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I. INl'RODUCTION

A single unifying mechanism by which cannabis exerts its
many actions in a variety of tissues may not be a biological
prerequisite. Data, however, obtained from cellular studies
of chronic hashish users and matched controls, consistently
indicated repercussions of the drug on arginine metabolic
pathways in several functionally diverse cell populations.
Analysis and interpretation of these data led to the formula-
tion of the hypothesis that cannabis may act through a common
metabolic denominator f namely arginine "depletion" (1). In
the first studies (2), electron cytochemical methods (3,4)
demonstrated a reduction of arginine-rich histones in the
nuclei of lymphocytes and of arginine-rich protamines in the
nuclei of spermatozoa. This reduction seemed counterbalanced
by increased amounts of lysine-rich proteins in both cell
types. Such altered histone ratios in the lymphocyte denotes
over-repression of the genome (5), i.e., a reduced potential
to respond to antigenic stimuli (6). In the sperm nucleus,
however, the altered protein ratio denotes arrested matura-
tion since dur ing the late stages of spermiogenesis lysine-
rich histones are shed and substituted by newly synthesized
arginine-rich protamines (7) which endow: a) the sperm tail
with motility, and b) the sperm chromatin with stability and
resistance to noxious agents during its trajectory from testis
to ovum (8). Clearly, the similarly altered histone ratio in
lymphocytes and spermatozoa of chronic hashish users had
entirely different implications for the functional capacity of
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each cell type. Functional repercussions, predictable from
the low levels of arginine-rich proteins in the lymphocytes
and sperm, have been substantiated by the findings of inhib-
ited cellular-mediated immunity (9) and of decreased motility
and total sperm count (10) in heavy marijuana users. The
causal relation of low protamine content to sperm functional
impairment and oligospermia was established by Silvestroni and
his collaborators in their studies of congenital fertility
problems (11). Their findings would suggest that long-term
cannabis use mimics the specific metabolic aberration, i.e.
inhibition of protamine synthesis, that characterizes infer-
tility or "idiopathic spermatidic arrest".

The dependence of norffialspermatogenesis on the amino acid
arginine was first reported by Holt and Albanese (12), who
also demonstrated the experimental modulation of fertility
solely by deprivation or supplementation of arginine in the
diet, both in humans and rats. Subsequent studies established
the therapeutic effectiveness of arginine administration in
Oligospermia (13) as well as its stimulatory action on sperm
motility (14). Effects on sperm motility exactly opposite to
those of arginine supplementation have been observed with the
exposure of spermatozoa to THC (15). These data support our
hypothesis that THC and arginine actions overlap at the same
sites with opposite biochemical and functional effects.

In view of the mounting evidence that cannabis inhibits
transcription in a variety of cellular systems (16, 17) we
sought in cells of chronic hashish users morphological corre-
lates of macromolecular synthesis inhibition, as those are
defined in cell biology. Chromatin which is highly condensed,
either as heterochromatin or as compact chromosomes of cell
division, is transcriptionally inert (18). A wide spectrum
of drugs and metabolic inhibitors induce structural changes in
nuclei and these changes were found to have functional signif-
icance (19, 20). In previous studies with the electron micro-
scope (EM) we had observed that structural changes, i.e.,
chromatin condensation, in leukocytes of patients after neuro-
leptic treatment paralleled clinical changes (21,22). These
findings prompted the initiation of similar investigations on
cells of chronic cannabis users and controls for the study of
chromatin with a special EM method (23). The results showed
significantly that in users the somatic cells (leukocytes)
displayed highly condensed nuclear chromatin, while the germ
cells (ejaculated spermatozoa) showed the opposite state:
decondensed chromatin and undifferentiated nuclei (1). In a
recent report (24) we demonstrated with the EM four types of
sperm head abnormalities, in 50% of the spermatozoa of chronic
hashish users, that exemplify the abnormalities classified by
Holstein and Schirren (25) as indicative of infertility. It
is well documented that sperm nuclear condensation during
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maturation is a process requiring the coordinated synthesis of
arginine-rich proteins (26, 27). The different abnormalities
in sperm nuclear condensation observed in the EM were, there-
fore, the natural consequence of the low protamine content,
which distinguishes the sperm of chronic hashish users from
that of controls (2). Similarly, the inappropriate excessive
condensation of nuclear chromatin in somatic cells, observed
in the leukocytes of the users, can rapidly be induced by
deficiency of arginine in the medium (28). Arginine-poor
media will also cause an arrest of DNA, RNA and protein syn-
thesis (29), which also are well documented actions of canna-
binoids (30). Other reports have shown that in the absence of
arginine morphological disorganization of nuclei and fragmen-
tation of chromosomes take place in cultured cells (31).
Similar findings were reported by Leuchtenberger et al. (32)
and Morishima et ale (33) in cultures exposed to cannabinoids,
as well as in chronic hashish users (24), the neutrophils of
which displayed in the EM protrusions of nucleus (drumsticks)
and attached fragments of chromosomes in the cytoplasm (micra-
nuclei). A synthesis of all these data reveals that a puta-
tive "depletion" of arginine by cannabis would suffice to
explain both the chemical and the ultrastructural aberrations
that we and others have observed in the cells of chronic hash-
ish users and in cultures exposed to cannabinoids, respec-
tively.

II. NEW FINDIN3S

We pursued the concept of cannabis/arginine interaction
further by examining in chronic hashish users and controls
other cell types - known to be affected by cannabis -, where
arginyl proteins have a major functional role.

The clinical group consisted of 16 chronic users and 10
matched controls. All were paid volunteers recruited from a
larger population that was ext.ens ive Ly used for a long-term
controlled investigation of the effects of chronic cannabis
use in man (34). Inclusion criteria in the users' group were
1) age below 58 years, 2) regular hashish use for more than 10
years continuing up to the day of testing, 3) no use of other
addictive substances except for tobacco smoking and irregular
social alcohol drinking, and 4) absence of gross neurological
disorders or incapacitating physical illness. Controls had to
match the users with respect to age, place of upbringing and
residence, education and socia-economic level. They had also
to be regular tobacco smokers and to never have used any
addictive substances except alcohol irregularly and moder-
ately. Data regarding hashish use by the group have appeared
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in detail elsewhere, (2,24). '!he material smoked by the sub-
jects contained 4-5% delta-9-tetrahydrocannabinol (THC).

A. Chronic Effects of Hashish Smoking in Blood Platelets
In human platelets alpha-granules store basic proteins

(Factor 4) with anti-herparin activity (35,36), which are
released following stimulation by ADP or epinephrine (37,38).
'!heprecursor of these proteins is an immumologicallY identi-
cal more basic protein with essential arginines (39). Pellets
of platelets from users and controls were prepared by the
ammoniacal silver reaction for arginine (4) in order to local-
ize this precursor at the ultrastructural level (24). The
results showed that in control subjects all platelets con-
tained numerous granular deposits of arginine-rich proteins,
but in chronic users all platelets had suffered a 90% reduc-
tion of their granular arginine-rich deposits. This finding
is consistent with the impaired ability of platelets from
marijuana smokers to aggregate when stimulated by ADP in vitro
(40). The greatly reduced level of the arginine-rich protein
in the platelets of chronic users justifies cannabis-induced
impairment of aggregation potential since this protein pro-
motes clotting (38). We point out that polyamines, which are
present in platelets (41) and modulate clotting by inhibiting
platelet aggregation induced by ADP (42), are also derivatives
of arginine through the ornithine pathway. Given limited sub-
strate levels, a diversion of arginine in the latter pathway
would be adequate to explain both cannabis' inhibitory effect
on ADF-stimulated aggregation (through polyamines?) and the
observ€~ depletion of arginyl proteins from their granulated
stores.

B. Acute Effects of ~arijuana Srnoking in Erythrocytes
Five subjects wer e selected from the group of 16 on the

basis of their continuous daily smoking during the previous
30-day per iod. They served as their own controls in a pilot
study of the acute effects of cannabinoids on various ultra-
structural and chemical parameters in blood (43). The sub-
jects were instructed to abstain from cannabis smoking for 12
hours before testing. On the day of testing, each subject was
allowed to smoke ad libitum wi thin a period of 15 minutes
home-made cigarettes containing 1 9 active marijuana supplied
by NlDA with a 2.6% THC content. Blood samples were obtained
before smoking and again 30 minutes after smoking, i.e., at a

·time that coincides with the peak effect on heartbeat, with a
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subjective "high" and with the highest concentration of the
drug in the blood (44).

We report the preliminary results obtained from blood
smears (24), which were used to examine direct cannabis/argi-
nine interations with the following rationale. The erythro-
cyte, which represents a well known target of cannabis actions
(45-49), contains at least two membrane proteins rich in argi-
nine residues. The first, enzyme acetylcholinesterase, is a
major outer surface protein (50) with 31 arginine residues
(51). The second, the structural band 3, is the preponderant
transmembrane polypeptide of the human erythrocyte with 44
arginine residues (52), a certain of which is essential for
cholride transport (53). Erythrocyte function relies heavily
on lipoprotein associations in the membrane structure, especi-
ally on surface phospholipids, which are required also for the
catalytic activity of (Na'++ K+) ATPase (54). Recent studies
have provided clear and convincing evidence that arginine res-
idues may play an important role in phospholipid-protein
interactions by acting as binding sites for negatively charged
phosphate groups in phosphOlipid molecules (55). This was
demonstrated by the finding that modification of the phospha-
tidycholine-transfer (exchange) protein with butanedione and
phenylglyoxal, which are arginine-specific dicarbonyl rea-
gents, completely inactivated the enzyme. It has also been
shown that the reactive arginines, essential for binding, are
embedded in hydrophobic sequences of the protein (56), a prop-
erty of the active site which favors strong anion binding (57)
and for which THe would have special affinity (58).

In an earlier experimental trial, of a partly similar
design, with a group of subjects drawn from the same popula-
tion of users, it was shown that 30 minutes after heavy hash-
ish smoking the concentration of phosphatidylcholine and of
other membrane phospholipids decreases significantly in the
erythrocytes (48). In light of Akeroyd's data (55) this acute
effect of cannabis suggested a loosening by the drug of the
phospholipid-protein association in surface molecules, presum-
ably leaving the protein-bound arginyl residues unmasked To
test this particular eventuality we employed an arginine-spe-
cific ligand on formaldehyde-fixed blood smears collected from
the five subjects before and after marijuana smoking. This
reagent, phenanthrenequinone (FQ), is a non-fluorescent com-
pound reacting specifically with arginine to form a condensa-
tion product, which exhibits strong fluorescence when viewed
under ultraviolet light (59). The FQ reaction is an extremely
sensitive and specific test for polypeptide-bound arginine in
fixed smears (60) and in molecules with low arginine content
such as hemoglobin (59). Because of these properties PQ is
uniquely suitable for determining any acute changes in argi-
nine availability in the erythrocytes following marijuana
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smoking. Staining and fluorescence microscopy were applied
according to Magun and Kelly (60).

As expected, PQ/arginine condensation product was formed
in the leukocytes (with histones) and the platelets (with
basic proteins) and showed no changes at 30 minutes post-
smoking. In contrast, the uniform diffuse fluorescence of the
erythrocytes was blocked following marijuana smoking while
intense fluorescence emerged along their membrane. These
changes reveal cannabis/arginine interactions, an interpreta-
tion inherent in the PQ method employed. These results sup-
port first the presence of reactive arqi.ny l residues at the
erythrocyte surface following the presence of cannabis in the
blOod. Such a finding would be consistent with a perturbation
in the lipoprotein structures and with the observed loss of
phospholipids from the membrane (48). It is not clear from
this experiment which of the membrane proteins is responsible
for the cannabis-induced PQ-arginine fluorescence. Of the
three proteins which have essential arginines at their active
site, i.e. acetylcholinesterase (51), (Na+ + K+) ATPase and
band 3 at the chloride channel (53), the activity of the first
two has been found to be inhibited by THC (62-64). Since
phosphOlipids are required for the active ATPase configuration
and for catalytic activity (54) it is reasonable to suggest
that at least this protein would provide unmasked arginyl
residues free to react with PQ after cannabis-induced phospho-
lipid loss from the membrane.

The diffuse PQ fluorescence of the erythrocytes evident
before smoking, but blocked after smoking, may tentatively be
attributed to cannabis/hemoglobin interactions, without ex-
cluding alternative interpretations (24). Erythrocytes exhibit
a lowered capacity to engage oxygen after cannabis use (46).
Hemoglobin, which represents the major intracellular red cell
protein shows decreased affinity for oxygen following modifi-
cation of its arginYl residues by specific reagents (65).
Furthermore, PQ generates intense fluorescence with the argi-
nines in hemoglobin molecules (59). 'Ihese data suggest that
in our experiment the blocking of the diffuse PQ/arginine
fluorescence in the erythrocytes 30 minutes post-smoking may
be due to masking of the arginine residues in hemoglobin by a
cannabis/arginine interaction, which produces hindrance to PQ
attachment, and which would be in accord with both the chemi-
cal and physiological data.

C. Comment
The postulate that cannabis may produce its varied bio-

logical effects through interactions with arginine, in many
cellular systems and pathways, does not appear to conflict
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with the data obtained from chronic or acute exposures to the
drug. To test the validity of this hypothesis, however, we
need to survey a wider spectrum of known biological effects of
cannabis, as well as of known biological effects of arginine
deficiency, deprivation, depletion or inactivation and, then,
determine the degree of overlap by taking into account the
proposed mechanism of action for each case. The review that
follows is designed to serve this goal with no intent of being
exhaustive.

III. REVIEW OF EXPERIMENTAL EVIDENCE SUPIDRTIN:;
CANNABIS/ARGININE INTERACTIONS

Although limited to the discussion of our own findings,
the previous sections have introduced some of the data defin-
ing the principles according to which THC, a highly lipophilic
molecule, could modulate biological processes which are depen-
dent upon the basic amino acid arginine. A comparatively
recent realization in the field of protein chemistry is, that
arginine, because of its unique molecular properties (66), has
secured during evolution an important position in a broad
spectrum of metabolic functions (67-69). The co-planarity of
the three nitrogens and the central carbon atom enables the
guanidium side chain of arginine to enter into extended pat-
terns of hydrogen bonding that are unique, also a unique
aspect of the side chain is its very high pKai of all the
common amino acids it is probably the only one whose charged
nature can never be suppressed under physiological conditions
(69).Present investigations emphasize important generality,
that arginyl residues can serve as positively charged recogni-
tion sites for negatively charged substrates and anionic
cofactors in enzyme active sites, and in all proteins that
interact with anions (70). Arginine-specific reagents were
unknown prior to benzil (71). The application of these alpha-
dicarbonyl arginine-specific reagents (72), i.e. diacetyl or
2,3-butanedione (73), 1,2-cyclohexanedione (74) and phenylgly-
oxal (75) for the modification of arginyl residues opened up a
rapidly progressing field and established the functional
importance of essential arginines. Thirteen of the fourteen
enzymes in the glycolytic pathway, in which all the intermedi-
ates are phosphoric acid esters, were shown to contain essen-
tial arginines at the active site (66). Arginyl residues are
essential in carboxyl and nucleotide binding sites, as well as
in dehydrogenases for binding of NADH and in kinases for bind-
ing of coenzymes (70). The functional importance of essential
arginines also in strategic sites of other non-enzyme proteins
is illustrated by hypophyseal pro-opiocortin, where arginine
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is essential for the processing of this molecule into its
hormonally active subunits (76,77).

A. Macromolecular Synthesis
Nahas et al. (78, and refs. therein) were the first to

introduce the notion of inhibition of macromolecular synthesis
by cannabinoids in YillQ. Jakubovic and McGeer (79) were the
first to document extensively that under a variety of condi-
tions THC brings about marked changes in the biosynthesis of
key cerebral macromolecules. Experiments with isolated rat
brain slices showed inhibition by THC of the incorporation of
labeled leucine into protein fraction, while active transport
of the amino acid into the cells was not affected. Similarly,
THC inhibited incorporation of labeled uridine into nucleic
acids, but also decreased uridine nucleotides in the soluble
fraction, while the relative amount of labeled uridine was
high. These results would imply that the decreased incorpora-
tion into nucleic acids was related to the reduced phosphory-
lation of the uridine. Another important finding was that a
large amount of THC and/or metabolites was retained by brain
slices during incubation which suggested the possibility of
prOlonged action in inhibiting the synthesis of cerebral
macromolecules (79). Comparable results obtained with THC on
rat testis (80) confirmed further that a general inhibition of
protein synthesis occurs. It was found that ~ novo synthesis
of nucleic acids was inhibited as much as synthesis through
the salvage pathway. The decreased biosynthesis of labeled
~ appears to be directly related to the inhibition of phos-
phorylation of the precursor of RNA. A severe reduction of
TDP and Tl'Pindicated the same mechanism for the inhibition of
DNA synthesis. The authors suggested that "the reduced ATP
levels in the cell and/or the phosphorylation or perhaps even
direct inhibition or nucleic acid polymerases may be the prin-
ciple steps at which cannabis derivatives act on nucleic acid
synthesis". '

Arginine or its metabolite(s) have been implicated in the
regulation of DNA synthesis in cultured liver cells (81).
These authors presented evidence that quiescent primary liver
cells in culture can be induced by a) serum, b) ornithine or
c) arginine to synthesize DNA and to divide, suggesting that
low-molecular-weight nutrients might be involved in the con-
trol of DNA synthesis. In these experiments arginine seemed
to be limiting for biochemical events which led to the initia-
tion of DNA synthesis. When the pool size of arginine dropped
below a certain level, the cells became arrested in the Gl
phase of the cell cycle. It was concluded that ornithine
and/or arginine and/or their proximal metabolites have regula-
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tory functions in the control of DNA synthesis, the latter
being regulated by intracellular levels of these compounds.
Alterations in liver nucleic acids and nucleotides in argi-
nine-deficient rats were demonstrated by Hassan and Milner
(82). A depression of approximately 30% in RNA and DNA syn-
thesis in the livers of arginine-deficient rats were closely
paralleled with growth depression, increased liver lipids and
a 52% decrease in the concentration of ATP (82). In all these
experiments the arginine deficiency increased total pyrimidine
nucleotides while decreasing total purine nucleotides. Such
altered ration of nucleotides leads to altered base ratios and
concomitantly to altered nucleic acid synthesis.

Purine nucleoside phosphorylase has an important role in
purine metabolism, probably in purine salvage. The enzyme
from both human erythrocytes and calf spleen is inactivated by
butanedione and phenylglyoxal through the covalent modifica-
tion solely of arginine residues (83). In addition, each of
the various classes of nucleotide polymerases has been report-
ed to be inactivated by arginine modification (84-86). As in
all other cases of enzyme inactivation by arginine-specific
reagents, these inhibitions are reversible, and can be pre-
vented by the simultaneous presence of the natural substrate
of the enzyme in the test system; the substrate protects the
active site arginine from reacting with the modifying agent.
It is of interest that the results obtained by Jakubovic and
McGeer (79, 80) from the exposure of brain and testis slices
to cannabinoids were interpreted as being due to inhibition of
phosphorylation, low ATP and, probably, to interference with
the activity of nucleic acid polymerases, all of which could
occur if cannabis interacted solely with arginine in these
systems as described above.

Similar inhibition of macromolecular synthesis by THe has
been observed not only in isolated mammalian cells such as
normal human fibroblasts, human and mouse neuroblastoma cells
(87), but also in the unicellular Tetrahymena pyriformis,
where it resulted in depressed exponential growth (88). The
reduction in DNA, RNA and protein synthesis in this unicellu-
lar organism was accompanied by effects also on the ribosomes.
A reduction in the amount of polysomes was observed in cellu-
lar fractions obtained from THe-treated cells, while the
amount of monosomes was the same in THe-treated and control
preparations. Dissociation of polyribosomes in vivo has been
reported in electron microscopic studies in brain, both after
chronic THe administration to adult monkeys (89) and after
acute administration to infant rats (90). It is common know-
ledge that RNA synthesis from chromosomal DNA templates occurs
in the nucleus, whereas translation occurs on cytoplasmic
polyribosomes, polyribosomes either in the cytoplasm or on
the nuclear membrane are an index of attached mRNA emerging
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from the nucleus respectively. The dissociation of the poly-
ribosomes entails interruption of these processes (91).

The reduction in nuclear membrane-attached ribosomes,
following acute exposure to pharmacologically active cannabi-
noids, is dose-related and rapid, peaking at 30 min (90).
This observation is important and relevant to our main thesis.
A parallel is to be found in the modification of ribosomes
with butanedione, which was accompanied by loss of mRNA-bind-
ing capacity and arrest of protein synthesis upon an incuba-
tion of 30 min (92). These experiments showed that arginine
residues in ribosomal proteins are essential for the binding
of mRNA through interaction of their positively charged guani-
dinium groups with the negatively charged phosphate moieties
of the messenger nucleic acid. As in all other proteins dis-
cussed so far, these essential arginines are embedded in
apolar sequences of the protein (57) and consti tute sites of
affinity for hydrophobic molecules (93). An essential condi-
tion for a putative interference by hydrophobic THC effects
could have a documented common denominator, a cannabis/argi-
nine interaction across a wide spectrum of tissues, species
and phyla.

Although the data reviewed here are all consistent with
such an interaction, it should be emphasized tha.t it is far
from clear how these interactions take place, especially since
the necessary experiments have not been conducted. In the
pursuit of the stated goal of this paper, Le., to review the
effects of THC and arginine on, as far as feasible, identical
experimental systems, the HeLa 83 human cell line constitutes
a good model for analysis. In recent experiments (94, 95), it
was demonstrated that cannabinoids depress in a dose-dependent
way proliferative activity as well as incorporation of radio-
labeled precursors into nucleic acids and proteins of HeLa 83cells growing in exponential cultures. These studies, as well
as previous ones from the same group (30), demonstrated that
the effects of cannabinoids on the intact cells could not be
observed in in YitLQ nuclear and chromatin transcription ex-
periments. No alteration in the template activity of chroma-
tin isolated from cannabinoid-treated cells was found when
compared to that of chromatin from untreated cells. It was
concluded that "the findings taken together could be explained
by cannabinoid-induced modifications at the level of the cell
membrane". Experiments with phenylglyoxal which reacts with
arginine moieties in proteins, but does not enter intact
cells, have shown that this reagent causes a dose-dependent
inhibition of HeLa 83 cell proliferation by chemically masking
arginine moieties at the cell surface (96,97). with the use
of labeled phenylglyoxal these authors demonstrated that there
is a 24-fold increase in arginine at entry into Gl from M when
they propagate in mono-layer culture. Growth was inhibited by
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the chemical masking of arginine by phenylglyoxal only during
the phases of the cycle when arginine-rich protein is exposed
at the surface (96). Interaction of cannabinoids with the
arginine-rich membrane protein in HeLa S3 cells would be con-
sistent with the findings, interpretations and conclusions of
Stein et ale (30) and Mon et ale (94,95) based on their exper-
iments with HeLa s3 cells and cannabinoids. It is of further
interest that this arginine enrichment at the cell surface has
been implicated in cell surface-mediated growth control and/or
transformed or tumor cell surface changes (98).

B. steroids, Lipoproteins and Cholesterol
Diethyl stilbestrol bisphosphate, which has similar prop-

erties to estradiol and is commonly employed to control pros-
tatic carcinoma, was recently found to interact directly with
arginyl residues in protein substrates through binding to
their guanidino group (99). Harr is et ale (100) have empha-
sized that the binding of cannabinoids resembles that of ste-
roids, on the basis of their strong spatial structural resem-
blance, their high lipid solubility and the absence of spe-
cific antagonists. Evidence was also presented that the can-
nabinoids may be interacting at steroid-specific sites (101).
Carchman et ale (102) have shown that the cannabinoids can
inhibit steroidogenesis both in normal adrenal and adrenal
tumor cells. This inhibition was demonstrated to be very
specific in that the cannabinoids had no significant effects
on cell growth, 02 consumption, etc. ThE¥ proposed that this
specific inhibition of steroid production involved early steps
in the pathway, possibly cholesterol transport or cholesterol
esterase, and attributed it to the strong structural and bio-
logical relationships between steroids and cannabinoids. A
possible explanation may reside in the numerous lipid drop-
lets, rich in cholesterol esters, present in the THC-inhibited
cells (102). In the light of the section that follows, it is
conceivable that cholesterol binding sites may be occupied by
the cannabinoid.

Cholesterol in the adrenal gland is either converted into
steroid hormones or esterified and stored in the intracellular
lipid droplets, the hydrolysis of the esterified cholesterol
being catalyzed by the cytoplasmic enzyme cholesterol esterase
(103). A stepwise examination of the steroidogenic pathway in
isolated Leydig cells for the purpose of locating the site of
action of THC demonstrated that "virtually the only step
inhibited" was the liberation by the esterase of "precursor"
cholesterol from its lipid droplet storage (104). These
studies demonstrated a direct effect of THC on steroid secret-
ing cells. It has been suggested that the "inability to
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demonstrate reduced corticosteroid levels in animals treated
with THC may reside in the ability of the animals to compen-
sate physiologically, or pharmacologically by a secondary drug
action, for reduced steroid synthesis with enhanced ACTH
release" (101).

THC has a structural similarity to cholesterol (105). In
the blood it is strongly bound to, and migrates in association
with, lipoproteins (106). In electrophoretic experiments
these authors showed that labeled THC in human plasma in yitrQ
is located in a peak in the albumin area and in a broad peak
around the transferring; these two peaks which must be attrib-
uted to protein-bound THC amount to about 87% of the total
radioactivity. Other experiments showed that THC and its 11-
OH metabolite, which is also pharmacologically and psycho'loqr-
cally active, are bound not only to albumin but also to
alphal-lipoproteins and beta-lipoproteins (107)• Arginine is
known to be a constituent of beta- and prebeta-lipoproteins
(108). Furthermore, there are arginine residues at or close
to the strong hydrophobic anion-binding sites of bovine serum
albumin (93). Chemical modification of the arginines in
transferring with phenylglyoxal, 1,2-cyclohexanedione and 2,3-
butanedione decreased iron binding activity by 50% (109) by
modifying the guanidino group of arginine at the bicarbonate
binding site. More importantly, very low density lipoproteins
(VLDL) contain the arginine-rich apolipoprotein E, which is
also found in HDL (110). Apoprotein E (apo-E) is a glycopro-
tein which occurs in several classes of lipoproteins of both
humans and animals (Ll.I), Metabolically this apo-E is impli-
cated in cholesterol transport in the plasma and mediates
lipoprotein recognition and uptake by the liver. As a matter
of fact, cyclohexanedione modification of arginine residues of
LDL results in a retardation in plasma clearance, showing that
the hepatocytes have a receptor for the arginines in apo-E
(112). It has been shown that the guanidino groups of argi-
nine (10%) in apo-E part.i.cfpat.ein cholesterol binding (1l3).
This has been established by in vitro experiments of choles-
terol interaction with compounds containing guanidino groups
(114). The unique importance of hydrophilic arginine residues
interrupting an otherwise hydrophobic portion of a peptide,
for effective cholesterol-protein interaction, has been estab-
lished by recent experiments (115). It is evident that also
in this general area of lipoproteins a unifying mechanism of
cannabis effects may be envisaged, through interactions with
arginine in many varied systems.

C. Chromosome Aberrations and Immune Function
Despite consistent evidence that THC and marijuana admin-
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istrations induce immunological defects in experimental ani-
mals (116), the findings so far available in humans are con-
flicting (117). Two early papers dealing with the .in .Yi1LQ
blastogenic responses of lymphocytes from long-term marijuana
smokers exemplify the conflicting findings (9,118). Subse-
quent experiments have established the strong dependence of
such results upon culture media and culture conditions (119).
It was shown that with serum concentrations of 0.5% in the
culture medium, thymidine incorporation was nearly completely
inhibited by '!HC,while with the same dose of '!HC,but in the
presence of 10% serum concentration, thymidine incorporation
was 90% of control. Analysis of the data indicated a direct
interaction between THC and serum as well as the reversibil-
ity of the inhibition of thymidine incorporation by THC
through washing the cells in RPMI medium and replacing them in
culture. Cytogenetic analyses of lymphocyte cultures from
chronic marijuana smokers have also yielded contradictory
results (120) despite the fact that heavy doses of marijuana
in humans (33), natural cannabinoids on normal human lympho-
cytes (121) and marijuana smoke in cultures (122) consistently
induce hypoploidy and chromosomal aberrations. The questions
arises whether the contradictory findings may not be attrib-
uted to the varied experimental designs. Aside from cannabis
studies, probably in few other areas of cellular research have
the methodological procedures played so important a role for
the outcome of experiments as in cytogenetics (123) and in
studies of the immune process using cell lines of diverse
origins (124, and refs. therein).

Numerous studies initiated for the elucidation of the
role of media and of culture conditions led to the unanimous
conclusion that the main factor involved that determines the
results obtained - and, under certain conditions, the arti-
facts produced - is the level of arginine in the experimental
system. '!hemany reasons why, and ways in which, this level
may vary have been reviewed in the classic study of Freed and
Schatz (31). Specifically, the chromosome damage resulting
from arginine deprivation was initially observed in cultures
recovering from inhibition of multiplication induced by liver
extracts that inadvertantly contained arqiriase, The enzyme
acted by degrading arginine in the culture medium thereby
producing nutritional deficiency in the cells. Chromosome
aberrations induced in cultured cells by infection of Myco-
plasma appear also to stem from an arginine deficiency (29)
since these organisms liberate arginine deaminase in the
medium and consume the amino acid. Extracts prepared from
mycoplasmas are inhibitory to the secondary production of
antibody to rabbit lymph node fragments in .Y:.i..t..rQ (125), to
blastogenesis and to mixed lymphocyte culture reactions (126-
128). These effects are due to the arginine depleting enzyme
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since they can be overcome by either adding excess arglnlne or
eliminating the enzyme activity by heat or washing the cul-
tures. Mitotic inhibition and increase in chromosome breakage
have both been experimentally produced in arginine-deficient
culture media and reversed again by addition of the amino acid
(29). Cells cultured in limiting concentrations of arginine
just adequate to produce multiplication, incur a significantly
elevated level of chromosome abnormalities. The experiments
showed that lack of anyone of the essential amino acids was
capable of inducing chromosome aberrations when the cells were
"rescued" after a 24- or 48 h exposure. These findings sug-
gested that "karyotype instability might stem from disparity
between the amino acid requirement of the cells and the nutri-
tional availability of these compounds" (31). Barile and
Leventhal showed that only the species of mycoplasma which
derive their energy from arginine utilization inhibit photo-
hemagglutinin (PHPU - stimulated transformation of lymphocytes
in cultures by their ability to deplete available arginine
(129). Thus, PHA-induced lymphocyte transformation is inex-
tricably linked to a normal level of arginine available in the
culture medium, the lack of which inhibits the incorporation
of thymidine into DNA (29). Lastly, it has been proposed that
chromosome changes could be expected from the introduction
into the culture of any drug tending to make an amino acid
unavailable to the cell by whatever mechanism (31, and refs
therein).

When the experiments and findings described above are
taken into account, it becomes clear that an interaction of
cannabis with arginine would suffice to explain a large number
of the drug's effects in culture systems. Assuming that can-
nabis derivatives "deplete" available arginine, a given dose
of the drug would cause a more effective inhibition in a 0.5%
concentration of serum (which supplies the amino acid) than in
a 10% concentration, which supplies a proportionally higher
level of arginine to the same number of cells. Furthermore,
the reversibility of THe inhibition of thymidine uptake by
washing the cells in RPMI medium and resetting in fresh cul-
ture (78) would be equivalent to overcoming the metabolic
block since the RPMI medium contains 200 mcg/ml arginine,
Ls., much more than the 100 mcg/ml found required to abrogate
inhibition caused by arginine deprivation (130). It is obvi-
ous, then, that media containing normally less arginine
(Fisher's: 15 mcq/ml) , if used, would lead to entirely dif-
ferent results and, probably, opposite conclusions. Cytoge-
netic experiments seem also to support a cannabis/arginine
interaction at many levels. Stenchever et al. showed an
increase in the incidence of chromosome breakage in marijuana
smokers when their cells were placed in culture with nutritive
media and PHA (131). No increase, however, in chromosome
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breakage was determined in normal lymphocytes when THC was
added in Y.i.tIQ after PHA stimulation (132). Far from being
contradictory these results support the experiments of Freed
and schatz (31), in which chromosomal breaks will appear ~
rescue from the deprivation of arginine (presumably occuringin vivo under marijuana smoking) when the cells are stimulated
to enter mitosis, as in the Stenchever et ale experiment
(131). On the other hand the addition of THC after PHA in a
culture of lympocytes which have not been subjected to argi-
nine depletion (those of non-smokers) will inhibit growth and
block mitosis by acute arginine depletion (29) without evi-
dence of chromosome aberrations, as in the Stenchever and
Allen experiment (132). These results are consistent with the
finding (31) that the frequency of chromosome aberrations
increases with increasing periods of exposure of the resting
cells to limiting levels of arginine, which may occur, as we
proposed (1), in long-term cannabis users.

The impaired development of the F2 generation of cannabis-
treated pregnant rats (133) appears to support a mutagenic
potential of THC. Limitation of available arginine is known
to sensitize cells to the clastogenic activity of mutagens
(134-136). Furthermore, death of a cell due to loss of
genetic material may not be evident until later generations
when the cell no longer possesses essential gene products,
having depleted its intracellular pool (137). THC is capable
of inducing segregational errors (121), which are studied in
anaphase preparations of chromosomes obtained by omission of
colchicine (138). These THC-induced anomalies were attributed
to disruption of the spindle and of microtubule formation, a
conclusion supported also by the findings of Leuchtenberger et
ale (139). No other mechanism need be invoked for these
effects than interference of cannabis with arginine. Modifi-
cation of pig brain tubulin with the arginine specific reagent
2,3-butanedione results in a decrease of its microtubule for-
mation capacity (140). These data suggested that at least one
arginyl residue plays an essential role in tubulin polymeriza-
tion through its interaction with the negatively charged moi-
ety of GTP, which is required for tubulin polymerization. The
preceeding analysis and critique of the experimental data does
not exhaust the subject, but highlights fundamental mechanisms
that may be operant in a wider spectrum of cannabis associated
effects in development and in the modulation of central ner-
vous system activity dependent upon microtubule function.

The health-related problem of whether cannabis consumption
produces immune dysfunction in humans can be approached only
indirectly. Conclusive evidence may prove elusive since cells
inBitY in a healthy Subject may be protected by homeostatic
mechanisms absent in cultures. One such approach is suggested
by the observation of the interactive effects of nutrition and
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cannabis in experimental animals (141). This study showed
that an enriched protein diet counteracted the effects of
cannabis exposure. Although a relationship between nutri-
tional status and cannabis induced immunosuppression in man is
often mentioned no controlled studies have been carr ied out.
However, modern concepts of the role of nutrition in the
treatment of patients with tumors suggest that food intake
plays a role in preventing or correcting the immune depression
consequent to the tumor (142, and refs. therein). In healthy
human volunteers eating their usual diets, supplemental argi-
nine greatly enhances the in vitro blastogenesis of peripheral
lymphocyte response to ~cell mitogens (143). In rodents with
depressed immune function secondary to tumors or stress, die-
tary arginine supplementation can restore thymic weight, the
number of thymic lymphocytes and in Yili.Q thymocyte mitogenic
response (142). Although the basal diet in the latter study
contained 1.8% arginine and was therefore not arginine-defi-
cient, the described restoration of function was observed only
after supplementation of the diet and the drinking water with
0.5% arginine. Further experiments clearly showed for the
first time that supplemental arginine improves thymic function
also in animals with genetically decreased thymic function
(144). Dietary arginine was also found to prevent thymic
involution and adrenal hypertrophy due to stress or injury
(142, 145). In experimental animals long-term and short term
exposure to pure cannabinoids and crude marijuana extracts
lead to adrenal weight increase and thymus weight decrease
(146), while in humans several studies have failed to show any
changes in adrenocortical function (120).

Taken together the foregoing studies emphasizes the oppo-
site effects of cannabis and arginine in the intact organism
and demonstrate the modulating role of nutritional state,
i.e., dietary arginine, on immune function in man. Despite
the lack of similar studies in long-term and short-term canna-
bis users, it seems valid to consider that plasma levels of
arginine by some approximation could be a modifying factor in
cannabis-induced immunosuppression in man, assuming that thein vitro effects of cannabis have functional significance for
health. '!he reported reactivation of dormant genital herpes
shortly after smoking of cannabis (147) could be explained by
an arginine-depleting effect of cannabis. Actually, it has
been shown that arginine deficiency can increase Herpes ~
~ virus yields by inhibiting the induction of interferon
(148). On the other hand Herpes Simplex virus fails to repli-
cate and to produce extensive c.p.e. in human cell mono Layer
cultures exposed to THe (149); this effect of THe was observed
only in the absence of serum from the culture since addition
of 10% serum overcomes the inhibition in the presence of THe
This antiviral effect of THe in vitro is also consistent with

-------- -----
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a putative cannabis/arginine interaction since it is well
documented that arginine is essential for the replication of
Herpes Simplex virus (150). Absence of the amino acid from
the culture medium prevents the formation of virions and addi-
tion of arginine immediately stimulated protein synthesis
within 2 min which is followed by virus formation. Serum
provides a high concentration of arginine (81) and, thus, may
overcome the antiviral (arginine-depleting?) effect of THC as
observed in the Blevins and Dumic experiments (149).

D. carcinogenicity and Antineoplastic Activity
The data of the previous section on the effects of canna-

bis and on the role of arginine in immune function cover the
main concepts that are also applicable to tumors. It is obvi-
ous, though, that the metabolic individuality of tumors,
either in the transforming or in the proliferating state, will
be a factor affecting the interaction of cannabis with these
tissues. Available evidence indicates that cannabis has car-
cinogenic potential (122,151) as well as antineoplastic activ-
ity both in vivo and in vitro when added to certain cell cul-
tures (117,153). From the data available in the literature it
can be inferred that the various cell lines appear to react
differently to the drug. The field is vast and complex, but
some general considerations have emerged that permit us to
examine cannabis/arginine interactions. The literature on the
roles of arginine and arginase in cancer is voluminous and
spans at least 35 years. An arbitrary sampling revealed that
although the growth of some tumors is arrested by the adminis-
tration of arginine (154-156), the growth of the majority of
tumors or cell lines is arrested by the depletion of arginine
by arginase (157-162). Far from being empirical this latter
approach seems to simulate a natural defense mechanism of the
organism. It has been shown that activated macrophages kill
tumor cells by releasing arginase (130). The selective in
vitro cytotoxic activity of zynosan or lipipolysaccharide
(LPS) - activated rodent macrophages for cultured malignant
cells is due to the lethal depletion of arginine mediated by
arginase (163). Since arginine is present in high concentra-
tion throughout the extracellular fluid, arginase-mediated
arginine deprivation of malignant cells "can be envisaged as a
microenvironmental phenomenon occuring at or near the surface
of the macrophage" (164). Arginine depletion of the extracel-
lular fluid creates conditions inimical to the successful
implantation and proliferation of the tumor. Effective argi-
nine-degrading enzymes are currently being studied for use in
cancer chemotherapy (165). The known inhibitory action of THC
on macrophage function (47) would appear to support an .in vivo
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enhancement by cannabis of cancerous growth, in those in-
stances where macrophage arginase is inhibitory to tumor
growth. On the other hand, by the same mechanism (paralysis
of macrophages) cannabis would arrest cancerous growth in
those instances where arginine is inhibitory to the tumor
(154-156). It is evident that the metabolic idiosyncrasies of
tumors introduce an ambiguity in the understanding of canna-
bis' effects. This is compounded by the fact that arginine
may enter many alternative metabolic pathways (protein synthe-
sis, urea cycle, production of creatine, proline, polyamines,
et.c.) subserving both growth and function, all of which are
claimed by both host tissue and tumor tissue. Malignant cells
are reported to require a higher concentration of arginine in
the medium than their normal counterparts (163).TUmors obtain
the amino acid from their host thus causing arginine depletion
to healthy tissues (157), which results in immunosuppression
as already discussed. We suggest that cannabis interaction
with arginine in its different pathways could account for the
apparent variability of the drug's effects in tumors.

E. Muscle and Nerve
Limitations to this review are set by the fact that not

all areas of cannabis research have a counterpart in arginine
investigations. Some new data in the literature, however,
permit to close this paper by examining cannabis/arginine
interactions in muscle and nerve. It has been reported that
the hypotensive and cardiac slowing actions of THC in rats are
not mediated by activation of parasympathetic nerves or by
beta-adrenotropic blockade (166). It has also been shown that
THC has a depressant effect on the beating of dissociated
myocardial ce lLs jj; Yit.r.Q (167). During muscle contraction
myosin catalyzes, in the presence of actin, the hydrolysis of
ATP. Mornet et al. have reported that phenylglyoxal reacts
rapidly with isolated myosin heads and induces two successive
and distinguishable effects on their enzymic properties: acti-
vation followed by inhibition (168). It was demonstrated that
the sequential modification of two reactive arginyl residues
is responsible for the observed activation-inhibition phenome-
non. Furthermore, Johnson ad B1azyk demonstrated that modifi-
cation of arginine-95 with 1,2-cyc1ohexanedione abolishes the
ability of F-actin to interact with tropomyosin (169). Argi-
nine-95, one out of 18 arginine residues per actin monomer, is
part of the 'activated state' binding site. It is currently
held (169, and refs. therein) that the interaction between one
tropomyosin and seven adjacent actin molecules can control the
interaction between actin and myosin for contraction. The
tachycardia regularly observed as a consequence of cannabis
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smoking in humans and the bradycardia observed in animals
could be reconciled by a cannabis/arginine interaction with
species-dependent emphasis on the activation-inhibition phe-
nomenon and on tropomyosin binding in the mechanism of muscle
contraction described above.

The recent reports that muscle spasticity, associated with
spinal cord injury or mUltiple sclerosis, improves after ad-
ministration of marijuana strongly support a cannabis/arginine
interaction in the urea cycle. Narayanareddy and Swami showed
that there is a 100% increase in arginine during denervation
in muscle (172). The atrophy process causes in addition a
shift in ammonia metabolism. Al though every enzyme in the
urea cycle is subject to inherited abnormality and typical
symptoms of hyperammonemia include lethargy, drowsiness and
recurrent vomiting attacks (173), it is well documented that
patients with arginase deficiency have an extreme degree of
limb spasticity. This appears to be caused by some detrimen-
tal effect of arginine accumulation since thespasticityis
relieved by a low-arginine diet, which reduces blood arginine
levels (174). The proposed depletion of arginine by cannabis
(1) could cause the reduction of spasticity by reducing the
amount of accumulated arginine. One report has been found to
date that examines the question of THe effects on the urea
cycle (175). Exposure of rabbits to hashish smoke every other
day for a period of one month resulted in a marked increase in
blood ammonia, not related to hepatic damage. Though behav-
ioral data are not included in this study, still the biochemi-
cal findings offer the first direct roof of a cannabis/argi-
nine interaction in, at least, one of the arginine pathways.
Only during recent decades with the discovery of congenital
hyperammmonemia in man has it been fully appreciated that
ammonia at high levels can cause aberrant behavior, perma-
nently damage the brain as well as inhibit growth (176, and
refs. therei.n) , This author stressed the fact that ammonia may
have subtle but significant effects on metabolism, particu-
larly in the brain, which are not apparent from neurological
signs or blood ammonia concentrations, but which are respons-
ible for abnormal neuro-transmissio~ The clinical symptoms
of hyperammonemia: episodes of intermittent ataxia, irrita-
bility, lethargy and coma -- also observed with high doses of
cannabis (177) -- can be reversed by dietary arginine (176,
and refs. therein), which lowers blood ammonia levels (178).
The above data taken together suggest that the results of
Ghoneium et ale (175) give an important insight into the mech-
anismof action of cannabinoids and offer experimental support
to the working hypothesis of a cannabis/arginine interactio~

One of the most intriguing effects of cannabis on the
nervous system is its biphasic action not only on behavior,
but also on distinct neurochemical parameters (63,179,180).
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In view of the consistently inhibitory action of cannabis on
macromolecular synthesis in the brain, it is far from clear
how these biphasic effects are produced There is agreement
that cannabis preparations interact with the cholinergic sys-
tem (181, and refs. therein). Marijuana and THC affect human
memory and cognition in ways that are always detrimental to
the user (182). Neurochemical research suggests that these
undesirable effects are related to a decrease in the release
of neuronal acetylcholine (ACh) and its turnover in certain
brain regions (181). The kinds of effects that marijuana can
have on the memory process (183) are strikingly similar to
those found in patients experiencing amnesia due to Herpes
Sirnpiex encephalitis (184), where cholinergic limbic pathways
are disrupted (185). Physiological reactions as well as
behavioral effects of cannabis are similar to those found with
anticholinergic drugs (186). A number of studies have sug-
gested that THC has anti epileptic effects~ these effects
appear paradoxical when THC has also produced epileptiform
activity in hippocampus (183). Behavioral effects of cannabi-
no ids can be blocked by anticholinesterase-tyt:e drugs (186).
It has also been reported that THC has anticholinesterase-like
activity (62). All these contradictory findings could stem
from a common substrate assuming a cannabis/arginine interac-
tio~ Choline acetyltransferase, the enzyme involved in ACh
synthesis, can be inactivated by butanedione and phenylgly-
oxal, the arginine specific reagents, through the modification
of the coenzyme A binding active-site arginine residue (187).
Acetylcholinesterase (AChE), the ACh degrading enzyme, can,
however, also be inactivated by butanedione through the modi-
fication of one essential arginine residue which alters the
conformation of the protein (51). Dose-dependent inhibition
of choline acetyltransferase and/or AChE would have profound
effects on the metabolism and turnover of ACh. An interaction
of cannabinoids with active site arginines of these enzymes
could account for their biphasic effects on the cholinergic
system. Inactivation by phenylglyoxal of adenyl cyclase (188)
and catechol-O-methyltransferase (189) extends the role of
arginine into the catecholaminergic system. It has been
reported that low doses of THC stimulate while high doses
depress the noradrenergic and dopaminergic systems (179).
This could be mediated through the antagonistic relationships
between adenyl cyclase and ATPase activities (190). Interac-
tion of cannabis with the active-site arginines of both
enzymes (61,188) could disrupt feedback regulations. Further-
more, the well documented disrupting effect of THC and canna-
bis on microtubules (33,139) which mediate monoamine exocyto-
sis (191) has also to be taken into account as a factor con-
tributing to the drug's biphasic effects on neurotransmitters.
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It is of interest that, also in this process, one arginyl
residue of tubulin, the binding site of GTP, is essential for
microtubule formation (140) and its modification with butane-
dione decreases the capacity of tubulin for po Lyme ri.z at.Lon,
Thus, a putative interaction of cannabis with arginine would
permit modulation of synaptic events at multiple sites through
a common molecular mechanism. Other enzymes involved in neu-
rotransmitter metabolism that possess essential arginine resi-
dues are glutamic decarboxylase (192) and gamma-aminobutyric
acid (GABA) aminotransferase (193). Experiments with phenyl-
glyoxal, which inactivates these enzymes, have shown that the
decarboxylase, responsible for the biosynthesis of GABA, has
essential arginine residues at both the glutamate and the
pyridoxal phosphate binding sites; the transferase, respons-
ible for GABA degradation, has an essential arginine at the
pyridoxal phosphate binding site.

GABA is the main inhibitory neurotransmitter in the mamma-
lian brain and excitability tends to vary inversely with GABA
levels, so that increased brain GABA concentrations were
thoughtto lead to protection aqa insc convulsions (194). The
convulsant action of hydrazines was once attributed to a
decrease in GABA, but it soon developed that seizures can
occur in the absence of this change (195). It was later dem-
onstrated that hydrazine interferes with the chloride channel
"pumps" (196) thus causing postsynaptic disinhibition. THC
enhances focal epileptic potentials and seizure activity,
while cannabidiol has unique anticonvulsant properties (197)
and marijuana has paradoxical anticonvulsant and convulsant
effects (198). A differential interaction of cannabinoids
with essential arginine in the GABA metabolizing enzymes as
well as with the essential arginine in the chloride-channel
protein (53) could well underlie their complex effects in
convulsions. Roberts et al. have proposed the possibility
that hydrazine might displace guanidino groups of arginyl
residuesin proteins of nerve cell membranes from interacation
with adjacently-located negatively-charged groups (199). This
they assume to be the mechanism of hydrazine toxicity in con-
vulsions, since arginine tested as a possible protective agent
in hydrazine toxicity was found to be effective. That argi-
nine may have a complex homeostatic role in the mechanisms of
excitation/inhibition in the neuronal microenvironment is sug-
gested by the finding that gamma-guanidinobutyric acid, a nor-
mal component of the brain, which is synthesized from GABA and
arginine (200), inactivates inhibitory synapses (201) and may
be important in the excitation of the central nervous system
which leads to seizures (202). Chronic injections of THC
increase the content of GABA in rat brain (203). Since the
biphasic effects of cannabis suggest the interaction ofthe
drug with homeostatic mechanisms of the brain, it would be
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consistent with these data to view the interaction as occuring
via arginine involvement at the multiple sites described,
where arginine appears to be essential to neuronal function.

Last, but not least, and relevant to THC's lipophilic
nature, is the emerging role of arginine in the biochemistry
of receptor binding. This role was anticipated by the work of
Curtis and watkins (204), predicted by Roberts et al. (199),
elaborated by the hypothesis of Watkins (205), and is now
supported by specific experiments (55, 206). Briefly, Watkins
proposed that the pharmacological actions of ACh, GABA and
glutamic acid result from dissociation of phospholipid-protein
complexes contained in the membrane, and the ensuing perme-
ability changes. He reached this conclusion after noting the
similarity in the structure and charge distributions of ACh,
GABA and glutamic acid with phosphatidyl-chlorine, phosphat i-
dylethanolamine and phosphatidylserine respectively. The
theory requires that receptor sites for GABA and glutamicacid
should be ascribed to basic amino acid side chains in the
protein. Confirmation of Watkins' hypothesis with respect to
GABA was obtained when a preparation enriched in junctional
complexes from rat cerebellum was incubated with labeled GABA,
and binding was determined in the absence and presence of the
enzyme that specifically hydrolyzes phosphatidylethanolamine
(206). It was demonstrated that phospholipase C, in fact,
enhanced the specific binding of GABA by 260% and, further-
more, that there was competition between GABA and the phospho-
lipid for binding to the receptor. Hence, removal of the
phospholipid unmasked a high affinity site for transmitter
binding. Recent studies have now provided evidence that argi-
nylresidues in proteins are the high affinity sites for nega-
tively charged phosphate groups of phosphOlipid molecules
(55). Other studies have established that the microenviron-
ment of the binding-site arginines is always a hydrophobic
sequence of the protein molecule (56), Le., a locus for which
THC has special affinity. Since the GABA is similarly a
hydrophobic protein (206) a cannabis/arginine interaction at
the receptor would be consistent with the data and may explain
the observed increase in GABA content of rat cerebellum after
chronic WC administration (203).

F. Comment
In the light of the data surveyed and analyzed from the

published reports available in the literature it appears that
the hypothesis of the cannabis/arginine interaction, as the
common denominator of the drug's biological effects, remains
valid. However, a hypothesis hovers around truth, it is not



Cellular Effects of Cannabis-Supporting Interference of the Drug 693

truth itself. It is hoped that the evidence offered in the
present review in favor of the "common denominator" may stimu-
late the pertinent analytical disciplines into designing the
crucial experiments that suggest themselves, and through which
the hypothesis may claim reality status. The references cited
may also generate a cascade of further contributory data, here
witheld due to the limitation of space.
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