CLINICAL

l HARMACOLOGY

and I HERAPEUTICS

volume 16 number 6

December, 1974

The biochemical pharmacology of abused drugs

lll. Cannabis, opiates, and synthetic narcotics

In this fmal part of the review, we cover the widely abused plant drugs, Cannabis obtained

from the hemp plant Cannabis sativa, and the opiates, from the opium poppy Papaver

somniferum. The psychoactivity of preparations of these plants has been known for a very

long time. Cannabis has never found a genuine medical application for its particular

psychoactivity and, although it has been in most of the world’s pharmacopoeias at one time

or another, there is no established medical use for it. The opiates are essential for the

alleviation of severe pain and in the treatment of cerlain gastrointestinal disorders. Their

use in the medicine of the nincteenth century was widespread, but realization of the dangers

of prolonged dosage has led to a restriction to circumstances when they are specifically

indicated. Owing to the well-established dangers of the opiates from the viewpoint of

dependence, many attempts have been made to synthesize a “safe” powerful analgesic. There

has been no real success, but several such compounds have come to be abused in their own

turn. The three most important of these are meperidine, methadone, and pentozocine, and

these are reviewed here along with the naturally occurring opiates.

John Caldwell, Ph.D., and Peter S. Sever, M.B.* London, England
Department of Biochemistry, St. Mary’s Hospital Medical School

Cannabis

The various preparations of the plant
Cannabis sativa Linn constitute the most
widely used illicit drugs throughout the
the world. The effects of these preparations

®Recipient of a Medical Research Council Junior Re-
search Fellowship.

have been known for a very long time,
but they have recently become the drug of
choice in “advanced” circles. This has its
origins in the middle of the last century,
with advocates such as Baudelaire and
Gautier, and has spread widely.” A con-
siderable number of names for the differ-
ent preparations are used, but here Canna-
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Fig. 1. A, Structures of some important constituents of cannabis. B, Numbering conventions
for cannabinoids, exemplified by the most active tetrahydrocannabinol.

bis will be used for crude plant prepara-
tions having the characteristic psychic ef-
fects. The resinous exudate of the flower-
ing tops of female plants is richest in the
active principles, but dried leaves, flowers,
and stems are also used. The most common
mode of administration is by mixing herbal
preparations into cigarettes for smoking,
but in several forms the drug is also eaten.

Chemistry. Until recently knowledge of
Cannabis has been restricted by the poor
state of chemical knowledge about the
constituents of the drug. The amounts and
ratios of the various components of the
drug depend on botanical and cultivation
factors, the mode of preparation of the

crude drug, and its storage. In the last 8
to 10 years, the active principles of the
drug have been elucidated, and in this
gas chromatography and mass spectrom-
etry have been essential.’' The structure
of the inactive cannabinol (Fig..1, A) was
determined in 1940, ¢ and it was realized
at this time that the psychotomimetic ac-
tion of Cannabis was due to a tetrahydro-
cannabinol, in which the 6-carbon ring
without the phenolic hydroxyl and n-
pentyl groups contained one double bond.
Synthetic tetrahydrocannabinol (THC) of
the late 1930’s was A% > THC, in which
the double bond was shared with the ring
containing the oxygen heteratom (see for-
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mal numbering system in Fig. 1, B). While
this compound had a marked psychotomi-
metic action,»? it was considerably less
active than A-THC (Fig. 1) a small
sample of which was prepared at the same
time.! Furthermore, great variations were
found between the activities of synthetic
batches of THC, probably due to the rel-
ative proportions of the 8 isomers varying.’
In 1964, Gaoni and Mechoulam™ showed
the presence of the active compound A®°-
THC, an oily substance that is isomerized to
ASTHC (Fig. 1, A) by acids, and that is oxi-
dized in air to cannabinol and polymers
from oxidation of the phenolic group. A®-
THC is also psychoactive. Two numbering
systems are used at present for the canna-
binoid ring system. The first is the formal
chemical numbering, based on the pyran
ring conventions, and the second is a
monoterpenoid numbering, which derives
from the Dbiosynthetic pathways of the
cannabinoids. These are shown in Fig. 1.
For the systematic chemical study of the
cannabinoids, the monoterpenoid system
is preferable, but in the pharmacologic
literature there appears a preference for
the formal numbering, which accordingly
is used in this review. The n-propyl
analogues of cannabinol and THC have
also been detected™* '*1; these are the can-
nabivarins and have activities similar to the
cannabinols. Another major constituent is
the inactive A°-tetrahydrocannabinolic acid
(Fig. 1, A), which is converted to A>-THC on
heating or when smoked.** > A*-THC itself
is partially destroyed on burning, so that the
dose from smoking can be very variable.®
Vree and associates'** have reported the
presence of the cannabiorcins, methyl
analogues of the n-pentyl and n-propyl
cannabinoids. These materials occur in
smaller quantities than do the C-3 and C-5
compounds, and are less active than the
longer chain compounds. Other substances
found in Cannabis preparations include
triterpenes and C-19 steroids,*' trigonelline
( N-methylpyridine-3-carboxylic acid) and
its methyl and cthyl esters, and an un-
identified atropine-like substance.’*
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The composition of samples of Cannabis
varies with the mode of cultivation and
source. Cannabis grown for its fibrous
content (e.g., Turkish hemp) is very low
in psychoactive constituents, but in sam-
ples cultivated for drug content (notably
Mexican) the psychoactive compounds
and their precursors can account for some
4% to 7% of the total material.'*> Fuller
reviews of the chemistry and pharmacog-
nosy of Cannabis are to be found in
References 41, 81, and 125.

Pharmacology. The effects of Cannabis
on the whole organism can be divided
into the easily assessed physiological
response and the more subjective CNS ef-
fects, which can be elusive. In the acute
situation, the drug causes an increase in
pulse rate without an increase in blood
pressure, and the kinetics of the pulse
increase in man follow those of the drug’s
plasma level.*” In atropinized rats, no in-
crease is seen in heart or respiratory rates,
and in man the increase in heart rate may
be prevented by the g-adrenergic blocker
propranolol.*® There is considerable hypo-
thermia, and in animals a cataleptic state
is produced, the animal equivalent of the
human “high.” This state correlates well
with levels of the drug in mouse brain. In
man, Cannabis increases the appetite, but
in rats the reverse is found.

The subjective effects of Cannabis are
principally distortions of perception, over-
estimation of time, and some impairment
of short-term memory. Low doses have a
principally euphoriant effect, and higher
doses are hallucinogenic. Intellectual per-
formance is impaired and there is seda-
tion and loss of social inhibitions, which
may account for the aphrodisiac reputation
of Cannabis. When giving an account of
the actions of Cannabis on the psyche, it
is virtually impossible to separate socio-
logic influences from biochemical or
pharmacologic ones. Naive human sub-
jects rarely respond to the effects of Can-
nabis on the psyche, but on repeated usage,
especially in the company of experienced
users, the “high” state is attained by learn-
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ing. The kinetics of the physiologic effects
correlate well with the kinetics of A*-THC
in the body, and Lemberger, Axelrod, and
Kopin,™ using data derived from Hollister,
Richards, and Gillespie®* suggested that
the time-course of the psychic effects of
A*-THC followed its appearance and dis-
appearance from plasma. However, a later
paper,* of which Lemberger is a co-
author, has shown that the psychic effects
take longer to appear and last longer than
does the drug itself in plasma. This sub-
jective “high” state may be evoked to a
lesser extent by the stimulus of placebo
Cannabis-like material, indicating that this
may be a conditioned response and not a
true drug effect.®

The mode of action of Cannabis and its
constituents as seen by alterations in brain
neurotransmitters has yet to be elucidated,
but some indications are given in the work
of Truitt and Anderson.''” They find that
after both Cannabis and A°>-THC there is
a very slight fall in the brain levels of
norepinephrine, but a significant elevation
in brain 5-HT. Further, both Cannabis
and A°*-THC slow the turnover rates of
norepinephrine and 5-HT in the brain.
This pattern of elevation of 5-HT, while
norepinephrine is unaflected, resembles
other hallucinogens such as LSD and
mescaline’® and may represent a common
mechanism for these effects of a number
of drugs.

In 1968 it was reported that Cannabis
has a teratogenic action in rats.®> Subse-
quent work using A*-THC has shown that
this material has no teratogenic effects in
rat and hamster, although it passes across
the placenta of rats*® and has been found
in hamster fetuses.®* A*-THC is also with-
out effect on the chromosomes of rat leuko-
cytes in tissue culture.®® There are, how-
ever, indications that Cannabis contains a
teratogen other than A°-THC.

Forney and Kiplinger,* in their review,
note that the LD;, of A>-THC given by
intravenous injection to rats and mice is
some 10 times greater than when it is ad-
ministered orally or by intraperitoneal in-
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jection, and repeated small doses of A®-
THC are more toxic to mice than single
large doses.™ They stress the great lipid
solubility of the drug and the consequent
dangers of accumulation in fatty tissues,
notably the brain. The tissue distribution
of A*THC indeed shows concentration of
the drug in fat*® but, as will be seen later,
there is no significant retention of the drug
or its metabolites in man.®* The drug and
certain metabolites have been identified in
brain of rat, mouse, and monkey after in-
jection of A°-THC,?* 5 ¢ and there have
been reports, based on tenuous evidence,
of gross brain damage involving shrinking
of this organ.

Much of the pharmacologic work re-
corded in the literature is based on the
assumption . that the effects of the drug
are due to A*THC alone; either the pure
drug or extracts with standardized A°*>-THC
content are used. This may well be a naive
assumption, especially when the example
of tobacco is considered; nicotine is the
most active constituent, but there are many
other active substances present so that
tobacco and nicotine are very difficult to
equate.

Metabolism and disposition of A-THC.
The fate of A*>-THC has been examined in
the rat, rabbit, and man, and in all three
species it is metabolized very rapidly and
completely, although this speedy bio-
transformation does not lead to quick ex-
cretion. In the rat, only 50% of a dose of
radiolabeled A°-THC is eliminated from
the body in one week after dosing, and of
this, the bulk (40%) is found in the feces
with the remainder in the urine. 2 The
urine of the first day after dosing contains
some 2% to 6% of the dose almost entirely
in the form of metabolites. The major
metabolite is 11-hydroxy-A®>-THC, with
other products in smaller amounts.** Klaus-
ner and Dingell™ report that this 11-hy-
droxy metabolite undergoes enterohepatic
circulation in the rat. After the injection
of [*H]-A>~THC, the rabbit excretes radio-
activity considerably quicker than the rat,

35% of the dose appearing in the first
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24 hour urine, with 10% in the feces in
the same period.® As in the rat, the metab-
olism of A®-THC is very rapid, the plasma
half-life of the unchanged drug being some
7 to 16 minutes. The metabolites have not
been identified, but there are at least 3
present in urine, all more polar than A°-
THC.

In man, A*-THC is metabolized exten-
sively to more polar compounds that are
excreted in the urine and feces, and in a
period of one week, some 60% of a dose
is found in the urine, with about 209% in
the feces. The bulk of fecal excretion oc-
curs on the first day after dosing, and
elimination by this route is essentially com-
plete in 4 days. The urine excreted on the
first day after dosing, however, contains
some 15% of the dose, with 209 in the
second and another 10% in the third day’s
urine. No unchanged A®*-THC is found in
the urine, but polar acidic metabolites are
present, including a small amount of 11-
hydroxy-a”-THC, the amount of which
can be increased by incubating the urine
with a g-glucuronidase-sulfatase prepara-
tion.* The pattern of metabolites in feces
is essentially the same as in urine.

The slow elimination of the drug and
its metabolites by man and animals is
noteworthy. The plasma half-life of the
drug in rabbits is very short, which sug-
gests that there is a primary phase of rapid
metabolism, followed by distribution into
the tissues, leading to a slow excretion.
In man’* and the rat™ the elimination of
A*-THC is biphasic, with very rapid dis-
appearance from plasma (of the order
of minutes) followed by slow excretion
extending over several days. A~THC has
unusual affinities for cellular components?®
being strongly bound to plasma lipopro-
teins’®* and this may partly explain why
the drug is slowly eliminated from the
body. Despite there being a depot of drug
metabolites in the body, this depot does
not appear to increase in size, and there
is no accumulation on repeated adminis-
tration of the drug.

When a Cannabis extract, standardized
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to contain 20 mg of A®-THC, was given
to human subjects, their urines contained
cannabinol, cannabidiol, and a new polar
metabolite, but no A%THC.** Although
considerable individual variations in me-
tabolism were found, on repeated dosage
no evidence of accumulation of the drug
or its metabolites could be found. The
explanation for this is to be found in the
discovery that the pharmacokinetics of
[#C]-A*-THC are different in regular
smokers and in drug-naive subjects.” The
plasma half-life of radioactivity in non-
smokers is about twice as long as in
chronic smokers, the figures being:

Non-  Chronic
smokers smokers

Plasma half-life total 1¢C (hr) 67 33
Plasma half-life As-THC (hr) 56 27

These differences suggest that, in man
at least, Cannabis compounds have the
ability to induce their own metabolism,™
which apparently overcomes any tendency
for the drug to build up in tissues.

The metabolism of A-THC has also
been investigated in liver microsomal sys-
tems, and homogenates from rat and rab-
bit both give a hydroxylated metabolite,
11-hydroxy-A°-THC.*¢ In rabbit liver mi-
crosomal preparations, further hydroxyla-
tion of 11-hydroxy-a®~THC has been de-
tected giving 8,11-dihydroxy-A®>-THC and'
11,16-dihydroxy-A®-THC."™* Some of the
8,11-dihydroxy metabolite undergoes aro-
matization with loss of the 8-hydroxyl
group, resulting in 11-hydroxycannabinol.
These reactions are summarized in Fig. 2.
In addition to this, the active cannabinoid
A*THC is metabolized along similar path-
ways, with the production of 7,11-dihy-
droxy-A3-THC. No aromatization or side
chain hydroxylation was observed.?* A
similar hydroxylation of cannabinol in rat
liver, yielding 11-hydroxy-cannabinol, has
been reported.'” The metabolism of A°-
THC by hydroxylation is a reaction of
some pharmacologic significance. 11-Hy-
droxy-A®>-THC has eftects in rats, mice,
and monkeys similar to the parent drug
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and, when given by intracerebral injec-
tion, has 18 times its potency.*® It has
been reported that, in mice, over 50% of
the net observed effects of A*THC are
due to the 11-hydroxy metabolite.”* How-
ever, 8,11-dihydroxy-A*-THC is devoid of
pharmacologic activity, although it is
found in mouse brain along with 11-hy-
droxy-A®-THC after A°-THC administra-
tion.* Homogenates of mouse brain, when
incubated with A*THC and the necessary
cofactors as for its metabolism by the liver,
do not hydroxylate this substrate.?
Tolerance to Cannabis. Evidence both
for and against the development of toler-
ance to the effects of Cannabis exists in

the literature. The conflict between re-
ports is perhaps due to sample variation,
but recent work™ appears to show be-
yond reasonable doubt that tolerance to
A*-THC does occur. The tolerance is rap-
idly developed to a marked extent in
pigeons, dogs, rats, and rhesus monkeys,
but does not occur for all of the effects of
A*-THC since sedation and anorexia in
the dog and analgesia in mice are unaf-
fected. A number of closely related psy-
choactive cannabinoids show cross-toler-
ance to each other. Regular exposure to
the drug is not a prerequisite for tolerance
development, as it still is evoked when
doses are given at irregular, infrequent in-
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tervals. The tolerance is long-lasting and
may be exhibited up to one month after
the final drug administration. Cannabis
tolerance is not related to tolerance pro-
duced by other drugs, since morphine,
mescaline, or LSD cannot be substituted
for Cannabis. No withdrawal syndrome
has been observed in dogs, rats, or pigeons
rendered tolerant to A*-THC, but there are
indications of such a syndrome in rhesus
monkeys, which perhaps is evidence for
the production of dependence.

Recent studies®” ** show that, in pigeons,
the metabolism and disposition of A*>-THC
are the same after acute and chronic dos-
age, and they conclude that the tolerance
produced by A*-THC does not have its
basis in altered drug handling. Nahas and
associates®® suggested that A-THC, when
bound to plasma lipoproteins (as men-
tioned previously) can act as a hapten
and trigger an immune response at the
cellular level, giving rise to tolerance. They
base this conclusion on the ability of the
immunosuppressive, azathioprine, to in-
hibit the development of tolerance to

A*-THC by the rat. Azathioprine, however,
is a derivative of the protein synthesis in-
hibitor, 6-mercaptopurine, and in view of
the known action of protein synthesis in-
hibitors to influence tolerance develop-
ment to opiates and depressants (see rele-
vant sections), one might suggest that
A*-THC is another example of a drug in
which protein synthesis and tolerance are
intimately linked. It must, however, be
noted that Ferraro and Grilly* failed to
find tolerance to A°-THC in chimpanzees
when testing their performance in a com-
plex delayed matching-to-sample task over
21 days of drug dosage. They point out
that parameters used by other workers to
show tolerance involve very simple tasks
Or are passive measures.

There are some suggestions that in man,
subjects become more sensitive to the
psychic effects of Cannabis on prolonged
administration. If this “reverse tolerance”
does occur, it has been suggested that it
might be due to repeated dosage inducing
the liver enzymes responsible for convert-
ing A®-THC to the highly active 11-hy-
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Table 1. Alkaloid composition of
raw opium

Alkaloid l % of dry weight
Phenanthrene alkaloids
Morphine 10.0
Codeine 0.5
Thebaine 0.2
Benzylisoquinoline alkaloids
Noscapine 6.0
Papaverine 1.0
Narceine 0.3
Total 25

Table II. Relative potencies of morphine,
heroin, and codeine

Dose equivalent to

10 mg morphine Duration of

Analgesic subcutaneously action (hr)
Morphine 10 4-5
Heroin 3 3-4
Codeine 120 4-6

droxy-A°-THC.™ The larger amounts of
metabolite present would thus give a
heightened response to the drug.

The opiates

The analgesic and pleasurable prop-
erties of products from the plant Papaver
somniferum were well established before
the Greeks named its juice opium. The
drug was widely used in Arabian medi-
cine, and found its way into Europe by
the Middle Ages. Laudanum, an opium
preparation still in use, was the invention
of Paracelsus. The scientific investigation
of opium dates from 1803 when morphine
was isolated. While dependence to opium
must have been known to the ancients,
our first real accounts date from the nine-
teenth century. Laudanum drinking flour-
ished among the romantic idealists of
the time, De Quincey’s Confessions of an
English Opium Eater (1822) remaining a
classic account of Laudanum addiction.
At the same time, opium came into gen-
eral use in medicine, being used to treat a
wide variety of disorders. In addition, the
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middle of the nineteenth century saw the
perfection of the hypodermic needle, and
the opiates were the first drugs to be ad-
ministered parenterally in this way. The
large numbers of casualties of the American
Civil War were the first major bene-
ficiaries of this combination, and indeed
many were taught to self-administer mor-
phine by injection. This led to widespread
therapeutic addiction, which was dubbed
the “soldiers’ disease.” While addiction
was not thought of as a problem at this
time, the indiscriminate use of opiates was
an important factor in the introduction
of the first drug control laws.

We have now come to a better under-
standing of the dangers of the opiates, and
they are among the most useful of drugs
now that their use is much more rational.
The numbers of opiate addicts in the
community have been rising rapidly in
recent years, notably in the cities. It is
often misleading to quote figures for the
incidence of this type of abuse, but it can
be stated that the average age of new
addicts has become steadily lower, making
drug dependence more and more an ado-
lescent problem.

Chemistry. Raw opium has a total al-
kaloid content of about 25%, and the
alkaloids are of two classes, the phen-
anthrenes of which morphine is the most
important, and the benzylisoquinolines.
Structures of these are shown in Fig. 3.
Table I shows the composition of raw
opium, and it is seen that morphine is
the most abundant alkaloid. Although
many of the constituents of opium have
marked pharmacologic actions, morphine
is the archetype of the narcotic alkaloids
with the phenanthrene structure. It has
attracted most attention from the drug
abuse viewpoint, along with its semisyn-
thetic diacetyl derivative, heroin (Fig. 3).
Codeine (Fig. 3) possesses many of the
pharmacologic attributes of morphine but
is less potent, and while used therapeu-
tically as an analgesic, it has littie attrac-
tion for the drug abuser. Some idea of
the relative potencies of these analgesics
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in man can be obtained from the figures
in Table II, with the duration of action
also shown:

It is well known that heroin is more
potent than morphine and is preferred by
abusers. This is probably due to the greater
lipid solubility of heroin compared with
morphine, as the relatively polar hydroxyl
groups are rendered less polar by esterifi-
cation with acetic acid. This results in
much higher brain concentrations of drug
when heroin is given than when the same
dose of morphine is given.”

The possible routes of metabolism of
morphine that suggests themselves from
its structure (see Iig. 3) are conjugation
of either or both hydroxyl groups and
N-demethylation. In animals and in man,
the principal route is by conjugation, the
3-position (phenolic) being favored. In
the bile of dogs, 35% of a dose of mor-
phine is excreted as the 3-glucuronide, to-
gether with a small amount of a double
conjugate, possibly the 3-sulfate-6-glu-
curonide.’* Both dogs and monkeys ex-
crete morphine principally as conjugates
in the urine with smaller amounts in the
feces, but the fecal material contains more
free than conjugated morphine.*® 1%

N-Demethylation of morphine is not an
important metabolic pathway in man or
rat, since on using morphine labeled with
“*C in the N-methyl group, human sub-
jects were found to excrete 57% to 84%
of radioactivity in the urine, 7% to 10%
in the feces, and only 3% to 5% in the
expired air as CO,. The male rat ex-
creted 8% of the dose of “C in the ex-

pired air, whereas the female eliminated

only 0.6% by this route, suggesting a sex
difference in this species in the extent of
demethylation.**

The pattern of metabolism and excre-
tion of morphine both in lower animals
and in man is little changed on chronic
dosage (Table III). In dogs there is a
trend toward greater fecal excretion of
the unchanged drug on chronic dosage,
but it appears that alterations in the ex-
cretion patterns of this drug do not ac-
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Table IIL. Excretion of morphine and its
conjugate by monkeys and dogs® f

Urine Feces
Conju- Conju-
Free | gated | Free | gated

Monkey

Nontolerant 10 67 2 0.8

Tolerant 7 39 4 0.7
Dog

Nontolerant 14 56 6 1

Tolerant 14 55 15 1

#Figures represent per cent of dose as that metabolite
in 0 to 24 hr urine and feces.

tAfter Mellett, L. B,, and Woods, L. A.: J. Pharmacol.
Exp. Ther. 116: 77-83, 19586,

count for tolerance, and dependence and
alternative explanations must be sought.

Heroin (3, 6-diacetyl morphine) is me-
tabolized by esterases both in man and
in lower animals, giving morphine, which
is then conjugated. The 3-acetyl group is
lost more easily than 6-, so that 6-mono-
acetyl morphine is the intermediate in
deacetylation,®® which may occur in both
plasma and brain.**' In heroin-dependent
human subjects, some 50% of a dose of
the drug is excreted as conjugated mor-
phine and 7% as free morphine.** A more
comprehensive account of the metabolism
of the opiates is given by Scrafani and
Clouet.??

It is of interest in consider the phar-
macologic significance of the conjugation
of morphine with sulfate and glucuronide.
Morphine-3-sulfate was reported as a
metabolite in dogs in 1883, and it was
later found that it had no analgesic or
euphoriant properties.”® Mulé and Woods®’
investigated the tissue distribution of both
free and conjugated morphine after mor-
phine dosage and found that the conju-
gated form did not enter the brain (the
drugs site of action) to an appreciable
extent. It has been suggested®® that mor-
phine conjugates are active metabolites,
for when morphine-3-glucuronide was
given by intracerebral injection to mice,
it had analgesic properties. However,
Schulz and Goldstein®* found that the
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glucuronides of morphine and the syn-
thetic narcotic levorphanol were inactive
on a guinea pig ileum preparation (a test
for narcotic drugs®*) and that the anal-
gesia caused by intracutaneous injections
of levorphanol-3-glucuronide was due to
liberation of the aglycone by B-glucuron-
idase of the brain. They proposed that
the analgesia caused by morphine-3-glu-
curonide had a similar origin. It would
thus appear that the conjugation of mor-
phine and other narcotics effectively ter-
minates their action by changing them
into forms unable to reach the receptor
sites in the brain®’ and by increasing their
water solubilities so that they are readily
excreted.

Effects of chronic morphinization on
liver microsomal enzymes. When narcotics
are given in prolonged dosage there are
many striking changes in the pharma-
cologic effects, and it may be that bio-
chemical changes parallel these. When
liver microsomes are prepared from ani-
mals receiving repeated doses of mor-
phine, they show progressively reduced
ability to N-demethylate morphine. If the
antagonist, Nalorphine (N-allylnormor-
phine), or normorphine, is given, cross-
tolerance is developed in that the animals
show tolerance to the analgesic effect of
morphine, and their microsomal enzymes
exhibit a reduced ability to demethylate
morphine.*®

The conjugation of morphine in vivo
with glucuronic acid has already been
referred to, and in this connection Take-
mori'" found that acute and chronic mor-
phine treatment of rats increased the syn-
thesis of uridine diphosphoglucuronic acid
in the liver, the high-energy intermediate
in glucuronide formation, but the amount
of morphine glucuronide formed in vitro
was reduced on repeated dosage, indicat-
ing a loss of glucuronyl transferase ac-
tivity. It was further found!*? that phenol
glucuronide formation was unaffected on
chronic dosage of phenol, although mor-
phine treatment reduced conjugation of
a range of other drugs, which may be of
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significance in the polypharmacy that drug
abusers notoriously indulge in. Theories
of tolerance based on these changes in
enzyme activity will be elaborated later.

Pharmacology. The effects of morphine
on the organism are exerted at two major
sites, on smooth muscle and on the cen-
tral nervous system (CNS). The con-
stipating action of morphine is well known
and has led to its use in intractable
diarrhea, although its major action is on
the CNS. Morphine in man causes anal-
gesia, drowsiness, mental clouding, and
mood changes. The analgesia is selective
without affecting the other senses. In nor-
mal doses, morphine is euphoric to sub-
jects who are tense, worried, or in pain,
but in normal individuals it is less pleasant
and may give rise to dysphoria, character-
ized by anxiety accompanied often with
nausea and vomiting.®” This has led to
the concept that the abuser responds dif-
ferently to morphine in that it is only
euphoric to those inherently disposed
toward drug use.™

Many suggestions have been advanced
for the mechanism of action of morphine
and related drugs.>**® Modern thought
is that the mechanism of action of mor-
phine lies in its effects on central neuro-
transmitters, and of the many putative
transmitters,® acetylcholine (ACh), 5-hy-
droxytryptamine, and the catecholamines
are all thought to be involved.

Morphine inhibits the release of ACh
from neurons in the peripheral®* ** and
central nervous systems® 1 Slices from
cerebral cortex of rats treated with mor-
phine show impaired ACh synthesis when
ACh release is prevented by a low K*
concentration, but with a high K* con-
centration, ACh release is normal as is
ACh synthesis.* The involvement of
catecholamines is shown by the enhance-
ment of morphine analgesia by tyrosine,
amphetamine, and the monoamine oxidase
(MAO) inhibitor, tranylcypromine. The
adrenergic blockers inhibit the response
to morphine, as does depletion of cate-
cholamines and 5-HT by reserpine. 5-HT



Volume 16 Biochemistry of abused drugs 999
Number 6
__CH
CH3 CHj CH,CH=C__
k l N CHg
- N
CHg
Cs H3
CH3
OH
Meperidine Methadone Pentazocine
CHjy
|
N
(o]
H CH
Morphine

Fig. 4. Structures of synthetic narcotic analgesics as related to morphine.

participation in the morphine response is
apparent from the potentiation of anal-
gesia by S-hydroxytryptophan, and its im-
pairment by p-chlorophenylalanine.”™ It
appears then that morphine interferes with
more than one of the neurochemical trans-
mitter systems of the brain, but it is not
possible at present to account for the
action of the drug at this level. A fuller
account of transmitter changes on pro-
longed exposure to morphine is given in
section entitled “Tolerance to narcot-
ics.”

Tolerance in man develops primarily to
the analgesic, sedative, euphoric, and
respiratory depressant effects of morphine
and, while very high doses are tolerated,
overdosage is a frequent cause of death.”
The withdrawal syndrome is very severe
and has been described many times; it
involves nervousness, anxiety, great in-
creases in body secretion, muscle pain,
vomiting, diarrhea and an obsessive drive
toward more drug.*

Synthetic narcotic drugs

One of the earliest tasks that the found-
ers of medicinal chemistry undertook was

the search for a powerful nonaddictive
analgesic. This search, despite several ex-
citing discoveries, has still not proved
fruitful, although it continues. Despite the
fact that it has been impossible so far to
separate the production of tolerance and
dependence from analgesia, many useful
narcotics have been discovered,?? 52 some
of which are used in certain circumstances
in preference to the opiates. Abuse of
some of these agents has occurred, and
in this respect a discussion of three,
methadone, meperidine, and pentazocine,
is appropriate.

Methadone. Methadone (4,4-diphenyl-6-
methylamino-3-heptanone, Fig. 4) is a
powerful synthetic nonopiate analgesic, of
German origin, which came into the thera-
peutic use after World War II. It is a
highly effective analgesic, respiratory de-
pressant, and antitussive, and in man is
equipotent with morphine. Other struc-
turally related compounds have opiate-like
effects, but methadone is the most potent.®
The molecule has an asymmetric center at
C-6 and, although the racemate is used
in practice, the l-isomer is some 30 times
as active as the d-antipode. The principal
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Fig. 5. Metabolism of methadone in man and animals. ( After Sullivan, H. R., and Due, S. L.:
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importance of methadone is in substitu-
tion therapy for opiate dependence and,
whereas primary abuse of this drug alone
is relatively rare, it is now frequently en-
countered in relapsed opiate addicts.

A consideration of the structure of
methadone suggests at least three routes
of metabolism, namely N-demethylation,
reduction of the C-3 keto group, and hy-
droxylation of the phenyl rings attached
to C-4, and such routes have indeed been
found to occur in man and rat. The urinary
metabolites of methadone are shown in
Fig. 5 and referred to in the text by ro-
man numerals. Although N-demethylation
would be expected to give the correspond-
ing primary and secondary amines, it has
been found that these undergo a spon-
taneous cyclization between the amino
group and the keto group, with the elim-
ination of water.’” Such a ring closure
gives rise to -a series of pyrrolidine de-
rivatives (I, II, III, IV, and V). If the
keto group is reduced to the alcohol, cy-
clization cannot occur, and amine me-
tabolites in which the keto group is re-

duced are thus found in urine (VI). In
addition to these metabolic pathways, the
central six carbon chain may also be oxi-
dized, giving a cleavage between C-2 and
C-3 resulting in a substituted pentanoic
acid. This acid (VII) can also undergo the
above cyclization on N-demethylation to
give the pyrrolidine derivative, II1. Beck-
ett, Vaughan, and Essien'? have reported
that N-oxidation, giving methadone-N-
oxide, is also an important metabolic
option in man. Other workers, however,
have been unable to detect this and, in-
deed, Sullivan and Due'® state that
methadone-N-oxide is an artifact formed
in urine that has been standing at room
temperature. All the compounds labeled
with roman numerals I to VII, in Fig. 5,
have been found in the urine of human
subjects maintained for 4 months to 5
years on methadone.*"

Quantitative data are not readily avail-
able, but those of ‘Sullivan and Due!*?
showed that human subjects receiving 50
to 100 mg methadone daily excreted 5%
to 26% unchanged with 3% to 29% as
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metabolite I, 0.29% to 3% as metabolite 11,
and 0% to 3% as metabolite III. Com-
pounds I and II together with unchanged
drug were found in rat bile.®

Although pharmacologic activity resides
principally in the l-isomer of methadone,
as previously stated, it has been found
that the d-antipode has significant anal-
gesic activity in rodents.’™ Sullivan and
associates''® have shown that d-methadone
is metabolized by the rat by reduction of
the keto group to the corresponding al-
cohols. These compounds, the methadols,
were found to be l-isomers, and are sug-
gested to be responsible for the anal-
gesic activity of d-mcthadone. Misra and
Mulé* *¢ found that there is a significant
difference between the plasma and brain
half-lives of the isomers of methadone,
for in brain, the d-form has a half-life of
1.02 hr and the [-form, a half-life of 24
hr, whereas in plasma the half-life of
d- is 1.5 hr and of I-, 3.7 hr. They report
also that in rat brain [-methadone gives
rise to an active metabolite, as yet un-
identified, and to a metabolite that
is firmly bound, perhaps covalently, to
brain proteolipids. This latter metabolite
is retaincd in very small amounts in brain,
remaining at the same level from 24 hours

to 3 weeks after dosage. These authors
suggest that this long-lasting metabolite
may in some way be involved in the pro-
duction of tolerance to the drug.

The pharmacology of methadone is
similar to that of morphine, for on pro-
longed administration considerable toler-
ance develops to the analgesia, anorexia,
respiratory depression, and nausea pro-
duced by the drug, but the time-course is
slower than in the case of morphine.
Tolerance to the constipative action of
methadone does not develop. The prin-
cipal current use of methadone is in the
treatment of opiate dependence, where,
pionecered by Dole and Nyswander,* it
has been used with success. It is used to
replace opiates, especially heroin, and it
will relieve narcotic hunger and induces
tolerance sufficient to block the euphoriant
eftects of heroin, thereby helping to pre-
vent relapse. Former heroin users showed
normal mental and neuromuscular func-
tion and were indistinguishable from con-
trol subjects on medical and psychologic
tests. Constipation was marked, and care-
ful supervision and social support were
vital. This control was achieved with oral
dosage of 50 to 200 mg daily, but the
characteristic opiate withdrawal syndrome
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Table IV. Metabolites of meperidine in
urine of normal and dependent human
subjects®

Per cent of dose in

Drug Normal [ Dependent
Meperidine 5 25
Normeperidine 7 7
Meperidinic acid

Free 21 41

Conjugated 16 1
Normeperidinic acid

Free 75 28

Conjugated 10 22
Total 66.5 101.5

“=After Burns, J. J., et al.: J. Pharmacol. Exp. Ther.
114: 289-298, 1955.

is seen if methadone dosage is stopped, and
this syndrome may be precipitated by
nalorphine or other antagonists. The
closely related synthetic narcotic acetyl-
methadol has recently been suggested
as an alternative to methadone as an
opiate replacement and, like methadone,
it is believed to act in part through
its demethylated metabolites.'® Despite
widespread adoption in the United States
and the United Kingdom, the methadone
treatment for heroin dependence is not
without its critics, since large numbers of
subjects maintained on methadone con-
tinue to use heroin and other drugs. Len-
nard, Epstein, and Rosenthal™ stated that,
while methadone blocks the effects of
small doses of heroin, massive intravenous
doses of heroin overcome this blockade.
They concluded that, “to think that the
use of another drug can solve the pro-
found and complex task facing us is indeed
an illusion.”

Meperidine. The synthetic narcotic me-
peridine (Fig. 4) was introduced in 1939
as a powerful morphine-like analgesic.
Other structural analogues have analgesic
activity but meperidine is the only one
that has found therapeutic application. It
is one-eighth to one-tenth as potent as
morphine, shares it sedative and eupho-
riant properties, but toxic doses cause
CNS excitation. It is shorter-acting than
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morphine, and frequent doses are required.
It is used widely in obstetric analgesia and
for preoperative medication, and is pre-
ferred to morphine as an analgesic in
biliary and renal colic. In animals and in
man, " meperidine is metabolized by N-
demethylation, hydrolysis, and conjuga-
tion, as shown in Fig. 6, only small
amounts of the drug being excreted un-
changed. The extent of demethylation
varies with species, being about 15% in
man and some 45% in the rat. No differ-
ences in metabolism were found between
normal subjects and abusers in a total
study by Burns and associates?* (Table
IV). The N-demethylated metabolite, nor-
meperidine, has greater excitatory ac-
tivity than does meperidine, and this is
of pharmacologic importance. As the ratio
of normeperidine (N) to meperidine
(M) rises, then stupor (due to M) and
convulsions (due to N) are seen. This is
found in monkeys given meperidine by
mouth where the rate of absorption and
the metabolic capacity are approximately
equal. When given intravenously, meper-
idine is not demethylated rapidly, so that
there is CNS depression due to the un-
changed drug.®

Tolerance develops slowly to meperidine
and does not extend to all its effects.
Thus while the respiratory depression is
overcome on prolonged dosage, the CNS
excitation remains. Withdrawal phenom-
ena are similar to those of the opiates, but
they are evoked more rapidly and have
shorter duration. As the drug has a short
duration of action, the need to use it at
very frequent intervals reinforces drug-
seeking behavior. Thus meperidine has a
high abuse potential in cases in which
there is an obsessional drive toward the
drug. There are many more iatrogenic ad-
dictions to meperidine than to morphine.

Work on the mechanism of tolerance
and dependence to meperidine is not
abundant, and that reported shows that
it is very similar to morphine in this re-
spect. The general discussion on narcotic
tolerance and dependence therefore in-
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cludes the synthetic narcotics as well as
the opium alkaloids.

Pentazocine. Pentazocine is the most
widely used of the so-called narcotic an-
tagonist analgesics. The first compound
of this series to attract attention was nalor-
phine (N-allylnormorphine), which al-
though apparently devoid of activity in
animals, was a potent analgesic in man.”
Unlike morphine, nalorphine was neither
addictive nor able to replace morphine in
human addicts,® and it thus appeared
possible that the analgesic effect of the
powerful narcotics could be separated from
their addiction liability.

Nalorphine has undesirable dysphoric ef-
fects that stand in the way of its clinical
use, and thus a wide variety of other struc-
tural analogues of morphine with narcotic

antagonist activity have been tested to
find a compound suitable for widespread
use in man.'*? The best such compound
found so far is the N-allyl substituted
benzomorphan, pentazocine. Its structure
is shown in Fig, 4.

It is now apparent that although penta-
zocine is a useful strong narcotic anal-
gesic, it fails to come up to original ex-
pectations, in that it has a number of the
disadvantages of typical opiates, includ-
ing that of giving rise to tolerance and
dependence. It must be pointed out that
pentazocine is not a particularly powerful
narcotic antagonist,* and it is still possible
that a better compound may be found
that will separate the addictive and anal-
gesic properties of the narcotics in the way
outlined above.
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Biologic disposition. When given orally
to animals and man, pentazocine is rapidly
absorbed, but this can be very errat-
ic. 1t 1%+ When given in solution, it is ab-
sorbed much more rapidly than when
tablets are taken.” In the rat, only a very
little unchanged drug is found in the
urine and feces, but both the bile and the
urine contain glucuronide conjugates of
drug-related materials that are the chief
metabolites.** There was no N-dealkylation
to norpentazocine.**

Pittman and associates®® examined the
metabolism of pentazocine in liver homog-
enates of rat, mouse, and rhesus monkey,
and reported that the main site of bio-
transformation is the allyl side chain.
w-Oxidation of the terminal methyl groups
results in a pair of isomeric alcohols, and
of these the trans-isomer may be further
oxidized to a carboxylic acid. This meta-
bolic pathway is shown in Fig. 7. In rat
liver preparations, some 2 to 3 times as
much cis-alcohol (I) as trans-alcohol (II)
was formed, while in mouse liver, the
trans-isomer (II) predominated, there be-
ing 5 to 10 times as much of this as of
the cis-form (I), but the liver homogenates
of neither species formed the carboxylic
acid metabolite. In monkey liver, approxi-
mately equal quantities of the two alcohols
were produced together, with traces of
the trans-carboxylic acid (III).

Pittman and associates®® also reported
on the fate of tritiated pentazocine in the
rhesus monkey and man. In the monkey,
some 70% of the dose was excreted in
the 0 to 24 hr urine, and this did not vary
with different doses over a range of 5 to
25 mg per kilogram. The unchanged drug
accounted for 20% to 30% of the urinary
radioactivity, with the cis-alcohol (I},
trans-alcohol (II), and the trans-carbox-
ylic acid (III) representing 17% to 21%,
7% to 16%, and 13% to 36%, respectively.
Only very small amounts of the dose (6%
to 3%) appeared in the feces. Human
subjects excreted 50% of the dose in the
urine in 12 hours after administration, and
this was made up of considerable quanti-
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ties of the unchanged drug and its cis-
alcohol (I) and trans-carboxylic acid (IIT)
metabolites, but only very small amounts of
the trans-alcohol (I1) were found.

The kinetics of pentazocine in plasma,
after oral and intramuscular administration
to human subjects, follow those of the
onset, duration, and intensity of analgesia,
as well as of the drug’s side effects, such as
dizziness, pallor, and sweating.'* The plasma
half-life of unchanged drug is approxi-
mately 2 hours, which coincides well
with its duration of action, being 3 to 4
hours, and about 25% of the drug-related
material in plasma consists of metabolites.™
The time and dose dependency of the
entry of pentazocine into brain correlated
well with the drugs plasma concentra-
tion,*? and from 10 to 90 minutes after
dosage the plasma/brain ratio of the drug
was constant, not varying with dose.

The analgesic activity of pentazocine
apparently resides in the unchanged drug,
as the kinetics of the analgesia in rats fol-
low those of pentazocine and not its trans-
alcohol metabolite,®® and those animals
that were comparatively more resistant to
the analgesic effect were those that pro-
duced relatively greater quantities of the
trans-alcohol metabolite. Of the two opti-
cal isomers of pentazocine, the l-form is
a much more active analgesic than the
d-isomer.'* However, no differences were
found in the distribution of the d-, [-, and
dl-antipodes in the brain of rats, and this
does not account for the stereospecificity
of the analgesic action.

Pharmacology. Pentazocine is a potent
analgesic, which is one-fifth to one-sixth
as effective as morphine in lower animals
and man and which also has some narcotic
antagonist activity.?® The overall effect of
pentazocine in animals and man resembles
that of morphine, but unlike morphine it
evokes bizarre behavior in rats and will
not cause tail erection in mice.* In pigeons
trained to peck keys for food, low doses
of pentazocine increased responding rates,
while higher doses decreased rates. The
l-isomer was the more potent.” Pentazo-
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cine had no effect on morphine-induced
decrease in pecking rates, unlike cyclazo-
cine (a good narcotic antagonist™). Holtz-
mamn and Jewett®® found that operant
behavior in the rat was increased by
pentazocine in doses up to 16 mg per
kilogram and was decreased by higher
doses, and that both the increase and de-
crease were blocked by the narcotic antag-
onist, naloxone. The locomotor activity of
rats was increased in a dose-dependent
manner by pentazocine, and this was not
affected by the coadministration of nalox-
one, although inhibition of catecholamine
synthesis with a-methyl-p-tyrosine blocked
this effect on locomotor activity. Pentazo-
cine reduces the brain levels of norepine-
phine and dopamine and, to a lesser ex-
tent, 5-hydroxy-tryptamine, although their
turnover is unaffected, but morphine in
large doses was not so effective in reduc-
ing norepinephrine and, in fact, elevated
dopamine. These actions of morphine on
brain monoamines were prevented by
naloxone, but naloxone did not influence
the effects of pentazocine. It can be con-
cluded that while the effects of pentazo-
cine on locomotor activity of rats are
mediated through brain catecholamines,
those on operant behavior are not, and
that while morphine and pentazocine act
in part in similar ways, there are profound
differences between them in other ways.*

Tolerance and dependence. The early
work of Fraser and Rosenberg!? apparently
showed that the addiction liability of penta-
zocine was very low. In single doses, ex-
heroin addicts did not identify it as an
opiate, while morphine was correctly
identified. Pentazocine did not suppress
opiate withdrawal syndrome, indicating no
cross-tolerance or dependence. Morphine
addicts did not like chronic administration
of pentazocine, and 7 of § tested stopped
pentazocine and continued with morphine.
The one subject who continued with
pentazocine developed a mild morphine-
like withdrawal syndrome after 25 days,
but this was not precipitated by nalor-
phine. Under identical conditions, mor-
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phine was highly addictive, and with-
drawal was induced by nalorphine. More
recently, work using outpatient heroin ad-
dicts has shown that pentazocine is low
in its attraction to the narcotic abuser.'?
Addicts were given oral doses of codeine,
methadone, pentazocine, or placebo ad
lib at a clinic, and pentazocine was the
least preferred of these.'"*

Despite the foregoing, it has been shown
that normal analgesic doses of pentazo-
cine have a morphine-like subjective ef-
fect,"* although larger doses have a dys-
phoric action. On prolonged administra-
tion, pentazocine gave rise to dependence,
as shown by a withdrawal syndrome.
This was mild and was characterized by
a drug-seeking behavior pattern, and this
work, performed under controlled condi-
tions, appears to confirm the increasing
number of clinical reports of dependence
on pentazocine.”” By 1969, some 30 cases
of pentazocine dependence had been re-
ported, and the AMA urged caution in
prescribing pentazocine.** Since then many
more cases of pentazocine dependence
have been reported, and study of the case
histories has shown that 75% of reported
cases can be described as dependence-
prone, by previous episodes of drug abuse;
87% of cases first received pentazocine in
a bona fide manner from doctors, and con-
tinued self-administering the drug for
reasons such as the relief of pain and
anxiety.** This serves to underline the cau-
tion with which the medical profession
must use this drug.

The way in which pentazocine has been
shown to induce dependence, although
initial work in heroin addicts appeared
to indicate that it did not, questions the
usefulness of this type of study as the
sole criterion of whether or not a drug is
dependence-producing. It would certainly
suggest that such results should not be
accepted uncritically.

When abused, a considerable tolerance
develops to pentazocine, intake of 1 gm
per day in divided doses having been re-
ported. It appears that the abuse of
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pentazocine js much more common than
the comparatively small number of reports
in the literature would suggest, and that
the abuse of pentazocine at present is
largely confined to North America. Its
present status as a drug of choice to nar-
cotic abusers is indicated in the study of
1,494 addicts by Inciardi and Chambers.®
Of this group, only 80 had used pentazo-
cine, and although 11 of these were de-
pendent on it, only one of them preferred
pentazocine over all other drugs. Pentazo-
cine may be used if heroin is not available,
but it cannot be called a major abused
narcotic at the moment. Supplies from
“nonmedical” sources are apparently mini-
mal, again showing the responsibility of
the medical profession for this type of
drug abuse.

In the past, methadone has been used
to treat the pentazocine withdrawal syn-
drome, but this is opposed by most work-
ers now on the grounds that it leads to
true narcotic dependence on methadone
and worsen the problem.**: '** If drug treat-
ment is required, chlordiazepoxide and
diazepam are suitable for the alleviation
of the mild withdrawal syndrome, which
does not occur in all cases of pentazocine
abuse.** The slight narcotic antagonist ac-
tion of pentazocine mentioned previously
contraindicates its use in controlling opiate
abuse, as it may precipitate withdrawal.*

Tolerance to narcotics

The development of tolerance by the
organism to a drug may be due to one of
two overall mechanisms. Either the abil-
ity of the organism to absorb, metabolize,
and excrete the drug may be altered on
repeated exposure, or there may be some
adaptation of the site at which the drug
exerts its action. The opiates, being the
archetypal drugs of dependence, have long
been studied with respect to these mech-
anisms, and many hypotheses for the
genesis of tolerance have emerged. A num-
ber of these theories fail to explain the
development of dependence, as shown by
the production of a characteristic with-
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drawal syndrome on cessation of drug
dosage. It appears that the development of
tolerance to synthetic narcotics is similar
to that of the opiates, and therefore the
two classes are discussed together.

It would apear that the metabolic dis-
position and distribution of the drug by
the body are not altered on chronic dos-
age of the opiates (see section entitled
“Metabolism and Disposition of A*-THC”)
and several authors have concluded that
opiate tolerance and dependence have no
basis in this.

Schmidt and Livingston' suggested
that morphine combines with receptors in
the brain and that tolerance is due to oc-
cupation and saturation of the receptors.
This would mean that more drug would
be required to overcome this blockade as
dosage proceeded. This theory adequately
explains cross-tolerance between opiates
and antagonism by related molecules such
as nalorphine, but fails to account either
for the persistence of tolerance long after
the drug has left the body or for with-
drawal phenomena. However, the finding®
that a metabolite of methadone is found
firmly bound to brain proteolipids at very
low levels for up to 3 weeks after a single
dose may have significance and lead to a
re-evaluation of the receptor occupation
hypothesis.

Axelrod® formulated a theory for the
development of tolerance to opiates based
on the loss of morphine N-demethylation
activity of the liver microsomes on pro-
longed dosage (see “Effects of chronic mor-
phinization on liver microsomal enzymes”).
He proposed that the receptor sites in the
CNS and in the liver enzyme systems are
similar, and that continuous interaction of
narcotics with the receptors serves to in-
activate them. Further evidence for the
similarity between the microsomal en-
zymes and CNS receptors is seen in the
activity of nalorphine on N-demethylation.
Nalorphine is well known as an in vivo
pharmacologic antagonist of morphine and
other opiates, and it is also a specific in
vitro antagonist of the N-demethylation
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of these substrates.” Nalorphine thus ap-
pears to protect both brain and liver en-
zyme receptors from morphine, indicating
that these two sites are very similar.

While these observations appear to pro-
vide an explanation for the development
of tolerance to the opiates, it is hard to
explain the genesis of physical dependence
as shown by the production of a with-
drawal syndrome. Shuster'®” extended the
concept of changes in enzyme activity and
enzyme turnover, which derives from the
N-demethylation hypothesis, to explain
withdrawal phenomena as well as toler-
ance. In this he introduced an unknown
neurotransmitter that was influenced by
morphine on single and repeated admin-
istration. A full discussion of this and other
related hypotheses depending on there be-
ing a specific neurochormone influenced by
morphine is given by Cochin.?

Of all the drugs of dependence, the
opium alkaloids are the most intensively
investigated from the viewpoint of their
action on CNS neurotransmitters. Mor-
phine and heroin are the most studied
drugs and have been examined principally
in animals rendered tolerant and de-
pendent to them. Despite the multitude
of reports in the literature, no clear pic-
ture emerges owing to the contradictory
findings on several transmitters. Thus, it
has been found that the turnover of 5-HT
in brains of morphine-tolerant mice is
increased twofold over control values,
and that inhibition of 5-HT synthesis with
p-chlorophenylalanine (PCPA) impaired
the development of tolerance.:*® However,
both Marshall and Grahame-Smith® and
Algeri and Costa* have been unable to
repeat these findings. Grumbach® re-
ported that atropine intensifies and physo-
stigmine inhibits the withdrawal excit-
ability after morphine in the rat, but
Fuentes** has found the reverse, i.e., atro-
pine inhibits and physostigmine intensifies
the abstinence syndrome in rats. Although
brain norepinephine is depleted by single
doses of morphine,* single doses do not
give further depletion in tolerant animals.*®
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The intensity of withdrawal signs appears
to be related to the degree of catechola-
mine depletion.® The turnover rate of nor-
epinephrine may or may not be affected
by chronic morphinization.* It is of in-
terest to note that B-adrenergic blockade
using dichloroisoproterenol enhances the
analgesic action of morphine more in tol-
erant than in nontolerant mice. The de-
velopment of tolerance is slowed and
naloxone-induced withdrawal is sup-
pressed,’” and this is of potential thera-
peutic interest.

Harris® has suggested that the CNS
functions in a state of neurotransmitter
equilibrium and that, while the influence
of a narcotic on one neurotransmitter sys-
tem may be of interest, such studies can-
not point to the mode of action of the
drug. In order to understand the complex
CNS phenomena such as analgesia, toler-
ance, and dependence, it will be necessary
to put many such studies together.

Following up this trend, Collier, Francis,
and Schneider®® tested the action of a
number of drugs, whose pharmacology
is known, on several aspects of the mor-
phine withdrawal syndrome in the rat.
PCPA, atropine, and indomethacin (an
inhibitor of the synthesis of prostaglandins)
all modified the withdrawal syndrome.
This leads to the conclusion that morphine
dependence is a multipartite phenomenon
in which acetylcholine, 5-HT, and the
prostaglandins are involved in different
aspects. The nature of the modifications of
the withdrawal syndrome by the drugs
used depends on the feature of the syn-
drome observed and the time in the course
of dependence when the modifying drug
is given.

Doubtless, these findings and others like
them will prove useful in explaining a
number of discrepancies in the literature of
morphine and neurotransmitters. Although
neurotransmitter changes are obviously
of importance in understanding the prob-
lem of morphine tolerance and depen-
dence, they do not by themselves explain
adaptation to the drug. It has often been
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suggested that the development of toler-
ance to morphine and similar drugs is in
some way connected with protein syn-
thesis and that cellular adaptation to the
drug is under genetic control. Cohen and
associates®” found that an RNA poly-
merase inhibitor, actinomycin D, pre-
vented the development of tolerance to
morphine in rats and mice. Following on
this work, Cox and Osman,*® in a very
elegant series of experiments, reached the
conclusion that the development of toler-
ance to the analgesic effect of narcotics,
including morphine, heroin, and meperi-
dine, in rats is dependent on DNA-di-
rected RNA synthesis leading to the syn-
thesis of new protein. The work upon
which this conclusion was based used a
variety of protein synthesis inhibitors and,
in addition, measured brain protein and
RNA synthesis. Although the ability of
protein synthesis inhibitors to prevent the
development of tolerance to the analgesic
effect of the narcotics is well known, it ap-
pears that other parameters that changed
on chronic dosage with morphine are un-
affected. Cycloheximide has no effect on
tolerance to the increased locomotor ac-
tivity seen with morphine.®® Varying re-
ports have been produced on the effect of
cycloheximide on dependence develop-
ment as shown by the effect of naloxone.
Way, Loh, and Shen'** and Cox* found
that this is blocked by cycloheximide, but
others report that naloxone jumping is
unaffected by cycloheximide.®**

If indeed CNS protein synthesis is in-
volved in the genesis of tolerance and
dependence, it is interesting to speculate
on the nature of the “tolerance protein”
being produced. Cox and Ginsburg® sug-
gest that possible roles for this new pro-
tein could be in the production of a drug
uptake receptor, a neurotransmission re-
ceptor, or a transmittable tolerance fac-
tor, among others. It is appropriate to note
here the work of Ungar and Cohen,®
who found that the brain of morphine-

#Marshall, I.: Personal communication.
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tolerant animals contains a substance that
confers morphine tolerance to nontolerant
animals when injected into them. They
suggest that this substance is a small mole-
cule, possibly a hexapeptide. Other work-
ers*> have been unable to repeat this, al-
though they do not rule out the possibility
of such transmittable tolerance factor oc-
curring. It may be that the protein syn-
thesized during tolerance development can
be transmitted from animal to animal and
that the findings of Cox and Osman?®* and
Ungar and Cohen''® are linked in such
a way. This still does not elucidate a mode
of action for this “tolerance protein,” but
here it is possible to see a striking analogy
with work on learning and memory. The
ability of animals to learn simple tasks
may be impaired by the administration of
protein synthesis inhibitors, and it has
been demonstrated that extracts from the
brains of rats trained to perform a given
task, when administered to untrained rats,
convey the ability to perform this task.?® 11
The similarity of these findings with the
work described on morphine tolerance
would suggest that the basic mechanism
of tolerance development is similar to that
of memory; that the brains of the animals
in some way “learn” to “ignore” the pres-
ence of the drug. However, it must be
stressed that present knowledge of the
biochemistry of learning processes is in-
adequate, and Cooper, Bloom, and Roth®*
stress the extreme difficulties involved in
the interpretation of such work.

As an alternative to these neurochemical
explanations, Cochin®* and Berkowitz and
Spector’® have suggested that the long
persistence of tolerance, its apparent trans-
ferability, and the involvement of protein
synthesis indicate a possible participation
of the immune mechanisms of the body.
Berkowitz and Spector'® have shown that
mice can be actively immunized against
morphine with a conjugate of 3-carboxy-
methylmorphine with bovine serum al-
bumin. Sera from these mice showed a
greatly increased (thirtyfold) ability to
bind dihydromorphine, and the plasma
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half-life of the drug in immunized mice
is much prolonged. These mice showed
tolerance to morphine, but not dependence
as nalorphine was without effect. These
findings do mnot, of course, explain toler-
ance to the opiates, still less dependence,
but it must be considered that active or
passive immunity may influence tolerance.
Proteins able to bind heroin have been
isolated from the plasma of heroin-de-
pendent subjects,’ indicating the potential
involvement of the immune mechanisms
in man.

In conclusion then, it is seen that the
answer to the problem of narcotic toler-
ance and dependence remains very ob-
scure. Many new approaches have yielded
fascinating possibilities, and it does seem
that tolerance and dependence, rather
than being a single discrete phenomenon,
represent the net result of several distinct
mechanisms.
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