National Institute on Drug Abuse

RESEARCH

MONOGRAPH SERIES

_d

-
‘ 4 U.S. Department of Health and Human Services * Public Health Service + Alcohol, Drug Abuse, and Mental Health Administration




Problems of Drug
Dependence 1990:

Proceeding of the 52nd
Annual Scientific Meeting
The Committee on Problems
of Drug Dependence, Inc.

Editors: Louis Harris, Ph.D.

Research Monograph 105
1990

U.S. DEPARTMENT OF HEALTH AND HUMAN
SERVICES

Public Health Service

Alcohol, Drug Abuse, and Mental Health Administration

National Institute on Drug Abuse
5600 Fishers Lane
Rockville, MD 20857



For sale by the Superintendent of Documents, U.S. Government Printing Office, Washington, DC 20402



Foreword

Once again NIDA is proud to publish the scientific
presentations from the annual meeting of the Committee on
Problems of Drug Dependence (CPDD). These papers and posters
were presented at the 52nd such meeting of CPDD held in Richmond,
Virginia in June 1990. The Committee 1is to be commended for
organizing an outstanding program and bringing together a group
of premier scientists to report on what is truly state-of-the-
field research from the broad array of scientific disciplines
relevant to the study of drug abuse. Indeed, there are few areas
of scientific endeavor which cover such a broad spectrum of
research focus - from the molecular level to behavioral to the
social. Nor do many areas impact our lives so profoundly. No
one can deny that our efforts, through research, to find
effective drug abuse prevention and treatment strategies and to
understand the nature of addiction is critical to our society's
health.

I am especially enthusiastic about the roles of NIDA and
CPDD as we enter the Decade of the Brain. The study of illicit
drugs and their effects on brain and behavior have and will
continue to provide important insights into our understanding of
the most basic features of biology. The study of addiction has
taught us about endogenous opiates, led to the discovery and
characterization of a variety of brain receptors, and recently
resulted in the first cultured cortical neurons. These
developments make me optimistic that continued research on drug
addiction will bring an explosion of new knowledge about the
brain - knowledge that we need to understand drug addiction where
it begins, at the interface of brain and behavior.

Charles R. Schuster, Ph.D.
Director
National Institute on Drug Abuse
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Problems of Drug Dependence, 1990

Thomas Burks

I welcome all of you to Richmond, Virginia, for the 52nd annual scientific meeting
of the Committee on Problems of Drug Dependence. We look forward to four days
of important and stimulating research reports in poster sessions, slide presentations,
symposia and workshops.

We are especially pleased to hold our 1990 meeting in this charming city and 1 want
to thank the local organizing committee, chaired by the Past-Chairman of CPDD, Dr.
William Dewey, and Ms. Debra Mallory, for all of their hard work and thoughtful
arrangements for this meeting. Bill and Debbie, and all members of the committee,
thanks for having us as your guests in Richmond.

I hope attendees will have a chance to savor the special attractions of Richmond,
although leisure time will be limited because this week’s meeting is packed with
action. Our Program Committee, chaired by Dr. Louis Harris, has put together a
most exciting scientific program. One measure of a superb meeting is when you
find so many good things hapﬁening simultaneously that you cannot decide which
session to attend. I believe we have that kind of meeting this week. Members of the
Program Committee, thanks for this outstanding scientific program.

We are pleased that associated groups with affinity for CPDD have chosen to meet
with us here in Richmond. These groups include ISGIDAR, the International
Cannabinoid Study Group, and a number of functions sponsored by the National
Institute on Drug Abuse. I welcome these groups to the CPDD meeting.

You probably wonder who puts all of this fairly complex meeting together. It is our
Executive Secretary, Dr. Marty Adler, along with Ellen Geller and Marie McCain.
During my term as Chairman of CPDD, my already high opinion of Dr. Adler and
his associates has risen even higher. It has been a joy to work with them. Travel
and other arrangements for this meeting were performed smoothly, as usual, by Brad
Meyer and his associates at Sailair Travel of Nashville, TN.

CPDD has had a busy year. After our very successful annual meeting in Keystone,
Colorado, last June, the Board of Directors took up the challenge of working out
structural changes to transform CPDD to a membership organization. We have made
significant progress and have agreed in principle on a plan for providing membership
privileges to qualified persons with interests in aspects of chemical dependence
research. We are now addressing specific changes in the Bylaws to meet these
objectives and provide orderly transition to a membership structure. We hope to
complete these changes in the coming year, under the leadership of Dr. Lou Harris,
who will become Chairman of the CPDD.



We have also been active in testifying on behalf of ADAMHA and NIH budgets
before Congress, helping address strategies for Congressional funding of research
directed at problems of drug and alcohol abuse, and analysis of proposed NIH,
ADAMHA and U.S. Department of Agriculture proposed rules and guidelines
concerning conflicts of interest, scientific misconduct and animal care and use
regulations.

CPDD sponsored, along with ASPET, a public forum on methamphetamine in
Washington this past April. The scientific program was well arranged by Dr. Scott
Lukas. Joe Brady, Marilyn Waranch and Marty Adler handled media relations and
logistics of the conference for CPDD. We received good media coverage and have
reason to believe that we reached significant portions of the medical community and
some portion of the lay public concerning demystification of methamphetamine,
including its use in the form of "ice."

A number of present and previous members of the CPDD Board of Directors have
been in the news in the past year for specific scientific accomplishments and for
taking on important positions in government agencies. We are proud of those
achievements and feel that it reflects positively on the overall calibre of our Board
members.

We publish a newsletter, “Newsline,” that serves as a medium of communication
among those interested in drug dependence research. We regard "Newsline" as an
effective vehicle for exchange of information relevant to our scientific and
professional activities.

Our major publication each year is the NIDA Research Monograph containing the
Proceedings of each CPDD scientific meeting. The 1989 Proceedings, “Problems of
Drug Dependence 1989,” contains an up-to-date collection of reports and position
statements of top government officials in the area of substance abuse, Leo Hollister’s
Eddy Award Lecture, reports from the CPDD Drug Evaluation Program, and many
important research reports from laboratories in the U.S.A. and abroad. It is pleasing,
in fact, that we have persons from Europe, Asia and Australia attending and
presenting data at our annual meetings. Problems of drug dependence are
international in scope. I observe with pride the fact that each annual NIDA
Monograph on Problems of Drug Dependence is a little thicker with research reports
than that of the previous year. This 1990 meeting in Richmond is our largest ever
and I expect the resulting Proceedings will be larger still.

CPDD continues to pursue its goal, enunciated in 1929, of ridding the world of illicit
drug use by decreasing demand through research. We are addressing this goal by
means of several specific objectives:

1. We will hold excellent scientific meetings, such as this annual meeting, and
special meetings, such as the methamphetamine conference I mentioned.

2. We will continue our drug testing program, a unique activity of CPDD for
evaluation of abuse liability of drugs.

3. We will continue to serve in a consultant capacity to government agencies,
providing  scientific information of importance in the formulation of public
policy relative to substance abuse and chemical dependence.

Everyone who participates in any of these activities, including researchers who share
their findings at this scientific meeting, epidemiologists and sociologists who tell us
about patterns of drug use, and persons responsible for treatment programs that
translate research to practice, all contribute to the goals of CPDD.



Those that serve on the CPDD Board of Directors make a very special contribution.
As we move to a membership structure, we will increase the number of persons
directly involved in carrying out the objectives of the organization.

I invite everyone present to attend the 1991 annual meeting of CPDD at the Breakers,
near West Palm Beach in Florida, June 15-21, 1991. Plans for that meeting are
already progressing well; it will be terrific.

We are privileged to have with us this week some key government officials in drug
and alcohol policy and research. These include Dr. Herb Kleber, Deputy Director
of Demand Reduction, White House; Dr. Fred Goodwin, Administrator of
ADAMHA; Dr. Beny Primm and Dr. Loretta Finnegan, Office of Treatment
Improvement; Dr. Enoch Gordis, Director of the National Institute on Alcohol Abuse
and Alcoholism; and of course Dr. Bob Schuster, Director of the National Institute
on Drug Abuse and a number of scientists from NIDA.

Three persons have been selected for special recognition at this meeting for their
contributions to CPDD and drug abuse research: Dr. Charles R. Schuster will receive
the Nathan B. Eddy Memorial Award, Dr. Arthur E. Jacobson will receive the J.
Michael Morrison Award, and Dr. Thomas R. Kosten will receive the Joseph Cochin
Award.

The first CPDD Media Recognition Award will be presented to Kathie McCabe for
her article in the February, 1990, Washingtonian, entitled "Beyond Cruelty," an
insightful description of the philosophy and state of the animal activist movement in
the U.S.

We watched last year with great interest the nomination and confirmation process by
which present and former members of the CPDD Board of Directors became directly
involved in overall substance abuse policy for our entire government. Dr. Herbert
Kleber, now a White House official, is responsible for Demand Reduction. Dr. Beny
Primm, also a member of the CPDD Board of Directors, has been appointed Associate
Administrator of ADAMHA and Director of the Office of Treatment Improvement
of ADAMHA. Another member of the CPDD Board of Directors. Dr. Loretta
Finnegan, is now Associate Director of the Office of Treatment Improvement.

Finally, we want to recognize the outstanding contributions of Drs. William Dewey,
Beny Primm and Edward Senay to the structure and function of CPDD during their
terms as members of the Board of Directors. We are indebted to these fine scientists
for all they have done to promote the objectives of CPDD.

The CPDD is healthy and growing as an organization. Its scientific underpinnings
are strong. We have crucially important problems to solve, and the scientific talent
to have an impact. We are making progress.

Thanks for contributing to the most exciting and largest meeting ever in the history
of CPDD.

Thomas F. Burks, Ph.D.
Department of Pharmacology
University of Arizona

College of Medicine
Tucson, AZ 85724



Introduction of the Nathan B. Eddy
Memorial Award

Louis S. Harris

It gives me great personal pleasure to introduce Dr. Charles Roberts Schuster,
this year’s recipient of the Nathan B. Eddy Award. Dr. Schuster was born in
Woodbury, New Jersey and attended the public school system in Camden. He
received his Bachelor of Arts degree from Gettysburg College, and a Master of
Science degree from the University of New Mexico. After a brief teaching stint
at Temple University, he was employed as a Junior Scientist at the Smith, Kline
and French Laboratories. He left Smith, Kline and French to return to graduate
school at the University of Maryland, where he received his Ph.D. in 1962.
During this period, he also held teaching positions at the University rising to
rank of Assistant Professor. In 1963, he began his academic association with
the University of Michigan where he had appointments both in Pharmacology
and Psychology, rising to the rank of Associate Professor. In 1968, he
accepted a position as Associate Professor of Psychiatry at the University of
Chicago with a joint appointment in Pharmacology. He is currently Director of
the National Institute on Drug Abuse on leave of absence from his position at
Chicago as Professor of Psychiatry, Pharmacological and Physiological
Sciences and Behavioral Sciences.

It is difficult to summarize Dr. Schuster’s research accomplishments since they
are so extensive. They may, however, be characterized by their breadth and
elegance of design and execution. For instance, Dr. Schuster pioneered in the
development of the techniques of drug self-administration, drug discrimination,
neurotoxicology and the study of psychoactive drugs in man. His broad
contributions to the field of drug abuse research, including the training of a host
of students many of whom are present, alone makes him uniquely qualified for
the Eddy Award. He has, however, made many other contributions to the field.
These include his service to professional societies and many national and
international boards and committees.

For instance, he served as President of Section 28 of the American
Psychological Association, the Behavioral Pharmacology Society and
ISGIDAR, which he also helped to found. Also of great note is his service on
national and international regulatory committees. He should be especially
commended for his role on the World Health Organization’s Expert Committee
on Drug Dependence. His efforts in this regard have aided immeasurably the
successful international implementation of the Psychotropic Convention of
1971. Finally, since 1978, Dr. Schuster has maintained a close relationship to
the Committee on Problems of Drug Dependence.



Since assuming his position as Director of the National Institute on Drug Abuse
in 1986, Dr. Schuster has been at the center of the national and international
maelstrom created by the enormous public health problem of drug abuse.

The huge impact of AIDS and "crack" have emerged during his tenure. The
public, and the scientific community in particular, owe him a great debt for
steering the Institute through rough political and practical seas while preserving
the basic research mission of NIDA.

I would be amiss if I did not mention Bob's lifetime interest in music and the
arts, both as a performer and collector. This, added to his intense interest in
people and his quiet modesty, make him one of the few individuals of our day
who can be characterized as a "Renaissance Man". His career may be summed
up by the following citation, "Charles R. Schuster", brilliant behavioral
scientist, astute administrator, and distinguished public servant, your work has
greatly benefitted mankind".

The Committee on Problems of Drug Dependence is honored to name you the
1990 recipient of the Nathan B. Eddy Award.

AFFILIATION:

Department of Pharmacology and Toxicology, Medical College of Virginia,
Virginia Commonwealth University, Richmond, VA 23298-0613



Nathan B. Eddy Memorial Award
Lecture

Charles R. Schuster

I am deeply honored to be the recipient of the Nathan B. Eddy Award and
extremely pleased that my family and so many of my friends can be here to share
this joyous occasion with me. There are so many people to whom I am
personally and intellectually indebted that I hesitate to give names in the short
space of time that I have for delivering this speech. I must take this opportunity,
however, to thank my mother and sister for their guidance and teachings--both
have contributed mightily to whatever I have achieved. To my wife and
scientific colleague, I can honestly say that I could not have achieved what I have
if it had not been for her nor would it have been nearly so much fun.

I am very proud to be the first behavioral pharmacologist to receive the Nathan
B. Eddy Award. In that regard, I am deeply indebted to my intellectual mentor
and close personal friend, Dr. Joseph V. Brady. He remains a source of
amazement and a role model for me as he continues through the years to broaden
the scope of his research activities but always with a steadfast commitment to the
principles of science.

And finally, I would like to thank the dozen or more graduate students and post-
docs that I have worked with over the past 30 years--we have learned a lot
together.

I have been very fortunate to have had the opportunity to engage in a wide range
of scientific and clinical activities related to the area of drug abuse. My research
has ranged from studies of the molecular mechanisms underlying
methamphetamine’s toxic actions on dopamine and serotonergic neurons to
establishing and investigating the efficacy of Pflash Tyre--a teenage intervention
center for kids with "blown out minds" from their drug use. Today, however, I
am going to emphasize the major theme of my career, which has been the
development of laboratory procedures for studying biological, pharmacological,
and environmental variables controlling drug-seeking behavior of animals and
humans.

Let me begin with a bit of personal history. Because of my early exposure as a
young jazz musician to individuals who were addicted to drugs, I became
interested, while a graduate student, in determining whether it was possible to
develop an animal model of drug dependence. At that time, them had been a
number of reported studies using drugs as either conditioned or unconditioned
stimuli in Pavlovian conditioning paradigms (e.g., Bykov, 1957). There were,



however, relatively few studies in which drugs had been studied as either
discriminative stimuli (Conger, 1951) or as reinforcing stimuli (Spragg, 1940,
Headley, Coppock. Nichols, 1955) in operant conditioning paradigms. My
thinking, however, was influenced by the psychological theories of that time
which postulated that addicts self-administered drugs as a means of resolving
some form of neurotic conflict, a self-destructive urge, or as an expression of a
psychopathic personality incapable of loftier goals than simple sensual pleasure.
There were also other reasons for discouragement with animal models of drug
dependence. Leading experts in the field stated unequivocally that drug
addiction was a peculiarly human phenomena that was dependent upon verbal
and cognitive abilities which exceeded the capacity of non-human organisms
(Lindesmith, 1965). In the few studies in which the reinforcing effects of
morphine had been studied in animals (Spragg, 1940, Headley et al., 1955),
animals were first made physically dependent upon morphine. This approach
was based upon the supposition that animals would self-administer a drug only
to escape from the physical distress of withdrawal. In his study of morphine
dependency in chimpanzees, Spragg (1940) found that the animals chose a
subcutaneous injection of the drug over a banana only if they were in
withdrawal. If they had recently received an injection of morphine, they would
choose fruit. Following detoxification, the chimpanzees showed no interest in
obtaining an injection of morphine, thus leading to the conclusion that the
reinforcing properties of morphine were dependent upon the animals being
physically dependent. Clearly, this differentiated animals from humans, where
physical dependence develops as a consequence of people self-administering
drugs for their reinforcing effects. Although opiate addicts may claim iatrogenic
opiate dependence as the basis of their problem, available data indicate that
patients who receive opiates for pain relief and are physically dependent readily
stop taking opiates when the pain is no longer present (Schuster, 1989).

Despite authoritative nay-sayers (e.g., Lindesmith) and the results by Spragg
(1940), I was convinced that a clever, then young, behavioral pharmacologist,
could find ways to get a rhesus monkey to voluntarily introduce a drug into its
body. From the principles of behavior analysis, I knew that to maximize the
probability that an event would serve as a reinforcer, it had to be presented with
minimum temporal delay following the behavior to be strengthened. In practical
terms, this ruled out oral administration of drugs and suggested that direct
administration of the drug into the venous system would be ideal. Fortunately,
my advisor, Dr. Joe Brady, was working at the Walter Reed Army Institute of
Research with others who were studying endocrine changes in rhesus monkeys
under various environmental conditions. In order to conduct these studies, they
needed to be able to unobtrusively obtain blood samples from the monkeys for
hormonal analysis. They had developed a surgical procedure for implanting a
catheter into the jugular vein of the rhesus monkey which ran underneath the
skin to a connector which was attached to the skull of the animal. From there it
was possible to run tubing to an automatic withdrawal pump from which blood
samples could be obtained. When I saw this experimental preparation, I realized
that if these investigators could obtain blood from the system, I could administer
drugs intravenously through this cannula system, and further, make the drug
delivery contingent upon a learned response by the monkey.

In the initial experiments I conducted, I thought that it would be necessary for
the animals to initiate their drug-seeking behavior in order to obtain other
reinforcers and that only after the animals had experience with the drug would its
reinforcing properties emerge. One of the first experiments conducted



investigated whether animals who were deprived of water could be trained to
self-administer saline through the indwelling jugular catheter system 1 was
joined in this endeavor by Dr. Robert Clark and Dr. Joseph V. Brady. We were
able to demonstrate (Clark, et al., 1961) that rhesus monkeys could be
conditioned to lever-press for intravenous saline under conditions of water
deprivation. The robustness of saline as a reinforcer under the conditions of this
experiment was, however, extremely low. For example, only very short fixed
ratios could be maintained This was, of course., probably attributable to our use
of saline, which we did not realize at the time was a poor source of body water. |
therefore abandoned this procedure, which I had hoped would be the first stage
in getting animals to introduce drugs into their bodies.

From behavior analysis research, 1 had learned that events which served as
discriminative stimuli often acquired conditioned reinforcing properties. Thus,
for example, a red light which served as a discriminative stimulus setting the
occasion for a lever press to be reinforced with a presentation of food could
acquire conditioned reinforcing properties capable of generating new behavior.
It thus occurred to me that it would be possible to establish a drug as a
conditioned reinforcer by first having it serve as a discriminative stimulus. We
had relatively little guidance in those "pre-Don Overton days," and were
concerned by the fact that the duration of action of most drugs would allow only
one occasion per day in which the drug could be presented as a discriminative
stimulus. In order to avoid this problem, we decided to determine whether
epinephrine--a substance which is rapidly degraded, hence allowing a number of
stimulus presentations each day--could serve as a discriminative stimulus
(Schuster and Brady, 1964). In this experiment we used rhesus monkeys that
had been prepared with chronic jugular catheters, and conditioned them to
respond on a lever for a food reinforcer following an injection of epinephrine but
not following an injection of saline. Over the course of 90 or so sessions,
animals learned this discrimination as shown by the fact that in the 60 second
period following the infusion of epinephrine, the probability of responding was
almost 100 percent, whereas following the infusion of saline, the probability of a
lever press occurring was close to zero.

Clearly, we had established that epinephrine was serving as a discriminative
stimulus. We were encouraged that it might be possible to use this type of
procedure for establishing a drug not only as a discriminative stimulus but also a
conditioned reinforcer. We were discouraged about the use of this procedure,
however, because of the fact that most drugs of abuse had very long durations of
action and, therefore, unlike epinephrine, could only be presented once in a daily
session as opposed to multiple occasions. We therefore felt it would take an
inordinately long period of time to train animals to discriminate the effects of a
drug and an even longer period of time to demonstrate that, once established as a
discriminative stimulus, the drug had acquired reinforcing properties.

At about this time--1961--1 was joined by Dr. Travis Thompson, and we decided
to use the already established procedure of making animals physically dependent
on morphine prior to attempting to use it as a reinforcer (Thompson and
Schuster, 1964). Under these conditions, we had no difficulty in getting
physically dependent monkeys to emit a lever pressing response that was
followed immediately by an injection of morphine through the chronic jugular
catheter delivery system. Although we used this experimental paradigm to study
several behavioral and pharmacological variables (which I will report upon in a
later section of this paper), again by the very nature of the design of the



experiment, we perpetuated the idea that physical dependence was a necessary
antecedent condition for morphine to act as a reinforcer in non-human
organisms.

In 1962 1 left the University of Maryland and joined the Pharmacology
Department at the University of Michigan where Drs. Collins, Deneau, Seevers,
and Yanagita had independently developed a very similar procedure for studying
the reinforcing effects of intravenously administered drugs in rhesus monkeys.
In their experiments they had not made rhesus monkeys physically dependent
upon morphine prior to making it available as a reinforcer. In most monkeys,
they found that animals who were not physically dependent would learn to lever
press for injections of morphine (Deneau, Yanagita. and Seevers, 1969). But
assumptions were hard for me to give up. The data which the Michigan study
collected were ambiguous in that it took approximately 7 days of morphine
access before the monkeys response rates exceeded baseline control values for
saline infusions. It seemed entirely possible to me that, at the unit dose used,
animals were receiving enough morphine to become physically dependent during
this time. In subsequent research by Dr. James Woods and myself, we were
able to demonstrate the reinforcing properties of extremely low doses of
morphine (10 ug/kg/injection) available for only short periods of time each day.
These data convinced me that physical dependence was not a necessary
antecedent condition for morphine to act as a reinforcer in the rhesus monkey
(Woods and Schuster, 1968). Today, Wise and his colleagues have shown that
different brain loci mediate the reinforcing and physical dependence producing
properties of morphine (Bozarth and Wise, 1984).

Although the ecarlier studies clearly showed that physical dependence was not a
necessary antecedent condition for morphine to act as a reinforcer, physical
dependence can influence drug seeking behavior. For example, Travis
Thompson and I showed (Thompson and Schuster, 1964) that in physically
dependent rhesus monkeys, the number of lever presses made under a fixed
interval schedule of reinforcement maintained by morphine was markedly
increased as a function of the number of hours of morphine deprivation. It
would thus appear that, although physical dependence is not a necessary
antecedent condition for morphine to serve as a reinforcer, once established, the
reinforcing strength of morphine is increased by physical dependence.

I think it is important to note that we cannot generalize from these findings to
other classes of drugs which produce physical dependence. For instance,
Winger (1988) found that there was a disassociation between the rate of
responding for intravenous ethanol and the intensity of withdrawal signs. In this
study, rhesus monkeys were allowed to self-administer ethanol through chronic
venous catheters daily for 3 hours. After intake of ethanol had stabilized,
physical dependence was produced by daily 8 hour infusions of additional
alcohol. After 1 week of infusions, the monkeys began to show withdrawal
signs prior to the 3-hour daily ethanol self-administration sessions. However,
responding for ethanol in the sessions was inversely related to the intensity of
the withdrawal signs. This experiment suggests that at least under certain
conditions the reinforcing efficacy of ethanol is not enhanced by physical
dependence, as was the case with morphine.



Animal Models of Drug Abuse

Following the rather unexpected findings that rhesus monkeys would self-
administer morphine without any special conditions, psychologists, behavioral
pharmacologists, and neurochemists began marching through the pharmacopeia
to determine which drugs would and which drugs would not serve as reinforcers
in animals. Rats, dogs, baboons, and squirrel monkeys all were shown to have a
propensity to self-administer certain drugs. Suffice it to say that from the late
1960s to the present, several hundred drugs have been investigated to determine
whether or not they serve as reinforcers in standard animal models of drug self-
administration. As has been amply reviewed elsewhere, by and large, those
drugs which serve as positive reinforcers in such animal studies are also drugs
which are commonly abused by humans (Johanson and Balster, 1978; Young
and Herling, 1986). Drugs which produce unpleasant subjective effects in
humans such as the phenothiazines, have been demonstrated to serve as negative
reinforcers in animal studies. That is, animals will learn to emit an operant
response when that response is followed by the termination or the avoidance of
injections of phenothiazines (Kandel and Schuster, 1977). Finally, drugs which
appear to be neutral in their effects upon subjective states in humans are neither
self-administered nor avoided by animals. It has thus been concluded that, with
some notable exceptions (hallucinogenic drugs), there is a striking concordance
between the drugs which are self-administered by animals and those which are
commonly abused by humans (Johanson, 1990).

In recent years, behavioral pharmacologists have been attempting to determine
whether or not there are any common neurochemical actions which serve as the
mediators of the reinforcing effects of drugs. The most popular current theory
states that drugs of abuse either directly or indirectly activate mesolimbic and
mesocortical dopamine pathways in the brain. The evidence for and against this
view has been amply summarized elsewhere (Koob and Bloom, 1988) and I will
not enter into that debate at this time. I would point out, however, that such
theories must reckon with the complex interactions between the environmental
contingencies governing drug availability and the behavior which they generate.
Despite the appeal which the dopamine hypothesis has as a unifying principle, it
must be recognized that it does not account for much of the interesting aspects of
abuse and dependence.

One of the most striking features of drug dependence is the perseverative,
excessive hustling which the addict engages in to obtain drugs. I would
contend, and I believe that there is ample evidence to substantiate this claim, that
the excessiveness of drug-seeking behavior seen in addicts is not determined by
the inherent reinforcing properties of the drug molecule, but rather the
environmental contingencies which govern access to the drug. (For a fuller
review of this evidence, see Schuster, 1990.) This is seen most clearly in
laboratory experiments where animals are given access to cocaine under the
conditions of a fixed ratio one schedule of reinforcement (i.e., drug delivery is
contingent upon the animals making one response) in comparison to higher order
schedules of reinforcement in which animals may be required to emit thousands
of responses to receive a similar injection. Clearly, since the drug is the same in
both cases, it is the schedule of reinforcement that is responsible for the
excessiveness of the drug-seeking behavior in the second case rather than any
inherent properties of the drug.
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There are also many enigmatic experimental results which do not fit easily within
a simplistic pharmacological explanation of drug dependence. In a very
interesting experiment by Spealman (1979), squirrel monkeys were allowed to
self-administer cocaine by pressing a lever under a variable interval schedule of
reinforcement. Responding on a second lever was maintained under a fixed
interval schedule which terminated the availability of cocaine for a brief period.
Surprisingly, these two seemingly incompatible contingencies maintained both
lever pressing for cocaine reinforcement and as well lever pressing for
termination of the availability of cocaine. Clearly, these animals were ambivalent
about their use of cocaine! Again, I would be forced to say that these enigmatic
results cannot be explained on the basis of the pharmacological effects of cocaine
per se, but rather on the basis of the environmental contingencies governing
access to cocaine and the animal's ability to terminate access to cocaine. Thus, I
would add a note of caution to those who would like to reduce the diverse
phenomena associated with the addict’s behavior to a simplistic theory of
activation of specific pharmacological receptor systems in the brain.

Environmental Factors Influencing Drug Self-Administration

I have spent a great deal of my career studying the manner in which
environmental variables control drug-seeking behaviors. I believe such studies
should be viewed as mechanistic studies every bit as much as those, for
example, that manipulate the levels of brain catecholamines or second messenger
systems. I think, however, that the Zeitgeist is such these days that those
studies which are influencing brain systems through manipulation of
environmental variables are not viewed as on the "cutting-edge of science." It
must be remembered that the behavior of the integrated organism and its complex
interactions with the environment may not be reducible to explanations at more
molecular levels of analysis. At the very least, synthesis of the molecular events
taking place in the various brain systems which mediate complex behavioral
processes is far in the future. This is why I have chosen to emphasize in my own
research career the environmental variables which have been shown to influence
drug self-administration.

One cannot address the area of environmental variables in controlling drug-
seeking behavior without paying homage to the work of Abraham Wikler.
Wikler (1965. 1974) argued very cogently for the central importance of
conditioning processes in the various behavioral aspects of opiate addiction. For
example, he suggested that in opiate dependent persons, environmental stimuli
that accompany withdrawal from opiates may come to elicit withdrawal
symptoms. Wikler and Pescor (1967) showed that in rats, after a number of
temporal associations of an environmental stimulus and the state of opiate
withdrawal, the environmental stimulus alone elicited components of the
withdrawal syndrome. To the extent that withdrawal from opiates increases
drug-seeking behavior, conditioned withdrawal may be of importance in relapse
to drug use. This is, of course, the basis for much of the clinical research being
conducted to determine the role of learning factors in the interaction,
maintenance, and response to drug use (Ray, 1988).

I would like to briefly review some of the animal research my colleagues and I
have carried out in this area. In the first experiment we conducted (Goldberg
and Schuster, 1967), monkeys were made physically dependent upon morphine
by administering 3 mg/kg of morphine every 6 hours for a period of 30 days.
After the 30 days, the injections were continued while the animals were trained
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to lever press for a food reinforcer delivered under a variable interval schedule of
reinforcement. The variable interval schedule of food reinforcement occurred for
a l-hour period each day. After responding maintained by food became stable
from day to day, a tone of 10 minutes duration was presented to the animal
fifteen minutes after the start of the session. For several sessions, a saline
injection was given through a chronic indwelling jugular catheter five minutes
after the onset of the tone. After the animals adapted to the tone and saline as
indicated by the fact that there was no disruption in their ongoing lever pressing
maintained by food, nalorphine injections were substituted for saline. The
nalorphine injection rapidly produced withdrawal symptoms including increases
in heart rate, marked salivation, tremors, irritability, and an immediate cessation
of the animal’s food-maintained responding. Following a few pairings of the
tone and nalorphine, the tone alone elicited suppression of food responding, a
change in heart rate, excessive salivation, and vomiting. We interpreted these
results as an indication that the symptoms of the withdrawal syndrome had been
classically conditioned. Nalorphine served as the unconditioned stimulus and
the tone acquired the ability to produce the withdrawal syndrome, and thus was a
conditioned stimulus.

The next experiment we conducted on the conditioning of the withdrawal
syndrome was designed to determine whether or not the conditioned withdrawal
would increase drug-seeking behavior (Goldberg, Woods, and Schuster, 1969).
In this experiment, four rhesus monkeys were allowed to self-inject morphine
through chronic indwelling jugular catheters under a fixed ratio one schedule of
reinforcement, 24 hours per day. After approximately 4 weeks when the
animal’s intake of self-administered morphine had stabilized, a red light was
illuminated in the animal's experimental chamber each day for a period of 30
minutes. After baseline intake of morphine during this 30-minute period had
been established over a period of 7 to 10 days, the red light was illuminated
simultaneously with an injection of nalorphine. Following the injections of
nalorphine, the animal showed a marked increase in their self-administration of
morphine compared to base line values. After a number of pairings of the red
light and nalorphine, the presentation of the red light in association with an
injection of saline also produced significantly increased levels of morphine self-
administration over those observed prior to the association of the red light with
nalorphine. With continued daily presentation of the red light and saline, the
number of self-administered injections of nalorphine returned to baseline levels.
It would thus appear that the opiate withdrawal syndrome, including its ability to
increase drug-seeking behavior, can be classically conditioned to environmental
stimuli. This evidence lends support to the theories put forth by Abraham
Wikler stressing the importance of conditioning processes in controlling drug-
seeking behavior.

Conditioning of Opiate Effects

Since aspects of the opiate withdrawal syndrome are conditionable, it seemed
probable that stimuli associated with opiate injections might also acquire
behavioral significance. There were several experiments which I have been
involved in that are relevant to this area One of the first such experiments was
conducted by Travis Thompson and myself (Thompson and Schuster, 1964).
Those of you who attended the Committee on Problems of Drug Dependence
Meetings in 1960, in Ann Arbor, may even remember the data. In this
experiment, monkeys were conditioned to respond under a multiple schedule
consisting of three components: a food-reinforced component; a chain fixed
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interval/fixed ratio morphine-reinforced component; and a 1-hour shock-
avoidance component. This 3-ply multiple schedule was presented every 6
hours (i.e., four times daily). After the behavior in the three components of the
multiple schedule had stabilized, the morphine component was omitted for a
period of 48 hours. Since the animals had been self-administering a dose of 12
mg/kg/day of morphine, when deprived they began to show signs of opiate
withdrawal after approximately 12 hours. This withdrawal produced a
disruption of both the food-maintained and shock-avoidance behaviors. By the
second 24-hour period of morphine deprivation, the animals were not
responding at all for food, and the latencies for avoiding electric shock were
quite variable and markedly longer than under baseline conditions. When the
morphine component of the schedule was reinstated and the animals self-
administered a dose of 3 mg/kg morphine, food-maintaining responding and
electric shock avoidance behaviors returned immediately to baseline values.

Subsequently, this experiment was repeated and the monkeys again showed a
marked disruption in their food and shock-avoidance maintained behavior.
When the morphine reinforced component was reintroduced and saline was
substituted for morphine, there was a temporary recovery of the food-reinforced
and shock-avoidance behaviors. This experiment would indicate that
environmental stimuli associated with presentation of morphine can, through
classical conditioning, acquire the ability to produce at least some of the effects
that morphine itself can produce, and in this way cause an alleviation of the
opiate withdrawal syndrome. With continued presentation of these stimuli in the
absence of association with morphine, their ability to produce morphine-like
effects rapidly extinguished and the animal’s behavior again showed the
disruption associated with opiate withdrawal.

A second experiment that I would like to recall today dealt with the conditioned
reinforcing properties of stimuli associated with self-administered morphine.
This experiment, conducted in association with Dr. James Woods (Schuster and
Woods, 1968) and again used rhesus monkeys who were conditioned to
respond for morphine injections delivered according to a variable interval
schedule of reinforcement. Tbe variable interval schedule was in force for a
period of 1 hour every 6 hours, or four times daily. The onset of a visual
stimulus indicated that the morphine injections were available. When morphine
reinforcement was actually presented under this schedule, a red light was
illuminated for the 25-second duration of the injection. After an animal’s
behavior had stabilized, extinction sessions were begun in which the white light
signaling morphine availability was presented every 6 hours. However, the
lever pressing either produced no consequences (on odd numbered days of
extinction) or the red light and a saline injection (on the even numbered days of
extinction). During the extinction phase, on the even numbered days, when the
red response-contingent light and saline injection were presented, responding
was significantly higher than on the days when responding produced no
consequences. Over 10 days of extinction, these differences gradually
disappeared.

This experiment indicated that stimuli associated with drug reinforcement (i.e.,
the red light) had acquired conditioned reinforcing properties which maintained
the animal's responding during extinction. It is interesting to speculate that the
conditioned reinforcing properties of stimuli associated with injections in human
addicts may be responsible for the very commonly observed behavior of so-
called "needle freaks" who are often observed to inject themselves with non-
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pharmacologically active substances. Such behavior would make sense if it
were maintained by the conditioned reinforcing properties of the stimuli
emanating from "tying up and booting" the drug intravenously.

Now a second question of great importance was whether the conditioned
reinforcing properties of stimuli associated with morphine would be present after
a period of time in which the animals were detoxified so that they were no longer
physically dependent. In order to study this, Dr. Woods and I
reconditioned the animals to respond to morphine but used very low doses to
limit the magnitude of physical dependence. After the animals had again
stabilized in their intake of morphine and they had a sufficient number of days in
which the red light had been associated with morphine, we removed the animals
from the experimental situation for a period of 15 days. During this period, they
received no morphine and hence underwent withdrawal. After the first week,
there were no discernible withdrawal symptoms. After the 15-day period of
detoxification, the animals were returned to the experimental situation and the
stimuli signaling the availability of morphine were again presented for a l-hour
period every 6 hours. Again, on the even numbered days, responding in the
presence of the discriminative stimulus previously signaling the availability of
morphine, now produced the red light and an injection of saline under the
variable interval schedule of reinforcement. On the odd days of extinction,
responding had no consequences. As was seen when the animals were
physically dependent, the response rates (although lower than when the animals
had been undergoing extinction at the same time as they were undergoing
withdrawal) were significantly higher on the days when responding produced
the stimuli previously associated with morphine than on the days when
responding produced no consequences. After approximately 6 to 8 days, these
differences in response rates disappeared.

Now why have I bothered today to recount experiments which were done over
20 years ago? In part, because I think that they represent some of the most
important research in which I have been involved. Perhaps more importantly, I
think this area of research has not enjoyed the popularity which its significance
warrants. You will note that all of the experiments I have reported on in this
section were done with opiates. It is clear that we need to conduct such
experiments with other classes of drugs, both those which produce clear-cut
signs of physical dependence (i.e., alcohol, barbiturates, benzodiazepines) and
those whose ability to produce physical dependence is not as obvious (i.c.,
cocaine, amphetamines). We do not know, for example, whether withdrawal
from drugs such as barbiturates or benzodiazepines increases drug-seeking
behavior. Further, we do not know whether it is possible for such increased
drug-seeking behavior, if it occurs, to be conditioned to environmental stimuli,
as with opiates. These conditioned withdrawal studies I think would be of the
utmost importance for our understanding of relapse to drug use. Further, we
know very little about the conditioned reinforcing properties of stimuli associated
with drugs--and these may be of major importance in the maintenance of drug-
seeking behavior and in relapse for those who are attempting to abstain from
drug use. Much remains to be done in this very fertile research area

I would like to end my talk today by mentioning very briefly some research
which I did not conduct, but wish I had! Clinical and epidemiological studies
have clearly shown that there are considerable individual differences in the
susceptibility of humans to the reinforcing properties of addictive drugs. Of the
21 million individuals who have tried cocaine, for example, only 862,000 went
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on to use the drug at least once per week and only 245,000 reported daily use of
this drug in 1988 (National Institute on Drug Abuse, 1990). Fortunately, the
vast majority of individuals who have tried cocaine have done so only on a very
limited basis and curtailed their use after only a few experiences despite the fact
that this drug has been demonstrated in animal studies and in susceptible human
beings to be highly addictive. There are many factors that could lead to such
individual differences: genetics, pharmacological and behavioral history, and
environmental influences.

I would like to review some recent experiments that illustrate how such
individual differences may be produced. Piazza, et al. (1989) studied some
pharmacological factors that predict individual vulnerability to the reinforcing
effects of amphetamines. An unselected population of Sprague-Dawley rats
were tested to determine the extent to which their general activity was increased
by exposure to a novel environment, The animals were divided into two groups-
-those whose general activity was increased above the median of the group and
those who responded at a lower level. The two groups did not differ in any
other observable characteristics. Both groups were then given a standard dose
of amphetamine (1.5 mg/kg of body weight intraperitoneally), after which their
locomotor activity was recorded. Those rats previously categorized as high rate
responders on the basis of their reponse to a novel environment showed a larger
increase in general activity following amphetamine than those who had been
characterized as low rate responders. Thus it would appear that the response to
the novel environment predicted the magnitude of effect of amphetamine on
general locomotor activity.

In a second experiment, rats were first tested to determine their sensitivity to
activity increments produced by exposure to a novel environment. These
animals were divided into two groups as before. It is well established that daily
administration of amphetamine sensitizes animals to the activity increasing
effects of this drug (Tilson and Rech, 1973). Thus in this study half the animals
in the high rate and low rate response category were given amphetamine and the
other half were given saline for 4 consecutive days. High responders showed
similar levels of activity across the 4 days. Those animals who initially showed
both a smaller increase in their locomotor activity after being introduced into a
novel environment, and who also showed smaller activity increases,in response
to amphetamine administration, became sensitized over the 4 consecutive days of
administration of amphetamine, as indicated by a significant increase in their
general activity levels following amphetamine. Therefore, after 4 days, there
were no significant differences between the high rate and low rate responders in
their locomotor activity response to the administration of amphetamine.

At this point. the animals were given the opportunity to learn to self-administer
low doses (10 ug/kg/injection) of amphetamine. Control animals (i.e., those
which had received saline) who were categorized as low rate responders did not
acquire the self-administration behavior over the course of 5 days, whereas those
who were categorized as high rate responders but had not received the four
additional injections rapidly acquired the drug self-administration behavior. In
contrast, both the initially high rate and low rate responders who had been given
the 4 days of amphetamine administration showed comparable acquisition of the
drug self administration behavior. Thus, the repeated administration of the
amphetamine not only eliminated the differences in response to the locomotor-
activity increasing effects of the amphetamine, but also the differences in
acquisition of the self-administration of amphetamine. It is of interest to note
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that stress also produces sensitization, and that there is cross-sensitization to the
effects of amphetamines in animals who have been given periods of daily mild
stress (Antelman, 1980). It is, therefore, possible that stress might increase the
probability that amphetamines would serve as a reinforcer.

The results of Piazza, et al,( 1989) may have relevance to human behavior in two
ways. First, it seems conceivable that individuals who have a high threshold for
finding amphetamine reinforcing can become sensitized to this effect if they are
coerced by peer pressure to try the drug on several occasions. In addition, the
finding that stress also sensitizes animals to the actions of amphetamine has great
relevance to the numbers of children who are reared in highly stressful
environments and whose sensitivity to the reinforcing effects of amphetamine, as
well as other stimulant drugs, might thereby be increased.

The second experiment I would like to discuss was by Jim Barrett and his
colleagues on the role of behavioral history as a determinant of a drug's effect.
These experiments really quicken my pulse! Barrett (1977) was able to
demonstrate that the effects of amphetamine on behavior suppressed by
punishment could be radically altered by giving laboratory animals a specific
behavioral experience. Initially, squirrel monkeys were trained to lever press for
a food reinforcer, which was delivered under a variable interval schedule of
reinforcement in one component of a multiple schedule. The second component
included a punishment component during which responding produced shock, as
well as food. When amphetamine was administered at different doses prior to
the session, there were dose-related decreases in the rate of responding during
the punishment component. During the second phase of the experiment, the
squirrel monkeys were trained to lever press to avoid an electric shock. Animals
were maintained on this schedule of shock- avoidance until their behavior was
stabilized, but no drugs were given to them under this condition. Phase 3 of this
experiment consisted of placing the animals back in the original conditions of
Phase 1, i.e., animals were exposed to the same food-reinforced variable interval
punishment multiple schedule as in Phase 1.

It should be noted that there were no differences in the baseline performance of
animals in Phase 3 compared to Phase 1. In other words, exposure to the shock
avoidance schedule in Phase 2 did not alter their behavior under the multiple
schedule of reinforcement. When doses of the amphetamine, however, were
given, a dose-related increase in punished responding was observed. In the final
phase of this experiment, animals were again placed under the schedule
conditions of the shock-avoidance; in this case, however, no shock was given,
so that the animal’s shock avoidance behavior ultimately extinguished.
Following extinction of the avoidance behavior, the animals were again exposed
to the multiple schedule of reinforcement each day. Again, there was no
difference in their baseline performance following this period of avoidance
extinction; however, the animals' response to the amphetamine was once again a
dose-related decrease in the rate of responding during the punishment
component.

This experiment, which is just one of a series of experiments conducted by
Barrett and his colleagues, clearly shows that the effects of a drug can be
radically modified by behavioral experience; in this case, by exposure to a shock
avoidance- schedule. It would be of great importance to determine whether the
reinforcing effects of drugs could be modified by an animal’s behavioral history.
I am certain that such research will be forthcoming.
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Concluding Remarks

Receiving the Nathan B. Eddy Award is the crowning achievement of my
professional career. It has provided me with the opportunity to reflect about my
research contributions, and I am convinced more than ever of the importance of
behavioral pharmacology to our understanding of drug abuse and dependence.
The paramount role of learning in the initiation, maintenance, and relapse to drug
use is unquestionable. Increasingly, the insights from animal behavioral
pharmacology studies are generating new clinical approaches for the treatment of
addictive disorders. Further, behavioral pharmacology provides a conceptual
framework for guiding our research activities.

I believe the future will see some fascinating developments in our understanding
of how behavior influences brain chemistry and vice versa. Environmental and
genetic influences in combination must be investigated for us to understand the
genesis and nature of individual differences in susceptibility to drug abuse and
addiction. Behavioral pharmacology will continue in its central role in all of
these areas of research. I am very proud of the extent that I have contributed to
this endeavor. Antelman, S.M. (1980) Interchangeability of stress and
amphetamine in sensitization.
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Intestinal Contractions: Excitatory
Actions of Opioids

Thomas F. Burks, Lane D. Hirning, and Thomas H. Kramer

The effects of opioids on gastrointestinal functions are complex. Depending on the
specific endpoint measured, such as effects on contractions, propulsion, acid
secretion, or mucosal transport of electrolytes and water, the opioid response is
influenced by the route of administration and sites of action, dose, receptor
selectivity of the opioid agonist, and even the species studied. In most mammalian

species,. including humans, dogs, cats and monkeys, morphine and related p-
preferring opioids given systemically increase the incidence and amplitudes of phasic

contractions of circular smooth muscle of the small intestine (Pruitt et al., 1974;
Daniel and Bogoch 1959). Small doses of morphine can also initiate premature
migrating motor complexes (MMCs) of the small intestine in dogs (Sarna et al., 1982).
The overall motility effect of morphine in non-rodent species is stimulatory,
characterized by increased contractile activity. Propulsion of contents through the
intestinal lumen is retarded despite the increase in contractions because the phasic
contractions induced by morphine are essentially nonpropulsive, corresponding in
many ways to normal phase II MMC patterns of activity (Carlson et al., 1972). The
morphine-induced phasic contractions also increase resistance to flow through the
intestinal lumen by generating local regions of elevated intraluminal pressure that
retard net aboral flow of luminal contents. These motility effects of morphine result
in constipation.

In guinea pigs and rats, however, the predominant motility response to systemic
morphine is a decrease in contractions of the small intestine (Pruitt et al., 1974;
Galligan and Burks 1983), although contractions of rat small intestine can be elicited
by large doses of morphine in vivo (Burks 1976). The antitransit effects of morphine
in rats are associated by dosage and temporally with decreased contractions of the
small intestine (Galligan and Burks 1983). In rodent species, the antitransit
(constipating) effect of morphine appears to be associated with decreased contractions
of the small intestine. Longitudinal strips of rat and mouse colon in vitro however,
are contracted by morphine (Scheurer et al., 1981). Thus, even in rodents, morphine
possesses elements of smooth muscle excitation.

The mechanisms by which morphine and other opioids bring about contractions of

intestine in vivo have been explored in a number of investigations. The types of
opioid receptors involved in the excitatory responses, neural and non-neural sites of
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action, participation of excitatory and inhibitatory neurotransmitters, and cellular
mechanisms of excitation have been examined.

DOG INTESTINE EX VIVO

Although morphine and related opioids produce contractions of dog small. intestine
in vivo longitudinal or circular strips of dog intestine in vitro do not contract in
response to morphine (Daniel et al., 1959). However, ex vivo preparations of intact
segments of small intestine, arterially perfused with physiological salt solution,
display characteristic contractile responses to morphine (Burks and Long 1967a; Burks
1973). Morphine, administered by bolus injection into the arterial cannula of
perfused segments of intestine, produced phasic contractions of circular muscle
resembling responses to morphine in vivo. Studies with a variety of opioid agonists
showed that the amplitudes of the contractions were dose-related, stereospecific and
were blocked by naloxone (Burks and Long 1967b; Burks 1973).

The ability of opioids to induce contractions of the dog intestine depend on which
opioid receptors they are able to activate. Examination of a large series of natural
and synthetic opioid peptides and nonpeptides in ex vivo intestinal segments revealed
great quantitative differences among opioid agonists in terms of their ability to
initiate intestinal contractions. As shown in Table 1, peptide and nonpeptide
compounds with significant f“ opioid agonist activity were most efficacious, those
with § activity were less efticacious, and those with x were least efficacious. U-
50,488H, the most «--selective substance examined, was essentially devoid of
stimulatory activity. The mean maximum increase in intraluminal pressure produced
by morphine was 72.3 + 10.8 mm Hg. The mean for U-50,488H was 3.6 + 2.2 mm
Hg (Hirning et al. 1985). All of the stimulatory opioids were antagonized by
naloxone.

Table 1. Opioid-induced contractions of canine small intestine ex vivo®,

Agonist Relative Effect”

Peptides
B--Endorphin-(1-31) -
[Mets]enkephalin =+
[D-Ala?, Metsg enkephalinamide +HH+
[D-Alaz, Leu’]enkephalinamide -
[D-Ala’, NMePhe', Gly-ol]enkephalin (DAMGO) HH
Morphiceptin +HH+
[D-Penz, D-Pens]enkephalin =+
Dynorphin-(1-13) +

Non-Peptides
Morphine -
Phenazocine +HH+
Bremazocine +
U-50,488H 0
Ethylkctocyclazocine +
Nalorphine +

"Data from Burks et al. (1982) and Hirning et al. (1985).
Pt = highly efficacious, 0 = little or no effect

The sensitivity of p and § agonist stimulatory gctions to tetrodotoxin (TTX) was
examined by use of morphiceptin and [D-Ala®, N Me Phe", Gly-ol]enkephalin
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(DAMGO) as selective & agonists and [D-Pen?, D-Pens]enkephalin (DPDPE) as the
selective § agonist. Perfusion of the intestinal segments with 100 mg/ml of TTX
completely obliterated excitatory responses to dimethylphenylpiperazinium (DMPP),
a nicotinic cholinergic receptor agonist that induces intestinal contractions by
excitation of enteric nerves. The same concentration of TTX nearly abolished
contractile responses to the u agonists, morphiceptin and DAMGO, and greatly
reduced, but did not completely abolish, contractile responses to the 5 agonist,
DPDPE (Table 2). In the presence of TTX, the maximum responses induced by u
and 6 agonists were strikingly similar.

Table 2. Effects of tetrodotoxin (ETX 100 mg/ml on stimulatory responses to u
(DAMGO, morphiceptin) and § (DPDPE, [Met Jenkephalin) opioid agonists in canine

intestinal segments ex vivo.

Agonist Control TTX
Maximum Contractions (mm Hg)
DAMGO 62+3 23 +4
Morphiceptin 63 +7 25+ 5
DPDPE 38+ 6 24 + 4
[Met ]enkephalin 27+8 2243

These data indicate that both 4 and § agonists, but not « agonists, induce contractions
of canine small intestine at least in part by means of neural mechanisms. The u
agonists were more efficacious than & agonists and neural effects contributed
relatively more to their stimulatory actions than to the stimulatory actions of the §
agonist. The & agonist DPDPE was approximately equipotent with DAMGO in
inducing contractions, but was less efficacious in terms of the total amplitude of the
contractions produced, at least in the absence of TTX. These observations were

confirmed in vivo in unanesthetized dogs by Vaught et al. (1985).

The mechanisms by which 4 and § opioids induce contractions of canine isolated
intestine are not totally clear, but may involve both neural and non-neural mecha-

nisms. Contractile responses to u opioids are reduced by TTX, but not completely
abolished (Burks 1973). Both 5-hydroxytryptamine (5-HT) and vasoactive intestinal
polypeptide (VIP) may participate in the response. Opioid-induced contractions are
associated with release of 5-HT (Burks and Long 1967a) and 5-HT antagonists, such
as cinanserin, diminished the contractile responses to morphine (Burks 1973).
Atropine also reduced contractile responses to both opioids and 5-HT, suggesting that
the 5-HT released by opioids acts, in part, by stimulation of excitatory cholinergic
neurons in the enteric nervous system. It is possible that the neural excitation
component of the morphine response results from disinhibition of tonic inhibitory
neurons. VIP is an inhibitory neurotransmitter present in enteric nerves of the
intestine that innervate circular muscle and mucosa (Costa and Furness 1983). If VIP
is involved., it is likely that morphine and related x4 opioid agonists block release of
VIP from its nerve terminals and thereby release excitatory 5-HT and cholinergic
neurons from VIP-mediated tonic inhibition (Daniel 1989; Grider and Rivier 1990;
Bauer and Szurszewski 1989). Because VIP neurons project to the intestinal mucosa
as well as to circular muscle, the origin of the 5-HT released by opioids could be
from mucosal enterochromaffin cells (Burks and Long 1967a; Domoto et al., 1990).

Non-neural mechanisms, however, may also participate in the opioid-induced

contractions of canine small intestine. Opioids acting at u receptors, such as
morphine, morphiceptin, and DAMGO, are more sensitive to inhibition by TTX than

opioids acting até receptors, such as [Mets]enkephalin or DPDPE. That is, there is
a significant TTX-resistant component of the § stimulatory effect. In the presence
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of TTX, u and & opioids are equally efficacious in producing contractions. Moreover,
perfusion of the intestinal vasculature with substances that increase formation of
intracellular cyclic AMP, such as isoproterenol, epinephrine or theophylline,
inhibited contractions induced by opioids to a far greater extent than they inhibited
contractions induced by acetylcholine (Grubb and Burks 1975). These data suggested
that opioids might exert direct smooth muscle effects that are specifically counteract-
ed by increases in muscle cyclic AMP. Some gastrointestinal smooth muscle cells in
primary culture express opioid receptors (Bitar and Makhlouf 1982). However, the
presence of opioid receptors on canine intestinal smooth muscle cells in situ has not
been demonstrated (Allescher et al., 1989) and alterations in cyclic AMP in enteric
nerves could affect the neural component of opioid actions. These possibilities have
been examined further in strips of rat colon.

RAT ISOLATED COLON

In vitro strips of longitudinal muscle from rat colon contract in response to x4 and &
opioids (Kramer et al., 1988). DPDPE, a selective § (opioid agonist, was approximately
16-fold more potent in inducing contractions than PLO17, a selective x4 agonist (ECs,

for DPDPE 5.8nM, ECs, for PLO17 101nM). DPDPE was found also to be more
potent in inducing contractions than either acetylcholine (ECs, 43.4 nM) or 5-HT
(ECs, 45.6 nM).

Opioid-induced contraction in strips of rat colon were modestly sensitive to TTX,
indicating that only a small component of the response is neurally mediated.
However, responses were very sensitive to inhibition by forskolin and a-melanocyte-
stimulating hormone (a--MSH), both of which raise intracellular levels of cyclic AMP,
associated with relaxation of intestinal smooth muscle (Scheid et al., 1979). As with
canine small intestine, the TTX-insensitive component of opioid-induced contrac-
tions in longitudinal strips of rat colon were apparently sensitive to agents that
increase intracellular levels of cyclic AMP.

DISCUSSION

The overt response of the intestine in many mammalian species to u and § opioid
agonists is contraction, a stimulatory effect. The mechanisms responsible for the
contractions are complex and clearly involve neural components. The stimulation of
excitability nerves supplying smooth muscle in the intestine could be brought about
either by direct opioid actions on the nerves or by their release from tonic inhibition.
One theory proposes that the neural stimulatory effect of opioids in the intestine
results from disinhibition by blocking tonically active VIP inhibitory neurons,
possibly by actions at the terminals of the neurons to inhibit release of VIP (Daniel
1989). Several lines of evidence support this concept, including the observation that
4 and 6 opioids can reduce smooth muscle inhibitory junction potentials evoked by
electrical stimulation of the tissue (Bauer and Szurszewski 1989).

However, the TTX-insensitive contractions of intestinal smooth muscle are much
more difficult to explain on the basis of disinhibition. TTX in the concentrations

employed (uM range) would be expected to block activity of inhibitory as well as
excitability enteric neurons. Indeed, preparation of rat and mouse colon generate

pronounced contractions in the presence of TTX, indicating that TTX blocks
tonically active inhibitory nerves (Wood 1972; Kramer et al., 1988). Nevertheless,
TTX only partially inhibits opioid-induced contractions in canine small intestine or
rat colon.

Pharmacological agents that increase intracellular levels of cyclic AMP, including
isoproterenol, epinephrine, a--MSH and forskolin, inhibit contractile responses to
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opioids to a much greater extent than they affect contractile responses to acetylcho-

line, suggesting some specificity of changes in cyclic AMP. In some cells,§ and
probably u opioid receptors are negatively coupled to adenylate cyclase (Heijna et al.,
1989). Increased levels of cyclic AMP in intestinal smooth muscle is associated with

relaxation of the muscle (Scheid et al., 1979). Binding of opioid ligands to dispersed,
nerve-free, gastrointestinal smooth muscle cells has been demonstrated (Bitar and
Makhlouf, 1982), indicating the presence of opioid receptors on at least some smooth
muscle cells. It therefore seems likely that the TTX-insensitive component of
opioid-induced contractions in canine small intestine and rat colon could result from
direct smooth muscle actions of opioids associated with receptor-mediated decreases
in activity of adenylate cyclase. This excitatory effect of opioids can be specifically
opposed by agents that increase activity of adenylate cyclase.
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Opioids Can Produce A Concentration-Dependent
Naloxone-Reversible Enhancement
of Inhibition of Evoked Enkephalin Release

Alan R. Gintzler and Hong Xu

INTRODUCTION

The ability of all opiate receptor type selective agonists to
inhibit the release of neurotransmitters or decrease the rate
at which neurons fire has been considered to be the predominant
mechanism by which they produce their central nervous system
(CNS) effects (North 1986). Observations of opioid enhancement
of transmitter release or cell firing rate have been mostly
attributable to a disinhibition mechanism.

The depressant action of opioids has been demonstrated on the
release of a wide spectrum of neurotransmitters. There is,
however, only minimal data concerning the ability of opiate
receptors to regulate the release of their own endogenous
ligands. This laboratory has been studying the opiate receptor-
mediated regulation of methionine-enkephalin (met-enkephalin)
release. Results from these experiments indicate that
conventional concentrations of opioids inhibit the evoked
release of met-enkephalin (Xu et al, 1989). This is consistent
with the prevailing view that the predominant action of opioid
peptides is inhibitory, hyperpolarizing neural elements
throughout the CNS. At unconventionally low concentrations of
opioid, however, the opposite effect has been observed.
Pretreatment with nanomolar doses of opioid agonists results in
an opilate receptor mediated enhancement of the electrically
stimulated release of met-enkephalin (Xu et al, 1989).

This manuscript will summarize results from recent experiments
that differentiate the neural requirements and signal
transduction process(es) that mediate opioid enhancement or
inhibition of met-enkephalin release. In these experiments, the
longitudinal muscle, myenteric plexus (LMMP) preparation of the
guinea pig was chosen as a convenient source of enkephalin-
containing neurons.

METHODS

"Strips" of the IMMP were prepared, mounted and superfused in
a stimulating chamber, as described previously (Glass, et al,
1986) . Tissue superfusate (0.5 ml) was collected before, during
and after a 30 s period of electrical stimulation (40 Hz, 0.2
ms pulse duration) in the presence or absence of the indicated
concentrations opiate receptor type-selective agonists (3 min).
Sufentanil citrate (SFNC), [D-Pen2-D-Penb]enkephalin (DPDPE) and
dynorphin (or U50,488H were utilized as mu-, delta-, and kappa-
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selective agonists, respectively. Met-enkephalin immuno-
reactivity was quantitated by a radioimmunoassay procedure using
an antibody generated against met-enkephalin sulfoxide (Xu et
al, 1989) and confirmed by HPLC.

The electrically induced % increase in the rate of met-
enkephalin release was calculated in the absence, 3 min
following pretreatment with varying concentrations of opioid
agonist while still in their presence and following a 15 min
washout. The % rise above basal release under each condition
was calculated by subtracting the mean basal release from the
peak release observed during electrical stimulation and dividing
the difference by the mean basal release (stimulated-
basal) /basal) .

RESULTS

Figure 1 illustrates that the opioid regulation of enkephalin
release is bimodal. Opiate receptor type-selective agonists can
both inhibit or enhance the evoked release of met-enkephalin,
depending upon the concentration of agonist used. Conventional
concentrations (100 nM) produce a conventional inhibitory
response. In contrast, unconventionally low concentrations
(0.1-1 nM) have an excitatory effect on stimulated enkephalin
release. Both the opioid enhancement or inhibition of
enkephalin release can be blocked with naloxone indicating
opiate receptor mediation (Xu et al 1989).

SFNC  DPDPE  DYN

200

% ENHANCEMENT OF
RELEASE

% INHIBITION OF
RELEASE

100 aM

FIGURE 1. The % increase in stimulated enkephalin release was
calculated in the absence and presence of opioid agonist. The

% rise above basal release abserved in the presence of opioid
is expressed as a % of that observed in its absence.
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Effect of Cholinergic Receptor Blockade

The parameters of electrical stimulation used to induce the
release of met-enkephalin also cause the concomitant release of
enteric acetylcholine (Ach). Opiates are potent inhibitors of
Ach release. Consequently, their inhibitory effect on met-
enkephalin release could be secondary to their ability to
depress cholinergic function. In order to determine whether or
not this was so, the opioid inhibition of met-enkephalin release
was determined in LNMP preparations rendered devoid of
muscarinic cholinergic function by pretreatment with atropine.

Despite the absence of muscarinic receptor activity, the
inhibitory opioid effect on met-enkephalin release was
unaltered. In contrast, a different picture emerged for the
opioid enhancement of met-enkephalin release. In LNMP
preparations devoid of muscarinic cholinergic tone a previously
excitatory concentration of SENC is now without any
statistically significant effect on the magnitude of the
stimulated release of met-enkephalin (p > 0.5).

Effect of Elevating Intracellular cAMP
Forskolin or 8- (4-chlorphenylthio)-cAMP (8-CPT-cAMP) was used
to stimulate adenylate cyclase activity or CARP-dependent

processes, respectively. Pretreatment with either agent
markedly enhanced stimulated enkephalin release (Figure 2).

FORSKOLIN (05 uM)+40Hz

8- CPT-cAMP (100M) +40Hz

M |

% OF CONTROL EVOKED RELEASE
- — —_— - —_ N
533838388

\, 1 1 1 1 1 ]
gl

o..

FIGURE 2 The evoked release of enkephalin was quantitated
before during and after a 15 minute pretreatment with forskolin
(0.5 UM) or 8-CPT-cAMP (10 uM). The magnitude of evoked
enkephalin release obtained in their presence is expressed as
a percent of that observed in their absence.
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Figure 3 illustrates that activation of cAMP-dependent processes
not only enhances the magnitude of the evoked release of met-
enkephalin but is also very effective in blocking the opioid
inhibition of stimulated enkephalin release. Following
pretreatment with forskolin (0.5 uM) or 8-CPT-cAMP (100 uM)
sufentanil (10 nM) DPDPE (10 nM) and dynorphin (100 nM) no
longer produce an inhibition of release. In fact, in these
preparations a previously inhibitory concentration of each
opioid now produces an enhancement of the magnitude of evoked
met-enkephalin release. Excitatory opioid effects remain
unaltered in these preparations. Since all 3 cycles of release
were obtained in forskolin or 8-CPT-cAMP treated myenteric
plexus, the stimulatory effect of these compounds on evoked met-
enkephalin release 1is not a confounding factor. Moreover, since
excitatory responses. (enhanced release) to lower concentrations
of sufentanil (1 nM) or DPDPE (5 nM) are not affected by
pretreatment with forskolin, the qualitative shift in response
to inhibitory concentrations of opioid that occurs in forskolin-
treated tissue is due to a loss of inhibition and not to an
enhancement of excitatory responses.

SFNC10™® DPDPEIO™® DYN IO~

0PIOID
2601 OPIOID + FXS (0.8 uM)
L 8-CPT—
a omomtmpuoo,u)
3 200;
§|4o—
sl
s 4
§ 1oof 7
£ 60 %
: ’
w L /
® 7

™
(=]
T

NN

~N
o
T

1
|
|
1
|
1
I
|
1
1
|
1

ool

% Inhibition of release
o
o
T

FIGURE 3 Forskolin or 8-CPT-cAMP was added to the superfusate
15 minutes before the start of the first cycle and maintained
for the duration of the experiment. The electrically induced

% rise above basal release observed in the presence of opioid
o

is expressed as a % (mean S.E.M) of that observed in its
absence.
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Effect of Pertussis Toxin and Cholera Toxin on the Opioid
Modulation of Met-Enkephalin Release

The ability of forskolin or 8-CPT-cAMP to enhance the magnitude
of stimulated met-enkephalin release does not prove, but is
consistent with the involvement of the cAMP second messenger
system (and its stimulation by low concentrations of opioid) in
facilitating enkephalin release. Similarly, the reversal of
opioid inhibition to enhancement of release in forskolin or 8-
CPT-cAMP treated preparations suggests that opioid inhibitory
effects on enkephalin release could also derive from their
interaction with this second messenger system. In order to test
this more directly, the effects of toxins that ADP ribosylate
selective G proteins on the opioid regulation of enkephalin
release was investigated. Cholera toxin (CTX) and pertussis
toxin (PTX) were selected because of their ability to
selectively ADP-ribosylate G, or G;, respectively, and thereby
alter their activity.

CTX penetrates tissue relatively rapidly. Therefore, segments
of ilea were incubated for 3 hrs in vitro with this toxin
(107'M) before analyzing the opioid modulation of met-enkephalin
release. In contrast, PTX penetrates tissue very slowly.
Therefore, it was necessary to pretreat guinea pig ilea in vivo
for 5 days (50 ug i.p./500g) prior to testing its effect on
opiate receptor-mediated requlation of met-enkephalin release.

In preliminary experiments, mu, delta, or kappa selective
opioids fail to inhibit the evoked release of met-enkephalin in
PTX-treated tissue despite the fact that excitatory responses
to nanomolar concentrations of opioid persist unaltered.
Conversely, in CTX-treated tissue, opioid inhibitory responses
remain intact but opioid excitatory responses are abolished.

DISCUSSION

The present results clearly indicate that the evoked release of
met-enkephalin is subject to opioid regulation. One novel
aspect of this regulation is that it is biomodal; excitatory or
inhibitory modulation can be observed depending on the
concentration of opioid agonist. This opiate receptor-mediated
bimodal modulation could represent an autoregulatory mechanism
by which the range over which synaptic met-enkephalin
concentration varies is kept within strict limits.

The presence of excitatory as well as inhibitory opioid affects
on enkephalin release has an electrophysiological counterpart.
Morphine (1-100 nM) can both enhance and depress Ca%—dependent
potentials in a nodose ganglion in vitro (Higashi et al, 1982).
More recently, it has been shown that low (nm) concentrations
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of opioids produce a naloxone-reversible prolongation of the
ca’™ component of action potentials of mouse dorsal root
ganglion neurons grown in tissue culture; higher concentrations
of these some agonists shorten the action potentials of the same
cell (Shen and Crain 1989).

The opioid enhancement or inhibition of enkephalin release have
different neuronal requirements and are mediated by a different
signal transduction processes. Muscarinic cholinergic tone 1is
an absolute prerequisite for opioid enhancement but not opioid
inhibition of enkephalin release. Since muscarinic receptors
are coupled to the hydrolysis of phosphatidylinositol (4,5)-
bishphosphate and the generation of inositol (1,4,5)-
triphosphate and diacylglycerol this suggests that the
intracellular concentration of one or both of these second
messengers or the consequenceﬁg) of their action (such as
mobilization of intracellular Ca” and/or activation of protein
kinase C) could be essential for opioid excitatory effects.

Preliminary experiments with PTX and CTX support the hypothesis
that the enkephalin release process involves a CcAMP second
messenger system and that the opioid modulation of release
results from their interaction with that system. These data
also emphasize the divergence of the biochemical components that
underly opioid enhancement or inhibition of enkephalin release.
The opioid excitation or inhibition of enkephalin release
requires a different G protein that can be differentiated on the
basis of their sensitivity to CTX or PTX. It remains to be
determined whether the substrate for these G proteins is an ion
channel or the catalytic unit of adenylate cyclase.

The present data cannot differentiate between a direct
facilitation of enkephalin release or enhanced release via
disinhibition. Since it seems unlikely that different
inhibitory opioid responses (direct inhibition or disinhibition)
would be mediated via different biochemical processes, the
simplest explanation to explain opioid-mediated enhanced
enkephalin release is to postulate a direct facilitation of
release. This 1is supported by the striking similarities between
the present results and the electrophysiologic studies
demonstrating that nanomalor concentrations of opioid elicit
direct excitatory effects on sensory neuron perikarya devoid of
synaptic inputs from inhibitory neurons (Shen and Crain 1989).

In summary, their appears to be two parallel pathways that
mediate the action of opioids on the electrically stimulated
release of met-enkephalin; one mediating excitation, the other
inhibition. The presence of a previously unrecognized
additional opioid excitatory pathway may be of considerable
relevance to understanding acute and longterm effects of
narcotics.
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Opioids Can Evoke Direct
Receptor-Mediated Excitatory

as well as Inhibitory Effects on
Sensory Neuron Action Potentials

Stanley M. Crain and Ke-Fei Shen

INTRODUCTION

Over 100 years ago, Claude Bernard (1864) observed that low doses of
morphine in dogs evoked excitatory effects, e.g., salivation, retching. vomiting
and defecation, in contrast to the depressant sedating effects that occur after
higher doses. After a more systematic study of opioid effects on dogs, cats
and monkeys, Tatum et al (1929) proposed that "morphine simultaneously
stimulates certain parts of the CNS and depresses others..Abstinence symptoms
are plainly due to the fact that stimulation of the nervous system, or increased
irritability, outlasts the depression” which may initially mask the excitatory effects.
This "dual action" hypothesis of morphine physical dependence was modified
by one of the co-authors of the 1929 paper in a critique presented by Seevers
at the 23" meeting of the CPDD, in 1961. Although Seevers & Deneau (1962)
still favored the basic concept of dual stimulatory and depressant effects of
morphine they asserted that the symptoms of abstinence could not be due
simply to the direct stimulant actions of morphine because "at the time of
maximal intensity of abstinence, 48 to 72 hours, only traces of morphine remain
in the body". However, this argument is weakened by our recent evidence that
excitatory subtypes of opioid receptors on sensory ganglion neurons, which
appear to be increased in efficacy after chronic exposure to opioids (Crain et
al, 1988), can be activated by extremely low concentrations of opioid agonists
(Shen & Crain, 1989, and in preparation). Furthermore, Seevers & Deneau
(1962) argued that “simultaneous  administration of morphine antagonists...during
prolonged administration of morphine should not prevent development of physical
dependence to the now unopposed [putative] stimulant effects but should in fact
enhance it". However, they noted that co-administration of morphine and an
opioid antagonist does, in fact, block physical dependence.

This criticism of Tatum et al’s (1929) "dual action” hypothesis is also no longer
compelling in view of our electrophysiological evidence that the opioid
antagonists; naloxone or diprenorphine can block the stimulatory as well as the
inhibitory effects of opioids on sensory ganglion neurons (Shen & Crain, 1989;
Crain & Shen, 1990; see below). Finally, Wikler’s (1980) review of Tatum et
al's (1929) hypothesis noted that "one problem with this theory is identifying the
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stimulant actions" (p. 143) of opioids on the nervous system; in addition
concerns were raised similar to those emphasized in Seever & Deneau’s
critique (1962).

Our electrophysiologic studies demonstrating dual stimulatory as well as
inhibitory opioid modulation of the action potentials of sensory dorsal-root
ganglion (DRG) neurons in culture provide experimental evidence at the
cellular level that appears to eliminate the major concerns expressed by Seevers
and Deneau (1962) and Wikler (1980) and is remarkably consonant with the
original "dual action"” hypothesis of Tatum et al (1929) based on studies of dual
stimulatory and inhibitory effects of opioids in animals.

DIRECT OPIOID EXCITATORY EFFECTS ON SENSORY NEURON
ACTION POTENTIALS

In a review of electrophysiological analyses of opioid modulatory effects on
neurons, North (1986) noted that “activation of all types of opioid receptors
seemed to...inhibit transmitter release [or] to slow cell firing [rate]". Both these
inhibitory effects have been shown to be mediated by either increases in
specific membrane K+ conductances or decreases in Ca®" conductances,
resulting in hyperpolarization of nerve cells or in shortening of the Ca®
component of the presynaptic action potential duration (APD) (see also Mudge
et al, 1979; Werz & Macdonald, 1985). However, recent electrophysiologic
studies of opioid effects on mouse sensory DRG neurons in culture have shown
that specific 4, § and x opioid receptor agonists can evoke naloxone-reversible
prolongation of the APD in many of these cells when applied at low (1-10 nM)
concentrations (Shen & Crain, 1989; Chen et al, 1988) (Fig.1,,,. These
excitatory effects are generally masked by higher opioid concentrations that
shorten the APD (Fig. 1,5 and ls¢;; see revs. by North, 1986; Crain & Shen,
1990). Shortening of the APD of DRG perikarya by opioids has generally been
considered to be a useful model of their inhibition of Ca® influx and
transmitter release at presynaptic DRG terminals. Similarly, if opioid-induced
prolongation of the APD occurs at presynaptic DRG terminals as well as at
DRG perikarya this would result in enhanced Ca’+ influx in these terminals and
increased transmitter release (Shen & Crain, 1989; Crain & Shen, 1990).
Furthermore, since DRG neurons are devoid of synaptic inputs, excitatory
modulation by opioids of the APD is clearly a direct action (Cram et al, 1988),
distinct from disinhibitory mechanisms that may mediate some of the excitatory
effects of opioids in the brain (e.g., Zieglgansberger et al, 1979).

Similar naloxone-reversible prolongation of the APD by nM concentrations of
morphine, and shortening by uM levels, was observed in freshly isolated adult
rabbit visceral sensory (nodose) ganglion cells (Higashi et al, 1982), indicating

that the concentration-dependent, dual excitatory and inhibitory opioid effects
observed in cultures of DRG cells can also occur in some types of neurons in
situ. Opioids prolong the APD of DRG neurons by decreasing voltage-sensitive
membrane K’ conductances (via u, & or&. /dynorphin receptors) or by
increasing Ca®" conductances (via x,/U-50,488H receptors) (Shen & Crain,
1989, 1990a). Thus opioid excitatory modulation of the APD of DRG neurons
appears to be mediated by high-affinity receptor subtypes that produce the
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1. BSS
2. DADLE 10nM
3. DADLE 1uM

|10mV

Smsec

4. BSS

5. CTX-A 1ng/mi
6. CTX-A 1ng/ml

+DADLE 10nM
7. CTX-A 1ng/mi
+ DADLE 1uM

FIGURE 1. Pretreatment of a DRG neuron with a low concentration of
cholera toxin-A subunit (CTX-A) blocks opioid-induced APD prolongation.
1):AP generated by a DRG neuron in balanced salt solution containing 5 mM
Ca*" and 5 mM Ba®' (BSS), in response to a brief (2 msec) intracellular
depolarizing current (same 2 msec stimulus used in all subsequent records).
2.3): APD of DRG neuron is prolonged within 3 min after addition of 10 mM
DADLE (2) and shortened below control value within 3 min after increasing
DADLE concentration to 1 uM(3). 4.5): After control period in BSS (10 min),
addition of 1 ng/ml CTX-A did not alter the APD (10 min teat). 6): Addition
of 10 nM DADLE in the presence of CTX-A no longer elicits APD
prolongation; instead, an opioid-induced APD shortening is unmasked. 7):
Increasing the DADLE concentration to 1 uM elicits a further shortening of
the APD, notwithstanding the presence of CTX-A (whereas opioid-induced
APD shortening is selectively blocked by treatment with pertussis toxin: Shen
& Cram, 1989; see this paper for details of electrophysiologic and culture
techniques). (From: Shen and Crain 1990b).

36



opposite effects on K+ and Ca’+ conductances as those mediating opioid-
induced APD shortening (Cram & Shen, 1990).

These interpretations based on current-clamp recordings of opioid-induced
APD prolongation in DRG neurons have recently been confirmed by cell-
attached, tight-seal, patch-clamp analyses showing decreased whole-cell K+
currents and attenuation of specific single-unit K' channel openings during bath
application of opioids (Fan, Shen & Crain 1989, 1990).

SPECIFIC RECEPTOR MEDIATION OF OPIOID EXCITATORY
EFFECTS

Additional evidence that different receptor subtypes mediate opioid excitatory
and inhibitory modulation of the APD in DRG neurons is that opioid-induced
prolongation is selectively blocked by cholera toxin-A subunit (Fig. 1 54 vs. Fig.
1.;5; Shen & Grain, 1990b) [which ADP-ribosylates G, and attenuates ligand
activation of associated receptors], whereas opioid-induced shortening is
blocked by pertussis toxin [which ADP ribosylates G; and G, and interferes
with inhibitory receptor functions; see refs. in Cram & Shen, 1990].
Furthermore, intracellular injection of an inhibitor of cyclic AMP-dependent
protein kinase in DRG neurons blocks [D-Alaz-D-Leu(’]-enkephalin (DADLE)-
induced prolongation but not shortening of the action potential (Chen et al,
1988). These data suggest that excitatory subtypes of opioid receptors are
positively coupled via a Gg-like protein to adenylate cyclase and to cyclic-AMP-

dependent voltage-sensitive ionic conductances (resembling, for example, 8-
adrenoceptors). By contrast, inhibitory effects are mediated by opioid

receptors linked to G;/G, (resembling a, adrenoceptors).

PHYSIOLOGICAL ROLES OF DIRECT OPIOID EXCITATORY EFFECTS

Our in vitro results are remarkably consonant with single-unit recordings from
dorsal-horn neurons in adult rats showing that application of low concentrations
of w4 or k opioids to the spinal cord produces facilitation of C-fiber-evoked
nociceptive responses, whereas higher concentrations results in inhibition (Knox
& Dickenson, 1987). Furthermore, in an animal model of persistent pain
(arthritic rats), Kayser et al (1987) found that "exceedingly low doses of
morphine...elicit a naloxone-reversible paradoxical hyperalgesia [whereas increased
doses are] highly effective in producing analgesia”. In addition, opioids have
recently been shown to enhance transmitter release from some types of DRG
terminals in the spinal cord (Pohl et al, 1989; Sawynok et al, 1989 and this
volume) and from myenteric ganglia (Xu et al. 1989; Gintzler & Xu, this
volume).

These and related data (Crain & Shen ‘90) suggest that the effects mediated
by excitatory subtypes of opioid receptors may provide a novel mechanism to
account for some of the previously unexplained, hyperalgesic, aversive (e.g.,
itching: Ballantyne et al 1988; see also van der Kooy, 1986) and euphoric
effects of opioids in the central and peripheral nervous systems.
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ROLE OF OPIOID EXCITATORY MODULATION IN TOLERANCE AND
DEPENDENCE

Dual modulation by opioids of the APD in DRG neurons may also provide
insights into tolerance/dependence and plasticity in opioid networks. In a study

of DRG-cord explants after chronic exposure to 1 uM DADLE, we found that
most ganglion neurons became tolerant to the usual APD-shortening effects of

high concentrations of DADLE (10 uM), consonant with the tolerance that
develops to the depressant effects of opioids on DRG-evoked dorsal-horn post-

synaptic network responses in these explants after chronic exposure to opioids
(Crain, 1988; Crain et al 1988). In addition, a remarkably high proportion of
the treated cells showed APD prolongation even in response to high (10u M) test
concentrations of DADLE. These results after chronic opioid exposure of
DRG neurons resemble some of the alterations observed after pertussis toxin
or forskolin treatment, i.e., attenuation of inhibitory opioid effects and an
increase in the expression of excitatory opioid receptor-mediated functions in
the treated neurons (Shen & Crain, 1989). All three treatments result in
elevated adenylate cyclase activity and cyclic AMP levels. Biochemical assays
of DRG-cord explants after chronic exposure to morphine or pertussis toxin
showed marked enhancement of basal and forskolin-stimulated adenylate
cyclase activities, decrease in opioid inhibition of forskolin-stimulated cyclase
activity, and increase in opioid-stimulated basal cyclase activity (Makman et al,
1988). In addition to clarifying possible direct uncoupling or down-regulation
of inhibitory opioid receptors, this in vitro model system may provide clues to
compensatory processes [possibly mediated by enhanced adenylate cyclase
activity and cyclic AMP levels (Crain, 1988; Crain et al, 1988; Makman et al,
1988; Sharma et al 1975; Collier, 19801 that could attenuate inhibitory effects
of opioids on primary afferent synaptic networks in the spinal cord and account
for some of the hyperexcitability properties associated with dependence and
addiction.

Recent studies demonstrate that opioid prolongation of the APD of DRG
neurons can also be selectively blocked by acute treatment with the B subunit
of cholera toxin, which binds selectively to GM1 ganglioside (Shen & Crain,
1990c¢), independent of the more potent blocking effects elicited by the A
subunit, which acts specifically on Gs, as noted above (Fig. 1 s54). These and
related data suggest that Gg-coupled excitatory subtypes of opioid receptors, but
not Gy/Ggp-coupled inhibitory receptors, on DRG neurons may be allosterically
regulated by GM1 ganglioside binding sites that induce conformational changes
in these receptors which enhance the efficacy of their coupling to the
G /adenylate cyclase second messenger system (Shen & Crain, 1990).
Preliminary evidence indicates that modulation of the levels of GMI
ganglioside in DRG cell membranes may play an important role in mediating
some of the plastic changes in opioid networks that occur during the
development of tolerance, dependence and addiction (Cram & Shen, in
preparation).
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Adenosine Release by Morphine
and Spinal Antinociception:
Role of G-Proteins and Cyclic AMP

Jana Sawynok, Donna J. Nicholson, Marva I. Sweeney,
and Thomas D. White

THE ADENOSINE RELEASE HYPOTHESIS OF OPIOID ACTION IN THE
SPINAL CORD

The release of adenosine from capsaicin-sensitive
small diameter primary afferent neurons has been
proposed to mediate a significant component of the
spinal antinociceptive action of morphine (reviewed
Sawynok et al., 1989). Thus, spinal antinociception
produced by morphine 1is antagonized by methylxanthines
(Jurna 1984; DeLander and Hopkins 1986; Sweeney et
al., 1987) at doses which block antinociception
produced by intrathecal (i.t.) administration of
adenosine analogs. In addition, morphine has been
shown to induce a Ca2+-dependent, naltrexone-sensitive
release of adenosine from spinal cord synaptosomes in
vitro (Sweeney et al., 1987), and to release adenosine
from the spinal cord in vivo (Sweeney et al., 1989).
In both paradigms,. release is reduced by 71.t.
pretreatment with capsaicin (Sweeney et al., 1989).

The capsaicin-sensitivity of release of adenosine by
morphine suggests adenosine originates from central
terminals of small diameter primary afferent neurons
with their cell bodies in the dorsal root ganglion
(DRG) . Biochemical markers for neurons in which
adenosine may play a significant physiological role
also are localized in capsaicin-sensitive terminals in
the spinal cord (Geiger and Nagy 1985; Nagy and
Daddona 1985). Recently, opioids have been shown to
prolong the duration of-the-action potential in
cultured DRG neurons, and this increase has been
proposed to account for stimulatory effects of opioids
(Crain and Shen 1990). At higher doses, opioids
shorten the action potential duration, and this may
cause inhibition of neurotransmitter release (Crain
and Shen 1990). Interestingly, the increase in
release of adenosine seen in vitro occurs at 1-100uM
morphine (Sweeney et al., T987), doses at which
morphine inhibits release of substance P from spinal
cord slices in vitro (Pang and Vasko 1986). The
ability of morphine to promote release of a
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neuromediator which results in pain suppression
(adenosine) and to inhibit release of a neuromediator
which facilitates pain (substance P) appear to,
represent parallel but separate actions within the
spinal cord. Thus. adenosine analogs do not inhibit
release of substance P and methylxanthines do not
block the ability of morphine to inhibit release of
substance P (Vasko et al., 1986). Although most
studies examining opioid effects on substance P
release in vitro and in vivo have demonstrated
inhibitory effects on release (Aimone and Yaksh 1989),
there has been a report that p agonists increase
substance P release while § agonists dinhibit release
(Maughborne et al., 1987). The receptor subtypes
mediating morphine-evoked release of adenosine have
not yet been characterized.

ROLE OF CYCLIC AMP IN SPINAL ACTIONS OF ADENOSINE AND
MORPHINE

Adenosine Al agonists decrease cyclic AMP production
in the spinal cord, while A2 agonists increase cyclic
AMP production (Choca et al., 1987). Inhibition of
cyclic AMP production Dby opioids has been demonstrated
in cultured DRG preparations and in adult spinal cord
tissue (Makman et al., 1988; Attali et al., 1989). In
addition, opioids have been reported to increase
cyclic AMP production in cultured DRG preparations
(Makman et al., 1988). Thus, both purines and opioids
could exert pharmacological actions within the spinal
cord by actions which are mediated by changes in
cyclic AMP. These alterations may result in

regulation of ion channel activity and a decrease or
an increase in action potential duration, with
consequent alterations in release of neuromediators
from DRG neurons (Crain and Shen 1990). We have
examined the potential involvement of the adenylate
cyclase system in spinal antinociception produced by
purines and morphine, and in morphine-evoked release
of adenosine in the spinal cord by pharmacological
manipulation of the cyclic AMP system. Agents used
were pertussis toxin which initially was understood to
ADP ribosylate and inactivate G; Linked to inhibition
of adenylate cyclase (more recent data suggests
involvement of G; with ion channels and additional
second messenger-systems, Rosenthal et al., 1988) as
well as G, linked to ion channels, Forskolin which
directly stimulates adenylate cyclase, and the phos-
phodiesterase inhibitors Ro 20 1724, rolipram, 3-
isobutyl-l-methylxanthine (IBMX). The wunderlying
assumption was that if inhibition of cyclic AMP
production mediated a pharmacological effect of aden-
osine or morphine, these treatments would reduce their
actions. Conversely, if stimulation of adenylate
cyclase was involved, these treatments would enhance
their actions.
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FIGURE 1. Effects of forskolin (FSK) and the phospho-
diesterase inhibitors Ro 20 1724 (Ro) and rolipram
(ROL) on the spinal antinociceptive action of N -
cyclohexyl adenosine (CBA) and 5'-N-ethylcarboxamide

adenosine (NECA). V indicates vehicle control re-
sponse. * p<0.05, ** p<0.0l. (Summarized from Sawynok
and Reid 1988.)
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FIGURE 2. Effects of forskolin (FSK) and the phospho-
diesterase inhibitors Ro 20 1724 (Ro), rolipram (ROL),
and IBMX on the spinal antinociceptive action of
morphine in the tail flick test. Doses of morphine
were selected to produce a control Antinociceptive
Index score of 8-12 sec. * p<0.05, ** p<0.01 (tp<0.01
in time course only). (Summarized from Nicholson et
al., 1990.)
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TABLE 1. Effects of forskolin and phosphodiesterase
inhibitors on Dbasal and morphine-evoked release of
adenosine from dorsal spinal cord synaptosomes.

ADENOSINE RELEASE
(pmoles/mg protein/15 min)

Drug Increase Morphjbne—
Addition Total by treatment® evoked
Ethanol <control 312.2+17.8 - -
Morphine (50uM) 347.3+17.4 - 35.1411.0
R020-1724 (1uM) 327.7419.1 15.5¢ 2.6 -
Morphine (50uM) 329.0420.8 - 1.3+ 3.6%
+ Ro 20-1724 (1uM)

Rolipram (1uM) 335.3413.8 23.1£10.38 -
Morphine (50uM) 337.7+16.4 - 2.4+10.3%
+ Rolipram (1uM)

Ethanol control 289.3424.5 - -
Morphine (50uM) 322.9426.8 - 33.7£10.5
Forskolin (1uM) 316.2429.4 26.9t 7.8 -
Morphine (50uM) 301.9423.8 - -14.3+ 5.5%
+ Forskolin (1uM)

Basal 204.0£11.5 - -

IBMX (500/uM) 254 .4+£11.3 50.4416.8 -
Morphine (50uM) 251.0£16.6 - 47.0+ 8.4
Morphine (50uM) 271.0+11.2 - 16.6+ 3.5%

+ IBMX (500uM)

Synaptosomes were incubated for 15 min in the absence
or presence of drugs indicated, Values are mean =
s.e.m. for n=4-5. *Values calculated by subtracting
basal release in presence,b of vehicle from release in
presence of test agent. "Values calculated by
subtracting adenosine release in presence of forskolin
or phosphodiesterase inhibitors from that in the
presence of morphine plus these agents. * p<0.05
(Nicholson, White and Sawynok, unpublished).

Pretreatment,with,pertussis toxin in vivo results in a
significant inhibition of antinociception produced by
i.t. administration of analogs of adenosine and
morphine (Hoehn et al., 1988; Sawynok and Reid, 1988).
Pertussis toxin also reduces release of adenosine
induced by morphine both in wvitro and in vivo (Sawynok
et al., 1990). In behavioural experiments, 1i.t.
preteatment with forskolin produces an inhibition of
the action of CHA and NECA in the hot plate test
(figure 1) and of morphine in the tail flick test
(figure 2). The influence of phosphodiesterase
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inhibitors on the antinociceptive effects of these
agents 1is more complex. The non-xanthine
phosphodiesterase inhibitors Ro 20 1724 and rolipram
reduce the action of CHA but not NECA (figure 1).
When tested against morphine (figure 2), Ro 20 1724
produced a biphasic effect, inhibiting the action of
morphine at the lower dose and potentiating it at
the higher dose. With rolipram, however, only an
increase in effect was observed. IBMX, a
methylxanthine phosphodiesterase inhibitor which also
antagonizes adenosine receptors, reduces the action of
morphine at a low dose (probably due to adenosine
receptor antagonism) but increases it at a higher
dose. In release experiments, forskolin, Ro 20 1724,
rolipram and IBMX all enhance the basal release of
adenosine (table 1) by releasing a nucleotide which 1is
subsequentl]{ converted to adenosine (Nicholson, White
and Sawyno unpublished). Each of these agents
appears to Yeduce the release of adenosine (which
originates as adenosine per se rather than as
nucieotide, Sweeney et al., 1987) evoked by morphine.
However, the apparent reduction in release could
indicate non-additivity between the two classes of
agents even though the adenosine originates from a
different source (nucleotide vs adenosine) in each
instance.

CONCLUSIONS

Given the assumptions on which this series of
experiments was based, the reduction in
antinociception by morphine and in morphine-evoked
release of adenosine produced by manipulating the
adenylate cyclase system is consistent with the
hypothesis that certain effects of morphine are due to
inhibition of cyclic AMP production. However,
potentiation of the antinociceptive action of morphine
observed with the phosphodiesterase inhibitors also 1is
consistent with stimulation of adenylate cyclase
contributing to spinal actions of morphine (Crain and
Shen 1990). Inhibition of the antinociceptive action
of purines by agents which interact with the adenylate
cyclase system suggest inhibition of cyclic AMP
production may be involved, particulariy with CHA, the
Al selective agonist. However, the effects of these
agents on purines do not appear to be reflected
directly in a parallel alteration in the action of
morphine, suggesting release of endogenous adenosine
from the spinal cord by morphine is only one component
of the spinal antinociceptive action of morphine.
Thus, while methylxanthines reduce the spinal
antinociceptive action of morphine in the tail flick
and hot plate tests (Jurna 1984; Delander and Hopkins
1986; Sweeney et al., 1987), methylxanthine-
insensitive effects of morphine on transmission of
afferent information in the spinal cord also have been
observed (Jurna 1984). Opioid receptors are located on
both pre- and post synaptic elements in relation to
primary afferent nerve terminals in the spinal cord
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(Gamse et al., 1979; Ninkovic et al., 1981), and
actions™ at” both sites are implicated in the spinal
pharmacology of morphine. At presynaptic sites,
opioids may stimulate (adenosine) or inhibit

(substance P) the release of neuromediators which
influence signalling of pain within the dorsal horn of
the spinal cord.
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Metabolic Studies of Drugs
of Abuse

Nora D. Volkow, Joanna S. Fowler, Alfred P. Wolf,
and Hampton Gillespi

INTRODUCTION

Positron emission tomography (PET) is a nuclear imaging
technique that allows to measure the concentration of positron-
labeled radiotracers in the human brain (Phelps et al., 1985)
Since there are positron isotopes for the elements of life, it
can be used to Tabel compounds of physiological and chemical
relevance without affecting their pharmacological behavior
(Fowler et al., in press). In the investigation of brain
function, the use of tracers that reflect brain metabolism
and/or cerebral blood flow (CBF) can provide with indices of
brain activity, since in the normal brain regional brain
activation is accompanied by an increase in regional brain
energy metabolism and cerebral blood flow (Greenberg et al.,
1981; Silver, 1979). The most widely utilized tracers to assess
brain function have been fluorine-18 and carbon-11-labeled
deoxyglucose, an analog of glucose, to measure regional brain
glucose metabolism (Reivich et al., 1982, 1985) and oxygen-15-
labeled water to measure regional cerebral blood flow (Raichle

et al., 1983).

Measurements of regional brain glucose metabolism and CBF have
been used to assess brain dysfunction in various psychiatric
and neurological diseases (Volkow et al., 1988a; Andreasen
1988). Since regional brain dysfunction 1is not necessarily
paralleled by a change in regional anatomy or morphology, this
strategy is more sensitive in detecting brain pathology than
other available techniques such as CT scan and MRI (Volkow et
al., 1987). In the investigation of toxic actions of drugs of
abuse this is of relevance, since chronic drug exposure can
lead to regional brain dysfunction without necessarily changing
brain structure. Furthermore, because of the short half life of
these tracers and the relatively low radiation dose, the
studies can be repeated on the same individual permitting to
monitor differences in brain function during drug addiction,
drug withdrawal, and drug rehabilitation.

Measurement of the changes in glucose metabolism or CBF after
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acute drug administration can be used to evaluate the areas of
the brain that are activated by a given drug and thus can
provide with information about the mechanisms of actions of the
drug. Since these studies can be carried out in Tiving subjects
where the subjective emotional responses can be recorded, it
allows to start to establish the relation between activation or
deactivation in a given region and a specific behavioral
response. Differences in regional brain activation secondary to
acute drug administration between non-dependent and dependent
individuals can be of use in investigating phenomena,such as
drug predisposition, tolerance, and/or sensitization.

In this chapter we will describe the different studies done
with PET to measure changes in brain glucose metabolism and/or
CBF secondary to cocaine, alcohol, and marijuana.

Cocaine

We have measured regional brain glucose metabolism and CBF with
PET 1in cocaine abusers to investigate the toxic properties of
cocaine in the human brain.

We measured CBF using oxygen-15-water in a group of 20 chronic
cocaine abusers and 24 normal controls (Volkow et al., 1988b).
The cocaine abusers were tested twice during their
hospitalization: initially within 72 hours of admission and 10
days after they have been withdrawn from cocaine. The cocaine
abusers showed decreased CBF throughout the brain except in
cerebellum. Decreases in CBF were more prominent in the frontal
cortex and in the left parietal and left temporal cortex. The
decreases in CBF in the cocaine abuser remained 10 days after
cocaine withdrawal. The defects in CBF were interpreted as
reflecting the vasoactive properties of cocaine. It has been
shown that cocaine is a very powerful vasoconstricting agent
(Isnert and Chokoshi 1989) and can lead to cerebral vessel
vasoconstriction (Altura et al., 1985). The deleterious actions
of cocaine on cerebral circulation is also documented by the
clinical reports describing vascular strokes and hemorrhages
secondary to cocaine intoxication (Levine and Welch 1987;
Lichtenfeld et al., 1984).

Despite widespread decreases in CBF, most of these patients did
not have evidence of neurological symptoms or

neuropsychological impairment. This discrepancy could reflect
the ability of the brain to increase nutrient extraction during
decreased perfusion (Powers et al., 1985; Wide et. al., 1983).
Deficits in nutrient delivery would occur only when CBF is
severely impaired. To investigate the consequences of impaired
CBF in brain energy utilization, we investigated 10 cocaine
abusers both with '®FDG and with oxygen-15-water (Volkow 1988).
The ®FDG scans showed less defects than those seen in the
oxygen-15-water scans. Only 4 patients showed similar metabolic
and CBF defects. Four patients showed no evidence of metabolic
abnormalities despite defects in CBF. The discrepancies between
the metabolic and the CBF images are probably due to the direct
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actions of cocaine on cerebral vessels. The findings from this
PET study demonstrate that chronic use of cocaine can Tlead to
vascular pathology that, if severe, can lead to tissue ischemia
and necrosis.

Alcohol

PET studies investigating the effects of chronic alcohol on
brain have shown mixed results with two studies showing
evidence of decreased metabolism in the brain of alcoholics
(Sachs et al., 1987; Wik et al., 1988) and two failing to
demonstrate changes in absolute metabolic values (Samson et
al., 1986; Volkow et al., 1989). Discrepancy in results among
investigators is probably a reflection not only of the
differences in the clinical population (three studies excluded
patients with neurological symptoms; whereas one did not (Wik
et al., 1988)), but also to the period after alcohol withdrawal
at which they were investigated. This is particularly relevant
since animal studies have demonstrated increased metabolic
activity during early alcohol withdrawal (Eckardt et al.,
1986).

We have investigated 6 alcoholic patients and 6 normal controls
with '®FDG under baseline condition and upon challenge with
acute alcohol administration (Volkow et al., 1990). Both the
normals and the alcoholics showed decreased brain glucose
metabolism during alcohol intoxication. Decreases in brain
glucose metabolism were heterogeneous. The pattern of regional
changes secondary to alcohol paralleled the pattern of the
regional concentrations of benzodiazepine receptors in the
human brain. The areas of the brain with the highest density of
benzodiazepine receptors showed the Tlargest reduction in brain
glucose metabolism. It was, therefore, hypothesized that the
decreases in regional brain glucose metabolism secondary to
alcohol were due to the actions of acute alcohol on the
benzodiazepine-Gaba receptor complex. When comparing the normal
subjects with the alcoholics, we found no differences in the
average metabolic values for both groups when tested during
baseline conditions. However, three of the patients showed
evidence of marked decreases in brain glucose metabolism in the
cortex and cerebellum. Differences between normals and
alcoholics were also demonstrated when comparing the response
to acute alcohol administration. The alcoholics showed a much
marked decrease in glucose metabolism after alcohol
administration than did the normals. The mean difference
between baseline-intoxication for the whole brain was 6%6
mg/1000g/min for the normals and 12%4 ng/1000g9/min for the
alcoholics. Since the decrease in brain glucose metabolism from
alcohol was related to its action on the benzodiazepine-GABA
receptor complex, we postulated that the increased responsivity
to alcohol in the alcoholic was due to increased sensitivity of
the benzodiazepine-GABA receptor complex.

A regression analyses revealed a relation between reductions in
cortical metabolism and subjective response to alcohol

49



r = -0.8253 p <.01) (Volkow et al., 1989). A relation between
the behavioral actions of acute alcohol and the regional
changes in brain glucose metabolism was also documented by
another group of investigators (DeWit et al., 1989) who tested
8 normal controls during baseline and after 0.8g/kg of ethanol
p.o. This study reported a positive correlation between the
degree of negative moods during intoxication and increases in
regional brain glucose metabolism in the left temporal cortex,
left thalamus, and left cerebellum.

Marijuana

We have started to investigate the effects of acute marijuana
administration on regional brain glucose metabolism. We have
completed studies in 3 normal controls and 3 marijuana abusers.
Subjects were tested with FDG during baseline conditions and 40
minutes after intravenous administration of 2 mg of 9-delta-
tetrahydrocannabinol (THC). Acute marijuana administration
increased brain glucose metabolism in 4 subjects and decreased
it in two. All of the subjects showed increased metabolism in
the cerebellum after THC administration. Differences in average
metabolic values during intoxication were significant in
prefrontal cortex, cerebellum, and left basal ganglia (Volkow
et al., in preparation). The increased metabolic activity in
cerebellum from THC correlated with the subjective sense of
intoxication (r = 0.899 p < .01). The marijuana abusers
reported less subjective effects (on a scale ranging from 0-10)
from marijuana (x = 5%1) than normal controls (x = 7.5%3).
Their metabolic images also showed Tless changes in regional
brain metabolism than any of the three normal controls.
Predominance of effects from marijuana in cerebellum is in
accordance with the autoradiographic data which have shown
localization of the cannabinoid receptor in the cerebellum
(Herkenham et al., 1989).

SUMMARY

Although still very preliminary, these studies exemplify how
metabolic brain measurements can address questions of relevance
in the investigation of drugs of addiction such as:

1. Mechanisms of drug toxicity, i.e., vascular pathology
demonstrated from chronic use of cocaine.

2. Neurotransmitters that may be involved in the
pharmacological actions of drugs, i.e., alcohol and the
benzodiazepine-Gaba receptor complex, marijuana, and the
cannabinoid receptor.

3. Mechanisms of drug withdrawal, i.e., hyperresponsivity of
the brain to alcohol in the alcoholic, possibly as a
consequence of increased sensitivity of the benzodiazepine-Gaba
receptor complex.

4. Knowledge about brain function, i.e., the relation between
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activation of the cerebellum by marijuana and alcohol and the
mood-changing effects of these drugs, suggests that the
cerebellum may play a role in the mood-disturbing actions seen
with these drugs (a role which is different from the classical
one which associates the cerebellum to motor regulation).

Future work will provide more definitive answers to the above
questions and will similarly provide information about
mechanisms of toxicity, addiction, withdrawal, and
reinforcement of other drugs of abuse.
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Mapping the Metabolic Correlates
of Drug-Induced Euphoria

Edythe D. London, Michael J. Morgan, Robert L. Phillips,
June M. Stapleton, Nicola G. Cascella, and Dean F. Wong

Recent efforts using positron emission tomography (PET), a
noninvasive approach to imaging biochemical processes in the
brain, have been directed at understanding the biochemical and
neuroanatomical correlates of drug-induced euphoria. Studies
on the acute effect of psychoactive compounds on brain
metabolism have used the [MF]fluorodeoxyglucose (FDG)
procedure (Phelps et al., 1979; Reivich et al., 1979), an
extension of the TﬂC]deoxyglucose method, which employs
quantitative autoradiography in rats (Sokoloff et al., 1977).
Both methods quantitate regional cerebral metabolic rates for
glucose (rCMRglc). the major substrate for oxidative
metabolism in the adult brain (Sokoloff, 1972; Siesjo, 1978).
Although it was thought that glucose consumption directly
reflects oxidative metabolism in the brain, recent findings
have suggested that transient metabolic needs are met with
nonoxidative glucose metabolism, adding to the utility of the
deoxyglucose method in cerebral activation studies (Lear and
Ackermann, 1989).

The deoxyglucose procedure has Dbeen used 1in numerous
investigations of drug effects on rCMRglc in rats (McCulloch,
1982; Weissman et al., 1987; Wilkerson and London, 1989; Kimes
and London, 1989). These studies have demonstrated unique
patterns of response, which wvary with the agents
administered. For example, analgesic doses of mu opioid
agonists reduce glucose metabolism primarily in thalamic
nuclei associated with somatosensory processing (Fanelli et
al., 1987). Cocaine stimulates glucose utilization in the
‘extrapyramidal motor system and the nucleus accumbens, but
reduces rCMRglc in the lateral habenula (London et al., 1986;
Porrino et al., 1988). In general, these effects reflect the
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distribution of relevant receptors (p opiate receptors in the
thalamus mediating effects of morphine; dopamine receptors in
the extrapyramidal motor system, lateral habenula and nucleus
accumbens, mediating the effects of cocaine). The most
striking relationship between the density of receptors and the
distribution of the metabolic response to specific agonists is
seen in the case of nicotine, 1in which the drug stimulates
rCMRglc in a pattern which is strikingly similar to the
distribution of receptors identified with [3H]1—nicotine
(London et al., 1985, 1988).

Metabolic studies with PET generally have not revealed
anatomically discrete responses to psychoactive compounds in
human volunteers. One reason for this discrepancy between
studies in rats and humans may be the lack of resolution of
PET as compared with quantitative autoradiography in animals.
Human PET studies have been performed with barbiturates
(Theodore et al., 1986), benzodiazepines (Buchsbaum et al.,
1987; Foster et al., 1987), amphetamine (Wolkin et al., 1987),
ethanol (de Wit et al., in press), morphine (London et al.,
1990a), and cocaine (London et al., 1990b). The remainder of
this chapter will focus on studies of human volunteers, who
had a history of substance abuse, and participated in studies
on the acute affects of morphine or cocaine.

Two studies were performed to test the acute effects of
euphorigenic treatments with morphine and cocaine on rCMRglc
in human volunteers (London, 1989: London et al., 1990a,
1990b) . Subjects were right-handed males, between the ages of
21 and 45, with a history of use of opioids, cocaine,
marijuana, and alcohol. At the time of the studies, none of
the subjects were dependent upon any drugs other than nicotine
(all but one were smokers). DSM III-R criteria were applied;
the only diagnoses which were allowed were substance abuse
and/or dependence, anti-social personality disorder, and
borderline personality. Although the subjects manifested no
frank pathology in medical or neurological tests, this
population of subjects exhibited greater than normal levels of
brain atrophy, as measured by the ventricle:brain ratio, which
was significantly correlated with age in the second and third
decade of life, reflecting alcohol binging behavior and not
the use of other psychoactive compounds (Cascella et al.,
1988) .

Both studies used a double-blind crossover design. The
subjects received either placebo or active drug (30 mg
morphine i.m. or 40 mg cocaine i.v.) in random order at the
time of PET studies. Prior to the PET studies, subjects
participated in simulations in which they received placebo and
two ascending doses of the active drug. The purpose of the
simulations was to acquaint the subjects with the various
questionnaires and to eliminate those subjects who had
abnormal responses to placebo or active drugs.
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TABLE 1. Morphine effects on rcmRglc (mg/l00g/min)

Brain Region Saline Morphine Sulphate
Cortical Left Right Left Right
Superior frontal (11)* 8.8 £+ 1.2 9.1 + 1.0 7.5 + 1.0 8.2 £ 0.9
Precentral (11) 8.8 + 1.0 8.7 t+ 0.9 8.2 £+ 1.1 8.2 £ 1.0
Postcentral (11:)* 8.2 1.1 8.0 £ 0.9 7.4 +0.8 7.9 t 1.0
Ant. cingulate’ 9.7 + 0.9 8.8 + 0.9
Superior temporal 6.4 £ 0.7 6.4 t 0.7 5.8 + 0.8 5.5 % 0.8
Primary visual 9.0 £ 1.0 9.1 t 1.4 8.6 £ 1.4 8.6 £ 1.3
Gyrus rectus’ 8.3 t 1.0 7.5 £ 1.1
Subcortical
Caudate nucleus 8.8 + 1.2 8.5 t 1.4 7.8 + 1.2 7.7 t 1.2
Hippocampus 5.7 £+ 1.0 5.8. £ 0.9 5.2 £+ 1.0 5.1 £ 0.7
Thalamus 7.4 + 0.9 8.0 £ 1.0 7.2 £1.1 7.8 + 1.0
Cerebellar cortex (9) 7.8 £ 0.9 1.4 t 0.8 7.0 £ 0.6 6.9 £ 0.0
Cerebellar vermis (9) 7.0 £ 0.1 6.5+ 0.6
Whole Brain’ 6.5 + 0.6 5.9 + 0.6

Each value is the mean rCMRglc * SD for n = 12, except as
indicated by the number in parenthesis. Significant main effect

of morphine (after partialling out the contribution of PaC0,) by
2-way ANOVA, uncorrected for the number of comparisons, with drug
and hemisphere as repeated measures, p < 0.05.

TABLE 2. Cocaine effects on rCMRglc (mg/100g/min)

Brian Region Saline Cocaine HC1
Cortical Left Right Left Right
Superior frontal (11)* 7.3 1.0 7.6 + 1.1 6.5 £+ 1.3 6.7 £ 1.2
Precentral 8.9 £ 1.2 9.9 t 1.5 7.6 £+ 1.6 8.3 t 1.2
Postcentral* 8.1 + 1.3 8.4 t 1.3 6.8 £+ 1.2 7.3 t 1.1
Ant. cingulate* 9.7t 0.9 8.1 £ 1.1
Superior temporal* 6.5 + 1.3 6.5 t 1.5 5.4 £+ 1.1 5.1 £ 1.0
Primary visual 8.7 + 1.4 9.1 £ 1.6 7.4 + 1.2 7.8 £ 1.1
Gyrus rectus (11)* 8.3 £+ 1.1 7.4 £ 0.9
Subcortical
Caudate nucleus (11)* 8.2 £ 0.9 7.7 £ 1.0 6.7 £+ 1.3 6.7 t 1.2
Hippocampus (11)* 5.8 + 1.1 5.2 £ 0.5 5.0 £ 0.1 4.6 t 0.5
Thalamus 6.8 £+ 0.8 7.2 + 1.0 5.8 £ 1.4 6.3 £ 1.5
Cerebellar cortex (11)* 7.7 + 0.9 7.5 t 0.8 7.1+ 1.1 6.9 t 0.8
Cerebellar vermis (11) 6.3 £ 0.6 6.3 £ 1.0
Whole brain’ 7.4 + 0.8 6.7 + 0.5

Each value is the mean rCMRglc * SD for n = 12, except as

indicated by the number in parenthesis. *Significant main effect
of cocaine by 2-way ANOVA, uncorrected for the number of
comparisons, with drug as the repeated measure, p < 0.05.
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Morphine produced a significant euphorigenic effect, as
indicated by several measures, including scores on the
morphine benzedrine group (MBG) scale of the Addiction
Research Center Inventory (Haertzen, 1974) and on visual
analogue scales. Morphine also significantly reduced the
global cerebral metabolic rate for glucose (CMRglc) by 10% in
whole brain and rCMRglc in individual regions by about 5 to
15%, assuming no contribution of hypercapnia (Table 1). When
the contribution of PaC0, was partialed out, significant
morphine-induced reductions in glucose utilization persisted
in whole brain and in six cortical areas. The results
indicated that morphine-induced euphoria is associated with a
reduction of cortical activity.

Cocaine also produced significant euphorigenic effects, as
indicated by several measures, including scores on the MBG
scale, visual analogue scales and components of the cocaine
sensitive scale, which have been used in previous studies with
i.v. cocaine (Sherer, 1988; Muntaner et al., 1989). Subjects
reported being high and feeling the drug for at least 20 min
after cocaine injection. They also reported rush and a
pleasant feeling immediately after the injection. Cocaine
significantly reduced glucose utilization by 9% in whole brain
and in the majority of specific regions of interest (Table
2). These results indicated that, like morphine,
cocaine-induced euphoria 1is associated with a reduction of
cortical activity. In contrast to the effect of morphine,
however, decrements in rCMRglc occurred in both cortical and
subcortical regions.

The effect of cocaine on mood and CMRglc was negatively
correlated with cerebral atrophy (ventricle:brain ratio).
Subjects with the most cerebral atrophy showed the least
cocaine-induced euphoria (Morgan et al., in press) and the
smallest decrements in CMRglc. This finding agrees with a
report that the effect of amphetamine on rCMRglc was blunted
in normal and schizophrenic subjects with cortical atrophy
(Wolkin et al., 1987), and is in line with our preliminary
finding that a history of past cocaine usage 1is negatively
correlated with cerebral atrophy. In contrast, the effects of
morphine on mood and glucose wutilization were not
significantly related to cerebral atrophy.

Although cocaine and morphine produce vastly different
behavioral effects (Grabowski, 1984; Jaffe and Martin, 1985),
they produce a similar diffuse reduction in cerebral
metabolism. This similarity suggests that a reduction of brain
metabolism 1is a fundamental component of drug-induced
euphoria. Support for this hypothesis comes from observations
that every abused drug tested so far in human subjects has
been shown to reduce rCMRglc, primarily in the cortex. Such
findings have been obtained with barbiturates (Theodore et
al., 1986), benzodiazepines (Buchsbaum et al., 1987; Foster et
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al., 1987), amphetamine (Wolkin et al., 1987) and ethanol (de
wit et al., in press) as well as morphine and cocaine. This
hypothesis is also in concert with the theory of Cannon (1927)
that affective states, which are of subcortical origin, can
only be appreciated when sufficient release from cortical
inhibition is achieved.
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Effects of Ethanol, Diazepam and
Amphetamines on Cerebral Metabolic
Rate: PET Studies Using FDG

Harriet de Wit, John Metz and Malcom Cooper

This series of studies was designed to assess changes in cerebral metabolic rate
after administration of psychoactive drugs, in particular drugs with some
potential for abuse. The technique used to study cerebral metabolic activity was
positron emission tomography, or PET, with a radio-labelled glucose analog
(18-F-fluoro-deoxyglucose; FDG) as the tracer. With this technique, FDG is
taken up preferentially in regions that are most metabolically active. The
labelled substance becomes trapped in the cells, where it can be detected by the
scanning device. In addition to identifying which regions are metabolically
activated by psychoactive drugs, we sought to relate regional changes in
metabolic activity to the drugs’ mood-altering, or euphorigenic effects.

PET has several features that make it well suited for psychopharmacological
studies. It is safe, relatively non-invasive, and subjects can be monitored in the
awake, conscious state. Repeated testing of the same individuals yields highly
reproducible estimates of regional cerebral metabolic activity of glucose
(CMRglu; Bartlett et al, 1988). This makes it possible to test the same
individuals under various conditions, such as while they are perceiving stimuli,
experiencing drug effects, or performing tasks. In the studies reported here,
normal volunteers were tested using a placebo-controlled, within-subjects
design, in which we simultaneously measured both metabolic rate and mood.

Three studies, involving ethanol (ETH), diazepam (DZP) and amphetamine
(AMP), are presented. These drugs were selected because they are known to have
some potential for abuse while differing in many of their pharmacological effects.
They are also drugs which have been studied extensively in our behavioral
pharmacology laboratory, providing us with methodological experience and a
source of comparative data. Because the behavioral and subjective effects of
drugs are known to be influenced by the environment in which they are
experienced, we were initially concerned that the environmental setting of the
PET studies would attenuate or otherwise alter the subjective effects of
psychoactive drugs. This concern could be addressed by comparing the subjective
drug effects obtained in the PET setting to their effects in the more naturalistic
settings used in other studies. Our experience also showed that there are wide
individual differences in subjects’ responses to psychoactive drugs (de Wit et al,
1989a,b), which might also occur in the PET studies. Relatively little attention
has been given to individual differences in behavioral pharmacology, and they are
often considered a hindrance. However, they can be used as a unique experimental
tool with which to explore mechanisms of drug effects. One of our original goals
in undertaking these experiments was to study individual differences in
psychopharmacological effects using PET.
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The PET studies reported here utilized normal healthy volunteers, most of whom
had little or no history with illicit drugs. The rationale for using relatively
drug-naive subjects, rather than individuals with histories of drug abuse, is that
drug use history is known to influence subsequent responses to drugs, often in
unknown or uncontrolled ways. Since normal volunteers exhibit orderly, drug-
typical subjective and behavioral responses to relatively low doses of a variety of
abused drugs, they provide a sensitive assay for the biological and psychological
effects of drugs in humans (de Wit and Johanson, 1987). In the studies reported
here, three groups of healthy males (n=8 per group) were tested with placebo
and two doses of ETH, DZP or AMP.

METHODS

Subjects: Normal healthy males (21-29 years old) were recruited from the
university and surrounding community. All subjects reported at least occasional
alcohol use, but their prior experience with illicit drugs was minimal. They
were screened for major medical or psychiatric disorders, including history of
drug or alcohol abuse.

Procedure: Each subject underwent three PET scans at one week intervals,
receiving, on each occasion, placebo, a low or a moderate dose of drug. The drugs
were administered double-blind and in counterbalanced order across subjects.
Subjects were told they might receive a stimulant, tranquilizer, placebo or
alcohol. The drug doses were selected to be low enough to minimize potential
non-specific, global drug effects on CMRglu (e.g., those associated with sleep),
but high enough to produce modest euphoriant or mood-altering effects. Subjects
in Study | ingested a beverage containing 0.5 g/kg or 0.8 g/kg ETH in sugar-free
tonic and lime mix, or mix alone (placebo). Subjects in Study Il ingested
capsules containing DZP (5 or 10 mg) or placebo, and subjects in Study Il
ingested capsules containing d-AMP (5 or 10 mg) or placebo. Drugs were
administered double-blind, and in Studies Il and Il placebo beverages were
administered as well as capsules to maintain blind conditions. Drug pretreatment
times were selected so that the drugs’ onset and/or peak effects would coincide
with the period of highest FDG uptake: ETH was administered 10 min before FDG
injection, DZP 1 hr and AMP 2 hr before.

Subjects reported to the laboratory in the morning and a transmission scan was
performed. They completed a pre-drug (baseline) mood questionnaire (Profile
of Mood States; POMS; McNair et al, 1971) before taking any capsule or
beverage. The POMS was also completed at intervals later in the sessions,
together with a second questionnaire measuring drug liking, "high", and drug
identification. POMS scores were analyzed by comparing pre-to-post-drug
change scores on drug sessions to equivalent change scores on placebo sessions.
On the drug effects questionnaire, scores after placebo administration were
compared to scores after drug administration.

Intravenous catheters were inserted for administration of the isotope and
collection of arteriolized blood samples. Blood samples were analyzed for
glucose, tracer and drug levels. After insertion of the catheters, subjects briefly
practiced a visual monitoring test (VMT), which they would be performing
throughout the 40 min scanning period. The VMT consisted of brief bright and
dim light presentations; subjects were instructed to press a hand-held button
when the dim light was presented but not when the bright light was presented.
The VMT provided an indication of gross drug-induced psychomotor impairment
(accuracy and reaction time), and served to stabilize the subjects' behavioral and
attentional state throughout the period of FDG uptake. Without a standardized
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task to perform, subjects may vary widely in their cognitive activity during the
scanning period, ranging from full wakefulness to sleep. Duara et al (1987)
reported that within-subject variability across repeated scans was reduced by
60-70% when subjects were tested in an activated, as compared to resting,
state.

After practicing the VMT task subjects completed the POMS. (In Study | this
POMS determination provided the baseline (pre-drug) mood measure.) Subjects
then ingested a 250 ml beverage, which contained ETH or placebo (Study 1) or
only placebo (Studies Il and Ill). Immediately after consuming the beverage,
subjects were placed in the scanner, using an individualized plastic face mask to
stabilize head position. When positioned they began performing the VMT, and 5-
10 mCi of FDG was injected. Subjects continued to perform the VMT for the 40
min period of the scan, pausing briefly at 20 min to complete the mood and drug
effect questionnaires. They also completed mood and drug effect questionnaires
after the scan was completed.

PET studies were performed in the "dynamic" mode (Huang et al, 1980), but the
data reported here used the autoradiographic method (Phelps et al, 1979;
Reivich et al, 1979). A 3-ring PETT VI scanner (Ter-Pogossian et al, 1982)
was used. This provides five transaxial image slices with an intraslice spatial
resolution of 8 mm (full width half maximum) and an interslice distance of 14
mm. CMRglu was assessed bilaterally in seven regions of interest, including four
cortical regions (temporal, parietal, occipital and frontal), basal ganglia,
thalamus and cerebellum. The regions were identified for each subject on the
reconstructed images by a technician who was blind to drug condition. Global
CMRglu was calculated by averaging all 14 regions. Regional CMRglu was
calculated as a ratio of CMRglu in each region to CMRglu in the whole brain.
Regional ratios from drug sessions were compared to regional ratios obtained
after placebo to determine the effect of the drug.

RESULTS

Drug Effects on CRMglu

Global CMRglu (relative to placebo) was significantly decreased after one or both
doses of ETH and DZP (Fig 1). Wide individual differences were observed in
CMRglu AMP study, both on placebo sessions and after drug administration.
Although there was an apparent decrease in CMRglu after the moderate dose, this
was not representative of the group. Both doses of AMP increased CMRglu in half
of the subjects and decreased it in the other half.

In all three studies, the drugs had similar effects in the 14 brain regions (Fig
2). Only the thalamus was relatively less affected than other brain regions in
the ETH and DZP (but not the AMP) experiments. Regional changes in CMRglu
were also examined as a ratio of changes in the rest of the brain. For each
subject, normalized z-scores were calculated for each region (i.e., relative to
the mean of all regions). The z-scores on placebo sessions were subtracted from
z-scores on drug sessions to determine whether the drug treatment changed
relative regional CMRglu. There was a good correspondence between the direction
of relative regional changes produced by the low and those produced by the
moderate doses of both ETH and DZP: In the ETH study, 10/14 regions changed in
the same direction after the two doses, and in the DZP study, 11/14 regions
changed in the same direction. Correspondence between the two doses of AMP,
however, was only 5/14 regions. The relative regional changes in CMRglu were
also compared across drugs by comparing relative regional ratios of the moderate
dose of the three drugs. There was no consistent pattern across the three drugs,
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FIGURE 1 Mean global CMRglu in ethanol (ETH), diazepam (DZP), and
amphetamine (AMPH) studies. Standard deviations are shown, and asterisks
indicate significant difference from placebo.

although DZP and AMP appeared to have opposite effects on regional CMRglu in
several regions: Relative to the rest of the brain and compared to placebo,
CMRglu in the left basal ganglia and left and right thalamus was higher after DZP
than AMP, and CMRglu in the left temporal cortex was lower after DZP than AMP.

Drug Effects on Visual Monitoring Task

None of the three drugs significantly impaired performance on the psychomotor
task, as measured by reaction times, percent hits and false alarms. Thus,
subjects remained alert and in a uniform behavioral state throughout each of the
scanning periods.

Drug Effects on Mood

In all three drug studies, subjects reported increasing sedation over the course of
the session, regardless of drug treatment. That is, even on placebo sessions their
scores on Vigor, Friendliness and Elation scales decreased from pre-drug levels
to 20 min into the scan, and scores on Confusion during this period increased.
Moreover, subjects identified the substance they received on placebo sessions as
"tranquilizer" on 50% of occasions.

The mood effects of the drugs relative to the subjects’ mood changes after placebo
are portrayed in Fig 3. ETH produced subjective effects typical of this drug in
other settings (i.e., increases in POMS Positive Mood, Friendliness, Elation and
Vigor scales). However, neither DZP nor AMP produced the full profile of
subjective effects typically seen in more naturalistic settings. DZP decreased
Anxiety, as is typical of this class of drugs, but relative to placebo sessions, it
failed to increase sedation. AMP produced slight decreases in Confusion and
increases in Vigor, but failed to produce significant effects on any POMS scale.
Consistent with these modest subjective changes, subjects could not identify DZP
or AMP.

Relationships between CMRglu and Behavioral Measures

Drug-induced changes in whole brain CMRglu were not related to other dependent
measures, including subjects’ demographic or drug use variables, or drug effects
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FIGURE 2 Mean regional CMRglu after placebo and low and moderate drug doses.
Brain regions are, in the left hemisphere: frontal cortex (LF), parietal cortex
(LP), temporal cortex (LT). occipital cortex (LO), basal ganglia (LBG),

thalamus (LTh) and cerebellum (LCb), and corresponding regions on the right.

65



ETH DzZP AMP

LOW DOSE
MODERATE DOSE

0s

o ANXIETY

VIGOR

MEAN DIFFERENCE SCORES

FRIENDLINESS

FIGURE 3 Effects of drugs on three POMS scales. Mean difference scores are
pre-versus-post drug change scores on drug sessions, minus pre-post scores on
placebo sessions.

on psychomotor performance or mood. The relationship between changes in
regional CMRglu and changes in mood states and psychomotor performance were
examined in correlational analyses for each dose of each drug. Although
individually these correlational analyses suggested potentially interesting
relationships between CMRglu and subjective drug effects, the nature of these
correlations (i.e., direction and regions involved) varied across doses and across
drugs, such that overall there was no consistent pattern. Changes in regional
CMRglu after drug treatments were also not related to psychomotor performance.

DISCUSSION

ETH, DZP and AMP, three drugs which differ in mechanism of action as well as
pharmacological, subjective and behavioral effects, all either lowered global
CMRglu or had no consistent effect. Global decreases in CMRglu have been
observed previously after ETH (Volkow et al, 1989), morphine (London et al,
1989), DZP (Foster et al, 1987), cocaine (London et al, 1988), barbiturates
(Theodore et al, 1986) and AMP (Wolkin et al, 1987). Why these apparently
dissimilar drugs decreased CMRglu and why there have been so few reports of
pharmacological agents that increase CMRglu in humans is not clear.
Interestingly, most of the drugs listed above are drugs with some potential for
abuse, and the one centrally-acting drug without abuse potential that has been
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tested in our laboratory, ACTH (Metz et al, 1989), produced an increase in
CMRglu. There is clearly a need for research with drugs from a broader range
pharmacological classes.

Whereas regional drug effects on CMRglu were obtained in some of the previous
studies, (i.e., decreases in CMRglu reached statistical signficance in some regions
and not in others), we did not find significant differences in magnitude of the
decrease among the regions. The only exceptions were that the thalamus was
relatively less affected by ETH and DZP than other brain regions (an effect
previously reported by others (Volkow et al, 1989; London et al, 1989) and the
left temporal cortex was relatively more affected by DZP. In both the ETH and
the DZP studies, there was consistency in the direction of regional changes in
CMRglu after the low and the moderate doses, suggesting that these drugs’

regional effects, while small, were replicable. In contrast, in the AMP study
there was no relationship between the regional effects of the low and the moderate
dose, making interpretation of these results difficult.

In the present studies the drugs’ mood-altering effects were measured during the
PET scans. We found that while ETH produced mood-enhancing effects typical of
this drug in other settings, the subjective effects of DZP and AMP were less than
those observed in more naturalistic settings. Relative to placebo, DZP decreased
anxiety but did not produce sedation typically seen with this drug, and AMP
produced only slight increases in vigor. The attenuated subjective effects may
have been related to the restricted PET environment, which appeared to have
sedating effects in itself. Whether more robust relationships between CMRglu
and mood would have been observed if these drugs had produced more drug-
typical subjective effects remains to be determined.

The existence of some intersubject variability in both CMRglu and subjective
drug effects enabled us to conduct correlational analyses between regional
changes in CMRglu and mood. These analyses, however, revealed no consistent
relationships between CMRglu and mood across the three drugs. It is possible
that stronger drug effects or more heterogeneous subject populations would yield
more consistent relationships.

In sum, our results indicate that at these doses, ETH and DZP produce global, but
not regional changes in CMRglu. Further, while both drugs produced some
subjective changes typical of their classes, these did not bear any obvious
relation to the changes in CMRglu. AMP neither consistently changed CMRglu,
nor produced significant subjective effects. Our findings may have been
influenced by aspects of the methodology such as the doses of drugs tested, the
behavioral task or the type of subjects used. Alternatively, it may be that PET
using FDG as the tracer is not yet a sensitive enough technique to detect the
anatomically and temporally limited effects produced by psychoactive drugs.
Technological advances such as image correlation techniques and improved
scanners currently under development will greatly enhance the power of imaging
techniques.
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Measurement of Brain Ethanol
Concentrations in Humans With

In Vivo Proton Magnetic Resonance
Spectroscopy

Jack Mendelson, Bryan T. Woods, Tak-Ming Chiu, Nancy K. Mello,
Scott E. Lukas, Slew Koon Teoh, and Pradit Sintavanarong

INTRODUCTION

Recent technologic advances in Magnetic Resonance Imaging and Spectroscopy
have made possible more precise detection and measurement of the ethanol
molecule methyl proton group. Figure 1 presents a summary of procedures
employed for the measurement of alcohol in human brain with in vivo proton
magnetic resonance spectroscopy. During basal conditions protons in atomic
nuclei spin in a random manner. When placed in a strong magnetic field (1.5 T)
the spin of nuclei are aligned parallel to the magnetic field. Radio waves are then
broadcast into the magnetic field in order to perturbate the atomic nuclei. When the
radio waves are terminated the nuclei realign in the magnetic field and release
energy which can be subsequently recorded and quantified. Computer programs
are used for generating a spectra and these spectra are subsequently converted by
appropriate mathematical procedures for precise display and analysis. The manner
in which radio waves are broadcast to perturbate nuclei in the magnetic field
including the frequency or sequence of radio wave broadcast (TR-repetition time)
as well as the techniques for collecting and recording released energy following
cessation of radio brain wave broadcast (TE-echo time) are important parameters
for determining the specificity and quality of spectral acquisition.

1 2 3 4 5
Raetaased energy -
mn i n ety v
o %! SV Kyt
v 9 ¢y N s ¢ 4 -
-0 $ & & - )
o ) ¥ ryed
A 8 ¥ ==y
[1111]] [ 11111 12
’.&
[ o]
" Flnd.procnwo-
. RN OCENE  EESE TEED



Figure 2 shows the structural formula for N-acetyl aspartate (N-AA) and ethanol.
The methyl protons of each compound (shown circled) permit in vivo MRS
determination of these compounds in brain. The spectrum displayed at the bottom
of Figure 2 shows four major peaks: creatine/phosphocreatine (3.0 ppm), choline
(3.2 ppm), N-AA (2.00 ppm) and ethanol (1.2 ppm). Because the concentration
of N-AA (Hetherington et al., 1989) in grey and white matter of brain is relatively
constant (7 mM) and stable, it can be used as an internal standard for determining
the concentration of ethanol in brain.
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Figure 2

We have employed in vivo proton magnetic resonance spectroscopy for measuring
alcohol concentrations in regional portions of the human brain. Brain ethanol
concentration as well as gas chromatographic measures of ethanol levels in plasma
were obtained during the ascending, peak and descending blood ethanol curves.
Blood plasma samples were also obtained for determination of ethanol effects on
plasma levels of anterior pituitary, gonadal and adrenal hormones. During these
procedures alcohol-induced changes in mood states were measured simultaneously
utilizing a nonferrous instrumental mood report device.
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METHODS

Six healthy adult males between the ages of 23 and 26 (mean age 24.3 + 0.4
years) provided informed consent for participation in this study. All subjects were
of normal weight (77.5 + 3.7 kg). All subjects reported occasional social alcohol
use (2 to 6 drinks week). No subject had a history of alcohol or drug abuse and
dependence nor any family history of alcoholism. All had normal physical
examinations, blood hemogram and blood chemistry studies. All urine drug
screens were negative at initial evaluation. Following an overnight fast, subjects
reported to the McLean Hospital Brain Imaging Center. On arrival, subjects
provided a urine specimen for drug screening and all were negative. A
Korwarski-Cormed butterfly catheter was inserted into the antecubital vein for
blood sampling. Blood alcohol levels were determined with gas chromatographic
procedures.

Mood Report Measures

Subjects were given a nonferrous instrumental device to report changes in mood
states following alcohol intake (Lukas et al., 1990). The device is activated by air
pressure changes, and specific details of its construction and operation have been
described elsewhere (Lukas et al., 1989). Subjects held the device in their right
hand and were asked to depress one of three air modulated switches when they
experienced the following effects of alcohol: initial detection of an alcohol-
induced change in feeling state; feelings of euphoria; feelings of dysphoria.
Subjects were told to depress the switch for as long as they experienced the
particular change in mood state. All responses were registered on a cumulative
recorder which was located approximately 6 meters from the whole body imager.

'H Spectroscopy

Magnetic resonance imaging (MRI) and spectroscopy (MRS) procedures were
carried out with a G.E. Signa 1.5T (General Electric, Milwaukee, Wisconsin)
whole body imager. Subjects were supine on the MRI table and a reference
position (the intersection of the axial and sagittal light beams) was located at the
glabella. The chosen voxel of interest (VOI) was localized based on a series of Tl
weighted (TE = 30 ms, TR = 600 ms) coronal and sagittal images. The VOI
utilized in all studies included the medial frontal and cingulate gyri, the ventricles,
the medial portion of the basal ganglia, the centrum semi ovale at the level of the
anterior commissure, and the splenium of the corpus calosum. Voxel localization
was achieved with the STEAM pulse sequence (Frahn et al., 1989; Narayana et
al., 1989), and the magnetic field homogeneity was optimized by shimming on the
water signal. Typically, a water line width of 4-8 Hz can be achieved over a voxel
size of 4 x 4 x 4 cm in less than 10 min. Water suppression was achieved with a
pre-sat pulse and an additional sat pulse between the second and third slice
selective RF pulses of the STEAM sequence.

After a control spectrum was obtained for the chosen VOI, the subject sat up and
drank the alcohol solution, a mixed drink of orange juice and vodka (0.7 gm
alcohol per kg body weight) over a period of approximately 15 min. After
completion of alcohol intake, the subject was repositioned, using the reference
markings at the glabella, and the VOI was re-shimmed. Typically 128 scans were
collected at an echo time TE = 270 ms, mixing time TM = 90 ms and repetition
time TR = 1500 ms. The free induction decays (FID) were processed on the 1280
spectroscopy data station (General Electric, Milwaukee, Wisconsin) with
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exponential line broadening (1 Hz), zero-filled to 2K points and Fourier
transformed. Brain ethanol (ETOH) concentration was determined by measuring
the areas under the N-acetyl aspartate (N-AA) and ethanol peaks, and then

multiplying the ratio ETOH area/ N-AA area by 7 (the reported brain N-AA
concentration in mM).
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Figure 3 shows mean (+. S.D.) plasma alcohol and brain alcohol levels for 5
subjects based upon the N-AA concentration as an internal standard. However,
the calculated brain alcohol levels as revealed by MRS were 4 to 6 fold lower than
blood alcohol levels. Peak blood alcohol levels of 125.67 £ 10.91 mg/dl occurred
within 35 min after initiation of drinking. The blood alcohol peak occurred 15
min earlier than the peak level of alcohol measured in brain. Figure 3 also shows
the time and frequency of reports of euphoria and dysphoria by this group of 5
subjects (bottom panel). Euphoria reports began during the ascending limb of the
brain and blood alcohol curve. The most frequent reports of euphoria occurred
within 25 to 30 min after alcohol consumption began, just before peak alcohol
concentrations were measured in plasma and in brain. Episodic reports of

dysphoria also occurred primarily during the ascending and peak phases of the
blood alcohol curve.
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Effects of Altered Echo Time (TE) on Ethanol Spectra
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Figure 4 shows the effects of altering the echo time (TE) on alcohol spectra. The
echo time initially used for determination of alcohol concentration in brains of the
5 subjects who participated in this study was 270 ms. The TE 270 spectrum for
an additional subject is shown on the right hand panel. When the TE was reduced
to 50 ms, a significantly enhanced recovery of the ethanol peak in relation to the
N-AA peak was observed.

DISCUSSION

The findings obtained in this study are in agreement with previous reports of the
feasibility of employing MRS for in vivo determination of alcohol levels in
regional portions of the brain (Hanstock et al., 1988; 1990, Hetherington et al.,
1989). Our findings are also consistent with previous reports that a considerable
portion of alcohol in brain following drinking may be invisible during MRS
(Hetherington et al., 1989; Moxon et al., 1989). If this problem were not
resolved, the potential application of MRS for examining in vivo brain alcohol
concentrations quantitatively would be severely limited. However, partial
recovery of the total ethanol peak may be achieved at a shorter echo time (TE)
through reducing signal loss by spin relaxation (T; and T,). Although it is
conceivable that some ethanol molecules in brain are situated (e.g. between inner
and outer lipid membrane layers) so as to be undetectable by MRS, it is also
possible that varying acquisition parameters (e.g. shortening TE) may lead to a
considerably greater recovery of the ethanol signal. We are currently investigating
means to achieve fuller signal recovery and more precise quantitative
measurement. With more accurate and reliable measures of regional brain ethanol
concentrations via MRS, it will now be possible to compare and contrast brain
alcohol concentrations and blood alcohol levels over relatively short time intervals
during the ascending, peak and descending blood alcohol curves.
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Our data also provide new evidence that concurrent assessments of mood states
and behavior prior to, during and following alcohol intake are possible during
sequential measurements of in vivo alcohol concentrations in brain with MRS.
The occurrence of both euphoria and dysphoria reports during the ascending
phase of the brain and blood alcohol curve illustrates the often contradictory and
complex subjective effects of alcohol intoxication (Mello 1983). Rapid and
transient changes in mood states during the ascending phase of the blood alcohol
curve correlated with measurements of alcohol-induced changes in
neurophysiologic and neuroendocrine function in our previous study (Lukas and
Mendelson 1988). These data converge to suggest that it will be feasible to
concurrently assess changes in mood state and neuroendocrine function during
measurement of alcohol concentrations in regional portions of the central nervous
system. It will also be possible to examine alcohol-induced changes in regional
brain electrical activity similar to studies previously reported by our Center (Lukas
et al., 1989) by using nonferrous EEG electrodes when subjects are within the
whole body imager. The simultaneous measurement of behavioral,
neurophysiologic and neuroendocrine function should permit a more precise
understanding of how alcohol affects brain function and behavior. This
multidisciplinary approach may also provide new insights into mechanisms
underlying alcohol-induced tolerance and dependence.
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Immunological Function in Active
Heroin Addicts and
Methadone-Maintained Former
Addicts: Observations and Possible
Mechanisms

Mary Jeanne Kreek

From the mid-1960's multiple observations suggesting altered
immune function, including lymphadenopathy, lymphocytosis,
elevated levels of immunoglobulins and altered T-cell function as
measured by T-cell rosette formation, were made both in heroin
addicts and in former heroin addicts entering the newly developed
methadone maintenance treatment programs for heroin addiction
(Kreek 1972; Kreek et al 1972; Kreek 1973a; Kreek 1973b; Kreek
1978, Kreek 1987). These findings Thave been extensively reviewed
recently (Kreek 1989; Kreek 1990; Novick et al 1990). Early
prospective studies of ©patients in methadone maintenance
treatment suggested some improvement in immune function with
respect to each of the indices mentioned. It was shown that
although chronic liver disease 1s extremely common in heroin

addicts, both due to the sequelae of hepatitis infection,
(including hepatitis B, non-A, non-B, and probably C, and since
the mid-1970's, also delta), and also alcohol abuse, with over

90% of addicts in many studies having markers of hepatitis B
infection and from 25 to 50% a history of alcohol abuse,

nevertheless, the abnormalities of immune function could not (and
still in recent studies cannot) be attributed to liver disease
alone (Kreek 1972; Kreek et al 1972; Kreek 1973a; Kreek 1973b;

Kreek 1978; Novick et al.,1985; Kreek et al 1986; Novick et al
1986a; Novick et al 1986; Kreek 1987; Novick et al 1988a; Novick
et al 1988b; Novick et al., 1989a; Kreek et al 1990).

Studies of immunologic function in heroin addicts and in former
heroin addicts have become much more difficult to perform and
more complex to interpret since the advent of the AIDS epidemic,

first identified in 1981, but which, based on retrospective
studies of sera banked in our laboratory and subsequently in the
laboratory of others, began in the mid-1970's, with rapid
escalation between 1978 to 1983 in New York City (Des Jarlais et
al 1984; Novick et al 1986; Novick et al 1988; Des Jarlais et al
1989; Novick et al 1989; Kreek et al 1990).

From the time of the delineation of the specific opioid receptors
in 1973, and the discovery of the endogenous opioids in 1975,
speculations arose as to the possible role of the endogenous
opioid system in a wide variety of physiological functions and
pathological states, including possibly in normal and abnormal
immune function. In these studies, questions were raised about
the possible role of exogenous opiates and also of other drugs of
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abuse (and possibly also of pharmacotherapeutic agents used in
the treatment of drug abuse or addiction) in altering immune
function. Also the related questions of whether any of the
observed effects were direct opiate effects on cellular or
humoral immune function or possibly due to indirect effects of
opiates have been raised by our group and others.

Many studies have documented that the pharmacokinetic properties
of methadone are significantly different from those of
short-acting narcotics such as heroin and morphine in humans,
though not necessarily significantly different in other species
such as the rat (Kreek 1973; Kreek et al 1976; Hachey et al 1977;
Kreek 1979; Kreek et al 1979; Nakamura et al 1982) Since racemic
methadone has a half-life of over 24 hours in humans and its
active enantiomer a half-life of over 48 hours, a steady state of
opioid at specific receptor sites of action may be achieved.
This may contribute to the normalization observed during
methadone maintenance treatment of many aspects of physiological
function, such as neuroendocrine function which 1is usually
significantly abnormal during cycles of heroin addiction and
sometimes remains deranged during other modes of treatment for
heroin addiction (Kreek 1972; Kreek 1973; Kreek 1978; Kreek et al
1981; Kreek et al 1983; Kosten et al 1986a; Kosten et al 1986b;

Kreek 1987). This different pharmacokinetic profile of methadone
may also contribute directly or indirectly to the normalization
of immune function which has been observed to occur partially or
even completely in short or long-term methadone maintenance
treatment patients (Kreek et al 1986; Kreek 1989; Kreek et al
1989; Novick et al 19891 Ochshorn et al 1989; Novick et al 1990;
Kreek 1990).

Many studies from our laboratory have focused on natural killer
cell (NK) activity. Since natural killer cells have cytotoxicity
activity against many types of tumor cells and some viral
infections, without prior exposure to foreign agents required for
activity, they may provide the first line of defense in many
pathological settings. Early (1978) unpublished work from our
laboratory (Lavie, Franklin and Kreek) suggested that natural
killer cell activity is significantly reduced in heroin addicts,
a finding subsequently confirmed by several groups including our
own (Kreek 1989; Ochshorn 1989; Kreek et al 1989; Novick et al
1989; Kreek 1990; Novick et al 1990). In a very carefully
controlled study, natural killer cell activity was shown to
become normalized, along with normalization with other indices of
immune function, during very long-term (11 vyears or more)
methadone maintenance treatment (Novick et al 1989; see Figure)
Similar findings of normalization of natural killer cell activity
along with normalization of some other indices of immune function
in some, but not all, patients in methadone maintenance treatment
for varying periods of time, with or without ongoing alcohol,
cocaine, or polydrug abuse, have also been found (Ochshorn et al
1989; Kreek et al 1989; Kreek 1990)

Laboratory studies from our group published, or in progress,
suggest that pharmacological agents and opioid antagonists, do
not have any direct effects of lowering (or increasing) natural
killer cell activity at pharmacological concentrations as studied
in vitro: also it has been shown that endogenous opioids bound to
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natural killer cell apparently do not exert a significant
modulating effect as studied in vivo (Ochshorn et al 1988,

Kreek, 1989, Kreek 1990; Ochshorn et al 1990). Studies of
possible effects of alcohol as well as other natural substances
on natural killer cell activity are in ©progress in our
laboratory. Recent studies from our laboratory conducted in
normal healthy volunteer subjects, support our earlier hypothesis
that neuroendocrine function especially function of the
hypothalamic-pituitary- adrenal axis, may modulated natural
killer cell activity normally and that any disruption may
contribute to abnormalities of natural killer cell activity such
as those observed in heroin addicts (Bodner et al 1990).
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Immunomodulatory Activity of
Kappa-, Mu-, and Delta-
Selective Opioid Compounds

Thomas J. Rogers, Dennis D. Taub, Toby K. Eisenstein,
Ellen B. Geller, and Martin W. Adler

INTRODUCTION

Opioids have been found by several investigators to exert significant
immunomodulatory activity when measured either in vivo or in vitro.
Both exogenous and endogenous opioid agonists have been shown to
alter immune function, and opioid-like receptors have been described
on both murine (Carr et al., 1989) and human (Wybran et al., 1979)
lymphoid cells. These findings support the notion that regulatory
pathways exist between the immune system and the central nervous
system.

In the present study, we have attempted to identify the nature of the
immunomodulatory activity of a variety of well characterized opioid
compounds. The results from these experiments provide valuable
information concerning the type of opioid receptor involved in the
interaction of opioid compounds with the cells of the immune system.

MATERIALS AND METHODS

Animals. BALB/cByd, C57BL/6J, B10.BR, B10.A(5R), C3H/Hed, C3H/Fed
and CBA/J mice were obtained from the Jackson Laboratories, Bar
Harbor, ME. Mice were used between the ages of 8 and 12 weeks. All
mice, except the C3H/Fed strain, were male.

Proliferative response in vitro. Single cell suspensions of spleno-
cytes, at a final concentration of 8 x 10° cells per culture, were
placed in culture in a tissue culture medium consisting of minimal
essential medium supplemented with 10% fetal calf serum. Designated
agonists or antagonists were added at culture initiation along with a
mitogenic stimulus. The mitogenic stimulus consisted of staphylo-
coccal enterotoxin B (SEB) at 1 pg/ml, or phorbol myristate acetate
with A23187 at 2 pg/ml and 1 pM, respectively. Cells were cultured
for two days prior to the addition of 3H—thymidine, and the cells
were harvested for analysis on day 3.

Generation of antibody 1in vitro. The technique for generation of

antibody in vitro has been described in detail elsewhere (Donnelly
and Rogers 1983). Briefly, splenocytes were obtained from mice
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which were Immunized two weeks previously with sheep erythrocytes.
These immune splenocytes were placed in culture with the specific
antigen (sheep erythrocytes), along with the designated opioid
compound, and the antibody response was measured on day 5. The assay
for antibody production involved the use of a complement-mediated
plaque assay. This assay permits a determination of the number of
specific antibody-producing cells at the termination of the culture.

Treatment with designated opioid antagonists. Studies were carried
out with either naloxone or norbinaltorphimine (norBNI) by first
treating splenocyte suspensions with the antagonist for a period of
1 hr at 37°C, followed by addition of the designated opioid agonist.
Control cultures containing the antagonist in the absence of agonist
were also established.

RESULTS AND DISCUSSION

Experiments were carried out to determine whether opioid agonists
which interact with the mu receptor have, any effect on the capacity
of murine T cells to respond to a mitogenic signal. These experi-
ments were conducted with PMA, an analog of diacylglycerol which
triggers the translocation of protein kinase C. PMA activates a
variety of immune cell populations, but primarily stimulates the
proliferation of T cell populations. Experiments were also carried
out with the polyclonal T cell mitogen SEB. This compound stimulates
virtually all T cells which bear certain, but not all, T cell-
receptor classes. The activity of SEB is much more Timited, in that
only T cells appear to be activated and, as expected, only T cells
proliferate. The capacity of splenocytes to respond to these mito-
genic agents in the presence of the mu agonists morphine and DAMGE
was determined in several experiments. The results from a represent-
ative experiment (Table 1) show that both morphine and DAMGE inhibit
the proliferative response to either PMA or SEB. The degree of inhi-
bition of the response to PMA was typically greater than that to SEB,
and in addition, these opioid agonists were at least 100 times more
potent inhibitors of the PMA response.

Experiments were also carried out to determine the capacity of the
kappa-selective agonist U50,488H to modulate the proliferative
response. The results (Table 1) show that the proliferative response
to both PMA and SEB is inhibited by U50,488H and, moreover, that this
kappa-selective agonist is much more potent than either of the mu-
selective agonists. The inhibition of the response to SEB is partic-
ularly striking in this regard.

In an effort to characterize further the inhibitory activity of the
mu- and kappa-selective agonists, experiments were carried out to
determine the capacity of opioid antagonists naloxone and norBNI to
reverse the activity of morphine and U50,488H. The results from rep-
resentative experiments (Table 2) show that naloxone, a rather non-
specific antagonist, reverses the activities of both morphine and
U50,488H. On the other hand, the kappa-selective antagonist norBNI
reverses the activity of U50,488H but not morphine. These results
suggest that the inhibitory activity of morphine is mediated Targely
via opioid receptors other than the kappa receptor. The results
represent the first evidence that kappa-receptor agonists mediate
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significant immunomodulatory activity. In addition, there is also
evidence to suggest that interaction with one or more of the other
opioid receptor types results in an immunosuppressive effect.

A caveat in the interpretation of the proliferative response results
described above 1is that the response of lymphoid cells to mitogenic
agents in vitro is rather artificial. While this caveat is inherent
in carrying out studies in vitro, there is also the possibility that
the process of response to these mitogenic agents may in some way be
artificial. Partly for these reasons, we have carried out a series
of experiments to determine the effect of opioid compounds on the
antibody response. QOur results (Table 3) show that kappa-receptor
agonists U50,488H and U69,593 are potent inhibitors of the antibody
response and that these agents are at Teast 100 times more potent
than the mu-receptor agonists morphine and DAMGE. The delta-receptor
agonist DPDPE failed to exhibit any modulatory activity for the anti-
body response in several experiments.

Studies carried out to characterize the modulatory activity of these
opioid agonists show that, as expected, the inhibitory activity of
both morphine and U50,488H is reversed by naloxone (Table 4). On the
other hand, the kappa-selective antagonist norBNI exerts an effect
only for U50,488H. In addition, the effect of U50,488H exhibits
stereospecificity. in that the (-)isomer is at least 100 times more
potent an immunomodulator than the (+)isomer (Table 5).

A1l of the experiments described above were carried out with the
BALB/c mouse strain. This strain was selected because it is a par-
ticularly good responder in both the PMA- and SEB-driven prolifera-
tion and antibody-forming responses. Evaluation of several mouse
strains has revealed a remarkable degree of variability in the
response to the opioid agonists morphine and U50,488H. These experi-
ments have provided results which suggest that these mouse strains
can be classified into two groups (Table 6). The first group, com-
posed of BALB/c, C57BL/6 and B10.A(5R), are particularly sensitive to
the effects of these opioid agonists. The second group, composed of
B10.BR, C3H/Hed, C3H/Fed, and CBA/J, are much Tess sensitive. Of
particular interest is the fact that B10.BR and B10.A(5R) fall into
different groups, since these strains are congenic and only differ
within the major histocompatibility complex.

Qur strain analysis also included the CxBK/ByJ mouse strain, which is
known to be deficient in mu opioid receptors (Moskowitz et al., 1985;
Vaught et al., 1988). The results showed that both U69,453 and
U50,488H exhibited significant immunomodulatory activity in both the
CxBK/BydJ and the parental C57BL/6 mouse strains. On the other hand,
the mu-receptor agonists morphine, PLO17 and DAMGE all failed to
exert any immunosuppressive effect in the CxBK/ByJ strain. Addi-
tional experiments showed that the immunosuppressive activity
observed with the kappa agonists U50,488H and U69,453 was reversed
by norBNI in both the CxBK/Byd and C57BL/6 mouse strains (data not
shown). We also assessed the immunomodulatory activity of DPDPE in
the CxBK/ByJ and C57BL/6 strains. The results (Table 7) are consist-
ent with data obtained with BALB/c mice in that this delta agonist
exerts Tlittle immunosuppresssive activity under these experimental
conditions.
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SUMMARY

1. Morphine, DAMGE and U50,488H each inhibit the in vitro prolifera-
tive response of murine splenocytes to the mitogenic agents PMA or
SEB. The kappa agonist U50,488H is much more potent than either of
the mu-receptor agonists. The immunosuppressive activity of U50,488H
is reversed by the opioid antagonists naloxone or norBNI. On the
other hand, the immunomodulatory activity of morphine is reversed
only by naloxone.

2. The mu-receptor agonists morphine and DAMGE also inhibit the
development of an antibody response in vitro. Much more potent
inhibitory activity was also observed for the kappa agonists U50,488H
and U69,593. The delta agonist DPDPE failed to exert measurable
immunomodulatory activity under these experimental conditions.

3. The immunosuppressive activity of the kappa agonists was reversed
by both naloxone and norBNI. In addition, the activity of these
opioid compounds exhibited stereospecificity.

4. Strain analysis has revealed the existence of two groups of mouse
strains. The relatively sensitive mouse strains appear to include
the BALB/c, C57BL/6 and B10.A(5R) strains. Four relatively less sen-
sitive strains have also been identified.

5. Immunomodulatory activity has been detected for the kappa-
selective agonists in the mu receptor-deficient strain CxBK/Byd.
Both mu and delta agonists fail to exert immunosuppressive activity
in this mouse strain.
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TABLE 1. The Effect of Opioid Agonists on the Proliferative Response
of Murine Splenocytes. Results represent the analysis of data
obtained from the titration of opioid compounds ranging from 10 WM to
1 nM. Individual data points wet-e obtained from at least 4 replicate
cultures.

Mitogen  Morphine IDsp (UM) DAMGE IDso (uM) U50,488H IDso (M) .

PMA 0.1 0.1 0.04
SEB 10 >10 0.8

TABLE 2. The Effect of Naloxone and norBNI on the Immunosuppressive
Activity of Morphine and U50,488H. Cultures of splenocytes were
treated with a constant concentration of morphine or U50,488H, and
the antagonists naloxone and norBNI were titrated over a range of 10
uM to 1 nM. The concentration of antagonist required to reverse 50%
of the activity of the agonist is reported as the IDs.

Agonist Mitogen Naloxone [Dsp (nM) norBNI 105 (M)
Morphine PMA 0.1 No effect
(1 uM) SEB 1 No effect
U50,488H PMA ND ND

(0.1 uM) SEB 0.1 0.08

TABLE 3. The Effect of Various Opioid Agonists on the In Vitro
Antibody Response. Cultures of splenocytes were treated with the
designated opioid agonist over a range of 10 W to 1 nM. Each data
point s obtained from at least 3 replicate cultures.

Compound D50 (UMD
Morphine 5
DAMGE 10
U50,488H 0.02
U69,593 0.4
DPDPE >10

TABLE 4. The Effect of Naloxone and norBNI on the Immunosuppressive
Activity of Morphine and U50,488H. The experiment was carried out to
determine the capacity of antagonists to reverse the inhibition of
antibody responses by morphine or U50,488H. The experimental design
is as described in Table 2.

Agonist Naloxone IDg (nM) norBNI IDsp (M)
Morphine (1 uM) 0.08 No effect
U50,488H (0.1 pM) 0.6 0.6
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TABLE 5. Stereospecificity of the U50,488H Effect on the Antibody
Response. Cultures of splenocytes were exposed to a titration of
either the (-) or (+) isomer over a range of concentrations from 10
UM to 1 nM.

Compound 105 (UMY
U50,488H ([+1isomer) 8
U50,488H ([-Iisomer) 0.04

TABLE 6. The Analysis of the Effect of Opioid Compounds on the
Antibody Response of Various Mouse Strains. Splenocyte cultures from
each mouse strain were exposed to a titration of morpine or U50,488H
over a range of concentrations from 10 uM to 1 nM.

Strain Morphine IDsq  (uM) U50,488H 1050 (uM)
BALB/c 0.1 0.004
C57BL/6 0.06 0.008
B10.A(5R) 0.06 0.004
B10.BR 0.8 >10
C3H/HeJ 0.8 5
C3H/Fed 0.9 >10
CBA 0.9 >10

TABLE 7. The Effect of Opioid Compounds on the Antibody Response of
Mu-Deficient CxBK/Byd Mice. Designated opioid agonists were titrated
over a range of concentrations from 10 WM to 1 nM. The CxBK/ByJ and
C57BL/6Byd mice were age and sex matched.

Agonist CXBK 1D5 uM) C57BL/6 1Dse (uM)
U69,453 0.07 0.01
U50,488H 0.08 0.09
Morphine >10 2

PLO17 >10 10

DAMGE >10 6

DPDPE >10 >10
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Immune Effects of Opiates in
Test Tubes and Monkeys

Robert M. Donahoe

INTRODUCTION

We have reviewed the connection between opiate abuse and altered
immune function previously (Donahoe and Falek 1988; Donahoe 1988).
From this information, it is clear that heroin addicts frequently
experience abnormally high incidences of opportunistic diseases
like infectious disease (Sapiral 1968) and cancer (Harris and Garret
1972; Sadeghi et al ., 1979) which are indicative of diminish
immune capacity. The guestion, therefore, has naturally arisen as
to what the causes for this diminished immune capacity might be.
Investigations into this issue have intensified considerably over
the past 10 years as the result of the knowledge that i.v. drug
abuse is associated epidemiolcgically with the spread of AIDS. In
this regard, it is not able that immune deficiencies of drug abuse
appear to be distinguishable from those associated AIDS.

Since there are numerous factors associated with the addiction
milieu with the potential to alter immune function (Donahoe and
Falek 1988), the role of the drugs themselves in the linkage
between drug abuse and immune deficiency remains ambiguous.
Definition of this role is made even more difficult by the fact
that the drugs involved affect many nonimmunological aspects of
host physiology that influence immune function secondarily.
Accordingly, no obvious single experimental approach is available
to determine the way drugs of abuse influence host immunocompetency
in humans. Focusing mainly on opiates, the present report briefly
considers knowledge of the immune modifying effects of drugs of
abuse with the aim of specifying strategies that may lead to better
definition of the immunomdifying properties of such drugs.

ARE DRUGS OF ABUSE CAPABLE OF MODIFYING HOST IMMUNE COMPETENCY?

In vivo clues to the immunodifying properties of drugs of abuse
are available from a variety of studies. Clinical. observation and
epidemiolcgical assessments of street opiate addiction have clearly
shown that addicts suffer immunologically. Still, as mentioned
previously, the association of drug addiction with immune
deficiency (Donahoe and Falek 1988; Donahoe 1988) is only
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suggestive that a given drug may be a causal factor, per se,
because other immmunodifying factors common to the addiction
milieu also may be involved. Notably, therefore, studies using
rodents as study subjects have clearly demonstrated the potential
of opiates to alter host immune competence (Tubaro, et al., 1983).
Yet, because the physiological response of rodents to opiates
differs in many ways from that seen with humans, as does the
ability to mimic drug-dosing conditions inherent to human street
addiction, the relevance of findings with rodents to the human
circumstance is more general than specific.

Since prospective studies of the effects of chronic exposure to
opiates in human addicts is logistically impossible, study of
animal models remains an important means to determine how opiates
influence immue function. In an attempt to increase the relevancy
of animal studies to the human circumstance we have been studying
the immunological effects of opiate dependency in a rhesus monkey
(Macaca mulatta) model. Monkeys and man have very similar
physiological responses to opiates (morphine) as well as nearly
identical immune systems. Studies are ongoing still, but current
findings indicate that certain immune changes are related directly

to opiate dependency. In many ways these changes are similar to
those encountered with heroin addicts: (1) immune effects appear to
segregate on the basis of whether exposure to opiates is acute or
chronic; (2) immune changes are manifest in T-cell responsiveness
and NX-cell cytoxicity; (3) the immune changes seen appear to be
consistant with the phenomenon of pharmacological tolerance since
monkeys that are chronically exposed to morphine appear to become
tolerant to its initial immunological effects. The pattern of
responses seen also suggest that the immunological effects of
morphine are to some extent interdependent on coincident effects of
stressors inherent to the experimental addiction milieu.This
latter observation emphasizes the notion that the effects of
opiates on the entire neuroimmune network must be determined before
the immunological effects of opiate exposure can be properly

gauged.

In the monkey studies, we have also been examining the effect of
morphine dependency on pathological and virological progression of
infection with simian immunodeficiency wvirus (SIV/smm). After
nearly two years of infection with SIV/smm coincident with opiate
dependency, the course of development of pathology resulting from
the infection does not seem to have been altered by the experience
of opiate dependency. Pending completion of this study and final
data analyses, a tentative conclusion from the current evidence
might be that opiates are not cofactors in simian AIDS and, by
analogy, human AIDS. However, for humans, addiction of long
duration appears to be a requirement for immune breakdown to
occur. Thus, it is likely that an observation of no exacerbation
of SIV/smm infection under the current study conditions is best
considered as an indication that the duration of addiction is
insufficient to exacerbate infection. Several other facts about
this study also support this latter conclusion.
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One such fact relates to our data discussed above,and to data from
other investigators (Shavit et al., 1984) that stress factors may
be important cofactors with opiates in alteration of immune
responses in vivo. Indeed, stress is a well know immunomodulating
force (Keller et al., 1988). Certainly, the stresses of street
heroin addiction associated with the social-stigmas involved and,
particularly,with the abstinence syndrome accompanying drug
withdrawal, could be powerful factors affecting the immunolgical
balance in street addicts. Indeed, in our ongoing study of
virally-infect, opiate-dependent monkeys, a number of the animls
involved became latently or persistently infected with SIV, much as
happens with HIV infections (Greene 1990). When these animals were
exposed to the relatively stressful rigors of a brief episode of
naloxone-induced opiate withdrawal, preliminary evidence indicates
that both immune changes and viral induction occurred. Such
findings indicate the potential importance of stress cofactors in
AIDS among addicts. If a similar situation occurs for HIV
infections in street addicts, it would add emphasis to the
appropriateness of using methadone maintenance in treatment of
street opiate addiction because the minimization of the abstinence
withdrawal syndrome that is inherent to this treatment modality
would have the important potential of reducing stress and, thereby,
potentially, the spread of virus.

Taken together, the preliminary monkey data further emphasize the
notion that immunological changes effected by opiates should be
considered within the context of their effects on the entire
neuroimmune network. This conclusion is also harmonious with the
fact that opiates have direct effects on cells of the immune system
(see following discussion) as well as a variety of systemic effects
with indirect impact on the immune system as suggested by Shavit et
al. (1984), and Weber and Pert (1989). These investigators have
‘shown that morphine-induced and stress-induced alterations in
immune function of laboratory mice are centrally mediated through
the actions of the endogenous opioid system (Shavit et al., 1984),
and that certain immunological activities of morphine are centrally
mediated through neurons in the cerebral periacqueductal gray
region (Weber and Pert 1989).

IN VITRO DATA SUPPORT THE NOTION THAT OPIATES MODULATE IMMUNE
FUNCTION

Numerous studies have shown that both alkaloid and peptide opioids
can modulate immune response parameters in vitro (Donahoe and Falek
1988; Donahoe 1988). By showing that cells of the immune system
are influenced directly by opioids, such studies complement results
of in vivo investigations in helping to define the opioid role in
modulation of immune function. However, data from in vitro
investigations of the immunological effects of opiates do not
certify how this effects is manifest in vivo because other factors
also need to be considered. In particular the indirect
immunological effects of opiates that are encountered in vivo must
be a part of any consideration in this regard. Furthermore, the
longstanding ambiguities that exist in regard to the in vivo
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relevance of in vitro immunological assays toward predicting host
immunocompetence add to the interpretive problems with any data
collected from in vitro analyses of immune parameters.

Because of these circumstances, definition of the means by which
opiates alter immune function through in vitro studies will
ultimately require approaches aimed at determining the nature of
interactions between both direct and indirect effects of opiates on
host immune parameters. There are various ways that this maybe
done. A primary site of the immunological influence of opioids,
whether through direct means or indirectly through effects of
neuroendocrine and immunoendocrine products induced by the opioids,
is at the surface of the cells involved, presumably occurring
largely through receptor-mediated events. For this reason, we have
focused our in vitro efforts at trying to understand how opiates
and other drugs of abuse influence such events.

We have employed two main tactics in examining effects of opioids
and other drugs of abuse on T-cells: 1) analysis of their ability
to modulate receptors on the surface of T-cells that are relevant
to the regulation of T-cell function; 2) analysis of
pharmacologically relevant binding sites for the drugs involved.
The results of our efforts in this regard have been reported in
several reviews and monographs (Donahoe 1988; Madden and Donahoe
1990) and other published articles (Madden et al., 1987; Donahoe et
al., 1988).

We (Madden et al., 1987) and other investigators (reviewed by
Madden and Donahoe 1990) have identified opiate-binding sites on
T-cell lymphocytes. Presumably, therefore, many of the effects of
opiates on T-cell activity are mediated through such binding
sites. Still, other evidence suggests that opioids exert effects
through binding sites that do not fit classical definitions as
opiate receptors (Madden and Donahoe 1990). Therefore, more work
is needed to specify the nature of receptor sites for opiates on
cells of the immune system.

Another aspect of our efforts to characterize the effects of
opiates at the T-cell surface relates to the conceptualization that
both peptide and alkaloid opiates--as well as other drugs of abuse
and behaviorally active substances in general--influence immune
function through a common ability to modulate expression of T-cell
receptors involved in immune regulation (Donahoe and Falek 1988).
In this regard, we have focused cur attention, primarily, on the
ability of opiates to modulate expression of various T-cell
receptors, but most particularly, The E-receptor/CD2 molecule as
well as CD4 and CD8 molecules.

Then nature of the interaction of opiates with T-cell CD2 molecules
is particularly noteworthy. It has been known for over a decade
that, in vitro,morhine depresses expression of E-receptors as
measured by the use of active T-cell E-rosetting (Wybran et al. ,
1979). Similarly, our molecular approach employing monoclonal
antibodies to CD2 has also proven effective in monitoring the
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effects of opiates on expression of the E-receptor (Donahoe et al.,
1988) . Since CD2 molecules (Bernard et al., 1982; Donahoe et al.,
1985) and opiate receptors share (Fantozzi et al., 1981) the
property of residing within the membrane as a large pool of dormant
receptors and since CD2 interacts in various ways in controlling
expression of a variety of T-cell receptor molecules (Bierer et
al., 1988; Donahoe et al., 1988; Schraven et al., 1990),
understanding the basis for opiate effects on CD2 appears to be an
essential part of understanding immunological effects. This
conclusion is bolstered by the fact that CD2 expression is
apparently critical for maintenance of immunocopetence (Kerman and
Geis 1976) and that it is modulated in vivo after opiate exposure
as it is in vitro (McDonough et al., 1980).

Since CD2 expression can be modulated by all manner of behaviorally
active substances including the peptide opioids (Wybran et al.,
1979), study of the modulatory processes involved are pertinent to
the immune outcome of opiate exposure as both a primary event of
the interaction of opiate with T-cells as well as a secondary event
resulting from the interaction of the opiate with the neuroimmune
network leading to induction of immunoactive neuroendocrine and
immunoedocrine product. By focusing on the ability of opiates to
modulate CD2, it will be possible to examine not only direct
effects of opiates on expression of CD2 and other interdependently
modulated T-cell receptor molecules but also the coordinate effects
of opiates with the secondary products of opiate interaction within
the neuroimmune network. We feel this approach will contribute
materially to knowledge about the way the neuroimmune system
regulates immune function in circumstances of opiate exposure.

In conclusion, better definition of the immunological consequences
of opiate addiction and, in fact, drug addiction in general,
requires a combination of in vivo and in vitro strategies. A
central objective of such research must be to delineate primary
from secondary immunological effects of drug exposure and to
understand how these direct and indirect effects combine to
influence the immune response. As much as possible, these issues
should be pursued in studies of street heroin addiction and other
forms of human opiate exposure and dependency. However, studies
with both animal models and in vitro approaches will also be needed
to determine how drugs affect immune parameters. Because of the
complexities of the intersystemic independencies that exist in
animals exposed to drugs that have multi-systemic effects, it is
important to see that the animal models that are used are as close
to the human circumstances as possible such as with the use of
nonhuman primates. In vitro studies can profit by focusing on
studies with human tissues and by emphasizing efforts directed at
delineating the nature of signal reception and transduction events
that occur in response to the drug of interest. Finally, these
efforts will have to be joined with a better understanding of the
immunological interdependencies that are important to the host in
mounting immune responses--e.g., how the interaction between
monocytes and T-cells are effected by drugs, etc. Obviously, a
great deal of research 1is yet required before the final chapter on
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how drugs of abuse affect host immune capacity is written.
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Neural Control of Immune Function:
Opioids, Opioid Receptors and
Immunosuppression

Richard J. Weber, Linda C. Band, Brain deCosta, Agu Pert,
and Kenner C. Rice

INTRODUCTION

In Vitro Actions of Opioids. Opioids have been shown to
exert profound effects on several immune parameters (Weber
and Pert, 1984; Yahya and Watson, 1987; Sibinga and Goldstein,
1988) through direct and indirect interactions with various
components of the immune system. In vitro studies, for
example, have found that opioid agonists alter antibody
production (Johnson et al.,1982; Jankovic and Marie, 1988; Munn
and Lum, 1989), produce changes in the ability of leukocytes to
respond to mitogenic stimuli (Gilman et al.,1982; McCain et
al.,1982; Bryant et al.,1987), increases cytotoxic activity of
natural killer (NK) cells (Mandler et al., 1986) and T-cells. (Carr
and Klimpel, 1986), and alter monocyte chemotaxis (Simpkins
et al.,1984; Van Epps and Saland, 1984; Ruff et al.,1985).
Opioids alter interferon gamma production (Peterson et
al., 1987; Mandler et al., 1986; Brummitt et al.,1988), stimulate
the production of interleukin-2 (Gilmore and Weiner, 1988), and
have mixed effects on leukocyte superoxide release (Sharp et
al.,1985; Willems et al., 1988; Peterson et al.,1987; Diamant et
al.,1989; Seifert et al., 1989). The identification of opioid
receptors on leukocytes (Wybran et al., 1979; Madden et
al.,1987; Mehrishi and Mills, 1983; Schweigerer et al.,1985;
Lopker et al., 1980; Carr et al.,1988; Stefano et al.,1989;
Borboni et al., 1989; Carr et al.,1989), provides a structural
basis for the effects of opioid agonists on parameters of
immunocompetence in vitro.

In Viva Actions of Opioids. Not surprisingly, opioid
agonists alter immune function in vivo (Weber and Pert, 1984;
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Yahya and Watson, 1987). Clinical observations first implied
that the immune system could be affected by systematically
administered opioids (Hussey and Katz, 1950; Louria et
al.,1967; Sapira, 1968) (see Williams et al., this volume). More
recent in vivo investigations have shown that parenteral heroin
users, but not methadone maintenance patients have reduced NK
cell activity (Novick et al.,1989); however, patients maintained
on methadone have-impaired superoxide anion production
(Peterson et al.,1989). Certain opioid agonists suppress
antibody production (Weber et al.,1987), alter leukocyte
mitogenic responses (Bryant et al.,1987), and decrease
delayed-type hypersensitivity responses and NK cell activity
(Shavit et al., 1986). High-dose narcotic analgesia-mediated
suppression NK cell activity can be reversed by pretreatment
with poly I:C, presumably by inducing interferon production and
increasing NK cell activity prior to opioid administration
(Beilin et al.,1989). Furthermore, opioids result in decreased
survival in tumor-bearing animals (Lewis et al., 1983) and
increased susceptibility to bacterial infections (Watson and
Nguyen, 1990), effects thought to be related to the
immunosuppressive potential of this class of drugs.

Effects of (-)-morphin on Antibody Production IN
VIVO. Recently, we (Hagan et al.), have extended earlier
findings (Weber et al.,1987), and evaluated the in vivo effects
of opioid agonists on the primary and secondary antibody
responses of mice to trinitrophenyl 40-ovalbumin (TNP-ova).
Single or multiple acute injections of (-)-morphine were
ineffective in suppressing Ab production to TNP-ova. Time
course studies suggested that chronic (-)-morphine
administration affects an early event in the primary Ab
response to TNP-ova. Interestingly, chronic (-)-morphine
administration did not suppress the secondary Ab response to
TNP-ova. In addition, no suppressive effect of (-)-morphine on
the Ab response to the T-independent antigen, TNP-Ficoll, was
observed, suggesting that chronic (-)-morphine-induced
suppression of Ab production to TNP-ova is mediated directly
or indirectly through T-cells or macrophages. These actions of
chronic (-)-morphine were pharmacologically specific since
they were abolished in animals implanted concurrently with (-
)-naloxone pellets and Only the active enantiomer (-)-morphine
and not the inactive enantiomer (+)-morphine was effective in
producing immunosuppression. The time course of
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administration of (-)-morphine suggests that opioids act early
to suppress the primary Ab response to TNP-ova. The chronic (-
)-morphine-induced suppression of Ab production is blocked by
concurrent administration of (-)-naloxone and exhibits
enantioselectivity, suggesting that the effect is opioid
receptor-mediated. These findings indicate that the effects of
(-)-morphine on the primary Ab response to TNP-ova are
pharmacologically specific and receptor-mediated and relate to
the kinetics of T-dependent Ab production in vivo.

NEURAL CONTROL OF IMMUNE FUNCTION

Central Actions of Opioids. Although a number of opioid
effects on immune function are undoubtedly mediated through
the peripheral actions on immune system components, it has
become apparent that opioids also can alter immunocompetence
by initial actions in the central nervous system. For example,
injections of (-)-morphine into the lateral cerebral ventricles
of rats have been found to suppress NK cell activity in this
species (Shavit et al., 1986). Conversely, the same
investigators demonstrated that peripheral administration of
N-methyl morphine which has reduced capacity to cross the
blood brain barrier, had no effect on NK activity. We have been
able to localize a precise neural structure through which these
opioid effects are mediated (Weber and Pert, 1989). Rats were
prepared with intracerebral cannulae guides aimed for a variety
of structures having the potential to participate in
immunoregulation and high concentrations of opioid receptors.
Bilateral injections of (-)-morphine (6.8 nmoles) into the
anterior hypothalamus, arcuate nucleus, medial amygdala and
dorsal hippocampus had no effect on NK cell activity, whereas
injections of (-)-morphine into the periaqueductal gray matter
of the mesencephalon produced a dramatic suppression of NK
cell activity when compared to control animals. This effect of
(-)-morphine was pharmacologically specific and mediated
through an interaction of (-)-morphine with opioid receptors in
the PAG, since the suppression of NK cell activity was blocked
by prior intraperitoneal injections of the specific opioid
antagonist naltrexone (10 mg/kg). Vehicle injections into the
PAG also failed to exert an effect on NK cell activity. These
findings suggest that certain central actions of (-)-morphine
can induce changes in NK cell function, and that these effects
are mediated in part through opioid receptors in the PAG.
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Stress, Immunosuppression, and the PAG. The PAG has
been previously implicated in modulating some aspects of
immune function (Weber, 1988, Weber and Pert, 1989, Weber
and Pert, 1990b). While the PAG appears to be the primary
neural focus for the action of exogenous opioids in regulating
immune function, it is tempting to speculate that endogenous
opioid action in this brain region may have relevance for
understanding the ability of some forms of stress to alter
immune function through opioid-dependent mechanisms. Opioid
receptors and endogenous opioid peptides are present in the
PAG, and it has been shown that endogenous opioids are
released in the PAG during foot-shock stress. Also, the PAG
also appears to be one of the primary sites of action of opioids
in eliciting analgesia. Shavit and his colleagues (1986), have
demonstrated that certain forms of foot-shock stress in rats
which produce an opioid dependent analgesia also produce
suppression of splenic NK cell activity, which can be blocked by
naltrexone. It is conceivable that stimuli associated with
foot-shock stress gain access to the PAG, possibly through
spino-reticular pain pathways, and enhance the activity of
endogenous opioid containing neurons in this structure
resulting in analgesic activity as well as suppression of
immune function. Electrical stimulation of this region has been
shown to enhance metastatic tumor growth, presumably
through alterations in immune function. Interestingly,
electrical stimulation of the PAG also has been reported to
produce an opioid mediated analgesia in a variety of species
including man. We have shown that electrical stimulation of
the ventral/caudal PAG, but not stimulation in other more
rostral PAG regions causes suppression of NK cell activity
(Weber and Pert, 1990a). Indeed, electrical stimulation of this
region produces analgesia. The precise mechanisms underlying
the ability of (-)-morphine injections in the PAG to alter NK
cell activity are not entirely clear. CNS signals to the immune
system are relayed primarily through the hypothalamic-
pituitary-adrenal axis (HPA) or via sympathetic innervation of
primary lymphoid organs. Thus, enhanced opioid activity in the
PAG could be translated into effects on NK cell activity either
through hypothalamic efferents and activation of the HPA axis,
or increases in peripheral sympathetic output.
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Central Effects of Selective mu, delta, and kappa
Opioid Agonists on NK Cell Activity. Based on the
observations cited above the following studies were conducted
in order to determine Whether specific opioid receptor-
subtype(s) mediating opiate-induced suppression of NK cell
activity (Table 1). The selective mu, kappa, and delta agonists
[D-Ala®, NMe-Phe* Gly-ol]-Enkephalin (DAGO), (S,S)-U50,488,
and (D-Pen®°]-Enkephalin (DPDPE) were microinjected into the
lateral ventricle of Fisher 344N male rats. Three hours
foilowing microinjection, spleens were removed and assayed
for NK cell activity (see Williams et al., this volume).
Microinjection of DAGO (60-200 nmol), reduced NK cell
activity, while microinjection of (S,S)-U50,488 or DPDPE (20-
200 nmol) was ineffective (Table 1).

TABLE 1.
Effect of ICV Injection of Selective Opioid Agonists on
Rat Natural Killer Cell Activity

Receptor Agonist [NMOL] NK Activity
Mu DAGO 6-200 decreased
Kappa S,5-U50,488 20-200 no effect
Delta DPDPE 60-200 no effect

The selective mu, kappa, and delta agonists [D Ala?>, NMe+phe*, Gy-ol]-
Enkephalin (DAGO), (S,S)-U50,488, and [D Pen®°]-Enkephalin (DPDPE
dissolved in 5 ul 9%saline were microinjected into the lateral ventricle of
Fisher 344N male rats. DAGO (60-200 nmol) reduced, whereas (S,S)-
U50,488 and DPDPE(20-200 nmol) had no effect on splenic NK activity
measured 3 h after injection (see Williams et al., this volume).

These findings suggest that opiate-induced suppression of NK
cell activity is mediated primarily through mu-type opioid
receptors. Information on the opioid receptor-subtype involved
is important in predicting and controlling the outcome of opioid
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administration on immune function in vivo. Research in this
area could ultimately lead to the logical design and
development of potent opioid analgesics which do not
compromise NK cell function. Such agents could be useful in
the treatment of pain in burn victims and cancer patients, as
well as many other clinical situations Where suppression of the
immune system would not be desired.

Opioids and AIDS: Could Opioid-Induced Immuno-
suppression and Morbidity Result in Augmentation of
Viral Production? We and others have previously
hypothesized that drug abuse may contribute to the high
incidence of AIDS in users. In addition to transmission of the
virus through contaminated needles, heroin abuse could result
in a further suppression of an already compromised immune
system and therefore would serve as a co-factor in the disease.
Recent evidence concerning the molecular biology and pathology
of HIV-1 and similar retroviruses has prompted the following
hypothesis.

Hypothesis. It has been well established that T-cell
activation is required for HIV gene expression (Lowenthal et
al., 1988; Lowenthal et al.,1989; Bohnlein et al.,1989). This
occurs via a mechanism which involves synthesis of inducible
nuclear proteins during mitogenesis which regulate both the
expression of the interleukin-2 receptor (IL-2R) alpha and
HIV-1 gene elements. These proteins bind to a similar 12 base
pair sequence in the regulatory region of the IL-2R-alpha gene
and the enhancer element of the HIV-1 long terminal repeat
(LTR) (Hoyos et al.,1989; Bohnlein et al.,1988; Malim et
al.,1989). The result is enhanced HIV-1 gene expression due to
mitogen activation of HIV-1 infected T-cells, increasing the
level of HIV-1 replication. Induction of viral expression
therefore occurs through a normal immunological event. One
might hypothesize that individuals who are HIV seropositive
and harbor the virus in a latent form, may convert to a
productive viral infection if they are prone to frequent acute or
chronic infections.

101



Heroin addicts suffer from a variety of immunopathological
features, including suppression of both humoral and cellular
immunity, IgM hypergammaglobulinemia (Brown et al.,1974), as
well as other immunological abnormalities, which result in an
increased susceptibility to infectious disease. An increased
incidence of acute and chronic infections among HIV positive
heroin addicts could lead to activation of infected cells through
normal immunological mechanisms, and may result in expression
of HIV-1 genes and augmentation of viral production. This
hypothesis may partially explain the increased number of HIV
seropositive IV drug users who convert to ARC (AIDS related
complex) and AIDS.
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Opiate Binding Sites on Cells
of the Immune System

John J. Madden, Arthur Falek, Robert Donahoe,
David Ketelson, and Curtis Len Chappel

The modulation of the human immune system by in vivo opiate
use has been an established experimental fact for almost 100
years (Archard et al., 1907); but despite its continuing
rediscavery in recent times (Brown et al.,1974; McDonough et
al.,1980; Kreek,1988), no one has yet defined the
pharmacologic and biochemical mechanisms by which these
processes occur. Indeed, it has still not yet been determined
whether the modulation is a direct one cause by an
interaction between the drug and the target cell; or whether
the drug first binds to another target cell, e.g. in the
central nervous system (CNS),producing the release of a
hornmal secretion which in turn modulates the immune target
system (Weber and Pert 1989). In vitro experiments have
clearly demonstrated that opiates can have direct effects on
cells of the immue system at drug concentrations that are
comparable to those which activate the CNS. Some of these
effects have also keen shown to be stereospecific and
reversible by appropriate antagonists (Wybran et al.,1979).
However, it remains to be proven that the direct effects
monitored in vitro and the in vivo effects seen in opiate
users and abusers have the same cause, i.e. direct opiate
action; but in vitro models at least provide the limits for
what is possible via direct opiate interaction with cells of
the immune system.

One approach to understanding and defining the limits of
opiate action in the immune system has been to attempt to
measure the specific binding of various opiate 1ligands to
cells and elements of the immune system. In this paper, we
report for the first time on a high affinity mu opiate
binding site which is accessible to both mu agonists and
antagonists as well as further characterize a low affinity
site previously reported (Madden et al., 1987). Previous
binding studies, reviewed in Sibinga and Goldstein, 1988, and
Madden and Donahoe, 1990, have not presented compelling
evidence for opiate receptors on lymphocytes completely
analogous to those in the CNS,and it is important to
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understand the difference between tissues to determine the
degree of exact analogy. The binding studies reported in this
paper suggest that for mu receptor the degree of analogy
may be higher than previously thought.

LOCATION OF NALOXONE RECEPTORS ON HUMAN T LYMPHOCYTES

Human T lymphocytes have a law affinity binding site for
naloxone, K, 50nM (Madden et al.,1987), from which
the’H-naloxone can be displaced only by very high
cocentrations of morphine, the IC;, being approx.

300nM (Fig.l). While at first glance the affinity of this
Site would appear to be too low to be physiologically
significant, recent in vitro immunologic results (Rogers et
al., this volume) suggest that this site may in fact play a
role in controlling immune cell function.
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FIGURE 1 - Displacement of 40 nM ’H-naloxone from
membranes of sonicated lymphocytes (Madden et al., 1987) by
morphine as measured by a centrifugation binding assay.
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Because of suggestive evidence that uptake of naloxone into
the lymphocyte might contribute significantly contribute to
the high levels of "non-specific" binding observed,
autoradiography was used to determine the location of the
naloxone specific binding sites. Whole lymphocytes were fixed
to cleaned glass slides by centrifugation in a Cytospin II
and incubated with 40 nM °H-naloxone in the absence or
presence of 40 uM naloxone at 4°C for 1 hr. The slides were
washed rapidly with buffer dipped in Kodak NTB3 emlsion and
incubated for 2 weeks at 4°C. After development, cells were
screened at 125x under oil. All of the specific birding of
the naloxone could be attributed to sites on the cell
membrane and not in the lymphocyte's interior (Fig. 2a).

It was noticed that the ruptured cell on the slide had a
high number of grains in the interior of the cell when
compared with those on the outer membrane. To test whether
these grains represented specific binding sites within the
cell, lymphocytes were permeabilized by treatment with acidic
methanol and autoradiography performed as described. Binding
to these permeabilized cells was found primarily in the
interior of the cells with a lesser amount on the peripheral
membranes (Fig. 2b). In the presence of excess cold naloxone,
essentially all binding was abolished as was the case with
the intact lymphocytes. These results point to 2 possible
locations for the naloxone binding site - the lymphocyte
outer membrane and, surprisingly, the cell's interior.
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FIGURE 2. Autoradiograms of naloxone binding to human T
lymphocytes. a - Lymphocyte with membrane integrity intact;
b - Lymphocyte permeabilized with acidic methanol.

BINDING OF NALOXONE TO PERMEABLE CELLS

Lymphocytes permeabilized by acidic methanol treatment were
tested for their naloxone binding capacity. After methanol
wash,the media was immediately neutralized and the intact
permeabilized cells isolate by low speed centrifugation.
These cells, when tested for specific naloxone binding using
a filter assay, exhibited the expected low affinity,
saturable binding site previously reported. More
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interestingly, there appeared to be a saturable naloxone
binding site with a k, < 1 nM. While not robust nor
completely reproducible from cell preparation to preparation,
there was no doubt that there was specific ,saturable binding
below 5 nM which not be exlained by the low affinity
site. To further distinguish between the low affinity and
this new high affinity site, naloxone displacement by
morphine was tested. As described above ,it took an
exceedingly high concentration of morphine to displace
naloxone from the low affinity site. Displacement of 1 nM
naloxone from this new high affinity site by morphine
required a very reasonable concentraion of morphine yielding
an ICsy < 1 nM (Fig. 3). Morphine displaced all of the
naloxone specific binding at this site, whereas it only
displaced roughly 70% of the specific binding at the low
affinity site. Since this site would appear to have some of
the characteristics of the receptor responsible for
morphine's action on the T lymphocyte, at least two very
important questions remained to be decided about this site -
its stereospecificity and location.
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FIGURE 3 - Displacement of 1 nM ’H-naloxone from
acidic methanol permeabilized Ilymphocytes by morphine as
measured by a membrane filter assay.
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In attempting to gauge the stereospecificity of the site
levorphanol and dextrorphan were used to displace naloxone as
in Fig. 3 where morphine was used. Essentially no
displacement was seen for either of these drugs over a wide
range of concentrations. Interestingly, these compounds also
had little effect on naloxone binding at the low affinity
site. This failure of the mu agonist levorphanol to interact
with the mu antagonist naloxone is currently inexplicable.

To see if this high affinity site was procduced by the action
of acidic methanol on the lymphocyte outer membrane,

membranes were first prepared by sonicating the cells and
collecting them by centrifugation. These membranes were then
washed with acidic methanol and the membranes pelleted.
Naloxone bindings curves of these preparation yielded only the
low affinity site.

SUMMARY AND CONCLUSIONS

Naloxone binding to T lymphocytes seems to occur both at the
outer cell surface and in the interior of the cell. The
binding sites on the out membrane appear from previous work
to be of affinity and to be displaced by morphine only at
very high concentrations. Permeable cells seem to express
both high and low affinity binding sites in their interiors.
Morphine readily displaces naloxone from this high affinity
site, suggesting that this site maybe the long sought after
morphine receptor responsible for morphine's naloxone
reversible actions on the human T lymphocyte.

Do these results suggest that the opiates need to enter the
lymphocyte before finding a receptive binding site to
initiate their biological activities? Not necessarily. 1In
isolating the lymphocytes, the surface opiate binding sites
may be lost because of the exhaustive washing procedures
needed for cell purification. The internal receptors may just
represent new receptors on their way to the cell surface or
used receptors remaining after endocytosis. Or they may
indeed represent the true site of action of the opiates on
the lymphocyte. Fractionation experiments are currently
underway to distinguish between these possibilities.
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Prodynorphin Gene Expression
in Neuronal and Endocrine
Cell Types

James Douglass

INTRODUCTION

Molecular cloning has been used to characterize a wide variety of
neuroendocrine peptide precursor molecules encoding small
biologically active peptides which act as neurotransmitters and
neuromodulators in the central nervous system, and hormones in
the endocrine system (Douglass et al. 1984). One such precursor,
prodynorphin, encodes the dynorphin family of opioid peptides
(Kakidani et al. 1982; Horikawa et al. 1983; Civelli et al. 1985;
Douglass et al. 1989). The prodynorphin precursor contains three
leucine-enkephalin moieties, with at least six additional
biologically active opioids (Dyn Al-8, Dyn Al-17, a-neoendorphin,
B -neocendorphin, Dyn B1-13 and Dyn B1-28) representing carboxy-
terminal extended forms of the leucine-enkephalin sequences.
Northern blot and in situ histochemical techniques have deter-
mined the rat tissues and cell types in which the prodynorphin
gene 1s transcriptionally active (Civelli et al. 1985; Akil et al.

1984) . Such regions include numerous brain structures (including
the hypothalamus, striatum, hippocampus, midbrain, brainstem and
cerebral cortex), as well as spinal cord neurons. In endocrine

tissues, the prodynorphin gene 1is transcriptionally active in the
anterior pituitary, adrenal gland, testis, ovary and uterus
(Civelli et al. 1985; Douglass et al. 1987).

The opioid receptor subtype exhibiting specificity for
prodynorphin-derived peptides is the kappa opioid receptor (for
review, see Mansour et al. 1988). The kappa receptor belongs to
the G protein-linked family of receptors, and is also coupled to
calcium conductances. This latter characteristic serves to
biochemically distinguish the kappa receptor from the mu and
delta opioid receptor subtypes which are coupled to potassium
conductances. Studies utilizing radiolabelled ligands specific
for kappa receptor binding have determined that this species of
opioid receptor is widespread throughout the CNS and endocrine
system. Numerous studies have suggested that prodynorphin-
derived peptides serve to regulate a wide variety of physio-
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logical and behavioral responses (Mansour et al. 1988). These
roles include the mediation of visceral analgesia, effects on
appetite suppression, mediation of hypotensive cardiovascular
responses, inhibition of ADH secretion and possibly additional
renal functions, involvement in modulation of seizure thresholds
and intensity, and involvement in recovery from spinal cord
injury and stroke. A role for dynorphin peptides in narcotic
tolerance mechanisms has also been suggested.

REGULATION OF PRODYNORPHIN GENE EXPRESSION IN NEURONAL CELL TYPES

Cloning of rat prodynorphin cDNA and genomic DNA (Civelli et al.
1985; Douglass et al. 1989) has afforded the opportunity to study
regulated patterns of prodynorphin mRNA levels in specific neuro-
nal cell types following surgical or pharmacological manipula-
tions. The studies described here represent those in which the
most dramatic alterations in prodynorphin mRNA levels have been
observed to date.

Prodynorphin Gene Regulation in the Rat Spinal Cord

The prodynorphin gene is transcriptionally active in the
mammalian spinal cord. In situ hybridization histochemistry/
immunohistochemistry has localized the majority of rat spinal
cord prodynorphin transcripts and peptides to laminae I-II, and
V-VI (Ruda et al. 1988). The localization of prodynorphin-
derived opioid peptides to these specific regions of the spinal
cord suggests that these peptides play a role in the endogenous
pain recognition/control system. Numerous experimental paradigms
have served to strengthen this belief (Iadarola et al. 1988; Ruda
et al. 1988; Millan et al. 1985; Millan et al. 1987).

In the study described here, prodynorphin mRNA and peptide (Dyn Al
-8) levels were measured in the rat lumbar spinal cord at various
times following inflammation of the hindpaw (Iadarola et al.

1988) . An experimental model of unilateral inflammation of

the hindlimb (induced by a single, intraplantar injection of
Freund's adjuvant) produced hyperalgesia to both mechanical and
radient thermal stimulation which was rapid in onset. During
this period, prodynorphin biosynthesis was substantially

elevated in the region of the spinal cord receiving sensory

input from the affected limb. Prodynorphin mRNA levels rose
substantially within the first 24 hour period, and maximal
stimulation (8- to 9-fold increase) was observed between 3 to 5
days after injection. By day 14, prodynorphin mRNA levels
approached control values. This time course of induction and
subsequent decline closely paralleled that of hindpaw edema and
hyperalgesia. Spinal cord Dyn Al-8 levels also rose approximately
3-fold during the inflammatory period. This pattern is consistent
with an increase in both the rate of synthesis and release of
dynorphin peptides from spinal cord neurons. These data suggest
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the active participation of dynorphin-containing spinal cord
neurons 1in the modulation of sensory afferent input during
peripheral inflammatory pain states.

Prodynorphin Gene Regulation in the Rat Hippocampus

Opioid peptides derived from the prodynorphin precursor are
present at high levels in the rodent hippocampus. Dynorphin
immunoreactivity exhibits a restricted distribution, being
localized to the granule cell/mossy fiber axonal system (McGinty
et al. 1983). The hippocampus is a highly excitable structure,
unusually susceptible to seizure activity. Numerous studies have
documented specific alterations in the levels of hippocampal
opioid peptides and opioid peptide mRNAs following the induction
of seizure activity by techniques such as electroconvulsive shock
(Yoshikawa et al. 1985; Kanamatsu et al. 1986; Xie et al. 1989a)
or kindling (Iadarola et al. 1986; Xie et al. 1989Db).

Kainic acid (KA) 1is a cyclic analog of the excitatory amino acid,
glutamate, which elicits the induction of hippocampal epilepti-
form activity and motor seizures. Over the last decade, a variety
of studies have utilized this potent neurotoxin as a model of
temporal lobe epilepsy (Ben-Ari, 1985). In the study described
here (Douglass et al. 1990), hippocampal prodynorphin mRNA and
peptide levels were measured at various times following a single
subcutaneous injection of kainic acid (8.0 mg/kg). Prodynorphin
mRNA levels rose remarkably quickly, with a 13- to 14-fold
induction observed 3 hours after KA administration. Prodynorphin
mRNA levels began to decline at 12 hours, and by 48 hours levels
were at, or below, control values. Even though mRNA levels were
dramatically stimulated, hippocampal Dyn Al-8 levels remained at
values below control at all time points monitored. This observa-
tion suggests that KA treatment also results in a prolonged
stimulation of release of dynorphin peptides from hippocampal
neurons.

Interestingly, other paradigms which induce seizure activity,
such as electroconvulsive shock, result in a dramatic lowering
of hippocampal prodynorphin mRNA levels (Xie et al. 1989a).
Administration of a single electroconvulsive shock (85 mA, 50 Hz,
1 ms pulse interval for a duration of 1 s) results in a signifi-
cant reduction of hippocampal prodynorphin mRNA levels to 40% of
control values by 24 hours. This decrease in prodynorphin mRNA
levels is not observed in other brain regions containing prody-
norphin transcripts, such as striatum and hypothalamus.

Moreover, hippocampal proenkephalin mRNA levels are increased
following the identical ECS treatment. Thus, the hippocampal
prodynorphin system appears to be capable of both positive and
negative transcriptional regulation.

111



REGULATION OF PRODYNORPHIN GENE EXPRESSION IN ENDOCRINE CELL TYPES

The aforementioned studies demonstrate that cytoplasmic prody-
norphin mRNA levels can be dramatically altered in specific
neuronal cell types. Presumably, these changes reflect altered
rates of synthesis of the prodynorphin transcript in the cell
nucleus. Additionally, signals received at the cell surface,
presumably through the process of receptor activation, mediate
these transcriptional changes. For example, prodynorphin mRNA
levels in the spinal cord may be affected by activation of CGRP
or Substance P receptors on the surface of prodynorphin-express-
ing cells. Thus, in order to understand the molecular mechanisms
which regulate cellular levels of prodynorphin mRNA, it is
necessary to determine the effects of various second messenger
molecules on prodynorphin gene transcription. These studies are
difficult to perform using neuronal cells as a model system.
Accordingly, we have utilized a prodynorphin-expressing endocrine
cell type to study the effects of second messengers, such as CcAMP,
on prodynorphin gene expression (Collard et al. 1990).

Northern blot and histochemical analysis have been used to
determine that Sertoli cells are the singular site of synthesis
of prodynorphin mRNA in the adult mammalian testis. Sertoli cells
are the highly secretory somatic cells of the seminiferous
epithelium. Adjacent cells form tight junctional complexes which
help to create a blood-testis barrier, thus resulting in an
adluminal environment whose components are largely defined by
Sertoli cell secretion products. Developing germinal cells are
found deeply imbedded within the invaginated Sertoli cell surface,
and it is generally thought that Sertoli cells provide both phys-
ical and biochemical support to the process of spermatogenesis.

Sertoli cells can be easily purified from 22 day old rat testis,
and maintained in defined primary cell culture conditions for up
to 4 days. Thus, using this controlled cell culture system it is
possible to test various second messengers for their ability to
alter cellular levels of prodynorphin mRNA, as well as secretion
of prodynorphin-derived peptides. The cAMP analog, 8- (4-chloro-
phenylthio) cAMP (cpt-AMP), stimulates Sertoli cell prodynorphin
mRNA levels approximately 6-fold following 48 hours of treatment.
Additionally, levels of secreted Dyn Al-17 are increased
approximately 3-fold following cpt-AMP treatment. Thus, the
second messenger, CcAMP, appears to stimulate the production of
both prodynorphin mRNA and prodynorphin-derived peptides in this
endocrine cell.

CHARACTERIZATION OF THE RAT PRODYNORPHIN GENE

The studies described above document changes in prodynorphin mRNA
levels in both neuronal and endocrine cell types. These changes
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are presumably the result of alterations in the rate of
transcription of the prodynorphin gene. We have isolated and
characterized the rat prodynorphin gene in order to begin to
understand the molecular events which serve to mediate transcript-
ional regulation of the gene (Douglass et al. 1989). Such analy-
sis has led to the identification of the rat prodynorphin mRNA

cap site, promoter element, and possible regulatory sequences.

We are currently analyzing the promoter and 5' flanking region of
the rat prodynorphin gene to determine the specific nucleotide
sequence elements which control transcriptional activity of the
gene. Various restriction DNA fragments representing specific
segments of prodynorphin gene 5' flanking DNA have been ligated
to the bacterial reporter gene, chloramphenicol acetyl trans-
ferase (CAT), and introduced into various eukaryotic cell lines.
Preliminary results suggest that nucleotide sequence elements
between -1860 and -1280 appear to dramatically stimulate basal
levels of transcription from the prodynorphin promoter region.
Additionally, various promoter constructs appear to contain
sequence elements which respond positively to cAMP analogs, and
negatively to phorbol esters (McMurray et al. 1989).

In summary, the molecular mechanisms underlying dependence,
withdrawal and tolerance associated with the compulsive use of
opiate drugs are poorly understood. The problem of physical
dependence and withdrawal is highly complex, and likely involves
a complex cascade of events which begins with the diverse and
widely distributed opiate receptors, and extends to complex
arrays of autonomic and sensorimotor neural networks. These
events are also influenced by genetic, species and environmental
factors, which only serve to complicate scientific ventures aimed
at characterizing the molecular basis of these narcotic-related
syndromes. It is reasonable to assume that the introduction of
exogenous opiates (as well as other drugs of abuse) results in
the activation of G-protein coupled opiate receptors, followed
by changes at the genomic DNA level with regard to the trans-
criptional activity of specific sets of genes expressed in the
CNS. Indeed, administration of morphine appears to significantly
decrease striatal levels of proenkephalin mRNA in rat (Uhl et al.
1988), while chronic naloxone treatment increases expression of
both proenkephalin and protachykinin mRNA in the rat striatum
(Tempel et al. 1990). In order to continue to gain insight into
the molecular events associated with substance abuse, we must
understand the basic mechanisms which regulate the expression of
transcriptionally active genes in the CNS.
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Tissue-Specific Splicing of
Pro-enkephalin mRNA

Richard D. Howells and Saranya Rao

ABSTRACT

A testis cDNA Tibrary derived from 4-6 week-old rats was
screened using a 32p-]abe]ed 435 base pair (bp) cDNA probe
derived from exon 3 of rat brain proenkephalin (PE). Two
positive clones were isolated from an initial screening of
approximately 20,000 recombinant bacteriophage plaques. The
longest insert (1,500 bp) was sequenced and was found to
contain a portion of intron A at the 5'-terminus. Intron B was
sliced as it is in the brain, therefore, the domain structure of
the cDNA was intron A-exon Z2-exon 3, reading in the 5'-3'
direction. Since the translational initiator codon is located at
the 5'-terminus of exon 2, the reading frame of PE 1is
unaltered, however, within intron A are 4 upstream AUG codons
which exist in a favorable context for initiation of translation.
It is probable that translation of PE would be inhibited by the
presence of these upstream initiator codons, which may
explain the discrepancy between the Tlevels of PE mRNA and
opioid peptides in the testis. Hypophysectomy prior to the
onset of puberty was found to drastically reduce the level of
PE mRNA in the testis and epididymus, suggesting that
pituitary factors affect the expression of the PE gene in these
tissues, either directly or indirectly.

INTRODUCTION
The PE gene has been found to be expressed in several tissues
outside of the central nervous system such as the testis,

ovary, and other reproductive organs of the male and female
(Kilpatrick et al., 1985; Howells et al., 1986; Kilpatrick and
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Rosenthal 1986), helper T-lymphocytes (Zurawski et al.,
1986), and heart (Howells et al. 1986). We found that the PE
mRNA in the testis is larger than the transcript in the brain
and other tissues by several hundred bases. Another difference
regarding PE expression in the heart and testis is that there is
a large discrepancy between the level of PE mRNA and the
levels of opioid peptides derived from PE compared with the
brain. It appeared that PE mRNA was under translational
control (or not translated at all), or that the opioid peptides
were either released or degraded rapidly following translation.
We sought to explain the molecular basis for the polymorphism
of the PE mRNA in the testis by molecular cloning and
sequencing of PE cDNA and, furthermore, hoped that this
sequence analysis might shed Tight on the reason behind the
disparate levels of PE mRNA and opioid peptides in the testis.
Qur progress thus far is described in this paper.

MATERIALS AND METHODS

A testis cDNA Tibrary constructed from 4-6 week old Sprague-
Dawley rats in Lambda ZAP (Stratagene) was screened using a
32p-cDNA  fragment derived from exon 3 of rat brain PE
(Howells et al., 1984). Sequencing was performed with the
chain termination method of Sanger et al., 1977.

Male Sprague-Dawley rats were hypophysectomized by the
supplier (Taconic) at 2 weeks of age and maintained with 0.9%
saline for drinking water for three weeks following surgery.
The rats were sacrificed along with sham-operated controls by
CO, inhalation and the brain, heart, testis, and epididymus
were removed and immediately frozen on dry idice prior to
storage at -75 degrees Centigrade. RNA  was extracted
according to the method of Chomczynski and Sacchi (1987). PE
mRNA Tevels were quantified using slot-blot analysis with the
same probe used to screen the testis Tlibrary. Autoradiograms
were scanned with a Shimadzu densitometer.

RESULTS AND DISCUSSION

We obtained 2 positive clones from an initial screening of
approximately 20,000 recombinant bacteriophage plaques, 1in
good agreement with the abundance of PE mRNA in the rat
testis. One clone contained an insert of 1,500 bp while the
other was 1,300 bp. Sequence analysis of the longer insert
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(Figure 1) revealed that this cDNA had a portion of intron A of
the PE gene in the region of the 5'-terminus. At the time that
this result was obtained, the entire primary sequence of intron
A was not known (Rosen et al., 1984). Our cDNA clone had 106
bp of intron A attached to exon 2, with another 222 bp of
unknown origin 5' to the intron A sequence. Subsequently, the
entire sequence of intron A has been reported (Garrett et al.

1989). It is now clear that the sequence at the 5'-end of our

cDNA is entirely derived from intron A, and is the result of

5'-CCCUCGGAAGGACAGG ANIG CCANG( CCAUCGGAAGACAGGAC
UCCCCAAGGAGAACAGG AN® CCAUCAGGGAGACAGGACUCCCCC
GUGGAAGAUAGGAUACCUCCAGGAAGACAGA ANG CCCCCCAGGC
CAGCCCUGGGACAGCGGGAAACACUAGGGACCAAGCUAUCCCUG
GUUCACUCGGGAUUUUGUUGGGUUGUGGGCGGGGCUGAGGAAA
GAUUG-UCCCUGCUGGUCCUGCUCCACGACCACCCACCCGGCAAG
GUUCCCUCCUAGAGAACCUUGUCAGAGACAGAACGGGUCCCCAC
AGGCGCAUUCUUCUUUCCACAG-CcCC AUG!G...exon 2...exon 3.-3

FIGURE 1. Sequence of the 5'-terminus of testis PE mRNA
based on testis cDNA. DNA sequence is written in the 5'-3'
direction. AUG initiator codons are underlined and shadowed.
The hyphen in line 6 indicates the boundary of the sequence of
Intron A reported by Rosen et al., (1984); the hyphen in line 8
refers to the intron A-exon 2 junction.

a tissue-specific slicing event. Since the start site for

translation of PE resides 3 bases downstream of the 5'-
terminus of exon 2, the reading frame for the precursor protein
is unaltered, so that the opioid peptides derived from PE could
still be synthesized in the testis from appropriate processing
of PE. However, within the sequence of Intron A there are an
additional 4 AUG initiator codons which are upstream (5') to
the AUG start site in exon 2. All 4 of these codons are in a
favorable context to serve as strong initiators (Kozak 1989),
as shown in Figure 2. Each of the initiators contains a purine
at position -3 relative to the AUG, which is the most
important determinant of whether an initiator codon will
serve as a strong initiator of translation. The astute reader
will notice that the context of the brain initiator is not
favorable with respect to the -3 position, but this is
presumably countered by the presence of a G at position +4
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According to the scanning model for translational initiation
(Kozak 1989), the 40S ribosomal subunit carrying initiation
factors and "™tRNA will bind to the capped 5'-end of the
mRNA and then slide linearly in an ATP-requiring manner to
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FIGURE 2. Context of initiator codons in testis PE mRNA. The
contex of the initiator codons in PE mRNA are compared with
the concensus sequence reported by Kozak (1989). Positions
are numbered relative to the AUG triplet,

the first AUG triplet in the proper context. Thus, it is likely
that if the intronic AUG codons are utilized, the first of these
would be the preferred site of initiation. Translation
beginning with the first AUG encountered would result in a
peptide 26 amino acids in length, and would terminate at a UAG
stop codon. We have no evidence as yet that this peptide is
actually translated from the PE mRNA in the testis, however
we are presently investigating if cRNA derived from in vitro
transcription of the PE cDNA will synthesize this peptide in
the rabbit reticulocyte translation system. In many cases, the
presence of upstream initiators severely limits translation
from downstream start sites (Kozak 1983; Marth et al., 1988).
If this is the case with the PE transcript in testis, it
would agree well with the observed paucity of opioid peptides
in this tissue. It is possible, however, that subsequent to
translation of the first open reading frame, reinitiation might
occur at the internal AUG which is the start site for PE
synthesis. That reinitiation does not occur is supported by the
observation that the testis PE mRNA is not associated with
polyribosomes on density gradients as it is in the brain (Kew
et al., 1989).

We were interested if the pituitary gland had any influence on
PE gene expression, since it is crucial to the processes of
spermatogenesis and steroid hormone production in the testis.
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We found that when hypophysectomy was performed prior to
the onset of puberty in the rat, PE mRNA Tevels in the testis
and epididymus are drastically reduced (Table 1), while the
levels in the brain and heart are unaffected. Experiments are

Tissue Percent Sham Control
Hypox brain 105
Hypox heart 9?2
Hypox testis 9
Hypox epididymus 3

TABLE 1. Effect of hypophysectomy on proenkephalin mRNA
levels in rat tissues. Values represent the percentage of the
sham-operated controls

underway to determine whether the PE gene is regulated at the
transcriptional level by the anterior pituitary, and whether the
PE mRNA Tlevels can be restored in hypophysectomized animals
with administration of Tluteinizing hormone, follicle-
stimulating hormone, androgens, or estrogens. It should be
noted that we have shown that estrogen can increase the
levels of PE mRNA in the hypothalamus of ovariectomized rats
(Romano et al., 1988) and that the PE gene contains an element
with similarities to the estrogen-response element that is
found in genes that are regulated by estrogens in the 5'-
flanking region of the PE gene (Romano et al., 1989).

Although the physiological role of peptides derived from PE in
the testis is not known, we now know that the PE gene is
expressed in testicular germ cells (pachytene spermatocytes
and round spermatids) as reported by Kilpatrick and Millette
(1986), and in Sertoli cells (Yoshikawa and Aizawa 1988).
Expression in these two tissues differ in that the germ cells
express the Tlonger transcript described in this paper, while
the Sertoli cells express a PE message with the same size as
is found in the brain and other tissues. I would propose that
the longer testis-specific transcript is not translated into
opioid peptides due to the presence of the upstream initiator
codons but may express a novel 26 amino acid peptide, as just
discussed. The Tow levels of opioid peptides that are present
in the testis probably are derived from the PE transcript in the
Sertoli cells which is present in much lower abundance than
the germ cell message. Alternatively, it is possible that the
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longer PE mRNA is processed further in a developmentally-
regulated fashion to remove the inhibitory intron A sequences
and allow for normal translation of the PE precursor from a
relatively Tlow abundance transcript
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Synaptic Regulation of the
Enkephalin Gene and Transcription
Factors In Vivo: Possible Roles in
Drug Abuse

George R. Uhl, D. Appleby, T. Nishimori, M.G. Buzzi,
and M.A. Moskowitz

INTRODUCTION

Synaptic regulation of opioid peptide genes in vivo, is
ubiquitous; the number of examples of regulated expression of
these peptides is impressive (reviewed in Uhl and Nishimori,
1990) . Enhanced activity in circuits containing
proenkephalin-expressing neurons tends to up-regulate
expression of the enkephalin gene, and diminished activity
tends to down-regulate this expression. This is especially
striking in the case of dorsal horn neurons, to which primary
afferent inputs can be augmented or diminished (see below).

There is a substantial and growing rationale for studying
regulated gene expression in drug abuse. The concept: brain
mechanisms producing tolerance, dependence, craving and other
manifestations of drug abuse are likely to share common
features with molecular mechanisms of memory (Table I). Thus,
both memory and drug tolerance/dependence result in changed
brain function based on prior exposure to specific stimuli.
As molecular mechanisms involved in gene regulation become
increasingly-attractive as candidate repositories for
remembered events (Berridge, 1986, Goelert et al, 1986), so
they may become attractive candidates for the storage of
information relating to drug tolerance, dependence, and
craving (Uhl, in preparation).

TABLE I: Rationale for Exploring Neuronal Neurotransmitter
Gene Regulation In Vivo in Drug Abuse

1) In addiction, the brain's molecular mechanisms may change
due to prior drug exposure.
2) Some of these molecular changes may store information

about the prior drug exposure.

3) The exact molecular mechanisms in which this information
about prior drug exposure are stored are currently
unproven (the molecular substrates for tolerance,
dependence, craving, etc., remain largely unproven).
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4) The genes of neurotransmission, including the genes for
opioid peptides, are exquisitely regulated in concert with
neuronal activity (and drug exposure) in neuronal
populations in wvivo; these effects can outlast the
stimulus that triggers them.

5) This activity-dependent gene regulation is thus one
potential molecular mechanism for storing information
about prior drug exposure.

6) Some of the factors that mediate gene regulation in
general are likely to mediate this match between neural
activity and neuronal gene expression (trans-synaptic
regulation) and to determine its temporal parameters.
These factors are thus also important to study.

7) both the patterns and mechanisms of gene regulation are
likely to differ substantially between neurons in vivo and
cultured cell models.

Exploration of these mechanisms in vivo may not confirm
results obtained in cell culture.

8) Patterns of gene regulation differ from cell group to cell
group in the brain.

Exploration of these mechanisms in the appropriate
neuronal populations is thus important.

PHARMACOLOGIC ISSUES CONCERNING OPIOID PEPTIDE GENE REGULATION

Opiate drugs, both agonist and antagonist, can produce effects
on expression of these genes. We have documented modest
effects of high doses of morphine in down-regulating
proenkephalin expression in striatal neurons (UHL et al,
1988) . In addition, Zukin and collaborators have found, and
we have been able to confirm in some (but not in all)
experiments, that opiate antagonists wup-regulate proenkephalin
expression (Temple et al, 1990; O'Hara et al, in

preparation) . These effects show substantial variability (Uhl
et al, 1988; Lightman and Young, 1987, O'Hara et al, in
preparation); how this may reflect animal to animal
variability in physiology or drug responses has not been
clearly elucidated. These alterations in levels of the opiate

peptide mRNAs could reflect changes in transcriptional rate
and/or mRNA stability (Uhl and Nishimori, 1990).
Conceivable, they could also have importance for the functions
of the neurons that express them.

Hints of the possible functional significance of changed
levels of opioid peptide mRNA come from consideration of the
points at which substantial regulation of peptide production
have been frequently documented (Schwartz et al, 1986).
Although mRNA levels are dramatically regulated, evidence for
neuronal regulation of the other steps in peptide production
(including translation; posttranslational processing, peptide
packaging, etc.) is much more modest (Uhl and Nishimori,
1990) . Thus, 1if post-transcriptional events are neither
regulated nor rate-limiting, and if gene transcription rates
can and do vary, then regulation of mRNA levels could have
significant neurobiologic importance in altering neural
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abilities to synthesize opioid neurotransmitter/
neuromodulator peptides. One measure of such importance,
indeed, might be the relative stability of peptide
concentrations found in several studies after stimuli known to
change neural firing (Schwartz et al, 1986). Stable peptide
levels, in the face of altered gene expression and neural
firing, point to a functioning homeostatic balance between
rates of peptide synthesis and release. Peptide levels are
not always constant, such a scenario is not invariable. In
many settings, however, more mRNA could make more enkephalin
available for release.

REGULATION OF PREPROENKEPHALIN AND ASSOCIATED
TRANSCRIPTION FACTORS

If gene regulation can play an important regulatory role in
neural responses to synaptic and trans-synaptic events,
interest in the mechanisms by which these genes are regulated
in neurons in vivo is substantially enhanced. A small region
of the proenkephalin gene's five-prime flanking region, for
example, has been suggested as crucial for changes in the
expression of preproenkephalin. This region can bind
transcription factors that can enhance or repress gene
expression in cultured cells (Maniatis et al, 1989, Comb et
al, 1986, 1988). These DNA sequence elements are present on
each copy of the proenkephalin gene, regardless of the cell
type involved. In order to define patterns of regulation in
vivo, one must define which of the factors potentially binding
to this regulatory region "cassette" element are actually
expressed in the cells of interest. Cell culture studies are
thus able to define these "cis acting" DNA binding elements
potentially involved in gene up- and down-regulation, but
cannot identify the "trans acting” genes which code for the
transcriptional factor DNA binding proteins whose expression
may actually control proenkephalin's expression in specific
neuronal populations in brain. Focused study of the
transcription factors regulating enkephalin gene expression,
and the cascades of cytoplasmic and other biochemical events
in turn regulate expression of these presumed transcription
factors in vivo, may have an impact on understanding not only
the mechanisms but the temporal profile of gene expression.
The entire cytoplasmic and nuclear pathways for synaptically-
regulated gene expression may be regarded as likely
biochemical candidates for storage of some of the information
about previous neuronal excitation, or previous neural
exposure to drugs (Uhl, in preparation).

Understanding the possible mechanisms for regulation of opioid
peptides in vivo thus takes on enhanced importance. In an
initial approach to this question, several laboratories have
begun to study the baseline and enhanced expression of the
genes for transcription factors that could bind to the
proenkephalin promoter in neural populations where robust
trans-synaptic regulation of proenkephalin expression has been
documented (Uhl et al, in preparation, Sonnenberg et al,
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1989; Wisden et al, 1990; Menetry et al, 1989).

There 1is substantial activity-dependent regulation of
proenkephalin in individual neurons of the pain-modulating
lamina I and, II areas of the nucleus caudalis (Uhl and
Nishimori, 1990; Nishimori et al, 1988, 1989, and in press).
The nucleus caudalis acts as a primary waystation to modulate
nociceptive and other inputs from the face. Receiving inputs
from several highly-innovated structures, this nucleus may be
one of the most intensely pain-regulating zones in the body.
There 1is a substantial activity-dependent regulation of
proenkephalin in these neurons, as documented by in situ
hybridization techniques that allow quantitation of the gene
expression in individual neurons. These studies provide
evidence for up- and down-regulation of proenkephalin
expression by adding to and subtracting from the population of

expressing neurons noted in control tissues. Further, this
regulation is expressed in an activity- and fiber-type
specific manner (Table II). Several of these findings have

also been made in neurons of the spinal dorsal horn (e.g.,
Noguchi et al, 1989).

TABLE ITI: Regulated Dorsal Horn Preproenkephalin Expression:

1) Removing large- and small-caliber primary afferents causes

downregulation.
2) Removing small-caliber primary afferents neonatally causes
(less marked) downregulation.

3) Brief stimulation of primary afferents causes upregulation
with a time-course that depends on the stimulus intensity.

4) Chronically stimulating large- and small-caliber primary
afferents causes upregulation.

5) In each of these cases, there are substantial changes in
the fraction of dorsal horn neurons that express
preproenkephalin.

Recent studies have focused on finding as to which of the
transcription factors binding to the proenkephalin promoter
might be involved in this up-regulation (Uhl et al, in
preparation; Wisden et al, 1990). These neuronsare favorable
sites at which to study the time-dependent and
physiologically-relevant regulation of this gene's expression
in a neural circuit in wvivo, for several reasons.

TABLE III: Advantages of Dorsal Horn for Studying Mechanisms
of Preproenkephalin Upregulation:

1) Time course of stimulation can be easily controlled, and
thus time course of responses noted.

2) Changes in number of expressing neurons provide a more
rigorous test of proposed mechanisms than simple
upregulation alone.

3) Possible physiologic relevance, accessible to study.

4) Documented cFOS (protein) upregulation by increases in the
number of expressing neurons.
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In order to be a candidate for participation in
preproenkephalin upregulation in vivo, a factor should be
present in nucleus caudalis neurons, should be present in an
increased number of these neurons after primary afferent
stimulation, and should display enhanced expression with a
time-course similar to that required for proenkephalin
up-regulation. Such correlative evidence obviously does not
constitute proof that such a factor is involved in this sort
of regulation. However, such studies can at least provide a
number of potential candidates for involvement in the
regulation.

The nucleus caudalis displays strikingly different expression
of several of the factors that potentially bind to the AP1
site, a powerful enhancer sequence of the enkephalin promoter
(Comb et al, 1988). Three members of the Jun family of
transcription factors were studied (Uhl et al, in
preparation). Levels of Jun B were enhanced a striking
fashion in animals sacrificed immediately after primary
afferent stimulation. Further, this enhanced expression was
largely due to the increase in the numbers of neurons
expressing the transcription factor. Thus, this factor may be
a good candidate for involvement in the trans-synaptic
regulation of proenkephalin, under these circumstances.

Immunohistochemical studies have documented elevation of a
fos-like immunoactive protein with sensory stimulation (Hunt
et al, 1987; Menetrey et al, 1989). We have found that c-fos
mRNA shows enhanced expression, again largely by increasing
the fraction of expressing neurons (Uhl et al, in
preparation).

Using these set of approaches one can identify which of the
transcriptional factors might be active in vivo in a specific
setting to bind to the regulatory elements of genes encoding
opiate peptides, and thus start to work out potential pathways
of gene regulation in vivo. However, such studies allow only
tentative assignment of relationships between upregulation of
a specific factor and enhanced expression of another gene.

One approach to testing this relationship more directly
involves introducing mutated versions of the gene's regulatory
region into transgenic animals, and examining the retention or
loss of regulation after a specific regulatory site is altered.

CONCLUSIONS

The pathway from cell-surface to nucleus is an increasingly
interesting one for study by many molecular neurobiologists.
Given the potential for study of this pathway to elucidate
ways 1in which genes important for drug abuse are regulated in
vivo, and even the possibility that this pathway could provide
a biochemical means for storing information about previous
neural stimuli and drug exposure, understanding the in wvivo
regulation of genes in this fashion should gain increasing
prominence in studies of drug abuse.
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IN MEMORIAM: ULRICH WEISS

1908-1989

The "Current Trends in the Chemistry of Medications for the Treatment of
Chemical Dependencies" symposium of the 52nd Annual Scientific meeting of the
Committee on Problems of Drug Dependence is respectively dedicated to Dr.
Ulrich Weiss.

Ulrich Weiss was an extraordinary scientist who worked at NIH from 1957 until
his retirement in 1978 when he became Scientist Emeritus in the National
Institute of Diabetes, Digestive and Kidney Diseases. He died on July 15, 1989 of
cardiac arrest in Denpasar on the island of Bali at the age of 81.

During a career which spanned more than 60 years, Ulrich Weiss made major
contributions to natural products chemistry, medicinal chemistry and synthetic
methods. He possessed an insatiable interest in organic and natural products
chemistry as well as an incredible memory for these subjects. He was
particularly fond of alkaloid chemistry and nowhere is this more evident than in
his studies of the opium alkaloids. His opium alkaloid work is described in more
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than 25 publications and patents and addressed (a) structure activity
relationships in the morphine and codeine series and their 14-hydroxy
derivatives, (b) new synthetic transformations and spectroscopic studies of
opium derivatives and (c) structural elucidation of a number of opium alkaloid
derivatives. Although he carried out many synthetic transformations in this
area, his most crucial centered on the development of a method in 1955 for the
0-demethylation of 14-hydroxydihydrocodeinone (oxycodone) to 14-
hydroxydihydromorphinone (oxymorphone). This process, which had been
unsuccessfully attempted by others, provided a potent analgesic which is still
valuable today and is marketed as numorphan. Oxymorphone was the starting
material which enabled the synthesis (by Fishman et al.) of naloxone and later of
naltrexone, both pure narcotic antagonists which serve as life saving antidotes
for narcotic overdose and hold promise for the prevention of relapse in former
narcotic abusers. Naloxone, in particular proved to be an indispensable research
tool in the discovery of the opiate receptor endorphin system and continues to be
important for the elucidation of the structure and function of this system. Most
certainly had it not been for Weiss's development of oxymorphone and its
subsequent transformation to naloxone our knowledge of the opiate receptor
endorphin system would not have advanced so rapidly.

During his seminal studies on the biosynthesis of aromatic compounds, he
elucidated the structure of prephenic acid, a key intermediate in the biosynthetic
pathway to these biologically important building blocks. He also contributed to
the structure determination of other intermediates along this pathway and his
work was chronicled in a book “The Biosynthesis of Aromatic Compounds" which
he coauthored. In addition, much of the earlier work at NIH on the chiral diene
rule employing optical rotatory dispersion and circular dichroism was carried
out by Weiss and his worldwide array of collaborators.

In 1968, he discovered that the reaction of 1,2-dicarbonyl compounds with
dimethyl-3-oxoglutarate resulted in a facile synthesis of the cis-
bicyclo[3.3.0]octane-3,7-dione system. This, he realized, was the best method
for the preparation of fused cyclopentanoid compounds. In the ensuing years he
was heavily involved in the use of this reaction in the synthesis of polyquinanes
and polyquinenes. The preparation of the natural product modhephene, the
[5.5.5.5]fenestranes, staurane and the staurane tetraene, parrlorane, as well as
centrosubstituted triquinacenes including ellacene are only a few of the
cyclopentanoid compounds prepared by the Weiss reaction. His love for natural
product chemistry and organic chemistry is mirrored in his 130 publications,
many of which involved structural determination of new natural products. In
fact, he was working on the structures of a number of related alkaloids, some of
which exhibited anti-HIV activity, shortly before his death.

Weiss acquired a reputation with his colleagues as an invaluable source of
information because of his vast knowledge extending over the entire literature of
chemistry, botany, plant physiology and medicinal chemistry. His erudition
extended to music, mineralogy, fossils, textiles and history. In the technical
environment of NIH, he represented Old World scholarship at its best.

A resident of Bethesda, Maryland for 32 years, Weiss was born in Prague where
he studied chemistry and earned his Ph.D. at the then German University. After
the Nazis annexed Czechoslovakia, Weiss and his wife, Anna, left for Brussels. It
was to be the beginning of a precarious odyssey that included sojourns in Paris,
Puy de Dome, Marseille, Martinique and New York, where they arrived with
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their daughter, Ruth, on June 2, 1941. Shortly before his death, Weiss, in a 4-
hour taped interview, recorded the details of this passage for the documentation
center of the U.S. Holocaust Museum in Washington, DC.

Weiss was well known in the international scientific community as an excellent
scientist, an ambassador of goodwill for NIH, and was a valued consultant in the
medicinal chemistry of narcotic drugs for a number of scientists associated with
the Committee on Problems of Drug Dependence.
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Inverse Agonists, Probes to Study
the Structure, Topology and Function
of the Benzodiazepine Receptor

James M. Cook, Hernando Diaz-Arauzo, and Michael S. Allen

The identification of stereospecific, high-affinity binding sites for
benzodiazepines (Bz) in the mammalian CNS has been described in vitro
(Squires and Braestrup 1977) and in vivo (Mohler and Okada 1977). The
benzodiazepines exhibit a wide range of pharmacological actions which
include anticonvulsant, sedative-hypnotic, muscle-relaxant, and anxiolytic
effects. It has been shown that the benzodiazepine receptor (BzR) is part
of a supramolecular complex which also contains discrete but allosterically
coupled recognition sites for GABA and barbiturates. The oligomeric units
of this supramolecular complex are thought to form a drug and transmitter
responsive chloride channel (Skolnick and Paul 1988); moreover, recent
results from cloning experiments suggest that at least three homologous
(a,ﬂ,r’) but distinct proteins are required to effect benzodiazepine
potentiated GABA transmission (Pritchett er al. 1988). It is generally
believed that BzR ligands elicit their pharmacological effects through
modulation of this ligand-gated chloride ion channel. The pharmacological
properties of these ligands appear to be a continuum (Gardner 1988),
ranging from a complete mimicry of the 1,4-benzodiazepines [anxiolytic,
anticonvulsant, hypnotic, ataxic (agonists)] to substances that produce
actions best described as opposite (convulsant, proconvulsant, anxiogenic,
etc.) to the benzodiazepines termed inverse agonists.

Although Nielsen et al. (1979) originally proposed g-carboline-3-carboxylic
acid ethyl ester 1 ((CCE) as the endogenous ligand for this binding site,
subsequent studies have demonstrated this compound is formed during the
isolation process. Nonetheless, the demonstration that specific g--carbolines
(inverse agonists) potently inhibit [3H]diazeparm binding with high affinity
and increase neuronai firing in the CNS suggests this group of compounds
may be useful both as tools for studying benzodiazepine receptors, as well
as for the development of new therapeutic agents. For example, an inverse
agonist devoid of convulsant/proconvulsant actions has been proposed as a
possible cognitive enhancer. Moreover, ligands which increase neuronal
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firing in the CNS, but are not convulsant may be effective in reversal of
barbiturate/barbiturate-alcohol induced CNS depression.

Although many g-carboline-3-carboxylic acid esters have been prepared and
evaluated for inverse agonist activity, two of the most important are SCCE
1 (anxiogenic, proconvulsant, weak convulsant) and §CCM 2 (convulsant,
proconvulsant). While both of these full inverse agonists are short-lived in
vivo requiring large doses for maximal effect, DMCM 3, an analog of 1 has
been demonstrated to be an extremely potent convulsant at low doses;
however, again it is not long-lived in vivo.

’ ~ R H,CO | A COzEt
[ I I N
N~ H,CO N Z

I
H H

R=CO,Et (5nM) 3 (DMCM) < 5nM
R=CO,Me (5nM)

R=CH,0H (1470nM)

R=CO,tBu (10nM)

diazepam (5nM)

[N L

Recently, 3HMC 4 as well as DMCM 3 have been shown to reverse the
effects of barbiturate-induced CNS depression (Albrecht et al. 1985,
Havoundjian et al 1987). In a related study, physostigmine is known to
increase neuronal firing in the CNS via a cholinergic mechanism. The g-
carboline BICCt 5 was shown to reverse midazolam-induced CNS depression
and this reversal was potentiated by physostigmine (Hoffman et al. 1986).
This suggests that combination therapy with physostigmine and a long-lived
inverse agonist may be an effective means in which to safely reverse
(indirectly) clinical CNS depression from barbiturate/barbiturate-alcohol
overdose. In this regard the search for long lived, potent, safe inverse
agonists has continued.

In order to employ rational drug design to prepare selective inverse
agonists and/or agonists the pharmacophores for both activities must be
defined. There is controversy as to the nature of the binding sites for
inverse agonist/antagonist and agonist ligands at BzR. The recent report
by Pritchett et al. (1989), which showed that at least three distinct cDNA’s
must be expressed in vitro for a fully functional (i.e. BzZR modulated)
GABA-gated chloride channel, indicates the Bz binding site (cleft) may be
constituted by domains formed by the interaction of the extracellular
portions of these proteins. For this reason we have continued to treat the
pharmacophores for the inverse agonist/antagonist and agonist sites as
separate entities, although different interactions in the same domain
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(Ehlert) is fully consistent with this approach.

In 1985, the synthesis of 7,12-dihydropyrido[3,4-b:5,4-b'ldiindole 6 (Figure
1) was realized. This rigid, planar ligand was found to bind (5nM) with
high affinity to BzR in vitro and to elicit inverse agonist activity in vivo.
More importantly, however, the rigid planar nature of 6 has provided a
basis with which to characterize the topography of the BzR inverse
agonist/antagonist site. A series of diindoles were synthesized and
substituents were varied individually at positions 1-7, 10 and 12.

Figure 1. Proposed Pharmacophore Table 1. /n Vitro Binding of

of the Benzodiazepine Receptor Selected 8- Carboline Ligands at BzR.
Inverse Agonist/Antagonist Site R
(Diindole 6 Template). w:
small lipophilic 7
pocket A
in vitro
Cpd. R A ICs00M
yi H H 1620
8 OCH,4 H 124
9 OCH,CH; H 24
10 OCH,CH,CH4 H 11
u OCH(CH3), H 500
12 OCH2CH2CH2CH3 H 98
13 COCH,CH,CH, H 2
14 CH,CH,CH,CH, H 245
15 N=C=$ H 8

"Average interatomic distance between binding sites on ligand.
*Intermolecular bond lengths obtained from crystal structures of ligands.
‘Distance between binding-site residues on receptor dependent on hydrogen bond lengths.

The SAR of this series was evaluated and the data compared to that
determined for 3-substituted g--carbolines (gC). Substituents at C-2 in 6
were well tolerated by the binding site and this region was found to overlap
with position-3 of the g--carboline-3-carboxylic acid alkyl esters 1, 2, 3, and
5. In addition, other ligands known to elicit inverse agonist action in vivo
including 1-5, 3-[(methylamino)carbonyl]- g -carboline (FG-7142) and the
pyrazoloquinoline (CGS-8216) were overlayed with 6 to determine the
common points of electronic and lipophilic character. These representative
structures were rotated until a nearly planar comformation was achieved and
then fit to the diindole 6 template. From this analysis two separate sites
of electronic interaction were determined. In one region each of the
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molecules contained a N-H function which interacts with a hydrogen bond
acceptor site (AZ) on the binding site, whereas a pair of electrons on a
heteroatom (O or N) provided the interaction with the hydrogen bond
donor (DI) site on the receptor protein (see Figure 1). To refine this
model, a 3D-QSAR (Cramer et al. 1988) was carried out and receptor
excluded volumes were determined. The lipophilic regions depicted in
Figure 1 for the pharamacophore are qualitatively in good agreement with
the CoMFA analysis (R’=0.59) determined for 37 test compounds (Allen
et al. 1990). Based on this model of the inverse agonist/antagonist site a
number of 3-substituted g--carbolines were prepared and evaluated. It was
found that electron withdrawing substituents at position-3 of the gC
increased the binding affinity of ligands to the inverse agonist site,
presumably, by polarization of the indole N(9)-H bond (Allen et al. 1988);
moreover, electron releasing substituents (Table 1) at C-3 also increased the
in vitro affinity at BzZR (compare 7 to 8-12). The alkoxy oxygen atom in 8-
12 donates electron density to the pyridine nitrogen atom and increases the
interaction at D’ (Figure 1) in the gIC series. From this analysis the
synthesis and evaluation of 3-ethoxy g-carboline 9 was designed (Trullas et
al. 1988). This ligand has now been shown to be a long-lived partial
inverse agonist. Although 9 was not a convulsant even at 50mg/kg, it
potentiated the convulsant effects of pentylenetetrazole in mice at doses
(EDj, 7mg/kg) much lower than those required for the same effect with
B{CCE 1. Moreover, 3Eg(C*HCI9 is more water soluble than FG 7142 and
9 is more soluble and longer-lived (>4 hr) in vivo than 1. This suggests
that 9 or related congeners would be excellent candidates with which to
study the mechanisms of sleep or anxiety, as well as the reversal of
barbiturate-induced CNS depression (overdose).

The results from molecular modeling indicate that in addition to hydrogen
bond donor (D) and acceptor (A) sites on the BzR, there appears to be
a relatively narrow lipophilic pocket in the binding cleft. It can accomodate
substituents at position-3 of g--carbolines which have chain lengths of <5
bonds. This analysis enables one to distinguish between inverse agonists
and antagonists based in part on experimental findings which demonstrate
that 3-n-propoxy g--carboline 10 is an antagonist at the BzR with low
efficacy and is devoid of proconvulsant activity at the highest dose tested
(40mg/kg). Essentially, g--carbolines which possess substituents at C-3 of
shorter length than 10 (for example 1 and 9) which are con-strained in the
plane of the aromatic ring display inverse agonist activity. However, ligands
such as #CCt 5 and 10 which carry longer substituents that can access
regions of space above and below the plane of the aromatic rings are
expected to elicit antagonist activity.

In regard to the pharmacophore of agonist molecules, several models have
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been proposed previously; however, the pharmacophoric descriptors which
predict an agonist profile of activity are still ill-defined. The strategies for
receptor modeling recently redefined by Cramer (1988) were employed
with SYBIL to determine the pharmacophore for the agonist site. Agonists
(see Figure 2) including the benzodiazepines, the pyrazoloquinolines and
the g.-carbolines (ZK-series) were employed for this study. As illustrated
in Figure 2, it is proposed that the two electron-rich atoms [termed &1 and
32 (=N or O)] are located approximately 3.8A from each other on the
ligand and both are required for an agonist profile of activity.
Furthermore, the two atoms must be electronegative enough to form
hydrogen bonds with the protein at [H1] and [H2] on the binding site;
however, only one interaction is required to exhibit in vitro affinity at BzR,
as pointed out earlier by Fryer. In addition to the above mentioned
electrostatienteractions (‘@1 and ¢.2), the pharmacophore of the ligand
must fill the lipophilic region termed Y1 (see Figure 2). The substituents
on ligands which fill this region must be at least 6.57A distant from the
center of the line between ¢'1and ¢ 2,as well as atan  of 88.42° with ¢]
For agonist activity the optimal position of the substituents is achieved
when these groups are located at a minimum distance of 5.994 from the
median distance of the line betweens1and @2 at an of 71.30° with &71.

FIGURE 2

X=CL, ZeH: diszcpam ZK-93423  (6-benzyloxy)
X=NO;, Z=F:flunitrazepam ZK-91296 (S-benzyloxy)

0059896 R=Q1
0GS-9895 R=OCH,
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A second lipophilic region was located and labelled 42, the center of which
is located at 5.22A from the median distance of the line between ¢ 1 and ¢.2
at an¢ of 25° with respect to 1  This lipophilic area is not in the same
plane as §1 but is displaced about 2.1794 above the plane which intersects
o1 ,8:2 and q 1 (Figure 2). This region is not in the same plane as 1
because substituents in the plane at this position would interfere with the
hydrogen bond of the binding site with ¢:1. It is an important lipophilic
region with regard to benzodiazepines and ZK-93423. The above inform-
ation was employed to establish an alignment rule followed by an excluded
volume map of the binding site. The region denoted gin Figure 2 re-
presents a region of the receptor protein that will experience negative
interactions with the ligand or substituents. The pharmacophore for agonist
activity generated in this fashion is illustrated in Figure 2. Moreover, from
this approach the propyl ether 16 (Figure 2) has recently been prepared
and has been shown to exhibit agonist activity. Illustrated in Figure 2 is the
structure of the rigid, planar benzimidazole 17 whose synthesis is under-
way. This molecule is predicted to have agonist activity for at least one
of the regions g1 and 92 is completely occupied. Ligand 17 represents a
new series of hybrid ligands related to both inverse agonists (diindoles) and
agonists. The synthesis of molecules such as 17 is underway to establish if
inverse agonists bind at the same site as agonists but simply possess
different bioactive pharmacophores. From examination of Figures 1 and
2, it is clear the ligand-receptor interactions necessary for inverse agonist/
antagonist activity are different from those necessary to elicit an agonist
response, although a nydrogen bond acceptor site in one ligand class may
overlap with that of another class.
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Synthetic and Biological Studies
of Potential Affinity Ligands for
the Cannabinoid Receptor Based
on CP-55, 244

Scott Richardon, Seid Mirasadeghi, Allison Lynn,
M. Ross Johnson, Lawrence S. Melvin, Miles Herkenham,
and Kenner C. Rice

INTRODUCTION

Marijuana, of which the major biologically active constituent is A9 -
tetrahydrocannabinol (A% - THC) (Figure 1), has been used for at least
2500 years as a medicinal agent and in social and religious rituals.
Today, marijuana is well known as a recreational drug of abuse
(Mechoulam 1986). Centuries of marijuana research, which continues
today, have revealed numerous physiologic effects of the drug, however,
the the medicinal use of marijuana declined during the early part of this
century. Roger Adams identified the basic cannabinoid skeleton in the
middle 1940's (Adams 1941), but the modern age of cannabinoid research
began with the isolation, purification and structural identification of A9
-THC by Mechoulam and Gaoni (1964). They hypothesized at that time
that A9 -THC was the major biologically. active constituent; their
hypothesis was confirmed in 1970 (Mechoulam et al. 1970). Researchers
today are working toward elucidating the mechanism of action of the
cannabinoids. Recent work provides compelling evidence that its
pharmacologic effects are caused by interaction with a specific receptor
rather than by influencing membrane fluidity (Devane et al. 1988,
Howlett et al. 1988, Herkenham et al. 1990, Matsuda et al. 1990).

The now classic studies of Wilson and May (1976) using 9-nor-9B-
hydroxyhexahydrocannabinol (HHC) and the epimeric 9-nor-9c.-
hydroxyhexahydrocannabinol stimulated research in the nonclassical
cannabinoid field. Their findings demonstrated that motor effects were
separable from antinociceptive effects and later studies showed that
these latter effects were not mediated through opioid receptors. Melvin
and Johnson (1987) embarked on a SAR study to determine what
structural features were necessary for analgesia; they synthesized the
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potent and enantioselective nonclassical cannabinoids CP-55,940 and CP-
55,244. They hypothesized the existence of a specific and unique
cannabinoid receptor which was first identified by the pharmacologic
studies of Devane (1988) and Howlett (1988). Autoradiographic studies
later performed by Herkenham and coworkers (1990) have provided
highly convincing evidence in support of a cannabinoid receptor.
Matsuda et al. (1990) have recently reported their results of cloning and
expressing the gene which codes for the cannabinoid receptor.

- THC (-)-HHC

OH OH

OH

CP-55,940 CP - 55,244

FIGURE 1

We initiated our synthetic studies with the hope of developing an
affinity ligand for the cannabinoid receptor. We chose to use CP-55, 244
as a skeletal template, since there are three sites which can easily be
manipulated to afford an electrophilic moiety. The isothiocyanate
group is our functional group of choice, due to the ease of preparation, its
stability to water and hydroxyl substrates, and the high reactivity
towards amino and thiol bionucleophiles (Rice et al. 1979). We initially
focused on synthesizing the isothiocyanates in the southern quadrant of
the molecule and the necessary precursors, followed by the synthesis of
the isothiocyanate in the eastern quadrant (Figures 2 and 4).
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SYNTHESIS AND BINDING STUDIES OF SOUTHERN
ISOTHIOCYANATES

Our synthesis of the racemic southern isothiocyanates la and 1b (Figure

15 H;=a R=Bn
9 Hy=aR=TBS R'=OH

12 H;=B R=TBS R'=Phth
BBH;=aR=H R'=Phth
14 H;=f R=H R =Phth

H,=p R=TBS R'=OH 16H; =P R=EBn
o, =p k= . / 17H,=aR=H
11H;=aR=TBS R =Phth l 18H,=p R=H

FIGURE 2
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2) began by coupling enone 2 with the aromatic bromide 3, affording the
crystalline tetracyclic ketone 4, which contains the fundamental ACD
nucleus. Stereoselective reduction of the ketone with NaBH, afforded
the B--hydroxyketal 5 as a 4.4/ 1 mixture of diastercomers. The ketal
was removed under acidic conditions, yielding hydroxyketone 6. The
ketone was modified to the exocyclic olefin 7 using the Wittig reagent
methyl triphenylphosphonium bromide. The secondary alcohol was
protected as a ¢ - butyldimethylsilyl ether (Corey and Venkateswarlu
1972), followed by steroselective hydroboration of the exocyclic olefin.
The resulting compounds 9 and 10 were diasterecomeric at the
hydroxmethyl group (2.6/1) and could not be separated at this stage.
Reaction of the hydroxyl group with phthalimide using Mitsunobu
conditions (Mitsunobu et al. 1972) afforded phthalimides 11 and 12. The
silicon protecting group was removed using an activated acid resin and
the two diastereomers 13 and 14 were separated chromatographically.
Both diastereomers were used individually for the remainder of the
reaction sequence. The phthalimides were cleaved to the primary
amines 15 and 16 using hydrazine hydrate in refluxing ethanol, followed
by removal of the benzyl moiety, which protected the phenol, by
catalytic hydrogenation. Selective acylation of the phenolic
hydroxyamines 17 and 18 was accomplished using
pentafluorophenylacetate (Kisfaludy et al. 1979) to yield the N-acetyl
derivatives 19 and 20. Compounds 17 and 18 were also treated with
thiophosgene in a NaHCO;/ CHCI1; biphasic solution (Rice et al. 1979)
to afford the isothiocyanates 1a and 1b in excellent yield.
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©
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R
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Compounds 1a, 1b, 17,18,19 and 20 were examined in a competitive
binding assay developed by Herkenham (Herkenham et al. 1990), the
results of which are shown in Figure 3. These racemic derivatives were
all less potent than (-)-CP-55,940 by at least one order of magnitude,
with the hydroxyphenolic amines, in general, being less potent than the
the corresponding isothiocyanates. We believe this difference is most
likely due to the zwitterionic nature of the phenolic amine. The data
indicates that the B-hydroxymethyl group is important for binding,
perhaps via hydrogen bonding in the receptor cavity.

SYNTHESIS AND BINDING STUDIES OF EASTERN
ISOTHIOCYANATE

The synthesis of the racemic eastern isothiocyanate (Figure 4) begins
with a cuprate coupling reaction between enone 2 and aromatic bromide
21, affording the tetracyclic ketone 22. Stereoselective reduction of the
ketone to the secondary B-alcohol 23 with NaBH, occurs in good yield
and as a 4/ | mixture of diastereomers. The ethylene ketal of 23 is
removed with aqueous acid to give 24, followed by a Wittig reaction to
afford olefin 25 in excellent yield. Hydroboration yielded the B-
hydroxymethyl 26 in reasonable yield, as a 2/ 1 mixture of
diastereomers. Protection of the two hydroxyl groups with acetic
anhydride gave 27. The silicon protecting group was removed with n-
Bu,NF affording alcohol 28. Replacement of the alcohol with the
phthalimide group utilized the Mitsunobu reaction (Mitsunobu et al.
1972) as before. The reaction of 29 with hydrazine hydrate in refluxing
ethanol afforded the dihydroxyamine 30 in modest yield. Catalytic
hydrogenation, followed by formation of the isothiocyanate as
previously described afforded the phenolic dihydroxyisothiocyanate 32
in excellent yield.

Examination of 31 and 32 in the reversible, competitive binding assay
(Herkenham et al. 1990) gave the following results (Figure 5): the free
racemic amine 31 displayed a potency near that of (-)-CP-55,940, while
the racemic isothiocyanate 32 was one order of magnitude more potent
than (-)-CP55,940, and nearly equal to that of (-)-CP-55, 244 (K=1.4 nM
vs K=6.3 nM, 32).

In summary, our results indicate that replacement of the southern
hydroxyl group with an isothiocynate function, as in 1 and 2, is

detrimental to receptor binding; introduction of an w-isothiocyanate
funtion in the sidechain of CP-55,244 has little effect on the receptor
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affinity. We thus believe that preparation of the proper enantiomer of
32 will lead to a highly potent, and quite possibly irreversible ligand for
the cannabinoid receptor. Initial studies toward preparing this
enantiomer have met with success.

H
l 24 R'=0O R"=0Sit -BuPh, 23 R"=0Sit -BuPh,
25 R'=CH, R"=06it - BuPh,

OBn

RO RO 29 R=R'= AcR" =Phth
26 R=H R'=HR"=06it - BuPh, 30R=R =H R"=NH?2
27 R=Ac R'=Ac R"=0Sit -BuPh,
28R=Ac R'=Ac R"=0H

NCS

FIGURE 4
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Synthesis and Receptor Binding
of Cocaine Analogs

Frank I. Carroll, M. Abdur Rahman, Abraham Philip,
Anita H. Lewin, John W. Boja, and Michael J. Kuhar

INTRODUCTION

The apparent correlation between the potency of cocaine and
cocaine-1ike compounds in self administration studies, and their
ability to inhibit [*HImazindol binding to the dopamine uptake
site in rat striatum. suggests that this site may be associated
with cocaine abuse (Ritz et al., 1987; Bergman et al., 1989).

In order to gain insights to the structural and electronic
requirements-of this binding site, we have undertaken to design
and synthesize cocaine analogs for evaluation of their binding
potencies (Carroll et al., 1990). The design of the analogs was
based on available data and was aided by molecular modeling.
Receptor binding was studied using [PHIWIN 35,428, a close
structural analog of cocaine shown to label binding sites asso-
ciated with the dopamine transporter (Madras et al., 1989).
exhibiting higher affinity than cocaine for inhibition of either
[*Hlcocaine (Reith et al., 1986) or [*HImazindol (Boja et al.,
1990) binding.

RESULTS AND DISCUSSION
Effects of Stereochemistry

To establish the stereoselective nature of the cocaine binding
site at the dopamine transporter, the three isomers of natural
cocaine--pseudococaine, allococaine and allopseudococaine--as
well as the optical antipodes of each of the isomers were inves-
tigated. In this report, R and S (Cahn et al., 1966) are used
as prefixes to the common names to denote configuration. Thus
natural cocaine is named R-cocaine, while unnatural cocaine is
designated S-cocaine. The majority of the compounds in this
series was synthesized following previously established method-
ology (Carroll et al., 1982; Lewin et al., 1987), starting from
(+)- and (-)-2-carbomethoxy-3-tropinone obtained by resolution
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of the racemate (Lewin et al., 1987); R-pseudococaine (2) was
obtained from natural cocaine (1) by epimerization (Carroll et
al., 1982). Only R and S cocaine and pseudococaine have been
previously reported (Carroll et al., 1982; Lewin et al., 1987).
The remaining four compounds were characterized by comparison of
their 1, NMR spectra to those of the previously reported race-
mates (Carroll et al., 1982). Synthetic details will be
reported elsewhere. Receptor binding assays of R-cocaine and
its seven isomers (Table 1) show striking differences between
the eight compounds. While all seven isomers of R-cocaine
inhibit [*HIWIN 35,428 binding (Table 1) at the dopamine trans-
porter, their potencies vary from 1/60th to 1/600th of that of
R-cocaine.

Electronic and Steric Effects at C-2

The data in Table 1 show that the position of the carbomethoxy
group at C-2 has a profound influence on binding affinity (com-
pare ICsy of R-cocaine 1 and R-pseudococaine 2). However, the
effects of steric bulk and electron density were never eluci-
dated. Examination of a series of R-cocaine analogs in which
the bulk of the 0O-substituent was systematically varied showed a
remarkable Tack of sensitivity to the nature of the
0-substituent; only the very Tlong phenylpropyl substituent (cf.
15) showed reduced potency (Table 2).

Effect of the Position of the Nitrogen Atom

The same effect was observed when the substituent at C-2 was
removed entirely (cf. 16, Table 3). This information allowed us
to investigate the requirements for the Tocation of the nitrogen
atom by preparing the 6-aza-analog 17 and comparing the poten-
cies of 17 and 16. The synthesis of compounds 17-19 followed
the methodology reported (Philip et al., 1990) for the prepara-
tion of azaprophen. Interestingly, the 6-aza-analog exhibited
no enantioselectivity, with the two antipodes (18 and 19) pos-
sessing the same potency to inhibit [°*HIWIN 35,428 binding at
the dopamine transporter: the potency of the racemate 17 was
essentially identical to that of tropacocaine (16).

Effect of Substitution at C-3

0f particular interest was a modification of cocaine introduced
several years ago by Clarke et al. (1973). These researchers
replaced the benzoate moiety of cocaine by a phenyl group,
essentially excising the carboxyl group at C-3, Tleaving the
phenyl group directly attached to the bicyclic skeleton. This
modification resulted in compounds possessing pharmacological
profiles analogous to that of cocaine. Our investigation of a
series of analogs in which the phenyl ring at C-3 was either
substituted at the para position or replaced by an isostere or

148



by a group of similar lipophillicity, resulted in two compounds
with potencies two orders of magnitude greater than cocaine
(Table 4). Although no clear cut pattern of activity vs. sub-
stitution pattern could be identified at this point, it was
noted that "large" substituents seemed to lead to lower potency,
and that electron density at C-3 1is necessary.

CONCLUSIONS

These results indicate that the cocaine binding site at the
dopamine transporter is:

a. stereoselective, qualifying as a bona fide receptor.

b. sensitive to stereochemistry but fairly insensitive to
substitution at C-2.

c. tolerant of changes in the position of the nitrogen
atom.

d. extremely sensitive to substitution at C-3, with high

electron density leading to very potent compounds.
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Table 1

Inhibition of [3H]WIN 35, 428 Binding to Striatal Rat Membranes:
Cocaine Isomers

CHa ICso (um)
0.102
CHj
\N
CO,CHj4 6.16
i
Il
(0]
R - allococaine (3)
CHj
\N
lCOZCHa 15.8
Il
(o]
S -cocaine (9)
CH
\SN
_\COZCHS 9.82

S - allococaine (7)

15.80

O,CH
I

o

R - pseudococaine (2)

CH3
\N
285
CO,CH,4
Y
Il
(0]
R - allopseudococaine (4)
CHj
N
225
CH30,C
oY
S - pseudococaine (§)
CH
\SN
67.7
CHZ0,

S - allopseudococaine (8)



Table 2
Inhibition of [’H]WIN-35, 428 Binding in Striatal Rat Membranes:
Effect of C-2 Substituent

B ICs0 (um)
CHg

Y 1 CHs 0.102
CO,R 9 CoHs 0.130

10 CHa(CHa)a 0.191
1 (CHa),CH 0.210
C-—@ 12 CeHs 0.112
I 13 CeHsCH, 0.257
14 CeHs(CHa)a 0.264

15 CeHs(CHa)s 5.34

Table 3
Inhibition of [’H]WIN 35,428 Binding in Striatal Rat Membranes:
Effect of the Position of Nitrogen

N
A CO,CH, g lum) /(;%_O (Lo tum)
CH, _@

ﬁ‘@ 0.102 17 4.95

=0

=
O

CH3
N
/
o—< > : 2.85
j 5.18 " I
16

2.94

CHs
N ‘E
C :

19 I

O
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Table 4

Inhibition of [*H]WIN-35, 428 Binding in Striatal Rat Membranes:

Effect of Substituent at C-3

CH CH:
L 3
0,CH, CO,CH,
X

X R ICsp(nm)
23.0
F 15.7
Cl 1.2
Br 1.2
CHs 1.7
N, 21
NO, 29.0
NH, 48.0
NHCOCH; 46.2
NHCOC,H; 68.0
NCS 165.0
NHCO,C,Hs 316.0
C,H5S 277.0
CeH4 10,700.0
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Phenylakylamine Stimulants,
Hallucinogens, and
Designer Drugs

Richard A. Glennon

The phenylalkylamine (PAA) skeleton is one of the most common structural
features found amongst biologically active substances. These substances
include many therapeutically useful agents with a wide variety of pharma-
cological activities. Certain simple PAAs are also drugs of abuse and may be
classified primarily as central stimulants or as hallucinogens. We have long
been interested in determining how structural modification of the PAAs
influences their stimulant and hallucinogenic character and have proposed,
from a structural perspective, that such agents exist on a central stimulant-
to-hallucinogen continuum. Amphetamine-like agents exist near the
stimulant end of this continuum whereas agents such as mescaline and DOM
(that is, 1-(2,5-dimethoxy-4-methylphenyl)-2-aminopropane) lie closer to the
hallucinogen end. 1-(3,4-Methylenedioxyphenyl)-2-aminopropane (MDA)
seems to exist near the center of the continuum; MDA produces both
stimulant and hallucinogenic effects and these activities are associated
primarily (though not necessarily exclusively) with the S(+)- and R(-)-
isomers, respectively. In addition to defining the structural requirements for
each type of activity, we have investigated the mechanism of action of the PAA
hallucinogens and have proposed that these agents act as 5-HT2 serotonin
agonists. See Glennon (1989a,b) for recent reviews.

In general, we have employed two different approaches for investigating these
agents: behavioral and radioligand binding studies. For the most part, the be-
havioral work has consisted of locomotor studies using mice and drug dis-
crimination studies using rats. In the drug discrimination studies, animals
have been trained to discriminate, for example, either the PAA stimulant
S(+)-amphetamine (AMPH) or the PM hallucinogen DOM from saline. By
conducting tests of stimulus generalization, it has been possible to classify
PAAs as being either AMPH-like or DOM-like. To date, only one agent has
been found to produce both AMPH- and DOM-like effects: MDA. Conversely,
rats trained to discriminate MDA from saline recognize both AMPH and
DOM. Structurally, MDA is a unique PAA in that it possesses a methylene-
dioxy group. Interestingly, animals trained to MDA recognize certain PAAs,
such as 3,4-DMA (i.e., the 3,4-dimethoxy analog of amphetamine), 2,3-MDA
(a positional isomer of MDA) and MDMA, that are not recognized by either
AMPH- or DOM-trained animals (for a review, see Glennon 1989a). The pur-
pose of this presentation is to summarize some of our more recent findings.
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STRUCTURE-ACTIVITY RELATIONSHIPS (SARs)

Separate and distinct SARs have been developed for AMPH-like and
DOM-like activity. Summarized below are some of the SARs derived from
drug discrimination studies using rats trained to discriminate either
S(+)AMPH or DOM (1 mg/kg, administered via the intraperitoneal route 15
min prior to testing) from saline. The SARs for these agents have already
been described in detail (Glennon 1989b).

Potent AMPH-like activity is typically associated with:
(1) a primary amine or a monomethylamine,
(2) an a-methyl group,
(3) the S optical isomers (though both are usually active),
(4) an unsubstituted aromatic ring, and
(5) an unsubstituted, or carbonyl-substituted, benzylic position.

Optimal DOM-like activity is associated with:

(1) a primary amine (alkyl, even methyl, substitution decreases potency),

(2) an e--methyl group,

(3) the R optical isomers (though both are usually active),

(4) 2,4- (e.g. 2,4-DMA) and 2,5-dimethoxy (e.g. 2,5-DMA) substitution,
and, for 2,5-DMA derivatives:

(5) a substituted 4-position, where the 4-position substituent is, for
example, methyl (DOM), ethyl (DOET), n-propyl (DOPR), chloro
(DOC), bromo (DOB) or iodo (DOI).

STUDIES WITH SOME NEWER DESIGNER DRUGS

Over the past several years, several novel PAAs have appeared on the
clandestine market as designer drugs. Whereas certain of these agents are
new, others were first synthesized more than 50 years ago; nonetheless, it is
only recently that their abuse potential is being realized.

MDMA-Related Analogs. MDMA ("Ecstasy, XTC, Adam") is the N-mono-
methyl analog of MDA. As might be expected from the above mentioned SAR
studies, and because MDA possesses both stimulant and hallucinogenic
activity, N-monomethylation should reduce the hallucinogenic properties of
MDA and, at the same time, enhance its AMPH-like effects. Consistent with
this prediction, we have shown that stimulus generalization results upon
administration of MDMA to AMPH-trained animals and that generalization
does not occur in DOM-trained rats. Others have obtained comparable
results using different species of animals trained to discriminate AMPH
from saline (e.g. Evans and Johanson 1986). For an agent with AMPH-like
effects, the S-isomer should be more potent than its R-enantiomer; this was
found to be the case. Interestingly, although AMPH-trained animals
recognize N-ethylamphetamine, they do not recognize the N-ethyl homolog of
MDMA (i.e., MDE; "Eve"). This seemed rather surprising in view of reports
that MDMA and MDE produce similar effects in humans. Consequently,
groups of rats were trained to discriminate MDMA (1 and 1.5 mg/kg) from
saline. In 1986 (Glennon et al, 1986), we demonstrated for the first time that
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FIGURE 1. Stimulus effects of PMMA, S(+)AMPH and S(+)methAMPH in
rats trained to discriminate 1.5 mg/kg of MDMA from saline.

MDMA serves as a discriminative stimulus in animals, that both isomers of
MDMA produce MDMA-like effects, and that S(+)-MDMA is several times
more potent than R(-)-MDMA. Subsequently, we demonstrated that MDE
produces MDMA-like effects (Glennon and Misenheimer 1989), but that
administration of S(+)AMPH and S(+)methamphetamine result only in
partial generalization (Fig 1). This asymmetric generalization, coupled with
the above mentioned studies using MDA as training drug, suggest that
MDMA and AMPH share some common components of action but that they
are also capable of producing effects that are distinct from one another. This
is substantiated by the finding that the AMPH-stimulus does not generalize
to MDE but that the MDMA-stimulus does. These findings also support the
arguments of Nichols and Oberlender (1989) that MDMA may be the
prototype of an entirely new class of psychoactive agents. Clearly, MDMA is
not simply an AMPH-like agent.

N,N-Dimethylamphetamine. Although there is relatively little pharmacologi-
cal data on this agent in the literature, it has recently been confiscated from
several clandestine laboratories. Because it is the N-methyl analog of meth-
amphetamine, it might be expected to produce AMPH-like stimulus effects.
However, in rats trained to discriminate (+)AMPH from saline, neither
isomer of N,N-dimethylamphetamine resulted in stimulus generalization at
doses of up to 50 times the ED50 dose of(+)AMPH (i.e., 0.42 mg/kg) (Fig 2).
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FIGURE 2. Stimulus effects of S(+)- and R(-)-N,N,dimethylamphetamine
in rats trained to discriminate 1 mg/kg of S(+)AMPH from saline.

4-Methylaminorex. 4-Methylaminorex (4-MA), the 4-methyl analog of the
appetite suppressant aminorex, exists as two geometric isomers: cis and
trans; each isomer is composed of two optical isomers. Thus, there are four
possible isomers of this agent. 4-MA found on the clandestine market has
been identified as the racemic cis isomer ("U4Euh"). Using (+)AMPH-
trained rats, we conducted tests of stimulus generalization with racemic cis,
racemic trans, and all four optical isomers of 4-MA (Glennon and
Misenheimer 1990). Both the cis racemate (ED50 = 1.56 mg/kg) and the
trans racemate (ED50 = 0.41 mg/kg) produce AMPH-like effects. Although
the cis isomer has now been Scheduled, the more potent trans isomer has not.

PMMA. PMMA (or N-methyl-1-(4-methoxyphenyl)-2-aminopropane) may be
viewed as the para methoxy analog of methamphetamine, or as the N-methyl
analog of PMA (para-methoxyamphetamine). Both PMA and methampheta-
mine produce AMPH-like stimulus effects; surprisingly, PMMA does not
(Glennon et al, 1988). Because PMMA disrupts AMPH-trained animals at
rather low doses (i.e. < 0.2 mg/kg), it may (a) possess a different pharma-
cological profile than AMPH, or (b) produce some effect that obscures its
AMPH-like effect (that might have been observed at higher doses had it not
been for the disruptive effects). Indeed, PMMA produces MDMA-like effects
(ED50 = 0.2 mg/kg) in rats trained to discriminate MDMA (ED50 = 0.76
mg/kg) from saline (Fig 1). Because it is several times more potent than
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FIGURE 3. Stimulus effects of o-, m- and pTAP in rats trained to discriminate
1 mg/kg of S(+)AMPH firom saline.

MDMA, and because it is the first non-MDA analog shown to display
MDMA-like properties, it suggests that the methylenedioxy group is not
essential for this type of activity. As anticipated, PMMA does not produce
DOM-like stimulus effects.

a-Desmethyl DOB. DOB is the 4-bromo counterpart of DOM, and -
desmethyl DOB is the phenethylamine analog of DOB. This agent has
appeared on the West coast and, although some human data have been
reported in the literature, essentially nothing has been reported concerning
its effects in animals. Stimulus generalization occurs between DOB and
DOM regardless of which is used as the training drug. On the basis of the
above mentioned SAR, it might be expected that a.-desmethyl DOB would
produce stimulus effects similar to those of DOM but that it would be
somewhat less potent than DOB. This appears to be the case. The DOM-
stimulus generalizes to «-desmethyl DOB (ED50 = 0.7 mg/kg) and it is
several times less potent than DOB (ED50 = 0.2 mg/kg). Nevertheless,
stimulus generalization is accompanied by a significant reduction in the
animals’ response rates suggesting that a.-desmethyl DOB may produce
effects in addition to its DOM-like effects. Indeed, radioligand binding
studies show that a-desmethyl DOB, though it possesses an affinity at 5-HT2
receptors similar to that of DOB, does not bind with the same degree of
selectivity.
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1-(Tolyl)-2-aminopronanes (TAPS). The aromatic nucleus of amphetamine is

unsubstituted; incorporation of an aromatic methyl group at either the 2-, 3-,
or 4-position results in three positional isomers: 0cTAP, mTAP, and pTAP. An
unidentified tolylamphetamine has been rumored to be available on the
clandestine market, and all three tolylaldehyde precursors are commercially
available. The three TAPS have been examined as anorectic agents in
humans and all reportedly produce some AMPH-like stimulant effects
(AMPH > mTAP > oTAP > pTAP) (Marsh and Herring, 1958). In AMPH-
trained rats, only oTAP resulted in stimulus generalization (ED50 = 4.2
mg/kg) (Fig. 3); as such, it is about one-tenth as potent as S(+)AMPH.
Neither mTAP nor pTAP resulted in complete generalization; the highest
non-disruption dose (followed by percent AMPH-appropriate responding):
mTAP 1.5 mg/kg (14%), pTAP 1 mg/kg (54%); slightly higher doses resulted
in disruption of behavior. In the case of pTAP, 1.1 mg/kg disrupted three of
four rats with the one responding rat making 57% of its responses on the
AMPH lever. As in the human studies, these agents are less potent than
(+)AMPH (ED50 = 0.4 mg/kg).

SUMMARY

Phenylalkylamine derivatives produce several types of behavioral effects
including central stimulation and hallucinogenic activity. SAR are being
formulated and already (a) it has been demonstrated that each of these
types of activities is associated with a distinct SAR, and (b) it is now
possible to use these SAR to make predictions as to whether the stimulus
effects of certain PAAs are primarily AMPH-like or DOM-like. The
AMPH-like nature of PAAs seems to involve a dopaminergic mechanism
whereas DOM-like activity involves a serotonergic (in particular a 5-HT?2)
mechanism. It is apparent, however, that there is an additional type of
activity emerging from studies with some PAAs that is neither solely
AMPH-like nor DOM-like. MDA seems to produce both types of actions
and may even produce this third type of effect. MDMA produces
AMPH-like and MDA-like effects, but does not produce DOM-like effects.
Other agents, such as MDE and PMMA, produce neither AMPH-like nor
DOM-like effects but clearly produce MDMA-like stimulus effects. Thus,
there is a third type of SAR that may be formulated. In all likelihood,
however, few PAAs will be shown to produce a single "pure" activity and
because there are some similarities in the different SARs (even though
there are some very clear differences) it is not unreasonable to assume
that many PAAs will produce more than one type of effect or will display
vestiges of one or more different components of action. Therefore,
although a PM may be classified as primarily producing one type of
effect, it should be understood that the other types of effects are not
necessarily absent. In the future, it will be necessary to examine these
different actions and SARs with great care.
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Use of Naltrexone for the Diagnosis
and Treatment of Reproductive
Hormone Disorders in Women

Jack H. Mendelson, Nancy K. Mello, Siew K. Teoh,
and James Ellingboe

INTRODUCTION

During 1976 our laboratory reported that acute administration of naltrexone
stimulated an increase in plasma luteinizing hormone levels in men who had a past
history of opioid dependence (Mirin et al., 1976). In 1977 Bruni and his
associates observed that the narcotic antagonist naloxone could induce stimulation
of luteinizing hormone in the rat. We have also administered Naltrexone (50 mg.
p.o.) to normal men and found a significant increase in plasma LH levels
(Mendelson et al., 1979). Experimental animal studies by Cicero and his
colleagues (1979) demonstrated that endogenous opioids regulate, in part,
hypothalamic control of luteinizing hormone secretion by the pituitary. Since
these early publications there have been a number of additional reports which
confirm the importance of endogenous opioid systems for modulating
gonadotropin secretion in experimental animals and humans (Ellingboe et al.,
1978; Morley et al., 1980; Quigley et al., 1980; Stubbs et al., 1978; Volavka et
al.,, 1979). Very recent experimental animal studies have provided anatomical data
which indicate that GnRH release is modulated by endogenous opioid peptides
(Chen et al., 1989). This report summarizes data obtained in our human clinical
research paradigms for the assessment of naltrexone effects on the secretion of
luteinizing hormone in men and women.

METHODS

Healthy male and female volunteers between 20 and 32 years of age provided
informed consent for participation in our studies. All subjects were in good health
and none had any current or past history of alcohol or drug abuse or dependence.
No subject had ever received naltrexone prior to the study. Eight men served as
their own control and were given naltrexone (50 mg. p.o.) and naltrexone placebo
on subsequent days. Four subjects received naltrexone on the first day and four
others received placebo on the first day. All subjects reported to the laboratory
during the early morning and received either naltrexone or placebo at the same
time on each day.

Prior to administration of naltrexone or placebo, an intravenous catheter was
placed in the arm vein and connected to a portable nonthrombogenic pump.
Integrated plasma samples were collected during consecutive 20 minute periods
for a total of eight hours. Plasma samples were frozen and analyzed for
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luteinizing hormone with radioimmunoassay procedures as described below. In
addition to the eight subjects who received both naltrexone and placebo, 38 other
male subjects were studied utilizing identical plasma sampling procedures.
However, none of these subjects received either naltrexone or naltrexone placebo.

Eighteen women participated in studies to determine the effects of naltrexone on
plasma luteinizing hormone levels. All had normal menstrual cycle function; none
were pregnant and none used contraceptive medication or intrauterine devices. All
had normal physical, mental status, blood chemistry, urinalysis and blood
hemogram studies. No women had any past history of alcohol or drug abuse and
none were using any medications at the time of the study. These women reported
to the laboratory at 9 a.m. following a 12 hour fast. An indwelling catheter was
placed in the antecubital vein and connected to a slow intravenous infusion of 5
percent dextrose in saline. Subjects were recumbent throughout the study and
were not permitted to eat solid foods, smoke or drink beverages containing
caffeine. Following collection of three to four consecutive blood samples at 30
minute intervals, they ingested one 50 mg. tablet of naltrexone hydrochloride or
naltrexone placebo. Blood samples were collected at consecutive 20 to 30 minute
intervals for 180 to 240 minutes following naltrexone administration.

Quantitative Analysis of Pulsatile LH Secretion in Men

Secretory pulse parameters were calculated by an IBM 360 computer, using a
program previously described (Santen et al., 1973). The specific parameters
included: 1) the number of secretory pulses (defined by the increment from nadir
to peak of >20%) during the eight hour sampling interval; 2) the absolute
maximum LH concentration attained per secretory pulse; 3) the percent increment
of LH per secretory pulse; 4) the integrated area under the curve described by LH
levels derived over the eight hour sampling period; 5) the arithmetic mean of LH
concentrations for the entire sampling interval, and 6) the apparent half-life of LH
elimination, estimated by the log-linear decrement of LH after a secretory pulse
(regression lines computed by least squares analysis).

Hormone Analysis

Plasma LH levels were measured in duplicate aliquots of plasma by a double
antibody RIA using materials provided by the National Pituitary Agency,
NIAMDD, as previously described (Mendelson et al., 1978).

RESULTS
Naltrexone Effects on LH Secretion in Men

Figure 1 shows that naltrexone administration produced significantly higher
plasma LH levels in all subjects regardless of the sequence of administration of the
drug or placebo. When data were normalized and pooled between subjects,
naltrexone administration was associated with an approximately 50 percent
increment in plasma LH levels above placebo administration levels. Group mean
plasma LH concentrations during the entire eight hour collection period on the
placebo day were compared with group mean plasma LH concentrations on the
naltrexone day with a paired T test (two-tailed) and LH levels following
naltrexone administration were significantly higher ( P < 0.0009).
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Naltrexone Effects on LH in Men
100

A Placebo
H Naltrexone

LH ng/ml

-
N
w
&
]
o
~

FIGURE 1 from: Mendelson et al., 1979

In order to determine more precisely the effects of naltrexone on pulsatile secretion
of luteinizing hormone, a quantitative analysis of pulsatile LH secretion was
carried out. Figure 2 shows the integrated mean LH, the absolute peak LH, the
number of LH peaks per hour and the area of the LH curve after naltrexone (50
mg. p.o.) administration in subjects who served as their own control when they
received placebo naltrexone. In addition, data are shown for 38 normal males
who did not receive naltrexone or naltrexone placebo.
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FIGURE 2 from: Ellingboe et al., 1982
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Naltrexone was associated with highly significant mean increases in the total area
under the LH curve (+ 47%; P < 0.0006), the number of secretory pulses (+ 27%;
P < 0.0003), integrated mean LH plasma concentrations (+ 47%; P < 0.0005) and
absolute peak LH concentrations (+ 36%; P < 0.0001). There was no significant
difference between control and naltrexone days in the percent increment of LH per
secretory pulse, and no difference was found in log-linear decrements in plasma
LH after each secretory spike. Comparisons of the LH values for placebo control
days with similar data obtained from 38 normal male subjects of the same age
range revealed no signficant differences.

Naltrexone Effects on Plasma LH Levels in Women

Figure 3 shows plasma LH levels for two women studied during the early
follicular phase of the menstrual cycle and two women who were studied during
the mid and late late phases. Basal LH levels prior to naltrexone administration
were normal for the specific menstrual cycle phase. Naltrexone administration
induced a significant increase in LH above plasma baseline levels (P < .001).
Peak LH values were detected 180 minutes to 210 minutes following naltrexone
intake.

160
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FIGURE 3 from: Mendelson et al., 1986

We have observed that naltrexone administration to women during the early
follicular phase of the menstrual cycle induced a significant increase in plasma LH
(p = 0.02). Mean plasma LH levels were significantly increased over baseline
values prior to naltrexone administration at 1 hour through 90 minutes following
administration of 50 mg of naltrexone orally. Figure 4 shows plasma LH values
for a representative woman who received 50 mg of naltrexone p.o. A significant
increase in LH levels was observed 70 minutes following naltrexone
administration and pulsatile surges of LH were detected at 85, 120 and 240
minutes following naltrexone administration. These data indicate that naltrexone
increases both pulse frequency and pulse amplitude of LH secretion.
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DISCUSSION

Findings obtained in our laboratory have been confirmed by other studies which
have shown that endogenous opioid systems exert physiologically significant
suppression of episodic hypothalamic GnRH secretion (for review see Yen and
Jaffe 1986). Taken together these observations also suggest that naltrexone
perturbation procedures may be of value for the diagnosis of abnormalities of
hypothalamic regulation of gonadotropin release from the pituitary. Currently
diagnostic procedures to evaluate such disorders involve administration of the
synthetic decapeptide for LHRH (Martin and Reichlin 1987). Use of naltrexone
instead of synthetic LHRH for the diagnosis of diseases of gonadotropin
regulation may have several advantages including enhanced comfort and safety for
patients.

There have been preliminary reports that naltrexone may be effective for the
treatment of hypothalamic amenorrhea (Wildt and Lyndecker 1987), for alleviation
of late luteal phase dysphoric disorders (Chuong et al., 1988) and for the
treatment of male impotence (Fabbri et al., 1989). Naltrexone may be useful for
the treatment of a number of gonadotropin secretion disorders in men and women,
including hypogonadotropic hypogonadism, delayed puberty and precocious
puberty.
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Neuroendocrine (HPA) and
Gastrointestinal Effects of
Opiate Antagonists: Possible
Therapeutic Application

Mary Jeanne Kreek and Joan Culpepper-Morgan

We have hypothesized that gastrointestinal motility disorders in
humans leading to chronic constipation may result, in part, from
a relative or absolute excess of one or more of the endogenous
opioids or from abnormal binding of these opioids by their
specific receptors in the intestinal wall. For over two thousand
years, 1t has Dbeen recognized that opium derivatives are
effective in the reversal of diarrhea in humans. In the last
fifteen vyears, it has been documented that synthetic opiates
which have limited systemic Dbioavailability after oral
administration are effective as anti-diarrheal agents. In early
work from our laboratory, prior to the final delineation of
specific opiate receptors, but at the time of prediction of the
presence and density of specific opiate receptors and after
initial attempts to document their existence, we found evidence
that there might be specific opiate receptors in the intestinal
wall as well as in the brain and spinal cord in humans. (Ingolia
and Dole 1970; Dole 1970; Kreek 1973; Dole 1988).

As part of our pharmacological and physiological studies of
narcotic addiction and the potential utility of use of the
long-acting opioid agonist, methadone, in the maintenance
treatment of narcotic dependency, we performed several studies
concerning the pharmacokinetics of methadone in humans. In one
of these studies, we compared the bicavailability and
pharmacokinetics of several different formulations of methadone
to be used in the maintenance treatment of addiction, including
an experimental formulation in which small amounts of the
specific opioid antagonist naloxone had been added (ratio of
methadone to naloxone, 10:1; Bristol) to attempt to prevent any
illicit parenteral administration of methadone. In our studies,
when this combination formulation was administered to
well-stabilized, steady dose methadone maintained study subjects,
signs and symptoms of narcotic withdrawal at the gastrointestinal
level, without systemic signs and symptoms of abstinence,
occurred in several subjects; a few subjects developed a
full-blown systemic narcotic abstinence syndrome (Kreek 1973).
These findings suggested that specific opiate receptors might be
present in the intestinal wall in addition to sites within the
brain and spinal cord and that reversal of opiate agonist action
at these peripheral intestinal wall sites by the antagonist with
receptor occupancy had precipitated the observed signs and
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symptoms of gastrointestinal narcotic abstinence, including
cramps and diarrhea, in our study subjects who were tolerant to
and dependent upon narcotics. These observations led to our
formulation of the hypothesis as stated above.

After the formal discovery of specific opiate receptors by three
groups in 1973 and later the discovery of three classes of
specific endogenous opioids which bind to these receptors,
beginning with the discovery of the enkephalins by Kosterlitz and
Hughes in 1975, several groups have documented the presence of
specific opiate receptors and also endogenous opioids of all
three classes in the gastrointestinal wall, although significant
regional as well as species differences have been documented.
For instance, our group has shown that the kappa type opiate
receptors are present in the large intestine in the guinea pig in
approximately the same abundance as are the mu and delta opioid
receptor types, whereas in the rat there is a paucity of kappa
receptors in the gastrointestinal tract (Culpepper-Morgan et al
1987) . These findings from in vitro receptor binding studies
have been further supported by in vivo studies by our laboratory.
Administration of the kappa selective opioid agonists U50488-H to
guinea pigs resulted in a significant slowing of gastrointestinal
transit, similar to the results from administration of a mu
selective ligand, such as morphine; in contrast, administration
of U50488-H does not cause gastrointestinal transit slowing in
the rat (Culpepper-Morgan et al 1988c).

Our group also has shown that the relative density of specific
opioid receptor types may change significantly with increased age
in both the brain and gastrointestinal tract in guinea pigs, a
finding which may have implications for the increased prevalence
of gastrointestinal transit disorders (constipation) in elderly
persons as well as the apparent increased pain threshold in older
subjects (Culpepper-Morgan et al 1988a; Culpepper-Morgan et al
1988b; Unterwald et al 1990a) . Recently our group, using the
molecular biology technique of solution hybridization protection
assays, has shown that the message for the gene preproenkephalin
(pENK-mRNA) is expressed throughout the gastrointestinal tract of
the guinea pig and that the content of the pENK-mRNA is greater
in the colon that any other tissue outside the brain other than
the adrenal gland (Zhang et al 1988; Zhang et al 1989). Also we
have shown by direct measurement that levels of the terminal
active opioid peptide of the ©proenkephalin peptide,
enkephalin-arg-phe, are greater in the guinea pig colon than in
any other region of the gastrointestinal tract and comparable to
those in regions of the brain known to be high in enkephalin
content (Unterwald et al 1990b).

Control of gastrointestinal function is now known to occur at
three levels: the brain, the spinal cord, and the enteric nervous
system within the intestinal wall. Various studies have shown
that the endogenous opioids, and also exogenous opiates, may act
at each of these sites to modulate gastrointestinal function,
including modulation of secretion and adsorption and also
motility and transit. Constipation is a common medical problem
which increases in prevalence and severity with age. Over 20% of
elderly persons suffer from constipation; oro-cecal transit time
has been shown experimentally to be abnormal in such persons
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(Piccione et al 1990). Also it has been shown that levels of
beta-endorphin, which are normally highest in the morning, are
significantly higher in persons over 65 years old as compared
with persons under 40 years old (Kreek et al 1986). To address
our stated hypothesis, we have asked the following questions:1)
would the administration of the specific opioid antagonist
naloxone which binds with varying affinities to all three types
of opioid receptors ameliorate or reverse chronic constipation in
a geriatric population and 2) would naloxone, which has very
limited systemic Dbioavailability in humans after oral
administration, because of rapid and efficient metabolism in its
"first pass" through the liver (primarily by 3-OH-glucuronida-
tion) be effective in ameliorating <chronic spontaneous
constipation both in young and middle aged as well as geriatric
patients, after oral administration, presumably by action at
specific opiate receptor sites in the enteric nervous system.

In our studies of attempting to modulate gastrointestinal
motility transit by oral administration of an opioid antagonist,
naloxone with its limited systemic biocavailability after oral
administration seemed to be most desirable to prevent any
additional primary opioid antagonist affects at the brain or
spinal cord level which could become side effects or adverse
effects during chronic treatment, such as the documented opioid
antagonist effects of neuroendocrine function (Ragavan et al
1983) . In the case of our studies on narcotic-induced
constipation, the use of naloxone administered orally would
potentially allow reversal at the gastrointestinal wall level of
any opiate effect, without reversing or diminishing any analgesic
effect at the Dbrain and spinal cord level and without
precipitating narcotic withdrawal in chronic treated tolerant and
dependent persons. Thus 1in our studies regarding modulation of
gastrointestinal function, either of a spontaneous type or
narcotic induced type of delayed transit, orally administered
naloxone has been the opiate antagonist of choice (Kreek et al
1973; Hahn et al 1983; Kreek et al 1983a; Kreek et al 1983b
Kreek et al 1983c; Kreek et al 1984; Kreek et al 1985; Kreek et
al 1986a, kreek et al 1986b; culpepper-Morgarcal 1988c; Albeck
et al 1989; Culpepper-Morgan et al 1989; Albeck et al 1990;
Culpepper-Morga et al 1990; Stone et al 1990). Using the guinea
pig model, we have shown that oral administration of opioid
antagonist naloxone, which is primarily a mu selective opioid
antagonist, will reverse the gastrointestinal transit slowing
caused by both by the mu preferring opioid antagonist morphine
and the kappa preferring opioid agonist U50488H (Culpepper-Morgan
et al 1989). In that study we also showed that nalmefene, an
antagonist with more kappa receptor type activity than naloxone,
had greater efficacy 1in reversing the kappa agonist U50488H
induced gastrointestinal transit slowing than did morphine in a
dose response study.

In a study of young and middle aged patients age 18 to 68 with
gastrointestinal dysmotility disorders of idiopathic chronic
constipation and irritable bowel syndrome with constipation, we
have addressed the question of whether or not orally administered
naloxone, as contrasted to parenterally administered naloxone,
would ameliorate the problem of slow transit and decreased fecal
evacuation. Approximately 50% of the study subjects showed a
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positive response to the opioid antagonist administration with
increased passage of fecal weight as measured objectively;
similar findings were made whether naloxone was given by the oral
route, thus reaching only the gastrointestinal tract site of
opiate antagonist action or when it was given by the parenteral
route, reaching the brain and spinal cord sites of intestinal
motility control in addition to sites of the enteric nervous
system. (Kreek et al 1983a; Kreek et al 1983b; Kreek et al 1985;
Kreek et al 1986). In a separate set of two studies performed in
a geriatric patient population, with subjects ranging-in age from
72 to 96 years, all mobile and all in stable medical health,
naloxone delivered exclusively by the oral route and placebo
medication were given to each subject in a double-blinded, random
order cross-order design protocol. Sixty percent of patients
responded positively as measured objectively by greater than a
25% increase in fecal wet weight and dry weight during the oral
naloxone administration. No adverse effects due to naloxone were
found in either of these studies (Kreek et al 1983). We have
also performed preliminary studies to determine the possible
efficacy of reversal of narcotic-induced slowed gastrointestinal
transit in chronic pain, as well as in methadone maintained
subjects, with very promising results in these preliminary
studies (Culpepper-Morgan et al 1990).

Our laboratory has carried out extensive studies of the possible
role of the endogenous opioid system in specific aspects of
neuroendocrine function, including effects on hypothalamic-
pituitary-adrenal axis and the hypothalamic-pituitary-gonadal
axis. This work is related to our basic laboratory and clinical
research on the biological basis of addiction. We have confirmed
and extended the early findings that acute bolus administration
of the specific opioid antagonists will result in an increase in
release of cortisol, (which our group went on to show includes an
abrupt release in ACTH, beta-endorphin and in turn, cortisol)
(Kreek et al 1984). We have studied the differential effects of
the specific opioid antagonist nalmefene (which has greater kappa
type opioid receptor activity than naloxone) as contrasted to
naloxone and have made findings suggesting that kappa as well as
mu type opiate receptors may be involved in the tonic inhibition
of ACTH and beta endorphin release from the human anterior
pituitary (Kreek et al 1987). We have also shown that orally
administered naloxone, with its very limited systemic
availability, dose not result in any release of cortisol, which
could become an adverse side effect in patients with motility
disorders who might Dbenefit from chronic opiate antagonist
administration (Albecks et al 1989; Albeck et al 1990; Kreek et al
1983; Kreek et al 1984). However we have shown that chronic oral
use of the opiate antagonist naltrexone (which has around 35%
systemic bioavailability) in former heroin addicts does not allow

stabilization of neuroendocrine function, (such as our group has
documented to occur during chronic methadone maintenance
treatment), Dbecause of the sustained Dbolus-like effect of

naltrexone on release of ACTH, Dbeta endorphin and cortisol
resulting in increased levels of these neuropeptides and steroids
as compared with control levels, even during chronic naltrexone
treatment (Kosten et al 1986a; Kosten et al 1986b; Kosten et al
1986¢c) . These findings may or may not be relevant to the failure
to reduce drug seeking behavior in over 80% of chronic naltrexone

171



treated heroin addicts. More studies of the role of the
endogenous opioids in neuroendocrine function, gastrointestinal
function and also in the biology of the addictive diseases are
needed and may be facilitated by development of increasingly
selective opioid antagonists which may be wused in human and
animal studies.
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Cocaine-Induced Changes in
Gene Expression in Rat Brain

Bruce M. Cohen, Tuong Van Nguyen, and Steven E. Hyman

Although much is known about cocaine's pharmacologic properties,
much remains to be learned about both its acute and long-term effects.

In particular, when all of the evidence is weighed from pharmacologic,
biochemical, and electrophysiologic studies, it remains unclear what
action accounts for cocaine's reinforcing properties in animals and
humans and its euphoriant effects and production of dependance in
humans (Balster 1988). Thus, additional and novel approaches to the
study of cocaine’s effects are warranted.

Because regulation of gene expression is likely to be an important
mechanism of signal transduction and neural plasticity in the brain
(reviewed in Comb et al., 1987). one such approach might be provided by
the study of changes in neural gene expression induced by cocaine.
Among genes of interest, there is increasing evidence that cellular
immediate early genes (IEG's) [Genes that are activated rapidly (within
minutes), transiently, and without requiring new protein synthesis]
may serve as mediators of neural plasticity, possibly because their
protein products induce or repress other genes. A second class of genes,
often referred to as late response genes, are induced or repressed more
slowly (over hours) and are generally dependent on new protein
synthesis. Late response genes include those which encode proteins
(e.qg. neurotransmitter-synthesizing enzymes, peptide
neurotransmitters, receptors, ion channels, and cytoskeletal
components) involved in the specific functions of the cell.

We have begun to study cocaine-induced changes in gene expression in

order to test the following specific hypothesis: (1) Acute administration
of cocaine will requlate expression of cellular IEG’s and other genes in a
regionally specific and cell specific fashion. (2) Repeated

administration of cocaine will result in significant changes in
expression of genes involved in neuronal signaling, neuronal growth,
and synaptic remodeling. (3) The spatial and temporal pattern of
changes 1in gene expression will suggest neuronal circuits and
intracellular signal transduction processes mediating the
pharmacologic effects of cocaine.

METHODS
Male Sprague-Dawley rats were treated with vehicle, 3 mg/kg cocaine,
or 10 mg/kg of cocaine given slowly by tail vein injection and were

sacrificed by decapitation 45 or 75 minutes after drug administration.
Brains were rapidly removed and dissected and regions of interest were
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frozen on dry ice. For each experimental condition, tissue was pooled in
order to yield adequate RNA for analysis.

Frozen brain regions were pulverized under liquid nitrogen and total
RNA prepared by homogenization in 4 M guanidinium isothiocyanate
followed by centrifugation through a 5.7 M cesium chloride pad
(modified from Berger and Chirgwin 1989). RNA was quantitated by
spectrophotometry, and equal amounts of RNA (40 mg) were run on
each lane of a formaldehyde gel. The RNA was then transferred to a
nylon membrance (Gene Screen, DuPont), cross-linked by UV
irradiation, and then hybridized with nick translated probes for genes
of interest and for the unregulated internal reference gene,
cyclophilin (1B15; Danielson et al., 1988). The resulting autoradiograms
were then quantitated by densitometry. In cases where the internal
reference signal was much stronger than that produced by regulated
genes of interest, multiple exposures of the autoradiogram were made in
order to ensure that densitometry was in the linear range.

RESULTS
Effects of Cocaine on Immediate Early Gene Expression in Rat Brain:

The first genes studied were three cellular IEG's, the known
transcription factors c-fos and c-jun, and the putative transcription
factor zif/268 (Christy and Nathans 1989). These genes were studied
because each has been shown to respond to trans-synaptic stimulation
in other systems (Cole et al., 1989 Wisden et al., 1990). and Fos
immunoreactivity has been shown to be increased by cocaine in
striatum (Young et al., 1989).

In our experiments, cocaine increased c-fos expression in both dose and
time dependent fashion. Forty five minutes after cocaine
administration, striking induction of c-fos mRNA was found in two
limbic regions, the amygdala and hippocampus (Fig 1), and in the
striatum (Fig 2). We did not obtain enough RNA in these preliminary
studies to study the nucleus accumbens. In the amygdala, there was a
1.5-fold induction of c-fos mRNA after administration of 3 mg/kg
cocaine and a 6.5-fold increase after 10 mg/kg. In the hippocampus
there was a 1.7-fold induction after 3 mg/kg and a 7.5-fold induction
after 10 mg/kg. In striatum the induction was 9.2-fold after
administration of 3 mg/kg cocaine and 10.7-fold after 10 mg/kg. In
comparison, inductions in the cerebral cortex and cerebellum were
small. This may have partly reflected high levels of c-fos mRNA in the
vehicle (control) condition in these regions.

In summary, c-fos was induced in every region examined. However,
there was clear regional specificity with modest inductions in some
cortical regions and cerebellum and profound inductions in limbic
regions and striatum. Based on known patterns of innervation,
inductions in cortical regions and cerebellum could be the result of
noradrenergic stimulation; inductions in striatum and limbic regions
could be the result of cocaine-facilitated neurotransmission in several
systems, including dopamine. By 75 min after cocaine administration,
c-fos mRNA had returned to basal levels (data not shown), consistent
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with the known half-life of c-fos mRNA.

FOLD INDUCTION

Amygdala Cerebelilum Cortex Hippocampus

FIGURE 1. Induction of c-fos mRNA by cocaine, 45 minutes
after administration by tail vein. Fold induction is determined by
densitometry of the autoradiogram. and is derived by dividing the
absorbance of the band from the cocaine treated rats by that of the
control (vehicle treated) rats which is arbitrarily set at 1. All values are
normalized to cyclophilin. Regions shown here are amygdala,
cerebellum, frontal cortex, and hippocampus. Experiments were
replicated 3 times
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FIGURE 1. Induction of c-fos mRNA by cocaine, 45 minutes
after administration. For details, see Fig. 1

Unlike c-fos, the transcription factor c-jun has appreciable basal
(unstimulated) levels in many cell types and accordingly shows a less
dramatic induction. In response to cocaine, we found a dose dependent
increase in c-jun mRNA in amygdala (l1.6-fold after 3 mg/kg and
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2.3-fold after 10 mg/kg.)
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FIGURE 3. Induction of c-jun mRNA by cocaine, 45 minutes

after administration. For details, see Fig. 1

Regulation of a third IEG, zif/268, was also examined. This gene has
been shown to be selectively activated in hippocampal granule cells by
high frequency stimulation of the perforant path under conditions
known to produce long term potentiation (Cole et al 1989). Forty five
minutes after administration of 10 mg/kg cocaine, zif/268 was induced
2.4-fold in amygdala, 1.8 fold in frontal cortex, and 4.8-fold in
hippocampus (Fig 4). Consistent with prior studies there is 1little
expression of zif/268 in the cerebellum. Parietal and entorhinal cortex
also revealed approximately 2.3-fold and 2-fold inductions respectively
(data not shown). In contrast to c-fos, expression remained at high
levels at the 7.5 minute time point (data not shown).
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FIGURE 4. Induction of zif/268 mRNA by cocaine, 45 minutes
after administration.

Effects of Cocaine on Proenkephalin Gene Expression:

It is of particular interest that cocaine co-ordinately induced expression
of c-fos and c-jun in amygdala (Figs 1 and 3) because their gene
products interact with each other to form heterodimers which bind to
genes containing the DNA Sequence TGACTCA (so-called AP-1 sites) to
activate or, potentially, repress transcription (Chin et al., 1988). Genes
with AP-1 binding sites include those encoding proenkephalin (Hyman
et al., 1988 Comb et al., 1988) and vasoactive intestinal polypeptide
(Hyman et al., 1988). Sonnenberg et al. (1989) have argued that
activation of c-fos and c-jun expression by pentylenetetrazole-induced
seizures in dentate gyrus granule cells in the hippocampus 1is
responsible for the subsequent activation of proenkephalin gene
expression in those cells.

Seventy five minutes after a single cocaine injection there is a
significant increase 1in proenkephalin gene expression in the
amygdala; the induction is 1.3-fold after administration of 3 mg/kg
cocaine and 2.5-fold after 10 mg/kg (See Fig. 5).
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FIGURE 5. Induction of Proenkephalin and Prodynorphin

mRNA in Amygdala by Cocaine, 75 minutes after
administration.

Prodynorphin is also induced in the amygdala, 1.7 fold by 3 mg/kg and
3.5 fold by 10 mg/kg of cocaine 75 minutes after injection. Additional
experiments with an extended time course and repeated dosing may
further implicate proenkephalin and prodynorphin as "downstream"
target genes for cocaine-induced IEG's. These experiments arc
consistent with an interaction between cocaine and opiatergic systems
in brain at a molecular level. Such interactions have been suggested at
the clinical level by the potential therapeutic effects of buprenorphine
inhibiting both opiate and cocaine self-administration (Mello et al.,
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1989) .
Effects of cocaine on dopamine D2 receptor expression:

In other preliminary experiments we found no reproducible effect of
cocaine on dopamine D2 receptor expression after a single dose. Longer
time courses and repeat dosing experiments will be performed. It 1is of
interest that we have observed a 2.5-fold increase in D2 receptor mRNA
in striatum after 14 days of 1 mg/kg haloperidol delivered by osmotic
minipump (manuscript in preparation).

DISCUSSION

Using classical pharmacologic approaches significant progress has
been made in characterizing the immediate biochemical properties of
cocaine, but a complete understanding of the neural mechanisms that
underlie cocaine’s reinforcing properties, and development of
dependence and withdrawal remain elusive. In particular, classic
neuropharmacologic markers (such as receptor number) appear to
change only minimally in response to repeated cocaine stimulation.

The addition of molecular genetic tools to pharmacology may provide a
novel avenue for progress. As briefly detailed above, there is strong
evidence that psychotropic drugs can regulate gene expression in the
brain, with the implication that such mechanisms can produce
long-lasting effects on neuronal functioning. In our preliminary
experiments cocaine was found to regulate expression of a variety of
genes by 2 to 10-fold in a region specific and dose-dependent manner.

An advantage of the approach proposed here is the ability to focus on
post-receptor events occurring within neurons. This is particularly
significant because one of the difficulties in analyzing the effects of
cocaine 1is that it affects multiple neurotransmitter systems, including
dopamine, norepinephrine, serotonin, and probably their co-released
peptides. What may be unigque about cocaine's effects (e.g., in
comparison with a direct dopamine receptor agonist, such as
apomorphine, which has 1little abuse potential) is this very complexity
or simultaneity of actions. By studying the effects of cocaine on gene
expression, one is studying the integrated product of all of the synaptic
signals converging upon the postsynaptic neuron (see Nguyen et al., in
press; for a discussion of the role of synergy in the regulation of
proenkephalin gene expression). Thus the study of gene expression
provides an integrated measurement of cocaine’s effects.

Our preliminary studies have focused on whether cocaine produces
effects on gene expression that are of adequate magnitude to suggest
biological significance. These initial experiments have utilized single
cocaine administrations with a limited dose-response curve and time
course. Our conclusions based on these data are that cocaine produces
significant dose-dependent, time-dependent, and regionally specific
effects on the expression of several genes of interest, that these effects
are of a magnitude to suggest that they are pharmacologically relevant,
and that more extensive study is warranted.
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Opioid Involvement in the Rewarding
Effects of Chronic Cocaine

Ronald P. Hammer, Jr., Daniel W. Clow, and Linda P. Spear

INTRODUCTION

The rewarding properties of cocaine, exemplified by its self-administration
potential (Roberts et al. , 1980), have led to the chronic abuse of this drug.
The mesocorticolimbic dopamine system is the apparent primary substrate
for cocaine effects in the central nervous system. Cocaine treatment
increases the extracellular dopamine level in the nucleus accumbens (NAc)
(Bradberry and Roth, 1989; Hurd et al., 1989; Pettit and Justice, 1989) and
striatum, but this effect is greatest in the NAc (Di Chiara and Imperato,
1988). Dopamine alteration is achieved by selective blockade of the
dopamine transporter, which is thought to mediate the reinforcing efficacy
of the drug (Ritz et al., 1988). In fact, regional heterogeneity of dopamine
transporter sites within the NAc, with greater density in more rostral regions
(Graybiel and Moratalla, 1989), may underlie selective regional effects of
chronic cocaine in the rostral NAc (Clow and Hammer, in press; Hammer,
1989). Moreover, chronic cocaine treatment results in greatly enhanced
mesocorticolimbic dopamine neurotransmission and supersensitivity of NAc
neurons to the inhibitory effect of dopamine (Henry et al., 1989).

A variety of drugs abused by humans, including cocaine and opiates, increase
extracellular dopamine content in the NAc (Di Chiara and Imperato, 1988).
Both cocaine (Esposito et al., 1978) and opiates (Esposito and Kornetsky,
1977) lower the threshold for intracranial self-stimulation, which itself
increases NAc dopamine content (Nakahara et al., 1989). Therefore, the
administration of both cocaine and opiates enhances NAc dopaminergic
activity. However, naloxone attenuates the effect of cocaine on the
threshold for rewarding self-stimulation (Bain and Kornetsky, 1987),
suggesting that endogenous opioid systems are involved in cocaine-induced
reinforcement. Brain regions receiving NAc projections may function as a
common reward pathway during both opiate and cocaine reinforcement
(Koob et al., 1987). For example, lesions of the ventral pallidum (VP)
disrupt both cocaine and opiate reward (Hubner and Koob, in press).
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Although the direct action of cocaine on mesocorticolimbic dopamine
systems may initiate cocaine reinforcement, endogenous opioids could
interact within reward circuits. Thus, cocaine-induced alteration of opioid
systems could affect endogenous opioid function in reward circuits. We have
examined the effect of chronic cocaine treatment during development and
adulthood on regional opioid receptors, and have observed preferential
effects in mesocorticolimbic terminal and reward regions.

CHRONIC COCAINE ALTERSu-OPIATE RECEPTORS

Endogenous opioid and dopamine systems are functionally related in various
brain regions. For example, opioid regulation of dopamine systems in the
hypothalamus controls prolactin secretion. Reciprocal feedback is also
present, as dopamine denervation produces time-dependent downregulation
of NAc u--receptors located postsynaptically (Unterwald et al., 1989).
Cocaine increases NAc dopamine overflow, even with repeated
administration (Hurd et al., 1989). Therefore, we suspected that chronic
cocaine could alter opioid receptors in critical brain reward regions.
Cocaine was administered to male rats by subcutaneously-implanted osmotic
minipump at doses of 1 or 10 mg/kg/day in saline vehicle. After 14 days,
brains were removed, frozen and sectioned for in vitro receptor
autoradiography using [*H]naloxone in p-receptor-preferring  conditions.
Autoradiographs were analyzed by quantitative densitometry, and the results
are shown in Figure 1. Significant, dose-dependent effects were observed in
regions containing mesolimbic dopaminergic neurons and their terminal
zones, sites along the multisynaptic reward output pathway, as well as in the
basolateral amygdalar (ABL) and dorsal raphe (DR) nuclei, but in few of
the other 50 brain regions examined (Hammer, 1989).

Chronic cocaine increases p--receptor labeling in mesolimbic terminal and
reward output regions, but this effect is not homogeneous throughout these
regions. The rostral (r) portion of the NAc shows greater effects than does
the caudal (c) portion (Figure 1). This is consistent with the higher level of
dopamine transporter sites, hence cocaine effects, in the rostral NAc
(Graybiel and Moratalla, 1989). Similar cocaine-induced p--receptor
upregulation has recently been observed following repeated daily
administration (Kalivas, personal communication) and in in sifu preparations
(Yoburn, personal communication). Furthermore, receptor density is
increased in the ventral pallidum (VP) and lateral hypothalamus (LH), while
the substantia innominata (SI) and pedunculopontine nucleus (PPN) show
no effect. Whereas the VP and LH are directly related to cocaine-induced
reward, the SI and the PPN are involved in psychomotor response (Koob et
al., 1987). In addition, mesolimbic terminal fields are preferentially affected,
since p-receptor density in the striatum (CP) is unchanged. Thus, chronic
cocaine increases u -receptor density along the mesolimbic reward pathway.
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FIGURE 1. Effect of chronic cocaine on regional [ H]naloxone binding,
p < 0.05. See text for abbreviations. Data taken from Hammer, 1989.

The ventral tegmental area (VTA), substantia nigra (SN) and DR show
decreased u--receptor labeling following chronic cocaine treatment. These
regions represent the sources of mesolimbic dopaminergic and serotonergic
projections. Opioid activity in these regions may be involved in modulation
of neuronal activity, hence dopamine and serotonin supply, which are altered
by cocaine. The ABL is closely related to the NAc, and reduction of opioid
activity herein could alter limbic output to the NAc. In fact, ABL lesions
prevent development of cocaine-induced behavioral sensitization (Post et al.,
1987). Thus, chronic cocaine decreases p-receptor density in regions which
modulate neurochemical and functional projections to mesolimbic reward
regions.

PRENATAL COCAINE EXPOSURE UPREGULATES u--RECEPTORS

Abundant evidence suggests that cocaine is a neurobehavioral teratogen
which produces sustained behavioral effects (Spear et al., 1989a).
Dopamine receptor blockade during development by prenatal exposure to
haloperidol decreases striatal m-receptor binding (Moon, 1984). If
gestational exposure to cocaine alters brain dopamine content, then the
development of u-receptors may be affected. Cocaine was administered to
timed-pregnant rats by daily subcutaneous injection of either 10, 20 or 40
mg/kg cocaine or saline vehicle on embryonic days 8-20. At birth, litters
were culled to 10 pups and placed with untreated surrogate foster dams. At
21 days of age, brains were removed from prenatally-treated male pups,
frozen and sectioned for in vitro autoradiography using [*H]naloxone in u-
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receptor-preferring conditions, and quantitative densitometric analysis was
performed. Gestational cocaine exposure produces a sustained, dose-
dependent, increase of y-receptor labeling in dopaminergic terminal fields,
limbic and cortical regions (Figure 2). Although this effect is not as
selective as that observed following chronic treatment in adults, there are
similar trends. For example, cocaine increases u-receptor density in
mesolimbic dopaminergic terminal fields, including the NAc, medial
prefrontal cortex (MPF) and olfactory tubercle (OT). u--Receptor density is
also increased in the striatum, but is unaffected in regions of origin of
dopaminergic or serotonergic projections (i.e., SN, VTA, and DR). While
thalamic and hypothalamic regions [e.g., the laterodorsal thalamic (TLD),
preoptic (POA), ventromedial (VMH) and lateral (LH) hypothalamic nuclei]
are unaffected, limbic and cortical regions [e.g., the ABL, interpeduncular
nucleus (IPN), somatosensory (S;), visual (V;) and entorhinal (Ento) cortices]
show significant, dose-dependent upregulation.
% [ 40 mg/kg/day cocaine
W 3 20 mg/kg/day cocaine
250 1 (X3 10 mg/kg/day cocaine

200

150J

[SH]Naloxone Binding (fmol/mg)

FIGURE 2. Effect of gestational cocaine exposure on regional [ H]naloxone
binding. * - p < 0.05. See text for abbreviations. Data from Clow et al., in prep.

MECHANISMS OF DOPAMINE-OPIOID INTERACTIONS

Dopaminergic lesion or receptor blockade during development or adulthood
reduces u-receptor binding in dopamine terminal fields (Moon, 1984;
Unterwald et al., 1989). This effect could occur due to pre- or transsynaptic
degeneration (Unterwald et al., 1989), depending on the synaptic location of
the opioid receptors involved. However, the level of dopamine could also
regulate the expression of opioid receptors in dopaminergic terminal fields,
and/or could alter the expression of endogenous opioid peptides, which
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subsequently regulate opioid receptor density. Some evidence exists in favor
of the latter mechanism. Striatal proenkephalin expression is enhanced
following dopaminergic lesion (Gerfen, personal communication). Enhanced
expression of enkephalin could act to downregulate the level of its receptor.
Although enkephalin demonstrates a greater affinity for 6 - than i -receptors
(Paterson et al., 1983), and §--receptor level is unaffected by dopaminergic
lesion (Unterwald et al., 1989), some post-translational products derived
from proenkephalin demonstrate high p-receptor affinity (Hurlbut et al.,
1987). In any case, we might expect the direction of the effect of cocaine on
p-opioid receptors to be opposite to that produced by blockade of
dopaminergic activity, and this is precisely what is observed. Cocaine-
induced increase of dopamine level upregulates opioid receptors in
mesolimbic terminal fields of the adult rat brain (Figure 1). The enhanced
dopamine level could act to decrease NAc proenkephalin expression, which
might upregulate the level of its receptor in critical reward regions.
Alternatively, these processes could be independent, and dopamine could
directly affect p-receptor expression.

The influence of gestational cocaine exposure on dopamine level is
unknown, however, dopamine level has been examined in neonatal
littermates of the animals exposed to cocaine during gestation as described
above. These preliminary data show a trend toward greater whole brain
dopamine concentration following gestational cocaine exposure (Spear et al.,
1989b). Interestingly, the results of behavioral studies suggest an attenuation
of dopamine activity postnatally (Spear et al., 1989a). This subsequent
reduction of dopamine activity does not eliminate the prenatal effect on
opioid systems. Rather, sustained enhancement of opioid tone occurs in
various dopaminergic, limbic and somatosensory systems.

FUNCTIONAL AND CLINICAL IMPLICATIONS

Cocaine-induced upregulation of u--receptors in sequential components of a
multisynaptic reward pathway may initiate an opioid cascade, wherein
endogenous or exogenous opiates have greater effects in a system with
increased opioid tone. In such a system, opiate compounds may be capable
of interfering with cocaine-induced reward, even without directly affecting
dopamine. Thus, selective opioid antagonists might be capable of blocking
cocaine reward by acting on a substrate containing enhanced opioid tone.
This could represent the mechanism by which naloxone acts to attenuate the
effects of cocaine on the threshold for rewarding self-stimulation (Bain and
Kornetsky, 1987). In addition, buprenorphine, a mixed opiate agonist-
antagonist, has been shown to suppress cocaine self-administration in
monkeys (Mello et al.,, 1989; this volume), and may be useful as a
pharmacotherapy during cocaine withdrawal. = Moreover, the agonist
properties of this compound could promote compliance during therapy by
enhancing opioid tone in the reward pathway. However, administration of
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opiate agonists could further enhance the cycle of cocaine reward, since
opiates are known to cause dopamine release (Wood et al., 1980).

The clinical implications of opioid receptor upregulation produced by
gestational cocaine exposure are unknown. The magnitude of the effect in
a variety of brain regions, and the sustained influence of prenatal exposure
suggest that long range effects may exist. Increased opioid tone in
neocortical regions might portend cognitive impairment. In fact, cognitive
deficits were observed in an appetitive conditioning test following prenatal
cocaine exposure (Spear et al., 1989b). Moreover, the combination of
enhanced opioid tone and attenuated dopamine activity might be related to
hyperactivity and attentional deficits in offspring. These results suggest that
sustained neurochemical alterations underlying behavioral deficits in the
offspring of cocaine-using mothers might involve endogenous opioid systems.
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