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About the eBook 

The endocannabinoid system comprises at least two G-protein-coupled receptors 
(the cannabinoid CB1 and CB2 receptors) activated by marijuana’s psychoactive 
principle ∆9-tetrahydrocannabinol (THC) and the endogenous ligands known as 
endocannabinoids. The apex of endocannabinoid research seems to have been 
reached with the clinical development, and in some cases also the marketing, of 
synthetic or natural pharmaceuticals targeting this signalling system, which followed 
the understanding of its physiological and pathological role in several conditions, a 
role that was investigated first in rodent experimental models and then in humans. 

We particularly take an interest in Manuscripts that report relevance of the 
endocannabinoid system. Original reports or Reviews describing the results of 
experimental evidence about the neurobiological role of the endocannabinoid 
system would be a great interest. Main topics include, but are not limited to: 

*The genetics of cannabinoid CB1 and CB2 receptors and their tissue distribution, 
their splicing variants and polymorphisms, and the possible implications of all this 
in determining different behaviours as well as various pathological conditions and 
the addiction to substances of abuse. 

*Pharmacological approaches describing the potential use in the central nervous 
system disorders of endocannabinoid-based drugs, such as cannabinoid receptor 
agonists and antagonists, inhibitors of endocannabinoid inactivation processes, and 
even plant cannabinoids other than THC and with a molecular mechanism of action. 

*The role of the endocannabinoid system in several neurological and 
neuropsychiatric conditions, such as epilepsy. 

Key feature: Cannabinoid receptor genes, arachidonic acid, homeostasis, drugs 
of abuse, neurogenesis, epilepsy. 

INTENDED AUDIENCE/READERSHIP 

The areas of interest would include genetics, molecular biology, biochemistry, 
pharmacology. Contributions may involve clinical, preclinical, or basic research. 
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FOREWORD 

For me, personally, the year 2013 has a special significance. Exactly 50 years ago 
I published my first paper on cannabinoids. At that time, in 1963, research on the 
constituents of Cannabis sativa had mostly come to a stop. Although investigation 
on cannabis in its various forms –hashish, marijuana, bhang – had been reported 
over a century, its psychoactive constituent(s) had not been isolated in a pure form 
and its structure – or possibly structures – was unknown. And yet, there was no 
research going on in either North America or the UK – the major research 
countries at the time. The major reason for this neglect was possibly legal. 
Cannabis was an illicit substance and was not readily available to scientists. And 
even if it were obtained legally, research with it would have been impossible in an 
academic laboratory, due to strict security regulations for work with such 
substances. Luckily I was not aware of these problems. Through the research 
institute I worked at the time – the Weizmann Research Institute – I obtained 5kg 
of confiscated hashish from the police, who apparently were also unaware of the 
international agreements on cannabis. First, my colleagues, the late Yuval Shvo, 
Yehiel Gaoni and I reisolated cannabidiol, a non-psychoactive constituent. This 
compound had been obtained previously by Lord Todd, a Nobel Prize winner, and 
by Roger Adams but its structure had not been elucidated. By use of then modern 
methods – NMR and mass spectrometry – we established its structure and 
published the results in 1963 – 50 years ago. At this point I asked for a grant from 
the US National Institute of Health (NIH). My application never went beyond the 
administrative office. Their answer was that cannabis use was not an American 
problem. Would I, they wrote, apply with a more relevant topic. Nevertheless 
Yehiel Gaoni and I went ahead and by 1964 had isolated several cannabinoids – a 
term I coined several years later – and had elucidated their structures. Dr. Habib 
Edery and Yona Grunfeld, colleagues at a nearby biological research station, 
tested these constituents for psychoactivity in monkeys. Only one compound 
caused such activity. At that time we called the compound delta-1- 
tetrahydrocannabinol, but later it was renamed delta-9 –tetrahydrocannabiol (Δ9-
THC) and many thousands of publications on it have been published. Suddenly 
NIH decided that cannabinoid research is a relevant topic for research. A 
prominent NIH pharmacologist flew over, took with him the entire supply of pure 
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THC and for the next few years most of the research on this compound in the US 
was done with it. And NIH has supported my work ever since. 

Over the next 2 decades we, and many other groups, worked on the chemistry, 
biochemistry, pharmacogy and even some clinical effects of the cannabinoids. We 
learned how the cannabinoids are formed in the body, how they are metabolized 
and what effects they cause in vitro and in vivo. Some clinical work was also 
published. THC was approved as a drug for enhancement of appetite (mostly in 
cancer and AIDS patients) and for prevention of vomiting and nausea in patients 
undergoing cancer chemotherapy. But, surprisingly, the mechanism of THC 
action remained unclear. It was believed that it had something to do with possible 
action on lipid membranes due to its lipophilic properties. In the mid-1980's Allyn 
Howlett's group showed that a specific receptor exists. Stimulation of this 
receptor, known now as the CB1 receptor today, leads to the well known 
marijuana effects. Later a second receptor, CB2, was discovered in the immune 
system. We assumed that these receptors are stimulated by endogenous 
constituents and went ahead looking for them. As THC is a lipid, we assumed that 
the endogenous constituents are also lipophilic compounds, In 1992 we isolated 
the first such endocannabinoid and named it anandamide. Later a second 
endocannabinoid, 2-AG, was identified. The present, outstanding eBook describes 
in considerable detail the enormous amount of research done on the 
endocannabinoids, the endocannabinoid receptors, the unique endocannabinoid 
signaling system and the advances in the clinic. 

Where is endocannabinoid research going now? I shall try to put forward several 
areas, which I believe will lead to major advances: 

LIPID SIGNALING THROUGH THE CB2 RECEPTOR AS A MAJOR 
PROTECTIVE SYSTEM 

Pal Pacher and I have speculated in a recent review that "The mammalian body 
has a highly developed immune system which guards against continuous invading 
protein attacks and aims at preventing, attenuating or repairing the inflicted 
damage. It is conceivable that through evolution analogous biological protective 
systems have evolved against nonprotein attacks. There is emerging evidence that 
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lipid endocannabinoid signaling through CB2 receptors may represent an 
example/part of such a protective system” Indeed over the last few years 
numerous groups have reported protective action through the CB2 receptors in 
numerous physiological systems. We can expect this trend to continue. 

INVOLVEMENT OF THE ENDOCANNABINOID SYSTEM IN THE 
REGULATION OF PROGENITOR/STEM CELLS 

Over the last few years several groups have shown that endocannabinoid signaling 
is involved in progenitor/stem cell development, thus leading to regulation of their 
proliferation, differentiation and survival. In view of the importance of stem cells 
in human health and disease, we should expect to see a major research effort in 
this fascinating field. 

PHYSIOLOGICAL ACTIONS OF ENDOCANNABINOID-LIKE 
CONSTITUENTS 

Many dozens of fatty acid amides of ethanol amines and amino acids, as well as 
esters of fatty acids with glycerol (endocannabinoid-like compounds) are present 
in the brain and possibly in other organs. Those that have been investigated have 
been shown to cause various physiological effects – lowering of pain, 
vasodilation, anti-osteoporotic and anti-cancer activity. It is quite possible that 
this type of compounds may represent a valuable treasure throve of physiological 
mediators. 

Linda Parker and I have speculated that "If subtle chemical disparity is one of the 
causes for the variability in personality—an area in psychology that is yet to be 
fully understood—we may have to look for a large catalog of compounds in the 
brain with distinct CNS effects. Is it possible that the above-described large 
cluster of chemically related anandamide-type compounds in the brain is related 
to the chemistry of the human personality and the individual temperamental 
differences? It is tempting to assume that the huge possible variability of the 
levels and ratios of substances in such a cluster of compounds may allow an 
infinite number of individual differences, the raw substance which of course is 
sculpted by experience. If this intellectual speculation is shown to have some 
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factual basis, it may lead to major advances in molecular psychology". Will the 
endocannabinoid system be the key to this yet unexplored niche of science? 

R. Mechoulam 

Hebrew University 
Medical Faculty 

Institute for Drug Research 
Jerusalem 

Israel 
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PREFACE 

Cannabinoids are a group of terpenophenolic compounds present in Cannabis. 

(Cannabis sativa L). The broader definition of cannabinoids refers to a group of 
substances that are structurally related to delta-9-tetrahydrocannabinol (Δ9-THC) 
or that bind to cannabinoid receptors. 

Before the 1980’s, it was often speculated that cannabinoids produced their 
physiological and behavioral effects via nonspecific interaction with cell 
membranes, instead of interacting with specific membrane-bound receptors. The 
discovery of the first cannabinoid receptors in the 1980s helped to resolve this 
debate. These receptors are common in animals, and have been found in 
mammals, birds, fish, and reptiles. There are currently two known types of 
cannabinoid receptors, termed CB1 and CB2. 

The cannabinoid system has been around for over 600 million years…even before 
the dinosaurs!! The cannabinoid system is present in species such as hydra, 
mollusks, and insects, leading to speculation on the physiological importance of 
such a system preserved throughout evolution. To date, the presence in the central 
nervous system of specific lipids that bind naturally to the CB1/CB2 cannabinoid 
receptors has been documented. Pharmacological experiments have shown that 
injection of endogenous cannabinoids or endocannabinoids modulates diverse 
neurobiological functions, such as learning and memory, feeding, pain perception 
and sleep generation. 

The system of endogenous cannabinoids is present in several species, including 
humans, leading to speculation regarding the neurobiological role of the 
endocannabinoid system in diverse functions. Hence, I thought it was time to bring 
out an editorial eBook on the subject containing advanced and up-to-date scientific 
information on this special and exclusive topic. I expect that such a eBook is likely 
to attain global circulation among students, teachers and researchers alike. 

Fortunately, in response to our appeal, a number of leading scientists in the field 
across the globe agreed to contribute to the eBook. Thus, this eBook deals with 
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various aspects of the endocannabinoid system, from phenomena to molecular 
processes. I am sincerely grateful to all the contributors for their scientific 
contribution. 

Eric Murillo-Rodríguez 

Laboratorio de Neurociencias Moleculares e Integrativas 
Escuela de Medicina, División Ciencias de la Salud 

Universidad Anáhuac Mayab 
Mérida 97310 

Yucatán, México 
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CHAPTER 1 

Cannabinoid Receptor Gene Variations in Neuropsychiatric 
Disorders 

Hiroki Ishiguro1, Claire M. Leonard2, Susan Sgro2 and Emmanuel S. 
Onaivi2,3,* 

1Yamanashi University, Japan, 2William Paterson University, Wayne NJ 07470, 
USA and 3NIDA-NIH Baltimore MD 21224, USA 

Abstract: The ubiquitous cannabinoid receptors (CBRs) – probably the most abundant 
binding sites in the CNS - are known to be involved in a number of neuropsychiatric 
disturbances. CBRs are coded in human chromosomes 1 and 6 and activated by 
endocannabinoids, phytocannabinoids and marijuana use (medical/recreational use). 
The components of the endocannabinoid system (ECS) include CNR1 and CNR2 genes 
encoding these CBRs (CB1Rs and CB2Rs), endocannabinoids (eCBs), and their 
synthesizing and degradation enzymes are major targets of investigation for their impact 
in neuropsychiatry. Hence we have continued to study the influence of CBR variants in 
neuropsychiatric disorders. Many studies have shown that CNR1 and FAAH single 
nucleotide polymorphisms (SNPs) may contribute to drug addiction, depression, eating 
disorders, schizophrenia, and multiple sclerosis. But little attention has been paid to the 
neuronal and functional expression of CB2Rs in the brain and their role in 
neuropsychiatric disorders has been much less well characterized. Indeed our studies 
provided the first evidence for neuronal CNS effects of CB2Rs and their possible role in 
drug addiction, eating disorders, psychosis, depression and autism spectrum disorders 
(ASDs). In the current ongoing studies many features of CBR gene structures, SNPs, 
copy number variations (CNVs), CpG islands, microRNA regulation and the impact of 
CBR gene variants in neuropsychiatry and where possible in rodent models have been 
assessed. Although CNR1 gene has more CpG islands than CNR2 gene, both have CPG 
islands less than 300 bases, but they may be regulated by DNA methylation. MicroRNA 
binding to the 3′ untranslated region of the CNR1 gene with two polyadenylation sites 
may also potentially regulate CB1R expression. CNR1 gene has 4 exons and there are 
135 SNPs reported in more than 1% of the population with no common SNP that 
changes amino acids of CB1R currently known or reported. A copy number variant 
(CNV) which is 19.5kb found in 4 out of 2026 people covers exons 3 and 4 and codes 
amino acid that could alter the expression of CB1Rs. CNR2 has 4 exons with CB2A 
with 3 exons and CB2B with 2 exons; and there are about 100 SNPs found in more than 
1% of the population, which include common cSNPs that change amino acids of the 
CB2R, including R63Q, Q66R and H316Y. CNVs in Asian and Yoruba population 
 

*Address correspondence to Emmanuel S. Onaivi: Department of Biology, William Paterson University, 
Wayne NJ 07470 and NIDA-IRP, Baltimore MD 21224, USA; Tel: +1 973-720-3453; Fax: +1 973-720-
2338; Email: eonaivi@intra.nida.nih.gov; onaivie@wpunj.edu 

Eric Murillo-Rodríguez, Emmanuel S. Onaivi, Nissar A. Darmani & Edward Wagner (Eds.) 
All rights reserved-© 2013 Bentham Science Publishers 

Send Orders for Reprints at reprints@benthamscience.net 
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have been reported. We also report on the identification of novel human and rodent 
CB2R isoforms, their differential tissue expression patterns and regulation by CBR 
ligands. Our findings also indicate increased risk of schizophrenia, depression, drug 
abuse, and eating and autism spectrum disorders in low CB2R function. Therefore, 
studying the CBR genomic structure, its polymorphic nature, subtype specificity, its 
variants and associated regulatory elements that confer vulnerabilities to a number of 
neuropsychiatric disturbances may provide deeper insight in unraveling the underlining 
mechanisms. Thus, understanding CBR variants and other components of the ECS may 
provide novel targets for the effects of cannabinoids in neuropsychiatry. Support 
R15DA032890 and WPUNJ. 

Keywords: Cannabinoid, cannabinoid receptors, cannabinoid receptor genes, 
CNR1, CNR2, endocannabinoids, polymorphism, variants, CNVs, SNPs, 
cannabis, drug addiction, neuropsychiatric disorders. 

INTRODUCTION 

The discovery that specific genes codes for cannabinoid receptors (CBRs) that are 
activated by marijuana use, and that the human body makes its own marijuana-
like substances - endocannabinoids [1], that also activate CBRs has provided 
surprising new knowledge about cannabinoid genomic and proteomic profiles. 
Our new remarkable understanding indicates that the cellular, biochemical and 
behavioral responses to marijuana, which remains one of the most widely used 
and abused drugs in the world, are coded in our genes and chromosomes. With 
increasing new information from the decoding of the human genome, many 
aspects of genetic risk factors in marijuana use including age of initiation, 
continuation and problem use undoubtedly will interact with environmental 
factors such as availability of marijuana along with the individual’s genotype and 
phenotype. These remarkable advances in understanding the biological actions of 
marijuana, cannabinoids and endocannabinoids, are unraveling the genetic basis 
of marijuana use with implication in human health and disease. The two well 
characterized cannabinoid CB1 and CB2 receptors are encoded by CNR1 and 
CNR2 genes that have been mapped to human chromosome 6 and 1 respectively 
(Figs. 1 and 2). A number of polymorphisms in cannabinoid receptor genes have 
been associated with human disorders including osteoporosis [2, 3], attention 
deficit hyperactivity disorder (ADHD) [4], post-traumatic stress disorder (PTSD) 
[4], drug dependency [5], obesity [6, 7] and depression [5, 8] and other 
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neuropsychiatric disorders as discussed in this manuscript. Thus, because of the 
ubiquitous distribution and role of the endocannabinoid system in the regulation 
of a variety of normal human physiology, drugs that are targeted to different 
aspects of this system are already benefiting cancer subjects and those with AIDs 
and metabolic syndromes [7]. In the coming era of personalized medicine, genetic 
variants and haplotypes in CNR1 and CNR2 genes associated with obesity or 
addiction phenotypes may help identify specific targets in conditions of 
endocannabinoid dysfunction. Our previous investigations had defined a number 
of features of the CNR1 gene’s structure, regulation and variation [9], but many 
features of CNR2 gene structure, regulation and variation still remain poorly 
defined. However, we and others have now demonstrated and reported that 
variants of the CNR1 gene are associated with a number of disorders and 
substance abuse vulnerability in diverse ethnic groups including, European-
American, African-American and Japanese subjects [9]. Most strikingly, variants 
of CNR genes co-occur with other genetic variations and share biological 
susceptibility that underlies comorbidity in most neuropsychiatric disturbances 
[10]. Thus, emerging evidence indicates that the endocannabinoid system exerts a 
powerful modulatory action on retrograde signaling associated with inhibition of 
synaptic transmission [11]. Interestingly a role for variations in CNR1 gene has 
been associated with striatal responses to happy but not to disgust faces [12] with 
implication that functional variation of CNR1 genotypes may be associated with 
disturbances of the brain involving emotional and social stimuli, such as autism 
[12] and depression [13, 14]. Here we review and present additional data that 
focuses on these recent advances in cannabinoid genomics and the surprising new 
fundamental roles that the ECS plays in the genetic basis of marijuana use and 
cannabinoid pharmacotherapeutics. The powerful influence of cannabinoid 
induced retrograde signaling modulates GABAergic and glutamatergic systems 
indicate that the main excitatory and inhibitory systems are in part under the 
influence of the endocannabinoid system. Thus, the genetic basis of compulsive 
marijuana use may involve interaction of CNR genes with other genes and 
environmental factors. As with other dependences with genetic risk factors, the 
risk for marijuana use is likely to be the result of CNR genes and other genes and 
environmental factors, each contributing a small fraction of the overall risk [15]. 
Additional evidence is provided for the complex CNR1 and CNR2 gene structures 
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and their associated regulatory elements. In the current ongoing studies many 
features of CNR gene structures, SNPs, CNVs, CPG islands microRNA regulation 
and the impact of CNR gene variants in neuropsychiatry and where possible in 
rodent models have been assessed. Although CNR1 gene has more CPG islands 
than CNR2 gene, both have CPG islands less than 300 bases, but they may be 
regulated by DNA methylation. MicroRNA binding to the 3′ untranlated region of 
the CNR1 gene with two polyadenylation sites may also potentially regulate 
CB1R expression. CNR1 gene has 4 exons and there are 135 SNPs reported in 
more than 1% of the population with no common SNP that changes amino acids 
of CB1R currently known or reported. A copy number variant (CNV) which is 
19.5kb found in 4 out of 2026 people covers exons 3 and 4 and codes amino acid 
that could alter the expression of CB1Rs. CNR2 has 4 exons with CB2A with 3 
exons and CB2B with 2 exons; and there are about 100 SNPs found in more than 
1% of the population, which include common cSNPs that change amino acids of 
the CB2R, including R63Q, Q66R and H316Y. CNVs in Asian and Yoruba 
population have been reported. Therefore, studying the CBR genomic structure, 
its polymorphic nature, subtype specificity, their variants and associated 
regulatory elements that confer vulnerabilities to a number neuropsychiatric 
disturbance may provide deeper insight in unraveling the underlining 
mechanisms, as discussed below. Thus, understanding the ECS in the human body 
and brain will contribute to elucidating this natural regulatory mechanism in 
health and disease. 

VARIATIONS IN CANNABINOID RECEPTOR GENES IN 
NEUROPSYCHIATRIC DISORDERS 

While the expression of CBRs in humans varies according to ethnicity and gender 
[16], variations in other mammalian species are also notable. Therefore a number 
of confounding factors and disparities arise in different studies due to the 
variations in human CBRs dependent on gender and ethnicity. A number of 
variations have been found in genes associated with the ECS including those 
encoding the CBRs, and those involved in the synthesizing enzymes of 
endocannabinoids including diacylglycerol lipase alpha (DAGLA) and 
metabolizing enzymes like fatty acid amide hydrolase (FAAH). There are a 
number of reported mutations in the genes associated with the ECS that lead to 



Cannabinoid Receptor Gene Variation Molecular, Pharmacological, Behavioral and Clinical Features   7 

altered mRNA stability and transcription rate with modification of the encoded 
proteins. These functional variations have been associated in a number of studies 
and meta-analysis with neuropsychiatric disturbances (Table 1). We and others 
have reported that the human CB1R have a number of splice variants, which may 
in part account for the myriad behavioral effects of smoking marijuana. Up to five 
isoforms including the canonical or long, and short isoforms are known to be 
produced by alternative splicing of the CNR1 transcript [9]. Some effects of 
marijuana and other cannabinoids may include actions at CB2Rs that have 
received much less attention than CB1Rs. However, we and others have now 
identified and characterized glial and neuronal CB2Rs in the brain. Nonetheless, 
many features of the CNR2 gene structure, regulation and variation remain poorly 
characterized compared to the CNR1. In humans the CNR2 gene is reported to 
consist of a single translated exon flanked by 5’ and 3’ untranslated regions and a 
single untranslated exon [3], Fig. 1. Most regions of the CNR2 gene are highly 
conserved, but the human has glutamine at position 63 instead of arginine [3, 17] 
and another SNP H316Y has been reported and linked to autoimmune disorders 
[3, 17]. There has been little or no data on the role of CB2Rs in neuropsychiatric 
disorders. However in neurological disorders associated with inflammation, the 
expression of CB2Rs has been reported in limited populations of microglial 
including plaque-associated glia in Alzheimer’s disease brains [18, 19]. Indeed 
our studies provide the first evidence for a role of CB2Rs in depression and 
substance abuse [5, 14, 20, 21]. We and others have identified splice variants of 
the human CB1Rs and CB2Rs but have thus far been poorly characterized for 
functional specificity apart from the broad roles associated with CB1R and CB2R 
subtypes. Alternative splicing of RNAs appears to be more common than 
previously thought in people, and can generate a variety of proteins, with most 
genes producing at least two variants. The characterization of CBR variants will 
add validity to the functional evidence for the existence of multiple cannabinoid 
receptor subtypes. It has been demonstrated in vitro that amino-terminal 
processing of the hCB1R may involve rapid N-terminal truncation in the 
cytoplasm prior to translocation to the endoplasmic reticulum membrane. It was 
suggested that such a truncation process might be a way to create a novel type of 
CB1R isoforms but exactly how the truncated CB1R may be formed and how the 
processing is regulated remain to be determined [22]. In comparison to the 
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monoaminergic system, the application of modern techniques to cannabinoid 
research is new. For example molecular cloning has revealed the presence of 
serotonin (5-hydroxytryptamine; 5-HT) receptor subtypes, which can be 
subdivided in seven subfamilies [23] and 15 serotonin (5-HT) receptor subtypes 
and growing. New knowledge on cannabinoid post-transcriptional and post-
translational modifications, such as alternate splicing and perhaps RNA editing 
may indicate formation of multiple proteins that could unravel specific 
mechanisms associated with numerous behavioral and physiological effects of 
marijuana use. The cloning and sequencing of CNR1 gene from 62 species have 
also been reported [24] and await full characterization. As predicted here the 
identification and characterization of these putative CBR isozymes and different 
elements of the ECS may reveal novel targets for medication development. 
However the limitless signaling capabilities and the endless complexity of the 
cannabinoid system require continuous intensive investigation. Specific genetic 
variants and polymorphisms in multiple genes including variations in the ECS 
genes have been associated with neuropsychiatric and other pathophysiology of 
human diseases [25]. It is to be noted that depending on the nature of 
classification, other CBRs exists. The vanilloid receptor 1 (VRI), the site at which 
capsaicin in hot chili peppers acts, is a site that anandamide is a full agonist. As 
anandamide is a partial agonist at the CBRs, some have suggested that VR1be 
classified as a CBR subtype…may be CB3. In fact the endocannabinoid that is a 
full agonist at the CBRs is 2-arachidonyl glycerol (2-AG), [26-28]. Another 
putative CBR, GPR55 has been suggested as a CBR that increases intracellular 
calcium and inhibits M current [29]. However, using a strategy for defining 
cannabinoid receptor functional fingerprints from mutagenesis and molecular 
recognition literature data, it was noted that hGPR55 does not appear to share 
similar fingerprint with the hCB1R and hCB2R [30]. While this could not be 
considered as a proof to exclude GPR55 from the CBR family, the data from other 
studies strongly suggests that GPR55 is a specific functional receptor for 
lysophosphatidylinositol receptor [31, 32]. Thus far, it appears that GPR55 is 
quite distinct from other GPCRs and represents an intriguing and unique 
therapeutic target whose functional receptor requires further validation and 
characterization [31]. The implication of variations in other putative CBRs genes 
will certainly contribute to unraveling the genetic basis of the ECS in 
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neuropsychiatric disorders. We are mainly concerned here with the variations 
associated with CNR genes. However, a number of putative endocannabinoids 
have been identified and anandamide and 2-AG are better characterized. These 
endocannabinoids are known to act as retrograde messengers and are released on 
demand and undergo enzymatic hydrolysis. While 2-AG is metabolized by 
monoglyceride lipase (MGL) and cyclooxygenase-2 (COX2), anandamide is 
metabolized by fatty acid amide hydrolase (FAAH) and N-acylethanolamine acid 
amidase (NAAA). The FAAH1 gene is located on Human chromosome 1p35-34 
and FAAH2 gene recently identified has been mapped to chromosome Xp11.21 or 
Xp11.1, while MGL gene is on 3q21.3. 

 

Figure 1: Human CB2 (CNR2, 1p36.1) genomic structure and alternative spliced transcripts: A, 
The gene size is marked in bp; vertical bars represent exons; triangles represent splicing patterns; 
arrows represent nonsynonymous single nucleotide polymorphisms (SNPs). B, CB2R subtypes, 
hCB2A and hCB2B alternatively spliced variants are shown under the gene structure. 

The results of studies conducted thus far on the polymorphisms and haplotype 
blocks in endocannabinoid metabolizing enzymes and neuropsychiatric disorders 
appear to vary due to disparities and confounding factors associated with 
ethnicity, gender and phenotypes of the population studied [33, 34]. Firm 
conclusions on the role(s) of variations and polymorphisms in endocannabinoid 
metabolizing enzymes in neuropsychiatry and their diagnostic value and use in 
pharmacogenomics needs more study. 
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CNR1 and CNR2 Gene Variations in Neuropsychiatric Disorders 

CBRs and especially CB1Rs have been described as one of the most abundant 
binding sites in the human brain and many studies have focused on the CNR1 
gene variants in neuropsychiatric disturbances. Hence CNR1 gene is a candidate 
for association and linkage studies not only in the effects of substance abuse and 
addiction but also with other neuropsychiatric disorders. However, 
polymorphisms in CNR2 gene in neuropsychiatry gained less attention as CB2Rs 
were previously thought to be mainly expressed in immune cells and not 
expressed in neurons contrary to new research [5, 14, 21 35, 36-40]. To date many 
CNR1 variants have been studied and implicated in different populations for their 
impact on a number of neuropsychiatric disorders including substance abuse and 
addiction, depression, schizophrenia, anxiety, ADHD, PTSD, impulsivity, 
neurological disorders including Alzheimer’s, Parkinson’s Huntington’s, Multiple 
Sclerosis, Amyotrophic lateral sclerosis and more (Table 1). The FAAH mutant 
P129T is well known and its strong association with problem drug use received 
much attention (Sipe JC et al. Proc Natl Acad Sci USA 99, 8394–9, 2002). Earlier 
studies on CNR1 gene variations were on the triplet repeat polymorphism – the 
(AAT)n repeats and on the nonsynonymous 1359A>G polymorphism 
(rs1049353). For the (AAT)n triplet repeat polymorphism, and with other variants 
studied, caution is required as neuropsychiatric disorders appear to vary due to 
disparities and confounding factors associated with ethnicity, gender and 
phenotypes of the population studied [33, 34]. These initial studies found 
associations of these variants with schizophrenia, P300 event related potentials 
and substance dependence [41-45]. 

In our previous mapping of the CNR1 gene locus [9], we conducted association 
studies between polymorphisms and haplotype-specific expression patterns in 
three human populations. Common human CNR1 variants assessed in this study 
reveal patterns of linkage disequilibrium in European- and in African-American 
populations. It was also shown that a 5’CNR1 ‘TAG’ haplotype displays 
significant allelic frequency differences between substance abusers and controls in 
European-American, African-American and Japanese samples [9]. In a review and 
meta-analysis of study conducted on three of the most studied CNR1 gene  
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Figure 2: CNR1 gene structure showing 4 exons with some introns. A number of ESTs have been 
identified and some of the SNPs discussed and in Table 1 are shown. The CNR1 gene is in human 
chromosome 6q15. The currently identified structures of CNR1 isoforms are indicated. 

polymorphisms rs1049353, rs806379 and the (AAT)n in addictive disorders, it 
was reported that only the (AAT)n repeats (n>16) in the Caucasian population 
were significantly associated with substance dependence [46]. However, 
specifically the rs1049353 SNP in the CNR1 gene was found to be associated with 
heroin addiction only in Caucasian population [47]. While some polymorphisms 
in the CNR1 gene have been associated with some aspects of drug abuse and 
addiction such as the (AAT)n triplet repeat, rs64546774, rs1049353 and rs806368 
(Table 1), many other polymorphisms were not replicable probably due to various 
confounding and co-morbidity factors in the different studies. As CB2Rs was 
previously thought to be expressed in immune cells and referred to as peripheral 
CB2Rs, the functional neuronal expression and its variants were less investigated 
for roles in neuropsychiatric disorders. Indeed our studies from mice to human 
subjects provided the first evidence for a role of CB2Rs in depression, eating 
disorders, autism substance abuse [5, 14, 20, 21] and other neuropsychiatric 
disorders. CNR2 has 4 exons with CB2A with 3 exons and CB2B with 2 exons; 
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and there are about 100 SNPs found in more than 1% of the population, which 
include common cSNPs that change amino acids of the CB2R, including R63Q, 
Q66R and H316Y. CNVs in Asian and Yoruba population have been reported. 
Association studies were also performed between polymorphisms in CNR2 gene 
and schizophrenia [48], eating disorders [49], depression [1, 5, 14, 35], and 
alcoholics [20, 34] in two independent case-control populations. We also report 
on the identification of novel human and rodent CB2R isoforms, their differential 
tissue expression patterns and regulation by CBR ligands. There are associations 
between polymorphisms of CNR2 gene and the neuropsychiatric disorders 
investigated. Our findings also indicate increased risk of schizophrenia, 
depression, drug abuse, and eating and autism spectrum disorders in low CB2R 
function and polymorphisms in CNR2 gene associated with disease type, ethnicity 
and gender. In an Italian population using a case control study, the association of 
bipolar disorder was investigated with three missense SNPs of CNR2 gene [50]. 
Genetic association between bipolar disorder and 524A>C polymorphism was 
reported and the investigators suggested that the CB2R may play a role in bipolar 
disorders. With the significant association of marijuana use and cannabinoids in 
modulating the physiological effects of the ECS, the CNR1 gene has been 
investigated in not only in food intake and the current obesity epidemic 
worldwide, but also in a number of neuropsychiatric problems. Many studies have 
also demonstrated CNR1 gene polymorphisms and haplotype blocks to investigate 
a number of parameters associated with eating disorders and obesity [25, 33]. 
Human CNR1 gene polymorphisms associated with eating disorders are presented 
in Table 1. Marijuana and cannabinoid induced psychoactivity is well documented 
in animal and human studies and both CNR1 and CNR2 gene polymorphisms have 
been associated with psychosis, multiple sclerosis, depression, attention deficit 
hyperactivity disorders (ADHD) and bipolar disorders (Table 1). We and others 
have studied haplotype blocks in both the CNR1 and CNR2 genes in human 
population and disease and addiction vulnerability [9, 34, 51]. 

Cannabinoid Receptor (CNR) Gene Copy Number Variations (CNVs) 

Copy number variation (CNV) is a structural variation in the genome when the 
number of copies of a gene(s) varies in the population and this is a source of 
diversity and uniqueness between the genomes of individual humans [52]. 
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Normally in the human genome, we inherit one copy from each parent, but the 
copy number varies from two to several copies for some genes. Following the 
completion of the human genome sequence, recent evidence indicates that chunks 
of DNA and gene(s) can vary in copy-number (with duplications and/or deletions) 
and in some rare instances the gene(s) may not be expressed. Such CNVs may 
have functional implications in gene dosage imbalances by loss or gain in the 
level of gene expression [53, 54], and contribute to various complex human 
diseases. When CNVs alter the dose of genes critical for normal brain 
development and adult brain functioning they may cause severe disorders such as 
autism and schizophrenia [55]. But the vast majorities of most CNVs are harmless 
and impact human health when they alter gene expression or change gene dosage 
[55]. Significant advances have been made in mapping gene variations due to 
single nucleotide polymorphisms (SNPs) which were previously thought to be the 
most prevalent form of genetic variations. With advances in genomic 
technologies, analyses of CNVs of individual human genomes have been 
identified as a major cause of structural variations in those genomes that are more 
than the changes caused by SNPs [53]. In deed the HapMap project shows that 
CNVs encompass more nucleotide content per genome than SNPs, underscoring 
CNV’s significance to genetic diversity [54]. It is important to study CNVs that 
encompass genes involving duplication and deletion of sequences and their role in 
human health, disease, pharmacotherapeutic and pharmacogenomic responses. It 
turned out that CNVs are an important form of human genetic variation, 
contributing more than SNPs to the number of bases differing between human 
genomes [56, 57]. While CNR1 and CNR2 SNPs have been associated with a 
number of neuropsychiatric disorders (Table 1), it is still unclear to what extent 
CNR gene CNVs are involved in neuropsychiatric disorders. Numerous CNVs 
have now been identified with various genome analysis platforms [52]. In our 
studies many features of CBR gene structures, SNPs, CNVs, CPG islands 
microRNA regulation and the impact of CNR gene variants in neuropsychiatry 
and where possible in rodent models are assessed. A copy number variant (CNV) 
which is 19.5kb found in 4 out of 2026 people covers exons 3 and 4 and codes 
amino acid that could alter the expression of CB1Rs. For example CNVs in Asian 
and Yoruba population have been reported. In our preliminary CNR2 gene CNV 
studies, we analyzed one of the CNV regions located in intron of the CNR2 gene 
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in a human population of Japanese alcoholics DNA samples in comparison to 
non-alcoholic controls. The CNVs in CNR2 gene region were confirmed to be 
relatively common in 10 out of 420 Japanese people [data not published]. It was 
difficult to make a conclusion from the high CNVs of the CNR2 gene in 
alcoholics, and more alcoholic DNA samples and samples. 

Table 1: Genetic Polymorphisms of Cannabinoid Receptor Genes (CNR Genes). 

CB1 Two allele DNA polymorphism Associated with CNR1 gene [22]. 

CNR1 rs16880261 Associated with cannabis dependence [65] 

CNR1 rs4707436 Associated with endocannabinoid effects [65] 

CNR1 rs806377 Associated with endocannabinoid effects [65, 66] 

CNR1 rs1049353 Associated with addictive disorders [46, 65, 67] 

CNR1 rs2023239 Associated with endocannabinoid effects [65, 67, 68] 

CNR1 rs12720071 Associated with endocannabinoid effects [65, 67] 

CNR1 rs806375, rs806371, rs806368 Associated with drug addiction [69, 70] 

1359 G/A CNR1 variant Associated with Alcohol dependence [45, 71] 

1359 G/A CNR1 variant Not associated with Tourette syndrome [42] 

1359 G/A CNR1 variant Not associated with Alcohol Withdrawal tremens [72] 

1359 G/A CNR1 variant Associated with weight loss [73, 74] 

3813 A/G and 4895 A/G variant Associated with obesity in men [75] 

CNR1 SNPs Not association in obesity in German Children [76] 

CNR1 SNPs Associated with obesity and BMI [77-80] 

CNR1, FAAH, DRD2 gene Associated with comorbidity of alcoholism & antisocial 
[81] 

(DRD2 is dopamine D2 receptor)  

(AAT)n repeat of CNR1 gene. Conflicting associations with drug dependence [7, 82-85] 

CNR1 variants, SNPs, ‘TAG’ haplotype Associated with polysubstance abuse [9] 

CNR1 SNPs Not associated with polysubstance abuse [87] 

CNR1 SNPs Associated with cannabis dependence [65, 88-90] 

CBR haplotype Associated with fewer cannabis dependence symptoms in 
adolescents [66, 91, 92] 

CNR1 SNPs Associated with alcohol and nicotine dependence [93, 94] 

CNR1 SNPs No association with anorexia nervosa [76, 95] 

CNR1 (AAT)n repeats Associated with restricting and binging/purging anorexia 
nervosa [96] 

CNR1 (AAT)n repeats Associated with depression in Parkinson’s disease [97] 

CNR1 SNPs Associated to striatal responses to facial exp [12] 
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Table 1: contd…. 

 (AAT)n repeats Association with ADHD in alcoholics [98, 99] 

CNR1 SNP haplotype Risk factor for ADHD and PTSD [98] 

1359 G/A CNR1 variant Associated with schizophrenia [44] 

(AAT)n repeats Not associated with schizophrenia [100, 101] and mood 
disorders [102]. 

(AAT)n repeats Associated with schizophrenia [103]. 

(AAT)n repeats Associated with hebephrenic schizophrenia [104, 105] 

CNR1 variants Associated with depression and anxiety [13] 

CNR1 variants and (AAT)n repeats Associated with impulsivity [106] 

1359 G/A CNR1 tag SNP Associated with antipsychotic response but not 
schizophrenia [107]. 

CNR1 SNPs No association with cognitive impairment in MS [108] 

CB2 CNR2 SNPs and haplotypes Associated with human Osteoporosis [17] 

CNR2 SNPs Not associated with myocardial infarction or 
cardiovascular risk factors [109] 

CNR2 SNPs Associated with bone mass [110] 

CNR2 (Q63R) SNP Risk factor for autoimmune disorders [3]. 

CNR2 (Q63R) but not (H316Y) Associated with alcoholism and depression [20]. 

CNR2 (rs41311993) Associated with Bipolar disorder [50] 

 

from other neuropsychiatric disorders and in other ethnic populations should be 
analyzed to understand and determine the nature of elevated copy numbers of 
CNR2 gene in neuropsychiatric disease risk. Whether the larger CNR2 gene CNVs 
in Japanese alcoholics compared to non-alcoholics are associated with the disease 
is unknown and the phenotypic effects are often unclear and unpredictable, with 
larger CNVs [53, 54]. However the bigger the CNV, the more likely it will cause 
a change in gene dosage [55]. Therefore, the underlying pathogenic mechanism 
for the larger CNR2 gene CNV obtained in the sample analyzed in the alcoholics 
is currently unknown. 

Consequences of CNR1 and CNR2 Variants 

Many CNR gene SNPs and their role in predisposing to disease have been well 
documented and studied (Table 1), but studies on CNR gene CNVs have been less 
studied and our understanding of the functional impact of CNVs in 
neuropsychiatry is still limited [56]. Many studies have focused on analysis of 
regions in the human genome that vary in copy number in specific disorders, but 
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others have focused on analysis on regions that the copy number never seems to 
vary in the general population [56]. With such a strategy, significant associations 
between some copy number stable regions have been identified in some patients 
with intellectual disability or autism, but not in controls [56]. It was therefore 
proposed that copy number stable regions can be used to complement maps of 
known CNVs to facilitate interpretation of patient data [56]. Overall some CNVs 
which may either be inherited or caused by de novo mutations, have been shown 
to explain some of the genetic contribution to common diseases and may also 
explain rare uncharacterized disorders [56, 58]. Other factors associated with 
consequences of CNVs include whether the copy number variant changes the 
sequence or relative location of specific segments of genomic DNA that act as 
enhancers or suppressors of gene expression [57]. The higher number of CNR 
gene CNVs and the length of the CNR1 trinucleotide, AAT repeats may be 
associated with aberrant CNR gene expression and probably modifies cannabinoid 
induced biological function. CNVs which are highly prevalent form of genomic 
variation can also depend on the phenotypic and cellular context, and on the 
environmental background [57, 58]. For example CNVs in chromosome 6q14.1 
and 5q13.2 have been reported to be associated with alcohol dependence [59]. 
The endocannabinoid system is involved in neuropsychiatric disorders and CB1Rs 
appear to be the most abundant binding receptor protein in many brain regions. A 
number of CNR1 gene SNPs (Table 1) are involved in many neuropsychiatric 
conditions. CNR1 and CNR2 gene polymorphisms are also associated with the 
effects of drugs of abuse and addiction and withdrawal process. The clinical 
consequences of CNV in the coding and non-coding CNR gene sequences 
associated with human phenotypes and disorders are unknown, but with new 
microarray and sequencing technologies, the (epi)genetic contributions to CNR2 
gene CNV can be determined. With advances in genomic technologies and the 
analysis and identification of CNR gene CNVs may uncover the relationship 
between CNR gene CNVs to phenotype and disease. Significant progress in 
understanding the nature of CNVs in the human genome has been achieved, but 
not yet extended to CNR gene CNVs apart from our pilot study described above. 
Yet accumulating evidence suggests the importance of CNVs in the etiology of 
neuropsychiatric disorders [60]. More studies are needed to determine the role and 
contribution of CNR gene CNV to conditions of endocannabinoid system 
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disorders. We do not know if CNR gene CNVs will affect the entire subtype CNR 
genes and function and whether this may be a factor with marijuana use as 
medicine or in the biological effects after smoking marijuana and the propensity 
for its addictive potential in humans. But precise and accurate data from new 
genomic technologies will facilitate not only CNR gene CNVs but also other 
structural variants in individual genomes to disease susceptibilities and drug 
responses [61, 62]. Many CNVs have been reported to affect complex diseases 
including, autism, schizophrenia, bipolar disorder, obesity, Crohn’s disease, 
neurological disorders, cardiovascular disease, nicotine metabolism and tobacco-
related diseases and more [62]. Ultimately creating animal models of 
neuropsychiatric disorders that reflect human CNV will provide insight into 
human neuropsychiatric disorders that will contribute to novel drug screening for 
these disorders [63]. Great potential exists for CNVs along with other genomic 
variants including SNPs to explain and predict disorders and traits in the future, 
but great challenges exist for understanding the relationship between genomic 
changes and the phenotypes that might be predicted and may be treated or 
prevented [64]. 

SUMMARY, CONCLUSIONS AND FUTURE PERSPECTIVES 

We now know that CNVs and other variants of the human genome are more 
prevalent than SNPs that have been well studied and analyzed and have been 
linked to human disorders. With many thousands of SNPs in the human genome, 
and some associated with CNRs, it appears their contributions to the genetic basis 
of complex diseases are relatively small effects. This has created the possibility of 
other genomic variants, epigenetic, and other nongenetic contributions to complex 
human diseases. For the endocannabinoid system many SNPs for both CB1 and 
CB2 receptors have been identified and characterized in a number of 
neuropsychiatric disorders. Our preliminary data indicated high CNVs in the 
CNR2 gene in Japanese alcoholic patients compared to controls. It was difficult to 
make a conclusion from the high CNVs of the CNR2 gene in alcoholics, and more 
alcoholic DNA samples and samples from other neuropsychiatric disorders and in 
other ethnic populations should be analyzed to understand and determine the 
nature of elevated copy numbers of CNR2 gene in neuropsychiatric disease risk. 
Numerous CNVs have now been identified with various genome analysis 
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platforms. Whether the larger CNR2 gene CNVs in Japanese alcoholics compared 
to non-alcoholics are associated with the disease is unknown and the phenotypic 
effects are often unclear and unpredictable, with larger CNVs [53, 54]. However 
the bigger the CNV, the more likely it will cause a change in gene dosage [55]. 
Therefore, the underlying pathogenic mechanism for the larger CNR2 gene CNV 
obtained in the sample analyzed in the alcoholics is currently unknown. While 
CNR1 and CNR2 SNPs have been associated with a number of neuropsychiatric 
disorders (Table 1), it is still unclear to what extent CNR gene CNVs are involved 
in neuropsychiatric disorders. Thus it is important to study CNVs that encompass 
genes involving duplications and deletions of sequences and their role in human 
health, disease, pharmacotherapeutic and pharmacogenomic responses. 
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CHAPTER 2 

The Role of Endocannabinoids and Arachidonic Acid Metabolites 
in Emesis 
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Abstract: Research in the last decade has well established that 9-THC and related 
synthetic direct-acting cannabinoid CB1/2 receptor agonists (such as WIN55,212-2, 
CP55,940) possess broad-spectrum antiemetic efficacy against diverse emetogens via 
activation of CB1 receptors. We now extend the antiemetic efficacy of these CB1/2 agonists 
against 20-hydroxyPGE2 and arachidonoyl-2-chloroethylamide (ACEA). Increasing 
evidence in more recent years also suggests that chronic use of large doses of 9-THC in 
humans can induce intractable vomiting referred to as the cannabinoid hyperemesis 
syndrome. This chapter discusses the antiemetic/proemetic potential of endocannabinoids 
such as anandamide, virodhamine, NADA and 2-AG as well as that of synthetic indirect-
acting cannabimimetic agents that increase endogenous endocannabinoid tissue levels 
either by inhibiting their metabolism {such as FAAH and MAGL inhibitors (e.g. AA-5-
HT/URB597 and JZL184, respectively)} or by blocking their reuptake (e.g. OMDM1, 
VDM11, AM404). To date published findings indicate that exogenous administration of 
either 2-AG or anandamide can lead to both antiemetic and proemetic effects depending 
upon the laboratory conditions used and/or the emetic models utilized. Furthermore, lack of 
full dose-response studies in most emesis models further confounds a firm conclusion. 
Likewise, available data indicate that the well-studied FAAH inhibitor URB597 and the 
above reuptake blockers can prevent vomiting induced by some but not all tested 
emetogens, and at large doses they can be emetic by themselves. It appears that while the 
antiemetic efficacy of exogenously-administered endocannabinoids (as well as that of 
drugs that increase their endogenous levels) is due to activation of CB1- or CB1/TRPV1-
receptors, e.g. 2-AG or anandamide, respectively, their emetic potential reside in their 
tendency to be rapidly metabolized to the proemetic agent arachidonic acid and its 
downstream emetic metabolites such as prostaglandins (e.g. PGE2, 20-hydroxyPGE2 and 
PGF2α), leukotrienes (e.g. LTC4 and LTD4) and/or 20-HETE. In fact some analogs of 
anandamide such as ACEA (a selective CB1 agonist) that are more rapidly metabolized are 
proemetic, while its more stable congeners (methanandamide or ACPA) lack emetic 
activity. Thus, exogenously-administered endocannabinoids and drugs that enhance their 
tissue levels can be antiemetic under certain conditions but unlike 9-THC they generally 
lack broad-spectrum antiemetic efficacy. 
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INTRODUCTION 

The discovery of delta-9-tetrahydrocannabinol (9-THC) in the early 1960s as the 
major psychoactive component of cannabis plant was a significant landmark in 
establishing how cannabis exerts its pharmacological effects [1]. Subsequent 
milestones in understanding the cellular actions of 9-THC were: i) the cloning 
and further identification of its two G protein-coupled receptors in 1990 and 1993, 
called the cannabinoid CB1 and CB2 receptors, and ii) the discovery of 
endogenous cannabinoid receptor ligands (endocannabinoids) arachidonoyl- 
ethanolamide (AEA) in 1992, and 2-arachidonoylglycerol (2-AG) in 1995. 9-
THC, many of its synthetic analogs (such as WIN55, 212-2 and CP55, 940) and 
the discussed endocannabinoids often do not distinguish between the CB1 and 
CB2 receptors, and therefore are termed herewith as CB1/2 receptor agonists. 
When activated both cannabinoid receptors inhibit adenylyl cyclase and activate 
mitogen-activated protein kinase by signaling through Gi/o proteins. The CB1 
receptor also mediates activation of A-type and inwardly rectifying potassium 
currents, inhibition of N- and P/Q-type calcium currents, as well as signals 
through Gs proteins. Cannabinoid CB1 receptors are found mainly at the terminals 
of central and peripheral neurons, where they usually inhibit the ongoing release 
of a number of different excitatory and inhibitory neurotransmitters. CB2 
receptors are located predominantly in immune cells, and when activated, 
modulate immune cell migration and cytokine release both outside and within the 
brain. Although more recently other putative endocannabinoids have been 
described (e.g. noladin ether, N-arachidonoyl-dopamine (NADA) and 
virodhamine), only 2-AG and anandamide are currently considered to be of 
physiological importance. Moreover, its full agonist efficacy combined with µM 
basal abundance in the brain and other tissues, strongly suggest that 2-AG, rather 
than anandamide, is the true endogenous ligand for both CB1 and CB2 receptors 
[2]. Indeed, anandamide and NADA behave as agonists of both CB1 and the 
transient potential vanilloid-1 (TRPV1) receptors, whereas virodhamine appears 
to be a potential endogenous antagonist of the CB1 receptor [3]. Moreover, though 
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NADA is present at low (< 1 pmol/g) levels in some brain regions, neither noladin 
ether nor virodhamine are present in the rodent CNS at concentrations above 
detection levels in sensitive assay systems [3].  

2-AG appears to be the primary lipid-derived retrograde signaling molecule that is 
synthesized upon demand in postsynaptic neurons. Subsequent to its liberation to 
presynaptic terminals, 2-AG activates presynaptic CB1 receptors to inhibit the 
release of both excitatory and inhibitory neurotransmitters [4]. Anandamide may 
also act via presynaptic TRPV1 receptor as a retrograde messenger. As discussed 
later, arachidonic acid (AA) is a downstream metabolite of both endocannabinoids, 
and its free form can be metabolized by diverse enzymes to produce several dozen 
different compounds. Although initially AA was also viewed as a retrograde 
messenger, but more recent studies indicate that a number of its downstream 
products, such as some PGs, act on corresponding presynaptic receptors to inhibit 
neurotransmitter release [4]. 

In the past two decades significant strides have been made in understanding the 
biochemical pharmacology of anandamide and 2-AG. However, other putative 
endocannabinoids have not been studied at such depth. Likewise, the 
gastrointestinal pharmacology of eicosanoids, including AA and its downstream 
products, remain to be fully explored. In the context of emesis, it is well 
established that where tested, structurally diverse phytocannabinoids (e.g. 9-
THC; 8-THC; cannabidiol) and direct-acting synthetic cannabinoids (e.g. 
CP55,940; HU-2010; WIN55,212-2; nabilone; levonantradol; nonabine) possess 
broad-spectrum antiemetic efficacy, via stimulation of cannabinoid CB1 receptor, 
against diverse emetogens in several vomit competent-species including humans 
[6-10]. However, as will be discussed later, 9-THC and related agents may also 
induce vomiting under some conditions by themselves. The broad-spectrum 
antiemetic potential of both exogenously-administered endocannabinoids and 
indirect cannabinoid agonists which increase the endogenous levels of 2-AG 
and/or anandamide (i.e. inhibitors of their metabolism and/or reuptake) are under 
investigation. Thus far, only a few of such agents have been tested and the scant 
published findings are not always consistent in terms of their anti- and/or 
proemetic potential across both the tested classes of agents employed and the 
emesis models used. On the other hand, the emetic potential of some of the tested 
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agents downstream of endocannabinoids, particularly those of AA-derived 
eicosanoids, such as certain prostaglandins and leukotrienes, are more consistent. 
The purpose of this chapter is to: i) review published findings regarding the 
emetic/antiemetic potential of the well-established endocannabinoids 2-AG and 
anandamide and some of their downstream eicosanoid products, ii) present some 
of the author’s new data concerning the emetic potential of the putative 
endocannabinoids virodhamine and noladin ether, as well as representatives of 
AA-related eicosanoids such as some prostaglandins (e.g. PGE2; PGF2; 20-
hydroxyPGF2; PGG2; PGH2), prostacyclins (e.g. PGI2), hydroxyeicosatetraenoic 
acids (HETEs such as 20-HETE), hydroperoxy eicosattraenoic acids (HPETEs 
such as 5(S) HPETE), and epoxyeicosatetraenoic acids (EETs such as 
5(6)EpETrE and ±11(12)EpETrE) in the least shrew model of emesis; iii) discuss 
the relative role of rapid metabolism in emetic efficacy of 2-AG, anandamide and 
some of their related products. 

Interplay Between Endocannabinoid and Eicosanoid Biosynthetic and 
Metabolic Pathways 

Although endocannabinoids and eicosanoids share a common lipid precursor 
pool, their synthesis, degradation, signaling and their putative pharmacological 
actions have often been discussed independently of each other. While 
endocannabinoid signaling can occur in the absence of eicosanoid pathway 
activation and vice versa, several findings [5] suggest possible cross-talk between 
these pathways. In fact: i) both pathways share a common precursor lipid pool, ii) 
the lipases that initiate both sets of pathways respond to some of the same second 
messengers, iii) some enzymes of the eicosanoid biosynthetic pathways (e.g. 
COX-2) can metabolize endocannabinoids as well as AA., iv) both anandamide 
and 2-AG are sources of free AA and related metabolites, v) some oxygenated 
endocannabinoid products (e.g. ethanolamide of PGE2 = PGE2-EA) that do not 
bind cannabinoid receptors have high affinity for prostanoid EP receptors, vi) 
some oxygenated endocannabinoids act at distinct receptors (e.g. PGF2-EA). 
Such interactions have already been explored to some extent and the results 
suggest that some potential cross-talk occurs both in cultured cells and in vivo [5]. 
Furthermore, certain in vivo effects of 9-THC are also dependent upon 
production of eicosanoids such as PGE2 [11]. 
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Endocannabinoid Synthesis and Metabolism 

Although several routes exist for anandamide and 2-AG formation [2,5,12], the 
primary route of anandamide synthesis begins with the membrane phospholipid 
precursor, N-arachidonoylphosphatidylethanolamine (NAPE), which is formed by 
the transfer of AA from the sn-1 position of a donor phospholipid to 
phosphatidylethanolamine (PE) by N-acyltransferase (NAT) (Fig. 1). Hydrolysis 
of this precursor by an N-acylphosphatidylethanolamine- hydrolyzing 
phospholipase D (NAPE-PLD) produces anandamide. Synthesis of 2-AG begins 
with activation of phospholipase C (PLC) which hydrolyzes phosphatidylinositol 
4,5-bisphosphate (PIP2), producing diacylglycerol (DAG) (Fig. 1). When serving 
as an endocannabinoid, 2-AG is produced almost exclusively by the hydrolysis of 
DAG via sn-1-selective diacylglycerol lipases  and . Once generated, 2-AG is 
primarily (over 85%) hydrolyzed by monoacylglycerol lipase (MAGL) to 
arachidonic acid and glycerol, and to a smaller extent by other lipases. Fatty acid 
amide hydrolase (FAAH) is the enzyme primarily responsible for the hydrolysis 
of anandamide to AA and ethanolamine. FAAH can also hydrolyze 2-AG to a 
minor extent. One can potentiate the activity of endocannabinoids by drugs that 
either block their reuptake (e.g. OMDM1; UCM-707), or inhibit their 
biotransformation such as inhibitors of FAAH (URB-597; arachidonoylserotonin) 
and MAGL (JZL184). 

Eicosanoid Synthesis and Metabolism 

Eicosanoids are 20-carbon signaling molecules derived from omega ()-3 and -
6 essential free fatty acids, eicosapentaenoic acid, AA, or -linoleic acid. The 
eicosanoids may include prostaglandins (PGs), prostacyclins (PGIs), 
thromboxanes (TXs), and leukotrienes (LTs) [5] (Fig. 1). AA is an -6 
tetraunsaturated fatty acid that is a component of the mammalian cell membrane. 
A wide range of stimuli may trigger the activation of phospholipases A2 and C to 
generate intracellular AA from membrane phospholipid pools. Then, the free AA 
can be subject to oxidative metabolism by cyclooxygenase 1 and/or 2 (COX-1; 
COX-2) to form the endoperoxide PGH2. Tissue-specific metabolism of PGH2 by 
a group of PG synthases will yield the biologically active PGs (e.g. PGE2, PGD2, 
PGF2), prostacyclin (PGI2), and thromboxane A2 (TxA2). COX-2 may also  
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metabolites of two families with known emetogenic variants are depicted. The prostanoid 
(prostaglandin-related) family is produced via cyclooxygenase activity (COX), and the leukotriene 
family is produced via lipoxygenase (LO) activity. Dozens of related metabolites exist within each 
of these families, so for clarity only major emesis-related metabolites and their precursors are 
shown in detail. The cysteinyl leukotrienes, which have a glutathione-derived moiety which may 
allow cross-reactivity with cisplatin-transporting proteins, are the leukotrienes C4, D4, and E4. 
Abbreviations: 2-AG – 2-arachidonoylglycerol; COX – cyclooxygenases; LO – lipoxygenases; PL 
– phospholipases. 

convert both anandamide and 2-AG to corresponding prostaglandin 
ethanolamides (PG-EAs) and prostaglandin glycerols (PG-Gs). The free AA may 
also be metabolized by several lipoxygenases (LOs) to yield 
hydroperoxyeicosatetraenoic acids (HPETEs). These compounds can be reduced 
to the corresponding hydroxyeicosatetraenoic acids (HETEs). Generation of LTs 
occurs when free AA is converted by 5-lipoxygenase (5-LO) to produce 5-
hydroxyeicosatetraenoic acid to form leukotriene A4 (LTA4). This parent 
leukotriene can then be converted into LTB4 or conjugated to the peptide 
glutathione to generate the parent cysteinyl leukotriene LTC4. The latter can be 
stripped of a glutamic acid residue to form LTD4, which can be stripped of its 
glycine residue to produce LTE4. Furthermore, LTC4 can be converted via 
carboxypeptidase activity to LTF4. In addition, the free AA can be oxidized at 
each of its double bonds or at the -terminus by cytochrome P450 (CYPP450), 
leading to the epoxyeicosatrienoic acids (EETs) or HETEs. 

Pathophysiology of Emesis 

Vomiting (emesis) is a multi-neurotransmitter-mediated complex reflex. Emesis 
has developed to varying degrees in different species, which allows an animal to 
rid itself of ingested toxins. Not all animals are capable of vomiting and despite 
extensive research, the reflex is only partially characterized. This reflex can 
respond to a wide variety of toxic agents (e.g. chemotherapeutics such as 
cisplatin), bacterial or viral infection, diverse diseases, as well as other conditions 
(e.g. radiation, excessive motion). Fig. 2 outlines the established anatomical 
circuits and key features of the emetic reflex arc. 

In the periphery emetogens may act directly in the gastrointestinal tract and/or 
indirectly by activating the central nervous system (CNS) emetic nuclei through 
stimulation of vagal afferents whose somata are in the nodose ganglion [6]. 



32   Molecular, Pharmacological, Behavioral and Clinical Features Darmani and Chebolu 

 

Figure 2: Key components of the brain-gut circuit mediating emesis. Emetogens such as cisplatin 
or bacterial enterotoxins induce acute vomiting by a powerful release of serotonin (5-HT) from 
enterochromaffin (EC) or mast cells embedded in the luminal epithelium. Photomicrograph A 
depicts a strip of least shrew luminal epithelium (boxed area) from a villus immunolabeled for 5-
HT (red) to highlight EC cells. EC cells can also be stimulated to release 5-HT by a variety of 
luminal membrane-bound receptors, ultimately leading to stimulation of various second messenger 
systems and secretion of 5-HT (dashed lines in diagram). Secreted 5-HT can act locally via 5-
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HT3/4 receptors on vagal and intrinsic primary afferent neuron fibers in the intestinal wall, or may 
act distantly via the bloodstream to stimulate: 1) the enteric nervous system, and 2) possibly the 
dorsal vagal complex of the medulla. Likewise, SP can be released by cisplatin: 1) from EC cells 
where it can bind locally to specific neurokinin NK1 receptors in the GIT, or on vagal afferents, or 
it can diffuse into the bloodstream and enter the brainstem to induce vomiting; 2) from vagal 
afferent terminals in the brainstem to cause emesis. Photomicrograph B depicts a coronal 
hemisection of the dorsal vagal complex (boxed area) of the least shrew, immunolabeled for SP 
(blue) and 5-HT (green). Vagal afferents projecting from the nodose ganglion to both the gut and 
brain, and area postrema neurons, accessing the bloodstream through the locally fenestrated blood-
brain-barrier, enable rapid communication between the brain and gut. Vagal stimulation of the 
nucleus of the solitary tract (or serotonergic and/or tachykininergic stimulation of the area 
postrema) induces the emetic motor output of GIT smooth muscle via action on both motoneurons 
(M) and interneurons (I) of the dorsal motor nucleus of the vagus, while concomitant stimulation 
of the CPG area near the nucleus ambiguus coordinates related prodromal respiratory/salivatory 
activity (precursors to vomiting) with the actual act of vomiting. Abbreviations: 5-HT – serotonin; 
5-HT# – serotonin receptor subtype; AP – area postrema; βAR – beta-adrenergic receptor; B – 
blood vessel; BBB – blood-brain barrier; CPG – central pattern generator area; DMNX – dorsal 
motor nucleus of the vagus; DVC – dorsal vagal complex; EC – enterochromaffin cell; GIT – 
gastrointestinal tract; IPAN – intrinsic primary afferent neuron; mAChR – muscarinic cholinergic 
receptor; MAO – monoamine oxidase; mNTS – medial subnucleus, nucleus of the solitary tract; 
nAChR – nicotinic cholinergic receptor; PKA/PKC – protein kinase A/C; SERT – serotonin 
reuptake transporter; V – vagal afferent nerve fiber. 

Nodose neurons project extensively branched afferent fibers in both ascending 
and descending directions, such that the same neurons innervate both the 
brainstem dorsal vagal complex (DVC) and a segment within the enteric nervous 
system (ENS). The vagus contains afferent as well as efferent nerves and acts as a 
communication circuit between the brainstem and the gastrointestinal tract (GIT). 
A variety of emetogens (such as cisplatin, bacterial toxins, etc.) stimulate 
enterochromaffin cells (and/or enteric mast cells) to release serotonin (5-HT), 
substance P (SP) and possibly AA products such as prostaglandins and 
leukotrienes in the GIT [6,13]. The secreted serotonin and SP may act locally to 
stimulate their corresponding 5-HT3- and NK1- receptors present on vagal afferent 
terminals in the GIT, thus potentiating vagal afferent activity and subsequently the 
DVC emetic nuclei in the brainstem. Other proemetic signals such as prostanoids 
also increase vagal afferent activity and in fact PGE2 receptors are present in 
nodose ganglionic cells. Vagal afferents are glutamatergic and appear to co-
release SP, thus providing excitatory input to much of the emetic reflex arc. 
Absorbed or released emetogens may also act more distantly via the bloodstream 
to stimulate the DVC directly. In the CNS, both the DVC and a more 
ventrolaterally localized group of cells that make up the central pattern generator 
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are key sites in the mediation of emesis. The DVC is a cluster of nuclei in the 
dorsomedial medulla comprising the area postrema (AP), the nucleus of the 
solitary tract (NTS), and the dorsal motor nucleus of the vagus (DMNX). The AP 
comprises the chemoreceptor trigger zone (CTZ), a circumventricular organ that 
allows bloodborne chemicals absorbed or secreted (e.g. SP) from the intestinal 
mucosa to bypass the blood-brain-barrier and stimulate the DVC directly. The 
medial NTS (mNTS) is the key integrative site for CNS modulation of the emetic 
reflex. It receives input from the AP, vagal afferents, the posterior paraventricular 
hypothalamic nuclei, and the serotonergic raphe nuclei. After integrating the 
central and peripheral signals relating to emesis or other GI activity, NTS neurons 
project to the DMNX as well as to the central pattern generator. Activation of the 
NTS during emesis results in a biphasic response. In the initial phase, 
glutamatergic neurons excite DMNX motor output neurons, producing a 
retroperistaltic contraction in the intestine and a strong stomach contraction. In the 
following phase, inhibitory NTS GABAergic projections and glutamatergic NTS 
projections that synapse onto DMNX inhibitory interneurons combine to suppress 
DMNX motor output, allowing relaxation of the gastric fundus and lower 
esophageal sphincter and opening of a physical path for expulsion of stomach 
contents. The DMNX motor neurons project to various parts of the GIT, including 
the stomach, lower esophageal sphincter, duodenum, and jejunum which 
completes the act of vomiting. Activity in the central pattern generator seems to 
be an important mediator of the emetic reflex as well as the prodromal signs of 
emesis such as salivation. 

Presence of Endocannabinoid, Endovanilloid and Eicosanoid Signaling 
Markers in the Gut-Brain Emetic Circuit 

Alteration in gastrointestinal motility is an important aspect of emesis. Although 
the brainstem plays an essential role in both the initiation and co-ordination of 
intestinal motility, most motility functions of the GIT are mediated by the local 
ENS [6,14]. It is well accepted that phytocannabinoids and endocannabinoids 
reduce intestinal smooth muscle contractility, GIT motility and peristaltic 
propulsion via prejunctional cannabinoid CB1 receptors [6,14,15]. Both 2-AG and 
anandamide, as well as their biosynthetic enzymes, are present at relatively high 
levels in the GIT epithelium and the ENS. Furthermore, regional variations in 
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endocannabinoid levels occur with 2-AG being higher in the ileum than the colon, 
and anandamide being considerably higher in the colon than the ileum [6,14,15]. 
Likewise, significant concentrations of both endocannabinoids and their synthetic 
and metabolic enzymes are present in the rat brainstem, including the DVC [6,14, 
16,17]. Eicosanoids are also widely distributed in the GIT. In fact the mucosa and 
muscle layers of the gut are capable of generating the major downstream products 
of AA such as PGE2, PGF2, PGI2 and thromboxanes [18,19]. Many of these 
prostanoids modulate intestinal motility, and deficiency of endogenous 
prostaglandins due to inhibition of COX enzymes by nonsteroidal anti-
inflammatory drugs leads to gastrointestinal ulcers. Moreover, several different 
eicosanoids have been found to act in the ENS of the gut [6]. 

The CB1 receptor is differentially distributed at terminal ends of diverse nerves in 
the ENS along the entire length of the GIT (with stomach and the colon being 
highly enriched) and controls normal gut motility [6,14,15]. To date, there is less 
evidence for CB2 receptors being involved in the control of normal intestinal 
motility. Furthermore, CB1 immunoreactivity is present on the cell bodies of the 
nodose ganglion, and the CB1 receptor is largely transported to the peripheral 
terminals of the vagus nerve in the GIT [6]. Stimulation of vagal CB1 receptors 
leads to reduction in vagal tone. While the brainstem as a whole appears to be 
relatively CB1 receptor sparse, its NTS, AP and DMNX emetic nuclei in several 
species contain moderate but significant amounts of CB1 receptors [6, 14]. Since 
anandamide also behaves as an endovanilloid agonist for TRPV1 receptor (see 
introduction), anandamide itself, as well as several AA products of lipoxygenases 
(12-(S)HPETE, 15(S)HPETE, LTB4 and N-arachidonoyldopamine) may produce 
added antiemetic activity via activation of this receptor [6]. TRPV1 receptors are 
found on vagal afferents, and the NTS, DMNX and AP nuclei of the DVC [6, 15]. 

As with CB1 receptors, prostanoid EP1-4, DP, IP and FP receptors as well as 
CysLT receptors are found in the ENS of the gut [6]. In addition, cellular 
localization studies indicate that the external muscle layers of the gut as well as 
ileal circular muscles exhibit EP1-3 receptors [20]. Moreover, not only does the 
enterochromaffin cell bear prostanoid EP1, EP4 and FP receptors, prostanoids can 
also potentiate nodose ganglionic vagal afferent activity [6]. Within the DVC, 
prostanoid EP2, EP3 and IP receptors are found in the NTS, while the AP 
expresses EP4 receptors [6]. 
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Role of Phytocannabinoids and Synthetic Direct-Acting Cannabinoids versus 
Synthetic Endocannabinoid Metabolic- and Reuptake-Inhibitors in Emesis 

Phytocannabinoids and Synthetic Direct-acting Cannabinoids as Antiemetics 

Prior to addressing the antiemetic/emetic potential of endocannabinoids and 
agents that increase their tissue levels, it is essential to briefly describe the 
antiemetic/emetic potential of phytocannabinoids and the direct-acting synthetic 
cannabinoid CB1/2 agonists. The antiemetic potential of cannabis use in Western 
medicine against acute-phase chemotherapy-induced nausea and vomiting (CINV) 
in cancer patients began in mid 1970s and early 1980s [21-23]. The antiemetic 
action of the marijuana plant mainly resides in its major psychoactive component, 
9-THC {(-) trans-delta-9-tetrahydrocannabinol} and to a lesser extent to its 
closely related but less psychoactive (8-THC) and nonpsychoactive (cannabidiol) 
components. The antiemetic efficacy of synthetic cannabinoids such as 
levonantradol, nonabine, nabilone (Cesamet) and 9-THC (dronabinol = Marinol) 
in cancer patients has also been investigated. Both marinol and cesamet are 
available in the clinic for the prevention of acute CINV. Meta-analysis of 30 
CINV clinical trials in cancer patients indicates that 9-THC possesses significant 
antiemetic activity and appears to be a superior antiemetic relative to conventional 
nonselective dopamine D2 receptor antagonists [24]. However, combinations of 
these antiemetics were no more effective than each agent being tested alone [23]. 
Likewise, the more selective D2 receptor antagonist sulpride was unable to 
potentiate the antiemetic efficacy of 9-THC against the acute-phase of cisplatin-
induced vomiting in the least shrew model of emesis [25]. To date, no extensive 
clinical trials comparing the antiemetic potential of such cannabinoids with the 
currently used antiemetics against the immediate (e.g. 5-HT3 antagonists)- or 
delayed-phase (NK1 receptor antagonists) CINV is available. Only one published 
double-blind, placebo-controlled clinical trial has compared the efficacy and 
tolerability of dronabinol (9-THC) and the 5-HT3 antagonist ondansetron, against 
delayed CINV over a 5 day period [26]. The results indicate both agents were 
similarly effective against delayed emesis and the combination therapy was no 
more effective than either antiemetic tested alone. A more recent dose-response 
study in the least shrew demonstrated that combination of low doses of 9-THC 
(0.25 and 0.5 mg/kg) and tropisetron (0.025-0.25) were more efficacious in 
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reducing the frequency of emesis than each dose given individually [27]. 
However, larger doses of these antiemetics failed to exhibit such interaction, and 
relative to their tested individual doses, none of the combined doses provided 
significantly greater total emesis protection. These findings are not too surprising 
since not only 9-THC but also anandamide as well as other synthetic CB1/2 

agonists, reduce 5-HT3 receptor-mediated current [6, 27]. Thus, the limited basic 
and clinical findings suggest that 9-THC does not potentiate the antiemetic 
efficacy of dopamine D2- and 5-HT3-receptor antagonists against CINV.  

Although the advent of “setron” 5-HT3 receptor antagonists in the 1980s led to the 
cessation of further antiemetic research in the clinic, the discovery of the 
cannabinoid receptors, their endogenous ligands, drugs that increase tissue levels 
of endocannabinoids via inhibition of their uptake or metabolism, combined with 
the introduction of new animal models of emesis, have rekindled a renaissance in 
the field of cannabinoid antiemetic research. The first published manuscript 
suggesting that the antiemetic efficacy of 9-THC is via activation of cannabinoid 
CB1 and not CB2 receptors was in the least shrew [28]. 9-THC and its direct-
acting analogs such as WIN55-212-2, CP55,994 and HU-210, behave as broad-
spectrum agonist antiemetics in a CB1 receptor antagonist-sensitive manner 
against diverse centrally- and peripherally-acting emetogens in several animal 
models of emesis. These emetogens include: SR141716A [28], cisplatin-induced 
immediate [29-34] and delayed emesis [34,35]; serotonin (5-HT), its precursor 5-
hydroxytryptophan (5-HTP), as well as the selective (e.g. 2-methylserotonin)- and 
nonselective (e.g. 5-HT)-5-HT3 receptor agonists [36]; the dopamine precursor L-
DOPA and dopaminergic D2/3 receptor selective (quinpirole, quinelorane, 7-(OH) 
DPAT)- and nonselective (apomorphine)-agonists [37,38]; 2-AG [39]; AA [39]; 
radiation [40]; SP [41]; morphine or morphine-6-glucuronide [42,43]; motion 
[44], lithium [45] and staphylococcal enterotoxin [46]. The current chapter 
expands the antiemetic efficacy of 9-THC and related direct-acting cannabinoids 
against 20-hydroxyPGE2 (Fig. 7), and the selective CB1 receptor agonist 
arachidonoyl-2-chloroethylamide (ACEA) which can be metabolized by FAAH to 
the emetic agent arachidonic acid [1] (Fig. 3). 

The broad-spectrum antiemetic nature of phytocannabinoids and direct-acting 
synthetic CB1 agonists against diverse centrally- and/or peripherally-acting 
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emetogens implies that such agents may affect several emetic loci in GIT/DVC 
circuit and/or a final shared point in this circuit. Significant evidence supports the 
first possibility since both central [32,34] and peripheral mechanisms [36] 
contribute to the antiemetic efficacy of such cannabinoids. Indeed, 9-THC 
pretreatment strongly suppresses cisplatin-induced Fos expression in the AP, NTS 
and DMNX during acute phase [32,34] and at relatively lower degrees during 
delayed emesis [34]. In the periphery 9-THC-related agents act on prejunctional 
CB1 receptors and reduce both smooth muscle intestinal contractility and 
peristaltic propulsion, which may affect emesis [3,6,9,10,14]. In addition, such 
agonists inhibit transient lower esophageal sphincter relaxation in several emetic 
species via CB1 receptor activation, which can prevent reflux of gastric content 
into the esophagus [47]. 

Phytocannabinoids and Synthetic Direct-acting Cannabinoids as Vomit 
Inducers 

9-THC and related clinically used agents are often used on a subacute basis as 
prophylactic agonist antiemetics for the prevention of nausea and vomiting caused 
by chemotherapeutics. Cannabis-induced hyperemesis is a recently recognized 
syndrome associated with chronic large doses of cannabis use. It is characterized 
by repeated cyclical vomiting and learned compulsive hot water bathing behavior 
[48]. Although it was considered rare, recent international publications of 
numerous case reports suggest the contrary. Basic and clinical studies suggest that 
chronic exposure to 9-THC may not be necessary for the induction of emesis. In 
fact, acute intravenous injection of a crude marijuana extract in a single volunteer 
[49], or acute oral administration of dronabinol (9-THC) in 3-30% of patients, 
have been shown to cause nausea, vomiting, diarrhea or crampy abdominal pain 
[50-53]. Indeed, a relatively recent systematic review of adverse effects of 
medical cannabinoids in clinical trials has revealed that while 19-64% of patients 
experienced CNS events, 28-40% of them also experienced adverse 
gastrointestinal side-effects [54]. If the discussed acute symptoms also represent 
components of cannabis hyperemesis syndrome, then chronic exposure to 
cannabinoids is not a necessary prerequisite for the induction of vomiting, but 
may be needed for the intensification and cyclic nature of hyperemesis. Published 
results from animal models of emesis support the latter proposal since acute 
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intravenous or intraperitoneal administration of 9-THC can produce vomiting in 
naive dogs [55] or in 20-30% of naïve least shrews [34], while severe emesis is 
observed when 9-THC-dependent chronically-exposed dogs were given a small 
dose of the CB1 antagonist, rimonabant (SR141716A) [56]. The recent use of 
synthetic cannabinoids (e.g. JWH-018 and HU-210) spiked in herbal products 
sold as “spice”, is a relatively recent phenomenon in Europe. Use of spice and 
related products is also becoming popular in the USA. Increasingly, use of such 
agents is associated with nausea and emesis [57,58]. Overall, these basic and 
clinical findings suggest that in a number of emetic species including humans, 
acute administration of 9-THC or related products (JWH-018) in susceptible 
individuals can induce emesis, whereas chronic 9-THC exposure can cause 
severe hyperemetic syndrome. Even more intriguing, relatively larger doses of the 
CB1 receptor-selective inverse agonist/antagonist SR141716A produces dose-
dependent emesis in the least shrew [28], ferrets [59] and cannabinoid-dependent 
dogs [56], while at lower doses (0.05-0.2 mg/kg) it causes nausea and vomiting in 
4-14% of humans [60]. The latter effects of SR141716A are thought to be due to 
inverse agonism and/or its ability to cause substantial release of emetic 
neurotransmitters such as serotonin and dopamine [61]. Reason(s) for 9-THC 
causing emesis in some drug naïve and apparently normal individuals, but not in 
all patients or test animals, still remain to be fully explained. However, possible 
pharmacokinetic and pharmacodynamics mechanisms have been suggested [48]. 

Exogenously-administered Endocannabinoids as Anti- and Proemetic Agents 

Only a few putative endocannabinoids have been systematically tested across 
available emesis models to allow a firm conclusion as to whether exogenously-
administered endocannabinoids possess emetic and/or antiemetic properties. 
Furthermore, published studies have often utilized only one or two 
endocannabinoid doses which further prevent any robust conclusion. 
Intraperitoneal administration of the endocannabinoid 2-AG (0, 0.25, 1, 2.5, 5, 10 
and 20 mg/kg) in the least shrew has been shown to induce dose-dependent 
emesis with significant vomiting occurring at 1 mg/kg, and 100% of animals 
vomiting at the 5 mg/kg dose [39]. To the best of the author’s knowledge no such 
dose-response study has been carried out in any other emesis model. The induced 
emesis in the least shrew is probably due to rapid metabolism of 2-AG by MAGL 
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enzyme [2] to AA since the latter agent is a potent emetogen by itself, and the 
emetic efficacy of both 2-AG and AA can be fully blocked by the COX inhibitor, 
indomethacin [39]. Indirect support for the latter conclusion comes from the 
ability of the MAGL inhibitor JZL184 to prevent LiCl-induced vomiting in house 
musk shrews [62]. Surprisingly, JZL184 was ineffective in the conditioned gaping 
model of nausea-like behavior in rats [62]. The emetic effect of 2-AG in least 
shrew and the antiemetic efficacy of JZL184 in the house musk shrew were only 
partially reversed by selective CB1 receptor antagonists/inverse agonists 
SR141716A and AM251, respectively. Although the emetic potential of 
exogenously administered 2-AG was not studied in house musk shrew, 
administration of exogenous 2-AG (and also surprisingly AA) was shown to 
attenuate, in a dose-dependent manner, the frequency of LiCl-induced gaping in 
rats. While AM251 failed to reverse the inhibitory effect of 2-AG on gaping, 
indomethacin prevented the inhibitory effects of both 2-AG and its metabolite AA 
on gaping. In addition, when JZL184 was co-administered to prevent metabolism 
of exogenously administered 2-AG, the inhibitory effect of 2-AG against LiCl-
induced gaping became sensitive to AM251. Moreover, the emetic potential of 
exogenous 2-AG in the ferret has not yet been fully investigated and the available 
data indicate that by itself 2-AG lacks emetic activity in this species at 0.5 and 2 
mg/kg (i.p.) doses, but exhibits antiemetic activity against morphine-6-
glucuronide at 2 mg/kg [63]. However, lack of emetic potential of 2-AG in ferrets 
should not be too surprising, since unlike in shrews, peripheral administration of 
serotonin or SP does not produce vomiting in ferrets [6]. Overall, these findings 
suggest that when 2-AG is exogenously-administered by itself, it is rapidly 
metabolized in both least shrews and rats, and the discussed effects in both 
species are due to AA and downstream metabolites [39]. In fact the 
chemotherapeutic agent cisplatin not only can increase brainstem and gut tissue 
levels of well-known emetogens such as dopamine, serotonin and SP, but also 
increases brain levels of 2-AG in the least shrew [64]. 

The emetic/antiemetic potential of exogenously-administered anandamide appears 
to be less controversial. In a wide dose-response (0, 2.5, 5, 10 and 20 mg/kg, i.p.) 
study in the least shrew, anandamide only caused significant emesis at its 10 
mg/kg [39]. Moreover, in the ferret anandamide lacks direct emetic activity but 
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was shown to potentiate vomiting caused by morphine-6-glucuronide (M6G) [65]. 
Lack of full emetic efficacy of anandamide could be explained by its 
endovanilloid agonist activity at TRPV1 receptors, and by its relatively slower 
metabolism [6]. In fact, the TRPV1 receptor can also be targeted by the burning 
component of chili peppers, capsaicin, as well as by resiniferatoxin, which can 
produce both pro- and anti-emetic effects in least shrews [Darmani, unpublished 
findings] and house musk shrews [66], but can be an antiemetic in ferrets [67]. 
Likewise, exogenous anandamide has pro-emetic activity in least shrews by itself 
[39] and possesses antiemetic efficacy against vomiting caused both by 2-AG in 
the least shrew [39] and by M6G in ferrets [42]. Complete lack of pro-emetic 
activity of the metabolically more stable synthetic analog of anandamide, 
methanandamide, is also consistent with for a more gradual degradation of 
anandamide [6,39]. Furthermore, our recent findings demonstrate that another 
analog of anandamide, arachidonoyl-2-chloroethylamide (ACEA), which behaves 
as a selective CB1 receptor agonist and undergoes rapid metabolism by FAAH [1], 
can also produce intense and dose-dependent emesis in least shrews (Fig. 3A, 3B). 
In fact a significant increase in percentage of shrews vomiting relative to vehicle-
treated controls occurred at the 5 mg/kg dose (i.p.), and 100% emesis in shrews 
was achieved at 10 mg/kg dose of ACEA. Thus, ACEA appears to be slightly less 
potent than 2-AG in producing emesis [39]. On the other hand, another 
anandamide analog arachidonoylcyclopropamide (ACPA), which is also thought 
to be a CB1 receptor-selective agonist and a substrate for FAAH [1], failed to 
produce emesis in the least shrew. This new finding suggests that ACPA is 
probably metabolized at a much lower rate. 

As with anandamide, another putative endocannabinoid, N-arachidonoyldopamine 
(NADA), stimulates both CB1 and TRPV1 receptors and attenuates M6G-induced 
emesis in the ferret [65]. Exogenously-administered NADA was an effective 
antiemetic at 2 mg/kg (i.p.), and at this dose, by itself, failed to induce vomiting. 
However, the emetic/antiemetic potential of NADA has not been fully explored 
either in other species or against other emetogens. Another putative novel 
endocannabinoid is virodhamine which consists of arachidonic acid and 
ethanolamine joined by an ester linkage [68]. Virodhamine behaves as a partial  
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Figure 3: Dose-response emetic effects of varying doses (0, 1, 2.5, 5 and 10 mg/kg, i.p., n = 8 per 
group) of the hydrolyzable CB1 receptor selective agonist ACEA (arachidonoyl-2-
chloroethylamide) in the least shrew (Graphs A and B). The mean frequency of emesis (±S.E.M.) 
and the percent of shrews vomiting were recorded during a 30 min observation period immediately 
post ACEA injection. The antiemetic dose-response effects of three structurally different 
cannabinoid CB1/2 receptor agonists CP55,940 (0, 0.001, 0.0025, 0.01 and 0.05 mg/kg, ip., n = 10 
per group; depicted in graphs C and D); 9-THC (0, 0.5, 1, 2.5 and 5 mg/kg, ip., n = 8-10 per 
group; depicted in graphs E and F), and WIN55,212-2 (0, 0.1, 0.25, and 1 mg/kg, ip., n = 8-10 per 
group; depicted in graphs G and H) against emesis caused by a 10 mg/kg intraperitoneal dose of 
ACEA are also shown. The CB1/2 agonists were injected into different groups of shrews 30 min 
prior to ACEA administration and the induced emetic parameters were recorded for 30 min post 
ACEA injection. Frequency data are presented as mean (±S.E.M.). Significantly different from 
corresponding vehicle control (0 mg/kg) at P < 0.05 (*), P < 0.01 (**) and P < 0.001 (***). These 
experiments and statistical analyses were performed in accord with our published protocols [39]. 

agonist with in vivo antagonist activity at the CB1 receptor, but with full agonist 
activity at the CB2 receptor. Our new findings demonstrate that exogenously 
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administered virodhamine produces vomiting in the least shrew in a dose-
dependent fashion (Fig. 4A, 4B). However, a significant number of vomits and 
percentage (70-90%) of animals exhibiting emesis were observed at its 10 and 20 
mg/kg (i.p.) doses. Thus, relative to both 2-AG and ACEA, virodhamine appears 
to be a less potent and not a fully efficacious emetogen. Again the chemical 
structure of virodhamine suggests that its downstream metabolites are probably 
emetogenic. The possible antiemetic potential of lower doses of virodhamine 
against various emetogens has not been investigated. Since the possibility of the 
CB2 receptor contributing towards antiemetic efficacy of cannabinoids has been 
suggested [63], and virodhamine is a full agonist of CB2 receptors, 

 

Figure 4: Emetic dose-response effects of the putative endocannabinoid virodhamine (0, 1, 2.5, 5, 
10 and 20 mg/kg, i.p., n = 8-10 per group) in the least shrew. Graph A depicts the mean increase in 
the frequency of vomiting (±S.E.M.), while graph B shows the increase in the percentage of 
shrews vomiting. Emesis parameters were recorded for 30 min post injection. Significantly 
different from vehicle control (0 mg/kg) at P < 0.05 (*) and P < 0.01 (**). For experimental details 
and statistical analyses see [39]. 

activation of the latter receptors could be important in its antiemetic potential. 
However, the majority of findings rule against the functional contribution of CB2 
receptors in emetic circuits. 

Endocannabinoid Metabolic- and Reuptake-inhibitors as Antiemetic/ Proemetic 
Agents 

With conventional neurotransmitter systems (such as serotonin), clinically useful 
agents have often been developed to increase neurotransmitter tissue 
concentration either via the inhibition of their reuptake (e.g. serotonin reuptake 
inhibitors) or metabolism (e.g. monoamine oxidase inhibitors) so as to prolong 
their synaptic function (e.g. antidepressants). Likewise, endocannabinoid reuptake 
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blockers and enzyme inhibitors are being developed to extend duration of action 
and potentiate their function [69]. A number of FAAH (e.g. AA-5-HT, URB597) 
and MAGL (e.g. JZL184) inhibitors as well as some endocannabinoid reuptake 
blockers (OMDM1, VDM11, AM404) have already been tested for their 
antiemetic potential in several emesis and nausea-like models. However, as with 
the use of exogenously administered endocannabinoids, the antiemetic/proemetic 
nature of some of these agents can be contradictory, and unlike 
phytocannabonoids or direct-acting synthetic CB1 agonists, they lack broad-
spectrum antiemetic efficacy. For example, the FAAH inhibitor URB597, either 
alone or in combination with exogenously administered anandamide, attenuates 
M6G-induced emesis in the ferret [63,65], and nicotine- as well as cisplatin- 
induced vomiting in house musk shrews [70], and reduces indices of nausea in 
rats [71,72] in a CB1 receptor-dependent manner. On the other hand, URB597 has 
been shown to lack antiemetic efficacy against apomorphine in both ferrets [73] 
and least shrews [64], and against cisplatin- and 2-AG-induced vomiting in the 
latter species [64]. Another tested FAAH inhibitor AA-5-HT, also lacks 
antiemetic efficacy against these emetogens in the least shrew [64]. More 
importantly, in the least shrew both URB597 and AA-5-HT at doses greater than 
10 mg/kg (i.p.) induce significant emesis by themselves. The emetic potential of 
such doses of URB597 and AA-5-HT has not yet been tested in other species. The 
MAGL inhibitor JZL184 selectively prevents metabolism of 2-AG and thus 
increases its tissue levels in rodents as well as in house musk shrews [62]. JZL184 
was shown to attenuate vomiting caused by LiCl in the house musk shrew which 
was partially reversed by the selective CB1 antagonist AM251. However, in the 
latter study JZL184 was ineffective against lithium-induced nausea in rats. The 
reuptake blocker VDM11 elevates 2-AG but not anandamide levels in the ferret 
brain [63] and has been shown to attenuate vomiting caused by M6G in ferrets 
[63] and apomorphine-induced emesis in the least shrew [64]. However, VDM11 
was not effective against both cisplatin- and 2-AG-induced emesis in the least 
shrew [64]. Its inability to suppress 2-AG-induced emesis stands to reason since 
2-AG can still be metabolized by MAGL to AA and downstream metabolites to 
produce its emetic effects. Another reuptake blocker OMDM1 lacked antiemetic 
efficacy against all of the above discussed emetogens in the least shrew [54]. One 
more tested reuptake blocker is AM404, which also lacks efficacy against 
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vomiting caused by apomorphine, copper sulfate and cisplatin (observed for 24 
hours post cisplatin injection) in the ferret [74]. However, it did slightly attenuate 
emesis by 37% when post-cisplatin observation of vomiting was limited to the 
first six hours of injection. Thus, it appears that the antiemetic/emetic nature of 
both exogenously administered endocannabinoids and agents that increase their 
endogenous tissue concentrations depends on a balance between their beneficial 
effects in elevating their tissue levels versus unfavorable actions in their 
conversion to proemetic AA and downstream emetogenic metabolites. 

Role of Downstream Endocannabinoid and AA Metabolites in Emesis 

As discussed earlier, endocannabinoids can be converted to AA and these 
lipophilic agents can be further metabolized by diverse enzymes to about 100 
different compounds. The pharmacology of many of these substances remains 
relatively unexplored. Thus, the task of evaluating their pro- and/or antiemetic 
properties is daunting, since animal models of emesis are quite expensive and few 
laboratories outside the drug industry can support their maintenance. As already 
discussed, the emetic potential of several endocannabinoids across a wide range 
of doses has been studied only in the least shrew. In this species, except for 
noladin ether, other tested putative endocannabinoids are either potently (2-AG 
and virodhamine) or weakly (anandamide) emetogenic. Their common metabolite 
AA is also a potent emetogen in the least shrew [39] and can induce symptoms of 
nausea in rats [62]. As a further corresponding example, human studies have 
shown that 2-AG activates blood platelets, mainly via its metabolite AA and not 
through a direct action on either cannabinoid CB1 or CB2 receptors [75]. Our 
published studies in the least shrew demonstrate that the multistep 5-LOX 
products of AA are diverse leukotrienes (LTA4, LTB4, LTC4, LTD4, LTE4 and 
LTF4), some of which can be potent emetogens, and their emetic efficacy exhibits 
a close structure-activity relationship. In fact the parent leukotriene LTA4 lacks 
emetic activity and can either be converted into a non-emetogen LTB4, or 
conjugated to the peptide glutathione to generate the parent cysteinyl leukotriene 
LTC4 which is a potent emetic agent in the least shrew [75]. The latter can be 
stripped of a glutamic acid residue to form LTD4 with an equal emetic potency, 
which can be stripped of its glycine residue to produce a weak emetogen LTE4 

(Fig. 1). Furthermore, LTC4 can be converted via carboxypeptidase to LTF4, 
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which lacks emetic activity. The LTC4-induced vomiting was attenuated by both 
the leukotriene CysLT1 antagonist pranlukast and the CysLT2 partial 
agonist/antagonist Bayu9773 [76]. Fos tissue immunoreactivity, measured 
subsequent to LTC4-induced vomiting to define its putative anatomical emetic 
substrates, was significantly increased in the enteric nervous system of the least 
shrew as well as in the NTS and DMNX but not in the AP of the DVC emetic 
nuclei in the brainstem, suggesting that both peripheral and central mechanisms 
are involved in the process of induced vomiting. 

The 5 major types of prostanoid receptors include DP, EP, FP, IP and TP. Some 
of these receptors are further subdivided, particularly the EP receptor, namely 
EP1-4 receptors. As discussed earlier, the cyclooxygenase products of AA are 
diverse PGs. The clinical use of PGE2 and PGF2 and their analogs (e.g. 
misoprostol; sulprostone) in obstetric medicine is often associated with nausea 
and vomiting [77,78]. In the ferret only DP (e.g. BW245C)-, EP (e.g. PGE2; 
misoprostol; sulprostone)- and FP (e.g. PGF2)-receptor agonists induce vomiting 
[78]. In humans, administration of BW245 is also associated with nausea and 
gastrointestinal disturbance [79]. The thromboxane A2 mimetic U466619 
produces vomiting via TP receptors in ferrets since this effect was attenuated by 
vapiprost [78]. These agonists also depolarized the isolated ferret vagus nerve 
preparation, which suggests activation of the vagus is a component of emetic 
action of these agents, with PGF2, being both the least potent depolarizing agent 
and emetogen [78,80]. Their pro-emetic activity may also have a central 
component since both PGE2 and PGF2α, as well as other PGs, excite the neurons 
of the area postrema in the canine DVC [81]. The induced emesis was blocked by 
5-HT3 (ondansetron)- and NK1 (CP99,994)-receptor antagonists which can also 
reverse the ability of serotonin and SP in exciting the vagus nerve [82-84]. 
However, bilateral vagotomy was ineffective in reducing prostanoid-induced 
emesis in the ferret [84], indicating involvement of other nerves (e.g. splanchnic) 
as well. There appear to be species differences in the emetic potential of 
prostanoids since in the house musk shrew only TP receptor agonists (e.g. 
U46619) consistently produced vomiting, and PGE2 and PGF2 lacked emetic 
activity up to 1 mg/kg [85]. Unlike the case of the ferret [84], bilateral vagotomy 
reduced U46619-induced vomiting in the house musk shrew [86]. The role of 
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prostanoids causing emesis in the least shrew has not been fully evaluated. In the 
least shrew PGF2 demonstrated dose-dependent (0, 0.25, 1, 5, 10, 20 mg/kg, i.p.), 
but bell-shaped, increases in both the frequency of emesis (Fig. 5A) and the 
percentage of animals vomiting (Fig. 5B). However, significant emesis in both 
emetic parameters was seen only at its 10 mg/kg dose. Its metabolite 20- 
 

 

Figure 5: Emetic bell-shaped dose-response effects of prostaglandin F2 (PGF2) (0, 0.25, 1, 5, 10 
and 20 mg/kg, i.p., n = 8 per group) in the least shrew. Graph A depicts the mean increase in the 
frequency of vomiting (±S.E.M.), while graph B shows the increase in the percentage of shrews 
vomiting. Emesis parameters were recorded for 30 min post injection. Significantly different from 
vehicle control (0 mg/kg) at P < 0.05 (*). For experimental details and statistical analyses see [39]. 

 

Figure 6: Emetic dose-response effects of prostaglandin E2 (PGE2) (0, 0.25, 1, 5, 10 and 20 
mg/kg, i.p., n = 8-10 per group) in the least shrew. Graph A depicts the mean increase in the 
frequency of vomiting (±S.E.M.), while graph B shows the increase in the percentage of shrews 
vomiting. Emesis parameters were recorded for 30 min post injection. Significantly different from 
vehicle control (0 mg/kg) at P < 0.05 (*). For experimental details and statistical analyses see [39]. 

hydroxyPGF2, failed to demonstrate consistent emetic efficacy in the least shrew 
even at larger doses. Moreover, its other metabolites, such as 13,14-dihydro-15-
keto PGF2; 15-keto PGF2; and 19 (R) hydroxyl PGF2 also had no emetic 
activity. As with PGF2, in the least shrew intraperitoneal administration of PGE2 
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caused dose-dependent emesis at large doses with significant effects at 10 and 20 
mg/kg doses (Fig. 6A, 6B). However, unlike with the discussed PGF2 metabolite, 
biotransformation of PGE2 to its 20-hydroxyPGE2 product significantly 
potentiated its emetic efficacy since 100% of animals vomited at its 0.5 mg/kg 
dose (i.p.), and the induced effects were dose-dependent (Fig. 7A, 7B). 

 

Figure 7: Dose-response emetic effects of varying doses (0, 0.025, 0.05, 0.1, 1, 2.5 and 5 mg/kg, 
i.p., n = 8-12 per group) of 20-hydroxyprostaglandin E2 (20-hydroxyPGE2) in the least shrew 
(Graphs A and B). The mean frequency of emesis (±S.E.M.) and the percent of shrews vomiting 
were recorded during a 30 min observation period immediately post 20-hydroxyPGE2 injection. 
The antiemetic dose-response effects of three structurally different cannabinoid CB1/2 receptor 
agonists CP55,940 (0, 0.025, 0.05, 0.1 and 0.3 mg/kg, ip., n = 8 per group; depicted in graphs C 
and D); 9-THC (0, 1, 2.5, 5 and 10 mg/kg, ip., n = 8-12 per group; depicted in graphs E and F), 
and WIN55,212-2 (0, 1, 2.5 and 5 mg/kg, ip., n = 8-10 per group; depicted in graphs G and H) 
against emesis caused by an 0.5 mg/kg intraperitoneal dose of 20-hydroxyPGE2 are also shown. 
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The CB1/2 agonists were injected into different groups of shrews 30 min prior to 20-hydroxyPGE2 
administration and the induced emetic parameters were recorded for 30 min post 20-hydroxyPGE2 
injection. Frequency data are presented as mean (±S.E.M.). Significantly different from 
corresponding vehicle control (0 mg/kg) at P < 0.05 (*), P < 0.01 (**) and P < 0.001 (***). These 
experiments and statistical analyses were performed in accord with our published protocols [39]. 

Likewise, PGG2 caused emesis in least shrews in a dose-dependent fashion with 
maximal emetic efficacy at 0.5 mg/kg (i.p.) (Fig. 8A, 8B). Since no antagonist-
inhibition data is available for the discussed emetic effects, one cannot assign a 
particular prostanoid receptor for their emetic activity. However, it is important to 
note that PGD2, PGH2 and PGI2 as well as the tetranor PGFM failed to induce 
vomiting in least shrews at up to 5 mg/kg doses. CYPP450 hydroxylases generate 
the hydroxyeicosatetraenoic acid downstream products of AA (such as 16-, 17-, 
18-, 19-, or 20-HETE) and 20-HETE is a major metabolite in the gut [87]. 
Furthermore, intraperitoneal injection of 20-HETE in the least shrew caused dose-
dependent increases in both the frequency (Fig. 9A), and percentage of animals 
vomiting (Fig. 9B), with 100% efficacy at 2 mg/kg (Fig. 9B). Epoxyeicosatrienoic 
acids such as±5(6)-EpETrE are produced from AA via CYPP450 epoxygenases 
and are involved in the regulation of inflammation, angiogenesis, cellular  
 

 

Figure 8: Emetic dose-response effects of prostaglandin G2 (PGG2) (0, 0.25, 0.5, 1 and 2 mg/kg, 
i.p., n = 6-9 per group) in the least shrew. Graph A depicts the mean increase in the frequency of 
vomiting (±S.E.M.), while graph B shows the increase in the percentage of shrews vomiting. 
Emesis parameters were recorded for 30 min post injection. Significantly different from vehicle 
control (0 mg/kg) at P < 0.05 (*) and P < 0.001 (***). For experimental details a statistical 
analyses see [39]. 

0-

1-

&-

-
- -.'� -.� ,

'-

/
,--

'

//

/ // /
&

+

'

-
- -.'� -.� ,

,

�

'

� (

6
�
�

	�
�7
�

8
$

�
�
#

9
��

7�
�
�
�

:
�
�;

�
�

	�

�����������	���!����2%� 
�����������	���!�����2%� 



50   Molecular, Pharmacological, Behavioral and Clinical Features Darmani and Chebolu 

 

Figure 9: Emetic dose-response effects of 20-HETE (0, 1 and 2 mg/kg, i.p., n = 4-6 per group) in 
the least shrew. Graph A depicts the mean increase in the frequency of vomiting (±S.E.M.), while 
graph B shows the increase in the percentage of shrews vomiting. Emesis parameters were 
recorded for 30 min post injection. Significantly different from vehicle control (0 mg/kg) at P < 
0.01 (**). For experimental details and statistical analyses see [39]. 

proliferation, ion transport and steroidogenesis [88]. We now report involvement 
of ±5(6)- EpETrE in emesis since it caused dose-dependent vomiting in the least 
shrew both in terms of emesis frequency (Fig. 10A) and percentage of animals 
exhibiting vomiting (Fig. 10B). Maximal emesis occurred at 0.5 and 1 mg/kg 
(i.p.) doses. However, other tested products of AA such as ±11(12)-EpETrE and 
5(S)-HpETE lacked emetogenicity in the least shrew. Significant indirect 
evidence supports these findings since S. aureus enterotoxin B produces vomiting 
in monkeys which is associated in a time-dependent manner with increases in 
plasma concentration of several AA metabolites including PGF2, Leukotriene B4, 
and 5-HETE [89]. Such enterotoxins increase intestinal levels of serotonin in the 
house musk shrew and subsequently stimulate 5-HT3 receptors found on vagal 
afferents in the GIT to induce vomiting [90]. In fact the latter study has 
demonstrated that pretreatment with either an inhibitor of 5-HT synthesis (p-
chlorophenylalanine), or a serotonergic neuronal neurotoxin (5,7-
dihydroxytryptamine), or a 5-HT3 receptor antagonist (granisetron), or bilateral 
vagotomy, can attenuate the induced emesis. In addition, both the COX-2 
inhibitor nabumetone and the nonspecific COX inhibitor indomethacin which 
prevent AA metabolism, also reduce serotonin release induced by cisplatin from 
ileal enterochromaffin cells [91]. Furthermore, indomethacin, can prevent 2-AG- 
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and AA-induced vomiting in the least shrew [39], and vomiting caused by 
cisplatin or lipopolysaccharide in piglets [92,93]. 

 

Figure 10: Emetic dose-response effects of ±5(6)EpETrE (0, 0.25, 0.5, 1 and 2 mg/kg, i.p., n = 8 
per group) in the least shrew. Graph A depicts the mean increase in the frequency of vomiting 
(±S.E.M.), while graph B shows the increase in the percentage of shrews vomiting. Emesis 
parameters were recorded for 30 min post injection. Significantly different from vehicle control (0 
mg/kg) at P < 0.01 (**). For experimental details and statistical analyses see [39]. 

Effect of Established Antiemetics Against Emesis Caused by Endocannabinoids 
and their Downstream Products 

As discussed earlier, we already have shown that pretreatment with 9-THC or 
related cannabinoids (WIN55,212-2 and CP55,994) attenuate 2-AG-induced 
vomiting in the least shrew in a dose-dependent fashion [39]. Likewise, and in 
line with this evidence, we now demonstrate the antiemetic efficacy of 
subcutaneously-administered cannabinoid CB1/2 receptor agonists (9-THC, 
WIN55,212-2, and CP55, 940) against the emetic capacity of the previously 
discussed CB1 receptor-selective agonist ACEA (10 mg/kg, i.p.), which is an 
anandamide analog but undergoes rapid metabolism to AA and its other 
downstream emetic metabolites (Fig. 3). The tested cannabinoids appear to 
behave as potent antiemetics (CP55,940 > WIN55,940 > 9-THC) since over 90% 
of ACEA-induced emesis was prevented at their 1 mg/kg dose or less (Fig. 3C- 
3H). These cannabinoids also prevented the ability of the highly emetogenic 
downstream metabolite of AA, 20-hdroxyPGE2 (0.5 mg/kg, i.p.), in a dose-
dependent fashion with a similar potency order (Fig. 7C-7H). Moreover, 
WIN55,212-2 has been shown to prevent emesis in the house musk shrew caused 
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by staphylococcal enterotoxin [90]. These findings further establish the broad-
spectrum antiemetic nature of 9-THC and its synthetic analogs. Furthermore, 
both 5-HT3 (ondansetron)- and NK1 (CP99,994)-receptor antagonist pretreatment 
can attenuate PGE2-induced vomiting in the ferret [84], while only the NK1 
receptor antagonist CP122,721 prevented emesis caused by the prostanoid TP 
receptor antagonist U46619 in the house musk shrew [86]. Dexamethasone is one 
antiemetic that is often used in conjunction with a 5-HT3- or an NK1-receptor 
antagonist to protect against CINV [6]. Dexamethasone can also be used by itself 
as an antiemetic. Glucocorticoids such as dexamethasone seem to shift AA 
metabolism towards endocannabinoid synthesis to produce nongenomic anti-
inflammatory effects [94] and probably vomit protection. 

SUMMARY AND CONCLUSIONS 

Studies in both humans and animal models of emesis suggest that 9-THC and its 
synthetic direct-acting CB1/2 receptor agonist analogs possess broad-spectrum 
antiemetic activity against diverse emetogens via the activation of cannabinoid 
CB1 receptors present in the DVC and GIT emetic loci. Increasingly more recent 
reports reveal a complex enigma in that some patients suffer from severe nausea 
and intractable vomiting of unknown etiology following chronic use of large 
doses of 9-THC. In addition, the current literature regarding the anti- and 
proemetic nature of endocannabinoids is equivocal. In fact published studies in 
diverse emesis models indicate that the antiemetic efficacy of exogenously-
administered endocannabinoids, or the antiemetic potential of agents that raise the 
endogenous tissue concentrations of endocannabinoids via the blockade of either 
their metabolism or reuptake, depends on a balance between the beneficial effects 
in elevating their tissue levels versus unfavorable actions in converting them to 
proemetic AA and downstream emetogenic metabolites. Furthermore, unlike 9-
THC, such agents lack broad-spectrum antiemetic efficacy. The apparent lack of 
emetic potential of endocannabinoids in the commonly used emesis models such 
as the ferret and the house musk shrew probably stems from testing only a few 
doses of such agents, since in the least shrew full dose-response studies have often 
revealed both pro- and antiemetic activities. The latter situation mirrors the early 
2000s publications regarding the emetic potential of the CB1 antagonist/inverse 
agonist SR141716A, which was originally shown to induce dose-dependent 
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emesis in least shrew [28] with no such activity in either the ferret [42,43] or the 
house musk shrew [44,45]. However, much later the emetic efficacy of 
SR141716A was confirmed in the ferret [95] but such validation has not been 
obtained in the house musk shrew. 
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Abstract: The term “cannabinoid” refers to the class of 60 or so compounds found in the 
plant Cannabis sativa, of which Δ9-tetrahydrocannabinol (THC) is the major bioactive 
constituent. In addition, endogenous cannabinoids such as anandamide and 2-arachidonyl 
glycerol are synthesized de novo from phospholipids via the enzymatic activities of 
phospholipases such as phospholipase (PL)C, PLD and diacylglycerol lipase. These 
compounds act to varying degrees at three subtypes of cannabinoid receptors: the CB1 and 
CB2 receptors, as well as GPR55. There is a wealth of evidence demonstrating that both 
endogenous and exogenous cannabinoids regulate energy homeostasis by increasing energy 
intake and decreasing energy expenditure. Based on our current understanding it is 
apparent that this occurs via complex interactions between the gut, liver, pancreas, 
brainstem, hypothalamus and limbic forebrain. Moreover, the regulatory effects of 
cannabinoids on energy balance are sexually differentiated and subject to the modulatory 
influences of steroid and peptide hormones. This chapter endeavors to explore the 
continuum of developments in the intensive, 40+-year study of how cannabinoids regulate 
food intake, gastrointestinal motility and secretion, fat and carbohydrate disposition, 
mitochondrial respiration and core body temperature. It is anticipated that this work will 
offer new insight and provide a newfound appreciation of the pleiotropic mechanisms 
through which cannabinoids control energy homeostasis. 

Keywords: Cannabinoids, appetite, metabolism, hypothalamus, brain stem, GI 
tract, body temperature, POMC neurons, contraction, secretion, transmitter release 

HISTORICAL BACKGROUND/INTRODUCTORY REMARKS 

Throughout history, marijuana (a.k.a., Cannabis sativa, Cannabis indica, ta-ma, 
bhang, Indian hemp) has been among the world's most widely cultivated plant. Its 
first recorded use dates back over 12,000 years [1]. It has been used extensively  
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for the strength of its stalk fibers by the ancient Chinese, Greek and Roman 
civilizations [2-7]. These cultures, along with the Egyptians, Indians and 
Assyrians from ancient and medieval periods, were also using cannabis to varying 
degrees for a number of different medicinal purposes (e.g., constipation, malaria, 
pain relief, fever reduction, sleep induction, appetite stimulation); often times 
mixing it with other substances such as alcohol or opium [1-5,7]. In addition, they 
were aware of the intoxicant and aphrodisiac properties of cannabis, as well as its 
ability to cause impotence [2-5,7]. In America, cannabis was used for many of 
these same expressed purposes going back to colonial times, and this use 
continued right up until the passage of the Marijuana Tax Act in 1937 [2,3,5,6]. In 
fact, various preparations of cannabis extract were listed in the National 
Formulary and U.S. Pharmacopoeia up until 1941 [2, 6]. 

Fast forward to the 1960s, and it is here when we find that tetrahydrocannabinol 
(THC) was first identified as the primary bioactive constituent of marijuana [8]. 
This seminal discovery prompted structure-function analyses that ultimately 
revealed four classes of compounds with pharmacological and behavioral 
properties similar to THC: tricyclic molecules with an intact dibenzopyran ring 
system like THC, bicyclic molecules (e.g. CP-55,940), aminoalkylindoles (e.g., 
WIN 55,212) and arachidonylethanolamides (e.g., anandamide [1]). It was 
another, nearly 30 years before one of the receptors to which THC binds was 
discovered and cloned from the brain and testis of the rat and human – namely, 
the cannabinoid CB1 receptor [9,10]. These discoveries were followed shortly 
thereafter by the identification of anandamide as an endogenous agonist for the 
CB1 receptor [11]. In 1993, Munro and colleagues [12] identified the CB2 
receptor as a second subtype of cannabinoid receptor located primarily in 
peripheral tissues. 

It is now known that both CB1 and CB2 receptors are metabotropic, Gi/o-coupled 
receptors that negatively modulate adenylyl cyclase activity, cAMP production, 
protein kinase A (PKA) activation and Ca2+ influx through voltage-gated Ca2+ 
channels. They also enhance K+ efflux through a variety of K+ channels such as 
the Kv4.2 channel and the G protein-gated, inwardly-rectifying K+ (GIRK)1 
channel. In addition, they modulate the activity of AMP-dependent protein kinase 
(AMPK) in a site-specific manner, increase the activity of mitogen-activated 
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protein kinase (MAPK) in microglia, and reduce nitric oxide production in 
macrophages (for review see [13]). Interestingly there is a metabotropic orphan 
receptor, termed GPR55, for which lysophosphatidylinositol is the endogenous 
agonist and CB1 receptor antagonists like SR141716A and AM251 appear to act 
as partial agonists. This receptor is expressed throughout the body, and has been 
implicated in the regulation of neurotransmitter release, vascular tone, bone 
remodeling, pain, cell proliferation and energy balance. In contrast to the effects 
seen following the activation of CB1 receptors, GPR55 stimulation leads to 
intracellular Ca2+ mobilization and increased transmitter release. This makes sense 
when one considers that SR141716A and AM251 are capable of activating this 
receptor. In peripheral tissues GPR55 stimulation has been reported to trigger the 
activation of phosphatidylinositol-3-kinase (PI3K), Bmx, phospholipase C, 
MAPK, and RhoA (for review see [14]). 

In the time that has elapsed since its prohibition, the studies conducted have largely 
supported the idea that cannabinoids have widespread medicinal applications; with 
considerable efficacy in the treatments of chemotherapy-associated nausea, pain and 
glaucoma [1,15]. However, the mood-altering, euphoric properties invoked 
following their inhalation or ingestion still remain the primary reason behind their 
use [1,15,16]. In fact, there is an ongoing surge in the recreational use of synthetic 
aminoalkylindoles (e.g., JWH018, WIN 55,212-2) and other CB1 receptor agonists 
such as HU-210 that have been impregnated in herbal blends and incense, and 
marketed under names like Spice, K2 and Banana Cream Nuke [17-20]. Although 
long considered benign compared with drugs of abuse such as heroin or cocaine, 
evidence gathered over the past 30 years suggests that CB1 receptor agonists activate 
a major brain reward pathway comprising the midbrain dopamine neurons [21-24]. 
This suggests a common denominator for the rewarding properties of heroin, 
cocaine, ethanol and marijuana [25]. Moreover, the abuse of the synthetic 
cannabinoids found in the aforementioned herbal mixtures has been associated with 
a disturbing number fatalities reported over the past several years [20]. 

This chapter will focus on the role of cannabinoids in the regulation of energy 
homeostasis. We will start with an overview of the biosynthesis, transport and 
metabolism of endogenous cannabinoids. Next we will discuss cannabinoid 
effects on food intake. Then we will talk about cannabinoid actions on energy 
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expenditure. Finally, we will summarize the current state of what we know 
concerning the cannabinoid regulation of energy balance, and the direction that 
future research is likely to take us. 

OVERVIEW OF ENDOGENOUS CANNABINOID BIOSYNTHESIS, 
TRANSPORT AND METABOLISM 

Biosynthesis of Endogenous Cannabinoids 

Endogenous cannabinoids are derivatives of unsaturated fatty acids, distributed in 
the central nervous system (CNS), peripheral nerves, uterus, leukocytes, spleen 
and testicles [26]. These lipid molecules serve as ligands for CB1 and CB2 
receptors, as well as GPR55. The first endogenous cannabinoid discovered was 
anandamide (arachidonylethanolamide), which was isolated from porcine brain in 
1992 [26]. The second endogenous cannabinoid uncovered was 2-AG, which was 
first identified in the intestine of canine gut [27]. Some additional 
endocannabinoids that have been identified include O-arachidonoylethanolamine, 
2-arachidonyl glyceryl ether and docosatetraenoyl-ethanolamide [26,28,29]. 
Endogenous cannabinoids are not stored in cells like neurotransmitters; rather 
they are synthesized as needed [26]. 

The two best-described endogenous cannabinoids are anandamide and 2-AG, 
which as mentioned above are lipids that differ from amino acid, amine and 
peptide transmitters in more complex ways than merely their chemical makeup 
[30]. It is now widely accepted that phospholipids such as phosphatidylcholine or 
phosphatidylinositol are not only constituents of the cell membrane, but are also 
precursors for transmembrane signaling molecules and serve as important 
biologically active lipids in cell-to-cell communication [29]. The molecular 
structures that anandamide and 2-AG share are a polyunsaturated fatty acid tail 
and a polar head group consisting of ethanolamine and glycerol [29]. Even though 
endogenous cannabinoids bear a resemblance to eicosanoids, they are unique 
because of their alternate biosynthetic routes. Aside from eicosanoids and in 
contrast to classical and peptide transmitter synthesis anandamide and 2-AG are 
produced quickly by receptor-stimulated cleavage of membrane lipid precursors 
from mainly neurons and glia cells then released quickly from these cells after 
their assembly [29,30]. 
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The first step in the biosynthesis of endogenous cannabinoids involves Ca2+ influx 
into the cell through voltage-dependent Ca2+ channels, and Ca2+ freed from 
intracellular stores upon excitement of inositol 1, 4, 5-trisphosphate (IP3) 
receptors [26,29]. This increase in intracellular Ca2+ is critical for the activation of 
the biosynthetic enzymes [31]. Anandamide synthesis occurs primarily by a 
reaction involving precursors in the cell membrane such as 
phosphatidylethanolamine (PE) and phospholipids [26,29]. The reaction is carried 
out via N-acyltransferase (NAT, a.k.a. transacylase), which transfers the 
arachidonate group from the sn-1 glycerol ester position of phospholipids like 
phosphatidylcholine to the primary amino group of PE [26,29,31,32]. Once N-
arachidonoyl-PE is generated phospholipase D (PLD) converts it to anandamide 
[26]. Yet another pathway of anandamide synthesis involves the condensation of 
arachidonic acid and ethanolamine by an enzyme originally termed anandamide 
synthase [26,29]. It is now known that this reaction is actually carried out by fatty 
acid amide hydrolase in the presence of high concentrations of the arachidonic 
acid and ethanolamine; performing a reaction opposite that of the normal 
hydrolysis reaction involved in anandamide degradation ([29]; see below). 

There are two possible pathways through which 2-AG can be synthesized. The 
first method requires the activation of phospholipase C (PLC) through 
neurotransmitter receptors such as Gq-coupled metabotropic glutamate receptors 
or muscarinic cholinergic receptors, which produces IP3 and 1,2-diacylglycerol, 
the latter of which can then be converted into 2-AG by the enzyme 1,2-
diacylglycerol lipase (DGL [29]). Purification of rat brain DGL has been reported, 
and inhibitors of PLC and DGL prevent 2-AG synthesis in cell cultures of cortical 
neurons [29,33]. In addition, DGL is found in close synaptic apposition with 
presynaptically localized CB1 receptors [34]. Collectively, these findings signify 
that the PLC/DGL pathway plays an integral role in the formation of 2-AG. The 
second proposed route of 2-AG formation involves phospholipase A1 (PLA1), 
which is thought to generate a lysophospholipid that is subsequently hydrolyzed 
to 2-AG by lyso-PLC activation [29]. 

Transport and Metabolism of Endogenous Cannabinoids 

Newly synthesized anandamide or 2-AG, released into the extracellular space, 
subsequently activates G-protein coupled cannabinoid receptors, predominantly in 
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a retrograde synaptic signaling fashion [30]. Both anandamide and 2-AG are 
hydrophobic molecules and therefore are confined in their movements through 
their aqueous environments [29]. However, growing evidence suggests that 
carrier-mediated transport may represent a means through which these lipid 
molecules can be rapidly and selectively removed from the synaptic cleft [35]. 
Indeed, N-(4-hydroxyphenyl) arachidonylamide (AM404) blocks anandamide 
accumulation in rat cortical neurons and astrocytes in vitro, whereas prostaglandin 
E2 (PGE2) was ineffective [36]. It also enhances the suppression of inhibitory 
neurotransmission by 2-AG in hippocampal slices [37]. Anandamide also 
accumulates in cerebellar granule cells in a saturable, stereoselective and Na+-
independent fashion that is sensitive to noncompetitive inhibition by the fatty acid 
phloretin [38,39]. The structural determinants for substrate recognition and 
subsequent facilitated diffusion by the anandamide transporter include a polar, 
hydroxyl-containing head group and a carboxamide group [39]. Given the 
structural similarities between anandamide and 2-AG, this would help explain 
why 2-AG is cleared from the media of human astrocytoma cells just as rapidly 
and effectively as anandamide, and how 2-AG is able to compete with 
anandamide (and vice versa) to varying degrees for carrier-mediated translocation 
via the anandamide transporter in different cell types [28,29,39,40]. 

Once inside the cell, anandamide is broken down to arachidonic acid and 
ethanolamine by fatty acid amide hydrolase (FAAH) [26]. This enzyme is mostly 
found in liver and brain tissues and expressed less in the spleen, kidney, testis and 
lungs [26]. Within the brain FAAH is widely expressed, but most prominently in the 
cortex, hippocampus, amygdala and cerebellum [41]. Anandamide can also be 
metabolized into PGE2-ethanolamide and 12(S)-hydroxy-arachidonylethanolamide 
via the cyclooxygenase-2 and lipooxygenase, respectively [26]. Hydrolysis of 2-AG 
is carried out by monoglyceride lipase (MGL), a serine hydrolase, which breaks 
down monoglycerides into fatty acid and glycerol [42]. As with FAAH, MDL has a 
widespread distribution throughout the brain, with appreciable expression being 
observed in areas rich with CB1 receptors such as the hippocampus, cortex, 
thalamus and cerebellum [43]. The hippocampal distribution of MGL is laminar in 
appearance, which is indicative of a presynaptic distribution in the termination zones  
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of glutamatergic Schaffer collaterals and mossy fibers, which renders it strategically 
localized to degrade 2-AG at CA3-CA1 pyramidal cell and dentate-CA3 pyramidal 
cell synapses [29,43]. This is substantiated by the fact that MGL inhibitors like 
arachidonoyl fluorophosphonate appreciably augment the presynaptic inhibitory 
effects of endogenously produced 2-AG on inhibitory and excitatory 
neurotransmission in the hippocampus [44]. The dynamics of the synthesis, 
signaling, transport and metabolism are graphically depicted in Fig. 1. 

CANNABINOID EFFECTS ON ENERGY INTAKE 

As mentioned above it has long been known anecdotally that cannabinoids 
stimulate food intake, and this has since been proven experimentally in both 
humans and animal models [45-49]. Studies in rodents have revealed that CB1 
receptor agonists increase the amount of time spent eating and decrease the time 
spent resting, whereas CB1 receptor antagonists decrease the amount of time 
spent eating and increase the time spent grooming and resting [50,51]. The 
hyperphagia elicited by CB1 receptor agonists exhibits an inverted U dose-
response relationship, and this is due most likely to the cataleptic effect of 
cannabinoids observed at higher doses [47,51-53]. In addition, the hyperphagic 
and hypophagic effects of CB1 receptor agonists and antagonists, respectively, are 
greatly accentuated in subjects fed a palatable, carbohydrate-rich or high-fat diets 
[47,51,54-57]. 

In a seminal study conducted back in 1971, Abel [45] reported that marijuana 
smoking significantly increased marshmallow consumption in human subjects 
who were brought in for the expressed purpose of evaluating marijuana’s effect 
on memory and intellectual performance. Collectively, these and other 
observations gradually led to the idea that various formulations of THC could be 
clinically applicable as therapeutic adjuncts in ameliorating the cachexia 
associated with various pathological states. Indeed, smoked marijuana or orally 
ingested dronabinol (Marinol) are both efficacious in lessening the pain severity, 
anorexia, weight loss, nausea and vomiting seen with chronic pain, HIV/AIDS 
and a number of different types of cancer (e.g., lung, gastrointestinal, pancreatic, 
prostate, Hodgkin’s disease [58-65]). By contrast, the CB1 receptor antagonist 
SR141716A (Rimonabant) significantly decreased body weight and waist 
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circumference, as well as normalized the lipid profile, of obese patients taking 
part in the RIO-North America clinical trial [66]. Were it not for some untoward 
side effects (e.g., respiratory tract infection, arthralgia, depressed mood) 
experienced by a small percentage of participants, this compound would have 
undoubtedly proved to be an effective therapeutic adjunct in the treatment of 
obesity. 

In all of the many studies touting the therapeutic efficacy of cannabinoid receptor 
agonists, whether they be case reports, case series or randomized, double-blind 
studies with placebo-treated controls, the considerable majority of participants 
were male [62-65]. However, in the one study where the gender ratio was more 
evenly split, the ability of cannabis extract and THC to stimulate appetite and 
improve quality of life in cachexic cancer patients was rendered ineffective [67]. 
This suggests that there are gender differences in the cannabinoid-induced 
increase in energy intake, and this idea has been substantiated in rodent animal 
models. Indeed, a ~10X greater dose of the CB1 receptor agonist CP55940 is 
required to elicit increased consumption of sweetened condensed milk in female 
rats that is equivalent to that observed in males [68]. Male guinea pigs also are 
more sensitive to the appetite-stimulating properties of the cannabinoid agonist 
WIN 55,212-2, and microstructural analysis of meal pattern reveals that the more 
robust hyperphagia observed in males is associated with increases in meal size, 
frequency and duration, whereas in females it is associated only with an increase 
in meal frequency [69]. 

Regulation of Gastrointestinal Motility, Secretion, Inflammation and Brain-
Gut Communication 

It is clear that cannabinoids exert widespread actions in regulating gastrointestinal 
function, and serve as chemical messengers that help mediate communication 
between the gut and brain. For example, CB1 receptors are expressed in nerve 
fibers, as well as in virtually all cholinergic motor neurons and, to a lesser degree, 
in substance P-containing neurons within the myenteric plexus of the guinea pig 
and rat [70]. These receptors are poised to mediate the inhibition of electrically-
evoked contractions in the small intestine and peristalsis in the ileum, the latter of 
which is due to presumptive increases in nitric oxide production and the opening 



On the Cannabinoid Regulation Molecular, Pharmacological, Behavioral and Clinical Features   69 

of apamin-sensitive K+ channels [71,72]. CB1 receptor activation can also 
indirectly inhibit cholinergic contractions of longitudinal muscle from the murine 
ileum by negatively modulating purinergic P2X receptor-mediated increases in 
acetylcholine release [73]. In the gastric fundus both anandamide and WIN 
55,212-2 inhibit cholinergic twitch contractions as well as non-adrenergic, non-
cholinergic mediated relaxations [74]. Collectively, these actions serve to 
suppress gastrointestinal motility [75-79], which would slow the transit of luminal 
contents and allow for increased absorption of digested nutrients [80-82]. This 
also makes sense when one considers that the cannabinoid-induced increase in 
caloric content requires additional time for the nutrient macromolecules to be 
hydrolyzed into their absorbable units. Some have proposed that this is due most 
likely to a reduction in propulsive activity, with decreases in the frequency of 
gastric and intestinal contractions occurring without any change in intraluminal 
pressure [75]. Still others have shown that the THC-induced decrease in pyloric 
contractility is associated with a reduction in intragastric pressure [83]. 

Cannabinoids also are involved in regulating gastrointestinal secretion. For example, 
CB1 receptors are expressed in vasoactive intestinal peptide and neuropeptide Y 
(NPY)/cholinergic neurons, as well as in paravascular nerves and fibers, within the 
submucosal plexus of the guinea pig ileum [84]. The CB1/CB2 receptor agonist 
WIN 55,212-2 decreases the electrogenic ion transport caused by electrical field 
stimulation and capsaicin that is precluded by extrinsic denervation of the ileum 
[84]. WIN 55,212-2 and HU-210 both decrease pentagastrin- and 2-deoxy-D-
glucose-induced gastric acid secretion; effects that are attenuated by cervical 
vagotomy and ganglionic blockade [85]. In addition, inhibition of MGL mitigates 
against gastric damage induced by nonsteroidal anti-inflammatory drugs in mice 
[86]. Moreover, cholera toxin upregulates CB1 receptor expression and increases 
anandamide secretion in the small intestine; effects which appear to counter the 
increased fluid accumulation caused by the toxin [87]. Both methanandamide and 
CP 55,940 increase orexigenic ghrelin release from the gastric mucosa, and smoked 
medicinal cannabis elevates plasma levels of ghrelin in HIV-infected men [88,89]. 
By contrast, both SR141716A and the anorexigenic anandamide analog 
oleoylethanolamide decrease circulating ghrelin levels in fed rats [90]. 
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THC and cannabidiol both exert anti-inflammatory actions that ameliorate the 
damage and disturbed colonic motility seen with 2,4,6-trinitrobenzene-induced acute 
colitis in the rat [91]. Moreover, WIN 55,212-2 inhibits cytokine and chemokine 
secretion from rat pancreatic acini, and pretreatment with the agonist significantly 
attenuates the increase in amylase release as well as the morphological damage 
caused by caerulin-induced pancreatitis [92]. Another cannabinoid receptor, GPR55, 
also exerts anti-inflammatory effects that can influence gastrointestinal motility 
under conditions such as lipopolysaccharide-induced septic ileus [93]. These anti-
inflammatory actions may be due to the ability of cannabinoids to 
activate/desensitize transient receptor potential, vanilloid type (TRPV)1-4 channels 
that have been found in the jejunum and ileum [94]. 

CB1 receptors also are expressed in vagal afferents innervating the stomach and 
duodenum, the levels of which are increased by fasting and reduced by refeeding 
in a cholecystokinin (CCK)-dependent manner [95]. These afferents convey 
chemical information on the luminal contents, as well as mechanical information 
on the tension in the gut wall, and when activated they transmit a satiety signal to 
the nucleus of the tractus solitarius (NTS; [96]). CB1 receptor activation blocks 
the cytokine-induced increase in intracellular calcium within vagal nerve 
terminals in the NTS, and in doing so blocks the malaise and anorexia caused by 
pro-inflammatory mediators such as tumor necrosis factor [97]. THC can also 
inhibit 5HT3 receptor-mediated currents in rat nodose ganglion neurons [98], and 
alter the unit activity of over 50% of NTS neurons, the considerable majority of 
which were catecholaminergic, glucose-responsive and glucose-sensitive neurons 
[99]. In 2004, Debenev and co-workers [100] reported that the cannabinoid 
receptor agonists WIN 55,212-2 and anandamide suppress both excitatory and 
inhibitory synaptic inputs impinging upon efferent neurons the dorsal motor 
nucleus of the vagus (DMNV), some of which project to the stomach. It is now 
known that endogenous cannabinoids are synthesized and released on demand in 
DMNV neurons, where they activate CB1 receptors located on presynaptic 
GABAergic nerve terminals in retrograde fashion to inhibit GABAA receptor 
mediated synaptic currents via a process known as depolarization-induced 
suppression of inhibition (DSI; [101]). Endogenous cannabinoids also appear to 
stimulate GABA release in the DMNV by activating TRPV1 channels on the 
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terminals of glutamatergic neurons emanating from the NTS [102]. Collectively, 
these effects culminate in increased consumption, as evidenced by the fact that 
CP55940 administered into the fourth ventricle stimulates the intake of sweetened 
condensed milk [68]. CB2 receptors also reside in the DMNV, where they appear 
to serve an anti-emetic function [103]. However, their exact role related to 
regulating energy balance remains to be elucidated. In addition, peripheral CB1 
receptors mediate the analgesia that alleviates the visceral pain arising from 
colorectal distention [104]. 

Regulation of the Hypothalamic Feeding Circuitry 

The neuroanatomical substrates of the hypothalamic feeding circuitry comprise 
both orexigenic and anorexigenic components. The orexigenic neuronal 
populations include the neuropeptide Y (NPY) and ghrelin neurons with cell 
bodies located in the arcuate nucleus (ARC) of the mediobasal hypothalamus 
[105-109]. In addition, there are orexin (hypocretin) and melanin concentrating 
hormone (MCH) neurons with cell bodies emanating from the lateral 
hypothalamus that serve to stimulate feeding [110-113]. Inhibitory inputs to the 
hypothalamic feeding circuitry arise predominantly from the hypothalamic 
ventromedial nucleus (VMN; [114-116]), and from proopiomelanocortin (POMC) 
neurons originating in the ARC [117,118]. Cocaine amphetamine related 
transcript (CART), a neuropeptide that is found in a large percentage POMC 
neurons, as well as in neurons in the dorsomedial nucleus (DMN), lateral 
hypothalamic area (LHA) and paraventricular nucleus (PVN), also suppresses 
feeding [119-122]. In addition, α-melanocyte stimulating hormone (α-MSH) 
derived from the POMC gene decreases food intake [118]. By contrast, opioids 
like the POMC derivative β-endorphin stimulate feeding [107,123]. On the other 
hand, male transgenic β-endorphin knockout mice exhibit hyperphagia associated 
with increased adiposity and other abnormalities such as hyperinsulinemia and 
glucose intolerance [124]. Agouti-related peptide (AgRP) colocalizes with NPY 
in a subpopulation of ARC neurons, and stimulates feeding by antagonizing the 
actions of α-MSH at melanocortin (MC)4 receptors [125-129]. This hypothalamic 
feeding circuit is modulated by peripheral hormones emanating from the gut (e.g., 
peptide YY (PYY), ghrelin, glucagon-like peptide (GLP)-1) and by leptin 
emanating from adipose tissue [117,130-133]. In addition, leptin and PYY inhibit 
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energy intake by increasing the firing rate of the inhibitory inputs (e.g., POMC 
neurons) and decreasing that observed in excitatory inputs such as the NPY 
neurons, whereas ghrelin exerts the opposite effect on these neurons [117,134-
137]. While there is considerable synaptic reciprocity and redundancy 
[113,128,138-140], all of the neural components comprising the hypothalamic 
feeding circuit project to the PVN [141,142] where they can synapse on 
corticotrophin-releasing hormone (CRH) neurons [108,142], alter the firing rate of 
parvocellular PVN neurons [143] and exert effects on feeding [113]. Given that 
CRH suppresses food intake [144], it is apparent that the PVN is an important 
locus for accommodating afferent signals concerning energy status and integrating 
them into an efferent feeding response. 

CB1 receptors are expressed in the ARC, preoptic area, PVN, VMN, LHA and 
DMN [121,145]. Accordingly, it should not be surprising that both endogenous 
and exogenous CB1 receptor agonists can stimulate food intake when 
administered directly into nuclei comprising the hypothalamic feeding circuitry. 
For example, anandamide delivered directly into the VMN stimulates food 
consumption [146], as does THC when administered into the PVN [147]. 2-AG 
levels in the hypothalamus are increased by food deprivation, and reduced during 
refeeding [148]. Hypothalamic 2-AG concentrations also are elevated in obese 
Zucker (fa/fa) rats, as well as in obese db/db (leptin receptor deficient) and ob/ob 
(leptin deficient) mice [149]. In addition, orexigenic ghrelin increases 
hypothalamic 2-AG and, to a lesser extent, anandamide concentrations [150], 
whereas anorexigenic leptin decreases hypothalamic concentrations of both 2-AG 
and anandamide [149]. With regard to the former, both THC and 2-AG, as well as 
ghrelin, increase the activity of AMPK in the hypothalamus, and the ability of 
ghrelin to elevate hypothalamic AMPK activity is blocked by SR141716A 
[150,151]. 

Thus, both exogenous and endogenous cannabinoids are poised to regulate energy 
homeostasis, in part, via their actions on cellular substrates within the 
hypothalamic feeding circuitry. In the LHA, endogenous cannabinoids disinhibit 
MCH neurons by reducing GABAA receptor-mediated synaptic input impinging 
on these cells via DSI[152,153]. In addition, WIN 55,212-2 administered directly 
into the ventral tegmental area (VTA) increases c-fos expression in orexin 
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(hypocretin) neurons [154]. On the other hand, WIN 55,212-2 has been shown to 
inhibit the activity of these neurons by reducing excitatory input onto these cells 
[153], which has ramifications concerning the mechanism(s) through which 
cannabinoids regulate arousal. Both anandamide and CP55, 940 were reported to 
increase KCl-evoked NPY release from hypothalamic explants [155]. This 
contrasts with the observation that SR141716A was able to decrease food intake 
in NPY-deficient mice just as efficaciously as it did in their wildtype controls 
[149]. In addition, WIN 55,212-2 did not affect the membrane potential or firing 
rate of NPY neurons, nor did it affect the synaptic input impinging upon these 
cells [156]. Collectively, this would indicate that NPY neurons are not critical to 
the ability of cannabinoids to regulate energy homeostasis. In 2008, Sinnayah and 
coworkers [154] reported that WIN 55,212-2 and the CB1 receptor antagonist 
AM251 respectively increase and decrease food intake in AgRP-overexpressing 
Ay mice. This would suggest that POMC neurons are not involved in the 
cannabinoid regulation of energy balance. On the other hand, WIN 55,212-2 
presynaptically attenuates whereas AM251 accentuates convergent, excitatory 
glutamatergic and inhibitory GABAergic input onto both murine and guinea pig 
POMC neurons [53,157,158]. CB1 receptor activation can also augment an A-
type K+ current (IA) through postsynaptic Kv4.2 channels that serves to directly 
inhibit these cells [53,159]. Moreover, transgenic FAAH-deficient mice exhibit 
reduced numbers of CART-immunoreactive fibers in the ARC, DMN and the 
periventricular nucleus, and week-long treatment with SR141716A restored the 
number of CART fibers to levels observed in their wildtype counterparts [160]. 
Furthermore, SR141716A was unable to decrease food intake CART-deficient 
mice [160]. 

These multifaceted actions of cannabinoids at POMC synapses are sexually 
differentiated. For example, the potency of WIN 55,212-2 to presynaptically 
inhibit GABAA receptor-mediated input is reduced ~6X in males as compared to 
females [69,161]. In addition, the cannabinoid-induced augmentation of the IA is 
observed only in females, whereas in males CB1 receptor activation leads to the 
activation of GIRK1 channels [158,159]. Coupled with the fact that there is a 
greater CB1 receptor density in the hypothalamus of male rats as compared to 
females [162], these sexually differentiated actions of cannabinoids at POMC 
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synapses help explain why males are more responsive to the hyperphagia caused 
by WIN 55,212-2 than are females [69]. 

This sexually discrepant, cannabinoid regulation of appetite can be further 
modified by gonadal steroid hormones. For example, estradiol markedly 
attenuates the ability of CB1 receptor agonists to presynaptically inhibit 
ionotropic glutamate receptor-mediated excitation of POMC neurons, and to 
augment the IA in these cells [53,161]. This negative modulatory effect of the 
steroid is evident within minutes following bath application to hypothalamic 
slices, and lasts at least 24 hr following systemic administration [53,161]. The 
ability of estradiol to disrupt cannabinoid signaling is due to the activation of 
estrogen receptor (ER)α and the Gq-coupled membrane ER, which triggers a 
signal transduction cascade that involves the activation of PI3K, protein kinase C 
(PKC)δ and, to a lesser extent, PKA [163,164]. This is consistent with the 
estradiol-induced downregulation of CB1 receptors in the hypothalami of 
ovariectomized rats [162]. Collectively, this would render CB1 receptors less 
effective in decreasing glutamatergic neurotransmission; leading to increased 
excitation of POMC neurons and augmented anorexigenic tone within the 
hypothalamic feeding circuitry. This undoubtedly accounts, at least in part, for the 
ability of estradiol to dampen cannabinoid-induced hyperphagia in the female 
rodent [53,164]. 

In the PVN, corticosteroids rapidly decrease excitatory glutamatergic synaptic 
input onto both parvocellular and magnocellular neurons via a Gαs-cAMP-PKA 
pathway that increases concentrations of anandamide and 2-AG to inhibit 
transmission [165,166]. Leptin antagonizes the corticosteroid-induced increases in 
endogenous cannabinoid levels, and thus the inhibitory effects on glutamate 
release, via a phosphodiesterase-3B-mediated decrease in intracellular cAMP 
production [166]. Given that CRH suppresses food intake [144], this 
corticosteroid effect may very well represent a fast negative feedback mechanism 
through which a critical anorexigenic component of the hypothalamic feeding 
circuitry is quieted during fasting by virtue of an increase in endogenous 
cannabinoid tone within the PVN. Ghrelin also reduces glutamatergic 
neurotransmission at synapses with parvocellular neurons in a manner that is 
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sensitive to antagonism by AM251 or the DGL inhibitor tetrahydrolipstatin, 
thereby implicating the involvement of endogenous cannabinoids [150]. 

Regulation of the Hedonic Aspects of Food Intake 

In addition to regulating gastrointestinal function and aspects of energy balance 
related to nutrient status and the like, compelling evidence indicates that 
cannabinoids influence the hedonic, rewarding components of appetitive 
behavior. Indeed, the nucleus accumbens (NAc) constitutes one of two brain sites 
for cannabinoid reward, as rats will readily self-administer THC into this region 
and establish conditioned place preference for the drug [25]. WIN 55,212-2 
decreases GABAergic and glutamatergic input onto NAc neurons [167], and 
endogenous cannabinoids inhibit corticofugal glutamatergic input impinging on 
these cells via a process known as long-term depression [168-170]. These 
collective, cannabinoid-induced changes in synaptic transmission within the NAc 
ultimately increase dopamine release from mesolimbic terminals [23,171]. The 
cell bodies of these mesolimbic dopamine neurons emanate from the VTA, and 
the focal injection of WIN 55,212-2 or AM251 into this region respectively 
increases or decreases food intake [154]. Dopamine, in turn, decreases the content 
of anandamide and 2-AG in the limbic forebrain (of which the NAc is a part) via 
the activation of D1 and D2 receptors, respectively [172]. These latter findings 
contrast with a report from Sinnayah and co-workers [154], who observed that 
AM251 enhances electrically stimulated dopamine release from the NAc shell. 

On the other hand, the concentrations of anandamide and 2-AG within the limbic 
forebrain are increased by fasting to an even greater extent than they are in the 
hypothalamus [148]. The NAc is an important neuroanatomical substrate for the 
µ-opioid receptor-mediated intake of high-fat food [173]. It also projects to the 
ventral palladium, which is an important integrative center for the hedonic liking 
and ingestion of palatable food [174]. It should not be a surprise, therefore, that 
anandamide or 2-AG administered into the shell of the NAc increase c-fos 
expression, food intake and sucrose-induced liking reactions [148,175], whereas 
SR141716A decreases dopamine release in the NAc shell that is caused by the 
ingestion of highly palatable food [176]. Thus, a fasting-induced increase in 
endogenous cannabinoid tone in the NAc will enhance motivation and incentive 
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to procure palatable food, as well as the reward experienced upon its consumption 
(for review see [34]). 

CANNABINOID EFFECTS ON ENERGY EXPENDITURE 

Regulation of Lipogenesis and Glucose Homeostasis 

Considerable evidence suggests that cannabinoids regulate the disposition of 
carbohydrates and fat. CB1 receptor activation is reported to attenuate glucose-
stimulated insulin secretion and Ca2+ oscillations in pancreatic β islet cells [177], 
whereas the activation of GPR55 by O-1602 does just the opposite [178]. In 3T3-
L1 cells THC stimulates adipogenesis (as measured by increased peroxisome 
proliferator-activated receptor γ expression) and lipid accumulation [179]. It also 
decreases both basal and isoproterenol-induced lipolysis, as well as NAPE-
specific PLD expression, and increases adiponectin and transforming growth 
factor β expression [179]. THC increases glucose uptake in both normal 3T3-L1 
cells and those made insulin resistant following exposure to tumor necrosis factor-
α [180]. This latter finding is associated with an increase in the expression of 
glucose transporter-4, and while THC per se decreased the expression of insulin 
receptor substrate-1 (IRS-1) and IRS-2 in normal cells, it markedly increases IRS-
1 and IRS-2 expression in insulin-resistant cells [180]. Moreover, HU210 
increases the hepatic expression of lipogenic transcription factors such as SREBP-
1c and enzymes like acetyl coenzyme-A carboxylase and fatty acid synthase, and 
consumption of a high-fat diet increases hepatic anandamide synthesis [181]. This 
explains how CB1 receptor agonists increase fatty acid synthesis in the liver, and 
why CB1 receptor knockout mice are resistant to increased adiposity, as well as to 
elevations in circulating insulin, trigylcerides and leptin when fed a high-fat diet 
[181]. Furthermore, ethanol exposure enhances DGL-β expression and 2-AG 
production in hepatic stellate cells, and the resultant CB1 receptor activation leads 
to steatosis via increased lipogenesis and decreased fatty acid oxidation [182]. 
These lipogenic effects can be attributed to decreased AMPK activity in the liver 
and adipose tissue [151]. In the liver, the cannabinoid-induced decrease in AMPK 
activity can also accentuate hepatic gluconeogenesis via increased expression of 
phosphoenolpyruvate carboxykinase and glucose-6-phosphatase [151,183]. 
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Interestingly, cannabinoid-induced lipogenesis may also be influenced by colonic 
bacteria and ambient levels of lipopolysaccharide (LPS), as evidenced in part by 
the fact that prebiotic treatment of mice with genetically- (ob/ob) or diet-induced 
obesity decreases colonic CB1 receptor expression and anandamide levels, as well 
as circulating LPS concentrations (an index of inflammation and gut 
permeability), and increases colonic FAAH expression [184]. Similar findings 
were observed with antibiotic treatment in lean mice, and in Myd88-/- mice fed a 
high-fat diet [184]. In addition, SR141716A decreased plasma LPS levels, 
whereas HU210 increased them [184]. 

Regulation of Thermogenesis and Core Body Temperature 

Cannabinoids elicit other metabolic effects as well. For example, WIN 55,212-2 
dose dependently decreases uncoupling protein (UCP)1 expression in differentiated 
brown adipocytes, and this is associated with respective increases and decreases in 
visfatin and adiponectin expression in white adipocytes [185]. This is consistent with 
the observation that THC inhibits mitochondrial O2 consumption in both human 
spermatozoa and oral cancer cells [186,187]. CB1 receptor activation also 
diminishes the Krebs'-Szentgyörgyi cycle's velocity, thereby decreasing the 
oxidative metabolism of glucose [188]. At the organismal level, WIN 55,212-2 
decreases O2 consumption and CO2 production in the female guinea pig [164], and 
THC reduces both the basal and hypothermia-stimulated rates of O2 consumption in 
the mouse [189]. The decrease in O2 consumption caused by the 
intracerebroventricular or intrahypothalamic administration of THC is associated 
with a reduction in core body temperature [190], and the reduction in core body 
temperature caused by the systemic or intrahypothalamic administration of WIN 
55,212-2 is blocked by pre-treatment with SR141716A [191]. This CB1 receptor-
mediated hypothermia can be attributed in part to increased thermosensitivity and 
decreased firing of primary thermodetector units, increased thermosensitivity and 
firing of heat-sensitive interneurons, as well as decreased thermosensitivity and 
firing of cold-sensitive interneurons, in the preoptic area of the anterior 
hypothalamus [192]. Just like with energy intake, the cannabinoid-induced 
hypothermia is sexually differentiated, as evidenced by the fact that male guinea pigs 
exhibit a ~0.5˚C greater reduction in core body temperature in response to 1 mg/kg 
WIN 55,212-2 than their female counterparts [69]. Interestingly, the magnitude and 
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duration of the cannabinoid-induced hypothermia is appreciably dampened by 
estradiol in ovariectomized guinea pigs, which is consistent with the negative 
modulatory effect of the steroid on the cannabinoid-induced hyperphagia [53]. By 
contrast, SR141716A increases thermogenesis in brown adipose tissue of the rat, an 
effect that is associated with increased expression of UCP1 and attenuated following 
sympathetic denervation [193]. A similar thermogenic effect is observed with 
AM251 in the guinea pig [69]. 

SUMMARY, CONCLUSIONS AND FUTURE DIRECTIONS 

The research conducted over the past half-century clearly and collectively points 
to a prominent and pervasive role for cannabinoids in regulating energy 
homeostasis. Exogenous and endogenous cannabinoids exert pleiotropic actions 
that occur via complex interactions between the gut, liver, pancreas, brainstem, 
hypothalamus and the limbic forebrain. The increased endogenous cannabinoid 
tone created by a negative energy balance signals via the ghrelin released from the 
oxyntic mucosa, the vagal afferents innervating the gastrointestinal tract, the NTS 
and DMNV neurons in the medulla, the POMC, parvocellular PVN, MCH and 
possibly orexin neurons in the hypothalamus, and the mesolimbic dopaminergic 
neurons that terminate in the NAc to convey information about nutrient 
bioavailability and to promote an increase in appetitive behavior. Exogenous 
cannabinoids can signal via these same neuroanatomical substrates to evoke the 
sensation of a negative energy balance and thereby stimulate food intake in an 
otherwise satiated individual. Cannabinoids also act via vagal efferents and those 
within the myenteric plexus to inhibit gastrointestinal motility, which increases 
the transit time of the luminal contents and increases their exposure to the 
mucosal surface, thereby augmenting the absorption of ingested nutrients. Once 
the nutrients are absorbed, cannabinoids then promote anabolic pathways (e.g., 
gluconeogenesis, glycogenesis, lipogenesis, protein synthesis) due in large part to 
tissue-specific alterations in AMPK activity that facilitate macromolecular 
assembly and storage in the liver, adipose tissue and striated muscle. In addition, 
cannabinoids interact with the hypothalamic thermoregulatory center to bring 
about a reduction in core body temperature, and decrease mitochondrial 
respiration and metabolic heat production. Moreover, they can modulate the 
activity of vagal and submucosal efferents to inhibit hydrochloric acid secretion 
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and electrolyte transport. Finally, cytokine release from secretory epithelia is 
reduced by cannabinoids, and this undoubtedly accounts in part for their ability to 
diminish gastrointestinal inflammation. 

The question arises: where to go from here? While undoubtedly great strides have 
been made in advancing our understanding of how cannabinoids regulate energy 
homeostasis, the overall picture is far from complete and remains a work in 
progress. One aspect that certainly warrants further investigation is the role of 
GPR55 in regulating energy balance. Indeed, there is a loss-of-function mutation 
of GPR55, in which valine is substituted for glycine at the 195th position, that is 
comparatively more prevalent in a cohort of female Japanese individuals afflicted 
with anorexia nervosa [194]. Moreover, GPR55 expression is elevated in the 
visceral and subcutaneous fat of obese individuals [195]. Many cannabinoid 
effects pertaining to energy intake and/or expenditure are subject to modulation 
by a variety of different hormones (e.g., CCK, leptin, ghrelin, estradiol, 
glucocorticoids). It will therefore be essential to ascertain the signal transduction 
mechanisms through which these hormones influence the coupling of CB1 
receptors (and perhaps GPR55) to their effector systems in their target cells and 
tissues. In addition, several of the endpoints related to the cannabinoid regulation 
of energy homeostasis (e.g., food intake, meal pattern, core body temperature) are 
sexually differentiated, with males responding more robustly than their female 
counterparts. Thus, clinicians and researchers alike will need to take this into 
consideration when developing rational strategies for utilizing cannabinoid-based, 
adjunct pharmacotherapies to ameliorate the cachexia associated with cancer and 
HIV/AIDS. Lastly, it is imperative that we continue to explore how cannabinoids 
interact with the immune system, mucosal epithelial cells and gut microbiota to 
modulate the gastrointestinal inflammation that is associated with obesity. The 
cannabinoid researchers of today stand on the shoulders of the pioneers that have 
led the way up to this point, and are poised to make the discoveries that will give 
us an even greater appreciation for the critical role that cannabinoids play in 
regulating energy homeostasis. 
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CHAPTER 4 

Structural Biology of Endocannabinoid Targets and Enzymes: 
Components Tuned to the Flexibility of Endogenous Ligands 

Dow P. Hurst, Jagjeet Singh and Patricia H. Reggio* 

Center for Drug Discovery, Department of Chemistry and Biochemistry, 
University of North Carolina at Greensboro, Greensboro, NC 27402, USA 

Abstract: The lipid bilayer plays a major role in the “life-cycle” of the 
endocannabinoids, anandamide and 2-AG. These ligands are synthesized on demand in 
the lipid bilayer; act at membrane embedded cannabinoid receptors that may be 
accessed via the lipid bilayer; and, are degraded by membrane associated enzymes that 
have lipid entry portals for their respective endocannabinoids (2-AG-Monoacylglycerol 
lipase (MGL); AEA-Fatty acid amide hydrolase (FAAH)). Transport for degradation 
(especially for AEA) remains a hot research topic, as AEA must leave the plasma 
membrane and travel inside the cell to FAAH which is associated with the membrane of 
the endoplasmic reticulum. This review focuses on structural features of each of the 
components of the endocannabinoid signaling system, including the enodogenous 
ligands themselves. For the homo-allylic double bond pattern in their arachidonyl acyl 
chains confers the “dynamic plasticity” that these ligands require to navigate the 
bilayer, thread through entry portals of the receptors, and enter lipid entry portals of the 
enzymes that comprise the endocannabinoid signaling system. 

Keywords: Cannabinoid, CB1, CB2, GPCR, endocannabinoid, anandamide, 2-AG, 
FAAH, MGL, FABP, FLAT, EMT, S1P1, lpid entry portal, delta-9-
THC,virodhamine, NADA, arachidonic acid, retrograde signaling, GPR18, GPR55. 

INTRODUCTION 

When first isolated, the cannabinoid receptor [1] was named for the natural 
compounds in Cannabis sativa L. that produce effects at this receptor such as 
delta-9-tetrahydrocannabinol (1, Chart 1) [2]. Early work indicated that the 
cannabinoid CB1 receptor, for example, was a G protein coupled receptor 
(GPCR) (1) with very high density in the brain [3]. Why would a drug of abuse 
receptor have such high density in the brain? It would be nearly ten years before  
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this question was resolved by the discovery that the CB1 receptor was the 
mediator of retrograde signaling at synapses in the brain [4, 5]. Additional 
surprises were in store for the field. When the endogenous ligands for the CB1 
and CB2 receptors, anandamide [6] and 2-arachidonylglcerol [7], were identified, 
these compounds belonged to an entirely different chemical class than any other 
Class A GPCR endogenous ligand isolated to date. The endocannabinoids were 
not peptides such as those that activated GPCRs like the opioid receptors (met-
enkephalin or leu-enkephalin) nor were they small amines such as those that 
activate many Class A GPCRs such as the dopamine, serotonin and β-2 adrenergic 
receptors. Instead, the cannabinoid endogenous ligands were lipid-derived 
arachidonic acid derivatives [6,7]. Today, the endogenous cannabinoid system has 
been nearly fully characterized to include the endogenous cannabinoids, the 
cannabinoid receptors, synthetic enzymes, degradative enzymes and possibly, 
transporters. This review will focus on the structures of every component of the 
endocannabinoid system, beginning with the endocannabinoids themselves. For it 
is the structures of the endocannabinoids to which the proteins in the 
endocannabinoid system have clearly been tuned. 

Endocannabinoid Ligands: Structure and Conformation 

The endogenous cannabinoids are unsaturated fatty acid derivatives with 
ethanolamide, glycerol or glycerol ether headgroups. The first enodogenous 
cannabinoid to be identified was N-arachidonylethanolamine (AEA, also called 
anandamide, 2, Chart 1). This compound was isolated by Mechoulam and co-
workers from porcine brain [6]. While AEA is an arachidonic acid derivative, 
ethanolamines of other unsaturated fatty acids have been identified to have high 
cannabinoid receptor affinity, including N-homo--linolenoylethanolamine (3, 
Chart 1) and N-docosatetraenoylethanolamine (4, Chart 1) [8]. sn-2-
arachidonylglycerol (2-AG; 5, Chart 1) was originally reported to be the 
endogenous ligand for the CB2 receptor [9]. 2-AG is a full agonist that binds to 
both CB1 and CB2 and is found in the brain in much higher concentrations than 
AEA (170-fold) [10]. A related compound, 2-eicosa-5',8',11',14'-tetraenylglycerol 
(2-AG ether, noladin ether, 6, Chart 1), has been identified to be another 
endogenous cannabinoid [11], although it is uncertain that this compound exists in 
mammals [12]. Additional endogenous cannabinoids have been found in nervous 
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tissue from mammals. These include the ‘‘capsaicin-like’’ agonist, N-
arachidonoyl dopamine (NADA, 7, Chart 1) [13, 14] and the endogenous 
antagonist, virodhamine (8, Chart 1) [15]. 
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Chart 1: The structures of classical cannabinoids and endogenous cannabinoids are illustrated 
here. 

Endocannabinoid SAR for CB1 and CB2 reveals many more possible 
substitutions in the head group than in the fatty acid portions of these molecules 
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[16]. All of the active endogenous cannabinoids contain a fatty acid chain with 
multiple homoallylic double bonds. These are fatty acid chains with cis double 
bonds separated by one methylene carbon. The most common enodcannabinoid 
fatty acid, arachidonic acid, contains 20 carbons and four homoallylic double 
bonds with the first double bond beginning at the C6 carbon on the fatty acid 
chain (20:4, n-6). The conformations accessible for this type of fatty acid chain 
have been studied extensively and they have been characterized as being 
extremely flexible [17] due to the existence of low free energy regions that are 
quite broad [18]. The barrier to rotation about Csp2-Csp3 bonds in these chains 
has been reported to be less than 1 kcal/mol [18]. Monte Carlo/simulated 
annealing calculations identified a broad distribution of torsion angles about the 
skew torsion angles 119(s) and -119(s’) for the C5-C6-C7-C8 torsion angle in 
AEA, for example (see Chart 1, 9 for numbering system). The effect of these low 
energy rotational barriers is that methylene carbons in fatty acid chains like 
arachidonic acid can act as pivot points, allowing these fatty acid chains to 
assume very diverse shapes, from extended to U-, L- or C-shapes. The resultant 
molecules have very striking “maneuverability”. This is in contrast to saturated 
fatty acid chains which have higher energy barriers (3.0 kcal/mol) for rotation 
about their Csp3-Csp3 bonds and tend to assume straighter conformations. In fatty 
acid chains where the number of homoallylic double bonds has been reduced, 
there is a decreasing tendency to form folded conformations, but the chain will 
still have curvature associated with the unsaturated regions [19]. The SAR of the 
AEA acyl chain has been shown to correlate with such changes in the fatty acid 
chain [20]. 

Early pharmacophore models for AEA binding at CB1 focused on specific shapes 
such as the J-shape [21] or the helical shape [22]. Focusing upon a hairpin-like 
conformation, Di Marzo and co-workers developed lipopeptides with 
conformational restrictions. None of these compounds had high CB1 affinity, but 
some showed 30-50-fold less affinity than AEA (2) [23]. In Monte Carlo/simulated 
annealing studies, Barnett-Norris and co-workers studied the low free energy 
conformations of high CB1 affinity ligands AEA (2), 2-AG (3), and a 
dimethylheptyl analog of AEA (16,16-dimethyldocosa-cis-5,8,11,14-tetraenoyle-
thanolamine) and compared these to the conformationally restricted prostanoid 
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ligand, N-(2-hydroxyethyl)prostaglandin-B2-ethanolamide (PGB2-EA), which has no 
affinity for CB1 [24]. The highest populated conformations for AEA (2) and 2-AG 
(3) were the angle-iron and U-shaped conformations. The relative population of 
these two conformations was influenced by the environment (water vs. CHCl3). 

Results were similar for a dimethylheptyl AEA derivative, however, PGB2-EA did 
not form angle-iron (extended) conformers. Instead, it existed primarily in an L-
shape. The authors suggested that the low probability for PGB2-EA to form extended 
conformations may be the reason for its poor CB1 affinity. 

To further explore the relationship between molecular conformations and CB1 
affinity, Barnett-Norris and co-workers extended their Monte Carlo/simulated 
annealing conformational studies to a series of ethanolamide-fatty acid congeners 
of AEA in which the homoallylic double bond pattern was varied [20]. These 
included AEA (20:4, n-6 (Ki =39.2 ± 5.7 nM) and its 22:4, n-6 (Ki = 34.4 ± 3.2 
nM); 20:3, n-6 (Ki = 53.4± 5.5 nM); and 20:2, n-6 (Ki > 1500 nM) congeners 
[25]. All congeners had a family of conformers that were in extended 
conformations, as well as one of U/J shaped conformers. However, the relative 
populations of these two families depended on the homoallylic double bond 
pattern. While the analogs with at least three homoallylic double bonds had the 
U/J-shaped family predominating, for the low affinity 20:2, n-6 ethanolamide, the 
extended conformer family predominated. There also was a difference in 
curvature of the U/J-shaped conformers in the entire series. Considering the C-3 
to C-17 region of each analog (for numbering system, see AA (9), Chart 1), the 
average radii of curvature (with their 95% confidence intervals) were the 
following: for the 20:2,n-6 analog- 5.8 Å (5.3-6.2); for the 20:3, n-6 analog- 4.4 Å 
(4.1-4.7); for the 20:4, n-6 analog- 4.0 Å (3.7-4.2); and for the 22:4, n-6 analog- 
4.0 Å (3.6-4.5). These results suggest that the ability to form tightly curved 
structures leads to higher CB1 affinity for this series of compounds [20]. 

In summary, SAR studies of AEA and 2-AG and their analogs suggest that high 
CB1 affinity ligands must be able to move between two conformational extremes: 
they must be able to adopt extended conformations [19], but they also must be 
able to adopt tightly curved conformations [21-23]. One possible explanation for 
this is that one set of conformations is needed for approaching and entering the 
receptor, while the other set is important once inside the receptor. 



Structural Biology of Endocannabinoid Molecular, Pharmacological, Behavioral and Clinical Features   97 

Endocannabinoid Mediated Retrograde Signaling 

Endocannabinoids have been shown to act as retrograde messengers throughout 

the brain [26]. They can be involved both in short- and long-term forms of 

synaptic plasticity [27, 28] (for a recent review, see [29]). A role for 

endocannabinoids in short-term synaptic plasticity was demonstrated initially. 

This form of plasticity includes depolarization-induced suppression of inhibition 

(DSI) [5,30] and depolarization-induced suppression of excitation (DSE) [31]. A 

role for endocannabinoids in the mediation of presynaptic long-term depression 

(eCB-LTD) at both excitatory [32, 33] and inhibitory [34, 35] synapses was 

demonstrated subsequently. Both AEA and 2-AG have been identified as 

endocannabinoid regulators of synaptic function [29]. However, 2-AG appears to 

be the primary endocannabinoid involved in activity-dependent retrograde 

signaling, while the role of AEA in synaptic transmission is still debated. There is 

evidence of functional cross-talk between 2-AG and AEA [36] and depending on 

the type of presynaptic activity, 2-AG and AEA have been shown to be recruited 

differentially from the same post-synaptic neuron [37, 38]. 

To understand the short- and long-term impacts of 2-AG and AEA on synaptic 

signaling, it is important to examine the biosynthetic and degradative pathways 

for each. The biosynthetic enzymes for 2-AG are localized in dendritic spines and 

somatodendritic compartments on post-synaptic neurons [29,36]. Cannabinoid 

CB1 receptors are often expressed pre-synaptically, however. Thus, 2-AG, once 

synthesized, must diffuse “backwards” across the synapse to the pre-synaptic 

location of the cannabinoid receptor. It is still unclear how 2-AG accomplishes 

this movement from the post-synaptic cell plasma membrane. It is possible that 

the movement is via simple diffusion or energy-independent carrier proteins may 

facilitate 2-AG’s movement. Once 2-AG reaches CB1, it will bind in the binding 

site cavity of the receptor, activating the receptor. CB1 activation results in 

multiple effects. Most important for retrograde signaling, however, is the 

inhibition of neurotransmitter release from the pre-synaptic cell that is mediated 

by voltage-activated Ca2+ channel inhibition and inwardly rectifying K+ channel 

enhancement in the nerve terminal membrane [5, 30, 31, 37-40]. 



98   Molecular, Pharmacological, Behavioral and Clinical Features Hurst et al. 

Synthesis of 2-AG and Anandamide Occurs in the Lipid Bilayer 

At synapses, membrane vesicles are used to store neurotransmitters, however, 
endocannabinoids cannot be “stored” because of their lipid-derived nature. These 
ligands can readilty partition into membrane and diffuse through membrane and 
therefore cannot be contained. For this reason, endocannabinoids are synthesized 
on demand. 2-AG is synthesized in two steps. First diacylglycerol is generated by 
phospholipase C-β hydrolysis of phosphatidylinositol-4,5-bisphosphate. Then, 
diacylglycerol is hydrolyzed by diacylglycerol lipase (DAGL-α) to produce 2-AG 
[41, 42]. In an alternate first step, phosphatidic acid can produce diacylglycerol in 
a phospholipase-A2 or –D catalyzed reaction [43]. 

Anandamide is generated from a phosopholipid precursor, N-arachidonoyl 
phosphatidylethanolamine (NAPE) in two-steps [44]. First NAPE synthesis is 
catalyzed in a calcium dependent manner by a yet to be identified transacylase 
that catalyzes the transfer of sn-1 located arachidonic acid (AA) on phosphatidyl 
choline to the nitrogen atom of phosphatidylethanolamine (PE). Then, NAPE is 
hydrolyzed to anandamide (AEA) by a NAPE-specific phospholipase-D (PLD) 
which has been cloned [49], purified and characterized [50]. NAPE-PLD has been 
shown to selectively reduce NAPE and increase AEA levels when overexpressed 
in cells [45]. The discovery that AEA levels are not reduced in NAPE-PLD 
knock-out mice [53] or by siRNA knockdown of NAPE-PLD in macrophages 
[54], suggests that other biosynthetic pathways exist for AEA. In support of this, 
tissues from NAPE-PLD knock-out mice have been found to have enzymatic 
activity for the conversion of NAPE to AEA in a calcium dependent manner [53]. 

AEA can be synthesized by a calcium-independent mechanism that is sensitive to 
methyl arachidonoyl fluorophosphate (MAFP). Here NAPE is first converted to 2-
lyso-NAPE by the group IB secretory phospholipase A2 (PLA2); then, 2-lyso-
NAPE is metabolized to yield AEA [55]. However, additional enzymes must be 
involved in 2-lyso-NAPE production because PLA2 has a very restricted tissue 
expression. In the RAW264.7 mouse macrophage cell line, NAPE can be 
hydrolyzed by phospholipase C to produce phosphoanandamide (pAEA). 
Phosphatases (including the putative tyrosine phosphatase PTPN22 [46]) then can 
dephosphorylate pAEA to yield AEA. In macrophages, this pathway is 
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responsible for the endotoxin (LPS)-induced increase in AEA biosynthesis [46, 
47]. Another alternative pathway for AEA synthesis involves αβ-hydrolase 4 
(Abhd4). This enzyme can act on either NAPE or lyso-NAPE to produce the 
glycerophospho-arachidonoyl ethanolamide (GpAEA). GpAEA is then acted 
upon by a metal-dependent, phosphodiesterase to produce AEA [56]. 

Does the Lipid Bilayer Orient Endocannabinoids for Productive Interaction 
with Endocannabinoid System Components? 

The lipid bilayer plays a central role in the life-cycle of endocannabinoids. To 
understand the mechanism of endocannabinoid action, it becomes important to 
know where endocannabinoids may be located in a lipid bilayer and what 
conformations they may adopt in this environment. Both molecular dynamics and 
NMR spectrosciopy can be used to provide this information. 

Molecular Dynamics Simulations in Lipid. Molecular dynamics simulations of 
AEA in a 1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC) phospholipid bilayer 
have shown that the AEA polar headgroup resides in the polar phospholipid 
headgroup region of the bilayer at the lipid-water interface, while the AEA 
nonpolar acyl chain extends into the hydrocarbon core of the membrane. These 
simulations also revealed that (i) in the DOPC bilayer environment, an AEA 
elongated conformation is preferred, yet many AEA conformations are sampled. 
Other conformations observed include angle-iron/extended/helical conformers, as 
well as more compact conformations such as J and U shaped conformations; (ii) 
the AEA headgroup has extensive hydrogen bonding interactions with DOPC 
which are short-lived; and (iii) C-H bond order parameters decrease as one moves 
towards the center of the bilayer and these order parameters are low compared to 
those seen for fatty acid saturated acyl chains [48]. The orientation of AEA in 
DOPC is illustrated in Fig. (1). 

NMR Spectroscopic Studies in Lipid. An NMR study of AEA in a 
dipalmitoylphosphatidylcholine multilamellar model membrane bilayer system 
has revealed information about AEA conformation, location, and dynamic 
properties [49]. These studies revealed that AEA adopts an extended 
conformation with the headgroup residing at the phospholipid polar group level 
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and its terminal methyl group extending to the bilayer center. 2H NMR 
experiments showed that AEA exhibits dynamic properties similar to membrane 
phospholipids, producing no bilayer perturbations. Thus, both experimental and 
MD studies reveal that AEA tends to favor an extended conformation in the 
bilayer, but AEA also dynamically samples many other conformations. 

 

Figure 1: This is a frame from a multinanosecond simulation of AEA in a DOPC bilayer (48). 
Four AEA molecules are shown here, contoured at their Van der Waals radii. Two AEAs are in the 
upper leaflet of the membrane and two are in the lower leaflet. The phosphorus atoms of DOPC 
are shown as gold balls, while the remainder of the phospholipid head group atoms (nitrogens, 
blue; oxygens, red) and the fatty acid chains (orange) are shown in tube display. Water molecules 
are also shown in tube display. Here it is clear that AEA can adopt very different conformations in 
the lipid bilayer. These include extended, L-shaped and U-shaped conofrmations. 

CANNABINOID RECEPTORS 

The endocannabinoids have been shown to mediate retrograde signaling in the 
CNS. This signaling occurs when a calcium signal in a post-synaptic cell triggers 
the synthesis of 2-AG in the plasma membrane. 2-AG then diffuses (backwards) 
across the synapse to activate CB1 receptors located pre-synaptically. Receptor 
interaction, therefore, is the next major step for endocannabinoid signaling. 

CB1 Receptor. The Class A (rhodopsin family) of G-protein coupled receptors 
(GPCRs) includes the cannabinoid CB1 and CB2 receptors (see Fig. (2)). CB1 was 



Structural Biology of Endocannabinoid Molecular, Pharmacological, Behavioral and Clinical Features   101 

initially cloned from a rat cerebral cortex cDNA library [50]. Early sequence 
analyses revealed that CB1 had highest homology with the endothelial 
differentiation gene (EDG) receptor family (now split into the lysophosphatidic 
acid (LPA) receptors and the spinghosine-1-phosphate (S1P) receptors) [51]. CB1 
receptors are expressed in the central nervous system (CNS) [52,53]. Such brain 
regions as the basal ganglia, cerebellum, and hippocampus are particularly rich in 
CB1 receptors [54]. Outside the CNS, CB1 receptors are found in human testis 
[55], retina [56], sperm cells [57], colonic tissues [58], peripheral neurons [59], 
adipocytes [60], and other organs including human adrenal gland, heart, lung, 
prostate, uterus, and ovary [61-63]. 

 

Figure 2: Helix net representations of the human CB1 and CB2 receptor sequences. 

CB1 receptors signal via multiple second effector systems (for a review see [64]). 
Agonists inhibit forskolin-stimulated adenylyl cyclase via a pertussis toxin-
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sensitive G-protein [65, 66]. CB1 receptors inhibit N-, P-, and Q-type calcium 
channels and activate inwardly rectifying potassium channels In heterologous 
cells [65, 67,68]. In neuronal cells, CB1 inhibits PKA-dependent voltage-gated N-
type Ca2+ channels (N-type VGCCs) [69]. Calcium channel inhibition and 
activation of inwardly rectifying potassium currents is pertussis toxin-sensitive 
and independent of cAMP inhibition. This suggests a direct G protein mechanism 
[67]. In certain circumstances, CB1 can couple to Gs proteins to activate adenylyl 
cyclase [70-72]. CB1 also mediates Ca2+ fluxes that are Gq/PLC-dependent in rat 
insulinoma beta-cells [73]. β-arrestins have been reported to play a role in CB1 

desensitization [74,75] and CB1 stimulation in vitro and in vivo results in 
activation of ERK1/2 kinases in a variety of cell types [76]. 

CB2 Receptor. The cannabinoid CB2 receptor was cloned from a human 
promyelocytic leukemia cell HL60 cDNA library [77]. Within the transmembrane 
regions, human CB2 receptor has 78% homology to human CB1 receptor and 64% 
homology throughout the whole protein [77]. The CB1 receptor is highly 
conserved across human, rat and mouse. In contrast, the CB2 receptor has 93% 
amino acid identity between rat and mouse and 81% amino acid identity between 
rat and human. CB2 signals via Gi/o-proteins to inhibit adenylyl cyclase, stimulate 
both the mitogen-activated protein kinase [78,79], and phosphoinositide 3-kinase 
pathways [80]. CB2 also produces activation of de novo ceramide production or 
cyclooxygenase-2 (COX-2) induction [81]. 

The CB2 receptor is highly expressed throughout the immune system [62,82]. In 
the CNS, CB2 is expressed in the CNS under both pathological [83] and 
physiological conditions [84]. Brain CB2 receptors have been shown to modulate 
cocaine’s rewarding and locomoter-stimulating effects [85]. The high expression 
of CB2 in the immune system combined with the fact that CB2 knock-out mice fail 
to respond to the immunomodulatory effects of classical cannabinoids [86], 
suggests that CB2 receptor ligands may have potential therapeutic applications as 
immunomodulators for the treatment of inflammation and allergy. The CB2 
receptor also has been shown to modulate leukocyte migration [87-90], activation 
[91], and antigen processing [92]. In ovariectomized mice [93], the CB2 receptor 
has been reported to protect from bone loss. However, CB2 activation has also 
been reported to protect from bone loss [94]. 
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Putative Cannabinoid Receptors 

The endogenous cannabinoids control a large number of physiological processes 
[95]. While most of these effects have been attributed to action at either the 
cannabinoid CB1 or CB2 receptors, some effects are clearly not CB1- or CB2-
mediated. It is possible that some of these cannabinoid effects may not be receptor 
mediated at all. However, several orphan receptors, including GPR55, GPR18, 
GPR35 and GPR119 have been proposed to be putative cannabinoid receptors 
[96]. Recent studies have confirmed that among these, GPR18 and GPR55 
recognize a range of cannabinoid ligands. Cannabinoid effects have also been 
attributed to the TRPV1 channel (for a review see [97]) and the peroxisome 
proliferator-activated receptors (PPARs) (for a review see [96]). 

GPR18. Samuelson and co-workers first isolated GPR18 from mouse in 1996 
[98]. Gantz and colleagues subsequently isolated GPR18 from human and dog 
[99]. As indicated by northern blot analysis of several human tissues, GPR18 is 
highly expressed in human spleen and testis [99]. GPR18 has also been found in 
the thymus, peripheral blood leukocytes and small intestine, all associated with 
the immune system. This suggests that GPR18 may play an immunomodulatory 
role [99]. In 2006, eicosa-5,8,11,14-tetraenoylamino-acetic acid (N-
arachidonoylglycine; NAGly (10); Chart 2) was identified as the endogenous 
ligand for GPR18 [100]. Since NAGly (10) is an arachidonic acid derivative, it 
bears structural similarity to AEA (2). Because GPR18 is activated by the atypical 
cannabinoid, abnormal-cannabidiol (Abn-CBD) and several endogenous and 
synthetic cannabinoids, GPR18 has been proposed to be the long-sought abn-CBD 
receptor [101] and therefore another cannabinoid receptor. 

GPR55 is a rhodopsin-like (Class A) GPCR, that was de-orphanized as a 
cannabinoid receptor [102,103]. GPR55 is highly expressed in human striatum 
[104] (Genbank accession # NM-005683) and couples to Gα13 [105,106], Gα12 
or Gαq [107] proteins. In the human CNS, GPR55 is found predominantly in the 
caudate, putamen, and striatum [104]. In models of inflammatory and neuropathic 
pain, GPR55

-/-
 mice have been shown to be protected. This suggests that GPR55 

antagonists may have therapeutic potential as analgesics for both these pain  
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Chart 2: The structures of endogenous ligands of the GPR18, GPR55 and S1P1 Receptors are 
illustrated here. 

types [108]. A possible therapeutic use for GPR55 antagonists is in the treatment 
of osteoporosis, due to the physiological evidence that GPR55 is associated with 
bone resorption [109]. Other studies indicate that GPR55 activation is pro-
carcinogenic [110-112]. Lysophosphatidylinositol (LPI, 11) has been identified as 
an endogenous GPR55 agonist [113], with 2-arachidonoyl-sn-glycero-3-
phosphoinositol (2-AGPI; 12) possessing the best LPI activity observed to date 
[114]. Neither LPI nor 2-AGPI, however, bind to CB1 or CB2 receptors. Several 
labs have confirmed that GPR55 is a cannabinoid receptor [106, 107, 115] 
activated by various cannabinoid and atypical cannabinoid compounds. Using a β-
arrestin green fluorescent protein biosensor to assess a cohort of CB1/ CB2 ligands 
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for GPR55 activity, Kapur et al. [116] confirmed LPI (11) as a GPR55 agonist, 
while observing that the cannabinoid antagonists AM251 and SR141716A were 
also GPR55 agonists. These GPR55 ligands activated the G-protein dependent 
signaling of PKCβII and had comparable efficacy in inducing β-arrestin 
trafficking. The potent synthetic cannabinoid agonist CP55940 acted as a GPR55 
antagonist/partial agonist, inhibiting GPR55 internalization, the formation of β-
arrestin GPR55 complexes, and the phosphorylation of ERK1/2 [116]. 

While the rest of this review will focus solely on the CB1 and CB2 receptors, it is 
interesting to note that both of the putative cannabinoid receptors, GPR18 and 
GPR55 recognize arachidonic acid-derived endogenous ligands (N-AGly 
(GPR18) and 2-AGPI (GPR55)). 

Cannabinoid Receptor Structure. The Ballesteros-Weinstein numbering system 
for GPCRs will be used here in all discussions of receptor residues [117]. In this 
numbering system, the most highly conserved Class A residue in each 
transmembrane helix (TMH) is labeled 50. This is preceded by the TMH number. 
In this system, for example, the most highly conserved residue in TMH3 is R3.50. 
The residue immediately before this would be labeled 3.49 and the residue 
immediately after this would be labeled 3.51. Loop residues are labelled by their 
absolute sequence numbers. 

The cannabinoid CB1 and CB2 receptors (see Fig. (2)) belong to the Class A 
(rhodopsin (Rho) family) of GPCRs. Today, the GPCR field is benefiting from 
the increasing number of Class-A GPCR x-ray crystal structures that have been 
solved. These include rhodopsin (Rho) [118-120], meta-rhodopsin II [121], the β2-
adrenergic receptor (β2-AR) [122-125], the β1-adrenergic receptor (β1-AR) 
[126,127], the adenosine A2A receptor [128,129], the CXCR4 receptor [130], the 
dopamine D3 receptor [131], the histamine H1 receptor [132], the 
nociceptin/orphanin FQ receptor [133], the mu [134], delta [135] and kappa [136] 
opioid receptors and the S1P1 receptor [137]. These crystal structures reveal a 
common topology that includes: (1) an extracellular N terminus; (2) seven 
transmembrane alpha helices (TMHs) arranged to form a closed bundle; (3) loops 
connecting TMHs that extend intra- and extracellularly; and, except for the 
CXCR4 receptor [130], (4) an intracellular C terminus that begins with a short 
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helical segment (Helix 8) oriented parallel to the membrane surface. Ligand 
binding occurs within the TMH bundle, with additional ligand interactions 
occurring with extracellular (EC) loop residues in some structures. 

In the binding pocket of each Class A GPCR, there is a set of residues that change 
conformation upon agonist binding. These “toggle switch” residues typically include 
a residue on TMH6 close to the TMH6 CWXP motif and a residue that interacts 
with this TMH6 residue. In CB1R, the “toggle switch” pair has been shown by 
mutation to be between W6.48 and F3.36 [138]. In the crystal structure of the 
agonist bound beta-2-adrenergic receptor, the residues that comprise the “toggle 
switch” are F6.44, P5.50 and I3.40 [139]. When the toggle switch within the binding 
pocket is tripped by agonist binding, TMH6 straightens and moves away from the 
TMH bundle using the CWXP hinge motif. This movement of TMH6 breaks the 
“ionic lock” between R3.50 and E/D6.30 at the intracellular end of the receptor. 
What results is an intracellular opening in the TMH3/4/5/6 region large enough to 
allow the G-alpha protein to insert its alpha-5 helix C-terminal region into the 
activated GPCR [140]. This sequence of events is consistent with the recent x-ray 
crystal structure of the β2-adrenergic receptor in complex with Gs protein [141]. Fig. 
(3) illustrates the CB2 receptor (TMHs and loops, orange) in a POPC bilayer that has 
been activated by 2-AG (in VdW, yellow) [142] interacting with a Gαi1β1γ2 protein 
[143]. The alpha subunit of the G protein is colored green here, while the beta 
subunit is colored cyan and the gamma subunit is colored magenta. The insertion of 
the C-terminal Gαi1 alpha helix into CB2 is modeled after the recent β-2-adrenergic 
receptor in complex with Gs [141]. The GDP that is held by the Gα protein 
between its ras and helical domains is contoured at its Van der Waals radius. 

The x-ray crystal structure of the S1P1 receptor fused to T4-lysozyme (T4L) [137] 
affords us for the first time a comparison of Class A GPCRs triggered by lipid-
derived ligands (such as S1P1 and CB receptors) versus those triggered by small 
aminergic endogenous ligands (such as the beta-adrenergic or serotonin receptors) 
or peptide endogenous ligands (such as the mu-, delta- and kappa-opioid 
receptors). In the S1P1 receptor crystal structure, the receptor is in complex with 
the selective antagonist sphingolipidmimic (R)-3-amino-(3 hexylphenyl-amino)-
4-oxobutylphosphonic acid (ML056) [144]. The resolution in the S1P1/T4L 
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Figure 3: (A) This figure illustrates the CB2 receptor (orange) in a POPC bilayer that has been 
activated by 2-AG (in VdW, yellow) [142]. The receptor is interacting with a G-protein, Gαi1β1γ2 
[143]. The alpha subunit of the G protein is colored green here. The G protein beta subunit is 
colored cyan, while the gamma subunit is colored magenta. The insertion of the C-terminal alpha 
helix of the alpha subunit into CB2 is modeled after the recent β-2-adrenergic receptor in complex 
with Gs [141]. 

crystal structure is 3.35 Å using traditional x-ray diffraction data processing 
methods. This resolution is reduced to 2.8 Å with an experimental 
microdiffraction data assembly method that can process data of rapidly decaying 
microcrystals [137]. The human S1P1-5 receptors have very high (62-64%) 
sequence homology with the human cannabinoid CB1 receptor in their 
transmembrane helix (TMH) regions. This high homology is interesting given that 
both the S1P1-5 family of receptors and the cannabinoid CB1/CB2 receptors bind 
endogenous lipid-derived ligands. Because of this sequence homology, it is likely 
that structural motifs seen in the recent S1P1 receptor x-ray crystal structure will 
have implications for the structures of the cannabinoid CB1 and CB2 receptors. 
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Figure 4: (A) The recent x-ray crystal structure of the S1P1 receptor [137] shows that the N-terminus 
closes the receptor off to the extracellular milleu. The structure also shows a gap between TMH7 and 
TMH1 through which ligands may gain access to the binding pocket [137]. (B) This figure illustrates 
the result of molecular dynamics simulations of endogenous cannabinoid, 2-AG (5) binding to the 
membrane embedded CB2 receptor. Here an opening forms between TMH6 and TMH7 in the CB2 
receptor as 2-AG (magenta) is poised to enter the receptor from the lipid bilayer [142]. 

The N-terminus in the S1P1 crystal structure is one of its striking features. This 
terminus contains a helical segment that is packed across the TMH bundle (from 
TMH3 to TMH6) with the EC-1 and EC-2 loops packing against the N-terminal 
helix (see Fig. (4A)). This arrangement occludes ligand access to the receptor 
from the extracellular milieu [137]. It is likely that this is similar in the CB 
receptors, particularly in CB1 since the N-terminus of CB1 is quite long (112 
residues) (see Fig. (4B)). The primary function of this long N-terminus in CB1 

appears to be to retain the receptor in the endoplasmic reticulum (ER), 
diminishing cell surface expression [145]. 

Lipid Portal for Ligand Entry. The limited access to the ligand binding pocket 
from the extracellular milieu in the S1P1 receptor suggests that this receptor may 
have been designed for ligand approach via the membrane bilayer. The 
spinghosine-1-phosphate receptors (S1P1-5) are Class A GPCRs that bind the 
endogenous lipid, Sphingosine 1-phosphate (S1P) (13; Chart 2)). The lipid 
signaling molecule, S1P, regulates the cardiovascular and immune systems and 
functions in numerous physiological and pathophysiological conditions (for 
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reviews, see Refs [146-148]). The S1P1 crystal structure shows a gap between 
TMH7 and TMH1 through which ligands may gain access to the binding pocket 
(see Fig. (4A)) [137,149]. This gap originates from TMH1 leaning away from the 
TMH bundle, TMH1 also leans away from the TMH bundle in the β2-adrenergic 
receptor structure (β2-AR) [122,123], however, in the β2-AR, this opening is filled 
by W7.40 and M1.39 and by the top of TMH2. Together these TMH1, TMH2 and 
TMH7 residues shield the bundle from the lipid bilayer. In S1P1, TMH2 is straight 
and does help fill the TMH1/TMH7 opening and residues 7.40 and 1.39 are much 
smaller (V7.40 and F1.39), resulting is an opening to the lipid bilayer between 
TMH1 and TMH7 (see Fig. (4A)). The limited access to the ligand binding pocket 
from the extracellular milieu may explain why, in the presence of excess ligand, 
S1P1 ligands, including S1P, show slow saturation of receptor binding [150]. 

A lipid portal for ligand entry has also been suggested by experimental and 
computational studies of the CB receptors. The isothiocyanate derivatized 
classical cannabinoid, (-)-7'-isothiocyanato-11-hydroxy-1',1'dimethylheptyl-
hexahydro-cannabinol (AM841), enters the cannabinoid CB1 receptor via the lipid 
bilayer at the level of C6.47 [151] (a CWXP motif residue that faces lipid), 
forming a covalent bond with this residue. Similar results were found for the CB2 
receptor [152]. Molecular dynamics simulations of 2-AG (5) with the CB2 
receptor in a palmitoyl-oleoyl-phosphatidylcholine (POPC) lipid bilayer have 
suggested that (1) the lipid face of TMH6/7 acts as a vestibule for 2-AG when it 
first partitions out of bulk lipid; (2) from the vestibule, 2-AG enters the CB2 
receptor binding pocket by passing between TMH6/7; (3) receptor activation is 
triggered by the passage of the 2-AG headgroup between TMH6/7 and into the 
TMH bundle [142]. Fig. (4B) illustrates the opening that forms between TMH6 
and TMH7 in CB2 as 2-AG is poised to enter the receptor from lipid. These MD 
simulations suggest that the fatty acid portion of 2-AG (arachidonic acid) is 
key for getting the ligand to the receptor at the correct height in the bilayer 
so that the headgroup can enter the lipid portal [142]. The process of 
insertion into the portal requires that 2-AG first “dive” for the opening, 
leading with its headgroup and then progress inside the receptor by flexing 
its arachidonic acid chain as it threads through the portal. Such a process is 
facilitated by the homo-allylic double bond pattern of the arachidonic acid 
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chain which gives 2-AG tremendous flexibility While 2-AG does eventually 
pull completely inside the receptor (Fig. (5)) (assuming a folded 
conformation, with its head group interacting with EC-3 loop residue, 
D(275)), complete insertion of the acyl chain does not appear to be a 
requirement for receptor activation. 

Degradative Enzymes: Lipid Portals for Endocannabinoid Entry 

The endocannabinoids AEA and 2-AG are not stored in vesicles, they are 
synthesized upon demand in neurons and then efficiently metabolized to ensure 
rapid signal inactivation [10, 44]. Degradative enzymes for the endocannabinoids are 
integral membrane proteins accessed by the endocannabinoids via the lipid bilayer. 

 

Figure 5: This figure illustrates the result of a continued molecular dynamics trajectory after the 
2-AG headgroup has entered CB2 via the TMH6/TMH7 portal and activated CB2 [142]. 2-AG 
(VdW, yellow) does completely enter the CB2 receptor (gray helices) and assumes a folded 
conformation within the ligand binding pocket, while continuing its interaction with D(275) in the 
EC-3 loop of CB2. 

2-AG Degradation. The membrane-associated enzyme, monoacylglycerol lipase 
(MAGL) hydrolyzes 2-AG to glycerol and arachidonic acid after 2-AG interacts 
with the membrane-embedded CB receptor [153]. MAGL functions as a serine 
hydrolase [154]. In the mouse brain proteome, the majority of the 2-AG 
hydrolysis activity (~85%) is due to MGL, with the remaining hydrolysis activity 
attributed to ABHD6 and ABHD12, as well as a soluble fraction of MAGL [155]. 
MAGL is found mainly pre-synaptic and co-localized with the CB1 receptor in 
axon terminals [28]. This localization is ideal to terminate 2-AG/CB1 signaling 
regardless of the source of the 2-AG [156]. Although ABHD6 represents only 4% 
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of brain 2-AG hydrolase activity, in neurons it rivals MAGL in efficacy. ABHD6 
possesses typical α/β-hydrolase family fingerprints such as the lipase motif 
(GHSLG) and a  fully conserved catalytic triad (postulated amino acid residues 
S246-D333-H372) [155]. ABHD6 appears to be an integral membrane protein 
whose active site is predicted to face the cell interior. Such an orientation suggests 
that ABHD6 is well suited to guard the intracellular pool of 2-AG at the site of 
generation (for an excellent review, see [156]). 

Bertrand and co-workers reported the first crystal structure of human MAGL in its 
apo form and holo form with the covalent inhibitor SAR629 [157] (see Fig. (6A)). 
These structures are available in the Protein Data Bank (accession codes 3JW8 
and 3JWE). MAGL is monomeric and shares the classic fold of the α/β hydrolase 
family which consists of an eight-stranded β-sheet composed of seven parallel 
strands and one antiparallel strand surrounded by α-helices. The fold provides a 
stable scaffold for the active sites of a wide variety of enzymes including 
proteases, lipases, esterases, dehalogenases, peroxidases, and epoxide hydrolases. 
The α/β hydrolase family possesses a highly conserved catalytic triad (Ser132-
His279-Asp249 in MAGL) in the core domain and a 100% conserved histidine 
residue located after the last β-strand [158-160]. Newer members of α/β hydrolase 
family display additional structural features, mainly α helices. These features form 
“lid” or “capping” domains protecting access to the catalytic triad, which is buried 
in the canonical core domain of the enzyme [161]. Other smaller hydrolases such 
as Bacillus subtilis lipase do not share this lid, and the catalytic triad residues are 
solvent-exposed [162]. The structure of rat integral membrane FAAH also shows 
this lid feature, where the lid is presumed to be responsible for the interaction of 
FAAH with the lipid membrane [163]. In MAGL, the lid domain is formed from 
two large loops surrounding an amphipathic helix A4 (residues 156–190) (see Fig. 
(6A), orange helix). An equivalent helix is found in rat FAAH. This helix has 
been described as the putative membrane-interacting region of the protein—or 
anchor helix [164]. It is likely the case also with MAGL, since the amphipathic 
helix A4 has its hydrophobic side exposed. The lid of MAGL is located at the 
entrance of a large elongated hydrophobic tunnel about 25 Å in length and 8 Å in 
width that has a polar bottom and terminates near the catalytic Ser132 (see Fig. 
(6B)). The topology of this tunnel is consistent with the topology of 2-AG which 
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contains the highly flexible arachidonyl fatty acid chain that can maneuver easily 
in the tunnel, together with a polar glycerol head that is cleaved by the catalytic 
triad. Additional crystal structures of MAGL have been published [165,166] 
which differ mainly in the subset of the lid-domain (151–225) residues in the 
range of 151–173 that display large variations. A comparison to the apo structure 
(PDB ID 3HJU) [157] suggests that the lid-domain undergoes a substantial 
rearrangement upon ligand binding. 

In α/β hydrolases, the oxyanion hole contains two nitrogen atoms stabilizing the 
negatively charged oxygen of the substrate during the transition state of the 
catalytic reaction [167, 168]. Based upon structural alignment of MAGL with 
other α/β hydrolase sequences, the water molecule linking catalytic Ser132 to 
Ala61 and Met133 is probably located in the oxyanion hole [157]. The catalytic 
triad provides activation of the nucleophilic serine, which cleaves the ester bond 
of 2-AG when stabilized via its carbonyl group to the oxyanion hole formed by 
main-chain nitrogen atoms of Ala61 and Met133. Bertrand suggests that the 
released glycerol molecule may diffuse toward a narrow “exit hole” (cytosolic 
port, Fig. (6B)) located at the same level as the catalytic triad, while arachidonic 
acid could diffuse back to the top of the tunnel and exit the protein [157]. Fig. 
(6C) shows the MGL protein associated with a POPC membrane containing 
multiple 2-AGs (VdW, gray). The amphipathic A4 helix (shown in orange) is 
inserted into the lower leaflet of the membrane. One 2-AG molecule (VdW, 
yellow) is poised to enter the lipid entry portal. 

AEA Degradation. Studies have shown that fatty acid amide hydrolase (FAAH), 
an integral membrane-bound enzyme, is responsible for AEA metabolism into 
arachidonic acid and ethanolamine [163,169,170]. FAAH has been shown by 
immunohistochemistry to not be localized to the plasma membrane, but rather 
localized to the endoplasmic reticulum [171,172]. This means that AEA must 
diffuse or be carried to FAAH inside the cell (see Intracellular Trafficking of 
Anandamide and 2-AG section below). In the brain, FAAH can act as a general 
hydrolase metabolizing other fatty ethanolamides or fatty esters such as 2-AG 
[173-175]. It has been shown, however, that inactivation of 2-AG is mainly due to 
monoacylglycerol lipase (MAGL) in rat brain, while only traces of FAAH activity 
on 2-AG were detected [153,176-178]. The Cravatt group determined the three-
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dimensional structure of FAAH to 2.8 Å resolution by x-ray crystallography 
[163]. Coordinates and structure factors have been deposited in the Protein Data 
Bank (accession code 1MT5). The protein was crystallized from recombinantly 
expressed rat FAAH with the first 29 amino acids deleted at the NH2-terminus. 
While this deleted region may participate in membrane binding [164], the 
truncated FAAH variant (residues 30 to 579) does associate with membranes and 
is able to degrade fatty acid amides in mammalian cells [179]. 

  

 

Figure 6: (A) The first crystal structure of human MGL in complex with the covalent inhibitor 
SAR629 is illustrated here [157]. SAR629 is contoured at its Van der Waals radii and colored 
gold. The amphipathic helix that allows association of MGL with the lipid bilayer is colored 
orange here. (B) The program Caver [197] was used here to outline the tunnels in MGL (magenta). 
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The lipid entry portal is adjacent to the amphipathic A4 helix (orange) that inserts into membrane. 
A second tunnel corresponds to the cytosolic port in MAGL. (C) This figure shows the MGL 
protein associated with a POPC membrane containing multiple 2-AGs (VdW, gray). The 
amphipathic A4 helix (orange) is inserted into the inner leaflet of the membrane. One 2-AG 
molecule (VdW, yellow) is poised to enter the lipid entry portal. 

The crystal structure of FAAH shows that it is a dimeric enzyme (Fig. (7A)) with 
methoxy arachidonyl phosphonate (MAP) forming an adduct. This is consistent 
with chemical cross-linking studies that suggested the enzyme is dimeric in 
solution [179]. The core of FAAH is characterized by a twisted β sheet of 11 
mixed strands surrounded by 24 α helices of various lengths. The active site of 
FAAH was initially identified based upon the location of core catalytic residues 
revealed by mutagenesis [180,181] and from the density of the inhibitor adduct 
methoxy arachidonyl phosphonate (MAP). The catalytic nucleophile Ser241 is 
covalently bound to the phosphorous of MAP, and the adjacent density can be 
modeled to accommodate the arachidonyl chain. The serine nucleophile in FAAH 
forms part of an unusual Ser-Ser-Lys catalytic triad with Ser217 and Lys142. The 
substrate binding pocket of FAAH includes a tunnel that leads from the surface 
and is occupied by the arachidonic acid acyl chain (see Fig. (7B)). This tunnel is 
lined with many aromatic and aliphatic amino acids. These residues include 
Ile491, a residue identified by ultraviolet crosslinking and mutagenesis studies to 
be important for substrate recognition [182]. 

  

Figure 7: (A) The crystal structure of the dimeric enzyme, FAAH, in complex with the inhibitor 
adduct methoxy arachidonyl phosphonate (MAP) is illustrated here. (B) The substrate binding 
pocket of FAAH includes a tunnel leading from the surface of FAAH in which the arachidonoyl 
chain of MAP is inserted. This tunnel is lined with a preponderance of aromatic and aliphatic 
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amino acids. The two amphipathic helices α18 and α19 (orange) cap the active site and present 
several hydrophobic residues that likely constitute FAAH’s membrane binding face. The program 
Caver [197] was used here to outline the tunnels in FAAH (magenta). A potential substrate entry 
tunnel is adjacent to α18 and α19 that may serve as a lipid entry portal. This tunnel terminates at 
the catalytic triad. 

In FAAH, amino acids 410 to 438 form a helix-turn-helix motif that interrupts the 
AS fold. The two amphipathic helices α18 and α19 cap the active site and expose 
several hydrophobic residues that likely form FAAH’s membrane binding face (see 
amphipathic helices in Fig. (7B)). A possible substrate entrance is adjacent to α18 
and α19, and the arachidonic acid acyl chain of MAP contacts Phe432 of α18, which 
may indicate direct access between the FAAH active site and the hydrophobic 
membrane bilayer (see lipid entry portals in Fig. (7B)). The substrate entry is 
amphipathic, with hydrophobic residues on three sides of the rim and charged 
residues Arg486 and Asp403 on the remaining side. This amphipathic arrangement 
of residues may select for polar fatty acid amide head groups and their movement 
toward the active site. Overall, the close relationship between the membrane binding 
surface and the FAAH active site is similar to that of squalene cyclase [183] and 
prostaglandin H2 synthase [184], which also recognize lipid-soluble substrates and 
contain hydrophobic caps surrounding the entrances to their respective active sites. 
In all three enzymes, the hydrophobic cap is surrounded by positively charged amino 
acids that may interact with negatively charged phospholipids. 

In FAAH, there is a second tunnel. This emerges from the active site at about an 
80° angle from the arachidonyl-filled cavity. This tunnel splits into two tunnels to 
create a solvent-exposed cytosolic port and a route blocked by Trp445, a residue 
that forms a lock-and-key intersubunit contact (see Fig. (7B)). Thus, the FAAH 
active site appears to access both the cytoplasmic aqueous environment and the 
lipid bilayer. This arrangement may provide a cytosolic exit route for the polar 
amine substituents cleaved from the fatty acid amide substrates and could also 
provide entry for a waters required for deacylation of the FAAH–fatty acyl 
intermediate [181]. 

Intracellular Trafficking of AEA and 2-AG 

AEA. Cellular uptake and intracellular trafficking of AEA is a crucial step in the 
“lifecycle” of this endocannabinoid as this transport delivers AEA to FAAH for 
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2-AG. Only a few papers address the issue of 2-AG transport. Varying hypotheses 
have been proposed concerning 2-AG transport, from simple diffusion to carrier-
mediated transport by the same endocannabinoid membrane transporter (EMT) 
proposed for AEA or via a different transporter [176, 192-195]. Recently, Chicca 
and co-workers have reported evidence for an endocannabinoid membrane 
transporter (EMT) that controls endocannabinoid extracellular and intracellular 
levels in an orchestrated manner together with cytoplasmic carrier proteins and 
degrading enzymes. This EMT is specific for arachidonic acid containing ligands: 
AEA, 2-AG, NADA, Noladin ether and virodhamine [196]. The structure of this 
EMT has yet to be solved. 

CONCLUSIONS 

This review has shown that the lipid bilayer plays a major role in the “life-cycle” of 
the endocannabinoids. AEA and 2-AG, are synthesized on demand in the lipid 
bilayer; act at membrane embedded cannabinoid receptors that may be accessed via 
the lipid bilayer; and, are degraded by membrane associated enzymes that have lipid 
entry portals for their respective endocannabinoids (2-AG-MAGL; AEA-FAAH). 
Transport for degradation (especially for AEA) remains a hot research topic, as AEA 
must leave the plasma membrane and travel inside the cell to FAAH which is 
associated with the membrane of the endoplasmic reticulum. The homo-allylic 
double bond pattern in the arachidonyl acyl chain of both endocannabinoids confers 
“dynamic plasticity” to their acyl chains that allows them to navigate through these 
entry portals and tunnels of various sizes and shapes. The field of endocannabinoids 
is expanding with the identification of two new putative cannabinoid receptors 
(GPR18 and GPR55). It is striking that both have endogenous ligands containing 
arachidonyl acyl chains as well. It is therefore very likely that “dynamic plasticity” 
will be important for these new ligands as well. 
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ABBREVIATIONS 

2-AG =  sn-2-arachidonylglycerol 

2-AGPI =  2-arachidonoyl-sn-glycero-3-phosphoinositol 

Abhd4 =  αβ-hydrolase 4 

AEA =  N-arachidonylethanolamine 

AM841 =  (-)-7'-isothiocyanato-11-hydroxy-1',1'dimethylheptyl-
hexahydro-cannabinol 

CB =  cannabinoid 

DAG =  diacylglycerol 

DAGL-α = diacylglycerol lipase 

DOPC,1 = 2-dioleoyl-sn-glycero-3-phosphocholine 

EMT =  endocannabinoid membrane transporter 

FAAH =  fatty acid amide hydrolase 

FABP =  fatty acid binding protein 

FLAT =  FAAH-like cytoplasmic AEA transporter 

GDP =  Guanosine Diphosphate 

GpAEA =  glycerophospho-arachidonoyl ethanolamide 

GPCR =  G protein-coupled receptor 

LPI =  lysophosphatidylinositol 

MAFP =  methyl arachidonoyl fluorophosphate 
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MGL =  monoacylglycerol lipase 

ML056 =  (R)-3-amino-(3 hexylphenyl-amino)-4-
oxobutylphosphonic acid 

NAGly, eicosa-5,8,11 = 14-tetraenoylamino-acetic acid (N-arachidonoylglycine) 

NAPE =  N-arachidonoyl phosphatidylethanolamine 

pAEA =  phosphoanandamide 

PLA2 =  phospholipase A2 

PLD = phospholipase-D 

POPC =  palmitoyl-oleoyl-phosphatidylcholine 

VdW =  Van der Waals 

β1-AR = β1-adrenergic receptor 

β2-AR =  β2-adrenergic receptor 
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CHAPTER 5 

Dynamic Interactions Between Drugs of Abuse and the 
Endocannabinoid System: Molecular Mechanisms and Functional 
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Abstract: Regulation of motivated behavior toward both natural stimuli and drugs of 
abuse is among functions where the endocannabinoid system is deeply engaged. In fact, 
endocannabinoids and their receptors (CB1) are abundant in the limbic system and, 
particularly, they serve as retrograde signaling molecules at synapses onto midbrain 
dopamine (DA) neurons in the ventral tegmental area (VTA). These neurons are 
involved in neural processing contributing to drug addiction and DA plays a crucial role 
as learning signal, by changing the synaptic strength of neural circuits involved in 
action selection to optimize goal-directed behavior. 

Endocannabinoids regulate different forms of synaptic plasticity in the VTA, exert a 
critical modulation of DA release and, ultimately, of the circuits within the limbic 
systems driving motivated behaviors. Hence, it is not surprising that drugs of abuse, 
namely alcohol, nicotine, opioids and psychostimulants exert wide arrays of effects on 
the endocannabinoid system, by affecting endocannabinoid release and catabolism as 
well as modulation of the functions and number of cannabinoid CB1 receptors. On the 
other hand, by genetic or pharmacological manipulation of the endocannabinoid system 
we can modulate neurochemical and neurophysiological effects of the drugs as well as 
their behavioral actions in experimental animals predictive of their addicting properties 
in humans. Accordingly, blockade of CB1 receptors was a promising therapeutic 
strategy against drug addiction, although rimonabant (the only clinically tested CB1 
antagonist) was withdrawn due to serious side effects such as depression and suicide. 
These adverse effects though underscore the general role that the endocannabinoid 
system plays in the regulation of reward and motivation. Nevertheless, other drugs are 
emerging, i.e. the indirect cannabinoid agonists, which enhance endocannabinoids by 
blocking their catabolism or membrane transport, that are efficacious in animal model 
of relapse to drug addiction and that might prove beneficial in humans. 
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INTRODUCTION 

Among the functions in which the endocannabinoid system is engaged, the 
regulation of motivated behavior has a major impact on human disease, being 
behavioral and drug addiction a considerable burden for modern societies [1-3]. 

The neuroanatomical substrates of brain reward include neural circuits and 
mechanisms associated with the ventral limbic midbrain [4]. The midbrain 
dopamine (DA) system originating in the ventral tegmental area (VTA) and in the 
substantia nigra pars compacta (SNc) is involved in neural processing 
contributing to drug addiction and it is widely accepted that DA neurons process 
stimuli, such as food, sex, maternal care and addicting drugs, that are positively 
reinforcing and can elicit positive hedonic reactions [5-7] Hence, DA is deeply 
involved in reward learning, reinforcement and addiction and plays a crucial role 
as a learning signal, by changing the synaptic strength of neural circuits involved 
in action selection to optimize goal-directed behavior [8, 9] DA also functions as 
a signal for reverse learning: lack of expected reward, aversion, or punishment are 
encoded by DA neurons as pauses or reductions in their firing activity [10-12]. 

Axon terminals of VTA DA neurons project to forebrain areas such as the ventral 
striatum/nucleus accumbens (NAc) and the prefrontal cortex. Cannabinoid type 1 
receptors (CB1Rs) are abundantly expressed in these brain areas as well as in 
other structures related to motivation and reward, such the olfactory tubercle, the 
hippocampus and the amygdala, which strongly contribute to the motivational and 
addictive properties of cannabinoids [13, 14] These regions process distinct yet 
deeply intertwined functions that are among the hallmarks of reward-related 
behaviors: reinforcement (ventral striatum), declarative memory and learning 
(hippocampus), emotional memory (amygdala), habit forming (ventral and dorsal 
striatum), as well as executive functions and working memory (prefrontal and 
orbitofrontal cortex). 

The endocannabinoid system plays a modulatory role on reward DA neurons [15-
19] and this is corroborated by the expression of [20-22] CB1Rs and the 
abundance of their endogenous ligands, the two major endocannabinoids 
anandamide and 2-arachidonoylglycerol (2-AG), within the VTA [23]. 
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More than a decade ago, it was demonstrated that firing activity of mesencephalic 
DA neurons responds to exogenous cannabinoid agonist administration [24, 25] 
Both Δ9-tetrahydrocannabinol (THC), the main psychoactive principle of 
Cannabis sativa, and synthetic CB1R agonists dose-dependently enhance firing 
rate and burst activity of DA neurons in the VTA [24, 25] Enhanced firing and 
burst activity results in an increase in DA release in projecting regions, such as the 
shell of the NAc (ShNAc) [26, 27] and the prefrontal cortex [28, 29] Therefore, 
cannabinoids display effects analogous to those of other classes of drugs of abuse 
[30] Cannabinoids do not excite DA neurons directly, since CB1Rs in the VTA 
and in the SNc are expressed on glutamate and GABA axon terminals impinging 
on DA neurons [20, 22, 31] where they can fine-tune the release of inhibitory and 
excitatory neurotransmitters and regulate DA neuron firing. An indirect 
(disinhibitory) effect of cannabinoid agonists on DA neurons is supported by the 
strong inhibitory effects of cannabinoids on firing activity and GABA release of 
rostromedial tegmental nucleus neurons, important inhibitory afferents to DA 
cells [32-34] The effect of exogenous cannabinoids on DA cells underscores the 
presence of a functional endogenous cannabinoid system in this brain region. 
Hence, the physiological role exerted by the endogenous cannabinoid system in 
the VTA is demonstrated by patch-clamp experiments which provided evidence 
that DA neurons release endocannabinoids as retrograde messengers. These 
messengers, synthetized in a Ca2+-dependent manner, travel toward the 
presynaptic sites where they modulate inputs by acting at [35, 36] CB1Rs. 

Endocannabinoids are synthetized as needed (on demand) following 
depolarization of the DA neuron [37], stimulation of excitatory afferents and 
activation of metabotropic glutamate receptors [35], induction of burst firing in 
vivo [35] and in vitro [36]. These stimuli induce a cascade of intracellular events 
ultimately leading to increased intracellular Ca2+ concentration and release of 
endocannabinoids (Fig. 1). Under these circumstances, released endocannabinoids 
transiently modulate presynaptic afferent activity and shape incoming inputs, thus 
inducing forms of short term synaptic plasticity such as depolarization-induced 
suppression of inhibition (DSI) or excitation (DSE) [36-38] (Fig. 1). 

Consistent with this mechanism, enzymes required for 2-AG synthesis and 
degradation have been identified in the VTA [22] which provide further support 
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for its physiological role. In midbrain DA systems, in a fashion similar with other 
regions throughout the brain, 2-AG biosynthetic enzyme diacylglycerol (DAG) 
lipase is found postsynaptically in DA cells, whereas both CB1Rs and the main 
degrading enzyme monoacylglycerol (MAG) lipase are localized at a presynaptic 
level [22] (Fig. 1). In addition to MAG lipase, 2-AG can be hydrolyzed by a series 
of serine hydrolase α-β-hydrolase domain 6 or 12 (ABHD6, ABHD12) [39, 40] 
(Fig. 1), their presence has not yet been demonstrated in the VTA. On the other 
hand, anatomical, behavioral and electrophysiological studies have provided 
convincing evidence that N-acylethanolamines, including anandamide, as well as 
the endocannabinoid/vanilloid N-arachidonoyl-dopamine (NADA) are also 
present within the VTA [20, 23, 41-46] but their role in the modulation synaptic 
inputs on DA cells is not clear yet. Anandamide is generated via a specific n-
acylphosphatidylethanolamide phospholipase D (NAPE PLD)-dependent 
mechanism [47](, see also [48] for a recent excellent review), and its baseline 
levels are regulated by a family of hydrolyzing enzymes, the fatty acid amide 
hydrolases (FAAH) [49] (Fig. 1). Besides FAAH, anandamide can be hydrolyzed 
by N-acylethanolamine-hydrolyzing acid amidase (NAAA) [50] and oxygenated 
by ciclooxygenase-2 (COX-2) [51], lipoxigenase isoenzymes (LOX) [52] and by 
cytochrome P-450 [53]. 

Besides short-term synaptic plasticity, endocannabinoids, specifically 2-AG, are 
mediators for long-term synaptic plasticity, namely long-term depression of 
inhibitory currents (LTDGABA) on VTA DA neurons [54, 55] (Fig. 1). This form 
of LTD is enhanced by DA D2 receptor activation, either by cocaine or by direct 
DA agonists [54, 55]. Furthermore, Seif et al. [56] have described that 2-AG 
enables sub-threshold doses of DA D1 and D2 receptor agonists to increase firing 
activity of nucleus accumbens (NAc) neurons [56]. Taken together, these findings 
point to 2-AG as a neuromodulator involved in synaptic plasticity in the 
mesoaccumbens pathway. 

The importance of short- or long-term forms of endocannabinoid-mediated synaptic 
plasticity relies in possibility that, by affecting the strength of incoming synaptic 
inputs, these molecules regulate firing activity of DA neurons. Hence, the firing 
pattern of DA neurons in vivo can switch from regular clock-like to bursting [57],  
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Figure 1: Synaptic mechanisms of action for anandamide (AEA) and 2-arachidonoylglycerol (2-
AG). AEA is synthesized by postsynaptic NAPE-PLD and hydrolyzed by FAAH. NAPE-PLD is 
also expressed presynaptically and AEA might act at postsynaptic vanilloid (TRPV1) receptors. In 
addition, AEA might retrogradely activate presynaptic TRPV1, or in an autocrine-like fashion, 
postsynaptic TRPV1. In particular, postsynaptic activation of TRPV1 leads to LTD. AEA 
functions as a classical retrograde messenger at presynaptic CB1R at specific synapses in the 
basolateral amygdala and in the dorsal raphe, where it evokes LTDi and DSE, respectively. 
Whether AEA exerts effects as a retrograde neurotransmitter at dopamine neurons is still 
uncertain. 2-AG is synthesized mainly by DAG-L α and β isoforms. Synthesis involves a rapid 
production of 2-AG which, in this example, is triggered by activation of metabotropic glutamate 
receptors (mGluRs) in the postsynaptic cell. mGluRs, via a Gq/11 protein, activate a phosholipase C- 
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(PLC) dependent increase in intracellular Ca2+ (mobilized from intracellular stores by IP3) and 
DAG mobilization. This intracellular pathway leads to 2-AG-release. 2-AG activates CB1Rs 
expressed on axon terminals, which ultimately suppress either GABA or glutamate release and 
trigger short- and long-term forms of synaptic plasticity (DSI, DSE, LTDi or LTD). 2-AG is then 
hydrolyzed by MAG lipase expressed in the presynaptic terminals or ABDH6, expressed 
postsynaptically. 

Abbreviations: ABHD6, serine hydrolase α-β-hydrolase- 6; ABHD12, serine hydrolase α-β-
hydrolase- 12; CB1, cannabinoid type-1 receptor; DAG, diacylglycerol; DSE, depolarization-induced 
suppression of excitation; DSI, depolarization-induced suppression of inhibition; FAAH, fatty acid 
amide hydrolase; Glu, glutamate; IP3, inositol trisphosphate; LTD, long-term depression at excitatory 
synapses; LTDi, long-term depression at inhibitory synapses; MAG, monoacylglycerol; metabotropic 
glutamate receptors (mGluRs); NAPE-PLD, N-acylphosphatidylethanolamide phospholipase D; PLC, 
phopshplipase C; TRPV1, transient potential vanilloid receptor type 1. 

This figure is courtesy of Antonio Luchicchi. 

the former induces tonic release of DA in terminal regions, while the latter is 
responsible for the phasic elevation of synaptic DA [58]. DA neurons cannot 
regulate their own bursting, and this is demonstrated by the finding that in vitro, 
when all the afferent processes are severed, DA neurons fire in a regular pacemaker-
like pattern [57]. In fact, firing pattern of DA neurons depends on the balance 
between excitatory and inhibitory inputs (see [59, 60] for a review), thus controling 
these inputs is crucial for normal functioning of DA neurons. Hence, an increase in 
glutamatergic or cholinergic transmission enhances DA neuronal activity and 
produces bursting pattern [61-64], whereas an increase in GABA drive reduces 
discharge rate and bursting, via both GABAA and GABAB receptors [65, 66]. 

Firing pattern of DA neurons is correlated with specific behavioral stimuli: these 
neurons fire in bursts and release phasic DA particularly in the NAc, in response 
to both drugs of abuse and non-pharmacological rewards. Under such 
circumstances, it was postulated that DA neurons encode reward prediction error: 
i.e. they display an enhanced firing rate and bursting when a reward is larger than 
expected and pause firing activity when no reward or punishment is delivered [10, 
67-69] After training, DA neurons also fire in response to conditioned stimuli 
associated with reinforcers [68], highlighting the role of DA as a learning signal. 

Thus, the finding that endocannabinoids are released during bursting events by 
DA neurons is particularly intriguing. These molecules may regulate DA neuron 
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responses during emotional and sensory processing [70] and support the action of 
DA in learning tasks. Indeed, cannabinoids have been shown to perturb the 
emotional significance of sensory information [71, 72] and to affect emotional 
processing and sensory perceptions. Moreover, they perturb executive functions in 
which DA is involved, such as behavioral flexibility and reversal learning [73]. 
Consistently, endocannabinoid-dependent forms of synaptic plasticity occur both 
at afferents to DA neurons and at their terminal regions, such as the striatum, the 
amygdala and the prefrontal cortex [1]. 

ALCOHOL AND THE ENDOCANNABINOID SYSTEM 

Early studies suggest interactions between cannabinoids and alcohol (see [74] for 
an excellent comprehensive review). Indeed, alcohol and marijuana are very often 
co-abused in western societies [74] due to subjectively similar effects on central 
nervous system functions, although alcohol affects a multiplicity of targets with 
low affinity, whereas THC has a very specific molecular target in the brain at least 
with regard to addiction. 

The endocannabinoid system is affected by alcohol and, conversely, 
pharmacological manipulations of endocannabinoids and their receptors affect 
alcohol actions from molecular levels to behavior. 

Alcohol triggers the release of endocannabinoids in vitro and in vivo. In vitro studies 
have demonstrated that acute alcohol incubation induces the release of 
endocannabinoids (anandamide and 2-AG) in a Ca2+-dependent fashion [75]. Chronic 
exposure to alcohol induces a selective increase of endogenous cannabinoids 
anandamide and 2-AG in cultured SK-N-SH cells [76] or cerebellar granular neurons 
[77]. The same authors demonstrated that chronic alcohol downregulates CB1R 
function and number in rodents, and suggested that this may result from the 
overstimulation of CB1Rs by endocannabinoids [78]. Innate preference for alcohol 
might also be marked by altered endocannabinoid signaling, since decreased levels of 
CB1Rs were also found in naive alcohol preferring rats [79]. 

Moreover, evidence suggests that endocannabinoid signaling may be involved in 
the modulation of alcohol reinforcing effects and alcohol drinking behavior. 
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Hence, the CB1R antagonist/reverse agonist rimonabant (SR141716A) decreases 
alcohol intake in both alcohol preferring rats [80] and in C57BL/6 mice [81], and 
the motivation to consume alcohol in rats [82, 83]. Furthermore, deletion of CB1R 
genes (in CB1R knockout mice) reduces alcohol preference and intake [84-86], 
alcohol-induced conditioned place preference [87] and alcohol-induced increase 
of DA release in the NAc [86]. 

Alcohol-induced increases in anandamide and 2-AG depress presynaptic 
glutamate release from cultured hippocampal neurons [75]. Therefore, this finding 
supports the notion that some effects of alcohol might be induced by 
endocannabinoid-mediated regulation of neurotransmitter release. Consistently, 
we have found that blockade of CB1Rs with rimonabant suppress alcohol-induced 
depression of basolateral amygdala projection neurons [88] and medium spiny 
neurons in the NAc or excitation of VTA DA cells [89]. In addition, rimonabant 
blocks alcohol-induced increase in DA transients in the NAc [90] and CB1R 
knockout mice do not display alcohol-induced DA increase in the NAc, 
suggesting that CB1R function is required for these alcohol-mediated effects and 
for voluntary alcohol intake [86]. In contrast to the studies mentioned above, other 
evidence suggests that alcohol may also decrease endocannabinoid levels in 
several brain regions [91, 92], and this decrease is not caused by an enhanced 
FAAH activity [91, 92]. Other studies highlighted that anandamide and 2-AG 
levels were decreased in the midbrain after chronic alcohol exposure [93]. 

The inhibitory effect of rimonabant on alcohol neurochemical, 
electrophysiological and behavioral effects suggest that pharmacological or genic 
manipulation of the endocannabinoid system affect alcohol actions, both at 
cellular and behavioral levels. 

Studies by our group have shown that FAAH inhibition counteracted alcohol-
induced responses in NAc medium spiny neurons [89], and Serrano et al. [94] 
reported that alcohol withdrawal in animals exposed to either acute or intermittent 
administration alters FAAH mRNA expression in the amygdala. Furthermore, in 
the latter study, changes in MAG lipase mRNA expression were described and the 
levels of this enzyme were more pronounced only during intermittent alcohol 
exposure, suggesting a prominent role of anandamide, rather than 2-AG, in the 
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modulation of alcohol-induced responses. Anandamide might reduce alcohol 
intake by activating TRPV1 receptors, since TRPV1-/- mice show significantly 
higher preference for alcohol and consumed more alcohol in a two-bottle choice 
paradigm than wild type littermates [95]. Inhibition of endocannabinoid 
membrane transport (EMT) by AM404 was also reported to reduce alcohol intake 
in alcohol preferring rats [96], further supporting the idea that indirect 
endocannabinoid agonists might be useful as a treatment for drug addiction (see 
also below). The so-called EMT probably corresponds to the FAAH-like 
anandamide transporter (FLAT), which recently emerged as crucial element of 
anandamide transport in neural cells and whose activity is also blocked by 
AM404 [97]. 

Anandamide, increased by FAAH or EMT inhibition, might reduce alcohol 
effects, but it is less clear whether 2-AG is directly involved in the modulation of 
rewarding and addictive responses of alcohol. It was reported that dialysate levels 
of 2-AG in the NAc were increased after alcohol self-administration [98], 
supporting the role of 2-AG in early steps of alcohol dependence. This notion has 
been also confirmed by other studies showing that alcohol intake and preference 
was increased by chronic treatment with neurotoxic doses of the psychostimulant, 
methamphetamine [99]. In this case, the authors showed that seven days after 
methamphetamine administration, 2-AG levels were enhanced, whereas MAG 
lipase activity was reduced in the limbic forebrain and that MAG lipase inhibitors 
enhanced alcohol intake in treated and naïve mice [99]. In line with previous 
studies, Malinen et al. [100] found increased anandamide and 2-AG levels in 
specific brain regions of alcohol-preferring male and female rats (AA rats) 
compared with non-preferring counterparts. Anandamide and 2-AG changes were 
non-overlapping and showed differential occurrences in accordance with gender 
and alcohol exposure sessions, suggesting that anandamide and 2-AG might have 
a distinct modulatory role. 

NICOTINE AND THE ENDOCANNABINOD SYSTEM 

Tobacco and cannabis derivatives are among the most widely abused drugs, 
particularly by adolescents and young adults, being commonly smoked in 
combination (reviewed in [101]). Consistently, several lines of evidence support 
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functional interactions between central nicotinic and endogenous cannabinoid 
systems with regard to addiction-related processes (see [101-105] for excellent 
reviews). The overlapping distribution of CB1Rs and neuronal nicotinic 
acetylcholine receptors (nAChRs) in several brain regions related to motivation 
and reward, such as the VTA, the NAc, the prefrontal cortex, the hippocampus, 
and the amygdala [13, 14, 106] might provide the neurobiological substrate for 
these interactions. 

Nicotine and cannabinoids reciprocally influence their rewarding and 
pharmacological effects (reviewed in [101, 102, 104, 105] and changes in 
endocannabinoid levels have been observed in different brain areas of rats 
chronically exposed to nicotine [93, 107, 108]. 

Acute nicotine potentiates several physiological and behavioral effects (i.e. 
hypothermia, antinociception, reduced locomotor activity) induced by acute 
administration of THC, the major psychoactive component of Cannabis sativa 
[109, 110]. Moreover, co-administration of non-effective doses of THC and 
nicotine induces significant anxiolytic-like responses, as well as a significant 
conditioned place preference in mice [110]. In the same study, co-treatment with 
both drugs strongly enhances c-Fos immunoreactivity in various limbic and 
cortical structures crucially implicated in the neuronal mechanisms of addictive 
substances (shell of the NAc, central and basolateral nucleus of amygdala, bed 
nucleus stria terminalis, cingular and piriform cortices, paraventricular nucleus of 
the hypothalamus) [110]. 

Acute THC exposure reduces the incidence of several precipitated nicotine 
withdrawal signs, ameliorates the aversive motivational state associated with 
nicotine abstinence in mice, and decreases anxiogenic-like effects of nicotine in 
rats [111, 112]. Accordingly, Cippitelli and coworkers [107] showed that 
pharmacological inhibition of FAAH by URB597, and the consequent increase in 
anandamide tone, suppresses anxiety symptoms associated with protracted 
nicotine withdrawal, but does not prevent the occurrence of somatic signs. 
Altogether these findings indicate that activation of CB1Rs may be effective in 
counteracting the aversive aspects of nicotine withdrawal, which are critical for 
the maintenance of tobacco use. Conversely, the observed enhancement in the 
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somatic expression of THC withdrawal in animals co-treated with nicotine and 
THC [110] suggests an unbalanced relationship between these two compounds. 
Finally, it should be mentioned that recent findings show that the synthetic CB1R 
agonist WIN55212 increases the reinforcing effects of nicotine and precipitates 
relapse to nicotine-seeking in rats [113]. 

Converging preclinical and clinical evidence underline the importance of CB1Rs 
in the interplay between the nicotinic and endocannabinoid systems and, 
consequently, in the etiology of nicotine addiction. Different studies demonstrated 
alterations in brain CB1R expression and function in rats chronically exposed to 
nicotine [114-116], but see also [93, 112] On one hand, CB1R knockout mice 
develop neither nicotine-induced increase in locomotor activity [117] nor 
nicotine-induced conditioned place preference [117, 118], suggesting that the 
rewarding effect of nicotine are blunted in CB1R null mutant mice. On the other 
hand, Cossu and collaborators [119] reported that the absence of CB1Rs does not 
modify nicotine self-administration, even though these discrepancies might be 
partially explained by methodological aspects such as the specific experimental 
protocol and the range of doses used. 

Also, genetic investigations in humans indicate that CB1R gene (CNR1) is 
associated with smoking initiation and nicotine addiction [120]. Intriguingly, 
given the reported associations of this gene with other substance abuse and 
dependence, an involvement of CNR1 in the manifestation of multiple substance 
abuse and dependence has been hypothesized (see [121] for a review). 

Pharmacological blockade of the CB1R is another approach that supports the role 
of endocannabinoid system in nicotine dependence (see [122] for an extensive 
review on this topic). In fact, administration of the CB1R antagonists/reverse 
agonists rimonabant or AM251, blocks the acquisition of nicotine-induced 
conditioned place preference in rats [123, 124] and wild type mice [118]. 
Moreover, CB1R antagonism dose-dependently reduces nicotine self-
administration under a regular fixed ratio schedule or second-order reinforcement 
schedule in rats [125-129], blocks nicotine-induced increases in NAc DA levels in 
freely-moving rats [90], and decreases reinstatement of nicotine-seeking behavior 
in animal models of relapse [128]. The utility of CB1R antagonists/reverse 
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agonists (currently rimonabant and taranabant) has been tested also on several 
clinical trials in human smokers. Rimonabant showed efficacy not only as a 
treatment for smoking cessation, but also in moderating weight gain and 
decreasing relapse rate in abstinent smokers [130](; reviewed in [122]), even 
though its use was then suspended due to severe emotional side effects. Similarly, 
taranabant, while effective in controling weight gain, did not improve smoking 
cessation and was discontinued because of unacceptable psychiatric, 
gastrointestinal, and flushing adverse events [131]. Since the unwanted side 
effects of these compounds may be due, at least in part, to inverse agonism at the 
CB1R (reviewed in [103]; see also [132]), the efficacy profile and reduced adverse 
event risk of CB1R neutral antagonists make them a potential therapeutic option 
worth of translational study (reviewed in [133]). 

While pharmacological blockade of CB1Rs appears to reliably influence nicotine-
seeking behavior, the direct involvement of the DA reward system in this effect is 
less clear. Indeed, despite evidence on nicotine-induced DA release, 
electrophysiological studies performed in our laboratory failed to demonstrate 
effects of CB1R antagonists on drug-induced stimulation of mesolimbic DA 
neurons [44], leading us to hypothesize that endocannabinoids might modulate 
nicotine-evoked DA release at the synaptic level without affecting firing rate of 
DA cells. To add further complexity, Simonnet and coworkers [134] recently 
demonstrated that nicotine reinforcement is reduced by a selective blockade of 
CB1Rs in the VTA, suggesting that in rats chronically exposed to nicotine 
intravenous self-administration the CB1Rs located in the VTA rather than in the 
NAc specifically control nicotine reinforcement and, subsequently, nicotine-
taking behavior. 

Indirect cannabinoid agonists, like inhibitors of endogenous cannabinoid 
metabolism or uptake, emerged as promising alternative ways of modulating the 
endocannabinoid system. 

For example, different studies investigated how pharmacological inhibition of 
FAAH, and the resulting increase in anandamide levels, modulates the effects of 
nicotine [42, 118, 128] In rats, inhibition of FAAH with URB597 blocks nicotine-
induced conditioned place preference, acquisition of nicotine self-administration 
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behavior, relapse to drug-seeking behavior, and DA increase in the shell of the 
NAc [42]. Accordingly, studies by our group [41, 44] demonstrate that FAAH 
inhibition prevents neuronal responses to nicotine administration predictive of its 
rewarding properties, i.e. stimulation of VTA DA cell firing rate [44] and 
inhibition of medium spiny neurons in the shell of the NAc [41]. Nevertheless, 
our results indicate that anandamide is probably not involved. In fact, FAAH 
inhibition not only raises anandamide levels, but also concentrations of other non-
cannabinoid N-acylethanolamines, oleoylethanolamide (OEA) and 
palmitoylethanolamide (PEA). Unlike anandamide neither OEA nor PEA possess 
significant CB1-R affinity, but are endogenous ligands for nuclear peroxisome 
proliferator-activated receptor-α (PPAR-α). Likewise, we have observed that most 
URB597-mediated effects are indeed blocked by the PPAR-α antagonist, MK886 
[41, 44]. Notably, the effects of PPAR-α activation on drug-induced DA cell 
excitation are selective for nicotine [41], and administration of the metabolically 
stable OEA analog, methOEA, and the selective PPAR-α agonist WY14643 
selectively decrease nicotine, but not cocaine or food self-administration in both 
rats and monkeys [46]. 

Recent studies by Scherma et al. [135] and Gamaleddin et al. [136] with 
endocannabinoid uptake inhibitors shed light into the role of anandamide, and 
CB1Rs, in nicotine rewarding and addictive behaviors. They found that the 
anandamide transport inhibitors, AM404 and VDM11, which enhance 
anandamide levels, but not those of OEA and PEA, suppress nicotine-induced 
conditioned place preferences and increase of DA levels in the ShNAc [135], and 
attenuate the reinstatement of seeking behavior induced by nicotine-associated 
cues and priming [136]. 

In addition, as already mentioned, Cippitelli et al. [107] show that anandamide 
levels in brain areas involved in nicotine rewarding responses are physiologically 
altered in nicotine-abstinent mice, providing evidence that FAAH inhibition may 
potentially offer therapeutic advantages to treat negative affective state associated 
with nicotine withdrawal. FAAH inhibitors represent suitable candidates for 
antismoking medications but other studies have reported contrasting results. For 
instance, Merritt et al. [118] report that both genetic (FAAH knockout mice) and 
pharmacological inhibition of FAAH (by URB597) enhances the rewarding 
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effects of low nicotine doses in mice through a CB1R mechanism, most likely due 
to elevated levels of anandamide. Despite an increasing amount of data suggesting 
that the endocannabinoid system is a component of the brain reward system and is 
involved in the modulation of nicotine-rewarding and nicotine-addictive 
properties, only few studies have yet evaluated changes in endocannabinoid 
content following nicotine exposure. 

It has been demonstrated that rats chronically exposed to nicotine show an 
increase in endocannabinoid levels in certain brain regions [93]. In particular, 
AEA content augments in the limbic forebrain and the brainstem, whereas 2-AG 
levels increase only in the brainstem. In contrast, other regions such as the 
hippocampus, the striatum and the cerebral cortex exhibit a reduction in AEA 
and/or 2-AG levels [93]. More recently, an elegant paper from Buczynski and 
colleagues [108] compared the effects of volitional nicotine self-administration 
and forced nicotine exposure on levels of endocannabinoids and related 
neuroactive lipids in the VTA. Volitional nicotine self-administration, but not 
forced exposure, reduces baseline VTA OEA levels, and increases AEA release 
during nicotine intake. On the other hand, all nicotine administration protocols 
elevate VTA dialysate 2-AG levels. Altogether these results demonstrate that 
nicotine differentially affects brain lipid content, and these modulations are 
influenced by the voluntary nature of the drug exposure. 

OPIOIDS AND THE ENDOCANNABINOID SYSTEM 

Biochemical, pharmacological and anatomical evidence support the existence of a 
functional cross-talk between the endogenous cannabinoid and the endogenous 
opioid systems in discrete physiological functions including reward, motivation 
and reinforcement (for a review see [137, 138]). Additionally, consistent with the 
role of the endocannabinoid system in the modulation of the brain reward system 
[17], different studies reported the changes in endocannabinoid ligands and/or 
receptors in the brain of animals chronically exposed to opiates (for a review see 
[139]). However, the majority of the studies focused on the analysis of CB1Rs, 
and not on the changes in the concentrations of the endogenous ligands. Though 
most of the studies focused on the analysis of CB1Rs, the observations resulting 
led to contradictory findings showing mainly region-dependent differences among 
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those areas directly or indirectly related to opiate dependence and addiction [140-
144]. These discrepancies might be ascribed to both the animal species and the 
experimental protocols used to render animals opiate-dependent. For instance, 
specific modifications in the levels of endocannabinoids depending on the 
endocannabinoid examined (e.g. anandamide or 2-AG) and the brain region 
considered were observed at diverse phases of an opiate chronic regimen [141, 
145]. In particular, anandamide levels did not change during chronic opiate 
treatment probably due to corresponding modifications in the activity of its main 
degrading enzyme, FAAH. On the other hand, 2-AG levels decreased during 
chronic opiate regimen when compared to baseline levels, and were further 
lowered long after opiate exposure [145]. 

Accordingly, Caillè et al. [98] observed that animals self-administering heroin 
display transient alterations in the levels of endocannabinoids in the shell of the 
NAc. In particular, anandamide levels increased, while 2-AG levels diminished. 
Remarkably, the changes in anandamide and 2-AG levels positively and 
negatively, respectively, correlated with the intake of heroin. Noteworthy, chronic 
passive opiate administration results in altered levels of anandamide and 2-AG in 
discrete postmortem rat brain regions [145], whereas when the whole brains were 
examined no changes were observed [146]. A possible explanation for such a 
discrepancy might be that changes in isolated areas might have been undetected 
due to a “dilution” effect by brain areas where no changes had occurred. As a 
result, the relative changes in each endocannabinoid within a certain brain region 
might have been washed out when the whole brain was examined. 

Nonetheless, the above mentioned observations suggest that opiate treatment 
might influence the mechanisms regulating endocannabinoid homeostasis, and 
that these might eventually play a role in behavioral sensitization to opiates. Since 
behavioral sensitization is regarded as a model for investigating the incentive 
motivation underlying drug-seeking behavior [147], and because mesolimbic 
dopamine neurons display an increased sensitivity of opiate receptors that persists 
long after morphine withdrawal [148], these studies suggest that homeostatic 
adaptations of the endocannabinoid system triggered during exposure to opiates 
continue long after the drug is discontinued and, though opposite for each 
endocannabinoid examined, in the same direction for an acute exposure [145]. 
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Mostly, the changes in anandamide levels appear to be part of the diverse 
mechanisms leading to a sensitized response, since its levels are enhanced not 
only during the withdrawal period [145], but also when its main degrading 
enzyme (i.e. FAAH) is pharmacologically blocked during acute withdrawal [149]. 
Moreover, 2-AG and anandamide in the NAc also appear to play a role in the 
reinforcing effects produced by opiates, given that both pharmacological blockade 
and genetic deletion of CB1Rs is able to decrease heroin self-administration [119, 
150-153]. 

Whether the endocannabinoid system has a causative role in opiate sensitization, 
or its levels change as a part of protective and adaptive responses during opiate 
exposure it remains to be elucidated yet. 

PSYCHOSTIMULANTS AND THE ENDOCANNABINOID SYSTEM 

Although many studies have associated the involvement of the endocannabinoid 
system in the mechanisms underlying drug dependence, both genetic deletion and 
pharmacological blockade of CB1Rs have underplayed its role in psychostimulant 
reward, though disclosing its part in the persistence of the cycle of addiction to 
psychostimulants [154]. 

In fact, both cocaine self-administration and its rewarding properties are not 
sensitive to CB1R inactivation [98, 119, 155, 156] but see [157-159]. The 
discrepancy between these studies has to be ascribed to the differences in the 
experimental settings used, where the progressive ratio schedule appears to be 
sensitive to CB1 antagonism [157, 158] but the fixed ratio does not. Remarkably, 
chronic exposure to cocaine produces a decrease in both 2-AG levels and CB1R 
mRNA in brain areas related to addiction (e.g. cerebral cortex) [142]. However, 
both chronic passive administration and self-administration of cocaine did not 
change either endocannabinoid or CB1R mRNA levels within the 
mesocorticolimbic system [98]. Notably, when the access to cocaine self-
administration was modified from short to extended, some changes in the levels of 
endocannabinoids were observed within the NAc [160]. In particular, animals 
who had long access to cocaine self-administration displayed an increased 
endocannabinoidergic tone, as well as an upregulation of CB1Rs in the NAc 24 h 
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after last cocaine session, suggesting a dramatic increased activity of this system. 
Conversely, animals with short access to cocaine self-administration presented 
lower levels of endocannabinoids. Accordingly, both systemic or local (i.e. intra-
NAc) blockade of CB1Rs decreased the breakpoint for cocaine in animals with 
extended access to self-administration [160]. Thus, it appears that adaptations (i.e. 
increased tone) of the endocannabinoid system might take part in the increased 
motivation displayed under extended-access conditions. 

In addition, the endocannabinoid system seems to play a crucial role in 
reinstatement of cocaine seeking behavior [161]. In fact, activation of CB1Rs was 
able to reinstate cocaine seeking in rats, an effect that was abolished by blocking 
CB1Rs, thus suggesting a role for CB1Rs in triggering relapse to cocaine seeking. 
Accordingly, blockade of CB1Rs prevented drug- and cue-, but not stress- induced 
reinstatement of cocaine seeking [154, 162, 163] Consistent with these findings, 
enhancement of the endocannabinoid tone significantly reduced drug- and cue-
induced reinstatement [164], thus supporting the role that tonic activation of 
CB1Rs plays a role in extinction/reinstatement of cocaine seeking-behavior, 
whereas it is not involved in the maintenance of cocaine self-administration. 

Remarkably, CB1Rs, but not CB2Rsor TRPV1Rs, play the key role in 
reinstatement induced by conditioned stimuli (i.e. cocaine-associated cues) on 
cocaine-seeking behavior [165], since antagonism of either CB2Rsand TRPV1Rs 
did not prevent cocaine-seeking behavior expressed as operant lever presses. 
Nonetheless, these latter seems to be involved in cocaine-seeking behavior [165], 
since CB2R and TRPV1R antagonists have anti-reinstatement effects when 
unconditioned stimuli are presented. Altogether, these observations suggest the 
existence of independent neural pathways regulated by the endocannabinoid 
system through activation of discrete receptors aimed at modulating motivational 
and conditioned facets of goal-directed behaviors. This corroborates the evidence 
suggesting that dissociable neural mechanisms and anatomical substrates underlie 
diverse features of these behaviors [166-171]. 

In sharp contrast with cocaine, CB1Rs are involved in the reinforcing properties of 
amphetamine-like drugs such as MDMA (i.e. ecstasy) [172-174], 
methamphetamine and amphetamine itself [175-178]. Notably, Thiemann et al. 
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[178] observed opposite effects on amphetamine-induced sensitization when 
CB1-R inactivation was achieved through either genetic or pharmacological 
manipulation. In particular, pharmacological blockade of CB1Rs enhanced 
amphetamine sensitizing effects, whereas genetic deletion of CB1Rs led to a 
reduction of the sensitizing effects of amphetamine. In addition, whether 
amphetamine was administered acutely or chronically resulted in opposite effects 
on anandamide and 2-AG levels depending on the brain region examined [178]. In 
the dorsal striatum, the levels of anandamide and 2-AG respectively increased and 
decreased, following the first exposure to amphetamine. The increased 
anandamide levels persisted in the dorsal striatum of sensitized animals, whereas 
2-AG levels not only returned to baseline values but showed a positive trend. 
However, when the concentrations of the two endocannabinoids were measured in 
the ventral striatum a marked decrease was observed for both anandamide and 2-
AG, the latter being further reduced in sensitized animals. Thus, it can be 
speculated that modifications of endocannabinoid levels contribute to 
amphetamine sensitization, especially those occurring in the ventral striatum. 
Altogether these observations point to a role of the endocannabinoid system in 
drug- and cue- induced relapse to psychostimulant seeking [154, 162, 163, 165, 
175]. 

THERAPEUTIC PERSPECTIVES 

The endocannabinoid system has been highlighted among other 
neurotransmitters/neuromodulators as a major player in the different phases of 
compulsive seeking of natural or drug-induced reward. Undeniably, 
pharmacological manipulation of endocannabinoids influences reward-seeking 
behavior. Among examples mentioned above, CB1R blockade with rimonabant 
inhibits nicotine-induced DA release in the NAc, as measured by brain 
microdialysis, and nicotine self-administration [127]. Consistently, rimonabant 
suppresses nicotine-, alcohol- and cocaine induced phasic DA release in the 
ventral striatum measured with in vivo fast-scan voltammetry [90]. 

Endocannabinoids are involved in the effects of acute drug administration, but 
might also participate in long-term changes induced by chronic drug 
administration, by preferentially modulating multiple long-term, other than short-
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term, forms of synaptic plasticity, i.e. facilitating LTDGABA [54, 55, 179] or LTD 
on DA neurons [180] or inhibiting LTP [21]. 

Among behaviors consequent to chronic drug administration, reinstatement 
(equivalent to relapse in humans) is a major goal of therapies aimed to prevent 
binge drug use. Interestingly, reinstatement is very sensitive to CB1-R activation 
or blockade. Indeed, following extinction of drug-seeking behaviors such as drug 
self-administration, CB1-R antagonists have been consistently reported to block 
cue-induced or drug-induced reinstatement of drug-seeking behavior [2, 181-187] 
Conversely, primings with CB1R agonists reinstate drug seeking behaviors [42, 
113, 188]. 

How can these effects be explained according with synaptic plasticity events 
evoked by endocannabinoids? One hypothesis is that indiscriminate activation of 
CB1Rs by exogenous cannabinoid agonists might desensitize or occlude 2-AG-
mediated short- or long-term forms of synaptic plasticity predominantly on 
glutamatergic afferents to DA neurons (such as short-lasting suppression of 
excitation or LTD). Desensitization of CB1Rs on excitatory synapses might render 
DA cells more responsive to priming with drugs or with drug-associated cues. 

Cannabinoid antagonists were regarded as a promising therapy for drug addiction, 
due to their consistent blockade of reinstatement in animal models of addiction, 
and clinical trials with rimonabant for nicotine dependence demonstrated some 
efficacy [122, 130, 189-191] However, rimonabant was withdrawn from the 
market for increased risk of depression and suicide [192]. These side effects, in 
principle, would not have been completely unexpected, due to the role of the 
endocannabinoid system in the mechanisms of natural reward [3]. Hence, CB1R 
blockade decreases the motivation to seek sources of reward, including natural 
ones [193] and induces states of anhedonia and enhanced sensitivity to aversive 
stimuli or punishment, that could lead vulnerable individuals to depression. 

Indirect cannabinoid agonists, i.e. those compounds that enhance endogenous 
levels of endocannabinoids by inhibiting either their catabolic enzymes (e.g. 
FAAH or MAG lipase) or membrane uptake mechanisms (e.g. anandamide 
membrane transport inhibitors, such as AM404 or VDM11), are therapeutic 
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avenues that theoretically would be more promising than CB1R antagonists. As 
with CB1R antagonists, these drugs suppress reinstatement of drug-seeking 
behavior in laboratory animals, including non-human primates (see [105] and 
references therein). The advantage over CB1R antagonists is that a discriminate 
and localized activation of CB1R might counteract DA neuron sensitization by 
selectively suppressing glutamate release from impinging excitatory axons. 
Accordingly, cue-induced reinstatement to nicotine self-administration is 
particularly sensitive to blockade by both FAAH inhibition, AM404 and VDM11 
[42, 135, 136] It must be pointed out that FAAH inhibition enhances brain levels 
not only of anandamide but also of OEA and PEA, non-cannabinoid N-
acylethanolamines, that could depress responses to nicotine by modulation of 
nAChRs through PPAR-α [16, 44, 45, 194] Studies with endocannabinoid uptake 
inhibitors do not rule out a role for CB1Rs, since these drugs enhance brain 
anandamide levels without affecting those of OEA and PEA and suppress nicotine 
self-administration with a CB1R dependent mechanism [135, 136]. FAAH and 
endocannabinoid uptake inhibitors do not show frank abuse liability in laboratory 
animals [136, 188], but see [195] for AM404. This advantage of CB1R indirect 
agonists may pave the way for their clinical use. 

In conclusion, after the failure of rimonabant, the road towards cannabinoid 
medications for drug addiction is not blocked. Further insights into the logic of 
endocannabinoid signaling are necessary, as it is a deeper knowledge of the 
interaction of this system with limbic circuits. Understanding these interactions 
might pave the road not only towards anti-addiction medications but also to drugs 
that might prove useful in treating anxiety or mood disorders, which are often 
comorbid with drug abuse. New hopes are relied upon the modulators of the 
endocannabinoid system, but the way to human use is still far away. 
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CHAPTER 6 

The Development of Cannabinoid Based Therapies for Epilepsy 
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Abstract: Epilepsy is a chronic, progressive, neurological disorder affecting ~0.5-1% of 
the population for which there is no cure. Furthermore, efficacious seizure suppression is 
yet to be achieved for all patients; ~35% of people with epilepsy (PWE) have seizures 
pharmacoresistant to existing drugs. In this regard, the endocannabinoid system (ECS) is an 
attractive therapeutic target as it can limit synaptic transmission to oppose hyperexcitability 
in addition to central cannabinoid type-2 receptor (CB2R) modulation potentially limiting 
neuronal death associated with epilepsy. Postsynaptic endocannabinoid (eCB) synthesis is 
stimulated by excitatory neurotransmission, eCBs then act retrogradely via presynaptic 
cannabinoid type-1 receptors (CB1R) to suppress subsequent excitatory (glutamatergic) 
and inhibitory (GABAergic) synaptic activity close to the synthetic locus. Thus, eCBs can 
limit excessive excitation but also hinder inhibitory processes such that their effects on 
epileptic foci and the spread of seizure activity is dependent on the relative proportions of 
excitatory and inhibitory synapses, and their organisation into local and global circuits 
within the CNS. Cannabis has a history of antiepileptic use that continues to the present day 
in medical marijuana programmes, and CB1R receptor agonism, either by medical 
marijuana, pure 9-tetrahydrocannabinol (9-THC) or synthetic CB1R ligands, can be 
anticonvulsant in humans and in in vitro and in vivo seizure models, but paradoxically can 
cause seizures in healthy rodents. Furthermore, it is clear that other cannabis constituents 
are anti-epileptic, and, whilst the mechanisms by which they act remain undetermined, they 
certainly extend beyond ECS modulation. Moreover, whilst CB1R agonism can control 
seizures in some patients and many animal seizure models, it is unlikely to represent a 
widely exploitable target for seizure control due to its psychoactive sequelae. Conversely, 
many non-9-THC plant cannabinoids are inactive at CB1R or CB2R at therapeutically 
relevant concentrations and a subset of these (e.g. cannabidiol) exert significant 
anticonvulsant effects in numerous animal models of seizure at clinically promising doses. 
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INTRODUCTION 

Epilepsy is a chronic neurological disorder characterised by spontaneous recurrent 
high-frequency synchronous electrical discharges in the brain that manifest as 
periodic seizures [1]. Seizures, defined as abnormal electrical activity in the brain, 
are often symptomatically characterised by convulsions, but are not necessarily 
defined by their presence (i.e. non-convulsive epileptic episodes result in seizures, 
but not convulsions [2]). It is also possible to have convulsions without seizures 
(e.g. motor tics in Tourette syndrome [3]). 

The word epilepsy is derived from the Greek meaning to be seized or attacked, as 
historically, it was believed that supernatural forces attacked a person due to their 
misdeeds; some ancient civilisations believed that seizures arose from demonic 
possession. Fortunately, societal and clinical views of epilepsy have changed over 
the centuries where Hippocrates was first credited with indicating that epilepsy 
was a disease of the brain, not a result of possession [4]. In the early 19th century, 
epilepsy was considered a psychiatric disorder and people were treated for 
epilepsy in psychiatric units. By the 1850s epilepsy was redefined as a 
neurological disease although it was still considered to be a psychiatric illness [5]. 
Epilepsy is no longer regarded as a psychiatric illness but rather as a chronic 
neurological condition [6]. 

It is estimated that there are >50 million people with epilepsy (PWE) worldwide 
[7, 8] which equates to ~0.7% of the world’s population and 0.5% of the total 
disease burden [9]. However the incidence of epilepsy is not evenly distributed 
throughout the population, with increased incidence in people aged <20 or >60 
years [10], as well as people in developing countries [9, 10]. The greater 
incidence in developing countries, combined with the lack of resources available 
for treatments, produces 90% of the epilepsy disease burden [11], this is largely a 
result of 90% of PWE in Africa not receiving appropriate treatment (according to 
Margaret Chan, the Director General of WHO, News release WHO/4 27/01/2007) 
[12]. In addition, the widespread use of phenobarbital as an anti-epileptic drug 
(AED) in developing countries which causes cognitive deficits, dependency and 
thus an increase in care requirements [13, 14]. 
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The process by which non-idiopathic epileptic syndromes manifest typically 
follows a three stage process; an initial insult begins the process (e.g. traumatic 
brain injury, CNS infection) which is then followed by a symptomatically and 
behaviourally latent period before the onset of seizures, the principal symptom 
[15]. During the apparent latent period a process termed epileptogenesis occurs, 
which is characterised by the reorganisation of neurons and results in discord 
between GABAergic inhibition and glutamatergic excitability, creating a brain 
that is hyperexcitable and prone to seizures [15]. At the time of writing, there are 
no drugs available that either retard or prevent epileptogenesis although many 
currently available AEDs have been examined in this regard as they are known to 
reduce excitotoxicity [16], which may be beneficial. Whilst is has been postulated 
that neuroprotective drugs are likely to represent the best candidates to prevent 
epileptogenesis, any drug showing antiepileptogenetic efficacy would represent a 
highly desirable ‘first in class’ [15, 17]. Such drugs could be given 
prophylactically following an event that is likely to cause epilepsy, if they do not 
have a severe side effect profile. 

In 1981, the International League Against Epilepsy (ILAE) proposed a 
classification scheme for epileptic seizures with the intent to unify internationally 
disparate classification systems and so enable clinicians to better understand and 
treat epilepsy and its many complicated facets. Here, seizures were placed in two 
broad categories: generalised seizures where epileptiform activity occurs in both 
brain hemispheres and partial seizures which involve a discrete brain region. It is 
notable that partial seizures can spread (“generalise”) across the whole brain in a 
process known as secondary generalisation. Partial seizures were further 
subcategorised into complex, characterised by a total or partial loss of 
consciousness, and simple, where there is no loss in consciousness. In this context 
consciousness was defined as the individual being fully aware of his surroundings 
and responsive to external stimuli [18]. 

Generalised seizures were also subcategorised to distinguish between convulsive 
and nonconvulsive epilepsies. Convulsive epilepsies include myoclonic 
(contraction of a specific body region or muscle group), tonic (tetanoid 
symptoms) and clonic (rhythmic contraction of all muscles) convulsions, with 
tonic and clonic convulsions accompanied by unconsciousness. Some epilepsies 
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exhibit tonic-clonic convulsions where the individual first enters the tonic phase, 
which is soon followed by the clonic phase (formerly known as ‘grand mal’ 
seizures). Nonconvulsive seizures are not associated with visible convulsions, 
however EEG recordings show epileptiform activity and include absence seizures 
and atypical absence seizures [18]. 

In 1989, the ILAE recognised that epilepsy is too complex a disease state to be 
classified solely by convulsion type alone and led to a new classification system 
based on the totality of the disease rather than solely by seizure type. The initial 
classification into generalised and partial seizure types remained although the 
epilepsies were aetiologically defined further into three different major classes: 
idiopathic, symptomatic and cryptogenic [19]. Idiopathic epilepsies exhibit no 
underlying cause other than a familial or genetic predisposition, often manifest in 
childhood with a natural regression in later life and are frequently 
pharmacologically tractable; as a result, they are often erroneously thought to be 
benign [17]. Symptomatic epilepsies arise from a known structural or functional 
abnormality, whilst the cryptogenic epilepsies are defined by the absence of an 
obvious genetic or functional abnormality; notably, the latter are diminishing due 
to modern diagnostic (EEG and brain imaging) tools [19]. 

Such significant advances in neuroimaging have led to more recent updates to the 
ILAE classification system. Between 2005 and 2009, the ILAE Commission on 
Classification and Terminology introduced a revised terminology for epilepsy 
classification that is based upon new neuroimaging approaches to allow better 
understanding of the disease between researchers and clinicians [20, 21]. 
Generalised seizures are now defined as seizures that rapidly distribute to both 
hemispheres of the brain, whereas focal epilepsies have been redefined as 
affecting either a discrete region or single hemisphere of the brain. The changes 
also better define different epilepsy subcategories within the generalised seizure 
category, replacing the terms idiopathic, symptomatic and cryptogenic with 
genetic, structural/metabolic and unknown, respectively [20]. These changes are 
in part to allow easier translation of disease type between epilepsy experts and 
general practitioners (‘family doctors’ in the USA) as the archaic terms previously 
used could be confusing. The genetic category has largely replaced the idiopathic 
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category, with an emphasis on epilepsies with a known genetic component. The 
structural/metabolic subcategory has largely replaced symptomatic classifications, 
with more recognition given to the underlying cause of the epilepsy. The 
unknown category has replaced the cryptogenic category and includes all 
epilepsies that may either result from as yet unknown genetic defect or from 
another undiagnosed disorder. The system of definition for partial seizures has 
relinquished its reliance upon strict terminology and now employs a more 
descriptive series of categories that better describe exhibited symptoms (e.g. 
“with/without consciousness” instead of “simple” or “complex”) [20]. 

Pharmacoresistance in Epilepsy 

Approximately 30% of PWE have refractory seizures despite optimised 
pharmacological treatment [22, 23]. There is currently no unified definition of 
pharmacoresistant epilepsy however, if two separate drugs fail to adequately 
control seizures, PWE are referred to a specialist unit for further evaluation [24]. 
Despite the increase in the number of available AEDs, there has not been an 
appreciable decrease in the proportion of PWE whose seizures are fully controlled 
[25]. This leads to two separate hypotheses proposed to explain such 
pharmacoresistance: the transporter hypothesis and the target hypothesis [26]. The 
transporter hypothesis asserts that upregulation of multidrug transporters in the 
blood-brain or blood-CSF barriers produces a greater efflux of AEDs from the 
cerebral parenchyma [27]. This hypothesis is supported by human studies which 
reported an increase of MDR1 (multidrug resistance protein 1) mRNA (which 
encodes P-glycoprotein) [28], as well as MRP1/2 [29, 30], in people with 
pharmacoresistant epilepsy. The target hypothesis puts forward the idea that there 
are modifications in the AED’s primary targets, including sodium channels [26] 
and the GABAergic system [31]. These modifications can manifest as differential 
expression of subunits of ion channels, with the up regulation of subunits that are 
insensitive to AEDs and down regulation of subunits that act as binding sites for 
AEDs [32, 33]. The main targets for AEDs are sodium channels [34], with the β1 

and β2 subunits being the primary targets within the channel [35, 36]. Down 
regulation or mutation of these subunits has been observed in phenytoin and 
carbamazepine resistant chronic epilepsy models [37, 38], which supports the 
target hypothesis for this subgroup of epilepsies. 
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Side-Effects and Co-Morbidities in Epilepsy 

When treating any disease state, there is a risk to benefit assessment required in 
order to determine the best course of treatment in order to improve the welfare of 
the patient [39, 40]. The ultimate aim of AEDs is to stop seizure activity [41], 
however as this is not always being possible, the advantages of reducing seizure 
frequency and associated co-morbidities must be counterbalanced with the 
detrimental side effects arising from a more aggressive (i.e. polypharmacy and/or 
high dose) treatment regime [40]. This is particularly pertinent in PWE since all 
currently available treatments have significant side effects [42-44]. The 
commonly reported side effects of currently available AEDs include dizziness, 
mental fatigue, tremors and ataxia. There are also idiosyncratic side effects 
reported for various AEDs including dermatitis and rashes, Steven-Johnson 
syndrome, hepatic failure and bone marrow damage [43, 45]. Some side effects 
can be fatal which not only makes treatment judgements in the clinic more 
complicated but can also affect the choice and order of AED selected for use (i.e. 
felbamate has a severe side effect profile, however it is used in some countries for 
severe, previously uncontrolled, seizures [46]). 

However, there are co-morbidities with epilepsy that are often worsened by 
uncontrolled seizures [40, 47]. These include cognitive impairment [47] and 
psychiatric disorders, including depression and schizophrenia [48-50]. There is 
also an increase in mortality reported in PWE [51] that can be directly associated 
with seizures (i.e. injury as a result of a seizure event), or indirectly associated 
with epilepsy (i.e. suicide following epilepsy induced depression). Sudden 
unexplained death in epilepsy (SUDEP) is the most common cause of death 
directly caused by epilepsy, however the reasons for it are not fully understood 
[52-54]. The leading theories for SUDEP are respiratory or cardiovascular 
dysfunction although some genetic factors have also been reported [52]. 
Mortality-associated seizures can be reduced by effective AED treatment, 
however the underlying cause of the epilepsy (e.g. brain damage), even if known, 
remains unaffected which in itself may be fatal [40]. 

Anti-Epileptic Drug Development 

Antiepileptic drug discovery is usually separated into three different eras; that of 
charlatanism (pre-1857), serendipity (1957–1980) and rational drug design (1980–
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present day) [15]. Three main classes of AED (benzodiazepines and, 
carbamazepine- and valproic acid-like substances) were discovered through 
serendipitous means, with valproic acid originally being used as the vehicle into 
which prospective anti-epileptic compounds under investigation were dissolved 
[15]. Despite the aspirational ethos behind the modern era of rational drug design, 
there remains no established cascade for developing AEDs [55]. However, in 
order for a new drug to make it successfully through development it has to fulfil 
one of the following clinical requirements; efficacy in refractory seizures, 
prevention or retardation of epileptogenesis, greater tolerability/fewer side effects, 
improved pharmacokinetic profile or use in other CNS disorders [41]. The 
National Institute of Health (NIH) has created the Anticonvulsant Drug 
Development (ADD) program [55] in order to help develop new AEDs in 
collaborating with pharmaceutical or academic sponsors, using screening cascades 
to evaluate potential compounds. This newer generation of AEDs have increased 
the quality of life for PWE, as they are better tolerated with fewer side effects 
than the older generation of AEDs [56]. 

There are two modern approaches to AED development; mechanistic and non-
mechanistic methods [55]. These use a number of different in vitro and in vivo 
models of epileptiform activity, seizure and epilepsy [57-59]. Non-mechanistic 
methods use in vivo screening models (e.g. pentylenetetrazole model of acute 
seizure) to evaluate the ability of compounds to prevent or reduce seizures [55, 
57]. These models allow investigation and preclinical assessment of efficacy, but 
do not determine mechanisms of action [57]. There are a number of well-
established and characterised acute models of seizure that involve chemical or 
electrical insults in otherwise healthy animals that result in the production of 
seizures. These models have helped develop a large number of currently available 
AEDs, however they are not infallible and have failed to pick up compounds that 
have subsequently proved to be useful anticonvulsants. One notable example is 
levetiracetam, which does not prevent seizures in the acute pentylenetetrazole 
model of acute seizure [19, 60]. There are also genetic models of seizure which 
can give insight into the clinical indication of AEDs; however these models can 
often give a false positive for anticonvulsant activity [15]. Compounds that show 
efficacy in the acute models are then tested in chronic models (e.g. lithium-
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pilocarpine and chemical or electrical kindling models), which are more labour 
and time intensive, but allow for investigation of animals with brain activity 
permanently modified to better reflect the chronic disease state and its 
pharmacological responsiveness [61]. Mechanistic methods initially employ high 
throughput in vitro screening in order to evaluate the ability of a large number of 
compounds to interact with a target known to be anticonvulsant [55, 62], before 
being tested in the above models. This has the potential to produce many new 
AEDs, however they may not have a novel mechanism of action since the assay 
process is weighted towards identifying compound activity at existing targets (e.g. 
voltage-gated sodium channels), drugs for which already exist but fail to control 
seizures in >30% of PWE. 

THE ENDOCANNABINOID SYSTEM AND EPILEPSY 

Relevance of the Endocannabinoid System to Epilepsy as a Drug Target 

Epileptic seizures result from dysfunctions that cause an imbalance between 
excitatory and inhibitory activity in the CNS, allowing ascendancy of excessive 
excitatory neurotransmission. As understanding about how the endocannabinoid 
system works to suppress synaptic transmission in the CNS has developed, a 
significant body of research has focussed on whether CB1R and the synthetic and 
degradative enzymes of endocannabinoids can be targeted to limit, suppress or 
prevent seizure activity. 

As described elsewhere in this eBook, activation of the presynaptic G protein-
coupled CB1R modulates voltage-gated Ca2+ channels and enhances K+ channels 
at the presynapse, limiting vesicular release of neurotransmitter within the CNS. 
The principal endogenous CB1R agonists are the endocannabinoids, 2-
arachidonoylglycerol (2-AG) and anandamide (AEA). Endocannabinoids are 
synthesised postsynaptically in an on-demand manner, in response to 
depolarisation of the postsynaptic cell [63]. In brief, 2-AG and anandamide are 
synthesised by diacylglycerol lipase alpha (DAGLα) [64] and N-
acylphosphatidyl-ethanolamine specific phospholipase D (NAPE-PLD) [65] 
respectively; other synthetic enzymes have also been reported [63], and these are 
degraded by fatty acid amide hydrolase (FAAH) and monoacylglycerol lipase 
(MAGL) [66-68]. The method of endocannabinoid transport across biological 
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membranes is still not entirely clear [63]. In addition to being a potential drug 
target to modulate hyperexcitability in the CNS, there is also strong evidence that 
the endocannabinoid system undergoes changes in both human and experimental 
epilepsies and seizures. In this section, we discuss the evidence that targeting or 
altering the endocannabinoid system can affect seizure susceptibility or incidence, 
and describe data regarding the changes that can occur in the endocannabinoid 
system during epilepsy. 

The Endocannabinoid System: Role in Endogenous Suppression of Seizures 

Both the role of the endocannabinoid system in hyperexcitable states and its 
potential as a drug target in epilepsy have been widely studied. A seminal and 
elegant series of studies by Lutz and colleagues in which CB1R expression levels 
were genetically manipulated in mice indicate that this receptor plays a pivotal 
reactive role during seizures, counteracting hyperexcitability and excitotoxicity. 
In their first study [69], mice lacking CB1R (CB1-/-) exhibited significantly more 
severe seizures in response to systemic kainic acid (KA; 30 mg/kg) administration 
than CB1+/+ littermates. Systemic kainic acid administration in rodents induces 
seizures with a limbic focus (e.g. hippocampus, entorhinal cortex, amygdala), and 
is therefore considered a model of temporal lobe seizure. Seizure behaviour is 
repetitive and causes significant limbic excitotoxicity resulting in significant 
neuronal death in the hippocampus [70]. Furthermore, seizure behaviour did not 
differ between CB1-/- mice and another line lacking CB1R expression solely in 
principal forebrain neurons, indicating that CB1R in this neuronal population may 
be crucial in the endogenous, endocannabinoid-mediated defence against seizure 
activity. A further study using more selective conditional CB1R deletions showed 
that seizure severity was worsened by CB1R deletion from principal cells of the 
hippocampus, neocortex and amygdala, but not cortical GABAergic cells [71]. To 
further highlight the importance of hippocampal CB1R, virally-induced deletion 
of CB1R significantly exacerbated seizure severity when applied focally to the 
hippocampus (dentate gyrus, CA1 and CA3 CB1R expression decreased, 
surrounding cortical regions were unaffected). In a final study, the same 
researchers conditionally overexpressed CB1R via a similar focally-applied viral 
method to increase CB1R expression in hippocampal pyramidal cells alone [72]. 
This overexpression was demonstrated functionally as well as histologically, and, 
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after application of 30 mg/kg KA, significantly protected against seizure severity 
compared to control mice. 

These studies elegantly demonstrate that hippocampal CB1R expression can be 
protective against acutely-induced seizures. There is also evidence that activation 
of CB1R by endocannabinoids is an important part of the endogenous defence 
against acute seizures. Several studies have investigated the effect of artificially 
raised endocannabinoid levels on seizure behaviour by blocking either their 
degradation or reuptake. Karanian [73] showed that the severity of KA-induced 
seizures in rats (10 mg/kg) was significantly decreased by the FAAH inhibitor, 
AM374 (≥5 mg/kg; I.P.). Further evidence that inhibition of endocannabinoid 
metabolism can decrease the severity of seizures has been reported by Naidoo and 
co-workers where AM5206, a potent FAAH inhibitor (IC50: 42nM in vitro), 
reduced the severity of KA-induced seizures in rat when administered directly 
after KA [74]. A further study [75] compared the degree of seizure suppression 
produced by the administration of AM6701 and AM6702 directly after KA in rat. 
Both compounds inhibit anandamide and 2-AG degradation by targeting FAAH 
and MAGL respectively. AM6701 which blocks anandamide and 2-AG 
degradation equipotently (in vitro IC50 of 1.2 nM for both enzymes), suppressed 
seizures more effectively than AM6702, which inhibits FAAH activity 44 times 
more potently than it does MAGL (in vitro IC50 for FAAH: 0.65 nM). This 
suggests that both 2-AG and anandamide play a role in endogenous defence 
against acute seizures. Marsicano [69] also reported that pharmacological 
blockade of endocannabinoid reuptake by pretreatment with UCM707 (3 mg/kg) 
– predicted to maintain endocannabinoid levels after release in the brain - was 
protective against KA-induced seizures in mice. There is evidence that 
pharmacological approaches to block 2-AG and anandamide metabolism do, as 
designed, increase endocannabinoid levels and CB1R activity in vivo; 
administration of AM374 [73] enhances endocannabinoid function, as 
demonstrated by significantly increased hippocampal anandamide levels and 
enhanced activation of signaling pathways associated with CB1R agonism. 
Furthermore, in an in vitro model of status epilepticus-like activity, application of 
methanandamide (EC50: 145 nM) and 2-AG (EC50: 1.68 M) suppressed status 
epilepticus-like activity induced in cultured hippocampal neurons by treatment 
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with Mg2+-free media [76]. This effect was blocked by the CB1R antagonist, 
AM251 (1 M) which had no effect when applied alone. 

Finally, there are in vivo data indicating that brain endocannabinoid levels rise 
during seizures. Further data from the Lutz study [69] discussed above revealed 
that anandamide (but not 2-AG) levels in the brain increased significantly after 
KA administration, peaking at 20 minutes and returning to basal levels one hour 
after KA. Anandamide but not 2-AG levels were also increased by an excitotoxic 
NMDA insult applied intrastriatally in rat brains, measured up to 24 hours after 
administration of NMDA [77]. Similarly, Naidoo and co-workers [74] found 
anandamide levels to be higher in brain tissue two hours after KA treatment than 
KA vehicle controls. Systemic administration of high doses of the muscarinic 
receptor agonist, pilocarpine, induces acute status epilepticus in rodents [78]; 
Wallace [79] found 2-AG levels to be significantly elevated in the hippocampus 
of rats 15 minutes after status started, compared to sham-treated controls. In 
contrast to the above findings, there is some limited evidence that anandamide 
may also be proconvulsant in some conditions; FAAH-/-, but not wild type, mice 
exhibit more severe KA-induced seizures after administration of anandamide 
(≥12.5 mg/kg), an effect blocked by the CB1R antagonist, SR141716A [80]. More 
recently an interesting study suggested that anandamide’s proconvulsant 
properties are seen only at higher doses and are due to the agonistic properties of 
anandamide at TRPV1 channels [81]. Here, at lower doses, pentylenetetazole-
induced (PTZ) seizures in mice were attenuated by anandamide application into 
the right lateral cerebral ventricle at doses up to 40 g; an anticonvulsant effect 
that was blocked by AM251 administration. Conversely, higher anandamide doses 
(80-100 g) potentiated PTZ seizures, a proconvulsant effect facilitated by 
AM251 but reversed by the TRPV1 antagonist, capsaicin, rendering anandamide 
anticonvulsant at the higher doses that were previously proconvulsant. 

One obvious pharmacological intervention that has not been discussed above is 
the administration of CB1R ligands (including 9-THC) to alter seizure activity in 
vivo. A summary of this extensive literature is presented and discussed hereafter 
in the section EFFECTS OF CANNABINOID TYPE 1 RECEPTOR 
LIGANDS IN EPILEPSY; although, as would be expected from the above 
discussion of CB1R and endocannabinoids, the majority of studies concluded that 
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CB1R agonists are anticonvulsant in vivo and suppress “epileptiform” activity in 
vitro in slice and culture models of neuronal epileptic activity (see below). These 
effects are blocked by CB1R antagonists which can, although not consistently, 
exert their own proconvulsant effects when administered alone. One study 
concerned with the effects of CB1R ligands on seizure activity is worthy of 
discussion in this section as it points to a more complex role for CB1R activity in 
opposing seizure activity than a simple suppression of excessive synaptic activity 
[82]. Seizure activity is characterised by highly synchronous neuronal activity, in 
this study anaesthetised rats were treated with KA (10 mg/kg) which caused 
randomly firing hippocampal neurons (simultaneously recorded from using intra-
hippocampal electrodes) to develop highly synchronous bursting activity. This 
synchrony was reversed by administration of the CBR agonist HU210 [83], an 
effect that was blocked by the CB1R antagonist, SR141716A. This suggests that 
the anticonvulsant effects of CB1R activity can be ascribed, at least in part, by 
preventing or destabilising the pathologically synchronous states that characterise 
seizure activity. 

The above studies indicate that CB1R expression and artificially increased 
endocannabinoid levels (particularly anandamide) are both positively correlated 
with limiting seizure severity. These data, together with reports that 
endocannabinoid levels increase in response to administration of pharmacological 
convulsants, provide strong evidence that the endocannabinoid system opposes 
hyperexcitability in an on-demand manner by synthesis of endocannabinoids that 
act via CB1R agonism. However, as a dynamic and responsive system, one must 
also consider the extent of the endocannabinoid system’s propensity to change as 
a consequence of pathophysiological insults which is discussed in detail in 
Changes to the Endocannabinoid System in Epilepsy. 

Neuroprotection by the Endocannabinoid System During Seizures and in 
Epilepsy 

A corollary of the endocannabinoid system’s ability to limit the hyperexcitability 
symptomatic of seizure activity in the brain is that the excitotoxicity and neuronal 
death associated with seizures and epilepsy can also be mitigated. In addition to 
inducing seizures, KA administration causes significant excitotoxic injury to the 
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brain, with emphasis on the hippocampus and related brain regions [84]. Several 
of the above studies demonstrating the anti-seizure properties of the 
endocannabinoid system in the KA model also show that enhancement or 
activation of the endocannabinoid system can limit the effects of this excitotoxic 
insult. Marsicano [69] reported that, 4 days after KA administration, animals 
lacking forebrain CB1R expression showed a greater number of apoptotic cells (as 
assessed by TUNEL staining) in the CA1/3 regions of the hippocampus than wild 
type animals. Further analysis showed that animals lacking CB1R were unable to 
activate protective mechanisms including c-fos, in direct contrast to wild type 
littermates; gliosis was also seen to a higher degree in mutants (determined by 
GFAP staining). Additionally, neurons in hippocampal slices from forebrain 
CB1R knockout mice were excited significantly by low-concentration KA (150 
nM), with increased excitatory postsynaptic current (EPSC) frequency observed 
in whole-cell voltage clamp recordings. This effect was absent in hippocampal 
slices from wild type animals, indicating that the functional ECS in wild type 
mice prevented this KA-induced excitation. In a further study [72], neuronal death 
in the CA3 region induced by KA administration in wild type animals was 
prevented by virally-induced CB1R overexpression in the hippocampus (other 
brain regions unaffected). Studies investigating the effects of endocannabinoid 
metabolism inhibitors have found that AM5206 (see above; [74]) protected 
hippocampal neurons from KA-induced excitotoxicity both in vitro in brain slices 
and in vivo after systemic KA administration. 48 hours after KA administration it 
was shown that concurrent treatment with AM374 (see above, [73]) also protected 
CA1 neurons, this effect was prevented by the CB1R antagonist, AM251. 

Systemic administration of pilocarpine induces acute status epilepticus, if halted 
pharmacologically (e.g. by diazepam), animals latterly develop spontaneous 
recurrent seizures (SRS) in the following weeks [78] which is considered a model 
of temporal lobe epilepsy. The pilocarpine insult models the initial (often 
physical) trauma that is frequently the underlying cause of human temporal lobe 
epilepsy where a “latent period” of several days or weeks (analogous to the delay 
between initial trauma and the development of human temporal lobe seizures) is 
seen before SRS develop. The use of a model of epilepsy (the disease as 
compared to acute seizure, the symptom) allows more direct parallels between 
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human epilepsy and animal models to be drawn. Using this model in rat, the 
CB1R agonists WINN55,212 (5 mg/kg) and 9-THC (10 mg/kg) both completely 
abolished the appearance of SRS in rats previously treated with pilocarpine, 
outperforming the clinically-licensed AEDs phenytoin and phenobarbital [79]. 
Conversely, administration of the CB1R antagonist, SR141716A (10 mg/kg), 
exacerbated seizures, increasing both their duration and incidence. 

The studies discussed above show that the endocannabinoid system can limit the 
damage done to CNS neurons – particularly in the hippocampus, a highly 
epileptogenic region of the brain – by seizures and their associated excitotoxicity. 
This is an important finding, as epilepsy is a chronic disease in which continuing 
progressive neurodegeneration stimulated by seizures in turn increases the 
likelihood of further seizure activity. Beyond the above seizure- and epilepsy-
specific data, there is a large body of literature showing that activation of CB1R is 
neuroprotective [85]. It is also worthy of note that the CB2 receptor, which is 
expressed in the CNS primarily in immune cells (e.g. microglia; [86]). CB2R 
activation tends to limit inflammation and the CNS immune response, acting to 
decrease microglia and astrocytic activation [85, 86]. In the context of a chronic 
progressive disease, although continual suppression of the CNS immune system 
should be met with caution, enhanced CB2R signaling may protect neurons and 
slow or halt disease progression. A detailed discussion of the potential of the 
endocannabinoid system as a neuroprotective mechanism can be found in. 

Changes to the Endocannabinoid System in Epilepsy 

The endocannabinoid system changes in both animal models of epilepsy and in 
the human condition. The greatest body of work focuses upon changes in 
hippocampal CB1R expression and there is also evidence that endocannabinoid 
levels vary. In treatment-naïve patients with newly-diagnosed temporal lobe 
epilepsy, anandamide but not 2-AG cerebrospinal fluid levels were reduced 
compared to healthy control individuals [87]; importantly levels were assessed in 
patients who had been seizure-free for over 24 hours, suggesting that these results 
were not due to acute changes in response to seizure activity. This may also 
explain why findings in acute models of seizure in animal models (e.g. KA, see 
above) indicate increases in anandamide levels, in contrast to the decreases seen 
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here. In another study, the function of FAAH in neocortical tissue surgically 
removed from patients with mesial temporal lobe epilepsy was found to be no 
different to that taken from patients with non-epileptogenic brain tumours [88]. 
Whilst this patient population was necessarily different from the study above in 
which CSF alone was taken, and age, treatment and time since diagnosis varied, 
the absence of a difference between epileptic and non-epileptic tissue in 
anandamide hydrolysis by FAAH could suggest that variation in anandamide 
levels is due to changes in levels of synthesis and not metabolism. 

To our knowledge, only two studies have examined CB1R expression in human 
patients with epilepsy. In 2008, Ludanyi [89] used quantitative polymerase chain 
reaction experiments (qPCR) to assess differences in the expression levels of 
endocannabinoid system proteins in the hippocampus between healthy (post 
mortem) tissue and epileptic tissue (taken surgically from people with intractable 
temporal lobe epilepsy). They found that CB1R mRNA levels in epileptic tissues 
were significantly less abundant, with only a third of the amount found in healthy 
tissue, a finding confirmed at the protein level by immunohistochemistry. 
Additionally they found that levels of the CB1R interacting protein 1a (CRIP1a; 
[90]) and DAGL was lower in epileptic tissue. In contrast, CRIP1b and MAGL 
levels were consistent between healthy and epileptic tissues. Similarly and 
consistently with the findings of Steffens et al. [88], the proteins responsible for 
degradation of anandamide (e.g. FAAH) were not expressed at different levels in 
healthy and epileptic tissues. A second study [91] investigating CB1R expression 
in sclerotic human hippocampus from PWE demonstrated that CB1R expression 
in GABAergic interneurons was maintained in the dentate gyrus (DG) and CA1 
regions, whilst it was enhanced compared to healthy controls in the dentate 
molecular layer. These findings were mirrored in mice previously treated with 
pilocarpine to induce SRS with a temporal lobe focus and hippocampal sclerosis. 
All other available data regarding CB1R expression also come from models of 
pilocarpine-induced SRS and hippocampal remodeling/sclerosis in rodents. 
Karlocai and co-workers [92] separated pilocarpine-treated mice into “weakly” 
and “strongly” epileptic based on the severity of their initial pilocarpine-induced 
acute seizure activity. They found that in weakly epileptic mice no change in 
CB1R expression occurred compared to control animals. In strongly epileptic 



Cannabinoid Based Epilepsy Therapies Molecular, Pharmacological, Behavioral and Clinical Features   179 

animals a significant decrease in CB1R expression across the hippocampus was 
observed in the acute phase of the model (2-24 hours after pilocarpine; 
hypothesised to be due to receptor internalisation). A recovery in expression 
levels was observed in the latent period (3 days post pilocarpine), and during the 
chronic phase, in which SRS start to manifest and sclerosis of the hippocampus 
occurs, DG CB1R expression had increased, as had CB1R staining on 
GABAergic terminals. DeLorenzo and co-workers have performed similar 
investigations in rat after pilocarpine treatment [93-95]. In their initial study, they 
found that CB1R decreased in the chronic phase compared to healthy control 
animals in the pyramidal cell layers of CA1-3 and the DG inner molecular layer, 
whilst it increased in the strata oriens and radiatum of CA1-3 [93]. This broadly 
represents an increase in presynaptic CB1R expression at glutamatergic synapses 
and a decrease at GABAergic synapses across the DG and CA regions. In a 
further study [94], the same group showed broadly similar results to [92] in the 
early stages of the pilocarpine model of SRS, with significant decreases in CB1R 
expression across the hippocampus but with interneuronal expression maintained; 
after one month expression levels were as described in [93]. In a third study [95] 
looking at CB1R expression in brain regions outside the hippocampus in the 
chronic phase of the model in rat, CB1R binding and activity increased in the 
cortex, selected thalamic nuclei, the caudate-putamen and the septum, but 
remained the same as control animals in substantia nigra and cerebellum; findings 
that were confirmed by immunohistochemistry. 

Whilst these human and rodent studies all point to the endocannabinoid system 
changing during epilepsy, the differences in findings in the experimental animal 
models of epilepsy and the variation in the method of SRS induction make a 
unifying hypothesis of CB1R changes in epilepsy elusive. Combined with the 
obvious issues in investigating CB1R expression at the ultrastructural level in 
human hippocampi (and the wider brain) as human epilepsy is caused and then 
develops, as well as the underlying uncertainty as to whether changes in 
(particularly human) hippocampal CB1R expression are part of the pathology of 
epilepsy or a response to it, it is clear that significant further investigation of this 
area is required. 
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EFFECTS OF CANNABINOID TYPE 1 RECEPTOR LIGANDS IN 
EPILEPSY 

The role of the endocannabinoid system in seizures and epilepsy remains difficult 
to fully generalise, not least because of the near ubiquitous presence of CB1R 
upon inhibitory and excitatory synaptic terminals and its reactive and 
compensatory nature in response to sustained changes in neuronal activity such as 
highly heterogenous (by patient) seizure events. However, the preceding section 
does demonstrate that an overall effect of global increases in endocannabinoid 
system function in the CNS is to mitigate seizure severity and/or events. It is these 
findings, together with the longstanding historical and anecdotal use of herbal 
cannabis for the control of epileptic seizures [96], which continues to the present 
day, that has driven investigation of the effects of exogenous CB1 receptor 
ligands upon seizures and epilepsy. 

However, the well known psychoactive effects of the archetypal CB1R agonist, 
9-THC [97], a property common to all CB1R agonists, presents a serious 
complicating factor when considering either the utility of synthetic CB1R agonist 
drug development programmes in epilepsy or the continued use of cannabis as 
part of medical marijuana programmes in countries such as the USA and Canada. 
The debate surrounding the negative implications of an adverse psychoactive 
profile is a complex one, made more so by the extent of recreational use of 
cannabis (~147 million recreational cannabis users worldwide [98]) wherein the 
pharmacological actions defined as side effects in therapeutic contexts represent 
the desired recreational effects. Given that such considerations exceed the scope 
of this review, a definitive conclusion regarding the side-effect risk vs 
anticonvulsant benefit of CB1R agonist use by pharmacoresistant PWE cannot be 
reached and so remains an important factor for consideration by scientists, the 
pharmaceutical industry, regulatory bodies, PWE and society as a whole when the 
clinical development of any cannabis or cannabinoid-based medicine is 
considered. 

Despite this specific limitation, considerable preclinical research has been 
conducted to investigate the usefulness of CB1R agonism in the control of 
seizures and epilepsy which is presented and discussed in detail hereafter. The 
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evidence presented is divided into categories describing the effects of synthetic 
CB1R ligands, modulators of endocannabinoid synthesis and degradation (see 
The Endocannabinoid System: Role in Endogenous Suppression of Seizures) 
and, finally, due to the extent of the evidence base in the literature, the plant 
cannabinoid, 9-THC. Evidence describing the effects of non-9-THC plant 
cannabinoids, despite rarely being endocannabinoid system modulators, is 
provided thereafter. Since epilepsy is a disease state that involves the whole 
organism, not solely the CNS, the evidence summarised here focuses largely upon 
the effects of these agents in whole animal (in vivo) models of disease unless 
specific in vitro evidence casts additional light upon the specific manner in which 
a given agent exerts its anticonvulsant effects. 

The identification of a specific G-protein coupled receptor target for the 
exogenous cannabinoid, 9-THC, immediately provided opportunities for the 
development of synthetic ligands, including agonists, antagonists and allosteric 
modulators [99], the profiles of many of which have been investigated in models 
of seizure and epilepsy. Synthetic CB1R ligands can be pharmacologically 
distinguished by virtue of their agonistic or antagonistic properties at the target 
receptor. 

Synthetic Cannabinoid Type-1 Receptor Agonists and Modulators Of 
Endocannabinoid (AEA and 2-AG) Synthesis And Degradation 

On the above basis, our systematic review of the available literature describing 
CB1R agonist and endocannabinoid modulator effects in whole animal models of 
seizure and epilepsy (Table 1) revealed that investigations have thus far only been 
conducted in murine species (c.f. 9-THC below). Of the models used, the 
majority represented generalised seizures (employing 9 different chemical, 
electrical or auditory insults or stimuli) with individual instances of studies 
examining effects upon temporal lobe epilepsy, generalised epilepsy, absence 
epilepsy and partial seizures with a secondary generalisation comprising the 
remainder. 

A total of 55 independent conditions, models or experimental designs have been 
examined to date with 10 (18%) that reported no significant effect of drug, 4 (7%) 
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reported mixed effects (e.g. decreased severity with decreased latency), a single 
study reporting a proconvulsant (2%) effect whilst a notable majority (40; 73%) 
reported significant anticonvulsant effects. The critical measures described in 
these reports are summarised in Table 1 and include details of route and timing of 
administration in addition to dose used. This information is relevant particularly 
as some reports describing an absence of drug effect may result from early 
investigations of new compounds for which bioavailability or other 
pharmacokinetic data was not yet available; particularly given the highly 
lipophilic nature of many CB1R ligands (see also 9-Tetrahydrocannabinol). 
Moreover, a number of the reports shown in Table 1 also reported observable 
motor side effects of CB1R agonist administration (see [100, 101] for exemplar 
instances where this was investigated in parallel with ligand effects upon 
seizures), consistent with the known side-effect profile of such agents but, in the 
context of epilepsy, potential confounders of behavioural assessments of drug 
effects upon seizure, the principal symptom. Finally, whilst not models of seizure 
per se, the CB1R agonists, 9-THC and HU210 when administered to R6/1 
Huntington’s Disease model mice over a period of eight weeks both increased the 
incidence of handling-induced seizures although its significance in the wider 
context of epilepsy remains unknown at present [102]. 

Overall, whilst limited by the well known motor and psychoactive side-effects 
caused by CB1R activation, the widespread reproducibility of anticonvulsant 
effects between studies, compounds and models provides compeling evidence for 
– at least in largely acute treatment paradigms - significant anticonvulsant efficacy 
for synthetic CB1R agonists. Given the reactive and compensatory properties of 
the endocannabinoid system, whether such effects translate to chronic treatment 
situations remains to be seen. 
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Table1: Summary of synthetic CB1R agonist effects upon whole animal models of seizure and epilepsy. Key: Summary effect: ■; 
anticonvulsant, ■; proconvulsant, ■; mixed effect, ■; no effect. MES: maximal electroshock, PTZ: pentylenetetrazole, ACEA: arachidonoyl 2'-
chloroethylamide-2'-chloro-AEA, AEA: anandamide. Note: URB597 is a FAAH inhibitor and not a CB1R agonist but is included in the above 
table where investigations of CB1R agonists were concurrently performed.  

Species Strain Age Model Symptom/disease Inducing agent Treatment Dose range Administration timing Route Effect Reference

Mouse Swiss 

Adult Acute Generalised seizure PTZ 

WIN55,212 plus 
clonazepam 

5-15 mg/kg 

15 mins before testing 

i.p. 

  

[100] 

WIN55,212 plus 
ethosuximide 

45 mins before testing   

WIN55,212 plus 
valproate 

30 mins before testing   

WIN55,212 plus 
phenobarbital 

60 mins before testing   

Adult Acute Generalised seizure MES 

WIN55,212 plus 
valproate 

10 mg/kg and AED 
dose-response 

30 mins before testing   

[101] 

WIN55,212 plus 
carbamazepine 

30 mins before testing   

WIN55,212 plus 
phenobarbitone 

60 mins before testing   

WIN55,212 plus 
phenytoin 

120 mins before testing   

WIN55,212 2.5-15 mg/kg 20 mins before testing   

Rat Wistar Juvenile Acute Generalised seizure Kainic acid WIN55,212 0.5-5 mg/kg  90 mins before testing i.p.   [103] 

Mouse Swiss Adult Acute Generalised seizure MES 

ACEA 1.25-15 mg/kg 

10 mins prior to testing 

i.p.   

[104] ACEA plus 30 mg/kg 
valproate 

1.25-2.5 mg/kg i.p.   

Rat 
Long-Evans 

Adult Acute Generalised seizure PTZ 

N-
palmitoylethanolamide 

40 mg/kg 2 hours prior to testing 
i.p. 

  
[105] 

Rat Adult Chronic Generalised seizure Amygdala kindling 1, 10 & 100 mg/kg 2 hours prior to testing   

Mouse OF1 Adult Acute Generalised seizure 

PTZ 

25 mg/kg 2 hours prior to testing i.p. 

  

[106] 

3-
mercaptopropionic 
acid 

  

Bicuculline   

Strychnine   
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Picrotoxin   

NMDA   

MES 50 & 100 mg/kg 
0.5 to 4 hours prior to testing 

  

MES Anandamide 50 mg/kg   

Mouse NMRI Adult Acute Generalised seizure MES 

WIN55,212 0.5-4 mg/kg 

30 mins before testing i.p. 

  

[107] 

WIN55,212 plus 
diazepam 

0-4 mg/kg of each 
in mixed ratios 

  

AM404 0.125-4 mg/kg   

AM404 plus diazepam 
0-4 mg/kg of each 
in mixed ratios 

  

URB597 0.05-1 mg/kg   

URB597 plus 
diazepam 

0-2 mg/kg of each 
in mixed ratios 

  

Rat Wistar Adult Acute Generalised seizure PTZ 

WIN55,212 1-100 g 

5 mins before testing i.c.v. 

  

[108] 

WIN55,212 plus 
isoguvacine 

1-100 g and 5-5 
g respectively 

  

URB597 10-100 g   

URB597 plus 
isoguvacine 

10-100 g plus 5-
50 g respectively 

  

URB602 10-500 g   

Mouse Swiss Adult Acute Generalised seizure MES 

ACEA plus 
carbamazepine 

2.5 mg/kg 10 mins prior to testing i.p. 

  

[109] 

ACEA plus 
lamotrigine 

  

ACEA plus 
oxcarbazepine 

  

ACEA phenobarbitone   

ACEA plus phenytoin   

ACEA plus topiramate   

Rat WAG/Rij Adult Chronic Absence Genetic WIN55,212 3-12 mg/kg 2 hours prior to testing s.c.   [110] 

Rat Wistar Adult Acute 
Partial with 
secondary 
generalisation 

Penicillin (i.c.v.) 

ACEA 0.25 g 
45 mins after establishment of 
epileptiform activity. 

i.c.v.   

[111] 

ACEA plus memantine 0.25 g and 1-20 
mg/kg respectively 

Memantine 30 mins and ACEA 45 
mins after establishment of 
epileptiform activity. 

i.c.v.   
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Rat Wistar Adult Acute Partial seizure 
Maximal dentate 
gyrus activation 

WIN55,212 1-21 mg/kg 
Monitored for up to 120 mins after 
administration 

i.p.   [112] 

Rat Not stated Adult Acute 
Partial with 
secondary 
generalisation 

Penicillin (i.c.v.) ACEA 2.5-15 g 
Monitored for up to 120 mins after 
administration 

i.c.v.   [113] 

Mouse NMRI Adult Acute Generalised seizure PTZ 

ACEA 0.1-8 mg/kg Up to 60 mins before testing i.p.   

[114] 
ACEA plus naltrexone 

0.1-8 mg/kg and 1-
500 pg/kg 
respectively 

Up to 60 mins before testing i.p.   

Mouse NMRI Adult Acute Generalised seizure PTZ ACEA 0.1-4 mg/kg 60 mins before testing i.p.   [115] 

Mouse NMRI Adult Acute Generalised seizure PTZ ACEA 0.1-8 mg/kg 15 mins before testing i.p.   [116] 

Mouse NMRI Adult Acute Generalised seizure PTZ ACPA 0.5-2 mg/kg 60 mins before testing i.p.   [117] 

Rat Sprague-Dawley Adult Chronic 
Temporal lobe 
epilepsy 

Pilocarpine-
induced SRS 

WIN55,212 5 mg/kg 
Single dose immediately before 
EEG and behavioural monitoring 

i.p.   [79] 

Mouse CF-1 Adult Acute Generalised seizure MES WIN55,212 1-100 mg/kg 120 mins before testing i.p.   [118] 

Mouse NMRI Adult Chronic Generalised seizure Amygdala kindling 

WIN55,212 2.5 & 4 mg/kg 
30 or 60 mins before testing i.p.   

[119] 
30 mins before kindling stimulus i.p.   

URB597 1 & 3 mg/kg 
30 or 60 mins before testing i.p.   

30 mins before kindling stimulus i.p.   
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Synthetic Cannabinoid Type-1 Receptor Antagonists 

Given the consistent and reproducible cases where CB1R activation exerts 
anticonvulsant effects in whole animal models of seizure that are summarised 
above, one would predict that CB1R antagonism, if not seizuregenic per se, would 
potentiate the effects of convulsant agents and stimuli. Consequently, whether it is 
an effect of this strong hypothesis or a manifestation of positive reporting bias 
within the literature, the number of extant studies reporting CB1R antagonist 
effects upon seizure and epilepsy models is much more limited yet nonetheless 
provides an important context for the preceding information reporting 
predominantly positive effects of CB1R agonists in models of seizure and 
epilepsy. Readers interested in CB1R antagonist effects in epilepsy are also 
referred to the evidence of effects of the plant cannabinoid and propyl analogue of 
9-THC, 9-THCV (see EFFECTS OF NON-9-THC PLANT 
CANNABINOIDS IN EPILEPSY) which is a well characterised neutral 
antagonist at CB1R. 

The detailed summary of CB1R antagonist effects in these models is provided 
hereafter (Table 2) although, briefly, effects have again been limited to murine 
models of seizure and epilepsy, comprising individual instances of temporal lobe 
epilepsy, generalised seizure, generalised epilepsy, absence epilepsy and partial 
seizures with secondary generalisation and predominantly using the i.p. route for 
cannabinoid administration. Summary statistics from these studies reveal that of 
the 13 separate conditions, models and/or experimental design investigated, the 
majority (8; 62%) revealed no effect of drug on seizure measures whilst, 
consistent with the above starting hypothesis, 4 (31%) instances of proconvulsant 
effects exist and one (8%) of anticonvulsant effects (see also 9-THCV). 

Consequently, whilst initial concerns of widespread proconvulsant effects of 
CB1R antagonism do not seem wholly substantiated in the face of this evidence, 
the effect of such modulation is clearly non-trivial and, where beneficial effects 
are seen, effect sizes remain small and so offer little potential for clinical 
development. 
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Table 2: Summary of synthetic CB1R antagonist effects upon whole animal models of seizure and epilepsy. Key: Summary effect: ■; 
anticonvulsant, ■; proconvulsant, ■; mixed effect, ■; no effect. MES: maximal electroshock, PTZ: pentylenetetrazole. See also effects of 9-
THCV below. 

Species Strain Age Model Symptom/disease 
Inducing 

agent 
Treatment Dose range Administration timing Route Effect

Reference

Rat Wistar Adult Acute Generalised seizure Audiogenic SR141716A 30 mg/kg o.d. for 5 days p.o.   [120] 

Mouse NMRI Adult Acute Generalised seizure MES 

AM251 0.25-5 mg/kg 

 30 mins before testing 

i.p.   [107] 

AM251 plus 
diazepam 

0-4 mg/kg of 
each in mixed 
ratios 

i.p.   

Rat WAG/Rij Adult Chronic Absence Genetic AM251 6-12 mg/kg 2 hours prior to testing s.c.   [110] 

Rat Wistar Adult Acute 
Partial with secondary 
generalisation 

Penicillin 
(i.c.v.) 

AM251 7.5ug 
45 mins after establishment of 
epileptiform activity. 

i.c.v.   
[111] 

AM251 plus 
memantine 

7.5 ug and 1-20 
mg/kg 
respectively 

Memantine 30 mins and AM251 
45 mins after establishment of 
epileptiform activity. 

i.c.v.   

Rat Wistar Adult Acute Partial seizure 
Maximal 
dentate gyrus 
activation 

AM251 1 mg/kg EEG monitored for up to 120 mins 
after AM251 administration 
(includes period of seizure 
induction and consequence) 

i.p.   
[112] 

Rat Not stated Adult Acute 
Partial with secondary 
generalisation 

Penicillin 
(i.c.v.) 

AM251 0.125-1 ug i.c.v.   
[113] 

Mouse NMRI Adult Acute Generalised seizure PTZ AM251 0.01-1 mg/kg 15 mins before testing i.p.   [115] 

Rat Sprague-Dawley Adult Chronic Epileptogenesis Kainic acid SR141716A 10 mg/kg 
Once at first sign of acute, kainic 
acid-induced seizure 

i.p.   
[121] 

Rat Wistar Adult/Immature Chronic

Juvenile head trauma 
followed by acute 
proconvulsant challenge 6 
weeks later 

Kainic acid SR141716A 1 & 10 mg/kg 
Immediately following head 
trauma 

i.p.   

[122] 

Mouse NMRI Adult Acute Generalised seizure PTZ AM251 1 fg/kg-1 mg/kg 45 mins before testing i.p.   [116] 

Mouse NMRI Adult Acute Generalised seizure PTZ AM251 0.5-3 mg/kg 60 mins before testing i.p.   [117] 
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9-Tetrahydrocannabinol9-THC) 

9-THC is the primary cannabinoid constituent of cannabis, however there are 
several additional phytocannabinoids with potential or proven anticonvulsant actions 
in humans (see EFFECTS OF NON-9-THC PLANT CANNABINOIDS IN 
EPILEPSY). 

One of the earliest reports regarding the effect of 9-THC described the effect of 
two analogues of the cannabinoid on institutionalised children with epilepsy 
refractory to treatment with phenobarbital or phenytoin [123]. Two of five 
children had their epilepsy controlled by 9-THC treatment, with three 
experiencing no effects on seizure occurrence. Beyond this single study, 
investigations of the anticonvulsant properties of 9-THC have largely been 
limited to preclinical investigations in animals. 

The effects of 9-THC in animal models of seizure are summarised in Table 3. 9-
THC has been investigated in what may be considered commonly-used murine 
models of seizure, and also in unusual species such as cat and baboon. Taking all 
preclinical data as a whole, 9-THC has been tested in 31 different experimental 
conditions (taking into account species, seizure model and experimental design). 
In 19 experimental paradigms (61% of total) 9-THC was found to be 
significantly anticonvulsant, whilst no effect was observed in nine studies (29%). 
In a further three studies (10%), 9-THC exerted proconvulsant effects. 9-THC 
was proconvulsant when administered orally to mice at 20-75 mg/kg 30 minutes 
before MES, increasing hindlimb extension [124]; in contrast at 160 – 200 mg/kg 
9-THC was anticonvulsant. This finding appears to be in contrast to other studies 
using MES in mouse (Table 3). In the 60 Hz electroshock model of generalised 
seizure, 100 mg/kg 9-THC administered i.p. once a day for three to four days 
reduced seizure threshold in a proconvulsant manner [125], whether this 
represents a genuine proconvulsant effect of 9-THC or that treatment with 9-
THC affected CB1R expression levels prior to the seizure insult leading to a 
reduced protective endocannabinoid response is not clear. The final study in 
which 9-THC was proconvulsant utilised a spontaneously epileptic gerbil strain, 
in which 50 mg/kg (but not 20 mg/kg) 9-THC significantly decreased latency to 
seizure [126]. In those studies in which 9-THC had no effect on seizure, three of 
nine utilised low doses (<4 mg/kg), three were in unusual species (cat, baboon and 
chicken) and three used dosing times of 30 minutes, which is a relatively short 
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time compared to other studies (see Table 3). Interestingly, 9-THC, when 
combined with CBD and CBN (all at 50 mg/kg via oral gavage) reversed the 
proconvulsant effect of THC in the MES model of seizure in mouse [124], 
producing instead a significant anticonvulsant effect. This could underlie the 
variability in responsiveness seen in PWE using cannabis since phytocannabinoid 
proportions can vary significantly dependent on strain, storage and consumption 
process. This study also demonstrated a significant reduction in phenytoin ED50 
by 9-THC (50 mg/kg via oral gavage) co-administration which was further 
reduced by co-administration of 9-THC plus CBD (each 50 mg/kg via oral 
gavage). 9-THC (50 mg/kg) also potentiated the effect of phenytoin [124] and 
phenobarbitone [127] in the MES model in mouse. 

EFFECTS OF NON-9-THC PLANT CANNABINOIDS IN EPILEPSY 

Cannabidiol (CBD) 

CBD, the non-psychoactive and usually second most abundant cannabinoid in the 
cannabis plant (after 9-THC), has also been extensively tested for anticonvulsant 
properties in murine species, with some promising results. CBD has been reported 
to be a low affinity but high potency CB1R antagonist in vitro at high 
concentrations [136], however the anticonvulsant profile of CBD makes unlikely 
that that its mechanism of action in this regard arises via antagonism of the CB1 
receptor (c.f. Synthetic Cannabinoid Type-1 Receptor Antagonists). Whilst 
CBD’s mechanism of anticonvulsant does remain to be definitively elucidated, the 
cellular and molecular targets at which CBD is known to act are numerous and 
not limited to the endocannabinoid system itself (for extensive reviews see [85, 
137]). 

The effects of CBD have been investigated in a total of 21 different conditions, 
models or experimental designs. The vast majority (17; 81%) reported 
anticonvulsant effects, a small proportion (4; 19%) reported no effect and, 
importantly, none reported any overall proconvulsant effects. These data are 
summarised in Table 4, along with the main parameters including route of 
administration, time to challenge following CBD administration, species and 
strain. It is of note that some studies administered seizure inducing agents prior to 
the now known brain Tmax (60-120 mins following i.p. administration) for CBD 
[138] had elapsed, potentially underestimating CBD’s anticonvulsant potency. 
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Table 3: Summary of 9-THC effects upon whole animal models of seizure and epilepsy. Key: Summary effect: ■; anticonvulsant, ■; 
proconvulsant, ■; mixed effect, ■; no effect. MES: maximal electroshock, PTZ: pentylenetetrazole. 

Species Strain Age Model Symptom/disease Inducing 
agent 

Treatment Dose range Administration timing Route Effect Reference 

Mouse C57BL/6 Adult Acute Generalised seizure Audiogenic 
priming 

9-THC 10 mg/kg 5-135 mins before test stimulus i.p.   [128] 

1.25-10 mg/kg 15 mins before test stimulus   

10 mg/kg 15 -90 mins before priming 
stimulus 

  

10-50 mg/kg 15 -90 mins after priming 
stimulus 

  

Mouse QS Adult Acute Generalised seizure PTZ 9-THC  1-80 mg/kg 30 mins before testing p.o.   [124] 

Generalised seizure MES 160 – 200 mg/kg 30 mins before testing   

20-75 mg/kg 30 mins before testing   

20 mg/kg 30 mins before testing i.v.   

9-THC plus CBD 
plus CBN 

50 mg/kg 9-THC, 
50mg/kg CBD, 50 mg/kg 
CBN 

30 mins before testing p.o.   

Mouse QS Adult Acute Generalised seizure MES 9-THC plus PHN 50mg/kg 9-THC (with a 
range on phenytoin 
doses) 

30 mins before testing p.o.   [124] 
(continued) 

9-THC plus PHN 
plus CBD 

50 mg/kg 9-THC, 50 
mg/kg CBD (with a 
range of phenytoin 
doses) 

30 mins before testing p.o.   

Mouse CF-1 Adult Acute Generalised seizure MES 9-THC 1-100mg/kg 120 mins before testing i.p.   [129] 

Mouse QS Adult Acute Generalised seizure MES 9-THC plus PBL 25-50 mg/kg 9-THC 
plus 9.3-40 mg/kg PBL 

9-THC: 120 mins; PBL: 60 
mins before testing 

THC: p.o., 
PBL: i.p. 

  [127] 

9-THC plus CBD 
plus PBL 

25 mg/kg 9-THC, 25 
mg/kg CBD, 9.3-40 
mg/kg phenobarbitone 

9-THC & CBD: 120 mins; 
PBL: 60 mins before testing 

THC & 
CBD: 
p.o., PBL: 
i.p. 

  

Mouse Not stated Adult Acute Generalised seizure MES 9-THC 100 mg/kg Once daily for 3-4 days before 
testing 

i.p.   [125] 

6Hz 
electroshock 

  

60Hz   
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electroshock 

Mouse Not stated Adult Acute Generalised seizure MES 9-THC up to 80 mg/kg 15 mins to 24 hours before 
testing 

i.p.   [130] 

PTZ 30 mins before testing   

Nicotine   

Strychnine   

Gerbil Meriones 
unguiculatus 

Adult Chronic Generalised seizure Spontaneously 
epileptic 

9-THC 20 & 50 mg/kg Single dose i.p.   [126] 

o.d. for 6 days before testing   

Cat Not stated Adult Chronic Generalised seizure Amygdala 
kindling 
(electrical) 

9-THC 0.25 mg/kg At onset of kindling i.p.   [131] 

0.25 - 4 mg/kg At stage 3 (head nodding)   

At stage 5 (clonic jumping) 

At kindling endpoint 

Rat Sprague-Dawley Adult Chronic Temporal lobe 
epilepsy 

Pilocarpine-
induced SRS 

9-THC 0.5-30mg/kg Single dose immediately 
before EEG and behavioural 
monitoring 

i.p.   [79] 

Rat Not stated Adult Acute Generalised seizure PTZ 9-THC 15-200 mg/kg 45 mins before testing i.p.   [132, 133] 

Baboon Papio papio Adult Chronic Generalised seizure Photogenic 9-THC 0.25-1 mg/kg ~60 minutes before testing i.p.   [134] 

Amygdala 
kindling 
(electrical) 

  

Chicken Gallus 
domesticus 

Adult Acute Generalised seizure Photogenic 9-THC 0.25-1 mg/kg 0.5 or 2 hours before testing i.v.   [135] 

PTZ (35 
mg/kg in 
epileptic fowl)

  

PTZ (80 
mg/kg in non-
epileptic fowl)
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Table 4: Summary of cannabidiol effects upon whole animal models of seizure and epilepsy. Key: Summary effect: ■; anticonvulsant, ■; 
proconvulsant, ■; mixed effect, ■; no effect. MES: maximal electroshock, PTZ: pentylenetetrazole. 

Species Strain Age Model Symptom/disease Inducing agent Treatment Dose range Administration timing Route Effect Reference 

Mouse QS Adult Acute Generalised seizure MES 
CBD plus 
PBL 

50 mg/kg CBD plus 
9.3-40 mg/kg 
phenobarbitone 

CBD: 2 hours, PBL: 1 hour 
before testing 

CBD: 
p.o., 

PBL: i.p.  
[127] 

Mouse CF-1 Adult Acute Generalised seizure MES 

CBD 

1-100 mg/kg 120 mins before testing i.p. [129] 

Mouse Not stated Adult Acute Generalised seizure 

MES 

100 mg/kg 
o.d. for 3-4 days before 
testing 

i.p. [125] 6 Hz electroshock 

60 Hz electroshock 

Rat Not stated Adult Acute Generalised seizure MES 1.5-12 mg/kg 1 hour before testing i.p. [140] 

Mouse Not stated Adult Acute Generalised seizure 
PTZ 

50-200 mg/kg 30 mins before testing p.o. 
 

[124] 
MES 

Mouse ICR Adult Acute Generalised seizure MES 120 mg/kg (ED50) 0.5-6 hours before testing i.p. [141] 

Rat 
Sprague-
Dawley 

Adult Chronic Generalised seizure 
Limbic kindling 
(electrical) 

0.3-3 mg/kg 15-300 minutes i.p. [142] 

Rat Not stated Adult Chronic 
Partial seizure with 
secondary generalisation 

Cortical implantation 
of cobalt 

CBD 

60 mg/kg 
Twice daily after 
implantation 

i.p. [143] 

Mouse Not stated Adult Acute Generalised seizure 

MES 

5-400 mg/kg 60 minutes before testing i.p. [144] 

3-mercaptoproprionic 
acid 

Picrotoxin 

Isonicotinic acid 

Bicuculline 

Hydrazine 

PTZ 

Strychnine 

Rat 
Wistar-
Kyoto 

Adult Acute Generalised seizure PTZ 

1, 10 & 100 mg/kg 1 hour before testing i.p. 

[145] 

Rat 
Wistar-
Kyoto 

Adult Acute Temporal lobe seizure Pilocarpine (acute) 

[146] 

Rat 
Wistar-
Kyoto 

Adult Acute 
Partial seizure with 
secondary generalisation 

Penicillin 
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In addition to these non-clinical studies, a small human trial was reported in 1980, 
where CBD was used as an adjunctive therapy in patients exhibiting seizures 
refractory to conventional treatment. Fifteen people took part in the study, initially 
seven of whom received CBD and eight received a placebo. From a group 
receiving 200-300 mg/kg/day CBD; 4/8 obtained full seizure control, 1/8 
improved markedly, 2/8 improved somewhat and 1/8 showed no improvement; 
compared to the placebo (glucose capsules) group where 7/8 showed no 
improvement and 1/8 showed improvements. It is also noted that one patient in 
the placebo group, who showed no improvement, was transferred to the CBD 
group and subsequently markedly improved [139]. 

Whilst the above clinical trial was performed in a small population, significant 
positive results were yielded in a pharmacoresistant population and the scale of 
study required for Phase IIa exploratory randomised trials in epilepsy do not 
employ significantly greater number of participants. This, combined with the 
uniformly positive preclinical data gathered over several decades and highly 
favourable tolerability of CBD, strongly mandates the resumption of clinical 
exploration of CBD in the clinic although the extent of the evidence base for 
anticonvulsant efficacy that lies in the public domain may explain why this has 
not yet been undertaken. 

OTHER NON-9-THC PLANT CANNABINOIDS IN EPILEPSY 

Finally, the anticonvulsant activity of two further plant cannabinoids, CBN and 
9-THCV, have also been reported. CBN was tested in the mouse MES model of 
seizure, using i.p. administration and reported to have an ED50 of 230 mg/kg 
[141], higher than either 9-THC or CBD and has not been pursued further. 9-
THCV was tested in the rat acute PTZ model of seizure, using i.p. administration 
and reported to reduce the incidence of seizures (0.25 mg/kg) [147] although 
efficacy was lost at higher concentrations. There is also evidence to suggest that 
co-administration of CBN with 9-THC and CBD increases the anticonvulsant 
effects of the individual cannabinoids [124], and therefore could contribute to the 
anticonvulsant effects reported by PWE in medical marijuana programmes. 

Most recently, anti-epileptiform and anticonvulsant effects of cannabidivarin 
(CBDV), the propyl variant of CBD have been reported [148], although 
understanding of its pharmacology remains very limited. Here, CBDV exerted 
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significant effects in two in vitro models of epileptiform activity and four in vivo 
models of seizure, in addition to showing good tolerability in motor function tests. 
CBDV attenuated status epilepticus-like epileptiform LFPs at ≥10 M in vitro. 
Moreover, in the MES model, tonic hindlimb extension (100-200 mg/kg) and 
tonic convulsions (50-200 mg/kg) were reduced whilst the number of animals 
remaining free from any sign of seizure increased (200 mg/kg) and all seizure-
related deaths were ablated (100-200 mg/kg). In the PTZ model of acute 
generalized seizure in rat, CBDV significantly reduced seizure severity (200 
mg/kg) and mortality (100-200 mg/kg) whilst significantly increasing both the 
number of animals remaining free from any sign of seizure (100-200 mg/kg) and 
the latency to first sign of seizure (200 mg/kg); effects that were retained when 
the oral route of administration was also used. CBDV was also shown to be well 
tolerated in co-administration with conventional anticonvulsants (sodium 
valproate or ethosuximide). Whilst CBDV’s possible mechanism(s) of 
anticonvulsant action remains unknown, to date two reports have described 
differential effects of CBDV at transient receptor potential (TRP) channels (the 
role of TRP channels in epilepsy is unknown) and to inhibit diacylglycerol lipase-
 (a role for which in epilepsy also remains undetermined) [149, 150]. However, 
given the diversity of cellular systems targeted by plant cannabinoids, it would be 
misleading to conclude that CBDV exerts significant and broad anticonvulsant 
effects via TRP or DAGLα modulation and, as such, further research in this area 
is required. 

CONCLUSIONS 

In this chapter we have highlighted the continued and pressing need for new, 
novel AEDs to combat epileptogenesis, pharmacoresistant epilepsy and, if 
possible, improve on the frequently debilitating side effect profile of currently-
used AEDs; all previously identified and leading ILAE research priorities [151]. It 
is clear that the preclinical research discussed above strongly supports 
enhancement of endocannabinoid function as a rational strategy for treatment of 
epilepsy and suppression of seizures; whether the anti-seizure properties of the 
endocannabinoid system outweigh the undesirable side effects of, for example, 
exogenous CB1R agonism, is a debate that continues and could limit clinical 
investigation of this therapeutic avenue for the foreseeable future. The potential of 
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the endocannabinoid system to limit neuronal damage via CB2R activation in this 
chronic disease is also worthy of investigation, although long-term suppression of 
the CNS immune system and protective systems comes with its own associated 
risks. One consistently attractive alternative is cannabidiol, a non-psychoactive 
plant cannabinoid with a history of safe use that has been shown to limit seizure 
activity in preclinical and clinical investigations over what is now a forty year 
period, and is likely to have its effects via one or more mechanisms outside of the 
endocannabinoid system. Finally, whilst many plant cannabinoids do not exert 
their pharmacological effects exclusively via the endocannabinoid system 
modulation, the broad anticonvulsant effects exhibited by those thus far studied 
and the large number that remain to be investigated supports a continuation of 
their study in this area; either as clinical development candidates, mechanistic 
probes or prototypical anticonvulsants for subsequent structure-activity and 
synthetic chemistry approaches. 
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