
Endocannabinoid System in Neurodegenerative Diseases | Encyclopedia.pub

https://encyclopedia.pub/entry/31851 1/16

Endocannabinoid System in
Neurodegenerative Diseases
Subjects: Neurosciences

Contributor: Ana Tadijan , Ignacija Vlašić , Josipa Vlainić , Domagoj Đikić , Nada Oršolić , Maja Jazvinšćak

Jembrek

The altered expression of endocannabinoids and cannabinoid receptors has been observed in neurodegenerative

conditions. Accordingly, it has been assumed that endocannabinoid-degradative enzymes, CB1 and CB2

receptors, and the modulation of the activity of endogenous cannabinoids represent valuable therapeutic targets in

neurodegenerative diseases, as well as in other diseases such as epilepsy, stroke, inflammation, multiple sclerosis,

traumatic brain injuries and psychiatric illnesses.
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1. Introduction

Cannabis is one of the first plants that was cultivated for human use. The earliest writings about the medical uses

of Cannabis can be found in Chinese pharmacopoeias as early as second century BCE . In 1980,

epidemiological studies described the potential anticonvulsant effects of marijuana extracts. Since then, a great

amount of research has been conducted to better reveal the pharmacological effects of natural and synthetic

cannabinoids. These studies demonstrated that they could exert many beneficial health effects. The

neuroprotective potential of cannabinoids has been investigated in a wide range of brain-related diagnoses. These

include brain tumors, neurodegeneration-related diseases, multiple sclerosis, neuropathic pain, and some specific

forms of childhood seizures . The therapeutic potential of cannabinoids is also being considered for various

psychiatric diseases such as schizophrenia, anxiety, autism, addiction, and depression .

The Endocannabinoid System

The lipid endocannabinoid system (ECS) consists of G protein-coupled cannabinoid receptors (GPCRs) CB1 and

CB2, endogenous cannabinoids (endocannabinoids), and enzymes involved in their synthesis and metabolism 

. Both types of cannabinoid receptors inhibit adenylyl cyclase and protein kinase A (PKA) and modulate the

activation of mitogen-activated protein kinases (MAPKs) (including extracellular signal-regulated kinases (ERKs),

c-Jun N-terminal kinases (JNKs), and p38 kinases) via G  signaling . It is considered that CB1 and CB2

receptors regulate various aspects of neuronal physiology, acting independently and/or cooperatively .

Besides CB1 and CB2 receptors, additional receptors are involved in the biological effects of cannabinoids with

signaling distinct from the CB1 and CB2 receptors, including the nuclear peroxisome proliferator-activated
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receptors (PPARs), transient receptor potential vanilloid type 1 (TRPV1) channel, G protein-coupled receptor 55

(GPR55) and G protein-coupled receptor 119 (GPR119), metabotropic glutamate receptors, µ- and δ-opioid

receptors, and serotonin 1A receptor (5HT1A) .

The best-characterized endocannabinoids that act via the CB1 and CB2 receptors are eicosanoids N-arachidonoyl

ethanolamide (anandamide) and 2-arachidonoyl glycerol (2-AG). These small lipid transmitters are synthesized on

demand from the membrane phospholipids that contain arachidonic acid. They are produced by specific lipases as

a response to increased intracellular Ca  levels, and it is generally considered that they are immediately released,

without storage in the vesicles . Both display a higher relative intrinsic affinity for CB1 receptors than for

CB2 receptors. 2-AG is a full agonist, whereas anandamide behaves as a partial agonist of the two cannabinoid

receptors .

The inactivation of cannabinoids includes cellular uptake and hydrolysis. Anandamide is degraded by fatty acid

amide hydrolase (FAAH) to arachidonic acid and glycerol. Some other enzymes, such as cyclooxygenase-2

(COX2) and lipoxygenases, that are upregulated during neuroinflammation are also able to metabolize

anandamide, some of them providing derivatives that may promote endocannabinoid-like effects . The COX-2

metabolism of anandamide generates anandamide-derived prostaglandins (prostaglandin-ethanolamides or PGs-

EA) that are relatively poor activators of CB1 and CB2 receptors. 12- or 15-lipoxygenases convert anandamide into

12(S)-hydroxyeicosatetraenoic acid-ethanolamine (HETE)-EA and 15(S)-HETE-EA that target CB1 receptors 

. Several cytochrome P450 isoforms also metabolize anandamide to hydroxylated and epoxygenated

metabolites. The oxidation of anandamide by human cytochrome P450 enzymes yields metabolites such as 20-

hydroxyeicosatetraenoic acid ethanolamide and the 5,6-, 8,9-, 11,12-, and 14,15-epoxyeicosatrienoic acid

ethanolamides. Pharmacological studies have shown that 20-hydroxyeicosatetraenoic acid ethanolamide (20-

HETE-EA) and 14,15-epoxyeicosatetraenoic acid ethanolamide (14,15-EET-EA) bind to rat CB1 receptors ,

whereas the 5,6-epoxide of anandamide, 5,6-epoxyeicosatrienoic acid ethanolamide (5,6-EET-EA), is a potent and

selective agonist of CB2 receptors . Diacylglycerol (DAG), the product of phospholipase C (PLC), is the main

precursor for 2-AG synthesis. DAG lipase (DAGL) catalyzes the hydrolysis of DAG and forms 2-AG, which is

further converted into arachidonic acid and glycerol, mostly by the activity of the serine hydrolase monoacylglycerol

lipase (MAGL). 2-AG may also be a substrate for COX and lipoxygenases.

In the central nervous system (CNS), endocannabinoids can be produced and degraded by both neurons and glia

. It has been shown that reactive microglia secrete hydrophobic anandamide in the form of

extracellular vesicles, i.e., microvesicles, through the outward blebbing of the microglial plasma membrane or as

exosomes formed in the endosomal system. In microvesicles, anandamide is carried on their surface and is able to

stimulate CB1 receptors in target neurons . On the other hand, adiposomes, the lipid droplets, represent an

intracellular reservoir for the accumulation of taken up anandamide. These lipid droplets are spatially associated

with anandamide hydrolase, and adiposome size correlates with the intensity of anandamide catabolism. Although

these findings may challenge the dogma that anandamide is produced on demand, the biological context of

anandamide storage needs to be addressed in further studies .
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CB1 receptors are the main targets of endocannabinoids and are the most abundant GPCRs in the brain. They are

primarily located at presynaptic terminals. The net result of endogenous cannabinoid signaling after the activation

of presynaptic CB1 receptors is the inhibition of excitatory and inhibitory neurotransmission through the inhibition of

neurotransmitter release (GABA, glutamate, dopamine, norepinephrine, serotonin, and acetylcholine) . CB1

receptors located at post-synaptic sites regulate the activity of specific ion channels, of which ionotropic glutamate

N-methyl-D-aspartate (NMDA) receptors have received particular attention in the context of cannabinoid-mediated

and antioxidative-based neuroprotection .

CB1 receptors are abundantly expressed in most brain areas, including the prefrontal cortex, cingulate gyrus, CA3

region and dentate gyrus in the hippocampus, basal ganglia, hypothalamus, amygdala, and cerebellum, implying

the important role of the ECS in cognition, motoric functions, and emotions . CB1 receptors and

endocannabinoids are also involved in the regulation of adult hippocampal neurogenesis and may facilitate the

induction of long-term potentiation in the hippocampus . Both in culture and in vivo, it was shown that

anandamide may inhibit neuronal differentiation (from cortical neuron progenitors to mature neurons) via CB1

receptors, though without affecting neuronal viability . The ERK-mediated phosphorylation of the transcription

factor Elk is critical for the transcriptional regulation of neuronal differentiation. Anandamide attenuates the nerve

growth factor (NGF)-mediated activation of the Rap1/B-Raf pathway, thereby suppressing the activation of ERK

and the further phosphorylation of Elk, ultimately interfering with the differentiation program . In addition to

neuronal cells, the expression of CB1 receptors has been confirmed in astrocytes, oligodendrocytes, and

endothelial vascular cells of the blood–brain barrier . Outside the CNS, CB1 receptors are expressed in

the peripheral and enteric nervous system . In addition to orthosteric sites, there are one or more

allosteric sites at the CB1 receptors. Ligands of these allosteric sites may modulate the activation induced by direct

cannabinoid agonists and modify their effects .

CB2 receptors are mainly involved in immune functions and are predominantly expressed by immune cells. In

physiological conditions, their expression in the brain is very low (they are detectable in brainstem neurons and the

spinal cord). However, they are highly upregulated during the neuroinflammatory response that accompanies

neurodegenerative diseases due to the activation and proliferation of microglial cells . For example, in

malonate-induced toxicity in rats, a marked increase in CB2 receptors in astrocytes and microglia was observed,

probably as a mechanism of protection for reducing neuronal damage . Similar to CB1 receptors, CB2 receptor

signaling inhibits adenylyl cyclase and reduces cAMP levels and PKA activity. It has also been observed in some

studies that Gα , likely via the Gβγ subunit, may stimulate cAMP synthesis and activate the Akt and ERK

pathways, presumably by regulating various adenylyl cyclase isozymes . The activation and increased

expression of CB2 receptors have been shown in various neurodegenerative diseases, and these receptors have

been intensively studied as possible pharmacological targets against neuroinflammation and neuroinflammation-

related neurodegeneration . The observed neuroprotective effects of CB2 receptor agonists and CB2

receptor activation are mainly related to the suppression of microglial activation, the modulation of cytokine

release, and the production of reactive oxygen species (ROS) . Inflammatory mediators, such as

nitric oxide (NO), ROS, proinflammatory cytokines and chemokines, are important contributing factors in microglia-

mediated neuronal death due to the induction of nitrosative and oxidative stress . The stimulation of CB2
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receptors suppresses microglial activation via different signaling pathways, such as the Janus kinase (JAK)/signal

transducer and activator of transcription 1 (STAT1) pathway  and the protein kinase C (PKC) pathway .

Moreover, 2-AG and anandamide signaling may polarize microglia towards the M2 (reparative) phenotype .

2. Endocannabinoid System in Neurodegenerative Diseases

The altered expression of endocannabinoids and cannabinoid receptors has been observed in neurodegenerative

conditions (Table 1). Accordingly, it has been assumed that endocannabinoid-degradative enzymes, CB1 and CB2

receptors, and the modulation of the activity of endogenous cannabinoids represent valuable therapeutic targets in

neurodegenerative diseases, as well as in other diseases such as epilepsy, stroke, inflammation, multiple sclerosis,

traumatic brain injuries and psychiatric illnesses .

In Huntington’s disease (HD), a reduced density of CB1 receptors has been found before the onset of the first

symptoms in disease mutation carriers and in symptomatic HD patients, whereby the number of CAG repeats in

the HTT gene was negatively correlated with the CB1 receptor density in the prefrontal and premotor cortices 

. In the R6/2 mouse, a well-established model of HD, the re-expression of the CB1 receptors by adeno-

associated viral vector normalized otherwise reduced levels of brain-derived neurotrophic factor (BDNF) in the

dorsolateral striatum and rescued striatal atrophy . However, Sativex, a botanical extract with equimolar

amounts of Δ -tetrahydrocannabinol (THC) and cannabidiol (CBD) (the two major active ingredients of marijuana)

did not improve motor, cognitive and behavioral deficits or induce molecular changes in HD patients . On the

other hand, agonists of CB2 receptors, but not agonists of CB1 receptors, were found to protect striatal projection

neurons from death in a rat model of HD induced by the intrastriatal injection of malonate, an inhibitor of the

mitochondrial complex II that induces apoptosis and microglial activation. The increased expression of CB2

receptors in astrocytes and reactive microglia was observed during the progression of striatal degeneration, and

CB2 receptor agonists reduced the production of tumor necrosis factor alpha (TNF-α) and gliosis but did not affect

the mechanisms of antioxidative defense such as the expression of superoxide dismutase (SOD)-1 and SOD-2,

altogether suggesting that targeting CB2 receptors is a promising approach against neuronal injury in diseases that

are accompanied by the upregulation of CB2 receptors in glial cells . On the other hand, in one study, THC

exacerbated neurodegenerative changes induced by the intrastriatal administration of malonate. Surprisingly, an

even more pronounced effect on malonate-induced striatal lesions was observed for SR141716, a selective CB1

antagonist, suggesting that the activation of CB1 receptors produces neuroprotective effects . Importantly, in a

cellular model of HD, biased signaling properties have been observed. Endocannabinoids 2-AG and anandamide

displayed preference to Gα -dependent ERK phosphorylation that normalized the levels of CB1 receptors and

improved the viability of HD cells, whereas THC preferentially activated β-arrestin 1 recruitment, further depleting

the levels of CB1 receptors and cell survival. This study suggests that the enhancement of Gαi/o-biased

endocannabinoid signaling is a reliable pharmacological approach in HD that should be exploited to limit the

adverse on-target effects of potent synthetic cannabinoids . Functional selectivity at the CB2 receptors was also

demonstrated .

[63] [64]

[29]

[4][65][66][67][68]

[69]

[70][71][72]

[69]

9

[73]

[54]

[74]

i/o

[75]

[76]



Endocannabinoid System in Neurodegenerative Diseases | Encyclopedia.pub

https://encyclopedia.pub/entry/31851 5/16

Regarding AD, the reduced expression of CB1 receptors has been observed in Alzheimer’s disease (AD) brains,

particularly in areas of microglial activation . Alterations of CB1 receptor expression are regionally specific and

dependent on the course of the disease . One study showed that the overall CB1 receptor levels were

unchanged in the hippocampi of AD patients, but the protein levels of the enzymes involved in the synthesis and

degradation of endocannabinoids were altered: sn-1-DAGL α and β isoforms, enzymes synthesizing 2-AG, were

significantly increased in Braak stage VI, serine hydrolase α/β-hydrolase domain-containing 6 expression

disappeared in neurofibrillary tangle-bearing neurons, and MAGL expression was reduced in comparison with

pyramidal cells without signs of neurofibrillary pathology . The activity of FAAH was also reduced in the frontal

cortices of AD patients , together with depleted levels of anandamide and its precursor 1-stearoyl, 2-

docosahexaenoyl-sn-glycero-phosphoethanolamine-N-arachidonoyl in the midfrontal and temporal cortices of AD.

Moreover, the levels of anandamide and its precursor were positively correlated with cognitive deficits and

inversely correlated with Aβ levels . In another study, the expression of CB1 receptors was reduced in post

mortem cortical brain tissue but did not correlate with cognitive status and the molecular markers of the disease.

However, in the same study, an increase in the expression CB2 receptors was positively correlated with the Aβ42

levels and senile plaque score . Moreover, CB2 receptor agonists were efficient in promoting Aβ clearance and

the reversal of cognitive deficits. They also attenuated microglial activation and the production of interleukin (IL)-1β,

and they prevented the upregulation of CB2 receptors . Interestingly, in an animal model of AD with CB1

receptor deficiency (obtained by breeding amyloid precursor protein (APP) Swedish mutant mice (APP23) with

CB1-deficient mice), more pronounced learning impairments and memory deficits were observed together with the

reduced plaque deposition . AD pathology was also shown to be accompanied by increased levels of 2-AG in

the plasma of AD patients  and the hippocampi of rodents administered with the Aβ42 peptide . As VDM-11,

an inhibitor of endocannabinoid cellular uptake, reverses hippocampal damage and cognitive deficits when

concomitantly applied with Aβ42 at the early stages of Aβ42 treatment, it seems that an early increase in

endocannabinoids serves a protective role against Aβ toxicity . Increases in 2-AG may also affect the immune

response and pathological hallmarks of AD. It has been shown that MAGL inhibitors (which increase 2-AG levels)

reduce the proinflammatory response of microglia and astrocytes, the expression and activity of β-secretase-1

(BACE1), and the Aβ burden in the hippocampus and the temporal and parietal cortices, as well as improve

cognitive impairments, in animal models of AD . Cannabinoid-profiled compounds (endocannabinoids, FAAH

inhibitors, and synthetic cannabinoids) have also demonstrated neuroprotective effects in combined high glucose

and Aβ conditions . They improved the viability of primary hippocampal neurons; reduced the aggregation of Aβ,

ROS formation and nitrosative stress; modified the enzymatic activity of SOD, catalase and antioxidant enzymes

involved in glutathione homeostasis; reduced the formation of end products of lipid peroxidation and the levels of

inflammatory markers (iNOS, IL-1β, and TNF-α); prevented decreases in mitochondrial membrane potential; and

stimulated Nrf2 and CREB phosphorylation. At least partially, the protective effects of anandamide and synthetic

cannabinoid WIN 55,212-2 were achieved via its direct scavenging ability .

Elevated levels of anandamide and CB1 receptors were found in the basal ganglia and cerebrospinal fluid of

patients with Parkinson’s disease (PD), probably as a compensatory mechanism to counteract dopamine depletion.

Of note, anandamide levels were restored in patients under chronic dopaminergic therapy , although clinical
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results with CB1/CB2 receptor agonists failed to show encouraging results regarding motor disabilities . However,

cannabis smoking improved motor symptoms in one study, suggesting that several marijuana components with

synergistic activity could be a better approach than treatment with individual cannabinoids in alleviating the motor

symptoms of PD patients . The activation of CB2 receptors also demonstrated great potential in PD by

attenuating the inflammatory response . In a 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP)-induced

model of PD, the activation of CB2 receptors prevented the degeneration of dopaminergic neurons in substantia

nigra by reducing the damage of the blood–brain barrier, the infiltration of peripheral immune cells, and the

expression of iNOS and pro-inflammatory cytokines after microglial activation .

In a transgenic G93A-SOD1 mice model of amyotrophic lateral sclerosis (ALS), increased levels of anandamide

and 2-AG were found in the spinal cord, probably as a mechanism of endogenous defense as changes were

observed before overt motor deficits . In the human spinal cords of ALS patients, the upregulation of CB2

immunostaining was also observed post mortem, probably reflecting the activation of microglial cells .

Table 1. Endocannabinoid system (ECS) in neurodegenerative diseases.
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Disease ECS Observed Change Model Reference

HD Receptors

↓ CB1R R6/2 mouse

↓ CB1R
pre-HD mutation carriers and
symptomatic HD patients

↓ CB1R basal ganglia of patients

↓ CB1R grey matter of patients

↑ CB2R in astrocytes and
reactive microglia

malonate-induced rat model

AD

EC

↓ anandamide and its precursor
midfrontal and temporal cortices of
patients

↑ 2-AG plasma of patients

↑ 2-AG hippocampi of rat model

Receptors

↓ CB1R brains of AD patients

alterations of CB1R expression mouse model of AD

unchanged levels of CB1R hippocampi of patients

↓ CB1R post mortem cortical brain

CB1R deficiency rat model of AD
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↓ decreased level, expression or activity; ↑, increased level, expression or activity; ABHD6, α/β-hydrolase domain-

containing 6; AD, Alzheimer’s disease; ALS, amyotrophic lateral sclerosis; 2-AG, 2-arachidonoylglycerol; CB1R,

cannabinoid receptor type 1; CBR2, cannabinoid receptor type 2; DAGL, DAG lipase; EC, endocannabinoids; ECS,

endocannabinoid system; FAAH, fatty acid amide hydrolase; HD, Huntington’s disease; MAGL, monoacylglycerol

lipase; PD, Parkinson’s disease.

The involvement of the ECS has also been recognized in epilepsy, as changes in the expression of CB1 receptors

and endocannabinoids have been detected in some patients. For example, depleted levels of anandamide, but not

2-AG, were found in the cerebrospinal fluid of untreated patients with temporal lobe epilepsy , whereas

increased CB1 receptor signaling efficacy (despite the low mRNA and protein expression), increased levels of

anandamide, and low 2-AG levels were noticed in the hippocampi of patients with pharmacoresistant temporal lobe

epilepsy . Yet another study revealed the downregulation of the CB1 receptor mRNA, the decreased expression

of DAGL-α, and the reduced fraction of CB1-positive glutamatergic nerve endings . Several lines of evidence

indicate the anticonvulsive potential of cannabinoids , although caution is required as the acute

administration of the synthetic cannabinoid AM2201 induced epileptic seizures in freely moving mice. Seizures

were mediated by CB1 receptors and related to the rapid elevation of hippocampal glutamate release .

Similarly, brain damage after cerebral ischemia was found to be more prominent in CB1 receptor knockout mice,

suggesting the neuroprotective role of CB1 receptors , although the neuroprotective effects of CB1 receptor

antagonist were also observed. In ischemic rats, the administration of CB1 receptor antagonist AM251 reduced

CA1 injury and behavioral deficits . CB1 and CB2 receptor antagonists were also able to prevent minocycline-

mediated neuroprotective effects in traumatic brain injury, implying the complex regulatory effects of cannabinoids

in neuroprotection .

References

1. Friedman, D.; Sirven, J.I. Historical perspective on the medical use of cannabis for epilepsy:
Ancient times to the 1980s. Epilepsy Behav. 2017, 70 Pt B, 298–301.

2. Landucci, E.; Mazzantini, C.; Lana, D.; Davolio, P.L.; Giovannini, M.G.; Pellegrini-Giampietro, D.E.
Neuroprotective Effects of Cannabidiol but Not Δ9-Tetrahydrocannabinol in Rat Hippocampal
Slices Exposed to Oxygen-Glucose Deprivation: Studies with Cannabis Extracts and Selected
Cannabinoids. Int. J. Mol. Sci. 2021, 22, 9773.

3. Giuliano, C.; Francavilla, M.; Ongari, G.; Petese, A.; Ghezzi, C.; Rossini, N.; Blandini, F.; Cerri, S.
Neuroprotective and Symptomatic Effects of Cannabidiol in an Animal Model of Parkinson’s
Disease. Int. J. Mol. Sci. 2021, 22, 8920.

Disease ECS Observed Change Model Reference

EC
enzymes

↑ sn-1-DAGL α and β isoforms,
no
expression of ABHD6, ↓ MAGL

hippocampi of patients

↓ FAAH frontal cortices of patients

PD
EC ↑ anandamide cerebrospinal fluid of patients

Receptors ↑ CB1R basal ganglia of patients

ALS
EC ↑ anandamide and 2-AG spinal cords of SOD1 G93A mice

Receptors ↑ CB2R human spinal cord

[79]

[80]

[91]

[90]

[94]

[95]

[96]

[97]

[98]

[1][4][99]

[100]

[66]

[101]

[9][102]



Endocannabinoid System in Neurodegenerative Diseases | Encyclopedia.pub

https://encyclopedia.pub/entry/31851 8/16

4. Maroon, J.; Bost, J. Review of the neurological benefits of phytocannabinoids. Surg. Neurol. Int.
2018, 9, 91.

5. Brigida, A.L.; Schultz, S.; Cascone, M.; Antonucci, N.; Siniscalco, D. Endocannabinoid Signal
Dysregulation in Autism Spectrum Disorders: A Correlation Link between Inflammatory State and
Neuro-Immune Alterations. Int. J. Mol. Sci. 2017, 18, 1425.

6. Morris, G.; Walder, K.; Kloiber, S.; Amminger, P.; Berk, M.; Bortolasci, C.C.; Maes, M.; Puri, B.K.;
Carvalho, A.F. The endocannabinoidome in neuropsychiatry: Opportunities and potential risks.
Pharmacol. Res. 2021, 170, 105729.

7. Zou, S.; Kumar, U. Cannabinoid Receptors and the Endocannabinoid System: Signaling and
Function in the Central Nervous System. Int. J. Mol. Sci. 2018, 19, 833.

8. Paloczi, J.; Varga, Z.V.; Hasko, G.; Pacher, P. Neuroprotection in Oxidative Stress-Related
Neurodegenerative Diseases: Role of Endocannabinoid System Modulation. Antioxid. Redox
Signal. 2018, 29, 75–108.

9. Haspula, D.; Clark, M.A. Cannabinoid Receptors: An Update on Cell Signaling,
Pathophysiological Roles and Therapeutic Opportunities in Neurological, Cardiovascular, and
Inflammatory Diseases. Int. J. Mol. Sci. 2020, 21, 7693.

10. Pertwee, R.G.; Howlett, A.C.; Abood, M.E.; Alexander, S.P.H.; Di Marzo, V.; Elphick, M.R.;
Greasley, P.J.; Hansen, H.S.; Kunos, G.; Mackie, K.; et al. International Union of Basic and
Clinical Pharmacology. LXXIX. Cannabinoid receptors and their ligands: Beyond CB1 and CB2.
Pharmacol. Rev. 2010, 62, 588–631.

11. Sánchez-Blázquez, P.; Rodríguez-Muñoz, M.; Garzón, J. The cannabinoid receptor 1 associates
with NMDA receptors to produce glutamatergic hypofunction: Implications in psychosis and
schizophrenia. Front. Pharmacol. 2013, 4, 169.

12. Rios, C.; Gomes, I.; Devi, L.A. μ opioid and CB1 cannabinoid receptor interactions: Reciprocal
inhibition of receptor signaling and neuritogenesis. Br. J. Pharmacol. 2006, 148, 387–395.

13. Sun, Y.; Alexander, S.P.; Garle, M.J.; Gibson, C.L.; Hewitt, K.; Murphy, S.P.; Kendall, D.A.;
Bennett, A.J. Cannabinoid activation of PPAR alpha; a novel neuroprotective mechanism. Br. J.
Pharmacol. 2007, 152, 734–743.

14. Palazzos, E.; de Novellis, V.; Marabese, I.; Rossi, F.; Maione, S. Metabotropic glutamate and
cannabinoid receptor crosstalk in periaqueductal grey pain processing. Curr. Neuropharmacol.
2006, 4, 225–231.

15. Lauckner, J.E.; Jensen, J.B.; Chen, H.Y.; Lu, H.C.; Hille, B.; Mackie, K. GPR55 is a cannabinoid
receptor that increases intracellular calcium and inhibits M current. Proc. Natl. Acad. Sci. USA
2008, 105, 2699–2704.



Endocannabinoid System in Neurodegenerative Diseases | Encyclopedia.pub

https://encyclopedia.pub/entry/31851 9/16

16. Sylantyev, S.; Jensen, T.P.; Ross, R.A.; Rusakov, D.A. Cannabinoid- and lysophosphatidylinositol-
sensitive receptor GPR55 boosts neurotransmitter release at central synapses. Proc. Natl. Acad.
Sci. USA 2013, 110, 5193–5198.

17. Soderstrom, K.; Soliman, E.; Van Dross, R. Cannabinoids Modulate Neuronal Activity and Cancer
by CB1 and CB2 Receptor-Independent Mechanisms. Front. Pharmacol. 2017, 8, 720.

18. Muller, C.; Morales, P.; Reggio, P.H. Cannabinoid ligands targeting TRP channels. Front. Mol.
Neurosci. 2019, 11, 487.

19. Vrechi, T.A.; Crunfli, F.; Costa, A.P.; Torrão, A.S. Cannabinoid Receptor Type 1 Agonist ACEA
Protects Neurons from Death and Attenuates Endoplasmic Reticulum Stress-Related Apoptotic
Pathway Signaling. Neurotox. Res. 2018, 33, 846–855.

20. Im, D.-S. GPR119 and GPR55 as Receptors for Fatty Acid Ethanolamides, Oleoylethanolamide
and Palmitoylethanolamide. Int. J. Mol. Sci. 2021, 22, 1034.

21. Felder, C.C.; Briley, E.M.; Axelrod, J.; Simpson, J.T.; Mackie, K.; Devane, W.A. Anandamide, an
endogenous cannabimimetic eicosanoid, binds to the cloned human cannabinoid receptor and
stimulates receptor-mediated signal transduction. Proc. Natl. Acad. Sci. USA 1993, 90, 7656–
7660.

22. Gonsiorek, W.; Lunn, C.; Fan, X.; Narula, S.; Lundell, D.; Hipkin, R.W. Endocannabinoid 2-
arachidonyl glycerol is a full agonist through human type 2 cannabinoid receptor: Antagonism by
anandamide. Mol. Pharmacol. 2000, 57, 1045–1050.

23. Hampson, A.J.; Hill, W.A.; Zan-Phillips, M.; Makriyannis, A.; Leung, E.; Eglen, R.M.; Bornheim,
L.M. Anandamide hydroxylation by brain lipoxygenase: Metabolite structures and potencies at the
cannabinoid receptor. Biochim. Biophys. Acta 1995, 1259, 173–179.

24. Turcotte, C.; Chouinard, F.; Lefebvre, J.S.; Flamand, N. Regulation of inflammation by
cannabinoids, the endocannabinoids 2-arachidonoyl-glycerol and arachidonoyl-ethanolamide, and
their metabolites. J. Leukoc. Biol. 2015, 97, 1049–1070.

25. Cristino, L.; Bisogno, T.; Di Marzo, V. Cannabinoids and the expanded endocannabinoid system in
neurological disorders. Nat. Rev. Neurol. 2020, 16, 9–29.

26. Sridar, C.; Snider, N.T.; Hollenberg, P.F. Anandamide oxidation by wild-type and polymorphically
expressed CYP2B6 and CYP2D6. Drug Metab. Dispos. 2011, 39, 782–788.

27. Snider, N.T.; Nast, J.A.; Tesmer, L.A.; Hollenberg, P.F. A cytochrome P450-derived epoxygenated
metabolite of anandamide is a potent cannabinoid receptor 2-selective agonist. Mol. Pharmacol.
2009, 75, 965–972.

28. Cravatt, B.F.; Demarest, K.; Patricelli, M.P.; Bracey, M.H.; Giang, D.K.; Martin, B.R.; Lichtman,
A.H. Supersensitivity to anandamide and enhanced endogenous cannabinoid signaling in mice



Endocannabinoid System in Neurodegenerative Diseases | Encyclopedia.pub

https://encyclopedia.pub/entry/31851 10/16

lacking fatty acid amide hydrolase. Proc. Natl. Acad. Sci. USA 2001, 98, 9371–9376.

29. Mecha, M.; Feliú, A.; Carrillo-Salinas, F.J.; Rueda-Zubiaurre, A.; Ortega-Gutiérrez, S.; de Sola,
R.G.; Guaza, C. Endocannabinoids drive the acquisition of an alternative phenotype in microglia.
Brain Behav. Immun. 2015, 49, 233–245.

30. Clement, A.B.; Hawkins, E.G.; Lichtman, A.H.; Cravatt, B.F. Increased seizure susceptibility and
proconvulsant activity of anandamide in mice lacking fatty acid amide hydrolase. J. Neurosci.
2003, 23, 3916–3923.

31. Valdeolivas, S.; Pazos, M.R.; Bisogno, T.; Piscitelli, F.; Iannotti, F.A.; Allarà, M.; Sagredo, O.; Di
Marzo, V.; Fernández-Ruiz, J. The inhibition of 2-arachidonoyl-glycerol (2-AG) biosynthesis,
rather than enhancing striatal damage, protects striatal neurons from malonate-induced death: A
potential role of cyclooxygenase-2-dependent metabolism of 2-AG. Cell Death Dis. 2013, 4, e862.

32. Gabrielli, M.; Battista, N.; Riganti, L.; Prada, I.; Antonucci, F.; Cantone, L.; Lombardi, M.; Matteoli,
M.; Maccarrone, M.; Verderio, C. Active endocannabinoids are secreted on the surface of
microglial microvesicles. SpringerPlus 2015, 4 (Suppl. 1), L29.

33. Gabrielli, M.; Battista, N.; Riganti, L.; Prada, I.; Antonucci, F.; Cantone, L.; Matteoli, M.;
Maccarrone, M.; Verderio, C. Active endocannabinoids are secreted on extracellular membrane
vesicles. EMBO Rep. 2015, 16, 213–220.

34. Oddi, S.; Fezza, F.; Pasquariello, N.; De Simone, C.; Rapino, C.; Dainese, E.; Finazzi-Agrò, A.;
Maccarrone, M. Evidence for the intracellular accumulation of anandamide in adiposomes. Cell.
Mol. Life Sci. 2008, 65, 840–850.

35. Maccarrone, M. Metabolism of the Endocannabinoid Anandamide: Open Questions after 25
Years. Front. Mol. Neurosci. 2017, 10, 166.

36. Shen, M.; Piser, T.M.; Seybold, V.S.; Thayer, S.A. Cannabinoid receptor agonists inhibit
glutamatergic synaptic transmission in rat hippocampal cultures. J. Neurosci. 1996, 16, 4322–
4334.

37. Szabo, B.; Schlicker, E. Effects of cannabinoids on neurotransmission. Handb. Exp. Pharmacol.
2005, 168, 327–365.

38. Sánchez-Blázquez, P.; Rodríguez-Muñoz, M.; Vicente-Sánchez, A.; Garzón, J. Cannabinoid
receptors couple to NMDA receptors to reduce the production of NO and the mobilization of zinc
induced by glutamate. Antioxid. Redox Signal. 2013, 19, 1766–1782.

39. Herkenham, M.; Lynn, A.B.; Johnson, M.R.; Melvin, L.S.; de Costa, B.R.; Rice, K.C.
Characterization and localization of cannabinoid receptors in rat brain: A quantitative in vitro
autoradiographic study. J. Neurosci. 1991, 11, 563–583.



Endocannabinoid System in Neurodegenerative Diseases | Encyclopedia.pub

https://encyclopedia.pub/entry/31851 11/16

40. Carriba, P.; Ortiz, O.; Patkar, K.; Justinova, Z.; Stroik, J.; Themann, A.; Müller, C.; Woods, A.S.;
Hope, B.T.; Ciruela, F.; et al. Striatal adenosine A2A and cannabinoid CB1 receptors form
functional heteromeric complexes that mediate the motor effects of cannabinoids.
Neuropsychopharmacology 2007, 32, 2249–2259.

41. Carlson, G.; Wang, Y.; Alger, B.E. Endocannabinoids facilitate the induction of LTP in the
hippocampus. Nat. Neurosci. 2002, 5, 723–724.

42. Jin, K.; Xie, L.; Kim, S.H.; Parmentier-Batteur, S.; Sun, Y.; Mao, X.O.; Childs, J.; Greenberg, D.A.
Defective adult neurogenesis in CB1 cannabinoid receptor knockout mice. Mol. Pharmacol. 2004,
66, 204–208.

43. Wolf, S.A.; Bick-Sander, A.; Fabel, K.; Leal-Galicia, P.; Tauber, S.; Ramirez-Rodriguez, G.; Müller,
A.; Melnik, A.; Waltinger, T.P.; Ullrich, O.; et al. Cannabinoid receptor CB1 mediates baseline and
activity-induced survival of new neurons in adult hippocampal neurogenesis. Cell Commun.
Signal. 2010, 8, 12.

44. Rueda, D.; Navarro, B.; Martinez-Serrano, A.; Guzman, M.; Galve-Roperh, I. The
endocannabinoid anandamide inhibits neuronal progenitor cell differentiation through attenuation
of the Rap1/B-Raf/ERK pathway. J. Biol. Chem. 2002, 277, 46645–46650.

45. Twitchell, W.; Brown, S.; Mackie, K. Cannabinoids inhibit N- and P/Q-type calcium channels in
cultured rat hippocampal neurons. J. Neurophysiol. 1997, 78, 43–50.

46. Liu, J.; Gao, B.; Mirshahi, F.; Sanyal, A.J.; Khanolkar, A.D.; Makriyannis, A.; Kunos, G. Functional
CB1 cannabinoid receptors in human vascular endothelial cells. Biochem. J. 2000, 346 Pt 3, 835–
840.

47. Molina-Holgado, E.; Vela, J.M.; Arévalo-Martín, A.; Almazán, G.; Molina-Holgado, F.; Borrell, J.;
Guaza, C. Cannabinoids promote oligodendrocyte progenitor survival: Involvement of
cannabinoid receptors and phosphatidylinositol-3 kinase/Akt signaling. J. Neurosci. 2002, 22,
9742–9753.

48. Freundt-Revilla, J.; Kegler, K.; Baumgärtner, W.; Tipold, A. Spatial distribution of cannabinoid
receptor type 1 (CB1) in normal canine central and peripheral nervous system. PLoS ONE 2017,
12, e0181064.

49. Croci, T.; Manara, L.; Aureggi, G.; Guagnini, F.; Rinaldi-Carmona, M.; Maffrand, J.-P.; Fur, G.;
Mukenge, S.; Ferla, G. In Vitro functional evidence of neuronal cannabinoid CB 1 receptors in
human ileum. Br. J. Pharmacol. 1998, 125, 1393–1395.

50. Kulkarni-Narla, A.; Brown, D.R. Localization of CB1-cannabinoid receptor immunoreactivity in the
porcine enteric nervous system. Cell Tissue Res. 2000, 302, 73–80.

51. Camilleri, M. Cannabinoids and gastrointestinal motility: Pharmacology, clinical effects, and
potential therapeutics in humans. Neurogastroenterol. Motil. 2018, 30, e13370.



Endocannabinoid System in Neurodegenerative Diseases | Encyclopedia.pub

https://encyclopedia.pub/entry/31851 12/16

52. Maresz, K.; Carrier, E.J.; Ponomarev, E.D.; Hillard, C.J.; Dittel, B.N. Modulation of the
cannabinoid CB2 receptor in microglial cells in response to inflammatory stimuli. J. Neurochem.
2005, 95, 437–445.

53. Komorowska-Müller, J.A.; Schmöle, A.-C. CB2 Receptor in Microglia: The Guardian of Self-
Control. Int. J. Mol. Sci. 2021, 22, 19.

54. Sagredo, O.; González, S.; Aroyo, I.; Pazos, M.R.; Benito, C.; Lastres-Becker, I.; Romero, J.P.;
Tolón, R.M.; Mechoulam, R.; Brouillet, E.; et al. Cannabinoid CB2 receptor agonists protect the
striatum against malonate toxicity: Relevance for Huntington’s disease. Glia 2009, 57, 1154–
1167.

55. Rivas-Santisteban, R.; Lillo, A.; Lillo, J.; Rebassa, J.B.; Contestí, J.S.; Saura, C.A.; Franco, R.;
Navarro, G. N-Methyl-D-aspartate (NMDA) and cannabinoid CB2 receptors form functional
complexes in cells of the central nervous system: Insights into the therapeutic potential of
neuronal and microglial NMDA receptors. Alzheimers Res. Ther. 2021, 13, 184.

56. Rhee, M.H.; Bayewitch, M.; Avidor-Reiss, T.; Levy, R.; Vogel, Z. Cannabinoid receptor activation
differentially regulates the various adenylyl cyclase isozymes. J. Neurochem. 1998, 71, 1525–
1534.

57. Zhou, J.; Noori, H.; Burkovskiy, I.; Lafreniere, J.D.; Kelly, M.E.M.; Lehmann, C. Modulation of the
Endocannabinoid System Following Central Nervous System Injury. Int. J. Mol. Sci. 2019, 20,
388.

58. Kibret, B.G.; Ishiguro, H.; Horiuchi, Y.; Onaivi, E.S. New Insights and Potential Therapeutic
Targeting of CB2 Cannabinoid Receptors in CNS Disorders. Int. J. Mol. Sci. 2022, 23, 975.

59. Cassano, T.; Calcagnini, S.; Pace, L.; De Marco, F.; Romano, A.; Gaetani, S. Cannabinoid
Receptor 2 Signaling in Neurodegenerative Disorders: From Pathogenesis to a Promising
Therapeutic Target. Front. Neurosci. 2017, 11, 30.

60. Van Sickle, M.D.; Duncan, M.; Kingsley, P.J.; Mouihate, A.; Urbani, P.; Mackie, K.; Stella, N.;
Makriyannis, A.; Piomelli, D.; Davison, J.S.; et al. Identification and functional characterization of
brainstem cannabinoid CB2 receptors. Science 2005, 310, 329–332.

61. Zhang, J.; Hoffert, C.; Vu, H.K.; Groblewski, T.; Ahmad, S.; O’Donnell, D. Induction of CB2
receptor expression in the rat spinal cord of neuropathic but not inflammatory chronic pain
models. Eur. J. Neurosci. 2003, 17, 2750–2754.

62. Yuste, J.E.; Tarragon, E.; Campuzano, C.M.; Ros-Bernal, F. Implications of glial nitric oxide in
neurodegenerative diseases. Front. Cell. Neurosci. 2015, 9, 322.

63. Ehrhart, J.; Obregon, D.; Mori, T.; Hou, H.; Sun, N.; Bai, Y.; Klein, T.; Fernandez, F.; Tan, J.;
Shytle, R.D. Stimulation of cannabinoid receptor 2 (CB2) suppresses microglial activation. J.
Neuroinflammation 2005, 2, 29.



Endocannabinoid System in Neurodegenerative Diseases | Encyclopedia.pub

https://encyclopedia.pub/entry/31851 13/16

64. Ma, L.; Jia, J.; Liu, X.; Bai, F.; Wang, Q.; Xiong, L. Activation of murine microglial N9 cells is
attenuated through cannabinoid receptor CB2 signaling. Biochem. Biophys. Res. Commun. 2015,
458, 92–97.

65. Panikashvili, D.; Shein, N.A.; Mechoulam, R.; Trembovler, V.; Kohen, R.; Alexandrovich, A.;
Shohami, E. The endocannabinoid 2-AG protects the blood-brain barrier after closed head injury
and inhibits mRNA expression of proinflammatory cytokines. Neurobiol. Dis. 2006, 22, 257–264.

66. Yu, S.J.; Reiner, D.; Shen, H.; Wu, K.J.; Liu, Q.R.; Wang, Y. Time-dependent protection of CB2
receptor agonist in stroke. PLoS ONE 2015, 10, e0132487.

67. Vasincu, A.; Rusu, R.-N.; Ababei, D.-C.; Larion, M.; Bild, W.; Stanciu, G.D.; Solcan, C.; Bild, V.
Endocannabinoid Modulation in Neurodegenerative Diseases: In Pursuit of Certainty. Biology
2022, 11, 440.

68. Armeli, F.; Bonucci, A.; Maggi, E.; Pinto, A.; Businaro, R. Mediterranean Diet and
Neurodegenerative Diseases: The Neglected Role of Nutrition in the Modulation of the
Endocannabinoid System. Biomolecules 2021, 11, 790.

69. Blázquez, C.; Chiarlone, A.; Bellocchio, L.; Resel, E.; Pruunsild, P.; García-Rincón, D.; Sendtner,
M.; Timmusk, T.; Lutz, B.; Galve-Roperh, I.; et al. The CB1 cannabinoid receptor signals striatal
neuroprotection via a PI3K/Akt/mTORC1/BDNF pathway. Cell Death Differ. 2015, 22, 1618–1629.

70. Ceccarini, J.; Ahmad, R.; Van De Vliet, L.; Casteels, C.; Vandenbulcke, M.; Vandenberghe, W.;
Van Laere, K. Behavioral symptoms in premanifest Huntington disease correlate with reduced
frontal CB 1 R levels. J. Nucl. Med. 2019, 60, 115–121.

71. Glass, M.; Dragunow, M.; Faull, R.L. The pattern of neurodegeneration in Huntington’s disease: A
comparative study of cannabinoid, dopamine, adenosine and GABA(A) receptor alterations in the
human basal ganglia in Huntington’s disease. Neuroscience 2000, 97, 505–519.

72. Van Laere, K.; Casteels, C.; Dhollander, I.; Goffin, K.; Grachev, I.; Bormans, G.; Vandenberghe,
W. Widespread decrease of type 1 cannabinoid receptor availability in Huntington disease in vivo.
J. Nucl. Med. 2010, 51, 1413–1417.

73. López-Sendón Moreno, J.L.; García Caldentey, J.; Trigo Cubillo, P.; Ruiz Romero, C.; García
Ribas, G.; Alonso Arias, M.A.A.; García de Yébenes, M.J.; Tolón, R.M.; Galve-Roperh, I.;
Sagredo, O.; et al. A double-blind, randomized, cross-over, placebo-controlled, pilot trial with
Sativex in Huntington’s disease. J. Neurol. 2016, 263, 1390–1400.

74. Lastres-Becker, I.; Bizat, N.; Boyer, F.; Hantraye, P.; Brouillet, E.; Fernández-Ruiz, J. Effects of
cannabinoids in the rat model of Huntington’s disease generated by an intrastriatal injection of
malonate. Neuroreport 2003, 14, 813–816.

75. Laprairie, R.B.; Bagher, A.M.; Kelly, M.E.M.; Denovan-Wright, E.M. Biased Type 1 Cannabinoid
Receptor Signaling Influences Neuronal Viability in a Cell Culture Model of Huntington Disease.



Endocannabinoid System in Neurodegenerative Diseases | Encyclopedia.pub

https://encyclopedia.pub/entry/31851 14/16

Mol. Pharmacol. 2016, 89, 364–375.

76. Dhopeshwarkar, A.; Mackie, K. Functional Selectivity of CB2 Cannabinoid Receptor Ligands at a
Canonical and Noncanonical Pathway. J. Pharm. Exp. Ther. 2016, 358, 342–351.

77. Ramírez, B.G.; Blázquez, C.; Gómez del Pulgar, T.; Guzmán, M.; de Ceballos, M.L. Prevention of
Alzheimer’s disease pathology by cannabinoids: Neuroprotection mediated by blockade of
microglial activation. J. Neurosci. 2005, 25, 1904–1913.

78. Bedse, G.; Romano, A.; Cianci, S.; Lavecchia, A.M.; Lorenzo, P.; Elphick, M.R.; Laferla, F.M.;
Vendemiale, G.; Grillo, C.; Altieri, F.; et al. Altered expression of the CB1 cannabinoid receptor in
the triple transgenic mouse model of Alzheimer’s disease. J. Alzheimers Dis. 2014, 40, 701–712.

79. Mulder, J.; Zilberter, M.; Pasquaré, S.J.; Alpár, A.; Schulte, G.; Ferreira, S.G.; Köfalvi, A.; Martín-
Moreno, A.M.; Keimpema, E.; Tanila, H.; et al. Molecular reorganization of endocannabinoid
signalling in Alzheimer’s disease. Brain 2011, 134 Pt 4, 1041–1060.

80. Pascual, A.C.; Martín-Moreno, A.M.; Giusto, N.M.; de Ceballos, M.L.; Pasquaré, S.J. Normal
aging in rats and pathological aging in human Alzheimer’s disease decrease FAAH activity:
Modulation by cannabinoid agonists. Exp. Gerontol. 2014, 60, 92–99.

81. Jung, K.M.; Astarita, G.; Yasar, S.; Vasilevko, V.; Cribbs, D.H.; Head, E.; Cotman, C.W.; Piomelli,
D. An amyloid β42-dependent deficit in anandamide mobilization is associated with cognitive
dysfunction in Alzheimer’s disease. Neurobiol. Aging 2012, 33, 1522–1532.

82. Solas, M.; Francis, P.T.; Franco, R.; Ramirez, M.J. CB2 receptor and amyloid pathology in frontal
cortex of Alzheimer’s disease patients. Neurobiol. Aging 2013, 34, 805–808.

83. Wu, J.; Bie, B.; Yang, H.; Xu, J.J.; Brown, D.L.; Naguib, M. Activation of the CB2 receptor system
reverses amyloid-induced memory deficiency. Neurobiol. Aging 2013, 34, 791–804.

84. Stumm, C.; Hiebel, C.; Hanstein, R.; Purrio, M.; Nagel, H.; Conrad, A.; Lutz, B.; Behl, C.; Clement,
A.B. Cannabinoid receptor 1 deficiency in a mouse model of Alzheimer’s disease leads to
enhanced cognitive impairment despite of a reduction in amyloid deposition. Neurobiol. Aging
2013, 34, 2574–2584.

85. Altamura, C.; Ventriglia, M.; Martini, M.G.; Montesano, D.; Errante, Y.; Piscitelli, F.; Scrascia, F.;
Quattrocchi, C.; Palazzo, P.; Seccia, S.; et al. Elevation of Plasma 2-Arachidonoylglycerol Levels
in Alzheimer’s Disease Patients as a Potential Protective Mechanism against Neurodegenerative
Decline. J. Alzheimers Dis. 2015, 46, 497–506.

86. Van der Stelt, M.; Mazzola, C.; Esposito, G.; Matias, I.; Petrosino, S.; De Filippis, D.; Micale, V.;
Steardo, L.; Drago, F.; Iuvone, T.; et al. Endocannabinoids and beta-amyloid-induced neurotoxicity
in vivo: Effect of pharmacological elevation of endocannabinoid levels. Cell. Mol. Life Sci. 2006,
63, 1410–1424.



Endocannabinoid System in Neurodegenerative Diseases | Encyclopedia.pub

https://encyclopedia.pub/entry/31851 15/16

87. Chen, R.; Zhang, J.; Wu, Y.; Wang, D.; Feng, G.; Tang, Y.P.; Teng, Z.; Chen, C. Monoacylglycerol
lipase is a therapeutic target for Alzheimer’s disease. Cell Rep. 2012, 2, 1329–1339.

88. Pihlaja, R.; Takkinen, J.; Eskola, O.; Vasara, J.; López-Picón, F.R.; Haaparanta-Solin, M.; Rinne,
J.O. Monoacylglycerol lipase inhibitor JZL184 reduces neuroinflammatory response in APdE9
mice and in adult mouse glial cells. J. Neuroinflammation 2015, 12, 81.

89. Elmazoglu, Z.; Rangel-López, E.; Medina-Campos, O.N.; Pedraza-Chaverri, J.; Túnez, I.;
Aschner, M.; Santamaría, A.; Karasu, Ç. Cannabinoid-profiled agents improve cell survival via
reduction of oxidative stress and inflammation, and Nrf2 activation in a toxic model combining
hyperglycemia+Aβ1-42 peptide in rat hippocampal neurons. Neurochem. Int. 2020, 140, 104817.

90. Lastres-Becker, I.; Cebeira, M.; De Ceballos, M.L.; Zeng, B.Y.; Jenner, P.; Ramos, J.A.;
Fernández-Ruiz, J.J. Increased cannabinoid CB1 receptor binding and activation of GTP-binding
proteins in the basal ganglia of patients with Parkinson’s syndrome and of MPTP-treated
marmosets. Eur. J. Neurosci. 2001, 14, 1827–1832.

91. Pisani, V.; Moschella, V.; Bari, M.; Fezza, F.; Galati, S.; Bernardi, G.; Stanzione, P.; Pisani, A.;
Maccarrone, M. Dynamic changes of anandamide in the cerebrospinal fluid of Parkinson’s
disease patients. Mov. Disord. 2010, 25, 920–924.

92. Lotan, I.; Treves, T.A.; Roditi, Y.; Djaldetti, R. Cannabis (medical marijuana) treatment for motor
and non-motor symptoms of Parkinson disease: An open-label observational study. Clin.
Neuropharmacol. 2014, 37, 41–44.

93. Chung, Y.C.; Shin, W.H.; Baek, J.Y.; Cho, E.J.; Baik, H.H.; Kim, S.R.; Won, S.Y.; Jin, B.K. CB2
receptor activation prevents glial-derived neurotoxic mediator production, BBB leakage and
peripheral immune cell infiltration and rescues dopamine neurons in the MPTP model of
Parkinson’s disease. Exp. Mol. Med. 2016, 48, e205.

94. Witting, A.; Weydt, P.; Hong, S.; Kliot, M.; Moller, T.; Stella, N. Endocannabinoids accumulate in
spinal cord of SOD1 G93A transgenic mice. J. Neurochem. 2004, 89, 1555–1557.

95. Yiangou, Y.; Facer, P.; Durrenberger, P.; Chessell, I.P.; Naylor, A.; Bountra, C.; Banati, R.R.;
Anand, P. COX-2, CB2 and P2X7-immunoreactivities are increased in activated microglial
cells/macrophages of multiple sclerosis and amyotrophic lateral sclerosis spinal cord. BMC
Neurol. 2006, 6, 12.

96. Romigi, A.; Bari, M.; Placidi, F.; Marciani, M.G.; Malaponti, M.; Torelli, F.; Izzi, F.; Prosperetti, C.;
Zannino, S.; Corte, F.; et al. Cerebrospinal fluid levels of the endocannabinoid anandamide are
reduced in patients with untreated newly diagnosed temporal lobe epilepsy. Epilepsia 2010, 51,
768–772.

97. Rocha, L.; Cinar, R.; Guevara-Guzmán, R.; Alonso-Vanegas, M.; San-Juan, D.; Martínez-Juárez,
I.; Castañeda-Cabral, J.L.; Carmona-Cruz, F. Endocannabinoid System and Cannabinoid 1



Endocannabinoid System in Neurodegenerative Diseases | Encyclopedia.pub

https://encyclopedia.pub/entry/31851 16/16

Receptors in Patients With Pharmacoresistant Temporal Lobe Epilepsy and Comorbid Mood
Disorders. Front. Behav. Neurosci. 2020, 14, 52.

98. Ludányi, A.; Eross, L.; Czirják, S.; Vajda, J.; Halász, P.; Watanabe, M.; Palkovits, M.; Maglóczky,
Z.; Freund, T.F.; Katona, I. Downregulation of the CB1 cannabinoid receptor and related molecular
elements of the endocannabinoid system in epileptic human hippocampus. J. Neurosci. 2008, 28,
2976–2990.

99. Perucca, E. Cannabinoids in the Treatment of Epilepsy: Hard Evidence at Last? J. Epilepsy Res.
2017, 7, 61–76.

100. Funada, M.; Takebayashi-Ohsawa, M. Synthetic cannabinoid AM2201 induces seizures:
Involvement of cannabinoid CB1 receptors and glutamatergic transmission. Toxicol. Appl.
Pharmacol. 2018, 338, 1–8.

101. Knowles, M.D.; de la Tremblaye, P.B.; Azogu, I.; Plamondon, H. Endocannabinoid CB1 receptor
activation upon global ischemia adversely impact recovery of reward and stress signaling
molecules, neuronal survival and behavioral impulsivity. Prog. Neuro-Psychopharmacol. Biol.
Psychiatry 2016, 66, 8–21.

102. Lopez-Rodriguez, A.B.; Siopi, E.; Finn, D.P.; Marchand-Leroux, C.; Garcia-Segura, L.M.; Jafarian-
Tehrani, M.; Viveros, M.P. CB1 and CB2 cannabinoid receptor antagonists prevent minocycline-
induced neuroprotection following traumatic brain injury in mice. Cereb. Cortex. 2015, 25, 35–45.

Retrieved from https://encyclopedia.pub/entry/history/show/75393


