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Preface

Marijuana is the prototypical cannabinoid, and is one of the most widely used
drugs in the world. However, until the last decade, cannabinoid research lagged
behind comparable work on other intoxicating natural products such as opiates and
cocaine. This decade has seen an explosion of work and rapid advances in knowledge
about cannabinoid receptors and the endogenous compounds that act on them.

The advances described here can be seen as a pharmacological success story,
analogous to the prior successes in understanding opiates. Opiates were isolated as
crystalline salts in the 19th century, while the active constituents in cannabis, delta-
9-tetrahydrocannabinol (A°-THC) remained elusive until 1964. Research on
morphine led to the discovery of the naturally occurring family of morphine-like
neurotransmitter peptides, the enkephalins and endorphins. Research on the
active constituents of cannabis, (Ag-THC), also led to the discovery of cannabinoid
ligands, which are derivatives of arachidonic acid. The advances described herein
can also be viewed as a triumph, and possibly a paradigmatic triumph, for the role
of molecular biological approaches to neuropharmacology which is likely to
become even more widespread over the next decade. A major breakthrough in the
field occured when an orphan G-protein coupled heptahelical receptor cDNA was
cloned and then identified as the major brain cannabinoid CB,; receptor. Identi-
fication of this receptor cDNA allowed rapid identification of the related CB,
receptor and their genes. Cells expressing this receptor could then be made available
for large scale screening, such as the efforts that identified the first selective CB,;
and CB, antagonists. Genomic characterization allowed production and elucidation
of the features of knockout mice that confirmed major roles of cannabinoid systems
in brain systems controlling locomotion, motor coordination, drug reward, and
other features as well as roles for CB, systems in immune modulation. It could be
argued that the CB; receptor might be one of the shining examples of the role
that characterizing orphan receptors could play in the coming decade.

From both of these perspectives, it is exciting to view the prospect for cannabinoid
research that is displayed so nicely in this book. It describes the identification of
the members of this gene family in several species. The CB, knockout mice were
shown to survive and develop; yet some of them suddenly die. From the knockout
animals, the involvement of the cannabinoid system in the physiology of pain,
motor and reward pathways were demonstrated. There are discussions of the acute
and chronic actions that occur in animals and humans with much more insight
due to the availability of CB, and CB, knockout mice and specific cannabinoid
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receptor antagonists useful both in animals and in humans. In addition, chapters
describe the second messenger pathways that the surprisingly high-copy number
receptor impacts, its possible role in selective sequestration of significant numbers
of selected G proteins due to this high number, and a novel mechanism for receptor—
receptor interaction in brain.

Exciting and tantalizing information and possibilities about endocannabinoids,
the brain compounds that act at these receptors, have accompanied advances in
cannabinoid research. Finding the endocannabinoids, e.g. anandamide, noladin-
ether and 2-arachidonyl glycerol (2-AG) complements identification of the CB; and
CB, receptors, and opens up a previously unknown endocannabinoid system of
potentially central importance in biology and therapeutics.

The overarching goal for this book is thus to provide a reference text on this
exciting new biology of marijuana and a launch pad for future discoveries in this
area. Because of the ubiquity of the cannabinoid system in the body and brain, these
observations should inform our understanding of a number of biological functions
from movement, memory, learning, appetite stimulation, pain and emotions, to
blood pressure, eye pressure, sexual function etc. We believe that this work will be
of interest to undergraduate and graduate student in the basic science and
biomedical sciences, researchers, medical practitioners, pharmaceutical scientists
and science journalists.

George R. Uhl and Emmanuel S. Onaivi
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Chapter |

Cannabinoid receptor genetics
and behavior

Emmanuel S. Onaivi, Hiroki Ishiguro, Zhicheng Lin,
Babatunde E. Akinshola, Ping-Wu Zhang and George R. Uhl

ABSTRACT

The last decade has seen more rapid progress in marijuana research than any time in the
thousands of years that marijuana has been used by humans. cDNA and genomic sequences
encoding G-protein coupled cannabinoid receptors (Cnrs) from several species are now
cloned. Endogenous cannabinoid (endocannabinoid) ligands for these receptors, synthetic
and hydrolyzing enzymes and transporters that define cannabinoid neurochemically-
specific brain pathways have been identified. Endocannabinoid lipid signaling molecules
alter activity at G-protein coupled receptors and possibly even anandamide-gated ion chan-
nels, such as vanilloid receptors. Availability of increasingly-specific CB; and CB, antag-
onists and of CB; and CB, receptor knockout mice increases our understanding of these
cannabinoid systems and provides tantalizing evidence for even more GPCR-Cnrs. Initial
studies of Cnr gene structure, regulation and polymorphisms whet our appetite for more
data about these interesting genes, their variants, and roles in vulnerabilities to addictions
and other neuropsychiatric disorders. Behavioral studies of cannabinoids document the
complex interactions between rewarding and adverse effects of these drugs. Pursuing
cannabinoid-related molecular, pharmacological and behavioral leads will add greatly to
our understanding of endogenous brain neuromodulator systems, abused substances and
potential therapeutics. The studies of CB; and CB, receptor genes reviewed in this chapter
provide a basis for many of these studies.

Key Words: marijuana, genes, cannabinoids, endocannabinoids, mRNA, behavior

INTRODUCTION

Cannabinoids are the constituents of the marijuana plant (Cannabis sativa) of
which the principal psychoactive ingredient is A%-tetrahydrocannabinol (A%-
THC). Marijuana has remained one of the most widely used and abused drugs
in the world. Although research on the molecular and neurobiological bases of
the physiological and neurobehavioral effects of marijuana use was slowed by
the lack of specific tools and technology for many decades, much progress has
been achieved in cannabinoid research in the last decade. A central feature of
this progress has been the elucidation of the cDNAs and genes that encode
G-protein coupled (GPCR) cannabinoid receptors (Cnrs). This has facilitated
discoveries of endogenous ligands, (endocannabinoids) which has led in turn to
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use of these endocannabinoids to help define other potential GPCR and even
ligand-gated channel cannabinoid receptors. Even understanding the currently-
understood CB; and CB, GPCR Cnrs has documented their importance for
mediating most of the psychoactive effects of marijuana, other neurobehavioral
alterations, and the bulk of the cellular, biochemical and physiological effects of
cannabinoids (Martin, 1986).

Two cannabinoid receptor GPCR subtypes have been cloned to date. These
are designated as CNR1 and CNR2 or CB; and CB,. They belong to the large
superfamily of receptors that couple to guanine-nucleotide-nucleotide-binding
proteins and that thread through cell membranes seven times (heptahelical
receptors). The CB; Cnr is predominantly expressed in brain and spinal cord,
and thus, is often referred to as the brain Cnr. The CB, Cnr is, at times, referred
to as the peripheral Cnr because of its largely-peripheral expression in immune
cells. cDNA sequences encoding the rat (Matsuda et al., 1990), human (Gerard
et al., 1991; Munro et al., 1993), murine (Chakrabarti et al., 1995; Abood et al.,
1997), bovine (Wessner, Genebank submission, 1997), feline (Gebremedhin et al.,
Genebank submission, 1997), puffer fish (Yamaguchi et al., 1996), leech (Stefano
et al., 1997), and newt (Soderstrom et al., Genebank submission, 1999), CB, or
CB, like receptors have been reported. The CB; Cnr is highly conserved across
species, whereas the CB, receptor shows more cross-species variation. Human
CB, and CB, receptors share 44% overall amino acid identity. Although this
might suggest significant overall evolutionary divergence, the receptors’ amino
acid identities range from 35% to as high as 82% in different CB, transmembrane
regions (Shire et al., 1999).

CB, and CB, receptor gene products are expressed in relative abundance
in specific tissues and cell types (Herkenham et al., 1991; Bouaboula et al., 1993;
Matsuda et al., 1993). The CB; Cnr is expressed at relatively high levels in brain
regions such as hippocampus and cerebellum, and expressed at low levels in
peripheral tissues including spleen, testis, and leucocytes. Das et al. (1995) demon-
strated that the CB; mRNA but not CB, mRNA was expressed in the mouse uterus,
where endocannabinoids can also be synthesized. CB, is not expressed in even
moderate abundance in any brain region, but is expressed in peripheral tissues
including white blood cells (Munro et al., 1993; Facci et al., 1995).

The identification of endogenous ligands for Cnrs has focused on modified
eicosanoid-like fatty acids. Devane et al. (1992) named anandamide after the Sanskrit
word for “bliss”. The second principal endocannabanoid ligand 2-arachidonylgly-
cerol (2-AG) was identified by Mechoulam et al., 1995 and Sugiura et al., 1995.
Di Marzo et al. (this volume) review the biosynthesis, pharmacological, physio-
logical functions of anandamide and other endocannabinoids. Potent synthetic can-
nabinoid agonists and antagonists have also been developed (Shire et al., 1999).

This chapter discusses the current state of description of the genes encoding
Cnrs, from their identification by chance to their at least partial elucidation in
many species (Table 1.1). The chapter also defines some of the limitations of
current knowledge. The pharmacology of the Cnrs is still less well understood
than that of many GPCRs. Only scant information describes how these genes are
regulated. A moderate store of data describes some of the signal transduction
pathways engaged by cannabinoid receptor activation (see for example Hillard
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Table I.] Molecular biological characteristics of G-protein coupled cannabinoid receptors

Receptor  Second messenger Species cloned Chromosomal location ~ Amino acid sequence  Genebank accession ~ Primary reference
%Inbition of adenylate cyclase
®Inbition of Ca®* channels

aandb Human 6ql4-15 472 X54937 Gerard et al., 1991
CB, aandb Rat — 473 X55813 Matsuda et al., 1990
aandb Mouse Prox. 4 473 U17985 Chakrabarti et al., 1995
Amphibian (Newt) — 473 AFI181894 Soderstrom et al., 2000
Cat - 472 U94342 Gebremedlin et al., 1997
Bovine Partial U77348 Wessner et al., 1997
Leech - 480 - Stefano et al., 1997
Fish - 470 X94402 Yamaguchi et al., 1996
CBA Fish 468 X94401 Yamaguchi et al., 1996
CB, Human Ip36 360 X74328 Munro et al., 1993
Rat - 360 AF1763550 Griffin et al., 1999
Mouse Distal 4 347 NMO009924 Shire et al., 1996
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and Auchampach, 1994; Glass and McAllister, in this volume). However, many
topics including the ways in which the abundant CB, receptors could alter activit-
ies mediated through other coexpressed GPCRs by sequestering G-proteins and
other means are still in their infancy. As we discuss these GPCR receptors, we also
need to be aware of the possible ligand gated ion channels influenced by canna-
binoids. We need to bear in mind the data suggesting that cannabinoids can exert
receptor-independent effects on biological (Hillard et al., 1985; Makriyannis et al.,
1989) and enzyme systems such as protein kinase C. Despite these caveats, it is
impressive to review the large amount of data about GPCR cannabinoid receptors
amassed over the last decade.

Cannabinoid research and the use of cannabis products continue to attract
significant attention. The current dramatic advances in molecular biology and
technology, which increased scientific knowledge in cannabinoid research, will
certainly contribute to a better policy on the medical use of marijuana. For
example, preliminary studies with Cnr antagonists have contributed to resolving
the long-standing debate about addiction to marijuana. Specifically, the controver-
sial question of physical dependence on psychoactive cannabinoids has now been
addressed, using the antagonist SR 141716A [N-(piperidin-1-yl)5-(4-chloro-
phenyl)-(2,4-dichlorophenyl)-4-methyl-1H-pyrazole-3carboxamidehydrochloride,
to precipitate withdrawal reactions in rats injected with increasing doses of
A%-THC. Aceto et al. (1995) reported a precipitated withdrawal syndrome that was
absent in control animals, providing evidence that A>THC could produce physical
dependence. In general, it had been claimed that the psychoactivity and euphoria
induced by cannabinoids limit their use in the clinic for numerous therapeutic
applications for which they are currently being evaluated. Potential therapeutic
applications include anti-emetic, appetite stimulant, glaucoma, epilepsy, multiple
sclerosis, hepatitis C, Tourett’s syndrome, migraine etc. In some cases, the issue of
euphoria induced by cannabinoids does not outweigh the overall quality of life in
the terminally ill patients. In many cases, there are however, a number of medical
uses that can certainly benefit from the dissociation of the psychoactivity induced
by marijuana and cannabinoids from their therapeutic actions. This chapter discusses
the evidence for the existence of genes encoding Cnrs in the mammalian systems
and the cloning of the rat CB; Cnr cDNA followed by the cloning of the genes from
other species (Table 1.1). The synthesis of cannabinoid agonist and antagonist along
with the discovery of endocannabinoids were pivotal to these current advances.
With the availability of these genes, gene products and other Cnr research
tools, it is speculated that the properties of these genes and regulation will be
intensely studied as to reveal, how the psychoactivity can be dissociated from the
therapeutic properties of marijuana and cannabinoids, or could it be that certain
therapeutic actions of marijuana and cannabinoids cannot be separated from their
psychoactivity?

Cannabinoid receptor (Cnr) genes

In this section, the expression of Cnr genes in different species and in many tissues
of the mammalian system is reviewed along with the functional implication of
selective Cnr subtype gene knockout by homologous recombination. Even with the
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significant advancements in cannabinoid research and the availability of molecular
probes the cloning of the first Cnr gene was fortunate.

Genes encoding rat cannabinoid receptors

The rat CB; cDNA was identified from brain distribution data concerning an
orphan G-protein coupled receptor cDNA. Matsuda et al. reported the identification
in 1990. They identified the orphan GPCR ¢DNA in a rat cerebral cortex cDNA
library, probed with a 56-base pair oligonucleotide probe, complementary to
sequences encoding the second transmembrane domain of the bovine GPCR sub-
stance-P receptor. When i situ hybridization data paralleled the distribution of CB,
receptor autoradiograms developed in an adjacent laboratory, the identity of the
orphan ¢cDNA was suspected and rapidly confirmed pharmacologically. Like other
GPCRs, the Cnrs contain an N-terminal extracellular domain that possesses glycosy-
lation sites, seven transmembrane segments and a C-terminal intracellular domain
that may be coupled to a G-protein complex. One distinguishing feature of the CB,
receptor is its long N-terminal putative extracellular segment (Shire et al., 1995).
The rat CBy, cDNA was described following description of the murine CB, gene
(Shire et al., 1996; see below). Griffin et al. (1999) used primers homologous to the
predicted translation initiation and termination sites of the mouse CB, gene and PCR
amplifications to generate a ~1.1kb fragment from rat genomic DNA that allowed
subsequent identification of the rat CB, receptor. Table 1.1 shows that sequence
analysis of the coding region of the rat CB, receptor clone indicate 90% nucleic acid
identity (93% amino acid identity) between rat and mouse and 81% nucleic acid
identity (81% amino acid identity) between rat and human (Griffin et al., 1999).

Genes encoding human cannabinoid receptors

The human CB; cDNA was isolated by Gerard et al. (1991) from a human brain
stem cDNA library using a 600 bp DNA probe and polymerase chain reaction. The
deduced amino acid sequences of the rat and human receptors showed that they
encode protein residues of 473 and 472 amino acids respectively with 97.3%
homology. These proteins share the seven hydrophobic transmembrane domains
and residues common among the family of G-protein receptors (Matsuda et al.,
1991; Gerard et al., 1991; Shire et al., 1995). The human and rat CB, receptors also
share pharmacological characteristics including the inhibition of adenylate cyclase
activity via Gi/o in a stereoselective and pertusis sensitive manner following acti-
vation by cannabinoids (Devane et al., 1988; Matsuda et al., 1990; Gerard et al., 1991).
The CB, receptors alter potassium channel conductance (Hampson et al., 1995) and
decrease calcium channel conductance (Mackie and Hille, 1992).

The CB, Cnr clone was isolated from myeloid cells by PCR and degenerate primers
using a cDNA template from the human promyelocytic leukaemic line HL60 (Munro
et al., 1993). This clone was shown to be related to the rat CB; and was therefore
used to screen the HL60 library. The primary structure of the CB, was essential in
the identification of this subtype of Cnr gene. Most importantly, there were the
similar hydrophobic domains 1, 2, 5, 6 and 7, in which 50% or greater of the amino
acids were identical between CB; and CB, Cnrs. The extracellular domain also
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contained sequence motifs that were common to both clones (Matsuda, 1997). The
protein encoded by the CB, shows 44% identity with the human CB;. A number of
functional and expression studies have been performed with the CB, gene and the
results indicate that the CB, is the predominant Cnr in the immune system, where
it is expressed in B and T cells (Munro ¢t al., 1993; Schatz et al., 1997; Gurwiz and
Kloog, 1998). Presence of Cnrs in invertebrate immunocytes attests to their prim-
ordial role in immune regulation (Gurwiz and Kloog, 1998).

It has been proposed that dysfunction of normal endocannabinoid systems,
especially those derived from macrophages, might participate in the immune system
dysfunctions in HIV-infected individuals. Activation of B and T cell CB, receptors
by cannabinoids leads to inhibition of adenylate cyclase in these cells and a subsequent
reduced response to immune challenge. In in vitro murine T cell lines, inhibition of
signal transduction via the adenylate cyclase/cAMP pathway can induce T cell
dysfunction and reduced interleukin 2 (IL-2) gene transcription, for example
(Condie et al., 1998).

Genes encoding mouse cannabinoid receptors

The mouse Cnr CB; cDNA was cloned and compared to the rat and human
sequences by Chakrabarti et al. (1995) and Onaivi et al. (1996). C57BL/6 mouse
c¢DNA libraries were screened using a rat CB-specific probe. Clones were purified
to homogeneity by repeated screening, inserts were sub-cloned and sequenced,
and CB; cDNA sequences submitted to GENEBANK by Chakrabarti et al. (1995)
(#U17985). Later reports of other mouse CB; cDNA sequences confirmed our
initially submitted sequences (Abood et al., 1997). The mouse genomic clone data
displays 95% nucleic acid and 99.5% amino acid identity to rat. There was 90%
nucleic acid identity and 97% amino acid identity between mouse and human CB,;
gene. Examination of the 5" untranslated sequence of the mouse CB; genomic
clone revealed a splice junction site approximately 60 bp upstream from the trans-
lational start site. Binding studies using CB; gene coding regions stably transfected
and expressed in 293 cells revealed substantial specific [PH]SR 141716A and
[*H]CP-55940 binding with B, and Ky, values similar to those of native mouse
CB, receptors in brain (Abood et al., 1997).

The molecular cloning, expression and function of the mouse CB, peripheral Cnr
was reported by Shire et al., 1996, from a mouse splenocyte cDNA library. They
used a radiolabelled human CB, cDNA to screen a mouse spleen cDNA library and
detected four positive clones. The sequence was found to contain a short 5" untran-
slated region (UTR), a 1041 bp open reading frame (ORF) and a 3’-UTR of 2.5 kb
containing three canonical polyadenylation signal motifs. The ORF is 81% identical
to the human CB, and the 3"-UTR 1.7 kb longer than that of the human CB,.
Unlike the human CB, and rat CB,, which differ in only 13 residues, the deduced
mouse CB, protein sequence of 347 residues differs from human CB, in 60 residues
with 82% identity. It is also shorter by 13 residues at its carboxy terminus. Shire
et al. (1996), thus observed that the differences between the two receptors were
scattered throughout their sequences, but with a relatively high concentration in
N-terminal and other extracellular regions. Amino-acids amenable to potential post-
translational modification are to be found in both human and mouse CB,. These
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include some serines/threonine that are potential phosphoacceptor sites and sites
for asparagines N-linked glycosylation.

Other vertebrate and invertebrate Cnr genes

Other vertebrate and non-vertebrate Cnr genes have been cloned, sequenced and
in some cases partially characterized (Table 1.1). Since Cnr genes and signaling exists
in monkey, cat, dog, cattle, goat, pig, sheep, zebra finch, frog and many lower organ-
isms described below, this signaling system has clearly been conserved during
evolution (Akinshola et al., 1999a; Martin et al., 2000).

Genes encoding puffer fish cannabinoid receptors

The puffer fish, Fugu rubribes (Fugu), has been proposed as a model primitive
vertebrate genome. Yamaguchi et al. (1996), characterized two putative G-protein
coupled receptor genes, FCB ;A and FCB B by degenerate PCR and low-stringency
hybridization of a Fugu genomic library. These two genes show high homology to
the human CB; and less homology with CB, Cnr subtype. The amino acid
sequences of the FCB;A and FCB B genes are 66.2% identical. They display 72.2%
and 59.0% homologies to the human CB; sequences. The overall homology
between FCB;A or FCB,B and the human CB, is only 34.9% and 31.7%. Transcripts
of both the FCB;A and FCB,B receptors are abundant in brain. Analysis of the
receptor structure by Yamaguchi et al. (1996) showed that in contrast to CB, Cnr
subtype, both the two Fugu receptors and the mammalian CB; Cnrs contain a
longer third intracellular and a longer cytoplasmic tail than the CB, Cnr subtype.
The tissue distribution of these Cnr genes in the puffer fish appear to be high in
the brain and expressed more moderately in spleen, ovary and testis. Yamaguchi
et al. (1996), concluded that this distribution was similar to human CB, than the
CB, and that both the FCB A and FCB,B are more similar to the human CB, than to
the human CB, Cnr.

Genes encoding leech cannabinoid receptors

In the leech CNS, the CB; Cnr gene has been cloned, sequenced and partially char-
acterized (Stefano et al., 1997). The deduced amino acid sequence analysis from
a 480 bp amplified RT-PCR fragment cDNA exhibits a 49.3% and 47.2% sequence
identity with human and rat CB, Cnrs respectively. Thus, the leech Cnr shares
similar properties with CB; with highly conserved regions particularly in the
putative transmembrane domains 1 and 2. As parts of the sequence of the leech
Cnr are highly conserved and has 61% sequence homology with the human CBy, it
would appear that the presence of Cnrs in these lower organisms indicate that this
signaling system is highly conserved during evolution. Interestingly, anandamide
is also the endocannabinoid in leech CNS. It displays a monophasic high aftinity
binding site that is coupled to nitric oxide release (Stefano et al., 1997). Analyses of
G-protein coupled receptors isolated from the leech CNS have also revealed evidence
for a chimeric cannabinoid/melanocortin receptor (Elphick, 1998). Two regions of
the leech sequence display high levels of amino acid identity with mammalian Cnrs,
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while a third region is 98% identical to part of the bovine adrencorticotropic hormone
receptor. Therefore, the leech receptor may resemble a putative ancestor of
mammalian cannabinoid and melanocortin receptors.

Other invertebrate Cnr genes

Sequence from the Caenorhabdities elegans (C. elegans) genome share weak similarity
to Cnrs (Wilson et al., 1994). Cnr binding activity has been reported in the marine
cyanobacterium, Lyngbya majuscula (Sitachitta and Gerwick, 1998). Cannabinoids
can inhibit the growth of pathogenic amoeboflagellate Naegleria fowler: and pre-
vents enflagellation and encystment, but do not impair amoeboid movements of
this organism (Pringle et al., 1979). Cannabinoids influence the social behavior of
ants (Formica pratensis) (Frischknecht and Waser, 1980), movement and cellular
growth in Tetrahymena species (McClean and Zimmerman, 1976), nerve cell excit-
ability in Aplysia (Acosta-Urquidi and Chase, 1975), electrophysiological activity of
the squid and lobster giant axons (Brady and Carbone, 1973; Turkanis and
Karler, 1988), regeneration in the planarian Dugesia tigrina, (Lenicque et al., 1972),
fertility in sea urchin sperm (Schuel et al., 1987, 1994), feeding in Hydra (Cndaria)
(De Petrocellis et al., 1999), and physiological actions in molluscs (Sepe et al.,
1998). The effects of cannabinoids in the vertebrate and invertebrate systems may
indicate the existence of Cnr genes and subtypes that have yet to be cloned. Recent
studies have shown the existence of elaborate invertebrate cannabinoid signaling
cascades complete with enzymatic activities responsible for the biosynthesis and
degradation of endocannabinoids. Such endocannabinoid signaling systems have
been described in sea urchin and hydra (Bisogno et al., 1997; De Petrocellis et al.,
1999).

Cannabinoid receptor gene expression

The expression of CB; Cnr in the CNS has been extensively studied (Onaivi et al.,
1996). The CB, receptor gene has been detected particularly in the immune system
and the expression of its transcripts found in spleen, tonsils, thymus, mast cells
and blood cells. CB; and CB, Cnrs can be co-expressed in some of the same cells,
in which cannabimimetic effects can be mediated by their combination. The relative
abundance of the endocannabinoids and the relatively large numbers of expressed
cannabinoid receptors may allow these systems to influence many biochemical
systems. It thus may not be surprising that, intimate links between cannabinoid
systems and dopaminergic, glutamatergic, serotonergic, opioidergic and other
important neurotransmitters can be readily identified.

The expression of the CB; Cnr genes has been detected in the brains of many
species including, human, monkey, pig, dog, cat, cattle, guinea pig, rat, mouse,
frog, fish, leech etc. CB; expression can be detected in regions that influence a
number of key functions including mood, motor coordination, autonomic function,
memory, sensation and cognition. Expression is more abundant in hippocampus,
cerebral cortex, some olfactory regions, caudate, putamen, nucleus accumbens
and the horizontal limb of the diagonal band. In concert with the localization and
distribution pattern of the CB, Cnr gene, the radioligand binding sites to CB protein
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reported in the rat brain, mirror the expression of mRNA products of the CB ;| Cnr
gene. The highest densities of the expression of the CB, receptors are consistent
with the marked effects that cannabinoids exert on motor function tests, like spon-
taneous locomotor activity and catalepsy in rodents (Onaivi et al., 1996; Chakra-
barti et al., 1998). There is however, a relatively low number of CB, receptors in
the human cerebellum in comparison with rodents. The low abundance of CB,
receptors in the human cerebellum is consistent with the more subtle defects
noted in human gross motor functioning following marijuana use. Soderstrom
and Johnson (2000) reported on CB; Cnr expression in brain regions associated
with zebra finch song control. They demonstrated using in situ hybridization that,
CB, mRNA is expressed at high levels in the higher vocal center (HVC) and the
robust nucleus of the archstriatum (RA), areas that are involved in song learning
and production.

Interaction between these receptors and alterations in mental and neurological dis-
orders has been reviewed by Musty in this book. While the specific effects of Cnr gene
expression in mental and neurological function is incompletely understood, Tourette
syndrome (GTS), obsessive compulsive disorder (OCD), Parkinson’s disease, Alzhe-
imer’s disease and other neuropsychiatric or neurological disturbance are candidates
to be influenced by possible variants in the Cnr, CB; receptor gene (Gadzicki et al.,
1999). Altered CB, expression has been reported and clinical trials began on the
use of cannabinoids to treat a number of mental disorders as well as brain injury.
The expression of the CB, and to a lesser extent CB, Cnr genes has been studied
at different stages in development using brain tissues and preimplantation embryo
and in the aging brain. CB; expression can be detected in tissue from newborn
infants (Mailleux et al., 1992). The ontogeny of rat Cnr expression allows the receptor
to be detected at postnatal day 2 and at an even earlier stage in rat embryonic
brains (de Fonesca et al., 1993; McLaughlin and Abood, 1993). Pre-implantation
mouse embryos express both CB; and CB, Cnr genes (Belue et al., 1995). While
the CB, Cnr gene has been detected from single-cell embryo through the blastocyst
stages, the CB, gene is expressed in the four-cell embryo.

There appears to be a general decline in the expression of CB; Cnr genes with
age in the human and rodent brain (Westlake et al., 1994), although conflicting
data (decline or no change in the expression of CB; Cnr gene) are reported in
aged rats.

Both CB; and CB, Cnr genes are differentially expressed although in the immune
cells, spleen and bone marrow the CB, is more abundant (Galiegue et al., 1995). In
many of these cells, in peripheral tissues and some cell lines, the CB, message is
detected only after PCR amplification. CB; receptor-specific PCR products can be
obtained from human polymorphonuclear (PMN) monocytes, T4 and T8 cells,
B cells, natural killer cells (NK), T leukemia cells, lymphoma cells, B lymphoblasts
and lymphocytes, immortalized monocytes, mouse NL-like cells and T cells. By con-
trast, abundant levels of CB, message have been reported in human lung, uterus,
pancreas, tonsils, thymus, peripheral blood mononuclear cells, NK cells, B cells,
macrophages, PMN cells, mast cells, basophilic leukemia cells (RBL-2H3 cells), T4
and T8 cells (Galiegue et al., 1995 and Daaka et al., 1996). The expression of both
CB; and CB, Cnr genes in the human placenta was demonstrated by Kenney et al.
(1999) and found to play a role in the regulation of serotonin transporter activity.
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Since the human placenta is a direct target for cannabinoids, use of marijuana dur-
ing pregnancy could affect the placental clearance of serotonin. Cannabinoids nega-
tively regulate AP-1 activity through inhibition of c-fos and c-jun proteins (Faubert
and Kaminski, 2000). They inhibit interleukin-2 gene transcription (Yea et al., 2000).

The emergence of novel research tools has accelerated cannabis research in the
last decade, more than at any time in the thousands of years of marijuana use in
human history. Although it is not yet known why the marijuana (cannabinoid)
system is so abundant in the nervous system, the analysis of the receptor proteins
and genes encoding these Cnrs may shed some light on the mode of action of can-
nabinoids, and the biological role of these genes in the nervous system. In our
studies, we have analyzed both CB; and CB, Cnr genes in normal humans who do
not use marijuana. The expression of the Cnr proteins in different human popula-
tion according to gender and ethnic background in Asians, blacks and whites were
compared. The finding that the expression of Cnrs in humans varies according to
gender and ethnic differences among whites, blacks and Asians population, while
a significant observation, should be confirmed in a larger sample size. The impli-
cations and physiological relevance of this finding are only speculative and prema-
ture if unconfirmed. However, this is not surprising as numerous studies have
linked genetic determinants and differences to the neurobehavioral responses of
abused drugs in man and animals, (Le et al., 1994; Harada et al., 1996). For
example, genetic differences in alcohol and compulsive drug taking behavior have
been demonstrated in animals and man (Le et al., 1994; Harada et al., 1996).
Genetic variation in some receptor and enzyme systems e.g. cholecystkinin and
serotonin 1A receptors and liver enzymes, alcohol and aldehyde dehydrogenase,
may be associated with alcohol dependence due to the modified function in
physiological and behavioral responses, (Thomasson et al., 1991; Harada et al.,
1996). Thus, the implication and relevance of the differential expression of Cnrs in
humans according to ethnic background remains to be determined. If it turns out
that these levels are relevant to the psychoactivity, toxicity and perhaps thera-
peutic efficacy then determination of the expression of cannabinoids in human
blood may be used to predict the outcome of their actions. Endocannabinoids may
also play important roles in the regulation and activation of Cnr and genes in vivo.
With the identification of genes associated with human diseases and approaches to
regulating gene transcription, modulation of gene activity for treating disease may
be applied to the development of cannabinoid therapeutics.

Large scale gene expression changes during long-term exposure to A>-THC
in rats have been analyzed by Kittler et al. (1999). They used cDNA microarrays
to assess changes in expression levels of very large numbers of genes. They ran-
domly selected and arrayed at high density 24, 456 rat brain cDNA clones to
investigate differential gene expression profiles following acute (24 h), short-
term (7 days) and chronic (21 days) treatment with A*-THC. They found a total
of 64 different genes altered by A>-THC, of these 43 were known, 10 had tran-
scripts to homologous ESTs and 11 transcripts had no homology to known
sequences in the Genebank database. In addition, they found that a slightly
higher percentage of altered genes were down-regulated (58%) than up-regu-
lated (42%), while some genes showed both up and down-regulation at different
times during chronic A>-THC treatment. The study indicated that utilizing
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large scale screening demonstrated that different sets of genes were altered at
different times during chronic exposure to A>-THC. The complete identity of
these altered genes when known, may throw more light on the mechanism of
action of cannabinoids. The same group investigated the effects of long-term
exposure to A>-THC on expression of CB;Cnr mRNA in different rat brain
regions (Zhuang et al., 1998). They found that, in the striatum, the levels of CB,
transcripts were significantly reduced from days 2-14 and returned to control
levels by day 21.

Molecular characteristics of cannabinoid
receptors (Cnrs)

Marijuana, Cnr gene had been elusive to clone but evidence for the existence
of the receptor had been demonstrated since the 1980s (Howlett et al., 1988;
Devane et al., 1988). It has now been shown and recognized that cannabinoids
have specific receptors with endogenous ligands and inhibit adenylate cyclase. The
CB, receptors also modulate the activities of calcium and potassium channels.
Although a number of approaches are now available for the cloning of genes encod-
ing different receptors, the most common methods previously available, which
involved the purification to homogeneity of the gene protein product, did not work
for the cannabinoid receptors.

Despite the wealth of information and major advances that have transformed
cannabinoid research into mainstream science, little information is available at the
molecular level about Cnr gene structure, regulation and polymorphisms. There-
fore, much research remains to be conducted at the molecular level about the 5’
untranslated regions, particularly cannabinoid promoter structure and regulation
and the 3’ untranslated regions, which apart from containing several polyadenyla-
tion signals may also play important regulatory roles (Shire et al., 1999). In order
to start to characterize the genomic structure of the Cnrs, we have cloned, sequenced,
(Chakrabarti ef al., 1995) constructed the 3D model (Onaivi et al., 1998) and local-
ized the mouse CB; Cnr gene to chromosome 4 (Stubbs et al., 1996). In addition,
a EMBL3SP6/T7 library of C57BL/6N genomic DNA was screened by a full length
(2.2kb) CB; cDNA and obtained some clones. From these clones MC21 was used
and restriction enzyme digestion produced three bands from the CB; genomic
insert. The bands were 9kb, 6.5kb and 1.5kb in size. Southern hybridization of
these bands with CB; cDNA lights up the 9kb and 1.5 kb bands. Thus, the 9kb and
1.5 kb bands are linked and host the cDNA. The 6.5 kb band is flanking either the
C-terminal or in the N-terminal. The 9kb band showed stronger hybridization
than the 1.5 kb band. In the 2.2kb band the long sfi I site is 0.8 kb apart from the
N-terminal fragment of the cDNA. Compilation of these data result in the follow-
ing two possibilities for the structure of the CB; genomic DNA insert (Figure 1.1).
To characterize the insert in further detail long PCR (XLPCR) amplification was
performed with N-terminal GSP and universal primers which amplified a band
of about 7kb. This indicates that the 6.5 kb band flanks the structural part of the
gene at its N-terminal. Hence the map of the genomic DNA insert in MC21 is as
shown in (Figure 1.1). The currently available information on the genomic
structure of CB; and CB, is sketchy and the regulation of these genes is poorly
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Murine CB1 genomic DNA
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Figure 1.1 Initial characterization of the murine CB, genomic DNA using CB, cDNA. It was
determined that the 6.5 kb band flanks the structural part of the gene at its N-terminal.

understood, the emerging putative structure for the CB; gene is depicted in
Figure 1.2. As discussed below, the CB; Cnr gene structure is polymorphic with
implication, not only for substance abuse but also in other neuropsychiatric
disorders.

In order to determine whether there are introns in the coding sequences of
human, rat and mouse CB; and CB, Cnr genes, primer pairs spanning the cDNA
sequences of these genes were generated to test whether the DNA fragments
amplified by these primer pairs were identical with both genomic DNA and cDNA
templates. The hypothesis we tested was that if the DNA fragment sizes were
identical with both templates, then the gene was intronless, if not, the intron loca-
tion, size and structure can be determined. To determine whether the structure of
the testis CB| receptor gene or its transcripts is different from those in the brain,
we isolated DNA and RNA from rat testes and brain and used them as templates
for PCR with primer pairs. There was no difference in sizes of the PCR amplified
DNA bands between brain DNA and RNA, between testes DNA and RNA or
between the brain and testis DNA or RNA. Specified amplified DNA bands were
identified by Southern hybridization with human CB; cDNA as probe, and data
conform with those expected. Cannabinoids are known to have effects on male
fertility by their ability to lower testosterone levels in testis (Iversen, 1993), CB,
gene was also found to be expressed in testis (Gerard et al., 1991). Northern analy-
sis of CB; mRNA levels in rat brain and testis expresses this gene about 20-25 fold
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Structure of Cannabinoid receptor 1 gene

*It has several alternative splicing forms.
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Figure 1.2 Structure of CB, Cnr gene. The emerging structure of the CB, Cnr gene, containing the single coding exon and |12 kb published sequence
from the 3’ region on chromosome 6ql4-ql5. A number of polymorphisms indicated have been identified in the CB, Cnr gene.
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less than the brain tissue (Gerard et al., 1991). The data obtained indicated that
there was no apparent CB, rearrangement in testis and there are no size variants
of this gene in rat brain and testis. Such variations are known for dopamine D2
receptor transcripts, which arise from alternate splicing (O’Dowd, 1993). If there
is any testis-specific subtype of the Cnr, it is likely to be coded by a largely
dissimilar gene. CB, and an unknown Cnr subtype may be a good candidate for a
Cnr subtype in the testis. In our study, primer pairs specific for human CB, cDNA
failed to amplify specific DNA molecules from rat testis DNA or RNA templates
under conditions when human DNA or RNA yielded positive results. Similar
experiments were performed with DNA and RNA isolated from brains of three
mouse strains, the C57BL/6, DBA/2 and ICR. These mouse strains show similarities
and marked differences in cannabinoid-induced neurobehavioral patterns (Onaivi
etal., 1995). We have investigated, whether the mouse CB, Cnr gene is also intronless,
whether the mouse strains differ from each other in the Cnr gene (CB,) structure
or whether there are any size variants in the CB, transcripts in their brains. The
DNA PCR data shows that the CB; Cnr gene in the three strains appears to be
identical and intronless. We also tested the CB; and CB, Cnr gene structures in
human blood cells. The data indicated that the human CB; Cnr gene might also be
intronless, at least in its coding region. Similar observations indicated that the CB,
Cnr gene in human cells might also be intronless at least in the coding region.
Furthermore, the rat and human CB; cDNA sequences are very similar (Matsuda
et al., 1990; Gerard et al., 1991). Unlike the CB; Cnr, which is highly conserved
across the human, rat and mouse species, the CB, Cnr is much more divergent
(Griffin et al., 1999). This divergence in mouse, rat and human CB, Cnr leading to
differences in functional assays may be related to species specificity.

Although many of the GPCRs are found to be intronless (O’Dowd, 1993), there
are exceptions, such as some dopamine receptors. In common with many of the
genes encoding members of the GPCRs, the genes encoding the dopamine, D1
and D5 lack introns in their coding regions (O’Dowd, 1993). But the dopamine D1
receptor gene is reported to have an intron at the 5" non-coding region. However,
the dopamine, D2, D3 and D4 receptor genes which have large introns, are distin-
guishable from many members of the GPCR family, where the entire protein is
encoded by just one exon. It is interesting to find that both of the subtypes of the
Cnrs may be coded by single-exon genes. There is of course the possibility of these
genes having intron(s) at the upstream or downstream non-coding regions. We
have not tested the possibility, but Shire et al. (1995) have found the presence of
two introns in the CB; gene, one in the 5 UTR and the second in the coding
region of the receptor. The advantages or disadvantages of being intronless are
subject to speculation (Lambowitz and Belfort, 1993). One obvious advantage is
that the expression of these genes has a major RNA processing event to skip, thus
making the conditions of their expression relatively quick and simple. This
advantage may have implications related to the biological functions of these Cnr
proteins. This issue may seem to be complex at the moment, because the structural
features of the Cnr genes are currently incompletely understood.

The existence of a subtype of CB; Cnr gene, originally designated as CB A
(now designated CB ;B and described by Shire et al. (1995)), has not been detected
in any species in vivo. Therefore, while it is unlikely and doubtful that CB ;B exists
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in the form described by Shire et al. (1995), this does not mean that other Cnr
subtypes may not exist. For example, the molecular cloning of two cannabinoid
type 1-like receptor genes from the puffer fish has been characterized by
Yamaguchi et al. (1996). They characterized two putative G-protein coupled
receptor encoding genes, FCB,A and FCB,B, obtained by degenerate PCR and
low-stringency hybridization of a Fugu genomic library. It was found that these
two genes showed high homology to the human CB,, but very low homology to
the CB, Cnr gene. The amino acid sequences of the FCB,A and FCBB genes are
66.2% identical, and the homology of each gene to human CB, is 72.2% and 59%,
respectively. The transcripts of both the FCB A and FCB,B receptors are abun-
dant in the brain. No CB, Cnr gene could be cloned from the puffer fish. There-
fore, the puffer fish has two subtypes of CB; Cnrs, which is distinct from the CB,
subtype. The primary structure of the CB; and CB, Cnrs are similar to those of
other G-protein coupled receptors with the characteristic features of a typical
seven hydrophobic domains with some highly conserved amino acid residues.
A detailed comparison of the molecular properties of the human, rat and mouse
CB, and where applicable, CB, Cnrs had been previously reviewed (Onaivi et al.,
1996; Matsuda, 1997). These receptors mediate their intracellular actions by
a pathway that involves activation of one or more guanine nucleotide-binding
regulatory proteins, which responds to cannabinoids including the endocanna-
binoids. The conservatism of the CB; Cnr sequence contrasts with the variability
seen with the CB, Cnr as discussed by Shire in this volume. The composition and
amino acid sequence alignments of CB; and CB, Cnrs show considerable struc-
tural homology and distribution in the CNS between species with substantial
amino acid conservation but with significant differences with the CB, Cnr whose
presence in the CNS is controversial. Like other GPCRs, the primary structures
of the Cnr are characterized by the seven hydrophobic stretches of 20-25 amino
acids predicted to form transmembrane o helices, connected by alternating extra-
cellular and intracellular loops. In comparing the composition of the N-terminal
28 amino acids between human CB; and CB, Cnrs and also between human, rat
and mouse, it has been reported by Onaivi et al. (1996), that: (1) the human and
rat N-terminal 28 amino acids in the CB; Cnrs were similar in the total number of
non-polar, polar, acidic and basic amino acids; (2) the mouse N-terminal 28
amino acids differed from the rat and human CB; Cnrs in number and composition
of the total non-polar and polar amino acids; (3) there are significant differences
in the total non-polar, polar, acidic and basic amino acid composition of the
N-terminal 28 amino acids between human CB; and CB, Cnrs; and (4) the molecu-
lar weights of human, rat and mouse CB; Cnrs are similar. Therefore, the amino
acid composition of the mammalian CB; Cnrs shows strong conservatism in con-
trast to molecular weights and amino acid composition of CBy Cnrs.

The three dimensional (3D) model, helix bundle arrangement of human, rat
and mouse CB, and CB, receptors have been constructed and compared (Bramblett
et al., 1995; Onaivi et al., 1996) and extensively reviewed in this book by Reggio.
The transmembrane helix bundle arrangement obtained for the CB, Cnrs is con-
sistent with that obtained for other GPCRs. Potential sites for N-glycosylation, and
the action of protein kinase C, cAMP-dependent protein kinase and Ca-calmodulin-
dependent protein kinase II in the derived amino acid sequence of the Cnr proteins
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have been identified (see Figure 1.3) (Onaivi et al., 1996). Most but not all GPCRs
are glycoproteins and consensus sites for N-glycosylation are mainly concentrated
at the N-terminus of the protein. There are three potential N-glycosylation sites
highly conserved in human, rat and mouse. The rodent CB; Cnr protein has an
additional potential N-glycosylation site at the C-terminal segment that is absent in
the human CB; Cnr protein. One potential N-glycosylation site is present in
human and rat CB;, Cnr protein but that site is missing in mouse CB; Cnr.
Whether all of these potential N-glycosylation sites are naturally glycosylated in
CB, Cnr proteins or whether these N-glycosylation are essential for Cnr function
and whether additional N-glycosylation in the CB, Cnr of different mammalian
species imparts differential activity of this protein are yet to be determined. However,
mutation of N-glycosylation sites in similar GPCRs, e.g. S-adrenergic receptors
and muscarinic receptors, abolishes glycosylation, but has essentially no effect on
receptor expression and function (Dohlman et al., 1991). The human Cnr subtypes
CB,, and CB, with some similarities and differences in their receptor function,
appear to differ in the number and distribution of their potential N-glycosylation
sites. Due to the modification of the N-terminal region, CB, has only one potential
N-glycosylation site whereas CB; Cnr has five. There is no potential N-glycosylation
site at the C-terminal segment of CB, Cnr. The biological significance (if any) of
these differences is yet to be determined.

The C-terminal regions and the third intracellular loop of GPCRs are known to
be rich in serine and threonine residues. In the case of rhodopsin, S-adrenergic
and some muscarinic receptors, some of these residues are targets of cAMP-
dependent protein kinase and other protein kinases (Strada et al., 1994). These
phosphorylations are often agonist dependent and result in desensitization and
coupling of the receptor from the G-protein. There are four clusters of potential
cAMP-dependent protein kinase and Ca-calmodulin-dependent-protein kinase
sites in CB, Cnr that are conserved in human, rat and mouse proteins. There is a
single potential protein kinase C site that is also conserved in all these CB; Cnrs
whereas CB, has no such site. The N-terminal potential cAMP clusters present in
CB, appears to be conserved and the CB, Cnr has two such potential sites. None of
the Cnrs have any potential protein kinase site at the C-terminal regions. The bio-
logical significance of these potential protein phosphorylation sites in these recep-
tor molecules is yet to be determined. In addition, many members of GPCRs are
known to contain conserved cysteine residues that appear to stabilize the tertiary
structure of the receptor because of their involvement in an intra-molecular disul-
fide bridge. In most receptors, these cysteines occur in the extracellular domains
that lie between hydrophobic domains two and three, and hydrophobic domains
four and five (second and third extra-cellular domains, on the assumption that
N-terminal domain is also extra-cellular). In CB; and CB, Cnrs, no cysteines are
found within the second extra-cellular domain, but the third extra-cellular domain
contains two or more cysteines. One other deviation from most other GPCRs is
that CB; and CB, Cnrs lack a highly conserved proline residue in the fifth hydro-
phobic domain (Matsuda, 1997). The structural features of these proteins that is
critical for ligand binding and functional properties have been evaluated in in vivo
and n vitro models (Akinshola et al., 1999). Heterologously, Cnrs bind tritriated
synthetic ligands like WIN 55,212-2 in a saturable and competitive manner. The
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A. Potential N-glycosylation and protein kinase sites in human CB1.
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B. Potential N-glycosylation and protein kinase sites in rat CB1
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C. Potential N-glycosylation and protein kinase sites in mouse CB1
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Figure 1.3 Potential modification sites of the CB; Cnr protein. Comparison of potential N-glyco-
sylation (N-glycos) and protein kinase (PKC: Protein kinase C; camp-Kin: camp-
dependent protein kinase; Ca-Kinll: Ca-dependent protein kinase Il) sites in human
(A), rat (B) and mouse CB, Cnr proteins obtained using the MacVector sequence

analysis software.
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binding activities of CB; and CB, Cnrs have been determined after transfection
into CHO cells, COS-7 cells, and mouse AtT20 cells (Felder et al., 1995; Slipetz
etal., 1995). In other expression systems, the CB; Cnrs have been examined in
insect Sfi cells, (Pettit et al., 1994), Xenopus oocytes (Henry and Chavkin, 1995),
mouse L cells, human embryonic kidney 293 cells, (Song and Bonner, 1996) and
dissociated rat superior cervical ganglion neurons (Pan et al., 1996). Furthermore,
the performance of mutated Cnrs with that of wild-type receptors have been com-
pared in a number of functional assays and reviewed by Matsuda, 1997. In those
studies, mutant Cnrs containing point mutation (a single amino acid substitution)
or ones that have been modified by replacement of a series of amino acids from one
receptor with that of another (chimeric receptor) have been expressed and studied
(Matsuda, 1997).

Cannabinoid receptor gene knockout mice

There are two major experimental approaches that can be used to elucidate the
biological role(s) of cannabinoids. One is the traditional pharmacological manipu-
lation, including the use of the highly selective Cnr antagonist to determine the
involvement of cannabinoids in any biological processes or systems. The second
approach is targeted gene disruption and manipulation of Cnr genes. Targeting
a specific gene also referred to as homologous recombination enables the study of
the physiological consequences of invalidating the function of a specific gene.
These approaches are being used to study the physiological role of cannabinoids.
An important question is whether all of the numerous central effects of canna-
binoids are mediated by the CB; Cnr, which is currently the only known Cnr that is
expressed in the brain. Thus, the synthesis of the selective and specific Cnr receptor
antagonists and the development of genetically modified strains of mice in which
the expression of the CB; and/or the CB, has been eliminated, has revealed signifi-
cant data on the physiological role of the cannabinoid system. The CB; and CB,
Cnr knockout mice have been generated. The development of CB, Crr mutant
mice was reported by Buckley et al. (1997). Because the CB, Cnrs are predom-
inantly in immune cells (B cells, T cells and macrophages), a CB, Cnr knockout
mouse was generated in order to study the effects of cannabinoids on immune
cells and immunomodulation. The CB, Cnr gene was invalidated by using homo-
logous recombination in embryonic stem cells. They replaced the 3’ region of the
CB, coding exon with phosphoglycerate kinase (PGK)-neomycin sequences
through homologous recombination in the embryonic stem cells. This mutation
eliminated part of intracellular CB, Cnr for the homologous recombination in 129
embryonic stem (ES) cells and injected into C57BL/6 blastocysts and placed in foster
mothers. The mice deficient in CB, Cnr gene were generally healthy, fertile and
care for their offspring and i situ hybridization histochemistry demonstrated the
absence of the CB, mRNA in the knockout mice (Buckley et al., 1997, 2000). Binding
studies on intact spleens and splenic membranes using the highly specific [*H]CP-
55940 indicate significant binding to spleens derived from wild type but absent
from the CB, Cnr mutant mice (Buckley et al., 1997, 2000). Fluorescence activated
cell sorting (FACS) analysis showed no differences in immune cell populations
between cannabinoid CB, Cnr knockout and wild type mice. In addition, the role

© 2002 Taylor & Francis



of the CBy Cnr on A’-THC inhibition of macrophage co-stimulatory activity was
determined. Buckley et al. (1997) reported that A>THC inhibits helper T cell
activation through macrophages derived from wild type, but not from the CB,
mutant mice, indicating cannabinoids inhibit macrophage co-stimulatory activity
and T cell-activation via the CB, Cnr. While these studies continue, mice deficient
for the CB, Cnr gene demonstrated that the CBy Cnr is involved in cannabinoid-
induced immunomodulation and not involved in the CNS effects of cannabinoids.
These investigators suggested that it might be possible in the future to separate
central and peripheral effects of cannabinoids with selective agents acting at the
CB, Cnr sites that may be devoid of the psychoactive effects known to be mediated
via CB activity in the CNS.

CB, Cnr gene knockout mice have been independently generated by two
groups. These two groups produced mutant mice with disrupted CB; Cnr genes
by standard homologous recombination techniques similar to those used in the
production of the CB, mutant mice. The first report by Ledent et al. (1999)
showed that the spontaneous locomotor activity of the mutant mice was increased
and since they did not respond to cannabinoid drugs, they suggested that the CB,
Cnr was responsible for mediating the analgesic, reinforcement, hypothermic, hypo-
locomotive and hypothensive effects of cannabinoids. In their CB; mutant mice,
Ledent et al. (1999), also showed that the acute effects of opiates were unaffected,
but that the reinforcing properties of morphine and the severity of the with-
drawal syndrome were strongly reduced. The second report was by Zimmer et al.
(1999) and Steiner et al. (1999), who showed that the CB; mutant mice appeared
healthy and fertile, but had significantly high mortality rates and reduced spon-
taneous locomotor activity, increased immobility, and were hypoalgesic when
compared to the wild type litter mates. In the CB; mutant mice A’-THC-induced
catalepsy, hypomobility and hypothermia were absent but reported that A>THC
induced analgesia in the tail-flick test and other behavioral (licking of the abdo-
men) and physiological (diarrhea) responses to THC was still present. Thus, there
were similarities and differences in reports of the second group by Zimmer et al.
(1999) and Steiner et al. (1999) with those of Ledent et al. (1999). It appears that
the differences in responses by the mutant mice from the two groups might be
related to methodological differences from different laboratory techniques. The
groups, however, differed in their findings on the baseline motility of the CB,
mutants. Ledent et al. (1999), found that the CB; mutant mice exhibited higher
levels of spontaneous locomotion, even when placed in fear inducing novel environ-
ments (like in elevated plus-maze and open field). In contrast, Zimmer et al.
(1999), found that the CB; mutant mice displayed reduced activity in the open-
field test and an increased tendency to be cataleptic. In the basal ganglia, a
brain structure with high levels of CB; Cnr and important for sensorimotor and
motivational aspects of behavior, it was shown by Steiner et al. (1999), that these
mutant mice display significantly increased levels of substance P, dynorphin,
enkephalin and GAD67 gene expression that may account for the alterations in
spontaneous activity observed in the CB; mutant mice. These data, however,
remain at variance with those of the apparently similar strain of mice tested by
Ledent et al. (1999). Overall, however, these findings provide many valuable
insights into cannabinoid mechanisms despite some differences between reports
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on the CB; Cnr gene knockout mice. There is therefore a general agreement
that the CB; Cnr plays a key role in mediating most but not all CNS effects of
cannabinoids.

The biological consequences of inactivating the CB, and/or CB, Cnr genes has
continued to be studied intensively. The availability of the cannabinoid knockout
mice provides an excellent opportunity to study the biological roles of these genes.
In a hippocampal model for synaptic changes that are believed to underlie
memory at the cellular level, Bohme et al. (2000), examined the physiological prop-
erties of the Schaffer collateral - CA, synapses in mutant mice lacking the CB; Cnr
gene and found that these mice exhibit a half-larger long-term potentiation than
wild-type controls, with other properties of these synapse, such as paired-pulse
facilitation, remaining unchanged. They concluded that disrupting the CB; Cnr —
mediated neurotransmission at the genome level produces mutant mice with an
enhanced capacity to strengthen synaptic connections in a brain region crucial for
memory formation (Bohme et al., 2000). Reibaud et al. (2000) have also used the
CB, Cnr knockout mice in a two-trial object recognition test to assess the role of
Cnrs in memory. They showed that the CB, knockout mice were able to retain
memory for at least 48 h after first trial, whereas the wild-type controls lose their
capacity to retain memory after 24 h. This data along with previous findings of
other investigators suggest that the endogenous cannabinoid systems play a crucial
role in the process of memory storage and retrieval. This finding is supported by
previous data indicating enhanced long-term potentiation in mice lacking CB, Cnr
gene (Bohme et al., 2000). These rapid advances in cannabinoid research have
continued to add to our knowledge about the biology of marijuana (cannabinoids)
in the vertebrate and invertebrate systems. The mice lacking Cnr genes have also
enabled scientists to investigate the interaction of cannabinoids with other neuro-
chemical networks. The interaction between the cannabinoid and opioid systems
was examined by Valverde et al. (2000). They demonstrated that the absence of
the CB; Cnr did not modify the antinociceptive effects induced by mu, delta and
kappa opioid agonists but the mice exhibited a reduction in stress-induced
analgesia. These results therefore indicate that the CB; Cnrs are not involved in
the antinociceptive responses to exogenous opioids, but that a physiological
interaction between the opioid and cannabinoid systems is necessary to allow the
development of opioid mediated responses to stress. In a different study, Mascia
etal. (1999), showed that morphine did not modify dopamine release in the
nucleus accumbens of CB; Cnr knockout mice under conditions where it dose
dependently stimulates the release of dopamine in the corresponding wild-type
mice, indicating that the CB; Cnrs regulate mesolimbic dopaminergic transmission
in brain areas known to be involved in the reinforcing effects of morphine (Mascia
et al., 1999).

Other cannabinoid receptor transgenic models

Rapid advances in designing genetically engineered laboratory animals are produ-
cing not only research models, but also models that are more effective research
tools. As a result, the need for precision genetic characterization and definition of
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laboratory animals is of primary concern. However, the use of transgenic mouse
models for the over expression and other forms of modification of Cnr genes
(except for the Cnr gene inactivation described above) to study the regulation and
site specific mechanisms of action of cannabinoids are currently unexplored. For
example, the use of cannabinoid transgenes in which genomic regulatory sequences
of interest are coupled to a reporter gene, can be used to probe further the mech-
anism of regulation of the Cnr genes. But the current lack of information about the
promoters, 5" and 3’ untranslated regions and other regulatory elements of Cnr
genes makes it difficult to make necessary Cnr gene construct modification for
generating such rodent Cnr transgenic models. Obviously the use of Cnr trans-
genic animals will provide new i vivo systems for studying genetic regulation,
development, normal function and dysfunction associated with the cannabinoid
system.

Polymorphic structure of cannabinoid receptor genes

Improved information about Cnr and its allelic variants in humans and mice can
add to our understanding of vulnerabilities to addictions and other neuropsychi-
atric disorders. However, little information is available at the molecular level about
Cnr gene structure, regulation and polymorphisms. Different human Cnr gene
polymorphisms have been reported. A silent mutation of a substitution from G to
A, at nucleotide position 1359 in codon 453 (Thr) that turned out to be a common
polymorphism in the German population (Gadzicki et al., 1999). In this study,
allelic frequencies of 1359(G/A) in genomic DNA samples from German Gilles de
la Tourette sydrome (GTS) patients and controls were determined by screening
the coding exon of the CB; Cnr gene using PCR single-stranded conformation
polymorphism (PCR-SSCP) analysis (Gadzicki et al., 1999). This was accomplished
by the use of a PCR based assay by artificial creation of a MSP1I restriction site in
amplified wild-type DNA (G-allele), which is destroyed by A-allele (Gadzicki et al.,
1999). They found no significant differences in allelic distributions between GTS
patients and controls within the coding region of the CB; Cnr. In our studies, the
frequencies of this polymorphism are significantly different between Caucasian,
African-American and Japanese population (Ishiguro et al., unpublished observa-
tion). A HindIII restriction fragment length polymorphism (RFLP) located in an
intron approximately 14kb in 5 region of the initiation codon of the CB; Cnr
gene has been reported. Caenazzo et al. (1991), therefore genotyped 96 unrelated
Caucasians using hybridization of human DNA digested with HindIII and identi-
fied two allele with bands at 5.5 (Al) and 3.3 kb (A2). The frequencies of these alleles
were 0.23 and 0.77 respectively. Another polymorphism is a triplet repeat marker
for CB; Cnr gene. This is a simple sequence repeat polymorphism (SSRP) consisting
of nine alleles containing (AAT) 12-20 repeat sequences that was identified by
Dawson (1995). This polymorphism has been used in linkage and association
studies of the CB; Cnr gene with mental illness in different population. This CB,
Cnr gene triplet repeat marker was used to test for linkage with schizophrenia
using 23 multiplex schizophrenia pedigrees (Dawson, 1995) and association with
heroin abuse in a Chinese population (Li et al., 2000) and also for association with
intravenous (IV) drug use in Caucasians (Comings et al., 1997). There was no linkage
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and association of the marker with schizophrenia indicating that CB; Cnr gene is
not a gene of major aetiological effect for schizophrenia but might be a susceptibility
locus in certain individuals with schizophrenia, particularly those whose symptoms
are apparently precipitated or exacerbated by cannabis use (Dawson, 1995). Com-
ings et al. (1997), hypothesized that genetic variants of CB; Cnr gene might be
associated with susceptibility to alcohol or drug dependence and analyzed the triplet
repeat marker in the CB; Cnr gene. They found a significant association of the
CB; Cnr gene with a number of different types of drug dependence (cocaine,
amphetamine, cannabis), and intravenous drug use but no significant association
with variables related to alcohol abuse/dependence in non-Hispanic Caucasians.
In addition, this group also reported that a significant association of the triplet
repeat marker in the CB; Cnr gene alleles with the P300 event related potential
that has been implicated in substance abuse (Johnson et al., 1997). Li et al. (2000)
attempted to replicate the finding of Comings et al. (1997), in a sample of Chinese
heroin addicts and did not find any evidence that the CB; Cnr gene AAT repeat
polymorphism confers susceptibility to heroin abuse. CB; Cnr gene is located in
human chromosome 6q14-q15 and it is interesting that previous reports showed
evidence for suggestive linkage to schizophrenia with chromosome 6q markers
(Martinez et al., 1999) and also suggestive evidence for a schizophrenia susceptibility
locus on chromosome 6q (Cao et al., 1997). Although there was no linkage and
association of the CB; Cnr triplet marker with schizophrenia, it remains to be
determined if linkage and association to schizophrenia might exist with other
unknown polymorphisms that might exist in the CB; Cnr gene structure that is
currently poorly characterized. Three other rare variants have been reported in
the CB, Cnr gene of an epilepsy patient (Kathmann et al., 2000). This was obtained
from PCR assay with cDNA from hippocampal tissue taken from patients under-
going neurosurgery for intractable epilepsy. They detected four mutations in the
coding region of the CB; Cnr gene, with the first three mutations yielding amino
acid substitutions as shown in Figure 1.2.

We have initiated a series of studies to analyze CB; Cnr gene structure, regulation
and expression in the mouse and human models to determine genotypic and/or
haplotypic associations of CB; Cnr gene with addictions and other neuropsychiatric
disturbances. Genotypes at markers near the murine Chr 4, 13.9 ¢cM CB,/Cnr locus
in 9 mouse strains reveal apparent haplotypes that extend from at least D4Mit213
to D4Mit90 (Figure 1.4) These haplotypes can be correlated with strain differences
in cannabinoid effects.

The human Chr 6, 91.8~96.1 cM CB,/Cnrl locus encodes at least six exons
which account for 24-28 kb of sequence (Figure 1.2). Examination of CB; Cnr gene
sequence variations in distinct populations has revealed a G/A single nucleotide
polymorphism (SNP) in CB; 3’ and 5" flanking sequences. The initial values for
linkage disequilibrium between these markers and genotypic frequencies of the
markers in drug abusing and control populations were calculated. The A allele of
the SNP polymorphism was present in fewer African-Americans and Asians than
in Caucasians. However, in the Caucasian and African-American samples used, no
association between drug abuse and the 1359(G/A) polymorphism could be found
(Ishiguro et al., unpublished observation). We searched for mutations in the coding
exon of the gene, as well as calculating the linkage disequilibrium between the
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Mouse markers around cnr1
Markers AKR | NOD | AJ C3H |BALBCIbI=7 N\ [e]\] LP C57
D4MT213 117 117 133 133 133 133 133 133 133
D4MT237 126 126 116 116 116 116 116 124 124
Pmv30 a a a a b |a=3.3kb, b absent
Cnri
D4Nds3J1084 B B C C C |3 Alleles, A Largest, B Larger, C, Smaller
D4Nds3J459 c c c [ b |3 Alleles, b-second largest, ¢ 3rd largest, No a
D4Lgm2J3223 b b b b ]a=10.0 & 4.2 kb, b=3.3, 1.0kb
D4Lgm2J15235 d c=4.2 kb, d=3.3 & 1.0 kb
D4MT24 132 132 134 134 134 134 134 134 134
D4MT23 214 214 188 188 188 188 188 188 188
D4MT257 134 —1 132 132 132 132 132 132 132
D4MT90 160 160 160 160 160 160 160 160 160
D4MT109 149 149 149 149 149 145 145 149 149
D4MT182 131 131 131 131 131 131 133 135 135
D4MT286 76 76 76 76 76 76 76 76 96

Figure 1.4 Murine haplotypic markers around CB, Cnr. Genotypes at markers near the murine chr 4
13.9 ¢cM CB, Cnr locus in nine mouse strains revealed haplotypes that extend from at least
D4Mit213 to D4Mit90. These haplotypes can be correlated with strain differences in
cannabinoid effects.

polymorphisms to estimate the truly functional genetic variations associated with
neuropsychiatric disorders. We found two novel single nucleotide polymorphism,
3813A>G and 4895G>A, in 3’ untranslated region of the gene, while no mis-
sense variation was detected. We also found one new polymorphism located at
- 10911G>A in 5" intron, upstream from the coding region. There was no linkage
disequilibrium between other SNPs and this polymorpism even in the caucasian
population examined. There were significantly big differences of genetic distribu-
tions between each race. In addition, the linkage disequilibrium between these
physically close markers exists in Caucasians, but does not exist in African-
American populations. However, in the Japanese, Caucasian and African-American
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populations, no association between substance abuse and the SNPs could be found
(Ishiguro et al., unpublished observation). Furthermore, the 1359A>G polymorph-
ism has been genotyped in healthy control male Japanese subjects (aged 20-30)
from whom personality traits were measured with temperament and character
inventory (TCI) test, although the statistical power is weak because of lower frequency
of allelic distribution. No association between TCI scores and the polymorphism
could be found (Ishiguro et al., unpublished observation).

While studies continue, these findings add to the characterization of CB; Cnr
genes in species in which they can be tested for impact on substance abuse and
other neuropsychiatric disorders. The amino acid (AA) sequence alignments
(Figure 1.5) and construction of a phylogenetic tree of known Cnrs (Figure 1.6)
indicate some similarities and significant divergence between CB; and CB, Cnrs.

Chromosomal mapping of the Cnr genes

Using genetic linkage mapping and chromosomal in sitw hybridization, Hoehe
et al. (1991) have determined the genomic location of the human Cnr gene. With
i situ hybridization using a biotinylated cosmid probe the Cnr gene was localized
at 6q14-ql5, thus confirming the linkage analysis and defining a precise alignment
of the genetic and cytogenetic maps (Hoehe et al., 1991). These investigators found
that the location of the human CB; Cnr gene is very near the gene encoding the
alpha subunit of chorionic gonadotropin (CGA). After we cloned and sequenced
the murine CB, Cnr gene (Chakrabarti et al., 1995), we collaborated with Stubbs
et al. (1996) and determined that the murine CB; and CB, Cnr gene is located in
proximal chromosome 4. This location is within a region to which other homologs
of human 6q genes are located. In order to localize the murine CB; and CB, Cnr
gene in the mouse genome, Stubbs et al. (1996), traced the inheritance of species-
specific variants of the gene in 160 progeny of an interspecific backcross. Therefore,
using the interspecific and four DNA probes we mapped the murine CB; and CB,
Cnr genes to chromosome 4 with map positions calculated for Mos, Cntfr, Paxb
and Cd72, in excellent agreement with previously published results that clearly
established linkage between the CB;, Cnr gene and other genes known to be
located on mouse chromsome 4. The CB; Cnr gene, GABRR1, GABRR2 and Cga
are linked together both in the mouse and on human chromosome 6q. The genes
encoding the peripheral CB, Cnr and o-L-fucosidase have been shown to be located
near a newly identified common virus integration site, Evl1 (Valk ¢t al., 1997). They
showed that Ev11 is located at the distal end of mouse chromosome 4, in a region
that is synthenic with human 1p36, in agreement with our report (Onaivi et al.,
1998), that the mouse CB, Cnr gene is also located at the distal end of mouse chromo-
some 4. The results of the chromosomal location of the human (Hoehe et al., 1991)
and the mouse (Stubbs et al., 1996) Cnr genes add a new marker to this region of
the mouse-human homology, and confirms the close linkage of Cnr genes in both
species (Figure 1.7). The location of the rat CB; Cnr gene in the rat genome has not
been determined, but may be expected to fit the rodent-human homology as the
CB, Cnr genes are highly conserved in the mammalian species. The physical and
genetic localization of the bovine CB; Cnr gene has been mapped to chromosome

© 2002 Taylor & Francis



hCNR1-1
hCNR1-2
mMCNR1-1
! rCNR1
mCNR1-2
i cCNR1
bCNRH1

hCNR1-isof
tgCNRH1
frCNR1a
frCNR1b
—— hCNR2

mCNR2-1

mCNR2-2
rCNR2

i

10
substitutions per 100 residues

Figure 1.6 Phylogenetic tree of Cnrs. The graphical representation of Cnrs phylogenetic tree was

generated by using GCG programs and GrowTree (UPGMA). Information for each
protein is listed in figure legend 5.

9922 using fluorescence in situ hybridization (FISH) and R-banding to identify the
chromosome (Pfister-Genskow et al., 1997). The genetic mapping of the CB; Cnr
gene on bovine chromosome 9q22 by in situ localization and linkage mapping of a
dinucleotide repeat, D9S32, also adds to coverage of the bovine genome map and
contributes to the mammalian comparative gene map (Pfister-Genskow et al.,
1997). As the neurobiological effects of marijuana and other cannabinoids suggest
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Figure 1.7 Chromosomal localization of CB, and CB, Cnr genes. The chromosomal location of
CB, and CB, Cnr genes on mouse chromosome 4 and human chromosome 6 and P36
respectively.

the involvement of the Cnr genes in mental and neurological disturbances, the
mapping of the genes will undoubtedly enhance our understanding of the linkage
and possible cannabinoid genetic abnormalities. In the case of cattle, research into
the role of Cnrs in mediating responses to natural and production-induced stres-
sors could lead to improvement of production inefficiencies that exist in meat and
milk animal systems (Pfister-Genskow et al., 1997). The chromosomal location and
genomic structure of human and mouse fatty acid amide hydrolase (FAAH) genes
have been mapped to chromosomes 1p34-p35 and 4 respectively (Wan et al.,
1998). The localization of FAAH and CB, Cnr genes, in same chromosomal
regions in mice and humans, again adds a new marker to this region of the mouse-
human homology, and confirms the close linkage of FAAH and Cnr genes in both
species.

Genes encoding endocannabinoid transporter(s)

The mechanism(s) involved in the inactivation of endocannabinoids in vivo is not
completely understood. However, functional studies indicate that the biological
actions of endocannabinoids are probably terminated by a two-step inactivation
process consisting of carrier-mediated uptake and intracellular hydrolysis by
FAAH (Di Marzo et al., 1999; Piomelli et al., 1999; Hillard, 2000). Although there
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is evidence from these functional studies for the existence of some form of canna-
binoid transporter(s), their identity, sequence information and biological character-
istics at the molecular level are unknown. On the other hand, FAAH has been
purified, cloned, sequenced from mouse, rat and human and thus, fairly well
characterized. It is a single-copy gene with 579 amino acids and highly conserved
primary structure and homologous in mouse, rat and human species (Giang and
Cravatt, 1997). This membrane-associated enzyme is 63 kDa and possesses the
ability to hydrolyze a range of fatty acid amides including anandamide, 2-arachi-
donylglycerol and oleamide. The distribution of FAAH and CB; Cnr in rat brain is
similar, with FAAH often occurring in neuronal somata that are post synaptic CB,
Cnr expressing axons and therefore consistent with a potential role in the regula-
tion of endocannabinoids (Egertova et al., 2000). The biosynthesis and inactivation
of endocannabinoids and other cannabimimetic fatty acid derivatives have been
extensively reviewed in this volume by Di Marzo et al. An acid amidase hydrolyzing
anandamide and other N-acylethanolamines distinct from FAAH that can hydro-
lyze N-acylethanolamines was reported by Ueda et al. (2000). Further research will
continue to unravel the biochemical pathways associated with endocannabinoids.

There is evidence that the transport of endocannabinoids, like anandamide and
2-AG from one side of a biological membrane to another is accomplished via a
protein carrier (Di Marzo et al., 1999; Piomelli et al., 1999; Hillard, 2000). Evidence
has been shown for this carrier-mediated, transmembrane transport of anandamide
in human neuroblastoma and lympoma cells (Maccarone et al., 1998), in mouse
macrophages and RBL-2H3 cells (Bisogno et al., 1998) and in neurons (Di Marzo
et al., 1994; Hilliard et al., 1997). This transport process fulfills several criteria
of a carrier-mediated process including saturability, temperature dependence,
high affinity, substrate selectivity, facilitated diffusion and Na*-independence
(Piomelli et al., 1999; Di Marzo et al., 1999; Hillard, 2000). Some of these features
make this process fundamentally different from the other known transport carriers
like the catecholamine and amino acid transporters. Using a relatively potent
uptake inhibitor AM404, N-(4 hydroxyphenyl)arachidonylamide, these investigators
have demonstrated that a high affinity transport system present in neurons and
astrocytes has a role in anandamide uptake and subsequent inactivation by FAAH
(Di Marzo et al., 1999; Piomelli et al., 1999; Hillard, 2000). While there is ample
scientific evidence to support the concept that anandamide transport across
membranes is protein-mediated, definitive evidence depends on its molecular
characterization. However, the differential uptake of the different endocannabinoids,
for example anandamide and 2-AG’ in different cell types may indicate the possibility
of different cannabinoid transporters for the different endocannabinoids (Di Marzo
et al., 1999; Hillard, 2000). This would not be unprecedented as the monoamines
have different transporters for dopamine, serotonin and norepinephrine.

The mammalian vanilloid subtype 1 capsaicin receptor (VR1) has been cloned
and shown to be activated by plant derived agonists such as capsaicin (the pungent
ingredient in hot chilli pepper) and resiniferatoxin (Caterina et al., 1997). In mam-
mals, an endogenous ligand for VR1 has not been described, but the endocanna-
binoid anandamide has been shown to activate the receptor, resulting in physiological
responses that are capsazepine-sensitive and Cnr-insensitive (Zygmunt et al., 1999;
Szolcsanyi, 2000). It has also been demonstrated that anandamide acts as full
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agonist at the human VRI vanilloid receptor (Smart et al., 2000). The interaction
between synthetic vanilloids and the endogenous cannabinoid system has been
studied because of the structural similarity between some vanilloid agonists eg. olvanil,
and endocannabinoid, e.g. anandamide by Di Marzo et al., 1998. They reported
that olvanil is a potent inhibitor of the anandamide transporter. While impaired
nociception and pain sensation and elimination of capsaicin sensitivity in mice
lacking the capsaicin (vanilloid) VRI receptor has been demonstrated (Caterina
et al., 2000), it can be hypothesized that these mice might be sensitive to the anti-
nociceptive effects of Cnr activation.

Neurobiology of cannabinoid modulation of other
receptor systems

There are numerous reports of Cnr agonist interaction with CNS neurotransmitter
systems such as GABA, DA, 5-HT, NE, Ach, opiates and the glutamate receptors to
mention a few. We do not attempt to provide a comprehensive account of the
numerous effects of cannabinoids on other receptor systems. This section, as an
example, will only deal with the glutamatergic receptor system that consists of
a-amino-3-hydroxy-5-methyl-4-isoxazole-propionic acid (AMPA), N-methyl-D-
aspartate (NMDA) and kainate (KA) subtypes and how they are influenced by can-
nabinoids in heterologous expression systems. Glutamate is the major excitatory
neurotransmitter in the central nervous system, where the majority of fast synaptic
transmissions are mediated by AMPA receptors (Jonas and Sakmann, 1992).
However, there have been very few studies of cannabinoid influence on glutamater-
gic neurotransmission. Reports have shown that Cnr agonists modulate NMDA
neurotransmission in cultures of brain regions such as the basal ganglia (Glass et al.,
1997), hippocampus (Terranova et al., 1995), cerebellum (Hampson et al., 1998)
and the forebrain (Nadler et al., 1993). In all the studies, NMDA receptor functions
were inhibited. It has been suggested that cannabinoids inhibit glutamatergic neuro-
transmission presynaptically (Shen et al., 1996) in rat hippocampal neurons. The
mechanism of cannabinoid action has been attributed to blockade of N, P and Q
type calcium channels (Mackie et al., 1992, 1995). Thus, cannabinoid interactions
may alter calcium currents in NMDA neurotransmission if Cnrs are directly activated.
Evidence in support of a direct inhibitory but neuroprotective effect of canna-
binoids on the NMDA receptor via Ca?" dependent mechanisms (Nadler et al.,
1993; Striem et al., 1997), have been reported. A novel enhancement of Ca%t sig-
nals in cultured cerebellar granule neurons has recently been shown by (Netze-
band et al., 1999). Similarly, Ca%t independent mechanisms have been reported
for cannabinoid modulation of the NMDA receptor in rat brain slices (Hampson et
al., 1998) and in the rat periaqueductal gray neurons (Vaughan et al., 1999). Most
of the experiments on the interactions between the cannabinoid and glutamater-
gic systems were done in neuronal cultures, brain slices and cell lines. It became
imperative that other in vitro systems that are free of both the Cnr and the glutam-
ate receptor be tested, so that definitive conclusions can be reached on the nature
of cannabinoid modulation of the glutamatergic system.

Heterologous expression systems such as the Xenopus laevis oocyte and cell
transfection systems for recombinant receptor expression are good models for
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conducting these studies. Studies on recombinant Cnr (McAllister et al., 1999) and
cannabinoid agonist interaction with recombinant NMDA in oocytes (Hampson
et al., 1998) are very few. However, results from the latter study show a dual
novel effect for anandamide modulation of the NMDA receptor. The discovery of
the putative endogenous cannabinoid neurotransmitter, anandamide and the
wide range of its CNS effects such as the inhibition of long-term potentiation in
brain slices (Terranova et al., 1995), and its in vivo and in vitro properties, increased
the pace of studies on cannabinoid and non-Cnr actions. However, there is a big
gap in the literature on effects of cannabinoid agonists on non-NMDA receptors.
Two studies recently reported the direct inhibition of recombinant AMPA
receptor currents in oocytes (Akinshola et al., 1999a, 1999b). The modulation of
AMPA receptor currents by anandamide in oocytes was reported to be independent
of the Cnr system, but dependent on the cAMP signal transduction mechanism
and similar for all receptor subunits tested (Akinshola et al., 1999b). Figure 1.8,
summarizes the effects of anandamide on recombinant AMPA receptors in the
oocytes.

Neurobehavioral and in vitro actions of cannabinoids

Despite the decades of extensive investigations and recent developments in can-
nabinoid research, the identification of specific mechanisms for the actions of
cannabinoids have been slow to emerge. We therefore do not attempt to provide
a comprehensive account of the numerous in vivo and in vitro effects of canna-
binoids but a few examples from our studies and those of others. The discovery of
endocannabinoids such as anandamide and 2-arachidonyly glycerol and the wide-
spread localization of Cnrs in the brain and peripheral tissues, suggests that the
cannabinoid neurochemical system represents a previously unrecognized ubiquitous
network in the nervous system, whose biology and function is unfolding. We have
tested the hypothesis that some of the actions of anandamide are independent of
a Cnr mechanism (Akinshola et al., 1999b). In the first series of experiments, the
effects of anandamide or methanandamide on behavior and CB; Cnr gene expres-
sion in three mouse strains was determined. This was accomplished by the use of
cannabinoid agonist and antagonist interaction in ¢ vitro and in vivo test systems.
The effects of acute administration of anandamide to C57BL/6, DBA/2 and ICR
mice were evaluated in motor function and emotionality tests. The C57BL/6 and
ICR mouse strains were more sensitive than the DBA/2 strain to the depression of
locomotor and stereotyped behavior caused by anandamide. Although anandamide
produced catalepsy in all three strains, anandamide induced ataxia in the minus-
maze test only in the C57BL/6 animals and at the lowest dose used. In the plus-maze
test, anandamide produced a mild averse response, which became intense aversion
to the open arms of the plus-maze following repeated daily treatment. Northern
analysis data using the CB; cDNA as a probe indicated that there was greater
expression of the CB| gene in the whole brain of the ICR mouse than in the brains
of the C57BL/6 and DBA/2 strains with or without pretreatment with anandamide.
Since the anandamide induced neurobehavioral changes that did not correspond
to the CB; Cnr gene expression in the mouse strains, it is unlikely that the CB; Cnr
mediates all the cannabimimetic effects of anandamide in the brain. In vitro, we
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Figure 1.8 Current traces of anandamide action on AMPA receptor subunits. Current traces of
anandamide inhibition of kainate-activated currents in Xenopus oocytes expressing
homomeric and heteromeric AMPA receptor subunit combinations. Each set of
traces shows the effect of 100 UM anandamide on currents activated by 200 uM
kainic acid in oocytes expressing the GluR subunits indicated. The bars above current
records represent the time duration of kainic acid and/or anandamide application.

used Xenopus laevis oocytes and two-voltage clamp technique (as described above)
in combination with differential display polymerase chain reaction to determine
whether the differential display genes following treatment with anandamide may
be linked to the AMPA glutamate receptor. The differential expression of genes
w vivo after the sub-acute administration of anandamide could not be directly
linked with AMPA glutamate receptor. For the antagonist studies in vivo, SR141716A,
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the CB, antagonist, induced anxiolysis that was dependent on the mouse strain
used in the anxiety model and blocked the anxiogenic effects of anandamide or
methanandamide whereas, SR141716A had no effect on the anandamide inhibition
of kainite activated currents in vitro.

We tested another hypothesis that there might exist in the central nervous system
a multiplicity of Cnrs. The basis for the hypothesis has been the myriad neuro-
behavioral effects produced after smoking marijuana or the administration of
cannabinoids to humans and animals. We therefore studied the neurobehavioral
specificity of CB; Cnr gene expression and whether A THC induced neurobehavioral
changes are attributable to genetic differences (Onaivi et al., 1996). We also exam-
ined whether some of these neurobehavioral changes were mediated by specific
brain regions in the mouse model. We found that the differential sensitivity following
the administration A%>-THC to three mouse strains, C57BL/6, DBA/2 and ICR mice
indicated that some of the neurobehavioral changes might be attributable to gen-
etic differences. The objective of the study was to determine the extent to which
the CB; Cnr is involved in the behavioral changes following A THC administration.
This objective was addressed by experiments using the following strategies: DNA-
PCR and reverse PCR; systemic administration of A%-THC and intracerebral
microinjection of A>THC. The site specificity of action of A>~THC in the brain was
determined using stereotaxic surgical approaches. The intracerebral microinjection
of A>THC into the nucleus accumbens (ACB) was found to induce catalepsy, while
injection of A% THC into the central nucleus of amygdala resulted in the produc-
tion of an anxiogenic — like response. Although the DNA-PCR data indicated that
the CB,; Cnr gene appeared to be identical and intronless in all the three mouse
strains, the reverse PCR data showed two additional distinct CB; mRNAs in the
C57BL/6 mouse which also differed in pain sensitivity and rectal temperature
changes following the administration of A>THC (Onaivi et al., 1996). We there-
fore suggested that the diverse neurobehavioral alterations induced by A THC
may not be mediated by CB; Cnrs in the brain and that the CB; Cnr genes may not
be uniform in the mouse strains used. The potential promise of antisense oligonu-
cleotides as research tools and therapeutic agents has been the subject of close
scrutiny and attention, particularly the application of gene therapy in the clinic.
Thus, a number of problems have been identified with their use as research tools.
Our use of CB, antisense oligonucleotide indicated that CB, may be present in the
brain to influence behavior. The ICV administration of the CB, antisense induced
a significant anti-aversive response in the elevated plus-maze test of anxiety.
A response similar to that following the administration of the CB,; Cnr antagonist
SR141716A. Knowing that this might be a non-specific effect, it is interesting and
thought provoking that CBy, Cnr or CB-like Cnrs might be in the brain. While
a number of laboratories have not been able to detect CB, expression in the brain,
a demonstration of CB, expression in the rat microglial cells (Kearn and Hilliard,
1997) in cerebral granule cells (Skaper et al., 1996) and mast cells (Facci et al.,
1995) have been reported. We utilized a CB, antisense, 5-TGTCTCCCGGCATC-
CCTC-3’, CB, sense was 5'-GAGGGATGCCGGGAGACA-3'. The use of the antag-
onists that are selective for the CB; and CB, Cnrs in these behavioral tests will also
contribute to a further understanding of the role of these Cnr subtypes in the
behavioral effects of cannabinoids.
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Other behavioral effects of cannabinoid agents in animal models has been reviewed
by Chaperon and Thiebot (1999) and extensively reviewed in this book. Briefly,
cannabinomimetics produce complex behavioral and pharmacological effects that
probably involve numerous neuronal substrates. Interactions with acetylcholine,
dopamine, serotonin, adrenergic, opiate, glutamatergic and GABAergic systems
have been demonstrated in several brain structures. In animals, cannabinoid agonists
such as, WIN 55,212-2 and CP 55,940 produce a characteristic combination of
four prototypic profiles, sometimes referred to as response to the tetrad tests,
including, catalepsy, analgesia, hypoactivity and hypothermia. These effects are
reversed by the selective CB; Cnr antagonist, SR141716A, providing evidence for
the involvement of CB; Cnr-related mechanisms. Accumulating evidence indicates
that endocannabinoids have cannabinoid and non-Cnr mediated effects in these
classical cannabinomimetic actions. Cnr-related processes seem also involved in
cognition, memory, anxiety, control of appetite, emesis, inflammatory and immune
response covered in various sections in this volume. Cannabinoid agonist may
induce biphasic effects, for example, hyperactivity at low doses and severe motor
deficits at larger doses have been documented.

The conditioned place preference (CPP) paradigm has been used extensively to
study brain mechanisms of reward and reinforcement. Marijuana (cannabinoid)
interactions with the brain substrates for reward and reinforcement were excel-
lently reviewed by Gardner in this book and also by Tzschentke (1998). Although
the paradigm has been criticized because of some inherent methodological prob-
lems, it is clear that the place preference conditioning has become a valuable and
firmly established and a widely used tool in addiction research, Tzschentke
(1998). The rewarding properties of cannabinoids and A-THC are difficult to
demonstrate in rodents using standard place preference procedures (Tzschentke,
1998; Valjent and Maldonado, 2000). Furthermore, only few studies have exam-
ined the effects of marijuana and hashish, and inconsistent results have been
reported. Sanudo-Pena et al. (1997) found no CPP at a low dose of THC (1.5 mg/kg)
and a conditioned place aversion (CPA) at a high dose (15 mg/kg) while the Cnr
antagonist SR141716A induced a CPP at a low and high dose (0.5 and 5 mg/kg).
In contrast, Mallet and Beninger (1998) found a significant CPA for the same low
doses of THC (1.0 and 1.5 mg/kg), and neither CPP or CPA was found for anan-
damide. Lepore et al. (1995) however, reported THC-induced CPP for 2 and
4 mg/kg, but not for 1 mg/kg, when animals received one conditioning session per
day. But, when conditioning took place only every other day (to allow for a 24 h
washout period for THC), the dose of 1 mg/kg THC was sufficient to produce
CPP, whereas the higher doses (2 and 4 mg/kg) produced CPA. The synthetic
cannabinoid CP 55940 was reported to produce CPA, (McGregor et al., 1996).
The synthetic Cnr agonist WIN 55212-2 produced a robust CPA while the CB;
antagonist SR141716A produced neither CPP nor CPA (Chaperon et al., 1998).
The emerging consensus appear to be that cannabinoid antagonism produces
CPP while cannabinoid agonism induces place aversion, (Sanudo-Pena et al.,
1997). Taken together the effects of cannabinoids in the CPP paradigm suggest
that the effects of cannabinoids and perhaps marijuana may be complex and
conclusions about their rewarding and adverse actions deserve further intensive
study.
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Implication for the medical use of marijuana

The use of cannabis for both recreational and medicinal purposes dates back to
thousands of years. In recent times, there has been an increase in calls for marijuana
to be legalized for medicinal use in AIDS, cancer, multiple sclerosis and other
medical conditions where patients might benefit from the biological effects of
cannabis. Synthetic cannabinoids such as dronabinol, marinol and nabilone
already have an established use as antiemetics in nausea and vomiting associated
with cancer chemotherapy. The reported beneficial effects in cancer and AIDS
patients might reflect improved weight gain, owing to the well-documented anti-
emetic and appetite stimulating effects of cannabinoids. This might be a major
advantage for cancer patients undergoing rigorous chemotherapy, or advanced
AIDS patients. Interestingly, although cannabis is widely used as a recreational
drug in humans, only a few studies revealed an appetitive potential of cannabinoids
in animals. However, evidence for the adverse effects of A>~-THC, WIN 55,212-2
and CP 55,940 is more readily obtained in a variety of tests. The selective blockade
of CB1 Cnrs by SR141716A impaired the perception of the appetitive value of
positive reinforcers (cocaine, morphine and food) and reduced the motivation for
sucrose, beer and alcohol consumption, indicating that positive incentive and/or
motivational processes could be under a permissive control of Cnr-related mech-
anisms. In addition, endocannabinoids and other endogenous fatty acid ethanol-
amides with their roles in sleep and inflammation are emerging as new important
biological signaling molecules (Boger et al., 1998). Other targets for potential
development of therapeutic agents are cannabinoid uptake inhibitors. When the
physiological role of Cnrs and endocannabinoids is established, it is likely that other
therapeutic targets may be uncovered. Based on what we currently know about the
anatomical distribution of Cnrs and endocannabinoids and from marijuana users,
disorders associated with memory and motor coordination may benefit from novel
cannabinoids. Similarly, Cnrs and endocannabinoids in the periphery can be tar-
geted in immune disorders and blood pressure regulation (Mechoulam, 1999 and
Varga et al., 1998). This is to be expected as many novel drugs are based on chem-
ical modifications of transmitters. Therefore, it seems reasonable to expect that, as
with other receptor—transmitter systems, excess or lack of Cnr or endogenous
ligands may be the cause for disorders in the CNS or those associated with the
immune (Mechoulam, 1999) and other peripheral organ systems.

CONCLUDING REMARKS AND FUTURE DIRECTIONS

Faster progress has been achieved in marijuana research within the last decade
than in the thousands of years that marijuana has been used in human history. For
many decades, research on the molecular and neurobiological bases of the physio-
logical and neurobehavioral effects of marijuana was hampered by the lack of
specific research tools and technology. The situation started to change with the
availability of molecular probes and other recombinant molecules that have led to
the major advances. Thus, we can look forward to a bright future of discoveries
concerning the role of endocannabinoids in brain function, immune function,
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reproductive function and emotional behavior, as well as the discovery of potential
medicines to improve the health of many who suffer from various disorders. One
notable future direction is in the brain injury and stroke field, for which there are
currently no major drugs and one cannabinoid based drug, HU-211 (dexana-
binol) has successfully completed phase II trials. Marijuana (cannabinoid) research
appears to have a solid scientific background for significant contribution in under-
standing human biology and in the development of cannabinoid based therapeutics.

ACKNOWLEDGMENTS

We thank Drs. Scott Hall, Fei Xu and Bruce Hope at the NIDA intramural program
for critical dialog about some aspects of this chapter. We also thank Dr. Gautam
Chaudhuri from Meharry Medical College, Nashville, TN., Dr. Lisa Stubbs at the
Livermore National Laboratory, Livermore, CA., Drs. Amitabha Chakrabati and
Fridolin Sulser from Vanderbilt University in Nashville, TN, for collaborative
research. We thank many other colleagues in NIDA including Dr. Heishman,
Axelrad who helped with the review of some of the chapters.

REFERENCES

Abood, M. E., Ditto, K. E., Noel, M. A, Showalter, V. M. and Tao, Q. (1997) “Isolation and
expression of a CB; cannabinoid receptor gene. Comparison of binding properties with
those of native CB receptors in mouse brain and N18TG2 neuroblastoma cells,” Biochemical
Pharmacology 24: 207-214.

Aceto, M. D., Martin, B. R., Scates, S. M. and Loew, J. (1995) “Cannabinoid precipitated
withdrawal: Induction by the antagonist SR141716A,” FASEB Journal 9(3): 2320.

Acousta-Urquidi, J. and Chase, R. (1975) “The effects of delta-9-tetrahydrocannabinol on action
potentials in the mollusk Aplysia,” Canadian Journal of Physiology and Pharmacology 53: 793-798.

Akinshola, B. E., Chakrabarti, A. and Onaivi, E. S. (1999a) “In vitro and in vivo action of
cannabinoids,” Neurochemical Research 24: 1233—-1240.

Akinshola, B. E., Taylor, R. E., Ogunseitan, A. B. and Onaivi, E. S. (1999b) “Anandamide
inhibition of recombinant AMPA receptor subunits in Xenopus oocytes is increased by
forskolin and 8-bromo-cyclic AMP,” Naunyn-Schmiedeberg’s Archives of Pharmacology 360:
242-248.

Belue, R. C., Howlett, A. C., Westlake, T. M. and Hutchings, D. E. (1995) “The ontogeny of
cannabinoid receptors in the brain of postnatal and aging rats,” Neurotoxicology and Teratology
17: 25-30.

Bisogno, T., Katayama, K., Melck, D., Ueda, N., De Petrocellis, 1., Yamamoto, S. and Di
Marzo, V. (1998) “Biosynthesis and degradation of bioactive fatty acid amides in human
breast cancer and rat pheochromocytoma cells — implication for cell proliferation and
differentiation,” European Journal of Biochemistry 254: 634-642.

Bisogno, T., Ventriglia, M., Milone, A., Mosca, M., Cimino, G. and Di Mazo, V. (1997)
“Occurrence and metabolism of anandamide and related acyl-ethanolamides in ovaries of
the sea urchin Paracentrotus lividus,” Biochimica et Biophysica Acta 1345: 338-348.

Boger, D. L., Henriksen S. J. and Cravatt B. F. (1998) Oleamide: “An endogenous sleep
inducing lipid and prototypical member of a new class of biological signaling molecules,”
Current Pharmaceutical Design 4: 303-314.

© 2002 Taylor & Francis



Bohme, G. A., Laville, M., Ledent, C., Parmentier, M. and Imperato, A. (2000) “Enhanced
long-term potentiation in mice lacking cannabinoid CB; receptors,” Neuroscience 95: 5-7.

Brady, R. O. and Carbone, E. (1973) “Comparison of the effects of 9-tetrahydrocannabinol,
11-hydroxy-9-tetrahydrocannabinol, and ethanol on the electrophysiological activity of
the giant axon of the squid,” Neuropharmacology 12: 601-605.

Bouaboula, M., Rinaldi, M., Carayon, P., Carrilon, C., Delpech, B., Shire, D. et al. (1993)
“Cannabinoid receptor expression in human leucocytes,” European Journal of Biochemistry
214: 173-180.

Bramblett, R. D., Panu, A. M., Ballesteros, J. A. and Reggio, P. H. (1995) “Construction of
a 3D model of the cannabinoids CB; receptor: Determination of the helix ends and helix
orientation,” Life Sciences 56: 1971-1982.

Breivogel, C. S., Di Marzo, V., Zimmer, A. M., Zimmer, A. and Martin, B. R. (2000) “Char-
acterization of an unknown cannabinoid receptor in CB; knockout mouse brain mem-
branes,” 2000 Symposium on the cannabinoids, Burlington, Vermont, ICRS. p. 6.

Buckley, N. E., McCoy, K. L., Mezey, E., Bonner, T., Zimmer, A., Felder, C. C. ¢t al. (2000)
“Immunomodulation by cannabinoids is absent in mice deficient for the cannabinoid CB,
receptor,” European Journal of Pharmacology 396, 141-149.

Buckley, N. E., Mezey, E., Bonner, T., Zimmer, A., Felder, C. C., Glass, M. et al. (1997)
“Development of a CB, knockout mouse,” (1997) Symposium on the Cannabinoids, Burlington,
Vermont, International Cannabinoid Research Society 57.

Caenazzo, L., Hoehe, M. R., Hsieh, W.- T., Berrettini, W. H., Bonner, T. I. and Gershon, E. S.
(1991) “HindIII identifies a two allele DNA polymorphism of the human cannabinoid
receptor gene (CNR),” Nucleic Acids Research 19: 4798.

Cao, Q., Martinez, M., Zhang, J., Sanders, A. R., Badner, J. A., Cravchik, A. et al. (1997)
“Suggestive evidence for a schizophrenia susceptibility locus on chromosome 6q and a
confirmation in an independent series of pedigrees,” Genomics 43: 1-8.

Caterina, M. J., Leffler, A., Malmberg, A. B., Martin, W. J., Trafton, ]J., Petersen-Zeitz, K. R.
et al. (2000) “Impaired nociception and pain sensation in mice lacking the capsaicin recep-
tor,” Science 288: 306-313.

Caterina, M. J., Schumacher, M. A., Tominaga, M., Rosen, T. A., Levine, J. D. and Julius, D.
(1997) “The capsaicin receptor : a heat-activated ion channel in the pain pathway,” Nature
389: 816-824.

Chakrabarti, A., Ekuta, J. E. and Onaivi, E. S. (1998) “Neurobehavioral effects of anandamide
and cannabinoid receptor gene expression in mice,” Brain Research Bulletin 45: 67-74.

Chakrabarti, A., Onaivi, E. S. and Chaudhuri, G. (1995) “Cloning and sequencing of a cDNA
encoding the mouse brain-type cannabinoid receptor protein,” DNA Sequence 5: 385-388.

Chaperon, F. and Thiebot, M.-H.(1999) “Behavioral effects of cannabinoid agents in animals,”
Critical Reviews in Neurobiology 13: 243-281.

Chaperon, F., Soubrie, P., Puech, A. J. and Thiebot, M. H. (1998) “Involvement of central
cannabinoid (CB)) in the establishment of place conditioning in rats,” Psychopharmacology
135: 324-332.

Comings, D. E., Muhleman, D., Gade, R., Johnson, P., Verde, R., Saucier, G. et al. (1997) “Can-
nabinoid receptor gene (CNR1): association with IV drug use,” Molecular Psychiatry 2: 161-168.

Condie, R., Herring, A., Koh, W. S., Lee, M. and Kaminski, N. E. (1998) “Cannabinoid inhib-
ition of adenylate cyclase-mediated signal transduction and interleukin 2 (IL-2) expression
in the murine T-cell line,” EL4.IL-2. Journal of Biological Chemistry 271: 13175-13183.

Daaka, Y., Friedman, H. and Klein T. W. (1996) “Cannabinoid receptor proteins are increased
in Jurkat human-T cell line after mitogen activation,” Journal of Pharmacology and Therapeutics
276: 776-783.

Das, S. K., Paria, B. C., Chakraborty, I. and Dey, S. K. (1995) “Cannabinoid ligand-receptor signal-
ing in the mouse uterus,” Proceedings of the National Academy of Sciences of the USA 92: 4332—4336.

© 2002 Taylor & Francis



Dawson, E. (1995) “Identification of a polymorphic triplet marker for the brain cannabinoid
receptor gene: use in linkage and association studies of schizophrenia,” Psychiatric Genetics
5: S50.

de Fonseca, F. R., Ramos, J. A., Bonnin, A. and Fernandez-Ruiz, J. J. (1993) “Presence of
cannabinoid binding sites in the brain from early postnatal ages,” Neuroreport 4: 135-138.

De Petrocellis, L., Melck, D., Bisogno, T., Milone, A. and Di Marzo, V. (1999) “Finding of the
endocannabinoid signaling system in Hydra, a very primitive organism: possible role in the
feeding response,” Neuroscience 92: 377-387.

Devane, W. A, Dysarz, F. A., Johnson, M. R., Melvin, L. S. and Howlett, A. C. (1988) “Deter-
mination and characterization of cannabinoid receptor in rat brain,” Molecular Pharmaco-
logy 34: 605-613.

Devane, W. A., Hanus, L., Breuer, A., Pertwee, R. G., Stevenson, L. A., Griffin, G. et al. (1992)
“Isolation and structure of a brain constituent that binds to the cannabinoid receptor,”
Science 258: 1946-1949.

Di Marzo, V., Bisogno, T, De Petrocellis, L., Melck, D. and Martin, B. R. (1999) “Cannabimi-
metic fatty acid derivatives: The anandamide family and other endocannabinoids,” Current
Medicinal Chemistry 6: 721-744.

Di Marzo, V., Bisogno, T., Melck, D., Ross, R., Brockie, H., Stevenson, L. et al. (1998) “Inter-
actions between synthetic vanilloids and the endogenous cannabinoid system,” FEBS
Letters 436: 449-454.

Di Marzo, V., Breivogel, C. S., Bisogno, T., Tao, Q., Bridgen, D. T., De Petrocellis, L.,
Razdan, R. K. et al. (2000) “Evidence for non-CB;, non-CB, anandamide receptors in
mouse brain,” 2000 Symposium on the cannabinoids, Burlington, Vermont, ICRS. p. 18.

Di Marzo, V., Fontana, A., Cadas, H., Schinelli, S., Cimino, G., Schwartz, J. C. and Piomelli, D.
(1994) “Formation and inactivation of endogenous cannabinoid anandamide in central
neurons,” Nature 372: 686-691.

Dohlman, H. G., Thorner, J., Caron, M. G., Lefkowitz, R. J. (1991) “Model systems for the study
of seven-transmembrane-segment receptors,” Annual Review in Biochemistry 60: 653—688.

Egertova, M., Cravatt, B. F. and Elphick, M. R. (2000) “Fatty acid amide hydrolase expres-
sion in rat choroids plexus: possible role in regulation of the sleep-inducing action of
oleamide,” Neuroscience Letters 282: 13—-16.

Elphick, M. R. (1998) “An invertebrate G-protein coupled receptor is a chimeric cannab-
inoid/melanocortin receptor,” Brain Research 780: 170-173.

Facci, L., Dal Toso, R., Romanello, S., Buriani, A., Skaper, S. D. and Leon, A. (1995) “Mast
cells express a peripheral cannabinoid receptor with differential sensitivity to anandamide
and palmitoylethanolamide,” Proceedings of the National Academy of Sciences of the USA 92:
3376-3380.

Faubert, B. L. and Kaminski, N. E. (2000) “AP-1 activity is negatively regulated by cannabinol
through inhibition of its protein components, c-fos and c-jun,” Journal of Leukocyte Biology
67: 259-266.

Felder, C. C., Velugz, ]J. S., Williams, H. L., Briley, E. M. and Matsuda, L. A. (1995) “Canna-
binoid agonists stimulate both receptor- and non-receptor-mediated signal transduction
pathways in cells transfected with and expressing cannabinoid receptor clones,” Molecular
Pharmacology 42: 838-845.

Frischknecht, H. R. and Waser, P. G. (1980) “Actions of hallucinogens on ants (Formica
pratensis)—III. Social behavior under the influence of LSD and tetrahydrocannabinol,”
General Pharmacology 11: 97-106.

Gadzicki, D., Muller-Vahl, K. and Stuhrmann (1999) “A frequent polymorphism in the
coding exon of the human cannabinoid receptor (CNR1) gene,” Molecular and Cellular
Probes 13: 321-323.

© 2002 Taylor & Francis



Galiegue, S., Mary S., Marchand, J., Dussossoy, D., Carriere, D., Carayon, P. et al. (1995)
“Expression of central and peripheral cannabinoid receptors in human immune tissues
and leukocyte subpopulations,” European Journal of Biochemistry 232: 54-61.

Gerard, C. M., Mollereau, C., Vassart, G. and Parmentier, M. (1991) “Molecular cloning
of a human cannabinoid receptor which is also expressed in the testis,” The Biochemical
Journal 279: 129-134.

Giang, D. K. and Cravatt, B. F. (1997) “Molecular characterization of human and mouse
fatty acid amide hydrolase,” Proceedings of the National Academy of Sciences of the USA 94:
2238-2242.

Glass, M., Brotchie, J. M. and Maneuf, Y. P. (1997) “Modulation of neurotransmission by
cannabinoids in the basal ganglia,” European Journal of Neuroscience 9: 199-203.

Griffin, G., Tao, Q. and Abood, M. E. (1999) “Cloning and pharmacological characterization
of the rat CB, cannabinoid receptor,” The Journal of Pharmacology and Experimental Therapeutics
292: 886-894.

Gurwitz, D. and Kloog, Y. (1998) “Do endogenous cannabinoids contribute to HIV-mediated
immune failure,” Molecular Medicine Today 4: 196-200.

Hampson, A. J., Bornheim, L. M., Scanziani, M., Yost, C. S., Gray, A. T., Hansen, B. M. et al.
(1998) “Dual effects of anandamide on NMDA receptor-mediated responses and neuro-
transmission,” Journal of Neurochemistry 70: 671-676.

Hampson, R. E., Evans, G. J., Mu, J., Zhuang, S. Y., King, V. C., Childers, S. R. ¢t al.
(1995) “Role of cyclic AMP dependent protein kinase in cannabinoid receptor modu-
lation of potassium “A-current” in cultured rat hippocampal neurons,” Life Science 56:
2081-2088.

Harada, S., Okubo, T., Tsutsumi, M., Takase, S. and Muramatsu, T. (1996) “Investigation of
genetic risk factors associated with alcoholism,” Alcoholism, Clinical and Experimental Research
20: 293A-296A.

Henry, D. J. and Chavkin, C. (1995) “Activation of inwardly rectifying potassium channels
(GIRK1) by co-expressed rat brain cannabinoid receptors in Xenopus oocytes,” Neuroscience
Letters 186: 91-94.

Herkenham, M., Lynn, A. B., Johnson, M. R., Melvin, L. S., de Costa, B. R. and Rice, K. C.
(1991) “Characterization and localization of cannabinoid receptors in rat brain: A quanti-
tative in vitro autoradiography study,” Journal of Neuroscience 11: 563-583.

Hillard, C. J. (2000) “Biochemistry and pharmacology of the endocannabinoids arachi-
donylethanolamide and 2-arachidonylglycerol,” Prostaglandins & other Lipid Mediators
61: 3-18.

Hillard, C. J. and Auchampach, J. A. (1994) “In vitro inactivation of brain protein kinase C
by the cannabinoids,” Biochimica et Biophysica Acta 1220: 163-170.

Hillard, C. J., Edgemond, W. S., Jarrhian, A. and Campbell, W. B. (1997) “Accumulation of
N-arachidonoyethanolamine (anandamide) into cerebral granule cells occurs via facili-
tated diffusion,” Journal of Neurochemistry 69: 631-638.

Hillard, C. J., Harris, R. A. and Bloom, A. S. (1985) “Effects of the cannabinoids on physical
properties of brain membranes and phospholipid vesicles: Fluorescence studies,” The
Journal of Pharmacology and Experimental Therepeutics 232: 579-588.

Hoehe, M. R., Caenazzo, L., Martinez, M. M., Hsieh, W. -T., Modi, W. S., Gershon, E. S. et al.
(1991) “Genetic and physical mapping of the human cannabinoid receptor gene to chromo-
some 6q14-q15,” The New Biologist 3: 880-885.

Howlett, A. C., Johnson, M. R., Melvin, L. S., Milne, G. M. (1988) “Nonclassical cannabinoid
analgetics inhibit adenylate cyclase: development of a cannabinoid receptor model,”
Molecular Pharmacology 33: 297-302.

Iversen, L. L. (1993) “Medical uses of marijuana?” Nature 365: 12-13.

© 2002 Taylor & Francis



Johnson, J. P., Muhleman, D., MacMurray, J., Gade, R., Verde, R., Ask, M. et al. (1997)
“Association between the cannabinoid receptor gene (CNR1) and the P300 event-related
potential,” Molecular Psychiatry 2: 169-171.

Jonas, P. and Sakmann, B. (1992) “Glutamate receptor channels in isolated patches from
CA1 and CA3 pyramidal cells of rat hippocampal slices,” Journal of Physiology 455: 143-171.

Kathmann, M., Haug, K., Heils, A., Nothen, M. M. and Schlicker, E. (2000) “Exchange of
three amino acids in the cannabinoid CB, receptor (CNR1) of an epilepsy patient,” 2000
Symposium on the cannabinoids, Burlington, Vermont. ICRS. p. 18.

Kearn, C. S. and Hilliard, C. J. (1997) “Rat microglial cell express the peripheral-type
cannabinoid receptor (CBy) which is negatively coupled to adenylyl cyclase,” (1997)
Symposium on the Cannabinoids, Burlington, Vermont, International Cannabinoid Research
Society 57.

Kenney, S. P., Kekuda, R., Prasad P. D., Leibach, L. D., Devoe, L. D. and Ganapathy, V.
(1999) “Cannabinoid receptors and their role in the regulation of the serotonin trans-
porter in human placenta,” American Journal Obstetrics Gynecology 181: 491-497.

Kittler J. J., Clayton, C., Zhuang S.-Y., Trower, M. M., Wallace, D., Hampson, R. ¢t al. (1999)
“Large scale gene expression changes during long-term exposure to A>THC in rats,”
Symposium on the Cannabinoids, Burlington, Vermont, ICRS, 79pp.

Lambowitz, A. M. and Belfort, M. (1993) “Introns as mobile genetic elements,” Annual Review
of Biochemistry 62: 587-622.

Le, A. D., Ko, J., Chow, S. and Quan, B. (1994) “Alcohol consumption by C57BL/6 Balb/c
and DBA/2 mice in a limited access paradigm,” Pharmacology, Biochemistry and Behavior 47:
375-378.

Ledent, C., Valverde, O., Cossu, G., Petitet, F., Aubert, J.-F., Beslot, F. et al. (1999) “Unre-
sponsiveness to cannabinoids and reduced addictive effects of opiates in CB; receptor
knockout mice,” Science 283: 401-404.

Lenicque, P. M., Paris, M. R. and Poulot, M. (1972) “Effects of some components of Can-
nabis sativa on the regenerating planarian worm Dugesia tigrina,” Experientia 28: 1399—
1400.

Lepore, M., Vorel, S. R., Lowinson, J. and Gardner, E. L. (1995) “Conditioned place prefer-
ence induced by delta 9-tetrahydrocannabinol: comparison with cocaine, morphine, and
food reward,” Life Sciences 56: 2073-2080.

Li, T, Liu, X., Zhu, Z. -H., Zhao, J., Hu, X, Ball, D. M. et al. (2000) “No association between
(AAT)n repeats in the cannabinoid receptor gene (CNR1) and heroin abuse in a Chinese
population,” Molecular Psychiatry 5: 128-130.

Maccarrone, M., Van der Stelt, M., Rossi, A., Veldink, G. A. and Vliegenthart Agro, A. F.
(1998) “Anandamide hydrolysis by human cells in culture and brain,” Journal of Biological
Chemistry 2773: 32332-32339.

Mackie, K. and Hille, B. (1992) “Cannabinoids inhibit N-type calcium channels in neu-
roblastoma-glioma cells,” Proceedings of the National Academy of Sciences of the USA 89:
3825-3829.

Mackie, K., Lai, Y., Westenbroek, R. and Mitchell, R. (1995) “Cannabinoids activate an
inwardly rectifying potassium conductance and inhibit Q-type calcium currents
in AtT20 cells transfected with rat brain cannabinoid receptor,” Journal of Neuro-
science 10: 6552-6561.

Mailleux, P., Parmentier, M. and Vanderhaeghen, J. (1992) “Distribution of cannabinoid
receptor messenger RNA in the human brain: an in situ hybridization histochemistry with
oligonucleotides,” Neuroscience Letters 143: 200-203.

Makriyannis, A., Banijamali, A., Jarrell, H. C. and Yang, D.-P. (1989) “The orientation of (-)-
delta-9-tetrahydrocannabinol in DPPC bilayers as determined by solid state 2H-NMR,”
Biochimica et Biophysica Acta 986: 141-145.

© 2002 Taylor & Francis



Mallet, P. E. and Beninger, R. J. (1998) “Delta-9-tetrahydrocannabinol, but not the endogen-
ous cannabinoid receptor ligand anandamide, produces conditioned place avoidance,”
Life Sciences 62: 2431-2439.

Martin, R. S., Luong, L. A., Welsh, N. J., Eglen, R. M., Martin, G. R. and Maclennan, J. (2000)
“Effects of cannabinoid receptor agonists on neuronally-evoked contractions of urinary
bladder tissues isolated from rat, mouse, pig, dog, monkey and human,” British Journal of
Pharmacology 219: 1707-1775.

Martin, B. R. (1986) “Cellular effects of cannabinoids,” Pharmacology Reviews 38: 45-74.

Martinez, M., Goldin, L. R., Cao, Q., Zhang, J., Sanders, A. R., Nancarrow, D. J. ¢t al. (1999)
“Follow-up study on a susceptibility locus for schizophrenia on chromosome 6q,” American
Journal of Medical Genetics 88: 337-343.

Mascia, M. S., Obinu, M. C., Ledent, C., Parmentier, M., Bohme, G. A., Imperato, A. et al.
(1999) “Lack of morphine-induced dopamine release in the nucleus accumbens of canna-
binoid CB, receptor knockout mice,” European Journal of Pharmacology 383: R1-R2.

Matsuda, L. A. (1997) “Molecular aspects of cannabinoid receptors,” Critical Review in Neuro-
biology 11: 143-166.

Matsuda, L. A., Bonner, T. I. and Lolait, S. J. (1993) “Localization of cannabinoid mRNA in
rat brain,” Journal of Comparative neurology 327: 535-550.

Matsuda, L. A., Lolait, T. I., Brownstein, M. ]J., Young, A. C. and Bonner, T. I. (1990) “Struc-
ture of a cannabinoid receptor and functional expression of the cloned cDNA,” Nature
346: 561-564.

McAllister, S. D., Griffin, G., Satin, L. S. and Abood, M. E. (1999) “Cannabinoid receptors
can activate and inhibit G protein-coupled inwardly rectifying potassium channels in
a xenopus oocyte expression system,” The Journal of Pharmacology, and Experimental Therapeu-
tics 291: 618-626.

McClean, D. K. and Zimmerman, A. M. (1976) “Action of delta 9-tetrahydrocannabinol on
cell division and macromolecular synthesis in division-synchronized protozoa,” Pharmacology
14: 307-321.

McGregor, I. S., Issakidis, C. N. and Prior, G. (1996) “Aversive effects of the synthetic canna-
binoid receptor agonist CP 55, 940 in rats,” Pharmocology, Biochemistry and Behavior 53: 657-664.

McLaughlin, C. R. and Abood, M. E. (1993) “Developmental expression of cannabinoid
receptor mRNA,” Developmental Brain Research 76: 75-81.

Mechoulam, R. (1999) “Recent advances in cannabinoid research,” Forschende Komplementar-
medizin und Klassische Naturheilkunde 6: 16-20.

Mechoulam, R., Ben-Shabat, S., Hanus, L., Ligumsky, M., Kaminski, N. E., Schatz, N. E.
et al. (1995) “Identification of an endogenous 2-monoglyceride, present in canine gut, that
binds to cannabinoid receptors,” Biochemical Pharmacology 50: 83-90.

Munro, S., Thomas, K. L. and Abu-Shaar, M. (1993) “Molecular characterization of a peripheral
cannabinoid receptor,” Nature 365: 61-65.

Nadler, V., Mechoulam, R. and Sokolovsky, M. (1993) “Blockade of 45Ca®* influx through
the N methyl-D-aspartate receptor ion channel by the non-psychoactive cannabinoid
HU-211,” Brain Research 622: 79-85.

Netzeband, J. G., Conroy, S. M., Parsons, K. L. and Gruol, D. L. (1999) “Cannabinoids enhance
NMDA-elicited Ca®* signals in cerebellar granule neurons in culture,” Journal of Neuro-
science 19: 8765-8777.

O’Dowd, B. F. (1993) “Structures of dopamine receptors,” Journal of Neurochemistry 60: 804-816.

Onaivi, E. S., Chakrabarti, A. and Chaudhuri, G. (1996) “Cannabinoid receptor genes,”
Progress in Neurobiology 48: 275-305.

Onaivi, E. S., Chakrabarti, A., Gwebu, E. T. and Chaudhuri, G. (1995) “Neurobehavioral
effects of delta-9-THC and cannabinoid receptor gene expression in mice,” Behavioural
and Brain Research 72: 115-125.

© 2002 Taylor & Francis



Onaivi, E. S., Stubbs, L., Chakrabarti, A., Chittenden, L., Hurst, D. P., Akinshola, B. E. ¢t al.
(1998) “Murine Cannabinoid receptor genetics,” The FASEB Journal 12(4): A194.

Pan, X., Ikeda, S. R. and Lewis, D. L. (1996) “Rat brain cannabinoid receptor modulates
N-type Ca2+ channels in a neuronal expression system,” Molecular Pharmacology 49:
707-714.

Pettit, D. A., Showalter, V. M., Abood, M. E. and Cabral, G. A. (1994) “Expression of
a cannabinoid receptor in baculovirus-infected insect cells,” Biochemical Pharmacology 48:
1231-1243.

Pfister-Genskow, M., Weesner, G. D., Hayes, H., Eggen, A. and Bishop, M. D. (1997) “Physical
and genetic localization of the bovine cannabinoid receptor (CNR1) gene to bovine chromo-
some 9,” Mammalian Genome 8: 301-302.

Piomelli, D., Beltramo, M., Glasnapp, S., Lin, S. Y., Goutopoulos, A., Xie, X.-Q. et al. (1999)
“Structural determinants for recognition and translocation by the anandamide transporter,”
Proceedings of the National Academy of Sciences of the USA 96: 5802-5807.

Pringle, H. L., Bradley, S. G. and Harris, L. S. (1979) “Susceptibility of Naegleria fowleri to
delta-9-tetrahydrocannabinol,” Antimicrobial agents and Chemotherapy 16: 674-679.

Reibaud, M., Obinu, M. C., Ledent, C., Parmentier, M., Bohme, G. A. and Imperato, A. (1999)
“Enhancement of memory in cannabinoid CB, receptor knockout mice,” European Journal
of Pharmacology 379: R1-R2.

Sanudo-Pena, M. C., Tsou, K., Delay, E. R., Hohman, A. G., Force, M. and Walker, J. M.
(1997) “Endogenous cannabinoids as an aversive or counter-rewarding system in the rat,”
Neuroscience Letters 223: 125-128.

Schatz, A. R., Lee, M., Condie, R. B., Pulaski, J. T. and Kamiski, N. E. (1997) “Cann-
abinoid receptors CB; and CBy: A characterization of expression and adenylate
cyclase modulation within the immune system,” Toxicology and Applied Pharmacology
142: 278-287.

Schuel, H., Goldstein, E., Mechoulam, R., Zimmerman, A. M. and Zimmerman, S. (1994)
“Anandamide (arachidonylethanolamide), a brain cannabinoid receptor agonist, reduces
sperm fertilizing capacity in sea urchins by inhibiting the acrosome reaction,” Proceedings
of the National Academy of Sciences of the USA 91: 7678-7682.

Schuel, H., Schuel, R., Zimmerman, A. M. and Zimmerman, S. (1987) “Cannabinoids reduce
fertility of sea urchin sperm,” Biochemistry and Cell Biology 65: 130-136.

Sepe, N., De Petrocellis, L., Montanaro, F., Cimino, G. and Di Marzo, V. (1998) “Bioactive
long chain N-acylethanolamines in five species of edible bivalve mollusks. Possible
implications for mollusk physiology and sea food industry,” Biochimica et Biophysica Acta
1389: 101-111.

Shen, M., Piser, T. M., Seybold, V. S. and Thayer, S. A. (1996) “Cannabinoid receptor
agonists inhibit glutamatergic synaptic transmission in rat hippocampal cultures,” Journal
of Neuroscience 16: 4322-4334.

Shire, D., Calandra, B., Bouaboula, M., Barth, F., Rinaldi-Carmona, M., Casellas, P. et al.
(1999) “Cannabinoid receptor interactions with the antagonists SR 141716A and SR
144528,” Life Sciences 65: 627-635.

Shire, D., Calendra, B., Rinaldi-Carmona, M., Oustric, D., Pessegue, B., Bonnin-Cabanne, O.
et al. (1996) “Molecular cloning, expression and function of the murine CB, peripheral
cannabinoid receptor,” Biochimica et Biophysica Acta 1307: 132-136.

Shire, D., Carillon, C., Kaghad, M., Rinaldi-Carmona, M., Le Fur, G., Caput, D. ¢t al. (1995)
“An amino terminal variant of the central cannabinoid receptor resulting from alternative
splicing,” Journal of Biological Chemistry 270: 3726-3731.

Sitachitta, N. and Gerwick, W. H. (1998) “Grenadadiene and grenadamide, cyclopropyl-
containing fatty acid metabolites from the marine cyanobacterium Lyngbya majuscula,”
Journal of Natural Products 61: 681-684.

© 2002 Taylor & Francis



Skaper, S. D., Buriani, A., Dal Toso, R., Petrelli, L., Romanello, S., Facci, L. et al. (1996) “The
ALIAmide palmitoylethanolamide and cannabinoids, but not anandamide, are protective
in a delayed postglutamate paradigm of excitotoxic death in cerebellar granule neurons,”
Proceedings of the National Academy of Sciences of the USA 93: 3984-3989.

Slipetz, D. M., O’Neill, G. P, Favreau, L., Dufresne, C., Gallant, M., Gareau, Y. et al. (1995)
“Activation of the human peripheral cannabinoid receptor results in inhibition of adenylyl
cyclase,” Molecular Pharmacology 48: 352-361.

Smart, D., Gunthorpe, M. J., Jerman, |. C., Nasir, S., Gray, J., Muir, A. 1. ¢t al. (2000) “The
endogenous lipid anandamide is a full agonist at the human vanilloid receptor (hVR1),”
British Journal of Pharmacology 129: 227-230.

Soderstrom, K. and Johnson, F. (2000) “CB; cannabinoid receptor expression in brain
regions associated with zebra finch song control,” Brain Research 857: 151-157.

Song, Z. H. and Bonner, T. I. (1996) “A lysine residue of the cannabinoid receptor is
critical for receptor recognition by several agonists but not WIN55212-2,” Molecular
Pharmacology 49: 891-896.

Stefano, G. B., Salzet, B. and Salzet, M. (1997) “Identification and characterization of the leech
CNS cannabinoid receptor: coupling to the nitric oxide release,” Brain Research 753: 219-224.

Steiner, H., Bonner, T. 1., Zimmer, A. M., Kitai, S. T., Zimmer, A. (1999) “Altered gene
expression in striatal projection neurons in CB; cannabinoid receptor knockout mice,”
Proceedings Naionational Academy Sciences 96: 5786-5790.

Strada, C. D., Fong, T. M., Tota, M. R., Underwood, D. and Dixon, R. A. F. (1994) “Structure
and function of G-coupled receptors,” Annual Review of Biochemistry 63: 101-132.

Striem, S., Bar-Joseph, A., Berkovitch, Y. and Biegon, A. (1997) “Interaction of dexanabinol
(HU-211), a novel NMDA receptor antagonist, with the dopaminergic system,” European
Journal of Pharmacology 338: 205-213.

Stubbs, L., Chittenden, L., Chakrabarti, A. and Onaivi, E. S. (1996) “The mouse cannabinoid
receptor gene is located in proximal chromosome 4,” Mammalian Genome 7: 165-166.

Sugiura, T., Kondo, S., Sukagawa, A., Nakane, A., Shinoda, A., Itoh, K. et al. (1995)
“2-Arachidonoylglycerol: A possible endogenous cannabinoid ligand in brain,” Biochemical
and Biophysical Research Communications 215: 89-97.

Szolcsanyi, J. (2000) “Are cannabinoids endogenous ligands for the VRI capsaicin receptor,”
TIPS 21: 41-42.

Terranova, J. P., Michaud, J. C., Le Fur, G. and Soubrie, P. (1995) “Inhibition of long-term
potentiation in rat hippocampal slices by anandamide and WINb55212-2: reversal by
SR141716 A, a selective antagonist of CB; cannabinoid receptors,” Naunyn Schmiedebergs
Archives of Pharmacology 352: 576-579.

Thomasson, H. R., Edenberg, H. J., Crabb, D. W., Mai, X. L., Jerome, R. E., Li, T. K. et al.
(1991) “Alcohol and alcohol dehydrogenase genotypes and alcoholism in Chinese men,”
Americam Journal of Human genetics 48: 677-681.

Turkanis, S. A. and Karler, R. (1988) “Changes in neurotransmitter release at a neuro-
muscular junction of the lobster caused by cannabinoids,” Neuropharmacology 27: 737-742.

Tzschentke, T. M. (1998) “Measuring reward with the conditioned place preference
paradigm: A comprehensive review of drug effects, recent progress and new issues,”
Progress in Neurobiology 56: 613-672.

Ueda, N., Yamanaka, K., Terasawa, Y. and Yamamoto, S. (2000) “An acid amidase hydro-
lyzing anandamide and other N-acylethanolamines,” 2000 Symposium on the cannabinoids,
Burlington, Vermont, ICRS. p. 13.

Valjent, E. and Maldonado (2000) “A behavioral model to reveal place preference to
A%-tetrahydrocannabinol in mice,” Psychopharmacology 147: 436-438.

Valk, P. J. M., Hol, S., Vankin, Y., Ihle, J. N., Askew, D., Jenkins, N. A., Gilbert, D. J., Cope-
land, N. G., DE Both, N. J., Lowenberg, B. and Delwel, R. (1997) “The genes encoding

© 2002 Taylor & Francis



the peripheral cannabinoid receptor and a-L-fucosidase are located near a newly
identified common virus integration site, Evill,” Journal of Virology 71: 6796-6804.

Valverde, O., Ledent, C., Beslot, F., Parmentier, M. and Roques, B. P. (2000) “Reduction of
stress-induced analgesia but not of exogenous opioid effects in mice lacking CB| receptors,”
European Journal of Neuroscience 12: 533-539.

Varga, K., Wagner, J. A,, Bridgen, D. T. and Kunos, G. (1998) “Platelet- and macrophage-
derived endogenous cannabinoids are involved in endotoxin-induced hypotension,”
FASEB Journal 12: 1035-1044.

Vaughan, C. W., McGregor, I. S. and Christie, M. J. (1999) “Cannabinoid receptor activation
inhibits GABAergic neurotransmission in rostral ventromedial medulla neurons in vitro,”
British_Jowrnal of Pharmacology 1277: 935-940.

Wan, M., Cravatt, B. F., Ring, H. Z., Zhang, X. and Franke, U. (1998) “Conserved chromo-
somal location and genomic structure of human and mouse fatty-acid amide hydrolase
genes and evaluation of clasper as a candidate neurological mutation,” Genomics 54:
408-414.

Westlake, T. M., Howlett, A. C., Bonner, T. L., Matsuda, L. A. and Herkenham, M. (1994)
“Cannabinoid receptor binding and messenger RNA expression in human brain: an in
vitro receptor autoradiography and in situ hybridization histochemistry study of normal
aged and Alzheimer’s brains,” Neuroscience 63: 637-652.

Wilson, R., Ainscough, R., Anderson, K., Baynes, C., Berks, M., Bonfield, J. et al. (1994)
“2.2 Mb of contiguous nucleotide sequence from chromosome III of C. elegans,” Nature
368: 32-38.

Yamaguchi, F., Macrae, A. D. and Brenner, S. (1996) “Molecular cloning of two cannabinoid
typel-like receptor genes from the Puffer Fish Fugu rubripes,” Genomics 35: 603-605.

Yea, S. S., Yang, K. H. and Kaminski, N. E. (2000) “Role of nuclear factor of activated T-cells
and activator protein-1 in the inhibition of interleukin-2 gene transcription by cannabinol
in EL4 T-cells,” The Journal of Pharmacology and Experimental Therapeutics 292: 597-605.

Zhuang, S.-Y., Kittler, J., Grigorenko, E. V., Kirby, M. T., Sim, L. J., Hampson, R. E. ¢t al.
(1998) “Effects of long-term exposure to A“-THC on expression of cannabinoid (CB,)
mRNA in different rat brain regions,” Molecular Brain Research 62: 141-149.

Zimmer, A., Zimmer, A. M., Hohmann, A. G., Herkenham, M., Bonner, T. 1. (1999)
“Increased mortality, hypoactivity, and hypoalgesia in cannabinoid CB, receptor knockout
mice,” Proceedings of the National Academy of Sciences of the USA 96: 5780-5785.

Zygmunt, P. M., Petersson, J., Andersson, D. A, Chuang, H.-H., Sorgard, M., Di Marzo, V.
et al. (1999) “Vanilloid receptors on sensory nerves mediate the vasodilator action of anand-
amide,” Nature 400: 452-457.

© 2002 Taylor & Francis



Chapter 2

Cannabinoid therapeutic
potential in motivational
processes, psychological
disorders and central nervous
system disorders

Richard E. Musty

ABSTRACT

Cannabis has been used for medical purposes for centuries. With the discovery of cannab-
inoid receptors, there has been an explosion of research on both natural and synthetic
cannabinoids. This chapter reviews both animal and human research demonstrating the
potential role of cannabinoids in motivational processes and their associated disorders
(hunger, appetite, pain), psychological disorders (anxiety, depression, bipolar disorder,
schizophrenia, alcohol dependence) and central nervous system disorders (vomiting and
nausea, spasticity, dystonia, brain damage, epilepsy). The most likely applications for can-
nabinoid agonists are for the treatment of loss of appetite, pain, anxiety, vomiting, nausea
and epilepsy. The most likely applications for cannabinoid antagonists may be for anxiety,
schizophrenia, spasticity, and dystonia. It is difficult to formulate an hypothesis concerning
the potential treatment of depression, bipolar disorder and alcohol dependence since very
little work has been done with these disorders at this point in time. In addition, one synthetic
cannabinoid may be helpful in the treatment of brain damage. Basic research through clinical
trials is needed to understand the potential application for psychological and central nervous
system disorders.

Key Words: cannabis, cannabinoid, therapeutic, psychological disorders, CNS dis-
orders

Cannabis preparations were used for central nervous system disorders for many
years prior to the 1930s, when these preparations were removed from pharma-
copeias throughout the world. The Dispensatory of the United States of America,
published in 1892 (Wood et al., 1892), listed many indications for medicinal use,
including neuralgia, convulsions, spasms, hysteria (anxiety), “nervous disquietude”,
mental depression, delirium tremens, insanity, pain, and insomnia. Preparation of
an alcoholic extract for prescription is described in the Dispensatory, as well as
dosage recommendations.

The present chapter reviews both animal and human research demonstrating
the potential role of cannabinoids in motivational processes and their associated
disorders (hunger, appetite, pain), psychological disorders (anxiety, depression,
bipolar disorder, schizophrenia, alcohol dependence) and central nervous
system disorders (vomiting and nausea, spasticity, dystonia, brain damage,

epilepsy).
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HUNGER AND APPETITE

Animal studies

McLauglin et al. (1979) tested the effects of cannabinoids on food intake in sheep.
Drugs were administered i.v. A>-tetrahydrocannabinol ( A>THC), d- and l-isomers of
tetrahydrocannabinol and with 9-aza-cannabinol (9AC). At 30 min post-injection,
A’-THC and the d-isomer did not increase food intake, but the l-isomer and 9-AC
increased intake.

Graceffo and Robinson (1998) administered THC (1.0 or 2.0 mg/kg) 30, 60, or
120 min or saline 30 min prior to being placed in the presence of a highly palatable
food (Nilla Wafers soaked in water). Food intake did not differ between doses, but
spontaneous exploration decreased at the 2.0 mg/kg dose of THC at the 60 min
time point. Since motor depression was observed, it is possible that these doses
were too high, thereby not enhancing hunger.

Human studies

Appetite stimulation has been reported anecdotally for years. For patients with
wasting syndrome (e.g. HIV/AIDS, cancer-chemotherapy induced anorexia, anor-
exia nervosa), cannabinoid agonists may have clinical usefulness.

Table 2.1 summarizes the effects of THC on anorexia. In two of the three
studies, patients gained weight. In the Gross study rather large doses were given,
which may have produced sedation as suggested by the fact that patients experi-
enced dysphoria, thus not increasing hunger. Furthermore, the patients suffered
from anorexia nervosa, a condition quite different from weight loss in individuals
associated with HIV/AIDS.

Two additional studies deserve mention. First, in a prospective open label
study, Nelson et al. (1994), administered oral THC (2.5 mg/kg 2 times per day,
1 hour after eating) to terminal cancer patients. Appetite was improved. Second,
in a double blind, placebo controlled study of normal volunteers, Mattes et al.
(1994) found that whether THC, administered by oral capsules, rectal supposit-
ories or smoking, induced stimulation of appetite as well an increase of calories
consumed. Rectal suppositories and oral THC were given at a dosage of 2.5 mg
twice daily. Patients assigned to smoked marijuana had to inhale for 3 sec and
hold the smoke deeply in their lungs for 12sec; this process was continued
until the cigarette was smoked to a stub. The plasma THC levels peaked more
quickly with the inhaled THC but also decreased more quickly; in contrast, the
levels achieved with suppository THC were more sustained. Since the volun-
teers were experienced marijuana users, drug acceptance was good. Efficacy of
the three treatment conditions were not different. Smoked marijuana was no
more effective than suppository THC in stimulating appetite, as measured by
calorie intake.

Appetite-stimulating effects of THC may be beneficial for patients with wasting
related to the acquired immunodeficiency syndrome (AIDS) and those with severe
cancer-related anorexia. The literature contains few studies with objective data on
the use of either pure THC or crude marijuana for appetite stimulation. Future
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Table 2.1 Human studies of THC on hunger

Reference Subjects

Drug and dose

Type of study

Results

Grossetal. (1983) Il patients with primary

anorexia nervosa

Plasse et al. (1991) 10 patients with
AIDS-related diseases
receiving anti-viral
therapy

72 patients with

AlDS-related illness

Beale et al. (1995)

Oral THC 7.5 mg—
30 mg/day Diazepam
3—15 mg/day for 2
weeks

Dronabinol (THC)
2.5 mg tds “as
needed” for 5
months

Dronabinol (THC)
2.5 mg bd Placebo for
6 weeks

Double blind, placebo
controlled

Open trial

Double blind, placebo
controlled

No significant difference in weight gain
between THC and diazepam. More side
effects (dysphoria) with THC

Significant weight gain or reduction of
weight loss compared to pre-treatment

Significant reduction in nausea and weight
loss increased appetite and improved mood
with THC compared to placebo

British Medical Association (1997) © Overseas Publishers Association N.V., with permission from Gordon and Breach Publishers.
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research should examine improved appetite, caloric intake and weight gain, all
necessary to establish the efficacy of the cannabinoids being tested.

PAIN

Analgesia induced by cannabinoid agonists has been repeatedly reported (Segal,
1986). In 1851, Christison reviewed therapeutic applications of cannabis as pain
medication. At that time, tinctures of cannabis were used and he reported its
usefulness in the treatment of rheumatic pain, sciatic nerve pain and tooth pain
(Christison, 1851).

Animal studies

Bicher and Mechoulam (1968) found A’ THC and A®*-THC (i.p.) were about 1/2 as
effective as morphine (s.c.). On three tests of analgesia: the hot plate test, the
acetic-acid writhing test and the tail flick test, Sofia and colleagues (1975) con-
ducted a comparison of the pain relieving effects of A’-THC, a crude marijuana
extract (CME), cannabinol (CBN), cannabidiol (CBD), morphine SO-4 and aspirin
(all p.o). They used acetic-induced writhing, hot plate tests and the Randall-Selitto
paw pressure tests in rats. A>THC and morphine were equipotent in all tests
except that morphine was significantly more potent in elevating pain threshold in
the uninflamed rat hind paw. In terms of A’-THC content, CME was nearly equi-
potent in the hot plate and Randall-Selitto tests, but was 3 times more potent in
the acetic acid writhing test. On the other hand, CBN, like aspirin, was only effect-
ive in reducing writhing frequency in mice (3 times more potent than aspirin) and
raising pain threshold of the inflamed hind paw of the rat (equipotent with
aspirin). CBD did not display a significant analgesic effect in any of the test systems
used. The results of this investigation seem to suggest that both A>THC and CME
possess analgesic activity similar to morphine, while CBN appears to be non-
analgesic at the doses used.

In a recent report, Chichewizc and Welch (1999) found that A°>-THC (20 mg/kg)
and morphine (20 mg/kg) induced analgesia in both vehicle treated and morphine
tolerant mice. In both groups, analgesia was equally effective “indicating that
analgesia produced by the combination is not hampered by existing morphine
treatment (no cross tolerance to the combination)”. Mice were tested with A>-THC
(20 mg/kg) and morphine (20 mg/kg) twice daily for 6.5 days and tested for toler-
ance and on day 8, AS-THC tolerance was observed, but morphine tolerance did
not occur. These results suggest low-dose combinations of A>THC and morphine
might prevent morphine tolerance. The authors conclude that combinations of
these drugs may be useful in chronic pain patients over morphine administration
alone.

Ko and Woods (1999) applied capsaicin (100 mg) locally in the tail of rhesus
monkeys which decreased pain threshold to the tail when exposed to 46° water
causing a tail withdrawal reflex. Which does not occur in the absence of capsaicin.
A%-THC (10-320 mg) was coadministered with capsaicin in the tail to determine
if pain thresholds were decreased. THC reduced pain responses in a dose dependent
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fashion. When SR141716 (10-100mg) was applied to the tail reversal of pain
blockade did not occur, suggesting that topical THC might block pain at the level
of skin receptors. Overall, animal research is very consistent in regard to the anal-
gesic effects of the natural cannabinoids.

Synthetic cannabinoid receptor agonists also have analgesic properties. Wilson
and May (1975) and Wilson et al. (1976) found the following ED50s for synthetic
11-hydroxy- and 9-nor-THC derivatives in mice using the hot plate test. These
were 9-nor-94-OH-THC(1.6),11-hydroxy-A"-THC(1.9) 11-hydroxy-A®-THC (1.9),
A%-THC (8.8) and A®-THC (9.6). Johnson and Melvin (1986) reviewed the dis-
covery of non-classical cannabinoids synthesized by Pfizer. A large number of
variations were tested and the reader is referred to this article for details. The
work culminated in nantrodol as their initial effort to find a potent non-opioid
analgesic. After studies of the stereospecificity of nantrodol, the isomer, levo-
nantrodol was found to be the most potent analgesic. Welch and Stevens (1992)
administered cannabinoid agonists intrathecally in mice and found the following
rank order of antinociceptive potencies: using the tail-flick test was levonantradol
>CP-55,940=CP-56,667 > 11-hydroxy-A’~-THC > A THC > A®*-THC; dextronantra-
dol was inactive at the tested dose ED50s were 0.4, 12.3, 4.2, 15, 45 and 72
micrograms/mouse in the tail-flick test, respectively. Cannabinoid agonist anal-
gesia was not blocked by naloxone, suggesting these compounds do not act on
opioid receptors. Martin et al. (1999) tested intrathecal administration of the CB,
agonist, WIN 55,212-2 using a model of persistent pain (injection of Freund’s
adjuvant in the plantar surface of the rat hindpaw). Withdrawal thresholds were
determined using Von Frey hairs. WIN 55,212-2 decreased paw withdrawal
which was reversed by co-administration of SR141716. Further, Houser et al.
(2000) measured the release of endogenous opioids, dynorphins in the rat
spinal cord, after administration of anandamide (AEA), A’-THC and CP-55,940.
At peak analgesia, both A%-THC and CP-55,940 induced release of dynorphin
A, but AEA did not induce release of dynorphin suggesting a different mechan-
ism of action for the analgesic effects of AEA. Edsall et al. (1996) using an anti-
sense oligodeoxynucleotide ‘knock-down’ technique found that the analgesic
effect of CP-55,940 was not present after the administration of the antisense
oligodeoxynucleotide. Administration of oligodeoxynucleotides which had no
effect on the CB; receptor had no effect on CP-55,940 induced analgesia, sug-
gesting the CB, receptor is necessary for antinociception induced by cannabinoid
agonists.

Endogenous cannabinoids also produce analgesia. Fride and Mechoulam
(1993) found that anandamide (ANA) induced analgesia. Barg et al. (1995) found
that two additional endogenous anandamides, docosatetraenylethanolamide and
homo-gamma-linolenylethanol-amide produced analgesia using the hot plate test.
Walker et al. (1999) stimulated both the dorsal and lateral periaquaductal gray
which was followed by an increase in anandamide release suggesting anandamide
mediates cannabinoid analgesia. Taken together, these studies suggest cannab-
inoid agonists act on brain cannabinoid receptors. At least at the level of the
spinal cord, exogenous cannabinoids contribute to the release of endogenous
opioids. Teasing out the mechanisms of cannabinoid action in antinociception
continues to be an area for further research.
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Dajani et al. (1999) found that 1’,1’-Dimethylheptyl A-tetrahydrocannabinol-11-oic
acid (CT-3) induced analgesia using the tail-clip and hot-plate tests. The potency
of this cannabinoid was similar to morphine sulfate but has a longer duration of
action. Using two routes of administration (i.p. and i.g.) the median effective dose
(ED(50)) was 5 mg/kg. In addition, CT-3 does not induce gastric ulcers acutely at
100 mg/kg or after 30 days of administration at 30 mg/kg. The authors suggest that
clinical testing of CT-3 is warranted based on these findings.

Human clinical studies

Recently, Mikuriya (1999) reported on interviews of 1800 patients who used
marijuana for various medical conditions. Of these patients, he reported that 41%
experienced analgesia following traumatic inflammation induced pain, autoimmune
disorder-induced pain and ideopathic pain. Similarly, Consroe et al. (1997) found
self-reported reductions in pain in patients with multiple sclerosis. Consroe et al.
(1998) found similar self-reported pain reduction in patients with spinal cord
injury. Schnelle et al. (1999) used an anonymous standardized survey of the med-
ical use of cannabis and cannabis products of patients in Germany, Austria and
Switzerland. Data from 128/170 patients were usable. Of these, 5.4% used cannabis
for back pain and 3.6% for headache. Table 2.2 lists human studies of cannabinoid
effects on pain.

Of the anecdotal reports listed, these are consistent with the more recent reports
discussed above. Among the 4 double blind placebo controlled studies, the CB,
receptor agonists A>-THC or levonantradol, lead to significant pain relief, while the
CB, receptor antagonist (Petitet et al., 1998), CBD had no effect. While these stud-
ies had less number of patients, the results are fairly consistent. Taken together
with the results from animal research, it seems clear that more clinical trials are
needed with cannabinoids in order to determine which may have clinical potential.

ANXIETY

Animal studies

Musty et al. (1985) found CBD increased licking for water in the lick suppression
test in a dose related fashion (mg/kg). Equivalent effects were found with the classic
anxiolytic drug diazepam. In an effort to find more potent effects, they tested two
analogs, 2-pinyl-5-dimethylheptyl resorcinol (PR-DMH) and Mono-methyl canna-
bidiol (ME-CBD-2). ME-CBD-2 had anxiolytic activity, but was less potent than
CBD, while PR-DMH had no anxiolytic properities. Of the two active compounds,
both were less potent than diazepam.

In another series of experiments, Musty (1984) found that CBD inhibited the
development of stress-induced ulcers in rats as compared with diazepam, which
produced equivalent reduction in the number of stress-induced ulcers. Guimaraes
et al. (1990) tested rats in the elevated plus maze. In the first test, rats are placed in
a plus shaped maze which is elevated off the floor. Two of the maze arms are
enclosed with walls and two are not. Time spent in the enclosed arms is taken as
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Table 2.2 Human studies on the analgesic effects of cannabis and cannabinoids

Reference

Subjects

Drug and dose

Type of study

Results

Noyes et al. (1975a)

Noyes et al. (1975b)

Raft et al. (1977)

Petro (1980)

Jain et al. (1981)

Lindstrom et al. (1987)

Cited by Consroe and
Sandyk (1992)

Maurer et al. (1990)

Grinspoon and Bakalar
(1993)

10 patients with cancer
pain

36 patients with cancer
pain

10 patients undergoing
extraction of impacted
molar teeth

2 patients with painful
muscle spasms (| spinal
cord injury, | MS)

56 patients with
postoperative pain

10 patients with
chronic neuropathic
pain

| patient with spinal
cord injury

3 patients with various
severe acute/chronic
pain not controlled
with opiates. | patient
with migraine

Oral THC5, 10, 15,
20 mg in random order

Oral THC 10 and 20 mg,
oral codeine 60 and

120 mg

IV THC 0.22 mg/kg and

0.44 mg/kv, IV diazepam
0.157 mg/kg

Cannabis

IM levonantradol
[.5-3mg

Oral cannabidiol

450 mg/day in divided
doses

Oral THC 5 mg, oral
codeine 50 mg, each
given |18 times over 5
months

Smoking cannabis

Double blind, placebo
controlled

Double blind, placebo
controlled

Double blind, placebo
controlled

Open clinical report
Double blind, placebo
controlled

Double blind, placebo
controlled

Anecdotal reports

Significant pain relief with 15 and 20 mg THC
compared to placebo. Drowsiness and
mental clouding common

THC 20 mg and codeine 120 mg gave equivalent
and significant pain relief compared with placebo.
THC caused sedation and mental clouding

No analgesic effects of THC detected. Higher
dose of THC was rated as least effective,
diazepam most effective. 6 subjects preferred
placebo to THC, 4 preferred low dose THC
to placebo

Relief from pain and muscle spasms

Significant pain relief with both doses of
levonantradol compared with placebo Drow-
siness common with levonantradol

No analgesic effect of cannabidiol compared
to placebo. Sedation with cannabidol in 7
patients

THC and codeine alleviated pain to a similar
degree: THC also relieved spasticity

Pain relief reported in all cases allowing
reduction in other analgesics; no “high”
reported

British Medical Association (1997) © Overseas Publishers Association N.V., with permission from Gordon and Breach Publishers.
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a measure of anxiety or fear. Both CBD and diazepam decreased the amount of
time spent in the enclosed arms. Since these studies were conducted, Petitet et al.
(1998) reported CBD is an antagonist of the CB; receptor in the micromolar
range suggesting that CBD may have pharmacological effects as an antagonist of
the CB, receptor.

Since the discovery of the synthetic, highly potent CB; receptor antagonist, SR
141716, by Rinaldi-Carmona, Barth, Heaulme et al., several other studies seem to
support the hypothesis that CB; receptor antagonists have anxiolytic properties.
Onaivi et al. (1998) used two tests of anxiety in mice, the elevated plus maze (as
discussed above) and the two compartment black and white box test. When
administered SR141716, in the elevated plus maze, mice spent more time in the
open arms indicating a reduction of anxiety. In the second test, mice are allowed
to choose to spend time in a two compartment box, one which is white and brightly
lit, the other is black and dimly lit. Time spent in the dark compartment is taken
as an index of anxiety. When administered SR141716A, mice spent more time
in the white, brightly lit compartment indicating a reduction in anxiety. Taken
together, these studies suggest that CB, receptor antagonists have anxiolytic
properties.

Human studies

Consroe et al. (1997) found that anxiety was reduced in 85% of patients, using
cannabis, with multiple sclerosis in a self-report questionnaire. In another self-
report study (Consroe et al., 1998) patients with spinal cord injuries, who used
cannabis, reported similar reductions in anxiety.

In a laboratory setting, when subjects were instructed to smoke marijuana until
they reached their “usual level of intoxication”, regression analysis of a visual analog
scale of the word “anxious” predicted decreased scores on this scale. These data sup-
port the hypothesis that THC has anxiolytic properties at low doses (Musty, 1988).

In normal volunteers, Zuardi el al. (1982) tested the hypothesis that CBD would
antagonize anxiety induced by THC. They used a dose of 0.5 mg/kg of THC for a
1501b (68 kg)/subject which is a rather large dose, exceeding the dose a person
would take for the intoxicating effect of the drug. Subjects report a pleasant high
at 0.25 mg/kg using the same route of administration without an increase in anxiety.
A second study (Zuardi et al., 1993) induced anxiety in normal subjects by having
them prepare a 4 minute speech about a topic from a course they had taken
during the year. They were told the speech would be videotaped for later analysis
by a psychologist. The subject began the speech while viewing his/her image on a
video monitor. Anxiety measures were taken using a visual-analog scale of mood
(anxiety, physical sedation, mental sedation and other feelings, e.g. interested) at
five time points: baseline, immediately before instructions, immediately before the
speech in the middle speech, and after the speech. Heart rate and blood pressure
measures were also taken. The subjects were randomly assigned to one of four
drug conditions: CBD (300 mg), isapirone (5 mg), diazepam (10 mg) or placebo.
CBD, diazepam and isapirone decreased anxiety and systolic blood pressure.
Neither CBD nor isapirone had effects on physical sedation, mental sedation, or
other feelings, but diazepam induced feelings of physical sedation. Based on both
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the evidence from animal and human studies, it seems worthwhile to continue
research on the anxiolytic properties of CB, receptor antagonists.

DEPRESSION

In a study of normal subjects, Musty (1988) found a positive correlation on the
depression scale of the MMPI with feelings of euphoria after smoking marijuana,
while there was no correlation between anxiety (Hysteria Scale) and somatic con-
cerns (Hypochondriasis Scale) with feeling euphoric, suggesting an antidepressive
effect from marijuana use. Schnelle, Grotenhermen, Reif ¢t al. (1999), in a survey
of 128 patients in Germany, 12% reported marijuana use for relief of depression.
Consroe et al. (1997) found that depression was reduced in patients with multiple
sclerosis (who smoked cannabis) using a self-report questionnaire. In another self-
report study (Consroe et al., 1998) of patients with spinal cord injuries similar
reductions in depression were reported. In cancer patients, Regelson (1976) found
THC relieved depression in advanced cancer patients. Finally, Warner and col-
leagues (1994) found reported relief from depression, in a survey of 79 mental
patients. At present, there are very little data supporting the hypothesis that
cannabinoids might relieve depression, but tests of both agonists and antagonists
of the CB, receptor are clearly indicated to test this hypothesis.

BIPOLAR DISORDER

Grinspoon and Bakalar (1993, 1997) presented 6 case studies of people with
bipolar disorder, who used cannabis to treat their symptoms:

Some used it to treat mania, depression, or both. They stated that it was more
effective than conventional drugs, or helped relieve the side effects of those
drugs. One woman found that cannabis curbed her manic rages....Others
described the use of cannabis as a supplement to lithium (allowing reduced
consumption) or for relief of lithium’s side effects.

These clinical observations are important leads to the potential use of cannabinoids for
treating manic depressive disorder and suggest that clinical trials should be conducted.

SCHIZOPHRENIA

Animal studies

Zuardi et al. (1991) tested the effects of CBD and haloperidol in a model which
predicts anti-psychotic activity in rats. Apomorphine induces stereotyped sniffing
and biting. Both drugs decreased the frequency of these behaviors. CBD did not
induce catalepsy, even at very high doses, although haloperidol induced catalepsy.
The authors conclude that CBD has a pharmacological profile similar to the atypical
antipsychotic drugs.
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Musty et al. (2000) tested the effects of the of the CB; receptor antagonist
SR141716 in two animal models of schizophrenia. In the first model, ibotenic acid
lesions of the hippocampus were made in neonatal rats, which results in a brain
degeneration pattern similar to that observed in schizophrenics, as well as abnormal
play behavior in an anxiety-provoking environment. In the second model, ketamine-
induced enhancement of pre-pulse inhibition was tested. In both of these tests,
SR141716 reversed the abnormal behavior. These findings in animal models are con-
sistent with the hypothesis that CB, receptor antagonists have antipsychotic activity.

Human studies

Use of cannabis has been associated with exacerbation of symptoms of schizophrenia
(Negrete et al., 1986), but other reports suggest use of cannabis helped patients
manage their symptoms of schizophrenia. Several studies have shown potential
symptom-relieving effects of cannabis use.

Peralta and Cuesta (1992) studied 95 schizophrenics who had used cannabis in
the last year. They found lower scores in the schizophrenics on delusions and alogia
scales of Andreasen’s Scales for the Assessment of Positive and Negative Symptoms,
suggesting cannabis may affect the negative symptoms of schizophrenia. In a sample
of community-based mentally ill patients (Warner et al., 1994), reported fewer
hospital admissions and fewer symptoms of anxiety, depression and insomnia
among users of marijuana.

Zuardi et al. (1995) reported an experiment in a single case, in which the
patient was being treated with haloperidol. The medication was stopped due to
side effects followed by a return of symptoms, leading to hospitalization. At this
point, the patient was given placebo medication for four days, after which she was
administered CBD (two-doses per day) on an increasing dose schedule to 750 mg/
dose until the 26th day. This was followed by 4 days of placebo and finally by a
return to haloperidol for 4 weeks. Interviews were conducted and videotaped,
which were followed by rating of interviews using the Brief Psychiatric Rating
Scale (BPRS) and the Interactive Observation Scale for Psychiatric Patients (IOSPP).
A psychiatrist rated the patient, blind to treatment conditions on the BPRS and
nurse assistants independently and blind to treatment conditions rated the patient
on the IOSPP. Comparing placebo to the CBD condition, Hostilty-Suspiciousness
dropped by 50% of the BPRS maximum scale score (mss), Thought-Disturbance
decreased by 37.5% of the mss, Anxiety—Depression by 43.7% of the mss, Activation
by 41.6% of the mss, and Anergia decreased by 31.3% of the mss. During 4 days of
placebo, which followed all four scale scores increased somewhat. The patient was
returned to haloperidol treatment and the subsequent scores were close to those
with CBD treatment. This N of 1 experiment demonstrates that antagonists of the
CB, receptor are candidates for testing in human schizophrenia.

ALCOHOL DEPENDENCE

Musty (1984) found CBD, A>-THC and clonidine reduced body tremor and audi-
ogenic seizures during alcohol withdrawal in C57BI6] mice that were forced to
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become alcohol tolerant on a liquid diet containing alcohol. Equivalent reductions
in tremors and seizures were found with clonidine. Grinspoon and Bakalar (1997)
reported two cases of individuals who used marijuana to deal with alcohol
dependence.

VOMITING AND NAUSEA

Table 2.3 shows the results of controlled studies of the effects of THC on nausea
and vomiting (emesis).

A mixed picture emerges from these studies. Of the 10 studies cited, 7/10 demon-
strated that THC was equal to or better than placebo or alternate drug therapies in
suppression of nausea and vomiting. Six states in the USA conducted several studies
of cannabinoid anti-nausea and antiemetic effects in the 1980s. Musty and Rossi (in
press) reviewed these studies using smoked marijuana compared with THC and
other antiemetics or smoked marijuana alone. They found smoked marijuana was
at least as effective as older antiemetics. In Phase III study, 100% efficacy was
reported. In addition, smoked marijuana was preferred by patients who could tol-
erate smoking. Finally, Abrahamov and Mechoulam (1995), in an open-label trial,
gave sublingual A THC to child and adolescent cancer patients and found this
drug to be highly effective against emesis and nausea with almost no side effects.

Table 2.4 shows the effects of oral Nablione on nausea and vomiting. This drug
produced significant decreases in nausea and vomiting over placebo, phencyclid-
ine, or domperidone in all 13 studies cited.

Johnson and Melvin (1986) reviewed the efficacy of levonantradol (LVN) as an
antiemetic in humans. In 12 studies they cited, 343 patients were administered LVN
in a variety of research designs ranging from placebo controlled, randomized,
double-blind studies to open phase II trials. Relief was reported in all of the studies
ranging from partial to complete control of emesis. Some patients withdrew due to
ineffectiveness or adverse reactions. In the phase II trials, LVN was given p.o.
(0.5mg or 1.0mg) with 57% and 72% of patients having partial to complete relief
respectively. The most prominent side effects were somnolence and dysphoria.

Overall, these data suggest cannabinoid agonists can be effective as antiemetic
and anti-nausea drugs. Since the inhalation route gives the patient more control
over the therapeutic effect of the drug, it is clear that alternate routes of adminis-
tration, which would accelerate absorption should be exploited (i.e., sublingual,
rectal or inhaled without smoke). In addition, a variety of natural and synthetic
cannabinoids should be tested.

SPASTICITY

Animal studies

The cannabinoid agonist WIN 55,212-2 relieves symptoms of dystonia in mutant
dystonic hamsters (Richter and Losher, 1994). Cannabidiol attenuates dystonia
and torticollus in mutant rats (Consroe et al., 1988), apomorphine induced turning
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Table 2.3 Selected well controlled studies on the antiemetic effects of THC in patients on cancer chemotherapy

Reference Subjects Drug and dose Type of study Results
Sallan et al. (1975) 22 patients on cancer THC 10 mg/m? db, pc, r, x THC significantly more effective than
chemotherapy, resistant placebo for nausea and vomiting
to standard drugs (patients’ self-report); sedation and
euphoria on THC
Chang et al. (1979) 15 patients on high dose THC 10 mg/m? oral, db, pc, r, x 14 of the |5 patients had decreased
methotrexate 3hrly 17 mg smoking* nausea and vomiting on the THC
compared with placebo
Frytak et al. (1979) 116 Patients with THC 15 mg tds db, pc THC and PCP equally effective, both
gastrointestinal carcinoma PCP 10 mg tds better than placebo. Side effects of THC
on combined 5-fluouracil sometimes intolerable sedation, “high”,
and semustine dysopria, hypotension, tachycardia
Orr and McKernan 55 patients on various THC7 mg/m2 qds db, pc, r, x THC better than PCP, both better than
(r98l) cancer chemotherapy PCP 7 mg/m? qds placebo. THC produced “high” in 82%
Lucas and Laszlo 53 patients on various THC 15mg pc, r THC more effective than standard
(1980) cancer chemotherapy THC 5 mg X 2 standard regimes and placebo
antiemetics
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Chang et al. (1981)

Niedhart et al.
(1981)

Gralla et al. (1982)

Ungerleider et al.
(1982)

Lane et al. (1991)

8 patients on adriamycin
and cyclophosphamide

52 patients on various
cancer chemotherapy

27 patients on cisplatin

214 patients on various
cancer chemotherapy

62 patients on various
cancer chemotherapy

THC 10 mg/m? oral,
17.4 mg smoking*, 3 hrly

THC haloperidol

THC 10 mg/m?
MCP 2 mg/kg IV

THC 7.5-12.5mg 4 hrly
PCP 10 mg 4 hrly

THC (dronabinol)
10 mg qds

PCP 10 mg qds

Both drugs together

db, pc, r
db, pc, r, x
db, pc, r

db, r, x

db, r

THC ineffective compared with placebo

No difference between THC and
haloperidol in nausea and vomiting
MCP better than THC; both better than
placebo for nausea and vomiting

No significant difference between

PCP and THC in control of nausea
and vomiting; more side effects on
THC but preferred by more patients
No nausea and vomiting 51% for THC,
83% for PCP; PCP and THC combined
better than either drug alone

db — double blind; pc — placebo controlled; r — randomized; x — crossover; PCP — prochlorperazine; MCP — metoclopramide; tds — 3 times daily; qds — 4 times daily; * — THC
smoked rather than taken orally if vomiting occurred
British Medical Association (1997) © Overseas Publishers Association N.V., with permission from Gordon and Breach Publishers.
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Table 2.4 Selected well-controlled studies on the antiemetic effects of Nabilone™ in patients on cancer chemotherapy

Reference

Subjects

Drug and dose

Type of study

Results

Nagy et al. (1978)

Herman et al. (1979)

Einhorn et al. (1981)

Jones et al. (1982)

Wada et al. (1982)
Levitt (1982)
Johnannson et al.

(1982)

Ahmedizal et al.
(1983)
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47 patients on cisplatin
combination therapy

| 13 patients on cisplatin,
doxorubicin/
cyclophosphamide, mustine

100 patients on various cancer
chemotherapy

54 patients on various
chemotherapy

| 14 patients on various cancer
chemotherapy

36 patients on various
cancer chemotherapy

I8 patients on various
cancer chemotherapy

26 patients with lung
cancer on cyclophosphmadide,
adrimycin, and etoposide

Nabilone 2 mg 6 hrly
PCP 10 mg 6 hrly

Nabilone 2 mg 6 or 8 hrly
PCP 10 mg 6 or 8 hrly

Nabilone 2 mg 6 hrly
PCP 10 mg 6 hrly

Nabilone 2 mg 6 hrly
Placebo

Nabilone 2 mg bd Placebo

Nabilone (dose not stated)
Placebo

Nabilone 2 mg bd PCP
10 mg bd

Nabilone 2 mg bd PCP
10 mg tds

db, pc, r, x

db, pc, r, x

db, r, x

db, pc, r, x

db, pc, r, x

db, pc, r, x

db, r, x

db, r, x

Nabilone more effective than PCP or placebo
for nausea and vomiting

Nabilone significantly more effective than PCP
or placebo for nausea and vomiting

Nabilone significantly more effective than PCP
for nausea and vomiting, and preferred by 75%
of patients. Lethargy and hypotension with
Nabilone

Significant reduction of nausea and vomiting
with Nabilone compared with placebo. Side
effects common but acceptable (dizziness 65%;
drowsiness 51%)

Nabilone superior to placebo for nausea and
vomiting. Side effects frequent with nabilone but
preferred by more patients

Nabilone superior to placebo for nausea and
vomiting. Side effects frequent with nabilone but
preferred by more patients

Nabilone superior to PCP for nausea and
vomiting. Nabilone preferred to PCP by
patients, despite side effects

Nabilone significantly more effective than PCP
for nausea and vomiting. More side effects
(drowsiness, dizziness) with Nabilone but
preferred by patients



Niiranan and
Mattson (1985)

24 patients on various
chemotherapy

Niederle etal. (1986) 20 patients on cisplatin

Pomeroy et al. 38 patients on various
(1986) cancer chemotherapy

Dalzell et al. (1986) 23 children on various

cancer chemotherapy

Chan et al. (1987) 30 children on various

cancer chemotherapy

Nabilone 2 mg 6 hrly
PCP 15 mg 6 hrly

Nabilone 2 mg 6 hrly
Alizapride 150 mg tds

Nabilone | mg 6 hrly
Domperidone 20 mg 6 hrly

Nabilone 0.5 mg bd or tds
Domperidone 5—-15 mg tds

Nabilone PCP

db, r, x

db, r, x

db, r

db, r, x

db, r, x

Nabilone significantly better than PCP for
nausea and vomiting and preferred by most
patients though more side effects.

Nabilone more effective than alizapride for
nausea and vomiting, though more side effects

Nabilone significantly superior to domperidone
for vomiting episodes

Nabilone more effective than domperidone for
nausea and vomiting though more side effects.
Two-third of children preferred Nabilone

Nabilone was superior to PCP in nausea and
vomiting

db — double-blind; pc — placebo controlled; r — randomized; x — crossover; PCP — prochlorperazine; bd — 2 times daily; tds — 3 times daily
British Medical Association (1997) © Overseas Publishers Association N.V., with permission from Gordon and Breach Publishers.
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in rats with unilateral nigrostriatal lesions and aggressive behavior in an l-pyro-
glutamate-induced model of Huntington’s disease (Conti et al., 1988).

In a recent review of Cannabinoids and Spasticity, Musty and Consroe (in press)
reported:

A%-THC (or A®-THC) was found to reduce histological and clinical features of
experimental autoimmune encephalomyelitis (EAE) and experimental auto-
immune neuritis (EAN) in experimental animals (26, 27, 54). EAE is the com-
monly used animal model for MS, while EAN is a commonly used animal
model for Guillain-Barre Syndrome (Lyman, 1991). A>-THC has immunosup-
pressant effects, presumably by acting on primarily CB, receptors located in
the immune system (Pertwee, 1997). These findings suggest that cannabinoid
receptor agonists might affect the underlying disease process of MS.

Lastly, recent findings (Baker, Pryce, Croxford et al., 2000) have clearly
established that cannabinoid CB, agonists can ameliorate specifically the
signs of spasticity and tremor in an MS animal model (Biozzi ABH mice).
Using the mouse model of chronic relapsing encephalomyelitis, the CB,
agonists, WIN 55121, A9-THC, JW-133 and methanandamide each blocked
spasticity and tremor in the mutant mice. Further, the CB, antagonist drug,
SR 144528, reversed the effect of the CB; agonists and when given alone the
SR 144528 caused an exacerbation of these 2 clinical signs. In addition, treat-
ment with the CB, receptor agonists, palmitoylethanolamide reduced spasti-
city. Since this compound has no actions on the CB, receptor, it is possible
that CB, receptor agonists may have therapeutic potential without intoxicat-
ing effects. These results provide direct evidence that: (a) cannabinoid CB,
agonists can obtund two major clinical signs of MS; (b) endogenously present
anandamide may be tonically active in the control of spasticity and tremor of
MS; and (c) by implication of the results with A9-THC, patient claims of
reduction of spasticity and tremor from marijuana smoking are genuine
pharmacological effects.

HU-211, a non-psychoactive cannabinoid that has anti-inflammatory properties,
was administered to rats with experimental autoimmune EAE. The symptoms
EAE were reduced after administration. Histological examination of the brain and
spinal cord revealed a decrease in inflammation in this model (Achiron et al., 2000).

Human studies

Reviews and critiques of the clinical literature on spasticity effects have been
published (Consroe and Snider, 1986; Consroe and Sandyk, 1992; Pertwee, 1987).
Scott Imler, who managed one of the cannabis buyers clubs in California illus-
trates:

I have a videotape of a quadriplegic whose legs are bucking and bouncing.
A couple of puffs and the spasms stop cold. ... Our quad members tell us this
happens every morning: They wake up with knees in their mouths, stiff as
a board, and two or three pulffs later, their muscles relax. .. (Musty et al., 1998).
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Table 2.5 summarizes studies which have been conducted with smoked mari-
juana, A>-THC and nabilone in patients with Multiple Sclerosis.

Among anecdotal reports and the questionnaire study, patients report
improvement of symptoms of their MS. In the only study in which patients
smoked marijuana, posture and balance was impaired in all. Of the 3 studies
using oral THC in patients with MS, most patients reported subjective relief of
symptoms, but a smaller number of patients showed objective improvement in
symptoms. In the n of 1 study with Nabilone™, improvement was observed.
Due to the very small number of patients in these studies, it is difficult to draw
any final conclusion concerning the efficacy of oral THC in MS patients. Given
the fact that animal studies have shown specific pharmacological effects in com-
bination with these human studies, further testing of cannabinoids is certainly
warranted.

Table 2.6 summarizes studies of cannabinoids in patients with spinal cord of
injury. While these studies are rather small, ranging from n of 1, to open label and
double blind the results are consistent suggesting further research on the effects of
symptoms associated with spinal cord injury are needed.

EPILEPSY

Animal studies

There are many studies which show that A>THC can induce seizures at high
doses. This literature has been reviewed by Consroe and Snider (1986). A°>-THC,
AB-THC, A’-THC acids, cannabinol, and CBD raise electroshock induced seizure
thresholds in mice (Consroe and Snider, 1986). Further, metabolites of A>-THC,
also reduce seizure thresholds (11-hydroxy-A’THC, 8-hydroxy-A’THC and
8-dihydroxy-A°-THC). Synthetic analogs also reduce thresholds (9-nor-A®*-THC,
1,2 dimethylheptyl isomers of *'THC, 9-nor-9 hydroxy-hexahydro-cannabinol
and 9-nor-9 hydroxy-hexahydro-cannabinol. Several CBD analogs are also active,
i.e., those with a 1,2 dimethylheptyl side chain of the resorcinal moiety and the
+ isomer of CBD. These later CBD analogs have somewhat greater potency than
the parent homologs. Further, CBD analogs have the greatest protective index[PI]
(Toxic Dosey/Effective Dose;,). Interestingly, CBD has a PI comparable to classic
anti-epileptic drugs (Phenytoin, phenobarbital and carbamazpine) which are
effective against grand mal and partial seizures. Seizures are commonly induced
chemically by pentylentetrazol (PTZ). In mice, A>THC, A>-THC and the THC
metabolites 11-hydroxy-A’-THC and 11-0x0-A®-THC reduce the incidence of
tonic convulsions. Lethal outcomes were also reduced. In genetically susceptible
animals, the literature is mixed, but CBD has been shown to be effective in more
strains than it has not. Cannabidiol has been shown to decrease convulsions in
mice (Consroe and Snider, 1986). In addition, cannabinoids have been shown
to have anti-seizure and anti-convulsant effects in a variety of species and para-
digms (Consroe and Snider, 1986). Leite et al. (1982) also demonstrated () and
(+) isomers of CBD and CBD dimethylheptyl homologs have anti-convulsant
activity.
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Table 2.5 Studies on the effects of cannabis and cannabinoids in multiple sclerosis (MS)

Reference Subjects Drug and dose Type of study Results

Petro and 9 patients with MS Oral THC 5, 10 mg, Double blind, placebo Significant reduction in objective spasticity scores
Ellenberg single doses controlled overall after THC; one patient improved objectively
(1981) after placebo, three patients subjectively improved,

Clifford (1983) 8 Patients with MS

Ungerleider etal. |3 patients with MS

(1987)

Meinck et al. | patient with MS
(1989)

Greenberg et al. 10 patients with MS
(1994) 10 normal controls
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Oral THC 5-15mg
6 hrly, up to I18h

Oral THC 2.5 mg once
or twice daily for 5 days

Smoking cannabis, dose
not stated, single dose
Smoking cannabis
(1.54% THC) single
dose

Single blind, placebo
controlled

Double blind, placebo
controlled

Open trial

Double blind, placebo
controlled

two of these objectively improved. Minimal
psychoactive effects

5 patients showed mild subjective but not objective
improvement in tremor and well being after THC.

2 patients showed subjective and objective improve-
ment in tremor, but not inataxia or other symptoms.
All experienced a “high” after THC; 2 became dysphoric

Significant subjective improvement in spasticity at
doses of 7.5 mg THC and above, but no change in
objective measurements of weakness, spasticity,
coordination, gait or reflexes. Side effects in 12
patients on THC and 5 patients on placebo

Improvement in tremor, spasticity and ataxia

Cannabis impaired posture and balance in all
subjects, causing greater impairment in MS patients.
No other objective neurological changes but
subjective improvement in some patients



Martyn et al.
(1995)

Consroe et al.
(1997)

Grinspoon and
Bakalar (1993),
Davies (1992),
Doyle (1992),
Ferriman
(1993),
Handscombe
(1993),
Hodges
(1992, 1993),
James (1993)

| patient with MS

112 patients with
MS in UK and USA

~10 patients with
MS

Oral nabilone Img
every second day for 2
periods of four weeks

Smoking cannabis,
dosage unknown

Smoking or oral
cannabis, dosage not
known

Double blind, placebo
controlled

Questionnaire survey
(48% response rate from
223 questionnaires)

Anecdotal reports

Improvement in general well-being, muscle spasms
and frequency of nocturia with nabilone. Mild
sedation but no euphoria with nabilone

Improvement in muscle spasms and pain, depression,
tremor, anxiety, paraesthesiae, weakness, balance,
constipation. No information on adverse effects

Increased well being, improvement of walking,
appetite, breathing, bladder control, and relief of
muscle spasms

British Medical Association (1997) © Overseas Publishers Association N.V., with permission from Gordon and Breach Publishers.
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Table 2.6 Studies on the effects of cannabis and cannabinoids in spinal cord injury and movement disorders

Reference Subjects Drug and dose Type of study Results
Dunn and Davis 10 patients with a range Cannabis Patient survey of 5/8 noted improvement in spasticity, 4/9
(1974) of problems arising from perceived effects noted improvements in phantom limb pain,
spinal cord injury 1/9 noted worsening of bladder spasms and
2/10 worsening of urinary retention
Petro (1980) 2 patients; | with spinal Cannabis Open clinical report Relief from pain and muscle spasms
cord injury; | with MS
Malec et al. (1982) 24 patients with spinal Cannabis Questionnaire survey 21 of 24 who had used cannabis reported

Maurer et al. (1990)

Consroe et al.
(1997)

Sandyk and
Awerbach (1988)

Frankel et al. (1990)

Consroe et al.
(1991)

cord injuries
| patient with spinal cord

injury

5 patients with various
dystonias

3 patients with Tourette’s
syndrome

5 patients with
Parkinson’s disease

|5 patients with
Huntington’s disease

Oral THC 5mg, oral
codeine 50 mg, placebo,
each given |8 times
over 5 months

Oral cannabidol,
100-600 mg/day over

6 weeks

Cannabis smoking

Cannabis cigarette (2.9%
THC) diazepam 5mg
oral, levodopa/carbi-
dopa, (25 mg/25 mg) oral,
apomorphine |-5mg s.c.
on consecutive days
Oral cannabidol 10 mg/
kg/day for 6 weeks

(53% response rate from
48 questionnaires)
Double blind, placebo
controlled

Open trial

Case reports

Open study

Double blind, placebo
controlled

decrease in spasticity

THC and codeine alleviated pain to a similar
degree; THC had a additional beneficial
effect on spasticty

20-50% improvement in dystonia, in all
cases, but exacerbation of tremor and
hypokinaesia in 2 patients with co-existing
Parkinsonism

Alleviation of motor tics reported by
patients; authors suggest that effects due to
anxiolytic action of cannabis

Improvement in tremor with levodopa and
apomorphine; no improvement in any
disability with cannabis or diazepam

No benéeficial effects

British Medical Association (1997) © Overseas Publishers Association N.V., with permission from Gordon and Breach Publishers.
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Human studies

Grinspoon and Bakalar (1997, 1998) presented 3 case studies of people with epilepsy,
who used cannabis to treat their symptoms. Schnelle ¢z al. (1999) found, in a survey
of 128 patients in Germany, 3.6% reported marijuana use for relief of epilepsy.

Table 2.7 presents a summary of cannabinoids in epilepsy. Of the 3 controlled
studies, mixed results were obtained, but it seems that CBD has some potential to
control epilepsy. One study warrants a detailed discussion. Cunha et al. (1980)
studied 15 patients with secondary generalized epilepsy with temporal lobe foci.
They were tested in a double-blind two group procedure with CBD. Patients
remained on the anti-epileptic drug which they were receiving for the duration of
the study. Doses given were 200-300 mg of CBD in gelatin capsules. Patients were
in the study from a minimum of 6 weeks to 18 weeks. One week prior to begin-
ning administration, the placebo group had a median of 4.5 focal convulsions and
a median of 1 (range 1-3) generalized convulsion(s) per week and the CBD group
had a median of 6.5 focal convulsions and a median of 2.5 (range 1-4) generalized
convulsion(s) per week. Each week patients were rated on a clinical efficacy scale,
where 0=total absence of convulsions and self-reported improvement; 2 =subjective
self improvement; 3=no reduction in convulsions and no self-reported improve-
ment. Over the total drug phase for each subject the placebo group had a median
rating of 3 (6 rated 3 and 1 rated 0) and the CBD treated group had a median
rating of 1.6 (4 rated 0, 2 rated 2 and 1 rated 3). No side effects occurred in any of
the patients. These data, at least support the hypothesis that CBD could be used as
an adjunctive drug to current drug treatment. Due to the small sample size, further
clinical trials are warranted.

BRAIN DAMAGE FROM HEAD INJURY, EXCITOTOXINS,
ISCHEMIA, INFECTION AND POISON

A nonpsychotropic cannabinoid, HU-211, has cerebroprotective effects. HU-211
(Dronabinol) is a synthetic, nonpsychotropic cannabinoid, which has been shown
to act as a noncompetitive N-methyl-D-aspartate (NMDA) receptor antagonist
(Shohami et al., 1993). These authors administered HU-211 1, 2 and 3 h after
closed head injury in anesthetized rats. The drug reduced blood-brain barrier
breakdown and improved motor functions on beam walking and balancing tasks.
Raising NMDA and glutamate levels in the brain leads to neuronal death. Nadler
et al. (1993) exposed cultured neurons to these neuromodulators and treated them
with HU-211 which reduced cell death in a dose-related manner. The authors
suggest HU-211 may be neuroprotective against the toxicity of these neuromodu-
lators. In a similar study, the excitotoxins NMDA, quisqualate, AMPA or kainate
were administered to neuronal cultures (Eshhar et al., 1993). HU-211 was found to
protect neurons from NMDA and quisqualate, but not from after administration
of HU-211. Occlusion of the middle cerebral artery in rats was used to produce
cerebral ischemia in rats by Leker et al. (1999). When HU-211 was administered,
infarct volumes were reduced compared with control rats. Gallily et al. (1997) dem-
onstrated HU-211 provided protection against septic shock after Escherichia coli
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Table 2.7 Human Studies on the effects of cannabis and cannabinoids in epilepsy

Reference Subjects Drug and dose Type of study Results
Keeler and Reifter | patient with generalized epilepsy  Smoking cannabis (7 occasions Case report Cannabis appeared to
(1967) over 3 weeks) precipitate convulsions after
a 6-month fit-free period
without medication. Causal
relationship not clear
Consroe et al. | patient with generalized Smoking cannabis 2-5 times daily =~ Case report Unsatisfactory control on

(1975)

Cunha et al. (1980)

Ames and Cridland
(1986)

Trembly and
Sherman (1990)
(Conference
report cited by
Consroe and
Sandyk 1992)

Grinspoon and
Bakalar (1993)

epilepsy poorly controlled on
standard drugs

I5 patients with generalized
epilepsy poorly controlled on
standard drugs; 16 healthy
volunteers

12 epileptic patients not
controlled on standard drugs

|0 patients with generalized, focal
or complex partial epilepsy poorly
controlled on standard drugs.

| patient with epilepsy

| patient with complex partial
seizures; | patient with generalized
absence attacks

while continuing standard
medication

Oral cannabidiol 200-300 mg/day
to standard therapy in patients.
Oral cannabidiol 3 mg/kg/day vs.
placebo in controls. Treatment
for 4.5 months in both patients
and controls

Oral cannabidiol 200-300 mg/day
for 4 weeks

Oral cannabidiol 300 mg/day for 6
months in addition to standard
drugs. Oral cannabidiol
900-1200 mg/day for 10 months

Smoking cannabis

Double blind, placebo
controlled

Double blind, placebo
controlled

Double blind, placebo

controlled.
Open trial

Anecdotal reports

standard medication; no
further fits while also smoking
cannabis

Cannabidiol improved
control in 7 of 8 patients;

| of 7 patients improved on
placebo. Somnolence
reported by 4 patients on
cannabidiol. No psychotropic
or neurological effects of
cannabidiol noted in controls
No significant effect of
cannabidiol on seizure
frequency

No effect of cannabidiol on
seizure pattern or frequency.
Reduction of seizure frequency
while on cannabidiol

Cannabis appeared to alleviate
seizures in both patients

British Medical Association (1997) © Overseas Publishers Association N.V., with permission from Gordon and Breach Publishers.
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055:B5 inoculation by decreasing lethality in mice. In vitro, HU-211 induced sup-
pression of tumor necrosis factor alpha and nitric oxide production by both mouse
and rat macrophages after Escherichia coli 055:B5 exposure. Brain damage may be
affected by reactive oxygen species (ROS). Shohami et al. (1997) reported HU-211
acts as an antioxidant and may reduce brain damage through this mechanism. In
a study of soman induced seizures in the rat, HU-211 had no effect, but reduced
median lesion volume 86% when administered 5 min and 81.5% when adminis-
tered 40 min postsoman. Histological examination showed less pyriform cortex
damage (Filbert et al., 1999). In sum, these animal studies suggest the HU-211 has
properties which seem to reduce brain inflammation from closed head injury, endo-
genous excitotoxins, cerebral ischemia, bacterial infection and neurotoxic poisons.

Finally, Striem et al. (1997) found HU-211 interacts with the dopaminergic system,
in addition to its NMDA antagonist effects and anti-oxidant effects. In vitro HU-211,
enhanced the conversion of [3H]adenine to cyclic AMP. In catalepsy tests, HU-211
decreased the catalepsy induced by D1, D2 and non-selective dopamine receptor
antagonists. Further research on the interactions with the dopaminergic system
are needed to establish what role HU-211 might have.

Human studies

Pharmos (Huggett, 2001) has completed phase I and Phase II clinical trials of HU-211
in patients with traumatic head injury. The phase II trial was a double blind, placebo
controlled, randomized study of 101 patients. Although they reported data analysis is not
final, they found significant reduction in intracranial pressure and maintenance of sys-
tolic blood pressure, as well as a greater number of patients able to resume normal life.

CONCLUSION

This review has suggested that cannabinoids may be useful in the treatment of
many disorders. The most likely applications for cannabinoid agonists are for the
treatment of loss of appetite, pain, anxiety, vomiting, nausea and epilepsy. The most
likely applications for cannabinoid antagonists may be for anxiety, schizophrenia,
spasticity, and dystonia. It is difficult to formulate an hypothesis concerning the
potential treatment of depression, bipolar disorder and alcohol dependence since
very little work has been done with these disorders at this point of time.

Another possibility is that mixtures of agonists and antagonists might be useful
since it has been demonstrated that CBD attenuates the psychoactivity of THC
(Karniol and Carlini, 1973; Karniol et al., 1974). At present, GW Pharmacueticals
has launched a series of animal and human research studies, using extracts from
cloned cannabis plants which have different amounts of cannabinoids in them to
test this hypothesis using a sublingual route of administration.

In addition, the recent Institute of Medicine report (Watson et al., 2000) recom-
mended:

Clinical trials of marijuana use for medical purposes should be conducted under
the following limited circumstances: trials should involve only short-term use
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(less than six months), should be conducted in patients with conditions for
which there is reasonable expectation of efficacy, should be approved by insti-
tutional review boards, and should collect data about efficacy.

Research with smoked marijuana could reveal differential effects of the mul-
tiple cannabinoids in the plant as compared with the effects of testing pure
compounds. At present, however, it is unlikely this type of research will be done,
since a supply of cannabis with different ratios of cannabinoids is not readily
available to the research community even though cloned plant extracts have
been developed.

Since the discovery of the CB; and CB, receptors and endogenous cannabinoid
ligands, the potential for development of synthetic drugs seems possible. Several
drugs seem to have some potential and are under intensive study, as discussed
above: the CB; and CB, receptor anatagonist SR141716 (Sanofi-Synthelabo), HU-
211 (Pharmos) and CT-3 (Atlantic Pharmaceuticals).
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Chapter 3

Marijuana addiction and CNS
reward-related events

Eliot L. Gardner

ABSTRACT

The reward substrates of the central nervous system (CNS) consist of: (1) a core dopam-
inergic/enkephalinergic neural system synaptically interconnecting the ventral tegmental
area, nucleus accumbens, and ventral pallidum, and which appears to mediate reinforcement;
(2) a glutamatergic neural network originating in the frontal cortex and deep temporal
lobe, which feeds into the core dopaminergic/enkephalinergic system and which appears to
mediate aspects of reward-related incentive motivation; and (3) additional neural inputs — which
use many different neurotransmitters, including 5-hydroxytryptamine (serotonin), gamma-
aminobutyric acid (GABA), and dynorphin - into the core dopaminergic/enkephalinergic
system, which appear to regulate additional aspects of reward. These complex and inter-
related systems are strongly implicated in drug addiction, and in such addiction-related
phenomena as withdrawal dysphoria and craving. These systems are also implicated in
the pleasures produced by such natural rewards as food and sex. On the basis of more
than 15 years of work, cannabinoids are now known to activate these CNS substrates
and influence reward-related behaviors. From these actions, presumably, derive both the
addictive potential of cannabinoids and possible clinical benefit in mood disorders such as
depression.

Key Words: addiction, brain stimulation, cannabinoid, cannabis, central nervous system,
CNS, dependence, dopamine, drug abuse, ICSS, marijuana, medical forebrain bundle,
microdialysis, nucleus accumbens, place preference, reinforcement, reward, self-administra-
tion, ventral tegmental area

INTRODUCTION

At present, the field of cannabinoid pharmacology is witnessing extraordinary
advances. None of these advances are more dramatic than those relating to our
understandings of cannabinoid action on the central nervous system (CNS) and
behavior (Murphy and Bartke, 1992; Pertwee, 1995; Mechoulam et al., 1996; Felder
and Glass, 1998; Piomelli et al., 1998). In the CNS, cannabinoids act through a
specific G protein-coupled cannabinoid receptor (the CB, receptor) (Howlett et al.,
1990; Martin et al., 1994) which has been characterized at the molecular level
(Matsuda et al., 1990). Like most other neurotransmitter or neuromodulator recep-
tors, this receptor shows a heterogeneous distribution in the CNS, but appears to be
especially dense in the basal ganglia, hippocampus, and cerebellum (Herkenham
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et al., 1991a). Of relevance to CNS reward substrates (see below), the CB, receptor
is found in moderate density in the ventral striatum, including the nucleus accum-
bens (Moldrich and Wenger, 2000), and in moderate-to-high density in the ventral
mesencephalon. As noted by Childers and Breivogel (1998), cannabinoid receptor
density is extremely high compared to other G protein-coupled receptors in the
CNS, so even areas with relatively low levels of cannabinoid receptors may have
relatively high levels compared to other G protein-coupled receptors. A large
number of CB; receptor agonists have been developed (Duane Sofia, 1978;
Makriyannis, 1993; Melvin et al., 1993, 1995; Eissenstat et al., 1995; Ryan et al., 1995;
Tius et al., 1995; Xie et al., 1995, 1996; Bloom et al., 1997), as well as at least one
highly selective and potent CB, receptor antagonist (Rinaldi-Carmona et al., 1995).
Other compounds with CB, antagonist activity may also exist (see, e.g. Fernando
and Pertwee, 1997; Felder et al., 1998), together with at least one compound that
appears to display inverse agonist properties at the CB, receptor (Landsman ez al.,
1998). At least two endogenous ligands bind to cannabinoid receptors and fulfill
classical requirements for identification as neurotransmitters or neuromodulators
— arachidonyl ethanolamide (anandamide) (Devane et al., 1992; Mechoulam et al.,
1996; Sugiura et al., 1996) and 2-arachidonylglycerol (2-AG) (Mechoulam et al.,
1995, 1996; Sugiura et al., 1995; Stella et al., 1997). Additional anandamide-like
endogenous ligands may also exist in the CNS, creating an entire class of
“endocannabinoid” neurotransmitters or neuromodulators (Mechoulam et al.,
1994; Barg et al., 1995). Non-anandamide-like endogenous cannabinoid ligands
are also thought to exist in the CNS (Evans et al., 1994; Childers and Breivogel,
1998).

As pointed out by Mechoulam (1986), cannabinoids constitute one of humanity’s
most ancient classes of psychoactive substance. Among the reasons for this long
and sustained use is the fact that cannabinoids produce a dose-dependent euphoric
high, which in natural cannabinoid preparations such as marijuana and hashish
appears to derive from the psychoactive constituent A%-tetrahydrocannabinol
(A%-THC). Other subjective effects may also contribute to the addictive liability of
cannabinoids, but the euphorigenic property is the single pharmacological effect
which cannabinoids share with other addictive drugs (Gardner, 1992, 1997, 1999,
2000; Gardner and Lowinson, 1991; Gardner and Vorel, 1998; Gardner and David,
1999). Upwards of 20 million people are current marijuana users in the United
States, and approximately 50% of American teenagers have used marijuana by the
time they complete 12th grade (MacCoun and Reuter, 1997). These figures would
not be troubling were it not for credible evidence that, among teenagers (especially
those with conduct disorder, attention deficit/hyperactivity disorder, or major
depression), progression from first marijuana use to dependent marijuana use is
as rapid as the progression from first tobacco use to tobacco dependence, and
significantly more rapid than that for alcohol (Crowley et al., 1998). Approximately,
10% of regular marijuana and hashish users, and 25% of heavy users, meet strict
diagnostic criteria for drug dependence (Anthony et al., 1994; Hall et al., 1994),
and actual physical dependence on cannabinoids is well documented (Crowley
et al., 1998). Most troublingly, a significant percentage of heavy cannabis users
suffer lingering adverse health consequences (Hall et al., 1994; Pope and Yurgelun-
Todd, 1996).
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ESSENTIAL COMMONALITIES OF ADDICTIVE DRUGS

Millions of chemicals are listed in such standard compendia as Chemical Abstracts,
yet only a few score of these have addictive liability. Those with addictive liability
have neither chemical nor classical pharmacological commonalities. For example,
the chemical structures of opiates (e.g. heroin) do not in the least resemble those
of the psychostimulants (e.g. cocaine, amphetamines), and the classical pharmaco-
logical actions of opiates (e.g. analgesia, sedation) do not in the least resemble
those of the psychostimulants (e.g. arousal, locomotor activation, anxiety). In fact,
for decades it was not clear that any commonalities existed amongst drugs with
addictive potential. However, in recent years it has become evident that the essential
commonality is a drug-induced enhancement of CNS reward functions (for reviews,
see Gardner, 1997, 2000; Gardner and David, 1999), which appears to have face
validity in view of the fact that most human drug addicts report that their first
drug use was “to get high.” The evidence for this enhancement of CNS reward
substrates is several-fold: (1) almost without exception, drugs with addictive liability
enhance electrical brain-stimulation reward or lower CNS reward thresholds
(Wise, 1980, 1984; Kornetsky, 1985; Gardner, 1997; Wise, 1998); (2) almost without
exception, drugs with addictive liability enhance basal neuronal firing and/or basal
neurotransmitter release in CNS reward circuits (Di Chiara and Imperato, 1988;
Wise and Rompré, 1989; Gardner, 1997; Wise, 1998); (3) laboratory animals work
for microinjections of addicting drugs into CNS reward loci, but not into other
CNS loci (Phillips and LePiane, 1980; Bozarth and Wise, 1981a; Goeders and Smith,
1983; Hoebel et al., 1983; Goeders et al., 1984; Gardner, 1997); (4) neuropharmaco-
logical blockade of CNS reward circuits markedly inhibits the rewarding proper-
ties of self-administered addictive drugs (Jonsson, 1972; Johanson et al., 1976;
Yokel and Wise, 1976; de Wit and Wise, 1977; Woolverton, 1986; Gardner, 2000);
(5) lesions of CNS reward circuits markedly inhibit the rewarding properties of
self-administered addictive drugs (Lyness e/ al., 1979; Bozarth and Wise, 1981b;
Roberts and Koob, 1982; Spyraki et al., 1983; Gardner, 2000). Thus, CNS reward
enhancement is the single essential commonality of drugs possessing addictive liability,
and such drugs act on CNS reward substrates to produce the subjective “high”
that drug users seek (for reviews, see Wise and Rompré, 1989; Gardner, 1997,
2000; Wise, 1996a; Wise, 1998; Gardner and David, 1999). Furthermore, aberra-
tions within these CNS reward circuits appear to confer vulnerability to drug
addiction and dependence (Nestler, 1993; Self and Nestler, 1995; Blum et al.,
1996; Nestler et al., 1996; Koob and Le Moal, 1997; Kreek and Koob, 1998).

CNS REWARD SUBSTRATES

The reward substrates of the CNS consist of: (1) a core dopaminergic/enkephalinergic
neural system associated with the medial forebrain bundle — which synaptically
interconnects the ventral tegmental area, nucleus accumbens, and ventral pallidum,
and which appears to directly mediate reinforcement; (2) a glutamatergic neural
network originating in the frontal cortex and deep temporal lobe (especially the
amygdala), which feeds into the core dopaminergic/enkephalinergic system and which
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appears to mediate aspects of reward learning and reward-related incentive moti-
vation; and (3) additional neural inputs — which use a variety of neurotransmitters,
including 5-hydroxytryptamine (serotonin), gamma-aminobutyric acid (GABA), and
dynorphin — into the core dopaminergic/enkephalinergic system, which appear to
regulate additional aspects of reward. These three component systems will be briefly
discussed in turn. However, it must be emphasized that these are exceedingly com-
plex neural systems, and a detailed analysis is beyond the present scope. Interested
readers are referred to recent reviews by Gardner (1997, 2000) and Wise (1998).

The core dopaminergic/enkephalinergic reward system

The core reward system of the CNS consists of an “in-series” (Wise and Bozarth, 1984)
set of neural circuits, interconnected with one another and running for a major
portion of its length within the medial forebrain bundle (Gardner, 1997). “First-
stage” reward neurons originate in the anterior bed nuclei of the medial forebrain
bundle, a diffuse set of anterior ventral limbic forebrain nuclei. “First-stage”
reward neurons run posteriorly within the medial forebrain bundle in a myelinated
moderately fast-conducting pathway of unknown neurotransmitter type, and synapse
on “second-stage” dopamine (DA) neurons in the ventral tegmental area of the
ventral midbrain. “Second-stage” DA neurons run anteriorly within the medial fore-
brain bundle, and synapse on “third-stage” enkephalinergic neurons in the nucleus
accumbens of the anterior limbic forebrain. “Third-stage” neurons run a compar-
atively short distance — carrying the reward signal one link farther — to the ventral
pallidum. The “second-stage” DA neurons relevant to reward functions appear to
constitute only a portion of the total mesoaccumbens DA projection from ventral
tegmental area to nucleus accumbens. The “third-stage” pathway comprises a large
set of output neurons of the nucleus accumbens. The “first-stage” reward neurons
appear preferentially activated by electrical brain-stimulation reward. The “second-
stage” neurons appear preferentially activated by drugs with addictive potential —
enhancing CNS reward functions and producing the pleasurable “high” sought by
drug addicts. The “third-stage” neurons appear critical for the expression of reward-
related behaviors. The “first-stage,” “second-stage,” and “third-stage” components
of the system are interlinked by extensive reciprocal neural interconnections. In
addition to the “third-stage” enkephalinergic neurons, another nucleus accumbens
output pathway — the medium spiny output neurons which use gamma-aminobutyric
acid (GABA) as their neurotransmitter — may constitute yet another CNS reward
final common output path, in which the critical reward event is inhibition of the
GABAergic medium spiny neurons (see, e.g. Carlezon and Wise, 1996).

The glutamatergic synaptic inputs to the core
reward system

The ventral tegmental area receives substantial glutamatergic inputs from both
the medial prefrontal cortex (Sesack and Pickel, 1992) and amygdala (Wallace
et al., 1992). In quite parallel fashion, the nucleus accumbens also receives substan-
tial glutamatergic inputs from both the medial prefrontal cortex (Tarazi and
Baldessarini, 1999) and amygdala (Kelley et al., 1982; Groenewegen et al., 1991).
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These glutamatergic inputs modulate DA within the core reward system (e.g.
Floresco et al., 1998) and appear crucial to the mediation of a variety of reward
and reward-related functions. The glutamatergic feeds from medial prefrontal
cortex appear particularly implicated in mediating the development of drug-induced
sensitization (Cador et al., 1999; Li et al., 1999), a neural process believed by some
workers to underlie the development of addictive patterns of drug use. The
glutamatergic feeds from the amygdala (especially the basolateral amygdala)
appear particularly implicated in mediating aspects of reward learning and the
incentive motivational processes that may underlie drug craving and relapse
(Cador et al., 1989; Everitt et al., 1989; Everitt et al., 1991; Robbins and Everitt,
1992; Robbins and Everitt, 1996; Hitchcott et al., 1997; Hitchcott and Phillips, 1997,
1998a, 1998b). The present author and his colleagues have recently shown that
electrical stimulation of the basolateral amygdala triggers relapse to drug-taking
behavior (Hayes et al., 1999), and Grimm and See (2000) have elegantly shown
that temporary inactivation of the basolateral amygdala by intra-amygdaloid
microinjections of tetrodotoxin eliminates the relapse to drug-taking behavior that
is normally triggered by environmental cues formerly associated with the drug-
taking habit.

Additional synaptic inputs to the core reward system

There are several additional neural inputs to the core reward system that may
modulate drug reward by modulating DA function within the core system.
GABAergic efferents from the nucleus accumbens form a feedback loop to the
ventral tegmental area, and nucleus accumbens medium spiny GABAergic neurons
also project to other GABAergic neurons synaptically linked to both the accum-
bens and ventral tegmental area (Alexander and Crutcher, 1990; Kalivas et al.,
1993; Van Bockstaele and Pickel, 1995). Endogenous opioid peptidergic neurons
also provide synaptic regulation of core mesoaccumbens DA function and of the
accumbens-ventral pallidal projection (Alexander and Crutcher, 1990; Heimer and
Alheid, 1991; Zahm and Brog, 1992; Kalivas et al., 1993; McGinty, 1999). Both the
ventral tegmental area and the nucleus accumbens also receive serotonergic
inputs, and manipulation of these serotonergic inputs appears to modulate reward
functions. In fact, serotonergic lesions appear to make cocaine more rewarding
(Loh and Roberts, 1990). Cocaine is also rendered more rewarding by fluoxetine-
induced acute enhancement of forebrain serotonergic levels, which — in turn -
may inhibit serotonergic cell firing by stimulation of serotonergic autoreceptors
(Chen et al., 1996). Congruent with this is the observation that microinfusion of
the serotonin agonist 8-OH-DPAT into the dorsal raphé nucleus — which produces
autoreceptor-mediated inhibition of serotonergic cell firing — potentiates the
rewarding effects of electrical brain-stimulation reward (Fletcher et al., 1995). It is
also now recognized that the core mesoaccumbens reward system receives a
substantial modulatory cholinergic input (Oakman et al., 1995), which would
appear to have relevance for nicotine-induced reward.

It would be a serious misstatement to convey the impression that these CNS
reward substrates are either anatomically or functionally simple. Indeed, a very
large body of experimental evidence (for reviews, see Gardner, 1997, 2000)
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suggests that these reward-related systems are functionally heterogeneous — with
some neurons encoding reward magnitude per se while others encode expectancy
of reward, errors in reward-prediction, prioritized reward, and other more com-
plex aspects of reward-driven learning and reward-related incentive motivation.
However, it seems equally clear that one of the primary functions of those reward
substrates is to compute hedonic tone and neural “payoffs,” that this computation
takes place in large measure within the circuits delineated above, that the “second-
stage” DA component is the common site of action for addictive drugs (and is cru-
cial to their addictive features), that drug reward per se and drug potentiation of
electrical brain-stimulation reward have common mechanisms, and that electrical
brain-stimulation reward and the pharmacological rewards of addictive drugs are
habit-forming because they act in the CNS circuits that subserve more natural, bio-
logically significant rewards (Wise, 1996b; Shizgal, 1997).

Very importantly, the “second-stage” DA component of these CNS reward sub-
strates appears to be the crucial convergence upon which drugs with euphorigenic
properties and/or addictive potential (regardless of chemical structure or pharma-
cological category) act to enhance neural reward functions, subjective experience
of reward, and reward-related behaviors.

CANNABINOID EFFECTS ON CNS REWARD
SUBSTRATES

Although cannabinoids have been claimed to be devoid of interaction with CNS
reward substrates, that position is not tenable. In fact, cannabinoids interact with
CNS reward substrates in a manner strikingly analogous to that of other addictive
drugs.

Cannabinoid effects on electrically-induced CNS reward

Self-delivered electrical stimulation of CNS reward circuits (through surgically
implanted electrodes deep in the brain) provides a very direct in vivo assay of drug
effects on reward substrates. More than a full decade ago, the author’s research
group showed that A THC enhances brain-stimulation reward in laboratory rats
(Gardner et al., 1988a). These experiments were carried out using a two-lever
“auto-titration” threshold-measuring quantitative electrophysiological brain-
stimulation technique, in which experimental animals indicate their threshold for
brain-stimulation reward in terms of microamperes of current delivered to the tip
of the implanted electrode. Low doses of A>THC (1.5 mg/kg intraperitoneally)
significantly enhanced brain-stimulation reward (lowered reward thresholds) in
the medial forebrain bundle (Gardner et al., 1988a; Gardner and Lowinson, 1991).
More recently, we repeated these experiments using a different quantitative
electrophysiological brain-stimulation reward threshold paradigm — one based on
rate-frequency curve-shift electrophysiological trade-off functions (Gardner et al.,
1995; Lepore et al., 1996). Again, low A°-THC doses (1.0 mg/kg i.p.) significantly
enhanced electrical brain-stimulation reward (lowered reward thresholds), especially
in Lewis strain rats, a strain long-recognized as sensitive to the reward-enhancing
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effects of addictive drugs (George and Goldberg, 1989; Guitart et al., 1992; Kosten
et al., 1994).

Cannabinoid effects on neuronal activity in CNS
reward loci

It is well established that some addictive drugs (e.g. opioids, nicotine) enhance
mesoaccumbens DA reward substrates by enhancing the firing rate of the
“second-stage” DA neurons within these reward substrates (see, e.g. Gysling and
Wang, 1983; Grenhoftet al., 1986). To assess whether cannabinoids act similarly,
several research groups have combined cannabinoid administration in laborat-
ory animals with in vivo single-neuron electrophysiological recording techniques.
With one exception (Gifford et al., 1997), the findings are that A>THC and the
potent synthetic cannabinoids WIN-55212-2 and CP-55940 enhance neuronal
firing of DA neurons in forebrain reward substrates (French, 1997; French et al.,
1997; Gessa et al., 1998). The effect is seen in mesoaccumbens DA neurons, and
also in the adjacent nigrostriatal and mesoprefrontal DA neurons (French et al.,
1997; Diana et al., 1998; Gessa et al., 1998). The enhanced DA firing is more
pronounced in “second-stage” DA reward neurons than in other forebrain DA
neurons (French et al., 1997), which is congruent with the known preferential
action of addictive drugs for the “second-stage” DA reward neurons as com-
pared to other CNS DA neurons (Di Chiara, 1995; Pontieri et al., 1995; Di Chiara
and Imperato, 1986; Gardner, 1997). The effect is blocked by the selective CB,
cannabinoid receptor antagonist SR-141716A (French, 1997; Diana et al., 1998;
Gessa et al., 1998). In a small number of mesoprefrontal DA neurons, canna-
binoid administration did not increase basal firing rate. Instead, cannabinoid
administration to those neurons increased neuronal burst firing (Diana et al.,
1998), a firing pattern which dramatically increases DA release at axon terminals
(Overton and Clark, 1997).

Two other research teams (Miller and Walker, 1995; Tersigni and Rosenberg,
1996) have used single-neuron recording techniques to study cannabinoid effects
on the neostriatal outflow neurons — extraordinarily enriched with cannabinoid
receptors (Herkenham ez al., 1991a; Herkenham et al., 1991b; Jansen et al., 1992;
Mailleux and Vanderhaeghen, 1992; Matsuda et al., 1993) — that synapse into the
ventral mesencephalon near the “second-stage” DA reward cell fields. Both teams
found that systemic injections or local microinjections of the cannabinoid agonists
WIN-55212-2 or CP-55940 increased firing rates in substantia nigra pars reticu-
lata neurons. Tersigni and Rosenberg (1996) also found that local microinjections
of the selective CB; antagonist SR-141716A decreased basal firing of those neu-
rons, suggesting that they are under tonic cannabinoid regulatory control. Miller
and Walker (1995) found that the cannabinoid agonist WIN-55212-2 inhibited
electrical activation of substantia nigra pars reticulata neurons, and that this effect
was reversed by GABA antagonism. An inferential extrapolation from these data
would be the suggestion that cannabinoid receptors on axon terminals in the ventral
tegmental area may produce neuronal disinhibition by inhibiting GABA release —
a mechanism similar to that subserving opioid and nicotine activation of the “second-
stage” DA reward neurons.
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Cannabinoid effects on synaptic dopamine in CNS
reward loci

In vitro effects

A large number of published studies have addressed cannabinoid effects on DA
function in forebrain reward loci using i vitro biochemical measurements. This is a
large corpus of published work spanning more than 20 years, and a detailed analysis
is beyond the present scope. In summary, though, a remarkable consistency
emerges from this work: (1) cannabinoids (at doses relevant to human use) enhance
DA synthesis, release, and turnover (Hattendorf et al., 1977; Bloom and Dewey,
1978; Bloom and Kiernan, 1980; Bloom, 1982; Kumar et al., 1984; Patel et al., 1985;
Bowers and Hoffman, 1986; Sakurai-Yamashita et al., 1989; Rodriguez de Fonseca
et al., 1992; Bonnin et al., 1993; Navarro et al., 1993a, 1993b; Jentsch et al., 1997,
1998); and (2) cannabinoids inhibit DA reuptake in CNS reward loci (Banerjee et al.,
1975; Hershkowitz and Szechtman, 1979; Poddar and Dewey, 1980).

In vivo effects

Almost 15 years ago, the author’s research group — using in vivo brain microdialysis —
reported that A> THC enhances extracellular DA overflow in forebrain reward loci
(Ng Cheong Ton and Gardner, 1986). Subsequent work, both by the author’s group
(Ng Cheong Ton et al., 1988; Chen et al., 1989, 1990a, 1990b; Gardner and Lowin-
son, 1991; Gardner, 1992) and others (e.g. Taylor e al., 1988; Tanda et al., 1997), has
confirmed those original reports. The DA-enhancing effect is tetrodotoxin-sensitive,
calcium-dependent, and is blocked both by the opiate antagonist naloxone and the
cannabinoid CB, antagonist SR-141716A (Chen et al., 1990b; Gardner and Lowin-
son, 1991; Gardner, 1992; Tanda et al., 1997). The in vivo DA-enhancing effect of
cannabinoids is seen not only in the nucleus accumbens but also in other reward-
relevant forebrain DA terminal projection loci, including medial prefrontal cortex
(Chen et al., 1990a) and neostriatum (Ng Cheong Ton et al., 1988; Taylor et al., 1988).
Within the nucleus accumbens, the DA-enhancing effect occurs preferentially within
the “shell” anatomical sub-domain (Tanda et al., 1997), an important finding in view
of the accumbens shell’s specialization for mediating drug-enhanced CNS reward
functions (Pontieri et al., 1995; Gardner, 1997). The author’s research group has also
used an additional technique for obtaining i vivo measurements of extracellular DA
in forebrain reward loci — voltammetric electrochemistry — and seen significant
cannabinoid enhancement of extracellular DA (Ng Cheong Ton et al., 1988). Thus,
despite one negative report (Castaneda et al., 1991), the preponderance of evidence
from several different laboratories and using two different in vivo neurochemical
techniques is that cannabinoids enhance extracellular DA in forebrain reward loci.

Genetic variation in cannabinoid effects on CNS
reward substrates

As reviewed by George and Goldberg (1989), genetic influences have long been
known to be significant determinants of drug self-administration at both the
human and animal levels.
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At the human level, evidence from family, twin, and adoption studies all
support a substantial genetic component in both initial vulnerability to drug
addiction and in continued drug dependence (for review, see Uhl et al., 1995).
As vulnerability to drug addiction at the human level does not follow clear
Mendelian patterns of inheritance, most genetic studies in the field have been
association studies — statistical correlations between an inherited condition and
polymorphisms occurring in strong candidate genes (Lander and Schork, 1994;
Elston, 1995). Given the wealth of animal research data on the importance of
DA CNS reward mechanisms in drug addiction, polymorphisms in genes that
regulate DA neurotransmission have been considered prime candidates as
vulnerability factors for addiction (Koob and Bloom, 1988). A meta-analysis of
published studies supports a positive association between drug and alcohol addic-
tion and DA D, receptor polymorphisms (Uhl et al., 1994).

At the animal level, genetic influences contribute heavily to both drug prefer-
ence and propensity for drug self-administration (George, 1987; Suzuki et al.,
1988; George and Goldberg, 1989; Guitart et al., 1992; Kosten et al., 1994). In
fact, some inbred animal strains generalize their increased vulnerability from
one addictive drug class to others, supporting the concept that generalized
poly-drug addiction has a genetic component (see, e.g. George and Meisch,
1984; Khodzhagel'diev, 1986; George, 1987) and suggesting, in turn, that some
genetically inbred animal strains may have a generalized vulnerability to drug-
induced reward. The Lewis strain rat is notable in this regard. Lewis rats
appear to be inherently drug-seeking and drug-preferring as compared to rats
of other strains. Lewis rats work harder for psychostimulant and opiate self-
administration, place-condition more readily to opiates and cocaine, and volun-
tarily drink ethanol more readily — all in comparison to rats of other strains
(Suzuki et al., 1988; George and Goldberg, 1989; Guitart et al., 1992). To see if
cannabinoid effects on CNS reward substrates are subject to similar genetic
variation, the author’s research group compared A’-THC'’s effects on electrical
brain-stimulation reward thresholds in drug-preferring Lewis rats, drug-neut-
ral Sprague-Dawley rats, and drug-resistant Fischer 344 rats. We found that
A%-THC produces robust enhancement of brain-stimulation reward in drug-
preferring Lewis rats, moderate enhancement of brain-stimulation reward in
drug-neutral Sprague-Dawley rats, and no enhancement of brain-stimulation
reward in drug-resistant Fischer 344 rats (Gardner et al., 1988b; Gardner et al.,
1989a; Gardner et al., 1995; Lepore et al., 1996). We also compared AS-THC’s
effect on nucleus accumbens DA - using in vive brain microdialysis — in Lewis,
Sprague-Dawley, and Fischer 344 rats. We found that A~ THC produces robust
enhancement of nucleus accumbens DA in drug-preferring Lewis rats, moder-
ate enhancement in drug-neutral Sprague-Dawley rats, and no enhancement in
drug-resistant Fischer 344 rats (Gardner ef al., 1989a; Chen et al., 1991). We
believe that these data — from two different laboratory paradigms, one electro-
physiological and one neurochemical — strongly support the concept that can-
nabinoid effects on CNS reward substrates are strongly influenced by genetic
variables. We have further suggested (Lepore et al., 1996) that significant
genetic variations may also exist for other cannabinoid-induced pharmacolo-
gical actions.
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CANNABINOID WITHDRAWAL EFFECTS ON CNS
REWARD SUBSTRATES

Whereas administration of addictive drugs produces enhancement of electrical
brain-stimulation reward and mesoaccumbens DA, withdrawal from such drugs
produces inhibition of electrical brain-stimulation reward and depletion of DA in
CNS reward loci (see, e.g. Kokkinidis ez al., 1980; Cassens et al., 1981; Schaefer and
Michael, 1986; Frank et al., 1988; Kokkinidis and McCarter, 1990; Parsons ef al.,
1991; Robertson et al., 1991; Pothos et al., 1991; Rossetti et al., 1992; Schulteis et al.,
1994; Spanagel et al., 1994; Wise and Munn, 1995). Based on such findings, eleva-
tions in brain-stimulation reward thresholds and DA depletion in CNS reward sub-
strates have been proposed as the underlying neural basis for post-drug-use
anhedonia and drug craving (Dackis and Gold, 1985; Koob et al., 1989; Markou and
Koob, 1991). As noted by Wise and Munn (1995), “dopamine depletion and...
attendant subsensitivity of the reward system offers a withdrawal symptom that
may be more significant for drug self-administration than classic [physical
withdrawal]...symptoms” and “subsensitivity of the reward system...is more
obviously linked to the habit-forming property of drugs rather than to correlated
side effects.” Importantly, since elevations in brain-stimulation reward thresholds
and correlated DA depletion in CNS reward substrates — unlike physical withdrawal
symptoms — offer a set of withdrawal symptoms common to opiates, psychostimulants,
and ethanol, they may constitute the long-sought common denominator for addiction.
Koob and colleagues have proposed yet another common denominator of with-
drawal from addictive drugs — elevations of corticotropin-releasing factor (CRF) in
the central nucleus of the amygdala (Merlo Pich et al., 1995; Koob, 1996). This is a
provocative hypothesis, since the amygdala has been suggested to mediate neural
substrates of fear and anxiety (Le Doux et al., 1988; Davis, 1992) and - as noted
above — to mediate neural substrates of an emotional memory system that facilitates
stimulus-reward learning (Cador et al., 1989; Everitt et al., 1989; Gaffan, 1992) and
drug-seeking behavior (Hiroi and White, 1991; White and Hiroi, 1993).
Cannabinoids appear to interact with these CNS substrates of drug withdrawal in a
fashion strikingly similar to that shown by other addictive drugs. The present author
has reported that significant elevations in brain-stimulation reward thresholds (i.e.,
inhibition of CNS reward substrates) are seen during acute withdrawal from low doses
of A>-THC (Gardner and Lepore, 1996; Gardner and Vorel, 1998). And Rodriguez
de Fonseca and colleagues (1997) have shown that acute cannabinoid withdrawal is
accompanied by marked CRF elevations in the central nucleus of the amygdala, with
maximal CRF elevations correlated with maximal cannabinoid withdrawal signs.
These data suggest that cannabinoid withdrawal — at least with respect to effects on
CNS reward substrates — is strikingly similar to that seen with other addictive drugs.

ENDOGENOUS CNS OPIOID INVOLVEMENT IN
CANNABINOID EFFECTS ON CNS REWARD
SUBSTRATES

As noted earlier in this review, endogenous CNS opioid peptide systems constitute an
integral component of the reward substrates of the CNS. Indeed, some would
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argue that the opioid peptide components are as important as the DA components
in the overall neural computation of reward. As to cannabinoid-opioid linkages,
cannabinoid CB; receptors are co-localized with mu opioid receptors in the
nucleus accumbens (Navarro et al., 1998). Furthermore, cannabinoids and opioids
appear to interact at the level of their signal transduction mechanisms (Thorat and
Bhargava, 1994), with both cannabinoid receptors and opioid receptors being cou-
pled to similar postsynaptic intracellular signaling mechanisms involving activation
of G; proteins and consequent inhibition of adenylyl cyclase and cAMP production
(Childers et al., 1992). Endogenous CNS opioid involvement in cannabinoid effects
on CNS reward substrates is thus an exciting and rapidly developing domain of
investigation.

Cannabinoid effects on endogenous CNS opioid systems

Effects on endogenous CNS opioid receptors

A full 15 years ago, the present author’s research group reported that cannabinoids
alter in vitro opioid receptor binding in both membrane-bound and solubilized
partially purified preparations of rat CNS opioid receptors (Vaysse et al., 1985,
1987). We found that A>THC produces a dose dependent inhibition of mu and
delta opioid receptor binding, but does not alter kappa opioid, sigma, DA, or mus-
carinic acetylcholine receptors (Vaysse et al., 1985, 1987; Gardner and Lowinson,
1991; Gardner, 1992). When subjected to Scatchard analyses, the mu opioid receptor
binding data indicated that A>THC produces a significant decrease in receptor
density with no change in receptor affinity, consistent with a noncompetitive
mechanism for cannabinoid inhibition of mu opioid receptors. Studies of A>THC
on solubilized, partially purified opioid receptors revealed similar findings (Vaysse
et al., 1987; Gardner and Lowinson, 1991; Gardner, 1992). On the basis of these
findings, we suggested as early as 1985 that A>THC produces a direct allosteric
modulation of the opioid receptor complex rather than a nonspecific perturbation
of the membrane lipid bilayer (Vaysse et al., 1985). We also compared the potencies
of a large number of cannabinoids to inhibit mu opioid receptor binding, and found
a good correlation with psychoactive potency at the human level (except for
a lower-than-expected potency for 11-hydroxy-A>THC and a greater-than-
expected potency for cannabidiol) (Vaysse et al., 1987; Gardner and Lowinson, 1991;
Gardner, 1992). A caveat is warranted. Although we repeated our experiments,
replicated our findings, and are confident of our results, Ali and colleagues (1989)
were unable to find similar effects in a somewhat analogous experiment.

Effects on endogenous CNS opioid neurotransmitters

Acute A>-THC administration in adult rats produces increased CNS methionine-
enkephalin levels (Kumar and Chen, 1983). Chronic A’ THC administration in adult
rats produces increased methionine-enkephalin-like immunoreactivity and increased
beta-endorphin-like immunoreactivity in the preoptic area and mediobasal hypo-
thalamus (Kumar et al., 1984). Subchronic A>THC administration in newborn rat
pups produces elevated methionine-enkephalin and beta-endorphin levels in the
anterior hypothalamus/preoptic area and in the mediobasal hypothalamus (Kumar
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et al., 1990). Subchronic A>-THC administration in adult rats produces increased
mRNA levels for pro-opiomelanocortin, the precursor for the opioid neurotrans-
mitter beta-endorphin (Corchero et al., 1997a), and also for pro-enkephalin and pro-
dynorphin, the precursors for the opioid enkephalins and dynorphins, respectively
(Corchero et al., 1997b), although none of these findings was in CNS reward areas.
More relevant to CNS reward substrates, pro-enkephalin mRNA levels in the nucleus
accumbens are elevated in animals given subchronic administration of the potent
synthetic cannabinoid CP-55940 (Manzanares et al., 1998). On the other hand,
nucleus accumbens pro-enkephalin mRNA was unchanged following subchronic
A%-THC or R-methanandamide (although the latter two cannabinoids did increase
pro-enkephalin mRNA in other CNS areas) (Manzanares et al., 1998). Other
inconsistencies include findings by Kumar et al. (1986) that perinatal A’ THC
decreases methionine-enkephalin-like and beta-endorphin-like immunoreactivity in
the anterior hypothalamus/preoptic area while increasing them in the mediobasal
hypothalamus, and a report that A THC has no effect on endogenous CNS
opioid levels (Ali et al., 1989).

ENDOGENOUS OPIOID MEDIATION OF CANNABINOID
EFFECTS ON CNS REWARD SUBSTRATES

As noted above, acute enhancement of CNS reward substrates appears to be the
single essential commonality of drugs with addictive potential. Strikingly, this drug-
induced enhancement of CNS reward substrates is blocked or attenuated by such
highly specific and selective opiate antagonists as naloxone and naltrexone. This
holds not only for addictive drugs of the opiate class but also for non-opiates such
as ethanol, amphetamines, cocaine, barbiturates, benzodiazepines, and phencyclidine
(for review, see Gardner, 1997). Such findings — from dozens of laboratories over a
span of more than 20 years — clearly implicate endogenous opioid mechanisms in
mediating the rewarding actions of such drugs. To determine whether cannabinoid-
induced enhancement of CNS reward substrates might be similarly blocked or
attenuated by opiate antagonists, the author’s research group carried out a series of
experiments using both electrical brain-stimulation reward and in vivo brain microdi-
alysis (Chen et al., 1989; Gardner et al., 1989b; Chen et al., 1990b; Gardner et al.,
1990a; Gardner and Lowinson, 1991; Gardner, 1992). We found that the selective
opiate antagonist naloxone, at doses low enough to preclude nonspecific action on
other neurotransmitter systems, significantly attenuated A~THC’s enhancement
of electrical brain-stimulation reward (Chen et al., 1989; Gardner et al., 1989b;
Gardner and Lowinson, 1991; Gardner, 1992). We also found that naloxone, again
at doses low enough to preclude nonspecific action on other neurotransmitter
systems, significantly attenuated A THC’s enhancement of nucleus accumbens
DA (Chen et al., 1990b; Gardner ¢t al., 1990a; Gardner and Lowinson, 1991; Gardner,
1992). More recently, Tanda et al. (1997) independently confirmed our in vivo
brain microdialysis findings. Importantly, though, Tanda et al. (1997) also showed
that the selective ;1 opiate receptor antagonist naloxonazine duplicates the nalox-
one blockade - implicating the yx; opiate receptor subtype in mediating canna-
binoid effects on CNS reward substrates. These findings by our group and by
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Tanda and colleagues are congruent with an older report that naloxone attenuates
A%-THC’s augmentation of CNS DA synthesis measured in vitro (Bloom and
Dewey, 1978). On the other hand, French (1997) did not observe any naloxone
attenuation of A>THC’s augmentation of ventral tegmental area DA neuronal
firing rates. The reason for this discrepancy is not clear.

ENDOGENOUS CNS CANNABINOID INVOLVEMENT
IN OPIOID EFFECTS ON CNS REWARD SUBSTRATES

Since endogenous CNS opioid mechanisms are so clearly involved in mediating at
least some cannabinoid effects on CNS reward substrates, it might logically be
asked whether endogenous CNS cannabinoid systems are involved in mediating
opioid effects on CNS reward substrates. There is little work addressing this pos-
sibility, but the few published studies are highly provocative to this reviewer’s
mind, notably the facts that morphine’s rewarding properties and its ability to
enhance nucleus accumbens DA are both markedly reduced in knockout mice
lacking the CB,; cannabinoid receptor (Ledent et al., 1999; Mascia, 1999; Cossu
et al., 2001). In contrast, CB; receptor knockout mice retain their normal responses
to the rewarding effects of cocaine, d-amphetamine, and nicotine — as assessed by
intravenous self-administration (Cossu et al., 2001). Furthermore, CB; receptor
knockout mice also retain their normal responses to the DA-enhancing effects of
cocaine, as assessed by in vivo brain microdialysis (Mascia et al., 1999).

NEURAL AND SYNAPTIC MODELS OF CANNABINOID
ACTION ON CNS REWARD SUBSTRATES

From the evidence reviewed above, and from other data, it is possible to generate
hypotheses concerning: (1) where cannabinoids act to alter CNS reward substrates;
(2) how cannabinoids act to alter CNS reward substrates; and (3) integrated models
of cannabinoid action on CNS reward substrates.

Sites of cannabinoid action on CNS reward substrates

As noted above, different addictive drugs enhance reward by acting at different
sites within the reward substrates of the CNS. Nicotine, ethanol, benzodiazepines,
and barbiturates appear to act — transsynaptically — within somatic and dendritic
regions of the “second-stage” DA neurons in the ventral tegmental area; cocaine,
amphetamines, and dissociative anesthetics appear to act primarily on the axon
terminal projections of the “second-stage” DA neurons within the nucleus accum-
bens. Opiates act on reward substrates within the ventral tegmental area, nucleus
accumbens, and ventral pallidum (Gardner, 1997). The site(s) of cannabinoid
action on CNS reward substrates has been addressed in several ways — some direct
and some inferential. One of the direct ways used in the present author’s laboratory
has been to study the effects of local intracranial cannabinoid microinjections on
DA levels in the nucleus accumbens as measured by in vivo brain microdialysis

© 2002 Taylor & Francis



(Chen et al., 1993). In those studies, we found that direct microinfusions of A>THC
into the nucleus accumbens dose-dependently enhanced accumbens DA levels. We
also found that direct microinjections of A>-THC into the ventral tegmental area
dose-dependently enhanced local somatodendritic DA release within the ventral
tegmental area, but did not enhance nucleus accumbens DA levels (Chen et al.,
1993). This suggests that locally-applied ventral tegmental area A>-THC does not
alter local DA neuronal firing, and further suggests that the elevated nucleus
accumbens DA levels and enhanced brain-stimulation reward produced by systemic
cannabinoid administration result from local pharmacological action at or near the
“second-stage” DA axon terminals in the nucleus accumbens. However, as noted
above, systemic cannabinoid administration does enhance the neuronal firing of
the “second-stage” DA reward neurons (French, 1997; French et al., 1997; Gessa
et al., 1998). Furthermore, intracranial microinjection of the p; opioid antagonist
naloxonazine directly into the ventral tegmental area attenuates cannabinoid-induced
enhancement of nucleus accumbens DA levels (Tanda et al., 1997). In addition —
and puzzlingly — systemic naloxone (at doses high enough to block endogenous CNS
opioid mechanisms) does not inhibit A> THC’s enhancement of “second-stage” DA
neuronal firing in the ventral tegmental area-nucleus accumbens axis (French,
1997). To this reviewer, this combination of findings is frankly puzzling, as it is by
no means clear why local CNS microinjections of an opioid antagonist should
attenuate the cannabinoid effects, while systemic administration of an opioid
antagonist (at doses clearly high enough to enter the CNS and affect local CNS
circuits) fails to do so. However, trusting that all of these findings are correct, one
is forced to surmise that cannabinoids enhance DA in the nucleus accumbens
“second-stage” DA terminal projection area by acting at a combination of CNS
loci: (1) within the nucleus accumbens — by acting on a neuronal mechanism closely
linked to axon terminal DA release; (2) within the ventral tegmental area — by
acting on an endogenous opioid mechanism not linked to activation of neuronal
firing, but rather linked to mechanisms of DA synthesis, transport, and/or release;
and (3) also within the ventral tegmental area — by acting on a non-endogenous-
opioid mechanism linked to activation of “second-stage” DA neuronal firing.
While this combination of putative cannabinoid sites of action is somewhat complex,
it is hardly beyond possibility. Drugs acting on the CNS often act at multiple sites;
indeed, more often than not. That cannabinoids should share such complexity is
not surprising, at least to this reviewer.

Mechanisms of cannabinoid action on CNS reward
substrates

Just as different addictive drugs act at different sites of action within the CNS to
enhance reward substrates, so too do different addictive drugs enhance reward
substrates by acting through different mechanisms. Amphetamines (and probably
some phencyclidine-like dissociative anesthetics) act as presynaptic DA releasers,
cocaine as a presynaptic DA reuptake blocker, opiates and nicotine as transsynaptic
enhancers of DA neuronal firing, and other addictive drugs by yet other mechan-
isms (for review, see Gardner, 1997). The mechanisms of action by which cannabin-
oids alter reward have been addressed using a variety of experimental approaches.
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As noted in the previous section on CNS sites of cannabinoid action, studies using
local intracerebral A’ THC microinjections have led to the conclusion that a major
cannabinoid site of action on CNS reward substrates is proximal to the “second-
stage” DA axon terminals in the nucleus accumbens (Chen et al., 1993). As also
noted above, A>THC’s enhancement of DA in the nucleus accumbens is calcium-
dependent and tetrodotoxin-sensitive (Chen et al., 1990b; Gardner and Lowinson,
1991; Gardner, 1992), implicating an action potential-dependent mechanism.
Additional studies carried out in the present author’s laboratory — using in vivo
voltammetric electrochemistry to study the electrochemical profile of A>-THC’s
enhancement of DA overflow in forebrain reward DA axon terminal loci — indicate
that A>THC’s electrochemical “signature” resembles that of a DA reuptake blocker
rather than a presynaptic DA releaser (Ng Cheong Ton et al., 1988). Additional
experiments have also shed light on the question of neural mechanism(s). First,
the author’s research group has studied the effects of various combinations of
A%-THC and the DA antagonist haloperidol on nucleus accumbens DA using
i vivo brain microdialysis (Gardner et al., 1990b). The rationale for these experiments
was the following — impulse-induced facilitation of DA release is known to underlie
a synergy between DA antagonists and DA reuptake blockers (Westerink et al.,
1987). We found that acute pretreatment with the DA antagonist haloperidol has
a synergistic effect on acute A>-THC’s enhancement of DA in the nucleus accum-
bens, and acute A’-THC pretreatment before haloperidol has a similar synergistic
effect on acute haloperidol’s enhancement of DA in the nucleus accumbens (Gardner
et al., 1990b). Tetrodotoxin perfused locally into the nucleus accumbens abolished
this synergy between A~ THC and haloperidol (Gardner et al., 1990b). Since this
type of synergistic effect on DA typifies the effect produced by co-administration of
a DA antagonist and a DA reuptake blocker such as GBR-12909 (Shore et al., 1979;
Westerink et al., 1987), our findings of such a synergistic effect with the A>-THC-
haloperidol combinations suggest that A>THC'’s enhancing action on nucleus
accumbens DA derives from DA reuptake blockade at nucleus accumbens DA ter-
minals (albeit perhaps indirectly mediated) (Gardner et al., 1990b; Gardner and
Lowinson, 1991; Gardner, 1992). We further explored this possibility using in vivo
brain microdialysis of the DA metabolite 3-methoxytyramine (3-MT) (Chen et al.,
1994). While only a small portion of released DA is metabolized to it, 3-MT is
believed to be a sensitive index of extracellular DA (Wood and Altar, 1988) and —
critically for our experiments — a sensitive marker for distinguishing DA releasing
agents from DA reuptake blockers since DA releasers such as amphetamine and
methamphetamine increase 3-MT levels while DA reuptake blockers such as
bupropion and nomifensine do not (Heal et al., 1990). We therefore carried out
experiments on the effects of amphetamine, cocaine, nomifensine, and AS-THC on
extracellular nucleus accumbens 3-MT levels using in vivo brain microdialysis. We
found that the DA releaser amphetamine significantly increased both DA and 3-MT
in the nucleus accumbens, while the DA reuptake blockers cocaine and nomifensine
increased only DA (Chen et al., 1994). A%-THC increased only DA, resembling the
DA reuptake blockers (Chen et al., 1994). These in vivo findings are congruent
with older in vitro studies showing that cannabinoids have DA reuptake blockade
actions in the CNS, as noted previously in this review (e.g. Banerjee et al., 1975;
Hershkowitz and Szechtman, 1979; Poddar and Dewey, 1980). We have suggested
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that such a mechanism may underlie cannabinoid action on DA reward substrates
locally within the nucleus accumbens. Cannabinoid action within the ventral
tegmental area — acting on endogenous opioid mechanisms not linked to activation
of neuronal firing, but rather linked to mechanisms of DA synthesis, transport,
and/or release — may be mediated by a cannabinoid-receptor-mediated inhibition
of an inhibitory endogenous opioid peptidergic synaptic link to ventral tegmental
area DA neurons that regulates their synthesis, transport, and/or release of DA
rather than cell firing. Additional cannabinoid action within the ventral tegmental
area — acting on non-endogenous-opioid mechanisms linked to activation of neur-
onal firing — could conceivably be mediated by a cannabinoid-receptor-mediated
inhibition of feedback neurons from the nucleus accumbens to the ventral tegmental
area which normally exert inhibitory synaptic tone on ventral tegmental area DA
cells. This suggestion is congruent with the known co-localization of cannabinoid
receptors with DA D, receptors on striatonigral inhibitory projection neurons
(Herkenham et al., 1991b).

Hypothetical models of cannabinoid action on CNS
reward substrates

From many of the considerations reviewed above, hypothetical models of cannab-
inoid action on CNS reward substrates can be developed.

One model (Gardner and Lowinson, 1991; Gardner, 1992) takes as its starting
point the observations that: (1) intracranial cannabinoid microinfusion into the
nucleus accumbens enhances accumbens DA while cannabinoid microinjection
into the ventral tegmental area does not; (2) the electrochemical “signature” of can-
nabinoid-induced enhancement of forebrain DA resembles that of a DA reuptake
blocker rather than that of a DA releaser; (3) the synergistic interaction between
A%-THC and haloperidol resembles that of a DA reuptake blocker rather than that
of a DA releaser; (4) cannabinoid action on 3-MT resembles that of a DA reuptake
blocker rather than that of a DA releaser; and (5) cannabinoids allosterically modulate
endogenous CNS opioid receptors. This model posits — from this evidence — that
the principal site of cannabinoid action on CNS reward substrates lies within the
DA axon terminal region of the nucleus accumbens and associated cell fields of the
ventral striatum. This model further accepts that the “second-stage” DA reward
neurons synapse on endogenous opioid peptide neurons which carry the reward
signal to the ventral pallidum. It also accepts that other modulatory endogenous
opioid peptidergic neurons synapse, in axo-axonic fashion, onto the “second-stage”
DA axon terminals in the nucleus accumbens. It presumes that these axo-axonic
synapses modulate the flow of reward-relevant neural signals through the DA
circuitry, by either: (1) classical presynaptic excitation and inhibition; or (2) a modu-
latory interaction between opioid receptors located on the DA axon terminals and
the DA reuptake mechanism within those terminals. This last possibility is admit-
tedly not a classically described form of axo-axonic functional interaction, but
evidence for such functional coupling between presynaptic receptor activation and
neurotransmitter uptake within nerve terminals does exist (e.g. Galzin ef al., 1982,
1985; Langer and Moret, 1982; Cubeddu et al., 1983; Gothert et al., 1983; Moret and
Briley, 1988). This model further presumes the existence of opioid autoreceptors
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within this synaptic complex, for which suggestive evidence exists (e.g. Gintzler
and Xu, 1991). The model hypothesizes that: (1) cannabinoid CB, receptors are
located on opioid peptide axon terminals forming axo-axonic connections with the
“second-stage” DA axon terminals; and (2) these cannabinoid receptors allosteri-
cally modulate opioid autoreceptors on the opioid peptide axon terminals.

A second model, based on recent findings by Hoffman and Lupica (2001), posits
a presynaptic locus of action for cannabinoids within the nucleus accumbens — similar
to the just-cited model — but on GABAergic neurons instead of opioid peptide
neurons. According to this model, cannabinoids produce inhibition of GABAergic
inhibitory inputs to the “second-stage” DA reward neurons, resulting in an enhance-
ment of DA neural tone in the nucleus accumbens. However, this model does not
account for the robust opioid antagonist-induced inhibition of cannabinoid effects
on reward substrates.

A third model, based largely on the work of Tanda et al. (1997), posits that the
principal neural site for cannabinoid action on CNS reward substrates is in the
ventral tegmental area, presumably on the feedback neurons from the accumbens
to the ventral tegmental area — which are known to have CB, receptors on them.
This model further posits that activation of these CB, receptors inhibits — in turn —
opioid peptide/GABA-mediated inhibition of the “second-stage” DA reward neu-
rons in the ventral tegmental area, resulting in an enhancement of DA neural tone
in the “second-stage” DA reward neurons. This second model is certainly attractive
in its simplicity. It is also congruent with data showing that cannabinoids inhibit
GABAergic afferent inputs into the ventral mesencephalon (e.g. Szabo et al.,
2000). However, such a model is difficult to reconcile with findings that: (1) local
cannabinoid microinjections into the ventral tegmental area do not enhance DA
release in the nucleus accumbens (Chen et al., 1993); and (2) naloxone does not
alter cannabinoid effects on ventral tegmental DA neurons (French, 1997).

It should be stressed that these three models are not mutually incompatible, in
as much as it is common for CNS-active drugs to have multiple sites and mecha-
nisms of action. At the same time, it is much to be hoped that further studies may
yield additional insights that will permit the development of a unified model
which fits all relevant data.

CANNABINOID EFFECTS ON REWARD-RELATED
BEHAVIORS

Cannabinoid effects on conditioned place preference

One of the most widely used behavioral techniques for inferring appetitiveness or
aversiveness of pharmacological agents in laboratory animals is conditioned place/
cue preference (or aversion). Conditioned place or cue preference is the learned
approach to a previously neutral set of environmental stimuli which have been
paired with administration of a rewarding treatment (for review, see van der Kooy,
1987). When used to assess the rewarding properties of drugs, animals are given
drug injections while confined in one of two cue-distinctive chambers and vehicle
injections while confined in the other. Prior to injections, both chambers are tested
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to ensure their neutrality (i.e., animals voluntarily spending equal time in each
cue-distinctive chamber). After drug injections, if the animal shows a marked
preference for the drug-paired chamber, the drug is considered to have been
rewarding. If the animal avoids the drug-paired chamber, the drug is considered
to have been aversive. This technique has been used by several research groups
to assess the rewarding or aversive properties of cannabinoids. Three research
groups have reported that cannabinoids produce conditioned place aversions
(Parker and Gillies, 1995; McGregor et al., 1996; Saitudo-Pena et al., 1997). Another
group — using cue preference/aversion rather than place preference/aversion — also
reported cannabinoid aversion (Goett and Kay, 1981). In contrast, the author’s
research group found robust cannabinoid-induced conditioned place preferences
(Lepore et al., 1995). The crucial differences appear to be related to cannabinoid
dose and timing. When the drug-place pairing interval was 24 h (within the post-
cannabinoid dysphoric rebound - see above section on cannabinoid withdrawal),
we found that 1.0 mg/kg A-THC produced no preference, while 2.0 or 4.0 mg/kg
produced robust place preferences. When the drug-place pairing interval was 48 h
(past the post-drug dysphoric rebound) 1.0 mg/kg A*-THC produced robust place
preferences, while 2.0 or 4.0 mg/kg produced robust place aversions (Lepore et al.,
1995). We believe that at the shorter pairing interval, the post-cannabinoid
rebound dysphoria (Gardner and Lepore, 1996) attenuated A-THC’s rewarding
effect, eliminating the reward of the 1.0 mg/kg dose and lowering the 2.0 and
4.0mg/kg doses into a rewarding range. We believe that at the longer pairing
interval, the post-cannabinoid dysphoric rebound had passed, accentuating the
effects of all doses — allowing the 1.0 mg/kg dose to become rewarding, and push-
ing the 2.0 and 4.0mg/kg doses into an aversive dose-response zone. This dose-
dependent switch from reward to aversion (low dose-reward; high dose-aversion)
has been long recognized for other addictive drugs (Fudala et al., 1985; Jorenby
et al., 1990; Gardner, 1992), and it has also been long recognized that timing of
drug administration during place conditioning is as strong a determinant of place
preference or aversion as the drug itself (Fudala and Iwamoto, 1990). At the
human level, a parallel finding has long been noted, i.e., that low-to-moderate
doses of A>THC produce a subjective “high” but higher doses are aversive (Noyes
et al., 1975; Raft et al., 1977; Laszlo et al., 1981). Very recently, our findings of
cannabinoid-induced conditioned place preferences (and of the crucial importance
of cannabinoid dose to either preference or aversion) have been independently
confirmed (Sala and Braida, 2000; Valjent and Maldonado, 2000; Braida ez al., 2001a).

Cannabinoid effects on naturally rewarding behaviors

There exists an extensive published literature dealing with cannabinoid effects
on naturally rewarding behaviors. This literature can be divided into two areas:
(1) cannabinoid effects on sexual behavior; and (2) cannabinoid effects on consump-
tion of highly rewarding (e.g. sweet) foods and liquids.

The literature dealing with cannabinoid effects on sexual behavior is extensive,
and beyond the present scope. The interested reader is referred to that literature
(e.g. Bloch et al., 1978; Sieber et al., 1981; Turley and Floody, 1981; Cutler and
Mackintosh, 1984; Navarro et al., 1993b, 1995, 1996).
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The literature dealing with cannabinoid effects on voluntary consumption of
sweet foods and liquids is smaller. And, in the view of this reviewer, it is more
germane to the considerations of the present review, in light of the following facts:
(1) animals genetically selected for high rates of electrical brain-stimulation reward
(Lieblich et al., 1978; Gross-Isseroff et al., 1992) show significantly enhanced
consummatory responses to sweet stimuli (Ganchrow et al., 1981); and (2) a number
of other, non-cannabinoid, addictive drugs share the common feature of augment-
ing consumption and increasing the reward value of sweet stimuli (for review, see
Milano et al., 1988). With respect to cannabinoids, a number of studies have found
them to augment choice and consumption of sweet foods and solutions (e.g. sucrose)
(Sofia and Knoblock, 1976; Brown et al., 1977; Milano et al., 1988) and to increase
their reward value as assessed by increased progressive-ratio break-points (Gallate
et al., 1999). In the latter study, carried out by McGregor and colleagues, the
cannabinoid effect was reversed by the CB; receptor antagonist SR-141716A,
confirming the specificity of the cannabinoid-induced effects (Gallate et al., 1999).
Provocatively, it has also been reported that sucrose consumption is inhibited by
SR-141716A (Arnone et al., 1997), suggesting that CNS endocannabinoid neural
tone is important for the CNS reward substrates activated by such natural
rewards, and may act to mediate their reward value. Trojniar and Wise (1991)
reported that A>THC augments food consumption elicited by electrical stimula-
tion of the lateral hypothalamus, a CNS site long known to be involved in the
regulation of food intake and incentive-reward. The McGregor research group
has reported cannabinoid-induced augmentation of beer consumption and
increased progressive-ratio break-points for beer by laboratory rodents (Gallate
et al., 1999), and decreased progressive-ratio break-points for beer reinforcement
produced by the CB, antagonist SR-141716A (Gallate and McGregor, 1999).
Provocatively, the opioid antagonist naloxone also produced a decrease in progressive-
ratio break-points for beer reinforcement (Gallate and McGregor, 1999), which
speaks — presumably — to the equal importance of endogenous opioid peptidergic
neural tone in mediating the incentive-reward value of beer. Finally, Freedland
etal., (2000) have reported that the CB; antagonist SR-141716A decreases
both the appetitive phase and the consummatory phase of a complex sucrose-
rewarded operant paradigm, again arguing for the importance of CNS endocan-
nabinoid neural tone in mediating the CNS reward substrates activated by natural
rewards.

Cannabinoid self-administration in animals

Given all the data reviewed above, it is quite to be expected that cannabinoids
would be reliably self-administered by animals. Until recently, that did not seem to
be the case. A number of older studies failed to demonstrate reliable cannabinoid
self-administration in laboratory animals (Kaymakgalan, 1972; Corcoran and Amit,
1974; Harris et al., 1974; Leite and Carlini, 1974; Carney et al., 1977; Takahashi
and Singer, 1981). In those older studies, the few instances of cannabinoid self-
administration reported were unfortunately contaminated by methodological flaws,
such as: (1) observing intravenous cannabinoid self-stimulation in monkeys
only after self-administration of other highly reinforcing drugs (Pickens et al.,
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1973); (2) observing intravenous cannabinoid self-administration only in monkeys
made physically dependent on cannabinoids (Deneau and Kaymakcalan, 1971;
Kaymakgalan, 1972); or (3) observing cannabinoid self-administration in rats only
under food deprivation conditions (Takahashi and Singer, 1979, 1980).

Recently, however, a number of laboratories have independently reported
successful cannabinoid self-administration in laboratory animals under meth-
odologically cleaner conditions. Thus, Fratta, Martellotta, Ledent and colleagues
have reported obtaining robust and consistent intravenous self-administration
of the potent synthetic cannabinoid agonist WIN-55212-2 in drug-naive mice,
and showed that this effect was blocked by the selective CB; antagonist SR-
141716A (Fratta et al., 1997; Martellotta et al., 1998; Ledent et al., 1999). Also,
Sala and colleagues have recently reported obtaining successful intracere-
broventricular self-administration of the potent synthetic cannabinoid agonist
WIN-55212-2 in laboratory rats, and reported that this was blocked by the
selective CB; antagonist SR-141716A (Sala and Braida, 2000; Braida et al.,
2001b). Perhaps most compellingly of all, Tanda, Munzar and Goldberg (2000)
have recently reported persistent high rates of intravenous A>-THC self-admin-
istration in squirrel monkeys, and reported that this was blocked by the selective
CB, antagonist SR-141716A. What makes this last report so compelling is that
the self-administered cannabinoid is the same one used by humans (A°-THC)
and that the self-administration paradigm used was classically straightforward
(intravenous administration and a simple schedule of reinforcement).

SUMMARY

On the basis of more than 15 years of consistent laboratory findings using a wide
variety of electrophysiological, biochemical, and behavioral techniques, and with
independent evidence from many separate research groups, it seems clear that
cannabinoids enhance CNS reward substrates in a manner not unlike that of more
traditionally-studied addictive drugs. Also on the basis of electrophysiological and
biochemical evidence from many separate research groups, cannabinoid withdrawal
appears to activate the same CNS withdrawal substrates as activated by withdrawal
from other addictive drugs. Cannabinoids are euphorigenic and have addictive
liability at the human level, and are self-administered by laboratory animals. Can-
nabinoid action on CNS reward substrates appears to explain these behavioral
properties. Indeed, cannabinoids appear to share common final neural actions
with other addictive drugs: (1) activation of CNS reward substrates during acute
administration; and (2) inhibition of CNS reward substrates (as well as activation of
amygdaloid CRF systems) during withdrawal. While these neuropharmacological
properties appear to confer addictive potential on cannabinoids, they may also
open up another intriguing possibility — that cannabinoids may have clinical utility
in dysphoric states. This latter possibility — that some cannabinoids or cannabinoid
derivatives may have antidepressant efficacy — should not be discounted, as enhance-
ment of CNS reward substrates is recognized as an underlying mechanism of
action for some antidepressant medications. If the reward enhancing properties of
at least some cannabinoids prove to translate into clinical usefulness, this may
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open up entirely new areas of therapeutics for an ancient class of psychoactive
substances and their modern synthetic analogs.
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Chapter 4

Effects of marijuana on human
performance and assessment of
driving impairment

Stephen J. Heishman

ABSTRACT

Marijuana is the most widely used illicit drug in the United States with 72 million people
reporting having used marijuana in their life. Among individuals who reported driving after
drug use, 70% indicated they had smoked marijuana within 2 h of driving. Laboratory stud-
ies in which subjects smoked marijuana under controlled conditons have documented that
marijuana reliably impaired sensory-perceptual abilities, gross motor coordination, psycho-
motor abilities, divided and sustained attention, and cognitive functioning, including learn-
ing and memory. Other laboratory research has focused on the applied question of whether
marijuana impairs driving abilities as measured by standardized field sobriety tests used by
police to detect impaired drivers. This research has shown that marijuana impaired balance
and psychomotor coordination in a dose-dependent manner. Such behavioral 1mpa1rment
may underlie manjuana -induced decrements in tests of on-road driving. Plasma A-tet-
rahydrocannabinol (A%-THC) concentration in the range of 15-30ng/ml was associated
with impaired balance and motor coordination, suggesting that driving abilities would be
impaired at the same A’-THC concentration. Future research should continue to explore
the relationship between plasma A%-THC concentration and human performance, and
more studies are needed on the effects of marijuana combined with other commonly used
drugs, such as alcohol, on driving abilities.

Key Words: marijuana, THC, performance, cognition, field sobriety tests, driving

INTRODUCTION

Marijuana is by far the most widely used illicit drug in the United States,
accounting for 81% of all reported illicit drug use in 1998. Recent surveys indi-
cated that 33% of the United States population over age 12 (72 million people)
reported use of marijuana in their lifetime, and 5% (11 million) were current
users, reporting use in the past month (Substance Abuse and Mental Health
Services Administration, 1999).

Driving under the influence of drugs has become a major public health concern.
A recent study found that 28% of drivers in the United States (46.8 million people)
reported having driven within 2h of drinking alcohol and/or using drugs in the
past year. Of these drivers, 70% reported using marijuana before driving, and
the majority reported heavy or weekly marijuana use (Townsend et al., 1998). The
critical question is, of course, whether driving ability is impaired as a result of
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recent marijuana use. In the study, 56% of drivers indicated that marijuana did
not adversely affect their driving ability. However, many studies have documented
that acute marijuana administration can impair cognitive and psychomotor function-
ing. Thus, driving under the influence of marijuana may play a causative role in
traffic accidents and injuries (Bates and Blakely, 1999).

The effects of smoked marijuana and A°-tetrahydrocannabinol (A’ THC), the
primary psychoactive constituent of marijuana, have been investigated in numerous
studies over the past several decades (Chait and Pierri, 1992; Beardsley and Kelly,
1999). The purpose of this chapter is to provide a brief overview of the acute effects
of marijuana on human performance as assessed in the laboratory. The chapter by
Solowij (this volume) provides a review of the effects of chronic marijuana use on
cognitive functioning. Following this overview is a discussion of two studies in
which my colleagues and I investigated the validity of a standardized assessment
procedure used by police to determine whether someone is impaired as the result
of drug use and whether they can safely operate a motor vehicle.

MARIJUANA AND HUMAN PERFORMANCE

Marijuana consists of the dried and crushed leaves and stems of the plant, Cannabis
sativa, which grows worldwide. In the United States, marijuana is typically rolled
in cigarettes (joints) and smoked. Unless otherwise noted, the studies reviewed in
this chapter were conducted with experienced marijuana users who smoked
standard marijuana cigarettes provided by the National Institute on Drug Abuse.
These marijuana cigarettes resemble an unfiltered tobacco cigarette in size, weigh
700-900 mg, and are assayed to determine the percentage of A THC by weight.
Doses are typically manipulated by using cigarettes that differ in A>~THC content
or by varying the number of puffs administered to subjects. Placebo marijuana
cigarettes are also available, which have had the AS-THC removed chemically from
the plant material. When burned, placebo cigarettes smell identical to active mari-
juana cigarettes.

The overview of the acute effects of marijuana is divided into sensory, motor,
attentional, and cognitive abilities, which provides a focus on the behaviors being
assessed, rather than emphasizing the individual performance tests. This section
concludes with a brief discussion of two behavioral effects of marijuana that have
received much research attention, next-day or hangover effects and an amotivational
syndrome.

Sensory abilities

A frequently used measure of central nervous system (CNS) functioning is critical
flicker frequency (CFF) threshold. The task requires subjects to view a light stimulus
and to note the point (CFF threshold) at which the steady light begins to flicker (and
vice versa), as the frequency of the light is manipulated. An increase in CFF threshold
indicates increased cortical and behavioral arousal, whereas a decrease suggests low-
ered CNS arousal (Smith and Misiak, 1976). Surprisingly, few studies have investi-
gated the effect of marijuana on CFF threshold. Block et al. (1992) reported that

© 2002 Taylor & Francis



one marijuana cigarette (2.6% A% THC) decreased CFF threshold compared with
placebo. However, Liguori et al. (1998) reported that one marijuana cigarette (1.8
and 4.0% A%THC) did not affect CFF threshold. Methodological difference
between the studies may account for the conflicting results. More studies are needed
to clarify the effect of marijuana on CFF threshold.

Although more a perceptual process than a sensory ability, a commonly
reported effect of marijuana is to increase the subjective passage of time relative to
clock time. This typically results in subjects either overestimating an experimenter-
generated time interval (Chait ez al., 1985) or underproducing a subject-generated
interval (Chait and Perry, 1994). However, Heishman et al. (1997) found that 3.6%
A’-THC marijuana (4, 8, or 16 puffs) had no effect on either time estimation or
production.

Motor abilities

In their review, Chait and Pierri (1992) indicated that marijuana moderately impaired
balance (increased body sway) and hand steadiness. Consistent with this motor impair-
ment, one marijuana cigarette (1.5 or 4.0% A-THCQ) was found to decrease postural
balance as subjects attempted to maintain balance while standing on a moving plat-
form (Greenberg et al., 1994; Liguori et al., 1998). The circular lights test is another
measure of gross motor coordination in which subjects extinguish lights by pressing
buttons that are arranged in a circle on a wall-mounted panel. Cone e al. (1986)
found that two marijuana cigarettes (2.8% A%-THC) impaired performance on the
circular lights task, whereas Heishman et al. (1988) reported no effect of marijuana
(1.3 and 2.7% A%-THC, 2 cigarettes) on circular lights performance.

The effect of marijuana has also been examined on fine motor control. The time
taken to sort a deck of playing cards was increased after smoking one 2.9%
AS-THC marijuana cigarette (Chait et al., 1985). In contrast, several studies have
shown that marijuana did not influence finger tapping rate (Chait and Pierri,
1992), which is considered to be a measure of pure motor activity.

Attentional abilities

Attention is a broad psychological construct encompassing behaviors such as
searching, scanning, and detecting visual and auditory stimuli for brief or long
periods of time (Kinchla, 1992). In nearly all tests assessing attention, responding
is measured in some temporal form, such as reaction or response time, time off target,
or response rate. Response accuracy may also be reported. Because of differential
drug effects, a distinction between focused, selective, divided, and sustained attention
can be instructive (Heishman et al., 1994).

Focused attention can be defined as attending to one task for a brief period of
time, usually 5min or less. A relatively large number of studies have investigated the
effects of marijuana on focused attention, including reaction time tests. Marijuana
(1.8 and 3.6% A’-THC) was shown to slow responding on a simple, visual reaction
time task (Wilson et al., 1994), whereas others have not found marijuana to impair
simple reaction time performance (Chait and Pierri, 1992; Foltin et al., 1993; Heishman
et al., 1997). In contrast, marijuana has been shown to impair complex or choice
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reaction time tasks in a consistent manner (Block et al., 1992; Chait and Pierri,
1992).

Another commonly used test of psychomotor skills and focused attention is the digit
symbol substitution test (DSST), which requires subjects to type a pattern associated
with each numeral 1-9 (McLeod et al., 1982). In general, marijuana impairs perform-
ance on the DSST. In concentrations ranging from 1.8 to 3.6% A’-THC, marijuana
has been shown to decrease number of attempted responses (speed) and/or decrease
number of correct responses (accuracy) on the DSST (Heishman et al., 1988, 1989,
1997; Azorlosa et al., 1992; Kelly et al., 1993b; Chait and Perry, 1994). Oral A-THC
(10 and 20 mg) also impaired DSST performance (Kamien e/ al., 1994). However,
other studies have reported no effect of marijuana (1.3-3.6% A%-THC) on the DSST
(Chait et al., 1985; Foltin et al., 1993; Azorlosa et al., 1995). The reasons for a lack of
effect in these latter studies is unclear because doses of marijuana were comparable
across studies, and, in one study (Azorlosa et al., 1995), task presentation was identical
to those studies reporting impairment. Marijuana (1.2% A%-THC) also impaired
selective attention as evidenced by slower responding and greater interference
scores in the Stroop color naming test (Hooker and Jones, 1987).

Divided attention has generally been shown to be impaired by marijuana. Most
divided attention tests consist of a central or primary task and a secondary or per-
ipheral task. Several studies have shown that marijuana impaired detection accuracy
and/or stimulus reaction time in one or both test components (Chait et al., 1988;
Perez-Reyes et al., 1988; Marks and MacAvoy, 1989; Azorlosa et al., 1992; Chait and
Perry, 1994). Kelly et al. (1993a) used a complex, 5-minute divided attention test, in
which an arithmetic task (addition and subtraction of three-digit numbers) was
presented in the center of the video monitor and three other stimulus detection
tasks were presented in the corners of the monitor. Performance was impaired
in a dose-related manner after smoking one marijuana cigarette (2.0 or 3.5%
A%-THC). This finding illustrates that marijuana disrupts performance in complex
tasks requiring the ability to shift attention rapidly between various stimuli. These
same abilities are required when operating a motor vehicle. Not surprisingly, labor-
atory tests that model various components of driving (Moskowitz, 1985; Liguori et al.,
1998) and tests of on-road driving (Robbe, 1994) have been shown to be impaired
by marijuana (see Marijuana and Driving below).

Marijuana also impairs sustained attention. In a 30-minute vigilance task, hashish
users exhibited more false alarms than non-using control subjects (Bahri and
Amir, 1994). This finding is consistent with the observation that the impairing
effects of marijuana on sustained attention are most evident in tests that last 30-60
min; tests with durations of 10 min are typically not adversely aftected by mari-
juana (Chait and Pierri, 1992).

Cognitive abilities

Marijuana has been shown to impair learning in the repeated acquisition and
performance of response sequences task, which comprises separate acquisition
(learning) and performance components (Bickel et al., 1990). This task allows
independent assessment of drug effects on acquisition of new information and on
performance of previously learned information. Increased errors in the acquisition
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phase were reported after smoked marijuana (Kelly et al., 1993b) and oral A>THC
(Kamien et al., 1994). However, other studies have found no effect of smoked
marijuana on this test (Foltin and Fischman, 1990; Foltin et al., 1993). Block et al.
(1992) reported that one 2.6% A’-THC marijuana cigarette impaired paired-asso-
ciative learning.

One of the most reliable behavioral effects of marijuana is the impairment of
memory processes. Numerous studies have found that smoked marijuana
decreased the number of words or digits recalled and/or increased the number of
intrusion errors in immediate or delayed tests of free recall after presentation of
information to be remembered (Chait et al., 1985; Hooker and Jones, 1987; Heish-
man et al., 1989, 1990, 1997; Azorlosa et al., 1992; Block et al., 1992; Kelly et al., 1993a).
Using an extensive battery of cognitive tests, Block et al. (1992) reported that mari-
juana (2.6% A°-THC) slowed response time for producing word associations, slowed
reading of prose, and impaired tests of reading comprehension, verbal expression,
and mathematics. Heishman et al. (1990) also found that simple addition and
subtraction skills were impaired by smoking one, two, or four marijuana cigarettes
(2.6% A°-THC). Finally, Kelly et al. (1993a) reported that marijuana (2.0 and 3.5%
A%-THC) slowed response time in a spatial orientation test requiring subjects to
determine whether numbers and letters were displayed normally or as a mirror
image when they were rotated between 90 and 270 degrees.

Next-day or hangover effects

Over the years, an intriguing research question with important practical implica-
tions has been whether marijuana impairs performance beyond the period of
acute intoxication, which typically lasts 2-6 h after smoking one or two cigarettes.
Recently, studies have documented performance decrements 12-24 h after smok-
ing marijuana (Pope et al., 1995). One series of studies reported that 24h after
smoking one marijuana cigarette (2.2% Ag-THC), experienced aircraft pilots were
impaired attempting to land a plane in a flight simulator (Yesavage et al., 1985;
Leirer et al., 1991); however, a third study failed to replicate this next-day effect
(Leirer et al., 1989). In another series of studies, a comprehensive battery of tests
revealed that only time estimation (Chait et al., 1985) and memory (Chait,
1990) were impaired 9-17 h after smoking two marijuana cigarettes (2.1-2.9%
A%-THC), leading the authors to conclude that evidence for next-day performance
effects of marijuana was weak. Yet another series of studies found next-day
impairment on tests of memory and mental arithmetic after smoking two or four
marijuana cigarettes (2.6% A%-THC) over a 4 h period (Heishman et al., 1990), but
not after smoking one marijuana cigarette (Heishman et al., 1990; Fant et al.,
1998). Thus, residual impairment appears to be a dose-related phenomenon, with
effects more likely to be observed at higher marijuana doses.

Amotivational syndrome

A long-standing, controversial issue has been the amotivational syndrome allegedly
caused by heavy, chronic marijuana use. This syndrome has been characterized by
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feelings of lethargy and apathy and an absence of goal-directed behavior (McGlothin
and West, 1968; Kupfer et al., 1973). However, studies conducted in countries
where segments of the population use marijuana heavily (Comitas, 1976; Stefanis
et al., 1977; Page, 1983) and laboratory studies in the United States (Mendelson
et al., 1976; Kelly et al., 1990) have not found empirical support for an amotiva-
tional syndrome. Foltin and colleagues (Foltin et al., 1989, 1990a,b) have conducted
several inpatient studies lasting 15-18 days with subjects reporting weekly mari-
juana use. Subjects were required to perform low-probability tasks such as the DSST,
word-sorting, and vigilance to gain access to more highly desired (high-probability)
work and recreational activities. On days that subjects smoked active marijuana,
the amount of time spent on low-probability tasks increased, which is inconsistent
with an amotivational syndrome. Additionally, the effect of marijuana on time
spent on low- versus high-probability activities differed for work and recreational
activities, indicating that the behavioral effects of marijuana are context-dependent
and not readily predicted by a simplistic amotivational hypothesis (Beardsley and
Kelly, 1999).

Summary of performance effects

Laboratory studies in which subjects smoked marijuana documented that mari-
juana impaired sensory-perceptual abilities by increasing the subjective passage of
time relative to clock time. Marijuana impaired gross motor coordination as meas-
ured by body sway and postural balance. However, inconsistent findings have
been reported for fine motor control; hand steadiness was impaired, whereas
several studies have shown no effect of marijuana on finger tapping. Marijuana
has been shown to impair complex, but not simple, reaction time tests. A majority
of studies have found that marijuana disrupted performance on the DSST. Complex
divided attention tests, including driving a vehicle, were readily impaired by
marijuana, as were tests requiring sustained attention for more than 30 min.
Numerous studies have documented that smoked marijuana and oral A>THC
impaired learning, memory, and other cognitive processes.

MARIJUANA AND DRIVING

Background

Motor vehicle accidents are the leading cause of death in the United States for
people aged 1 to 34 (Morbidity and Mortality Weekly Report, 1994). Studies
investigating the prevalence rate of drugs other than alcohol in fatally-injured
drivers have reported varied results, ranging from 6% to 37% (Williams et al., 1985;
Soderstrom et al., 1988; Budd et al., 1989; Marzuk et al., 1990; Terhune et al., 1992).
Among individuals stopped for reckless driving who were judged to be clinically
intoxicated, urine drug testing indicated 85% were positive for cannabinoids,
cocaine metabolites, or both (Brookoff et al., 1994). These relatively high preval-
ence rates reinforce the general assumption that psychoactive drugs are capable of
impairing driving (O’Hanlon and de Gier, 1986; Marowitz, 1995). Drug prevalence
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rates do not imply impaired driving (Consensus Development Panel, 1985; Bates
and Blakely, 1999). However, because certain drugs, including marijuana (see
above), reliably degrade psychomotor and cognitive performance in the laboratory
(Heishman, 1998), many drug-related vehicular accidents and DUI/DWI arrests
probably involve impaired behaviors critical for safe driving.

Currently, the only standardized procedure for detecting drug-induced impair-
ment is the Drug Evaluation and Classification (DEC) program (National Highway
Traffic Safety Administration, 1991), which is used by police departments through-
out the nation. The DEC program was developed by the Los Angeles Police
Department during the 1970s because of a need to document legally whether a
driver was impaired due to recent drug ingestion. The DEC program consists of a
standardized evaluation conducted by a trained police officer (Drug Recognition
Examiner, DRE) and the toxicological analysis of a biological specimen. The evalu-
ation involves a breath alcohol test, examination of the suspect’s appearance,
behavior, eye movement and nystagmus, field sobriety tests, vital signs, and ques-
tioning of the suspect. From the evaluation, the DRE concludes (1) if the suspect is
behaviorally impaired such that he or she is unable to operate a motor vehicle
safely; (2) if the impairment is drug-related; and (3) the drug class(es) likely causing
the impairment. The toxicological analysis either confirms or refutes the DRE’s
drug class opinion.

Several field studies have indicated that DREs’ opinions were confirmed by
toxicological analysis in 74-92% of cases when DREs concluded suspects were
impaired (Compton, 1986; Preusser et al., 1992; Adler and Burns, 1994; Tomasze-
wski et al., 1996; Kunsman et al., 1997). These studies attest to the validity of the
DEC program as a measurement of drug-induced behavioral impairment in the
field. However, the validity of the DEC evaluation has not been rigorously exam-
ined under controlled laboratory conditions. We have recently conducted two
studies to determine the validity of the individual measures of the DEC evaluation
in predicting whether research volunteers were administered marijuana and other
drugs of abuse (Heishman et al., 1996, 1998).

Laboratory study

Method

Eighteen research volunteers who reported a history of past and current mari-
juana use were recruited from the community. Before the study, participants were
given psychological and physical examinations to determine whether they were
healthy and capable of participating in the study. On three experimental days,
which were separated by at least 48h, participants smoked two marijuana
cigarettes that contained either 0%, 1.77%, or 3.55% A’-THC under double-blind
conditions. There was a 5-7 min break between cigarettes. The order of mari-
juana dose conditions was randomized across participants. The DEC evaluation
began 10 min after smoking ended and lasted about 25 min. During each experi-
mental session, eight blood samples were obtained for analysis of plasma A THC
concentration (Foltz et al., 1983). Plasma concentration from the blood sample
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collected half-way through the DEC evaluation (16 min after smoking ended) will
be reported here.

Of particular relevance to the issue of marijuana and driving safety is the part of
the DEC evaluation in which performance of four standardized field sobriety tests
(SFST) are evaluated. The SFST were Romberg Balance, Walk and Turn, One
Leg Stand, and Finger to Nose. The Romberg Balance assesses body sway and
tremor while subjects stand for 30 sec with feet together, arms at sides, head tilted
back, and eyes closed. The Walk and Turn test requires participants to take nine
heel-to-toe steps along a straight line marked on the floor, turn, and return with
nine heel-to-toe steps. The One Leg Stand assesses balance by having participants
stand on one leg, with the other leg elevated in a stiff-leg manner 6 inches off the
floor for 30 sec. There was a brief rest period between testing of each leg. In the
Finger to Nose test, participants stand as in the Romberg Balance and bring the
tip of their index finger of the left or right hand (as instructed) directly to the tip
of the nose.

Results

The 76 variables derived from the DEC evaluation were first analyzed using step-
wise discriminant analysis to determine the variables that best predicted the pres-
ence or absence of marijuana. This subset of best-predictor variables was then
subjected to a discriminant function analysis that predicted and classified whether
subjects were dosed or not dosed with marijuana. The resulting data were classi-
fied as true positive, true negative, false positive, or false negative. These parameters
were then used to calculate several measures of predictive accuracy of the DEC
evaluation, including sensitivity, specificity, and efficiency.

The stepwise discriminant analysis resulted in a subset of 28 variables that best
predicted the presence or absence of marijuana. The 28 best-predictor variables in
descending order of predictive weight were: (1) increased pulse; (2) droopy eyelids;
(3) low oral temperature; (4) abnormal speech; (5) lack of rebound dilation of
the pupils under direct illumination; (6) sum of the pupillary diameter measures dur-
ing four illumination conditions; (7) increased systolic and diastolic blood pressure;
(8) low volume speech; (9) increased body sway during Romberg Balance test;
(10) incoherent speech; (11) abnormal pupillary reaction to light; (12) eyes that did
not appear normal; (13) bloodshot eyes; (14) abnormal muscle tone; (15) abnormal
appearance of eyes; (16) abnormal facial appearance; (17) increased eye or body
tremors during Finger to Nose test; (18) increased errors on executing the turn on
Walk and Turn test; (19) less than the complete number of steps in Walk and
Turn test; (20) decreased errors on Finger to Nose test; (21) increased errors on
Walk and Turn test; (22) marijuana breath odor; (23) abnormal breath odor; (24) lack
of hippus (alternating dilation and constriction) of the pupils under direct illu-
mination; (25) failure of eyes to converge; (26) stale breath odor; (27) cigarette
breath odor; and (28) slurred speech.

The discriminant function comprising these 28 variables predicted the presence
(sensitivity =100%) and absence (specificity=98.1%) of marijuana with extremely
high accuracy, resulting in minimal false positive (1.9%) and false negative (0%)
rates. Overall predictive efficiency was 98.8%. A second discriminant function
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Figure 4.1 Effect of smoked marijuana (0, 1.77, and 3.55% A°-THC) on performance of the One Leg Stand
test. Subjects were required to stand on one leg with arms at sides and the other leg raised 6
inches off the ground for 30 sec. Marijuana significantly (p <0.05) increased total errors
similarly for the left and right legs compared with placebo. Data for both legs were com-
bined to show that marijuana significantly (p <0.05) increased body sway, arm raising, and
putting the foot down to maintain balance during the test.

using only the five best predictive variables resulted in only slightly less sensitivity
(90.6%) and specificity (92.6%) compared with the 28-variable model. False positive
(7.4%) and false negative (9.4%) rates were slightly higher, and predictive efficiency
was 91.9% with the 5-variable model.

Performance on the four SFST was analyzed using analysis of variance. Mari-
juana significantly impaired performance on two of the tests, One Leg Stand and
Finger to Nose. Figure 4.1 shows that total number of errors for each leg in the One
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Figure 4.2 Effect of smoked marijuana (0, 1.77, and 3.55% A’-THC) on performance of the
Finger to Nose test. Subjects were required to stand with arms at sides, head slightly
tilted back, eyes closed, and when instructed, bring the tip of their left or right index
finger to the tip of their nose. Both active doses of marijuana significantly (p <0.05)
increased number of misses compared with placebo.

Leg Stand test was significantly increased in a dose-dependent manner by mari-
juana. The component measures of the One Leg Stand test (body sway, arm raising,
and putting foot down) were all significantly affected by marijuana (Figure 4.1).
Figure 4.2 indicates that both active doses of marijuana increased the number of
times participants missed the tip of their nose in the Finger to Nose test.

Marijuana produced peak plasma A>-THC concentration immediately after smok-
ing, which had declined to 15.4 + 3.0 and 28.2 + 4.2 ng/ml for 1.75% and 3.55%
A’-THC, respectively, at the time of the DEC evaluation. Concentration of 11-nor-9-
carboxy-THC, the primary inactive metabolite of A>~THC, reached a maximum
during the DEC evaluation of 18.4 + 3.6 and 27.7 + 4.2 ng/ml after low and high
marijuana doses, respectively.

Conclusion

The validity of the DEC evaluation was examined by developing mathematical
models based on discriminant functions that identified which subsets of variables
best predicted whether subjects were dosed with placebo or active marijuana.
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The data clearly indicated that the variables of the DEC evaluation accurately pre-
dicted acute administration of marijuana. This predictive validity was optimal
when predictions were made using 28 variables, but the model using the five best
variables was also highly accurate.

Although the SFST used in this study were validated for use by police to detect
alcohol-impaired driving, we found that they were sensitive to the impairing
effects of marijuana as well. The two SFST significantly affected by marijuana were
the One Leg Stand and Finger to Nose. The nature of the observed effect in the
One Leg Stand was clearly impaired balance. Marijuana caused participants to
sway, raise their arms, and put their foot down to maintain balance. Increased
errors in the Finger to Nose test indicated impaired psychomotor coordination.
The marijuana-induced impairment in balance and motor coordination is consistent
with the data reviewed in the first section of this chapter. Impaired balance and
coordination may contribute to the deficits in driving observed after marijuana
use (Liguori et al., 1998). Such impairment has been characterized by increased
lateral movement of a vehicle within the driving lane in a test of highway driving
(Robbe, 1994). Lastly, the data indicated that a plasma ATHC concentration
range of 15-30 ng/ml was associated with impaired SFST performance, suggesting
that driving abilities would be impaired at the same plasma A THC concentration.

CONCLUSION

Laboratory studies in which subjects smoked marijuana under controlled conditons
have documented that marijuana reliably impaired sensory-perceptual abilities
(time estimation); gross motor coordination (body sway, balance); psychomotor
abilities (complex reaction time, DSST); divided and sustained attention; and
cognitive functioning, including learning and memory. Other laboratory research
has focused on the applied question of whether marijuana impairs driving abilities
as measured by field sobriety tests used by police to detect impaired drivers. This
research has shown that marijuana impaired balance and psychomotor coordination
in a dose-dependent manner. Such behavioral impairment may underlie marijuana-
induced decrements in tests of on-road driving.

Two areas for future research include the simultaneous measurement of
plasma A-THC concentration with assessment of performance and studies of
the interaction of marijuana with other drugs. Very few of the studies reviewed
in this chapter provided data on the dose of A>-THC actually delivered to
subjects. This is especially critical in studies with marijuana because the large
variability in smoking topography (e.g. duration and volume of puffs and depth
of inhalation) (Herning et al., 1981; Heishman et al., 1989) and the low bio-
availability of smoked drugs (Ohlsson ez al., 1980; Heishman et al., 1994) result
in highly variable delivered A>~THC doses (Huestis et al., 1992). Such data are
necessary to relate performance impairment with a known plasma A°-THC
concentration. Relatively few studies have investigated the interactive effects of
marijuana and other drugs on human behavior. Such basic information is critic-
ally needed because the simultaneous use of drugs with different pharmacolo-
gical effects (e.g. alcohol and marijuana) is a common practice today. The
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combined effect of two or more drugs can be very different from that of each
drug alone.

Much progress has been made over the past decade on the neurophysiology
and neuropharmacology of the cannabinoid system. Cannabinoid receptors have
been cloned and characterized, endogenous ligands have been discovered, and
receptor antagonists have been synthesized and tested. The goal of future canna-
binoid research will be to explore the functional significance of this neuroscientific
knowledge with respect to human behavior. The end result may be the develop-
ment of novel therapeutic agents for the treatment of conditions known to have
cannabinoid involvement, such as memory loss, movement disorders, and mood
disturbances.
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Chapter 5

Biology of endocannabinoids

Vincenzo Di Marzo, Luciano De Petrocellis,
Tiziana Bisogno, Alvin Berger and
Raphael Mechoulam

ABSTRACT

The discovery of endocannabinoids, endogenous ligands of cannabinoid receptors, opened
a new age in research not only on the biology of marijuana but also on the natural role of
fatty acid derivatives like the N-acylethanolamines and the monoacylglycerols. In fact, the
endocannabinoids discovered so far all happen to be polyunsaturated homologues belonging
to these two classes of lipids. Certainly the most studied endocannabinoids are anandamide
(N-arachidonoylethanolamine) and 2-arachidonoylglycerol. Concomitantly to the discovery
of the properties as cannabinoid receptor ligands of these two compounds, two other fatty
acid derivatives, N-palmitoylethanolamine and oleamide (¢is-9-octadecenoamide), were also
found to exhibit cannabimimetic activity in some tests despite their very low affinity for the
two cannabinoid receptor subtypes known to date. In this chapter, we review the landmarks
in the history of endocannabinoids, starting with the background leading to their discovery
and the analytical techniques developed for their analysis and quantification in tissues and
biological fluids, and ending with a description of the mechanisms responsible for the regu-
lation of their tissue levels, and of their possible physiological and pathological role. We also
briefly describe the possible biological and evolutionary relevance of the finding of these lipids
in simple animal organisms and plants, and discuss the possible implications of the presence
of cannabimimetic fatty acid derivatives in foods.

Key Words: cannabinoid, anandamide, 2-arachidonoylglycerol, oleamide, palmitoyletha-
nolamide, N-acylethanolamines

INTRODUCTION

Huang Ti, a Chinese emperor in around 2600 BC, probably did not suspect that
the Cannabis sativa preparations that he advised for the treatment of cramps, mal-
aria, rheumatic pains and “female disorders” (Mechoulam, 1986) had, in his own
body, endogenous counterparts potentially capable of exerting similar beneficial
effects. In fact, only about 4,500 years later, in the 1990s, did the finding of spe-
cific binding sites for Cannabis psychoactive element, A%-tetrahydrocannabinol
(THC) (Gaoni and Mechoulam, 1964), i.e., the “cannabinoid receptors” (Devane
et al., 1988; Matsuda et al., 1990; Munro et al., 1993), open the way to the discovery
of endogenous cannabinoid-like molecules, or “endocannabinoids” (Devane et al.,
1992b; Hanus et al., 1993; Mechoulam et al., 1995; Sugiura et al., 1995; Di Marzo
and Fontana, 1995). These molecules are synthesized and metabolized in several
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tissues from a whole range of animal organisms, from lower invertebrates to
mammals, and not only bind with high affinity to cannabinoid receptors but
also reproduce in laboratory animals several of the pharmacological actions of
THC. In this chapter, we provide an overview of our still limited knowledge of the
multi-faceted biology of endocannabinoids, an ever growing source of surprises
of which, over the last 9 years, scientists have gained probably only a glimpse. In
particular, we discuss the history of the isolation and characterization of the
endocannabinoids, a process that many do not yet consider a closed chapter, and
review the techniques developed to date for analysis of these compounds in bio-
logical samples. Next, we describe the pathways for the biosynthesis and inactivation
of these compounds in animal organisms. As the knowledge of the mechanisms for
the regulation of the levels of endocannabinoids may provide important indica-
tions of their possible physiopathological role only if accompanied by data on their
pharmacological activity, these latter data will be also critically analyzed. Finally,
we conclude this chapter with a description of the occurrence of endocanna-
binoids and their analogs in non-mammalian organisms, plants and, subsequently, in
foods, exploring the possible clinical, pharmacological and evolutionary import-
ance of the endocannabinoid signaling system. In addition to the endocannabinoids,
defined as endogenous molecules capable of binding to and efficiently activating
the two cannabinoid receptor subtypes (Di Marzo, 1998), we examine other can-
nabimimetic fatty acid derivatives, which exhibit THC-like activity in some tests
but do not bind with high affinity to these receptors.

DISCOVERY OF ENDOCANNABINOIDS AND OTHER
CANNABIMIMETIC FATTY ACID DERIVATIVES

Discovery of cannabinoid receptors

Thousands of papers have been published on THC since its identification as the
active constituent of Cannabis (Gaoni and Mechoulam, 1964). In fact, there are few
natural products that have been investigated so thoroughly. Over the years, we
have learned much about its metabolism, physiological and pharmacological
effects and numerous clinical trials have been undertaken. However, until the mid
1980s we knew very little about its mechanism of action. Conceptual problems
hampered work in this direction. One of these was the presumed lack of
stereospecific activity by THC. Compounds acting through a biomolecule — a
receptor for example — generally show a very high degree of stereoselectivity.
However, synthetic (+)-A-THC showed some cannabimimetic activity, although
considerably lower compared with that of natural (-)-A°-THC. This observation
was not compatible with the existence of a specific cannabinoid receptor and of
cannabinoid mediators. Only in the mid 1980s was it established that cannabinoid
activity is in fact highly stereoselective and that the previous observations resulted
from problems occurring during enantiomer separation (Mechoulam et al., 1988;
Mechoulam et al., 1992). A further hurdle towards the elucidation of the mechan-
ism of THC action was that THC was considered to belong to the group of
biologically active lipophiles, which act on and through biological membranes.
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The action of cannabinoids could be explained, apparently, without postulating
the existence of a specific cannabinoid receptor (Paton, 1975). However, by the
mid 1980s, it became clear that the membrane perturbation theory of Cannabis
action represents at best only part of the picture. Makriyannis (1995) has recently
reviewed the evidence and has concluded that “although the cellular membrane
may not be the principal target for cannabinoid activity, it nevertheless plays a role
in the mechanism of action.” Following the important observation that cannab-
inoids inhibit adenylate cyclase (Howlett and Fleming, 1984) a specific binding site
with high affinity for THC was discovered (Devane et al., 1988). Its distribution
was consistent with the pharmacological properties of psychotropic cannabinoids.
This receptor was shortly thereafter cloned (Matsuda et al., 1990) and designated
CB,. A peripheral receptor (CB,) was later identified in the spleen and immune
cells (Munro et al., 1993). THC was found to bind to both CB; and CB, receptors.

Discovery of the endocannabinoids: anandamide
and 2-arachidonoylglycerol

Goldstein (1976), on the subject of opiates, commented: “it seemed unlikely,
a priort, that such highly stereospecific receptors should have developed in nature
to interact with the alkaloids from the opium poppy.” The same conclusion seemed
to apply for cannabis. It certainly seemed unlikely that the brain should synthesize
receptors for a plant constituent. It was assumed that the presence of a specific
cannabinoid receptor indicates the existence of endogenous, specific cannabinoid
ligands that activate these receptors and a search for such ligands was started. As
all plant or synthetic cannabinoids are lipid-soluble compounds, the isolation pro-
cedures employed were based on the assumption that the endogenous ligands are
lipids — an assumption that ultimately proved to be correct. First, a highly potent
radioactively labeled probe, ["PH]-HU-243 (Devane et al., 1992a) was prepared and
used for CB, receptor binding assays. Porcine brains and later canine gut were
extracted with organic solvents, and the extracts were purified by chromatography
numerous times according to standard protocols for the separation of lipids. The
chromatographic fractions were tested in binding assays by using the above probe.
Some fractions obtained from brain displaced the labeled probe, which indicated
the presence of an active endocannabinoid. Two major endocannabinoids were
ultimately isolated — arachidonoylethanolamide (AEA, also known as N-arachi-
donoyl-ethanolamine) (Devane et al., 1992b) and 2-arachidonylglycerol (2-AG,
Mechoulam et al., 1995; Sugiura et al., 1995). AEA, the first endocannabinoid ever
isolated, was named anandamide from the Sanskrit word ananda for “inner bliss”
(Devane et al., 1992b). Several additional active anandamide-type compounds
were also isolated (Hanus et al., 1993). These compounds were present in tissues in
miniscule amounts, and their chemical structures (Figure 5.1) were determined by
physical measurements — e.g. NMR and mass spectrometry. Detailed descriptions
of the isolation and structural elucidation of AEA and 2-AG have been published
(Devane et al., 1992b; Mechoulam et al., 1995).

The identification of fatty acid derivatives as endogenous cannabinoids was unex-
pected. Although fatty acid ethanolamides (named also N-acylethanolamines, NAEs)
were known as natural products (Schmid et al., 1990), there was no indication
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Figure 5.1 Chemical structures of endocannabinoids and other cannabimimetic fatty acid derivatives.
Endocannabinoids (2-arachidonoylglycerol and some polyunsaturated C20-C22
N-acylethanolamines) are defined as endogenous metabolites capable of binding
and activating either CB, or CB, cannabinoid receptors, or both (Di Marzo, 1998).
Other fatty acid derivatives, such as palmitoylethanolamide and oleamide, have THC-
like activity in some tests, but do not exhibit high affinity for the two known cannab-
inoid receptor subtypes.

that such compounds had any relationship to cannabinoids. In retrospect, one
can state that N-arachidonoyl-ethanolamine and 2-arachidonylglycerol should
have been investigated in the past. Arachidonic acid derivatives are major com-
ponents in numerous animal biological systems — see prostaglandins and leuko-
trienes, for example. Ethanolamides of fatty acids, as mentioned above, are also
well known and some have been shown to have many biological activities (see
below). Monoacylglycerols are metabolic intermediates of important constituents,
i.e., triacylglycerols, diacylglycerols and phosphoglycerides. It is indeed strange
that these facts were not put together and that arachidonic acid amides and esters
were not investigated earlier.

Other cannabimimetic fatty acid amides:
before and after 1992

The physiological activities of several long chain fatty acid ethanolamides have
been examined in the past. At low—medium pM concentrations, they have been
shown to have membrane-stabilizing effects, to stimulate the rate of Ca% sequest-
ration and Ca*" and Mg?* ATPase activity, and to increase the retention time of
Ca** by vesicles (Epps et al., 1982). At high concentration these amides have inhib-
itory effects. It is of interest that AEA has also been found to have biphasic effects
(Sulcova et al., 1998). Palmitoylethanolamide (PEA) was initially isolated from egg
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yolk, peanut meal and soybean lecithin and found to have anti-inflammatory activity
(Kuehl et al., 1957), and was later found also in animal tissues (see below). PEA has
a rather checkered history as an anti-inflammatory agent. In a guinea pig joint
anaphylaxis assay it was active at 0.3 pg/kg (Ganley et al., 1958). It also suppresses
passive anaphylaxis in mice (5 mg/kg) (Ganley and Robinson, 1959) and inhibits
release of histamine from rat peritoneal cells induced by Russel Viper venom
(Goth and Knoohuizen, 1962). It had no activity on primary lesions of adjuvant
arthritis in the rat, but inhibited the tuberculin reaction in guinea pigs (Perlik ez al.,
1971). In a clinical trial, PEA did not prevent rheumatic fever in children (Coburn
and Rich, 1960). PEA has also been reported to lower the alcohol-induced impair-
ment of psychomotor tasks in man (Krsiak et al., 1972), to induce non-specific
resistance to viral and bacterial infection (Raskova et al., 1972) and to have preventive
therapeutic effects in respiratory tract infections (Kahlich et @l., 1979). In double
blind field trials in army units PEA limited clinical infections significantly. It was
introduced in clinical practice in Eastern Europe, under the name “Impulsin,” but
it is apparently no longer used.

PEA has also been shown to inhibit ion transport through the veratridine-
activated fast sodium channels (Gulaya et al., 1993). Several other fatty acid ethanol-
amides have been found to have positive ionotropic effects on muscle strips from
guinea pig heart (Epps et al., 1983). The ethanolamide of oleic acid was found to
protect guinea pig atria from the reduction of contractile force caused by hypoxia
(Epps et al., 1983). It has been suggested that long chain fatty acid ethanolamides
have “protective effects in ischemic myocardium and [are] produced as the result
of a defense mechanism against ischemic injury” (Schmid et al., 1990). Surprisingly,
no further work in this important area has been reported. The pharmacological
effects described above have been well summarized in considerable detail in a
review by Schmid et al. (1990).

More recent pharmacological and biochemical work on PEA is difficult to
rationalize. Most researchers have found that PEA does not activate either CB; or
CB, receptors (Sheskin et al., 1997; Lambert e/ al., 1999; Martin et al., 1999;
Sugiura et al., 2000). Yet, PEA induces in some cases biological responses that are
similar to those caused by cannabinoids (see Lambert and Di Marzo, 1999 for
review), such as the inhibition of the release of inflammatory mediators and cyto-
kines by mast cells and macrophages (Facci et al., 1995; Berdyshev et al., 1997).
Furthemore, PEA was found to reduce peripheral pain, an effect that was antagon-
ized by a CB, receptor antagonist (Calignano et al., 1998). When AEA and PEA
were administered together they acted synergistically by reducing pain responses
100-fold more potently than each compound alone. Interestingly, Facci et al.
(1995) have reported that PEA is capable of displacing a cannabinoid receptor
ligand, WINb55,212-2, from its specific binding sites in mast cells and rat basophilic
leukemia (RBL) cells, although this finding has not been confirmed by using a
slightly difterent experimental protocol (Lambert et al., 1999). So, does PEA act on
a non-CB|, non-CB, cannabinoid receptor, or as an endogenous “enhancer” of
AEA actions (see below)? More recently, two other fatty acid ethanolamides that do
not bind to CB; and CB, receptors, the oleic and linoleic acid homologues, have
also been found to induce some THC-like effects in vivo at high doses (Watanabe
etal., 1999).
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The effect of AEA on sleep has not been directly investigated, although cannabis
and THC are well known for their hypnotic properties. However, Santucci et al.
(1996) have found that the CB, antagonist SR-141716A increases the time spent
awake at the expense of both slow-wave and rapid eye movement (REM) sleep.
They suggested that “....An endogenous cannabimimetic (anandamidergic?) system
may regulate the organization of the sleep-waking cycle.” Indeed a fatty acid amide,
the primary amide of oleic acid (oleamide, OA), has received considerable attention
recently as a potential sleep factor (Boger et al., 1998). It was first identified in the
cerebrospinal fluid of sleep-deprived cats (Lerner et al., 1994) and was shown to
induce sleep in rodents and cats (Cravatt et al., 1995). An increase of mean duration
of slow wave sleep at the expense of waking was noted; distribution of REM sleep
was not altered (Boger et al., 1998). OA modulates serotonin receptor responses,
with potentiation of several subtypes of these receptors (Huidobro-Toro and Harris,
1996; Boger et al., 1998), including the 5-HT; receptor, which has been associated
with sleep (Thomas et al., 1997). Although OA does not bind to either CB; or CB,,
it does parallel the effect of AEA in its action on the tetrad of pharmacological
effects, which are considered specific for cannabinoids (Mechoulam et al., 1997).
This discrepancy has been explained by the inhibitory action of OA on the enzyme
FAAH (which hydrolyses AEA), which possibly results in an enhancement of AEA
action. On the same basis it has been suggested that OA acts on sleep induction
through AEA (Mechoulam et al., 1997). Boger et al. (1998) have however suggested
that oleamide and AEA “exert their effects through a common mechanism albeit
not exclusively through the studied cannabinoid receptors.” At present, neither
the mechanism of the hypnotic action of AEA nor that of OA is fully established.

QUANTITATIVE ANALYSIS OF ENDOCANNABINOIDS
AND OTHER CANNABIMIMETIC FATTY ACID
DERIVATIVES

The study of the biological significance of endocannabinoids would not be possible
without methods for determining their concentration in tissues and biological
fluids. Analytical techniques allowing the accurate measurement of the le