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FIG. 2. Autoradiography of 10 nM [3H]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 ofhuman are inB (x 1.3),
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
(x2.6); and rat is in J (x 13). Horizontal section
ofguinea pig brain is in E (x4.1). Insets inA 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 Ki 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 Bm,,,a was similar in the two
studies (though ours was derived from whole brain), but the
Kd 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'-Lf,y-imidoltriphosphate, at 10 uM in-
hibited binding of 10 nM [3H]CP 55,940 by 94%, and the GDP
analog, guanosine 5'-[f3-thiojdiphosphate, at 10,uM inhibited
binding by 79%6. Finally, in both assays there was a similar
rank order of drug potencies.
For several cannabinoids, inhibition constants (K1 values)

and relative biological potencies are given in Table 1. Highly
significant correlations exist between the Ki 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 ofCP 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,

FIG. 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 CA1, hippocampal field CA1; Med Hypothal,
medial hypothalamus; Sp Cd SG, substantia gelat-

3 inosa of spinal cord (*only rat measured); Ret
Form, reticular formation; WM (cc), white matter
of corpus callosum.

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 A8-
[3H]THC (26) or A9-[3H]THC (27), which bind with low
affinity and have low specific activities, or the use of 5'-
[3H]trimethylammonium-A8-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, [3H]CP 55,940 has high specific activity, high af-
finity, and biological activity similar to that of A9-THC.
The structure-activity profile suggests that the receptor

defined by the binding of [3H]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 A9-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). A9-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.
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