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Preface

When the topic of mechanisms of tolerance/dependence was considered
by the National Institute on Drug Abuse for a major review, it
seemed at first to Tack sufficient substance. Although there is
voluminous material on pharmacological dose response and on signs
and symptoms associated with the actions of opiates and other drugs,
only Tlimited progress has been made on defining the basic mechanisms
involved.

For several reasons, progress has been slow in this area. As Eric
Simon stated at the symposium, progress has been encumbered by
several factors, some of which will eventually assist in defining
basic biochemical systems and subsequently the area of tolerance and
dependence. These include the discovery that there are several
types of opiate receptors, the discovery of at Teast three types of
endogenous pro-opioid peptides, the difficulties in measuring
dynamic biological turnover of these peptides and/or related
systems; the lack of an understanding of post-receptor events
(especially in vivo); and finally, the difficulty in establishing
any regulation of opiate receptors.

Yet progress has been made, and it is essential that we continue to
define the mechanisms of tolerance and/or dependence. This knowledge
is important in determining the underlying biological factors that
lead some individuals to abuse drugs. When we have more precise
knowledge of these processes we will be able to cope more
effectively with the ever increasing drug problem.

It took the quiet enthusiasm of Professor H.0.J. Collier during a
visit to NIDA in Tlate 1982 to instigate this review. His confidence
in his colleagues and especially 1in his own work was contagious.
Once the seed had been planted with Institute Director Dr. William
Pol1in and the rest of the NIDA staff, we undertook the task of
organizing this review of important recent findings defining the
mechanisms of tolerance and dependence.

We were buoyed by the interest and enthusiasm of those we spoke with
regarding a discussion of this topic--one that has been of major
concern to NIDA for a long time. Ever since the discovery of
endogenous opioids in 1975, the Institute has encouraged
investigators not only to identify the site of action of those
substances, but more importantly, to utilize these substances and
their systems to study the mechanisms through which tolerance and/or
dependence are mediated.



Unfortunately, shortly before the meeting, Professor Collier died.
Thus, not only did the group miss his knowledgeable contributions,
we missed and will continue to miss his probing and articulate
discussions. In Tieu of the original thoughts Professor Collier
would have contributed at the meeting, it is worth reflecting on his
most recent thoughts on the topic, which were published recently
following another symposium.1 We have drawn from this

ilTluminating manuscript pertinent and provocative excerpts which may
serve as guidelines for those interested in narcotic tolerance and
dependence.

Let us first consider what he thought to be important criteria for
defining tolerance and dependence:

To analyse cellular mechanisms of tolerance and
dependence, it is necessary to reproduce models of these
states in isolated or partly isolated preparations. It
is therefore important to have strict criteria of
tolerance and dependence with which to recognize them in
such models. Tolerance is generally agreed to be a
lessened response to a drug after its continued
application, and which may be observed in several ways:
1. Decreased response to the same dose of drug.

2. Increased dose of drug to yield the same response.

3. Lessened response to drug during continued exposure.
Dependence 1is, however, more difficult to define and
three criteria have Tlargely been used:

1. "Spontaneous behavioural disturbance produced by
removal of drug and suppressed by its replacement.

2. Increased potency of the drug's specific antagonist.
3. Behavioural disturbance on precipitated withdrawal of
drug with its specific antagonist.

4. Heightened response to external stimulation after
withdrawal of inhibitory drug..... (p.109)

Another criterion, sometimes also used to measure the
intensity of dependence, is a heightened potency of the
drug's specific antagonist....A third criterion is also
sometimes used--that of increased excitability of the
preparation to external stimulation after withdrawal of
an inhibitory drug such as opiate....(p.109-110)

Whatever criteria of dependence we use, valid ones, in my
opinion, rely on withdrawing a drug from a preparation
exposed to it....We cannot measure tolerance, however,
without applying the drug. We therefore cannot measure
both tolerance and dependence in the same preparation at
the same time. This principle of uncertainty makes it
difficult to determine the relationship between opioid
tolerance and dependence, as may be illustrated by
experiments on the isolated ileum of the
guinea-pig....(p.110)

Naturally, the uncertainty principle does not stop us
measuring tolerance and dependence in parallel



preparations at the same time, or in the same preparation at
different times. To validate such measurements, Tlarge numbers
of replicates are needed for which isolated preparations are
suitable....(p.111)

Based upon the above considerations, Professor Collier chose the
guinea-pig ileum as a model for exploring these areas of research.
Before he utilized the guinea pig ileum for these investigations, he
considered several important questions:

First, how closely does opioid dependence in the
preparation resemble that in experimental animals or man
in vivo? Second, can dependence on drugs other than
opioids be induced in the guinea pig ileum and, if so,
how are the different dependencies related? Third, what
neurone or combination of neurones of the myenteric
plexus participates in these dependencies? Fourth, what
are the cellular and molecular mechanisms of dependence
in the neurones involved? (p.116-117)

Furthermore, he considered the breadth of the problem:

That dependence occurs within the opiate-sensitive
neurone does not mean that factors outside this cell may
not also contribute to the effect. Among these factors,
which may be termed circumcellular, I include:
supersensitivity of a neurone or muscle cell downstream
of the opiate-sensitive neurone; and changes in the
production by adjoining cells of endogenous opioid
transmitter or of an enzyme destroying it. (p.115)

Thus, embarking on his inquest, he recently provided important
observations and conclusions to assist in the development of his
thoughts and hypothesis. These include:

...The same neurone can be made dependent on three
distinct types of agonist. When the neurone is dependent
on one of these agonists a withdrawal contracture cannot
be precipitated with specific antagonists of either of
the other two types of drug....Any one of the three
different types of agonist, however, readily suppresses
the withdrawal contracture of ileum made dependent on
either of the other two agonists. We have therefore
termed convergent those dependencies that begin through
activation of different recognition sites in the
cholinergic motor neurone and end in the common process
of liberating acetycholine at the terminal on withdrawal.

Since we have not yet observed any difference in
character between the three convergent dependencies in
this neurone, other than in the inducing drugs and their
specific antagonists, we provisionally assume that they
have a common mechanism, which must 1ie downstream of the

different recognition sites. (p.118)

xi



He further postulated:

That dependence occurs in the cholinergic neurone at a
point below the recognition site still Teaves a number of
possible mechanisms for opioid dependence. The
1ikelihood that several of these operate is diminished by
the finding that withdrawal elicits a sharp increase in
impulse production recorded at the cell body...Hence the
most 1ikely possibilities are that dependence occurs in
the post-recognition site part of the receptor apparatus
or in an associated second messenger system that
translates the message of site activation into the
language of cellular response. (p.120)

In regard to why progress in this area developed slowly, Collier
stated:

Until recently, there has been relatively Tlittle
opportunity to test these hypotheses in normal neurones,
but the discovery of convergent dependencies on
normorphine, clonidine and adenosine in the final
cholinergic motor neurone...now offers an opportunity to
do so. The general concept that dependence in normal
neurones arises in response to continued inhibition of
adenylate cyclase 1is supported by the fact that all of
the three agonists that induce dependence in the
myenteric plexus...have been shown to inhibit adenylate
cyclase in other biological preparations, as a result of
binding with their distinct and specific recognition
sites. Unfortunately, it has so far proved impossible to
test directly whether normorphine, clonidine and
adenosine each inhibits adenylate cyclase in the
cholinergic motor neurone of the myenteric plexus.
(pp.121-122)

Yet he remained optimistic that we were poised at the edge of a

major scientific breakthrough. He ended his paper with the
following statements those of us in the field should well remember.

1. The relationship between opiate tolerance and
dependence is not well understood...

2. The withdrawal syndrome of opiate dependence may
represent a physiological mechanism for rapid arousal
from inhibition induced by endogenous opioid.

3. The main site of opiate dependence is the opiate-
sensitive neurone...

4. The isolated ileum of the guinea-pig so far provides
the only model in which opiate dependence

and associated tolerance can be consistently induced and
measured in normal neurones in vitro....

xii



5. The characteristics of opiate dependence displayed by
the ileal model closely resemble those of dependence in
whole animals...

6. Distinct but convergent dependences on normorphine,
clonidine and adenosine can be separately induced in the
guinea-pig ileum in vitro.

7. ...The final cholinergic motoneurone of the myenteric
plexus participates in all three of these dependences.

8. With the cholinergic motor neurone these dependences
probably arise at a point below the separate recognition
sites and above the site of acetylcholine release at the
terminal.

9. A second transmitter, substance P, also participates
in dependences in the myenteric plexus. (p.123)

10. There is direct experimental evidence that opiate
dependence and associated tolerance in cultures of
neuroblastoma x glioma hybrid cells arises through an
hypertrophy of cellular adenylate cyclase.

FOOTNOTE

1. The quotations herein are taken from: Collier, H.0.J.
Cellular aspects of opioid tolerance and dependence. In:

Hughes, J.; Collier, H.0.J.; Rance, M.J.; and Tyers, M.B., eds.
Opioids, Past, Present and Future. London and Philadelphia:
Taylor & Francis 1984. pp. 109-125. Copyright 1984, Taylor &
Francis Ltd.
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In Memoriam: H. O. J. Collier

On 29 August 1983, Harry Collier passed away, the victim of a
failed heart that for the past several years was sustained by a
pacemaker. To those who knew him as a friend as well as a
colleague, his death is a severe personal Toss. This news was
particularly poignant in our household because on the very day he
died we received a letter from Harry confirming that he would visit
us right after the technical review on mechanisms of tolerance and
dependence on November 11-12, 1983. Unfortunately, the visit was
not to be. Instead, with a heavy heart and tearful eye, I have
prepared a eulogy for the man to whom the meeting and this
monograph are dedicated.

For this purpose, I have borrowed heavily from the obituary which
appeared in the Times of London on 2 September 1983. It was
written by Harry's son, Joseph Collier, and his former son-in-law,
Andrew Herxheimer. both of whom are pharmacologists.

Henry Oswald Jackson Collier was born on March 14, 1912, and
educated at the Royal Grammar School, Worcester, from where he went
to Trinity Hall, Cambridge. Here he graduated B.A. with First
Class Honors in the Natural Sciences Tripos (an honors examination)
in 1933 and went on to do research in the Department of Zoology,
being awarded his Ph.D. in 1938.



From 1937 to 1941 he was an assistant lecturer and demonstrator in
Comparative Physiology at the University of Manchester, and in 1941
he joined Imperial Chemical (Pharmaceuticals) Ltd. as a parasitolo-
gist. From here he was loaned to do research in chemotherapy at
Liverpool School of Tropical Medicine.

In 1945 he went to Allen and Hanbury's Ltd. at Mare to set up a new
pharmacology department for the firm. This he built up and ran
until 1958 when he left to join Parke-Davis at Hounslow as Director
of Pharmacological Research. Here he remained until 1969.

During this period, the natural materials known as prostaglandins
were discovered and recognized to be a novel kind of Tocally
produced and locally effective hormone, "the coinage of the body's
defenses," as Harry later described them.

In 1968, indeed, he even suggested that anti-inflammatory drugs
such as aspirin might function by interfering with the production
of naturally occurring hormones such as prostaglandins. Shortly
thereafter Harry became Director of the Stokes Court Laboratory of
Miles Laboratories, Ltd., and it was at this critical juncture of
his career that he did not have access to a laboratory wherein he
could test his hypothesis experimentally.

The demonstration that this is indeed what happens came 3 years
later, in Dr. J. R. Vane's Nobel Prize-winning study at the Royal
College of Surgeons.

In the Tlatter part of his Tife his interests turned more
specifically to questions of the mechanism of tolerance and
dependence, and he published a number of papers on these and
kindred topics, many of which evoked considerable interest. This
work brought him international recognition as a leading authority
in the field.

In 1969 he and Hans Kosterlitz organized a satellite meeting on
opiates at the International Union on Pharmacology Congress in
Basel. This session, which attracted about 25 participants, was
the forerunner of the International Narcotic Research Conference
which has now a membership of over 500 scientists.

After his retirement from Miles in 1982, Harry Collier returned to
academic work as an Honorary Professor of London University at
Chelsea College, where he set up and directed a research unit to
study the mechanisms of drug dependence. There he showed that
adenosine, a substance which occurs naturally in the brain, can
interfere with the development of opiate dependence and its Tater
manifestations. This may well prove to be an important step
towards finding some means of preventing opiate dependence.

A highly Tliterate man, Harry's interests outside his professional
concerns ranged widely over the cultural field, and he was
particularly fond of poetry and the theater.



His favorite poet was William Shakespeare, and it was altogether
fitting that the funeral service for Harry Collier closed with a
reading of the song from Cymbeline, the first six Tines of which
are:

Fear no more the heat o'th' sun

Nor the furious winter's rages;
Thou thy worldly task has done,

Home art gone, and ta'en thy wages.
Golden Tads and girls all must,

As chimney-sweepers, come to dust.

Sydney Archer, Ph.D.

School of Science

Rensselaer Polytechnic Institute
Troy, New York 12181



Mechanisms of Tolerance and
Dependence: An Overview

Leo G. Abood

Despite extensive knowledge of the mechanisms involved in the acute
action of drugs of abuse, relatively little is known of their chronic
effects and the mechanisms responsible for drug dependence and
tolerance associated with the compulsive use of drugs. The phenomena
of tolerance and dependence occur with a variety of psychotropic drugs
and are not unique to the opiates and other drugs of abuse. Throughout
the symposium, it was repeatedly emphasized that the problem of
physical dependence is highly complex, involving a series of adaptive
changes beginning with the diverse and widely scattered opioid receptors
and extending to complex arrays of autonomic and sensorimotor neural
networks; adaptive changes which are influenced by genetic, species, and
environmental factors.

The main emphasis of the symposium was opiate dependence and
tolerance, examining the biochemical, pharmacologic, and
electrophysiologic mechanisms in the central nervous and neuroendocrine
systems as well as various peripheral systems known to possess opioid
peptides and receptor subtypes. The most characteristic phenomenon
associated with opiate dependence is the abstinence syndrome following
drug withdrawal or administration of an opiate antagonist such as
naloxone. The phenomenon, which is manifested biochemically as well as
physiologically, involves virtually every system containing opioid
receptors, and it provides an index for assessing physical dependence in a
variety of animal species, organ systems, and cell cultures.

Martin stressed the fact that drug tolerance and dependence involves a
variety of adaptive mechanisms-both autonomic and sensorimotor-and
the necessity for model systems to be relevant to the problem of
tolerance and dependence in man as well as animals. Adler presented an
overview of neuropharmacologic procedures to assess drug tolerance and
dependence, including measurements of EEG, body temperature, brain
lesions, and behavioral paradigms. He pointed out that pharmacokinetic
factors, such as the dose schedule, route of administration, and lipid
solubility, influence the drug’s effectiveness in producing tolerance and
dependence. Dewey called attention to a recent report by Ternes
demonstrating tolerance and dependence with hydromorphone in rhesus
but not cynamologus monkeys and emphasized the differences in



tolerance and dependence liability among animal species as well as of
various classes of opiates. Pharmacokinetic factors must be considered
both in accounting for the differential effectiveness of classes of opiate
agonists and antagonists in producing tolerance and dependence within a
given species and when accounting for dependence liability of a given
drug among different species. He stated that A9~THC (intravenously) is
as potent as morphine in producing analgesia in rodents and that only
tolerance and no withdrawal effects (loss of body weight) are seen with
the drug.

Herz considered tolerance and dependence to opiates to be a function of
the multiplicity of receptors. By taking advantage of the fact that
tolerance development to prolonged opioid exposure in a given receptor
subtype is selective for that subtype, one can demonstrate the presence
of u, x » and § -receptors in the mouse vas deferens and p and k -
receptors in guinea pig ileum. It appears that k -receptor ligands induce
sedation, are not self-administered, and do not suppress withdrawal. His
observation that the rewarding and analgesic properties of diprenorphine
(a multiple receptor-ligand) are mediated separately by a8{(possibly) and
u receptor, respectively, poses a challenge to the prevalent notion that
both effects are mediated by the u receptors. Herz described
experiments with the opiate-dependent ileum which indicated that
tolerance and dependence were not interdependent. With the use of the
mouse vas deferens made tolerant to opiates, it was not possible to
demonstrate cross-tolerance among any of the various receptor subtypes.
Conceivably, tolerance involves a modification of the receptor, while
dependence is related to adaptive changes at either the effector or
regulatory (adenylate cyclase) link. During the discussion period, it was
noted that physical dependence reflects a drug-seeking behavior aimed
at attenuating the aversive withdrawal effects of opiates.

Shuster addressed the problem of the genetic factors influencing
responsiveness to opiates and other drugs of abuse, employing inbred and
congenic lines of mouse. The naloxone-induced jumping after chronically
administered morphine was observed in Cs; but not A/J mice; and,
although little correlation was observed between SH-naloxone binding to
brain membranes and analgetic responsiveness to opiates, those strains
having the lowest receptor density were the least responsive. The
observed relationship between receptor density and analgetic
responsiveness appeared to involve the u but not § ork receptors. Such
pharmacogenetic studies reveal the significance of genetic factors in
determining individual vulnerability to physical dependence on drugs of
abuse.

One of the most useful and interesting preparations for studying opiate
dependence in vitro is the isolated myenteric plexus of the guinea pig
after chronic opiate administration. Dependency in the ileum is
manifested by a naloxone-precipitated contracture which can be
overcome by morphine. Tucker described the recent studies of the late
Collier demonstrating the existence of three separate but convergent
systems impinging on the final cholinergic motorneurons responsible for
ileal contraction. The ileum exhibits a dependency on normorphine,



clonidine ap-norepinephrine agonist), and adenosine (an activator of
adenylate cyclase); furthermore, cyclohexyladenosine, an adenosine
receptor antagonist, is a potent inhibitor of the withdrawal response of
the ileum.

A number of speakers focused on the possible role of adenylate cyclase,
which is presumed to be one of the regulatory links between the receptor
and the effector components of the opioid system. Evidence for the
involvement of adenylate cyclase in the opioid system stems mainly from
the work of Klee and collaborators demonstrating that opioids inhibit
adenylate cyclase in a neuroblastoma-glioma cell line (NG 108-15).
There also exist receptors which stimulate adenylate cyclase, such as Cl-
adenosine and prostaglandin E;,, the response of the latter being inhibited
by opiates. Klee expanded on his recent report that the suppressive
action of opiates on adenylate cyclase resulted from stimulation of
GTPase, which regulates the cyclase by controlling the levels of the
essential cofactor GTP. Some discussion was devoted to pertussin toxin,
which, by promoting ribosylation of the Ni subunit, abolishes the
hormone inactivation of adenylate cyclase in a variety of inhibitory
systems. The toxin also decreases opiate receptor binding as well as
inhibition of the cyclase in the NG cell line. From studies showing that
the toxin had no effect on the acute action of normorphine on ileum,
while inhibiting the withdrawal response of the ileum, in vivo and in
vitro, Tucker proposed that the toxin was activating an inhibitory
regulator of adenylate cyclase and that physical dependence may involve
such a regulator.

A possible mechanism for drug tolerance and dependence would involve
an alteration in either the density or affinity of its receptor. The well-
known phenomenon of supersensitivity to dopamine (DA) agonists
following chronic exposure to the mneuroleptic DA antagonists is
Attributable to an increase in the number of DA receptors. Attempts by
many investigators to modify the density or affinity of opioid receptors
by chronic administration of opiate agonists or antagonists have led to
variable results. Zukin reported that chronic treatment of rats with
naltrexone resulted in a two-fold increase in the brain density of opiate
receptors (SH—etorphine binding), returning to normal levels after 6 days
without drug. Autoradiographic studies after chronic naltrexone
revealed that the density of u and 6, but not « and o receptor, in
specific brain areas increased. Clouet viewed tolerance as any change
resulting from the occupancy of the receptor by an opiate and reviewed
changes in the neostriatum associated with acute and chronic exposure
to opiates. These included an increase in DA-stimulated adenylate
cyclase (acute and chronic), increase in DA turnover (especially with ¢
agonists), a biphasic response in the Ca/calmodulin-dependent protein
kinase (acute morphine), and a suppression of the increased kinase
activity after chronic morphine. Protein phosphorylation, by regulating
neuro-transmitter turnover, adenylate cyclase, and ionic channels, may
be another mechanism associated with tolerance-dependence.

Loh described the use in his laboratory of the NG 108-15 cell line to
examine the phenomena of opiate desensitization and withdrawal.



Chronic exposure to etorphine produces a down-regulation of opiate
receptors and a naloxone-reversible inhibition of PGE;-stimulated
adenylate cyclase. He postulates that the down-regulation is due to
internalization of the receptor; while the rebound effect, which is
suppressed by Cl-adenosine and NaF, may involve a restoration of the
uncoupled inhibitory regulatory-coupling units of the cyclase complex. A
similar mechanism for opiate desensitization was proposed by Wuster,
who provided additional evidence for the dissociation of tolerance and
naloxone-induced withdrawal in the mouse vas deferens and guinea pig
ileum as well as the NG cell line. The opiate desensitization resulting
from pertussis toxin involves a suppression of the inhibitory coupling unit
(Ni) of the cyclase complex; and insofar as opioid receptors are also
decreased by the toxin, he proposed that Ni is needed to maintain the
receptors.

Based on studies with a variety of opioid peptides including 8-endorphin
and dynorphin (¢ agonist), Lee proposed that a balance of endogenous
opioid peptides was involved in analgesia, B--endorphin serving as the
major effector and the others as modulatory. Dynorphin alone was not
analgetic, and whereas it potentiated opiate-induced analgesia in naive
mice, it prevented withdrawal in mice, monkeys, and man and suppressed
opiate binding in vivo.

Cicero discussed the mechanisms involved in opioid tolerance and
dependence in the rat hypothalamic-pituitary-luteinizing hormone (LH)
axis. The release of LHRH from the hypothalamus is modulated by
opioid receptors of unknown subtype; after acute or chronic morphine
treatment followed by naloxone, there is a dramatic increase (order of
magnitude) in serum LH levels. When morphine is given 31 days
following castration, there occurs an increase (instead of a suppression)
of LH along with a tolerance to opiate analgesia. The study is
illustrative of the multifarious nature of the opioid system and its
vulnerability to physical dependence.

Mains briefly reviewed the current knowledge of the precursors,
biosynthesis, and processing of neuropeptides, particularly those that are
pro-ACTH/endorphin-derived. With the use of mouse pituitary tumor
cells, he studied the process of a--amidation, which results in the
formation of TRH, vasopressin, substance P, and many other
neuropeptides from the corresponding peptides with a terminus COOH.

With the use of the hibernating ground squirrel, Beckman was able to
demonstrate an absence of naloxone-induced withdrawal (vocalization
and shakes) following chronic exposure to morphine. Since DA turnover
decreased, while DA levels increased 10-fold in the hibernating animal,
he inferred that DA supersensitivity, which may be a withdrawal
mechanism, could not develop. Autoradiographic studies revealed a
decrease of opiate receptors in regional brain areas. Henriksen
presented a review of the neurophysiological literature concerned with
opioid tolerance and dependence, highlighting the use of slices of rat
hippocampus and locus coeruleus. When dynorphin is iontophoretically
applied to the CA3 pyramidal neurons of the hippocampal slice,



excitation occurs without acute desensitization; however, the application
of a synthetic x - agonist, U50-488H, produces inhibition. Herz reported
an increase in field potentials of hippocampal slices with exposure to
met-enkephalin, hut not with morphine.

Crain described the use of organotypic cultures of mouse spinal cord and
sensory ganglia in studying acute and chronic effects by
electrophysiologic analyses. Sensory-evoked synaptic responses from
dorsal, but not ventral, root ganglia are depressed in a naloxone-
dependent manner by morphine; and after exposure to morphine for 2
days, the depressant effect of opiates vanishes, but is restored by
naloxone. Proceeding on the assumption that drug tolerance should be
reflected in altered activity of regional brain areas, Elde measured
cytochrome oxidase histochemically in chronically morphinized mice.
The most apparent change was a decrease in the mammillary bodies.
With the use of the 14C—deoxyglucose method, others have reported a
decreased metabolism in frontal motor cortex and striatum and increases
in other brain areas. Because of the depressant effects of opiates in
respiration, it is difficult to determine whether the observed metabolic
changes are direct or indirect. With the demonstration of the existence
of opiate receptors in lymphocytes and other blood cells, interest has
centered on the possible functional role of the receptors in white cells.
Plotnikoff reviewed his and other findings showing that met-enkephalin
was an immunostimulant, which in mice increased the size of the
thymus, decreased the size of the spleen, increased lymphocytic
blastogenesis induced by mitogens, and enhanced the natural killer cell
activity on cancer cells.

The final session of the symposium was devoted to drugs of abuse other
than the opiates. Groves reported that since the stereotypic behavioral
effects of amphetamine are enhanced by long-term administration while
others are attenuated, multiple mechanisms must be involved in the
drug’s action. Apart from such mechanisms as increased release of
catecholamines and supersensitivity of postsynaptic and subsensitivity of
pre-synaptic DA receptors, there are widespread adaptive changes in
many brain areas affecting the integrative activity of brain in coping
with its disrupted environment. Karler found that increased sensitivity
to the cannabinoids develops concomitantly with tolerance, a
phenomenon that was first noted with cocaine. Furthermore, the
cannabinoids enhance the sensitization to convulsant drugs and
electroconvulsive shock, an effect which may endure for months.
Although some of the behavioral effects of cocaine may involve
activation of the catecholaminergic systems, many of the effects cannot
be accounted for by such mechanisms. In the search for alternate
mechanisms, Gale reported that chronic administration of cocaine or
cocaine + droperidol (a DA antagonist) resulted in a significant increase
in striatal glutamate decarboxylase, a concomitant increase in GABA,
and a decrease in 3H-GABA binding. The findings are indicative of
increased GABA turnover following chronic exposure to cocaine;
however, the neurotransmitter system directly involved in cocaine’s
action is still uncertain.



Okamoto reported that the dispositional (pharmacokinetic) tolerance to
barbiturates had a rapid onset and was of long duration, while the
functional (CNS depression) tolerance developed slowly and progressed
with treatment. By examining a variety of barbiturates, various dose
schedules, and pharmacokinetics, she demonstrated that tolerance and
dependence were dependent on the blood level of the barbiturate needed
to maintain CNS depression.

Abood described the behavioral and biochemical studies in rats given
nicotine chronically. No changes were observed in the density or affinity
of (—)—SH—nicotine binding sites to brain membranes or in the metabolism
of nicotine by isolated hepatocytes. Although tolerance develops to the
central effects of nicotine, the effect is transitory.

In addition to providing a number of conceptual and methodological
approaches towards understanding drug tolerance and dependence, the
symposium has attempted to better characterize the terms for specific
drugs of abuse. The mechanisms for drug tolerance, which are
comparable for most drugs and better understood than those for
dependence, generally involve adaptive biochemical mechanisms
affecting the rate of drug metabolism and elimination, the sensitivity of
receptors, and responsiveness of secondary messenger systems. On the
other hand, the phenomenon of dependence, which is more characteristic
of drugs of abuse, is highly complex and involves a variety of
biochemical and neurophysiological mechanisms. A number of
experimental models, ranging from neuronal tissue cultures to the whole
animals, are available for exploring the mechanisms of withdrawal of
opiates and, to a lesser extent, barbiturates and amphetamines. Such
models, which provide the basis for examining the underlying
mechanisms for dependence and withdrawal, have yet to be developed
for the cannabinoids, cocaine, nicotine, and other abused drugs. The
further development and refinement of such experimental models will
continue to be significant factors in elucidating such mechanisms.

There arises the question concerning the nature of the physiological
substrate that is mimicked and, presumably, replaced by the dependent
drug and the possible dependence of the organism on the endogenous
substrate. With respect to the opiates, we have some knowledge of the
endogenous substrates (g-endorphin, dynorphin, and enkephalins) and
their receptors (u, k, and 8, respectively); and one might concur with
Collier that the organism is “physically dependent” on the endogenous
opioids. A similar argument holds for amphetamine which interacts with
catecholaminergic systems. The nature of the endogenous substrates for
barbiturates and other drugs of abuse is not known; however, many of the
drugs do appear to involve specific receptors. One of the important
problems for future research is to characterize the endogenous substrate
for the receptors and demonstrate its ability to mimic drug-induced
dependence and withdrawal.

By encompassing a wide spectrum of abused drugs and a number of
disciplinary approaches, the symposium, in its attempt to deal with
mechanisms of drug dependence, has highlighted some important issues



concerning the nature of the problem. If a drug’s action is receptor-
mediated, and the receptor exists in multiple forms, can a unitary
molecular mechanism be involved? Are there common mechanisms
among different drugs of abuse? Is the development of dependence
associated with more than one subtype (e.g., the p-form) of the opiate
receptor? If it is assumed that dependence is a complex process
involving a number of neural circuits, is it necessary for an adaptive
molecular mechanism to occur at the level of the receptor or the second
intermediary messenger?

Much of our information concerning the involvement of receptor-linked
mechanisms in drug tolerance and dependence derives from studies on
neuroblastoma-glioma cultures, where the second messenger appears to
be a prostoglandin-stimulated adenylate cyclase linked to a §-receptor.
How applicable is this model to the central nervous system which
contains u and k receptors as well? With the possible exception of the
nigrostriatum, attempts to demonstrate the involvement of adenylate
cyclase in opiate action in brain have been unsuccessful. Relatively
little progress has been made in demonstrating a primary action of
opiates on ionic conductances and neurotransmitter function and
turnover. Answers to these and other questions relating to the complex
problem of drug dependence must continue to come from a multi-
disciplinary approach, so well exemplified by this symposium.

Finally, there remains the problem of the criteria for determining
whether a drug of abuse is addictive. Some might argue that any drug or
substance which is abused, i.e., used compulsively, is addictive; in which
case the term would be applicable to innumerable drugs, substances, and
compulsive behavioral patterns. Since the degree or intensity of abuse
varies greatly among drugs and substances, this definition requires a
categorization in terms of their degree of addictive liability. The term
“habitual,” which is more generally used to describe compulsive
tendencies, would be synonymous with “addictive.” It may, however, be
useful to reserve the term “addictive” for abused agents and tendencies
exhibiting a “high degree” of compulsiveness. The problem would then be
to define the psychophysical parameters associated with compulsive
behavior and to decide arbitrarily when an agent is to be labeled
“addictive.”

At the present state of our knowledge, the most characteristic psycho-
physical parameters associated with compulsive use of drugs are those
resulting from either their abrupt withdrawal or administration of an
appropriate antagonist. In the case of the opiates, barbiturates, amphe-
tamines, and alcohol, the withdrawal signs are well-defined and severe;
whereas, with the cannabinoids and nicotine, they are not easily de-
finable by physiological measures and tend to be far less severe. If the
term “addictive” is reserved for those drugs promoting severe, definable
withdrawal signs—often life-threatening in humans-the class of addic-
tive drugs would be small; but, if the term is to be more generally appli-
cable to abused drugs, it will be necessary to develop, in both animal and
human models, the psychophysical, pharmacologic, and biochemical
criteria for assessing their relative degree of compulsive liability.
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Phenomenology and Theoretical
Basis of Tolerance and
Dependence

William R. Martin

I am pleased to dedicate this chapter on tolerance and dependence to
an acquaintance of many years, Harry 0. J. Collier. Qur paths first
crossed in the early 1960s when we both were in the process of de-
veloping our ideas concerning tolerance and dependence. Over the
years, Dr. Collier became concerned with the phenomenology of tol-
erance and dependence and its basis.

Those of us who work on drug abuse problems tend to view the drugs
as toxins, tolerance as a protective mechanism, and physical de-
pendence as an aversive consequence of recruitment of these pro-
tective mechanisms. Yet another view is that dependence-producing
drugs are pleasure-giving and that physical dependence is the price
that is paid for their use; the view that if one dances one should
be expected to pay the piper. For several reasons included herein,
this chapter will deal with the underlying concepts of tolerance
and dependence. Both are fundamental biologic properties of most
animals and probably to some degree of all biological tissues.

They are intimately concerned with motivation, instincts, adaptive
behavior, survival, homeostasis, needs, drives, arousal and finally
with desires--concepts which have subtle but broad-reaching
distinctions and implications. Tolerance and dependence will be
approached here from a theoretical point of view as it relates to
these apparently diverse concepts.

Concepts of tolerance and dependence still plague us both concep-
tually and phenomenologically. Preoccupation with the phenom-
enology of tolerance and dependence and their molecular basis has
created problems that are new and important in their own right but
causes one to disregard important dimensions which relate these phe-
nomena to psychopathology and to public health. In the end all of
these phenomena have to be viewed from the standpoint of evolution
and survival and are unique in that therapeutic chemostimuli (drugs
interacting with receptors) are being developed systematically.
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It is important to remember that dependencies are needs. This
concept is frequently forgotten as we identify and use experimental
models which are presumed to be models of dependence.lt will
serve a purpose to distinguish between two aspects of the concept
of needs. A general definition of need is a life requirement for
an environmental circumstance which is conducive to survival or
well-being. A more specific definition refers to the mechanisms
whereby congenial and hostile environments are recognized. It is
in this restricted meaning that needs will be used in the following
discussion.

figure 1 illustrates the simplest and presumedly most primitive
control mechanisms in organisms which have acquired the ability to
sense and to make integrated adaptive movements. In this model the
sensory system is the need system. We will assume for example that
the animal senses a nutrient need (environment) through a chemo-
receptive mechanism and moves toward it. Thus the organism is
dependent on a nutrient chemical (need) and has a motor mechanism
for acquiring it (drive). An important control mechanism which
must have evolved early was negative feedback regulation (tolerance
to chemostimulation). This was necessary for motor control so that
the organism could (1) slow, stop, and make directional corrections
as it approached a food-rich environment and (2) stop feeding when
satiation occurred. Thus it is reasonable to conceive that
tolerance to chemostimulation evolved early in evolution as an
adaptive mechanism.

A second major principle evolved when organisms became more
complex, had to integrate the activity of different functional
systems, eventually to regulate internal environments, and finally
to develop new abstract needs such as aggression, power, and
developmental dependencies related to complex ecological and social
influences. These new needs as well as old ones became manifest by
the activity of neuronal nets which were stimulated by disequilib-
riums and hostile environments. This neuronal activity produced
discomforting feelings such as pain, fear, anxiety, suffering,
depression, and hypophoria. Thus the activity of these neuronal
nets is the sine qua non of internal needs and associated affective
states. Figure 2 is a scheme indicating this internalization of
need mechanisms which maintain homeostasis and enhance survival.
With this internalization, new systems of controls evolved which
involve reciprocal inhibition, a type of negative feedback
regulation. Here, too, negative feedback is necessary for central
need reduction and provides the mechanism whereby an organism can
integrate movements and recognize satiety. It is important to
recognize that all drugs of abuse diminish a variety of needs
(table 1), a relationship first emphasized by HImmelsbach (1943)
and Wikler (1952). An extensive body of research indicating that
these drugs also alter brain neurohumoral processes has a number of
implications, among which is the proposition that chemostimulation
continues to play an important role in need states.
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FIGURE 1
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TABLE 1

Drugs of Abuse Which Reduce Needs and Drives and Alter Homeostats,
and the Putative Neurotransmitters and Neuromodulators Involved

lEndorphines

Opiates {lEnkephalins Amphetamines bDA, NE}
and Dynorphins
Food Food
Co, Sleep
Pain Pain
Sex Hypophoria

Temperature Regulation
Vasomotor Function

Hypophoria
Alcoho] {GABA} Benzodiazepines {GABA}
Pain Sleep
Hypophoria Anxiety
Tobacco {ACh} Sedative-Hypnotics ;GABA}
Sex Sleep
Pain Pain
Food Hypophoria
Hypophoria
Marijuana LSD-Like Hallucinogens |Tryptamine
Serotonin
Pain Pain
Hypophoria Hypophoria

Tolerance and physical dependence in man have been explored most
extensively for the opiates. Himmelsbach (1943) conceptualized the
processes of tolerance and physical dependence to opiates as an
alteration of autonomic homeostasis and the recruitment of
contra-adaptive mechanisms. This hypothesis has been very
attractive; however, it has been rigorously tested only for the
regulatory system in man. There are many complexities in
conceptualizing tolerance and dependence and in devising measures
of these phenomena (cf. Martin and Sloan 1977). In nonhuman
studies there is evidence that this mechanism may be of importance
in the regulation of certain endocrine functions and in the
temperataure regulation of the dog Table 2 and figure 3
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TABLE 2

The effects of morphine in nondependent, morphine-dependent (240
mg/day) and morphine-abstinent subjects on the responsivity (slope)
and sensitivity (intercept) of the respiratory system to (C02

(from Martin et al. 1968).

Slope £ S.F. Intercept £ S.F.
Preaddiction
Control 1.5 £ 0.1 51.7 + 2.2
Morphine (30 mg/70 kg) 1.1 £ 0.1(0.05) 62.8 + 2.6(0.05)
Late Dependence
Predrug 1.9 £ 0.2 62.1 £+ 2.2
Morphine (60 mg/70 kg) 1.7 £+ 0.2 63.4 £ 1.6

Early Abstinence (20 Hours)
3.2 £ 0.3(0.05) 52.7 + 1.6
Protracted Abstinence

1.3

I+

0.2(0.25) 57.0 £ 1.9(0.005)

p values in parentheses when compared to control values

summarize the effects of morphine and morphine abstinence on the
responsivity and sensitivity of the respiratory center to CO,
(Martin et al. 1968). In the nondependent subject morphine shifted
the partial pressure of CO0Z2-minute-volume stimulus-response

curve to the right and depressed its slope. In stabilized
dependent subjects the stimulus-response Tine remained shifted to
the right; however, its slope was steeper than that of the
stimulus-response line prior to the subject's becoming physically
dependent. Very large doses of morphine (60 and 120 mg/70 kg) had
no effect on the stimulus-response Tline, a not unexpected finding
since 240 mg/day of morphine probably produced maximum physical
dependence by occupying all of the morphine receptors (Martin et
al. 1972). When the subjects were abstinent 20 hours (mild to
moderate abstinence syndrome had developed), the slope of the
stimulus-response line was twice as steep as that of the control
stimulus-response Tine. Thus, even in this relatively simple
system, tolerance and dependence have complex dimensions. Morphine
continued to depress the respiratory center's sensitivity to CO,
throughout the period of chronic intoxication; however, chronic
intoxication enhanced the responsivity (increased the
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FIGURE 3
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Mean calculated regression Tlines (solid) for partial pressure

(pCO0;) -minute volume (Va) response curves obtained during the
control period, after 15 mg/70 kg of morphine, and during early
withdrawal in subjects dependent on 240 mg/day of morphine. The
means for each parameter were determined from values obtained in 7
subjects. There was great variability in the first and Tast points
of the response curves. The top of the regression Tines represents
the maximum Va obtained. A control ( 1 ), a 15 mg/70 kg dose of
morphine (x) and a withdrawal(4 ) paC0,-Va response of one
subject (dashed 1lines) are presented to further illustrate these
changes. (From Martin et al. 1968.)

slope) of the respiratory center to C0O,. Despite the persisting
depression, additional morphine was without effect. The res-
piratory studies provided further evidence about the relationship
between need and affective state. When alveolar ventilation
exceeded 10%/iminute, subjects experienced some discomfort which
increased as the minute-volume increased. In these studies the
intensity of the discomfort was indicated by hand signals. No
discomfort was reported by the subjects after they received single
doses of morphine (15 or 30 mg/70 kg) even when minute-volume
exceeded 10 %/minute. This may mear that subjective discomfort
associated with a need can be diminished without producing an equal
diminution of the drive mechanism.
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Tolerance to and dependence on drugs of abuse are even more compli-
cated phenomena when other parameters and drugs are considered.
This point is of sufficient importance to be emphasized, as much of
our effort, at the more basic levels, may be describing phenomena
that are not obviously related to the phenomena of tolerance and
dependence as seen in man with chronic drug administration. Figure
4 illustrates the effects of chronic intoxication to morphine (240
mg/day) on a variety of physiologic parameters. It is believed
that 240 mg/day of morphine saturates nearly all of the u receptors
and produces a maximal degree of physical dependence. Chronic
administration of morphine increases blood pressure, pulse rate,
and body temperature and decreases pupillary diameter and res-
piratory rate. Single doses of morphine in nondependent subjects
do not markedly alter blood pressure, pulse rate, or body
temperature. It is emphasized that these changes persist
throughout the period of chronic intoxication.
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Figure 5 illustrates changes that occurred in subjects who received
methadone in a dose of 100 mg/day chronically. A decrease in
pupillary diameter and respiratory rate and an increase in body
temperature was seen, changes similar to those produced by chronic
morphine. The chronic methadone syndrome differed from the chronic
morphine syndrome in that blood pressure and pulse rate were
decreased. Thus the chronic effects of closely related opioids
differ.
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Figure 6 shows the various signs of the morphine abstinence syn-
drome. Blood pressure, pulse rate, body temperatures, and respir-
atory rate are significantly increased. Although pupils return to
control value following withdrawal, they do not markedly dilate. A
similar abstinence syndrome was seen in methadone-dependent subjects
(figure 5). Thus the abstinence syndrome is not the mirror image
of the signs of acute or chronic intoxication with morphine and has
unique dimensions of its own. Figure 5 and table 2 illustrate
another important feature of the morphine abstinence syndrome. The
acute abstinence syndrome persists for about a month and then a new
syndrome develops which is characterized by a mild hypotension,
bradycardia. hypothermia, miosis, and hyposensitivity of the
respiratory center to CO,. This syndrome persists for several
months and was still evident when the studies were terminated. It
is important to emphasize that there are both an acute and a
protracted abstinence syndrome which are different and indicate
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that chronic administration of opioids alters neuronal excitability
in diverse ways and probably through several mechanisms.

Morphine-1ike drugs produce feelings of well-being (euphoria or
anti-hypophoria) in abstinent addicts. It is not generally
recognized or attended to that chronic opiate-intoxicated patients
become hypochondriac, develop feelings of tiredness, inefficiency,
unpopularity, and become withdrawn (table 3). These symptoms are
more marked during early withdrawal and remained exacerbated during
protracted abstinence (Martin et al. 1973). This constellation of
symptoms has been called hypophoria and their disappearance,
euphoria (Martin et al. 1977). A1l of these negative feelings are
decreased in a dose-related way by opiates, amphetamines (Martin et
al. 1971), and barbiturates (Martin et al. 1974; Jasinski 1977).
Although systematic studies have not been done, anecdotal accounts
indicate that they are also probably reduced by nicotine, alcohol,
marijuana, and the LSD-Tike hallucinogens. Thus the effect of
chronic opioid administration is not merely the Tloss of its ability
to produce feelings of well- being but the reduction of hypophoria
and withdrawal from social interactions. These feelings are
exacerbated during both early and protracted abstinence.

It is known that opiates in single doses decrease all types of
sleep (Kay et al. 1969). Figure 7 illustrates changes in different
types of sleep seen during a cycle of methadone dependence. As can
be seen, sleep is increased during both the stabilization phase of
dependence and protracted abstinence (Martin et al. 1973). Thus
the effect of chronic opioid treatment on sleep is not simply the
reduction of the insomniac action in the presence of opioids. It
also produces hypersomnia in protracted abstinence.

Whereas a single dose of opioids can reduce a number of needs,
chronic administration may both decrease (e.g.. C02 elimination)
and increase (e.g., hypophoria, sleep) needs. Although many need
states are enhanced during early abstinence, some may be decreased
(e.g., sleep). Perhaps, more importantly, during protracted
abstinence some needs are increased (hypophoria and sleep) and
others decreased (responsivity to C02) (see table 4).

CONCLUSION

Most, if not all, drugs of abuse are intimately involved in needs
and need reduction. These needs are dependencies which have
inherent tolerance mechanisms necessary for the control of need
reduction. With internalization of need states and the evolution
of cognitive processes, affect has become a fundamental need
mechanism. Chronically administered drugs of abuse interact with
and change need states. The characterization of these changes in
terms of conventional definitions of tolerance and dependence
greatly oversimplifies the impacts of chronic drug administra-
tion. Indeed this oversimplification of the concepts of tolerance
and dependence and the development of methods for assessing them
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TABLE 3

Changes in certain ARCI and MMPI scale scores during a cycle of addiction to methadone

Controlled Addiction Early
(4 and 10 Weeks) Abstinence

ARCI Scale Score Negative Feelings

Protracted

Abstinence

PCAG 48 55 73%* 47
Weak 42 51 72%* 47
Tired 44 61** 73%* 47%%
Social 56 56 58** 61
Withdrawal
ARCI Scale Score Positive Feelings
MBG 55 53 38%* 48
Efficiency 58 48** 24%* S1*x*
MMPI Scale Scores

Hs 54 71% 75% 53
Hy 53 66* 71* 58
SC 62 70%* 74% 74%

PCAG=(Pentobarbital, Chlorpromazine, Alcohol Group Scale) - Apathetic Sedation

MBG=(Morphine, Benzedrine Group Scale) - Euphoria - Antihypophoria

Hs=(Hysteria); Hy=(Hypochondriasis); Sc=(Schizophrenia); * P<0.05;

** P<0.01
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Respiration

Mood

Sleep

Acute

Effects

Decreased
sensitivity
and
responsivity
to CO,

Decreased
hypophoria
(euphoria)

Decreased all
sleep stages

TABLE 4

Stabilization

(Tolerance)

Decreased sensitivity
and increased
responsivity to CO,

Increased
hypophoria

Increased total
sleep and §
bursts

Summary of the Effects of a Cycle of Opioid Dependence on Three Needs

Early

Abstinence

Increased
responsivity
and probably
sensitivity

Increased
hypophoria

Protracted

Abstinence

Increased
and decreased
sensitivity

Increased
hypophoria

Increasedd§ and

total sleep



may result in the study of phenomena which may not be related to
the clinically relevant changes produced by chronic administrations
of opioids and perhaps of other drugs.

Chronically administered opiates clearly produce long-persisting
changes in need states and affect, enhancing some and depressing
others, and may induce new needs which can only be met with drugs
which may have the potential for abuse. The changes which are
induced are enormously complex, probably involving multiple
mechanisms such as homeostasis at molecular, cellular and tissue
levels, supersensitivities, up- and down-regulations of receptors
and their endogenous agonists and recruitment of redundant
mechanisms. The enormous amount of research which has been done
with chronic opiate administration has shown that these drugs
produce long-lasting changes. Our own work continues to show that
individuals with drug problems have exaggerated needs and
associated affective disorders (hypophoria).

Drug-induced tolerance and dependence still have major clinical
importance. Many patients with excessive needs and hypophoria
attempt to cope with these discomforting subjective states by using
drugs which possess antihypophorlc properties. Most of these drugs
interact with need states and alter them. Some of these
alterations may cause Tlong-persisting changes and worsen existing
psychopathologic processes. Since one of the alternative
strategies for treating drug abusers is chemotherapy, an
understanding of the basic mechanisms of phenomena designated as
tolerance and dependence is important, as these phenomena may alter
brain functions related to needs and affect. Thus the search for
new chemotherapeutics for the treatment of drug dependence presents
a formidable challenge, for we will be interceding in functional
systems which are intimately concerned with basic motivation.
Interventions, because of the complexities of need systems, may
have unexpected outcomes.
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Contributions of Neurophar-
macology to Understanding
Mechanisms of Tolerance and
Dependence

Martin W. Adler and Ellen B. Geller

INTRODUCTION

Neuropharmacological research has played a major role in the
formulation of our concepts regarding tolerance and dependence
to abused drugs. As our knowledge about these phenomena has
increased, certain ideas have been reevaluated and modified. To
compile a comprehensive review of all the studies in this field
which have contributed to our present state of knowledge about
tolerance and dependence for all drugs of abuse is a formidable
task and one which will not be attempted here. By way of merely
indicating the diversity of research in this area, some of the
techniques and endpoints used in studying the neuropharmacology
of drugs of abuse appear in table 1. The necessity of having so
many approaches available to us has become more apparent as we
have gradually moved away from the notion of a single, global
mechanism of tolerance and dependence. Only a short time ago,
for example, the view that there must be one discrete locus in
the brain responsible for opiate dependence was generally
accepted. However, as a result of research involving brain
lesions (e.g., Linseman 1976; Adler et al. 1978; Calvino et al.
1979) and modification of neurotransmitter systems (review,
Takemori 1974), this idea has been largely abandoned. With the
recognition of the multiplicity of both chemical and anatanical
systems that are involved in tolerance and dependence to drugs
of even a single class, the value of examining a variety of
drug-induced responses 1is readily understood. Furthermore, in
light of the broad spectrum of drug classes to which tolerance
and/or dependence may develop, the need for such an array of
techniques and endpoints becomes even more obvious.
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TABLE 1. Neuropharmacological studies of drugs of abuse

Techniques

EEG

Microiontophoresis

Operant Techniques

Brain Lesions

Intraventricular Cannulation

Selective Agonist & Antagonist
Drugs

Drugs to Modify Neurotransmitter
systems

Electrically & Chemically Induced
Seizures

In-vivo pA Determinations

Endpoints

Body Temperature

Body Weight

Antinociceptive
Thresholds

Pupil Size

Seizure Thresholds

Neuronal Firing Patterns

Neurotransmitter Levels

& Turnover

Locomotor Activity

Behavior

Drug Discrimination

Cross-Tolerance
Cross-Dependence

Binding Studies
Isolated Tissue Studies
Drug Infusion Methods

TOLERANCE

Despite the lack of a clear understanding of the mechanisms
responsible for the phenomenon we call tolerance, we can define
the term in an operational sense. Tolerance can be defined
either as the reduced effect of the same dose of a drug on sub-
sequent administrations, or as a need to increase the dosage in
order to maintain the same level of effect. This simple defini-
tion allows for a variety of pharmacokinetic, pharmacodynamic,
and other mechanisms to be implicated in the tolerant state.
Although our definition of tolerance has not changed, many of
our concepts relating to it have. For example, a belief held by
most workers in this field until recently was that "tolerance to
the depressant but not to the excitant effects of narcotics
develops at the spinal cord level, just as elsewhere in the
cerebrospinal axis" (Goodman and Gilman 1955). It is now known
that tolerance can be demonstarted to the classical excitant
effects, namely, pupillary response and gastrointestinal tract
activity. Both the miotic effect of heroin in humans (Tress et
al. 1978) and the mydriatic effect of morphine in mice (Adler et
al. 1980) and rats (Adler et al. 1981) are subject to tolerance
development. Similarly, tolerance has been found to the effects
of morphine on intestinal motility in dogs (Weisbrodt et al.
1980) and rats (Cowan et al. 1977). Although the degree of
tolerance may not be equivalent for all of the actions of an
opioid, at least a partial tolerance is demonstrable for most
effects. One exception may be found in the effect of morphine
on lowering reward threshold. Not only does no tolerance devel-
op on repeated administration, but an increased effect has been
reported (Kornetsky and Bain 1982).

Another commonly accepted idea in the recent past was that
tolerance develops to all of the effects of amphetamine. While
it is true that one sees marked tolerance to some of the actions
of this drug (e.g., anorexic, cardiovascular), reverse
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tolerance, or increased responsiveness with repeated administra-
tion, occurs with some stereotypies (Rebec and Segal 1980).
Interestingly, no tolerance to its effect against narcolepsy
seems to occur Weiner 1980). Marijuana, on the other hand, is
an example of a drug to which no tolerance was thought to devel-
op. In fact, it was felt by many that increased sensitivity
occurred with repeated administration. Experiments such as
those by Domino (1971), however, have shown conclusively that
tolerance does develop to at least some of marijuana's effects.

While it was once believed that tolerance development requires
repeated administrations of a drug, in recent years the
occurrence of single-dose tolerance to morphine has been
reported (e.g., Cochin and Kornetsky 1964; Kornetsky and Bain
1968; Huidobro et al. 1976). In some cases, tolerance can be
demonstrated within hours of a single priming dose; in other
instances intervals of days are necessary.

The examples cited above serve to illustrate how a more detailed
look at tolerance has resulted in a recognition of new elements
involved in that phenomenon. Examination of these factors has

yielded important insights into the mechanisms behind tolerance.

Although the terms tolerance and dependence are inextricably
woven into the fabric of our thinking about several classes of
drugs, there is recent in vivo evidence with opiates, for
instance, that the two phenomena, though linked, are not insep-
arable (Cochin and Mushlin 1976; Dafny 1982). Other types of
studies have also indicated the separability of the two phenom-
ena. One must be careful, however, to consider other explana-
tions, such as differences in dose or duration of drug
administration, that may be required for the demonstration of
each. Furthermore, if a drug acts on a particular receptor type
to produce a relatively irreversible or slowly reversible
canplex, tolerance may become apparent without concomitant
signs of physical dependence. Only careful evaluation can
determine if the tolerance exists without physical dependence.
There are also examples of drugs showing relatively low degrees
of tolerance but marked physical dependence (barbiturates), and
vice versa (49-THC).

DEPENDENCE

Traditionally, dependence has been defined in terms of the phys-
iological and psychological symptoms that appear when the drug
is withdrawn or antagonized. As our knowledge about dependence
has grown, acceptance of such a simple definition has waned.
Although the term may be used in an operational sense to denote
the entire series of events associated with chronic abuse of a
drug, dependence really comprises two components: the abuse
liability of a drug (potential for abuse) and its dependence
potential (potential for behavioral and/or physical signs of
abstinence). The "abstinence syndrome'"can be reversed by read-
ministering the drug or another one with which it is cross-
dependent. Each class of drugs, however, has its own dependence
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characteristics, and thus it may be better to describe depend-
ence 1in term of a particular class. In fact, newer develop-
ments in pharmacology have even produced drugs of the same class
which show different dependence characteristics. Examples of
this situation can be found with the mixed agonist/antagonist
opioids. Although it was originally contended that these
opioids would not produce dependence, unfortunately, this has
turned out not to be the case for most drugs of this type. For
example, our view of pentazocine as a non-dependence-inducing
opioid has undergone radical change, and dependence to pent-
azocine 1is now well known (Jaffe and Martin 1980).

Buprenorphine seems to have little, if any, dependence asso-
ciated with it, as judged by the virtual absence of a withdrawal
syndrome. However, the weak withdrawal syndrome is probably the
result of the stability of the drug-receptor complex and its
slow dissociation, since some abstinence signs can be
demonstrated under certain conditions (Dum et al. 1981).

Amphetamine was at one time considered a nonaddicting substance.
Yet, both physical and psychological signs appear after cessa-
tion of drug administration following chronic use (Jaffe 1980).
Even more controversial is the dependence developed to nicotine.
Recent studies have documented both physical and psychological
withdrawal symptoms on cessation of cigarette smoking (Shiffman
1979) . Although additional cases and more details could be
cited, the above examples serve to illustrate how our conception
of dependence has evolved. With each advance in our thinking,
we discover more about the mechanisms involved.

PHARMACOLOGICAL PRINCIPLES

One of the problem encountered in the evaluation of research in
this area is that too often the basic principles of pharmacology
are forgotten or ignored. What happens to a drug after admin-
istration is a critical determinant of its actions and this,

in turn, can influence interpretation of data on tolerance and
dependence. Obviously, the levels of drug in plasma and brain
can be markedly affected by first-pass effects through the liver
and by drug metabolism. Moreover, route of administration can
dramatically alter both free and bound drug levels, as in the
case of morphine (table 2). Peak plasma levels of free morphine
following a dose of 4 mg/kg were approximately three times
higher after subcutaneous (sc) than after intraperitoneal (ip)
injections, and brain levels were about four times higher. With
the 64 mg/kg dose, however, plasma and brain levels of free
morphine rose to a higher level and fell more rapidly after ip
than after sc administration.

The effect of route of administration on the amounts of pharm-
acologically active morphine is shown in table 3. These stud-
ies are discussed in more detail by Cerletti et al. (1980). An
additional factor to consider when dealing with centrally acting
drugs 1is the blood-brain barrier (BBB). What many investigators
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TABLE 2. Concentration of free morphine in rat plasma and
brain after injection of 4 mg/kg or 64 mg/kg morphine
sulfate sc or ip

Min Post- Plasma Brain
Injection ng/ml + S.E.M. ng/ml + S.E.M.
sC ip sC ip
4 mg/kg
5 569124 189+18%* 29%3 12+1*
10 642136 196+22%* 5015 20+2%*
15 712443 242+£30%* 6415 21+2%*
30 460126 123+22%* 8713 17+4*
60 260125 84111 53%11 19+2*
120 6419 38+8** 35%1 13+3*
180 3319 34114 15+2 6+1*
64 mg/kg
15 4941+570 7202+£819** 394166 654+117
15 4823+395 10532777 562143 1249+129*
60 1089711416 1272214228 1762%170 1980+374
120 6610t1276 5788+£3065 1634+232 9904315
180 2831 1849 + 860 815 469142

*p < 0.01 vs. sc; **p < 0.05 vs. sc

fail to take into account, though, is that even when the BBB is
circumvented by intracerebroventricular (icv) administration,
the drug must still leave the ventricular compartment and reach
specific areas of the brain in order to be effective.
Differences in drug distribution to various brain parts probably
contribute to the disparity in qualitative as well as quan-
titative responses often seen with systemic vs. central admin-
istration. For example, differences can be seen on seizure
threshold. Table 4 shows that although morphine and etorphine
are anticonvulsant after both sc and icv administration, pent-
azocine and meperidine are proconvulsant by the sc route but
anticonvulsant by the icv route. Normeperidine is proconvulsant
irrespective of the route of administration. Even sensitivity
to naloxone blockade may be altered by the route used (e.g.,
meperidine) . Further details may be found in a paper by
Tortella et al. (1984, in press).

Another example may be seen with body temperature (figure 1).
Although morphine exhibits the well-known dual response after sc
administration, only a dose-related hyperthermia is produced in
rats when morphine is administered icv at an ambient temperature
of 20°C (Adler et al. 1983; Geller et al. 1983). The examples
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TABLE 3. Morphine in rat plasma following injection of 4 or 64
mg/kg morphine sulfate sc or ip. Glucuronide
percentage is calculated as (total- free
morphine) < (total morphine)

Min Post- Total Morphine % Morphine
Injection ng/ml + S.E.M. as Glucuronide
SC ip SC ip
4mg/kg
5 695+ 31 283+ 37* 18.1 33.2
10 726+ 52 400+ 51~* 11.6 51.0
15 796+ 74 748+ 253 10.6 67.6
64mg/kg
15 6700+ 894 19580+1190* 26.3 63.2
60 15590+3649 2452045186 30.1 48.1

*p < 0.01 vs. sc.

Substance and Alcohol Actions/Misuse, 1:65-70, 1980.

© 1980, Pergamon Press, Ltd. Reprinted by permission.

TABLE 4. Effect of route of administration on seizure threshold

changes induced by opioids in rats

Drug Route of Change in Flurothyl Antagonized
Administration Seizure Threshold by Naloxone
Morphine sc A Yes
icv A Yes
Etorphine sc A Yes
icv A Yes
Pentazocine sc Y No
icv A No
Meperidine sc Y No
icv A Yes
Normeperidine sc \ No
icv y No

(Table cou
Research)

rtesy of Dr. F.C. Tortella, Walter Reed Army Institute of
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cited above serve to demonstrate that comparisons of efficacy
and potency between drugs given by different routes are invalid
and can lead to erroneous interpretation of data and false
conclusions.
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FIGURE 1 Effect of morphine on body temperature: icv vs sc
administration. Subjects were male Sprague-Dawley
rats.

Another basic pharmacological principle relates to receptor
occupancy. Whether or not a receptor is continuously occupied
by a drug may well determine the development of tolerance and
dependence and the degree to which they occur. A study by
Cochin and Mushlin (1976) showed that tolerance to morphine can
be blocked by the concurrent administration of naloxone.

Further work fran this laboratory has shown that tolerance can
be blocked even if naloxone is administered an hour or more
after morphine. This is illustrated in figure 2. As can be
seen, if a single dose of naloxone (6 mg/kg, sc) is administered
to mice at various periods of time after 15 g/kg morphine
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sulfate, tolerance to morphine is partially blocked when sen-
sitivity to morphine is tested 3 days later. The shorter the
time interval between the first dose of morphine and the admin-
isration of naloxone, the more effective the blockade. It
appears from this and other work by Cochin and his colleagues
that tolerance and cross-tolerance can be attenuated if the
drug-receptor complex is broken even after the agonist effect of
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FIGURE 2 Results of hot-plate assay performed in mice 3 days
after initial drug treatment. The ordinate shows the
mean area derived from multiplying the number of min-
utes naloxone is given after morphine by the number of
seconds on the hot plate. (Figure courtesy of Dr. J.
Cochin, Boston University School of Medicine.)
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morphine has occurred. Work in our laboratory demonstrated that
the severity of the morphine abstinence syndrome depends on
whether the drug is administered continuously by pellet or
intermittently via injection (Cerletti et al. 1976). If the
morphine is given so that equivalent levels of drug are measured
in plasma over 72 hours, the pelleted animals display a more
pronounced withdrawal syndrome even though abstinence signs are
qualitatively identical.

SUMMARY

In summary, many of our once generally accepted ideas about
tolerance and dependence have been revised as the result of
neuropharmacological research. Included among these concepts
are the following: (1) Although tolerance and dependence are
usually linked, they appear to be separable phenomena in some
instances. Further exploration into each should be profitable.
(2) Although chronic administration of a drug is usually
required to produce tolerance and dependence, even a single dose
can result in these effects under certain conditions. That fact
may provide us with clues as to the neuroadaptive changes
occurring during the development of tolerance and dependence.

(3) A fruitful line of research emanates from the findings that
tolerance may be pharmacokinetic or neuronal and that time of
receptor occupancy appears to be a vital factor in neuronal
tolerance. (4) It is now known that tolerance does not develop
equally to all actions of a drug and reverse tolerance
(increased responsiveness) can occur. Further studies along
these lines are needed to correct many false assumptions about
this issue and to shed new light on the receptors and
transmitter systems involved. (5) We now accept the notion that
a drug usually exerts effects on more than one receptor type or
subtype. Consequently, the actions of drugs on the various
receptors and the responses to receptor blockade promise to
yield significant new knowledge about the mechanisms involved in
tolerance and dependence to a wide variety of drugs. (6) We
have become increasingly aware of species differences and genet-
ic determinants of responses to drugs of abuse, after both

acute and chronic dosing. Other papers in this volume will
focus on this topic.

Our current state of knowledge about tolerance and dependence
suggests a number of questions whose answers will undoubtedly
lead to a much better understanding of these phenomena. First,
we have learned much about the endogenous opioid peptides and
opiate receptors in the last few years. But what is the role of
these chemicals in tolerance and dependence? Moreover, are they
continuously released and, if so, why doesn't naloxone precipi-
tate an abstinence syndrome when administered to otherwise
untreated subjects? As they appear to be released when opioid
drugs are administered, what role does this release play in the
development of tolerance and dependence to opioids? Second,
since we live in a society where polydrug abuse is the rule and
not the exception among drug abusers, what are the interactions
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among the drugs of abuse? Right now we know very little about
these interactions per se, let alone the mechanisms that may be
involved. Third, is there a commonality of mechanisms for
tolerance and dependence among the drugs of abuse? Although
such hypotheses have been advanced, little scientific support
for these ideas has been forthcoming. Fourth, what are the
correlations between binding data and pharmacological effects?
This is a crucial question, for both acute and chronic admin-
istration of drugs, that must be addressed to a greater degree
than it presently is. Lastly, what are the interactions between
transmitter systems that have been implicated in tolerance and
dependence, both in cases where pharmacological receptors have
been identified (e.g., opioids) and in cases where they have not
(e.g., cocaine, marijuana)?

A little over 10 years ago, Harry Collier, to whose memory

this symposium is dedicated, wrote a paper entitled "A
Pharmacological Analysis of Drug-Dependence" (1972). In it he
stated that the neuropsychological properties of a drug help to
determine its abuse liability. He felt that since drugs produce
dependence, other drugs should be able to reverse or ameliorate
it. He proposed that "we should now try to develop drugs espe-
cially to help combat dependence. To do this effectively and to
make progress in the pharmacotherapy of drug abuse, we need to
know more about the basic mechanisms whereby dependencies arise
and about the interactions of other drugs with these
mechanisms." We have made good progress in elucidating the
mechanisms involved. Nevertheless, much more basic research
must be carried out before we can design specific drugs to
affect specific receptors in specific loci and before we can
develop drugs to correct any underlying deficiencies that may
play a role in drug dependence.
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Various Factors Which Affect the
Rate of Development of Tolerance
and Physical Dependence to
Abused Drugs

William L. Dewey

A recent study by Ternes and his colleagues (1983) showed that
tolerance and physical dependence developed to the chronic
treatment of hydromorphine in rhesus monkeys but not in
cynomolgus monkeys. This report prompted us to reevaluate the
factors which are involved in the differences which have been
reported for the rates of development of tolerance and physical
dependence in various species. It is clear that even in the same
animal tolerance develops to different effects of opiates and
other drugs at different rates. This observation rules out the
possibility of an alteration in drug absorption, metabolism,
excretion, etc., as a basis for the tolerance. There are certain
effects to which tolerance does not develop. For instance, most
reports indicate that although tolerance develops to many of the
effects of the opiates, miosis appears to be resistant to
tolerance development. Apparently, the drug receptors on the
cells of different tissues become less sensitive to the drug at
different rates, whereas pupil changes are always sensitive to
opiates. These observations support the hypothesis generated
from other types of data that many different types of opiate
receptors exist. The number might exceed by far the seven or
eight types reported to date. There is no question that
metabolic tolerance does occur with some drugs. When this is the
only factor involved in the development of tolerance, tolerance
would be expected to develop to all the effects of the drug at
the same rate. It is important to differentiate and quantitate
the contribution of metabolic and pharmacodynamic factors in the
development of tolerance. The discussion that follows will be
devoted to pharmacodynamic tolerance.

Aceto et al. (1977) have shown that the subcutaneous
injection of 3 mg/kg of morphine sulfate every 6 hrs for 30
days to rhesus monkeys did not render them dependent as
measured by the ability of naloxone or nalorphine to induce
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vomiting. Vomiting as a withdrawal sign is an indication of
severe dependence of the morphine type in rhesus monkeys. Some
other Tless severe si