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ABSTRACT [PH]CP 55,940, a radiolabeled synthetic can-
nabinoid, which is 10-100 times more potent in vivo than
A®-tetrahydrocannabinol, was used to characterize and localize
a specific cannabinoid receptor in brain sections. The potencies
of a series of natural and synthetic cannabinoids as competitors
of PHICP 55,940 binding correlated closely with their relative
potencies in several biological assays, suggesting that the
receptor characterized in our in vitro assay is the same receptor
that mediates behavioral and pharmacological effects of can-
nabinoids, including human subjective experience. Autoradi-
ography of cannabinoid receptors in brain sections from sev-
eral mammalian species, including human, reveals a unique
and conserved distribution; binding is most dense in outflow
nuclei of the basal ganglia—the substantia nigra pars reticulata
and globus pallidus—and in the hippocampus and cerebellum.
Generally high densities in forebrain and cerebellum implicate
roles for cannabinoids in cognition and movement. Sparse
densities in lower brainstem areas controlling cardiovascular
and respiratory functions may explain why high doses of
A’-tetrahydrocannabinol are not lethal.

Marihuana (Cannabis sativa) is one of the oldest and most
widely used drugs in the world (1, 2). The major psychoactive
ingredient of the marihuana plant is A’-tetrahydrocannabinol
(A°-THC) (3). A>-THC and other natural and synthetic can-
nabinoids produce characteristic motor, cognitive, and an-
algesic effects (4, 5). Early reports showing cannabinoid-like
activity of 98-hydroxyhexahydrocannabinol (8-HHC) (6-8)
inspired the synthesis of several distinct cannabinoids for
studies of their potential use as analgesics (9). The synthetic
cannabinoids share physicochemical properties with the nat-
ural cannabinoids and produce many behavioral and physi-
ological effects characteristic of A>-THC but are 5-1000 times
more potent and show high enantioselectivity. One of these,
CP 55,940, was tritiated and used to identify and fully
characterize a unique cannabinoid receptor in membranes
from rat brain (10). In this study we characterize and validate
the binding of [*H]CP 55,940 in slide-mounted brain sections
and use the same assay conditions to autoradiographically
visualize the distribution of cannabinoid receptors.

METHODS

[PH]CP 55,940 is a bicyclic molecule that is one of a series of
synthetic cannabinoids whose structure and biological activ-
ity have been documented (9-12) (Fig. 1). It was custom
radiolabeled at DuPont/NEN by tritium reduction of CP
60,106 (10). The product was purified by thin layer chroma-
tography on silica gel, eluting with ethylacetate /hexane [1:9
(vol/vol)], and the band comigrating with unlabeled CP
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FiG. 1. (Upper) Structures of A’>-THC (the active ingredient of
marihuana), B-HHC (the original synthetic cannabinoid from which
the CP compounds were derived), and CP 55,940. (Lower) Compet-
itive inhibition of 1 nM [PH]CP 55,940 binding in whole rat brain
sausage sections by various synthetic and natural cannabinoids at the
concentrations indicated. The data are normalized to specific binding
(total minus nonspecific binding) in the absence of competitors.
Nonspecific binding was determined by addition of 10 uM CP 55,244
[the most potent cannabinoid in the CP series (9)] and typically
represented 10-20% of total binding at both 1 and 10 nM [3H]CP
55,940. Data points represent means of eight determinations. ACD,
tricyclic; AC, bicyclic ring nomenclature of Johnson and Melvin (9).

55,940 was extracted, giving a radiochemical yield of 15% and
a specific activity of 79 Ci/mmol (1 Ci = 37 GBq). Optimi-
zation and competition studies were carried out with slide-
mounted sections cut from unfixed frozen rat brains. Incu-
bations were in plastic cytomailers (CMS), each containing
eight 30-um-thick ‘‘sausage’’ sections on four gelatin-coated
slides in 5 ml of solution (13). The sausage sections were
prepared by combining and mincing three whole rat brains to
achieve relative homogeneity of receptor and protein con-

Abbreviations: A%- and A®>-THC, A®- and A’-tetrahydrocannabinol,
respectively; BSA, bovine serum albumin; HHC, hydroxyhexahy-
drocannabinol; SNr, substantia nigra pars reticulata.
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tent, then placing the paste into a tube, and freezing it to
produce a cylindrical sausage that can be cryostat-cut to
make sections of uniform composition and size (14). Accu-
racy of dilutions was checked in mock-incubations in which
either [PH]CP 55,940 or [*H]A®-THC (provided by the Na-
tional Institute on Drug Abuse) were substituted for unla-
beled drug, and the solutions were assayed for radioactivity.

To determine binding kinetics, two concentrations of [’H]CP
55,940 (1 and 10 nM) were each competitively inhibited by 6-12
concentrations of unlabeled drug. Competitive inhibition curves
were subjected to binding surface analysis, which is a comput-
erized iterative curve-fitting program for determining best-fit
parameter estimates (K, K;, and B,.,,) according to 1- or 2-site
competitive binding models (15-17). Determination of fmol
bound per section was by liquid scintillation counting of the
section-laden slide fragments placed overnight in detergent
fluor. Some sausage sections were analyzed for protein content
by the method of Lowry et al. (18) and found to have 456 = 26
pg of protein per section.

Autoradiography was performed on 25-um-thick brain sec-
tions of rat (male Sprague-Dawley, n = 12), guinea pig (male
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Hartley, n = 4), dog (beagle, n = 2), rhesus monkey (n = 1), and
human (dying of nonneurological disorders, n = 3). Sections
were incubated in 10 nM [PH]CP 55,940 by using optimized
conditions, washed, dried, and exposed to tritium-sensitive film
(LKB or Amersham) for 3—4 weeks before developing.

RESULTS

Assay conditions yielding 80-90% specific binding were as
follows: incubation at 37°C for 2 hr in 50 mM Tris-HCI (pH
7.4) containing 5% (wt/vol) bovine serum albumin (BSA) and
1-10 nM [PH]CP 55,940 and washing at 0°C for 4 hr in the same
buffer with 1% BSA. By using these optimized conditions, the
sausage studies showed that binding was saturable and that
competitive inhibition curves were best-fit by a single-site
kinetic model: the affinity (K,) of PHICP 55,940 was 15 = 3 nM
and the capacity (Bnax) in whole brain was 0.9 pmol/mg of
protein. Similar parameters were obtained if 1% BSA was used
in the incubation, but variability was greater. Binding of 1 nM
[PHICP 55,940 was completely blocked by 10 uM A°-THC,
which showed inhibition in a dose-dependent fashion (Fig. 1).

Relative potencies of cannabinoid analogs in in vitro and in vivo animal and human experiments

Table 1.
Inhibi-
Mouse tion of
Mouse sponta- Cyclase ileal
Dog cata- ::ous Mouse analgesia, mg/kg ir{hibi- contrac- _Human high
ataxia, lepsy, activity, Tail Hot tion, tions, %
Drug K;, nM mg/kg mg/kg mg/kg flick plate  Writhing nM nM A’-THC mg
CP 55,940 (-AQ) 15 + 3 (Kg) 0.35 0.04 0.09 0.7 0.06 25
CP 56,667 (+AC) 470 + 57 >10 3 6 15 >5,000
CP 55,244 (-ACD) 1.4+ 0.3 0.085 0.004 0.01 0.09 0.02 5
CP 55.243 (+ACD) 18,000 = 1100 >10 8 >10 >100 >10,000
CP 50,556 14 =2 1.5 0.1 0.3 0.4 0.07 100 10 400 0.5
CP 53,870 26,000 + 3500 >10 >10 >10 6.5 >5,000
CP 54,939 14 +2 0.05 0.7 0.06 7
Nabilone 120 = 13 0.03 2:5 100 500 1
B-HHC 124 = 17 0.1 2.5 1.6
a-HHC 2,590 + 360 0.5 5.0 >50
(—)-A%-THC 420 = 51 0.5 1.6 31 1.3 10 5.9 430 100 100 1
(+)-A%-THC 7,700 + 2100 >2.0 >75 14.6 >100 >2000
ALTHC 498 + 52 0.5 0.5 10 8.8 100 75 2
11-OH-A°-THC 210 * 56 0.05 1.2 1.9 15 120 1
TMA-AS-THC 2,300 + 1000 1000
88-OH-A°-THC 4,200 = 700 1000 20 10
8a-OH-A°-THC 8,700 + 1800 3500 25 10
11-OH-Cannabinol 800 + 150 <1000
Cannabinol 3,200 + 450 83 >2000 0 =>15
Cannabidiol 53,000 = 6700 Inactive 25 83 >100 >2000 0 =30
Cannabigerol 275,000 >7.0 >2000 0
9-COOH-11-nor-
A%-THC 75,000 >40 10
9-COOH-11-nor-
A%-zTHC Inactive >40 20
Regression on
Ki:R? 0.96 0.40 0.34 0.78 0.69 0.26 0.54 0.44 0.90
Significance
(2-tailed) P<0.0001 P<0.03 P<0.03 P<0005 P<0.001 P>0.05 P<0.05 P<0.03 P <0.0001

CP analogs were synthesized at Pfizer Central Research; their structures are given in Johnson and Melvin (9). The first six analogs are
enantiomeric pairs. Nabilone was a gift of Lilly Research Laboratories. B-HHC was provided by May's group (6-8). The remaining analogs
were provided by the National Institute on Drug Abuse. The last two drugs are A>-THC metabolites. The K; values (mean = SD) were derived
from binding surface analysis of data from the sausage-section binding assay (13, 17). The potencies in other tests, given as 50% of the effective
dose or maximum possible effect, are from the literature as follows: dog ataxia, mouse catalepsy, spontaneous activity, and analgesia (6-9, 12,
19); cyclase inhibition (11); inhibition of guinea pig ileal contractions (20); human high (subjective rating, not connoting either pleasantness or
unpleasantness; values are: potencies relative to A>-THC, and mg p.o. or i.v. per dose per subject) (3). R2 values were determined by least squares
linear regression analysis. Drugs that show no inhibition of [PHJCP 55,940 binding at 10 uM concentration are as follows: amphetamine,
B-estradiol, cis-flupenthixol, cocaine, corticosterone, cyclohexyl-adenosine, dexamethasone, etorphine, y-aminobutyric' acid, glutamate,
leukotriene B4 and Dy (both at 1 uM), lysergic acid diethylamide (LSD), phencyclidine (PCP), prostaglandin E,, and Ro 15-1788. The significance
was determined relative to K; values. ACD and AC, ring nomenclature (9). TMA, trimethylammonium. CP 50,556 is levonantradol: CP 53,870

is dext.ronan_(radol; CP 54,939 is desacetyl levonantradol.
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FiG. 2. Autoradiography of 10 nM [*H]CP
55,940 binding in brain. Tritium-sensitive film
was exposed for 4 weeks, developed, and com-
puter digitized. Images were photographed di-
rectly from the computer monitor. Gray levels
represent relative levels of receptor densities.
Sagittal section of rat brain is in A (x4.7).
Coronal brain sections of human are in B (x1.3),
D (x1.7), and G (x2.6); rhesus monkey is in C
(x1.8) and I (x4.8); dog is in F (x2.1) and H
(%2.6); and rat is in J (x13). Horizontal section
of guinea pig brain is in E (x4.1). Insets in A and
G-J show nonspecific binding in adjacent sec-
tions. Miniaturized images are shown. Nonspe-
cific binding accounted for 5% of the total bind-
ing in densely labeled structures and all of the
binding in the most sparsely labeled structures.
Am, amygdala; Br St, brainstem; Cer, cerebel-
lum; CG, central gray; C, caudate; Col, colliculi;
CP, caudate-putamen; Cx, cerebral cortex; DG,
dentate gyrus; DH, dorsal horn of spinal cord;
Ent Cx, entorhinal cortex; Ep, entopeduncular
nucleus (homolog of GPi); GP, globus pallidus
(e, external; i, internal); Hi, hippocampus; Hy,
hypothalamus; NTS, nucleus of solitary tract;
P, putamen; Th, thalamus; VH, ventral horn of
spinal cord.
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Inhibition by other natural and synthetic cannabinoids was
also shown (Fig. 1; for K; values, see Table 1).

The data from the section-binding assay were in close
agreement with data from a centrifugation assay using mem-
branes from rat cortex (10). The B,,.x was similar in the two
studies (though ours was derived from whole brain), but the
Ky in our assay was about 100-fold higher. The low affinity
in sections relative to that in membranes appears to reflect
differences in the nature of the assays. In both assays the
addition of guanine nucleotides converted the receptor to a
low-affinity state. In sections the nonhydrolyzable GTP
analog, guanosine 5'-[8,y-imido]triphosphate, at 10 uM in-
hibited binding of 10 nM [*H]CP 55,940 by 94%, and the GDP
analog, guanosine 5'-[8-thio]diphosphate, at 10 uM inhibited
binding by 79%. Finally, in both assays there was a similar
rank order of drug potencies.

For several cannabinoids, inhibition constants (K; values)
and relative biological potencies are given in Table 1. Highly
significant correlations exist between the K; values and
potencies of the drugs in tests of dog ataxia and human
subjective experience, the two most reliable markers of
cannabinoid activity (4, 5). Correlations with potencies in the
other tests suggest that the measured effects were similarly
receptor-mediated. Enantioselectivity was striking; the (—)
and (+) forms of CP 55,244 differed by more than 10,000-fold
in vitro, a separation predicted by the rigid structure of the
molecule (9) and by potencies in vivo. Natural cannabinoids
lacking psychoactive properties, such as cannabidiol,
showed extremely low potency at the receptor, and all tested
noncannabinoid drugs had no potency (Table 1).

Autoradiography showed that in all species very dense
binding was found in the globus pallidus, substantia nigra
pars reticulata (SNr), and the molecular layers of the cere-
bellum and hippocampal dentate gyrus (Figs. 2 and 3). Dense
binding was also found in the cerebral cortex, other parts of
the hippocampal formation, and striatum. In rat, rhesus
monkey, and human, the SNr contained the highest level of
binding (Fig. 3). In dog, the cerebellar molecular layer was
most dense (Fig. 2H). In guinea pig and dog, the hippocampal
formation had selectively dense binding (Fig. 2 E and F).
Neocortex in all species had moderate binding across fields,
with peaks in superficial and deep layers. Very low and
homogeneous binding characterized the thalamus and most
of the brainstem, including all of the monoamine-containing
cell groups, reticular formation, primary sensory, viscero-
motor and cranial motor nuclei, and the area postrema. The
exceptions—hypothalamus, basal amygdala, central gray,

B Rhesus Monkey
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Fic. 3. Relative densities of cannabinoid recep-
tors across brain structures in rat, rhesus monkey,
and human. Autoradiographic images were digi-
tized by a solid state video camera and Macintosh
II computer-based system for quantitative densi-
tometry using IMAGE software (Wayne Rasband,
Research Services Branch, National Institute of
Mental Health). Transmittance levels were con-
verted to fmol/mg of tissue by using tritium stan-
dards (Amersham high-density microscales) and
then normalized to the most dense structure in each
animal (SNr for all three). For every section incu-
bated for total binding, an adjacent section was
incubated in the presence of CP 55,244 to permit
subtraction of nonspecific binding on a regional
basis. Structure abbreviations not given in Fig. 2
legend are as follows: Cing Cx, cingulate cortex;
Hipp CAl, hippocampal field CAl; Med Hypothal,
medial hypothalamus; Sp Cd SG, substantia gelat-
inosa of spinal cord (*only rat measured); Ret
Form, reticular formation; WM (cc), white matter
of corpus callosum.

Ret Form |l

nucleus of the solitary tract, and laminae I-III and X of the
spinal cord—showed slightly higher but still sparse binding
(Figs. 2 and 3).

Quantitative autoradiography confirmed the very high
numbers of receptors, exceeding 1 pmol/mg of protein in
densely labeled areas (data not shown). Cannabinoid recep-
tor density was far in excess of densities of neuropeptide
receptors and was similar to levels of cortical benzodiazepine
(21), striatal dopamine (22, 23), and whole-brain glutamate

receptors (24).

DISCUSSION

Previous attempts to characterize the cannabinoid receptor
were unsuccessful for several reasons (for discussion, see ref.
10). Cannabinoids are extremely hydrophobic and adhere to
filters (see ref. 10) and other surfaces (25). The section assay
circumvents some of these problems; in addition, BSA ap-
pears to act as a carrier to keep cannabinoids in solution
without appreciably affecting binding kinetics. The low non-
specific binding and absence of binding in white matter
indicates that the autoradiographic patterns are not affected
by ligand lipophilia. Other obstacles were the use of A%-
[BHITHC (26) or A°’-[*HITHC (27), which bind with low
affinity and have low specific activities, or the use of 5'-
[*H]trimethylammonium-A%-THC (20), which does not act
like a cannabinoid in most animal tests and which has low
affinity for the presently described receptor (Table 1). In
contrast, [*HJCP 55,940 has high specific activity, high af-
finity, and biological activity similar to that of A>-THC.

The structure-activity profile suggests that the receptor
defined by the binding of [PH]CP 55,940 is the same receptor
that mediates all of the behavioral and pharmacological
effects of cannabinoids listed in Table 1, including the sub-
jective experience termed the human ‘‘high”’. All other tested
psychoactive drugs, neurotransmitters, steroids, and ei-
cosanoids at 10 uM concentrations failed to bind to this
receptor (Table 1). There was no compelling evidence for
receptor subtypes from the present analysis.

The overall central nervous system distribution, although
not similar to any known drug or neurotransmitter receptor
pattern, resembles autoradiographic distributions of second
messengers (28, 29). These mapping similarities, the very
high abundance of the cannabinoid receptor, and the pro-
found inhibition of binding by guanine nucleotides suggest
that the cannabinoid receptor is closely associated with
second messenger systems. Total inhibition of binding by the
GTP analog indicates that the receptor is functionally and
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strongly coupled to a guanine nucleotide-binding regulatory
(G) protein in our assay. It also indicates that the ligand is an
agonist and that there are multiple affinity states of the
receptor, as found with the other major receptor classes
coupled to adenylate cyclase by G proteins (30).

Dense binding in the basal ganglia and cerebellum suggests
cannabinoid involvement in movement control. Cannabi-
noids depress motor functions with a characteristic stimula-
tory component (4, 5). Dog shows a static ataxia (Table 1) and
has high receptor levels in cerebellum and relatively low
levels in SNr (Fig. 2 F and H). Human shows much less
motor depression (3-5) and lower relative densities in cere-
bellum (Fig. 3), suggesting cerebellar mediation of the motor
impairments in animals.

Accounts of cannabis use in humans stress the loosening of
associations, fragmentation of thought, and confusion on
attempting to remember recent occurrences (5, 31). The most
consistent effect of A>-THC on performance is disruption of
selective aspects of short-term memory tasks, similar to that
found in monkeys and patients with damage to limbic cortical
areas (31-33). These cognitive effects may be mediated by
receptors in the cerebral cortex. The hippocampal cortex
‘‘gates’’ information during memory consolidation and codes
spatial and temporal relations among stimuli and responses
(34, 35). A°>-THC causes memory ‘‘intrusions’’ (36), impairs
temporal aspects of performance (37), and suppresses hip-
pocampal electrical activity (38).

The presence of cannabinoid receptors in the ventromedial
striatum suggests an association with dopamine circuits
thought to mediate reward (39-41). However, reinforcing
properties of cannabinoids have been difficult to demonstrate
in animals (42, 43). Moreover, cannabinoid receptors in the
basal ganglia are not localized on dopamine neurons (44).

There are virtually no reports of fatal cannabis overdose in
humans (1, 4, 5). The safety reflects the paucity of receptors
in medullary nuclei that mediate respiratory and cardiovas-
cular functions.

Anticonvulsant and antiemetic effects of cannabinoids
have therapeutic value (4, 5). The localization of cannabinoid
receptors in motor areas suggests additional therapeutic
applications. Cannabinoids exacerbate hypokinesia in Park-
inson disease but are beneficial for some forms of dystonia,
tremor, and spasticity (4, 5, 45-47). The development of an
antagonist could provide additional therapeutic uses of value.
The receptor binding assay will be helpful in this regard, and
it can be used also to screen drugs that have greater potency
or bind irreversibly to aid in the identification of the receptor
gene and the putative endogenous ligand.

We thank Drs. J. Atack, J. Hill, and J. Johannessen for providing
human and dog tissues, Dr. R. Rothman for pharmacokinetics
advice, and Drs. A. Howlett and W. Devane for sharing unpublished
data.
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Fig. 1.—Visible and near-ultraviolet spectra of stilbene (——),

stilbene~™ (-~ - — -}, and stilbene™? (—-—-—- ). Cation and sol-

vent effects on the spectra were small. The ratios of the heights
of the various peaks attributed to stilbene™ were constant with
changing temperature and exhibited only minor variations with
solvent and metal ion. The following extinction coefficients
were etmployed in the calculations: stilbene (3050 A.), 2.95 X
104;  stilbene~ (4800 A.), 6.21 X 10% stilbene~ (5600 A.),
0.80 X 10¢; stilbene~? (4800 A.), 3.28 X 10%; stilbene™2 (5600
A}, 1.49 X 10% These values were obtained directly in ex-
periments involving careful mass balancing and were repro-
ducible with a variation of about £3¢.

strongly solvated than triple ions,®? the difference
being greater for cations of smaller radii, leading to a
trend to smaller K with decreasing cationic radii. Both
effects, in opposite directions, should operate in solu-
tion. The directions of the effects can be similarly
rationalized if ionic association is incomplete, but the
arguments are slightly more complex.

The quantitative measurements were spectrophoto-
metric. Figure 1 gives the forms of the spectra of stil-
bene, stilbene~, and stilbene~? in tetrahydrofuran,
2-methyltetrahydrofuran, and 1,2-dimethoxyethane.
By suitable choices of solvent, metal ion, and amount of
metal allowed to react with the stilbene, extinction co-
efficients for all three species could be directly deter-
mined. These appeared to be rather insensitive to
solvent variation. K was calculated directly from the
equilibrium expression and was sensibly constant for a
given solvent and metal ion. The concentrations of
hydrocarbons and ions employed in these experiments
ranged about 10~* 1/. "All experiments were done at
rooni temperature.

Corresponding equilibria for triphenylethylene have
been observed in 1,2-dimethoxyethane, tetrahydro-
furan, and dioxane, with the disproportionation con-
stants (sodium cation) being <103 of the order of 10,
and >10% respectively. In general the value of K for
triphenylethylene appears to be intermediate between
that for stilbene and that for tetraphenylethylene, a
trend which is consistent with the operation of a steric
effect favoring disproportionation of the monoalkali ad-
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ducts. More explicit tests of the steric effect are in
progress.
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Isolation, Structure, and Partial Synthesis of an
Active Constituent of Hashish!
Sir:

Hashish (marihuana), the psychotomimetically active
resin of the female flowering tops of Cannabis sativa L.
is one of the most widely used illicit narcotic drugs.
A number of groups have reported the isolation of
active constituents.? Most of these substances are not
fully characterized, and comparisons with or between
them are difficult.

We now wish to report the isolation of an active con-
stituent of hashish to which we assign structure I (Al-
3,4-trans-tetrahydrocannabinol).® This is the first
active component whose constitution is fully elucidated.*

1
LT DO
5 5 O CsHis(r)

CsHus (n)
I II
OH
- CsHun (n)
> OH
111

Chromatography of a hexane extract of hashish on
Florisil yielded an active fraction, which on repeated
chromatography on alumina could be separated into the
inactive cannabinol (II)? and the tetrahydrocanna-
binol (I). Further purification of the latter was achieved
by the preparation of the crystalline® 3,5-dinitrophenyl-
urethane of I [m.p. [15-116° [a]“H%%%D —140°;
An(llA (C28H3307N3>. Found: C, 6417, I‘Iy 654],
followed by mild basic hydrolysis to the pure tetra-
hydrocannabinol (I) [b.p. 155-157° (0.05 mm.); ADIOH
300 my (sh) (e 840), 282 (¢ 2073), 278 (e 2040), [«]“Hp
—150°; Amnal. (CuHj30.). Found: C, 80,20; H,
9.55.]. Purity was established by chromatoplate and by

(1) Hashish. Part III; for part II, see Y. Gaoni and R. Mechoulam,
Proc. Chem. Soc., in press.

(2) For areview of the early publications see: (a) A, R. Todd, Experientia,
2, 55 (1948). For more recent work see: (b) F. Korte and H. Sieper, Ann.,
680, 71 (1960); (c) R. S. de Ropp, J. Am. Pharm. Assoc., Sci. Ed., 49, 756
(1960).

(3) The hashish investigated by us contains a single tetrahydrocanna-
binol. Most previous reports suggest the presence of mixtures of isomers,

(4) Tt has been generally accepted that the active constituents are isomers
of I, the position of the double bond and the stereochemistry of the asym-
metric centers remaining undefined: ¢f. ref. 2a; also, E. C. Taylorand E. J.
Strojny, J. Am. Chem. Soc., 82, 5198 (1960).

(5) G. Powel, M. S8almon, T. H. Bembry, and R. P, Walton (Science, 98,
522 (1941)] have described the preparation of a crystalline 3,5-dinitrophen-
ylurethane (m.p. 216°) of an active hashish constituent. This report
has not been confirmed, and since then no other erystalline derivative seems
to have been described. It is possible that Powel's compound was an im-
pure sample of the 3 5-dinitrophenylurethane of cannabinol (m.p. 233-
234°).
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vapor phase chromatography. The tetrahydrocannabi-
nol as obtained in the initial chromatography is not isom-
erized in the subsequent reactions. This was shown by
the infrared and n.m.r. spectra, which remained un-
changed during all purification steps, except for the dis-
appearance of bands due to small impurities consisting
mainly of cannabinol. Sulfur dehydrogenation of I gave
cannabinol (IT) in practically quantitative yield. This
reaction defines the carbon skeleton of I.

The n.m.r. spectrum of I (see Table I) shows the
presence of only one aliphatic methyl group and of

TaBLE 1°
N.M.R. SPECTRUM OF TETRAHYDROCANNABINOL (I)

Group Chemical shift, p.p.m.
-CH; 0.88 (t) (3)
—CH; (olefinic and « to O) 1.08(s) 1.38(s) 1.65(s)
(9)
C-3H 3.14 (br,d; J = 10 cps.)
C-2H 6.35 (br,s) (1)
H (aromatic) 6.00(d; J =2cps)(1)
6.18(d; J = 2c¢ps.) (1)
-OH® (1)

2 Determined on a Varian A-60 spectrometer in CCly; values
are given in p.p.m. relative to (CH;)Si as internal standard;
letters in parentheses denote singlet (s), doublet (d), triplet (t),
broad (br), coupling constant (J); numbers in parentheses de-
note number of protons determined by integration of areas.
® Peak disappears on addition of D,O.

three methyl groups which are either « to an oxygen or
are olefinic. This observation places the double bond in
the A! or A'® position. It is of interest to compare the
chemical shifts of the C-2 and C-3 protons in tetra-
hydrocannabinol (I) and in cannabidiol® (I1I). The
olefinic proton in I (5 6.35) is unshielded as compared to
that in IIT (8§ 5.59), while the reverse relationship exists
as regards the C-3 protons (I, § 3.14; III, §3.85). This
can be readily understood by examination of molecular
models of these two compounds. In cannabidiol, the
aromatic ring, which can rotate freely, is most probably
in the same plane as the C-3 hydrogen, which is there-
fore unshielded.” In tetrahydrocannabinol the addi-
tional ring tilts the aromatic ring, so that the latter is
now in (or nearly in) the same plane as the olefinic pro-
ton, which is therefore unshielded. Such an effect is
possible only if the double bond occupies the A! position
and the protons on the two asymmetric carbons are
trans, i.e., if tetrahydrocannabinol possesses structure 1.

This structural determination is supported by a
partial synthesis. A solution of cannabidiol (III) in
absolute ethanol containing 0.05%, hydrochloric acid on
boiling for 2 hr. gives a mixture of the starting material
and I. It can be assumed that these rather mild condi-
tions cause no isomerization of the asymmetric centers
or of the double bond.

Tetrahydrocannabinol (I) shows strong activity in
the ataxia test® in dogs. A full report will be sub-
mitted elsewhere by Dr. H. Edery.

Acknowledgments.—We are indebted to Prof. F.
Sondheimer for his kind interest and encouragement,
to Dr. Y. Shvo for the n.m.r. spectra, to Dr. H. Edery
of the Israel Institute for Biological Research for the

(6) R. Mechoulam and Y. Shvo, Telrahedron, 19, 2073 (1963).

(7) L. M. Jackman, “N.M.R. Spectroscopy in Organic Chemistry,”

Pergamon Press, New York, N. Y., 1959, p. 125.
(8) S. Loewe, Arch. Exptl. Pathol. Pharmakol., 311, 175 (1950).
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biological tests, and to the Israeli Police for the supply
of hashish.
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Y. Gaont
R. MECHOULAM

An Improved Method of Calculating Spin Properties
from Spin-Polarized Wave Functions
Sir:

Amos and Hall' have given formulas for m-electron
spin properties computed by the application of an an-
nihilation operator to a single determinant wave func-
tion. They assumed that the annihilator could be
taken as idempotent and that it commuted with the
spin density operator. We would like to report n-elec-
tron spin properties, the spin density p, and the expec-
tation value (S?, computed with new formulas which
remove these assumptions and which correspond to
integrations in which the annihilator operates upon the
single determinant everywhere it appears in an inte-
grand.

The single determinant we use is a spin-polarized
open-shell (LCAO-MO-SCF)? function, 7.e., one having
different molecular orbitals for electrons with different
spins. Let p electrons have a-spin and ¢ 8-spin (with
£ > ¢). The major spin component of the determinant
will have multiplicity 2s 4+ 1 where s = /4(p — ¢) but
there will also be spin states of higher multiplicities in-
cluded in the wave function. Because of their presence,
spin properties deduced from the single determinant
will only approximate those of its major components.
Considerable improvement might be expected if the
most important cause of this, the spin state with multi-
plicity 2s 4 3, were removed from the wave function by
applying the annihilator [$? — (s + 1)(s 4+ 2)] since
the remainder of the spin components usually have
negligible effect.!

Spin densities and (S? for a number of m-electron
radicals when this is done accurately are shown in
Tables I and II and subscripted (aa). The same prop-
erties computed using the approximate formulas of
Amos and Hall are also given and subscripted (asa).
For comparison we include the results deduced from the
original determinant (sd) and from Hiickel orbitals (h).
The calculations were carried out on an [.B.M. 7090
computer with the Parr—Pariser? integral approxima-
tions; all C-C bond lengthy'were assumed equal. Full
details of the calculations and the lengthy new formulas
will be given later as will a large number of applications.

As can be seen from the tables, the errors involved in
the approximate formulas are small but so are some of
the quantities to be calculated. In particular we note
that (S%,., can sometimes fall below s(s + 1), which is
certainly wrong, whereas (5%,, > s(s + 1) as must be
true. The annihilated single determinant must be
very nearly the pure major spin component since (S?,,
is very close to s(s 4+ 1) for the radicals considered
here. For the single determinant we find (S%4
much larger than s(s + 1). From Table I we see that
negative spin densities occur in pa,, pPass, and pgy at
carbon atoms for which p, = 0. At these atoms p,, ==

(1) A. T. Amos and G. G. Hall, Proc. Roy. Soc. (London}), A263, 483
(1961).

(2) J. Pople and R. Nesbet, J. Chem. Phys., 32, 571 (1954)

(3) R. G. Parr and R. Pariser, tbid., 28, 711 (1955).
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Structure of a cannabinoid
receptor and functional
expression of the cloned cDNA

Lisa A. Matsuda, Stephen ). Lolait,
Michael J. Brownstein, Alice C. Young
& Tom . Bonner

Laboratory of Cell Biology, National institutes of Mental Health, Bethesda,
Maryland 20892, USA

MARIJUANA and many of its constituent cannabinoids influence
the central nervous system (CNS) in a complex and dose-dependent
manner’?. Although CNS depression and analgesia are well docu-
mented effects of the cannabinoids, the mechanisms responsible
for these and other cannabinoid-induced effects are not so far
known®. The hydrophobic nature of these substances has suggested
that cannabinoids resemble anaesthetic agents in their action, that
is, they nonspecifically disrupt cellular membranes. Recent
evidence, however, has supported a mechanism involving a G pro-
tein-coupled receptor found in brain and neural cell lines, and
which inhibits adenylate cyclase activity in a dose-dependent,
stereoselective and pertussis toxin-sensitive manner*”’. Also, the
receptor is more responsive to psychoactive cannabinoids than to
non-psychoactive cannabinoids®. Here we report the cloning and
expression of a complementary DNA that encodes a G protein-
coupled receptor with all of these properties. Its messenger RNA
is found in cell lines and regions of the brain that have cannabinoid
receptors. These findings suggest that this protein is involved in
cannabinoid-induced CNS effects (including alterations in mood
and cognition) experienced by users of marijuana.

In our attempts to clone novel receptors, we isolated a cDNA
(SKR6) from a rat cerebral cortex cDNA library, using an
oligonucleotide probe derived from the sequence of bovine
substance-K receptor’. The translated sequence of this cDNA
identified its 473-amino-acid protein product as a member of
the G protein-coupled family of receptors (Fig. 1). Seven hydro-
phobic domains, numerous residues that are highly conserved
among G protein-coupled receptors and several potential glyco-
sylation sites were apparent (Fig. 1). If glycosylated, the relative
molecular mass of this receptor would therefore exceed that of
52,823 predicted from its amino-acid constituents. Despite its
general similarity to other receptors in this family, the
resemblance of SKR6 to the amino-acid sequence of any other
receptor was not close enough to allow us to predict either the
identity of the receptor’s ligand or the coupling system respon-
sible for its signal transduction processes in the cell. Before the
identification of SKR6 as a cannabinoid receptor, therefore,
many candidate ligands were examined.

Identification of the ligand for SKR6 initially involved screen-
ing either SKRé-transfected mammalian cells or Xenopus
oocytes injected with RNA transcribed from the cDNA in vitro.
Ligands for receptors that exist on cell lines in which
SKR6 mRNA was also found (N18TG-2 or NG108-15 cells;
Fig. 2a) were considered strong candidates™'®. In addition,
many substances were examined because their receptors and
the distribution of SKR6 mRNA (L.A.M., T.L.B. and S.J.L.,
manuscript in preparation) displayed similar localization pat-
terns in brain. In transfected cells, however, many substances
failed to interact with the receptor in radiolabelled ligand bind-
ing assays (that is, bradykinin, angiotensin II, neurotensin,
cholecystokinin, vasoactive intestinal peptide, adenosine
analogues), as well as in assays designed to detect alterations
in cyclic AMP production (that is, D-Ala-D-Leu enkephalin,
somatostatin, secretin and others at 1 or 10 uM). In addition,
electrophysiological effects in oocytes due to receptor-mediated
changes (including those due to increased phosphatidylinositol
turnover) were not detected when tested with angiotensin II,
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bradykinin, substance P, neuropeptide Y, neurotensin,
vasopressin and other ligands at 1 or 10 pM. Although this
strategy for selecting candidate ligands is beset with limitations,
the critical findings, which prompted us to examine can-
nabinoids as ligands for SKR6, included the presence of both
cannabinoid receptors™' and SKR6 mRNA in the same cell
lines (Fig. 2a) and the localization of both the receptor'*'* and
SKR6 mRNA in similar brain areas (Fig. 2b; data not shown).

In Chinese hamster ovary K1 cells stably transfected with
SKR6, expression of a cannabinoid-responsive, G protein-
coupled receptor was obtained. The major psychoactive
cannabinoid found in marijuana (A°-tetrahydrocannabinol, A®-
THC) and a synthetic analogue with potent analgesic properties
(CP55940) inhibited forskolin-stimulated accumulation of
c¢AMP in a dose-dependent manner (Fig. 3a). In addition, the
dose-response curves for the opposite (+) enantiomeric forms
of these two cannabinoids indicated this effect was stereo-
selective. The effector concentration for half-maximum response
¢ECs,) of CP 55940 compared with that of its (+) enantiomer
(CP 56667) revealed a >100-fold difference in potencies between
these compounds. By contrast, the difference in EC5, observed
between (+) and (=) A>-THC was only 50-fold. These data are
in general agreement with data for N18TG-2 cell membranes,
that is, that the degree of stereoselectivity between various
cannabinoid analogues is greater with more potent compounds
(such as CP 55940 compared with CP56667) (ref.14). As
observed in neuroblastomas®™'*, none of the cannabinoids
inhibited cAMP accumulation by 100 per cent but CP 55940
inhibited the accumulation of cAMP more than A°-THC. In
addition, (=) A®:-THC was less potent than (=) A>-THC vyet
affected cAMP to a similar extent (inhibition of 36 versus 39
per cent). Finally, in transfected cells, cannabinol produced only
a slight effect on cAMP accumulation, whereas the non-psycho-
active cannabinoid, cannabidiol, did not markedly alter cAMP
(Fig. 3b).

In N18TG-2 neuroblastomas, the relative potencies of various
cannabinoids that inhibit adenylate cyclase correlate well with
those of the psychoactive cannabinoids in producing a ‘high’
in humans®. The rank order of potencies for several cannabinoid
compounds in SKRé-transfected cells (Fig. 3b) was also similar
to that for both the effects in N18TG-2 cell membranes
and psychoactive effects in humans®'®: 11-OHA®-THC >
(=) A°-THC > (=) A%.-THC > cannabinol > cannabidiol. In ad-
dition, nabilone, a synthetic cannabinoid analogue marketed
for its anti-emetic effects also inhibited cAMP accumulation in
SKRé-transfected cells. These cannabinoid-induced responses
were probably mediated by the G protein, G; (ref. 16), as the
inhibition of cAMP accumulation was prevented by pretreat-
ment with pertussis toxin (data not shown).

Clearly the dose-dependent, stereoselective and ligand-
specific responses of SKR6-transfected cells were those that
would be expected from a cannabinoid receptor. These data,
along with the work of others, provide evidence for a receptor-
mediated mechanism in the effects observed with cannabinoids.
Nonetheless, given the substantial amount of research that has
focused on the nonspecific actions of these compounds on
cellular membranes'”'®, one might argue that cannabinoids
could considerably compromise the ability of membrane-located
receptors to respond correctly to their appropriate ligands.
Cannabinoid-induced inhibition of adenylate cyclase activity
might then seem to be receptor-mediated but would not be
receptor-specific. The lack, however, of cannabinoid-induced
inhibition of cAMP accumulation in nontransfected cells (data
not shown) demonstrates that these compounds (A*-THC, 11-
OH A”-THC, nabilone and CP 55940) failed to interact with the
endogenous receptors present on CHO cells. Furthermore, when
transfected into this same host (CHO cells), neither an a-
adrenergic (M. Voigt and C. Felder, personal communication)
nor muscarinic receptor’ responded to (—) A-THC or CP 55940
(Table 1). Both these receptors, however, reduced cAMP
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production in response to their respective agonists. As both the
muscarinic and adrenergic receptors are Gj-coupled, the
cannabinoid-induced inhibition of adenylate cyclase activity
observed in SKR6-transfected cells was not due to the interaction
of cannabinoids with this class of receptors and was clearly
specific to SKR6.

Although the receptor-mediated actions of cannabinoids in
N18TG-2 and SKRé6-transfected cells help to define their bio-
chemical and cellular effects, the physiological (increased heart
rate, inhibition of vomiting, reduction of intraocular pressure),

behavioural (appetite stimulation, CNS depression), and
psychoactive (hallucinations, memory deficits, altered time and
space perception) effects of these compounds have traditionally
been examined in humans and various animal models'®. Data
linking receptor-mediated responses in cultured cells with effects
in animals or humans, therefore, are critical. The presence of
SKRé6-hybridizing signals of similar size (~6 kilobases (kb)) in
northern blots of rat brain (data not shown) and neural cell-line
RNAs (Fig. 2a) indicate that the receptor found in these cells
is also present in brain. In addition, the degree of overlap

GGCEGGTTAGGCTCCTTAGGAGAACTTACTGTGAACAG ~121

CTCTI T TATTTCTTCAARAGA TG TCTCCCATTTCAAGCAACGAGCACCOATECCTCACGCTTCCCTCCCGCCATCTCTTTCTCACTCACCTTGAGTCTGGCCTAATCAAAGACTGAGGTT -1
ATGARGTCGATCCTAGATGGCCTTGCAGACACCACCTICCETACCATCACCACAGACCTOCTCTACE TOGECTCRAATGACATTCAGTATGAAGATATCAAAGGAGACATGGCATCCAMA. | 120
Mot LysSerIleLeuAspGlyLeuAlaAspThrThrPheArgThrIleThrThrispleuLeuTyrValGlySerAsnAspIleGlnTyrGluAsplleLysGlyAspMetAlaSerLys 40

ST m:GS:ﬂWTCCCTIGﬂﬂWmm!mmm% TTACA 240
IauGly‘ly:PhaProGlnLyIRMMWMMW@Y“WWWVHFMY Fl.m 80
360

GluPheTy (] S.rIauS-rSOIPhQLyﬂGlulslﬂllﬁlmﬂlmﬂlﬂwwmmtﬁlmmtlhh roSerGlnGlnleuAlalle 120

mmmmmmmmmmmmmcm 480
AlaValleuSerLeuThrLeuGlyThrPheThrValLeuGl uAsnLeuLeuValleuCysValllaLleullsSarArgSar LauArgCysArgProSarTyriisPhalleGlySerleu 160

GCAGTGGCCGACCTCCTGGGAAGTGTCATTTTTG TeTACAGCTTIG TTGACT TCCA TG TATTCCACCG TAAAGACAGCCCCAATC TG TTTC TC TTCARACTCGCTGGGGTTACAGCCTCC
AlaValAlaAspleuleuGlySerValllePheValTyrSerPheValAspPheHisValPheH1 sArglysAspSerProAsnVal PheleuPhelysLeuGlyGlyValThrAlaSer 200

I11

600

TTCACAGCTTCTGTGGECAGCCTGTTCCTCACAGCCATCRACAGGTACATATCCATTCACAGGCCTCTCECCTATAAGAGGATCCTCACCAGECCCAAGGOCCTIGTGGCCTTTTGCCTG 720
PheThrAlaSerValGlySerLeuPheLeuThrAlaTleAspArgTyrTlaSarIledi sArgProleuAl aTyxLysArgTleVal ThrArgProlysAlavalValAlaPheCysLau 240

Vv

ATGTCGACTATCGCAATAGTAATCGCTGTGTTGCCTCTCCTGEGCTCGAACTGCAAGAAGCTGCAATCTG TTTGCTCGRACATTTICCCACTCATTGACGAGACCTACCTGATGTICIGE 840
MatTrpThrileAlaTleValIleAlaValleuProLeuLeuGlyTrpAsnCyslyslysLleuGlnSerValCysSarispl laPhaProLeulleAspCluThr TyrLeuMetPheTrp 280

v

ATTGGGGTGACCAGTGCTGCTGCTGCTGTTCAT TG TCTACGCGTACATCTACATTCTCTGGARGGCTCACAGOCACGCEETCCGCATGATTCAGCGTGGGACCCAGAAGAGCATCATCATC 960
IleGlyValThrSerValleuLeuleuPheIlaValTyrAl aTyrMet TyrIleLeuTrpLysAlalisSerii shlaVal ArgMet I1eGLnArgGlyThrGlnlysSerIlellele 320

VI

CACACGTCAGAAGACGECAAGCTGCAGGTGACCCGECCTRACCAMGCCCGCATGEACATTAGGCC TCGCCARAACCCTGETTCTCATCCTGETGG TG TIGATCATC TGCTGGEGCCCTCTG 1080
HisThrSerGluAspGlylysValGlnVal ThrirgProAspGloAlaArgdatAsplleArgleudl alysThrieuValLeulleleuValValleulleIleCysTrpGlyProlau 360

VII

CTTGCGATCATCGTGTA!

GTGAACCCCATCATCTATGCTCTG 1200

TGACCTCTTCGGGAAGATGAACAAGCTTATCAAGAC GETCTTTGCCTTCTGCAG TATGCTCTECCTECTGAACTOCACT
LeuhlalleMetValTyrAspValPheGlyLysMetAsnLysleullelysThrValPheAlaPheCysSerMatLeuCysLeuLauAsnSarThrValAsnProlleIleTyrAlalau 400

AGGAGCAAGGACCTGAGACATGCTTTCC:

GAAGCATCT TCCCTTCOTGCGARGGCACCGCACAGCCTCTAGACAACACCATGGCEGACTCAGACTGCCTCCACAAGCACGCCANCAACACA
Aran:l.ympxmAﬂmsnaah_nrgsmwmzwlwmmmmwmtuywpmmmsmnm 440

1320

Mmmmq.hlmm:lldymﬂrsllmyn?ﬂmmaWWlMU 473

FIG. 1 Partial nucleotide sequence of SKR6 cDNA. Indicated above and below
the sequence are the predicted hydrophobic domains (I-VIl) and the trans-
lated primary structure of the receptor, respectively. The initial stretch of
guanine nucleotides represent the G tail produced during cDNA synthesis.
The 56-base probe sequence is indicated by dots (bases identical to SKR6)
beginning at base number 449; nonidentical bases are provided above the
cDNA sequence and a single nucleotide gap (hyphen) has been introduced
to align the probe with the cDNA sequence. Although this oligonucleotide
was derived from the nucleic acid sequence of the substance-K receptor®
less than 25% homology overall exists between the amino-acid sequences
of SKR6E and the substance-K receptor. Underlined amino acids are those
that are highly conserved among other G protein-coupled receptors. Notably
absent from SKR6 is a proline residue in the fifth hydrophobic domain and
a cysteine just before hydrophobic domain IIl. In terms of structure, these
substitutions may indicate interesting similarities between SKR6 and the
LH-CG receptor (lacks the corresponding proline2°2) or the mas oncogene
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product (lacks the same cysteine residue®?). indeed, the homologous
cysteine is essential in functional rhodopsin®®. Potential N-linked glyco-
sylation sites are enclosed within boxes. The entire SKR6 cDNA (5.7 kb)
includes an additional ~4,100 bases 3’ of the given sequence. In addition
to SKR6, a second clone (SKR14) was isolated whose coding region, although
incomplete, was identical tc SKR6. The 3 untranslated sequence of SKR14,
however, was ~ 2,900 bases shorter than that of SKR6. Comparison of the
sequences of these clones indicates that SKR14 was the product of an
alternatively polyadenylated mRNA.

METHODS. SKRE was isolated from a rat cerebral cortex cDNA library
constructed in the mammalian expression vector pCD (ref. 24), Screening
was as described previously for cloning muscarinic receptor subtype cDNAs®,
Nucleic acid sequence was determined by dideoxynucleotide chain termina-
tion of single-stranded DNA obtained from restriction fragments inserted
into M13 mp 18 or 19.
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TABLE 1 Cyclic AMP accumulation

Cell line Receptor/cDNA Forskolin
CHO SKR6 100+4
(12.6+0.5)
CHO SKR6 100+5
(121+1.4)
CHO muscarinic m2 100+5
{18.0+0.9)
CHO adrenergic a2d 100+4
(139+0.5)
N18TG-2 — 100+10
(44.4+4.3)
NG108-15 - 100+4
(3205+11.7)

ASTHC (100 nM) CP 55940 (10 nM) Carbachol/clonidine
61+5 — —
— 44+11 —
104+8 104 +10 8+1
1004 967 785
618 162 —
917 57 +3 —

Effect of A%-THC and CP 55940 on forskolin-stimulated accumulation of cAMP in CHO-K1 cells transfected with SKR6, muscarinic and a-adrenergic
receptor cDNAs. Values represent the average accumulation of cAMP £ s.e.m. as per cent of forskolin-stimulated controls. In each cell line, the effects of
the various agonists were examined in three to five experiments (each performed in triplicate). Numbers in parentheses are the absolute values of cAMP
as determined by radioimmunoassay (pmol cAMP per 108 cells per 5 min). Final concentrations of forskoiin were 500 nM for all cell lines except NG 108-15;
forskolin concentration for this cell line was 250 nM. The muscarinic and adrenergic receptor-transfected cells were assayed under conditions identical to
those routinely used to test the SKR6-transfected cells (see Fig. 3). Final concentrations of carbachol (agonist for muscarinic receptors) and clonidine
(agonist for a-adrenergic receptors) were 100 pM and 10 uM, respectively. Clearly, the extent to which a receptor can inhibit cAMP accumulation varies
considerably across different cell lines. The moderate effect of clonidine to inhibit cAMP accumulation reported here is lower than normally observed in
this transfected cell line (inhibits cAMP accumulation to 50-25% of forskolin-stimulated control). This difference is due to the bovine serum albumin inciuded

in our assay.

FIG. 2 Presence of SKR6 mRNA in cell lines and its localization in rat brain.
a, Northern analysis of total RNA from N18TG-2 (lane 1), NG108-15 (lane
2} and C6BU-1 {lane 3) cell lines. N18TG-2 and C6BU-1 cells are the
neuraoblastoma and glioma parents of the NG108-15 hybrid cell fine, respec-
tively. The single hybridizing bands present in lanes 1 and 2 are ~6 kb, Size
markers (kb), on the left. Northern analysis was also performed on both
total (10 pg) and poly(A)* RNA (5 ug) prepared from several peripheral
tissues (data not shown). But using conditions in which the SKR6 message
is readily detected in rat brain RNAs, we saw no hybridizing signal in rat
heart, liver, kidney, spleen, thymus, small intestine, testes and ovary RNAs.
These data do not prove the absence of cannabinoid receptors in these
tissues as they may be present at considerably lower abundance than in
brain. b, Low-magnification photograph of an in situ hybridization his-
tochemical autoradiogram. In this negative image of a coronal rat brain
section, the silver grains appear white. Very high levels of SKR6 mRNA are
expressed in isolated cells of the hippocampus and cerebral cortex. In the
hippocampus, the strongly labelled cells include granule cells in the dentate
gyrus (arrow) as well as cells in both the pyramidal and molecular layers
of Ammon's horn. Similarly, in the cortex, layers Il, V and VI contain a
moderate number of cells expressing very high levels of SKRE6 mRNA. These
layers also appear to contain many cells that have a much lower message
level. Control sections (hybridized under the same condition with a 48-base
probe that corresponds to no known message and that gives no signal on
northern blots) give a low level, uniform signal (not shown). Cx, cerebral
cortex; Hi, hippocampal formation; VMH, ventromedial hypothalamic nucleus;
A, amygdaloid nuclei. ¢, Bright-field photomicrograph of the hilar region (see
arrow in b) of the dentate gyrus (x250). Three heavily labelled cells are
shown lining the innermost edge of the granule cell layer of the external
limb. An additional five cells with high levels of SKR6 mRNA are associated
with the internal limb. d Bright-field photomicrograph of the superficial iayers
of the cerebral cortex (x 300) showing cells expressing high levels (arrows)
of SKR6 mRNA. In this same brain region, cells that express less message
are readily seen when a dark-field condenser is used (image similar to that
seen in b); these less intensely labelled cells, however, are not easily
discernible in bright-field photomicrographs.

METHODS. Northern analysis: RNAs were isolated from cultured cells using
the guanidinium thiocyanate method as described previously®® and loaded
{10 g per lane) into a 1% agarose-formaldehyde gel. After electrophoresis
and electrotransfer the filter was hybridized to a nick-translated EcoRV-Xbal
fragment (bases 97-1,271) of the SKR6 cDNA, washed (0.1 X SSPE buffer,
0.1% sodium dodecyl sulphate (SDS), 80 °C) and exposed to X-ray-sensitive
film for 6 days (—80 °C). In situ hybridization histochemistry; the brain from
a male, Sprague-Dawley rat (200-250 g) was sectioned and the 12-um
slices were thaw-mounted to gelatin-coated slides. /n situ hybridization
histochemistry was as described previously?®2”. An 3°S-labelled 48-base
oligonucleotide (SKRE-1, complimentary to bases 349-396) was used to
probe the section. Under similar hybridization conditions, this oligonucleotide
probe hybridized to a single ~6kb band in preparations of rat cerebral
cortex, hippocampal and cerebellar RNA (data not shown). Similar hybridiz-
ation patterns were also observed in brain sections hybridized with another
48-base probe SKR6-2 (complementary to bases 4-51, data not shown);
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b was produced by placing this section against X-ray-sensitive film (25 °C)
for 16 days. The hybridized sections were then dipped in NBT-2 emuision
(Kadak), exposed for 21 or 28 days (4 °C), developed, stained with 0.1%
toluidine blue and a coverslip applied, to produce the images shown in ¢
and d
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FIG. 3 Cannabinoid-induced inhibition of forskolin-stimulated cAMP produc-
tion in SKR6-transfected CHO-K1 cells. a, Stereoselective inhibition by
AS-THC and CP 55940. b, Dose-response curves of various cannabinoids
and cannabinoid analogues. Data represent the average per cent inhibition
+s.e.m. of cAMP accumulation for three to five experiments, each performed
in triplicate. Curves were generated using the Graph-Pad InPlot nonlinear
regression analysis programme. Cannabinoids did not significantly inhibit
cAMP accumulation in nontransfected cells (data not shown). ECs, values
{mean nM =+ s.e.m.) for the inhibition of stimulated cAMP accumulation were:
135+27, () A°-THC; 7731187, (+) A%THC; 0.87+0.20, CP55940;
96.3+7.1, CP 56667; 8.9+ 1.8, 11-OH A°-THC; 16.6 + 4.9, nabilone; 27.4 +
8.4, AB-THC. Cannabinaid-induced inhibition of cAMP accumulation was also
observed in transfected celis in which cAMP production was stimulated by
the peptide hormone, calcitonin gene-related peptide, instead of forskolin.
CP 55940 and CP 56667 are synthesized by Pfizer. Nabilone is produced by
Lilly Research laboratories. Other cannabinoids are distributed by the National
Institute of Drug Abuse. CNBNL, cannabinol; CNBDL, cannabidiol.

METHODS. Transfection and selection of cells were performed as described
previously®®. A monocional line expressing the SKR6 cDNA was obtained by

between the relative amounts of SKR6 mRNA and cannabinoid
receptors'? in individual brain areas is substantial. High levels
of both SKR6 message and cannabinoid receptors (localized by
*H-labelled CP 55940 autoradiography; ref. 12) are found in the
dentate gyrus, hippocampal formation and the cerebral cortex
(Fig. 2b, and ref. 12). A striking feature of the SKR6 message,
in these areas, is the presence of many isolated cells expressing
very high levels of receptor message (Fig. 2¢, d). Assuming that
protein expression is proportional to message levels, these cells
probably account for the very high density of cannabinoid
receptor reported previously'’. Although more diffuse, there
were moderate to high amounts of message in the hypothalamus
and amygdala. Although receptors in these regions are relatively

~
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limiting-dilution cloning of cells expressing the corresponding mRNA as
determined by northern blot analysis. Methods used for measurements of
cAMP were similar to those of Howlett et al%, Transfected cells were grown
to confluence and released with 0.5 mM EDTA in PBS. Washed cells were
resuspended (1.25 x10° cells mI™} in culture media (37 °C) containing
HEPES buffer (20 mM) and RO-20 1724 (0.25 mM). Cells were aliquoted
(0.4 ml) into silanized glass tubes and the assay initiated with the addition
(0.1 mi} of forskolin (0.1 ml, 0.5 uM, final) + cannabinoids in media containing
fatty acid-free BSA (0.25%). Final ethanol concentrations were less than or
equal to 0.2%. Cells were incubated (37 °C) for 5min and the reaction
terminated with the addition of 0.1 N HCl, 0.1 mM CaCl,. Samples were
frozen at —20 °C and thawed just before determination of cAMP by radio-
immunoassay (refs 29, 30). Forskolin increased cAMP ~20-fold above basal
concentrations; absolute values in forskolin-stimulated controls ranged from
9.5 to 17.7 pmole cAMP per 10° cells per 5 min. In experiments involving
pertussis toxin, subconfluent cultures of cells were grown in the presence
of the holoenzyme (1 ng mi~?) for 24 hours before treatment with forskolin+
cannabinoids.

sparsely distributed '?, these data support the notion that
cannabinoid-induced effects in the brain are mediated by the
same receptor as found in neural cell lines and in cell lines
expressing the SKR6 cDNA.

Our data do not eliminate the possibility that other mechan-
isms also contribute to various cannabinoid-induced effects.
Assuming there is an endogenous ‘cannabinoid,” SKR6-trans-
fected cell lines can be used to facilitate its identification and
purification. These cell lines should prove particularly valuable,
as an antagonist for this receptor is not so far available. Address-
ing the physiological significance of both this receptor and its
endogenous ligand should increase our understanding of not
only the actions of the cannabinoids but also the CNS. O
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Learning to associate cues or contexts with potential threats or rewards is adaptive and enhances survival. Both aversive and
appetitive memories are therefore powerful drivers of behaviour, but the inappropriate expression of conditioned responding to
fear- and drug-related stimuli can develop into anxiety-related and substance abuse disorders respectively. These disorders are
associated with abnormally persistent emotional memories and inadequate treatment, often leading to symptom relapse. Studies
show that cannabidiol, the main non-psychotomimetic phytocannabinoid found in Cannabis sativa, reduces anxiety via 5-HTqa
and (indirect) cannabinoid receptor activation in paradigms assessing innate responses to threat. There is also accumulating
evidence from animal studies investigating the effects of cannabidiol on fear memory processing indicating that it reduces learned
fear in paradigms that are translationally relevant to phobias and post-traumatic stress disorder. Cannabidiol does so by reducing
fear expression acutely and by disrupting fear memory reconsolidation and enhancing fear extinction, both of which can result in
a lasting reduction of learned fear. Recent studies have also begun to elucidate the effects of cannabidiol on drug memory ex-
pression using paradigms with translational relevance to addiction. The findings suggest that cannabidiol reduces the expression
of drug memories acutely and by disrupting their reconsolidation. Here, we review the literature demonstrating the anxiolytic
effects of cannabidiol before focusing on studies investigating its effects on various fear and drug memory processes. Under-
standing how cannabidiol regulates emotion and emotional memory processing may eventually lead to its use as a treatment for
anxiety-related and substance abuse disorders.
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Introduction

Anxiety (e.g. generalized and social anxiety, panic and pho-
bias), trauma-related [i.e. post-traumatic stress disorder (PTSD)]
and substance abuse disorders are serious forms of mental
illness associated with a significant lifetime prevalence. These
disorders pose an enormous social and financial burden as they
are often chronic in nature and inadequately treated (Di Luca
et al., 2011). Certain anxiety-related disorders (e.g. phobias
and PTSD) and addiction are characterized by aberrant and per-
sistent emotional memories of fear- and drug-related stimuli.
These discrete or contextual cues can trigger the emergence of
symptoms or even their re-emergence after treatment,
highlighting the limited effectiveness of the psychological
and pharmacological therapies currently available to curtail
symptom relapse over the long-term (Tronson and Taylor,
2013; Everitt, 2014; Kindt, 2014; Singewald et al., 2015). More-
over, there is also significant co-morbidity between substance
abuse disorders and PTSD, which can further complicate how
PTSD develops and is treated. For example, the learning and
memory processes involved in the psychological therapies that
are used for treating PTSD can be adversely affected by different
drugs of abuse, which may also have complex drug-drug inter-
actions with pharmacological treatments for PTSD (Tipps et al.,
2014). Thus, there is an urgent need to improve the treatment
of these disorders.

An area of real promise in this field involves the use of
existing or novel medications as adjuncts to psychological
therapies to enhance the efficacy of treatment. Cannabidiol
(CBD) is one such drug that shows therapeutic potential in
a broad range of neurological and psychiatric diseases
(Campos et al., 2012b). This phytocannabinoid is the main
non-psychotomimetic constituent of the Cannabis sativa
plant, and mounting evidence indicates that CBD has

anxiolytic properties (Blessing et al., 2015). Emerging
preclinical and clinical evidence also indicates that CBD
regulates different aversive and appetitive memory pro-
cesses (Prud’homme et al., 2015; Jurkus et al., 2016), in
keeping with the findings of recent studies showing a role
for CBD in modulating other types of memory, such as
novel object and social recognition, in cognitively-impaired
animals (Fagherazzi et al., 2012; Cheng et al., 2014). In this
paper, we begin with a brief historical account of the dis-
covery of CBD and touch on the first studies that investi-
gated its behavioural effects in rodents and humans. We
then review the literature on CBD regulation of anxiety
and the pharmacological and brain mechanisms involved.
The bulk of the paper focuses on discussing the findings
from the growing number of studies, mostly preclinical,
that have examined the regulation of learned fear and,
more recently, addictive drug memory processing by CBD.
Importantly, these studies have used experimental proce-
dures with clinical relevance for understanding the psycho-
logical and neurobiological mechanisms involved in the
pathophysiology and treatment of anxiety-related and sub-
stance abuse disorders.

CBD discovery and initial studies on its
behavioural effects

The C. sativa plant contains more than 100 chemically re-
lated terpenephenol components called phytocannabinoids
(Izzo et al., 2009; Gould, 2015). Since the seminal
work of Raphael Mechoulam’s group in the 1960s,
Ag-tetrahydrocannabinol (THC) is considered the main
component responsible for the pharmacological effects of
the plant (Gaoni and Mechoulam, 1964). The second major
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component of most samples of C. sativa is CBD. Originally
isolated by Adams and co-workers in 1940 (Adams et al.,
1940), its structure was elucidated by Mechoulam and Shvo
(1963). Although the CBD molecule is similar to THC, it
has a distinct spatial conformation that could help to explain
their different pharmacological properties. Whereas THC has
a planar conformation, CBD presents a ‘bent’ structure with
two rings at a right angle to each other (Burstein, 2015).

Initial studies performed in the 1970s, mostly in Brazil,
indicated that CBD could block some effects induced by
THC in rodents (Karniol and Carlini, 1973; Russo and
Guy, 2006). Following these initial studies, Zuardi and
collaborators investigated if CBD could prevent the effects
of high doses of THC in healthy human volunteers. They
found that it attenuates the psychotomimetic and
anxiogenic effects of THC (Zuardi ef al., 1982). Although
the mechanisms of action of these two drugs were
completely unknown at that time, the fact that not all
effects of THC were blocked by CBD indicated that the
latter was not simply an antagonist of a putative THC
receptor. On the contrary, the study suggested that CBD
possesses its own antipsychotic and anxiolytic properties
(Zuardi et al., 1982).

Laboratory animal tests used to assess
the anxiolytic properties of CBD

The potential anxiolytic effect of CBD was initially investi-
gated in preclinical studies. Several animal tests have been
employed to explore the effects of putative anxiolytic
drugs and the neurobiology of anxiety, which can be
defined separately from fear as the emotional response to
potential or anticipated (as opposed to actual and present)
threat (Tovote et al., 2015). These tests are based on the
measurement of defensive behaviours (either active or
inhibitory) expressed in response to a threatening or
unpleasant stimulus (Campos et al., 2013a). The initial
preclinical studies investigating the possible anxiolytic-like
effects of CBD were performed in learning-based models
and produced mixed results. These apparently conflicting
results were later explained by Guimaraes et al. (1990)
using the elevated plus-maze (EPM). This is a commonly
used test to investigate anxiety-like behaviour in preclini-
cal studies and is based on the natural aversion that
rodents show to open spaces (Handley and Mithani,
1984; Pellow et al., 1985; Treit et al., 1993; Carobrez and
Bertoglio, 2005).

Using the EPM and performing a full dose-response curve
in rats, Guimardes and co-workers showed that acute systemic
administration of CBD produces a typical ‘bell-shaped’
dose-response curve, being anxiolytic at low and intermediate
doses but not at high doses. Although some contradictory
results exist in the literature, most studies using unlearned or
operant conditioning models of anxiety have confirmed these
initial findings, and the studies investigating CBD effects in
classical (Pavlovian) conditioning models also go in the same
direction, which will be discussed separately below (summa-
rized in Tables 1 and 2). Moreover, these anxiolytic effects of
CBD in animals have been replicated in human studies using
healthy subjects exposed to anxiety-provoking stimuli or

3244 British Journal of Pharmacology (2017) 174 3242-3256

situations (Zuardi et al., 1982, 1993; Crippa et al., 2004; Fusar-
Poli et al., 2009, 2010) and in patients with anxiety, and possi-
bly also substance abuse, disorders (Bergamaschi et al., 2011,
Crippa et al., 2011; Hurd et al., 2015; Shannon and
Opila-Lehman, 2016; summarized in Table 3).

Pharmacological mechanisms and brain
sites involved in the anxiolytic effects
of CBD

The potential therapeutic effects of CBD have been related
to multiple pharmacological mechanisms, including the
agonism of 5-HT;, receptors, inhibition of reuptake
and/or metabolism of the endocannabinoid anandamide
(resulting indirectly in cannabinoid receptor activation),
activation of transient receptor potential vanilloid 1
(TRPV1) channels, inhibition of adenosine reuptake, antag-
onism of GPRSS, agonism of PPARy receptors, intracellular
Ca?" increase, and anti-oxidative effects, among others
(summarized in Figure 1). These pharmacological mecha-
nisms have been discussed recently in several reviews (Izzo
et al., 2009; Campos et al., 2012a; Ibeas Bih et al., 2015;
McPartland et al., 2015), to which the reader is referred.
So far, however, only two of these mechanisms — 5-HT;5
receptor activation and indirect potentiation of
endocannabinoid transmission — have been implicated in
the attenuation of defensive responses to threatening or
stressful stimuli.

Two primary brain systems organize defensive responses
to threatening stimuli: one responsive to innate threats and
the other responsible for the association between neutral
and aversive stimuli, although the neural circuit mecha-
nisms underlying the regulation of anxiety and learned fear
show considerable overlap (for reviews, see McNaughton
and Corr, 2004; Canteras et al., 2010; Gross & Canteras,
2012; Tovote et al., 2015). The brain areas implicated in
the anxiolytic effects of cannabidiol include certain medial
prefrontal cortical subregions [e.g. prelimbic (PL) and
infralimbic (IL) cortex], the bed nucleus of the stria
terminalis (BNST), periaqueductal gray (PAG) and amygdala.
This evidence comes from preclinical studies and functional
imaging studies in humans, which have confirmed the
involvement of some of these brain areas. For example,
CBD reduced amygdala activation in both mice and
humans (Todd and Arnold, 2016; Crippa et al., 2004).
Activity in and functional connectivity between the
amygdala and anterior cingulate cortex, the homologous
region to the rodent dorsomedial prefrontal cortex, were
both also decreased by CBD when viewing fearful facial
expressions (Fusar-Poli et al., 2009; 2010).

In an initial preclinical study using the EPM test, Campos
and Guimaraes (2008) showed that the anxiolytic-like effects
of CBD injected into the dorsolateral PAG (dIPAG) were
prevented by local treatment with the 5-HT; 5 receptor antag-
onist WAY100635. Even if this drug can also activate D4
receptors (Chemel et al., 2006), the anti-aversive effects of
CBD were similar to other 5-HT; 5 receptor agonists infused
into the dIPAG (Graeff, 2002). The involvement of the
5-HT; 4 receptor in the acute anxiolytic/anti-stress effect of
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CBD effects on anxiety-like behaviour in male animals

Reference

Test used

Strain, species, effective
dose, and route/site of
administration

Pharmacological
mechanism

Guimaraes
etal. (1990)

Onaivi
et al. (1990)

Guimaraes
et al. (1994)

Bitencourt
et al. (2008)

Campos and
Guimaraes (2008)

Campos and
Guimaraes (2009)

Malone
et al. (2009)

Resstel
et al. (2009)

Casarotto
etal. (2010)

Soares Vde
et al. (2010)

Long
etal. (2010)

Gomes

etal. (2011)
Granjeiro
etal. (2011)

Campos
et al. (2012a)

Deiana
etal. (2012)
Long

etal. (2012)

Uribe-Marifo
etal. (2012)

Hsiao
etal. (2012)

EPM

EPM

EPM

Fear-potentiated
EPM

EPM

EPM

THC-induced
decrease in social
interaction

Restraint stress,
autonomic
changes, delayed
(24 h) anxiogenic
effect in EPM

MBT

ETM, electrical
stimulation of
dIPAG

Open field and
light-dark tests

EPM

Restraint stress,
autonomic
reactivity, delayed
(24 h) anxiogenic
effect in EPM

EPM after predator
(cat) exposure

MBT

Open field and
light-dark tests

Snake exposure

Repeated EPM and
open-field

Wistar rats,
2.5-10 mg~kgf1, i.p.

ICR mice, T and 10 mg-kg ', i.p.

Wistar rats, 5 mg-kg ', i.p.
Wistar rats, 6.4 nmol, i.c.v.

Wistar rats, 30 nmol,
intra-dIPAG

Wistar rats, 30 nmol,
intra-dIPAG

(60 nmol effective when
combined with a TRPV1
channel antagonist)

Sprague Dawley rats,
20 mg-kgq, i.p.

Wistar rats, 10 mg-kg ', i.p.

C57BL/6 mice,

15-60 mg-kg ', i.p.
Wistar rats, 15-60 nmol,
intra- dIPAG

C57BL/6 mice, 1 mg-kg '
(light-dark test) and

50 mg-kg "' (open-field),

i.p., daily for 21 days

Wistar rats, 30 nmol, intra-BNST

Wistar rats, 30 nmol,
intra-cisterna magna

Wistar rats, 5 mg-kgq,

i.p., daily for 7 days

Swiss mice, 120 mg-kg ™',
orally ori.p.

C57BL/6 Arc mice, 1 and
100 mg-kg ', i.p. daily for
13 days

Swiss mice, 0.3-30 mg-kg ', i.p.

Wistar rats, 3.2 nmol,
intra-central
amygdaloid nucleus

Anxiolytic (bell-shaped
dose-response curve)

Anxiolytic (bell-shaped
dose-response curve)
Anxiolytic

Anxiolytic

Anxiolytic (bell-shaped
dose-response curve)

Anxiolytic

Anxiolytic

Anti-stress

Anti-compulsive

Anxiolytic/panicolytic

Anxiolytic

Anxiolytic

Anti-stress

Anxiolytic
Anticompulsive

Anxiolytic
(open-field only)

Panicolytic

Anxiolytic

Not tested

BZD (blocked by
flumazenil)

Not tested

Not tested

5-HT; A receptor
activation

Lack of anxiolytic
effect of high doses
associated with
TRPV1 channel
activation

Not tested

5-HT; A receptor
activation

Indirect CB;
receptor activation

5-HT, A receptor
activation

Not tested

5-HT, A receptor
activation

Not tested

5-HT; A receptor
activation
Not tested

Not tested

Not tested

Not tested

continues
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Table 1 (Continued)

Strain, species, effective

dose, and route/site of

Reference Test used administration

Pharmacological
mechanism

Campos et al. EPM and NSF C57BL/6 mice, 30 mg-kgq, daily Anti-stress CB, receptor-
(2013a,b) for 14 days (CUS-exposed mediated
animals) facilitation of
hippocampal
neurogenesis
O’Brien Light—dark test Sprague Dawley rats, No effect Not tested
etal. (2013) 2.5 mg-kg ', i.p. for 14 days
Twardowschy Snake exposure Swiss mice, 3.0 mg-kg ™, i.p. Panicolytic 5-HT A receptor
etal. (2013) activation
Almeida Social interaction Wistar and SHR rats, Increased social Not tested
etal. (2013) test 1 mg-kg ', i.p. interaction
(Wistar rats only)
Cheng EPM C57BL/6 ) mice, 20 mg~kgf1, i.p. No effect Not tested
et al. (2014) daily for 21 days
Fogaca EPM Wistar rats, 30 nmol, intra-PL Anxiogenic (bell-shaped 5-HT; A receptor
etal. (2014) cortex dose-response curve), activation
anxiolytic 24 h after
restraint stress
Nardo MBT Swiss mice, 30 mg-kgq, i.p. Attenuated mCPP-induced Indirect CB;
et al. (2014) increase in marble-burying receptor activation
(bell-shaped dose response
curve)
Marinho EPM Wistar rats, 15-30 nmol, intra-IL Anxiolytic (bell-shaped 5-HTqA receptor
etal. (2015) cortex dose response curve), no activation
effect 24 h after restraint
stress
Todd and Open-field C57BL/6 mice, 10 mg-kg ', i.p. Prevented THC- induced Not tested
Arnold (2016) anxiogenesis
Schiavon EPM Swiss mice, 3 mg-kg’1, i.p. Anxiolytic Not tested
etal. (2016)

BZD, benzodiazepine; CUS, chronic unpredictable stress; ETM, elevated T-maze; ICR, Institute of Cancer; MBT, marble burying test; NSF, novelty

suppressed feeding; SHR, spontaneously hypertensive rats.

CBD was further demonstrated in other relevant brain
regions, including the BNST (Gomes et al., 2011) and IL cortex
(Marinho et al., 2015). Moreover, systemic treatment with
5-HT, A receptor antagonists was also able to prevent this
CBD-induced anxiolysis (see Table 1).

In the marble-burying test and after repeated administra-
tion, however, CBD effects on anxiety seem to depend on
CB; receptors rather than 5-HT; receptors (Casarotto et al.,
2010; Campos et al., 2013a; Nardo et al., 2014). Even if the
(+)-CBD enantiomer shows affinity for CB; receptors, the nat-
urally occurring (—) CBD does not bind to these receptors
(Hanu$ et al., 2005), indicating that the CB; receptor-
mediated anti-aversive effects of CBD are probably indirect.
Bisogno et al. (2001) showed that CBD blocked the reuptake
and metabolism of anandamide in vitro. Correspondingly,
using embryonic hippocampal cells, Campos et al. (2013b)
showed that the increase in cell proliferation induced by
CBD is prevented by antagonism of either CB; or CB,
receptors, as well as by overexpression of fatty acid amide hy-
drolase (FAAH), the enzyme responsible for anandamide me-
tabolism. More recently, Dale Deutsch’s group demonstrated
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that CBD binds to fatty acid-binding proteins (FABPs) neces-
sary for the transport of anandamide from the plasma mem-
brane to intracellular FAAH, which might be a primary
mechanism by which CBD decreases anandamide
uptake/metabolism (Elmes ef al., 2015). Consistent with
these in vitro studies, the anti-stress (in mice) and antipsy-
chotic (in humans) effects of repeated CBD administration
were associated with increased hippocampal and serum
levels, respectively, of anandamide (Leweke et al., 2012,
Campos et al., 2013b).

Emotional learning and memory
processing

We will first summarize the psychological mechanisms in-
volved in classical conditioning, a type of associative learning
whereby discrete cues or contexts come to predict the occur-
rence of threatening or rewarding stimuli, before reviewing
the evidence demonstrating a role for CBD in regulating dif-
ferent fear and drug memory processes. During conditioning,



Table 2

CBD regulation of fear and drug reward processing m

CBD effects on learned fear processing in male animals

Reference

Test used

Strain, species, effective
dose and route/site of
administration

Pharmacological
mechanism

Silveira Filho
and Tufik, 1981

Musty
etal. (1985)

Moreira
et al. (2006)

Gomes
etal. (2011)

Zuardi and
Karniol, 1983

Resstel
et al. (2006)

Bitencourt
et al. (2008)

Lemos
etal. (2010)
Lemos
etal. (2010)
Lemos
etal. (2010)

ElBatsh
etal. (2012)

Gomes
etal. (2012)

Levin
etal. (2012)

Stern
etal. (2012)

Do Monte
etal. (2013)

Cheng

etal. (2014)
Fogaca
etal. (2014)
Gazarini

et al. (2015)

Stern
etal. (2014)

Marinho
etal. (2015)

Geller-Seifter
conflict test

Vogel punished
licking test
Vogel punished
licking test

Vogel punished
licking test

AFC
CFC
CFC
CFC
CFC
CFC

CFC

CFC

CFC

CFC

CFC
AFC
CFC
CFC

CFC

CFC

Studies conducted in operant conditioning paradigms

Wistar rats, 100 mg-kg ', i.p.

Sprague-Dawley rats,
5-10 mg-kg ', i.p.
Wistar rats, 10 mg-kg ', i.p.

Wistar rats, 30-60 nmol,
intra-BNST

Studies conducted in classical (Pavlovian) conditioning paradigms

Wistar rats, 10 mg-kg ', i.p.

Wistar rats, 10 mg-kg ', i.p.

Wistar rats, 6.4 nmol, i.c.v.

Wistar rats, 10 mg-kg ', i.p.

Wistar rats, 30 nmol, intra-PL
cortex

Wistar rats, 30 nmol, intra-IL
cortex

Lister-hooded rats, 10 mg-kg ™",
i.p. daily for 14 days

Wistar rats, 30-60 nmol,
intra-BNST

Wistar and SHR rats,
1-15mg-kg ', i.p.

Wistar rats, 3-30 mg-kg ', i.p.

Long-Evans hooded rats,
1.3 nmol, intra-IL cortex

C57BL/6 ) mice, 20 mg-kg ™, i.p.

daily for 21 days

Wistar rats, 30 nmol, intra-PL
cortex

Wistar rats, 10 mg-kg ', i.p.

Wistar rats, 10 mg~kgf1, i.p.

Wistar rats, 30 nmol, intra-IL
cortex

No effect

Anxiolytic (bell-shaped
dose-response curve)

Anxiolytic

Anxiolytic

Anxiolytic (decreased
fear expression)

Anxiolytic (decreased
fear expression)

Facilitated fear memory
extinction

Anxiolytic (decreased
fear expression)
Anxiolytic (decreased
fear expression)
Anxiogenic (increased
fear expression)

Anxiogenic (increased f
ear expression)

Anxiolytic (decreased f
ear expression)

Anxiolytic (decreased
fear expression) and/or
disrupted fear memory

formation (Wistar rats only)

Disrupted fear memory

reconsolidation (bell-shaped

dose response curve)

Facilitated fear memory
extinction

No effect

Anxiolytic (decreased
fear expression)

Disrupted fear memory
reconsolidation

Disrupted fear memory
reconsolidation

Anxiogenic (increased
fear expression)

Not tested
Not tested

Not blocked by BZD
antagonism
(flumazenil)

5-HTq A receptor
activation

Not tested
Not tested

Indirect CB, receptor
activation

Not tested
Not tested
Not tested

Decreased
hippocampal BDNF
and TrkB, reduced
frontal cortex
phospho-ERK1/2
expression

5-HT; A receptor
activation

Not tested

Indirect CB, receptor
activation

Indirect CB, receptor
activation

Not tested

5-HT; A receptor
activation

Not tested

Indirect CB, receptor
activation in PL
cortex

5-HT; A receptor
activation

continues
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Table 2 (Continued)

Reference

Test used

Strain, species, effective
dose and route/site of
administration

Pharmacological
mechanism

Stern
etal. (2015)

Norris et al.
(2016)

Song et al.
(2016)

Jurkus et al.
(2016)

Stern et al.
(2016)

CFC

OFC

CFC

AFC

CFC

Wistar rats, 1 mg-kgf1 + THC
0.1 mgkg ', i.p.

Sprague Dawley rats,
0.03-0.32 nmol, intra-nucleus
accumbens shell

Lister hooded rats, 10 mg-kg ',
i.p., before extinction (after weak
or strong conditioning)

Lister hooded rats,
5-20 mg-kg ', i.p.

Wistar rats, 10-30 mg-kg ™, i.p.

Disrupted fear memory
reconsolidation

Disrupted fear memory
formation (acquisition)

Impaired or enhanced
extinction after weak or
strong conditioning,
respectively

Anxiolytic (decreased fear
expression) at highest dose,
no effect on extinction

Disrupted fear memory

Not tested

5-HT; A receptor
activation

Not tested

Not tested

Indirect CB; or CB,

consolidation

receptor activation

AFC, auditory fear conditioning; BZD, benzodiazepine; CFC, contextual fear conditioning; OFC, olfactory fear conditioning.

Table 3

CBD effects on anxiety in humans

Reference

Subjects and test(s) used

Effective dose and
route of
administration

Effect

Possible pharmacological or
neural mechanism

Zuardi
etal. (1982)

Zuardi
etal. (1993)

Crippa
et al. (2004)

Fusar-Poli et al.
(2009, 2010)

Bergamaschi
etal (2011)

Crippa

etal. (2011)
Hurd

etal. (2015)

Shannon and
Opila-Lehman,
2016

Healthy subjects, THC-
induced anxiety

Healthy subjects, simulated
public speaking-induced
anxiety

Healthy subjects, SPECT

Healthy subjects, fearful
faces, fMRI

Social anxiety disorder
patients, simulated public
speaking-induced anxiety
Generalized anxiety
disorders patients, SPECT
Abstinent heroin abusers,
heroin cue-induced anxiety

A 10 year-old girl with PTSD
(case report)

~70 mg (1 mg-kg ")
orally
300 mg orally

400 mg orally

600 mg orally

600 mg orally

400 mg orally

400 or 800 mg orally

At least 25 mg daily for
5 months

Prevented the
anxiogenic effects of
THC

Prevented public
speaking-induced
increase in anxiety
Anxiolytic

Anxiolytic (trend)

Anxiolytic

Decreased
subjective anxiety
Decreased
subjective anxiety
(preliminary data)
Reduced anxiety and
improved sleep

Not tested

Not tested (effects similar to

the 5-HT A receptor partial
agonist ipsapirone)

Decreased blood flow in medial
temporal structures and posterior
cingulate gyrus

Decreased blood flow in amygdala
and anterior cingulate cortex that
correlated with a reduced SCR to
fearful faces

Not tested

Altered blood flow in limbic and
paralimbic brain areas

Not tested

Not tested

fMRI, functional magnetic resonance imaging; SCR, skin conductance response; SPECT, single-photon emission computed tomography.

an innocuous conditioned stimulus (CS), which can be a dis-
crete cue (e.g. sound, light or odour) or a context (e.g. testing
chamber/arena), becomes associated with an aversive (e.g.
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footshock) or appetitive (e.g. drug reward availability) uncon-
ditioned stimulus (US). After conditioning, the CS-US associ-
ation undergoes consolidation into long-term memory, and
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The main molecular targets and potential mechanisms of action of CBD. This drug inhibits both FAAH, the enzyme which metabolizes ananda-
mide, and FABPs, which mediate the transport of anandamide to FAAH; both mechanisms ultimately result in the indirect activation of CB,
and/or CB, receptors. CBD also activates the 5-HTq4 receptor, PPARy and the transient receptor potential channels TRPV1, TRPAT and TRPV2.
Finally, CBD inhibits adenosine reuptake and antagonizes GPR55, TRPM8 and T-type Ca”* channels. 5-HT; 4 and (indirect) cannabinoid receptor
activation are the mechanisms that have been implicated in the anxiolytic effects of CBD to date (see Ibeas Bih et al. (2015) and McPartland et al.

(2015) for further details).

later presentation of or re-exposure to the CS alone initially
elicits conditioned fear (e.g. freezing/avoidance) or drug-
seeking (e.g. lever pressing/place preference) responses
(Peters et al., 2009). Retrieval of the CS can make emotional
memories labile by destabilizing the memory trace, which
allows for these memories to be maintained or updated
through the process of reconsolidation (Lee, 2009). Repeated
presentations of or prolonged exposure to the CS causes the
extinction of emotional memories, resulting in the formation
of a new CS-no US association which competes with the orig-
inal emotional memory to suppress conditioned responding
to the CS (Peters et al., 2009). Understanding how behav-
ioural and/or pharmacological interventions can attenuate
conditioned responding, disrupt memory reconsolidation
and/or enhance extinction has clinical relevance given that
all of these mechanisms are potential therapeutic strategies
for alleviating the symptoms of PTSD (i.e. pathological fear)
and addiction (i.e. drug craving) (Tronson and Taylor, 2013;
Everitt, 2014; Kindt, 2014; Singewald et al., 2015).

CBD effects on fear memory processing

As alluded to above, there is growing evidence indicating that
CBD also regulates learned fear (see Table 2). Systemic CBD
administration has been shown to reduce the expression of
fear memory when given acutely (Zuardi and Karniol, 1983;
Resstel et al., 2006; Lemos et al., 2010; Jurkus et al., 2016).
CBD has also been reported to impair the acquisition of fear
learning; acute systemic administration before fear condi-
tioning resulted in attenuated fear expression during later
memory retrieval testing (Levin et al., 2012). In contrast,

there are few reported effects of repeated CBD administration
on fear memory expression and those that exist are conflict-
ing. In one study, daily injections of CBD for 14 days prior
to conditioning enhanced fear expression during retrieval
testing, suggesting that chronic CBD facilitated fear learning
(ElBatsh et al., 2012), whereas another study showed no effect
of CBD on fear conditioning when it was administered for
21 days (Cheng et al., 2014).

The results of several studies indicate that CBD also mod-
ulates the extinction and reconsolidation of conditioned fear,
leading to lasting effects on learned fear expression. I.c.v. in-
fusions of CBD given before three extinction sessions resulted
in enhanced contextual fear extinction (Bitencourt et al.,
2008). Systemic administration of CBD given acutely before
extinction has been shown to affect contextual fear extinc-
tion depending on the strength of fear conditioning before-
hand. CBD impaired extinction after weak conditioning but
enhanced extinction after strong conditioning (Song et al.,
2016). However, CBD given systemically before auditory fear
extinction reduced fear expression acutely without affecting
extinction memory (Jurkus et al., 2016). Interestingly, a study
in humans also showed that CBD had no effect on the extinc-
tion of visual fear memory when given before extinction, but
it did enhance extinction memory when given immediately
after extinction (Das et al., 2013).

Contrary to the reported facilitatory effects of CBD on fear
extinction, this drug has been shown to disrupt the
reconsolidation of contextual fear memory after its brief
retrieval (Stern et al., 2012; 2015; Gazarini et al., 2015),
although these contrasting effects of CBD on fear extinction
and memory reconsolidation both result in a lasting reduc-
tion of learned fear expression. The disruptive effect of
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systemic CBD administration on reconsolidation required
that it was given immediately after memory retrieval as CBD
had no effect if it was given without, or 6 h after, retrieval.
CBD was also able to disrupt the reconsolidation of both
newer and older fear memories. Moreover, the subsequent
reduction of learned fear expression lasted for over 21 days
and was not reinstated by later shock presentation, indicating
that the effects of CBD were due to disrupted memory
reconsolidation and not enhanced extinction (Stern et al.,
2012).

In another study, CBD given immediately after retrieval
disrupted the reconsolidation of an abnormally persistent
fear memory when the partial NMDA receptor agonist
D-cycloserine was first administered before retrieval to facili-
tate memory destabilization. Fear memory was strengthened
pharmacologically by enhancing adrenergic transmission
immediately after conditioning, resulting in generalized fear
expression and impaired fear suppression by extinction
(Gazarini et al., 2015). Understanding the mechanisms un-
derlying reconsolidation disruption of such fear memories is
important because there is evidence indicating that strong
fear memories can show resistance to pharmacological dis-
ruption of reconsolidation (Lee, 2009), which has implica-
tions for using this potential therapeutic approach to
weaken traumatic memories in the treatment of PTSD.

Pharmacological mechanisms and brain
sites involved in the effects of CBD on
learned fear

Just as the anxiolytic effects of CBD involve a direct effect on
5-HT; o receptors and an indirect effect on cannabinoid recep-
tors via elevated endocannabinoid levels, so too do its effects
on different fear memory processes. Similarly, there is overlap
in the neural circuitry involved in mediating the effects of
CBD on anxiety and learned fear. The reduction in condi-
tioned fear expression induced by CBD was accompanied by
attenuated c-Fos expression in the PL and IL cortices and the
BSNT. Moreover, CBD infusion into the BNST or PL cortex
reduced fear memory expression, although infusing CBD into
the IL cortex enhanced the expression of learned fear (Lemos
et al., 2010). This discrepancy between the effects of CBD in-
fused into the PL or IL cortex is probably due to these medial
prefrontal cortical subregions exerting opposing influences
on learned fear, with the former facilitating its expression
and the latter being involved in its suppression and/or extinc-
tion (Fenton et al., 2014; Giustino and Maren, 2015). The reg-
ulation of conditioned fear expression by CBD in these brain
areas was shown to be dependent on 5-HT; 5 receptors (Gomes
etal., 2012; Fogaca et al., 2014; Marinho et al., 2015). The in-
hibitory effect of CBD on the acquisition of fear conditioning
has also been shown to depend on 5-HT; 5 receptor activation
in the nucleus accumbens shell (Norris et al., 2016).

In contrast to the acquisition and expression of fear
memory, the reconsolidation and extinction of learned fear
involve (indirect) cannabinoid receptor activation. The
facilitatory effect of i.c.v. CBD infusion on fear extinction
was inhibited by prior CB; receptor antagonism but not
TRPV1 channel blockade (Bitencourt et al., 2008). CBD was
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shown to act in the IL cortex to facilitate fear extinction as
infusing CBD into this region enhanced extinction, an effect
which also depended on CB; receptors (Do Monte et al.,
2013). The disruptive effect of CBD on fear memory
reconsolidation was blocked by pretreatment with a CB;
receptor antagonist given systemically or infused into the
PL cortex, whereas prior 5-HT;, receptor antagonism had
no effect on the disruption of reconsolidation by CBD (Stern
etal., 2012; 2014).

CBD effects on addictive drug memory
processing

In contrast to the study of fear memories, to date there has
been a much more limited exploration of the effects of CBD
on addictive drug-related memories. This necessitates a narra-
tive review of the relevant literature, which follows below.
Moreover, the small number of studies has been conducted
across a variety of experimental paradigms and with different
drugs of abuse. These drugs can elicit sensitized responses
with intermittent repeated administration, which is
context-dependent and thereby reliant upon context-drug
associations. Similarly, the acquisition and expression of con-
ditioned place preference behaviour depends upon the integ-
rity of context-drug and/or cue-drug associations. Finally,
cue-drug associations can precipitate cue-induced relapse of
drug seeking in rodents previously trained to self-administer
a drug (Aguilar et al., 2009; Steketee and Kalivas, 2011). Each
of these paradigms can be studied using stimulants (e.g.
cocaine and amphetamine), opiates (e.g. heroin and
morphine), and other drugs (e.g. alcohol and nicotine).

Unlike THC, studies have shown that CBD lacks any re-
warding effects of its own given that it fails to induce condi-
tioned place preference or enhance the reinforcing effects of
electrical brain self-stimulation (Parker et al., 2004; Vann et al.,
2008; Katsidoni et al., 2013). In a study of amphetamine-
induced locomotor sensitization, infusions of CBD (100 ng)
into the shell subregion of the nucleus accumbens attenuated
the development of locomotor sensitization (Renard et al.,
2016). While this might suggest that CBD impaired the
formation of an amphetamine memory that supports locomo-
tor sensitization, these findings were within the context of
mesolimbic mechanisms involved in the potential antipsy-
chotic action of CBD. Moreover, even though the attenuation
of locomotor sensitization was paralleled by modulation of cel-
lular mechanisms of synaptic plasticity, it remains a challenge
to distinguish learning-related behavioural effects from modu-
lation of drug reward (cf. Katsidoni et al., 2013; Prud’homme
et al., 2015), which would impact upon reward-dependent
learning. The non-mnemonic interpretation is supported by a
failure of CBD to prevent the acquisition of amphetamine place
preference (Parker et al., 2004). However, while it appears that
CBD does not disrupt the formation of amphetamine-related
memories, this does not rule out potential effects on memories
formed in relation to other drugs of abuse.

Subsequent to their acquisition, CBD might affect the
expression of drug memories. Here there appears to be a dis-
parity depending upon the drug reward under study. Acute
administration of CBD (5 and 10 mg-kg™') did not alter co-
caine self-administration or cue-induced relapse to cocaine



seeking (Mahmud et al., 2016) and so failed to replicate an
earlier study of heroin self-administration (Ren et al., 2009).
While CBD (5 and 20 mg-kg ') similarly did not alter heroin
self-administration, it did have an effect on cue-induced
relapse to heroin seeking (Ren et al., 2009), a measure of
cue-heroin memory expression. CBD (5 mgkg™") reduced
responding in a cue-induced relapse test but only when given
24 h, and not 30 min, prior to the test. This long-lasting effect
on the expression of the cue-heroin memory was even more
persistent (up to 14 days) when three consecutive daily injec-
tions of 5 mg-kg~' CBD were given. This ability of CBD to
have such long-lasting effects may be mediated by an up-
regulation of AMPA GluAl receptors in the nucleus accum-
bens (Ren et al., 2009).

The impaired expression of cue-heroin relapse in response
to CBD administration in animals suggests that this drug
might have anti-relapse properties in opiate addiction in
humans. This has been explored in a preliminary study of
heroin addicts, in which participants were given daily doses
of CBD (400 or 800 mg) or placebo for 3 days (Hurd et al.,
2015). CBD reduced craving both 24 h and 7 days later,
mirroring the preclinical rodent study (Ren et al., 2009). This
beneficial effect of CBD may not be limited to opiate addic-
tion as a conceptually similar, albeit more modest, effect has
also been observed in tobacco smokers (Morgan et al., 2013).
In this small week-long study, smokers were instructed to in-
hale a metered dose of CBD (400 pg) or placebo when they felt
like smoking. CBD acutely reduced the number of cigarettes
smoked, but this effect was not maintained after the cessation
of CBD administration. Interestingly, and in contrast to the
heroin study, CBD did not alter craving, either acutely or per-
sistently. Therefore, it is not clear whether CBD has general-
ized effects on the expression of cue-drug memory to elicit
craving and precipitate relapse, or whether its effects are spe-
cific to certain classes of addictive drugs.

For the maintenance (i.e. reconsolidation) of drug-related
memories, there is a single study on morphine and cocaine con-
ditioned place preference. When the place preference memory
was briefly reactivated in order to trigger reconsolidation, CBD
administration (10 mg-kg~ ') immediately thereafter led to an
impairment in the subsequent maintenance of both cocaine
and morphine memories to reduce place preference at test
(de Carvalho and Takahashi, 2016). This was a long-lasting
effect, which is usually evidence for reconsolidation impair-
ments. However, the study lacked a true non-reactivation
control, and so the long-lasting impairment, especially for
morphine place preference, is not dissimilar to the aforemen-
tioned persistent reduction in the expression of cue-heroin
memories in the self-administration setting (Ren et al., 2009).
Therefore, it is still unclear whether CBD indeed impairs the
reconsolidation of drug memories. Nevertheless, there are indi-
cations from the comparison between the place preference and
self-administration studies to suggest that their results might be
underpinned by qualitatively different processes. For example,
while the CBD-induced impairment failed to ameliorate
heroin-primed reinstatement of drug seeking (Ren et al.,
2009), post-reactivation CBD did prevent morphine-primed re-
instatement of place preference (de Carvalho and Takahashi,
2016). Moreover, the contrasting effects of post-reactivation
CBD and acute CBD treatment on the subsequent expression
of cocaine memories (de Carvalho and Takahashi, 2016)
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suggest that the impairment in cocaine place preference is not
simply explained by long-lasting modulation of drug memory
expression.

Similarly, there is a single study on the effect of CBD on
drug memory extinction. Injection of CBD (5 mg-kg™") prior
to an extinction trial enhanced the subsequent reduction in
cocaine and amphetamine place preference (Parker et al.,
2004). Despite the lack of a no-extinction control, the obser-
vation that CBD reduces the expression of stimulant-induced
place preference again suggests that such a reduction was, at
least in part, due to the concomitant extinction trial. Interest-
ingly, the ability of CBD to reduce cocaine and amphetamine
place preference in this extinction study (Parkeret al., 2004) is
similar to the previous observation that CBD impairs the
reconsolidation of morphine and cocaine memories in the
same place preference setting (de Carvalho and Takahashi,
2016). Indeed, while there was a difference in the timing of
CBD administration between the two studies, the single
behavioural trial that served to extinguish (Parker et al.,
2004) or destabilize (de Carvalho and Takahashi, 2016) the
drug memory did not differ greatly. The extinction trial was
15 min in duration, compared with a 10 min reactivation
trial, although the former was confined to the drug-paired
chamber, whereas the latter was a test. Moreover, the condi-
tioning parameters were similar across the two studies, and
also to previous studies of reconsolidation that have used
30 min confined reactivation trials for amphetamine place
preference (Sakurai et al., 2007), 20 min confined reactivation
trials for cocaine place preference (Valjent et al., 2006) and
10 min confined reactivation trials for morphine and nico-
tine place preference (Wang et al., 2008; Fang et al., 2011).
Also, given that the parameters of appetitive memory
reconsolidation and extinction are usually well distin-
guished, such that they are each typically defined by very
different durations of context re-exposure or numbers of cue
presentations (Flavell and Lee, 2013), it is unclear if CBD both
enhances extinction and impairs reconsolidation of drug
memories. It is perhaps more likely that the ability of CBD
to reduce later drug place preference observed in these two
studies (Parker et al., 2004; de Carvalho and Takahashi,
2016) instead reflects qualitatively similar processes. By sim-
ply considering the parametric comparisons presented above,
we conclude that there is stronger evidence for CBD
impairing drug memory reconsolidation than there is for it
enhancing drug memory extinction. Furthermore, given that
pharmacological enhancement of extinction is usually
dependent upon appreciable extinction-mediated memory
reduction (Weber et al., 2007; Bouton et al., 2008), and there
was no evidence for any such reduction in the CBD study
(Parker et al., 2004), it remains unclear if CBD actually
enhances drug memory extinction.

Concluding remarks and future
directions

Converging lines of evidence have established that acute
CBD treatment is anxiolytic in both animals and humans. A
growing number of preclinical studies also indicate that this
drug reduces fear memory expression when given acutely.
Importantly, CBD produces an enduring reduction in learned
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fear expression when given in conjunction with fear memory
reconsolidation or extinction by disrupting the former and
facilitating the latter. This makes CBD a potential candidate
for testing as a pharmacological adjunct to psychological
therapies or behavioural interventions used in treating PTSD
and phobias. These effects of CBD are mediated at least in part
by 5-HT;a receptors and indirectly via endocannabinoid-
mediated action on cannabinoid receptors, although the
involvement of other possible pharmacological mechanisms
hasnot yet been investigated. Studies have begun to elucidate
the neural circuit mechanisms underlying the effects of CBD
on anxiety and learned fear. The recent functional imaging
studies in humans, which examined the alterations in brain
activity that accompany the anxiolytic effects of CBD, may
inform future preclinical and clinical studies investigating
the wider neural circuitry involved in mediating its effects
on learned fear. In contrast to anxiety and learned fear,
research into the effects of CBD on addictive drug memory
processing is still in its infancy. Therefore, further studies
are needed to determine the psychological, pharmacological,
and brain mechanisms involved in the attenuation of drug
memory expression by CBD in relation to different classes
of abused drugs. Given the significant co-morbidity between
anxiety-related and substance abuse disorders, CBD should
also be investigated as a common treatment for such disor-
ders. One outstanding issue that needs to be addressed is
determining the effects of chronic CBD treatment on different
emotional memory processes. For example, one potential ther-
apeutic strategy is to use CBD chronically to reduce symptoms
by dampening fear and/or drug memory expression. However,
CBD given acutely during the psychological therapy session
aimed at impairing memory reconsolidation or enhancing
extinction might be sufficient to facilitate this effect. Another
important consideration is how CBD would be delivered for
treating these disorders. Most of the recreationally used
cannabis available today contains low levels of CBD and high
levels of THC, which can exacerbate symptoms; however,
cannabis strains containing a more favourable CBD : THC ratio
mightbe an option (Hurd et al., 2015). Similarly, novel formula-
tions of CBD containing only trace amounts of other
phytocannabinoids have recently become available for the
putative treatment of childhood epileptic disorders (e.g.
Epidiolex, GW Pharmaceuticals; Gofshteyn et al., 2016). In
summary, this line of research may lead to the development
of a formulation of CBD for use as a treatment for anxiety-
related and substance abuse disorders in the future.
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is inability of the mutant chain to participate in trimer assembly,
leading to a 50% reduction in collagen X. We suggest that the
mechanism of growth plate abnormalities in Schmid MCD is
similar to that in the mice. The transgenic mice described here
will, therefore, not only provide insights into collagen X regula-
tion and function during EQ, but can also serve as models for
chondrodysplasias with spondylometaphyseal involvement. []
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Molecular characterization of
a peripheral receptor for
cannabinoids
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THE major active ingredient of marijuana, A°-tetrahydrocannabi-
nol (A°-THC), has been used as a psychoactive agent for thousands
of years. Marijuana, and A’-THC, also exert a wide range of other
effects including analgesia, anti-inflammation, immunosuppres-
sion, anticonvulsion, alleviation of intraocular pressure in glau-
coma, and attenuation of vomiting'. The clinical application of
cannabinoids has, however, been limited by their psychoactive
effects, and this has led to interest in the biochemical bases of their
action. Progress stemmed initially from the synthesis of potent
derivatives of A-THC"*, and more recently from the cloning of a
gene encoding a G-protein-coupled receptor for cannabinoids®.
This receptor is expressed in the brain but not in the periphery,
except for a low level in testes. It has been proposed that the non-
psychoactive effects of cannabinoids are either mediated centrally
or through direct interaction with other, non-receptor proteins'’*,
Here we report the cloning of a receptor for cannabinoids that is
not expressed in the brain but rather in macrophages in the mar-
ginal zone of spleen.

To identify novel G-protein-coupled receptors expressed in
myeloid cells, polymerase chain reaction (PCR ) using degenerate
primers was done on complementary DNA prepared from the
human promyelocytic leukaemic line HL60. Treatment of HL60
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cells with dimethylformamide (DMF) induces granulocyte
differentiation, whereas tetradecanoylphorbol acetate (TPA)
induces macrophage differentiation’. Amplification products
from DMF-treated cells were cloned and sequenced, and six
classes of clone showed homology to the G-protein-coupled
receptor family. Two of these classes corresponded to previously
identified receptors; the interleukin-8 receptor-B (ref. 10) and
the adenosine A3 receptor'' (S.M., manuscript in preparation),
Of the remaining four sequences, only one showed particular
homology to a published receptor. This clone, CXS5, was related
to a cannabinoid receptor cloned originally from rat brain®. To
investigate the functional significance of this homology, the CX5
insert was used to screen an HL60 ¢cDNA library. Two cDNA
clones were obtained, hCX5.1 and hCX5.36, the latter extending
the furthest 5" and the complete nucleotide sequence of this clone
is shown in Fig. 1a. The protein encoded by hCXS5.36 shows 44%
identity with the human cannabinoid receptor and the degree of
identity rises to 68% for those transmembrane residues proposed
to confer ligand specificity'>.

To determine if the CX5 receptor binds cannabinoids, the
hCX5.36 cDNA was inserted into an expression vector and
transfected into tissue culture cells. Figure 22 shows a binding
curve of the cannabinoid receptor ligand Win 55212-2 (ref. 13)
to membranes prepared from the transfected cells. The control
cells do not express receptors for cannabinoids, but expression
of hCX5.36 causes the appearance of a saturable number of
high-affinity binding sites for WIN 5512-2 and also for a second
high-affinity cannabinoid CP55,940 (ref. 5; Fig. 2b, and data
not shown). The affinities of the receptor for these structurally
unrelated ligands (Win 55212-2: dissociation constant Ky 3.7 nM
(+/—0.4nM); CP55,940: K, 1.6 nM (+/—0.5nM)), are com-
parable to the analogous figures (24 nM and 2-15 nM) reported
for the brain receptor' '°. Furthermore, competition binding
analysis showed that the CXS5 receptor can distinguish between
closely related derivatives of the archetypal cannabinoid A®-
THC, showing a lower affinity for the relatively inactive cannabi-
diol, than for the biologically active A>-THC, cannabinol and
11-OH-A’-THC (Fig. 2b). Thus it appears that hCX5.36 encodes
a selective, high-affinity receptor for cannabinoids. Note that
although cannabinol is only weakly cannabimimetic and binds
the brain receptor with an affinity about 10-fold less than that
of A*THC"", this ligand binds to the CX5 receptor with an
affinity comparable to that of A>-THC (250 nM versus 320 nM,
Fig. 2b). This suggests that cannabinol may have a preference
for the CX35 receptor over the brain receptor. Recently, a novel
compound isolated from brain, arachidonylethanolamide (anan-
damide), has been identified as a candidate ligand for the brain
receptor'® and Fig. 2b shows that this compound can also bind
to the CXS5 receptor. The binding affinity (K, 1.6 pM (+/-0.4))
is lower than that reported for brain membranes (K; 52 nM),
but it should be noted that the apparent receptor affinities of
cannabinoids can vary depending on the assay system used™'*'"”,
In the following text we shall refer to the original receptor as
CB-R and this new receptor as CX35.

When CX5 was used to probe northern blots of RNA from
HL60 cells it hybridized to two transcripts of about 2.5 and 5.0
kilobases (kb) (Fig. 34). The two transcripts probably arise from
the use of alternative poly(A)~ addition sites. Clone hCX5.1
does not have a poly(A) " tail at the position of that in hCX5.36,
but instead extends further in the 3’ direction (Fig. la). The
putative polyadenylation sequence of hCX5.36 (GAUAAA) is
a variant of the AAUAAA consensus that is found in a small
fraction of messages and which can be used, albeit inefficiently, in
vitro'’. CX35 is expressed in uninduced HL60 cells, but transcript
levels are elevated further on myeloid, or granulocyte, differen-
tiation, although the gene does not appear to be expressed in
mature neutrophils isolated from blood (data not shown).

To investigate the tissue distribution of CX3, a portion of a
rat homologue was isolated by PCR. This rat probe (rCXS5)
detects an mRNA of about 2.5 kb in spleen, but not in a variety
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FIG. 1 Nucleotide and protein a
sequences of the cDNAs hCX5.36 and
hCX5.1. a, Nucleotide sequence of the HCX5.36
hCX5.36 c¢DNA and the protein
CAGGTCCTGGGAGAGGACAGAAAACAACTGGACTCC TCAGCCCCCGGCAGC TCCCAGTGCCCAGCCACCCACAACACAACCCAAAGCC 90
sequence encoded by the longest TEEN! o el d i £G I
open ready frame, the m-fran:\e StO_p MetGluGluCysTrpvalThrGlulleAlaAsnGlySerLysAspGlyLeuAsp
codon upstream of the most 5' ATG is CTAGACAAGCTCAGTGGAATCTGAAGGGCCCACCCCATGGRAGGAATGC TGGGTGACAGAGATAGCCAATGGCTCCAAGGATGGCTTGGAT 180
underlined. Also shown is the nucleo-
tide sequence of hCX5.1 where it SerAsnProMetLysAspTyrMetIleLeuSerGlyProGlnLysThrAlaValAlavalleuCysThrieuleuGlylLeuleuSerAla
diverges from that of hCX5.36 after TCCAACCCTATGAAGGATTACATGATCCTGAGTGGTCCCCAGAAGACAGCTGTTGCTGTGTTGTGCACTCTTICTGGGCCTGCTAAGTGCC 270
the putative poly(A) addition site )
(underlined). b, Comparison of the LeuGluAsnValAlavValleuTyrLeulleLeuSerSerHisGlnLeuArgArglysProSerTyrLeuPhelleGlySerLeuAlaGly
protein encoded by hCX5.36 with the CTGGAGAACGTGGCTGTGCTCTATCTGATCCTGTCCTCCCACCAACTCCGCCGGAAGCCCTCATACCTGTTCATTGGCAGCTTGGCTGGG 360
previously reported human cannabi- AlaAspPheleuAlaSerValvalPheAlaCysSerPhevalAsnPheHisValPheHisGlyvalAspSerLysAlavalPheLeuleu
noid receptor™. Identities are boxed GCTGACTTCCTGGCCAGTGTGGTCTTTGCATGCAGCTTTGTGAATTTCCATGT TTTCCATGGTGTGGAT TCCAAGGCTGTCTTCCTGCTG 450
and the seven putative transmem-
brane segments are underlined. LysIleGlySerValThrMetThrPheThrAlaSerValGlySerleuleuteuThrAlalleAspArgTyrLeuCysteuArgTyrPro
METHODS. Oligo-dT primed cDNA was AAGATTGGCAGCGTGACTATGACCTTCACAGCCTCTGTGGGTAGCCTCCTGCTGACCGCCATTGACCGATACCTCTGCCTGCGCTATCCA 540
synthesized from poly(A)" RNA pre-
pared from HLB0 cells induced with ProSerTyrLysAlalLeuleuThrArgGlyArgGlylLeuvalThrieuGlyIleMetTrpValleuSerAlaleuvValSerTyrLeuPro
0.5% DMF for 3 days. cDNA (5 ng in CCTTCCTACAAAGCTCTGCTCACCCGTGGAAGGGGACTGGTGACCCTGGGCATCATGTGAGTCCTCTCAGCACTAGTCTCCTACCTGCCE 630
20 ul) was _ampllﬁed with Taq .poty- LeuMetGlyTrpThrCysCysProArgProCysSerGluleuPheProLeulleProAsnAspTyrieuleuSerTrplLeuleuPhelle
merase using degenerate primers CTCATGGGATGGACTTGCTGTCCCAGGCCCTGCTCTGAGC T TTTCCCACTGATCCGCAATGACTACCTGCTGAGCTGGCTCCTGTTCATC 720
encoding regions conserved between
many G-protein-coupled receptors. AlaPhelLeuPheSerGlyIleIleTyrThrTyrGlyHisValleuTrpLysAlaHisGlnHisValAlaSerLeuSerGlyHisGlnAsp
Those that produced CX5 were GAG- GCCTTCCTCTTTTCCGGAATCATCTACACCTATGGGCATGTTCTC TGRAAGGCCCATCAGCATGTGGCCAGCTTGTCTGGCCACCAGGAC 810
BEEECATY DU AT T gk ArgGlnValProGlyMetAlaArgMetArgleuAspValArgleuAlalysThrieuGlyLeuvall euAlavalleuleulleCysT
TGAAGCTTSHRTANANSANNGGRTT (en~ nvalPri rghetArgleuAspValArgie aLysThrlLe ylLeuva UAlaVall euleulleCysTrp
coded regions in bold in sequence AGGCAGGTGCCAGGAATGGCCCGAATGAGGCTGGATGTGAGG TTGGCCAAGACCCTAGGGC TAGTGTTGGCTGTGCTCCTCATCTGTTGG  S00
a“g:‘ment)- 40 cycles °fc94 °C, 1 min, PheProvalleuAlal euMetAlaHisSerLeuAlaThrThrl euSerAspGlnVallysLysAlaPheAlaPheCysSerMetLeuCys
50°C, 2min and 72°C 2min, in TTCCCAGTGCTGBCCCTCATGGCCCACAGCCTGGECACTACGCT CAGTGACCAGGTCAAGAAGGCCTTTGCT TTCTGCTCCATGCTGTGE 990
10 mM Tris—HC1 pH 8.3, 3 mM MgCl,,
100 mM tetramethylammonium chlo- LeulleAsnSerMetValAsnProvVallleTyrAlal euArgSerGlyGlulleArgSerSerAlaHisHisCyslLeuAlaHisTrpLys
ride, 0.05% Tween 20, 0.05% NP—-40, CTCATCAACTCCATGGTCAACCCTGTCATCTATGCTCTACGGAGTGGAGAGATCCGCTCCTCTGCCCATCACTGCCTGGCTCACTGGAAG 1080
£ oM DRTPS, b ERGh BHER. LysCysValArgGlyLeuGlySerGluAlalysGluGluAlaProArgSerSerValThrGluThrGluAlaAspGlyLysIleThrP
Gel-purified amplification  products ystysva ArgalyleuGlyse aLysGlu ALTOREGIET SR u spelylysllethriro
were digested with Apal and Hindlll AAGTGTGT TTGGGT! C TCCTCAGTCAC! TGAT! TCACTCCG 1170
a_nld c!oned into Bluescript. After clas- TrpProAspSerArgAspLeuASpLeuSerASpCys***
§lflcat!0ﬂ _Of the products by sequenc- TGGCCAGATTCCAGAGATCTAGACCTCTCTGATTGCTGATGAGGCCTCTTCCCAATTTAAACAACTCAAGTCAGAAATCAGTTCACTCCC 1260
ing, the insert from clone CX5 was TGGAAGAGAGAGAGGGGTCTTGGCACTCTCTTCTTACT TAAACCAGT CCCAGACACCTAGACACGRACCCCTTTTTGCTGATGAGTGTTG 1350
used to screen 2 x10° colonies of a GGACTGACTCCTGGAAGACAGCCTGGCCTTGCCCACCTGCACACAGTCTGTTGGATAGG TAGGGCCACGAGGAGTAGCCAGGTAGGCGAG 1440
¢DNA library from TPA-treated HLBO ACACAAAAAGGCCTGGGACAGGGTCAGTACAAGTCAGGACAGGC T TCATGCC TGCATCCTCCAGAGACCACCAGGAGCCAAAGCGAGCCT 1530
celis®® (from D. Simmons). Both CCAGGCCCAGCAATRAGGGAC TTGGGAGAAATC TGAGAAGAATGGGT TGTTCTCTTGGRAAGTCAGGGTATCAGATGGGATGRACATCCA 1620
hCX5.1 and hCX5.36 were isolated GGTCTTCTCTCTGCCTAATTGTCAAGGCCTCCTTGGCTCTGGAGCTATGAAAGGCCCCACT TTCAAGTCACCCTTGCCACTGAGGACOGA 1710
GGACTATGCTATGATGAGGATTAAGGTGTTGACT TGCCTCTTTCAGAGATAAATGACAAGCC TTCAAAAAAAAAAAAAAA 1790

several times and after restriction
mapping and partial sequencing of
both clones, the complete nucleotide
sequence of hCX5.36 was determined
by primer walking using double-
stranded dideoxy-sequencing. The
GenBank accession number for
hCX5.36 (CB2) is X74328.

HCX5,.1:

. . TATGCTATGATGAGGATTAAGGTGTTGACT TGCCTCTT TCAGAGATAAATGACAAGCCTTCAGTT TGGGGCATCCTGTTGTTTG.

b
hCB-R

hCX5
hCB-R
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of other tissues (Fig. 3b). In particular, the rCX5 transcript is
not detected in brain, even though the 6 kb mRNA encoding
the rat CB-R can be readily detected in the same sample. The
expression pattern of the CB-R gene corresponds well to the
distribution of binding sites for cannabinoids in the brain®'®
But it is possible that CXS is expressed in a subset of these sites
and its expression level is too low to be detected in total brain
RNA. To investigate this possibility horizontal sections of rat
brain were probed by in siru hybridization with labelled oligo-
nucleotides corresponding to rat CB-R and to rCX5 (Fig. 4). As
previously reported, the brain receptor has a widespread distri-
bution with high levels of expression in the cortex, hippocampus,
striatum and cerebellum, When adjacent sections were probed
for rCX3, no expression could be detected in these, or any other,
regions. The rCX5 oligonucleotide does, however, hybridize to
localized regions of the spleen (Fig. 4b, ¢). The expression
appears concentrated in the marginal zones found around the
periarteriolar lymphoid sheaths. The expression of hCX5 in
HL60 cells differentiated along the myeloid lineage implies that
this expression is likely to be in macrophages. To confirm this,
splenic macrophages/monocytes were purified using cell sorting
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FIG. 2 Binding of cannabinoids to the receptor encoded by hCX5.36. a,
Binding of [*H]Win 55212-2 to membranes from COS cells transfected
with an expression plasmid SC36, that contains the hCX5.36 cDNA. The
inset plot show the specific binding presented as bound/free against
[bound] (Mx10 *°). b, Displacement by cold cannabinoids of
[*H]CP55,940, or of [*H]Win 55212-2, bound to membranes from COS
cells transfected with SC36.

METHODS. Plasmid SC36 is hCX5.36 inserted into the vector CDM8®,
72 h after transfection, cells were Dounce homogenized and the mem-
branes pelleted from the post-nuclear supernatant at 90,000g for
20 min, washed and then resuspended in 50 mM Tris—=HC1 pH 7.4,
3 mM MgCl,, 1 mM EDTA and stored in liquid N.. Binding of [PH]Win
55212-2 (49.6 Ci mmol ~*; New England Nuclear) to membranes (40 ng
membrane protein per 150 pl reaction), was determined essentially as

Maximum specific binding (%) =

u
a ——R
1004 o .
80
60 \
W cannabidicl
40 © 110H-THC
< anandamice
20 =+ cannabinal

A THC

0 T T T T T T

-10 -9 - - -3

-6 5 -4
log [competitor] (M)

described, except that siliconized 1.5 m| polypropylene tubes were used
for the binding reactions and 5% ethanol, 5% Triton X-100 was used
to solubilize the membrane pellets®. Nonspecific binding was measured
in the presence of 10 uM A°-THC, and data points shown are means of
duplicates (average duplicate’s difference 4.3%). Displacement by cold
cannabinoids (Sigma) was determined using 1.0 nM [*H}CP55,940
(107 Ci mol—*; New England Nuclear), or for anandamide (provided by
R. Mechoulam) and cannabidiol, 1.0 nM [*H]Win§5212-2, although
similar results were obtained for all competitors with both hot ligands
(not shown). The anandamide displacement curve comprises data from
two separate experiments. All data points are means of duplicates and
all experiments were repeated at least twice. Inhibition constants (K)
in nM: 11-OH-A®-THC, 40 +/— 1.5; A®-THC, 320 +/— 80; cannabinol,
250 +/— 80; cannabidol, 38,000 +/—18,000.
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FIG. 3 Expression of CX5 transcripts in HL60 cells and in rat tissues. a,
Northern blots of RNA from HLBO cells induced with either 20 ng ml ™"
TPA or with 0.7% DMF, probed with either hCX5, or with ICAM-1 to follow
induction. The hCX5 blot was then reprobed for y-actin. b, Northern blot
of RNA from various rat tissues probed with a rat homologue of CX5
(SP, spleen; Li, liver; Na, nasal epithelium; Th, thymus; Br, brain; Lu,
lung; Ki, kidney). The blot was then reprobed with the rat cannabinoid
receptor (rCB-R) and then with actin. ¢, PCR analysis of rCX5 expression
in sorted rat spleenocytes. cDNA from rat spleenocytes sorted using
antibodies against CD11b for macrophages/monocytes, or CD5 for T-
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cells, was amplified with primers specific for rCX5, with products being
removed after the indicated number of cycles (32,36,40). To demon-
strate that the rCX5 signal derives from mRNA, cDNA reactions without
added reverse transcriptase were amplified for 40 cycles (—) and, as a
positive control, cDNAs were amplified with primers specific for elonga-
tion factor 1¢ (E).

METHODS. Total RNA was isolated from HL60 cells by lysis in guanidin-
ium/LiCl, and 7.5 ug per sample was separated on a 1.2% agarose/
4% formaldeyhde gel, transferred to nylon (Hybond-N, Amersham) and
ultraviolet cross-linked. Parallel blots were probed at 42 °Cin 5 x SSPE/
50% formamide/100 ug/ml salmon sperm DNA/5x Denhards/0.1%
SDS with either CX5 or ICAM-1°? labelled with **P by random-priming
(Pharmacia). After washing with 1 x SSC at 42 °C, the blot was exposed
to Kodak XAR with an intensifying screen, ICAM, 8 days; hCX5, 10
days). The blots were then stripped according to the manufacturer's
instructions and reprobed with human y-actin, exposure 6 h. The fall in
expression at the 6 h time point in TPA was reproducible. A rat homo-
logue of CX5 was cloned from genomic DNA by PCR using primers.
GGGCTCGAGGTNRAYTTYCAYGTNTT and GAGGGATCCATNSWRCARAAN-
GCRAA that encode sequences in hCX5 which are aiso found in the
cannabinoid receptor but not in other G-proten-coupled receptors
(VNFHVF (91-96) and FAFCSM (279-284)). Cloning of PCR products
of 600-650 bp produced primarily the rat cannabinoid receptor or a
seguence with 88% homology to hCX5, which was termed rCX5 (S.M.
unpublished observations). Total RNA extracted by guanidinium lysis
from various rat tissues (5-10 pg per lane) was blotted and probed as
before with rCX5, rat cannabinoid receptor and y-actin and then
exposed using a phospho-imager (Molecular Dynamics) for rCX5 (9 h),
CB-R (4 h) or XAR film (12 h) for actin. For PCR analysis, rat spleenocytes
were separated by FACS using MRC 0X-42 (CD11b)** or MRC 0X-19
(CD5)%? (Serotec). Cytoplasmic RNA prepared from 3x10° cells by
detergent lysis, (20 pug glycogen added as carrier) was treated with
ribonuclease-free DNase (0.5 unit for 10 min; RQ1, Promega), phenol
extracted, ethanol precipitated, resuspended in reverse transcriptase
buffer with random primers, divided in two and MMLYV reverse transcrip-
tase was added to one set (GIBCO). After 60 min at 37 °C, PCR amplifi-
cation was done with the primers TTTCACGGTGTGGACTCC and
TAGGTAGGAGATCAAGCG (rCX5, 214 bp product) or GAAATGCACCAT-
GAAGCT and TTACGATGCATTGTTATC (EF-1a, 645 bp product from
spliced transcript™) using 94 °C, 1 min 54 °C, 1 min, 72°C 1 min with
the manufacturer's buffer (Promega).
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and the expression of CX5 examined using PCR. Expression was
detected in the macrophage /monocyte population but not in the
CDS5-positive population used as a control.

The marginal zone is the site through which blood-borne cells
and antigens enter the spleen, and the marginal zone macro-
phages comprise a distinct population of highly phagocytic cells
thought to play a role in both digesting and processing bacterial

a + cold comp.

rCB-R

rCXS ..
FIG. 4 In situ analysis of expression of CX5 in brain and spleen. a,
Autoradiographs of in situ hybridizations with labelled oligonucleotides
for rat CX5 and for the rat cannabinoid receptor (rCB-R) to horizontal
sections of rat brain. Hybridizations were done on parallel sections in
the absence or presence (+ cold comp.) of a excess of unlabelled
oligonucleotide. b, Autoradiographs of in situ hybridization of CX5 to
pairs of transverse sections of the spleen without cold competitor (top)
or with (bottom). ¢, Hybridization of CX5 to the periphery of the white
pulp in spleen, an arrow head marks the central arteriole. Darkfield (D)
and haematoxylin/eosin staining in bright field (L).

METHODS. Oligonucleotides (45 bp long) were chosen from the anti-
sense of the second cytoplasmic loop of CX5 (residues 132-147) or the
equivalent region of the rat cannabinoid receptor, as this region is highly
divergent between the two genes and between other G-protein-coupled
receptors: GGTGACGAGAGCTTTGTAGGTAGGTGGGTAGCACAGACATAG-
GTA and GGTGACGATCCTCTTATAGGCCAGAGGCCTTGTAATGGATATGTA.
The oligonucieotides were tailed with **S-dATP and used at 0.5 ng ml~*
to probe 15 um sections as described previously™. If present, cold
competitor was at 100-fold excess. Sections were exposed to Kodak
XAR film for 7 days, and then to liford K& emulsion for one month at

4 °C. The CB-R oligonucleotide gave no specific staining to spleen (not
shown).
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antigens and in directing lymphocyte recirculation'” *'. We are

currently preparing antibodies specific for CX5 to investigate its
cellular distribution in more detail, but the in siru distribution
suggests that its expression is concentrated in these marginal
zone macrophages. The in vive function of CXS5 is presumably
to transduce a signal through a G-protein in response to an
endogenous ligand, although we do not yet have direct evidence
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for such coupling. Analysis of other seven spanning receptors
has suggested that basic, amphipathic helixes at either end of the
third cytoplasmic loop are involved in G-protein coupling and
appropriate residues are found in these positions both in the
CX5 sequence and in the brain receptor, which has been shown
to be G-protein coupled®>,

There are many reports of cannabinoids exerting suppressive
effects on various cells of the immune system, including
macrophages™ *°, although the significance of some of these
observations has been questioned because of the high doses of
drug used®. But the location of the CX5 receptor, and its distinct
structure from the brain receptor, strongly suggest that the endo-
genous ligand for these receptors will have an immuno-modula-
tory role in addition to its neuronal function. Anandamide has
been recently identified as a candidate ligand for the cannabinoid
receptor'® and this compound also binds to the CX5 receptor,
although with an apparent affinity 30-fold less than that reported
for the brain receptor. Anandamide is able to cross the blood
brain barrier rapidly” but worthwhile speculation as to its func-
tion, and possible interactions between the neural and immuno-
logical systems, will require the identification of all the sources
of this intriguing molecule. Furthermore, the question of further
potential ligands from brain remains to the resolved'®. Even so
the existence of the CX35 receptor does have further implications.
G-protein-coupled receptors are highly conserved throughout
evolution'?, and yet the sequence of CXS5 is considerably diver-
gent from that of CB-R. Of the 162 residues in transmembrane
sections of the human CB-R, three are different in rat CB-R,
but 68 are different in human CX5. This suggests that the two
receptors did not diverge recently and furthermore it suggests
that it should be possible to identify receptor-specific cannabino-
ids. The fact that cannabinol appears to have a higher relative
affinity for the CXS5 receptor than for the brain receptor, may
provide the basis for identifying such a ligand for the CX5 recep-
tor. We suggest that in future the two receptors be distinguished
by calling the brain receptor CBI and the CX5 receptor CB2. It
has been proposed that the peripheral effects of cannabinoids
are cither indirect effects of central actions, or reflect interactions
with non-receptor proteins such as lipoxygenases'®. It is clearly
possible that some of these peripheral effects are in fact mediated
through the CB2 receptor and it will be interesting to determine
the activities of any cannabinoids specific for this receptor. [
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THE microsomal triglyceride transfer protein (MTP), which cata-
lyses the transport of triglyceride, cholesteryl ester and phospho-
lipid between phospholipid surfaces, is a heterodimer composed of
the multifunctional protein, protein disulphide isomerase, and a
unique large subunit with an apparent M, of 88K (refs 1-3). It is
isolated as a soluble protein from the lumen of the microsomal
fraction of liver and intestine®. The large subunit of MTP was not
detectable in four unrelated subjects with abetalipoproteinaemia®,
a rare autosomal recessive disease characterized by a defect in the
assembly or secretion of plasma lipeproteins that contain apelipo-
protein B (ref. 6). We report here the isolation and sequencing
of complementary DNA encoding the large subunit of MTP. A
comparison of this sequence to corresponding genomic sequences
from two abetalipoproteinaemic subjects revealed a homozygous
frameshift mutation in one subject and a homozygous nonsense
mutation in the other. The results indicate that a defect in the gene
for the large subunit of MTP is the proximal cause of abetalipopro-
teinaemia in these two subjects, and that MTP is required for the
secretion of plasma lipoproteins that contain apolipoprotein B.
Based on the sequence of 1 of 10 peptides isolated from the
large subunit of MTP (Fig. 1), a 20-base, 32-fold degenerate
oligonucleotide probe was designed and used to screen a Agt10,
bovine small intestine cDNA library. Overlapping bovine clones

# To whom correspendence should be addressed.
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HASHISH—I
THE STRUCTURE OF CANNABIDIOL!
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Daniel Sieff Research Institute, The Weizmann Institute of Science,
Rehovoth, Israel

(Received 2 May 1963)

Abstract—Cannabidiol, one of the major components of hashish, has been shown to possess
structure 1I1a.

HasHISH (marihuana), the psychotomimetically active resin of the female flowering
tops of Cannabis sativa L., is one of the most widely used drugs in the illicit market
of narcotics in many parts of the world. The chemistry of the constituents of hashish
has been the subject of numerous publications since the beginning of this century.?
Due mainly to the masterly investigations? of Cahn, Adams and Todd, substantial
progress has been made in this field. However up till now the structure of only
one compound of the cannabis group,namely the physiologically inactive cannabinol
(I), has been fully elucidated.

We have initiated a program aimed at clarifying some of the remaining problems
connected with the chemistry of the constituents of hashish. This paper deals with
the structure and stereochemistry of cannabidiol, one of the major components of
hashish. Cannabidiol was isolated by Adams® and Todd* from marihuana and Indian
hemp resin, respectively. Structure II (without stereochemical assignments) was
suggested for cannabidiol.5%:¢ The carbon skeleton and the position of the hydroxyl
groups are undoubtly correctly represented by II, for cannabidiol has been converteds®
into cannabinol (I), whose structure has been proved by synthesis,® The terminal
position of the double bond has been adequately proved by chemical means.® The
position of the double bond in the alicyclic ring,5 however, seemed to require addi-
tional corroboration. We now present evidence that cannabidiol in fact possesses
structure IlIa.

The UV spectral analysis of cannabidiol reported by Adams®.¢% unequivocally
shows that the double bond in the terpene ring is conjugated neither to the terminal

! A portion of this study has been reported at a Meeting of the Israeli Chemical Society, Jerusalem,
April 1963 [R. Mechoulam, Bull. Research Council Israel 12A, 57 (1963)).

? For reviews on the subject see D. F. Downing, Quart. Rev. 16, 133 (1962); A.R. Todd, Experientia
2,55(1946); R. Adams, Harvey Lectures 37, 168 (1942); see also the series of papers by R. Adams,
the latest one of which is R. Adams, M. Harfenist and S. Loewe, J. Amer. Chem. Soc. 71, 1624 (1949).

? R. Adams, M. Hunt and J. H. Clark, J. Amer. Chem. Soc. 62, 196 (1940).

4 A. Jacob and A. R. Todd, J. Chem. Soc. 649 (1940).

5 R. Adams and co-workers, J. Amer. Chem. Soc. ® 62, 2566 (1940); ® 62, 2402 (1940); ¢ 62, 2215
(1940); 4 63, 2209 (1941); € 62, 2194 (1940).

¢ R. Adams, B. R. Baker and R. B. Wearn, J. Amer. Chem. Soc. 62, 2204 (1940); R. Ghosh, A. R.
Todd and S. Wilkinson, J. Chem. Soc. 1121, 1393 (1940).
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methylene group nor to the aromatic nucleus. Therefore the only three possible
positions are Al, A1® and AS.

The NMR spectra of cannabidiol (IIIa) and of its dinitrobenzoate (I1Ib) (see
Table) show the presence of three olefinic protons only. Two of these are the terminal
methylene group protons, while the third one is on the alicyclic ring double bond.
The presence of just one proton on this double bond excludes its formerly accepted
position (AS) in the proposed structure (IT). This is further supported by the presence
of two vinylic methyl groups, and only one methyl on a saturated carbon (w-methyl),
as shown by the NMR spectra. It is necessary now to decide between positions 1 and
1(6) for the location of the nuclear double bond.

Of special interest in the NMR spectra is the signal at 3-85 ppm in cannabidiol
(IIIa) and at 3-58 ppm in its ester (I1Ib). In both compounds the area of this signal
corresponds to one proton and we assign it to the hydrogen attached to C;. Such a
chemical shift is rather low for a proton « to a phenyl ring only, and it is therefore
postulated that the additional deshielding contribution must arise from an adjacent
olefinic center.” Placing the double bond at A! and not at the alternative AN®
position will satisfy this requirement. The C; proton couples its spin with the C,
proton, and the former appears as a doublet (J = 11 cps) with only minimal splitting
from the adjacent C, vinylic proton with which it forms an angle of ¢ = 85° (+5)}2
taking into account the stereochemistry of the molecule (vide infra). The doublet is
somewhat broad, which is probably due to a long range interreaction with the 7
methyl protons.

Further support for these assignments is obtained from the NMR spectrum of
tetrahydrocannabidiol® (1V) in which the two olefinic double bonds are reduced.
The signal originally found at 3-85 ppm in the spectrum of IIla, moves upfield to the
7 In p-cymene (A) the proton on the tertiary carbon « to the phenyl ring has a signal at 2-87 ppm,

while in saffrol (B) the corresponding signal is at 3-30 ppm (N.S. Bhacca, L. F. Johnson and
J. N. Shoolery, NMR Spectra Catalog, Varian Associates, 1962).
A
0—(‘]H2

y—o0

P
H-e2:87ppm
_CH;3:30 ppm

HC
eH,

8 ¢ values were measured from Dreiding models.
® R. Adams, M. Hunt and J. H. Clark, J. Amer. Chem. Soc. 62, 735 (1940).



The structure of cannabidiol 2075

2-60 ppm region, and is masked by the signals arising from the two additional protons
« to the phenyl ring on the side chain (Ca protons). Such a shift of this signal is
consistent with its assignment to the C; proton in IIla provided the double bond is
situated at Al. If the C; proton in IIfa were not allylic, hydrogenation of the double
bond would not have appreciably effected its chemical shift.

! H

! OH ]
- (GH, () W o
| \\\H
' AN
H N
OH
- Op Q‘!,r,, y
NO;
vV R= —CO
NO,

~ In order to confirm the position of the alicyclic double bond it seemed desirable

to convert this double bond into another chemical function and study the NMR
properties of the adjacent protons. Epoxidation, being an electrophilic reaction,
seemed to offer a facile route for a selective attack on the ring double bond without
a reaction on the terminal olefinic group, as the electron density on the latter is lower
than in the former.!® Indeed epoxidation of cannabidiol bisdinitrobenzoate (IIIb)
with one mole of perbenzoic acid yielded the monoepoxide V, m.p. 120-122°. The
NMR spectrum of the epoxide was instructive. It retained the signals due to
the two terminal olefinic protons at C, but lacked the signal for the proton on the
alicyclic ring double bond, indicating therefore that only the latter double bond had
undergone epoxidation. Furthermore a sharp new singlet appeared at 3-01 ppm
due to a proton « to an epoxide oxygen atom.!! It has been demonstrated that the
coupling constant between two protons on adjacent carbon atoms is a function of
the dihedral angle (4).!2 One of the implications of this relationship is that for
¢ == 70-110° the coupling constant (J) is quite small.l'~13 In the case of epoxides
fused to rigid cyclohexane systems, the dihedral angles between the proton « to the
epoxide oxygen and the two adjacent methylene protons are of such an order as to
give rise to observable splitting with one of the latter protons only.!* As an unsplit
signal was observed in the NMR spectrum of V for the proton « to the epoxide oxygen

1° For some recent examples of selective epoxidations see J. S. Showell, J. R. Russell and D. Swern,
J. Org. Chem. 27, 2853 (1962); F. C. Frostick, B. Phillips and P. S. Starcher, J. Amer. Chem. Soc.
81, 3350 (1959); L. S. Silbert, Z. B. Jacobs, W. E. Palm, L. P. Witnauer, W. S. Port and D. Swern,
J. Polymer Sci. 21, 161 (1956).

11 A, D. Cross, J. Amer. Chem. Soc. 84, 3206 (1962).

13 M. Karplus, J. Chem. Phys. 30, 11 (1959).

1# K. L. Williamson and W. S. Johnson, J. Amer. Chem. Soc. 83, 4623 (1961).
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atom (C, proton), it must be concluded that this proton is flanked by only one adjacent
proton. This can be realized only if the epoxide occupies the 1,2 and not the alter-
native 1,6 position. Indeed the dihedral angle (H—C,—C;—H) in epoxide V was
found to be 105° (+-10°) and should not give rise to an observable splitting. The C,
proton in the NMR spectrum of V appears as a sharp doublet at 3-24 ppm (J = 11 cps)
which is consistent with structure V for the epoxide. The C; proton couples its spin
only with the single proton at C,; no splitting could be observed due to the C, proton
which is in accordance with the above interpretation. If the epoxide oxygen atom
were on C,—C, then the signal of the C; proton should not have changed from that of the
starting material and its splitting pattern should have been much more complex.

On the ground of the above experimental results we propose the modified structure
Illa for cannabidiol.

It is noteworthy that neither basic nor acidic treatment of cannabidiol induces
isomerization of the A! double bond into conjugation with the aromatic system.4:5%.4.¢
The reason for this rather surprising observation might be due to hyperconjugation.!4
Conformational factors also must be taken into account. Due to the numerous
substituents in the vinicity of the carbon-carbon bond between the phenyl and the
alicyclic rings, a double bond in the alicyclic ring conjugated to the phenyl ring will
not be in the same plane as the phenyl ring. Hence, the driving force for an isomeriza-
tion Jeading to conjugation with the phenyl ring may be considerably diminished.

Adams® has shown that oxidation of tetrahydrocannabidiol (IV) with potassium
permanganate in acetone gives a menthane carboxylic acid (VIa), which is identical
with the acid obtained from menthyl chloride (VII) through a Grignard reaction
with carbon dioxide. Grignard reactions of this type have been shown to give the
thermodynamically more stable acid. Thus Shoppee!® has reported that carbonation

~ >N ~
l 4: :7 S Mg W Khn0e W .
\ RY
N 2.C0; \ “*acelons AN O/.,

cu *COOR N

N\,

o
% Gy )

¥ it o,R=H A4
b,R=CH,
of a Grignard reagent prepared from either 3x-bromo-cholestane or 3;-bromo-
cholestane gives the same cholestane-3s-carboxylic acid in which the carboxyl group
is equatorial. By equilibration experiments we have now shownthat the carboxylic group
in (VIa) is also equatorial. Methyl menthane carboxylate (V1b) when boiled with
sodium methoxide in benzene or in absolute methanol gave back unchanged starting

14 1t has been observed that the unconjugated 1,1 dimethyl-3-phenyl propene (C) is more stable than
the isomeric styrene (above 150°, at which temp the experiments were performed). (H. Pines
and J. Shabtai, unpublished data communicated to us by Dr. J. Shabtai).

C H,C—-CH=C(CH,).

.

15 G. Roberts, C. W. Shoppee and R. J. Stephenson, J. Chem. Soc. 2705 (1954).
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material. Gastambide'® has also assigned structure VIa to menthane carboxylic acid
by comparing the rotations of different menthyl and neomenthyl derivatives.

If it is assumed that during the relatively mild oxidation of tetrahydrocanna-
bidiol no inversions have taken place, then the stereochemistry of cannabidiol is
correctly represented by Illa. Further support for this stereochemistry assignment
can be found in the NMR spectra. The large coupling constant (J = 11 cps) between
the C; and C, protons in both III and V indicates that the dihedral angle between
them is that of two trans diaxial hydrogens.!1-13

The stereochemistry of the epoxide ring in V can also be deduced from the NMR
spectrum. It was shown already that the C; proton, which appears as a doublet in the
NMR spectrum of the epoxide V, forms an angle of 105 (410°) with the C, proton.
These two hydrogens are therefore in a trans relationship, and it follows that the
epoxide ring and the phenyl ring are also trans oriented, as depicted in V.

Some insight into the conformation of the bisdinitrobenzoate ester of cannabidiol
(11Ib) could be gained by inspection of its NMR spectrum. It can be seen from the
Table that the dinitrobenzoylation of the two phenolic groups induces a significant
upfield shift of all protons associated with the cyclohexenering structure. Such shiftscan
be accounted for in terms of diamagnetic currents arising from the aromatic nuclei.
However the cyclohexene ring must be at least partially disposed above (or below)
the plane of one of the 3,5 dinitrobenzene rings to account for its shielding. Since the
phenolic ring carries two bulky ortho substituents it is probably forced out of planarity
with the cyclohexene ring and a situation where the 3,5-dinitrobenzene rings fold over
and below the cyclohexene ring can be readily attained.*

TABLE—NMR SPECTRA OF CANNABIDIOL AND ITS DERIVATIVES®

C,—H C,—H Cy—H 10 & 7-methyls  w-methyl
Cannabidiol 5:59(s) 4-66, 4-58(s) 3-85(br)(d) 1-80, 1-68(s) 0-88(t)
(Illa) ) 2) ¢)] (6) 3)
Cannabidiol- 5-33(s) 4-73, 4-55(s) 3-58(br)(d) 1-59, 1-22(s) 0-92(t)
bisdinitroben- (J = 11 cps)
zoate (IIIb) (4)) 2) (6} 1)) 3)
—
Tetrahydro 0-91 0-81 (br)
cannabidiol (1V) (12)
———
Epoxy-canna- 3-01(s) 475, 4-55(s) 3-24(d) 1-56 0-90
bidiol bis (J = 11 cps)
dinitrobenzoate (V) ) 2) ) )

¢ Spectra were determined on a Varian A-60 spectrometer in deuteriochloroform. Values given
in p.p.m. relative to tetramethylsilane as internal standard. Numbers in parentheses denote number
of protons, determined by integration of areas. Letters in parentheses denote singlet (s); doublet
(d); triplet (t); and broad (br).

* Note added in proof

Prof. F. Santavy of Palacky University, Olomouc, Czechoslovakia has kindly informed us that,
mainly on the basis of optical rotation data, he has reached the same conclusions as reported in this
paper regarding the structure of cannabidiol and that his manuscript is in preparation.

A. J. Bose™2 has found, by a method different than ours, that methane carboxylic acid has
structure Vla.
1¢ B. Gastambide, Ann. Chim., (Paris) 9, 257 (1954).
1¢a A. K. Bose, S. Harrison and L. Farber, J. Org. Chem. 28, 1223 (1963).
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EXPERIMENTALY

Monoepoxycannabidiol bisdinitrobenzoate (V). To a cooled solution of perbenzoic acid (207 mg,
by titration) in 20 cc chloroform was added 1-05 g cannabidiol bis 3,5-dinitrobenzoate. The solution
was left in the dark at 20° for 16 hr, washed with cold 59 sodium hydroxide solution, then several
times with water and was dried (sodium sulphate). After evaporation a solid residue was recrystatlized
from acetone—pentane, giving 900 mg monoepoxy cannabidiol bis 3,5-dinitrobenzoate, m.p. 116-120°.
The analytical sample showed m.p. 120-122°, («);,-54° (CHCly). Purity was determined by chromato-
plate. (Found: C, 58-68; H,4-78; N, 7-84, CyH,,0,sN,requires: C, 58-49; H, 4-77; N, 7-80%).

Equilibratior: experiments of methyl menthane carboxylate (VIb). (-)Menthane carboxylic acid’®
(m.p. 65-66°; 200 mg) (x),-44° (CHCIl;) was reacted with freshly distilled diazomethane. The
resulting methyl ester was dissolved in benzene, sodium methoxide (1 g) was added and the reaction
mixture was boiled for 16 hr. After acidification with 5% hydrochloric acid, the benzene solution
was washed with water, dried (sodium sulphate) and evaporated. The resulting oil was identical
with the starting ester by its IR spectrum, by chromatoplate, and by vapour phase chromatography
(on 7% silicon oil, temp 110°, gas flow 430 cc/min, on a Perkin Elmer vapour fractometer model 154
as well as on 109, Apiezon L, APL, temp 146°, gas flow 70 cc/min on a Pye Argon Chromatograph).
In another run the methyl menthyl carboxylate was not isolated, but after the equilibration water
was added to the reaction mixture which was boiled for another 1 hr. After cooling the aqueous
phase was washed with ether, acidified with 59; hydrochloric acid and extracted with ether. Evapor-
ation of the ether solution gave pure (—) menthane carboxylic acid, m.p. 65-66°, (a)p-44°, identical
with the starting material (IR, mixture m.p., NMR spectra). Identical results were obtained when
the experiments were performed with sodium methoxide in absolute methanol rather than in benzene.

Acknowledgements—The authors wish to thank Prof. F. Sondheimer for his interest and encourage-
ment, Dr. A. Melera of Varian AG, Zurich for his help in some of the NMR work, Dr. J. Shabtai
for use of a VPC instrument, and especially the Israeli Police for supplying the crude hashish.

17 Microanalyses were carried out by our microanalytical laboratory under the supervision of Mr.
R. Heller.

18 N. I, Kursanov, J. Russ. Phys. Chem. Soc. 46, 815 (1914); Chem. Abstr. 9, 1751 (1915); J. G.
Smith and G. F. Wright, J. Org. Chem. 17, 1116 (1952).



Identification and Functional
Characterization of Brainstem
Cannabinoid CB, Receptors

Marja D. Van Sickle,’* Marnie Duncan,’* Philip J. Kingsley,?
Abdeslam Mouihate,” Paolo Urbani,> Ken Mackie,* Nephi Stella,®
Alexandros Makriyannis,6 Daniele Piomelli,” Joseph S. Davison,’
Lawrence J. Marnett,? Vincenzo Di Marzo,? Quentin J. Pittman,’

Kamala D. Patel,” Keith A. Sharkey't

The presence and function of CB, receptors in central nervous system (CNS)
neurons are controversial. We report the expression of CB, receptor messenger
RNA and protein localization on brainstem neurons. These functional CB,
receptors in the brainstem were activated by a CB, receptor agonist, 2-
arachidonoylglycerol, and by elevated endogenous levels of endocannabinoids,
which also act at CB, receptors. CB, receptors represent an alternative site of
action of endocannabinoids that opens the possibility of nonpsychotropic
therapeutic interventions using enhanced endocannabinoid levels in localized

brain areas.

Endocannabinoids, anandamide, and 2-
arachidonoylglycerol (2-AG) are lipid medi-
ators that act at CB, and CB, receptors (/, 2).
Their actions are terminated through cellular
uptake facilitated by a putative endocanna-
binoid transporter, followed by intracellular
enzymatic hydrolysis. Two degradative en-
zymes for endocannabinoid metabolism are
known; fatty acid amide hydrolase (FAAH)
preferentially degrades anandamide, and
monoacylglycerol lipase preferentially de-
grades 2-AG (I, 3, 4). The CB, receptor is
highly expressed in the CNS, where cannabi-
noids act at presynaptic CB, receptors to elicit
changes in the synaptic efficacy of neuronal
circuits (5). The CB, receptor has been found
outside the CNS and is particularly associated
with immune tissues, such as the spleen and
thymus, as well as in various circulating im-
mune cell populations (6). In the CNS, CB,
receptor mRNA has been reported in cerebel-
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lar granule cells (7), and CB, receptors have
been described on perivascular microglial
cells and in cultured cerebrovascular endothe-
lium (8, 9). CB, receptor expression is
enhanced on glia in neuritic plaques and on
immune cells in simian immunodeficiency
virus encephalitis (10, 11). To date, however,
the CB, receptor protein has not been
localized on central neurons, and the effects
of endocannabinoids in the brain have always
been attributed to an action at CB, receptors.

We found CB, receptor mRNA expression
in the brain (cerebellum, cortex, and brain-
stem) and spleen of the rat using reverse tran-
scription polymerase chain reaction (RT-PCR)
(Fig. 1). Sequencing of the 472—base pair PCR
product showed that the products amplified
from the spleen, cortex, and brainstem were
identical to the rat CB, receptor sequence
(12, 13). Using quantitative real-time RT-PCR,
we determined that the brainstem contained
1.5 £ 0.9% of the CB, receptor mRNA found
in the spleen (fig. S1) (/4). Amplification of
CB, receptor from the brainstem was not due
to genomic contamination of our sample,
because amplification of RNA that was not
reverse-transcribed did not lead to the gener-
ation of a product. Furthermore, our real-time
PCR primers spanned intron-exon borders,
which ensured that the only product that could
be amplified was the spliced mRNA.

We next investigated whether CB, receptor
protein could be detected by Western blotting
and/or immunohistochemistry (/4). Western
blotting for the CB, receptor in the brainstem
and cerebellum revealed three bands at about
45, 55, and 60 kD (Fig. 1), similar to previous
reports in spleen (/5). In the brainstem, CB,
receptor immunoreactivity was found in neu-
rons within the dorsal motor nucleus of the
vagus (DMNX), the nucleus ambiguous, and
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the spinal trigeminal nucleus; glial cells and
blood vessels did not express detectable CB,
receptor immunoreactivity (/6). Preincubation
with the cognate peptide of the CB, receptor
antibody completely abolished cellular stain-
ing. These results are in contrast to the con-
clusions drawn by Derbenev et al. (17), who
reported no CB, mRNA or receptor protein in
similar regions of the rat brainstem. However,
evaluation of their figures reveals a faint band
of immunoreactivity in Western blots, con-
sistent with our observations, and their RT-
PCR primers were directed against different
regions of the CB, receptor mRNA. The dif-
ferences in the conclusions drawn likely
reflect the low abundance of CB, receptor in
the brain relative to the spleen and the choice
of RT-PCR primers.

We next pursued the functional significance
of this observation. The major psychoactive
cannabinoid, A°-tetrahydrocannabinol (THC),
is effective in the treatment of nausea and
vomiting (emesis) (/8). THC acts on neurons
in the dorsal vagal complex of the brainstem,
the site of integration of emetic reflexes that
includes the nucleus of the solitary tract (NTS),
the area postrema, and DMNX (18, 19), where
we found CB, receptor expression. These well-
characterized actions of CBs have been dem-
onstrated in the ferret. Because of the inability
of rodents to vomit, we verified our observa-
tions of the receptor distribution in this species
(Fig. 1). Indeed, as in the rat, we observed
major bands of immunoreactivity in Western
blots at about the same relative molecular
weights and a similar distribution of CB, re-
ceptor expression in neurons of the DMNX.

These results led us to investigate whether
endocannabinoids could act at the CB, recep-
tor in the brainstem to inhibit emesis. Using
morphine-6-glucuronide (M6G) as an emetic
stimulus, we found that both anandamide and
2-AG dose-dependently reduced emesis in the
ferret (Fig. 2) (/4). Using selective CB re-
ceptor antagonists, we attempted to reverse the
actions of these endocannabinoids. The anti-
emetic effect of anandamide was almost com-
pletely reversed by the selective CB, receptor
antagonist AM251 but was not significantly
altered by the CB, antagonist AM630, which
is consistent with the fact that the anandamide
is not very efficacious at CB, receptors (2)
and indicates that the dose of AM630 used
does not antagonize CB, receptors. In contrast,
the antiemetic effects of 2-AG were reversed
by both AM251 and AM630 (Fig. 2). Thus,
the CB, receptor may be functionally
expressed in the ferret brainstem and could
be targeted by an endocannabinoid. As we
observed the ferrets during our studies, we
noted that 2-AG administration was far less
sedating than anandamide (Fig. 2). This action
is consistent with a preferential effect at a CB,
receptor, because CB, receptor activation in
vivo is associated with sedation (2).
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Fig. 1. CB, receptor is expressed in the rat, mouse, and ferret CNS. (

RNA was isolated from the spleen (SPL), cerebellum (CER) cortex (COR)
and brainstem (BS) of rats. RT-PCR was performed using primers for CB,
receptor (CB,) or B-actin, and the expected ampllcons were 472 and 277
base pairs, respectlvely No band was detected in the no template control
(NT). RNA from rat brainstem was reverse-transcribed or mock-treated
before PCR. No bands in the RNA sample indicates amplification was not
due to genomic DNA in the RNA sample. (B) Western blot containing
protein homogenates of ferret or rat brain as indicated, beside Western
blot of the same homogenates incubated with antibody preabsorbed
with control peptide. Major bands were observed at about 45, 55, and 60
kD in rat and ferret brainstem (arrows; n = 6). In the ferret spleen, higher
molecular weight bands were also observed (arrow). In the rat brain and
spleen and ferret brain, we completely preabsorbed all the immuno-
reactive bands. However, in the ferret spleen, bands were substantially
reduced, but not completely preabsorbed, with the concentration of
peptide used. (C) CB, receptor immunoreactivity in the dorsal motor
nucleus of the vagus of wild-type (left) and CB,/~ (right) mice (30).

Fig. 2. Endocannabinoids reduce emesis
induced by M6G. (A) Episodes of emesis 10
after treatments of emetic agent alone,
M6G (0.05 mg/kg, subcutaneously; n =
10) or the following treatments (n = 3 to
7) preceding M6G; anandamide (AEA-1,
1 mg/kg and AEA-2, 2 mg/kg); and 2-
arachidonoyl glycerol (2-AG-0.5, 0.5 mg/kg;
and 2-AG-2, 2 mg/kg). AEA and 2-AG
had no emetic actions when given alone.
(B) Episodes of emesis after M6G alone;
or with the transport inhibitor (VDM11-
0.5, 0.5 mg/kg; and VDM11-2, 2 mg/kg);
paired ineffective doses of VDM11 and
2-AG (0.5 mg/kg); an FAAH inhibitor
URB 597 (3 mg/kg). (C) Activity during
the 60-min observation after the treat-
ments indicated. (D) CB, antagonist
AM251 (5 mg/kg) reversed the effects
of anandamide (AEA, 2 mg/kg), 2-AG (2
mg/kg), and VDM11 (2 mg/kg). In
contrast, the CB, antagonist AM630 (5
mg/kg) did not reverse the effect of AEA
(2 mg/kg), but effectively reversed the
action of 2-AG (2 mg/kg) and VDM11 (2
mg/kg). In the presence of AM630 (5
mg/kg), there were 3.4 + 0.7 emetic
episodes (n = 5) in animals given a lower 0
dose of AEA (1 mg/kg), which is not

significantly different from the 2.8 + 1.3

emetic episodes (n = 5) in the absence

of AM630. AM251 and AM630 had no

emetic actions when given alone. AM630

>

Episodes of emesis

Activity (minutes)
N
?

Note the lack of immunoreactive cell bodies in the knockout mouse (n = 3
per group). Scale bar, 50 um. (D) Immunoreactivity for the neuronal
nuclear marker NeuN (left, green) and CB, receptor immunoreactivity
(center, red) in neurons of the dorsal motor nucleus of the vagus of the
ferret and rat, as indicated. Overlay (right) of NeuN and CB, receptor
illustrates that CB, receptor immunoreactivity is present in neurons of
both the ferret and rat (n = 4), where it is localized on the cell membrane
and in the cytoplasm of the neurons. Scale bars, 20 um.
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did not potentiate the effects of M6G, whereas AM251 enhanced emesis as previously described (77). Results are expressed as percentage of number of
episodes of emesis induced by M6G. *Significant differences compared with M6G alone, P < 0.05. Bars represent mean + SEM.
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Although these data were strongly indicative
of the actions of 2-AG at CB, receptors, it was
important to evaluate whether endogenously
released endocannabinoids reduce emesis
through an action at CB, receptors. We used
two approaches that would raise endocannabi-
noid levels in the brain. First, we tested whether
the selective endocannabinoid reuptake inhibi-
tor VDMI1 (20) inhibited emesis. Second, we
tested whether an FAAH inhibitor (URB 597)
(21) reduced emesis. In both cases, we blocked
or reduced the extent of emesis induced by
M6G (Fig. 2). We extended these studies to
find whether VDM11 would potentiate the
effects of 2-AG. We used doses of VDMI11
and 2-AG that alone did not significantly
reduce emesis. When VDMI11 was given
together with 2-AG, we found a significant
attenuation in the number of emetic episodes
(Fig. 2). URB 597 strongly sedated animals,
which suggested that this compound may
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selectively enhance anandamide levels. Con-
versely, VDM11 had no sedative effects, and
the antiemetic effects were reversed by both
AM251 and AM630, which suggested that
VDMI11 may preferentially affect 2-AG levels.

If the arguments made above were correct
and if endocannabinoids undergo increased
turnover in response to an emetic stimulus,
treatment with VDM11 or URB 597 would be
expected to increase the levels of endocanna-
binoids in the brainstem. We investigated this
using a model of emesis under anesthetized
conditions, so that the brains could be rapidly
removed and frozen in order to limit the in-
herent instability of endocannabinoids in tissue
samples (/4). Ferrets were given hypertonic
saline as an emetic stimulus because M6G is an
inconsistent emetic in anesthetized animals.
Levels of anandamide and total arachidonoyl
glycerol [which reflect tissue 2-AG levels (/4)]
were measured in the brainstem and, for com-

50 1

pmol AEA/g tissue

VDM11 URBS97
HS HS

control HS

nmol AG/g tissue

control HS

VDM11 URBS97
HS HS

Fig. 3. Endocannabinoid levels in the ferret brainstem (left) and cerebellum (right). Control ferrets
received intragastric normal saline (n = 4 to 7). After the emetic stimulus intragastric hypertonic
saline (HS), levels were not significantly increased. URB597 (5 mg/kg) increased anandamide (AEA)
levels in the brainstem but not in the cerebellum. VDM11 (3 mg/kg) increased total arachidonoyl
glycerol (1-AG and 2-AG, 1AG accounts for about 20% and 2-AG about 80% of total) in both the
brainstem and cerebellum when compared with the HS group (P < 0.05).

Fig. 4. A CB, receptor agonist
activates neurons in the dorsal mo-
tor nucleus of the vagus (DMNX) of
the rat. Immunoreactivity for pERK
in rats treated with vehicle (A) (n =
3) and (B) the selective CB, re-
ceptor agonist, AM1241 (1 mg/kg;
n = 7). AM1241 stimulated the
expression of 56 * 1.2 pERK
immunoreactive cells per section
in the DMNX compared with 1.2 +
0.2 pERK immunoreactive cells in

www.sciencemag.org SCIENCE VOL 310

vehicle-treated animals. pERK immunoreactive cells were also observed in the
nucleus of the solitary tract (not shown on figure). pERK immunoreactivity
(red) was observed in nuclei and cytoplasm of activated cells. (C) CB,
receptor immunoreactivity (green) was observed on the cell membrane and

in the cytoplasm of DMNX neurons.
illustrate the presence of pERK in neurons that express the CB receptor
(arrows). pERK immunoreactivity was observed in about 15 to 20% of the
CB, immunoreactive neurons. Scale bar, 50 pm.
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parison, the cerebellum. Levels of endocanna-
binoids in the ferret under basal conditions or
after emesis were comparable to levels pre-
viously found in rodents (Fig. 3). As expected
from the pharmacological experiments de-
scribed above, VDM11 specifically increased
levels of total arachidonoyl glycerol in the
brainstem and cerebellum, whereas pretreat-
ment with URB 597 only increased the levels
of anandamide in the brainstem.

These results led us to investigate whether
selective CB,, receptor agonists reduced em-
esis. We observed no statistically significant
reductions in emesis in animals given the CB,
receptor agonists AM1241 (1 or 2 mg/kg) or
JWH 133 (1 or 5 mg/kg) before M6G (22).
This finding was not completely surprising, as
inhibitors of endocannabinoid inactivation
can be more efficacious than “direct” agonists
(23-25). Furthermore, these data suggest that
CB, receptor activation alone is not sufficient
to inhibit emesis and that, under appropriate
conditions, for example, those produced by
inhibiting endocannabinoid inactivation, the
CB, receptor can be activated in local brain
regions together with CB, receptors and can
inhibit emesis. This hypothesis was sup-
ported by a significant reduction in episodes
of emesis (7.1 £0.5t0 5.0 £ 0.7; n=6to 10;
P < 0.05) when anandamide (0.5 mg/kg)
and AM1241 (1 mg/kg) were administrated
together at doses that were not antiemetic
when either compound was given alone
with M6G.

The behavioral evidence cited above is not a
direct measure of neuronal activation and does
not directly show functionally active CB, re-
ceptors in the brainstem. To determine whether
CB, receptor agonists can activate neurons of
the DMNX, we investigated the expression of
phosphorylated extracellular signal-regulated
kinase 1/2 (pERK) in rat DMNX neurons by
immunohistochemistry (/4), because phospho-
rylation of this enzyme is enhanced by can-
nabinoid agonists in other regions of the brain and
in cell lines (26, 27). Administration of the CB,
receptor agonist AM1241 increased pERK in
DMNX neurons when compared with vehicle-
treated controls (Fig. 4).

D) Overlay of pERK and CB, receptor
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We have shown that CB, receptors are
present in the brainstem and also in the cor-
tex and cerebellum. As inferred by the use of
a selective CB, antagonist, the brainstem
receptors are functionally coupled to inhibi-
tion of emesis when costimulated with CB,
receptors by an endogenous cannabinoid ca-
pable of activating both receptors. The extent
of participation of CB, receptors in this
effect is sufficient to reduce the widespread
behavioral actions associated with the ad-
ministration of CB, agonists. However, gen-
eralized activation of CB, receptors leads to
immunosuppression (28) and is potentially
deleterious if used as a therapy. Others
have suggested that modulating the endo-
cannabinoid system in the CNS represents a
promising strategy for therapies for CNS
disorders (29). Our observations suggest that
targeting specific local populations of can-
nabinoid receptors (both CB, and CB,) by
enhancing endocannabinoid levels where
they are released represents a therapeutic
strategy that may be useful in disorders
where either CB, or CB, receptor activation
alone would not be desirable. This approach
would circumvent the psychotropic and
immunosuppressive side effects of exoge-
nously administered cannabinoids and would
provide an alternative approach for the thera-

peutic utilization of this unique neuroregula-
tory system.
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Observing Others: Multiple
Action Representation in
the Frontal Lobe
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Giacomo Rizzolatti,? Guy A Orban™*

Observation of actions performed by others activates monkey ventral premotor
cortex, where action meaning, but not object identity, is coded. In a functional
MRI (fMRI) study, we investigated whether other monkey frontal areas respond
to actions performed by others. Observation of a hand grasping objects ac-
tivated four frontal areas: rostral F5 and areas 45B, 45A, and 46. Observation of
an individual grasping an object also activated caudal F5, which indicates
different degrees of action abstraction in F5. Observation of shapes activated
area 45, but not premotor F5. Convergence of object and action information in
area 45 may be important for full comprehension of actions.

Understanding actions performed by others is a
fundamental social ability. There is now wide
consensus that the activation of the motor
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mantic information about the action can the
actions of other individuals be completely
understood (3).

The functional properties of a set of neu-
rons in monkey ventral premotor cortex (area
F5) provide evidence for the involvement of
the motor system in action understanding.
These “mirror” neurons discharge both when
the individual performs an action and when the
individual observes another person performing
the same action (4, 5). They therefore match
the observed action with its internal motor
representation. F5 neurons responding to the
observation of grasping respond equally well
when a piece of food or a solid object of
similar size and shape is being grasped. The
object’s identity appears to be ignored in F5
4, ).

Weused fMRI in five awake monkeys (M1,
M3 to M6) (6-9) to test how actions per-
formed by others are represented in the mon-
key frontal lobe. In experiment 1, we intended
to localize the frontal lobe regions involved in
action observation. Monkeys saw video clips
showing a full view of a person grasping an
object (“acting person”), or an isolated hand
grasping objects (“hand action”) and static
single frames or scrambled videos as controls.
The acting person movies approximate the
visual stimulation used in F5 single-cell
studies (4, 5) and provide context informa-
tion that is lacking in the hand action
movies, which has been used in most human
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Cannabinoids and Cytochrome P450 Interactions
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Abstract: Objective: This review consists of three parts, representing three different possibilities of interactions
between cannabinoid receptor ligands of both exogenous and endogenous origin and cytochrome P450 enzymes
(CYPs). The first part deals with cannabinoids as CYP substrates, the second summarizes current knowledge on the
influence of various cannabinoids on the metabolic activity of CYP, and the third outline a possible involvement of
the endocannabinoid system and cannabinoid ligands in the regulation of CYP liver activity.

Ondrej Zendulka

Methods: We performed a structured search of bibliographic and drug databases for peer-reviewed literature using

focused review questions.

Results: Biotransformation via a hydrolytic pathway is the major route of endocannabinoid metabolism and the deactivation of substrates
is characteristic, in contrast to the minor oxidative pathway via CYP involved in the bioactivation reactions. Phytocannabinoids are ex-
tensively metabolized by CYPs. The enzymes CYP2C9, CYP2C19, and CYP3A4 catalyze most of their hydroxylations. Similarly, CYP
represents a major metabolic pathway for both synthetic cannabinoids used therapeutically and drugs that are abused. In vitro experi-
ments document the mostly CYP inhibitory activity of the major phytocannabinoids, with cannabidiol as the most potent inhibitor of
many CYPs. The drug-drug interactions between cannabinoids and various drugs at the CYP level are reported, but their clinical rele-
vance remains unclear. The direct activation/inhibition of nuclear receptors in the liver cells by cannabinoids may result in a change of
CYP expression and activity. Finally, we hypothesize the interplay of central cannabinoid receptors with numerous nervous systems, re-
sulting in a hormone-mediated signal towards nuclear receptors in hepatocytes.

Keywords: Cannabinoids, cytochrome P450, endocannabinoid system, interaction, metabolism, regulation.

1. INTRODUCTION

Cytochrome P450 (CYP) enzymes are haem-containing
monooxygenases (EC 1.14.14.1) bound to the membranes of the
endoplasmic reticulum or mitochondria in the liver, intestine, kid-
ney, lung, brain, skin, and heart, with the highest level of expres-
sion in the liver and intestine [1, 2]. CYPs are functionally coupled
with cytochrome P450 reductase, which enables the transfer of
electrons from NADPH, the reduced form of NADP (nicotinamide
adenine dinucleotide phosphate), to CYP. Microsomal enzymes
from subfamilies CYP3A, CYP2C, CYP2D, CYP1A, and CYP2B
play a pivotal role in the metabolism of xenobiotics [2]. Variability
in the drug plasma levels may diverge depending on different fac-
tors, and according to some authors may reach up to 40-fold differ-
ences [3]. The most important factors influencing drug plasma lev-
els include the activities of the CYPs with their genetic polymor-
phisms, epigenetic changes such as DNA methylation and histone
deacetylation, together with exogenous factors. These factors sub-
stantially influencing CYP metabolic activity are the major source
of variability in the pharmacokinetics of drugs and thus in drug
responses [3]. CYPs are therefore of particular relevance in clinical
pharmacokinetics. On the other hand, the importance of CYP in the
metabolism of endogenous substances is also crucial. CYPs are
involved in the metabolism of steroid hormones, cholesterol, vita-
min D, bile acids and eicosanoids [1], and also most endocannabi-
noids [4].

Cannabinoids are a group of substances originally isolated from
the cannabis plant (Cannabis sativa). Today over 100 different
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molecules with similar structure, most of them with a C21 terpeno-
phenolic moiety, have been isolated and described [5, 6]. They are
known to have a wide range of pharmacologic effects [7, 8], for
which the hemp plant has been used for over 6000 years in herbal
medicine and as a recreational drug.

The first cannabinoid isolated from the cannabis oil was can-
nabinol (CBN) in 1898 [9, 10], followed by cannabidiol (CBD) in
1940 [11]. Nevertheless, the major psychoactive compound of can-
nabis remained unknown until 1964, when A’-tetrahydrocannabinol
(A°-THC) was isolated in its pure form [12, 13] and its structure
was described [14]. The second breakthrough in cannabinoid re-
search was the finding that A’>~THC elicits its activity by binding to
specific receptors. The first two G-protein coupled receptors
(GPCRs) to be discovered, which when activated inhibit adenylyl
cyclase, were called the CB1 and CB2 receptors. The CB1 receptor
was identified in the brain in 1988 [15], and the CB2 receptor in
immune cells in 1993 [16]. These were the first pieces of direct
evidence for the possible existence of the endocannabinoid system
[17]. The cloning of both of these receptors [16, 18] opened the
door to the identification of their endogenous ligands (endocan-
nabinoids), and to the description of their distribution and transduc-
tion signal pathways. Anandamide (N-arachidonoylethanolamine)
[19] and 2-arachidonoylglycerol (2-AG) [20, 21] are among the
first detected and most studied endocannabinoids so far. More re-
cent studies indicate that endocannabinoids, besides the cannabi-
noid receptor, can also activate multiple receptor targets, including
nuclear peroxisome proliferator-activated receptors (PPARs) [22,
23], the transient receptor potential vanilloid type 1 receptor
(TRPV1) [24, 25], and orphan G protein-coupled receptors, such as
GPR55, GPR119, and GPR18 [26-29]. Other works indicate that
cannabinoids have the ability to modulate the activity of additional
receptors and their signal transduction pathways, for example

© 2016 Bentham Science Publishers
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opioid, serotonin, NMDA, and nicotinic acetylcholine receptors
[29, 30].

Nowadays, the terminology concerning cannabinoids is not
unified. Some authors describe cannabinoids as ligands of cannabi-
noid CB1 or CB2 receptors of herbal (phytocannabinoids), endoge-
nous (endocannabinoids) or xenogenic origin (synthetic cannabi-
noids). Some others differentiate between a) true cannabinoids with
the structure derived from endogenous arachidonic acid or natural
herbal cannabis-derived compounds, b) synthetic cannabinoid-like
compounds of different structures with either direct or indirect can-
nabimimetic effects, or compounds inhibiting the cannabinoid re-
ceptor activities. Moreover, some authors consider endogenous
molecules with a similar structure, but without the ability to bind to
CB receptors to also be cannabinoids. These endocannabinoid-like
compounds can interfere with the activity of true endocannabinoids,
as they are in several cases synthetized and biotransformed via the
same pathways [31]. For the above reasons and to maintain the
clarity the authors of this review decided to use the name cannabi-
noids for all of the substances described. An overview of endocan-
nabinoids and endocannabinoid-like substances as well as the most
common phytocannabinoids, synthetic ligands of cannabinoid re-
ceptors used in preclinical studies, and cannabinoid derived drugs is
shown in Table 1.

The aim of this work is to provide a comprehensive review of
the interactions between CYPs and the endocannabinoid system and
its ligands. Here, we describe the role of CYP in the metabolism of
cannabinoids and vice versa the role of cannabinoids in the regula-
tion of CYP activity.

2. CANNABINOIDS AS SUBSTRATES OF CYTOCHROME
P450 MONOOXYGENASES

The endogenous and exogenous cannabinoids are substrates of
various CYPs. Due to the possibility of interaction between endo-
cannabinoids, phytocannabinoids, or synthetic cannabinoids and
other drugs at the CYP site, there is a risk of treatment failure or
drug toxicity. It is therefore important to identify possible sites of
such interactions for the successful prevention of pharmacokinetic
drug-drug interactions.

Current Drug Metabolism, 2016, Vol. 17, No. 3 207

2.1. Endocannabinoids and Endocannabinoid-Like Compounds

Numerous amides of fatty acids, notably amides of arachidonic
acid, its derivatives, and their metabolites, are potent ligands of
cannabinoid receptors. To date, anandamide (AEA), 2-AG and its
isomer 1-arachidonoylglycerol, oleamide (oleic acid amide),
virodhamine (O-arachidonoylethanolamine), di-homo-y-linolenoyl-
ethanolamide, N-arachidonoyldopamine, noladin ether (2-
arachidonylglyceryl ether), and N-arachidonoylserine were identi-
fied and proved to be endogenous ligands of at least some cannabi-
noid receptors. Other endogenous N-acylethanolamines, N-
acylethanolamides, and N-acyl-aminoacids such as palmitoyletha-
nolamide, N-arachidonoyltaurine, N-arachidonoylglycine [32-35],
N-docosatetraenoyl-ethanolamine, N-docosahexaenoylethanolamine,
or N-eico-sapentaenoylethanolamine were found in mammalian
tissues over the last decade and exhibit varying affinity to cannabi-
noid receptors CB1 and CB2. It is also possible that they potentiate
the effects of ,,classical* endocannabinoids such as anandamide and
2-AG independently of binding to CB receptors. Therefore, they are
sometimes called ,,endocannabinoid-like compounds® [4, 35-37].

The metabolism of AEA and 2-AG, being the first investigated
and most studied endocannabinoids, was recently reviewed by
Snider et al. [38] and Zelasko et al. [4].

The biological effects of most endocannabinoids are terminated
by transport to the cells and enzymatic inactivation. It was hypothe-
sized that the transport of endocannabinoids to the cells may also
regulate their biological effects. Mechanisms such as simple diffu-
sion, facilitated diffusion or endocytosis are thought to uptake AEA
to the cells [38]. A major degradation pathway is catalyzed by fatty
acid amide hydrolase (FAAH) and monoacylglycerol lipase
(MAGL) [4, 38]. The oxidative degradation of endocannabinoids is
only a minor pathway and involves the enzymes cyclooxygenase-2
(COX-2), 12- and 15-lipoxygenase (12-LOX, 15-LOX, respec-
tively), and CYPs [38-41]. Since some of the metabolites of endo-
cannabinoids originating via CYP enzymes are active ligands of CB
receptors, the role of this oxidative pathway remains unclear [4, 35,
37, 38]. Due to the focus of this review, CYP-mediated pathways
are described in detail.

Table 1. Overview of cannabinoids.
Endocannabinoids Endocannabinoid-like compounds Phytocannabinoids Synthetic cannabinoids
anandamide palmitoylethanolamide A’-tetrahydrocannabinol dronabinol”
2-arachidonoylglycerol N-docosatetraenoylethanolamine AP-tetrahydrocannabinol nabilone®
noladin ether di-homo-y-linolenoyl-ethanolamide cannabidiol rimonabant
virodhamine 2-oleoylglycerol cannabinol methanandamide
arachidonoyldopamine N-oleoylethanolamine cannabigerol JWH-0133
N-arachidonoylserine N-eicosapentaenoylethanolamine cannabichromen AM-251
ACEA
homo-y-linolenoylethanolamide N-docosahexaenoylethanolamine cannabivarin
ACPA
docosatet:;fl:g(,)lyi,elt}i-lno lamide oleamide cannabielsoin WIN 55,212-2
N-arachidonoylglycine cannabitriol CP 55,940
1- arachidonoylglycerol HU-210
N-arachidonoyltaurine

“synthetic analogues of A-THC
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2.1.1. Arachidonic Acid

Since the CYP-mediated metabolic pathways of endocannabi-
noids are closely similar to the metabolism of arachidonic acid
(AA), this CYP-mediated metabolism of AA is reviewed briefly so
as to elucidate theoretical possibilities of the oxidations at the “fatty
acid” site of endocannabinoid molecules.

CYPs are known to metabolize arachidonic acid by epoxida-
tion, ®/®-1 hydroxylation, bis allylic oxidations, and hydroxylation
to conjugated dienols (Fig. 1) [42-44]. As a result, a wide variety of
metabolites with biological activities are produced.

Arachidonic acid has four double bonds and epoxidation may
occur on any of them. The products of epoxidation, epoxyeicosa-
trienoic acids (EET), may be further hydrolyzed to dihydroxyeicosa-
trienoic acids (diHETE). EET are produced by several hepatic and
extrahepatic CYPs - CYP2C8, CYP2C9, CYP1A2, and CYP2B6, with
the latter playing only a minor role (Table 2). The w/®-1 hydroxyla-
tions of arachidonic acid to hydroxyeicosatrienoic acid (HETE) are
catalyzed by the CYP4A, CYP2EIL, and CYP4F families (Table 3).
Finally, bis-allylic oxidations and hydroxylations with double bond
migration are catalyzed by CYP families 1A, 3A, 2C, and 4F (Table 4).

2.1.2. Anandamide

Anandamide, the first known endocannabinoid, was isolated from
the porcine brain by L. O. Hanu§ and W. A. Devane from the team of
prof. R. Mechoulam at Hebrew University, Jerusalem in 1992 [19].
AEA is hydrolyzed by the membrane-bound enzyme FAAH, with the
highest level of expression in the liver. This degradative pathway is
the most important in the regulation of AEA cellular and tissue con-
centrations. FAAH hydrolyses AEA towards arachidonic acid and
ethanolamine. Thus the inhibition of FAAH may become a useful
alternative in cannabinergic treatment options [38]. COX-2, an en-
zyme expressed in an inducible manner in inflammation, converts
anandamide to several prostaglandin ethanolamides [46, 47]. Oxida-
tion of the aliphatic chain by 12-LOX and 15-LOX yields 12- and 15-
hydroxyanandamide. 12-hydroxyanandamide in particular may play a
significant role in the modulation of neuronal functions via its influ-
ence on neurotransmitter levels [48].

Zendulka et al.

16-HETE

17-HETE 5,6-EET

18-HETE 8,9-EET

19-HETE 11,12-EET

20-HETE 14,15-EET
®/@-1 hydroxylation epoxidation

arachidonic acid

hydroxylation with double bis allylic

bond migration oxidation
5-HETE 7-HETE
8-HETE 10-HETE
9-HETE 13-HETE
11-HETE
12-HETE
15-HETE

Fig. (1). CYP-mediated metabolism of AA [42-44].

CYPs involved in the degradation of AEA belong to the
CYP3A and CYP4F families. The biodegradation of anandamide by
CYPs was reported for the first time by Bornheim et al. in 1995
[49], who described its conversion by mouse liver microsomal frac-
tion to approximately 20 products, whose structures were not iden-
tified. Furthermore, pretreatment with common CYP inducers such

Table2. Epoxidation of AA catalyzed by cytochrome P450 enzymes [42-44].
CYP Product Tissue
2B6 14,15-EET, 11,12-EET liver
2C8 14,15-EET, 11,12- EET, 8,9-EET liver, lung, vascular endothelium
2C9 14,15- EET, 11,12- EET, 8,9-EET liver, lung, vascular endothelium
2C19 14,15- EET, 8,9-EET liver
212 5,6- EET, 8,9- EET, 11,12- EET, 14,15-EET kidney, GIT, pancreas
1A2 8,9- EET, 11,12-EET liver, lung
Table3. ®/w-1 hydroxylations of AA catalyzed by cytochrome P450 enzymes [44, 45].
CYP Product Tissue
4A11 19-,20-HETE liver, kidney
4F2 20-HETE liver, kidney
4F3 hydroxy-LTB, polymorphonuclears
4F11 liver, kidney
4F12 18-HETE liver, kidney
2El 19(S)-HETE, 19(R)-HETE, 18(R)- HETE
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Table4. Bis-allylic oxidations and hydroxylations of AA with double bond migration which are catalyzed by cytochrome P450
enzymes [42].

CYpP Product Tissue

1A2 7-,10-, 13-HETE liver

3A4 7-,10-, 13-HETE liver

2C8 11-,13-, 15-HETE liver

2C9 12-, 13-HETE liver

2C19 13-, 19-HETE liver

4F8 13-HETE liver, ovary/testes

4F12 18-HETE liver, kidney, GIT

as dexamethasone increased the formation of metabolites 5-15 fold,
and pre-treatment with a CYP3A antibody diminished the produc-
tion of anandamide metabolites. Bornheim ef al. also suggested that
the CYP3A, CYP2B, and CYPIA subfamilies are involved in the
metabolism of AEA in mouse liver microsomes. Similarly, Costa
et al. suggested that CYP3A and CYP2B subfamilies are involved
in the metabolism of anandamide in rat liver microsomes [50].

To the best of our knowledge, Snider e al. was the first to in-
vestigate the biotransformation sites of AEA by human liver and
kidney microsomal CYPs, and identified the metabolites [51]. The
biotransformation routes are fundamentally similar to those of AA.
Anandamide may be epoxygenated by several CYPs at positions 5-
6, 8-9, 11-12, and 14-15 to form four epoxyeicosatrienoic acid
ethanolamides (EET-EAs). At least in some of them, this oxidative
pathway is more bioactivation than degradation, since 5,6-EET-EA
seems to be a more stable CB ligand than AEA itself [38]. Never-
theless, all EET-EAs may be further hydroxylated in the ® positions
(again, similarly to AA metabolism) predominantly by CYP2D6
and thus 20-hydroxy-epoxyeicosatrienyl ethanolamides (HEET-
EAs) are produced [51]. With 5,6-EET-EA and 14,15-EET-EA,
hydroxylations at positions 16, 17, 18, and 19 were also described.
EET-EA may be hydrolyzed by epoxyhydrolase to form dihydroxy-
lated EET-EA [52].

Besides these reactions, - and ©-1-hydroxylations of AEA
were also described [4, 38, 51, 53]. Details on the oxidative me-
tabolism of AEA are shown in Figure 2.

2.1.3. 2-arachidonoylglycerol

The main metabolic degradation of 2-AG is catalyzed by
MAGL, FAAH, and o,-hydrolase domains (ABHD) 6 and 12 [4,
38, 54]. The structure of 2-AG suggests that they are subject to the
same oxidative metabolism as AA and AEA, which would lead to
four regioisomeric 2-epoxyeicosatrienylglycerol derivatives (EET-
G) (Fig. 3). In contrast to this assumption, only 2 EET-G were iden-
tified to date — 2-(11,12-epoxyeicosatrienyl)-glycerol and 2-(14, 15-
epoxyeicosatrienyl) glycerol, which are produced by CYP2J2 in rat
kidney and spleen [55] and in bovine and porcine myocardium [56,
57]. These metabolites demonstrate regulatory effects on blood
pressure, as was shown in the study of Awumey et al. [58].

As well as in EET-EA, the CYP-mediated epoxygenation of 2-
AG to EET-G seems to be a kind of bioactivation, since these me-
tabolites exhibit a tighter binding to CB receptors than 2-AG [56].
EET-G may be oxidatively decomposed by CYP2J2 to AA and
glycerol.

2.1.4. N-arachidonoyldopamine

N-arachidonoyldopamine (NADA) is another endocannabinoid
known to exert significant biological activity, e.g. in the immune
system and pain perception [59, 60]. Besides hydrolysis to AA and

dopamine by FAAH [35], NADA may be hydroxylated by rat mi-
crosomal protein in the presence of NADPH in the o and ®-1 posi-
tions to form 19- and 20-hydroxyeicosatetraenyl dopamine (19-
HETE-DA and 20-HETE-DA) [60] (Fig. 4).

The question of epoxygenase reactions analogous to the CYP-
mediated metabolism of AA and anandamide remains to be further
elucidated.

2.1.5. Other Endocannabinoids and Cannabinoid-Like Com-
pounds

The metabolic fate of the other endocannabinoids and cannabi-
noid-like compounds, such as virodhamine, oleamide, N-
arachidonoylglycine, N-arachidonoylserine, or N-arachidonoyltaurine
is not well understood, but hydrolysis with esterases or amide hy-
drolases is likely. On the other hand, hydrolysis of the ether group
(e.g. noladin ether) by these enzymes is not likely, in contrast to
oxidative metabolism, which may be an alternative degradative
pathway for ethers, but there is still no direct evidence for this.

2.1.6. Concluding Remarks Concerning Endocannabinoid Me-
tabolism

The metabolism of endocannabinoids via the hydrolytic path-
way (namely FAAH) usually produces inactive metabolites, in
terms of their affinity to bind to CB receptors. On the other hand,
the products of the oxidative pathway may be both metabolites with
a lower affinity to CB receptors (20-HETE-EA and 14,15-EET-EA)
and products with a higher affinity to the CB (or PPAR) receptor
than the parent compound, as shown with some 2-11,12-EET-Gs
and 2-14,15-EET-Gs [38]. Moreover, a molecule with higher stabil-
ity (5,6-EET-EA) can be produced. From this point of view, the
inhibition of endocannabinoid degradation may be a valuable
pharmacological target, and has been shown to produce anxiolytic-
like and antidepressant-like effects in animal models [62]. Despite
promising results from animal studies, there are no reliable data on
efficacy from clinical studies. The clinical trials were focused
mostly on safety; in general, the inhibitors were well tolerated and
lacked typical "cannabinoid-like effects" [62]. There has also been a
reported lack of efficacy in a clinical trial of an FAAH inhibitor in
the treatment of osteoarthritic pain [63]. Modulation of the oxida-
tive metabolic pathway was not studied in terms of a possible
therapeutic approach; modulating the oxidative pathway would be
problematic due to the involvement of CYPs (CYP2D6, CYP2CS,
CYP3A) in the metabolism of other endogenous substances and
possibly also co-administered drugs.

2.2. The Metabolism of Phytocannabinoids via Cytochrome
P450 Monooxygenases

The term phytocannabinoids covers naturally occurring phyto-
chemicals from Cannabis sativa, Cannabis indica, or Cannabis
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Fig. (2). CYP-mediated metabolism of anandamide [4, 38, 61].

ruderalis which are able to interact with cannabinoid receptors [64,
65]. Nearly 500 chemical entities were identified in Cannabis herb-
age, of which about 70 are phytocannabinoids. These compounds
are present in the highest amounts in the viscous resin produced by
the glandules of female cannabis inflorescence [64, 66]. As a result,
several chemical classes of phytocannabinoids were defined by
ElSohly et al. [66]: 1) cannabigerol type, 2) cannabichromene type,
3) cannabidiol type, 4) (-)-A’-trans-tetrahydrocannabinol type,
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5) (-)-A%-trans-tetrahydrocanna-binol type, 6) cannabicyclol type, 7)
cannabielsoin type, 8) cannabinol type, 9) cannabinodiol type, 10)
cannabitriol type, and 11) miscellaneous type. In terms of this clas-
sification, the (-)-A’-trans-tetrahydrocannabinol type, cannabinol
type, and cannabidiol type are the most abundant and best known
and studied. Out of 70 known phytocannabinoids, only A’-THC,
CBN, and CBD are reviewed in terms of oxidative metabolism by
CYPs. No data were found for the other phytocannabinoids.
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2.2.1. Ag-tetrahydrocannabinol

The oxidative biotransformation of A’-THC is quite compli-
cated — approximately 80 metabolites were identified in humans
[67]. The majority of the biotransformation processes of A°’-THC
are catalyzed by CYPs (Fig. 5). The first metabolite of A>-THC was
described back in 1970 by Nilsson ef al., who used NMR to identify
11-hydroxy-A’- THC in an extract from the incubation of a crude
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Fig. (7). Hydroxylation of CBD by CYP enzymes [72].

microsomal fraction of rabbit liver with A>~THC [68]. This metabo-
lite was formerly named 7-hydroxy-A'-THC, because of the differ-
ent numbering of the terpenophenolic ring in the past. The second
most abundant hydroxy-derivative of A°-THC is Sﬁ-hydroxy-Ag—
THC [69]. Later on, many other metabolites were identified, mostly
in experiments with liver microsomes of different species, including
humans, and the relative importance of CYPs was also examined,
containing epoxygenated metabolites of THC [70]. The authors
suggest that CYP2C9 and CYP3A4 probabl{;f play the most impor-
tant roles in the oxidative metabolism of A"-THC. Recently, Stout
et al. [65] published a unique systematic review on the metabolism
of cannabinoids.

Some of the metabolites of A>-THC seem to be active (e.g. 11-
hydroxy-A°-THC) and therefore some authors think that the oxida-
tive metabolism of A°-THC may be necessary for the effects of
cannabis [69].

2.2.2. Cannabinol

Cannabinol metabolism was studied by Kuzuoka et al. [71] and
Watanabe et al. [69]. The chemical structure of CBN, being similar
to A’>-THC, leads us to expect similar metabolic pathways mediated
by microsomal monooxygenases. The hydroxylations occur at posi-
tions 8 and 11, and CYP2C9 and CYP3A4 are involved in their
formation as reported in [65, 69, 71] (Fig. 6).

2.2.3. Cannabidiol

The metabolism of cannabidiol was investigated both in vivo
and in vitro. 33 different metabolites were found in human urine
from a patient treated with CBD, 600 mg/day [72].

CBD is metabolized primarily by the enzymes CYP2C19 and
CYP3A4 [65, 73]. The hydroxylation reactions occur at positions 6,
7, and positions 1”- 5" of the aliphatic pentyl- and position 10 on
the propenyl- substituent (Fig. 7). Moreover, these metabolites may
be further oxidized to form dihydroxylated metabolites and CBD-
oic acid derivatives [72]. In an experiment with recombinant human
liver microsomes, Jiang et al. proved that 7 out of 14 recombinant
human CYP enzymes may be involved in CBD metabolism [73].
These include CYP1A1, CYP1A2, CYP2C9, CYP2C19, CYP2D6,
CYP3A4, and CYP3AS.
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Among monohydroxylated metabolites, the most abundant were
60-OH-, 6B-OH-, 7-OH-, 1"-OH-, 2"-OH-, 3"-OH-, 4"-OH-, and
5"-OH-CBD [73]. The authors also confirmed the importance of
CYP3A4 and CYP2C19 in the overall metabolism of CBD, namely
in the 6a-, 6B-, 7-, and 4”-hydroxylations of CBD with the use of
selective isoform-specific inhibitors and anti-CYP3A4 antibodies.

2.2.4. Other Phytocannabinoids

The metabolism of other phytocannabinoids has not been stud-
ied in humans, but the hydroxylation of several cannabinoids, in-
cluding THC, CBD, CBN, cannabichromene (CBC), and cannabi-
gerol (CBG) was studied in vitro in the liver microsomal fraction in
several animal species [74]. In general, similar hydroxylation reac-
tions are catalyzed by microsomal fractions, but particular CYPs
responsible for the reactions were not identified. Hydroxylation
occurs most abundantly at the allylic part of the molecule at posi-
tions C5' and C6'. Apart from C5' and C6' hydroxylations, hydroxy-
lation also occurs at positions C2' and C1" to C5", and epoxidation
at the double bond of the methylpentenyl group [74] (Fig. 8).

Cannabigerol metabolism appeared to be similar to the metabo-
lism of CBC. Hydroxylations at the terminal allylic group of the
side chain were the most abundant reactions in the liver micro-
somes of all species except for mouse, where C6' or C7' epoxide
was the most abundant [74] (Fig. 8).
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Fig. (8). Structure of CBC (A) and CBG (B) and positions of oxidative
metabolism mediated by microsomal enzymes in mouse, rat, guinea pig,
rabbit, hamster, gerbil, cat [74].

In summary, phytocannabinoids are extensively metabolized by
CYP enzymes. For the most studied THC, CBN, and CBD, the
enzymes CYP2C9, CYP2C19, and CYP3A4 catalyze the majority
of hydroxylations. Most cannabinoids exhibit a similar pattern of
oxidative metabolism [74]. At first, tricyclic cannabinoids (THC,
CBD, and CBN) are the most effectively hydroxylated at the C-11
position and to a lesser extent also at the C-8 position. Various de-
grees of hydroxylation and epoxidation also occur at the carbons of
the side chain in all cannabinoids, with the exception of CBN.
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2.3. Synthetic Cannabinoids

Besides the substances isolated from natural materials, many
other ligands of CB receptors were synthetized in vitro. Synthetic
cannabinoids cover the whole spectrum of receptor ligand types
from full agonists to inverse agonists, and their biological effects
are therefore miscellaneous [75]. For the purposes of this review,
synthetic cannabinoids are classified into groups of drugs for thera-
peutic purposes, molecules used as research tools, and abused
drugs.

2.3.1. Synthetic Cannabinoids as Medicinal Products

Dronabinol (Marinol®) is a synthetic A>-THC for oral use. It is
approved for medical use in the United States and several other
countries. Dronabinol is indicated for the treatment of anorexia
associated with weight loss in patients suffering from AIDS and for
the treatment of nausea and vomiting associated with cancer che-
motherapy in patients who have failed to respond adequately to
conventional antiemetic therapy [76]. It undergoes extensive first-
pass hepatic metabolism, primarily by microsomal hydroxylation
via multiple CYPs, yielding both active and inactive metabolites. Its
principal active metabolite is 11-OH-A’-THC [76].

Nabilone (Cesamet®™) is a synthetic THC analogue for oral ad-
ministration. It is registered in Canada, the USA, and several other
countries for the treatment of nausea and vomiting associated with
cancer chemotherapy in patients who have failed to respond ade-
quately to conventional antiemetic treatments [77]. It has been sug-
gested that the antiemetic effect of nabilone is mediated by its inter-
action with the cannabinoid CB1 receptor within the central nerv-
ous system. The metabolism of nabilone is extensive, and several
metabolites have been identified. According to the data from Ce-
samet® SPC [77], there are at least two metabolic pathways in-
volved in the biotransformation of nabilone. A minor pathway is
initiated by the stereospecific enzymatic reduction of the 9-keto
moiety of nabilone to produce the isomeric carbinol metabolite.
Secondly, a metabolite of nabilone in faeces has been identified as a
diol formed by reduction of the 9-keto group plus oxidation at the
penultimate carbon of the dimethylheptyl side chain. In addition,
there is evidence of extensive metabolism of nabilone by multiple
CYPs. In vitro CYP inhibition studies using human liver micro-
somes showed that nabilone did not significantly inhibit the meta-
bolic activity of CYP1A2, 2A6, 2C19, 2D6, and 3A4. In clinical
use, nabilone is unlikely to alter the CYP-mediated metabolism of
co-administered drugs [77].

Rimonabant (Acomplia®™) was the first CB1 antagonist/inverse
agonist to be approved for therapeutic use in metabolic syndrome
and obesity [78]. Because of the significant risk of serious psychiat-
ric adverse effects, it was withdrawn from the market [79]. In vitro
experiments revealed CYP3A4 and amidohydrolase to be the major
metabolic pathways involved in the biotransformation of rimona-
bant into inactive metabolites [80].

A buccal spray preparation containing Cannabis extracts,
whose main active ingredients are A>~THC and CBD (Sativex®™), is
now available in many countries including the UK, Spain, Italy, and
Germany (not available in the US). It is used for the symptomatic
relief of spasticity or neuropathic pain in multiple sclerosis and in
cancer pain [81]. The active substances have the same structures as
natural A°-THC and CBD, therefore they undergo the same meta-
bolic pathways.

2.3.2. Synthetic Cannabinoids as Experimental Tools

Compounds that are known to activate CB1 and CB2 receptors
with approximately equal potency and that are most commonly
used in the laboratory as CB1/CB2 receptor agonists fall essentially
into one of four chemical groups: classical cannabinoids, nonclassi-
cal cannabinoids, amino-alkylindoles, and eicosanoids [29].

The classical group consists of dibenzopyran derivatives. The
prototypic synthetic member of this group is HU-210, a synthetic
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analogue of (-)-A*-THC. HU-210 displays a high affinity for CB1
and CB2 receptors, and also a high potency and relative intrinsic
activity as a cannabinoid receptor agonist [29]. In the study of Kim
et al. [82], the in vitro metabolism of HU-210 was investigated
using human liver microsomes to characterize associated phase I
metabolites. HU-210 was metabolized to yield a total of 24 metabo-
lites, characterized as mono-oxygenated, mono-hydroxylated, di-
oxygenated, or di-hydroxylated metabolites. The specific enzymes
involved in the formation of the metabolites were not investigated.

The nonclassical group contains bicyclic and tricyclic ana-
logues of A’-THC that lack the pyran ring. The most widely used
member of this group is CP 55,940. The oxidative metabolism of
CP 55,940 was studied in mouse liver microsomes by Thomas et al.
[83]. The mass spectral data indicated that five monohydroxylated
metabolites had been formed differing in their position of hydroxy-
lation. Two additional compounds were detected whose mass spec-
tral data suggested that these metabolites were hydroxylated at two
positions on the side chain. Side chain hydroxylation is consistent
with the metabolic profile of A’-THC [83].

The prototype of the aminoalkylindole group widely used in
cannabinoid research is WIN 55,212-2. WIN 55,212-2 exhibits a
relatively high efficacy at the CB1 and CB2 receptors and possesses
CBI1 and CB2 affinities in the low nanomolar range. The structure
of WIN 55,212-2 bears no structural similarity to classical, nonclas-
sical, or eicosanoid cannabinoids [84]. The metabolism of WIN
55,212-2 in rat liver microsomes was investigated in the study of
Zhang et al. [85]. The HPLC chromatogram revealed two major
and at least six minor metabolites derived from the parent com-
pound. The two major metabolites (representing 60 to 75 % of the
total metabolites) were each identified as dihydrodiol metabolites
resulting from the arene oxide pathway. Three of the minor metabo-
lites corresponded to structural isomers of the trihydroxylated par-
ent compound, the other two represent monohydroxylated isomers
and another was determined to be a dehydrogenation product. Spe-
cific enzymes involved in the formation of metabolites were not
investigated.

Members of the eicosanoid group of cannabinoid CB1/CB2
receptor agonists have structures quite unlike those of classical,
nonclassical, or aminoalkylindole cannabinoids. Two prominent
members of this group are the endocannabinoids AEA and 2-AG.

The starting point for the development of the first CB1 selective
agonists was the AEA molecule [29]. A number of agonists with
significant selectivity for CB1 or CB2 receptors have been devel-
oped. Important CB1 selective agonists include the AEA analogues
R-(+)-methanandamide, arachidonyl-2’-chloroethylamide (ACEA),
and arachidonyl-cyclopropylamide (ACPA). Of these, both ACEA
and ACPA share the susceptibility of AEA to enzymatic hydrolysis
by FAAH [29, 86]. In contrast, methanandamide is less susceptible
to enzymatic hydrolysis, probably because it is protected from this
by the presence of a methyl substituent at the 1" carbon [87].

The CB2 selective agonists most widely used as experimental
tools have been the classical cannabinoid JWH-133, and the less
selective aminoalkylindole JWH-015 [29]. The in vitro phase I
metabolism of JWH-015 using human liver microsomes was stud-
ied by Mazarino et al. [88]. A total of 18 metabolites were formed.
The biotransformation pathways detected consist of mono-
hydroxylation, di-hydroxylation, tri-hydroxylation, carboxylation,
N-dealkylation, dehydratation, and combinations of them, confirm-
ing data from the study with rat liver microsomes [89]. Specific
enzymes involved in the oxidative metabolism were not studied.

2.3.3. Synthetic Cannabinoids as Abused Drugs

Synthetic cannabinoids recently became the largest group of
compounds to be monitored in Europe by the EU Early Warning
System on new psychoactive substances [90]. “Legal high” prod-
ucts containing synthetic cannabinoids (SCs) have probably been
sold as herbal smoking mixtures since 2006. In 2008, a synthetic
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cannabinoid JWH-018 was detected for the first time in a herbal
mixture. In 2014, a further 30 new synthetic cannabinoids were
reported for the first time, bringing the total number reported by the
EU Early Warning System to 137 in February 2015 [91]. New
drugs are synthesized by slight modifications of the known psy-
choactive “parent” compound, to obtain similar - or even stronger -
psychoactive effects and to circumvent the law, being not yet in-
cluded in the lists of controlled substances [92]. The common prop-
erty of all SCs is that they interact with the CB1 and CB2 cannabi-
noid receptors and elicit cannabimimetic effects similar to A°-THC.
They are synthesized in clandestine laboratories and illegally added
to commercial products such as herbal blends (these are sold under
brand names such as “Spice” and “K2”), which are claimed to be
air fresheners or herbal incenses. The most common way of admini-
stration is smoking.

The majority of compounds are chemically unrelated to A’-
THC. To date hundreds of SCs were categorized into the following
structural groups: adamantoylindoles, aminoalkylindoles, ben-
zoylindoles, cyclohexylphenols, dibenzopyrans, naphthoylindoles,
naphthylmethylindoles, naphthylmethylindenes, naphthoylpyrroles,
phenylacetyl-indoles, tetramethylcyclopropylketone indoles, quino-
linyl ester indoles, and indazole carboxamide compounds [93].

Only limited data are available on the metabolism of the huge vari-
ety of synthetic cannabinoids. Due to the insufficient toxicity data,
controlled human drug administration studies are not feasible.
Therefore, in vitro experiments are alternative approaches for me-
tabolite profiling and structure elucidation. Most of the recent in
vitro metabolite-profiling studies utilize human liver microsomes or
human hepatocytes. So far, we have identified such studies for the
following synthetic cannabinoids: AB-CHIMINACA [94], AB-
FUBINACA [95-97], AB-PINACA [95, 96, 98], SF-AB-PINACA
[98], ADB-FUBINACA [95], AKB-48 [99, 100], SF-AKB-48
[100], AM-2201 [101, 102], APICA [103], CP 47,497 [104], HU-
210 [82], JWH-015 [88], JWH-018 [105-108], JWH-073 [108],
JWH-073 4-methylnaphthoyl analogue [108], JWH-122 [108-110],
JWH-200 [109], JWH-210 [88], MAM-2201 [110], PB-22 [95,
111], 5F-PB-22 [95, 111], RCS-4 [112], RCS-8 [113], STS-135
(5F-APICA) [103, 114], UR-144 [102], and XLR-11 [115].

In vitro metabolite-profiling studies with subsequent confirma-
tion in authentic specimens provide critically important information
for the identification of suitable in vivo biomarkers to document the
intake of SCs in clinical and forensic settings.

Two of the above-cited investigations also focused on the iden-
tification of specific CYP enzymes involved in oxidative metabo-
lism. Chimalakonda ez al. [101] studied the oxidative metabolism of
[1-naphthalenyl-(1-pentyl-1H-indol-3-yl]-methanone ~ (JWH-018)
and its fluorinated counterpart AM-2201 [1-(5-fluoropentyl)-1H-
indol-3-yl]-1-naphthalenyl-methanone. Kinetic analysis using hu-
man liver microsomes and six human recombinant CYPs (CYP1A2,
2C9, 2C19, 2D6, 2E1, and 3A4) identified CYP2C9 and CYP1A2
as the major CYPs responsible for the generation of hydroxylated
and carboxylated metabolites of JWH-018 and AM-2201. The con-
tribution of CYP2C19, 2D6, 2E1, and 3A4 in the hepatic metabolic
clearance of these synthetic cannabinoids was minimal. These find-
ings are further supported by the results of another investigation
that observed a concentration-dependent inhibition of JWH-018 and
AM-2201 oxidation in human liver microsomes by the CYP2C9-
and 1A2-selective chemical inhibitors sulfaphenazole and o-
naphthoflavone, respectively [116]. The study of Holm ez al. [100]
was focused on the elucidation of CYP enzymes involved in the
oxidative metabolism of N-(1-adamantyl)-1-pentyl-1H-indazole-3-
carboxamide (AKB-48, also known as APINACA). Metabolite
formation was screened using a panel of nine recombinant CYPs
(CYP1A2, 2B6, 2C8, 2C9, 2C18, 2C19, 2D6, 2E1, 3A4) and com-
pared the metabolites formed to human liver microsomal incuba-
tions with specific inhibitors against CYP2D6, 2C19, and 3A4,
respectively. The results demonstrate that CYP3A4 is the major
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CYP responsible for the oxidative metabolism of AKB-48, prefer-
entially performing the oxidation on the adamantyl moiety of the
compound. Such detailed data are not available for other SCs.
However, SCs are structurally diverse and the involvement of other
CYPs and non-CYP enzymes in phase | biotransformations is
likely. This was recently demonstrated for the quinolineindole syn-
thetic cannabinoids PB-22, SF-PB-22, and BB-22, where carboxy-
lesterase 1 hydrolyzes an ester bond [96]. In addition, carboxyles-
terase 1 also hydrolyzes the primary amide group of two other syn-
thetic cannabinoids, AB-PINACA and AB-FUBINACA [96].

Based on the recent evidence, synthetic cannabinoids are exten-
sively metabolized in phase I and phase Il biotransformation reac-
tions. CYPs are involved in phase I metabolism. Oxidative metabo-
lism forms preferably mono-, di-, and tri- hydroxylated, carboxy-
lated, and N-dealkylated metabolites. Unlike A’-THC metabolism,
several SC metabolites retain a high affinity for the CB1 and CB2
receptors and exhibit a range of intrinsic activities. The majority of
phase II SC metabolites are glucuronides.

3. CANNABINOIDS AS REGULATORS OF CYP META-
BOLIC ACTIVITY

The therapeutic use of cannabis, its extracts and synthetic can-
nabinoids together with the pleiotropic regulatory activity of the
endocannabinoid system and the role of CYP in the metabolism of
cannabinoids raises the question of drug-drug interaction with co-
administered medicines. The decrease in the metabolic activity of
individual CYPs can increase the plasma levels of their substrates,
and symptoms of toxicity could appear. In the opposite direction,
increased CYP activity will decrease the efficacy of its substrates,
and can lead to the failure of a therapy.

The interactions between cannabinoids and CYPs could be
simply caused by the competition of two substrates at the same
CYP protein. Nevertheless, the huge metabolic capacity of CYP
and involvement of alternative metabolic pathways decreases the
clinical importance of such drug-drug interplay. The second possi-
bility involves the direct interaction of cannabinoids with the CYP
protein in a non-competitive (allosteric) manner, which usually
leads to enzyme inactivation or a slowdown of the metabolic reac-
tion. On the other hand, the possibility of allosteric induction for
some substances was also described [117]. The final possibility for
how cannabinoids can influence the CYP-mediated metabolism of
co-administered drugs is by targeting the expression of CYP genes.
This possibility is likely, due to the involvement of the endocan-
nabinoid system in many physiological functions, including some
metabolic pathways [118, 119], and its interaction with many other
neuronal systems and circuits which might also be involved. There-
fore, the results of research focused on the direct interaction of
cannabinoids with CYP enzymes and the influence of cannabinoids
on the metabolic activity assessed after systemic administration or
in models using living cells with intact signal pathways could give
different results and are described separately.

3.1. Direct Interactions of Cannabinoids and CYP Proteins

Rimonabant was tested for the ability to bind to CYPs in the
model of human liver microsomes (HLM). Approximately 19 % of
the metabolites produced were covalently bound to CYPs [120].
Therefore it is not surprising that a mechanism-based inhibition of
CYP3A4 and decrease in the metabolic activity over 70 % was
described. A search for other CB1 antagonists for possible thera-
peutic use led to the synthesis of aminopyrazine CB1 inverse ago-
nists. The chlorine in the para position of the 5-phenyl ring was
found to be responsible for the inhibition of CYP3A4 and its substi-
tution with a trifluoromethyl moiety did not change the potency at
the CB1 receptor, increased aqueous solubility, and decreased po-
tential for CYP3A4 inhibition [121]. The negative psychotropic
effects of rimonabant could be eliminated with analogues not cross-
ing the blood-brain barrier but with the effect on peripheral CB
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receptors. LH-21, a CB1 antagonist with poor brain penetration, is
similar to rimonabant in both its anorectic affect and also CYP in-
hibiting activity [122]. It inhibits the metabolic activity of CYP3A4,
2C9, and 2D6 with the ICsy of 1.62, 8.14, and >105 uM, respec-
tively. The inhibition was weaker in comparison to the control in-
hibitors ketoconazole, sulfaphenazole, and quinidine. LH-21 is
reported to be a moderate inhibitor of CYP3A4 and CYP2C9 and
weak inhibitor of CYP2D6.

Ashino et al. described the inhibition of the CYP1A2 metabolic
activity of different synthetic cannabinoids with the indole structure
moiety in the model of mouse liver microsomes [123]. MAM-2201
and JWH-019 with the naphtoylindole structure were the most po-
tent inhibitors, and decreased the activity to 47.7 % and 64.3 % of
the control values at a concentration of 100 pM. Most of the ada-
mantoylindole derivatives inhibited the activity weakly (up to a 10
% decrease) except for STS-135, which exhibited an inhibition
comparable to naphtoylindole ligands. The last molecule tested with
the tetramethylcyclopropylindole core exhibited moderate inhibi-
tory activity with a decrease to 73.4 % of the control values at a 100
UM concentration.

A’-THC, CBN, and CBD are the most studied substances of the
phytocannabinoids group in terms of CYP interactions. All of them
competitively inhibit the CYPIA enzyme family, but with different
strengths [124]. The most potent inhibitor of CYP1A1 is CBD fol-
lowed by CBN, while the inhibition of CYP1A2 and CYP1BI1 was
stronger after CBN treatment. All the enzymes were inhibited by
A’-THC less potently, with a low selectivity for individual CYP1
enzymes. The subsequent studies revealed the pentylresorcinol
[125] or methylresorcinol [126] structures to be important for the
direct inhibition of CYP1A1. The same moiety is probabl(;/ involved
in the potent CYP2B6 inhibition by CBD [127], while A"-THC and
CBN have a weaker effect. All of the substances decreased the
activity in a mixed fashion in comparison to the inhibition of
CYP2A6, which is non-competitive, and the inhibition potency of
all three phytocannabinoids was weaker than the inhibition of
CYP2B6. Similar results were obtained with CYP2C9, which was
also inhibited by all three substances [128]. The strongest inhibition
was reported for CBN, followed by A’-THC and CBD. The same
substances were incubated with rat liver microsomes, and the 160-
and 2o-hydroxylation of testosterone was assessed [129]. The reac-
tion is mediated by CYP2C11, which is considered to be the coun-
terpart of human CYP2C9 [130]. However, the results are different
from those obtained in the human studies. The inhibition was only
detected in CBD-treated samples, while A°-THC and CBN did not
influenced the enzyme activity. Both CBN and A’-THC decreased
the omeprazole 5-hydroxylase activity, indicating their inhibitory
effect on CYP2C19 [131], and at least one of the free phenolic
groups and pentyl side chain are the structural determinants of this
effect. The activity of CYP2DG6 is again most sensitive to the effect
of CBD [132]. Its ICsy values were 2-4 times lower than those of
A’-THC and CBN. The CYP2D6 inhibition potency of these two is
similar. Similarly to the influence on the enzymes of the CYP1A
family, CYP3A enzymes are differentially sensitive to the effect of
the major phytocannabinoids. CBD inhibited the activity of
CYP3A4 and CYP3AS5 most potently, while the influence of all
three substances on the activity of CYP3A7 was comparable [133].
The inhibition of 3A4 can also be indirectly evidenced by the sup-
pression of cyclosporine A metabolism in both mouse and human
liver microsomes preincubated with CBD [134]. The effect of phy-
tocannabinoids on the activity of 17a-hydroxylase (CYP17) was
tested in the model of rat testis microsomes. However, CBD was
the most potent inhibitor of CYP enzymes in most of the docu-
mented experiments, its inhibitory effect on the CYP17 activity was
the weakest, and required ICso concentrations over 290 uM [135].
On the other hand, A’ THC and CBN inhibited the enzyme’s activ-
ity with ECsy values of 42.8 uM and 32.9 uM, respectively. The
inhibition of individual CYPs by phytocannabinoids is in accor-
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dance with the older data obtained with less selective CYP sub-
strates [136-138].

The clinical relevance of the presented data is questionable, due
to the high concentrations of the tested drugs used in in vitro studies
and their correspondence to plasma levels reached when phytocan-
nabinoids are used therapeutically or abused. When a marijuana
cigarette (15.8 mg A’-THC) is smoked, the peak plasma concentra-
tions of A-THC is reported to be only 268 nM [139]. Similarly
after CBD and CBN (20 mg) administration by smoking a cigarette,
the levels reached 363 nM and 406 nM, respectively [140, 141].
Moreover, the plasma levels of synthetic A°-THC dronabinol
reached a nanomolar concentration when administered in the rec-
ommended therapeutic doses [124]. The review of inhibition con-
stants (Ki) values are presented in Table 5. It is obvious that clini-
cally relevant inhibition of CYP by phytocannabinoids is likely for
enzymes of the CYP1 family with CBN and for the CYP1A1l, 2B6,
2C19, and 3AS enzymes with CBD. The inhibition of CYP en-
zymes by THC is probably too weak to cause a clinically significant
interaction with the co-administered drugs.

3.2. The Influence of Cannabinoids on CYP Metabolic Activity
— In vivo and Cell Culture Models

The possible discrepancy in the results of direct interaction
experiments and the systemic administration of drugs can be dem-
onstrated in the work of Bornheim ez al. [142]. Different analogues
of THC were tested for both direct interaction with naive mouse
liver microsomes, and microsomes sampled 2 hours after the sys-
temic administration of THC analogues to mice. While in the direct
interaction part of the study, some of the tested substances inhibited
the activities of CYP3A and CYP2C, the same molecules produced
no effect after systemic drug administration.

An important factor influencing the result of the study is the
duration of drug pre-treatment before the activity is assessed. The
results after a single dose of a drug and after the repeated admini-
stration can be different. After the repeated administration of a
drug, higher values of plasma/tissue concentrations can be reached
than with a single dose. Moreover, there is probably interplay be-
tween cannabinoids and endocannabinoid CB receptors, which can
lead to changes in signal pathways including CYP liver regulation
mechanisms. The subsequent change could therefore be time-
dependent, such as for instance the induction of the enzyme activity
by the mechanism of increased gene transcription, and de novo
protein synthesis usually takes at least several hours from the drug
administration. An example can be found in the study concerning
the effect of the synthetic cannabinoid receptor agonist CP 55,940
on CYP activity in rats [143]. The only parameter that changed
after a single intraperitoneal dose of the drug (0.4 mg/kg) was an
increase in the oxygen consumption by the brain and liver. How-
ever after 11 days of treatment with the same dose of the substance
the increased brain and hepatic mitochondrial respiration disap-
peared, and the P-450 reductase, benzo(A)pyrene hydroxylase, and
ethoxycoumarin deethylase activities as well as the protein content
of the liver microsomes were increased.

The results of the in vivo experiment undoubtedly also depend
on the experimental model used. When CP 55,940 was adminis-
tered to mice (intraperitoneally, 0.5 mg/kg/day) for 5 or 24 days,
the microsomal protein content was decreased after the latter type
of administration [144], in contrast to the previous results with the
same substance in rats. Nevertheless, the activity of CYP2EI,
measured as p-nitrophenol oxidation, was unaffected. These data
correspond with the results of Yang et al. from HepG2 cells incu-
bated with a natural CB receptor agonist CBD [145]. Other re-
searchers reported an increase in the expression of CYP2E1 and
CYP2C6, together with an increased amount of total CYP hepatic
content in mice after a single dose or repeated administration of
hashish [146].
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TableS. Inhibition of CYP metabolic activity in vitro [124, 125, 127-129, 131-133, 135].
1A1 1A2 1B1 2A6 2B6 2C9! 2C11° 2C19 2D6' 3A4 3A5 3A7 17°
CBD 0.16° 2.69¢ 3.63¢ 55.0% 0.69M 5.6¢ 19.9-21.6° 0.793M 2.42 1.0° | 0.195 | 12.3° | 1244M
A’-THC | 4.78° 7.54¢ 2.47¢ 28.9N 2.81M 1.5M none 1.93M 17.1* | >50* | 35.6* | 30.3% 15.9M
CBN 0.54¢ 0.08¢ 0.15¢ 39.8N 2.55M 0.93¢ none no data 12.3% | >50* | >50* | 23.8* 4.5M

AHalf maximal inhibitory concentration (ICso) in pM. Other reported values are inhibition constants (Ki) in pM; MMixed type of inhibition; “Competitive type of inhibition; "Non-
competitive type of inhibition; Enzymes are recombinant human proteins, if not indicated different; ' Human liver microsomes.; > Rat liver microsomes; * Rat testis microsomes.

The variability in the experimental design thus leads to a high
variation in the results obtained. However, if the data from the ex-
periments with the same designs are compared, the variability disap-
pears. The first data regarding the influence of phytocannabinoids on
the activity of CYP in the animal models were homologous. An ex-
tract from cannabis prolonged the sleeping time of mice treated with
the CYP substrate pentobarbitone, documenting the inhibition of its
metabolism [147]. Similar results were obtained with CBD [148], the
most studied cannabinoid in terms of CYP interactions. Moreover,
CBD inhibited the enzyme activities of various more or less selective
CYP substrates including p-nitroanisole O-demethylase [137], aniline
hydroxylase [137], hexobarbital hydroxylase [149], erythromycin N-
demethylase [149], 6B-testosterone hydroxylase [149], and amino-
pyrine N-demethylase [150].

The influence of CBD on single CYPs was evaluated in a num-
ber of studies. CBD administered to mice at a dose of 120 mg/kg
inactivated CYP2C and CYP3A proteins by covalent binding after a
single dose [151]. Whereas after repeated administration of the
same dose, the expression of the mRNA of these two enzymes in-
creased as well as the protein content, while the activity remained
unchanged [152], probably because of the inactivation reported
previously. Similarly, in rats CBD decreased the total CYP hepatic
content after repeated administration [153]. Further research re-
vealed decreased activities of CYP17 and CYP2C [154]. The influ-
ence of CBD on CYP2C activity is probably also sex-dependent
[155].

The most recent results from human cell cultures described the
induction of CYP1A enzymes by marijuana smoke [156, 157], A’-
THC [157-159], and CBD [159], probably mediated by the aryl
hydrocarbon receptor (AhR) [157, 159].

One of the great advantages of animal models is the possibility
of studying the effects of prenatal exposure to drugs. Maternal ex-
posure to A>-THC, CBD, and CBN increased the levels of hepatic
CYP content, whereas postnatal exposure had the opposite effect in
male rat offspring [160].

3.3. Drug-Drug CYP-Mediated Interactions of Cannabinoids

The interspecies differences in the CYP system [161] creates a
great barrier to the clinical approximation of data obtained from
animals. Nevertheless, in most preclinical studies either with A’-
THC or CBD, the results correspond to in vitro experiments, and
generally these cannabinoids are reported to be CYP inhibitors.
CBD significantly decreased the metabolism of CYP substrates, e.g.
cocaine [162], anandamide [163], cyclosporine A [134], or THC
[162, 164, 165]. However, the dose of CBD necessary to evoke the
effect was 30 mg/kg in mice, which is higher than any dose of CBD
used in clinical practice.

Although there is enough evidence of the influence of cannabi-
noids on the total hepatic amounts of CYPs and their activities from
preclinical studies, the clinical data on the topic are scarce. The risk
of interaction is significantly dependent on the dose administered.
Rimonabant (40 mg/day for 8 days) did not affect the steady-state
concentration of co-administered digoxin, midazolam, warfarin,

nicotine or oral contraceptives [166]. The effect of medicinal can-
nabis (Bedrocan®™), containing 18 % A’-THC and 0.8 % CBD ad-
ministered for 15 days, on the levels of irinotecan and docetaxel
were tested in oncologic patients [167]. Similarly, no significant
change in the clearance or exposure to the monitored drugs was
observed. Finally, the summary of medicinal product characteristics
of the synthetic A>-THC and CBD mixture (Sativex™) declares that
no interactions with CYP3 substrates are expected [168]. It has to
be stressed, that these results describe the risk of interaction of low
doses of CBD. Nadulski ez al. tested the effect of 5.4 mg of CBD on
the pharmacokinetics of 10 mg of A°-THC [169] and concluded that
the inhibitory effect of CBD on CYP in this dose is small compared
to the variability of CYP activity caused by other factors. This con-
clusion could be generalized for the clinical use of CBD at doses of
up to 5 mg per day. On the other hand, higher doses of CBD in the
range 8-25 mg/kg/day were described to markedly inhibit the me-
tabolism of hexobarbital [170] or clobazam [171], both CYP3A4
substrates. The interaction potential of the higher doses of CBD
with CYP3A4 substrates is therefore clinically relevant.

4. POSSIBLE INVOLVEMENT OF ENDOCANNABINOID
SYSTEM IN THE REGULATION OF CYP EXPRESSION
AND CYP METABOLIC ACTIVITY IN THE LIVER

The regulation of CYP metabolic activity is complex in nature,
including many endogenous and exogenous factors determining the
actual amounts of enzymes and their catalytic activities. Besides the
exogenous ones, genetic polymorphisms, and the role of hormones
are known to be endogenous factors regulating the expression and
activity of CYPs. Recently, the involvement of some neuronal sys-
tems was reported [172-174]. The regulatory role of the endocan-
nabinoid system raises the question of its participation in this proc-
ess, too. Here, we hypothesize that the central and peripheral path-
ways of the endocannabinoid system and interplay between can-
nabinoid ligands and various receptors are probably involved in
CYP regulation.

4.1. The Role of Central Endocannabinoid System in the CYP
Regulation

It is known that genes coding for various CYPs are regulated by
endogenous hormones, which are under the control of the central
nervous system. It has been also shown that changes in the brain
dopaminergic, noradrenergic, and serotonergic systems can affect
hepatic CYP expression [175]. The central endocannabinoid system
modulates neurotransmission at inhibitory and excitatory synapses,
and therefore could be also involved in the regulation of CYP activ-
ity. Thus the endocannabinoid system and possible interactions with
other neuronal systems, its impact on the hypothalamic-pituitary
axis (HPA) and on the levels of circulating hormones are reviewed.

4.1.1. The Brain and Endocannabinoid System

Most central cannabinoid effects are mediated by the CB1 re-
ceptors widely expressed throughout the brain, where they are the
most abundant in regions controlling a number of key functions [30,
176]. Therefore, CB1 receptors are present at a high density in the
basal ganglia, frontal cortex, hippocampus, and cerebellum, and at a
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moderate/low density in the nucleus accumbens, hypothalamus, and
amygdala [177].

The predominant localization of CB1 receptors at the presynap-
tic terminals of neurons plays an important regulatory role, because
they can influence the release of a number of different neurotrans-
mitters [178, 179]. The postsynaptic localization of CB1 receptors
has been also observed, but only rarely [177]. The endocannabi-
noids are synthesized and released by postsynaptic neurons, and
they act as retrograde neuronal messengers at presynaptic CB1
receptors. The activation of CBI1 receptors by endocannabinoids
suppresses the presynaptic release of y-aminobutyric acid (GABA),
glutamate, acetylcholine, serotonin, and noradrenaline [179].

Another reason for the increased complexity of endocannabi-
noid signaling is the evidence that CB1 receptors form heteromers
with a variety of other GPCRs [180]. CB1 receptors can form func-
tional heterodimers with p-opioid receptors [181], orexin-1 recep-
tors [182, 183], adenosine A,, receptors [184, 185], serotonergic
(mainly 5-HTj3) receptors [186, 187], or dopaminergic D, receptors
[188]. Another possible interaction between the dopaminergic and
endocannabinoid system is indirectly via the GABAergic [189, 190]
and glutamatergic system [191, 192].

Endocannabinoid signaling in the brain may influence liver
CYP activity, but the signal has to be somehow mediated from the
CNS to the periphery. It is known that such signal transduction
could be found in hormones released from HPA and leading to
subsequent changes in the hormonal levels released from peripheral
organs. Hormones influence not only hepatic glucose or lipid me-
tabolism, but also the expression of genes coding for different CYP
liver enzymes [193-196].

Dopaminergic pathways which could possibly contribute to the
release of hormones are the mesolimbic and the tuberoinfundibular
pathways. It was reported that stimulation of the dopaminergic
system increases growth hormone (GH) [197, 198], adrenocortico-
tropic hormone (ACTH), and corticosterone levels [199, 200]. In
contrast, the levels of thyroid-stimulating hormone (TSH) after
activation of the dopaminergic system were decreased [198, 201].
The ability of the brain dopaminergic system to affect liver CYP
expression by altering the levels of pituitary hormones was first
reported in the studies of Wojcikowski er al. [174, 202]. Dopa-
minergic D, receptors were identified to be involved in the regula-
tion of hormones and liver CYP enzymes in the mesolimbic path-
way [174].

Noradrenaline is one of the main neurotransmitters controlling
the release of GH [172, 203]. It also controls the production and
release of corticotropin-releasing hormone (CRH) and thyrotropin-
releasing hormone (TRH) [204]. The release of somatostatin is
regulated by noradrenaline, among other neurotransmitters and
neuropeptides. It was reported that a damage of the noradrenergic
innervation in the arcuate nucleus (ARC) or periventricular hypo-
thalamic nucleus (PVN) proved an opposite effect on the regulation
of CYP expression [172]. This can be explained by the fact that
destruction of the noradrenergic innervation in the ARC leads to a
decrease of the noradrenaline level and also to a decrease of the
level of GH. While destruction of the noradrenergic innervation in
the PVN causes a decrease of the level of noradrenaline, but the
plasma concertation of GH are increased probably due to the de-
creased secretion of somatostatin. The involvement of the
noradrenergic system in CYP regulation was confirmed by Kot et
al. [205]. Again the hormones were identified to be the mediators of
the effect from the brain to the liver. The same author reported the
serotonergic system to also take part in CYP neurohumoral regula-
tion [173, 206, 207].

The influence of exogenous cannabinoids on the secretion of
pituitary hormones has been known for a long time, but the role of
endocannabinoids in the neuroendocrine system is not fully under-
stood yet [208, 209]. Based on available studies, two options for
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how endocannabinoids influence HPA are suggested: (i) a direct
effect mediated by endocannabinoids receptors and/or (ii) an indi-
rect effect when cannabinoids change the activity of the endocan-
nabinoid system and this modulates the activity of other neuronal
systems controlling HPA. CB1 receptors are expressed in various
regions of the brain, and were also detected in the hypothalamus
and pituitary gland [210, 211]. Many studies describe the influence
of cannabinoids or endocannabinoids on the levels of CRH, GH,
TSH, prolactin (PRL), and luteinizing hormone (LH), but their
findings are often contradictory [208, 212-216]. It seems that the
main structure of endocannabinoid influence on neuroendocrine
functions is the hypothalamus, where they act as retrograde mes-
sengers activating the CB1 receptors. Importantly, it was revealed
that endocannabinoids are involved in the rapid negative feedback
actions of glucocorticoids (GCs) in parvocellular neurons of the
hypothalamic paraventricular nuclei (PVN) containing CRH. GCs,
after binding to glucocorticoid (GR) receptors localized in the PVN,
activate the postsynaptic GPCRs. This leads to the synthesis and
release of endocannabinoids. These endocannabinoids act as retro-
grade messengers to the CB1 receptors located at presynaptic glu-
tamate terminals and inhibit glutamate release [217]. These findings
thus provide a possible mechanism for the rapid feedback inhibition
of the hypothalamic pituitary adrenal axis by GCs. Moreover, the
CBI receptors and endocannabinoids are found throughout all of
the extrahypothalamic sites that regulate PVN neuronal activation,
such as the hippocampus, prefrontal cortex, amygdala, bed nucleus
of the stria terminalis, and midbrain monoaminergic nuclei, such as
the locus coeruleus and dorsal raphe [218]. These brain regions are
the most likely sites of interaction between the endocannabinoid
system and other nervous systems [190, 219-221].

Once the CB ligands directly change the activity of the endo-
cannabinoid system or indirectly the activity of other neurotrans-
mitters and the HPA is changed, hormones start the signal transduc-
tion towards the liver (Fig. 9). The regulation of liver CYP enzymes
by hormones involves binding the hormone to the nuclear receptor
and translocation of the ligand-receptor complex into the cell nu-
cleus. The expression of specific genes including CYP enzymes is
activated or inhibited. GH, GCs, and TSH are ligands of nuclear
receptors able to change the expression of CYP genes [222-224].
The influence of hormones on the transcription activity of CYP
genes is described at a glance in Table 6.

4.2. The Involvement of Peripheral Cannabinoid Receptors in
the CYP Regulation

When administered systemically, cannabinoids are able to
target both the regulation centers in the brain and the receptors in
peripheral tissues including the liver. Except for the direct
interaction with CYPs (see chapter 3.1.) there is a possibility of the
influence of cannabinoids on the receptors of target cells. The
receptor specificity of cannabinoids is broad due to their high
structure variability, therefore there are many receptors which
might be activated or inhibited with regard to the properties of the
ligand. Here we describe the evidence of interaction between
cannabinoids and peripheral receptors involved in the signal
pathways of CYP regulation and the role of these receptors in CYP
regulation.

The key ligand-activated transcriptional regulators of CYPs are
the pregnane X receptor (PXR), constitutive androstane receptor
(CAR), retinoid X receptors (RXRs), peroxisome proliferator-
activated receptors (PPARSs), glucocorticoid receptors (GRs), and
aryl hydrocarbon receptor (AhR) [222].

Briefly, PXR plays a key role in the regulation of the CYP2B6,
CYP2C, CYP2A6, CYP3A, and CYP4F12 genes [238-245]. Ago-
nists of PXR induce these CYP enzymes. In addition to the induc-
tion of CYP enzymes, PXR activation also represses CYP7A1 ex-
pression as a protective feedback in response to the accumulation of
bile acids in the liver [224, 246].
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Table 6. Hormonal regulation of CYP genetic transcription [175, 193-195, 225-237].

GC T3 GH PRL
12A6° L1A1/2° t1A2° l2cii®
12B6° 12A1/2° 12A1° 12D1*
12B8" 13A1/2° 12C7° 13A4°
12C8° 13A4° 12C12°
12C9° 17A1° 12C11°

12C19° 12c19°
13A4° 12D1*
13A5° |2E1*

13A1°

“Data from preclinical experiments on rats. "Data obtained from human cell lines.
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Fig. (9). Endocannabinoid system and cannabinoids in the regulation of CYP activity.

The activation of CAR is linked to the induction of CYP2B
[247]. There is signaling cross-talk between PXR and CAR. These
receptors control the expression of human CYP2A6 [238], CYP2B6
[248], CYP2C8/9 [230, 249], CYP2C19 [232], CYP3A4 [250],
CYP3A5 [251], and CYP3A7 [252].

AhR is not a true nuclear receptor; it belongs to a family of
transcription factors that contain the basic-helix-loop-helix and Per-
ARNT-Sim domains. AhR requires the AhR nuclear translocator as

its heterodimerization partner to be translocated into the nucleus
and turn on the CYP gene transcription. AhR triggers the expres-
sion of CYP1A and CYP1B [222, 223].

The PPAR family currently has four members - PPARa,
PPARP, PPARY, and PPARS - which differ in their localization
[253]. After activation by appropriate ligands, PPARs bind as
heterodimers with RXR (PPAR/RXR) to peroxisome proliferator
response elements. It has been shown that CYP2B, CYP3A, and
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Table7. Cannabinoid ligands of nuclear receptors [157, 159, 257, 258].
PPARa PPARYy PPARS AhR
N-oleoylethanolamine AEA, 2-AG N-oleoylethanolamine A’-THC
palmitoylethanolamide NADA, A9-THC CBD

virodhamine ajulemic acid

noladin ether CP 55,940, HU-210

WIN 55,212-2

CYP4A are activated by PPAR, and CYP2C11 is suppressed by the
PPAR agonist [254, 255].

CYP3A and CYP2B proteins are distinctly regulated by GRs
[256]. GRs may induce the expression of a gene that does not con-
tain GRE in its promoter. This is exerted by indirect “trans-
regulation”. Moreover, GRs contribute to functional cross-talk be-
tween the PXR, CAR, AhR, and RXR signaling pathways [222,
226].

RXR is directly or indirectly involved in the regulation of many
enzymes and can be considered to be a limiting factor in the overall
regulation of hepatic gene expression patterns [253].

Some endocannabinoids, phytocannabinoids, and synthetic
cannabinoids are ligands of different PPARs and the AhR. An over-
view of the selectivity of drugs to individual receptors is given in
Table 7.

5. CONCLUSION

Cannabinoids are a structurally and pharmacodynamically het-
erogeneous group of drugs with great potential for therapeutic use
in the near future. The involvement of CYP in their metabolism is
clear and indisputable, whereas the clinical significance of their
drug-drug interactions has yet to be evaluated in detail. These inter-
plays may have various mechanisms from the direct interaction of
two substrates at the same enzyme, through different types of an-
tagonism with the CYP protein to the activation of various recep-
tors and changes in hormonal levels leading to an alteration in the
expression of CYP genes. The latter describes the suggested in-
volvement of the endocannabinoid system in the central regulation
of hepatic CYP activity. This hypothesis is based on indirect evi-
dence, and could be proved or refuted by further studies. Moreover,
we suggest that changes in liver CYP metabolic activity could be
time-dependent. Our idea is based on the signal transduction from
the brain to the liver via hormones which are under HPA control,
and a negative feedback mechanism plays a significant role here.
Therefore, the hormonal changes induced by drug administration
can be short-lived as well as the changes in CYP activity. To the
best of our knowledge, the factor of time was not studied in any of
the previous works focusing on the role of the central nervous sys-
tem in the regulation of liver CYP activity.

LIST OF ABBREVIATIONS

A°’-THC = (-)-trans-A°-tetrahydrocannabinol

2-AG = 2-arachidonoylglycerol

5-HT = 5-hydroxytryptamine, serotonin
AA = Arachidonic acid

ABHD = a,B-hydrolase domain

ACEA = Arachidonyl-2’-chloroethylamid
ACPA = Arachidonyl-cyclopropylamide
ACTH = Adrenocorticotropic hormone
AhR = Aryl hydrocarbon receptor

ARC = Arcuate nucleus
CAR = Constitutive androstane receptor
CBC = Cannabichromene
CBD = Cannabidiol
CBG = Cannabigerol
CBN = Cannabinol
CYP = Cytochrome P450
DA = Dopamine
diHETE = Dihydroxyeicosatrienoic acids
EET = Epoxyeicosatrienoic acids
EET-EA = Epoxyeicosatrienoic acid ethanolamide
EET-G = Epoxyeicosatrienylglycerol derivatives
FAAH = Fatty acid amide hydrolase
GABA = y-aminobutiric acid
GCs = Glucocorticoids
GH = Growth hormone
GPCRs = G-protein coupled receptors
GRs = Glucocorticoid receptors
HEET-EA = 20-hydroxy-epoxyeicosatrienyl ethanolamide
HETE = Hydroxyeicosatrienoic acid
HETE-DA = Hydroxyeicosatetraenyl dopamine
HPA = Hypothalamic-pituitary axis
LH = Luteinizing hormone
NA = Noradrenaline
NADA = N-arachidonoyldopamine
PPARs = Peroxisome proliferator-activated receptors
PRL = Prolactin
PVN = Paraventricular nucleus
RXRs = Retinoid X receptors
SC = Synthetic cannabinoid
T3 = Triiodothyronine
T4 = Thyroxine
TSH = Thyroid-stimulating hormone
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