models, dem-
onstrating that this receptor participates in the regulation of 
behavior and emotional responses in vivo [74]. In addition, 
there are multiple studies showing a strong relationship be-
tween chronic, low-grade inflammation and the neurological 
alterations observed in psychiatric pathologies. Patients with 
major depression show increased production of IL-1β, IL-6, 
TNF-α and C-reactive protein in circulation [155, 156]. It 
has also been demonstrated that exogenous administration of 
pro-inflammatory cytokines like IFN-α or -γ promotes the 
appearance of depressive-like behavior in humans [157]. 
Similarly, chronic inflammatory conditions like autoimmune 
disease positively correlate to development of depression 
that can be ameliorated by use of anti-inflammatory thera-
pies [158]. In animal models, depression also correlates with 
increased microglial activation [159]. Although the extent of 
their involvement in the pathogenesis of this disease has not 
been properly determined, it is possible that CB2 receptors 
are involved in the control of microgliosis in neuropsy-
chiatric conditions, as CB2 expression is upregulated by mi-
croglia under neuroinflammatory conditions [71]. In support 
of this, recent studies have demonstrated that antidepressants 
promote microglial phenotype switching to M2-like cells, 
which are able to secrete anti-inflammatory cytokines, an 
effect that is also observed by activation of CB2 receptors on 
these cells [74, 160]. 

 Clinical use of CB receptor agonists (THC, nabilone) and 
antagonists (rimonabant, taranabant) for therapeutic inter-
vention in psychiatric disorders has been severy hampered 
by their extensive distribution within the CNS. Although 
significant beneficial effects have been observed with the use 
of these compounds for treatment of anxiety and depression 
in experimental models, their use in humans has presented 
unwanted side effects, inducing psychosis, anxiety attacks, 
severe depression and development of suicidal thoughts 
[161]. Therefore, their therapeutic application requires cau-
tion. 

4.9. eCB Receptors in Pain Perception 

 Cannabinoids have long been related to control of pain 
perception in experimental models and clinical settings. The 
potential for the use of cannabinoids as analgesics is exem-
plified by recent evidence showing that genetic alterations 
promoting decreased expression of FAAH increase AEA 
concentrations in circulation and inhibit pain sensitivity in 
humans [162] and animal models [163, 164], demonstrating 
that eCBs are important regulators of pain perception. None-
theless, clinical use of FAAH inhibitors has failed to produce 
similar effects, showing no significant effects in reducing 
pain in arthritic patients and causing severe and permanent 
neurological damage in some individuals [165, 166]. In ani-
mal models, administration of cannabinoids and endocan-
nabinoids can have anti-nociceptive effects [167, 168]. Simi-
larly, a synthetic agonist that activates both CB1 and CB2 
receptors in peripheral neurons is able to decrease the hyper-
algesic response in humans with neuropathic pain [170]. 

 The expression and functions of eCB receptors in neuro-
pathic pain has been studied in various experimental models. 
Expression of CB1 receptors in the peripheral nervous sys-
tem, in nociceptive neurons in particular, has been related to 
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analgesic effects after administration of painful stimuli 
[170]. Use of eCB agonists inhibits the activation of nocicep-
tive neurons in the dorsal horn of the spinal cord and also in 
the thalamus, in a CB1-dependent manner. Furthermore, in-
tradermal administration of AEA prevents the release of the 
pro-inflammatory factor CGRP from nerve terminals, de-
creasing the nociceptive response elicited by injection of 
painful stimuli [171]. In contrast, use of CB1-specific an-
tagonists abrogates the anti-nociceptive responses [171]. In 
addition to the effects of CB1 on the induction of analgesia, 
enhanced expression of CB2 receptors in the CNS has also 
been described in animal models of neuropathic pain, where 
its presence has been involved in the regulation of allodynia 
and neuroinflammation [172]. 

 Development of hyperalgesia and allodynia in experi-
mental models of neuropathic pain is related to microglial 
activation and production of pro-inflammatory cytokines 
[173]. As mentioned previously, CB2 activation reduces mi-
croglial activation and release of pro-inflammatory media-
tors [71], which makes these receptors an intriguing thera-
peutic target for the treatment of neuropathic pain. Studies of 
selective CB2 deficiency in myeloid cells (microglia and 
macrophages) have shown that CB2 deletion on these cells 
promotes development of mirror-image pain and enhanced 
contralateral inflammatory responses, similar to those ob-
served in constitutive CB2 knockout animals, demonstrating 
the role for CB2 receptors in the regulation of microglial ac-
tivation and neuroinflammation after sciatic nerve injury in 
vivo [172, 174]. In contrast, transgenic overexpression of 
CB2 receptors in neurons and glial cells decreases the sever-
ity of neuropathic pain, as well as microglia and astrocyte 
activation, after sciatic nerve injury [172], supporting the 
role of CB2-dependent signaling in the control of the severity 
of the inflammatory response and clinical signs of disease in 
this model. 

 Regarding the potential for CB2 receptors in the control 
of neuropathic pain, research in animal models has demon-
strated that AEA inhibits the activity of neurons in the spinal 
cord via CB2 receptor activation [175] Furthermore, AEA 
administration on carrageenan hypersensitivity can be 
blocked by CB2 selective antagonists [176]. Administration 
of CB2 selective agonists is useful in reducing nociceptive 
responses in several animal models of inflammatory pain 
[177-179], supporting the significant role of CB2 receptors in 
the regulation of pain sensitivity. The possibility of using 
CB2 receptor agonists for treatment of human pain are still 
under study. 

4.10. Non-classical eCB Receptors 

 Besides CB receptors, eCBs are capable of binding addi-
tional proteins at the cell surface. Among them, different G 
protein-coupled receptors, such as GPR55, have been pro-
posed as additional targets for eCB functions. In a similar 
way to CB1, GPR55 is expressed in multiple areas within the 
CNS, including the frontal cortex, hippocampus, cerebellum 
and hypothalamus and has thus been involved in the regula-
tion of multiple neuronal and cognitive functions. Although 
data on this issue is still controversial, various studies have 
demonstrated that GPR55 binds both AEA and 2-AG, as 
well as THC, at a similar rate than CB1 or CB2, promoting 

activation of RhoA, PLC and NF-AT in various models in 
vitro [180-182]. However, other studies have failed to repli-
cate these results and have instead suggested other endoge-
nous ligands for this receptor [183, 184]. Nonetheless, de-
creased CNS expression of GPR55 has been linked to devel-
opment of anxiety-like behavior that can be alleviated by use 
of the GPR55 agonist O-1602, a cannabidiol analog, in ani-
mal models, which may be dependent on inhibition of glu-
tamate signaling at specific areas of the brain [185]. 

 Additional evidence shows that eCBs and cannabinoids 
can modulate ligand binding in a variety of ionotropic and 
metabotropic neurotransmitter receptors, including nicotinic 
and muscarinic acetylcholine receptors, NMDA receptors, 
glycine receptors, µ- and δ–opiod receptors, adenosine A1 
and A3 receptors, β-adrenergic receptors and 5-HT receptors, 
although their binding to these receptors usually has low 
affinity and their effects probably depend more on allosteric 
changes than on direct activation/inactivation of the corre-
sponding receptors [186-189]. Nonetheless, these interac-
tions should be taken into account when inducing alterations 
in eCB-dependent functions in vivo. Indirect regulation of 
neurotransmitter release by modulation of neurotransmitter 
receptor functions via eCBs has great potential for therapeu-
tic intervention, since preventing the release of specific neu-
rotransmitters might be useful for the reduction of excito-
toxic and oxidative neuronal damage in pathologies like 
Alzheimer’s and Parkinson’s diseases, traumatic brain injury 
and stroke, as well as potentially ameliorating clinical symp-
toms of disease in psychiatric conditions like depression and 
anxiety [190]. 

 In addition, ionotropic TRPV proteins, particularly 
TRPV1, also act as functional eCB receptors. These mole-
cules are highly expressed in sensory neurons involved in 
nociception and are activated by various noxious stimuli, 
including temperature and pH changes [191]. They also 
show a similar expression pattern to CB1 receptors in the 
brain and are found in the cerebral cortex, hippocampus, 
cerebellum and hypothalamus [192]. These receptors are 
often co-localized with CB1 receptors in the neurons both in 
the peripheral and central nervous systems and can bind se-
lectively to AEA, but not 2-AG, as well as binding to exoge-
nous cannabinoids like cannabidiol [193, 194]. These recep-
tors have been implicated in the regulation of behavioral and 
emotional responses in models of depression, anxiety and 
stress, as well as in the regulation of cognitive processes for 
learning and memory, and may also be involved in the regu-
lation of glutamate-induced excitotoxic damage to neurons 
and glial cells, although their dependence on eCB activation 
has not been firmly established [195]. eCB-induced reduc-
tion of pain sensitivity is thought to depend at least in part on 
activation and subsequent desensitization of TRPV1 recep-
tors at nociceptive neurons [196]. Moreover, there is evi-
dence for eCB-mediated regulation of other relevant ionic 
channels in neurons and other cell types, including calcium, 
potassium and sodium channels, further demonstrating the 
relevance of eCB functions in the regulation of neuronal 
depolarization and neurotransmission [197-199]. 

 Finally, previous studies have demonstrated that AEA 
and 2-AG can bind to and activate PPARs, including 
PPARα, PPARβ/δ and PPARγ, which are considered meta-
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bolic sensors involved in the regulation of systemic homeo-
stasis [200]. These receptors can be activated by eCBs and 
byproducts of eCB metabolism and are suggested to promote 
neuroprotective effects against exitotoxicity in vitro [201, 
202], and may have relevance in the inhibition of inflamma-
tory pain in vivo [203, 204]. Activation of PPARs appears to 
regulate eCB function by altering the expression of relevant 
enzymes, like FAAH, or CB receptors in different cell types 
[77]. Supporting this notion, previous studies have shown 
that activation of PPARγ has a beneficial effect in experi-
mental models of Alzheimer’s disease and decreases expres-
sion of genes involved in the inflammatory response [205]. 
Suppression of the neuroinflammatory response has been 
linked to 2-AG signaling via CB1- and CB2-independent 
mechanisms, raising the possibility that PPARs may be in-
volved in neuroprotection under these circumstances [206]. 

CONCLUDING REMARKS 

 As evidenced in this review, eCBs are highly relevant 
potential targets for therapeutic intervention in a multitude of 
neurological conditions due to their role in the modulation of 
excitotoxicity, neuroinflammation and neuronal and glial 
homeostasis, either by using natural compounds or synthetic 
agonists/antagonists for eCB receptors, which have been 
assayed for the treatment of neuroinflammatory and neu-
rodegenerative conditions, along with psychiatric conditions 
[207]. Nevertheless, as the eCB system participates in the 
modulation of a great variety of physiological functions, 
either directly through CB receptors or indirectly through a 
multitude of additional mechanisms, its manipulation must 
be performed with caution to avoid unwanted effects. Case 
in point, use of CB1 receptor antagonists for the treatment of 
obesity and cardiovascular disease, on the basis of the effects 
of eCBs on the regulation of energy metabolism and in-
flammation, showed promising results, until they had to be 
withdrawn from use due to unexpected side effects including 
development of mood alterations, depression and suicidal 
behavior in patients [35]; therefore, therapeutic manipulation 
of the eCB system must be carried out with caution, to 
minimize risks and maximize its potential benefits for human 
health. 
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