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Preface

Although primarily used today as one of the most prevalent illicit leisure drugs, the
use of Cannabis sativa L., commonly referred to as marijuana, for medicinal purposes
has been reported for more than 5000 years. Marijuana use has been shown to create
numerous health problems, and, consequently, the expanding use beyond medical
purposes into recreational use (abuse) resulted in control of the drug through
international treaties.

Much research has been carried out over the past few decades following the
identification of the chemical structure of THC in 1964. The purpose of Marijuana and
the Cannabinoids is to present in a single volume the comprehensive knowledge and
experience of renowned researchers and scientists. Each chapter is written independently
by an expert in his/her field of endeavor, ranging from the botany, the constituents, the
chemistry and pharmacokinetics, the effects and consequences of illicit use on the human
body, to the therapeutic potential of the cannabinoids.

Mahmoud A. EISohly, php
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Chapter 1

Cannabis and Natural Cannabis
MedicInes Rrobert C. Clarke and David P. Watson

1. INTRODUCTION

Cannabis plants produce many compounds of possible medical importance. This
chapter briefly explains the life cycle, origin, early evolution, and domestication of
Cannabis, plus provides a brief history of drug Cannabis breeding and looks into the
future of Cannabis as a source of medicines. Cannabis is among the very oldest of
economic plants providing humans with fiber for spinning, weaving cloth, and making
paper; seed for human foods and animal feeds; and aromatic resin containing
compounds of recreational and medicinal value. Human selection for varying uses and
natural selection pressures imposed by diverse introduced climates have resulted in a
wide variety of growth forms and chemical compositions. Innovative classical breeding
techniques have been used to improve recreational drug forms of Cannabis, resulting in
many cannabinoid-rich cultivars suitable for medical use. The biosynthesis of
cannabinoid compounds is unique to Cannabis, and cultivars with specific chemical
profiles are being developed for diverse industrial and pharmaceutical uses.

2. LiFe CycLE AND EcoLoaGy

Cannabis is an annual crop plant propagated from seed and grows vigorously when
provided an open sunny location with light well-drained soil, ample nutrients, and water.
Cannabis can reach up to 5 m (16 ft.) in height in a 4- to 8-month spring-toautumn
growing season. Feral Cannabis populations are frequently found in association with
human habitation. Disturbed lands such as active and disused farm fields, roadsides,
railways, trails, trash piles, and exposed riverbanks are ideal habitats for

From: Forensic Science and Medicine: Marijuana and the Cannabinoids Edited by: M.
A. EISohly © Humana Press Inc., Totowa, New Jersey
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wild and feral Cannabis because they provide open niches exposed to adequate sunlight.

Seeds usually germinate in 3—7 days. During the first 2-3 months of growth,
juvenile plants respond to increasing day length with a more vigorous vegetative growth
characterized by an increasing number of leaflets on each leaf. Later in the season (after
the summer solstice), shorter days (actually longer nights) induce flowering and
complete the life cycle. Cannabis begins to flower when exposed to short day lengths
of 12-14 hours or less (long nights of 10-12 hours or more) depending on its latitude of
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origin. However, a single evening of interrupted darkness can disrupt flowering and
delay maturation. Conversely, a day or two of short day length can induce flowering that
may be irreversible in early-maturing varieties. If an individual plant grows with
sufficient space, as in seed or resin production, flower-bearing limbs will grow from
small growing points located at the base of the leaf petioles originating from nodes along
the main stalk. The flowering period is characterized by leaves bearing decreasing
numbers of leaflets and an accompanying change from vegetative growth and biomass
accumulation to floral induction, fertilization, seed maturation, and resin production (1).

Cannabis is normally dioecious (male and female flowers developing on separate
plants), and the gender of each plant is anatomically indistinguishable before flowering.
However, Mandolino and Ranalli (2) report success using random amplified
polymorphic DNA analysis to identify male-specific DNA markers, and female-
associated DNA polymorphisms were also described by Hong et al. (3). The floral
development of male and female plants varies greatly. Whereas male flowers with five
petals and prominent stamens hang in loose clusters along a relatively leafless upright
branch, the inconspicuous female flowers are crowded into dense clusters along with
small leaflets at the base of each larger leaf along the branch (see Fig. 1). Pollen grains
require air currents to carry them to the female flowers, resulting in fertilization and
consequent seed set. Viable pollen can be carried by the wind for considerable distance
(4); the male plants cease shedding pollen after 2-4 weeks and usually die before the
seeds in the female plants ripen. Pollen has been frozen and successfully used for seed
production up to 3 years later.

The single seed in each female flower ripens in 3-8 weeks and will either be
harvested, be eaten by birds or rodents, or fall to the ground, where they may germinate
the following spring. This completes the natural 4- to 6-month life cycle. A large female
plant can produce up to half a kilogram of seed. Cannabis seeds are a balanced source
of essential fatty acids and easily digestible proteins and are suitable for use as whole
foods and dietary supplements. Essential fatty acids have been shown to have many
important physiological roles, and hemp seed oil is a valuable nutraceutical (5). Recent
research has confirmed that topical application of hemp seed oil is effective in treating
ear, nose, and throat ailments (6).

3. FieLb Crop PRODUCTION

When industrial hemp crops are grown for fiber or seed, both male and female
plants are usually left standing in the field until harvest. Most medical Cannabis is
grown for its psychoactive resin by a different technique. In the early 1970s, a handful
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Fig. 1. Medical Cannabis cultivars grown in the United Kingdom by GW Pharmaceuticals, which
form the basis for GW’s development of prescription medicines. The larger inflorescence (A) is
a cannabidiol (CBD)-rich cultivar containing only traces of As-tetrahydrocannabinol (THC), and
the smaller inflorescence (B) is a THC-rich cultivar containing only traces of CBD.
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of North American illicit marijuana cultivators began to grow sinsemilla (Spanish for
“without seed”) marijuana that within a few years became the predominant style of
North American and European marijuana production. The sinsemilla effect is achieved
by eliminating male plants from the fields, leaving only the unfertilized and therefore
seedless female plants to mature for later flower and/or resin harvest.* In lieu of setting
seed in the earliest flowers, the female plants continue to produce additional flowers
covered by resin glands, which increases the percentage of psychoactive and medically
valuable A°-tetrahydrocannabinol (THC) or other cannabinoids in these flowers. Yields
of terpenoid-rich essential oils produced in the resin glands along with the closely related
terpenophenolic cannabinoids are also significantly raised in seedless flowers (7).
Throughout the 1980s, the vast majority of domestically produced North American and
European drug Cannabis was grown from seed in outdoor gardens, but during the 1990s
the popularity of growing sinsemilla in greenhouses and indoors under artificial lights
grew rapidly.

4. GREENHOUSE AND GRow Room PrRoDuUCTION

Most Cannabis presently used for medical purposes is grown indoors under
artificial lights. Modern indoor growers most often grow their own clones under halide
and sodium vapor light systems set up in attics, bedrooms, or basements. Crops grown
from seed are typically made up of large male and female plants that require a lot of
space and exhibit a wide range of physical and biochemical characteristics. A Cannabis
breeder relies on this variation as genetic potential for improving varieties, whereas a
drug Cannabis producer wants a profitable and uniform crop and uses female clones to
improve grow room yields. Consequently, vegetative production of female clones and
the production of seedless flowers preclude the possibility of seed production and
variety improvement. Vegetatively propagated crops are preferred because indoor
garden space is limited, only female Cannabis plants produce resin of medical value,
and it is both inconvenient and expensive to purchase reliable drug Cannabis seed. In
addition, the legal systems of many nations penalize growers of more plants (vegetative,
male or female) with harsher penalties. Under artificial growing conditions, crops are
reproduced vegetatively by rooting cuttings of only select female plants, transplanting,
and inducing flowering almost immediately so that the mature crop is short and compact.
Cuttings of one plant are all genetically identical members of a single clone, so they will
all respond in the same way to environmental influences and will be very similar in
appearance. When environmental influences remain constant, the clone will yield serial
crops of nearly identical uniform seedless females each time it is grown.

Female “mother” plants used for cutting stock must be maintained in a constantly
vegetative state under 18-hour or longer day lengths or they will begin to flower. Serial
cuttings can be removed, rooted, grown under long day length, and used to replace older
mother plants indefinitely. If the mother plants remain free of viruses or other pathogens,
there is no loss of vigor after multiple rounds of vegetative propaga-
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*This technique was first encountered by British working in India, but we are unsure of its history prior
to 1800.

tion. Serially propagated clones have been maintained for more than 20 years. Whenever
flowering plants are required, small rooted cuttings (10-30 c¢m tall) are moved into a
flowering room with a day length of 10-13 hours to mature in 7-14 weeks.*

Vegetatively produced plants can fully mature when they are less than 1 m (3 ft.)
tall and form flowers from top to bottom and look like a rooted branch from a large plant
grown from seed. The length of time between the induction of flowering and full
maturity of the female floral clusters depends largely on the variety being grown and the
day length. Some cultivars mature much more quickly than others, and plants tend to be
shorter when mature than those of slower-ripening varieties. Cannabis plants mature
faster when they are given shorter day lengths of 10 hours, but most cultivars have an
optimum day length requirement for maximum flower production in the shortest time—
around 12-13 hours. Under ideal environmental conditions and expert management,
yields of dried flowers commonly reach 400 g/m? per crop cycle. As a result of multiple
cropping four or five times per year, total annual yields can add up to more than 2 kg of
dried flowers per square meter.

In vitro techniques combined with low temperatures would allow long-term
storage of wide varieties of living germplasm and could be an important storage
technique for germplasm collections and breeders. Several research groups have
reported success with vegetatively reproducing and initiating shooting in
undifferentiated callus tissue and rooting of branch tips. The induction of rooting in
callus and branch tips is straightforward. However, inducing shoots in callus tissue has
proven more problematic and needs additional improvement (2,8). Further research and
commercial applications of in vitro techniques are expected in the near future.

5. ResIN GLAND ANATOMY AND DEVELOPMENT

As resin gland development commences, the medically important cannabinoids
and the associated terpenes begin to appear. Although the cannabinoids are odorless,
terpenes are the primary aromatic principles found in the essential oil of Cannabis
(9,10). Most interesting economically and medically are the cannabinoid-rich terpenoid
secretions of the head cells of glandular hairs densely distributed across the myriad
surfaces of the female flowers. Male plants are of no consequence in medicine
production because they develop few glandular trichomes and consequently produce
few cannabinoids or terpenes. Solitary resin glands most often form at the tips of slender
stalks that form as extensions of the plant surface and glisten in the light. The cluster of
one to two dozen glandular head cells atop each stalk secretes aromatic
terpenecontaining resins with very high percentages of cannabinoids (>80%) that
collects in vesicles under a thin membrane surrounding the secretory head cells. The
secreted resin component is in large part physically segregated from the secretory cells
(11). This isolates the resin from the atmosphere as well as membrane-bound enzyme
systems within the secretory cells, possibly protecting the terpenes and cannabinoids
from oxidative degradation and enzymatic change. At the base of each cluster of resin
head
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*Cannabis breeders maintain male clones in the same way and induce them to flower whenever pollen
is required to produce seed. However, males are often more difficult than females to maintain in the
vegetative state.

Waxy Layer

Secretory Cavity
Gland Cells

Abscission Layer

Stalk Cells

Fig. 2. Microscope photograph and drawing of a Cannabis resin gland. The secretory head cells
are easily visible within the transparent blister of cannabinoid and terpenoid-rich resin. (Photo
courtesy of David Potter, drawing from ref. 14.)

cells lies an abscission layer allowing the resin gland and secreted resin to be easily
removed by mechanical means (see Fig. 2). Hashish or charas is simply millions of resin
glands that have been rubbed, shaken, or washed from fresh or dry plants and
compressed into a dense mass (11).

Resin glands containing cannabinoids and terpenes may have an adaptive
significance in reducing insect and fungal attack (12). However, Cannabis crops are
subject to infestation by a wide variety of pests (13), particularly under greenhouse and
grow room conditions.

6. CANNABINOID AND TERPENOID BIOSYNTHESIS

It is not surprising that cannabinoids are produced along with terpenoid
compounds. Terpenes comprise a large group of compounds synthesized from Ci,
isoprene subunits. Monoterpenes (Cy) and sesquiterpenes (Cis) are the classes most
commonly found in Cannabis. Terpenoids are the primary aromatic constituents of
Cannabis resin, although they constitute only a small percentage of organic solvent
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extracts. Cannabinoids are terpenophenolic compounds chemically related to the
terpenoid compounds as the ring structure is derived from a geranyl pyrophosphate Ci,
terpenoid subunit. Cannabinoids make up a large portion of the resin and can make up
as much as 30% by weight of dried flowering tops. Cannabinoids are not significantly
present in extracts prepared by steam distillation (15).

Our basic understanding of the biosynthesis of the major cannabinoids comes
largely from the research of Yukihiro Shoyama and colleagues at Kyushu University in
Japan (16,17). Cannabinoid biosynthesis begins with the incorporation of geranyl
pyrophosphate (a terpenoid compound) with either a C,, polyketide for the propyl (Cs
side chain) or a C,, polyketide for the pentyl (Csside chain) cannabinoid series into either
cannabigerovarin (CBGV) or cannabigerol (CBG), respectively. Research by Etienne
de Meijer at HortaPharm B.V. in the Netherlands shows that there is a single allele (Pr)
controlling the propyl pathway to CBGV and another allele (Pe) controlling the pentyl
pathway to CBG. The biosyntheses of THC, cannabidiol (CBD), and cannabichromene
(CBC) (or tetrahydrocannabivarin [THCV], -cannabidivarin [CBDV], or
cannabichromavarin [CBCV]) are controlled by a suite of three enzymes, each
controlled by a single allele: T, D, and C, respectively. The three enzymes can likely use
either propyl CBGV or pentyl CBG for the propyl and pentyl pathways, depending on
which substrate is available. This hypothesis was verified by Flachowsky et al. (18).
Continued research by de Meijer et al. (19) (see Fig. 3) has shown that CBD and THC
biosynthesis are controlled by a pair of co-dominant alleles, which code for isoforms of
the same synthase, each with a different specificity for converting the common precursor
CBG into either CBD or THC. The group also identified by random amplified
polymorphic DNA analysis three chemotype-associated DNA markers that show tight
linkage to chemotype and co-dominance.

7. MepicAL VALUES OF TERPENES

The terpenoid compounds found in Cannabis resin are numerous, vary widely
among varieties, and produce aromas that are often characteristic of the plant’s
geographic origin. Although more than 100 different named terpenes have been
identified from Cannabis, no more than 40 known terpenes have been identified in a
single plant sample, and many more remain unnamed (11). Terpenes are produced via
multibranched biosynthetic pathways controlled by genetically determined enzyme
systems. This situation presents plant breeders with a wide range of possible
combinations for developing medical Cannabis varieties with varying terpenoid profiles
and specifically targeted medical uses. Preliminary breeding experiments confirm that
the terpenoid profiles of widely differing parents are frequently reflected in the hybrid
progeny.

Only recently have Cannabis essential oils become economically important as
flavorings and fragrances (17). Early Cannabis medicines were formulated from
alcoholic whole flower or resin extracts and contained terpenes, although they were not
recognized to be of medical importance. Several of the monoterpenes and sesquiterpenes
found in Cannabis and derived from other botanical and synthetic sources are used in
commercial medicines. Other as-yet-unidentified terpenes may be unique to Cannabis.
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The highly variable array of terpenoid side-chain substitutions results in a range of
human physiological responses. Certain terpenes stimulate the membranes of the
pulmonary system, soothe the pulmonary passages, and facilitate the absorption of other
compounds (15). Terpenoid compounds are incorporated into pulmonary medical
products such as bronchial inhalers and cough suppressants. Casual studies indicate that
when pure THC is smoked, it produces subjectively different effects than it does when
combined with trace amounts of mixed Cannabis terpenes. Clinical trials

Cannabinoid Biosynthesis
THCV CBDV CBCV THC CBD CBC

/N N

Allelicgene : T D| C T D| C
CBGV CBG
/N N

Alfelic gene : Pr Pe
C,, polyketide
Terpenoids

Fig. 3. Cannabinoid biosynthesis is mediated by enzymes controlled by individual genes (16—
18). Terpenoid biosynthesis also begins along the same general pathway by utilizing geraniol
molecules directly. THCV, As-tetrahydrocannabivarin; CBVD, cannabidivarin; CBCV,
cannabichromavarin; THC, A%-tetrahydrocannabinol; CBD, cannabidiol; CBC,
cannabichromene; CBGV, cannabigerovarin; CBG, cannabigerol.

(Adapted from ref. 19.)

using whole plant extracts of known cannabinoid content and varying terpenoid profiles
will determine whether terpenoid compounds have an effect on the pharmacokinetics of
the cannabinoids.

8. CANNABIS 'S ORIGIN, DOMESTICATION, AND DISPERSAL

Cannabis originated either in the riverine valleys of Central Asia or in northern
South Asia along the foothills of the Himalayas and was first cultivated in China on a
large scale for fiber and seed production and soon after in India for resin production.
Various cultures have traditionally used Cannabis for different purposes. European and
East Asian societies most often used Cannabis for its strong fibers and nutritious seeds.
Species of Cannabis from these regions are usually relatively low in THC (average <1%
dry weight), with a CBD content averaging about twice as high.* African, Middle
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Eastern, South Asian, and Southeast Asian cultures used Cannabis widely for its
psychoactive properties and to a lesser extent for fiber and food. The vast majority of
races from these regions are high in psychoactive THC (often 5-10%) with widely
varying CBD content (0-5%). Early on, traders spread the South Asian section of the
Cannabis gene pool far and wide from eastern Africa to Sumatra and eventually to the

*THC is the primary psychoactive compound produced by Cannabis, and nonpsychoactive CBD is the
other most common naturally occurring cannabinoid.

semi-tropical New World. Central Asian hashish varieties, popularly called “indicas,”
were introduced to the West much more recently. Drug Cannabis use was adopted by
indigenous cultures in many of these locations, and highly psychoactive races evolved.
All modern drug varieties used as medical Cannabis are derived from these two
traditional drug variety gene pools.

Certainly, the enchanting psychological and effective medical effects realized from
smoking or eating Cannabis resins, along with its value as a food and fiber plant, have
increased predation by humans, encouraged its early domestication as a crop plant, and
hastened its dispersal worldwide first into natural and, more recently, into artificial
environments.

9. THe CANNABIS SPECIES DEBATE

Twentieth-century taxonomists have variously characterized Cannabis. Although
all taxonomists recognize the species Cannabis sativa, Small and Cronquist (20)
subdivided C. sativa into two subspecies, each with two varieties based largely on
cannabinoid content and traditional usage. Schultes et al. (21) divided Cannabis into
three separate species: C. sativa, C. indica, and C. ruderalis. Several other researchers
do not preserve C. ruderalis, but recognize both C. sativa and C. indica (22,23). We
consider C. sativa to include all wild, hemp, and drug Cannabis races, with the possible
exception of those traditionally used for hashish production in Central Asia. These
morphologically and chemically distinct Central Asian races deserve the separate
specific name of C. afghanica following the variety name for C. indica determined by
Vavilov and Bukinich (23). Some Chinese races may also deserve taxonomic distinction
separate from either C. sativa or C. indica (24). Validation of these theories awaits
further chemotaxonomic and genetic research.

In all of these taxonomic interpretations, C. sativa represents the largest and most
diverse taxon and is commonly referred to by marijuana breeders and growers, as well
as medical Cannabis users, as “sativa.” C. afghanica is commonly known as “indica”
(see Fig. 4). Individual plants of these hashish varieties have their own distinctive acrid
organic aromas and are often rich in CBD as well as THC. The wide variety of
morphological, physiological, and chemical traits encountered in Cannabis has proven
very attractive to plant breeders for years.

10. Druc CANNABIS BREEDING
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During the early 1960s, marijuana cultivation came to North America. At first,
Cannabis seeds found in illicit shipments of marijuana were simply casually sown by
curious smokers. Early marijuana cultivators tried any available seed in their efforts to
grow potent plants outdoors that would consistently mature before Kkilling frosts.
Because most imported marijuana contained seeds, many possibilities were available.
Early-maturing northern Mexican varieties proved to be the most favored, as they
consistently matured at northern latitudes. The legendary domestic Cannabis varieties
of the early and mid-1970s (such as Polly and Haze) resulted from crosses between
early-maturing Mexican or Jamaican races and more potent, but later-maturing,
Panamanian, Colombian, and Thai races.

Traditional Cannabis Gene Pools

C. sativa or : C. afghanica? or
"sativa" : "indica"
Fiber/Seed Marijuana Hashish Hashish
Russia, : South Asia, North India, Afghanistan
Mediterranean : Southeast Asia, ! Nepal, and Pakistan

and New World : and North Africa

LowTHC/ i HighTHC/ |  High THC/

High THC /
Med.-HighCBD i LowCBD : Low-Med.CBD

H
H
:
and Far East . Africa - Middle East i
i Low - High CBD
Most modern medical Cannabis varieties are a blend of traditional
"sativa" marijuana varieties with "indica" hashish varieties.

Fig. 4. The four major Cannabis gene pools originate either from C. sativa, which comprises the
vast majority of naturally occurring hemp and drug landraces (adapted from ref. 25) or from C.
afghanica from Central Asia, which has become a component in many modern drug Cannabis
cultivars (11). THC, As-tetrahydrocannabinol; CBD, cannabidiol.

Initially, the new Cannabis varieties were aimed at outdoor growing. Soon others
were specially developed for greenhouse or artificial light growing, where the plants are
sheltered from autumn cold and the growing season can be extended by manipulating
day length, allowing later-maturing varieties to finish. Once varieties that would mature
under differing conditions were available, pioneering marijuana breeders continued
selections for potency (high THC content with low CBD content) followed by the
aesthetic considerations of flavor, aroma, and color. Continued inbreeding of the
original favorable crosses resulted in some of the “super-sativas” of the 1970s, such as
Original Haze, Purple Haze, Pollyanna, Eden Gold, Three Way, Maui Wowie, Kona
Gold, and Big Sur Holy Weed.
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11. THE INTRODUCTION OF INDICA

Indica plants are characterized as short and bushy with broad, dark green leaves,
which make them somewhat harder to see from afar. They nearly always mature quite
early outdoors, from late August to early October, often stand only 1-2 m (3- 6 ft.) tall
at maturity, and produce copious resin-covered flowers and leaflets. At least several
dozen introductions of indica were made during the middle to late 1970s. Afghani No.1
and Hindu Kush were among the early indica introductions that gained notoriety and are
still available today. Following the Soviet invasion of Afghanistan in 1979, many
additional introductions were made from Afghanistan and northwestern Pakistan.

Marijuana breeders intentionally crossed varieties of early-maturing indica with
their later-maturing sativa varieties to produce early-maturing hybrid crosses (matings
of parents from different gene pools), and soon the majority of cultivators began to grow
the newly popular indica x sativa hybrids. Many of the indica x sativa hybrids were
vigorous growers, matured earlier, yielded well, and were very potent. Skunk No. 1 isa
good example of a hybrid expressing predominantly sativa traits, and Northern Lights
is a good example of a hybrid expressing predominantly indica traits. By the early 1980s,
the vast majority of all domestic sinsemilla in North America had likely received some
portion of its germplasm from the indica gene pool, and it had become difficult to find
the preindica, pure sativa varieties that had been so popular only a few years earlier.

However, the negative characteristics of reduced potency (lower THC content);
slow, flat, sedative, dreary effect (high CBD content); skunky, acrid aroma; and harsh
taste quickly became associated with many indica x sativa hybrids. To consumers, who
often prefer sativas, indica has not proven itself to be as popular as it is with growers.
Also, the dense, tightly packed floral clusters of indica tend to hold moisture and to
develop gray mold (Botrytis), for which the plants have little natural resistance. Mold
causes significant losses, especially in outdoor and glasshouse crops, and was rarely a
problem when only pure C. sativa varieties were grown. In addition, fungal
contamination of medical Cannabis could prove a serious threat to pulmonary or
immunocompromised patients. Although consumers and commercial cultivators of the
late 1970s initially accepted indica enthusiastically, serious breeders of the late 1980s
began to view indica with more skepticism. Although indica may currently appear to be
a growing bane for Cannabis connoisseurs, it has certainly been a big boon for the
average consumer, bringing more potent and medically effective Cannabis to a wider
audience. Indica x sativa hybrids have proven to be well adapted to indoor cultivation
where mold is rarely a problem. Indica x sativa varieties mature quickly (60-80 days of
flowering), allowing four to five harvests per year, and can yield up to 100 g of dry
flowers on plants only 1 m (3 ft.) tall. C. sativa varieties are too gangly and tall and take
too long to mature to make them desirable for the indoor grower. On the other hand,
sativas have unique cannabinoid and terpenoid profiles producing effects considered
superior by many medical Cannabis users.

Political pressure on marijuana cultivators across North America forced many drug
Cannabis breeders to relocate to the Netherlands, where the political climate was less
threatening. During the 1980s, several marijuana seed companies appeared in the
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Netherlands, where cultivation of Cannabis for seed production and the sale of seeds
were tolerated. To North American and European cultivators, this meant increased
availability of exotic high-quality drug Cannabis seeds and presented yet more
possibilities to find varieties that were the most medically effective for individual
indications and patients. Cannabis seed sales continue in the Netherlands today.

12. Apvances IN MebicaL CANNABIS RESEARCH

Cannabis available to the medical user comes in two commonly available types.
Marijuana (domestically produced or imported Cannabis flowers) is nearly always
grown from high-THC varieties (up to 30% dry weight in trimmed female flowers) and
contains very little CBD. Very high THC with negligible CBD profiles of modern
sinsemilla varieties result from marijuana growers sampling single plants and making
seed selections from vigorous individuals with high levels of psychoactivity. Unique
individuals may also be vegetatively propagated, thereby fixing the high-THC genotype
in the clonal offspring.

Commercially available imported hashish or charas (compressed Cannabis resin)
is collected from varieties that are predominantly THC (up to 10%) but that often contain
up to 5% CBD as well. Imported hashish is produced by bulk processing large numbers
of plants. Growers rarely make seed selections from individual, particularly potent
plants, and therefore without human intervention the CBD content tends to be closer to
that of THC. Hashish cultivars are usually selected for resin quantity rather than potency,
so the farmer chooses plants and saves seeds by observing which ones produce the most
resin, unaware of whether it contains predominantly THC or CBD. Populations grown
from imported indica seeds contain approx 25% plants that are rich in CBD with little
THC, 50% that contain moderate amounts of both CBD and THC, and 25% that contain
little CBD and are rich in THC.* Marijuana breeders utilized only the high-THC indica
individuals in crosses, thereby promoting high THC synthesis and suppressing CBD.

CBD is suspected of having modifying physiological and psychological effects on
the primary psychoactive compound THC, and in a medical setting it may also have
useful modulating effects on THC or valuable effects of its own. However, analytical
surveys of 80 recreational and medical Cannabis varieties in the Netherlands (26) and
47 samples in California (27) show that nearly every sample contained predominantly
THC with little if any CBD or other cannabinoids. Higher levels of THC (and other
medically effective cannabinoid and terpenoid compounds) in medical Cannabis are
healthier for patients using smoked Cannabis because they can smoke less to achieve
the same dosage and effect. Recently developed mechanical resincollecting techniques
combined with high-potency Western cultivars are used to make very potent and pure
hashish of more than 50% THC and almost no CBD (see Fig. 5).

Proponents of medical Cannabis, especially traditional hashish users, claim that
the additional benefits of herbal preparations are a result, at least in part, of the presence
of other cannabinoids such as CBD. Because THC (with traces of CBD) is the prominent
cannabinoid found in most domestically produced North American and European
marijuana and hashish, how will medical users gain legitimate legal access to other
potentially effective cannabinoids?
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13. The Future of Medical CANNABIS

Cannabis breeders are continually searching for new sources of exotic germplasm
and will develop new varieties that will prove particularly effective as medicines.

*The ratio of THC to CBD usually approached 1:1 in populations unselected for cannabinoid content,
and the amounts of cannabinoids are rather low. Industrial hemp varieties have been selected for unnaturally
low levels of THC (European Union regulations stipulate <0.3% dry weight) and much higher levels of
CBD, whereas sinsemilla varieties have been selected for unnaturally high levels of THC (>20% dry weight)
at the expense of CBD.

Sources of recreational and medical Cannabis

Q9

Male and female plants Female plants only
Seeded Cannabis Vegetative cuttings
v N N%

Seeds Traditional : Seedless Cannabis flowers
Sowing Grain H:_:hISh R;;In K N
Seed  Seed c+C Marijuana Modern

"sin semilla" Hashish

Very High THC / Very Low CBD

Fig. 5. Both recreational and medical Cannabis typically originate from either seeded plants
used primarily for traditional hashish production or seedless plants grown primarily for
“sinsemilla” marijuana and occasionally for modern hashish production. THC, As-
tetrahydrocannabinol; CBD, cannabidiol.

Pure indica varieties are still highly prized breeding stock, and new indica introductions
from Central Asia are occasionally received. Sativa varieties from Mexico, South
Africa, and Korea are gaining favor with breeders because they mature early but do not
suffer from the drawbacks of many indicas. Recently, Cannabis breeders have become
more interested in variations in subjective effects between different clones and are
developing varieties with enhanced medical efficacy based on feedback from medical
Cannabis users.

Genetic modification has also reached Cannabis. Researchers in Scotland have
successfully transferred genes for gray mold resistance to an industrial hemp variety
(28). Because Botrytis is one of the leading pests of Cannabis, causing crop loss and
contaminating medical supplies, the transfer of resistance into medical varieties would
be of great value. In addition, other agronomically valuable traits may also be transferred
to Cannabis, such as additional pest resistance, increased yields of medically valuable
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compounds, tolerance of environmental extremes, and sexual sterility. However, so far
the acceptance of genetically modified (GM) organisms has been timid. The European
Union, for example, has installed strict regulations to prevent the accidental release of
GM crop plants, and production of GM Cannabis in the European Union may be
impractical. Cannabis presents a particularly high risk for transmitting genetically
modified genes to industrial hemp crops and weedy Cannabis because it is wind-
pollinated. If sterile female GM clones could be developed and used for production, then
gene transfer would be blocked. Genes coding for cannabinoid biosynthesis might also
be transferred from Cannabis to less politically sensitive organisms.

GW Pharmaceuticals Ltd. in the United Kingdom is engaged in the development
of prescription medicines derived from Cannabis and, as part of its research program to
develop novel cannabinoid medicines, supports an ongoing breeding project to develop
high-yielding Cannabis cultivars of known cannabinoid profile. The aims of this
research are to create varieties that produce only one of the four major cannabinoid
compounds (e.g., THC, CBD, CBC, CBG, or their propyl homologs) as well as selected
varieties with consistently uniform mixed cannabinoid and terpenoid profiles. These
uniform profiles allow for the formulation of nonsmoked medicinal products, which can
meet the strict quality standards of international regulatory authorities. A sublingual
spray application of plant-derived THC and CBD began clinical trials for relief of
multiple sclerosis-associated symptomology in 1999. These clinical trials have gone on
to include patients with neuropathic pain and cancer pain.

14. CoONCLUSION

Cannabis has had a long association with humans, and anecdotal evidence for its
medical efficacy is plentiful. Since the 1970s, modern North American and European
drug Cannabis varieties have resulted largely from crosses made by clandestine breeders
between South Asian sativa marijuana varieties that spread early throughout South and
Southeast Asia, Africa, and the New World and Central Asian indica hashish varieties.
These hybrid varieties are now commonly used in Western societies for medical
Cannabis.

Largely as a response to increased law enforcement and the limited commercial
availability of high-quality medical grade Cannabis, patients growing their own plants
and self-medicating is a trend rapidly spreading across North America, Europe, and
around the globe. The political climate surrounding medical Cannabis legislation has
become more informed, compassionate, and lenient. Cannabis cultivation for personal
medical use will eventually be legalized or tolerated in many jurisdictions, if not by the
public openly favoring legalization, then by increasing governmental awareness of the
inefficiency inherent in attempted prohibition of a popular and effective medicine.

Pharmaceutical research companies are developing new natural cannabinoid
formulations and delivery systems that will meet government regulatory requirements.
As clinical trials prove successful and the understanding of Cannabis’s efficacy and
safety as a modern medicine spreads, patients can look forward to a steady flow of new
Cannabis medicines providing effective relief from a growing number of indications.
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Chapter 2

Chemistry and Analysis of
Phytocannabinoids and Other

Cannabis Constituents Rrudolf
Brenneisen

1. THE CHEMISTRY OF PHYTOCANNABINOIDS AND NONCANNABINOID-TYPE
CONSTITUENTS

1.1. Phytocannabinoids

1.1.1. Introduction

The Cannabis plant and its products consist of an enormous variety of chemicals.
Some of the 483 compounds identified are unique to Cannabis, for example, the more
than 60 cannabinoids, whereas the terpenes, with about 140 members forming the most
abundant class, are widespread in the plant kingdom. The term “cannabinoids”
represents a group of C,; terpenophenolic compounds found until now uniquely in
Cannabis sativa L. (1). As a consequence of the development of synthetic cannabinoids
(e.g., nabilone [2], HU-211 [dexanabinol; ref. {3}, or ajulemic acid [CT-3; ref. 4]) and
the discovery of the chemically different endogenous cannabinoid receptor ligands
(“endocannabinoids,” e.g., anandamide, 2-arachidonoylglycerol) (5,6), the term
“phytocannabinoids” was proposed for these particular Cannabis constituents (7).

1.1.2. Chemistry and Classification

So far, 66 cannabinoids have been identified. They are divided into 10 subclasses
(8-10) (see Table 1).

From: Forensic Science and Medicine: Marijuana and the Cannabinoids Edited by: M.
A. EISohly © Humana Press Inc., Totowa, New Jersey
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Table 1
Cannabinoids

Compound Structure Main pharmacological
characteristics

Cannabigerol class

OH
= R,

R,O R, Antibiotic

Cannabigerolic acid |

(CBGA) R{=COO0OH, Rz =CsH11, Ra=H

Cannabigerolic acid Ry =COO0H, Ry = CsH44, R3 =

monomethylether

CHz
(CBGAM)
Antibiotic
Cannabigerol Antifungal
(CBG) Rs=H,R;=CsH4y, R3=H Anti-inflammatory
Analgesic

Cannabigerol
monomethylether
(CBGM)

Cannabigerovarinic

Ry =H, R2 =CsH11, R3=CH3

acid
(CBGVA)

Ri1=CO0H, R, =Cs:H7, Rz =H

Cannabigerovarin
(CBGV)

Ri=H,Rz=C3H7;, Rz =H

(continued)

1. Cannabigerol (CBG) type: CBG was the first cannabinoid identified (11), and its
precursor cannabigerolic acid (CBGA) was shown to be the first biogenic cannabinoid
formed in the plant (12). Propyl side-chain analogs and a monomethy! ether derivative
are other cannabinoids of this group.

2. Cannabichromene (CBC) type: Five CBC-type cannabinoids, mainly present as
C5analogs, have been identified.

3. Cannabidiol (CBD) type: CBD was isolated in 1940 (13), but its correct structure was
first elucidated in 1963 by Mechoulam and Shvo (14). Seven CBD-type cannabinoids
with C1 to C5 side chains have been described. CBD and its corresponding acid CBDA
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Table 1 (continued)

Structure

Main pharmacological
characteristics

Brenneisen

Compound

Cannabichromene class

OH
Cannabichromenic acid R
= = 1
(CBCA)
o} R,
R1 = COOH, Rz = 05H11
Anti-inflammatory
Cannabichromene Ry = H, Ry = CsHys Antibiotic
(CBC) Antifungal
Analgesic
Cannabichromevarinic acid R; = COOH, R, = CaHs
(CBCVA)
Cannabichromevarin
(CBCV) R1 = H, R2 = CaH'{
Cannabidiol class
Cannabidiolic acid
(CBDA) Antibiotic
Ry =COOH, R =CsHy1, R3=H
Anxiolytic
Antipsychotic
Cannabidiol Analgesic
(CBD) Ri=H, Rz =CsHir, Ry =H Anti-inflammatory
Antioxydant

Antispasmodic

(continued)

are the most abundant cannabinoids in fiber-type Cannabis (industrial hemp). Isolated

in 1955, CBDA was the first discovered cannabinoid acid.
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Table 1 (continued)

4. A°-Tetrahydrocannabinol (THC) type: Nine THC-type cannabinoids with C1 to C5
side chains are known. The major biogenic precursor is the THC acid A, whereas
Compound Structure Main
pharmacological
characteristics

Cannabidiol Ry = H, Ry = CsHis, Rs = CHs

monomethylether
(CBDM)

Cannabidiol-C4
(CBD-C4)

Ri=H,R2=C4He, Rz =H

Cannabidivarinic acid
(CBDVA)

R1 = COOH, Rz = C3H7, R3 =H

Cannabidivarin
(CBDV)

Ri=H,R2=CsH;, Rz=H

Cannabidiorcol
{CBD-Cy)

R1=H,R2=CH3,R3=H

Delta-9-tetrahydrocannabinol class

Delta-9-
tetrahydrocannabinolic acid A
(THCA-A)

R1 = COOH, Rz = CsHﬂ, R3 =H

Delta-9-
tetrahydrocannabinolic acid B
(THCA-B)

R1 = H, R2 = CsH11, R3 = COOH

(continued)
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Table 1 (continued)

THC acid B is present to a much lesser extent. THC is the main psychotropic principle;
the acids are not psychoactive. THC (6a,10a-trans-6a,7,8,10a-tetrahydro-
6,6,9trimethyl-3-pentyl-6H-dibenzo[b,d]pyran-1-ol) was first isolated in 1942 (15), but
the correct structure assignment by Gaoni and Mechoulam took place in 1964 (16).

Compound Structure Main
pharmacological
characteristics
Euphoriant
Delta-9-tetrahydrocannabinol Analgesic
(THC) R1 = H, Rz = C5H11, R3 =H g
Anti-inflammatory
Antioxidant
Antiemetic
Delta-9-
tetrahydrocannabinolic R1=COOH, Rz = C4Ho, Rs = H
acid-Cs or
(THCA-C4) R1 = H, Rz = C4Hg‘ R3 = CQOOH
Delta-9-
tetrahydrocannabinol-Cy4 Ri=H, Rz =CsHs, Rs =H
(THC-C4)
Delta-9- R; = COOH, R = CsHyz, R = H
tetrahydrocannabivarinic acid
(THCVA)
Delta-9- Analgesic
tetrahydrocannabivarin Ri=H, Rz =CsHy7, Rs =H Euphoriant
(THCV)
Delta-9- R: = COOH, Rz = CH3, Rs = H
tetrahydrocannabiorcolic acid or
(THCA-C.) Ry = H, Rz = CHa, Rs = COOH
Delta-9- R;=H, Rz = CHs, Ry = H
tetrahydrocannabiorcol
(THC-Cy)
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Table 1 (continued)

(continued)

5. AS-THC type: A8-THC and its acid precursor are considered as THC and THC acid
artifacts, respectively. The 8,9 double-bond position is thermodynamically more stable
than the 9,10 position. AS-THC is approx 20% less active than THC.

Compound Structure Main
pharmacological
characteristics
OH
Delta-7-cis-iso- >
tetrahydrocannabivarin H
0 R,
R1 = C3H7
Delta-8-tetrahydrocannabinol class
Delta-8-
tetrahydrocannabinolic acid
(AB-THCA)
R1 = COOH, Rz = CsH11
Delta-8- R~ H Ro = CH Similar to THC
tetrahydrocannabinol 1o T e T st (less potent)
(A%-THC)
Cannabicyclol class
OH
R1
Cannabicyclolic acid
(CBLA) =0 R,
Ry = COOH. Rz = CsH14
Cannabicyclol R: = H, Ry = CsHis
(CBL)
Cannabicyclovarin R: = H, Ry = CsHy
(CBLV)

(continued)
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Table 1 (continued)

6. Cannabicyclol (CBL) type: Three cannabinoids characterized by a five-atom ring
andC:-bridge instead of the typical ring A are known: CBL, its acid precursor, and the
Csside-chain analog. CBL is known to be a heat-generated artifact from CBC.

7. Cannabielsoin (CBE) type: Among the five CBE-type cannabinoids, which are
artifacts formed from CBD, are CBE and its acid precursors A and B.

Compound Structure Main
pharmacological
characteristics

Cannabielsoin class

~OH

Cannabielsoic acid A
(CBEA-A)

R1 = COOH, R2 = CsH11, R3 =H

Cannabielsoic acid B R:=H, Ry = CsH1, Ry = COOH
(CBEA-B)

Cannabielsoin R = H, Ry = CsHi1, Rs = H
(CBE)

Cannabinol and cannabinodiol class

Cannabinolic acid

(CBNA)
R1 = H, Rz = COOH, R3 = C5H11
Sedative
Cannabinol Antibiotic
(CBN) Ri=H, Rz = H, Ry = CsHj; Anticonvulsant

Anti-inflammatory

(continued)
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Table 1 (continued)

8. Cannabinol (CBN) and Cannabinodiol (CBND) types: Six CBN- and two CBND-
typecannabinoids are known. With ring A aromatized, they are oxidation artifacts of
THC and CBD, respectively. Their concentration in Cannabis products depends on age
and storage conditions. CBN was first named in 1896 by Wood et al. (17) and its
structure elucidated in 1940 (18).

Compound Structure Main

pharmacological
characteristics

Cannabinol methylether
(CBNM)

R1=CHs, Rz = H, Ry = CsHyy

Cannabinol-C4
(CBN-C4)

R1 = H, R2= H, R3= C4H9

Cannabivarin
(CBV)

Ry1=H, R2=H, R3 = CaH7

Cannabinol-C; Ri=H, Rz =H, R3 = CoHs
(CBN-C5)

Cannabiorcol
(CBN-C+)

OH
Cannabinodiol
(CBND) O
R

HO

R1=H,R2=H,R3=CH3

R = CsHﬁ

Cannabinodivarin
(CBVD)

R= CaH?

(continued)

9. Cannabitriol (CBT) type: Nine CBT-type cannabinoids have been identified, whichare
characterized by additional OH substitution. CBT itself exists in the form of both
isomers and the racemate, whereas two isomers (9-a- and 9-b-hydroxy) of CBTV were
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Table 1 (continued)

Brenneisen

identified. CBDA tetrahydrocannabitriol ester (ester at 9-hydroxy group) is the only
reported ester of any naturally occurring cannabinoids.
10. Miscellaneous types: Eleven cannabinoids of various unusual structure, e.g., with a

furanoring

(dehydrocannabifuran,

cannabifuran),

carbonyl function

(cannabichromanon, 10oxo-6-6a-tetrahydrocannabinol), or tetrahydroxy substitution
(cannabiripsol), are known.

Compound Structure Main
pharmacological
characteristics
Cannabitriol class
OH
R1
Cannabitriol
(CBT)

R1 = H, Rz = OH, R3 = C5H11

10-Ethoxy-9-hydroxy-delta-

Ba-tetrahydrocannabinol

Ri=H, Rx= OCsz, R3= CsHﬁ

8,9-Dihydroxy-delta-6a-

tetrahydrocannabinol

Ri1=0H, Ry = H, R3 = CsHy4

Cannabitriolvarin
(CBTV)

R1 = H, Rz = OH, R3 = C3H7

Ethoxy-cannabitriclvarin

R1=H, R2 = OCzHs, Rz = C3H7

(CBTVE)
Miscellaneous cannabinoids class
L
Dehydrocannabifuran
(DCBF) O
C.H

(continued)
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1.1.3. THC Potency Trends

Table 1 (continued)

27

From 1980 to 1997, a total of 35,213 samples of confiscated Cannabis products
(Cannabis, hashish, hashish oil) representing more than 7717 tons seized in the United
States were analyzed by gas chromatography (GC) (19). The mean THC concentration
increased from less than 1.5% in 1980 to 4.2% in 1997. The maximum levels found
were 29.9 and 33.1% in marijuana and sinsemilla Cannabis, respectively. Hashish

Compound Structure Main
pharmacological
characteristics
Cannabifuran O
(CBF)
H

Cannabichromanon
(CBCN)

Cannabicitran
(CBT)

10-Oxo-delta-6a-

tetrahydrocannabinol

(OTHC) CsHy,
OH
Delta-9-cis-
tetrahydrocannabinol ‘
(cis-THC) 0 C.H,,

(continued)
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Table 1 (continued)

Compound Structure Main
pharmacological
characteristics

3,4,5,6-Tetrahydro-7- Q
hydroxy-alpha-alpha-2-
trimethyl-9-n-propyl-2,6-
methano-2H-1-benzoxocin- o HO C;H,
5-methanol
(OH-iso-HHCV)

Cannabiripsol
(CBR)

OH
Trihydroxy-delta-9- OoH

HO
tetrahydrocannabinol HO ‘
O C5H 11

(triOH-THC)

and hashish oil showed no particular potency trend. The highest THC concentrations
measured were 52.9 and 47.0%, respectively. Two studies performed in Switzerland
from 1981 to 1985 (20) and 2002 to 2003 (21) found mean THC concentrations in
marijuana samples of 1.4 and 12.9%, respectively. Maximum levels were 4.8 and 28.4%,
respectively. Reasons for this enormous increase in potency include progress in
breeding, the tendency to cultivate under indoor conditions, and the worldwide access
to and exchange of seeds originating from high-THC cultivars via the Internet (22).

1.1.4. THC in Hemp Seed Products

The presence of THC in hemp seed products is predominantly the result of external
contact of the seed hull with cannabinoid-containing resins in bracts and leaves during
maturation, harvesting, and processing (23-25). The seed kernel is not entirely free of
THC but contains, depending on the hemp variety, less than 0.5 pg/g. Studies on hemp
oil conducted in the United States, Germany, and Switzerland have shown THC levels
from 11 to 117, 4 to 214, and up to 3568 ug/g, respectively (24,26-28). These high
levels were attributed to seeds from THC-rich, “drug-type” varieties, and the lack of
adequate cleaning procedures. In recent years, more careful seed drying and cleaning
have considerably lowered the THC content of seeds and oil available in the United
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Table 1 (continued)

States (23,24). However, oils and hulled seeds containing 10-20 and 2-3 pg/g THC,
respectively, are still found on the US market.
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1.2. Noncannabinoid-Type Constituents

1.2.1. Terpenoids

The typical scent of Cannabis results from about 140 different terpenoids. Isoprene
units (CsHs) form monoterpenoids (Cy, skeleton), sesquiterpenoids (Cis), diterpenoids
(Cy), and triterpenoids (Cso; see Table 2). Terpenoids may be acyclic, monocyclic, or
polycyclic hydrocarbons with substitution patterns including alcohols, ethers,
aldehydes, ketones, and esters. The essential oil (volatile oil) can easily be obtained by
steam distillation or vaporization. The yield depends on the Cannabis type (drug, fiber)
and pollination; sex, age, and part of the plant; cultivation (indoor, outdoor etc.); harvest
time and conditions; drying; and storage (29-31). For example, fresh buds from an
Afghani variety yielded 0.29% essential oil (32). Drying and storage reduced the content
from 0.29 after 1 week and 3 months to 0.20 and 0.13%, respectively (32).
Monoterpenes showed a significantly greater loss than sesquiterpenes, but none of the
major components completely disappeared in the drying process. About 1.3 L of
essential oil per ton resulted from freshly harvested outdoor-grown Cannabis,
corresponding to about 10 L/ha (29). The yield of nonpollinated (“sinsemilla”) Cannabis
at 18 L/ha was more than twofold compared with pollinated Cannabis (8 L/ha) (30).
Sixty-eight components were detected by GC and GC/mass spectrometry (MS) in fresh
bud oil distilled from high-potency, indoor-grown Cannabis (32). The 57 identified
constituents were 92% monoterpenes, 7% sesquiterpenes, and approx 1% other
compounds (ketones, esters; refs. 9 and 32). The dominating monoterpenes were
myrcene (67%) and limonene (16%). In the essential oil from outdoor-grown Cannabis,
the monoterpene concentration varied between 47.9 and 92.1% of the total terpenoid
content (29). The sesquiterpenes ranged from 5.2 to 48.6%. The most abundant
monoterpene was [-myrcene, followed by trans-caryophyllene, a-pinene, trans-
ocimene, and a-terpinolene. ‘“Drug-type” Cannabis generally contained less
caryophyllene oxide than “fiber-type” Cannabis. Even in “drug-type” Cannabis, the
THC content of the essential oil was not more than 0.08% (29). In the essential oil of
five different European Cannabis cultivars, the dominating terpenes were myrcene
(21.1-35.0%), a-pinene (7.2-14.6%), a-terpinolene (7.0-16.6%), transcaryophyllene
(12.2.-18.9%), and a-humulene (6.1-8.7%; ref. 33). The main differences between the
cultivars were found in the contents of a-terpinolene and a-pinene.

Other terpenoids present only in traces are sabinene, a-terpinene, 1,8-cineole
(eucalyptol), pulegone, y-terpinene, terpineol-4-ol, bornyl acetate, o-copaene,
alloaromadendrene, viridiflorene, [-bisabolene, y-cadinene, trans-B-farnesene,
transnerolidol, and B-bisabolol (29,32,34).

1.2.2. Hydrocarbons

The 50 known hydrocarbons detected in Cannabis consist of n-alkanes ranging
from C, to Cs, 2-methyl-, 3-methyl-, and some dimethyl alkanes (10,35). The major
alkane present in an essential oil obtained by extraction and steam distillation was the
n-Cy alkane nonacosane (55.8 and 10.7%, respectively). Other abundant alkanes were
heptacosane, 2,6-dimethyltetradecane, pentacosane, hexacosane, and hentriacontane.
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Table 2
Terpenoids of the Essential Oil From Cannabis
Percentage
Compound Class® Structure Ref. 32 Ref. 29
Myrcene M i? 32.9-67.1 | 29.4-65.8
|
Limonene M ? 16.3-17.7 0.9-1.5
OH
Linalool M § 2.8-5.1 0.002
|
=
. =
frans-Ocimene M 2.3-5.7
|

1.2.3. Nitrogen-Containing Compounds

Cannabis sativa L. is one of the rare psychotropic plants in which the central
nervous system activity is not linked to particular alkaloids. However, two spermidine-
type alkaloids (see Table 3) have been identified among the more than 70 nitrogen-
containing constituents. Other nitrogenous compounds found are the quartenary bases
choline, trigonelline, muscarine, isoleucine betaine, and neurine. Among the 8 amides
are, for example, N-trans-feruloyltyramine, N-p-coumaroyltyramine, and Ntrans-
caffeoyltyramine (see Table 4). Five lignanamide derivatives have been isolated,

including cannabisin A, B, C, and D (see Table 5).

(continued)

Twelve simple amines, including piperidine, hordenine, methylamine, ethylamine,
and pyrrolidine, are known. The three proteins detected are edestin, zeatin, and
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Table 2 (continued)

Percentage
Compound Class® Structure Ref. 32 Ref. 29

W
beta-Pinene M / : 2.2-25 1.3-1.6
\“\
=
alpha-Pinene M 1.1-1.6 6.0-8.4

W

A

beta-Caryophyllene S 1.3-5.5 [19.5-314
delta-3-Carene M 0.8-1.0
AN
trans-gamma-Bisabolene S 0.7-3.9

(continued)

zeatinnucleoside; the six enzymes are edestinase, glucosidase, polyphenoloxydase,
peptidase, peroxidase, and adenosine-5-phosphatase. The 18 amino acids are of a
structure common for plants.

1.2.4. Carbohydrates

Common sugars are the predominant constituents of this class. Thirteen
monosacharides (fructose, galactose, arabinose, glucose, mannose, rhamnose, etc.), two



Chemistry of Cannabis Constituents 33

disaccharides (sucrose, maltose), and five polysaccharides (raffinose, cellulose,
hemicellulose, pectin, xylan) have been identified so far. In addition, 12 sugar alcohols
Table 2 (continued)

Percentage
Compound Class® Structure Ref. 32 Ref. 29
>~
trans-alpha-Farnesene S =~ 0.6-2.7
|
OH 3 _oH
beta-Fenchol M 0.4-1.0
beta-Phellandrene M ? 0.4
alpha-Humulene S 0.3-2.1 3.3-3.4
(alpha-Caryophyllene)
»
Guajol S @( 0.3-1.8
OH
alpha-Guaiene S @ 0.3-1.2

(continued)

and cyclitols (mannitol, sorbitol, glycerol, inositol, quebrachitol, etc.) and two amino
sugars (galactosamine, glucosamine) were found.
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1.2.5. Flavonoids

Brenneisen

Twenty-three commonly occurring flavonoids have been identified in Cannabis,
existing mainly as C-/O- and O-glycosides of the flavon- and flavonol-type aglycones
Table 2 (continued)

Percentage
Compound Class® Structure Ref. 32 Ref. 29
alpha-Eudesmol S 0.2-1.4
Terpinolene M 0.2-1.1 3.4-5.6
alpha-Selinene S 0.2-0.7
alpha-Terpineol M 0.2-0.5
OH
Fenchone M 0] 0.2-0.4
Camphene M @ “, | 0.2-0.4

(continued)

apigenin, luteolin, quercetin, and kaempferol (see Table 6; ref. 36). Orientin, vitexin,
and apigenin-7-O-glucoside were the major flavonoid

luteolin-7-O-glucoside,
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glycosides present in low-THC Cannabis cultivars (37). The cannflavins A and B are
unique to Cannabis (38,39). 1.2.6. Fatty Acids

A total of 33 different fatty acids, mainly unsaturated fatty acids, have been
identified in the oil of Cannabis seeds. Linoleic acid (53-60% of total fatty acids), a-
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Table 2 (continued)

36

Percentage
Compound Class® Structure Ref. 32 Ref. 29
,I’lz OH
cis-Sabinene hydrate M 0.2-0.5
~ =
cis-Ocimene M traces-0.2 0.2-0.3
I
beta-Eudesmol S 0.1-1.1
beta-Selinene S 0.1-0.6 0.2-0.4
SN
alpha-trans- S 0.1-0.5 0.4-0.6
Bergamotene
gamma-Eudesmol S 0.1-0.5
Borneol M 0.1-0.3 0.008

(continued)

linolenic acid (15-25%), and oleic acid (8.5-16%) are most common (see Table 7) (40).
Other unsaturated fatty acids are y-linolenic acid (1-4%), stearidonic acid (0.4— 2%),
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eicosanoic acid (<0.5%), cis-vaccenic acid, and isolinolenic acid. The saturated fatty
acids are palmitic acid (6-9%), stearic acid (2—3.5%), arachidic acid (1-3%), behenic
acid (<0.3%), myristic acid, lignoceric acid, caproic acid, heptanoic acid, ca-

Table 2 (continued)

Percentage
Compound Class” Structure Ref. 32 Ref. 29
~
cis-beta-Farnesene S - 0.1-0.3 0.6-0.9
|
gamma-Curcumene S E@ 0.1-0.3
cis-gamma-Bisabolene S i@ 0.1-0.3
alpha-Thujene M §E 0.1-0.2
HO
epi-alpha-Bisabolol S gi(j\ 0.1-1.2
Ipsdienol M | traces—0.1
HO |

(continued)
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prylic acid, pelargonic acid, capric acid, lauric acid, margaric acid, and isoarachidic acid.
The fatty acid spectrum of Cannabis seeds does not significantly vary in oil produced
from drug (THC) or low-THC (hemp, fiber) type Cannabis (41). For the THC content
of Cannabis seeds and seed oil, see Section 1.1.4.

Table 2 (continued)

Percentage
Compound Class® Structure Ref. 32 Ref. 29
alpha-Ylangene S | I traces—0.1

ﬁ
beta-Elemene S \‘“‘“ iy traces—0.2

alpha-cis-Bergamotene S /@\\\‘\/Y traces-0.6

gamma-Muurolene S traces—0.1

alpha-Cadinene S traces—0.1
alpha-Longipinene S traces—0.1
Caryophyllene oxide S traces—0.8

M, monoterpene; S, sesquiterpene.
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1.2.7. Noncannabinoid Phenols

Thirty-four noncannabinoid phenols are known: nine with spiro-indan-type
structure (e.g., cannabispiran, isocannabispiran), nine dihydrostilbenes (e.g.,

cannabistilbene-

Table 3
Spermidine Alkaloids
Compound Structure
O N
00
N \/\/N
Cannabisativine : OH
HO(\.\“
C:EaH11
C(\?/N
| )
N N
Anhydrocannabisativine H >N
:\fo
C5H11
Table 4
Amides
Compound Structure
OH
i /\/©/
R S
N
N-trans-Feruloyltyramine
HO
R =OCH3
N-p-Coumaroyltyramine R=H
N-trans-Caffeoyltyramine R =OH

I, -11), three dihydrophenanthrenes (e.g., cannithrene-1, -2), and six phenols, phenol
methylethers, and phenolic glycosides (phloroglucinol glucoside; see Table 8).
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1.2.8. Simple Alcohols, Aldehydes, Ketones, Acids, Esters, and
Lactones

Seven alcohols (e.g., methanol, ethanol, 1-octene-3-ol), 12 aldehydes (e.g.,
acetaldehyde, isobutyraldehyde, pentanal), 13 ketones (e.g., acetone, heptanone-2,
2methyl-2-heptene-6-one), and 21 acids (e.g., arabinic acid, azealic acid, gluconic acid)
have been identified.

Table 5
Lignanamide Derivatives
Compound Structure

Grossamide

Cannabisin-A

Cannabisin-B

R1=R2=R3=H

Cannabisin-C Ri1=R3=H, Ry =CHjs

Cannabisin-D Ri=H,R:=R3=CH;s
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1.2.9. Other

Among the 11 phytosterols known are campesterol, ergosterol, B-sitosterol, and
stigmasterol. Vitamin K is the only vitamin found in Cannabis, whereas carotene and
xanthophylls are reported pigments. Eighteen elements were detected (e.g., Na, K, Ca,
Mg, Fe, Cu, Mn, Zn, Hg).

Table 6
C- and O-Glycosides Forming Flavonoid Aglycones and C-Glycosides
Compound Structure
OH
HO o] O
|
Apigenin ‘
OH O
OH
oo
| OH
Luteolin
OH O

HO o]
g| |
Kaempferol OH

HO (@]
CI I
Quercetin OH

(continued)

1.3. Pharmacological Characteristics of Cannabinoids and Other

Cannabis Constituents

THC is the pharmacologically and toxicologically most relevant and best studied
constituent of the Cannabis plant, responsible for most of the effects of natural Cannabis
preparations (42). (A MEDLINE search covering the period 1993-2003 and using the
keywords “tetrahydrocannabinol” and “pharmacology” produced about 1000 citations.)
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THC mainly acts through binding to the CB-1 receptor (see Chapter 6). The natural (-)-
trans isomer of THC is 6- to 100-fold more potent than the (+)-trans isomer. A review
of the pharmacology, toxicology, and therapeutic potential of Cannabis, cannabinoids,
and other Cannabis constituents is given in refs. 43-53. It is claimed that Cannabis as a
polypharmaceutical herb may provide two advantages over
Table 6 (continued)
Compound Structure

OH
Glucose
HO (0]
‘ I OH
Orientin

OH O

OH
Glucose O

Vitexin
Cannflavin A
R = H;C-CH=C-(CHj);
Cannflavin B R =CH;

single-ingredient synthetic drugs: (1) the therapeutic effects of the primary active
Cannabis constituents may be synergized by other compounds, and (2) the side effects
of the primary constituents may be mitigated by other compounds (34). Thus, Cannabis
has been characterized as a “synergistic shotgun,” in contrast, for example, to dronabinol
(synthetic THC, Marinol®), a single-ingredient “silver bullet” (54). A recent study
compared the subjective effects of orally administered and smoked THC alone and THC
within Cannabis preparations (brownies, cigarettes; refs. 55 and 56). THC and Cannabis
in both application forms produced similar, dose-dependent subjective effects, and there
were few reliable differences between the THC-only and wholeplant conditions.
CBD is the next-best phytocannabinoid after THC. An overview of the

pharmacology and clinical relevance of CBD can be found in refs. 34, 57, and 58. Of
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clinical relevance could be its reported ability to reduce anxiety and the other
unpleasant psychological side effects of THC. Among the underlying mechanisms is
the potent inhibition of the cytochrome P450 3A11, which biotransforms THC to the
fourfold more psychoactive 11-hydroxy-THC (59).

Table 7
Unsaturated Fatty Acids From Cannabis Seed Oil
Compound Structure
Linoleic acid I = N N N N e e

alpha-Linolenic acid P P\ N o G aN
COOH

Oleic acid TN N TN TN S - C00H

It has been suggested that the terpenoid constituents of Cannabis modulate THC
activity, for example, by binding to cannabinoid receptors, modulating the THC receptor
affinity, or altering its pharmacokinetics (e.g., by changing the blood-brain barrier; ref.
60). Whereas the anti-inflammatory and antibiotic activity of Cannabis terpenoids is
known and has been used therapeutically for a long time, the serotonergic effect at 5-
HT.a and 5-HT,a receptors of the essential oil, which could explain Cannabis-mediated
analgesia and mood alteration, has only recently been demonstrated (61). f-Myrcene,
the most abundant monoterpene in Cannabis, has analgesic, antiinflammatory,
antibiotic, and antimutagenic properties (34). p-Caryophyllene, the most common
sesquiterpene, exhibits anti-inflammatory, cytoprotective (gastric mucosa), and
antimalarial activity. The pharmacological effects of other Cannabis terpenes are
discussed by McPartland and Russo (34).

Apigenin, a flavonoid found in nearly all vascular plants, excerts a wide range of
biological effects, including many properties shared by terpenoids and cannabinoids. It
selectively binds with high affinity to benzodiazepine receptors, thus explaining its
anxiolytic activity (62). The pharmacology of other Cannabis flavonoids is reviewed in
ref. 34.

2. ANALYSIS OF PHYTOCANNABINOIDS

Instrumental methods are most often used for the identification, classification (e.g.,
fiber type, drug type), and individualization (e.g., source tracing) of Cannabis plants and
products. Because of the complex chemistry of Cannabis, separation techniques, such
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as GC or liquid chromatography, often coupled with MS, are necessary for the
acquisition of the typical chemical profiles and the sensitive, specific, qualitative, and/or
guantitative (e.g., THC potency) determination of Cannabis constituents. However,
especially for screening purposes and on-site field testing, noninstrumental techniques
like thin-layer chromatography (TLC) and color reactions are helpful, too.
Table 8
Noncannabinoid Phenols
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Compound Structure
OR, o
Cannabispiran w
R,O
R1 = H, Rz = CH3
[socannabispiran Ri=CHs R.=H
Rﬂ

R
OH 2
Cannabistilbene-I
e
H,CO

R4 = OH, Rz = isoprenyl, Rs = H

R1 = OCH3, Rz = OH, R3 = OCH3

Cannabistilbene-I| or

R1 = OCH3, Rz = OCH3, R3 = 0OH

OCH,

HO I
Cannithrene-1 R, '

R2
Ri=H,R,=0H

Cannithrene-2 R4 = OH, R2 = OCH3;

2.1. Microscopy

Identifying a plant sample as Cannabis sativa L. is the first step. The botanical
identification of plant specimens consists of physical examination of the intact plant
morphology and habit (leaf shape, male and female inflorescenses, etc.) followed by
the microscopical examination of leaves for the presence of cystolith hairs (22,63— 69).
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The very abundant trichomes, which are present on the surface of the fruiting and
flowering tops of Cannabis, are the most characteristic features to be found in the
microscopic examination of Cannabis products (not liquid Cannabis, hashish oil).
Sometimes microscopic evidence is still available in smoked Cannabis residues.

2.2. Color Reactions

It must be stressed that positive reactions to color tests are only presumptive
indications of the possible presence of Cannabis products or materials containing
Cannabis products. A few other materials, often harmless and uncontrolled by national
legislation or international treaties, may react with similar colors to the test reagents. It
is mandatory for the laboratory to confirm such results by the use of an alternative
technique, which should be based on MS (70). The most common color spot tests
include those developed by Duguenois and its modifications (70-74). A study of 270
different plant species and 200 organic compounds has shown that the Duquenois—
Levine modification is most specific (71). The fast blue B salt test is the most common
color reaction for the visualization of TLC patterns but may also be used as spot test on
a filter paper (70).

2.3. Chromatographic Techniques

2.3.1. Thin-Layer Chromatography

One- and two-dimensional TLC is suited for the acquisition of qualitative
cannabinoid profiles from plant material (70,73,75,76). Fast blue salt B or BB are used
for visualization and result in characteristically colored spot patterns (68). For
quantitation, instrumental TLC coupled to densitometry is necessary. High-pressure
TLC and overpressured layer chromatography have been developed for the reproducible
and fast determination and isolation of neutral and acidic cannabinoids (77-79).

2.3.2. Gas Chromatography, Gas Chromatography/Mass Spectrometry

GC with flame ionization or MS detection is now the best established method for
the analysis of Cannabis and its products (25,32,70,77,80-92). Derivatization is
necessary (e.g., silylation or methylation) when information about cannabinoid acids,
the dominating cannabinoids in the plant (see Section 1.1.), is required. The total
cannabinoid content, i.e., the amount of neutral cannabinoids plus the neutral
cannabinoids formed by decarboxylation of the acidic cannabinoids, is determined when
the GC analysis is performed without derivatization (89). GC/MS is the method of
choice for creating Cannabis profiles and signatures (chemical fingerprints), a tool for
attributing the country of origin, the conditions of cultivation (indoor, outdoor), an so
on (see Chapter 3; refs. 21 and 87).

2.3.3. High-Performance Liquid Chromatography

High-performance liquid chromatography makes possible the simultaneous
determination of neutral and acidic phytocannabinoids without derivatization.
Reversedphase columns and preferably solvent programmed gradient systems are
required for the separation of major and minor cannabinoids and their corresponding
acids, e.g., for chemotyping (CBD-, THC, CBD/THC-type etc.), estimating the age
(ratio acidic/ neutral cannabinoids) of Cannabis, studying the effect of manufacturing
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processes and storage conditions, batch comparison, or direct quantification of THC in
aqueous herbal preparations (e.g., Cannabis tea) (81,82,93-98). Detection is usually
performed by UV (70,80,87,98-101) and diode array photometers (93), as well as by
fluorescence, electrochemically (102), and, recently, MS (103).

2.3.4. Other Techniques

The applicability of capillary electrochromatography with photodiode array UV
detection for the analysis of phytocannabinoids has been demonstrated (104).
Supercritical fluid chromatography coupled to atmospheric pressure chemical
ionization/MS is characterized by shorter analysis times than GC or high-performance
liquid chromatography and does not require derivatization (105).

2.4. DNA Testing

After a Cannabis sample has been identified and classified, it may become
important to individualize the specimen for forensic and intelligence purposes (22).
Tracing the source of origin can be performed on a chemical, e.g., by using
chromatographic—spectroscopic profiles (see also Chapter 3) or a genetic base. For DNA
profiling (22,106-110), the following techniques are used: randomly amplified
polymorphic DNA (111), amplified fragment length polymorphism (112), short tandem
repeats (113,114), inter-simple sequence repeats (115), internal transcribed spacer 1l
(116), and microsatellite markers (117). An overview and description of the different
DNA testing methods is given in ref. 22.
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Chemical Fingerprinting of Cannabis

Chapter 3

Chemical Fingerprinting of
Cannabis as a Means of Source

Ildentification mahmoud A. ElSohly, Donald F.
Stanford, and Timothy P. Murphy

1. INTRODUCTION

Marijuana is the most widely abused and readily available illicit drug in the United
States, with an estimated 11.5 million current users annually purchasing more than $10
billion of the drug (1). Drug enforcement agencies are therefore keenly interested in
trafficking routes of both foreign and domestically grown supplies of marijuana. From
confidential sources to satellites, these agencies employ a multitude of methods to gather
intelligence to direct resources, plan control operations, and develop policies. A practical
means to recognize the source of seized marijuana would be a valuable tool for those
purposes. Based on findings from 1990 to 1992 and described here, one way to
determine origin is by using a chemical fingerprint system, a method that has shown
promise as an effective intelligence tool to ascertain the geographic origin of confiscated
marijuana samples. Of the many factors that affect the chemical constituents of
marijuana, it is apparent that environmental factors consistently induce profiles unique
to each environ. An “environ of origin” as broad as a continent or as small as an indoor
garden may be differentiated based on the chemical fingerprint, or “signature,” of
marijuana cultivated there—if a statistically significant number of samples grown in that
environ are available for comparison. However, because all environs are not unique, the
chemical fingerprint of cannabis is not considered to be an ultimate tool for forensic
applications, although the technique may effectively sup-
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port other types of evidence and is certainly of particular value in intelligence operations.

Scientists have developed sophisticated techniques to study the unique patterns of
the infinite combinations of chemical compounds making up specific materials and have
applied those techniques to various disciplines.

Over some 35 years, a number of researchers have examined the chemical
compounds unique to the Cannabis plant and have consistently reported that the
“cannabinoids” are indicative of the country of origin and that environmental factors
affect cannabinoid profiles. During the 1970s a number of publications appeared that
used gas chromatography (GC), thin-layer chromatography, and high-performance
liquid chromatography techniques to compare cannabinoid concentrations of marijuana
grown in various regions of the world (2-10). In the 1980s and 1990s those technologies
advanced greatly, and researchers continued to reach similar conclusions (11-19).
Marijuana from different geographical regions has also been compared using other
analytical techniques, including elemental analysis (20,21), GC analysis of headspace
volatiles (22), analysis of free sugars in the plants (23), microscopic examination of
pollen (24), and even comparison of insect species found in confiscated materials
(25,26).

Nearing the 21st century, as technologies further advanced, scientists turned their
attention to genetic analyses of marijuana and developed techniques very suitable for
forensic purposes (27-30). Examination of the DNA of marijuana plants now allows
forensic investigators to identify even minute particles as Cannabis and to determine
whether a sample is from the drug or the fiber type of the plant. Just as human DNA
testing has revolutionized criminology, so has the genetic testing of marijuana given
prosecutors a reliable means to assert that the stash in a defendant’s pocket was
harvested from the plant found under a grow light in his basement. However, DNA
testing can be expensive and time-consuming and only reflects a plant’s lineage, not the
environment in which it was grown.

The primary mission of the US Drug Enforcement Administration (DEA) is to
enforce the US statutes and regulations concerning controlled substances. One part of
that mission is to manage a national drug intelligence program. To collect, analyze, and
disseminate intelligence information at federal, state, local, and foreign levels, the DEA
uses scientific technologies to help gather the pieces of the worldwide puzzle of drug
trafficking. In 1977, the DEA initiated the Heroin Signature Program to enhance the
agency’s ability to identify the source of heroin seized or purchased within the United
States. Following the success of that program, a similar program for cocaine profiling
was set up in 1997, and a methamphetamine profiling program in 1999. In the mid-
1980s, realizing the potential value of a fully integrated “cannabis fingerprint system”
including standardized equipment and methods, a database for reference, and an
automated means to interpret data, officials turned to the scientific community for
assistance.

In 1987, the National Institute of Drug Abuse (NIDA) funded a Small Business
Innovative Research grant submitted by EISohly Laboratories, Inc. (ELI), to develop
analytical methodologies that could be used to compare complete chemical fingerprints
of Cannabis samples of different geographical origins. At that time, the DEA
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also provided funds to conduct a feasibility study to demonstrate if a practical chemical
fingerprint system could be developed. In 1988, ELI reported positive results and as a
result the DEA funded a phase Il study (beginning in 1990) to develop a fully operational
Cannabis fingerprint system and to establish an initial database of marijuana fingerprints
from major production regions. The results of the phase Il study were reported to DEA
in 1992 and are summarized in this chapter.

2. CHEMOMETRICS

Having had many years of experience in analyzing marijuana and considering the
scientific precedents of others’ work on a portion of the chemical fingerprint, we
determined that GC/mass spectrometry (MS) would be the most appropriate
methodology to collect test data. GC/MS instrumentation would provide not only a
chemical fingerprint of a marijuana sample, but also spectral data, which would aid in
the identification of each of those components. Law enforcement agencies agreed to
provide marijuana samples of presumed authenticity specifically chosen to build a useful
database of major production areas. To avoid bias, statistical software was used to
analyze the data.

At the time of the phase | study, the science of chemometrics—the application of
statistics and mathematical methods to chemical data—was a burgeoning field within
the computer science and analytical chemistry communities. Although standardized
pattern-matching software was just beginning to become available, an in-house program
was developed by ELI personnel to analyze the data. At the conclusion of the study an
independent chemometrics company, InfoMetrix, was enlisted to evaluate the data using
various pattern recognition and statistical methods to further validate the concept of a
turnkey system. Their report in March 1989 stated that, based on studies using their own
statistical software, the concept was indeed viable, that every sample of foreign origin
had been correctly classified by country of origin, and that every sample of domestic
origin had been correctly classified by state of origin.

For data analysis in the phase Il study, we used a commercial version of InfoMetrix
software—Pirouette®. At this writing, the latest version of Pirouette is marketed as their
most comprehensive chemometrics software used to discover associations of patterns in
data and to prepare and use multivariate classification models. Pirouette, like all
commercial software, has dramatically evolved in the past 15 years, but the early version
used in the phase Il study perfectly suited the requirements at the time, including the
capability for interlaboratory data sharing. Its graphical interface allowed us to view a
three-dimensional representation of an unknown sample compared to a model and to
rotate the image in order to actually see the relationships of the principal chemical
components.

Mathematical algorithms such as principal component analysis and hierarchical
cluster analysis were used to reduce the large complex data sets into comprehensible
forms (31). The graphic views emphasized the natural groupings in the data and showed
which variables most strongly influenced those patterns. The basis of the project was to
first construct a “model,” that is, a set of data that represented the chemical fingerprint
of a plant typical of the “class” to which it is assigned, in this case a country, a state, or



58 ElSohly et al.

any other environ to be studied. How well a model actually represented the real world
was a matter of the quality of the data, which was in turn dependent on the quality
(authenticity) of the marijuana samples and of the GC/MS analyses. The success of the
study hinged on how well the models could be built—a daunting task.

To validate proposed multivariate models, “training sets” of data known to be
representative of the various classes were processed. Once Pirouette was trained to
recognize classes using a K-nearest-neighbor modeling technique (32), data from
samples of unknown origin could be tested and shown to be either in or not in a certain
class or perhaps overlapping two or more classes. Based on the amount of variance in
the model, Pirouette also provided a measure of the probability of the accuracy of the
results, i.e., a “confidence” value (32).

3. CHEMIcAL ConsTITUENTS oF CANNABIS

Many of the chemical constituents of Cannabis are common to other plants;
however, cannabinoids are unique to their namesake (33). Of the hundreds of chemicals
found in Cannabis—and described at length in this book—175 were used to develop the
chemical fingerprint system. Of those compounds readily detectable by the methods
developed in phase I, 46 were positively identified, including 22 monoterpenes or
sesquiterpenes, 16 cannabinoids, two noncannabinoid phenols, two hydrocarbons, three
fatty acid esters, and one miscellaneous aromatic compound (see Table 1). The
remaining 129 compounds were necessarily included because all of the chemical
compounds contribute to the fingerprint, and only the multivariate data analysis software
could sort out which ones were important to establish relationships and differentiate
between the classes.

For the fingerprint system to be of practical use in all laboratories, the methods
needed to be reproducible and cost-effective, so simple methods using common
laboratory equipment were developed. The methods used in this study have not been
validated for reproducibility between different laboratories, but because of the simple
analytical technigues employed we assumed that the methods would be robust and that
different laboratories could generate similar data in house. Because the fingerprint
chromatograms are so complex, however, it may be difficult to compare data generated
at different laboratories. Interlaboratory variation in signature analysis is a common and
vexing problem in this field; for this reason, the DEA has centralized its signature
programs at a single, specialized laboratory.

To prepare a sample for GC/MS analysis, the dried plant material was extracted
with solvent, and then a portion of the extract was diluted with additional solvent to
produce a test sample ready to be injected into the instrument. Of the compounds
extractable using that method, only a portion of those were detectable under the
particular GC/MS conditions used in the study. Although all of the 175 compounds
making up the standardized fingerprints could not be specifically identified (even though
the spectral evidence suggested some possibilities), each was numbered for reference.

For the study to be complete, however, it was necessary to identify as many of the
compounds as possible to better grasp the relationships of the chemical fingerprints to
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their environs. Several techniques were employed in order to understand the makeup of
the chemical fingerprints.

Table 1
Chemical Compounds Identified in a Phase Il Study
Compound Peak Compound Peak
Terpenes Cannabinoids

Allo-aromadenrene 61 Cannabichromene 17
o-cis-Bergamotene 3 Cannabicitran 48
o-trans-Bergamotene 5 Cannabicumaronone 41
a-Bisabalol 77 Cannabicyclol 15
B-Caryophyllene 4 Cannabidiol 16
Caryophyllene oxide 23 Cannabielsoin 97
a-Cedrene 84 Cannabifuran 44
Curcumene 153  Cannabigerol 32
y-Eudesmol 101  Cannabinol 19
Eupatorio chromene 112 Cannabiviran 167
a-Quaine 85 Dehydrocannabifuran 168
Guaiol 100 As-Tetrahydrocannabinol 31
o-Humulene 6 As-Tetrahydrocannabinol 18
Isoledene 132 Tetrahydrocannabinol-Cs 51
Longifolene 2 Tetrahydrocannabiorocal 105
cis-Nerolidol 92 Tetrahydrocannabiviran 14
trans-Nerolidol 69
Sativene 83 Noncannabinoid phenols
a-Selinnene 66 Cannabispiran 30
o-Terpineol 107  Dehydrocannabispiran 58
Valencene 152
a-Zingeberene 73 Fatty acid esters

Palmitic acid methyl ester 38
Hydrocarbons Oleicacid methyl ester 56
Heptacosane 57 Linoleic acid methyl ester 140
Nonacosane 21

Aromatic compounds

Butylated hydroxytoluene 130

A 1988 study provided information to identify most of the cannabinoids based on
retention time and mass spectra (34), but other components were more elusive. Because
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many of the compounds have almost identical mass spectra and can only be positively
identified by GC/MS using a pure reference standard of that compound to establish the
retention time on a particular instrument, as many reference standards as could be
obtained within the scope of the study were analyzed.

The terpenes were of great interest because their production by plants was likely
to consistently reflect the immediate environment, whereas the cannabinoids would tend
to reveal genetic relationships. A commercial GC/MS data library (35) was available in
both digital and print formats to help identify many of the terpene compounds.

4. ExPERIMENTAL DESIGN

The specific goal of the study was to develop a fully operational fingerprint system
that could be used to determine the probability that a particular marijuana sample of
unknown origin had been grown in one of the target foreign countries or domestic states
or other environs in the database. The top priority for the experimental design was to be
able to distinguish between foreign and domestically produced marijuana in order to
determine the prevalence of foreign material entering the country vs domestic material
being trafficked. The second objective was to accurately determine the country of origin.
The third goal was to provide a method to accurately estimate the ratio of indoor vs
outdoor domestic production. Determination of the state of origin of plants grown
outdoors in the United States was of lower priority.

Specimens, or “exhibits,” from the various regions known to be major contributors
to the illicit marijuana market in the United States were submitted by law enforcement
agencies. To ensure the validity of the origins of the specimens, they were shipped
directly from the areas of collection and were therefore presumed to represent true
authentics. Both marijuana and hashish specimens were made available for the study.
Additional specimens cultivated under experimental conditions were produced at the
NIDA Marijuana Project garden at the University of Mississippi (UM). To maintain the
integrity of specimens over the length of the study, all were stored in a freezer (-20°C)
before analysis. Samples were usually analyzed within 4 weeks of preparation.

Of the 202 marijuana exhibits representing six regions, 157 passed the initial
quality control (QC) requirements of specimen integrity designed to ensure
representative fingerprints. To ensure consistency, only mature female plants were
included in the study. Specimens that could not be determined to be from mature plants
(no buds or seeds), those in poor condition (molded or decayed), those contaminated
with soil, and those composed of mostly seeds, stems, and roots but lacking suitable leaf
material were rejected. The exhibits from regions included in the phase Il database
included 26 Colombian, 35 Jamaican, 20 Mexican, 30 Thai, 25 Californian, and 21
Hawaiian samples. Of course, Hawaiian marijuana was expected to have a fingerprint
with foreign traits.

The original study also included 17 exhibits from Tennessee that were not
definitely mature but were included in the study to provide data from the eastern United
States. We have chosen to exclude those data here because the profiles of the Tennessee
exhibits were shown to be unreliable, which could be related to their stage of maturity.
The exclusion of these data had no effect on the conclusions of the study.
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Because marijuana grown under controlled conditions was necessary to support
the fingerprint studies, several growing experiments were carried out at the UM
marijuana garden during both phase I and Il periods. Second-generation daughter plants
were grown from seeds collected from 38 phase | exhibits to compare the fingerprints
of genetically equivalent plants grown outside the country of origin.

Two experiments were conducted to compare the fingerprints of plants grown
indoors to those grown outdoors. Twenty cuttings from a Jamaican female plant
obtained from the US Department of Agriculture Laboratory in Beltsville, MD, were
grown under three conditions: outdoors in the ground, outdoors in pots, and in pots
indoors under artificial lighting. For the second indoor/outdoor experiment, 10 plants of
a single high-tetrahydrocannabinol-potency variety were grown both indoors in pots
using commercial potting soil and outdoors in the ground of the University of
Mississippi marijuana garden.

To study how the chemical fingerprints of both sexes of marijuana plants vary at
different stages of plant maturity, leaf samples were collected at regular intervals from
plants of Mexican origin grown outdoors. Specimens from five male and five female
plants were analyzed to study how their fingerprints developed at 8, 12, 16, 20, and 25
weeks of age.

Because many chemical compounds readily decompose, given time, and because
the decomposition generally occurs more rapidly at elevated temperatures, a study was
initiated to determine how fingerprints change during the time between the collection of
exhibits and their transfer to a freezer. For this experiment, 80 specimens from the UM
garden were stored in paper bags both at room temperature and at an elevated
temperature and then transferred to a freezer after 30- and 90-day intervals.

Because of the inherent nature of hashish, a refined product made from the resin
of Cannabis and intended for commerce, all of the available exhibits were suitable for
chemical analysis, except that several localities were not represented with a statistically
significant number of specimens. Of the 73 hashish exhibits from nine countries, 68
were included in the database: 8 from Afghanistan, 6 from Colombia, 18 from India, 10
from Lebanon, and 26 from Pakistan. A recent report indicated lack of homogeneity in
bars of compressed Cannabis resin (hashish; ref. 36). However, because the amount of
material received from each sample was small (~5 g), homogenicity of each sample was
presumed.

5. METHODOLOGY

5.1. Extraction

Each marijuana sample was first manicured so that the material became a
homogeneous mixture of leaf particles with no seeds or stems. A 100.0 mg portion of
the sample was transferred to a test tube, and to that tube was added 1.0 mL of the
extraction solution. The extraction solution was methanol and chloroform mixed in a
ratio of 9:1, in which was dissolved phenanthrene at a concentration of 0.2 mg/mL.
Phenanthrene served as an internal standard, a chemical not naturally present in cannabis
but appearing as an isolated peak in the chromatograms for use as both a retention time
marker and a reference for the calculation of the quantities of the peaks of interest. The
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tube containing the sample and extraction solution was placed in an ultrasonic water
bath for 15 minutes to break the plant tissue and allow soluble chemicals of Cannabis
to be dissolved in the extraction solution. The tube was then spun in a centrifuge to force
the plant particles to the bottom so that the resulting clear green solution could then be
transferred to a screw-capped vial without disturbing the sediment. Our experience
indicated that extracts would remain stable at low temperature, so extracts were stored
in a freezer (—20°C) until time for GC/MS analysis.

Hashish samples were prepared very similarly, with the exception that a 50.0-mg
portion of each sample was extracted. Because hashish in such small quantities was
presumed to be homogeneous, the analytical sample was separated from the bulk sample
using a razor blade to slice from the inner portion while avoiding the outer part, which
could have been contaminated or excessively oxidized.To prepare a sample test solution
suitable for injection into the GC/MS, an extract was removed from the freezer and a
0.1-mL aliquot was transferred to another vial, to which was added 0.9 mL of methanol.

5.2. GC/MS Analysis

The GC/MS system consisted of a Varian 3300 gas chromatograph interfaced to a
Finnigan 700 ion trap detector mass spectrometer. A 30-m DB-1 fused silica capillary
column (J&W Scientific, Inc.), 0.25 mm OD, 0.25 pm film was used.

For each run, the column was initially held at 70°C for 1 minute; the temperature
was then increased to 250°C at the rate of 5°C per minute, then held 25 minutes at the
final temperature for a total run time of 62 minutes. The injection port was heated to
200°C and used in the splitless mode with the split valve delayed 30 seconds before

opening. The interface between the GC and the MS was heated to 250°C.

The data system used to control the GC/MS and quantitate the peaks in the
chromatograms was a desktop PC using Finnigan ITDS 4.10 software. Mass spectral
data was acquired within the range of 55-450 amu at a rate of 0.5 seconds per scan.
After a sample was injected, data acquisition automatically started after 5 minutes to
allow the solvent to pass before peaks of interest began to elute. Although the GC oven
cycled back to the starting temperature after 62 minutes, data acquisition ended 54
minutes into the run after the last peak was recorded.

To ensure that the instrument was operating properly, a QC solution was injected
after every nine test samples, and the QC chromatogram was examined for integrity. A
mixture of terpenes, cannabinoids, hydrocarbons, and the internal standard was selected
for QC to provide a reference of known peaks throughout the entire time of the run. The
QC sample consisted of a methanolic solution of a-terpineol (21 pg/mL), a-terpinene
(21 pg/mL), B-caryophylene (21 pg/mL), allo-aromadendrene (21 pug/mL), nonacosane
(83 pg/mL), cannabidiol (123 pg/mL), cannabinol (124 pjg/mL), AS-

tetrahydrocannabinol (THC; 41 ug/mL), and phenanthrene (25 pg/mL). Injector and
column maintenance was performed on a routine schedule to prevent any “memory
effect” resulting from repeated injections, but no blanks were run between samples.
Each test sample chromatogram was evaluated for acceptability before data
analysis. If the chromatogram exhibited an unusual baseline or low sensitivity, the
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injection was repeated. The area under each peak was measured using ITDS software in
the manual mode rather than the automatic mode so that the operator could evaluate
each of the 175 peaks (plus the internal standard peak) for proper peak shape and to
ensure correct identity assignments as well. Quantitative values of each peak were
automatically calculated by determining the ratio of the area of the peak to that of the
internal standard within the same chromatogram and comparing that ratio to that of a
standardized calibration file.

5.3. Multivariate Data Analysis

Quantitation files created by ITDS software were converted to ASCII files
containing only the peak numbers (identity assignments) and the quantitative values of
each. The ASCII files were downloaded to the Pirouette program (InfoMetrix,
Incorporated, Woodinvil, WA) and saved as a compatible file format.

To analyze the data using the power of Pirouette, first the database of all marijuana
exhibits from the four countries and two states was used to construct a model of the six
classes of fingerprints. The data within the model were examined to ascertain similarities
and differences of the location classes. Then other models containing only 80% of the
database were constructed, leaving 20% of the samples to be tested against the models.
Having appropriate models for comparison, the remainder of the proposed data analysis
experiments were conducted, constructing additional models as necessary. All results
were based on the a K-nearest-neighbor classification method (31).

6. ResuLTs oF THE PHaAsSE Il STupy

6.1. Similarities Within the Model

Within the comparison of the broad classes of domestic vs foreign, all foreign
exhibits were correctly classified. Only one domestic exhibit, a Hawaiian specimen, was
misclassified.

When the domestic exhibits were compared with the four foreign countries, the
single exhibit discrepant in the domestic vs foreign test was again misclassified, being
indicated to be from Jamaica. All Jamaican and Mexican exhibits were correctly
classified, as were 93% of the Thai exhibits and 92% of the Colombian.

The number of misclassifications increased when the exhibits representing
individual states were tested within a six-region model. Of the Hawaiian exhibits, 78%
were correctly located. The majority of misclassified Hawaiian specimens again looked
Jamaican. All Californian exhibits were correctly identified.

6.2. Identification of Unknowns

Satisfied that the phase Il fingerprint data were valid when samples included in the
model were tested, the system was challenged with specimens not included in the model.
The random removal of 20% of specimens from the database redefined the model and
provided “unknowns” for the definitive test of the system. This evaluation was repeated
five times, each time removing different exhibits and testing those against each new
model. The results are summarized in Table 2, which shows correct classifications vs
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total unknowns for each of the five rounds of evaluation and the totals of the individual
rounds.

Although the results certainly ascertained the viability of the fingerprint system,
we were still concerned about the source of the errors. To investigate the causes of the
erroneous predictions, we closely examined the data from a different viewpoint.
Presented in Table 3 is a matrix chart of the misclassified exhibits showing which
locations fit the fingerprint more closely than the model of its actual origin. It was
evident that exhibits within certain regions tended to be misclassified more often than
those from other locations, but those trends would likely be tempered in a database
composed of more exhibits. Although the distinctive fingerprints of the Hawaiian
marijuana improved the classification rates of those exhibits, those differences also
weakened the domestic model. The majority of California exhibits were known to have
been grown in the northern part of the state, but the single exhibit from southern

Table 2
Correct Classifications of Unknowns
wund 3 Rounc Correct (%)

California 3/5 4/5 5/5 5/5 5/5 22/25 88
Hawaii 4/4 214 4/4 3/4 4/5 17/21 81
Colombia 6/6 5/5 5/5 5/5 4/5 25/26 96
Jamaica 177 77 17 77 77 35/35 100
Mexico 4/4 4/4 3/4 4/4 4/4 19/20 95
Thailand 4/6 6/6 5/6 5/6 6/6 26/30 87
Foreign — — — — — 105/111 95
Domestic — — — — — 39/46 85
Total — — — — — 144/157 92

Table 3

Misclassification Matrix

Number Number of exhibits misclassified as:
Origin tested CA HI COL JAM MEX THAI Total
California 25 — 0 0 0 2 1 3
Hawaii 21 1 — 0 2 0 0 3
Colombia 26 0 0 — 0 1 0 1
Jamaica 35 0 0 0 — 0 0 0
Mexico 20 1 0 0 0 — 0 1
Thailand 30 1 0 0 1 2 — 4
Total 157 3 2 0 7 7 1 12

California had a fingerprint very similar to Mexican marijuana, a not-so-surprising
misclassification.
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6.3. Indoor vs Outdoor

For year-round production and to avoid routine surveillance, marijuana growers in
the United States increasingly prefer to nurture their plants indoors out of sight. An
added benefit of indoor horticulture is that the grower, rather than Mother Nature,
controls the environment and can provide ideal lighting and temperature conditions as
well as exact levels of water and nutrients. Not surprisingly, therefore, the fingerprints
of plants grown indoors are significantly dissimilar to those of outdoor plants.

A model consisting of three classes—outdoors in the ground, outdoors in pots
(commercial potting soil), and indoors (commercial potting soil)—was constructed from
fingerprints of Jamaican plants grown in the UM facilities. All of those specimens were
then tested against that model. It was found that the fingerprints of the indoor plants
could be differentiated from their outdoor brethren with 100% accuracy. The only
misclassifications were within the outdoor group, as those plants with roots in the earth
were sometimes confused with those in pots, a trend that indicates that light and
temperature may influence the chemical profiles more than soil conditions.

A second indoor/outdoor experiment, which involved high-potency plants,
supported the previous results, as all of those plants were correctly classified.

6.4. Daughter Plants Grown in a Different Region

A most interesting experiment was the test to see how the fingerprints of plants
from foreign seeds cultivated in Mississippi would fare in the system. Seeds from
exhibits from Colombia, Jamaica, Mexico, Thailand, and Hawaii were planted outdoors
at the UM garden. Fingerprints of the resulting plants were tested against the model
constructed from all of the phase Il exhibits.

Of all the Hawaiian daughter plants, 60% were matched to their home state,
whereas only 14% of the Thai daughters were recognized. The majority of daughter
plants (56%) were classified as domestically grown. The high rate of misclassification
supported original predictions that, although genetic relationships are reflected in the
fingerprints, the environment has a greater effect on the chemical profiles.

6.5. Age and Sex

The original experimental design of the fingerprint study required that all
specimens included in the database be from mature female plants, the type of marijuana
commonly trafficked in the illicit market. To determine if those criteria were actually
necessary was the intention of the exercise based on the age and sex of plants.
Experimentally grown specimens of 8 and 12 weeks of age were considered immature,
whereas those 16, 20, and 25 weeks of age were included in the mature class. An equal
number of both sexes were included.

Analysis of the data showed a high rate of correct classification (94%); all the
misses were among the immature group. Results from the model based on sex
misclassified 30% of the males but only 8% of the females.

It appears from these data that the sex of the plant did not contribute as much to
the fingerprint as did the age of the plant. The maturity of the plants, although not of
great interest to the intelligence community, was definitely a factor in the accuracy of
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the fingerprint system. Our experience analyzing confiscated marijuana for more than
30 years shows that the majority of the samples were from mature plants (based on the
physical examination of the samples). The only exception is those samples seized at the
growing locations before time to harvest.

6.6. Storage Conditions

To determine the effect of storage conditions on chemical fingerprints, sets of data
were compiled into four models, each having one constant condition and one variant
condition of the two factors: time and temperature. Samples stored at the two
temperature levels (80 and 120°F) for the two time intervals (30 and 90 days) were tested
within those models.

Samples stored at 80°F were distinct from those stored at 120°F, indicating that
temperature has a significant effect on the chemical profiles. Those stored at 80°F had
similar profiles over the two periods, indicating that at the lower temperature the profiles
do not change over a period of at least 3 months. Samples stored at 120°F for 30 days,
however, could easily be differentiated from those stored for 90 days.

6.7. Application of the Marijuana Fingerprint System to Analysis of
Hashish Samples

The fingerprints of hashish exhibits are expected to differ greatly from those of
marijuana because hashish is a product of Cannabis processed to concentrate the
cannabinoids, primarily THC. For this study the GC/MS data of the hashish samples
were obtained using the same fingerprint template developed for marijuana, not a new
set of chromatographic peaks specific to the typical hashish profile.

Five countries were represented in the 68 hashish exhibits provided for the study,
but only three broad regions: South America (Colombia), the Middle East (Lebanon),
and Southwest Asia (Afghanistan, India, and Pakistan). A model based on the five
countries produced correct classifications at rates of 67% Colombia, 100% Lebanon,
50% Afghanistan, 67% India, and 73% Pakistan. Because it was noted that the
misclassified Afghan, Indian, and Pakistani exhibits all fell in the other Asian classes,
those countries were combined, and a second model was created with South America,
Middle East, and Southwest Asia as the classes. In the second model, Southwest Asia
had 98% correct hits, whereas Colombia and Lebanon were 67 and 100%, respectively,
leading us to postulate that the manufacturing methods particular to a region may induce
distinct differences in the chemical profiles of hashish. The anomalies in the Colombian
samples were attributed to the small number of available exhibits.

Although the Cannabis fingerprint system as designed for marijuana reliably
determined the origins of hashish samples, a fingerprint based on the actual peaks found
in hashish chromatograms would undoubtedly improve the accuracy. Additionally, a
study of a marijuana profile compared with the profile of hashish made from that same
marijuana could offer insight into the design of a hashish database.

6.8. Examination of Chemical Profiles for Distinguishing Peaks
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Characteristic of Specific Regions

To determine if certain chemical “marker” compounds could be present in
marijuana plants from one region, but absent in plants from another region, data were
again crunched, and Pirouette offered some likely candidates to test this so-called silver
bullet theory.

Three sesquiterpenes—peak 70, peak 92, and peak 63—were predominantly found
in domestic fingerprints. Peak 70 was present in 54% of the domestic specimens and
absent in the foreign ones, peak 92 in 90% of the domestic and 13% of the foreign, and
peak 63 in 93% domestic and 14% foreign specimens. Peak 92 was identified as
cisnerolidol, but the others were only tentatively identified because reference standards
for those compounds could not be obtained. Mass spectral evidence suggested that peak
63 was y-elmene and peak 70 either a- or y-gurjunene.

Peak 130, identified as butylated hydroxytoluene, was detected only in foreign
specimens, particularly Jamaican, but never in domestic ones. A sesquiterpene, peak 86,
possibly y-cadinene or B-farnesene, was totally absent from Colombian, Jamaican, and
Mexican fingerprints but was detected in more than 50% of the Thai and some domestic
profiles. Peak 100, a sesquiterpene identified as guaiol, was detected in only a few
Californian, Hawaiian, and Mexican specimens.

Table 4 Possible Marker

Compounds
Compound Presence indicates
cis-Nerolidol Domestic
y-Elemene= Domestic
a- or y-Gurjunene? Domestic

Butylated hydroxytoluene Foreign (likely Jamaica)

y-Cadinene or -farnesenes Thailand (or possibly domestic)

Guaiol California, Hawaii, or Mexico
aTentative identification.

Individual compounds that could possibly be used as markers for indication of
origin are summarized in Table 4.

7. CONCLUSIONS

It is concluded from this work that chemical profiles of Cannabis samples could
be used to determine the geographic origin of the samples provided that a database is
available that has been established with profiles of samples of known origin. The
predictions that specimens from mature female plants would yield the most consistent
data and that specimens should be protected from elevated temperatures were
confirmed, as was the likelihood that certain chemical compounds, particularly terpenes,
contributed the most evidence of geographic origin.

Having in hand a fully functional Cannabis fingerprint system that could readily
be utilized to gather trafficking data, the goals of the study were realized. The system
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provided a means to distinguish foreign grown marijuana from that grown domestically
as well as to distinguish plants grown indoors from those grown outdoors. The system
could also reliably determine the foreign sources of seizures of both marijuana and
hashish.

The reliability of the system and its utility is expected to be more in the area of
intelligence than for forensic purposes. The techniques developed for the fingerprint
system could, however, be applied in certain forensic situations, where the analysis of
the multiple constituents of a marijuana sample could rule out the possible sources of
origin, but not to definitively determine a specific source.

Although the system did not correctly classify every single specimen, it did show
the possibility that one could confidently reveal trends of both worldwide and domestic
drug sources. For the system to remain useful over time, the database would need to be
updated at regular intervals with high-quality authentic samples that reflect current
trends in marijuana production.

Following the phase Il studies, agencies in the United States and abroad expressed
interest in a Cannabis fingerprint system. In 1998, UM licensed the Cannabis fingerprint
methodologies to the Kentucky State Police in support of their Marijuana Signature
Laboratory, part of intelligence operations focused on certain trafficking areas in
Kentucky, Tennessee, and West Virginia known as the Appalachia HIDTA
(highintensity drug trafficking areas).

Since the completion of this work, others have reported on the use of other
techniques for chromatographic profiling of Cannabis and hashish to a very limited
extent (37,38). Interest in the fingerprint system continues today. For example,
colleagues at the University of Bern, Switzerland, have recently completed a project to
use Pirouette software to determine any geographical correlations in Cannabis
fingerprints of various origins. In a report to the Swiss Federal Office of Public Health
in 2004, they concluded that a Cannabis fingerprint system could effectively determine
the source of marijuana found within Switzerland (39).

ACKNOWLEDGMENTS

The authors wish to acknowledge Dr. P. Tobin Maginnis, Associate Professor of
Computer and Information Science at the University of Mississippi, who orchestrated
our data analysis systems. We also wish to thank the Drug Enforcement Administration
and the National Institute on Drug Abuse, which provided both the impetus and the
funding for these studies.

REFERENCES

1. Marnell, T. (ed.) (2001) Drug Identification Bible. Amera-Chem, Grand Junction, CO.

2. Holley, J. H., Hadley, K. W., and Turner, C. E. (1975) Constituents of Cannabis sativa L.XI.
Cannabindiol and cannabichromene in samples of known geographic origin. J. Pharm. Sci.
64(5), 892-895.

3. Small, E., Beckstead, H. D., and Chan, A. (1975) The evolution of cannabinoid phenotypein
cannabis. Econ. Bot. 29(3), 219-232.



Chemical Fingerprinting of Cannabis 69

4,

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

Steinberg, S., Offermeier, J., Field, B. ., and Jansen Van Ryssen, F. W. (1975) Investigation
of the influence of soil types, environmental conditions, age and morphological plant parts
on the chemical composition of Cannabis sativa (dagga) plants. S. Afr. Med. J. 49, 279.

De Faubert Maunder, J. G. (1970) A comparative evaluation of the delta-9-
tetrahydrocannabinol content of cannabis plants. J. Assoc. Pub. Anal. 8, 42-47.

Jenkins, R. W. and Patterson, D. A. (1973) Relation between chemical composition
andgeographical origin of cannabis. Forensic Sci. 2(1), 59-66.

Novotny, M., Lee, M. L., and Low, C. E. (1976) Analysis of marihuana samples
fromdifferent origins by high resolution gas chromatography for forensic application. Anal.
Chem. 48(1), 24-29.

Wheals, B. B. (1976) Forensic applications of high pressure liquid chromatography.
Chromatography 122, 85-105.

Baker, P. B. and Fowler, R. (1978) Analytical aspects of the chemistry of cannabis. Proc.
Anal. Div. Chem. Soc. 15(12), 347-349.

Tucker, R. B. and Graham, B. F. (1979) Cannabinoid content of a stand of cannabis
grownclandestinely in Nova Scotia. J. Can. Soc. Forensic Sci. 12(4), 163-172.

Baker, P. B., Fowler, R., Bagon, K. R., and Gough, T. A. (1980) Determination of
thedistribution of cannabinoids in cannabis resin using high performance liquid
chromatography. J. Anal. Toxicol. 4(3), 145-152.

Baker, P. B., Gough, T. A., and Taylor, B. J. (1980) Illicitly imported cannabis products:
some physical and chemical features indicative of their origin. Bull. Narc. 32(2), 31-40.
Baker, P. B., Bagon, K. R., and Gough, T. A. (1980) Variation in the THC content ofillicitly
imported cannabis products. Bull. Narc. 32(4), 47-54.

Hemphill, J. K., Turner, J. C., and Mahlberg, P. G. (1980) Cannabinoid content of individual
plant organs from different geographical strains of Cannabis sativa, L. J. Nat. Prod. 43(1),
112-122.

Baker, P. B., Gough, T. A., and Taylor, B. J. (1982) The physical and chemical features
ofcannabis plants grown in the United Kingdom of Great Britain and Northern Ireland from
seeds of known origin. Bull. Narc. 34(1), 27-36.

Idilbi, M. M., Huvenne, J. P., Fleury, G., Tran Van Ky, P., Muller, P. H., and Moschetto,Y.
(1985) Hashish analysis using gas chromatography coupled to fourier transform infrared
spectroscopy. Il. Tetrahyrocannabinol determiniation. Bull. Soc. Pharm. Lille 41(4), 33-35.
Nakahara, Y. and Tanak, K. (1988) Studies on discrimination of confiscated cannabis
products by high performance liquid chromatography with electrochemical detector. Bull.
Natl. Inst. Hyg. Sci. 106, 11-88.

Gough, T. A. (1991) The examination of drugs in smuggling offences, in The Analysis of
Drugs of Abuse (Gough, T. A., ed.), John Wiley & Sons, Hoboken, NJ, pp. 511-565.

Pitts, J. E., Neal, J. D. and Gough, T. A. (1992) Some features of cannabis plants grown
inthe United Kingdom from seeds of known origin. J. Pharm. Pharmacol. 44(12), 947-951.
Fagioli, F., Locatelli, C., Scanavini, L., Landi, S., and Donini, G. B. (1986) Characterization
of narcotics of vegetal origin by their content of various elements determined by atomic
adsorption spectrophotometry with sampling in carbonaceous slurry. Anal. Sci. 2(3), 239-
242,

Watling, R. J. (1998) Sourcing the provenance of cannabis crops using inter-element
association patterns “fingerprinting” and laser ablation inductively coupled plasma mass
spectrometry. J. Anal. Atomic Spectrometry 19(9), 917-926.

Hood, L. V. S. and Barry, G. T. (1978) Headspace volatiles of marihuana and hashish:
gaschromatographic analysis of samples of different geographic origin. J. Chromatogr.
166(2), 499-506.



70

23.

24.

25.

26.

217.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

ElSohly et al.

Krishnamurty, H. G. and Kaushal, R. (1976) Free sugars and cyclitols of Indian
marijuana(Cannabis sativa, L.). J. Chem. 14B(8), 639-640.

Bryant, V. M., Jones, J. G., and Midenhall, D. C. (1990) Forensic palynology in the
UnitedStates of America. Palynology 14, 193-208.

Croshy, T. K., Watt, J. C., Kistemaker, A. C., and Nelson, P. E. (1986)
Entomologicalidentification of the origin of imported cannabis. J. Forensic Sci. Soc. 26(1),
35-44.

Smith, K. G. V. (ed.) (1986) Cannabis insects, in A Manual of Forensic Entomology, Cornell
University Press, Ithaca, NY, pp. 169-173.

Gilmore, S., Peakall, R., and Robertson, J. (2003) Short tandem repeat (STR) DNA markers
are hypervariable and informative in Cannabis sativa: implications for forensic
investigations. Forensic Sci. Int. 131(1), 65-74.

Miller, C. H., Palmbach, T., Juliano, N., Ladd, C., and Lee, H. C. (2003) An overview
ofDNA methods for the identification and individualizion of marijuana. Croat. Med. J.
44(3), 315-321.

Hsieh, H. M., Hou, R. J., Chen, K. F., et al. (2004) Establishing the rDNA IGS signature
ofCannabis sativa. J. Forensic Sci. 49(3), 477-480.

Gigliano, G. S. and Finizio, A. D. (1997/1998) The Cannabis sativa L. fingerprint as a tool
in forensic investigations. Bull. Narc. XLIX & L(1 & 2), 129-137.

Adelmonem, A., Clark, V. A., and May, S. (2004) Computer Aided Multivariate Analysis,
Chapman & Hall/CRC Press, Boca Raton, FL.

Everitt, B. S. and Dunn, G. (2001) Applied Multivariate Data Analysis, Oxford University
Press, New York.

Turner, C. E., EISohly, M. A., and Boeren, E. G. (1980) Constituents of Cannabis sativa L,
XVII: a review of the natural constituents. J. Nat. Prod. 43(2), 169-234.

Brenneisen, R. and EISohly, M. A. (1988) Chromatographic and spectroscopic profiles
ofCannabis of different origins: Part 1. J. Forensic Sci. 33(6), 1385-1404.

Adams, R. P. (1989) Identification of Essential Oils by lon Trap Mass Spectroscopy,
Academic Press, San Diego, CA.

Lewis, R., Ward, S., Johnson, R., and Thorburn Burns, D. (2005) Distribution of the
principal cannabinoids within bars of compressed cannabis resin. Anal. Chim. Acta 538,
399- 405.

Lehmann, T. and Brenneisen, R. (1995) High performance liquid chromatographic profiling
of cannabis products. J. Lig. Chromatogr. 18(4), 689—-700.

Hida, M., Mitsui, T., Minami, Y., and Fujimura, Y. (1995) Classification of hashish
bypyrolysis-gas chromatography. J. Anal. Appl. Pyrolysis 32, 197-204.

Brenneisen, R. and Meyer, P. (2004) Chemical profiling of cannabis produced in
Switzerland. Final Report to Swiss Federal Office of Public Health, University of Bern,
Switzerland.



Marijuana Smoke Condensate 71

Chapter 4

Marijuana Smoke Condensate

Chemistry and Pharmacology Hala N. EISohly and
Mahmoud A. EISohly

1. INTRODUCTION

Cannabis sativa is one of the oldest plants known to medicine and one of the most
thoroughly studied plants today. Much knowledge has been gained about the chemistry,
pharmacology, metabolism, and pharmacokinetics of pure compounds from Cannabis,
as well as the chemical and biological analysis of marijuana smoke condensate (MSC).
In this chapter, we review data related to the preparation of MSC, the composition and
analysis of MSC, and the pharmacological and toxicological effects of MSC.

2. PREPARATION OF MARIJUANA SMOKE CONDENSATE

Patel and Gori (1) described the preparation of marijuana cigarettes and the
production of MSC. Various analytical parameters of blended marijuana (i.e., ash,
hexane solubles, nitrate, reducing sugars, citric acid, malic acid, oxalic acid, potassium,
sodium, calcium, magnesium, cadmium, chromium, and A°-tetrahydrocannabinol
[THC]) and marijuana cigarettes (average weight, average moisture content, static
burning rate, fire zone temperature at 15- and 55-mm marks) were determined.

2.1. Production of Smoke Condensate

The cigarettes to be smoked were first conditioned at 24 + 1°C and 60 + 5%
relative humidity. The average weight of a marijuana cigarette was 1.1 g. The smoking
machine used was designed to automatically load, light, smoke, and eject approx
2000 cigarettes per hour and take a maximum of 10 puffs per cigarette at the rate of
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one puff per minute. The smoke condensate-trapping system consisted of four 3-L Pyrex
reaction flasks with Teflon® covers, glass and Teflon interconnecting piping, and a leak-
tight stainless steel tank with metal support for flasks. The assembled traps were housed
in a refrigerated cabinet capable of sustained operation down to —30°F. The traps were
further cooled down to —90°F by immersion in a slurry of dry ice and isopropanol. The
condensate from the trapping system was extracted with acetone and concentrated in



72 ElSohly and EISohly

vacuo (<40°C) to yield a smoke condensate sample with less than 5% water. The mean
dry smoke condensate yield was 9.37 + 1.05 (mg/cigarette). Analysis of cannabinoids
in the smoke condensate was carried out by gas chromatography/ flame ionization
detection (GC/FID) (2) using a packed column (6 ft x 2 mm, 3% OV17 on 180-120
mesh Gas-Chrom Q). The mean percentage (n = 8) of AS-THC, cannabidiol, and

cannabinol in the smoke condensate was 3.63 + 0.15, 1.95 + 0.13, and 1.87 + 0.08,
respectively.

Sparacino et al. (3) prepared cigarettes from Mexican marijuana containing 1.3%
AS-THC (labeled as low dose) and 4.4% A°-THC (labeled as high dose) using
lowporosity “street” cigarette papers. Standard research tobacco cigarettes were also
prepared. Marijuana and tobacco cigarettes were used to generate smoke condensates
under constant draft or intermittent puff smoking modes. The evaluation of smoke
condensates from these two systems would provide a qualitative and quantitative range
within which the various components of the marijuana smoke actually experienced by
human smokers might be found. The cigarette smoking was conducted at flow rates of
1200 mL per minute for all constant draft combustion runs, 40 mL per 2-second puff
(one puff per minute) for puff mode combustion runs with marijuana, and 35 mL per 2-
second puff (one puff per minute) for puff mode combustion runs with tobacco
cigarettes. Six smoke condensates were generated: MSC—Ilow potency by puff and
constant draft mode; MSC—high potency by puff and by constant draft; and tobacco
smoke condensate by puff and by constant draft.

3. FRACTIONATION AND ANALYSIS OF MARIJUANA SMOKE CONDENSATE

MSC is a highly complex matrix containing several thousand compounds that may
vary over several orders of magnitude (4). A liquid-liquid fractionation scheme (5,6)
allowed the separation of these components into different classes of compounds (i.e.,
acidic, basic, and neutral: nonpolar, polar, and polyaromatic hydrocarbons; see Fig. 1).

In 1975, Jones and Foote (7) reported acids, phenols, and bases that were
chemically separated from the smoke condensate of 2638 marijuana cigarettes and
semiquantitatively analyzed by GC and GC/mass spectrometry (MS). The analysis of
the basic fraction (1.47 g, 4.8% of total MSC hydrochlorides) was carried out by GC/FID
using a packed column (10 ft. x /sin., 28% Pennwalt 223 + 4% KOH on chromosorb R,
80-100 mesh). While no fore-column was used for the GC/MS analysis, a glass fore-
column was used for GC/MS analysis with the first 2 in. packed with powdered soda
lime to liberate the amines and the remaining 5 in. packed with ascarite to absorb water.
The phenolic fraction (0.96 g, 4.6% of total MSC) was analyzed as the TMS derivative
by GC/thermal conductivity detector using a packed column (5% OV-17 on Diatoport
S, 60-80 mesh). The acidic fraction (1.57g, 7.5% of total MSC) was esteri-
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Smoke Condensate
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Fig. 1. Fractionation scheme for marijuana smoke condensate.

fied with boron trifluoride-methanol (BF:-MeOH, 14%, V/V) to the corresponding
methyl esters and analyzed by GC/FID using a packed column (2% OV-17 on GasChrom
Q, 80-100 mesh). The neutral fraction (17.4 g, 83.1% of the total MSC) was not
analyzed.

Van Den Bosch et al. (8) reported on the constituents of MSC generated from 640
cigarettes hand-rolled from Mexican marijuana (A°-THC content 1.29%). The
condensate was fractionated into basic (0.3 g), phenolic (1.6 g), acidic (0.3 g), and
neutral (6.9 g) fractions. The neutral fraction was further purified by column
chromatography using silica gel and a step-gradient mobile phase consisting of n-
hexane, nhexane-benzene, benzene, ether, and methanol. The different fractions were
analyzed by GC and GC/MS using a glass column (200 x 3 mm id) packed with 3%
OV-17 on chrompak SA (80-100 mesh) or a glass capillary column containing OV-101.

Zamir-ul Hag et al. (9) identified and quantitatively determined the N-heterocyclic
carbazole, indole, and skatole in MSC using GC, MS, and liquid scintillation
spectrometry. The dry condensate was partitioned between hexane and methanol/water.
The hexane fraction was subjected to column chromatography to yield a fraction
enriched in the above-mentioned compounds. Qualitative analysis was carried out by
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GC/FID/MS using a glass column (6 ft x 2 mm) packed with 3% Silar 5CP on Gas
Chrom Q. For the quantitative analysis, separate experiments were done using individual
radiolabeled carbazole, indole, and skatole as internal standards. The operational losses
of carbazole, indole, and skatole were quite different from each other, and thus none of
the internal standards could be used for the quantitation of the other components. The
average amounts of carbazole, indole, and skatole were 89 + 3, 826 + 4, and 597 + 7

pg/g of fresh condensate, respectively. The effect of aging of the condensate was studied
by analysis of a composite of all samples collected every 8 weeks for 2 years. The data
showed a decrease in the levels of carbazole and indole, whereas levels of skatole
increased on standing.

The previously described solvent partition method (Fig. 1; ref. 6) was used by Merli
et al. (10) to separate the basic fraction of Mexican MSC. Enrichment of some trace
components was accomplished with high-performance liquid chromatography on an
aminosilane-bonded Porasil C (11). The analysis of this fraction was carried out by
capillary GC/MS using a glass capillary column (50 m x 0.25 mm id) etched with

gaseous HCI at 400°C and statically coated with UCON 50-HB-2000 stationary phase.
Kalignost or benzyltriphenyl phosphonium chloride was added directly to the stationary
phase solution in order to form a 10% addition to the amount of polymer phase used.
The method allowed the identification of more than 300 nitrogen-containing
compounds. The authors pointed to the fact that certain compounds of the hydrogen-
donor nature, e.g., indole and carbazole derivatives, may end up in the polar neutral
fraction (12) while using this solvent partitioning scheme. In addition, the comparison
of MSC with that of tobacco (prepared and characterized by the same methodology)
revealed that there are both qualitative and quantitative differences between the two
condensates.

Further analysis of the basic fraction of marijuana and tobacco smoke condensates
was carried out by Novotny et al. (13) using capillary GC/MS. The use of thermostable
Superox-coated glass capillary column (Superox-4, 15 m x 0.25 mm id) allowed for the
elution of relatively large nitrogen-containing compounds. The use of short columns
allowed the elution of larger nitrogen-containing molecules in a reasonable time without
sacrificing the peak resolution needed for the subsequent mass spectral investigations.
Marijuana and tobacco smoke condensates showed qualitative similarities with a number
of alkylated pyridine and quinoline derivatives, aza-indoles, and aza-carbazoles;
however, quantities of these components in both condensates were quite different.

Sparicino et al. (3) analyzed the strongly mutagenic fraction of MSC, produced
from high-dose marijuana (A°®-THC, 4.4%) under constant draft mode, by GC/MS. A
capillary column (60 m, packed with DB-1701) was used. Approximately 200
compounds were identified. About half of this total were amines; with about half of these
being aromatic amines. Pyrazines, pyrimidines, pyrroles, pyridines, and isoxazoles were
the predominant compound classes. Some alkylated pyrazoles and pyrazines, as well as
an alkylated benzimidazole, were detected in very large amounts.

Chemical ionization/MS was used to quantify noncannabinoid phenols in MSC
(14). The methylene chloride-soluble material of the smoke condensate generated from
100 cigarettes prepared from female Mexican marijuana was fractionated between
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saturated aqueous sodium bicarbonate and then with 0.1 N aqueous sodium hydroxide
solution. The agueous sodium bicarbonate and sodium hydroxide solutions were
acidified, extracted with ether, and analyzed as their TMS derivatives. A stainless steel
column (3 m, 1% OV-17 on 100/120 mesh Gas-Chrom Q) and FID were used.

A capillary GC/MS method was developed by Maskarinec et al. (15) for the
analysis of organic acids and phenols in MSC. The methodology used consisted of
solvent partitioning (6), selective fraction enrichment by gel chromatography, followed
by conversion of sample components to volatile methyl ester/ether derivatives for GC.
A glass capillary column (20 m x 0.25 mm id) coated with free fatty acid phase was
used, and it provided adequate resolution required for the MS investigation of the sample
components. GC profiles of the acidic fractions obtained from Mexican (100 cigarettes,
A°-THC, 2.8%; 6.25 mg acid/cigarette) and Turkish marijuana (100 cigarettes, A°-THC,
0.3%) and standard tobacco (prepared from equal weight, 2.05 mg acid/cigarette) smoke
condensates were compared and indicated both qualitative and quantitative changes in
the constituents of chromatographic profiles. Forty-nine components were identified in
the acidic fraction of Mexican MSC.

Analysis of the polynuclear aromatic hydrocarbon fraction (see Fig. 1; ref. 6) of
marijuana and tobacco smoke condensates was carried out with a combination of
chromatographic and spectral methods (16). Selective enriched extracts were further
purified by liquid chromatographic methods and analyzed by capillary GC/MS using a
capillary column (11 m x 0.26 mm id) coated with SE-52 methyl phenyl silicone as a
stationary phase. Approximately 150 polynuclear compounds in each smoke material
type were quantitated and tentatively identified as to parent ring structures and type of
alkyl substituents. Further identification of methyl derivatives of polynuclear aromatic
hydrocarbons in air particulates, tobacco, and MSCs was accomplished by
chromatographic separation into fractions of similar ring types and analysis using
nuclear magnetic resonance (17). The positions of substitution in the rings were
identified from the methyl chemical shifts. For the lower relative molecular mass
fractions of anthracene-phenanthrene and fluoranthene-pyrene, the smaller number of
methyl derivatives made identification possible from nuclear magnetic resonance alone.
For mixtures containing benz[a]anthracene and chrysene derivatives, additional GC/MS
was required. Overnight accumulation of Fourier transform spectra allowed approx 20-
pg amounts of single constituents to be measured in 0.5- to 1.5-mg fractions.

The analysis of the neutral constituents (polar and nonpolar) of the smoke
condensates of Mexican marijuana and standard tobacco (obtained according to Fig. 1)
was carried out using GC/MS (18). Because the constituents of the polar neutral fraction
were mostly nonvolatile, silylation facilitated a partial characterization of this fraction.
A glass capillary column (50 m x 0.25 mm id) coated with OV-101 methyl silicone fluid
was used. In total, more than 130 neutral smoke components were characterized. It is to
be pointed out that the comparison of the chromatographic profiles of the nonpolar
fractions for marijuana and tobacco indicated some similarities, but also qualitative and
quantitative differences in their terpenic compositions. The authors noted that peaks
eluting in the temperature range of 120-160°C represent fairly unique components of
marijuana smoke. Terpenes of these and similar structures have previously been found
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in the unburned marijuana samples (19) and are believed to be responsible for the
characteristic odor of marijuana and its smoke. The components of the polar neutral
fraction of both marijuana and tobacco smoke condensates revealed considerable
similarity between the two materials. The only notable differences are the expected
presence of nicotine and main cannabinoids in tobacco and marijuana smoke,
respectively. The profiles of phenolic substances in tobacco and marijuana were
qualitatively and quantitatively similar. A summary of the acidic, phenolic, nonpolar
neutral, polar neutral and polynuclear aromatic hydrocarbons is presented in Table 1.

4. PHARMACOLOGICAL AND TOXICOLOGICAL ACTIVITIES

4.1. Behavioral Activity

Whole smoke condensate from female Mexican marijuana was solvent-
fractionated into four fractions using pentane, ether, methylene chloride, and ethanol.
These fractions were tested in the rat (iv via leg or tail veins) for spontaneous posture,
catatonic, locomotion, and coordination as well as evoked responses of arousal, startle,
vocalization, and biting. The smoke condensate of marijuana (6 mg/mL, 0.44 mg/mL of
A°-THC) and the pentane fraction (3 mg/mL, 0.5 mg/mL of A°THC) had less
behavioral effects in the rat than the corresponding amounts of A°-THC contained in

those extracts. The EtOH extract (2 mg/mL, 0.04 mg/mL A°-THC) had behavioral
effects in two or three depressant parameters, and these effects were enhanced by the
addition of A°-THC. The methylene chloride (2 mg/mL, 0.04 mg/mL A°-THC) showed
no behavioral activity when given alone, but produced with added A°-THC an enhanced
catatonic effect and decreased the provoked bite effect that A°®-THC produces. It was
concluded (21) that the various fractions of MSC produced behavioral effects in the
absence of A°-THC. Subsequently, a study (22) was carried out on the pharmacological
activity of the acidic, basic, and polar-neutral fractions of marijuana whole smoke
condensate alone and in combination with AS-THC. Male Swiss-Webster mice were
used for all studies, and all administrations were via the tail vein. The acidic fraction
was essentially inactive in a general activity screen at doses of 5 and 25 mg/kg. A dose
of 125 mg/kg caused a nonspecific depression of behavioral and neurological parameters
with little effect on autonomic function. The basic fraction also showed little activity in
a general pharmacological screen at doses of 5, 10, and 20 mg/kg. Incidence of
defecation and urination was also reduced at doses of 17 and 29 mg/kg. The polar-neutral
fraction lowered body position, impaired motor coordination, and induced hypothermia
at 30 and 60 minutes postinjection at a dose of 200 mg/kg. Both the acidic and polar-
neutral fractions altered the activity of AS-THC when administered with that compound.
Doses of 5.6 mg/kg acidic fraction and 7.4 mg/kg polarneutral fraction prolonged the
hypothermia induced by 1 mg/kg A°-THC, while not affecting body temperature when
administered alone. The basic fraction, however, did not alter body temperature when
given alone or in combination with AS-THC. A subsequent study on the basic fraction
of MSC obtained from Mexican marijuana (0.8% A°-THC) was evaluated in mice (23)
looking at behavioral, neurological, and autonomic effects. This fraction administered
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by intravenous route (tail vein) at doses of 5, 10, and 20 mg/kg caused impairment of
visual placing, increase in tail pinch response, decrease in tail evaluation, and induction
of piloerection. These effects, although statistically significant, were slight and not
consistently dose dependent. In doses rang-
Table 1
Basic, Acidic, Phenolic, Nonpolar Neutral, Polar Neutral and Polynuclear Aromatic
Hydrocarbons Present in Marijuana Smoke Condensate

Class of compounds Amount Ref.  Presentin tobacco smoke?
Basic
Dimethylamine 4% 7 No
Piperidine 2% 7 No
Pyridine 43% 7,10 Yes
2-Methylpyridine 16% 7,10 Yes
Pyrrole 2% 7
3-(and/or 4-)Methylpyridine + 18% 7
dimethylpyridine
Two dimethyl- or ethylpyridines 8,10
One trimethyl-, methyl ethyl-, or 8,13
propylpyridine
Quinoline 8,13 No
Methylpyrazine 3,8,10 No
2,5-Dimethylpyrazine 8
2,6-Dimethylpyrazine 8
Methyl ethyl pyrazine 3,8,10
One dimethyl-, diethyl-, 3,8
methylpropyl-, or butylpyrazine
Norharman
Harman
Carbazole 89 + 3 ug/g 9,16
of fresh
condensate
Indole? 826 + 4 uglg 9,18
of fresh

condensate
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Skatole 597 + 7 uglg 9

of fresh

condensate
Dimethylamino acetonitrile 10 Yes
Methylpyrimidine 3,10 No
2,6-Dimethylpyridine 10 Yes
3-Methylpyridine 10 Yes
Dimethyl- or ethylthiazole or 10 Yes

-isothiazole (2 isomers) 4-

Methylpyridine 10 Yes
2-Ethylpyridine 10 Yes
Dimethyl-, ethylpyrazine or 10 No

-pyrimidine (3 isomers)
Trimethyl-, ethyl methyl-, or 10,13 Yes
propyl pyridine (20 isomers) 2,5-

Dimethyl pyridine 10 Yes

(continued)



Marijuana Smoke Condensate 79

Table 1 (continued)

Class of compounds Amount Ref. Present in tobacco smoke?
2,4-Dimethyl pyridine 10 Yes
2,3-Dimethyl pyridine 10 Yes
3-Ethyl pyridine 10 Yes
2-Vinyl pyridine 3,10 Yes
4-Ethyl pyridine 10 Yes
Trimethyl- or methylethylthiazole 10 No

or isothiazole

Trimethyl or methyl ethyl pyrazine 10 Yes
or pyrimidines (4 isomers)

Trimethyl pyrimidines 10 Yes

Methyl ethyl pyrimidines 10 Yes

Butyl-, methyl propyl-, diethyl-, 10 Yes

ethyldimethyl-, or
tetramethylpyridine (33 isomers)
3,5-Dimethylpyridine 10 Yes

Propyl-, methyl ethyl-, or 3,10,13 Yes

trimethylpyrazole or -imidaole
(15 isomers)

3-Vinyl pyridine 10,13 Yes

3,4-Dimethylpyridine 7,10 Yes

Methyl vinyl- or propenyl pyridine, 10,13 Yes
or azaindan

Butyl-, methyl propyl-, diethyl-, 10 Yes

diethylmethyl-, or
tetramethylpyridine or
-pyrazine (5 isomers)
Alkylpyridine with five or more 10 Yes
carbon atoms in saturated side

chains (45 isomers)
Butyl-, methyl propyl-, diethyl-, 3,10 No
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Table 1 (continued)

dimethylethyl-, or

tetramethylpyrazole or

-imidazole (16 isomers) 3-
Methoxypyridine 10 Yes
2-Acetylpyridine 3,10 Yes
N-Furfurylpyrrolidine (?) 10 Yes
Methylmethoxypyridine 10 No
4-Methylthio-2-butanone (?) 10 No
Methylacetylpyridine (4 isomers) 10,13 Yes
1-Methylimidazole 3,10 No
Furfuryl alcohol 10,13 Yes
Ethylvinyl-, dimethylvinyl-, 10,13 Yes

methylpropenyl-, or

methyl azaindan or

tetrahydronaphthalene (35 isomers)

(continu
ed)
Class of compounds Amount Ref.  Presentin tobacco smoke?

Ethyl- or dimethylpyrazole or 3,10 Yes

imidazole (5 isomers) Benzoxazole

10 No

3-Acetylpyridine 10 Yes
Methylamino- or 10 Yes

aminomethylpyridine (15 isomers) Pyridine
with five or more carbons 10 Yes

in side chains including one double

bond, or forming one ring

(41 isomers)
Methylfurfurylpyrrolidine (?) 10 Yes
2-Propionylpyridine 10 No
4-Acetylpyridine 10 No
Dimethyl- or ethylacetylpyridine 10,13 Yes

(2 isomers) 2-
Aminopyridine 10 Yes
Alkylpyrazole or -imidazole with 3,10 No
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Table 1 (continued)
five or more carbon atoms in saturated
side chain(s) (42 isomers) Methylamino-
or amino 10 No

methylpyrazine or -pyrimidine or
dimethylaminopyridine
(4 isomers)
Aminoethyl-, ethylamino-, 10 Yes

aminodimethyl amino-, or
methylaminomethylpyridine
(13 isomers)
Divinylpyridine, 10 Yes
azadihydronaphthaline or methyl
azaindine (2 isomers) Quinoline

3,10,13 No

Nicotine 3,10,13 Yes
Diazanaphthalene (2 isomers) 10 Yes
Methoxyaminopyridine (?) 10 No
Isoquinoline 10,13 No
Indazole or pyrrolopyridine 10 Yes

(3 isomers)
Aminoethyl-, ethylamino-, 10 Yes

aminodimethyl dimethylamino-,

methylaminomethylpyrazine or

pyrimidine or

methyldiaminopyridine (5 isomers)
8-Methylquinoline 10 No

(continu
ed)
Class of compounds Amount Ref.  Presentin tobacco smoke?
2-Methylquinoline 10 No
7-Methylquinoline 10 No
4-Methylquinoline 10 No
Other methylquinolines and 10 Yes
-isoquinolines (10 isomers,

14 in all)

Methylindazole, -benzimidazole, 3,10 Yes

or -pyrrolopyridine (12 isomers)
Pyridine with five or more carbon 10,13 Yes
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Table 1 (continued)

atoms in side chains including
two double bonds or containing
one ring and one double bond
(11 isomers)
2-tert-Butylphenol

2,4-Dimethylquinoline
Other dimethyl- or ethylquinolines

or -isoquinolines (19 isomers,
20 inall)
Methyldiazanaphthalene (3 isomers)

Dimethyl- or ethylindazole,

benzimidazole, or pyrrolopyridine
(23 isomers)
Aminopyrazine or -pyrimidine with

three carbon atoms in saturated
side chain(s) or a dimethyl- or
ethyldiaminopyridine
Vinylquinoline or phenylpyridine
(3 isomers)
Methylvinylquinoline or
methylphenylpyridine (6 isomers)
2-Pyridine carboxamide
Aminopyridine with four carbon

atoms in saturated side chain(s)
(3 isomers)
Azaindanone (?)

Methylpyridine carboxamide
Methylpyrrolopyrimidine or

-pyrazine (?) (2 isomers)
Dimethyl- or
ethylpyrrolopyrimidine or
-pyrazine (?)
Propyl-, methyl ethyl-,
trimethylquinoline or -isoquinoline
(4 isomers)

10
10

10

10
3,10

10

10

10

10,13
10

10
10,13

10

10
10

ElSohly and ElSohly

No
No

Yes

Yes
Yes

Yes

Yes

Yes

Yes
No

No
No

No

No
Yes

(continu
ed)
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Table 1 (continued)

Class of compounds Amount Ref.  Presentin tobacco smoke?

Quinoline or isoquinoline with 10 No

four or more carbon atoms in
saturated side chain(s)
(2 compounds)

Methylazanaphthalene (7 isomers) 13 Yes
Methylazaindole (6 isomers) 13 Yes
C: Azanaphthalene (9 isomers) 13 Yes
Cs Azanaphthalene (2 isomers) 13 No
An allylquinoline (?) 13 No
An azaindole 13 No
C. Azaindole (9 isomers) 13 YesP
Vinylazanaphthalene (2 isomers) 13 Yes®
Cs Azaindole (3 isomers) 13 No
Alkyldiazole (6 isomers) 13 No
N-Methylazacarbazole 13 Yes
A hexenylazaindole (?) 13 No
A C; diazanaphthalene (?) 13 No
A dimethylazacarbazole 13 No
An ethylazacarbazole 13 No
Methylazacarbazole (4 isomers) 13 Yes*
Cs azacarbazole (2 isomers) 13 No
Azacarbazole (2 isomers) 13 Yes®
A C, azacarbazole 13 No
A C: diazole 13 Yes

(continued)



84 ElSohly and ElSohly

Table 1 (continued)

Cs Pyridine (3 isomers) 13 No
C. Pyridine (3 isomers) 13 Yes
Cs Pyridine (5 isomers) 13 No
C. Vinylpyridine (6 isomers) 13 No
Acetylpyridine 13 No
Cs Vinylpyridine (3 isomers) 13 No
Cs Azaindoled 13 Yes
Myosmine? 13 Yes
Bipyridyl® (3 isomers) 13 Yes
C: bipyridyl® (4 isomers) 13 Yes
Cs bipyridyl® 13 Yes
Methylbipyrdiyl 13 Yes
N-Methylanatabine? 13 Yes
Nicotine® 13 Yes
Anatabined 13 Yes
Methylbipyridyl? (3 isomers) 13 Yes
N-Furfurylnornicotined 13 Yes
N-Furfurylanabasine? 13 Yes
Cotinined 13 Yes
Aminoquinoline¢ 13 Yes
N-Formylnornicotined 13 Yes
Class of compounds Amount Ref. Present in tobacco smoke?
N-Acetylanatabine? (?) 13 Yes

(continued)
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Table 1 (continued)

N-Formylanatabine® (?) 13 Yes
Methylpyridoyl pyrrolidine® (?) 13 Yes
N-Ethylnornicotine? (?) 13 Yes
N-Methylanabasine? (?) 13 Yes
Methylnicotine? (?) 13 Yes
N-Propylnornicotined or 13 Yes

N-ethylanabasine?

A chloro-C»-diazanaphthalened (?) 13 Yes

A methylpyridylmethyldiazole® (?) 13 Yes

A C; pyridylmethyldiazole? (?) 13 Yes

A pyridyl-C, diazole® (?) 13 Yes

N-Methyl-3-pyridine 13 Yes
carboxamide? (?) Propionamide ;

Butyroamide 3

Cyclopentadiene 3

Dimethyltrisulfide 3

3,3-Dimethyloxetase 3

3,3-Dimethylcyclobutanecarbonitrile 3

Methylethylpyrrole 3

Dimethylpiperazine 3

N-Methyl-2-pyridinamine 3

Dimethylethylpyrrole 3

Valeramide 3

2-Methoxy-3-Methylpyrazine 3

(continued)
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Table 1 (continued)

ElSohly and ElSohly

Dimethylethanamine imidazole 3
Tropolone 3
Nitropicoline 3
Cr-Alkylamine 3
Cs-Alkylpyrazole 3,18
Dimethylethylpyrimidone 3
Methyl acetyl pyrrole 3
1,4-Benzoquinone 3
Alkylamide 3
m-Aminophenol 3
1-Butoxy-2-propanol 3
Methylpropionylfuran

3-Methyl-5-triazolo(4,3-a)pyrazine 3
N-(a-picolidene)-n-propylamine 3
5-Hydroxyindole 3
Cs-Alkylamine 3
Dimethyltetrazine 3
Cs-Alkylpyrazole isomer 3,18
Cq-Alkylamine 3

Class of compounds Amount Ref. Present in tobacco smoke?

Cs-Alkylpyrazole isomer 3
3-Methyl-4-ethylpyrrole 3
CsH1:0 3
CoH1:0 3

(continued)
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Table 1 (continued)

C10H10 3
CsHz0 3
Phenoxyethanol 3
Aminobenzamide 3
Phenylurea 3
Methylthiopyridine 3
Methylquinoline 3
Cs-Alkylpyrazole 3
Methoxybenzaldehyde 3
4-Methyl carbostyril 3
Cs-Alkyl pyrazine 3
Propylmethoxyphenol isomer 3
3-Methyl-1,8-naphthyridine isomer 3
Pyridine carboxylic acid, methyl 3
Benzoic acid, 3-methyl 3
Phenyl pyrazoline 3
3,4-Dimethylbenzoic acid 3
Benzylacetate 3
1,2-Dihydro-3-isobutyl- 3

1-methylpyrazin-2-one
Ethyl hydroxyacetophenone 3
2,4-Dimethylquinazoline
Phenyl methyl urea 3

Phenyl pyridine 3

(continued)
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Table 1 (continued)

Propylbenzimidazole 3
Aminoquinoline or CoHsN2 3
Dimethylnaphthyridine 3
N-Phenylacrylamide 3
Methoxypropylpyrazine 3
Phenyl alcohol 3
Ethoxybenzaldehyde 3
Tolyl azide 3
Phenylmethylguanidine 3
Cs-Alkylphenol 3
Cs-Alkylbenzimidazole 3
1-Decanol 3
Cs-Alkylpyrazine 3
Alkylamide 3
Dimethyl benzimidazone isomer 3
Trimethyl-2-oxo- 3

1,2,3,4tetrahydropyrimidine

Class of compounds Amount Ref. Present in tobacco smoke?
Dimethoxybenzene isomer 3
Aminodimethylpyrimidine 3
Hydroxymethylquinoline 3
Methylbenzoxazole 3
tert-Butyl-hydroxybenzoate 3
C1oH120: (ester) 3

(continued)
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Table 1 (continued)

Methyl-n(pyrid-2-yl)dihydropyrrole 3
C12H1s0 3
Methylaminonaphthyridine 3
Diphenylamine 3
CoH1003 3
Ethoxyquinazoline or isomer 3
Diethylphenylene diamine 3
CsHsNs isomer 3
N,N-Dimethyl-N-(p- 3
methoxyphenyl)formamide
Nitroacetamide 3
2,2,4-Trimethylpenta-1,3-diol 3
di-isobutyrate
Cu1HsO (alcohol) 3
N,N'-Dimethyl-N,N'-diethyl-p- 3
phenylene diamine
Dimethylbenzimidazole 3
Diethyl biphenyl 3
N-Benzyl-4-aminobutyronitrile 3
N-Methyl diphenylamine 3
1-Undecanol 3
Dimethylnaphthyridine or CiHioN: 3
isomer
Trimethylnaphthyridine or Ci1HiN:> 3
isomer
Alkylamide 3
Hexanenitrile 3(pyrrolidinylmethylene) 3

or (Ci:HisNz) isomers
Aminodiphenylene oxide 3

(continued)
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Table 1 (continued)

ElSohly and ElSohly

Methylpteridinone isomer 3
Alkyl nitrile 3
2-(Propylamino)benzothiazole 3
CisH2N2 isomer 3
Phenylbenzothiazole 3
Aminomethylquinoline 3
Tetramethylcyclopentanedione 3
1-Methyl-dihydro-B-carboline 3
Alkylamine 3
Alkylthiopyridine 3
Class of compounds Amount Ref. Present in tobacco smoke?
Lystrin 3
N,N-Dicyano-4-methylphenylene 3
diamine
Alkyl thiopyridine 3
7,8-Benzoquinoline 3
5,5-Diphenylimidazolid-4-one 3
1-Methylphenazine 3
n-Dodecanol 3
Alkyl amide 3
Alkyl amine 3
Methyl palmitate 3
Dimethylnaphtho (2,3,6-) thiophene 3
Homologous aliphatic alcohol 3

(continued)
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Table 1 (continued)
(n-tridecanol)
1-Methyl-B-carboline
n-CasHss (octacosane)

n-Cz9Hso (NONacosane
Alkyl phthalate

n-CaoHs2

B-carboline

p-Cumylphenol

Dibutylphthalate

Benzyl acetophenone
n-Tetradecanol

Diphenylpyridine isomer
Alkyl ester

Dihydroxymethyl phenyl quinazoline
Ditolylethane

1-Azido naphthalene

1-Phenyl decane
Dimethyl-B-carboline isomer
Alkylamide

Phenylbenzimidazole
2,6-Diterbutylnaphthalene or isomer
C14HsOs isomer
Methylthiazolopyrimidine

8-Acetoxy-pyrazolobenzo-as triazine

91

(continued)
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Table 1 (continued)
or CuHsN204 Methyl
stearate 3
Methyl phenylcinnoline or CisHi2N2 3
isomer
2-Thiocyanatodiphenylamine 3
Methylpyriloindole 3
Alcohol (n-pentadecanol ?) 3
Naphtho-sydinone 3
Class of compounds Amount Ref. Present in tobacco smoke?
n-Hexadecanol 3
n-Cz2Hss (Docosane) 3
Alkylamine 3
C12H10N204 isomer 3
N-CazsHus, tricosane 3
Homologous aliphatic alcohol 3
(n-heptadecanol ?) n-
CasHso (Tetrosane) 3
DL-Cannabichrome 3
n-CazsHs: (Pentacosane) 3
3-n-Pentyl-delta-9- 3
tetrahydrocannabinol
Dioctyl phthalate 3
n-CasHss (Hexacosane) 3
3-n-Pentyl cannabinol 3
n-CzHss (Heptacosane) 3
Alkylamide 3
n-CasHss (Octacosane) 3

(continued)
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Saturated hydrocarbon
n-Cz9Hso (NONacosane)
Alkylphthalate
Saturated hydrocarbons
Nn-CaoHe2

Acidic
Hexanoic acid
Heptanoic acid
Octanoic acid
Benzoic acid
Salicylic acid
Hexadecanoic acid
Heptadecanoic acid
Octadecanoic acid
Phenylacetic acid
B-Phenylpropionic acid
p-Hydroxybenzaldehyde
Vanillin
2-Hydroxy-3-methyl-2-

cyclopenten-1-one

Myristic acid
Palmitic acid
Stearic acid

Linolenic acid

Furoic acid
Nonanoic acid
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Table 1 (continued)

6%
9%

13%

23%, 9.3%
5%

0.2%

0.3%

0.2%

4.6%
35.2%

10.8%
4.9%

3.1%

7,14,15
7,14

7,14
7,14,15
7

7

14
14,15

14,15
14,15
14,15,182

15

(continued)



94 ElSohly and ElSohly

Table 1 (continued)

Decanoic acid 15
Class of compounds Amount Ref. Present in tobacco smoke?
Glutaric acid 15
Dodecanoic acid 15
Phenylisopropionic acid 15
Tetradecanoic acid 15
Palmitoleic acid 15
Palmitolenic acid 15
Oleic acid 15
Lenoleic acid 15
Arachidic acid 15
Eicosanoic acid 15
Eicosadienoic acid 15
Behenic acid 15
Erucic acid 15
Tricosanoic acid 15
2-Ethyl-3-hydroxy-5- 15
pentylbenzoic acid Lignoceric
acid 15
Tetracosatetraenoic acid 15
Hexacosanoic acid 15
Hexacosadienoic acid 15
Octacosanoic acid 15
2-Methyl butanoic acid 15

(continued)
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Table 1 (continued)

3-Methyl butanoic acid 15
4-Pentenoic acid 15
Phenolic
Phenol 0.6%, 7.6% 3,7,14,
15,1882
Cresols 1.2% 7
Guaicol 0.5% 7
Catechol 3.1% 7
Hydroquinone 0.6% 7
p-Hydroxyacetophenone 3.7%, 2.6% 7,14
o-Dimethylphenol 3,8,18°
B-Naphthol 8
4-Methylguaicol 8
o0-Cresol 14,15,182
p-Cresol 9.2% 14,15,18¢2
p-Ethylphenol 1.9% 14,182
p-Vinylphenol 2.1% 14,182
Catechol 12.1% 14,15,18
m-Cresol 15
0,p-Divinyl phenol 15
o-Isopropenylphenol 15
4-Hydroxy-3-methoxystyrene 14
m-Hydroxy-p-methoxystyrene 15

(continued)
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Table 1 (continued)

Class of compounds Amount Ref.  Presentin tobacco smoke?
2,4-Dihydroxyanisole 15
p-Hydroxybenzaldehyde 8
o-Hydroxybenzaldehyde 15
o-Hydroxyacetophenone 15
Olivetol 15,18
3-Isopropyl-5-hydroxybenzaldehyde 15
2,4-Dihydroxybenzaldehyde 15
p-Hydroxybenzyl-2-butenyl ketone 15

Neutral
(A) Nonpolar neutral Benzaldehyde

8,10
Acetophenone 8
Propiophenone 8
Benzonitrile 8
Tolunitrile 8
Benzylcyanide 8
B-Phenylethylcyanide 8
Three dimethyl or ethyl indoles 8,20
One trimethyl-methylethyl- or 8,20

propylindole

Three methyl carbazoles 8,20
One dimethyl or ethylcarbazole 8,20
Furfural 8
5-Methylfurfural 8

2-Acetylfuran 8
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Table 1 (continued)
5-Methyl-2-acetylfuran 8
4-Hydroxy-6-n-pentylbenzofuran 8
5-Hydroxy-7-n-pentyl-2H-methyl- 8
6-n-Pentylbenzofuran
2,2-Dimethyl-5-hydroxy-7-n- 8
pentylchromene
Cannabifuran 8,20
2-Ox0-A3@-tetrahydrocannabinol 8,20
Cannabichromanone 8,18,20
A*@-Tetrahydrocannabinol methyl 8
ether
Dehydrocannabifuran 8,20
Cannabinol methyl ether 8
Ethyl methyl benzene (2 isomers) 18 Yes
C.-Ethylbenzene 18 No
Limonene 18 Yes
C.-Styrene 18 Yes
Undecene 18 Yes
Undecane 18 Yes
(continu

ed)

Class of compounds

Amount

Ref. Present in tobacco smoke?

Methylindene or dihydro-

naphthalene (2 isomers)
Naphthalene

Dodecane
An isomer of tridecane

2-Methylnaphthalene

18 Yes
18 No
18 Yes
18 No
18 Yes

(continued)
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1-Methylnaphthalene
An ethylnaphthalene
An ethylnaphthalene
A sesquiterpene

A tetradecene
B-Caryophyllene
oa-Bergamotene
Humulene

A sesquiterpene
B-Farnesene

A sesquiterpene

A sesquiterpene

A sesquiterpene

A sesquiterpene
Bisabolene
Pentadecane

A Cs naphthalene

A sesquiterpene

A dehydrosesquiterpene
A sesquiterpene alcohol
Norphytene

An octadecene
Neophytadiene

A nonadecene

Table 1 (continued)

18

18

18

18

18

18

18

18

18

18

18

18

18

18

18

18

18

18

18

18

18

18

18

18

ElSohly and ElSohly

Yes
No
No
No

Yes
No
No
No
No

Yes
No
No
No
No
No

Yes
No
No
No
No

Yes
No

Yes

Yes
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Table 1 (continued)

An eicosadiene 18 Yes
An eicosadiene 18 No
Cannabicitran 18 No
Tetrahydrocannabidivarol 18 No
Isotetrahyrocannabinol 18 No
Cannabidiol monomethylether 18 No
Cannabichromene 18 No

monomethylether

Cannabicyclol 18 No
Cannabidiol 18 No
Cannabichromene 18 No
A°-Tetrahydrocannabinol 18 No
A dihydrocannabinol 18 No
Cannabinol 18 No
Heptacosane 18 Yes
Class of compounds Amount Ref.  Presentin tobacco smoke?

Octacosane 18 Yes
Nonacosane 18 Yes
An isomer of triacontane 18 Yes
Triacontane 18 Yes
Myrcene? 18

An acyclic diened 18

Decanet 18

A dihydrolimonene? 18

A Cs-benzene 18

(continued)
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Table 1 (continued)

Tridecene? (2 isomers)

Nocotine?

Solanone?

A tetradecene?

A dihydrosesquiterpene?

An isomer of pentadecane?

A hexadacene?

Eicosatetraene? (2 isomers)
Androstadienone® (2 isomers)

An eicosadiene?

Eicosatriene® (2 isomers)
Dihydrosesquiterpene? (2 isomers)
Pentacosane?

Squalene?

An isomer of squalene?

An isomer of nonacosane?

An isomer of hentriacontane?

Hentriacontane?

(B) Polar neutal

2-Methylphenol (2 isomers)
Dimethylphenol (3 isomers)

Cs-Phenol (2 isomers)
Methoxymethylphenol¢
Hydroxyfuroic acid (2 isomers)

Methylbenzenediol (2 isomers)

18

18

18

18

18

18

18

18

18

18

18

18

18

18

18

18

18

18

18
18

18

18

18

18

ElSohly and ElSohly
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Table 1 (continued)

A vinylmethoxyphenol 18
(e.g., isoeugenol)

C.-Benzenediol (5 isomers) 18

A methylhydroxyfuroic acid 18

A methyl indole 18

A hydroxyacenaphthalene 18

A styrenediol (2 isomers) 18

A pentenylphenol 18

A C4 Methoxyphenol 18

A methylstyrene diol 18

A methoxymethylbenzenediol 18

A dichlorobenzenediol® 18
(continu
ed)

Class of compounds Amount Ref. Present in tobacco smoke?

A styrenetriol 18

A methoxynaphthol® 18

A methoxydihydroxybenzofuran 18

(C) Polynuclear aromatic
hydrocarbons Methylindole

6.3 16 0.3
Ethylindole 3.2 16 No
Dibenzofuran 1.0 16 No
Methylacenaphthalene 1.4¢ 16 0.5
2-Methylfluorene 0.8 16 0.3¢
1-Methylfluorene 1.4¢ 16 0.3¢
Phenanthrene 8.9 16 8.5¢
Anthracene 3.3 16 2.3
Ethylmethylbiphenyl 0.4¢ 16 0.1¢
Methylcarbazole 3.4¢ 16 No

(continued)
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3-Methylphenanthrene
2-Methylphenanthrene
2-Methylanthracene
4H-Cyclopenta[d e f]
phenanthrene
9-Methylphenanthrene
1-Methylphenanthrene
Methylcarbazole
Methylcarbazole
Methyl-4H-cyclopenta[d e f]
phenanthrene
Methylcarbazole
Ethylphenanthrene or
ethylanthracene?
Ethylphenanthrene or
ethylanthracene?
Ethylphenanthrene or
ethylanthracene?
Ethylphenanthrene or
ethylanthracene?
Ethylphenanthrene or
ethylanthracene?
Ethylphenanthrene or
ethylanthracene?
Ethylphenanthrene or
ethylanthracene?
Ethylphenanthrene or
ethylanthracene?

Ethylphenanthrene or
ethylanthracene?

Table 1 (continued)
2.6
5.3¢
3.2¢
3.2¢

2.9¢
4.2¢
3.6°
5.1¢
3.1°

3.0°
0.3¢

0.7¢

0.6°

0.7¢

1.5¢

0.7¢

0.6

3.0¢
4.3¢

16
16
16
16

16
16
16
16
16

16
16

16

16

16

16

16

16

16
16

ElSohly and ElSohly

2.0
5.6°
2.4¢
2.4¢

2.7
3.2
No
No
1.6¢

No
0.4¢

0.6
0.5¢
0.5¢
0.8
0.6¢
0.7¢

1.6
1.8¢
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Table 1 (continued)

Class of compounds Amount Ref.  Presentin tobacco smoke?

Ethylphenanthrene or 2.5 16 1.9¢

ethylanthracenes Fluoranthene
8.9 16 8.3

Ethylphenanthrene or 0.6 16 1.6¢
ethylanthracene

Benzacenaphthalene 2.9 16 1.2¢

Ethylphenanthrene or 4.9¢ 16 3.4¢
ethylanthracene? Pyrene

6.6¢ 16 6.8

Ethyl-4-H-cyclopenta[d e f] 1.9¢ 16 0.7¢
phenanthrene?

Ethyl-4-H-cyclopenta[d e f] 2.2¢ 16 0.7¢
phenanthrene?

Ethyl-4-H-cyclopenta[d e f] 1.3¢ 16 1.4¢
phenanthrene?

Ethyl-4-H-cyclopenta[d e f] 1.9 16 0.8
phenanthrene?

Ethylmethylphenanthrene or 0.6 16 0.5¢
ethylmethyl anthracenef

Ethylmethylphenanthrene or 1.4¢ 16 0.7¢
ethylmethyl anthracenef

Ethyl-4H-cyclopenta[d e f] 2.4¢ 16 1.6¢
phenanthrene?

Methylfluoranthene 4.0¢ 16 4.6°

Methylfluoranthene 1.8 16 1.8¢

Methylfluoranthene 3.8¢ 16 3.6

Benzo[c] fluorene 4.2¢ 16 4.9¢

2-Methylpyrene and benzo[b] 5.4¢ 16 5.5
fluorene

Ethylmethylphenanthrene or 2.5¢ 16 1.2¢
ethylmethyl anthracene’4-

Methylpyrene 4.1¢ 16 4.4¢

1-Methylpyrene 4.8¢ 16 5.6

Methylfluoranthene 0.8 16 0.9¢

Methylfluoranthene 0.6¢ 16 0.3

Ethylfluoranthene or 1.1¢ 16 1.5¢

(continued)
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Table 1 (continued)

ethylpyrenes

Ethylfluoranthene or 0.3¢ 16 0.5¢
ethylpyrene?

Ethylfluoranthene or 0.5¢ 16 0.9
ethylpyrene?

Ethylfluoranthene or 1.1° 16 1.0
ethylpyrene? 2.1 16 2.4¢

Ethylfluoranthene or ethylpyrenes

Class of compounds Amount Ref. Present in tobacco smoke?

Ethylfluoranthene or 2.1¢ 16 2.4¢
ethylpyrene?

Ethylfluoranthene or 2.5 16 2.7¢
ethylpyrene?

Ethylfluoranthene or 1.4¢ 16 1.8¢
ethylpyrene?

Ethylfluoranthene or 1.7¢ 16 1.6
ethylpyrene? + acefluoranthene

Ethylfluoranthene or 2.4¢ 16 3.0¢
ethylpyrenes

Ethylfluoranthene or 2.3¢ 16 2.6°
ethylpyrene? + acepyrelene

Ethylfluoranthene or 1.2¢ 16 1.4¢
ethylpyrenes

Ethylfluoranthene or 1.6 16 1.7¢
ethylpyrenes

Ethylfluoranthene or 1.4¢ 16 1.3
ethylpyrenes

Benzo[g h i]fluoranthene, 0.4¢ 16 0.4¢

ethylpyrene or
ethylfluoranthene?

Benz [a] anthracene 3.3 16 2.6°

Chrysene 5.5¢ 16 5.1¢

Ethylmethylfluoranthene or 0.9 16 0.8¢
ethylmethylpyrenef

Ethylmethylfluoranthene or 0.7¢ 16 0.6¢

ethylmethylpyrenef
0.9¢ 16 0.6¢

(continued)
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Table 1 (continued)
Ethylmethylfluoranthene or

ethylmethylpyrenef

Ethylmethylfluoranthene or 1.0 16 0.7¢
ethylmethylpyrene'

Ethylmethylfluoranthene or 0.8 16 0.6
ethylmethylpyrenef

Ethylmethylfluoranthene or 1.0 16 0.7¢
ethylmethylpyrenef

Ethylmethylfluoranthene or 0.7¢ 16 0.7¢
ethylmethylpyrenef

Methylchrysene or 1.0¢ 16 0.6°
methylbenz[a]anthracene

Methylchrysene or 1.0¢ 16 0.5¢
methylbenz[a]anthracene

Methylchrysene or 2.7¢ 16 2.2¢
methylbenz[a]anthracene 2.1¢ 16 2.2¢

Methylchrysene or
methylbenz[a]anthracene

Class of compounds Amount Ref. Present in tobacco smoke?

Methylchrysene or 1.0¢ 16 1.1¢
methylbenz[a]anthracene

Methylchrysene or 0.9 16 0.7¢
methylbenz[a]anthracene

Methylchrysene or 2.2¢ 16 1.9
methylbenz[a]anthracene

Methylchrysene or 2.7¢ 16 2.9¢
methylbenz[a]anthracene

Binaphthyl 0.5¢ 16 0.5¢

Binaphthyl 0.5 16 0.3¢

Ethylchrysene or 0.8 16 0.7¢
ethylbenz[a]anthracene?

Ethylchrysene or 0.6 16 0.6¢
ethylbenz[a]anthracene?

Ethylchrysene or 1.0¢ 16 0.7¢
ethylbenz[a]anthracene?

Ethylchrysene or 0.5¢ 16 0.6

(continued)
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Ethylchrysene or 1.5¢ 16 0.7¢
ethylbenz[a]anthracene?

Ethylchrysene or 0.7¢ 16 0.7¢
ethylbenz[a]anthracene?

Ethylchrysene or 0.4¢ 16 0.3¢
ethylbenz[a]anthracene?

Ethylchrysene or 0.7¢ 16 0.7¢
ethylbenz[a]anthracene?

Methylbinaphthyl 0.6 16 0.6¢

Methylbinaphthyl 0.4¢ 16 0.4¢

Methylbinaphthyl 0.4¢ 16 0.3¢

Methylbinaphthyl 0.6¢ 16 0.3¢

Methylbinaphthyl 0.3¢ 16 0.3¢

Ethylmethylchrysene or 0.3¢ 16 0.6¢
ethylmethylbenz[a]
anthracenef

Ethylmethylchrysene or 0.3¢ 16 0.4¢
ethylmethylbenz[a]
anthracenef

Ethylbinaphthyle 0.4¢ 16 0.4¢

Ethylbinaphthyle 0.3 16 0.3¢

Benzo [j] fluoranthene 3.0° 16 2.1

Benzo [K] fluoranthene 1.1¢ 16 1.2¢

Benzofluoranthene 1.1¢ 16 0.7¢

Benzofluoranthene 0.7¢ 16 0.5¢

Benzo [e] pyrene 1.8 16 1.3

Benzo [a] pyrene 2.9¢ 16 1.7¢

Class of compounds Amount Ref. Present in tobacco smoke?

Perylene 0.9 16 No

Methylbenzopyrene or 0.3 16 0.2¢
methylbenzofluoranthene

Methylbenzopyrene or 0.8¢ 16 0.6
methylbenzofluoranthene

Methylbenzopyrene or 0.5¢ 16 0.5
methylbenzofluoranthene

Methylbenzopyrene or 0.6¢ 16 0.6

(continued)
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Table 1 (continued)
methylbenzofluoranthene

Methylbenzopyrene or 0.6 16 0.6¢
methylbenzofluoranthene

Methylbenzopyrene or 1.2¢ 16 0.6¢
methylbenzofluoranthene

Methylbenzopyrene or 0.9 16 0.7¢
methylbenzofluoranthene

Methylbenzopyrene or No 16 0.6¢
methylbenzofluoranthene

Methylbenzopyrene or 0.7¢ 16 0.5¢
methylbenzofluoranthene

Methylbenzopyrene or 0.5¢ 16 0.5¢
methylbenzofluoranthene

Methylbenzopyrene or 0.5¢ 16 0.3¢
methylbenzofluoranthene

Methylbenzopyrene or No 16 0.2¢
methylbenzofluoranthene

Methylbenzopyrene, 0.3¢ 16 0.4¢

ethylbenzopyrene, or
ethylbenzofluoranthenes

Ethylbenzopyrene or 0.4¢ 16 0.5¢
ethylbenzofluoranthenes
Ethylbenzopyrene or 0.3¢ 16 0.3¢
ethylbenzofluoranthened
n 0.3¢ 16 No
", Dibenz[a,i]anthracene 0.3¢ 16 No
" 0.6¢ 16 No
" 1.0¢ 16 0.3
" 0.3¢ 16 No
Dibenz[a,h]anthracene or 0.3¢ 16 0.6
dibenz[a,c]anthracene
h 0.4¢ 16 0.2
Benzo[g h i]perylene 0.7¢ 16 0.3¢
" 0.4¢ 16 No
Anthracene 0.5 16 No
i 0.5¢ 16 No
i 0.2¢ 16 No

(continued)
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Table 1 (continued)

Class of compounds Amount Ref. Present in tobacco smoke?
: 0.4¢ 16 No
i 0.5 16 No
i 0.4¢ 16 No
i, Dibenzopyrene 0.5 16 No
i, Dibenzopyrene 0.3¢ 16 No
i 0.4¢ 16 No
Diphenylacenaphthalene 0.3¢ 16 No
Quarterphenyl 1.2¢ 16 No

aDenotes its presence also in the polar neutral fraction. ®*One isomer. <Two isomers. ¢Present only in
tobacco. ug/100 g cigarettes. ‘Could also be trimethyl or propyl. eCould also be dimethyl. "Compounds
with molecular weight 276 can be any of the following: indeno[1,2,3-c d]pyrene; indeno[1,2,3,-c d]
fluoranthene; aceperylene; phenanthro[10,1,2,3-c d e f] fluorene; acenaphth[1,2a]acenaphthylene;
dibenzo[b, m n o] fluoranthene. Further possibilities are the benzo derivatives of acepyrylene and
acefluoranthene. Compounds with molecular weight 290 are methyl derivatives of those with molecular
weight 276.

ing from 10 to 29 mg/kg, the basic fraction caused a decrease in spatial locomotion,
rearing behavior, and urination incidence. The authors concluded from these results that
although the basic fraction of marijuana whole smoke condensate has pharmacological
activity in mice, it offers little evidence for the presence of highly active compounds.

4.2. Mutagenicity

A study by Novotny et al. (24) has shown a possible chemical basis for the higher
mutagenicity of marijuana smoke as compared to tobacco smoke. The total weights of
polynuclear aromatic fractions containing three rings or more were significantly higher
in MSC than in high-tar cigarette smoke condensate. The well known carcinogen
benzo[a]pyrene was present in MSC by a 70% higher amount than in TSC. It was
suggested that the pyrolysis products of A°®-THC and other cannabinoids are major
contributors to the formation of polynuclear aromatic hydrocarbons. MSC was shown
to be mutagenic in strain TA 98 of the Ames Salmonella/microsome test (25), a
shortterm bioassay that estimates the mutagenic potential of some chemicals. The
mutagens in MSCs required liver enzymes to be activated. The authors concluded that
the basic fraction accounted for 76% of the recovered mutagenic activity. Further work
on the mutagenic activity of extracts and smoke condensates of marijuana, Transkei
homegrown tobacco, and commercial cigarette tobaccos was carried out (26) using
Salmonella typhimurium strains TA 98, TA 100, TA 1535, TA 1537, and TA 1538, both
with and without metabolic activation. No mutagenic activity was detected in the
methylene chloride extracts of marijuana and tobacco, but all the smoke condensates
exhibited mutagenicity with metabolic activation. The only strain not mutated by any of
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the pyrolyzates was TA 1535. Transkei tobacco pyrolyzate was most mutagenic,
followed by marijuana, pipe, and cigarette tobacco. Mutagenicity was associated with
the nitrogen content of the various products.

The yield of MSC was 50% higher than that of cigarette and pipe tobacco,
indicating a high carcinogenic risk associated with marijuana smoking. Bioassay results
(3) showed that the acidic fractions were not significantly mutagenic, the neutral
fractions were weakly mutagenic, but the basic fractions were significantly mutagenic.
The constant draft base fractions were more mutagenic than puff mode basic fractions
for both marijuana and tobacco, and the more polar subfractions (numbers 4-7) of the
base fraction were more mutagenic than the less polar subfractions.

4.3. Pulmonary Hazards

The pulmonary effects associated with smoking marijuana and tobacco were
examined in men (mean age 31.5 + 7.1 years) by quantification of the relative burden
to the lung of insoluble particulates (tar) and carbon monoxide from the smoke of similar
guantities of marijuana and tobacco (27). Fifteen subjects who had smoked both
marijuana and tobacco habitually for the previous 5 years were included in this study.
Each subject’s blood carboxyhemoglobin level before and after smoking and the amount
of tar inhaled and deposited in the respiratory tract from the smoke of a single filter-
tipped tobacco cigarette (900-1200 mg) and marijuana cigarettes (741- 985 mg)
containing 0.004% or 1.24% A°-THC were measured. Compared with smoking tobacco,
smoking marijuana was associated with a nearly fivefold increment in the blood
carboxyhemoglobin level, an approximate threefold increase in the amount of tar
inhaled, and retention in the respiratory tract of one third more inhaled tar (p < 0.001).
Significant differences were also noted in the dynamics of smoking marijuana and
tobacco, among them an approximately two-thirds larger puff volume, a one-third
greater depth of inhalation, and a fourfold longer breath-holding time with marijuana
than with tobacco (p < 0.001). These results may account for previous findings that
smoking only a few marijuana cigarettes a day (without tobacco) has the same effect on
the prevalence and chronic respiratory symptoms (28) and the extent of tracheobronchial
epithelial histopathology (29) as smoking more than 20 tobacco cigarettes a day (without
marijuana). These observations justify concern about the potential adverse pulmonary
effects resulting from the long-term smoking of only a few marijuana cigarettes a day.

4.4. Interaction With Estrogen Receptor

Intraperitoneal administration of marijuana resin and smoke condensate to rat in
doses of 10 and 20 mg/kg (in maize oil) affected their estrous cycle (30). Estrous was
shortened with doses of both the resin and the smoke condensate, whereas diestrous was
lengthened with the 20 mg/kg dose of the resin and both the 10 and 20 mg/kg doses of
the smoke condensate. In addition, the administration of 20 mg/kg of either the resin or
the smoke condensate resulted in a lengthening of the postestrous cycle.

Sauer et al. (31) showed that crude marijuana extract at a concentration of 2.4 x
10° M A°S-THC (n = 6) competed with estradiol for binding to the estrogen receptor of

rat uterine cytosol. MSC at an equivalent A°-THC concentration (n = 3) also competed
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with estradiol for its receptor. Pure A°%-THC and 10 A°-THC metabolites failed to
compete with estradiol for its receptor. Of several other cannabinoids tested, only
cannabidiol showed receptor-binding activity at very high concentrations (5.6 x 10° M;
n=2).

Apigenin, a flavone present in marijuana, displayed high affinity for the estrogen
receptor at a concentration ranging from 5 to 50 x 107 M (n = 6). In vivo measurement
of estrogen activity using uterine growth bioassay (immature rats) and crude marijuana
extract administered subcutaneously in a dose containing 6.3-15.2 mg per day A°%-THC
failed to exhibit estrogenic or antiestrogenic effects. In conclusion, direct estrogenic
activity of Cannabis extract could not be demonstrated in vivo.

4.5. Inhibition of Dihydrotestosterone
Binding to the Androgen Receptor

MSC and two constituents of Cannabis, AS-THC and cannabinol, were tested for
their ability to interact with the androgen receptor in rat prostate cytosol (32). The above-
mentioned materials competitively inhibited the specific binding of dihydrotestosterone
to the androgen receptor with a dissociation constant (Ki) of 2.1 x 10”7 M for CBN, 2.6
x 107 M for AS-THC, and 5.8 x 107 M for MSC. The data indicate that the
antiandrogenic effects associated with marijuana use result, at least in part, from
inhibition of androgen action at the receptor level.
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Chapter 5

Pharmacology of Cannabinoids Lionel
P. Raymon and H. Chip Walls

1. INTRODUCTION

Ever since the cloning of two distinct cannabinoid receptors and the discovery of
lipids derived from arachidonic acid as endogenous ligands, cannabinoid pharmacology
has received increased attention and yielded new insights in the understanding of the
complex effects of smoking marijuana. Novel receptors offer the prospect of new
therapeutics, and after decades of sparse research cannabinoid pharmacology is once
again on the forefront of medical news. The use of molecular biology techniques, such
as knockout mice, and the development of antagonists and agonists of the cannabinoid
receptors are slowly unraveling a network of intricate physiological and neurological
effects.

1.1. Endogenous Ligands

A family of lipids has been identified as the endogenous ligands to the cannabinoid
receptors. Two arachidonic acid derivatives were first isolated: an amide, arachidonoyl
ethanolamide, or anandamide (1) and an ester, 2-arachidonoyl glycerol (2-AG) (2-4).
Recently, a third derivative was isolated, an ether, 2-arachidonyl glyceryl ether, also
known as noladin ether (5). These lipid compounds differ totally in structure from A°®-
tetrahydrocannabinol (THC), the main exogenous cannabinoid. Except for the notable
absence of a nitrogen atom in THC, there is little to remind us of the eicosanoid- or
prostaglandin-like structure of the anandamide family.

Endocannabinoids are considered either neurotransmitters or neuromodulators:
they have distinct synthetic pathways, are released from cells upon depolarization and
calcium entry, and their synaptic action is rapidly terminated by reuptake and
intracellular enzymatic degradation (Fig. 1). These requirements are met for anandamide
and,

From: Forensic Science and Medicine: Marijuana and the Cannabinoids Edited by: M.
A. EISohly © Humana Press Inc., Totowa, New Jersey
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N-APE IDG
Tcaer
LD N\ S~ PLC
Anandamide 2-AG
Transport
into cells
Metabolism by FAAH

Fig. 1. Metabolism of endogenous cannabinoids. N-APE, N-arachidonyl phosphatidyl
ethanolamine; PLD, phospholipase D; IDG, inositol-1,2-diacylglycerol; PLC, phospholipase C; 2-
AG, 2-arachidonoyl glycerol; FAAH, fatty acid amide hydrolase.

to a certain extent, 2-AG, but are still unclear for noladin ether. Anandamide and 2AG
are produced from cleavage of two different phospholipid precursors present in the cell
membranes of neurons and immune cells in particular. Anandamide is synthesized from
the membrane phospholipid N-arachidonyl phosphatidylethanolamine by a
phosphodiesterase  called phospholipase D, an enzyme stimulated by
depolarizationinduced increase in intracellular Ca?* (5,6). The synthetic pathway is also
indirectly stimulated by cyclic adenosine monophosphate (CAMP)/protein kinase A,
indicating possible receptor-mediated mechanisms (7,8). Anandamide amounts of 10—
50 pmol/g of brain tissue have been reported (6). 2-AG is mainly the product of
phospholipase C digestion of inositol-1, 2-diacylglycerol and, interestingly, is much
more abundant than anandamide, with amounts ranging from 2 to 10 nmol/g of tissue
(9). The synthesis of 2-AG is also calcium-dependent (4). An interesting feature of
anandamide and 2-AG is the “on-demand” synthesis and release of these lipids, possibly
not from vesicles, differentiating the endocannabinoids from classical
neurotransmitters—hence the term “modulator” (10). Anandamide is then known to be
transported into cells by carrier-mediated uptake, which does not depend on sodium or
adenosine-5'-triphosphate (ATP), another difference from classical neurotransmitters,
but similar to the structurally related prostaglandin E, (11). This transporter participates
in the inactivation of anandamide. Both anandamide and 2-AG are known to be rapidly
hydrolyzed by the intracellular enzyme fatty acid amide hydrolase (FAAH) (6,12,13).
Endocannabinoids may function physiologically as retrograde synaptic
messengers (Fig. 2) (14,15). When a postsynaptic neuron is strongly depolarized, it
synthesizes and releases endocannabinoids through a nonvesicular mechanism. These
molecules, in turn, bind the presynaptic neuron at CB; receptors and inhibit its
neurotransmitter release. It is a form of negative feedback. The chemical nature of the
presynaptic neuron is important. If the release of an inhibitory transmitter like
yaminobutyric acid (GABA) is decreased, it is called in electrophysiology
depolarization-induced suppression of inhibition (DSI) and would result in exacerbation
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of postsynaptic transmission. If the release of an excitatory neurotransmitter like

glutamate
Presynapu
Neuron
GABA GLUTAMATE
CB,
\ Antagonism
. by
Anandamide Rimonabant Anandamlde
\ Postsynaptic Postsynaptic /
Depolarization Depolarization

DSE

DSI
|\| | 4 |

Fig. 2. Cannabinoid synapse: endocannabinoids are retrograde synaptic messengers through
CB, receptors. GABA, y-aminobutyric acid; DSI, depolarization-induced suppression of
inhibition; DSE, depolarization-induced suppression of excitation.

is decreased, it is referred to as depolarization-induced suppression of excitation (DSE),
and would diminish postsynaptic transmission. Several studies argue in favor of this
physiological role of anandamide and other endogenous cannabinoids (16-18). Both
DSl and DSE depend on rises in calcium and on G; proteins, which are also necessary
for the synthesis and release of endogenous cannabinoids and a feature of their receptors.
DSl and DSE are antagonized by rimonabant, a selective CB; receptor antagonist. And
finally, CB; stimulation inhibits GABA release from hippocampal interneurons (which
synapse with the important pyramidal neurons) and glutamate from cerebellar basket
cells (which synapse with Purkinje neurons).

1.2. Cannabinoid Receptors

Two cannabinoid receptors, CB; and CB,, have been cloned from various animal
species, including humans (19-21). There is a shorter-isoform splice variant of CB;,
CBua, with no known function, and recent reports indicate other types of receptors yet
to be cloned. Cannabinoid receptors belong to the superfamily of G protein-linked
receptors (14,15,22). These receptors are characterized by 7-transmembrane domains,
an extracellular NH, terminus, and an intracellular COOH terminus. Once bound, G
protein-linked receptors activate a G protein. A G protein is a trimeric protein (a- and

By-subunits), which uses guanosine triphosphate as a source of energy to “do its job,”
i.e., change the activity of enzymes downstream in the signal transduction pathway (Fig.
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3). It therefore allows signal transduction from the outside of the cell, where the ligand
binds to the receptor, to the inside of the cell, where molecular changes in key target
proteins will result in a biological response. Cannabinoid receptors are said to

CB,

Stimulation

{

G,
| Adenylcyclase

|

|| cAMP

|

|| Protein Kinase A

<N

Gene Expression Enzyme Activity Ion Channel

Fig. 3. CB; receptors are Gi-coupled: an inhibitory effect on cellular function is expected from
receptor stimulation.

be G coupled: a G; protein, when activated, inhibits the enzyme adenylate cyclase. It is
the o subunit that interferes with adenylate cyclase. The By dimer can regulate other
enzymes such as mitogen-activated protein kinase (MAPK) and phosphatidylinositol3-
kinase (PI3K) or directly modify the activity of ion channels. Adenylate cyclase in turn
no longer breaks ATP to form the second messenger cAMP. The result of cannabinoid
receptor stimulation is therefore a decreased concentration of intracellular cAMP.
CAMP is referred to as the second messenger (the drug/endogenous ligand binding to
the receptor being the first messenger). cCAMP plays major roles inside a cell: through
protein kinase A it can phosphorylate a number of proteins, and phosphorylation of
proteins changes their activity. An enzyme may be turned on or off by phosphorylation,
altering metabolic pathways; an ion channel may open or close, changing the membrane
potential status of an electrical cell; importantly, transcription factors (proteins that
control gene expression such as cAMP response element-binding protein) may be
activated and modify the proteins actually expressed by the cell. Whereas changes in
gene expression might take days to fully take place, opening or closing an ion channel
would have immediate effects (seconds or less).

Overall, the decreased cAMP in the cells expressing CB; or CB; receptors would
tend to result in an inhibition of function. A rapid effect of CB; stimulation seems to be
mediated through a decreased phosphorylation of A-type potassium channels, resulting
in their opening (23). When a potassium channel is opened, the net force (electrical and
concentration gradient) results in an efflux of potassium, and the loss of positive charges
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from the cell renders the cell less excitable (hyperpolarized). A number of calcium
channels are closed by the same mechanism, particularly neuronal N-type, resulting in
a decreased excitability also (24). Most CB. receptors are found presynaptically and can
modulate neurotransmitter release through presynaptic inhibition. Decreased release of
glutamate, GABA, norepinephrine, dopamine, serotonin, and acetylcholine in slices of
hippocampus, cerebellum, and neocortex has been reported either from direct
observation or indirectly, through electrophysiological methods (25). Other key proteins
are regulated through signal transduction from cannabinoid receptors. They include
focal adhesion kinase, which is phosphorylated on tyrosine residues and plays a role in
synaptic plasticity (26), and PI3K activation by By-subunits of G resulting in
phosphorylation of Raf-1 and then phosphorylation of MAPK to activate it. In turn,
MAPK can activate phospholipase A, and trigger the arachidonic acid cascade and
production of prostaglandins (27), and can decrease growth factor receptor synthesis in
certain tissue, a basis for antiproliferative action of cannabinoids (28). PI3K is also
biochemically associated with mediation of insulin-like effects with upregulation of
glucose transporter 4 (insulin-dependent glucose uptake in skeletal muscle and adipose
tissue), stimulation of glycogen synthesis, and glycolysis (liver cells). These latter
effects would require the presence of receptors to anandamide on the appropriate target
cells.

Distribution of receptors and the role of the cells affected can give insight into the
pharmacology of agonists and antagonists of these receptors, and correlation between
observed effects and expected effects can be theorized. CB; has been mapped mainly to
the central nervous system (CNS) and peripherally to sensory neurons and the
autonomic nervous system. CB, receptors are strictly peripheral and are found
particularly on mature B cells and macrophages and on immune-related tissues such as
tonsils and spleen. In the CNS, CB; receptors have been mapped in various animal
species and in humans using autoradiography and immunohistochemical mapping
techniques (29-31). Whereas CB; receptors correlate poorly with anandamide
distribution, they are found in brain regions rich in the degradative enzyme FAAH.
Interestingly, FAAH is found postsynaptically and CB; receptors are found
presynaptically, an anatomical arrangement that correlates well with the role of
endogenous cannabinoids as retrograde synaptic messengers (32). The highest densities
are found in the cerebral cortex, particularly the association cortex, in the basal ganglia
and cerebellum, and in the limbic forebrain (particularly hypothalamus, hippocampus,
and anterior cingulate cortex). They are relatively absent from brainstem nuclei.

Cannabinoids affect cognitive and motor functions. Their subjective effects are
well documented by chronic users and include enhancement of senses, errors in time
and space judgment, emotional instability, irresistible impulses, illusions, and even
hallucinations. Objective effects have been measured and studied, and decreased
psychomotor performance, interference with attention span, and loss of efficiency in
shortterm memory are classically reported in the literature. Cannabinoids also have a
number of peripheral effects, notably vasodilatation, tachycardia, and
immunosuppressant properties. This chapter explains the neurophysiological and
anatomical bases of these disorders and correlate them with what is known of the
cannabinoid receptors.
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2. EFFecTs oF CANNABINOIDS ON MoTOR COORDINATION

2.1. Cortical Areas

Complex brain functions such as cognition, language, sexuality,
sleep/wakefulness, emotions, and memory require constant information processing. Of
the human cortex, 75% is association cortex (Fig. 4). The ability to attend, identify, and
plan a
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Fig. 4. Role of brain cortical areas: after identification of a stimulus by temporal regions,
parietal areas attend to the stimulus, and frontal areas plan the appropriate behavioral
responses. CB; receptors are dense in all cortical areas.

meaningful response to external or internal stimuli depends to a large extent on that
association cortex, and one could define cognition as the processes by which we come
to know and understand the world. Most inputs to the association cortex come from
other cortical areas (hence the name “association”), either on the same hemisphere or
the opposite one. Classically, three big areas are described. Imagine a driver and the
sound of a horn—the temporal association cortex identifies the stimulus. The
information is then relayed to the parietal association cortex, which decides whether to
attend to the stimulus or not. In turn, the processed information is sent to the frontal
association cortex for planning of appropriate behavioral response. The remainder
(25%) of the cortical areas is subdivided into the primary sensory cortex, which receives
inputs from the periphery by the intermediate of the thalamus, and the motor cortex,
which receives inputs from the basal ganglia and the cerebellum, also through the
thalamus. Two structures, the corpus callosum and the anterior commissure, allow
communication from one side of the brain to the other.
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Much of our understanding of brain regional neurophysiology comes from
pathological lesions and their observation. Often, a drug, by altering physiological
systems, can mimic in part what the pathology describes. For example, lesions of the
temporal lobes result in recognition deficits. The patient has difficulty recognizing,
identifying, or naming familiar objects. Syndromes of temporal lobe lesions are called
agnosias, such as prosopagnosia, in which the patient cannot name things. Lesions of
the parietal lobes lead to attention and perception deficits, often referred to as
contralateral neglects—the patient fails to report, respond, or orient to a stimulus
presented to the
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Fig. 5. Role of basal ganglia and cerebellum in the programmation of movements: whereas the
basal ganglia allows the initiation of movement, the cerebellum controls the ongoing aspects
of it. CB; receptors are highly expressed in the basal ganglia and cerebellum.

side of the body or visual space opposite the brain lesion. Finally, lesions of the frontal
lobes alter the individual’s personality, the ability to plan a behavior in relationship to
the environment, and to use memories as a guide to appropriateness of behavior in
various situations.

CB; receptors are particularly dense in all cortical areas (31), particularly the
cingulate cortex (see Section 3), and inhibition of evoked release of a number of
neurotransmitters would result in cognitive impairment such as perception, attention,
and behavioral deficits. It is difficult to ascribe specific deficits because of the
complexity of the neural wiring in cortical regions.

2.2. Basal Ganglia and Cerebellum

The basal ganglia and the cerebellum interact with the cortex through a series of
feedback circuits. The basal ganglia, a group of midbrain nuclei, are involved mainly
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with the initiation and execution of a movement, whereas the cerebellum tends to
modulate ongoing movement (Fig. 5). Again, pathology clearly describes the role played
by these structures in motor coordination. The most relevant disorders are the
dyskinesias, or abnormal movements. Basal ganglia degeneration results in movement
disorders such as Parkinson’s disease (selective destruction of dopamine-containing
neurons) and Huntington’s disease (selective destruction of GABA interneurons).
Parkinson’s disease is classically associated with the triad of resting tremors, muscle
rigidity (cogwheel-like), and slowness of movement (bradykinesia, with a festinating
gait). Huntington’s dyskinesias tend to be the opposite of Parkinson’s, with excessive
initiation of unwanted movements. Cerebellar degeneration is associated with asynergy,
the inability to achieve a properly timed and balanced activation of the muscles during
movement. Asynergy causes a decomposition of movements, resulting in the move
going too far or falling short (dysmetria—the error is overcompensated). The gait
becomes uncertain in cerebellar damage, with the feet placed far apart and the steps
overshooting (ataxia), and it is no longer possible to make movements in rapid
succession (dysdiadochokinesia). There are corresponding disturbances of speech and
vision. In cerebellar injuries, the tremors do not appear at rest, but rather occur during
movement (intention tremors), and the muscle tone tends to be low, with weak muscles
that become tired easily. These are the kind of disturbances often seen at the roadside in
field sobriety exercises such as one-leg-stand, walk-and-turn, and the finger-to-nose test
when a driver is under the influence of drugs such as marijuana.

CB;: receptors are highly expressed in the basal ganglia and the cerebellum. To
understand the possible effect of THC binding to these receptors, some well-established
neuronal connections between these structures are relevant to review prior to correlation
with CB; receptor distribution. The basal ganglia illustrates well the concept of
disinhibition at the neuronal level. Two key pathways are described: the direct and the
indirect pathways (Figs. 6 and 7).

The association cortex and substantia nigra send excitatory impulses to the caudate
putamen. The excitation comes from the neurotransmitter released at these synapses,
glutamate, which is the major excitatory amino acid transmitter in the human brain. This
in turn activates a GABA interneuron, GABA being the major inhibitory
neurotransmitter in the human brain. The release of GABA occurs in the globus pallidus
(internal segment) and at the synapse of another GABA neuron. This latter neuron is
called a tonic neuron. It is always active, releasing GABA in motor nuclei of the
thalamus (ventral lateral and anterior), resulting in inhibition of the thalamic excitatory
outflow to the premotor cortex. The stimulation of the GABA interneuron turns off
(inhibits) the tonic GABA neuron, resulting in disinhibition of the excitatory thalamic
outflow to the premotor cortex: as a result, movement is initiated. Electrophysiology has
shown that electrical activity in the tonic GABA neuron ceases before execution of a
complex movement and resumes once the movement is underway.

The indirect pathway is more complex than the direct pathway. The tonic GABA
neuron from the internal segment of globus pallidus is also under excitatory control from
a glutamate excitatory interneuron from the subthalamic nucleus. Under normal
conditions, this glutamate interneuron is inhibited by a tonic GABA neuron that arises
from the globus pallidus external segment. In the indirect pathway, excitatory inputs
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from the associative cortex turn on a GABA interneuron from the caudate-putamen. This
prevents the tonic GABA neuron from the globus pallidus from firing and disinhibits
the glutamate interneuron from the subthalamic nucleus. The firing of the glutamate
interneuron results in stronger inhibitory tone from the tonic GABA neuron projecting
to the thalamus and prevents movement from being initiated. An alternative with the
opposite effects arises from dopamine-containing inhibitory neurons from substantia
nigra impacting the same GABA interneuron as the cortical excitatory input. The
indirect pathway antagonizes the direct pathway and therefore allows fine control of the
excitatory outputs to motor and premotor cortices, allowing coordinated movements to
occur.
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Fig. 6. Initiation of movement: the direct pathway. Neurons in dashed line are inhibitory,
containing principally y-aminobutyric acid (GABA); neurons in solid line are excitatory,
containing principally glutamate. A tonic neuron is a neuron that always fires. CB; receptors
are found on GABA interneurons and glutamate projection neurons, leading to complex motor
effects.
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Fig. 7. Initiation of movement: the indirect pathway. Neurons in dashed line are inhibitory,
containing principally y-aminobutyric acid (GABA); neurons in solid line are excitatory,
containing principally glutamate. A tonic neuron is a neuron that always fires. The indirect
pathway opposes itself to the direct pathway, allowing coordination of movements. Notice
the role of nigral dopamine in movement initiation.
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Fig. 8. Cerebellar pathways: CB; receptors are found on virtually all principal glutamate or y-
aminobutyric acid inputs to cerebellar Purkinje cells.
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In the basal ganglia, CB; receptors are found on GABA medium spiny projection
neurons (interneurons), particularly at the axon terminal. CB; receptors are also found
on glutamate projection neurons, and whereas GABA interneurons are inhibitory,
glutamate neurons are excitatory. The effect on movement initiation is therefore
complex, depending on which system is inhibited by CB; receptor stimulation. Basal
motor activity is regulated in part by CB; receptors, and a general inhibition of
movement and tremors has been reported in animal experiments and human
observations. Decreased glutamate release from the subthalamic neurons (indirect
pathway) would result in this inhibition, as well as a decreased release of GABA from
interneurons of the direct pathway or from the GABA tonic neurons of the globus
pallidus projecting to the subthalamic nucleus (indirect pathway).

The wiring to and from the cerebellum is analogous to the ones in the basal ganglia
(Fig. 8). The cerebellum receives three kinds of information: from the cortex, from
vestibular nuclei in the brainstem, and from the spinal cord. The impulses come through
excitatory climbing and mossy fibers. Climbing fibers are important because they adjust
the flow of information that reaches the Purkinje cells and influence motor learning by
inducing plastic changes in the synaptic activity of Purkinje neurons. The cerebellum
has a unique output, the Purkinje neurons, which are GABA-containing neurons. They
send information through inhibitory control of deep cerebellar relay nuclei, which in
turn inform the thalamus and then the cortex, giving the cerebellum access to
corticospinal projection neurons. This allows the cerebellum to organize the sequence
of muscular contractions in complex ongoing movements and finely regulate them.

CB;: receptors are found on virtually all the principal glutamate and GABA inputs
to cerebellar Purkinje cells and, through inhibition of glutamate or GABA release, can
exert complex motor effects.

Rodriguez de Fonseca et al. (33) have reviewed the literature related to motor
effects of Cannabis on animals and humans. Studies of locomotor activities (LMA) in
mice have showed dose-dependent effects of THC, with a decreased LMA at doses of
0.2 mg/kg and increased LMA at doses of 1-2 mg/kg and eventually catalepsy at doses
in excess of 2.5 mg/kg. These changes could relate to differential sensitivities of neuron
populations to CB; stimulation, resulting in different levels of inhibition of excitatory
glutamate or inhibitory GABA release. Human studies have corroborated these results:
impaired balance (34) and problems with tracking and pursuit of a moving point of light
(35). Importantly, often unpublished Drug Recognition Officer reports filled out by law-
enforcement experts and collected in a number of forensic toxicology laboratories
anecdotally support the impaired locomotor functions of humans under the influence of
Cannabis. Some interesting new studies have used knockout mice models. A knockout
mouse is an animal model in which a fertilized ovum from a pregnant female mouse
(rat) has been genetically altered in a way to delete a specific gene and is then
reimplanted to allow the pregnancy to continue. The offspring is then referred to as a
knockout animal because in every nucleated cell a specific gene is missing. The lack of
expression of the protein encoded by the missing gene results in symptoms that can be
carefully correlated with the role of this protein in the wild animal. However, it is
impossible to predict any effects from compensatory changes in expression of other
genes as a result of the deletion. CB, knockout mice have been developed (36) and have
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been extensively studied. But conflicting results have been reported: a decreased basal
activity in these animals suggests that tonic activation of CB; receptors actually promote
movements. On the other hand, Ledent et al. (37) showed increased locomotor activity
in a different strain of knockout mice (CD1 vs C57BL/6J). The availability of a selective
antagonist of CB1 receptors, rimonabant (SR141716A), also contributed some
information on the effects of THC on psychomotor movement, with an increased LMA
noted in mice treated with the antagonist (38).

3. EFFecTs oF CANNABINOIDS ON THE LimBIC SYSTEM

A major function of the CNS is to keep the internal environment stable and
constant (homeostasis). The limbic system in general and the hypothalamus in particular
are vital for this through three major, closely related processes: the secretion of
hormones, the central control of the autonomic nervous system, and the development of
emotional and motivational states. The limbic system is the primitive brain (“reptilian”
brain) and consists of deeply seated brain structures: the hippocampus, communicating
through the fornix with mamillary bodies (close to the hypothalamus), themselves linked
to the anterior thalamus and feeding and receiving information from association areas
and frontal cortex, critical in memory making and retrieving; the olfactory bulbs and the
amygdala, instrumental in behavior and receiving highly processed sensory information;
and the limbic system, with its own cortex, the cingulate cortex, wrapped around these

structures and very much involved in behavior. The limbic sys-
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Fig. 9. The limbic system and its connections.

tem receives information from all association cortex areas of the brain and
communicates with the frontal lobe, the hypothalamus, and the brainstem.
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Hypothalamic and limbic neurons interact with the reticular formation and the neocortex
for maintenance of a general state of awareness (arousal). The roles of the limbic system
can be simplified to three major tasks: the expression of behavior; the control of the
hypothalamus (homeostatic functions, circadian rhythm, and reproductive behavior and
control); and memory (Fig. 9).

3.1. Hippocampus and Memory Impairment

Classically, memory is associated with the hippocampus. But in reality, the basal
ganglia and the cerebellum are also involved in formulating and retrieving memories.
There are two different types of memories, referred to as declarative and procedural.
Declarative memory is the storage and retrieval of material available to the conscious
mind. It is encoded in symbols and can be expressed as language (hence, declarative),
for example, remembering someone’s name, a phone number, or an appointment date.
The hippocampus and association cortex are critical in declarative memory. Procedural
memory is not available to the conscious mind. It is about things we do not think of.
Such memory involves skills and associations that are occurring unconsciously, for
example, riding a bicycle, driving a car, or playing a piece of piano music. When we
perform a complex action, we do not need to be conscious of a particular memory, and
even thinking about it may actually inhibit the ability to perform this complex action
smoothly. Procedural memory involves the basal ganglia, the cerebellum, and the motor
cortex.

Another way to classify memory is based on a temporal scale: short-term memory
occurs in hippocampal and related structures of the limbic system; long-term memory
storage is not clearly located in a specific structure, but rather seems to involve cortical
areas, such as the temporal cortex for the memory of faces or Wernicke’s area for the
memory of words. Pathology again has revealed a great deal about the importance of
the hippocampus and memory formation: in medical history, an epileptic patient had the
tips of both temporal lobes removed by surgery and as a result was incapable of
remembering anything new, but had no change in intelligence and could remember
things that occurred prior to the operation (anterograde amnesia).

Cannabis use in humans has long been known to impair short-term memory in
humans (39,40). Most of the tests used in humans have shown deficits in declarative
memory. In animals, deficits in short-term memory have also been described,
particularly in procedural memory (spatial learning tasks; ref. 41). Both THC and
anandamide cause these effects, and they are reversed by the antagonist rimonabant,
suggesting the involvement of CB; receptors (42,43). At the cellular level, the
hippocampus has clearly defined pyramidal cells, which contain glutamate and
communicate extensively with basket cell interneurons, which contain GABA. CB,
receptor distribution is high in the hippocampus on both types of neuron (44). THC and
other CB;, agonists likely decrease the release of GABA and glutamate at hippocampal
synapses, interfering with the phenomenon of long-term potentiation, a critical synaptic
event associated with engraving recent event in short-term memory. Supporting this are
results from the study of CB, knockout mice: the absence of CB; receptors resulted in
increased long-term potentiation (45) and increased memory (46). Further, rimonabant
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was shown to improve memory in rodents (47). These data suggest that CB, receptor
stimulation inhibits the mechanisms by which short-term memorization occurs.

3.2. Amygdala and Behavioral Effects

The amygdaloid complex comprises basolateral and corticomedial nuclei. They are
intrinsically connected. Afferents come from virtually all brain areas, as do efferents.
Damage to the amygdala in humans is called the Kluver—Bucy syndrome: the patient
can no longer recognize objects by sight, touch, or hearing (visual, tactile, and auditory
agnosia) and is docile, eats excessively (sometimes objects that are not food), and has
inappropriate behavior, particularly hypersexuality. Stimulation of the amygdala in
animals results in aggressive or defensive behavior. CB; receptors are found on GABA
neurons of the amygdala (48). If the effects of GABA at the level of the amygdala are
to decrease the excitability of efferent neurons, CB; stimulation at this level may well
result in aggressive behaviors. Interestingly, Cannabis psychosis has been reported in
the literature (49,50), and cannabis users have sometimes been hospitalized and met the
criteria for schizophrenia.

3.3. Hypothalamus and Neuroendocrine Effects

The hypothalamus is the principal brain region controlling feeding and regulation
of body weight. Several neurotransmitters are involved in the control of food intake.
Serotonin and norepinephrine tend to inhibit feeding; peptides such as NPY and orexins
A and B tend to stimulate eating behaviors, whereas cocaine- and amphetamine-
regulated transcripts and proopiomelanocortin-derived peptides are anorectic; hormones
such as insulin and leptin also play a role, with leptin preventing body weight gain and
insulin increasing body weight. Endogenous cannabinoids participate in the control of
food intake, in part through interaction with leptin. Animals with defective leptin
signaling are obese and have been found to have more anandamide and 2-AG than
normal animals (51). Giving leptin to normal rats results in decreased levels of
endogenous cannabinoids. Further, rimonabant reduces food intake and causes weight
loss, and CB; knockout mice eat less than wild-type mice. Cannabis use in humans is
associated with the stimulation of appetite. Dronabinol, a US Food and Drug
Administration-approved oral formulation of THC, has been successfully used in the
treatment of AIDS wasting syndrome. Animals who are receiving THC or anandamide
also eat more, and this effect is blocked by rimonabant, which is currently being
investigated as an appetite suppressant (51-53). Although there are relatively low
densities of CB; receptors in the hypothalamus, all nuclei seem to show binding by
autoradiography, particularly in the medial preoptic area and in the arcuate nucleus (54).
Besides central effects of cannabinoids on food intake, there is also evidence of a
peripheral metabolic action of CB. receptors. Rimonabant was shown to decrease
hyperinsulinemia in obese rats and increase the gene expression of adiponectin
(adipocyte complement-related protein, or Acrp30; ref. 55). Adiponectin is expressed in
the adipose tissue, induces fatty acid oxidation, and causes weight reduction and
increased insulin responses. If rimonabant is truly an antagonist, this suggests a
metabolic role for elusive peripheral CB; receptors.
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THC influences many other hypothalamic controlled neuroendocrine responses.
Through decreased norepinephrine release, CB; stimulation results in decreased
gonadotropin-releasing hormone and suppression of luteinizing hormone and follicle-
stimulating hormone release by the pituitary as a result (56). There are also reports of
decreased growth hormone release and decreased prolactin release (57), probably
resulting from decreased dopamine release and effects on other anterior pituitary
hormones under hypothalamic control.

A related central effect is the antiemetic effects of THC and analogs. Nabilone is
a synthetic cannabinoid Food and Drug Administration-approved for
chemotherapyinduced nausea and vomiting (like dronabinol), but its use has long been
supplanted by the serotonin 5HT; receptor antagonist family of drugs. Interestingly,
there are CB; receptors in the area postrema, part of the nucleus tractus solitarius, which
represents the “vomiting” center in the medulla (54). Neurons in the area postrema are
serotonergic and dopaminergic, with stimulation of D,-like receptors or 5HT; receptors
resulting in vomiting. It is possible that CB; stimulation results in decreased release of
dopamine or, as suggested in rat studies, of serotonin (58).

4. CANNABINOIDS AND ANALGESIA

Pain pathways are described at three levels: in the periphery, where it originates;
at the level of the spinal cord, where some control “gating” the transmission of pain
exists; and in the CNS, particularly at the level of the periaqueductal gray. CB; receptors
are found on peripheral nerves (59), and injection of anandamide into tissues swollen
from carageenan-induced inflammation has been shown to reduce pain in rats (60). But
there is much more evidence for a spinal and a central site of action of cannabinoids. To
understand better some of the sites and mechanisms of action of cannabinoids, a
simplified pain pathway model is presented in Figs. 10 and 11.
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Fig. 10. Neurotransmitters and spinal modulation of pain: whereas serotonin (5HT) abolishes
pain transmission, y-aminobutyric acid (GABA) increases it by inhibition of the 5HT neuron.
Cannabinoids may modulate pain transmission by inhibiting the firing of this GABA neuron, in
a way similar to opiates. RVM, rostral ventrolateral medulla.
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Fig. 11. Modulation of pain by descending pathways. Whereas serotonin (5HT) inhibits pain
transmission, norepinephrine (NE) stimulates it. An inhibition of NE release through CB,
receptors could also explain some of the analgesic effects of cannabinoids.

Pain transmission ascends through the spinal cord to the thalamus and then to
somatosensory cortical areas and prefrontal cortex. The main pathway carrying
nociceptive stimuli to the brain is the prominent spinothalamic tract. Figure 11 shows
that the synapse between the peripheral sensory neuron (first-order neuron) and the
secondary projection neuron is under the control of a serotonin-descending neuron,
which abolishes the transmission of pain to higher centers. The serotonin neuron is itself
under the inhibitory control of a GABA interneuron. When GABA is released, the
serotonin neuron is turned off, and pain transmission occurs. Interneurons communicate
the ascending information to the reticular formation of the medulla, the periagueductal
gray (PAG) of the midbrain, and the periventricular nucleus of the hypothalamus. These
structures in turn modulate pain transmission through descending pathways, synapsing
with all the above structures. These pathways have been extensively studied as a site for
opiate action and are now relevant as a site of action of cannabinoids as well. For
example, the PAG stimulates directly raphe nuclei, where serotonin-containing neurons
can inhibit pain transmission (Fig. 12). The PAG also sends signals to the dorsolateral
pontomesencephalic tegmentum (DLPMT) and the periventricular nucleus of the
hypothalamus. The DLPMT is the beginning of the second major descending pathway,
which involves norepinephrine and locus coeruleus neurons. But unlike serotonin,
norepinephrine is a nociceptive substance in this modulatory pathway: it causes pain.



Pharmacology of Cannabinoids 129

Any stimulation of the serotonin-descending pathway, such as through GABA
release inhibition, or any inhibition of the noradrenergic-descending pathway, such as
through decreased synaptic release of norepinephrine, would result in analgesia.

Evidence shows that THC and cannabinoids prevent pain transmission when
injected directly into the spinal cord, the brainstem, or even the thalamus (61). CB;
receptors are very dense in specific layers of the dorsal horn of the spinal cord, where
peripheral sensory afferents synapse with second-order neurons to transmit pain to
higher centers (62,63). Further, pain itself causes the release of anandamide in the PAG,
suggesting that endogenous cannabinoids physiologically play a role in the modulation
of pain signaling (64). Because these pathways are generally associated with opiate
pharmacology, it was important to investigate if opiate receptors were involved. Results
suggest a parallel but distinct neural pathway for cannabinoids and opiates. For example,
if morphine and THC were given together, an additive or synergistic effect would be
expected. Both rimonabant and naloxone could block this effect, indicating the
participation of CB; and opiate receptors, respectively (65). Opiates are known to
decrease GABA release at the level of the serotonergic neuron, resulting in inhibition of
an ascending pain pathway. It is possible that cannabinoids may decrease GABA release
at the same level, but through a distinct CB; receptor effect. Some studies suggest an
effect on norepinephrine release because intrathecal injection of yohimbine, an o,
antagonist that would increase the synthesis and release of norepinephrine at the
synaptic cleft, blocks THC-induced analgesia (66). It is interesting to note 